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Abstract In this study, index of entropy and catastro-
phe theory methods were used for demarcating ground-
water potential in an arid region using weighted linear
combination techniques in geographical information
system (GIS) environment. A case study from Badra
area in the eastern part of central of Iraq was analyzed
and discussed. Six factors believed to have influence on
groundwater occurrence namely elevation, slope, aqui-
fer transmissivity and storativity, soil, and distance to
fault were prepared as raster thematic layers to facility
integration into GIS environment. The factors were
chosen based on the availability of data and local con-
ditions of the study area. Both techniques were used for
computing weights and assigning ranks vital for apply-
ing weighted linear combination approach. The results
of application of both modes indicated that the most
influential groundwater occurrence factors were slope
and elevation. The other factors have relatively smaller
values of weights implying that these factors have a
minor role in groundwater occurrence conditions. The
groundwater potential index (GPI) values for both
models were classified using natural break classification
scheme into five categories: very low, low, moderate,
high, and very high. For validation of generated GPI, the
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relative operating characteristic (ROC) curves were
used. According to the obtained area under the curve,
the catastrophe model with 78 % prediction accuracy
was found to perform better than entropy model with
77 % prediction accuracy. The overall results indicated
that both models have good capability for predicting
groundwater potential zones.

Keywords Catastrophe theory - Index of entropy - Iraq -
Groundwater - Arid regions

Introduction

The occurrence and distribution of groundwater is a
consequence of a finite combination of different factors
that together form an integrated dynamic system. These
interrelated factors interact in a manner by which the
performance of the groundwater system could be pre-
dicted. Thus, it is possible to evaluate the general
groundwater potential yield of an area by studying these
factors and their interrelationship. The term groundwa-
ter potential denotes the amount of groundwater avail-
able in an area, and it is a function of several hydrologic
and hydrogeological factors (Jha et al. 2010). There are
several methods such as geological, hydrogeological,
geophysical, and their combinations which have been
employed to delineate groundwater potential zones
(Prasad et al. 2008; Pandey and Kazama 2012; Pandey
etal. 2013). Geographical information system (GIS) can
be used effectively for this purpose to combine different
controlling factors of groundwater occurrence
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Table 1 A list of seven catastrophe models (after Kam 1992)

Catastrophe model Energy function

Fold 1/3x3+ax

Cusp 1/4x*+1/2ax?+bx

Swallowtail 1/5x°+1/3ax3+ 1/2bx?+cx
Butterfly 1/6x°+ 1/4ax* + 1/3bx3+ 1/2cx? +dx
Parabolic umbilici X2y +y*+ax®+by*+cx+dy
Hyperbolic umbilici X3 +y°+axy +bx+cy

Elliptic umbilici 133 xy?+a(x*+y?) +bx+cy

objectively and analyze those systemically for delineat-
ing groundwater potential zones (Shahid et al. 2000).
The common method for integrating several factors in
GIS is through weighted linear combination approach,
in which the importance of each factor is determined
through assigning appropriate weights for factor and
their attributes (classes). The multi-criteria decision
techniques (MCDM) such as analytical hierarchy pro-
cess (AHP) or personal judgments based on expert s
opinion are often used to assign appropriate weights
prior to integrate factor layers in GIS. MCDM ap-
proaches provide a systematic procedure to help deci-
sion makers to choose the most desirable and satisfac-
tory alternative under uncertain situation (Chen 2000).
The AHP and its derivatives give a flexible, low cost,
and easily understandable output for complicated deci-
sion making problems (Satty 1980). The major draw-
back of AHP is related with its dependency on the
expert s knowledge which is the main source of uncer-
tainty (Chowdary et al. 2013).

In order to avoid subjectivity in assessing weights for
groundwater occurrence factors, Ahmed et al. (2014)
successfully applied a method based on catastrophe
theory. Catastrophe theory is designed to deal with
discontinuous dynamic systems governed by a potential
energy-like function (Wang et al. 2011). The proposed
approach does not involve the decision maker s opinion

in assigning weights for the factors; instead, it calculates
the importance of one criterion over others by its inner
mechanism and thus greatly reduces the subjectivity
(Yang et al. 2012). In the same context, many authors
attempted to demarcate groundwater potential yield and
groundwater spring potentiality using different data-
driven and knowledge-driven techniques such as fre-
quency ratio, weights of evidence, logistic regression,
index of entropy, evidential belief functions, artificial
neural networks, and fuzzy logic (Corsini et al. 2009;
Oh et al. 2011; Ozdemir 2011a, b; Manap et al. 2011;
Lee et al. 2012; Moghaddam et al. 2013; Pourtaghi and
Pourghasemi 2014; Naghibi et al. 2014; EImahdy and
Mohamed 2014; Shahid et al. 2002; Nampak et al. 2014;
Al-Abadi 2015). The idea behind these techniques is to
explore the relationship between groundwater springs or
productive borehole locations and influential groundwa-
ter occurrence factors. The hydrogeologist inspired
these techniques from their applications in other fields
of earth sciences such as landslide susceptibility, flood
vulnerability hazards studies, and ore deposits potenti-
ality. Index of entropy (also called Shannon s entropy) is
the average unpredictability in a random variable, which
is equivalent to its information content. The entropy of
groundwater potential refers to the extent that the vari-
ous controlling groundwater occurrences influence the
groundwater productivity. Several influencing factors
give extra entropy into the index system. Therefore,
the entropy value can be used to calculate objective
weights of the index system (Jaafari et al. 2013). The
application of this method for demarcating groundwater
potential zones is still limited. The studies by Naghibi
et al. (2014) and Al-Abadi (2015) successfully applied
this technique for demarcating groundwater ganat po-
tential and groundwater potential yield, respectively.

In this study, a comparison between catastrophe the-
ory and index of entropy methods is made for demar-
cating groundwater potential yield in Badra area in the
eastern part of central of Iraq. The demand for water has

Table 2 Normalization formulas

for catastrophe theory (after Control State Catastrophe Normalization formula
Ching et al. 1996) variable variable model
2 1 Cusp Xa=a%% and x,=p"
3 1 Swallowtail Xa=a%%, x,=b"%, and x,=c®%
4 1 Butterfly Xa=a%%, x,=b%%, x,=c%?5, and x4=d®%°
5 1 Wigwam Xa=a%%, x,=b"% x.=c%?°, x4=d®?°, and x,=e%
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progressively increased in the study area for various
fields such as agriculture, industry, and domestic. The

improper management of aquifer in the study area may
lead to mining of groundwater reserve and deterioration
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Fig. 1 Location of the study area
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Fig. 2 Elevation range in the study area

in groundwater quality. Therefore, it is vital to devel-
op groundwater resource in order to manage this
finite resource properly. The first step in this context
is to demarcate groundwater potential yield of the
aquifer system in the study area. The results of this
study could help hydrogeologist to put suitable man-
agement scenarios incorporating growing challenges
which faced by the water sector in Iraq and especially
in Badra. It is also expected that the methodologies
presented in this paper can be used as a guiding tool
for more accurate assessment of groundwater poten-
tial in other regions.

Table 3 Description of the lithological units in the study area

[ Jo-ss A
[ ]se01-99 .
[ ] 99.01-157
B 157.1-318

Training data

Testing data

Methods and materials
Modeling techniques
Catastrophe theory

Catastrophe theory is a branch of applied mathematics
that was originated by Rene Thom in order to describe
certain kinds of biological processes. The theory can be
applied to systems where there are sudden, abrupt
changes, i.e., changes that are not smooth and continu-
ous (Kam 1992). It is a theory for study of dynamical

Formation Age Environment Description

Injana Upper Miocene Sub-marine Red or gray colored silty marl or clay stones and purple silt stones
Mugdadyia Pliocene Continental Gravely sandstone, sandstone, and red mudstone

Quaternary Pleistocene-Holocene Continental Mixture of gravel, sand, silt, and clay
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systems in general, and for the description of disconti-
nuities in particular (Ghorbani et al. 2010). In catastro-
phe theory, system function variables are divided into
dependent state variable, which are the internal token
variables of system, and control variables, which are the
external influence factors while system is running (Hui
2008). Therefore, catastrophe theory deals with the dis-
continuous changes in dependent variables caused only by
continuous changes in control variables and not by dis-
continuous changes in control variables. The dependency
of dependent variable is determined by catastrophe fuzzy
membership functions, rather than weights assigned by
the user (Ahmed et al. 2014). To solve complicated prob-
lems using this theory, the dynamic system must be di-
vided into subsystems; each subsystem consists of a num-
ber of evaluation indicators. The original data is first
normalized in the range from 0 to 1 using catastrophe
theory and fuzzy mathematics (Chen et al. 2006). The
multidimensional catastrophe fuzzy membership func-
tions assign values ranging from 0 to 1 to resolve incom-
patibility of various initial data (Wang et al. 2011 in

45°52'0"E

45°57°30"E
1 1

Ahmed et al. 2014). There are seven catastrophe models,
namely fold, cusp, swallowtail, butterfly, hyperbolic um-
bilical, elliptic umbilical, and parabola umbilical. The list
of seven catastrophe models is given in Table 1. The
normalization forms of the four catastrophe models which
describe all possible discontinuities controlled by no more
than four variables are given in Table 2.

Application of this method for delineating ground-
water potential zones involves four main steps
(Ahmed et al. 2014): (i) selection of groundwater
occurrence subsystems (factors); (ii) data standardi-
zation; (iii) process of data normalization using ca-
tastrophe models; (iv) computation for groundwater
potential zone. The following paragraphs illustrate
these steps in detail.

(i) Selection of groundwater occurrence indicators
In general, the type and number of groundwater

occurrence indicators (factors) used for assessing
groundwater potential vary considerably from one
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1
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Fig. 3 Geology of the study area
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study to another and their selection is arbitrary
(Machiwal et al. 2010). The availability of data and
the local conditions of an area are the main constrains
to use factors in groundwater potential studies. In this
study, six factors were selected based on expert opin-
ion (Jabar Al-Saydi, Expert, Head of Groundwater
Commission of Groundwater/Basra Branch, personal
communication) and literature review. These factors
were elevation (m), slope (°), aquifer transmissivity
(m?/day), storativity (dimensionless), soil infiltration
capacity (mm/h), and distance to faults (m).
Elevation is an important factor on groundwater oc-
currence because weather and climatic conditions
vary greatly at different elevation, and this caused
differences in soil and vegetation (Aniya 1985).
Slope is a rise or fall of land surface. It is an impor-
tant factor for groundwater potential mapping studies
because it controls accumulation of water in an area
and, hence, enhances the groundwater recharge
(Ozdemir 2011a). Soil has an impact on the amount
of recharge, which can infiltrate to the groundwater

and thus groundwater storage and aquifer yield. The
transmissivity and storativity are very important fac-
tors for modeling groundwater productivity because
they control the ability of a specific water bearing
layer to transmit and store water, respectively.
Therefore, they play very important role in aquifer
yield and groundwater potentiality. It is known that
structure setting controls the occurrence and move-
ment of groundwater. Most rocks possess fractures
and other discontinuities which facilitate storage and
movement of fluids through them. On the other hand,
some discontinuities, e.g., faults and dykes, may also
act as barriers to water (Singhal and Gupta 1999).
Therefore, it is consider in this study.

(if) Standardization

The standardization process makes the data dimen-
sionless and therefore the comprising between variables
becomes easier. In the present study, the following stan-
dardization formulas were used (Li et al. 2010):
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Fig. 4 Hydrological soil group in the study area
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For the cost type (larger the better):

Xi Xj min
Vi e 1
Xi max  Xi min

For the efficiency type (smaller the better)

Xi max  Xi
Vi 2
Xi max  Xi min
where i is the index or attribute, x; is the original value of
i, and Ximax) and Xigmin) are the maximum and minimum

values of original data. The Egs. 1 and 2 normalize the
original data into range from 0 to 1.

(iiiy Normalization

The normalization is done using the catastrophe models
listed in Table 2. It is the heart of all models developed by
catastrophe theory. The catastrophe progression of each
control variable is computed from the initial fuzzy subor-
dinate function on normalization formulas (Ahmed et al.
2014). There are two different types of principles:

Table 4 Data used to interpolate

groundwater depths and hydraulic Geographic location (UTM) Borehole Depth Transmissivity Storativity
characteristics over the study area

Easting Northing

609382.4 3670038 wl 162 67.32 0.0037

599476.9 3668423 w2 104 20.38

590242.3 3666824 w3 0.0012

587399.2 3663102 w4 61.1 69.03

589606.9 3659796 w5 62 263.5

587933.2 3655592 w6 39 40.15

585244.3 3654552 w7 26 56.75

594676.7 3655747 w8 424 100.71

605111.5 3645504 w9 16 30.2

615758.6 3645593 w10 29 30.96 0.00023

586243.6 3685298 wi2 81 34.78 0.056

589103 3683722 wi3 75.1 16.33 0.039

588287.6 3673797 wil4 60 65.88 0.047

597930.5 3668342 w15 108.6 220.32 0.038

597514.2 3667787 wi6 101.1 362.88 0.032

599278.4 3667558 wl7 114.9 163.01 0.014

597858.7 3665116 wi8 112.3 147.74 0.011

588012.3 3661229 w20 575 362.22 0.051

586661.4 3667376 w21 50 46.66 0.047

586038.1 3664599 w22 49 1936.06 0.043

587583.1 3662826 w23 60.6 132.7 0.041

589954 3664357 w24 70 98 0.046

588168.8 3664002 w25 715 64.46 0.051

590201.7 3662789 w26 65 100.83 0.04

589430.3 3662104 w27 58 117.41 0.044

584925.6 3658399 w28 40.5 23.03 0.038

581443.1 3646758 w29 328 757 0.073

612992.6 3646731 w32 32 2119 0.039
Minimum 16 7.57 0.00023
Maximum 162 1936.06 0.073
Average 65.98 177.44 0.036
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complementary and non-complementary. In the comple-
mentary rule, the control variables of a system such as a, b,
¢, and d offset each other; thus, each of them tends to reach
the average value X=(X,+Xp+X.+Xg)/4 (Zhang et al. 2009).
In contrast, the non-complementary rule means that control
variable cannot complement each other; therefore, the
value of the state variable is the smallest values of a system
(x=min {Xa, Xp, X¢, Xq})- In this study, the first rule

(complementary rule) was used to compute the catastrophe
progression of each control variable.

(iv) Computation of groundwater potential index
The final step is to compute groundwater potential

index (GPI) using linear combination method in GIS
environment (Malczewski 1999):

Fig. 5 Geographic locations of wells used for interpolate groundwater depths and hydraulic characteristics

@ Springer










































	A comparison between index of entropy and catastrophe theory methods for mapping groundwater potential in an arid region
	Abstract
	Introduction


