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Abstract

Irrigation suffices crop water requirements for optimum crop production in arid regions. It consumes about 72%
of available fresh water in the world while contributing 40% of the world food supply. As the global population
increasing rapidly and the available fresh water per capita is decreasing, so scarce natural resources (such as land
and water) must be used wisely. Development of an optimum water supply and on farm distribution system for
irrigated lands will increase water use efficiency and will reduce water supply cost. Different techniques of GIS
have been used in irrigated agriculture to increase water use efficiency and yield in farm lands. In this study, the
combination of digital elevation modelling (DEM) and least cost path analysis (LCPA) was used to develop an
optimum irrigation scheme. Digital elevation model was used to generate the complete topography of the
irrigated farms to determine water flow path from Haddah sewerage water treatment plant (Makah Province
Saudi Arabia) to farm fields(date palm) near Bahrah town (in downstream of Wadi Fatima, Makkah province).
Least-cost path analysis was used to find cheapest water supply path between source and the irrigated lands to
decrease construction cost and water losses. The combination of least-cost path analysis and digital elevation
model in water allocation for irrigated lands was efficient and cost effective as compared to the existing unlined
water allocation channel. Construction and material cost was more as compared to unlined channel but it saved

more than 50% water for development of an optimum irrigation scheme.
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Introduction

Irrigated lands contribute 40% of world food supply
chain therefore; more investments should be pumped
in irrigation sector to cope up with increasing human
food demand (Hugh and Jean, 2010). Irrigation
consumes 72% of the world available fresh water, yet
the production is low due to poor management and
low water use efficiency in farm lands (Hugh Turral,
1995).Manually designed and operated irrigation
schemes and water supply paths are costly and
inefficient because water loss reaches up to 50% of
the water supplied to fields (Kemal et al., 2002).
Evapotranspiration is the main issue of arid regions
and it becomes very crucial in hot summer days when
the water supply line is an open channel network.
High efficiency irrigation systems along with efficient
water allocation system (pipeline) can increase
production and water use efficiency in hot arid

regions (Muhammad et al, 2010; Hector, 2012).

Geographic Information System (GIS) can give
precise information about a path between two places,
such as distance, degree of slope, speed limit,
estimated reach time, terrain features, type of surface,
and level of difficulty during travelling (Rong et al.,
2012). Digital Elevation Models (DEMs) are essential
geography
determines the water flow patterns. DEM has many

in hydrological modelling as the
other valuable applications in much discipline like in
telecommunications, Hydrology, reservoirs locations
and determining landslide probability. In irrigation,
DEM is used in watershed delineation, water
management, and distribution of water and flow of
water in the water channels and in the fields channels
(Sulebak, 2000). DEM is used to find slopes and
possible water flow paths under gravity for irrigated
areas. Least cost path analysis (LCPA) is a tool used in
GIS to create the shortest travel path between source
and destination. LCPA allows user to create cheapest
path between source and destination over cost surface
(Bagli et al., 2011).LCPA has been successfully used
by many researches to find the cheapest and easiest
path between two specific points. LCPA was used to
identify the moving corridors for wild animals using

GIS (Adriaensen et al., 2003).

In oil and gas industry LCPA has been used for path
routing and pipeline routing to limit the costs and
production materials (Feldman et al.,, 1995; Rees

2004; Aissi et al., 2012).

The pipeline network is the most reliable and
controlled method to allocate water. If the route is
designed carefully it lowers construction and
operational costs. Comparing to old routing methods,
LCPA is very reliable and cost effective method can be
used in irrigation water supply networks. Water is the
limiting recourse for agricultural sector in arid lands
of Saudi Arabia, so efficient water use and reduction
in water conveyance losses by reducing evaporation
and percolation is very critical issue of the country.
Thus, irrigation water should be allocated through

pipelines.

Therefore, it is obligatory to develop an optimum
water supply network for irrigated fields to increase
water use efficiency. Optimum irrigation scheme
increases water use efficiency and production capacity
to prevent future famine in the world (Lucina et al.,
2010).In this study DEM and LCPA were used to
develop least cast path from water source to the
irrigated date palm area to develop an optimum
irrigation scheme using high efficiency irrigation
methods in Wadi Fatima near Makkah province Saudi
Arabia.

Material and methods

Study area and scope

To deliver the treated water from Haddah sewage
treatment plant (Makah Province Saudi Arabia) to
farm fields (date palm) near Bahrah town (in
downstream of Wadi Fatima, Makkah province)
LCPA function of GIS was used. Haddah Sewer
Treatment Plant (HSTP) is located at 21°26°30.26"N
and 39°33°52.27"E, and it receives 130,000 cubic
meter of sewage water per day from Makkah city for
three stages treatment. During Hajj, pilgrimage
season, coming sewage water increases to 180,000
cubic meters per day (Sami, 2015). An unlined
existing channel was being used to allocate the
treated water from the HSTP to date palm fields
downstream of Wadi Fatima 80 km away from
Makkah city.
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Due to severe aridity, high temperature and sandy
soil, the unlined water channel wastes more than50%
of treated water in the way due to evaporation and
deep percolation. If this treated water is transported
by pipeline these losses will be eliminated. Fig. 1

shows the HSTP in working condition.

Digital elevation modeling (DEM)

Terrain modeling is one of the key methods that can
be used to assess the spatial variability of agricultural
fields and their surrounding ecologies (Franklin et al.,
2000; Mackey et al., 2000; Fried et al., 2000). The
illustration of terrain in the form of digital elevation
models (DEMs) can be used to help the execution of
the applications of precision conservation
management practices. For example, terrain analysis
models can use DEM-based topography to identify
runoff-contributing areas and calculate slopes for use
in field-runoff and buffer-filtration models (Dosskey

et al., 2005).

Commonly available data sources such as 30-m
digital elevation models from government agencies
such as United State Geological Survey (USGS)
provide a starting point, but more accurate data can
yield much better results for a broader range of
applications. In this study the DEM raw data was
downloaded from USGS website and DEM was used
to calculate the slope, topography and hydrologic
analysis of the study area. Slope of area determined
the terrain features and water flow patterns. The
DEM data provided the basis for LCPA.

Least cost path analysis (LCPA)

LCPA is often used in planning infrastructure such as
roads, pipelines, canals, and power transmission lines
as well as for recreational uses. The terrain features of
soil along the pipeline specify the construction cost of
pipeline such as cut and fill, operations, machinery,
geotechnical, environmental impact and labour cost.
For LCPA, different types of data are used in a raster
format in the GIS software. Source point and the
destination points are specified then raster cells are
weighted by considering different weighted
parameters such as slope, roads, mountain, urban

areas, forest area and railways tracks.

Raster cells are then evaluated and path moves to the
least accumulated values cells, and this process
continues until the source is connected to the
destination. Completed path shows the cells with least
accumulated values. When using least cost path
analysis in GIS, the eight neighbours of a raster cell
were evaluated and the generated path moved to the
cells with the smallest accumulated or cost value
(“Distance Analysis Using Arc GIS”). This process
repeated multiple times until the source and

destination were connected.

The completed path was the smallest sum of raster
cell values between the two points and it has the
lowest cost. The procedure moves like the layers 1)
source raster, 2) cost raster, 3) cost distance measures
and 4) an algorithm for deriving the least cost path
were developed. The source was Haddah sewage
treatment plant and destination was date palm field.
In the source raster layer, only the source cell was
given a value and all others cells were given a “no
data” value. Any combination can be a part of LCPA It
may be from one source to many destinations or from
many sources to only one destination. If shortest path
between source and destination is straight path, this
is the least resistance path. Fig. 2 shows part of the
unlined water channel to transport water from HSTP

to the remote date palms farms in Wadi Fatima.

Results

Slope of the area

Using DEM data layer the slope of whole study area
was calculated using GIS software 10.2. The
calculated slope was used in LCPA generation. The
whole area was categorized into two categories 1) high

slop and 2) low slop.

The high slope was 50% and low slope was 0%. The
high slope area is not suitable to construct LCPA. Fig.
3 shows the slope of the area, the green areas shows
high slope and brown area with low slope. With HSTP
as source and date palm as destination points. The
source point is at higher elevation which permits

water flow under gravity.
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Fig. 1. Haddah Sewer Treatment Plant (HSTP) in working condition.

Least cast path analysis (LCPA)

Cost distance and cost direction analysis

With the help of slope, the cost distance and cost
direction layers were generated using spatial analysis
tool of GIS. The surface model increases costs
depending on the direction we are traveling from.

Both of these surfaces act as inputs to calculate the

LCPA. When combined, these layers acts like an
obstacle course. The farther away you are, the more it
costs you in time, money, or effort to reach the goal.
Fig. 4 shows the cost distance and cost direction
surfaces with weighted parameters along source and

destination points.

Fig. 2. Unlined water channel and date palm farms in Wadi Fatima.

With the help of cost distance and cost direction
surfaces, using spatial analysis tool of GIS the least
cost path was constructed between HSTP and the date
palm farms in wadi Fatima, Makkah Province. This
was efficient pipeline route passing from rural areas
along the decreasing slope which enables water flow
under gravity reducing pumping cost. This is a
prototype path analysis. By constructing pipeline
following this route, the construction cost per meter
will be very low due to avoiding steep slope and other

factors that contribute in construction cost. Fig. 5

shows the least cost path beween source and

destination.

The straight line path is the shortest distance between
source and destination. The incremental costs
resulting from terrain, geology, and land use were
accumulated for these routes along the cost surface.
The study concentrated on many different weighted
overlays options and demonstrated with different
least cost paths routes which helped to determine

least hazardous route for the study area.
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Fig. 3. Slope of research area with two classes (High & low) (blue dot is source and green shows destination).

Discussion

Using a GIS-based least cost path analysis we
explored the connectivity among source and
destination in the study area. The LCPA finds the

cheapest way to get from one point to another using

the least amount of efforts. In this study the Hada
water plant was considered as source point and the
remote date palm fields were classified as destination
point. For the cost layer, we classified the slope into

two categories: 0 (low) and 50% (high).

Fig. 4. Cost direction surface and cost distance surface as weighted parameter (in both pictures the right dot is

source and left dot is destination).

The resulting pathway was influenced by the main
geological structures like hilly areas and slope. This
initial analysis gave the first idea about the

connectivity of source and destination (Chang, 2012).

A route selection process that is well documented,
uses the best available data, and allows early input
from stake holders will in the end save in design costs.
The success of this project was significantly increased
by the use of the GIS tools throughout the route

selection process.
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Fig. 5. Least cost path between source and destination showing in red color.

Conclusion

This is a prototypical analysis and practices cost data
from other pipeline projects. To be most effective, the
least cost path analysis must be fine-tuned on this
study and on a project by project basis to account for
actual project costs in the geographic area under
consideration. The created least cost path from this
study provides the least hazardous pipeline routes by
using the available data that covers the Makkah
region Saudi Arabia. When comparing the created
route to the existing unlined water channel, the
proposed least cast path accurately detail route that is
almost similar and effective in providing a path from
the source to the destination points. If the unlined
open channel is replaced with the pipeline, the
conveyance losses will be minimized by more than
50% by reducing the evaporation, seepage, leakage
and deep percolation. Conveyance efficiency will
increased which ultimately will increase the
production. Additionally, running water in the Wadi
main channel close to urban area can cause mosquito
growth and breeding forming a threaten to human

health can be cured.
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