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Abstract: The significance of water harvesting in Wadi Hammad basin lies in the fact that the
Jordanian government encourages the cultivation of vegetables, wheat, and barley in the country
in an effort to improve food security in Jordan and create job opportunities for young people in
the agricultural sector. Water harvesting in this basin will augment the water resources used for
plant production and livestock watering by flash floods that involve large quantities of runoff. This
study aimed to identify the best locations for water harvesting in the Wadi Hammad basin in Jordan
via a Multi-Criterion Decision Analysis (MCDA) and indigenous knowledge. This study focused
on consulting with indigenous knowledge where they provided information on the study area for
water-collecting sites that have been used for years to provide water. In this study, site selection was
based on six criteria that had been determined through a review of related literature (drainage density,
rainfall depth, lineament density, soil clay content, geology, and slope). Following MCDA analysis,
a water-harvesting suitability map was created. The final water-harvesting map uncovered that a
large part of the basin (66.53%) has high to very high potential for water harvesting. The technique of
water harvesting was subdued to statistical analysis, sensitivity analysis, and the map removal test.
This study demonstrates that the selection of relevant water harvesting locations is a lengthy method
that needs consultation with indigenous knowledge and the use of MCDA in the GIS environment.
The study results, in general, and the final map, in particular, show the good relationship between the
sites defined by the use of MCDA and the site suitability for water harvesting that was specified based
on indigenous knowledge. Finally, the results of this study, which integrated indigenous knowledge
with MCDA, may be employed to help in effective planning for water resource management to
warrant the sustainable development of water in Jordan.
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1. Introduction

Water has a critical role to play in the socio-economic development of communities. It
is a scarce resource in Jordan, which is classified as a semi-arid region. In fact, Jordan is
categorized as one of the four poorest countries in water resources in the World. On average,
the Jordanian individual consumes less than 100 m? of water in the year [1,2], which is
much lower than the global individual’s average water consumption rate of approximately
1000 m3/year. The individual low water consumption rate in Jordan is ascribed to the
aridity of the country and the high population growth rate due to the high birth rate and
flow of refugees into the country (Syrians, Palestinians, and Iraqis) [3]. This forced high
pressure on the water resources in Jordan, which are quite limited and cannot keep up
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with the ever-growing demand for water in the country [4]. The scarcity of fresh water in
Jordan is a critical constraint to the growth and development of the country. Because of this,
effective harvesting of water, whenever possible, is vital for Jordan to minimize rainwater
loss and maximize water storage [5].

Rainwater harvesting is simply collecting, accumulating, and storing rainwater. Har-
vesting rainwater is commonly practiced to provide water for drinking, irrigation, livestock
use, and groundwater recharge. Traditionally, several water-harvesting methods have been
applied over centuries. One of the earliest methods in the Middle East was founded on the
diversion of wadi (i.e., valley) flows through dry streams to agricultural lands.

Water harvesting is particularly fitting for the arid and semi-arid areas in the world,
where the rainfall volume is either inadequate for sustaining good pasture and crop growth
or the crop failure risk is very high because of irregular or intermittent precipitation. Water
harvesting contributes to increased plant growth and, hence, production in areas subject to
drought through the provision of an additional source of water for irrigation via directing
the rainfall runoff through carefully selected routes within the target area and concentrating
it in certain parts of it to be available in reasonable quantities for human use [6]. In this
context, harvesting water has been a common practice throughout history in Jordan for
household and irrigation goals.

A Multi-Criteria Decision Analysis (MCDA) was employed in the Geographic Infor-
mation System (GIS) environment by researchers for the selection of the optimum locations
for water harvesting (e.g., Elewa et al. [7], Al-Khuzaie et al. [8], Sayl et al. [9], Srivalli and
Singh [10], Adham et al. [11], Al-Adamat et al. [12,13], Al-shabeeb [14], Bakir and Xing-
nan [15], and Gupta et al. [16]). In most of these studies, the variables used to identify the
sites with high potential for water harvesting were rainfall volume, slope, soil texture, site
geology, drainage density, and lineament density. The viability of integrating indigenous
knowledge with geoinformatics to determine the most suitable sites for water harvesting
has been investigated by several researchers, including Elewa et al. [7], Al-shabeeb [14],
Al-Adamat et al. [12], Izugbara et al. [17], Oweis et al. [18], Eastman [19], Vorhauer and
Hamlett [20], and Gonzalez [21]).

For the analysis of data in an effort to locate the optimum locations for water harvest-
ing, this study followed the approach to data analysis that was used by Elewa et al. [7],
Al-shabeeb [14], Smerdon et al. [22], and Gonzalez [21]. All variables under consideration
were assigned equal weights and binary coding in which 1 denotes a suitable site for water
harvesting and 0 points to a non-suitable site. This approach differs from the approach
followed by Shatnawi [23], Al-shabeeb [14], and Al-Adamat et al. [12], who employed the
Weighted Linear Combination (WLC) method owing to the fact that weighting is a highly
sophisticated process, and it may produce misleading outcomes. Al-Adamat et al. [12]
pinpointed that interpreting weights as a general indicator of importance is misleading.
The incorrect allocation of weights is a particularly popular error in applying the WLC
method to spatial problems [12,14].

The principal aim of this work was to develop criteria for selecting the best locations
for rainwater harvesting in the Wadi Hammad basin in Jordan by incorporating indigenous
knowledge with MCDA in the GIS environment. The strategic national plans for investment
in the agricultural sector aim to improve the living conditions of citizens and workers in
the agricultural sector, increase agricultural production, and increase the use of modern
technology to improve water use efficiency. However, investment in the agricultural sector
in Jordan suffers from several challenges, which mainly include climate change, the lack of
sufficient water resources in Jordan, both groundwater and surface water, and the limited
sources of funding to support agricultural organizations and associations. One of the
current priorities of the government is investing in the agricultural sector in the Wadi
Hammad basin, east of Jordan, to attract investors and investments to this sector and area
and provide the necessary facilities for creating job opportunities for local communities
and support the national economy.
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The primary goal of this study was to integrate indigenous knowledge with MCDA in
the GIS environment, ultimately to identify potential locations for efficient water harvesting in
the Wadi Hammad basin in Jordan, one of the promising basins in Jordan. Despite the scarcity
of water in this basin and the very low rainfall amount (it receives 50-150 mm of rainfall in
a year), the precipitation regime in this basin is distinguished by intense rainfall of a short
duration. This suggests that this basin is a good location for water-harvesting projects.

2. Materials and Methods
2.1. Study Area

The area under study is the Wadi Hammad basin. It lies in the northeast of Jordan
(Figure 1) and has an area of nearly 18,012 km?2, which constitutes almost 20.7% of the
overall area of Jordan. As Figure 1 indicates, this basin extends over the northeast of Jordan
and covers parts of the governorate of Mafraq. The size of population inhabiting the study
area is more than 15,000 people who live in 6 villages, and their occupations are farmers
and livestock pastoralists [24].
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Figure 1. Location of Wadi Hammad basin.

Rainfall amount varies in the Wadi Hammad basin from lower than 50 mm/year in
the southeastern parts of the basin to 150 mm/year in its northwestern and northeastern
parts (Figure 2a). In general, the percentage of clay in the soil of this basin shows extremely
low variations; it amounts to 20.0% in its eastern and southeastern parts and 20.5% in the
southeast and northeastern parts (Figure 2a).
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Figure 2. (a): The physical characteristics of the study area (soil, rainfall, and geology). (b): The
physical characteristics of the study area (drainage density, lineament density, and slope).

According to the Ministry of Agriculture, Jordan [25], the thickness of the soil in the
Wadi Hammad basin is approximately 20 cm.
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The rock formations outcropping in the Wadi Hammad basin are [4,26] (i) the Umm
Rijamchert limestone formation (B4), which is made up of chalk, chalky limestone, micro-
crystalline limestone, and chert layers that range in thickness from 100 m to 200 m; (ii) the
Wadi Shallaleh chalk formation (B5), which comprises chalk and chalky marl with thin
beds of marly limestone; the thickness of this formation varies broadly in this basin from
40 m to 200 m; and (iii) the basalt formation (BA). This formation consists of dykes, flood
lava, and volcanic and pyroclastic cones. The major geological formations in this basin are
listed in Table 1.

Table 1. The major geological formations in Wadi Hammad basin.

Group

Volcanic Rocks of
Safawi Group

Formation Rock Type Age
Salman Flood Basalt
Abed Olivine Phyric basalt Basaltic Lithofacies (9.3-8.45) Ma
Ali Doleritic Basalt

Quaternary Sediments

Pleistocene Gravel, Mud, flat

Acolian Sand Gravel, Sand Pleistocene-Holocene

Balga Group

Limestone, nummulitic limestone,
WadiShallaleh Chalk chalk limestone, discontinuous Middle Eocene
chert, chert concretion

Umm RijamChert, Limestone

The concretion of limestone, chert,

. E
limestone, chalk ocene

Groundwater in the Wadi Hammad basin is incubated in three hydro-geological
aquifer systems as follows [27]:

The upper aquifer system is a basaltic and Wadi Shallaleh aquifer.
The middle hydro-geological aquifer system comprises four aquifers:

- Amman Silicified limestone (B2)/Wadi As Sir limestone (A7) aquifer.
- Kurnub sandstone aquifer of lower Cretaceous age.

- Azab limestone aquifer of Jurassic age.

- Ramtha dolomitic aquifer of Triassic age.

e  The lower aquifer system (the so-called Ram aquifer) consists of Disi sandstone.

The B4/B5 aquifer system forms a combined aquifer with an average thickness of approx-
imately 230 m. The areas with prevalent basaltic formations in the Wadi Hammad basin are
good and promising for water recharge, where the basaltic aquifer is connected hydraulically
to the underlying B4/B5 aquifer. They represent a recharge area for the B4/B5 aquifer.

2.2. Research Methods
Data Collection

This study used six MCDA criteria to determine the best probable sites for water
harvesting in the Wadi Hammad basin. The data needed for this study were collected from
various sources. The types and sources of the data that were employed in this study are
listed in Table 2, including the slope based on a Digital Elevation Model (DEM).
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Table 2. Types and sources of the secondary data used in this study.

GIS Layer Scale Source
Rainfall 1:250,000 Higher Council for Science and Technology (digital data)
Drainage (Wadi) 1:250,000
Geology 1:250,000 Royal Jordanian Geographic Centre (digital data)
Fault 1:250,000
Soil 1:750,000 Jordan Ministry of Agriculture [25]
Slope based on ASTER DEM 30 m United States Geological Survey [28]

3. Results and Discussion
3.1. Data Analysis

Figure 3 is a flowchart of the method used in the GIS environment to identify the
potential water-harvesting sites. The figure clarifies the MCDA data and tools that were
employed in mapping the promising water harvesting locations that had been identified
by this study.

Slope extraction Linelamentl Drainage d.wSity
extraction using extraction
PCI \I.r
Slope \l’ Dramage density
classification Lineament classification
classification

l

‘ Rainfall ‘ ‘ Slope ‘ ‘ Soil ‘ ‘ Lineament ‘ ‘ Geology ‘ | Drainage density ‘

\ | | | | J

MCDA

owleage

Figure 3. Flowchart of the method employed in this study.

As shown in Table 3, six maps (soil clay content, rainfall depth, geology, drainage density,
lineament density, and slope maps) were integrated to determine potential water-harvesting
locations in the Wadi Hammad basin. A brief description of the adopted MCDA criteria and
justifications for selecting them out of the set of site selection criteria is given in this table.
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Table 3. Weights and ratings of the six site selection criteria employed in this study.

Criterion Weight Specification Rating

R > 500
500 > R > 300
300>R > 100

R <100

S<3
5>5>3
10>5>5

S>10

C > 35%
35% >C > 18%
18% > C > 10%

C<3

D>255
Drainage density (D)(km/sq. 0133 255>D>15
km) ’ 1.5>D >0.75

D <0.75

0<L<15

1.5<L <25

25<L <35
L>35

e~

Rainfall (R) 0.245

Slope (S) 0.202

Soil clay content (C) 0.15

Lineament density (L) 0.142

PN WER PN PN PN P,NDW

Chalky marl, marl, and
limestone
0.128 Limestone and dolomitic
limestone
Limestone, chalk, and
chert
Basalt 1

e~

Geology (G)

Rainfall

Rainfall depth is a highly important parameter that plays a big role in the identification
of appropriate locations for water harvesting. Areas with high rainfall rates and depth have
a higher potential for water harvesting than areas receiving low rainfall. The rainfall map
portrayed in Figure 2a was subdued to manipulation using the ArcGIS software by adding
to it the relevant ratings in accordance with Table 3. Then, the map was converted into the
raster format and multiplied by the corresponding weight for each considered criterion
(Figure 2a). Values in this map varied from 0.245 to 0.49 (Figure 2a).

Slope

For a location to be suitable for water harvesting, it should have a low slope (i.e., a flat
location). The slope map for the area under study (Figure 2b) was extracted from ASTER
DEM (30 m). The slopes were classified as shown in Table 3 and the values were multiplied
by the weights associated with each investigated criterion (Figure 2b). The resultant values
varied from 0.202 to 0.808.

Soil Clay Content

Soil clay content has a pronounced impact on the amount of runoff and, thereupon,
on rainwater harvesting. The map of soil clay content that is portrayed in Figure 2a was
subdued to manipulation using the ArcGIS software by the addition of the relevant ratings
in accordance with Table 3. Then, the soil clay content map was converted into the raster
format and multiplied by criterion weights (Figure 2a). The resulting soil clay values
ranged from 0.30 to 0.45.

Drainage Density

Draining density may indirectly denote the suitability of sites in an area for water
harvesting because of the relation between permeability and surface runoff. By using the
Flow Direction and Flow Accumulation tools in ArcGIS, the drainage map (Figure 2b)
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was generated from the ASTER DEM. The Density tool in the ArcGIS software was then
employed to compute drainage density, which was afterwards classified in accordance
with Table 3. Thereafter, the outcomes of this operation were multiplied by the weights of
each of the six considered criteria. The obtained drainage density values had the range of
0.133-0.532 (Figure 2b).

Lineament Density

Further threats to water harvesting are associated with high lineament density values
as they reflect a high potential for infiltration of rainwater and runoff to the water table.
The Density tool in ArcGIS was employed to compute lineament density values. After that,
the values obtained were classified in accordance with Table 3. Thereafter, the outputs of
this multiplication were multiplied by the weights of the criteria (Figure 2b). The eventual
lineament density values varied from 0.426 to 0.568 (Figure 2b).

Geology map

Geology maps are an important tool that is frequently employed to identify potential
locations for water harvesting based on dominant rock types. The geology map given in
Figure 2a was subdued to manipulation in ArcGIS by the addition of the suitable ratings
as listed in Table 3. Then, the geology map was converted into the raster format and
multiplied by the weights of the studied criteria (Figure 2a). Geology map values varied
from 0.128 to 0.512.

Multi-Criteria Decision Analysis (MCDA) is a technique that is frequently employed
for site selection in the ArcGIS environment. This analysis has been widely used for the
identification of potential sites for water harvesting over the past few years. In the current
study, the map for site suitability for water harvesting (rainwater and runoff) in the Wadi
Hammad basin was created (Figure 4). This map displays the potential sites for water
harvesting in this basin. The MCDA helped in determining suitable locations for water
harvesting. In the current study, site suitability for water harvesting has been categorized into
six classes: Very high suitability, high suitability, moderate suitability, low suitability, very
low suitability, and lacking suitability. In this context, Figure 4 indicates the site potential for
water harvesting and shows the percentage of the overall area of the basin that is suitable for
water harvesting. The results of this study (Figure 4) show that suitable locations for water
harvesting are concentrated in sites with gentle slopes and high drainage densities.

37°30'0"E 38°0'0"E 38°30'0"E 39°0'0"E
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Figure 4. Final map for site suitability for water harvesting in Wadi Hammad basin.
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Rainfall influenced the suitability of sites for water harvesting the most. The suitability
map (Figure 4) unveils that the overall area of the locations that are suitable for water harvest-
ing is 27.03% of the area of the Wadi Hammad basin. Meanwhile, almost 39.50% of the area of
this basin pertains to locations that have high suitability for water harvesting Table 4).

Table 4. Calculated areas of potential locations for water harvesting according to suitability.

Class Area (km?) % of the Total Area
Lacking Suitability 441.71 2.45
Very Low Suitability 264.14 147
Low Suitability 968.88 5.38
Moderate Suitability 4354.43 24.17
High Suitability 7114.99 39.50
Very High Suitability 4868.69 27.03
Total 18,012.83 100

3.2. Sensitivity Analysis
3.2.1. Statistical Analysis

A descriptive statistical analysis of the six investigated criteria for site suitability for
water harvesting (Table 5) points out that slope and soil clay content contribute the highest
to site suitability for water harvesting since they have the highest mean values (0.790 and
0.450, respectively). The remaining four criteria (rainfall, geology, drainage density, and
lineament density) have moderate contributions to site suitability for water harvesting in
view of their relatively low mean values (0.282, 0.226, 0.153, and 0.021, respectively).

Table 5. Descriptive statistics of the studied criteria for site suitability for water harvesting.

Soil Clay Drainage  Lineament

Rainfall Slope Content Density Density Geology
Min 0.245 0.202 0.450 0.010 0.000 0.128
Max 0.490 0.808 0.450 0.348 0.105 0.256
Mean 0.282 0.790 0.450 0.153 0.021 0.226
SD 0.087 0.067 0.000 0.054 0.016 0.054
CV (%) 30.851 8.472 0.000 35.474 78.506 23.954

The study results (Table 5) demonstrate that lineament density varies greatly in the
study area. It has a CV value of 78.51%. In the meantime, variations in soil clay content in the
Wadi Hammad basin are slight whereas variations in drainage density, rainfall, and geology
are moderate. The corresponding CV values are 35.47%, 30.85%, and 23.95%, respectively.
Meantime, the slope criterion is the variable with the least variability (CV = 8.47%). Sensitivity
was computed on the basis of the weight and rating specified for the feature class of each
criterion under study.

3.2.2. Map Removal Analysis

Descriptive statistics for the six investigated criteria after the removal of one criterion
at a time are summarized in Table 6. The statistics unveil that the determinants of site
suitability for water harvesting follow the order of importance of drainage density, geology,
rainfall, and lineament density, followed by soil clay content and slope. The highest
mean values are associated with drainage density (2.529), geology (2.481), rainfall (2.174),
lineament density (2.139), and soil clay content (2.136). On the other hand, slope has the
lowest sensitivity value (2.008).
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Table 6. Partial index values.

Parameter Removed Mean Min Max SD
Slope 2.008 1.370 2.450 0.146
Drainage 2.529 1.439 2.726 0.131
Geology 2.481 1.394 2.888 0.161
Lineament 2.139 0.954 2.576 0.184
Rainfall 2.174 1.222 2.525 0.148
Soil 2.136 1.276 2.521 0.161

3.2.3. Map Removal Sensitivity Analysis

Lodwick et al. [29] developed the map removal sensitivity analysis concept. This study
adopted this concept to determine the sensitivity of each of the six selected site selection
criteria in the final water-harvesting map. The sensitivity index (S) was calculated for each
criterion using Equation (1), which was developed by Lodwick et al. [29]:

S=I(V/N) = Vy/nl 1)

where:

S: Sensitivity index of the criterion.

V: Intrinsic water harvesting index of the method.

N: Number of criteria employed in the calculation of V.

Vit Intrinsic index of the water-harvesting method, which is obtained after the removal of
criterion x.

The sensitivity index of the water-harvesting method was computed for every criterion
based on Equation (1) and Table 6. The calculation results are provided in Table 7. This
table points out that all six criteria have a strong influence on the water-harvesting map.

Table 7. Sensitivity index values according to map removal sensitivity analysis of the water
harvesting map.

Sensitivity Index

Standard Deviation

Parameter S Minimum S Average S Maximum (SD)
Soil 0.0002 0.0153 0.4776 0.0634
Geology 0.0005 0.0755 0.5106 0.0639
Rainfall 0.0008 0.0219 0.4512 0.0621
Slope 0.0015 0.0372 0.4143 0.0547
Lineament 0.0014 0.0237 0.4482 0.0603
Drainage 0.0002 0.0851 0.5227 0.0666

4. Conclusions and Recommendations

Integrating indigenous knowledge of the local community with MCDA in the GIS en-
vironment helps decision makers in making the right decisions. The importance of utilizing
local knowledge when selecting the most appropriate sites for water harvesting lies in the
fact that this knowledge supports the decision-making process. Local knowledge is based
on experience with the nature of the area of interest. Different types of rainwater-harvesting
practices—such as Hafirs (small ponds) and pools for water-harvesting techniques—have
long been available in the study area as they are traditional methods. This contributes
to determining the possibility for it to be exploited for water-harvesting purposes. This
study identified potential locations within the study area that can be exploited for water-
harvesting purposes based on the knowledge of local people of the area as livestock owners.
It verifies the outcomes of the various GIS analyses for determining whether the sites under
investigation will be compatible with local knowledge or not. Based on a review of the
literature, six criteria were selected to identify the optimal locations for water harvesting
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in the Wadi Hammad basin (rainfall, soil clay content, slope, lineament density, drainage
density, and geology). Then, a Multi-Criterion Decision Analysis (MCDA) was employed
to determine the sites within this basin with high potential for water harvesting. The
approach of this study was based on integrating all criteria after the multiplication of each
with its relative importance rating, specifying the weights of criteria, and unifying the
rating for every criterion. The study classified site suitability for water harvesting into
six classes: Lacking suitability, very low suitability, low suitability, moderate suitability,
high suitability, and very high suitability. More than 40 locations have been found to be
highly suitable for water harvesting based on recommendations of the local community
and MCDA analysis. In view of the statistical tests performed on the water-harvesting
criteria, this study found that lineament density, rainfall, drainage density, soil clay content,
geology, and slope have the highest importance in the determination of the best locations
for water harvesting. This study contributes to integrating indigenous knowledge with
MCDA in the GIS environment to specify the site potential for water harvesting in the Wadi
Hammad basin and augment the water resources in the study area if the identified sites are
utilized for water harvesting. Doing so will contribute much to sustainable socio-economic
development in Jordan. In light of these findings, this study recommends the inclusion
of local communities in the specification and selection of the water-harvesting sites. As a
matter of fact, the successful selection of suitable sited for water harvesting depends on the
relationship between indigenous knowledge and the outcomes of MCDA.
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