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Abstract In arid and semi-arid regions without perennial

water sources such as rivers or lakes, almost all water

supply needs are met by groundwater. Groundwater

recharge (GWR) is critical to maintain the abundance of

groundwater. This paper presents a methodology based on

a decision support system (DSS) that combines remote

sensing, field survey and geographic information system

techniques to identify suitable GWR areas. The DSS was

implemented to obtain suitability maps and to evaluate the

existing GWR in the study area. The DSS inputs comprised

maps of rainfall surplus, slope, potential runoff coefficient,

land cover/use and soil texture. The spatial extents of GWR

suitability areas were identified by a hierarchical process

analysis that considered five layers. The model generated a

GWR map with four categories of suitability: excellent,

good, moderate and poor and unsuitable. The spatial dis-

tribution of these categories showed that 0.08 and 32.3 %

of the study area was classified as excellent and good for

GWR, respectively, while 63.2 and 4.42 % of the area was

classified as moderate and poor and unsuitable, respec-

tively. Most of the areas with excellent to good suitability

have slopes of between 4 and 8 % and are intensively

cultivated areas. The major soil type in the excellent to

good areas is loam, followed by clay loam, and the rainfall

in these areas ranges from 150 to 260 mm. Another suit-

ability model, in which all criteria were assigned equal

influence, generated a suitability map in which 0.1 % of the

study area was rated as excellent, 10.9 % as good, 82 % as

moderate and 7 % as poor and unsuitable. The locations of

existing GWR dams were compared with the locations

indicated on the generated suitability map using the prox-

imity analysis tool in ArcGIS 10.1. Most (77 %) of the

existing GWR structures that were categorised as suc-

cessful were within the excellent and good areas, followed

by moderately suitable (23 %).

Keywords Groundwater recharge (GWR) � Geographic

information system (GIS) � Analytical hierarchy process

(AHP) �Multi-criteria evaluation (MCE) � Decision support

system (DSS)

Introduction

The Kingdom of Saudi Arabia is one of the hottest and

driest subtropical desert countries in the world. With an

average of 112 mm of precipitation per annum, much of

the country falls within the standard definition of a desert

(Gandhidasan and Abualhamayel 2012). Saudi Arabia

receives an estimated 158.47 billion m3 of rainwater

annually (Al-Rashed and Sherif 2000), yet limited amounts

of this water recharge the groundwater resources. The

problem is compounded by the high evaporation rate and

the lack of rainwater harvesting (RWH) practices in this

country, which makes it difficult to directly harvest and use

the surface water runoff (Al-Rashed and Sherif 2000). The

total surface runoff generated from rainfall is estimated as

3.21 billion m3 year-1 (Khouri and Deroubi 1990). The

exploitation of subsurface water from deep aquifers is also

depleting resources (Siebert et al. 2010) that have taken

decades or centuries to accumulate, and on which the

current annual rainfall has no immediate effect.

Water limitations are particularly severe in Saudi Ara-

bia, where agriculture is almost completely dependent on

groundwater (Saud et al. 2013), which is difficult and
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expensive to obtain. Water for both agricultural and

domestic purposes has to be obtained by desalination,

which is a cost-intensive process. Owing to such limita-

tions in water resources and to increase the potential of

cultivated areas, it is necessary to develop an alternative

supplementary water source. Groundwater is the major

natural source for the water supply system in Saudi Arabia

(Dabbagh and Abderrahman 1997). Groundwater from dug

wells has long been the main source of water for people,

and over-exploitation through excessive abstraction of

groundwater exceeds the replenishment capacity. These

techniques have not been duly considered due to a lack of

understanding of their importance. In water resource

planning, groundwater is attracting increased attention due

to the shortage of high-quality subsurface water and the

increasing need for water for domestic, agricultural and

industrial uses. It has become crucial not only to target

potential groundwater zones but also to monitor and con-

serve this important resource. Moreover, in targeting

potential groundwater zones, it is also important to identify

suitable sites for artificial recharge. When the natural

recharge rate cannot meet the demand for water, the bal-

ance is disturbed; hence there are calls for artificial

recharge throughout the country.

Recently, the officials and legislators of water resources

in Saudi Arabia have encouraged the promotion of GWR to

avoid the suffering associated with severe drought. The

main problem facing the country is the scarcity of water in

the absence of perennial surface water sources such as

lakes and rivers. This problem is exacerbated by the

increasing need for water that is associated with the

increasing population. The study of GWR is gaining

importance in the development of water resources and

agricultural development schemes in Saudi Arabia.

Artificial recharge is the process of augmenting the natural

movement of surface water into underground formations

using artificial methods. Replenishment of groundwater

through artificial recharge has been carried out in various

parts of the world for the past six decades (Babcock and

Cusing 1942; Beeby-Thompson 1950; Buchen 1955; Todd

1959; Asano 1985). Gandhi and Masoom (1990) described

the groundwater augmentation program in the Aurangabad

district, where a series of surface dams across rivulets and

terracing were built and the water table level increased from

0.2 to 1 m in the wells in the vicinity of the project. Nilkalja

and Masoom (1990) reported on the effect of subsurface

dams in Jalna district, where dams were constructed across

second- and third-order streams, resulting in a substantial

increase in the water table levels.

Most studies have focused on the selection of sites for

aquifer recharge (Saraf and Choudhury 1998; Anbazhagan

et al. 2005; Ravi Shankar and Mohan 2005) using geographical

information system (GIS) techniques. The use of integrated

remote sensing (RS) and GIS techniques in artificial recharge

studies only began very recently (Chowdhury et al. 2010).

A number of attempts to delineate potential groundwater

zones using remote sensing (RS) data have been made by

Saraf and Choudhury (1998), Murthy (2000), Jaiswal et al.

(2003), Ghayoumian et al. (2005), Anbazhagan et al. (2005),

Ravi Shankar and Mohan (2005), Sener et al. (2005), Kumar

et al. (2007, 2008), Chowdhury et al. (2009), Dar et al.

(2011), Nag and Ghosh (2012) and Deepika et al. (2013).

Chowdhury et al. (2010) proposed a methodology to

delineate artificial recharge zones and to identify favour-

able artificial recharge sites using integrated RS, GIS and

multi-criteria decision-making (MCDM) techniques for

augmenting groundwater resources in the West Medinipur

district of West Bengal, India. The thematic layers con-

sidered in their study were geomorphology, geology,

drainage density, slope and aquifer transmissivity, which

were prepared using IRS-1D imagery and conventional

data. Different themes and their corresponding features

were assigned proper weights based on their relative con-

tribution to groundwater recharge in the area, and norma-

lised weights were computed using Saaty’s analytic

hierarchy process (AHP). The artificial recharge map thus

obtained divided the study area into three zones, ‘suitable,’

‘moderately suitable’ and ‘unsuitable’ according to their

suitability for artificial recharge. Radulovic et al. (2012)

listed the key factors to be considered when assessing

recharge of highly karstified terrains as climate, topogra-

phy, vegetation, soil and geology.

Rahman et al. (2012) developed a new spatial multi-

criteria decision analysis software tool for selecting suit-

able sites for managed aquifer recharge systems, based on

the combination of existing multi-criteria evaluation

methods with modern decision analysis techniques. The

thematic layers considered in this study were land use,

slope, infiltration rate, GW pollution sources, groundwater

depth and residence time.

Sargaonkar et al. (2011) identified potential sites for

locating groundwater recharge structures based on land

use, soil, topography and rainfall runoff modelling. Soares

et al. (2012) presented a methodological approach for

mapping potential infiltration areas, taking into account

thematic maps (geology, pedology, geomorphology and

land use/land cover) and the spatial distribution of pre-

cipitation. The results showed that only around 7 % of the

watershed area was highly suitable for infiltration, and

these areas comprised smooth and gentle hills, fluvial ter-

tiary sediments and yellow oxisols. A study conducted by

Huang et al. (2013) to assess groundwater recharge and

potential exploitation zones in the central division of the

mountain areas of Taiwan identified the contributing fac-

tors as lithology, land cover/land use, drainage, slope and

lineaments.
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Recently, the integration of runoff modelling, remote

sensing and GIS has gained significance in targeting suit-

able sites for water recharging/harvesting structures (Pad-

mavathy et al. 1993; El-Awar et al. 2000; Ravishankar and

Mohan 2005; De Winnaar et al. 2007). The suitability of

GWR structures such as check dams, contour bonding,

recharge pits and wells and contour trenching depends on

various factors, which can be integrated using GIS tech-

niques (Novaline et al. 1993).

The selection of potential areas depends on several

factors, including biophysical and socioeconomic condi-

tions, although different studies have used different

parameters. The Food and Agriculture Association (FAO

2003 as cited by Kahinda et al. 2008) listed climate,

hydrology, topography, agronomy, soils and socioeco-

nomic factors as the key criteria to be considered when

identifying GWR sites. Greater emphasis is placed on the

importance of social, economic and environmental condi-

tions when planning and implementing RWH projects

(Pacey and Cullis 1986). Ramakrishnan et al. (2009) used

slope, porosity and permeability, runoff potential, stream

order and catchment area as the criteria for selecting suit-

able sites for various RWH/recharging structures in the

Kali watershed in the Dahod district of Gujarat, India,

using RS and GIS techniques. The site suitability analysis

for locating RWH structures using GIS analysis has an

added advantage over conventional survey (Kumar et al.

2008). Generally, geophysical techniques were used locally

to identify the proper sites in this study.

The analytic hierarchy process (AHP) is a multi-criteria

decision-making approach introduced by Saaty (1977,

1994). AHP is a GIS-based MCDM that combines and

transforms spatial data (input) into a decision (output). The

procedures include the use of geographical data, the deci-

sion maker’s preferences and manipulation of the data and

preferences according to specified decision rules, referred

to as factors and constraints.

According to Malczewski (2004), the considerations that

are of critical importance in decision-making are:

1. the GIS capabilities of data acquisition, storage,

retrieval, manipulation and analysis, and

2. the ability of the MCDM in combining the geographical

data analysis and the decision maker’s preferences into a

uni-dimensional value for each alternative decision.

As a key decision-making tool, AHP was used in this

study to obtain appropriate solutions to the suitability

assessment for RWH. Saaty (1990) noted that the process

includes the structuring of factors that are selected in a

hierarchy, starting from the overall aim to the criteria, sub-

criteria and alternatives. Saaty (2008) outlined four key

steps for using AHP to decide between alternatives, as

follows:

1. define the issue to be considered;

2. identify the goal, which is the criterion that the other

elements will depend on and which should be at the top

of the decision-making tree;

3. develop a pairwise comparison matrix; and

4. weight each element according to the priorities obtained

from the comparison matrix, which can then be used as

the basis for deciding between the alternatives at the

bottom of the hierarchy.

This paper presents a methodology based on a decision

support system (DSS) that uses remote sensing and field

survey data combined with GIS to identify suitable GWR

areas. The GIS-based DSS is implemented and used to

evaluate existing GWR structures in the study area.

Study area

Al-Baha province (41�–42�N, 19�–20�E) was selected as the

target region (Fig. 1) because of the considerable divergence

in its topography and climate. Its climate is generally arid.

Relative humidity varies between 52 and 67 % and tem-

perature ranges between 12 and 23 �C. Rainfall ranges

between 200 and 600 mm/year, which is much higher than

the national average. The province is situated in Hejaz,

between the holy Makah and Asser, and is the smallest

province in the country with an area of 12,000 km2.

Methodology

This was a multidisciplinary study involving a field survey

and modelling. A variety of techniques such GIS, RS and

aerial image interpretation were used. Al-Baha province,

which lies in the western part of the Kingdom of Saudi

Arabia, was selected as the study area. Information on past

and recent GWR structures in Al-Baha was obtained from a

literature review, a GPS field survey and from farmers’

responses to a semi-structured interview questionnaire.

The identification of suitable areas for GWR is a multi-

objective and multi-criteria problem. The major steps in

generating the maps in this study were as follows:

• Selection of criteria

• Assessment of the suitability levels of criteria for GWR

• Assignment of weights to these criteria

• Collection of spatial data for the criteria through

various sources, including a GPS survey to supplement

and generate maps using GIS tools

• Development of a GIS-based suitability model, which

combines maps through a spatial multi-criteria evalu-

ation process (SMCE) process

• Generation of suitability maps
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We selected the following five criteria for identifying

potential sites for GWR:

• Soil map

• Land cover and land use (derived from available RS

data)

• Slope (i.e., topography)

• Runoff coefficient

• Rainfall surplus precipitation

The criteria and their application for mapping the GWR

potential in the region are presented in Figs. 2 and 3. Because

of the different scales on which the criteria were measured, the

values contained in the criterion maps had to be converted into

comparable units for SMCE. Therefore, the criteria maps were

re-classed into four comparable units or suitability classes: 5

(excellent), 4 (good), 3 (moderate), 2 and 1 (poor and

unsuitable). The suitability classes were then used as the basis

for generating the criteria map.

Data input and processing

Soil map

A soil map was developed for the study area under the

guidance of soil experts, using GPS data to identify the soil

Fig. 1 A location map of the

study area
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texture in the region. The GPS points of the soil texture data

for the area covered by the field survey were imported into

ArcGIS to develop a soil texture map (Fig. 4). Three soil

classes––loam, clay and silty clay––were identified in the

study region. Loamy soil covers 85.8 % of the study area

(Table 1). This soil type has a moderate infiltration rate

Fig. 2 The work flow chart

Fig. 3 A conceptual framework for mapping GWR potential
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when thoroughly wetted, and is classified as moderately to

well-drained soil with moderately fine to moderately coarse

textures. Silty clay and clay have low infiltration rates.

Land cover and land use (derived from available RS

data)

Landsat 5/7 TM/ETM images were obtained for 2000

from the King Abdul-Aziz City for Science and Tech-

nology (KACST). These images were incorporated with

data collected from the specified region, and were ulti-

mately used for categorising land use and land cover

(LULC). ERDAS Imagine software 2013 was used to

mosaic the collected satellite images. The unsupervised

classification tool in iso cluster and the maximum likeli-

hood classification functions in ArcGIS spatial analyst

were used for the unsupervised classification. Training

samples collected during a field survey were used to

create spectral signatures (i.e., reflectance values) for the

supervised classification to identify what the clusters

represented (e.g., water, bare earth, dry soil). The LULC

map shows four main classes: cropland, sparsely

vegetated land, forest and shrub land and bare soil

(Fig. 5). The areal extent of each class and its land use are

presented in Table 2.

Slope (topography)

A digital elevation model (DEM) with 30-m resolution was

obtained from the KACST and used to generate the slope

map for Al-Baha. Sinks and flat areas were removed to

maintain the continuity of water flow to the catchment

outlets (Fig. 6). GIS was used for DEM preparation by

filling the sink areas ready for the next step, as presented in

(Fig. 6). A slope map (Fig. 7) was generated for the study

area on the basis of the filled DEM of Al-Baha to identify

potential GWR sites.

Potential runoff coefficient

The curve number is a hydrological parameter used to

describe the storm water runoff potential for drainage

areas, and is a function of land use, soil type and soil

moisture. Shereif et al. (2014) estimated the potential

runoff coefficient using GIS based on the area’s hydrologic

soil group, land use and slope for the Al-Baha region in

Saudi Arabia. Shereif et al. (2014) noted that in the absence

of reliable ground measurements of rainfall, a product can

satisfactorily be applied to estimate the spatial rainfall

distribution based on the obtained values of R and R2

(0.9998). The potential runoff coefficients generated in this

study ranged from 0 to 82 % of the total rainfall, as pre-

sented in Fig. 8.

Fig. 4 A soil texture map of the

study area

Table 1 Areas covered by different soil classes in the study region

Soil texture Area (Km2) % of total

area

Loamy 10,476.9 85.8

Silty clay 1,028.8 8.4

Clay 701.4 5.7

Total 12,207.1 100
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Fig. 5 An LULC map for the

study region

Table 2 Areas covered by

different land cover and land

use

Land cover/land use Area (Km2) % of total area

Dry land cropland and pasture 2,870.7 23.5

Sparsely vegetated 2,769.3 22.7

Forest and shrub land 3,703.2 30.3

Bare soil 2,863.9 23.5

Total 12,207.1 100

Fig. 6 The exploitation of a

digital elevation model for Al-

Baha
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Rainfall surplus

As the climatic data obtained from the metrological

department, the Ministry of Agriculture and the Ministry of

Water and Electricity were insufficient for this study, we

interpolated data from the following sources:

1. Satellite images for monthly global precipitation from

1979 to 2009, obtained from the World Data Center for

Meteorology.

2. NASA Tropical Rainfall Measuring Mission (TRMM)

Monthly Global Precipitation data from 1998 to 2010,

obtained from the NASA GES Distributed Active

Archive Center.

The rainfall surplus (P-ET) map was generated by sub-

tracting the long-term average monthly evapotranspiration

values of the precipitation for all meteorological stations

for the 1950–2012 period. The annual rainfall surplus was

calculated at each metrological station by adding only the

Fig. 7 Slope map for

identifying potential GWR sites

Fig. 8 Distribution of potential

runoff coefficients (Shereif et al.

2014)
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positive values of the difference (P-ET), and a map of the

spatial distribution of rainfall surplus (Fig. 9) generated by

interpolating the previous data values using ArcGIS.

Assessment of suitability level for GWR criteria

Areas with a large rainfall surplus are ranked as highly

suitable because the surplus ensures the availability of

rainwater for GWR. A GWR structure is generally more

appropriate in areas with a rather flatter slope; however, a

slight slope is needed for better harvesting of the runoff.

Therefore, areas with slopes ranging from 4 to 8 % are

given higher suitability ratings. A runoff coefficient of

[0.5 indicates a potential area for RWH that can be used

for GWR. Mkiramwinyi (2006) provided a detailed ana-

lysis of the suitability rankings. The values for each suit-

ability category were scaled from 1 to 9 and were based on

the criteria proposed by Diamond and Parteno (2004). The

method has been found to be robust and reliable (Diamond

and Parteno 2004). The suitability rankings for soil texture,

rainfall surplus, slope, land cover and runoff coefficient are

shown in Tables 3, 4, 5, 6, 7, respectively.

Assignment of weights to these criteria

The criteria were assigned weights by applying the pair-

wise ranking and rank sum methods. The final weight

calculation requires the computation of the principal

eigenvector of the pairwise comparison matrix to produce a

best-fit set of weights. The WEIGHT module in the IDRISI

Fig. 9 The rainfall surplus map

of the study area

Table 3 Suitability ranking for soil texture

No. Soil texture class GWR

suitability

1 Fine 1

2 Fine and medium 2

3 Medium 3

4 Medium and coarse 4

5 Coarse 5

Table 4 Suitability ranking for rainfall surplus

No. Rainfall surplus class GWR

suitability

1 Very large deficit 1

2 Large deficit 2

3 Medium deficit 3

4 Small surplus 4

5 Large surplus 5

Table 5 Suitability ranking for slope

No. Slope class Slope (%) GWR suitability

1 Flat 0–4 3

2 Sloping 4–8 5

3 Strongly sloping 8–12 4

4 Moderately steep 12–16 2

5 Mountainous [16 1
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software was used for this calculation. The weighting

procedure is based on AHP. The relative importance of the

pairwise combinations of the factors was judged using the

following 9-point rating scale:

The expected value method was used to calculate the

weight, Wk, for criterion k according to Eq. (1) (Janssen and

Van Herwijnen 1994):

Wk ¼
Xnþ1�k

i¼1

1

nðnþ 1� iÞ ð1Þ

where n = the number of criteria and k = criterion.

The rank sum method was used to calculate the weight,

Wk, for criterion k according to Eq. (2):

Wk ¼
nþ 1� kPn

i¼1ðnþ 1� iÞ ð2Þ

where n = the number of criteria and k = criterion.

The accuracy of the pairwise comparisons was assessed

by calculating the consistency index (CI). This index

determines the inconsistencies in the pairwise judgments

and is a measure of departure from consistency based on

the comparison matrices. It is expressed as

CI ¼ ðk� nÞ=ðn� 1Þ ð3Þ

where k is the average value of the consistency vector and

n is the number of columns in the matrix (Garfı̀ et al. 2009;

Saaty 1990; Vahidnia et al. 2008). The consistency ratio

(CR) was then calculated as follows:

CR ¼ CI=RI ð4Þ

where RI is the random index, which depends on the

number of elements being compared (Garfı̀ et al. 2009).

Table 8 presents the RIs of the matrices in the order 1–15,

as derived by Saaty (1980).

The pairwise rating procedure has several advantages.

First, the ratings are independent of any specific mea-

surement scale. Second, the procedure, by its very nature,

encourages discussion, leading to a consensus on the

weights to be used. In addition, the criteria that are omitted

from initial deliberations are quickly uncovered through

the discussions that accompany this procedure. Experience

has shown, however, that while it is not difficult to come up

with a set of ratings by this means, the ratings are not

always consistent. Thus, the technique used for developing

weights from these ratings also needs to be sensitive to the

problems of inconsistency and error. To provide a sys-

tematic procedure for comparison, a pairwise comparison

matrix was created by setting out one row and one column

for each factor in the problem (Table 9). The rating was

then calculated for each cell in the matrix. Because the

matrix is symmetrical, the ratings are provided for half of

the matrix and then inferred for the other half.

The consistency ratio of the matrix, which shows the

degree of consistency achieved when comparing the cri-

teria or the probability that the matrix rating was randomly

generated, was 0.02, which indicates acceptable consis-

tency (Saaty 1977).

Table 6 Suitability ranking for land cover

No. Land cover class Land cover type GWR suitability

1 Very high Intensively cultivated 5

2 High Moderately cultivated 5

3 Medium Forest, exposed surface 1

4 Low Mountain 1

5 Very low Water body, urban areas Restricted

Table 7 Suitability ranking for

RC
Runoff index GWR suitability

0–0.27 1

0.27–0.4 2

0.4–0.6 3

0.6–0.7 4

0.7–0.82 5

Table 8 Random indices (RI)

for n = 1, 2,…,15 (Saaty 1980)
n RI n RI n RI

1 0.00 6 1.24 11 1.51

2 0.00 7 1.32 12 1.48

3 0.58 8 1.41 13 1.56

4 0.90 9 1.45 14 1.57

5 1.01 10 1.49 15 1.59

1/9 1/7 1/5 1/3 1 3 5 7 9

Extremely Very strongly Strongly Moderately Equally Moderately Strongly Very strongly Extremely

Less important More important
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Construction of a GIS-based suitability model

A suitability model was developed using the model builder

function in ArcGIS 10.1. The model generates suitability

maps for GWR by integrating different input criteria maps

using a weighted overlay process that utilises both vector

and raster databases. A weighted linear combination is

applied, in which a weight is applied to each criteria and

the results are summed to yield a suitability map using the

WEIGHT module in the IDRISI software (Table 10).

Suitability maps for GWR

Suitable GWR sites were implemented in the ArcGIS

model environment using the model builder tool in ArcGIS

10.1. The spatial extents of the suitable GWR areas were

identified using MCE, based on AHP analysis and taking

into account five layers. Different spatial analysis tools

were used in the model to solve spatial problems in the

process of identifying suitable areas. The identification

process in this study can be considered a multi-objective

and multi-criteria problem.

Results and discussion

The suitability model generated a suitability map for GWR

with four suitability classes: excellent, good, moderate and

poor and unsuitable (Fig. 10). The spatial distribution of

the suitability map shows that the excellent and good areas

for GWR are located in the north and east of the study area,

whereas most of the central part is rated as good and

moderate, with some excellent locations. The west and

south have the same categories, dominated by moderate,

poor and unsuitable areas, with some good locations. As

Table 11 shows, about 0.08 and 32.3 % of the study area is

classified as having excellent and good suitability for

GWR, respectively, while 63.2 % is moderately suitability

and 4.42 % is poor and unsuitable.

The results show that the excellent and good suitability

areas are characterised by slopes ranging from 4 to 8 %,

are covered by clay loam and have annual rainfall of more

than 260 mm.

Table 9 The pairwise comparison matrix for GWR areas

Texture Land

cover

Slope Rainfall

surplus

Runoff

Texture 1 7 4 3 2

Land cover 1/7 1 3 2 1

Slope 1/4 1/2 3 1 1/2

Rainfall surplus 1/3 1/5 1/2 1/4 1/7

Runoff 1/2 1/3 1 1/3 1/4

Table 10 Weight (percentage of influence)

No. Criteria Weight Weight (%)

1 Soil texture 0.426 42.6

2 Land cover/use 0.049 4.9

3 Slope 0.085 8.5

4 Rainfall surplus 0.178 17.8

5 Potential RC 0.262 26.2

Sum 1 100

Fig. 10 The GWR suitability

map for the study area

Environ Earth Sci (2014) 72:3429–3442 3439

123



Another suitability model, in which all of the criteria are

assigned equal influence (Fig. 11), shows that 0.1 and

10.9 % of the study areas have excellent and good suit-

ability, respectively, while 82 % is moderately suitable and

7 % is poor and unsuitable.

Remote sensing, GIS and AHP have been shown to be

powerful for mapping potential groundwater recharge sites,

and are economical and time effective (Chowdhury et al.

2010). The results obtained in this study agree with the

findings obtained by Chowdhury et al. (2010). In this study,

the soil texture and runoff coefficient of the soil were the

main constraints on the potential site selection. The overall

suitability map shows the relative rankings of the potential

sites generated by constraint mapping according to the

importance criteria. The suitability scores indicate the rel-

ative site-rankings for constructing an infiltration basin.

The most suitable areas are situated within agricultural

areas that have high infiltration rates and very gentle slopes

(ranging from 4 to 8 %). This finding is in good agreement

with that of Rahman et al. (2012), who concluded that areas

with 5 % slope allow high infiltration rates and are suitable

for aquifer recharge.

The main difference between the present study and

previous studies (e.g. Chowdhury et al. 2010) is that the

generated recharge zone map was divided into three dif-

ferent zones: suitable, moderately suitable and unsuitable.

The map shows that an average of 4,500 km2 (46 % of the

total area) falls under the ‘suitable’ zone; 4,200 km2

(43 %) falls under the ‘moderately suitable’ groundwater

recharge zone; and 1,078 km2 (11 %) falls under the

‘unsuitable’ zone. Another study, conducted by Rahman

et al. (2012) shows a distance of 8.5 km from the highly

suitable areas to the existing dam, which may incur extra

water transportation costs. In comparison, the suitability

map for GWR generated in the present study shows that an

average of 3,885.6 km2, 32.38 % of the total area has

excellent and good suitability for GWR, and (7,584 km2)

63.2 % falls under the ‘moderately suitable’ groundwater

recharge zone.

To verify the accuracy of the proposed method, the

GWR dam locations were checked against the constructed

map. The verification was performed using the proximity

analysis tool implemented in the ArcGIS v. 10.1 software.

The result shows that the existing GWR structures that

were categorised as successful are within the good areas

(70 % of the structures), followed by the moderately

suitable areas (23 % of the structures). Only 7 % of the

existing RWH structures lie in areas classified as excel-

lent. Overall, 77 % of the successful existing RWH

structures are located at sites that fall in the good and

excellent areas. The proposed method should be of great

help to hydrologists and can be applied in arid and semi-

arid regions.

Table 11 Areas under different suitability classes

Suitability Area (Km2) Percentage of total area

Excellent 9.6 0.08

Good 3,876 32.3

Moderate 7,584 63.2

Poor and unsuitable 530.4 4.42

Fig. 11 GWR suitability map

using equal importance
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Conclusion

This study presents a geographic information system (GIS)

methodology based on a decision support system that uses

remote sensing data, field survey data and GIS to identify

suitable GWR areas. A set of thematic maps were derived

from remote sensing data, including maps of rainfall sur-

plus, slope, potential runoff coefficient, land cover/use and

soil texture.

The WEIGHT module in the Idrisi software was used

for this calculation. The weighting procedure in the soft-

ware is based on the analytical hierarchy process. The first

step involved judging the relative importance of pairwise

combinations of the relevant factors using a 9-point rating

scale. The consistency ratio of the matrix––which shows

the degree of consistency achieved in comparing the cri-

teria, or the probability that the matrix rating was randomly

generated––was 0.02, which is lower than the acceptable

consistency value of 0.10 (Saaty 1977).

The processes involved in producing a GWR suitability

map were implemented in a suitability model developed in

the ArcGIS model builder. The suitability model generated

suitability maps for GWR by integrating different input

criteria maps using the weighted overlay process, which

utilised both vector and raster databases. A weight was

applied to each criterion and the results were summed to

yield a suitability map using the WEIGHT module in the

Idrisi software.

The suitability map shows that the areas with excellent

and good suitability for GWR are concentrated in the

north and east of the study area. The outcomes of this

work could be applied to develop an effective ground-

water management program for the study area by setting

up the GWR techniques at the most suitable locations to

ensure the sustainable use of scarce groundwater

resources.

The databases and the results obtained can also be used

to develop conceptual models for similar arid regions. The

validity of the multi-criteria analysis was verified based on

the existing GWR structures in the study area. The vali-

dation was performed by comparing the locations of

existing rainwater harvesting/recharge dams with the gen-

erated suitability map and the location of the surveyed

GWR structures using the proximity analysis tool in Arc-

GIS 10.1. The proximity analysis results showed that most

of the existing GWR structures that were categorised as

successful (70 %) are located in areas classified as having

good suitability followed by moderate suitability (23 %),

with only 7 % in excellent suitability areas. The validation

results showed that the database and methodology used for

developing the suitability model, including the criteria for

the suitability levels and the weights for their relative

importance, produced excellent results.
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