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Abstract
Groundwater in semiarid regions is of extreme importance due to limited water resources 
and increasing population demand. Hence, a better knowledge of aquifer potentialities is 
required for better management of this precious resource. This study aims to assess the 
groundwater potential map (GPM) by both statistical methods and geographical informa-
tion system (GIS) in Sfax region, Tunisia. A number of 11,868 wells in the region were 
mapped in GIS and divided into two data sets: 8308 wells (70%) were selected in a ran-
dom way and defined as training, wells while the remaining ones (3560 as 30%) were con-
sidered as testing wells for model validation. First, the groundwater conditioning factors, 
namely altitude, slope, lithology, drainage density, lineament density and land use maps, 
were evaluated and then processed by the fuzzy analytical hierarchy process (FAHP), fre-
quency ratio (FR), and weights of evidence (WOE) statistical models. Then, the ground-
water potential index (GWPI) was generated from an overlap of the weighted and rated of 
all the conditioning factors for the three methods. The groundwater potential maps were 
produced in ArcGIS 10.3 for the three models and classified by means of the quantile 
classification method. As a final step, the receiver operating characteristics (ROC) curves 
validated these maps. The validation results show from the areas under the curves (AUC) 
that the WOE model (AUC = 71.4%) performs similarly to the FR model (AUC = 71.1%), 
and both are slightly better than the FAHP (AUC = 65.1%) model. Thus, the delineation 
of groundwater potential zones supports the decision makers for the management of the 
aquifer exploitation. The appropriate groundwater potential map is established for a suit-
able management and a better planning of the water resources. Preventive works in low 
potential coastal areas should be conducted in the present and considered for a long-term 
management. Given the close results of the three adopted methods, it is possible to apply 
them in other regions with a consideration of their specific characteristics.
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1  Introduction

Due to rainfall shortage, groundwater has great importance in arid and semiarid areas. 
Accordingly, the investigation and exploration of shallow aquifers are more solicited 
than the study of groundwater potentiality. The groundwater potential maps correspond 
to a spatial representation of the groundwater occurrence (Jha et  al. 2010; Moham-
madi-Behzad et al. 2019) that can be obtained by several methods. The multi-criteria 
decision analysis (MCDA) approach is appropriate in terms of cost and time. There-
fore, many scientists have used the MCDA to conduct the groundwater potential maps 
worldwide (Machiwal et  al. 2011; Kumar et  al. 2014; Fenta et  al. 2015) and in arid 
regions in Tunisia (Chenini et al. 2010; Mokadem et al. 2018, Msaddek et al. 2019).

This method rests on using GIS, being the most widely used tool for generating 
groundwater potential map by overlaying weighted thematic maps (Oh et  al. 2011; 
Fenta et al. 2015; Zabihi et al. 2016; Chen et al. 2018). Several statistical approaches 
are used to determine these maps weighting and ranking and for a better representation 
of the real potential of the water table. Indeed, statistical approaches are becoming 
more frequent in multi-criteria mapping (Ozdemir 2011; Rahmati et  al. 2015; Zeini-
vand and Nejad 2018; Kordestani et al. 2019).

As for the study of vulnerability, researches are conducted to improve the standard 
weights of original methods (DRASTIC, GOD, GALDIT, etc.) and relate them to their 
specific cases of study by logistic regression (LR) (Antonakos and Lambrakis 2007; 
Jmal et al. 2017; Douglas et al. 2018; Hagedorn et al. 2018), AHP (Karan et al. 2018; 
Ebrahimi et  al. 2019), and FAHP (Şener and Şener 2015). The statistical approaches 
were also used to study groundwater quality by the multiple correspondence analysis 
(Reis et al. 2004) and to determine springs potential occurrence (Corsini et al. 2009; 
Ozdemir 2011; Moghaddam et al. 2015).

In the case of the groundwater potential assessment, several statistical methods have 
been employed like AHP (Shekhar and Pandey 2015; Rahmati et al. 2015), frequency 
ratio (Oh et al. 2011; Elmahdy and Mohamed 2015; Zeinivand and Nejad 2018), WOE 
(Al-Abadi 2015; Chen et al. 2018; Kordestani et al. 2019), FAHP (Aryafar et al. 2013; 
Şener et al. 2018), and certainty factor (Razandi et al. 2015). These methods involve 
several factors that are related to topography, such as altitude, slope (value, aspect, 
curvature), and topographic wetness index; and soil characteristics such as lithology, 
geomorphology, land use, land cover, in addition to the basin geomorphology, namely 
the drainage density, fault density and distance from rivers, distance from fault (Oh 
et al. 2011; Al-Abadi 2015; Şener et al. 2018).

In this case, the delineation of the groundwater potential becomes an important 
component for aquifer management and planning. Therefore, the fuzzy AHP method, 
FR, and WOE were used to map groundwater potential of the Sfax region located in 
southeastern Tunisia using six thematic maps, namely lithology, topography, slope, 
fault density, drainage density, and land use. The three methods can be then validated 
by the ROC curves.

The present paper suggests three new statistical models (fuzzy AHP, FR, and 
WOE) to determine the groundwater potential in the Sfax region with a validation of 
their efficiency. This low expense approach can have an important contribution to the 
groundwater management and planning to face the high consumption for the regional 
agricultural needs.
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2 � Study area

Sfax region is a plain sited in the southeast of Tunisia (Fig.  1) between 34° 10′ 
16.47  N–35° 17′ 20.14  N latitude and 9° 54′53.35 E–10°46′ 47.76 E longitude. The 
region exhibits monotonous topographical features where the altitude values range from 
0 to 250  m. Because of its arid to semiarid climate, the average annual rainfalls are 
low of 215 mm for the period 1963–2017. The mean annual temperature and humidity 
are recorded as 19.4 °C (1961–2017) and 65% (1950–2017), respectively (NIM 2018). 
Sfax region has a developed stream network (DGRE 2005). However, due to the rainfall 
shortage, it has a temporal activity making the groundwater the main resource for the 
agricultural activities. Indeed, the major land use consists of olives, almonds, vineyards, 
greenhouse crops and vegetables. Because of its economical and demographic impor-
tance, several researches were devoted to study the shallow aquifer of Sfax taking into 
consideration its vulnerability (Smida 2010; Brahim et al. 2013; Allouche et al. 2015; 
Gontara et al. 2016) as its salinization (Trabelsi 2005, Boughariou 2018). Besides, the 
recharge components were considered in other studies (Bouri 2008; Boughariou 2015; 

Fig. 1   Study area according to Ghribi (2010)
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Ayadi 2016). Water resources are exploited by 11,884 wells, and piezometric evolution 
is monitored by 96 piezometers. The aquifer is actually overexploited which makes the 
study of its potential of a high importance. In fact, 53.65 Mm3 was extracted, while it 
should not exceed 39.12 Mm3 in 2013 (RCAD 2014). 

The plain is mostly covered by a sandy and sandy clay soil. The geology of Sfax 
region consists of Mio-Pliocene outcrops and Quaternary deposits composed of recent 
alluvial deposits like gravels, sands, conglomerates and silts (Bouaziz et al. 2002).

3 � Methodology

The groundwater potential maps were generated using the main conditioning factor of 
groundwater potentiality: lithology, lineament, drainage density, altitude, slope, and 
land use. Due to the spatial variability of these conditioning factors, they were given 
different ranking scores according to their contribution and significance to the infiltra-
tion process. Data are obtained from the Regional Commissionership of Agricultural 
Development of Sfax. (RCAD) and treated by ArcGIS 10.3. The methodology is illus-
trated by the flowchart in Fig. 2. Consumption data and wells locations were also col-
lected from RCAD. The wells location data set is of 11,868 wells. Out of these, 8308 
(70%) groundwater wells were selected by the random function in GIS as a training set, 
while the 3560 wells left (30%) were considered a validation set (Fig. 3).

The obtained GWP was classified into three classes of low, moderate low, moderate 
and high potential using the quantile classification method of ArcGIS.

Fig. 2   Flowchart of the adopted methodology
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3.1 � Groundwater conditioning factors

First, lithology is a main factor used for recharge calculation since it controls the con-
ductivity and, therefore, the water infiltration (Razandi et al. 2015). The lithology map 
of Sfax is obtained from RCAD (2014) and illustrates 11 classes of lithological units, 
namely clay and sand, oolitic and bioclastic limestone, limestone encrust, alluvial fan, 
oued deposits, posphogypsum deposits, sandy deposits, red silty sand deposits, gypsum 
and silt encrust, oueds, and saline soil (Fig. 4a).

Fig. 3   Wells location data set
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Fig. 4   Conditioning factors thematic layers: a lithology, b land use, c topography, d slope, e drainage den-
sity, and f lineament density
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Second, the studied region is mainly covered by agricultural categories reflecting an 
interaction between irrigation water and the aquifer. Eleven land use classes were identi-
fied: olives, palms, orchards, vineyards, cereals, field crop and green house, forest, built-up 
area, uncultivated area and water body (Fig. 4b). Then, altitude has the greatest importance 
among the factors influencing the potential of groundwater according to its influence on 
infiltration and runoff (Şener et al. 2018). The altitude in Sfax varies between 0 and 250 m. 
The classification was made by quantile classification and led to four classes: [0–60], 
[60–100], [100–140], and [140–250] (Fig.  4c). Moreover, in this case study the slope 
parameter is represented by its value in percent. The zone of study was reclassed into five 
classes according to slope values (Allouch et al. 2015; Boughariou et al. 2015). The first 
one is going from 0 to 3% and is covering almost the entire study area. This interval of gen-
tle slopes refers to a runoff in the favor of the highest rate of infiltration. The second inter-
val is accorded the areas of 3–5% slope, while the third one is for intermediate slope values 
ranging from 5 to 10%. A fourth interval is defined for higher values of slope ranging from 
10 to 15%. The fifth interval is for the highest slope values that exceed 15% (Fig. 4d). The 
drainage density map was classified into four intervals: [0–0.29], [0.29–0.68], [0.68–1.14], 
[1.14–1.17], and [1.17–3.68] (Fig. 4e). Lineament density map was performed, and four 
classes were obtained by a quantile classification: [0–0.05], [0.05–0.1], [0.1–0.15], and 
[0.15–0.41] (Fig.  4f). The ranks and weights are generated by the following statistical 
methods.

3.2 � Statistical methods

3.2.1 � Fuzzy AHP (FAHP)

The AHP was first discussed by Saaty (1980) as an analytic tool of multivariate decision-
making to solve unstructured problems in several scopes. In fact, this hierarchical struc-
ture compares the suitability of alternatives by a pairwise comparison. However, it is still 
incapable of reflecting the human thoughts totally for its interval comparing to the FAHP 
method that uses a variety of value called triangular fuzzy numbers (TFNs) (Şener and 
Şener 2015) and considers the uncertainty related to the cartography (Cheng et al. 1999). 
According to Özdağoğlu and Özdağoğlu (2007), in their comparison between both meth-
ods, researchers have provided evidence that FAHP provides a satisfactory report of deci-
sion-making beyond the traditional AHP methods.

Actually, FAHP is the extension of Saaty Ahp (Özdağoğlu and Özdağoğlu 2007; 
Kishore and Padmanabhan 2016) since it is also through pairwise matrix and weights cal-
culation besides the possibility to deal with qualitative and quantitative data. Therefore, 
there is an analogy between the crisp and the fuzzy numbers as explained in the compari-
sons scale indicated in Table1. Moreover, FAHP is a recognized analytical method that 
could be employed to solve unstructured issues not only for geology but also for social and 
economical studies (Özdağoğlu and Özdağoğlu 2007). It was recently used in environmen-
tal field especially and introduced to vulnerability (Şener and Şener 2015) and groundwa-
ter potential (Şener et al. 2018) mapping. Many researchers (Buckley 1985; Chang 1992; 
Demirel et al. 2008) have proposed several fuzzy AHP methods for their calculations.

The steps of Chang’s analysis (Chang 1996) were applied by Kahraman et  al. (2004) 
and used by Aryafar et al. (2013), Şener and Şener (2015), and Şener et al. (2018) They can 
be given as follows:
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I: The value of the fuzzy synthetic extent is defined as

II: As U1 = (x1, y1, z1) and U2 = (x2, y2, z2): triangular fuzzy numbers (TFNs), the pos-
sible degree of U2 = (x2, y2, z2) ≥ U1 = (x1, y1, z1) is defined as

and also expressed as:

where d is the ordinate of the highest intersection point between μU1 and μU1.
III: The possibility degree for a convex fuzzy number to be larger than l convex fuzzy Ui 

(i = 1, 2, …, l) numbers can be expressed as

IV: The normalized weight vectors are
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∑m

j=1
Ui

ki
⊗ [

n∑
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Table 1   Saaty scale and triangular fuzzy scale

Linguistic scale Saaty scale Triangular fuzzy scale Triangular 
reciprocal fuzzy 
scale

Just equal 1 (1,1,1) (1,1,1)
Equally important 2 (1/2,1,3/2) (2/3,1,2)
Weakly important 3 (1,3/2,2) (1/2,2/3,1)
Strongly more important 5 (3/2,2,5/2) (2/5,1/2,2/3)
Very strong more important 7 (2,5/2,3) (1/3,2/5,1/2)
Absolutely more important 9 (5/2,3,7/2) (2/7,1/3,2/5)
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where W is a non-fuzzy number.

3.2.2 � Frequency ratio calculations

The FR model represents one of the bivariate statistical techniques since it measures the prob-
ability of occurrence between variables (Bonham-Carter 1994; Moghaddam et al. 2015). For 
groundwater potential mapping, the variables are wells location and the conditioning factors. 
The FR calculation is through the correlation between the thematic maps and wells spatial 
repartition (Razandi et al. 2015). The frequency ratio is calculated as follows:

where E represents the pixels number with groundwater wells for each parameter, F repre-
sents the total number of wells, G is the pixels number for the class area of the parameter, 
and H represents the number of total pixels.

4 � Weights of Evidence calculations

WOE model is based on Bayes rule for events probability prediction. This model was used for 
the cartography of groundwater potentiality (Lee et al. 2012; Al-Abadi 2015; Daneshfar and 
Zeinivand 2015; Tahmassebipoor et  al. 2016; Kordestani et  al. 2019; Zeinivand and Nejad 
2018) by the correlation between wells occurrence and the conditioning factors. Unlike arbi-
tral weights attribution in other methods, the weights are calculated relatively to the study 
area, which facilitate the update of their values in case of new data availability or the improve-
ment by the reduction in subjective opinions (Masetti et al. 2007). First, the positive (W+) and 
the negative one (W−) are determined. They are reflecting the measured association between 
wells location and each class of each factor.

where P is the probability, B: existence of a conditioning factor, B′: absence of a condition-
ing factor, A: existence of a well, and A′: absence of a well.

Then, the contrast (C) is obtained by computing the difference between W+ and W−.
When C value is zero, it means that the considered class is insignificant for the analysis, 

while a positive value of C points to a positive spatial correlation, and vice versa in the case of 
negative contrast value (Tahmassebipoor et al. 2016).

Also, the standard deviation S(C) is expressed as follows:

(8)FR =

( E

F
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P
(

B

A
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(
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)

(10)W− = Ln

P
(

B

A

)

P
(

B

A

)



14758	 E. Boughariou et al.

1 3

where S2 is the variance of the influencing parameters’ weights (Zeinivand and Nejad 
2018).

The studentized contrast τ is a measure of confidence expressed as follows:

After overlapping the conditioning factors maps with the training well location map, the 
values of W+, W−, C, S(C), and τ were calculated.

5 � Results and discussion

5.1 � Groundwater potential maps

5.1.1 � Application of the FAHP

To establish the FAHP groundwater potential map, the thematic maps of the conditioning 
factors were classified and ranks were attributed to each class using Saaty scale (Table. 2). 
The ranks for lineament classes are increasing following the numerical values of the the-
matic map since the lineament presence is in favor of water infiltration. For the lowest class 
(0–0.05), the rank is 1; for the moderate classes (0.05–0.1) and (0.1–0.15), the ranks are, 
respectively, 3 and 5, while the highest class (0.15–0.41) has 7 as a rank. For the slope 
classes, the rating decrease when the slope values increase: the highest rank (7) is attributed 
to the lowest slope values (0–3) whereas the lowest values are given to the slope highest 
values. The topography classes also have decreasing ranks since the highest rank (7) is given 
to the lowest altitudes (0–60), (5) and (3) to the moderate classes (60–100) and (100–140), 
while the (140–250) class has the lowest rank (1). The rating of the lithology classes is 
based on the conductivity of the lithological units. Therefore, the highest ranks (7) are for 
sandy deposits, alluvial fan, oueds, and oued deposits; for the clay and sand, red silty sand 
deposits, oolitic, and bioclastic limestone, the rank is (5). The limestone encrust, saline soil, 
and gypsum and silt encrust classes have a low rank equal to (3), whereas the posphogyp-
sum deposits class has the lowest rank (1).The land use classes are rated according to the 
infiltration capacity in each class. The highest rank (9) is for the water system class; the 
moderate rating was attributed according to the irrigation rates: (7) for greenhouse; (5) for 
cereals and field crop classes; (3) for forests, olives, orchards, and vineyards classes. The 
lowest values are (2) for the uncultivated area and (1) for sebkha and built-up area.

The thematic parameters are compared using fuzzy numbers. The pairwise compari-
son matrix was filled, based on literature review (Table 3). The normalized weight of the 

(11)S (C) =

√((
S2(W+) + S2(W−)

))

(12)S2 (W+) =
1

N{B ∩ A}
+

1

B ∩ A�

(13)S2 (W−) =
1

{B� ∩ A}
+

1

B� ∩ A�
.

(14)� =

(
C

S(c)

)
.



14759Delineation of groundwater potentials of Sfax region, Tunisia,…

1 3

Table 2   Assigned rating 
of different classes of the 
conditioning factor

Parameter Class Fuzzy 
AHP 
rating

Drainage 0–0.29 7
0.29–0.68 5
0.68–1.14 3
1.14–1.17 2
1.17–3.68 1

Lineament 0–0.05 1
0.05–0.1 3
0.1–0.15 5
0.15–0.41 7

Litho Clay and sand 5
Oolitic and bioclastic limestone 5
Limestone encrust 3
Alluvial fan 7
Oued deposits 7
Posphogypsum deposits 1
Sandy deposits 7
Red silty sand deposits 5
Gypsum and silt encrust 3
Oueds 7
Saline soil 3

Slope  > 15% 1
10–15 2
5–10 3
3–5 5
0–3 7

Topography 140–250 (m) 1
100–140 (m) 3
60–100 (m) 5
0–60 (m) 7

Land use Sebkha 1
Field crop 5
Greenhouse 7
Forest 3
Built-up area 1
Olives 3
Orchards 3
Vineyards 3
Cereals 5
Uncultivated area 2
Water system 9



14760	 E. Boughariou et al.

1 3

Ta
bl

e 
3 

  
Pa

irw
is

e 
co

m
pa

ris
on

 m
at

rix
 fo

r t
he

 F
A

H
P 

pr
oc

es
s

Li
th

ol
og

y
D

ra
in

ag
e 

de
ns

ity
Li

ne
am

en
t d

en
si

ty
La

nd
 u

se
To

po
gr

ap
hy

Sl
op

e
N

or
m

al
-

iz
ed

 
w

ei
gh

ts

Li
th

ol
og

y
1.

00
0

1.
00

0
1.

00
0

0.
50

0
1.

00
0

1.
50

0
1.

00
0

1.
50

0
2.

00
0

1.
00

0
1.

50
0

2.
00

0
1.

50
0

2.
00

0
2.

50
0

1.
50

0
2.

00
0

2.
50

0
0,

24
D

ra
in

ag
e 

de
ns

ity
0.

66
7

1.
00

0
2.

00
0

1.
00

0
1.

00
0

1.
00

0
0.

50
0

1.
00

0
1.

50
0

1.
00

0
1.

50
0

2.
00

0
1.

50
0

2.
00

0
2.

50
0

1.
50

0
2.

00
0

2.
50

0
0,

23
Li

ne
am

en
t d

en
si

ty
0.

50
0

0.
66

7
1.

00
0

0.
66

7
1.

00
0

2.
00

0
1.

00
0

1.
00

0
1.

00
0

1.
00

0
1.

50
0

2.
00

0
1.

00
0

1.
50

0
2.

00
0

1.
00

0
1.

50
0

2.
00

0
0,

19
La

nd
 U

se
0.

50
0

0.
66

7
1.

00
0

0.
50

0
0.

66
7

1.
00

0
0.

50
0

0.
66

7
1.

00
0

1.
00

0
1.

00
0

1.
00

0
1.

00
0

1.
50

0
2.

00
0

1.
00

0
1.

50
0

2.
00

0
0,

15
To

po
gr

ap
hy

0.
40

0
0.

50
0

0.
66

7
0.

40
0

0.
50

0
0.

66
7

0.
50

0
0.

66
7

1.
00

0
0.

50
0

0.
66

7
1.

00
0

1.
00

0
1.

00
0

1.
00

0
0.

50
0

1.
00

0
1.

50
0

0,
09

Sl
op

e
0.

40
0

0.
50

0
0.

66
7

0.
40

0
0.

50
0

0.
66

7
0.

50
0

0.
66

7
1.

00
0

0.
50

0
0.

66
7

1.
00

0
0.

66
7

1.
00

0
2.

00
0

1.
00

0
1.

00
0

1.
00

0
0,

10



14761Delineation of groundwater potentials of Sfax region, Tunisia,…

1 3

conditioning factor was calculated. As a result, the highest weights are attributed to the 
lithology and drainage density parameters (0.24 and 0.23, respectively). The weights of 
the lineament density and the land use thematic maps are moderate (0.19 and 0.15, respec-
tively), while the lowest weights are obtained for the slope and topography maps (0.1 and 
0.09, respectively).

The GWPI is a defined as a dimensionless quantity capable of groundwater potential 
delineation (Razandi et al. 2015). Once the weights are normalized, the groundwater poten-
tial index (GWPI) map could be calculated as in Eq. 8 and generated by overlaying the-
matic layers according to their FAHP weights (Fig. 5).

Fig. 5   Groundwater potential map using the FAHP model
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where DD is the drainage density, L: lineaments, Lith: lithology, S: slope, T: topography, 
LU: land use, and W: the corresponding normalized weight.

The groundwater potential map by the FAHP model was obtained based on the weighted 
overlay thematic maps regardless of the wells occurrence. The groundwater potential index 
was first generated for every pixels in the studied zone; then, the map was classified accord-
ing to the quantile method into three classes as low [1.68–3.47], moderate [3.47–4.16], 
and high potential [4.16–7]. Several researchers (Nampak et al. 2014; Tehrany et al. 2014; 
Rahmati et  al. 2016) have proved that the quantile statistical method of classification is 
efficient for groundwater potential mapping by considering it as a good classifier with the 
most accurate wells distribution. The high groundwater potential zones are mostly located 
in the coastal area where lithology is in favor of infiltration, altitude is low, and the slope in 
gentle. Moreover, the low potential class occurs in central part and southeastern part where 
drainage density and altitude are high. The spatial distribution of the different classes in 
the GWP map shows an almost equal repartition since the surfaces of the three classes are 
close: 34.2% for the moderate class followed by the low and the high classes with 33.4% 
and 32.4%, respectively.

5.1.2 � Application of the FR

Unlike the FAHP, the rates for the classes are not given according to the properties of 
the conditioning factor but according to the spatial occurrence of the wells in each class. 
The frequency ratios were therefore calculated for all the conditioning factors as shown 
in Table4. Finally, the groundwater potential index (GWPI) was calculated (Eq. 10) and 
mapped on the basis of τ values (Fig. 6).

where FR is the final weight.
Based on the correlation between wells existence and the conditioning factors, FR val-

ues could be interpreted. Since the average value is 1, greater values indicate a higher cor-
relation and a high groundwater potential, while lower values indicate a lower correlation 
and a lower groundwater potential (Manap et al. 2014). The analysis of FR between the 
wells occurrence and the slope thematic map shows that the lowest class of slope percent 
0–3 has the highest value of FR (1.02) followed by the class whose values are above 15 
(0.2) followed by 5–10 and 3–5 classes of 0.17 and 0.11 FR values, while the 10–15 class 
is of a FR value equal to 0. Accordingly, these observations wells are most abundant on 
the coastal area where the slope is gentle for the easiness of infiltration in this area reflect-
ing a higher potential of the aquifer. In the case of topography, the (0–60) class coincides 
with the highest value of FR (2.7), which reflects a strong groundwater potential in the 
coastal area that gets moderate in the (60–100) interval with a FR close to 1 (0.8). The 
lowest FR values in the high altitude of topography (100–140) and (140–250) indicate a 
low groundwater potential. The lineament class (0.15–0.41) is of the highest values (1.47); 
however, for the other classes FR values are close to 1 reflecting a low contribution of 
the lineament factor to groundwater potentiality and consequently to wells locations. The 
frequency ratio values in the lithology classes show a low occurrence of wells in sandy 
deposits, gypsum and silt encrust, and oolitic and bioclastic limestone (0.1, 0.21, and 0.22). 
However, the highest FR values are located in clay and sand, limestone encrust, alluvial 

(15)
GWPI = WDD ∗ DD + WL ∗ L +WLith ∗ Lith + WS ∗ S +WT ∗ T +WLU ∗ LU

(16)GWPI = Fr1 + Fr2..... + Frn
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fan, and posphogypsum deposits. For the drainage density, FR ratios are decreasing when 
the density increases. FR values go from 2.25 in the low density class (0–0.29) to 0.44 
(1.17–3.68). This value is explained by the necessity of irrigation in this agricultural activ-
ity noticed also for the orchards (FR = 1.6) and field crop (1.18). The GWP map obtained 
by FR model was also classified into three classes using the quantile method. The high 
GWP zones are located in the coastal area, while the low potential class is located in the 
central part. In the spatial distribution of the different classes in the GWP map, the low 
potential class covers only 31% of the study area, while the moderate class covers 36% and 
the high potential 33%, respectively.

Fig. 6   Groundwater potential map using the FR model
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5.1.3 � Application of the WOE

The groundwater potential index (GWPI) was calculated (Eq. 15) and mapped on the basis 
of τ values (Fig. 7).

where τ is the final weight for the WOE model.
The WOE model is developed by the strength of the spatial repartition of the set of 

recognized locations by the calculation of W+ and W−, C, and τ, the studentized value of 

(17)GWPI = �1 + �2... + �n

Fig. 7   Groundwater potential map using the WOE model



14767Delineation of groundwater potentials of Sfax region, Tunisia,…

1 3

C (Table 4) that reflect the relative certainty of the posterior probability (Ghorbani Nejad 
et al. 2017).

According to τ values, it is noted that for the slope, the class (0–3) has the highest τ 
value, indicating a high potential for the flat slope. The lithology thematic map has only 
two classes with a positive value of τ (clay and sand and posphogypsum deposits). Also, 
the land use parameter shows both classes of the green house and orchards have a positive 
studentized value of C. For topography, the highest value of τ is given by the lowest alti-
tude in the coastal zone. The lowest value of drainage density has also a higher value of τ, 
while the highest value of this parameter is detected in the highest class of lineament.

For WOE model, the quantile method was also adopted to classify the groundwater 
potential map into three classes: low, medium, and high. According to the produced map, 
the low GWP zones are situated mostly on the coastal area. The partition of this map shows 
an equal surface for the high and moderate potential (33%). The low potential class is 
slightly bigger with a surface of 34%.

5.2 � Validation models

The wells distribution in the classes of the GWP maps is an indicator of the efficiency of 
the adopted methods. High potential area is in fact characterized by the largest number of 
wells. Therefore, the percentage of wells has been calculated in each class (Fig. 8). In the 
case of FAHP, the wells distribution reflects an obvious contrast since the high potential 
class of 32.4% surface contains 54.2% of the wells, while the wells number is 28.6% and 
17.2% in the moderate and the low classes, respectively. This distribution is significant 
and demonstrates coherence between groundwater potentiality and wells occurrence. The 
detected contrast gets higher for the FR and WOE models since for both of them, the high 
potential class contains 66% wells in 33% of the study area surface. The difference between 
these two methods is detected on wells partition in the low and moderate classes. The mod-
erate groundwater potential has 24% and 23% of the wells for the FR and the WOE models, 

Fig. 8   Wells location on groundwater potential maps
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respectively (Table 5). According to these findings, FR seems the best method to determine 
GWP.

To deal with incomplete data uncertainty, validation models become essential to avoid 
erroneous conclusion (Kura et al. 2015).

Since the validation is the principal process of modeling (Razandi et  al. 2015), the 
receiver operating characteristics (ROC) curves established further validation for the 
obtained GPMs. It was applied to find out the accuracy of the three models (Moghaddam 
et al. 2015; Miraki et al. 2019).

In fact, ROC are obtained by a confusion matrix of possible outcomes which are true 
positive (TP) for the correct occurrence of wells, true negative (TN) for the correct non-
occurrence of wells, false positive (FP) for the incorrect occurrence of wells, and false 
negative (FN) for the incorrect non-occurrence of wells (Miraki et  al. 2019). Then, the 
sensitivity and the specificity were calculated using Eqs. 18 and 19. To obtain the ROC 
curves, sensitivity is plotted against the specificity. 

The area under the ROC curves (AUC) provides qualitative measurement of the predic-
tion precision (Rahmati et al. 2016). AUC values range between 0 and 1 and are generally 
expressed by a percentage. The ability of prediction accuracy is relative to the AUC value. 
The accuracy increases relatively to the area under the ROC curves. According to Yesil-
nacar and Topal (2005), the prediction accuracy is defined based on the AUC value. It can 
be considered as low (0.5–0.6); moderate (0.6–0.7); good (0.7–0.8); very good (0.8–0.9); 
and excellent (0.9–1) (Rahmati et al. 2016; Tahmassebipoor et al. 2016; Miraki et al. 2019).

Figure  9 illustrates the ROC curves of the groundwater potential maps generated by 
FAHP, FR, and WOE models, indicating that the WOE model results (AUC = 71.4%) 
are very close to FR model (71.1%) and both are more accurate than FAHP model 
(AUC = 65.1%). The obtained results show that the FR and WOE methods have better 
validation results compared to the FAHP model. It might seem that the fuzzy analytical 
hierarchy process takes into account the spatial distribution of the study area character-
istics; however, both other methods (FR and WOE) are indirectly linked to the study area 
properties since each well creation requires a preliminary geophysical and hydrogeologi-
cal prospection. Therefore, these statistical methods are highly recommended for the study 
of the groundwater potential assessment, especially that their calculation methods are 

(18)Sensitivity =
TP

TP + FN

(19)Specificity =
TN

TN + FP
.

Table 5   Wells and area distribution of groundwater potential zones for FAHP, FR, and WOE

Groundwater potential FAHP FR WOE

Wells (%) Area (%) Wells (%) Area (%) Wells (%) Area (%)

Low 17 33,4 10 31 11 34
Moderate 29 34,2 24 36 23 33
High 54 32,4 66 33 66 33
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practical and require only consumption data, while the FAHP method is recommended in 
the case of a reduced number of wells with a random spatial distribution.

Beside statistical similarity, it should be noted that the obtained maps have also similar 
zoning since the three classes of groundwater potential have the same spatial repartition 
and then corroborate the results validation. The groundwater potential maps have a spatial 
similarity with the topography map, as well, that could be explained on the one hand, by 
the importance of the recharge in low altitude where the infiltration is more important than 
the runoff.

The understanding of the groundwater potential and its close relationship with extrac-
tion wells spatial repartition encourage a further study of the aquifer management for sus-
tainable and practical strategies of exploitation in the future. Sfax groundwater resources 
being essential for the agricultural activities should be protected from over-exploitation 
and climate change (Boughariou et al. 2018). Indeed, the high potential coastal zones are 
considered as endangered zones that are threatened not only by over-exploitation but also 
by seawater intrusion (Trabelsi et al. 2005; Boughariou et al. 2018) where intervention is 
needed starting with the prohibition of well creation, in these areas and their consideration 
as protected perimeters by the RCAD. It is also recommended to monitor the pumping 
rate in these zones as a precaution step with a consideration of water and soil conserva-
tion works and irrigated perimeters planning. Therefore, some innovative methods could 

Fig. 9   Receiver operating characteristics (ROC) curves calculated for FAHP, FR, and WOE
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be employed such as the modern portfolio theory that was applied as a planning paradigms 
based on vulnerability studies and possible climate change scenarios (Hua et al. 2015).

6 � Conclusion

Three models (FAHP, FR, and WOE) were used for groundwater potential zone delinea-
tion using GIS. The application of each model requires a classification of six conditioning 
factors thematic maps as essential input parameters. Then, weights were calculated and the 
GWP was constructed on the basis of the obtained groundwater potential index values. The 
FAHP method is based on conditioning factors influence on the study area from the litera-
ture and experts knowledge. However, the FR and WOE necessitate the wells distribution 
to calculate the weights of each class.

The obtained maps were divided into three zones, representing the low, moderate, 
and high potential classes obtained by the quantile model classification.

The results are acceptable for the FAHP model since the 32.4% groundwater poten-
tiality area includes 54% of the total groundwater wells. The results get better for both 
FR and WOE models where the 33% groundwater potentiality includes 66% of the total 
groundwater wells. The high groundwater potential is basically located on the coastal 
area on the eastern part of the Sfax region for the three adopted models.

Moreover, ROC curves are established and the areas under the curve were calculated. In 
the case of the FAHP model, the model accuracy is 65.1% while AUC values are higher for 
the FR model with 71.1%. The best results for the validation were detected in the case of 
the WOE model with an AUC value equal to 71.4%. These findings led to a consideration 
that the three models are suitable for groundwater potential delineation in arid and semi-
arid regions.

This study is of an importance not only for the water resource management, but also 
could contribute to regional land use planning, future wells creation, and groundwater 
protection since the shallow aquifer of Sfax is under over-exploitation, particularly in the 
coastal area. Thus, the application of the statistical methods is considered as a good tool for 
decision support in water exploitation planning and water management in phreatic aquifers. 
In addition, some innovative methods could be employed to better manage water resources 
to face over-exploitation and climate change scenarios.

Acknowledgements  The authors acknowledge the managers of the Regional Commissionership of Agricul-
tural Development of Sfax for providing hydrological data to carry out this study within the LR3E Labora-
tory of the Sfax University. The authors would also like to express their thanks to Mr. Faouzi HAKIM for 
carefully editing and proofreading English of the paper.

Funding  The authors of this article declare that they have no funding.

Compliance with ethical standards 

Conflict of interest  The authors declare there is no conflict of interest.



14771Delineation of groundwater potentials of Sfax region, Tunisia,…

1 3

References

Al-Abadi, A. M. (2015). Groundwater potential mapping at northeastern Wasit and Missan governorates, 
Iraq using a data-driven weights of evidence technique in framework of GIS. Environmental earth sci-
ences, 74(2), 1109–1124.

Allouche, N., Brahim, F. B., Gontara, M., Khanfir, H., & Bouri, S. (2015). Validation of two applied meth-
ods of groundwater vulnerability mapping: Application to the coastal aquifer system of Southern Sfax 
(Tunisia). J Water Supply Res Technol AQUA, 64(6), 719–737.

Antonakos, A. K., & Lambrakis, N. J. (2007). Development and testing of three hybrid methods for the 
assessment of aquifer vulnerability to nitrates, based on the drastic model, an example from NE Korin-
thia. Greece. Journal of Hydrology, 333(2–4), 288–304.

Aryafar, A., Yousefi, S., & Ardejani, F. D. (2013). The weight of interaction of mining activities: groundwa-
ter in environmental impact assessment using fuzzy analytical hierarchy process (FAHP). Environmen-
tal earth sciences, 68(8), 2313–2324.

Ayadi, R., Zouari, K., Saibi, H., Trabelsi, R., Khanfir, H., & Itoi, R. (2016). Determination of the origins 
and recharge rates of the Sfax aquifer system (southeastern Tunisia) using isotope tracers. Environmen-
tal Earth Sciences, 75(8), 636.

Bonham-Carter, G. F. (1994). Geographic information systems for geoscientists: modeling with GIS (p. 
398). Elsevier: Pergamon.

Bouaziz, S., Barrier, E., Soussi, M., Turki, M. M., & Zouari, H. (2002). Tectonic evolution of the northern 
African margin in Tunisia from paleostress data and sedimentary record. Tectonophysics, 357(1–4), 
227–253.

Boughariou, E., Bahloul, M., Jmal, I., Allouche, N., Makni, J., Khanfir, H., & Bouri, S. (2018). Hydro-
chemical and statistical studies of the groundwater salinization combined with MODPATH numerical 
model: case of the Sfax coastal aquifer. Southeast Tunisia. Arabian Journal of Geosciences, 11(4), 69.

Boughariou, E., Saidi, S., Barkaoui, A. E., Khanfir, H., Zarehloul, Y., & Bouri, S. (2015). Mapping recharge 
potential zones and natural recharge calculation: Study case in Sfax region. Arabian Journal of Geo-
sciences, 8(7), 5203–5221.

Bouri, S., Abida, H., & Khanfir, H. (2008). Impacts of wastewater irrigation in arid and semi arid regions: 
Case of Sidi Abid region. Tunisia. Environmental Geology, 53(7), 1421–1432.

Brahim, F. B., Bouri, S., & Khanfir, H. (2013). Hydrochemical analysis and evaluation of groundwater qual-
ity of a Mio-Plio-Quaternary aquifer system in an arid regions: case of El Hancha, Djebeniana and El 
Amra regions. Tunisia. Arab J Geosci, 6(6), 2089–2102.

Buckley, J. J. (1985). Fuzzy hierarchical analysis. Fuzzy Sets and Systems, 17(3), 233–247.
Chang, D. Y. (1992). Extent Analysis and Synthetic Decision, optimization techniques and applications, 

World Scientific. Singapore, 1, 352.
Chen, W., Li, H., Hou, E., Wang, S., Wang, G., Panahi, M., & Xiao, L. (2018). GIS-based groundwater 

potential analysis using novel ensemble weights-of-evidence with logistic regression and functional 
tree models. Science of the Total Environment, 634, 853–867.

Cheng, C. H., Yang, K. L., & Hwang, C. L. (1999). Evaluating Attack Helicopters by AHP Based on Lin-
guistic Variable Weight. European Journal of Operational Research, 116, 423–435.

Chenini, I., Mammou, A. B., & El May, M. (2010). Groundwater recharge zone mapping using GIS-based 
multi-criteria analysis: A case study in Central Tunisia (Maknassy Basin). Water Resources Manage-
ment, 24(5), 921–939.

Corsini, A., Cervi, F., & Ronchetti, F. (2009). Weight of evidence and artificial neural networks for potential 
groundwater spring mapping: an application to the Mt. Modino area (Northern Apennines, Italy). Geo-
morphology, 111(1–2), 79–87.

Daneshfar, M., & Zeinivand, H. (2015). Journal of applied hydrology. Journal of Applied Hydrology, 2(2), 
45–61.

Demirel, T., Demirel, N. Ç., & Kahraman, C. (2008). Fuzzy analytic hierarchy process and its application. 
Springer, Boston, MA: In Fuzzy multi-criteria decision-making.

DGRE (2005) General Directorate of Water Resources. Study of the aquifers of Sfax: theme of groundwater. 
Report of the company SGF-INC subsidiary of Tunisia, Tunisia, pp 460.

Douglas, S. H., Dixon, B., & Griffin, D. (2018). Assessing the abilities of intrinsic and specific vulnerabil-
ity models to indicate groundwater vulnerability to groups of similar pesticides: a comparative study. 
Physical Geography, 39(6), 487–505.

Ebrahimi, S. H., Neshat, A., Javadi, S., & Aghmohamadi, H. (2019). Modification of DRASTIC Model to 
Assess Groundwater Vulnerability by Applying two Approaches: Single Parameter Sensitivity Analy-
sis (SPSA) and Analytical Hierarchy Process (AHP).



14772	 E. Boughariou et al.

1 3

Elmahdy, S. I., & Mohamed, M. M. (2015). Probabilistic frequency ratio model for groundwater potential 
mapping in Al Jaww plain. UAE. Arabian Journal of Geosciences, 8(4), 2405–2416.

Fenta, A. A., Kifle, A., Gebreyohannes, T., & Hailu, G. (2015). Spatial analysis of groundwater potential using 
remote sensing and GIS-based multi-criteria evaluation in Raya Valley, northern Ethiopia. Hydrogeology 
Journal, 23(1), 195–206.

Ghorbani Nejad, S., Falah, F., Daneshfar, M., Haghizadeh, A., & Rahmati, O. (2017). Delineation of ground-
water potential zones using remote sensing and GIS-based data-driven models. Geocarto international, 
32(2), 167–187.

Ghribi, R. (2010). Etude Morpho-Structurale et Evolution des Paléochamps de Contraintes du Sahel Tunisien : 
Implications Géodynamiques (p. 256). Tunisie: Thèse de doctorat Université de Sfax.

Gontara, M., Allouche, N., Jmal, I., & Bouri, S. (2016). Sensitivity analysis for the GALDIT method based on 
the assessment of vulnerability to pollution in the northern Sfax coastal aquifer. Tunisia. Arab J Geosci, 
9(5), 1–15.

Hagedorn, B., Clarke, N., Ruane, M., & Faulkner, K. (2018). Assessing aquifer vulnerability from lumped 
parameter modeling of modern water proportions in groundwater mixtures: Application to California’s 
South Coast Range. Science of the total environment, 624, 1550–1560.

Hua, S., Liang, J., Zeng, G., Xu, M., Zhang, C., Yuan, Y., & Huang, L. (2015). How to manage future ground-
water resource of China under climate change and urbanization: An optimal stage investment design from 
modern portfolio theory. Water Research, 85, 31–37.

NIM 2018: National Institute of Meteorology, Annual hydrological report 2018.
Jha, M. K., Chowdary, V. M., & Chowdhury, A. (2010). Groundwater assessment in Salboni Block, West Ben-

gal (India) using remote sensing, geographical information system and multi-criteria decision analysis 
techniques. Hydrogeology journal, 18(7), 1713–1728.

Jmal, I., Ayed, B., Boughariou, E., Allouche, N., Saidi, S., Hamdi, M., & Bouri, S. (2017). Assessing ground-
water vulnerability to nitrate pollution using statistical approaches: a case study of Sidi Bouzid shallow 
aquifer. Central Tunisia. Arabian Journal of Geosciences, 10(16), 364.

Kahraman, C., Cebeci, U., & Ruan, D. (2004). Multi-attribute comparison of catering service companies using 
fuzzy AHP: the case of Turkey. International Journal of Production Economics, 87, 171–184.

Karan, S. K., Samadder, S. R., & Singh, V. (2018). Groundwater vulnerability assessment in degraded coal min-
ing areas using the AHP–Modified DRASTIC model. Land degradation & development, 29(8), 2351–2365.

Kishore, P., & Padmanabhan, G. (2016). An integrated approach of fuzzy AHP and fuzzy TOPSIS to select 
logistics service provider. Journal for Manufacturing Science and Production, 16(1), 51–59.

Kordestani, M. D., Naghibi, S. A., Hashemi, H., Ahmadi, K., Kalantar, B., & Pradhan, B. (2019). Groundwater 
potential mapping using a novel data-mining ensemble model. Hydrogeology Journal, 27(1), 211–224.

Kumar, T., Gautam, A. K., & Kumar, T. (2014). Appraising the accuracy of GIS-based multi-criteria decision-
making technique for delineation of groundwater potential zones. Water resources management, 28(13), 
4449–4466.

Kura, N. U., Ramli, M. F., Ibrahim, S., Sulaiman, W. N. A., Aris, A. Z., Tanko, A. I., & Zaudi, M. A. (2015). 
Assessment of groundwater vulnerability to anthropogenic pollution and seawater intrusion in a small 
tropical island using index-based methods. Malaysia. Environ Sci Pollut Res, 22(2), 1512–1533.

Lee, S., Kim, Y. S., & Oh, H. J. (2012). Application of a weights-of-evidence method and GIS to regional 
groundwater productivity potential mapping. Journal of Environmental Management, 96(1), 91–105.

Machiwal, D., Jha, M. K., & Mal, B. C. (2011). Assessment of groundwater potential in a semi-arid region of 
India using remote sensing, GIS and MCDM techniques. Water resources management, 25(5), 1359–1386.

Manap, M. A., Nampak, H., Pradhan, B., Lee, S., Sulaiman, W. N. A., & Ramli, M. F. (2014). Application of 
probabilistic-based frequency ratio model in groundwater potential mapping using remote sensing data 
and GIS. Arabian Journal of Geosciences, 7(2), 711–724.

Masetti, M., Poli, S., & Sterlacchini, S. (2007). The use of the weights-of-evidence modeling technique to 
estimate the vulnerability of groundwater to nitrate contamination. Natural Resources Research, 16(2), 
109–119.

Miraki, S., Zanganeh, S. H., Chapi, K., Singh, V. P., Shirzadi, A., Shahabi, H., & Pham, B. T. (2019). Mapping 
groundwater potential using a novel hybrid intelligence approach. Water resources management, 33(1), 
281–302.

Moghaddam, D. D., Rezaei, M., Pourghasemi, H. R., Pourtaghie, Z. S., & Pradhan, B. (2015). Groundwater 
spring potential mapping using bivariate statistical model and GIS in the Taleghan watershed. Iran. Ara-
bian Journal of Geosciences, 8(2), 913–929.

Mohammadi-Behzad, H. R., Charchi, A., Kalantari, N., Nejad, A. M., & Vardanjani, H. K. (2019). Delineation 
of groundwater potential zones using remote sensing (RS), geographical information system (GIS) and 



14773Delineation of groundwater potentials of Sfax region, Tunisia,…

1 3

analytic hierarchy process (AHP) techniques: a case study in the Leylia-Keynow watershed, southwest of 
Iran. Carbonates and Evaporites, 34(4), 1307–1319.

Mokadem, N., Boughariou, E., Mudarra, M., Brahim, F. B., Andreo, B., Hamed, Y., & Bouri, S. (2018). 
Mapping potential zones for groundwater recharge and its evaluation in arid environments using a GIS 
approach: Case study of North Gafsa Basin (Central Tunisia). Journal of African Earth Sciences, 141, 
107–117.

Msaddek, M. H., Souissi, D., Moumni, Y., Chenini, I., Bouaziz, N., & Dlala, M. (2019). Groundwater poten-
tiality assessment in an arid zone using a statistical approach and multi-criteria evaluation, southwestern 
Tunisia. Geological Quarterly, 63(1), 3–15.

Nampak, H., Pradhan, B., & Manap, M. A. (2014). Application of GIS based data driven evidential belief func-
tion model to predict groundwater potential zonation. Journal of Hydrology, 513, 283–300.

Oh, H. J., Kim, Y. S., Choi, J. K., Park, E., & Lee, S. (2011). GIS mapping of regional probabilistic groundwater 
potential in the area of Pohang City. Korea. Journal of Hydrology, 399(3–4), 158–172.

Özdağoğlu, A., & Özdağoğlu, G. (2007). Comparison of AHP and fuzzy AHP for the multi-criteria decision-
making processes with linguistic evaluations.

Ozdemir, A. (2011). GIS-based groundwater spring potential mapping in the Sultan Mountains (Konya, Turkey) 
using frequency ratio, weights of evidence and logistic regression methods and their comparison. Journal 
of Hydrology, 411(3–4), 290–308.

Rahmati, O., Pourghasemi, H. R., & Melesse, A. M. (2016). Application of GIS-based data driven random 
forest and maximum entropy models for groundwater potential mapping: a case study at Mehran Region. 
Iran. Catena, 137, 360–372.

Rahmati, O., Samani, A. N., Mahdavi, M., Pourghasemi, H. R., & Zeinivand, H. (2015). Groundwater potential 
mapping at Kurdistan region of Iran using analytic hierarchy process and GIS. Arabian Journal of Geo-
sciences, 8(9), 7059–7071.

Razandi, Y., Pourghasemi, H. R., Neisani, N. S., & Rahmati, O. (2015). Application of analytical hierarchy 
process, frequency ratio, and certainty factor models for groundwater potential mapping using GIS. Earth 
Science Informatics, 8(4), 867–883.

RCAD : Sfax, 2014. Commissariat Regional Developpement Agricole Sfax. Le rapport annuel de l’année 2013. 
Par Khanfir H. C.R.D.A de Sfax, Arrondissement des eaux

Reis, A. P., Sousa, A. J., Da Silva, E. F., Patinha, C., & Fonseca, E. C. (2004). Combining multiple correspond-
ence analysis with factorial kriging analysis for geochemical mapping of the gold–silver deposit at Mar-
rancos (Portugal). Applied Geochemistry, 19(4), 623–631.

Saaty, T. L. (1980). The analytic hierarchy process (p. 287). New York: McGraw-Hill.
 ​Şener, E., & Şener, S. (2015). Evaluation of groundwater vulnerability to pollution using fuzzy analytic hierar-

chy process method. Environmental Earth Sciences, 73(12), 8405.
Şener, E., Şener, Ş, & Davraz, A. (2018). Groundwater potential mapping by combining fuzzy-analytic hierar-

chy process and GIS in Beyşehir Lake Basin, Turkey. Arabian Journal of Geosciences, 11, 1–21.
Shekhar, S., & Pandey, A. C. (2015). Delineation of groundwater potential zone in hard rock terrain of India 

using remote sensing, geographical information system (GIS) and analytic hierarchy process (AHP) tech-
niques. Geocarto International, 30(4), 402–421.

Smida, H., Abdellaoui, C., Zairi, M., & Dhia, H. B. (2010). Mapping zone vulnerability to agricultural pollution 
with a DRASTIC model and Geographical Information System (GIS): The case of the Chaffar groundwa-
ter (South of Sfax, Tunisia). Science et changements planétaires/Sécheresse, 21(2), 131–146.

Tahmassebipoor, N., Rahmati, O., Noormohamadi, F., & Lee, S. (2016). Spatial analysis of groundwater poten-
tial using weights-of-evidence and evidential belief function models and remote sensing. Arabian Journal 
of Geosciences, 9(1), 79.

Tehrany, M. S., Pradhan, B., & Jebur, M. N. (2014). Flood susceptibility mapping using a novel ensemble 
weights-of-evidence and support vector machine models in GIS. Journal of Hydrology, 512, 332–343.

Trabelsi, R., Zaïri, M., Smida, H., & Dhia, H. B. (2005). Salinisation des nappes côtières: cas de la nappe 
nord du Sahel de Sfax. Tunisie. Compt Rendus Geosci, 337(5), 515–524. https​://doi.org/10.1016/j.
crte.2005.01.010.

Yesilnacar, E., & Topal, T. (2005). Landslide susceptibility mapping: a comparison of logistic regression and 
neural networks methods in a medium scale study, Hendek region (Turkey). Engineering Geology, 79(3–
4), 251–266.

Zabihi, M., Pourghasemi, H. R., Pourtaghi, Z. S., & Behzadfar, M. (2016). GIS-based multivariate adaptive 
regression spline and random forest models for groundwater potential mapping in Iran. Environmental 
Earth Sciences, 75(8), 665.

Zeinivand, H., & Ghorbani Nejad, S. (2018). Application of GIS-based data-driven models for groundwater 
potential mapping in Kuhdasht region of Iran. Geocarto international, 33(6), 651–666.

https://doi.org/10.1016/j.crte.2005.01.010
https://doi.org/10.1016/j.crte.2005.01.010


14774	 E. Boughariou et al.

1 3

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Authors and Affiliations

Emna Boughariou1   · Nabila Allouche1 · Fatma Ben Brahim1,2 · Ghada Nasri1 · 
Salem Bouri1,3

1	 LR3E, ENI-Sfax, Sfax, Tunisia
2	 Faculty of Sciences of Gabes, University of Gabes, Gabes, Tunisia
3	 Faculty of Sciences of Sfax, University of Sfax, Sfax, Tunisia

http://orcid.org/0000-0002-9201-3401

	Delineation of groundwater potentials of Sfax region, Tunisia, using fuzzy analytical hierarchy process, frequency ratio, and weights of evidence models
	Abstract
	1 Introduction
	2 Study area
	3 Methodology
	3.1 Groundwater conditioning factors
	3.2 Statistical methods
	3.2.1 Fuzzy AHP (FAHP)
	3.2.2 Frequency ratio calculations


	4 Weights of Evidence calculations
	5 Results and discussion
	5.1 Groundwater potential maps
	5.1.1 Application of the FAHP
	5.1.2 Application of the FR
	5.1.3 Application of the WOE

	5.2 Validation models

	6 Conclusion
	Acknowledgements 
	References




