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Abstract

Suitability mapping for managed aquifer recharge is recently gaining more attention because of its potential in producing
comprehensive maps easily interpreted and used by policy makers. In front of the divers existing methodologies, an adapted
approach for the arid and semi-arid conditions of Tunisia was developed to generate a managed aquifer recharge (MAR)
suitability and feasibility maps within a participatory approach with stakeholders. A Geographical Information Systems
coupled with multi-criteria decision analysis (GIS-MCDA) was applied to establish the suitability and feasibility of MAR
in Enfidha plain, NE of Tunisia. Selected criterions were spatialized under GIS thematic layers, and they were standardized
based on literature and experts’ opinions regarding their importance in MAR implementation. Weights of each criterion were
determined using analytic hierarchy process (AHP). Intrinsic suitability map was obtained using weighted linear combina-
tion (WLC) by the mean of ArcGIS software and via the INOWAS (innovative web-based decision support system for water
sustainability under a changing climate) platform. It shows that more than 80% of the total plain area is intrinsically suitable
and highly suitable for MAR. MAR feasibility map was established by overlaying intrinsic suitability, recharge water avail-
ability, and water demand maps of the region. It reveals that almost the fifth of the plain has high MAR feasibility potential.
A decision support system (DSS) web-portal, namely, INOWAS, was finally used as an effective tool to store, share, and
establish the MAR suitability maps with the concerned stakeholders.
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Introduction

Rapid population growth and development of industry
and agriculture have led to a dramatic use of fresh water
Responsible Editor: Fethi Lachaal resources, especially groundwater. In fact, more than 70% of
groundwater is used in irrigation (Margat and van der Gun
2013) and half of the world irrigated crops are relying on
groundwater for irrigation (Famiglietti 2014; van der Gun
B4 Anis Chekirbane 2021). Aquifers are also among the first sources of drinking

anis.chkirbene @inat.u-carthage.tn water supply (Gorelick and Zheng 2015). Among the feasi-
ble measures to reduce water stress and to increase its avail-
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Indirect reuse into aquifers, named managed aquifer recharge
(MAR), was defined by Dillon et al. (2009) as “purpose-
ful recharge of water to aquifers for subsequent recovery
or environmental benefits.” MAR represents a wide and
growing range of measures to support active management
of groundwater resources at the local and basin level, to
make more efficient use of water resources, assist conjunc-
tive management of surface and groundwater resources, to
buffer against increasing intensity of climate extremes, par-
ticularly drought, and to protect and improve water quality in
aquifers (Dillon et al. 2019). MAR is an innovative practice
spread globally (Stefan and Ansems 2018; Page et al. 2018)
that includes a set of techniques to increase the availabil-
ity of good quality groundwater or for the qualitative and
quantitative rehabilitation of groundwater resources and is
practically operated through a variety of different schemes.

In Tunisia, MAR has become a priority in water man-
agement plans since 1970s (Bouri and Dhia 2010). Since
this date, several techniques have been adopted and most
of them are using different setups to infiltrate surface water
into aquifers. The commonly used techniques are dry well,
recharge release, infiltration pond, soil aquifer treatment, and
percolation tank. The total recharge amount in Tunisia is
estimated to range between 14 and 66 millions m*/yr in the
period 1992-2015 (DGRE 2015). The choice of MAR tech-
niques was not based on solid scientific knowledge. In fact,
most of the implemented MAR projects were response to the
pressure of overexploitation and quantitative and qualitative
groundwater deterioration only; there is no previous suit-
ability mapping procedure before projects implementation.
Consequently, a clear sustainability problem is affecting
most of MAR projects in Tunisia. For instance, the MAR
project in Korba aquifer, CapBon peninsula (NE of Tunisia),
using infiltration basins of treated wastewater did not exceed
7 years lifetime (2008-2015) because of clogging, lack of
treated wastewater, and limited size of the MAR infrastruc-
ture compared to the existing piezometric depression (Gaal-
oul et al. 2012; Mekni and Souissi 2016). Also, the MAR
project in Khairat watershed (coastal region in NE of Tuni-
sia) using released dam water and in-channel modifications
was almost ineffective just after 5 years implementation
(2006-2011) because the wrong choice and dimensioning
of check dams and their destruction after the 2011 flooding
(Belghith Triki et al. 2014).

Additional information is needed to identify potential
MAR locations and increase the result’s validation, such
as field observation, and referring to databases of thematic
layers like soil, geology, land use and land cover, slope,
drainage, and lineament density (Masciopinto 2013). As
a result, application of MAR is still marginal in Tunisian
coastal aquifers and the current state of knowledge on MAR
in these areas is limited. To better understand the potential
for MAR in these zones, it is prudent to understand which
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MAR approaches can be applied in coastal and semi-arid
area in general. The Enfidha aquifer system located in a
semi-arid coastal region in NE of Tunisia is a typical exam-
ple where artificial recharge is applied almost without solid
knowledge. To identify suitable locations for MAR sites in
the Enfidha aquifer system, MAR suitability and feasibility
maps must be developed. Many MAR suitability mapping
methodologies exist (Sallwey et al. 2018; Ajjur and Baalou-
sha 2021). Most of them are based on multi-criteria decision
analysis (MCDA) which comprises a collection of methods
and tools used to integrate spatially distributed geographi-
cal data with respect to established preferences and value-
judgments (Fathi et al. 2020). It is however not clear which
method should be applied in coastal context of semi-arid
region and which parameters must be taken into account.
To the authors’ best knowledge, application of GIS-MCDA
method to establish a MAR feasibility map for Enfidha plain
was nor previously established. Thus, optimizing an adapted
method to map MAR suitability in the Tunisian coastal con-
text and sharing results with water resources managers will
be the first step of enhancing MAR as sustainable solution
to cope with water scarcity in arid and semi-arid regions in
Tunisia. Therefore, the overall objective of this research is to
evaluate the suitability and feasibility of the managed aquifer
recharge (MAR) techniques in the Tunisian environmental
conditions throughout developing a GIS-based methodology
applied to Enfidha Aquifer System (Sahel of Tunisia) as pilot
zone and providing a web-based decision support system
(DSS) to help water resources managers in selecting suitable
and feasible MAR sites.

Study area

The study area is the Enfidha Aquifer System which is
located in Sousse governorate (NE of Tunisia) in the east-
ern flank of the Tunisian Dorsal between latitudes 36°5’ and
36°10'N and longitudes 10°10" and 10°28'E (Fig. 1).

With an elevation ranging between 110 m a.s.l in
upstream and 0 m in downstream coastal region and a mean
average precipitation of 354 mm, the Enfidha plain is char-
acterized by a semi-arid climate. The geology of this area is
dominated by tertiary and quaternary deposits.

Enfidha Aquifer System is subject of intensive exploi-
tation for irrigation and drinking purposes of the Sahel
of Tunisia. As consequence, severe groundwater table
drawdown of — 6 m has appeared between 1990 and 2018
and was associated to aquifer salinization especially in
the coastal part of the plain (Furukawa 2012; El Euchi
2016). It is unreasonable to expect the aquifer replenish-
ment alone to reverse the impacts of excessive ground-
water extraction. Therefore, as tentative remedy, artifi-
cial recharge strategy was implemented since 2002 using
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Fig. 1 Geographical location of the study zone

mainly hill dam water release and in-channel modification.
Many previous studies have focused on these MAR schema
impact on groundwater resources using a simple quali-
tative approach (Manaa et al. 1996; Ketata et al. 2014;
Belghith Triki et al. 2014; Zammouri et al. 2018). The
implemented MAR projects in the study area were not
sustainable, and their lifetime do not exceed in general
10 years (Chekirbane et al. 2018, 2019). A problem of
choice of the suitable and feasible MAR technique in the
most effective zone of aquifer recharge was clearly recog-
nized. Therefore, conducting a MAR suitability and feasi-
bility map for the Enfidha Aquifer System and providing a
DSS for the local and central water managers is becoming

a priority to cope with water scarcity and to secure a large
part of the region’s need in irrigation and drinking water.

Methodology

The proposed methodology to reach the assigned objectives
of this project is mainly composed of 3 parts (Fig. 2). The
first one includes a review and analysis of the applied MAR
techniques in the target zone (problem definition of MAR
implementation in Enfidha plain) as well as the prepara-
tion of a GIS database comprising thematic layers of surface
and subsurface parameters. The second part is Geographi-
cal Information System-multi-criteria decision analysis

@ Springer
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Fig.2 Methodology flowchart

(GIS-MCDA). It constitutes an essential tool to solve many
environmental problems. Geographical Information System
(GIS) is typically involving a large set of feasible alterna-
tives defined by multiple, conflicting, and incommensurate
evaluation criteria (Malczewski 2006). Decision-makers
require information and tools to incorporate their value
judgments and understand the inherent trade-offs of a spa-
tial problem (Greene et al. 2011). MCDA comprises a wide

Table 1 Characteristics of the used data

range of methodologies, techniques, and procedures that
guide the decision-making process (Malczewski and Rinner
2015; Bonilla Valverde et al. 2016). The third part is a web
DSS portal throughout which the obtained MAR suitabil-
ity and feasibility maps will be shared and discussed with
stakeholders.

Database

The intrinsic MAR suitability map was generated based
on 6 thematic layers: land use/land cover (LULC), slope
(SL), top soil texture (ST), drainage density (DD), linea-
ments density (LD), and lithology (LIT). MAR feasibility
map was generated through combining the intrinsic suit-
ability, recharge water availability (rainfall, dam water and
transferred water), and water demand (irrigation, drinking
and ecosystem needs) in the study site. Characteristics and
origins of the used data in MAR feasibility analysis are sum-
marized in Table 1.

GIS-MCDA

GIS-MCDA, which is the core part of MAR suitability and
feasibility, was used to rank the available areas based on
decision rules that define how the standardized criteria are
integrated. It includes the following steps:

— Decision rule: the decision rule is principal part of
mapping MAR suitability, and GIS-MCDA will be per-

Thematic layer Source Resolution  Link
Slope ASTER GDEM data 30x30m  https://earthexplorer.usgs.gov/ (Accessed in Decem-
ber 2020)
Soil National agronomic database of Tunisia Vector Available at the regional departments of Agriculture
Development (CRDAs)
Lithology Geological map of Tunisia (Ben Haj Ali et al Vector Available at the National Office of Mines (ONM)
1985)
LULC National agronomic database of Tunisia Vector Available at the regional departments of Agriculture
Development (CRDAs)
Drainage Derived from ASTER GDEM data Vector https://earthexplorer.usgs.gov/ (Accessed in Decem-
ber 2020)
Lineament Derivated from Landsat 8§ map Vector https://earthexplorer.usgs.gov/ (Accessed in Decem-
ber 2020)
Precipitation Ministry of Agriculture, Fisheries and Hydraulic =~ Table http://www.agridata.tn/group/donnees-climatiques
Resources (Accessed in December 2020)
Irrigated perimeters National agronomic database of Tunisia Vector Auvailable at the regional departments of Agriculture
Development (CRDAs)
Population density World population database adjusted with UN and 125X 125 m WorldPop: www.worldpop.org (Accessed in Decem-
local statistics ber 2020)
Wetlands, hill dams, National agronomic database of Tunisia Vector Available at the regional departments of Agriculture
transferred water Development (CRDAs)

schemas
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formed based on weighted linear combination (WLC).
WLC includes the linear accumulation of the result of
weighting criteria and values. It consists of the linear
aggregation of the product of criterion weights and val-
ues (Magesh et al. 2012).

— Criteria: factors which govern groundwater occur-
rence, recharge and movements depend upon geol-
ogy, geomorphology, land cover, drainage density,
lineament density, and natural precipitation. MAR
feasibility depends basically from: (i) intrinsic MAR
suitability of the site, (ii) recharge water availability,
and (iii) water demand. These data were furnished by
the Regional Office of Agriculture Development of
Sousse governorate, and we stored them in GIS data-
base. Constraint criteria will typically be represented
by a Boolean statement of suitability for the decision
considered, where the criterion is described by a binary
system (true/false, 1/0...). This type of criterion serves
to limit the alternatives under consideration by defin-
ing restrictive features for which an area will necessary
be considered unsuitable. Constraint criteria are typi-
cally represented on a map with a separate mask layer
(Bonilla and Stefan 2019; Fathi et al. 2020).

— Standardization: same scale is needed to be assigned
in order to explain the relative level of the criteria.
Transformation of criteria into comparable scale is
standardization. There are two reliable methods which
are used for standardization, stepwise, and linear func-
tions. The former described by Rahman et al. (2012)
will be applied to standardize combined criteria.

— The assignment of different weight for the integration
of the criteria is necessary because they do not have
the same degree of influence (Shaban et al. 2006). In
this study, the analytic hierarchy process (AHP) will be
used for the explanation and assignment of the weight.
The AHP method was described by Saaty (1990) who
stated that the relationships between the criteria are
established either in matrix or in a graphical way.

— Sensitivity analysis: sensitivity analysis in MCDA is
defined by Malczewski and Rinner (2015) as a set of
methods for assessing uncertainty in the multi-criteria
model output and the importance of the model input
factors as the criterion values and weights. Criterions
values and weights are the main sources of uncertain-
ties in GIS-MCDA analysis (Feizizadeh and Blaschke
2014). In this study, sensitivity analysis will be per-
formed by changing the criterions weights and evaluat-
ing its effect on the final MAR suitability index. The
amount of the change will be defined by varying the
weight within its standard deviation, thus altering the
decision rule by small variations in the pairwise matrix
method.

Results and discussion
Intrinsic MAR suitability mapping
Thematic layers

The intrinsic MAR suitability represents the hydrologi-
cal aptitude of the study site to host an artificial recharge
schema capable of water banking. It is performed using
intrinsic criterions of the site which are land use/land
cover (LULC), slope (SL), top soil texture (ST), drain-
age density (DD), lineaments density (LD), and lithology
(LIT).

LULC is an important criterion since it plays an essen-
tial role in evapotranspiration as crucial component of the
hydrological balance. Besides, it gives an idea about the
available land for installing MAR systems. Many authors
have considered it in MAR suitability studies under arid
and semi-arid environments (Sener et al. 2005; Mukherjee
et al. 2012; Fenta et al. 2015). Enfidha plain is dominated
by seasonal crop plantation in its central part and pasture,
olive trees, and bare soils in the other regions. Abundant
pasture and bare soils constitute suitable zone for MAR
implementation (Mahmoud 2014). The coastal and south-
western parts host wetlands (sebkha) (Fig. 3a).

Slope is one of the most considered criteria in MAR
suitability mapping. In fact, the higher is the slope, the
lower will be the aquifer recharge especially for spreading
methods. This criterion was also considered in many stud-
ies in different arid and semi-arid locations (e.g., Andreo
et al. 2008; Alraggad and Jasem 2010; Karami et al. 2016).
Enfidha is flat plain in its majority with a gentle slope less
than 5° which increase infiltration rate and favor the artifi-
cial recharge (Rahman et al. 2012). Only its northwestern
part is characterized by higher slopes comprised between
2 and 15° (Fig. 3b).

Top soil texture is the first horizon which recharge
water will cross. Coarse texture allows a better recharge
water infiltration. It was also reported in many studies (e.g.
Oikonomidis et al. 2015; Msaddek et al. 2017; Souissi
et al. 2018). Enfidha plain is characterized by a dominant
coarse top soil texture mainly composed by alluvium,
sand, and sandstone. Fine texture, which is represented
by clay and marl, is found in the central and north parts of
the plain (Fig. 3¢).

Drainage and lineament networks constitute favorable
pathways for recharge water to replenish the aquifer. They
were used as well in many arid and semi-arid regions
to appreciate aquifer recharge (e.g. Chenini et al. 2010;
Karami et al. 2016; Zghibi et al. 2020). Drainage den-
sity is more developed in the nonwestern part of the plain
associated to outcropping reliefs (Fig. 3d and e). Natural
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lithology

recharge in this region might be more abundant, while
lineaments are denser near the coast line since their occur-
rence is correlated to the tectonic activity in the region. In
these regions, rainfall water infiltration is supposed to be
easier and aquifer recharge facilitated.

Finally, lithology is obviously used in most of artifi-
cial recharge studies since the geological structure and
parameters are the first influencers of this process. The
main geologic outcrop in most parts of Enfidha plain is
Quaternary deposits of alluvium, sand, and sandstone.
Gypsum is abundant near the wetlands, and hard igneous
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rocks are associated to steep reliefs in the northwestern
part (Fig. 3f).

Standardization and weight assignment

The six thematic layers were standardized in 1 to 5 scale
regarding their influence on artificial groundwater recharge
(Table 2). An area with 1 value does not have any influence
on MAR implementation, while an area with value of 5 have
a very high MAR potential. Other values (2, 3 and 4) are used
for intermediate MAR potential. Standardized values were
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Table 2 Standardization of the criterions

Criteria Suitability classes

References

1. Unsuitable 2. Low suitable

able

3. Moderately suit-

4. Suitable 5. Highly suitable

LULC  Artificial area, wet-  Forest
land, water body,

bare rock

Permanent crop,

cultural area

SL >30° 30-10 10-5

ST Clay Silty clay Clayey silt

DD <0.1 km/km? 0.1-0.17 0.17-0.24

LD 0-0.5 km/km? 0.5-1 1-1.5

LIT Unfractured, clay

matrix tary

heterogenous agri-

Sedimentary in clay Permeable sedimen-

Sener et al. (2005),
Adham et al.
(2010), Fenta et al.
(2015)

Chowdhury et al.
(2010), Msaddek
et al. (2017), Sou-
issi et al. (2018)

Singh et al. (2013),
Pedrero et al.
(2011), Sukumar
and Sankar (2010)

Chenini et al. (2010),
Msaddek et al.
(2017), Zghibi et al.
(2020)

Chenini et al. (2010),
Karami et al.
(2016), Zghibi et al.
(2020)

Kallali et al. (2007),
Gdoura et al. (2015)

Scrub and her-
baceous, Spare
vegetation

Arable land, pasture
5-2 <2°
Sand-silt

Sandy to coarse

0.24-0.32 >0.32 km/km?

>2 km/km?

1.5-2

Fractured, weath-
ered

Sand and gravel

chosen based on detailed literature review in similar condi-
tion zones, international guidelines, and reports and expert’s
opinions.

The weighting process was carried out using the analytic
hierarchy process (AHP) based on pairwise comparison matrix
method. Priority values were assigned through Saaty (1990)
method. The pair-wise comparison matrix uses a semantic
9-point scale for attributing priority values 1, 3, 5, 7, and 9
correspond respectively to equally important, moderately
important, strongly important, very strongly important, and
extremely important criterion when compared with another.
The intermediate values 2, 4, 6, and 8 could be used when
compromise is needed (Saaty 1990). After that, the matrix is
normalized using Eq. 1:

ny = a;/ ¥, a; (D

a; is the assigned priority value throughout Saaty’s
classification.
Then, local weights (w;) are calculated based on Eq. 2:

wy = Y n/n @)

Consistency of the calculated weights is evaluated through
consistency ration (Cr) based on Eq. 3:

C.=Cl/r, 3)

r; is the random index determined from literature (Saaty
1990) and CI is the consistency index determined by Eq. 4:

“

n—1

Amax 18 the principal eigenvalue.

A consistency ration less than 10% means satisfying judg-
ment, and the calculated weights can be then utilized in cal-
culating the MAR suitability index.

Pairwise comparison matrix and calculated criterions
weights of the present study are presented in Table 3. Con-
sistency ratio is equal to 4.6%. Subsurface lithology and
topsoil texture criterions have the most important weights
(43.8% and 24.5%, respectively) since they constitute
the core of MAR concept. Terrain slope and LULC have
together 20% of the total influence on MAR suitability.
Finally, drainage and lineaments density have the least
weight with 10%.

Intrinsic suitability map

Intrinsic suitability index of Enfidha plain is calculated
based on Eq. 5:

S=Y" wix, 5)
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Table 3 Pairwise comparison

-0 o LULC SL ST DD LD LIT Weight STD +-

matrix with calculated criterions

weights and standard deviation LULC 1 3 1/3 2 2 1/5 12.1% 5.5%
SL 1/3 1 1/4 2 2 1/5 8% 2.9%
ST 3 4 1 4 4 1/3 24.5% 7.2%
DD 172 12 1/4 1 1 1/5 5.8% 1.5%
LD 1/2 12 1/4 1 1 1/5 5.8% 1.5%
LIT 5 5 3 5 5 1 43.8% 16.9%

I unsuitable
[ Low suitable

[ | Moderately suitable
[ suitable

I Highly suitable

\ .| Sousse prefecture

Fig. 4 Intrinsic MAR suitability map of Enfidha plain

w is the weight of the criterion and x is the standardized
value of criterion.

The weighted linear combination (WLC) was carried
out using raster calculator module in ArcGIS software.
The obtained intrinsic suitability map of Enfidha plain is
illustrated in Fig. 4. It reveals that 82% of the plain area
is suitable to highly suitable to implement MAR systems.
These zones cover the north, center, and southeast of the
plain. They are characterized by gentle slope, coarse texture,
alluvial deposits, and abundant pasture and bare soils. This
finding is similar to the results of Rahman et al. (2012) and
Mahmoud (2014). Zones classified “moderately suitable”

@ Springer

represent 6% of the total area. They are mainly located in the
northwestern part of the plain dominated by high lands and
forests but also with high drainage density and acceptable
hydrogeological parameters (natural recharge zones). Low
suitability and unsuitable zones represent together 12% of
the total plain area. They are retrieved in coastal and south-
ern regions and associated with the wetlands. They cover
also limited zones in the northwestern part of the plain in
the piedmonts of the high lands where impermeable forma-
tions are dominant.

Sensitivity analysis

The calculated weights of criterions were associated with
standard deviation (Table 3). The variation of every criterion
weigh from maximum (+) to minimum (—) with keeping
others without change generated 12 scenarios with differ-
ent decision rules (Fig. 5). The twelve scenarios are com-
pared with the original reclassified WLC, and the analysis
is done throughout the percentage of change in every suit-
ability class. Sensitivity analysis reveals that the intrinsic
MAR suitability model is particularly sensitive to top soil
texture and lithology criterions. Scenario 5 (— ST) shows a
decrease of “suitable” class by around 20% and an increase
in “highly suitable” class by the same absolute value. If we
keep priorities for these two classes together, the same suit-
ability will practically remain under (— ST) scenario and the
intrinsic suitability model can be considered low sensitive to
change in top soil texture criteria, whereas lithology criteria
scenarios produce considerable changes in intrinsic MAR
suitability classes. In fact, under scenario 11 (—LIT), “low
suitable” class area decreases by 20%. However, “suitable”
class decreases by the same amount considering scenario 12
(+LIT). In addition, the last scenario engenders an increase
by 10% in the area of “highly suitable” class. In summary,
except scenario 11, variation in suitability classes is not
exceeding globally 10% and the noticeable changes in the
most important classes (“suitable” and “highly suitable™)
are compensating each other since their absolute values of
change are almost the same. Therefore, the proposed intrin-
sic MAR suitability model is considered only sensitive when
undervaluing lithological criteria which lead to an underes-
timate of the MAR suitability.



Arab J Geosci (2022) 15: 658

Page90f 15 658

Scl (-LULC) Sc2 (+LULC) Sc3(-SL)  Sc4 (+SL) Sc5 (-ST)

50.0%

Scé (+8T)

Sc7 (-DD) Sc8 (+DD) Sc9 (-LD) Sc10 (+LD) Sc11 (-LIT) Sc12 (+LiT)

40.0%
30.0%

-10.0%
-20.0%
-30.0%
-40.0%
-50.0%

Change in MAR suitability area (%)

20.0%
10.0%
00% | M —— - - -

B Unsuvitable M Low suitable

Fig.5 Sensitivity analysis result

MAR feasibility map

MAR feasibility is a wider concept which includes intrinsic
suitability of a site, the available water for recharge, and the
water demand.

Recharge water availability

A MAR system cannot be implemented without water dedi-
cated to recharge. Therefore, possible source waters were
screened in Enfidha plain. They include hill dam water
which is already used in the zone (in-channel modification
(Fig. 6a), harvested rain water (Fig. 6b), and transferred
water (Fig. 6¢). The last water source is available throughout

Moderately suitable

Suitable W Highly suitable

the North water transfer canal which passes through Enfidha
plain towards coastal and south part of the country. This
water is mainly used for drinking purpose. Aloui (2019) have
demonstrated the existence of a seasonal water surplus by
comparing the transferred and consumed canal water. These
quantities can be used in MAR of Enfidha plain.

Similar to the intrinsic suitability mapping process, these
three criterions were standardized, reclassified, and weighed
to produce the map of recharge water availability. Reclas-
sification procedure is presented in Table 4.

After that, a pairwise comparison matrix was performed
to calculate the weighs of the criterions (Table 5). Its con-
sistency ratio is equal to 0.4% which means that the obtained
weights are reliable.

Legend Legend

Legend [Distance to wadi channel Distance to North water canal

Mean annual precipitation (mm) I <0om ‘) | BRI

I 300 - 320 100 - 250 W 25

I 320- 340 [ 2s0-500 25-35
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Fig.6 Available water for MAR in Enfidha plain. a Mean annual precipitation; b distance to wadi channel; ¢ distance to North water canal
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Table 4 Standardization of the recharge water availability criterions

Criteria Auvailability classes

1. Unavailable

2. Low available

3. Moderately 4. Available 5. Highly available

available
Hill dam (distance to wadi channel) > 1000 m 1000-500 500-250 250-100 <100 m
Transferred water (distance to trans- >5km 5-3.5 3.5-2.5 2.5-1 <1 km
ferred water canal)
Rainfall (annual precipitation) <150 mm/yr 150-250 250-350 350450 >450 mm/yr

Table 5 Pairwise comparison matrix and weights of the used criteri-
ons for recharge water availability

Rainfall  Trans- Hill dam water ~ Weight
ferred
water
Rainfall 1 172 1/5 12.2%
Transferred water 2 1 1/3 23%
Hill dam water 5 3 1 64.8%

The generated map of recharge water availability is illus-
trated in Fig. 7. It shows clearly the influence of both hill
dams and transferred water. Recharge water is low available
in the major part of Enfidha plain. Its availability becomes
moderate in the vicinity of the transfer canal and in some
distance from wadis. However, the classified “available”
to “highly available” zones are particularly in low distance
from the wadis where the dam water release is undertaken.

Water demand

MAR systems are usually implemented to contribute in
satisfying water demand. Without water consumers, MAR
is meaningless. In Enfidha plain, tremendous water need is
not satisfied right now with the existent water resources. In
fact, the main demand poles are constituted by irrigation
(Fig. 8a), drinking water supply (Fig. 8b), and ecosystems
needs (Fig. 8c). The study area hosts many public and pri-
vate irrigated perimeters (exceeding 5000 ha) with huge
irrigation water demand. Abundant rural and urban zones
are also existing in the plain with important population den-
sities especially around Enfidha city. Many locations are
still missing adequate connection to drinking water supply
systems. Humid zones (sebkha) are existing in both coastal
and southwestern parts of the plain. They constitute huge
ecosystems refuging a diversity of fauna and flora which
depend from existing water for their developments. They
constitute the natural outlets of the aquifers. Thus, any vari-
ation in groundwater resources will inevitably affect these
vulnerable ecosystems.

The 3 criterions were classified according to areas of
the irrigated perimeter, population density, and proximity

@ Springer
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Fig.7 Map of recharge water availability in Enfidha plain

to wetlands for irrigation, drinking, and ecosystem needs,
respectively (Table 6).

The chosen criteria were weighted using pairwise com-
parison matrix. The obtained weights are 67.2%, 26.5%,
and 6.3% for irrigation, drinking, and ecosystem demands,
respectively. The consistency ratio of the analysis is equal
to 3%. Thus, the obtained weights can be adopted to gener-
ate the water demand map of Enfidha plain (Fig. 9). The
obtained map shows that the most important demand is
located primarily in the northern part of the plain within
the intersection of the largest irrigated perimeter with the
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Fig.8 Thematic layers of water demand in Enfidha plain. a Irrigated perimeters area; b population density; ¢ distance to wetlands

Table 6 Standardization of the water demand

Criteria Water demand classes

1. No demand 2.Low demand 3. Moderate demand 4. Demand 5. High demand
Population density (inhabitant per sq km) <50 inhab/km? 50-250 250-500 500-750 > 750 inhab/km?
Irrigated perimeters (IP surface) <100 ha 100-500 500-1000 1000-5000 > 5000 ha
Ecosystem needs (distance to wetlands) <100 m 100-500 500-1000 1000-10,000 >10,000 m

densest population zone (Enfidha city). Some spots of mod-
erate demand are also existing in the southern part and are
correlated to the existing scattered irrigated perimeters.

MAR feasibility in Enfidha plain

MAR feasibility map is the result of overlay of the MAR
intrinsic suitability, recharge water availability, and water
demand maps. The obtained MAR feasibility map of Enfidha
plain shows that only 18% of the total area where MAR is
feasible and highly feasible (Fig. 10). These zones are mainly
located in the northern part of the plain near Enfidha city and
its largest irrigated perimeter and where recharge water is
available from the hill dams. Furthermore, a strip that runs
along the plain from its central part to its southern part, fol-
lowing the transferred water canal, is also categorized “suit-
able” for MAR systems implementation. Zones classified
“unfeasible” and “low feasible” (12%) are particularly over-
layed with wetlands (sebkha) where none intrinsic suitability
neither water availability are fulfilled. The remaining plain
area (70%) is classified “moderately feasible.” Implementing

a MAR project in these zones is not profitable and may face
failure and permanent ineffectiveness.

Until now, MAR feasibility maps are considered as the
result of an equal contribution of the three maps of intrinsic
suitability, recharge water availability, and water demand.
Some authors agreed that the equal weighs are the most
convenient (Bonilla and Stefan 2019). However, to be more
rigorous, these assigned weighs need to be adapted to every
case according to the importance of each parameter.

Web-based DSS portal: INOWAS platform

Once achieved, thematic layer maps and data need to be
shared and discussed with stakeholders. MAR intrinsic
suitability, recharge water availability, and water demand
maps can be generated in harmony with decision makers
throughout specialized web-based DSS portal. Basic data
and raster data were deployed within INOWAS DSS web
portal (https://inowas.com/) which was developed by the
Research Group INOWAS (“Innovative web-based decision
support system for water sustainability under a changing
climate”, http://tu-dresden.de/uw/inowas) at the Technical
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Fig.9 Map of the water demand in Enfidha plain

University of Dresden, Germany. INOWAS is a platform that
is accessible by most of the internet browsers. It is based on
open-source collection of empirical, analytical, and numeri-
cal web-based models focusing on the planning, manage-
ment, and optimization of MAR applications. Users can cre-
ate accounts to establish, store, and share their MAR maps.
The database query tool “T05 GIS multi-criteria decision
analysis” was used to manipulate the data of Enfidha plain.

The tool offers the possibility to use all the conventional
steps of a GIS-MCDA from criteria identification until gen-
erating the MAR suitability map.

The MAR intrinsic suitability map of Enfidha plain was
established using INOWAS portal using the six criteria
previously described; a pairwise comparison matrix and
an online WLC method to overlay the weighed criterions
(Fig. 11). The obtained spatial distribution of suitability
classes is compatible to the result of the commonly used
commercial software like ArcGIS 10.

INOWAS web-based DSS portal offers an easy-to-use
tool to study MAR suitability. With the increased interest
in free and open-source tools, this portal has a promising
role in promoting sustainable water resources management

@ Springer

Fig. 10 MAR feasibility map of Enfidha plain

throughout its capacity of effective participatory decision
making.

Conclusion

This study was performed within the framework of enhanc-
ing the use of geospatial and web-based methods in finding
new pathways to reduce water scarcity in arid and semi-arid
environments of Tunisia. The present work demonstrates
GIS-MCDA-based approach as useful tool for MAR suitabil-
ity and feasibility mapping in Enfidha plain as an experimen-
tal site which hosts one of the most stressed aquifer systems
in the eastern part of Tunisia.

An adapted methodology for the choice of criteria and
calculation of their weights was used in comparison to
selected previous studies which have dealt with similar char-
acteristics as well as from the expertise of the stakeholders
and their deep knowledge about the plain main issues. A
developed sensitivity analysis revealed that that intrinsic
suitability of the site depends mainly from an underestima-
tion of the geological factor. Detailed exploration of the
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Fig. 11 MAR intrinsic suitability map of Enfidha plain obtained from INOWAS web tool

subsurface geology based on multidisciplinary approaches
including field observations, geophysics, and boring data
will be an asset to reduce the model sensitivity to this
criterion.

The MAR intrinsic suitability of Enfidha plain shows that
more than 80% of its total area is classified suitable highly
suitable especially near the central part which is dominated
by porous formations and spare vegetation. Sebkha (wet-
lands) and high lands are the least suitable zones. MAR fea-
sibility requires in addition to the intrinsic site suitability
an analysis of recharge water availability and an identifica-
tion of water demand poles. The obtained MAR feasibil-
ity of Enfidha plain shows that only around the fifth of its
total areal have good to high potential for implementing a
MAR system. This class is mainly located in the junction

between the most intrinsically suitable area (central part),
the area with most available recharge water (dams and trans-
ferred water), and the most important water consumer pole
(Enfidha irrigated perimeter and Enfidha city). Zones with
least feasibility potential are mainly located within the wet-
lands and high lands.

The INOWAS web-based DSS portal offers a good oppor-
tunity to map MAR suitability and feasibility in a partici-
patory approach. The whole process going from thematic
layers to standardization and weight assignment until gener-
ating the final maps can be shared, discussed, and modified
in agreement with the stakeholders (technicians, policy mak-
ers, and final beneficials). Therefore, the proposed approach
in this work can constitute the corner-stone of a sustainable
groundwater resources management and one of the steps of
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coping with water scarcity in arid and semi-arid environ-
ments of Tunisia.
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