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Abstract: Groundwater is a crucial resource for water supply and irrigation in many parts of the world,
especially in the Middle East. The Eocene aquifer, located in the northern part of the West Bank,
Palestine, is threatened by unsustainable groundwater abstractions and on-ground pollution. Analysis
and management of this aquifer are challenging because of limited data availability. This research
contributes to the long-term sustainability of the aquifer by model-based design of future abstraction
strategies considered within an uncertainty analysis framework. The methodology employed started
with development of a single-layer steady-state MODFLOW groundwater model of the area, followed
by uncertainty analysis of model parameters using Monte Carlo simulations. The same model was
afterwards coupled with a Successive Linear Programming (SLP) optimization algorithm, implemented
in the Groundwater Management tool (GWM) of the United States Geological Survey (USGS). The
purpose of optimization was deriving five optimal abstraction strategies, each aiming to maximize
groundwater abstraction, subject to different constraints regarding groundwater depletion. Given the
uncertainty of model parameters, the sensitivity and reliability of these optimal strategies were then
tested. Sensitivity was checked for two optimal strategies by performing re-optimization with different
values of uncertain model parameters (one at a time). Reliability of the five strategies was tested by
analyzing the extent of constraints’ violation for each strategy when varying the uncertain parameters
using Monte Carlo simulations. Finally, the model was used for determining capture zones of wells for
the five optimal abstraction strategies, land-use in these capture zones, and the associated estimates of
on-ground nitrogen loading. The developed strategies were then deployed in a web-based decision
support application (named Groundwater Decision Support System—GDSS), together with other
relevant information. Users can analyze results of different optimal strategies in terms of groundwater
level variations and total water balance results, and test consequences of uncertain parameters. Capture
zones of wells for different abstraction strategies, together with land-use and on-ground nitrogen
loading in these capture zones, are also presented. Results show that critical uncertain parameters
are recharge, hydraulic conductivity, and conductance at key boundary condition locations. Optimal
abstraction strategies results indicate that an increase in total abstractions could be between 5% and
20% from the current level (estimated at about 56 x 10® m3/ year, which is about 74% of estimated
annual recharge). The uncertain parameters, however, are impacting the sensitivity and the reliability
of the optimal strategies to variable degrees. Recharge and hydraulic conductivity are the most critical
uncertain parameters regarding sensitivity of the optimal strategies, while reliability is also impacted
by the level of abstraction proposed in a given strategy (number, locations, and abstraction rates of
new wells). The main novelty and contribution of this research is in combining modelling, uncertainty
analysis, and optimization techniques in a comprehensive decision support system for the area of the
Eocene aquifer, characterized with limited data availability.

Keywords: Eocene aquifer; West Bank; groundwater abstractions; optimization; uncertainty assess-
ment; decision support system; web application

Water 2023, 15, 365. https:/ /doi.org/10.3390/w15020365

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w15020365
https://doi.org/10.3390/w15020365
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-0183-4168
https://doi.org/10.3390/w15020365
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15020365?type=check_update&version=1

Water 2023, 15, 365

2 of 35

1. Introduction

Groundwater is a crucial resource in most arid and semi-arid areas of the world.
The region of the Middle East is a typical example, where countries depend heavily on
groundwater resources. In the West Bank, Palestine, about 90% of the water supply is
provided from groundwater [1], mainly from the so-called ‘Mountain aquifer system’ that
covers most of its territory. The same aquifer system provides additional groundwater for
irrigation in support of agriculture, which puts further stress on the available groundwater
resources. An important aquifer in the Mountain aquifer system is the Eocene aquifer,
located in the northern part of the West Bank, which provides resources for the water supply
and irrigation to about 200,000 inhabitants. Overall water resources conditions in the area
have many challenges [2—4], including: population growth (leading to increasing water
demands), groundwater availability (including limitations due to constraints imposed by
Israel), poor water supply infrastructure with significant water losses (high non-revenue
water), and groundwater pollution (especially with nitrogen, due to untreated wastewater
and poor agricultural practices). Over the last couple of decades, these challenges have led
to a continuous increase of groundwater abstractions from this aquifer, resulting in a drop
in groundwater levels, dried-up wells and springs, and groundwater quality problems,
including nitrate pollution. Sustainable strategies for groundwater use from this aquifer
are urgently needed. At the same time, the design, development, and implementation of
such strategies are hampered by limited data availability, data quality issues, and a lack
of groundwater monitoring systems that could provide continuous data over longer time
periods.

The aim of this article is to use the case study of the Eocene aquifer, which has limited
data availability, to demonstrate how methods of groundwater modelling, optimization,
and uncertainty analysis can be combined to provide useful information for decision sup-
port in future aquifer management. As the main contribution of this work is in combination
of these different methods, we briefly present a literature review for each, to the extent
relevant for the present study:.

In general, groundwater modelling has already been established as a standard method
for aquifer analysis and management [5-7]. Most used are numerical models, among
which, a de facto standard model is MODFLOW, developed by USGS [8,9]. Researchers
have also attempted to develop better understanding of the Eocene aquifer area using
groundwater modelling, even with limited data [10-12]. Given the uncertain data regarding
groundwater resources in the area, coming from different sources, these modelling efforts
have provided somewhat different results and conclusions. For example, different estimates
for groundwater recharge from infiltrated precipitation have been used, varying in the
range of 65 to 142 Mm? per year (for the period 1991-2000) [10], with annual average
recharge estimated at 72.27 Mm? in [11], and only 23.25 Mm? for the year 2020 estimated
in [13]. Similarly, estimates of current groundwater abstractions have been highly uncertain,
as well as parametrizations of the aquifer system (e.g., values of hydraulic conductivity,
aquifer thickness, etc.) In these conditions, model-based analyses for determining future
abstraction strategies need to be associated with more informative uncertainty analyses.

Uncertainty in groundwater models originates from different sources, such as con-
ceptual model uncertainty (sometimes called ‘model structure’ uncertainty), uncertainty
of model parameters, uncertainty in observational data, and as a consequence, predictive
model uncertainty [14,15]. Different methods have been proposed for uncertainty assess-
ment, depending on the type of uncertainty. Multi-model approaches have been proposed
for conceptual model uncertainty [16], while for parameter uncertainty, the most commonly
applied are probabilistic methods, often based on random sampling of parameters and
simulations (using Monte Carlo techniques or similar variations) [17,18]. The objectives of
uncertainty assessment also need to be considered, as they may influence the type of assess-
ment. As presented in [19], among such objectives may be those of identifying uncertain
factors that have the greatest influence on the model predictions and providing quantitative
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estimates of uncertainty to other users. We have not identified any prior research that
considers uncertainty in groundwater modelling of the Eocene aquifer.

Regarding development of optimal groundwater strategies, research carried out over
the last couple of decades has proposed a broad spectrum of approaches based on coupling
groundwater simulation models with optimization algorithms [20]. Different methods
have been used, that can be broadly classified in two categories: (1) response matrix
approaches, in which simulation models are combined with linear, non-linear, and mixed-
integer optimization algorithms [21,22], and (2) direct coupling of simulation models with
global optimization algorithms (e.g., genetic algorithms), which has gained popularity in
recent years [23-28]. For the case of the Eocene aquifer, only one study has been identified
that used this approach to propose optimal abstraction strategies, considering sustainability
concerns [29], in which a steady-state, single-layer MODFLOW groundwater model was
coupled with the GWM tool of USGS [30]. Annual average well abstraction from the
Eocene aquifer was estimated as 18.2 Mm? (11.7 from Israeli wells and 6.5 from Palestinian
wells) during the period from 1977 to 2003. This study considered the registered wells
only, and abstractions from non-registered wells were not taken into consideration. The
strategies were developed with the optimization objective of maximizing abstraction from
the aquifer subject to the head constraints and groundwater withdrawal constraints. The
head constraints were selected as 50% of the pre-development saturated thickness of the
aquifer for the whole model domain. In addition, the second type of head constraints
was set at the cells containing pumping wells as 15% of the saturated aquifer thickness to
prevent dewatering. From the optimization model, it was found that an additional 23 Mm3
of groundwater can be abstracted annually from the aquifer if the pumping from the Israeli
wells remains unchanged. However, such increased abstractions would lead to spring yield
and lateral flow decreasing by 50% and 30%, respectively.

When considering model-based groundwater optimization for designing future man-
agement strategies, the uncertainty analyses mentioned in relation to groundwater mod-
elling are also relevant. The identified uncertainties in the model propagate to the designed
management strategies and their uncertainty needs to be assessed when they are considered
for implementation. Uncertainties of the model can be directly considered in the optimiza-
tion process [31-33], where the main challenge is reduction of computational demand
(see, more recently, [34]), or uncertainty can be assessed posteriori after optimal strategies
have been determined using a deterministic model [35], an approach which may require
re-optimization trials. This research uses the latter approach, as will be demonstrated in
the subsequent sections.

Regarding assessment of groundwater quality, analyses in the Eocene aquifer have
been less available. There are no reported studies regarding groundwater quality modelling
in this area. A recent analysis regarding on-terrain nitrogen loading [36] can serve as the
first information base for assessing future groundwater abstraction strategies by relating
areas threatened by significant pollution to the capture zones of the existing and proposed
well fields (i.e., avoiding/excluding such areas from capture zones).

This research presents a model-based Groundwater Decision Support System (GDSS),
in which modelling, optimization, and uncertainty analysis have been combined in an
integrated framework, so that a set of groundwater abstraction strategies is proposed and
presented in a web-based application. Such web applications have already been proposed
in broader water resources management [37,38], including some for managing groundwater
systems [39—41]. Their aim is primarily for supporting decision makers and stakeholders in
comparing different management options and strategies, together with their consequences,
as they are being considered for implementation.

Subsequent sections of this article present details regarding all GDSS research and
development steps.
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2. Materials and Methods
2.1. Methodological Framework

The steps in the methodological framework are presented in Figure 1.

Methodological steps Approach / method
[ 1. Groundwater model setup ]7 -[ MODFLOW model development using GMS modelling system ]
2. Identification of Monte Carlo simulations for four uncertain parameters: 1) recharge; 2) hydraulic
uncertain parameters conductivity; 3) hydraulic conductance at boundaries; 4) wells distribution in well fields

s F Design of five optimal abstraction strategies, each with the objective of maximization of
3. Determining optimal R ) ) N ! N A
abstraction strategies abstraction but with different constraints regarding groundwater depletion. Optimal

strategies determined by coupled MODFLOW model and SLP optimization in GWM tool
4. Sensitjvity of opFimaI Re-optimization with varying values of key uncertain parameters: recharge, hydraulic
abstraction strategies due conductivity and hydraulic conductance; Implemented for two of the five strategies
to uncertain parameters
5. Reliability of optimal Monte Carlo simulations with varying values of key uncertain parameters (without re-
abstraction strategies, given optimization). Reliability assessed by the number of locations in the model domain area
uncertain parameters where specified constraints are violated due to uncertain parameters
( 6. Assessing nitrogen Deteremining capture zones of existing wells in the five optimal abstraction strategies using
pollution potential of MODFLOW / MODPATH. Overlaying capture zones with data on land use and on-ground
optimal strategies nitrogen loading; Calculating on-ground nitrogen loading for each capture zone in GIS
[
~

[ 7. GDSS development and deployment as a web application

Figure 1. Overall framework with individual methodological steps.

An earlier developed MODFLOW groundwater model of the Eocene aquifer has
served as initial tool for the development of GDSS (step 1). The model was developed
using the GMS software of Aquaveo™ [42]. This model uses estimates of total groundwater
abstraction, including unregistered wells, using data on agricultural water consumption
for the year 2015-2016, and distributing the associated abstraction well to the most likely
(closest) irrigation areas. For this reason, the uncertainty analysis in step 2 of the methodol-
ogy also included distribution of abstraction wells within well field areas as an uncertain

‘parameter’, next to the key parameters of aquifer recharge, hydraulic conductivity, and

hydraulic conductance at key boundary locations. Monte Carlo simulations were used
for this uncertainty analysis. In step 3, a coupled simulation/optimization model was
developed using the GWM tool to design several future abstraction strategies. The op-
timization setup was with the objective of maximizing total abstraction, subject to some
pre-defined sustainability constraints, of which the most important were those defined in
terms of limits to groundwater head depletion. In step 4, these optimal strategies have
then been tested for their sensitivity due to uncertain parameters (assessed in step 2). For
this purpose, re-optimization was performed for two of the five abstraction strategies,
with varying values of key uncertain parameters in certain range. Reliability analysis of
step 5 was performed by defining reliability in terms of percentage of locations (model
cells) where the specified constraints would not be violated, as uncertain parameters were
varied within Monte Carlo sampling and simulations. (Note that this step does not include
re-optimization as the one performed in step 4). For assessing the potential of groundwater
nitrate pollution associated with the identified strategies (step 6), the simulation model
was first used to determine the capture zones of the existing well fields (as defined in the
strategies). These were then overlaid with land-use data and on-ground nitrogen loading
data, to have the first impression about the pollution potential. All previous steps led to the
final step 7-GDSS setup as a web-based application containing both groundwater quantity
and quality information. Following the presentation of the Eocene aquifer study area in
Section 2.2, details of all methodological steps are presented in subsequent sections.
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2.2. Study Area

The Eocene aquifer is located in the north-eastern part of the West Bank, Palestine,
as depicted in Figure 2. It covers the districts of Jenin, and parts of Nablus and Tubas.
The total area of the aquifer is about 640 km? and 429 km? lies inside the West Bank. The
elevation of the Eocene aquifer varies from 15 to 950 m above sea level (masl), also shown in
Figure 2. The southern part of the aquifer is mostly hilly while the north-western part has a
flat terrain. The topography in the central and north-eastern parts ranges from moderately
flat to hilly. The aquifer serves as the main water supply source for the area. Several springs
have been developed from the aquifer, especially in the hilly terrain. Water from springs
and pumping wells is utilized for irrigation and water supply purposes.

35"100°E 35°200°E

Eocene Aquifer

Locaion of the Eocene Aquifer
N

B

Egypt \
a \ /Esdi. Garmin, GEBCO, NOAA
\ |/ NGOC, and/othe PastHBsea

Legend
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P
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— e kM
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Figure 2. Location of the Eocene aquifer and its elevation.

The Eocene aquifer area has a Mediterranean climate with two seasons: a wet winter
and dry summer. Rainy season spreads from October to May and the highest rainfall occurs
during January. The annual average rainfall during the period of 1952 to 1999 (from eight
rainfall stations located inside the Eocene aquifer area) is about 510 mm with variations
from 400 to 630 mm. The south-western part of the aquifer receives higher rainfall, while
the rest of the aquifer area has a very small variation of rainfall. The Eocene aquifer area
has a minimum temperature of about 7 °C during the winter, and a maximum temperature
of about 33 °C during the summer.

The geological formations in the area form two aquifers: deep and shallow. The deep
aquifer (not the subject of this study) is formed in limestone, dolomite, and marl from
Turonian and Cenomainian ages of the late Cretaceous [10]. The upper aquifer is formed in
limestone, chalk, and chert from the Eocene, with some Quaternary alluvial zones. There
is a transition zone of chalk in between the two aquifers. The Eocene aquifer that is the
subject of this study is the upper, unconfined aquifer, which has thickness varying between
200 m and 680 m.

Key conditions that influence aquifer recharge from infiltrated precipitation are soil
types and land use in the area. The main soil types are Terra Rossa, Mediterranean Brown
Forest Soils, Alluvial Soils, Colluvial-Alluvial Soils and Brown Alluvial Soils covering
49%, 16%, 14%, 13%, and 8% of the study area, respectively [36]. The soils are quite fertile
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and significant agricultural activities have developed, especially in the lowland areas in
the middle and the north of the area. Land use is mainly consisting of agriculture (crops
and trees, 37%), shrub land (40%), urban areas (7%) and the forests (16%). The spatial
distribution of these land use categories is given in Figure 3. (Note that a more detailed
land use map has been used in the GDSS, as will be shown in Section 3).

As mentioned earlier, an important aspect with quite large uncertainty is the total
abstraction of groundwater from the area. This research used available records from the
Palestinian Water Authority (PWA) at the time, with 129 registered (licensed) wells over
the Palestine part of the aquifer with a total capacity of 4.24 Mm?®/year. Among them,
45 wells are used for agriculture (pumping: 2.84 Mm?/year), 5 wells for domestic water
supply (0.97 Mm?3/year), and 4 wells for both agriculture and domestic water supply
(0.43 Mm? /year). A number of wells that have been used in the past have dried up and/or
have been abandoned. The distribution of registered wells is presented in Figure 4. As
mentioned earlier, it is estimated that the total abstraction from the aquifer is much larger,
due to unregistered wells.

It should also be noted that the Eocene aquifer area used to have a number of springs
prior to the development stage, with a total discharge of about 22.1 Mm?/year (estimated
from historical data), but many of these springs have dried up and the annual discharge
from springs has been significantly reduced.

2.3. Available Groundwater Flow Model and Additional Data
2.3.1. MODFLOW Model of the Eocene Aquifer

The MODFLOW model has been developed and calibrated by the Hydro-Engineering
Consultancy (HEC) prior to this research. It is a steady-state model with a single unconfined
layer (thickness, 200-680 m), covering an area of 540 km? discretized with 349 rows and
234 columns, using local grid refinement at the locations of well fields. The model has
62,996 active cells with cell size varying from 10 to 100 m in the x-direction and 10 to 250 m
in the y-direction.
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Figure 3. Land use map for the Eocene aquifer area.
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Figure 4. Registered wells in the Eocene aquifer area.

The boundary conditions of the model were set up as mostly impermeable, with a
general head boundary introduced at the northern side, and several drain boundaries at
the eastern side to represent the spring zones. The location and distribution of unregistered
wells were approximated based on the quantity and distribution of irrigated lands, and
their pumping rates were estimated based on the agricultural water consumption per unit
area, and irrigated areas from the year 2015-2016. This resulted in a total of 195 wells,
including 9 wells from the Israeli part of the aquifer. The abstraction rate of the wells
varies from 50 to 2000 m®/day. The distribution of wells and the boundary conditions are
presented in Figure 5.

The model used spatially distributed recharge and hydraulic conductivity. Recharge
was estimated using empirical formulas that calculate recharge rates as a percentage of
precipitation rates (from multiple stations), following the methodology that uses variation
of groundwater levels and its relation to inflows and outflows, described in [43]. Hydraulic
conductivity was estimated based on available geological maps and cross sections of the
area. The model was calibrated against data from 14 observation wells for the steady state
condition. Aquifer hydraulic conductivity, aquifer recharge, and hydraulic conductance of
the drain and general head boundary were considered as calibration parameters. The final
aquifer recharge and hydraulic conductivity distributions are shown in Figure 6, together
with the performance of model calibration.

As mentioned earlier, this model uses the GMS software of Aquaveotm. For uncertainty
analysis, optimization, and particle tracking analyses carried out in the next steps of
this study, it was converted into the native MODFLOW-2000 format. The python floPy
library [44] was used to simulate and extract data from this model format.
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Figure 5. Boundaries and distribution and rates of wells, as used in the model.

2.3.2. Additional Data Used for GDSS

Next to the MODFLOW model described in the previous section, which was the main
tool for this research, some additional data were used, particularly for the groundwater
quality part of the GDSS. First, a more detailed land use map was used (compared to the
one shown in Figure 2), with 17 different land use classes. Secondly, using the research
results from the identification of nitrogen pollution sources in the Eocene aquifer reported
in [36], a map of on-ground total nitrogen loading has been prepared. This map was then
used in the analysis of the potential nitrogen pollution in the area, and, particularly in the
capture zones of the existing well fields as defined in the optimal pumping strategies.

2.4. Uncertainty Assessment
2.4.1. Identification of Uncertain Parameters

Recharge to the Eocene aquifer from infiltrated precipitation and hydraulic conduc-
tivity are the most important parameters to be considered in uncertainty analysis, due
to their influence on overall groundwater flow conditions. Next to these two, hydraulic
conductance of the drain and general head boundary was also considered uncertain, as
well as well distribution within identified well fields. The approach taken for assessing the
bounds for uncertainty analysis for each of these four parameters is described as follows:

(a) Recharge

Using precipitation records for the period 2008-2018 for 13 stations, annual recharge
values have been calculated using the same empirical formulas, described in [43]. From
this analysis, it was concluded that annual recharge for most stations follows nearly normal
distribution. The mean and standard deviation for all stations is given in Figure 7.

With these results, it was decided to use sampling from normal distribution in the
subsequent uncertainty analysis of the recharge. For each station, the mean and standard
deviations were used to fit such distribution. The sampling was carried out in the range
of mean = standard deviation, and the generated recharge was applied to the model cells
located inside the influence zone of each station as indicated in Figure 6a.

(b) Hydraulic conductivity
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As there were no additional data regarding hydraulic conductivity, the value obtained
during model calibration was used as a reference value, and uniform sampling in the range
—25% to +25% from that reference value was used for uncertainty analysis. Similarly to the
recharge, the values were assigned to cells within each hydraulic conductivity zone.

(c) Hydraulic conductance (drains and general head boundary)

As for hydraulic conductivity, the values obtained during calibration were used as a
reference, and sampling in the range —25% to +25% was used in the uncertainty analysis.

(d) Wells distribution within well fields

The wells located in the Palestinian part of the aquifer were grouped into 17 well
fields. They included both registered and unregistered wells. The extent of each well
field was delineated based on agricultural land surrounding the wells using on-screen
digitization in Google Earth™. Then, each well was randomly assigned to one modelling
cell located inside the corresponding well field during uncertainty analysis. Figure 8 shows
two examples of well field delineation (a and b), and possible locations of wells inside any
of the well fields identified (c). The location of Israeli wells was considered fixed during
this uncertainty assessment.

b)

Legend

4 Rainfall Station

Aquifer recharge Legend

('"'“'d;’;) 5 Hydraulic conductivity

B 0.251-0.30 fiser)

JeL N 0.1-0.
I 0.301 - 0.350 0105
B o05-08

I 0.351 - 0.400 05 - 12

I 0.401 - 0.450 1225
B I 0451 - 0.465 2540
c) Groundwater heads — Eocene aquifer

Simulated groundwater heads

0 50 100 150 200 250 300

Observed groundwater heads

Figure 6. Modelled aquifer recharge (a), hydraulic conductivity (b), and calibration results (c).
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Figure 8. Delineation of the probable well field areas: (a) Kuifer well field; (b) Farah well field; (c) all
well fields with possible well locations.

2.4.2. Experimental Setup for Uncertainty Analysis

Groundwater heads were primary uncertain model outputs to be assessed given the
uncertainty of the identified parameters presented in previous section. For this purpose,
Monte Carlo Simulations (MCS) were executed using a Python script that performed the
following: generation of random variables for all uncertain parameters (based on the
defined range and statistical distribution), updating the corresponding MODFLOW model
files, simulating MODFLOW, extracting the results and performing necessary computations.
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The floPy library was utilized for MODFLOW model run and for extracting results. A flow
chart for all the steps of the uncertainty analysis is presented in Figure 9. (Uncertainty
was analyzed for each parameter separately, as well as combined uncertainty from all
parameters). The model was simulated for the following predefined sample sizes (N): 25,
50, 100, 150, 200, 250, 300, 350, 400, 450, 500. The groundwater head at every modelling cell
and the outflows from the aquifer were stored for every realization in order to estimate

statistics.
Monte carlo sampling
Generate aquifer Generate hydraulic Generate location of Generate boundary
> recharge & update  |=+| conductivity & update [~  pumping wells & = conductance & update
recharge file layer property file update well file boundary file

Run the model

n: No. of simulation l

N: Predefined size Extract model
) results

YES /I\ NO Estimate standard.
1 <N error, mean, max, min, _

r
5% percentile,
95% percentile

Figure 9. Flow chart for uncertainty analysis using predefined sample size N.

Standard error (SE) of mean and standard deviation of groundwater head was esti-
mated at selected locations for each predefined sample size to evaluate the convergence
of MCSs. SE was estimated using the Central Limit Theorem for the mean and Bootstrap
standard error for the standard deviation. In total, 23 locations were selected over the
aquifer area for performance assessment of MCS, as shown in Figure 10.

35°100°E 35°200°E 35'300°E
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the Monte Carlo simulation convergence
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Figure 10. Locations used for Monte Carlo Simulations convergence assessment.
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2.5. Development of Abstraction Strategies Using Model-Based Optimization
2.5.1. Identification of Abstraction Strategies Based on Aquifer Saturated Thickness

For sustainable exploitation of the Eocene aquifer, a key condition is preserving the sat-
urated thickness of the aquifer (avoiding groundwater depletion), while still attempting to
maximize abstractions. Depletion of saturated thickness might lead to a decrease in aquifer
storage, pumping rates of wells, increased cost of installing and operating pumping wells,
compaction of the aquifer, and overall, decrease the aquifer sustainability. All identified
strategies in this study have been defined in relation to Pre-development Saturated Thick-
ness (PST), which represent saturated thickness without any abstraction. Representation of
the strategies considered is depicted in Figure 11, which presents a conceptual cross-section
through the aquifer, with the x-axis representing a conceptual horizontal dimension, and
the y-axis representing saturated thickness in percentages, with PST = 100%.

Earth surface

— e

Strategy 01 Pre-development GWL

Strategy 02
Strategy 03
Strategy 04
Strategy 05

Existing GWL

/

Bottom of the aquifer

Figure 11. Schematic representation of abstraction strategies.

As can be seen in Figure 10, five strategies have been defined, as follows:

Strategy 01: Allow groundwater level depletion up to 60% of PST for areas where
the groundwater level is above 60% of PST. For the remaining areas, maintain the existing
groundwater level.

Strategies 02, 03, and 04: The concept of strategies 2, 3, and 4 is the same as that of
strategy 01, but that allowed depletions are up to 50, 40, and 30% of PST for areas where the
groundwater level is above 50, 40, and 30% of PST for strategy 02, 03, and 04, respectively.
Maintain the existing groundwater level for the remaining areas.

Strategy 05: This is a restoration (conservative) strategy. Restore the groundwater
level up to the limit of 30% of PST for areas where the existing groundwater level is below
30% PST. For the remaining areas, maintain the existing groundwater level.

These strategies are, in fact, used for setting the head constraint in the optimization
formulation described in the following section.

2.5.2. Optimization Formulation

The optimization problem to be solved has been formulated as follows:

Decision variables:

The pumping rates and locations of wells (existing and potentially new) are chosen as
decision variables. A well for which the pumping rate will be varied during optimization
is called a managed well. There are also non-managed wells (e.g., Israeli wells) for which
pumping rates are fixed during the entire simulation period. In addition to the 186 existing
wells, 172 potential wells were also considered as managed wells, as shown in Figure 12.
The areas which have an aquifer thickness greater than the 50% of PST and have agricultural
land use were considered for a potential well location. The agricultural areas were identified
using the land use map and Google Earth satellite image.
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Figure 12. Schematic representation of abstraction strategies.

Objective function:
The objective function of optimization was to maximize the weighted sum of pumping
rates from the aquifer. Mathematically, it can be expressed as:

Max Zf\il w;Q; 1)

where le'\i1 w;Q; is the sum of the weighted groundwater pumping rates, N is the number
of managed wells, Q; is the pumping rate from managed well i, and w; is the weight
associated with pumping rate Q; for managed well i. A weight of 1.0 is used for wells
located in the existing well field, and a weight of 0.8 is used for potential well fields. As
there is existing infrastructure for water abstraction and water use in the existing well
fields, higher weight is given to those locations. The weight of 0.8 for potential well fields
was a reasonable assumption, so that such well fields would be still considered by the
optimization algorithm (and not avoided if the weight would be lower, e.g., 0.4-0.5), but
not favored as much as the existing well fields.

Constraints:

Three different types of constraints were used in the optimization, as follows:

Hydraulic head constraints:

Head constraints were specified to limit the depletion of the groundwater head beyond
specified limits. The head constraints can be expressed mathematically as:

hijr > hf,j,k 2)

where = hgl ik is the specified lower limit on head at locations i, j, k. The head constraints were
specified based on the developed pumping strategies described in Section 2.4.1 and applied
at 205 control locations (Figure 11). The control locations were uniformly distributed over
the model domain with a distance of around 1500 m in both directions.

Groundwater withdrawal constraints:
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These are lower and upper bounds of pumping rates at individual wells (decision
variables):

Q< Q< Q! &)

Lower bounds of the decision variables were set at zero, as this is mandatory for GWM
while using linear and successive linear optimization [30]. The upper bound was specified
at 125% of the current pumping rate for the existing wells, to allow more pumping to meet
future demand. For all new potential wells, the upper bound was set at 800 m®/day.

Linear summation constraints:

Linear summation constraints for the decision variables were introduced to ensure
a minimum quantity of water to meet the current demand for each existing well field. In
addition, an upper limit of the total pumping quantity was also set to avoid over abstraction
of water at any particular location. Such constraints have been defined as:

Qp <Y'Q,<qh )

where QI and QY are the minimum and maximum water demand, respectively, for a well
field, p is the total number of wells in a well field, and Q, is the optimal pumping rate for
flow rate decision variable p. For each existing well field, the lower and upper bound were
set at 80 and 120% of the existing pumping quantity, respectively.

This optimization problem was solved using the GWM tool, resulting in five optimal
abstraction strategies. Linear Programming (LP) and Successive Linear Programming (SLP)
(non-linear) optimization were carried out using the response matrix approach [30]. As the
Eocene aquifer is an unconfined aquifer, characterized with non-linear responses, better
results were obtained using SLP, which will be reported later in Section 3.

2.6. Sensitivity and Reliability of the Optimal Abstraction Strategies

For strategies 02 and 03, sensitivity analysis of the optimal abstraction was performed
due to uncertain aquifer recharge, hydraulic conductivity, and hydraulic conductance, to
reveal the influence of these parameters on the optimal solutions. The sensitivity analysis, in
fact, involved re-optimization. This analysis is intended to show how the optimal solutions
for the defined strategies would change if uncertainty of the parameters is considered. Each
parameter was changed with a certain percentage, one at a time, and the optimization was
repeated using the formulation described in Section 2.5. The following steps were followed:

o  Change the hydraulic conductivity, hydraulic conductance, and recharge by a certain
percentage (—20%, —10%, 0%, +10%, and +20%), one parameter at a time.
Perform optimization for five different pumping strategies.
Compare the objective function values of the optimal solutions for different parameters
and different pumping strategies.

The developed optimal strategies were also tested in terms of reliability, given the
uncertainty of the identified parameters. Without any re-optimization, Monte Carlo sim-
ulations were performed on the original optimal model (for each of the five strategies)
considering the uncertain aquifer recharge, hydraulic conductivity, and hydraulic conduc-
tance of drains and general head boundary. The fulfilment of hydraulic head constraints
was assessed for every realization of Monte Carlo simulation and considered as a success
or failure for that realization. Locations of pumping wells were excluded from this analysis.
The range and statistical distribution of uncertain parameters were the same as those used
during uncertainty analysis of the base model (Section 2.4.1). Based on the success and the
total number of simulations, reliability was estimated at every modelling cell for the given
optimal pumping strategy using the following equation [35]:

R= (115,)*100 (5)
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where R is the reliability (in percentage), F is the number of failures, and N is the total
number of simulations.

2.7. Assessing Nitrogen Pollution Potential for the Optimal Abstraction Strategies

To obtain initial assessment of pollution potential for the developed optimal abstraction
strategies, backward particle tracking was performed to determine the capture zones of
the existing wells, as proposed in each of the five strategies. The MODPATH particle
tracking tool [45] was used for this purpose, using the groundwater flow results from the
MODFLOW model. Such capture zones were determined for two periods of assumed
abstraction: 20 years and 100 years. These capture zones were then converted to shape files,
so that they can be deployed on the GDSS and overlaid together with land use data and
data regarding on-ground nitrogen loading. This approach enables more detailed analysis
of pollution potential for the areas belonging to the capture zones, which could contribute
to better design of existing wells” protection zones and pollution control. The results of this
analysis are presented in Section 3.4, where GDSS outputs are presented.

2.8. Groundwater Decision Support System (GDSS) Design and Implementation

GDSS was set up as a web application with the goal of enabling better access to the
results of this research to different stakeholders. The design of its groundwater quantity
component was oriented to analyzing results from the developed optimal abstraction
strategies, primarily, groundwater head distributions (and differences compared to existing
conditions), and overall water balance results. Additional functionalities were also included
in the design, such as running the MODFLOW model with different wells distribution and
with variations of aquifer recharge and hydraulic conductivity values. In the groundwater
quality component, the capture zones of wells for the different strategies are presented
together with their overlays with land use and on-ground nitrogen loading data.

Standard client and server programming technologies were used for GDSS implemen-
tation, as depicted in Figure 13.

Client HTML page | Geospatial data | GeoServer | Postgres
(update data) Jquery i ) Database

b

Apache Server
Non-geospatial data| - Update MODFLOW file | Python/SQL

Jquery/Python |- Run MODFLOW Geospatial data
- Read the results

Client HTML page | Non-geospatial data

(display results) Geospatial data

Figure 13. Client-server communication for the GDSS implementation.

Main web pages of the application are served by the Apache web server. The maps
embedded within the web pages receive spatial data from GeoServer. Most of these spatial
data are stored in a Postgres database, with few static layers stored as shape files. Main
communication with the servers is via Jquery, and Pyhton scripts are used for execution of
the MODFLOW model or update of the Postgres database (e.g., update wells data).

Key functionalities of GDSS can be summarized as follows:
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e  Select and load optimal strategies (pumping wells, together with associated informa-
tion) and visualize results as spatial data (groundwater heads) and water balance.

e  Modify selected strategy (add, edit, or delete wells; change recharge or hydraulic
conductivity), run the MODFLOW model, and present the modified results.

e  Visualize well capture zones of the optimal strategies together with land use or on-
ground nitrogen loading data.

3. Results
3.1. Model Results for Exiting Conditions

Figure 14 presents the simulated groundwater head distribution and the water balance
results. Saturated thickness of the aquifer, as percentage of PST (which varies between 10
and 650 m in absolute values), is given in Figure 15.

As shown in Figure 14, the groundwater head of the aquifer varies from 10 to 375 m
above mean sea level. It is highest in the southern part of the aquifer, and lowest in the
northern part. Thus, the general direction of the head gradient (and of groundwater flow)
is from south to north. From the middle part of the aquifer to the north, the head gradient is
relatively steeper compared to the southern part, corresponding to the change in hydraulic
conductivity, as shown in Figure 6b. The water balance results indicate that out of the total
inflow of 75.6 Mm? per year, provided by recharge from infiltrated precipitation, 74% is
pumped out via wells, 24% flows out via drains (representing springs), and the remaining
2% flows out as groundwater flow downstream via the northern general head boundary.

Figure 15 shows clearly that most of the current abstractions are located in the middle
of the aquifer, especially in the mid-western zone, where the saturated thickness is already
at only 20 to 30% of PST. Limitation of abstraction, or even groundwater restoration, would
be needed for these zones. Opportunities for further groundwater resources development
may be more in the south and especially, in the north of the Eocene aquifer.
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Figure 14. Simulated groundwater head distribution and water balance of Eocene aquifer for the
existing conditions.
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Figure 15. Simulated saturated thickness as percentage of PST for the Eocene aquifer.

3.2. Uncertainty Assessment Results
3.2.1. Convergence of Monte Carlo Simulations (MCSs) for Uncertainty Analysis

The convergence of MCSs was evaluated in terms of standard error (SE) of mean and
standard deviation of simulated groundwater head at 23 locations indicated in Figure 10.
Results for SE of the mean for the different predefined sample sizes are presented in
Figure 16. Standard deviation SE results followed a similar pattern. SE rapidly diminishes
till about 200 simulations and then becomes more or less stable. The errors of mean and
standard deviation were 0.4-1.2 m and 0.5-0.75 m, respectively, after 500 simulations.
Higher errors were registered for locations 10, 11, 12, and 16, located in a zone with a high
range of uncertainty, as shown in the next section. The obtained results indicate that the
sample size of 500 simulations is sufficient for further uncertainty analysis.

Decay of standard error of mean
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Figure 16. Standard error of mean of groundwater head at 23 locations for different sample sizes.
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3.2.2. Results from Uncertainty Analysis of Identified Parameters

First, the uncertainty analysis was carried out for each uncertain parameter individu-
ally (aquifer recharge, hydraulic conductivity, well location, and hydraulic conductance).
The obtained fluctuations of the groundwater head are shown in Figure 17a—d.

Fluctuation of groundwater level due to recharge
a)

egend

Fluctuation of groundwater level due to well location

c)

egend

GWL fluctuation (m)

Fluctuation of groundwater level due to conductivity

b)

egend

GWL fluctuation (m) GWL fluctuation (m)

Hlo- 10 lo- 0

I 10-20 B 10-20

B 20 - 30 I 20 - 30
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Fluctuation of groundwater level due to conductance

d)
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GWL fluctuation (m)
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Figure 17. Groundwater fluctuations due to uncertainty in: (a) recharge; (b) hydraulic conductivity,
(c) spatial distribution of wells; and (d) hydraulic conductance of drain and general head boundary.

The highest uncertainty is obtained for aquifer recharge, especially in the mid-western
part of the aquifer, where maximum fluctuation was found to be as high as 175 m. This area



Water 2023, 15, 365

19 of 35

has a high density of wells and low hydraulic conductivity, so a small decrease in recharge
results in a high depletion of groundwater. The uncertainty of groundwater level due to
hydraulic conductivity is more or less uniformly distributed, with a range of 30-50 m in
the south and of 10-30 m in the north. Regarding the spatial distribution of wells, the
distribution of uncertainty follows the pattern of the distribution of well fields. It is higher
in the mid-western and south-eastern parts (with high wells density), where maximum
fluctuation was found to be 100 m. The hydraulic conductance has a very small influence
on model uncertainty, mainly limited to zones adjacent to the model boundaries. Only the
zone of the south-eastern drain boundary has a relatively higher uncertainty of 30-50 m.

Secondly, combined parameter uncertainty was assessed, and the results in terms of
groundwater head fluctuations are presented in Figure 18. The fluctuation ranges from 0 to
200 m, with a spatial pattern of uncertainty similar to the one due to aquifer recharge—the
parameter that brings the highest model uncertainty. In the north, the uncertainty is lower,
with a fluctuation range of 0 to 75 m. In the mid-western part (locations 10, 11, 12, 16), it is
highest. Another highly uncertain zone is the south-eastern part of the aquifer, influenced
by the uncertainty induced by the well location and hydraulic conductance.
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Figure 18. Groundwater fluctuations due to combined parameter uncertainty.

For the 23 selected locations (indicated in Figure 9), the groundwater head differences
between the 5th and 95th percentile vary in the range of 40 to 95 m, as shown in Figure 19.

3.3. Optimal Abstraction Strategies Results
3.3.1. Wells Distribution and Water Balance Results for the Five Optimal Strategies

Table 1 shows summary water balance results for the five optimal strategies in terms
of optimized total abstraction compared to the existing conditions (only Palestinian wells).
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Figure 19. Mean, 5th percentile, and 95th percentile of groundwater head at 23 selected locations.

Table 1. Total optimal abstraction for the five identified strategies.

Strategy: Existing 01 02 03 04 05
Total abstraction (Mm?3/ year) 494 52.6 54.1 56.7 60.2 50.1
Percentage increase (%) - 6.7 9.5 14.8 21.9 14

Figures 20-24 show the wells distribution for the five strategies, and Figure 25 shows
the groundwater level change compared to present conditions for all five strategies.
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Figure 20. Wells distribution and water balance results for Strategy 01.
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Figure 21. Wells distribution and water balance results for Strategy 02.
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Figure 22. Wells distribution and water balance results for Strategy 03.
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Figure 23. Wells distribution and water balance results for Strategy 04.
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Figure 24. Wells distribution and water balance results for Strategy 05.



Water 2023, 15, 365

23 of 35

y
7

S

. 4

Strategy 04

ategy 01

Strategy 02 Strategy 03

Legend:
Change of GW Level (m)
Bl <-50
§ B -50--20
B -20--10
-10--5
-5-0
0-5
5-10
e 10-20
B 20-50
Strategy 05 Hl 50

Figure 25. Change in groundwater levels compared to present condition for strategies 01-05.

Figures 20-24 indicate that three potential well field areas were identified from the
distribution of optimal pumping locations. The first one is in the north-western region.
It has the highest potential for groundwater abstraction under all strategies. The second
is one located in the south-eastern region and the last one at the mid-eastern region of
the aquifer. These areas have higher pre-developed aquifer thickness compared to their
surrounding areas. From the existing wells, around 25% were resulting in a zero pumping
rate after optimization, while the remaining 75% were set at their upper limit of the
groundwater withdrawal constraint, with very few exceptions. Despite 25% of wells
having zero pumping after optimization, the locations of optimal pumping wells were
more or less evenly distributed over the existing well field areas.

Figures 20-24 also show that, as expected, the optimal strategies propose that most
new wells are located in the north and south, with the largest number of such wells being
proposed for Strategy 04, which allows for the largest groundwater depletion, and has
the highest total abstraction rate. Strategy 05 has only a small increase in total abstraction
compared to existing conditions (1.4%), because it is a restoration strategy. This strategy
proposes the re-distribution of pumping over larger areas, rather than concentration in the
mid-western zone, as in current conditions.
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Finally, Figure 25 presents the changes of groundwater levels for the five strategies
compared to the present conditions (presented in Figure 14). The results show clearly the
progressive drop of groundwater levels (and consequently, aquifer saturated thickness) for
strategies 01-04, and the increase of groundwater levels for the restoration strategy 05.

3.3.2. Sensitivity and Reliability of the Five Identified Optimal Abstraction Strategies

The sensitivity of the optimal abstraction rate due to change in uncertain aquifer
recharge, hydraulic conductivity, and hydraulic conductance was estimated and shown
in Figure 26 for strategy 02 (results for strategy 03 are very similar). The optimal abstrac-
tion rate is most sensitive to recharge, followed by hydraulic conductivity and hydraulic
conductance, which is the same sequence as in the uncertainty analysis. Total optimal
abstraction rate increased about 7.5 to 7.8 Mm? /year for a 10% increase in recharge. For
each 10% increase in hydraulic conductivity, the optimal pumping was reduced by 2.7 to
3.5 Mm?/year. The sensitivity of optimal abstraction due to hydraulic conductance is less
than 0.5 Mm3/year for each 10% charge in hydraulic conductance of model boundaries.

Sensitivity of Optimal Pumping: Strategy 02
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Figure 26. Sensitivity of optimal pumping due to uncertain parameters for strategy 02.

A summary of the reliability of the five optimal strategies due to uncertain parameters
is provided in Figure 27.

As expected, reliability is closely correlated with the abstraction from the aquifer. It
decreases as the total abstraction increases. For strategy 01, the middle portion of the aquifer
is less reliable (40-60%) due to the high abstraction from that region, where reliability for the
rest of the area is above 50%. There is an uncertain zone introduced in the north-eastern part
of the aquifer due to the new potential well field adjacent to it, and low aquifer thickness
at that location. The less reliable areas expand for strategy 02, and even more for strategy
03, where the middle part of the aquifer becomes 20 to 40% reliable and the reliability of
the mid-western part is as low as 20%. Strategy 04 is the worst in terms of reliability, with
values below 10% in the north-western part due to high abstraction from the new well field
from that area. In contrast, the reliability is increased in the mid-eastern region (compared
to strategy 03) due to the decrease in pumping rate of nearby well fields. Strategy 05
performs best in terms of reliability as it is a restoration strategy. It has reliability above
60% for most of the areas, and even above 80% in some areas.



Water 2023, 15, 365 25 of 35

Strategy 01 Strategy 02

Strategy 03 Strategy 04

Reliability (%)
B o-
B 10-20
I 20-30
[ ]30-40
[ J40-50
[ 50-60
I s0-70
B 70-s0
I s0- %
I o0- 100

Figure 27. Reliability of optimal strategies due to uncertain parameters.

3.4. GDSS Visualization Results

The main interface of the groundwater quantity part is presented in Figure 28. The
map interface is used for showing data on wells distribution (each well’s data are editable
by clicking on the respective dot), groundwater levels, or differences in groundwater levels
compared to present condition, when a certain optimal strategy is selected. The bottom part
of the interface is used for selecting a particular strategy, modification of aquifer recharge
and/or hydraulic conductivity (uniformly by +25%), and reporting of the overall water
balance result after a particular model run. The ‘Simulate” button on the right executes the
MODFLOW model run, after which the new results are made available. Note that the user
can run the five pre-defined optimal strategies and view their results, but also can modify
them by introducing different recharge, hydraulic conductivity, or pumping wells inputs,
run the model, and see results of such a modified strategy.
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Figure 28. Main user interface of GDSS for the groundwater quantity component—results of a model
run for the present condition. (Note: place names in background Open Street map are denoted in
Arabic language, same for Figures 29-32).
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Figure 29. Groundwater head change for Strategy 03 compared to present conditions.
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Figure 31. Land use within wells capture zones for strategy 05.
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Figure 32. On-ground nitrogen loading within wells capture zones for strategy 03.

Figure 29 shows the results after selecting a different strategy (Strategy 03) and viewing
results in terms of differences of groundwater head compared to present conditions.

In the groundwater quality component, the first interface shows wells capture zones
per well field and for selected strategies. Figure 30 shows results for current conditions and
for strategy 03.

Next, the user interface shows the overlay of the different capture zones with land
use data, as shown in Figure 31 (example of strategy 5). Clicking inside each land use unit
within a particular capture zone presents further information below the map interface.

Similar information can be provided for capture zones and on-ground nitrogen loading,
as shown in Figure 32 (example of strategy 03).

4. Discussion

This study has been performed to address important challenges in groundwater as-
sessment and design of future exploitation strategies in cases with limited data availability,
as with the Eocene aquifer area in the West Bank. However, while more data with better
quality are needed, actions leading towards sustainable groundwater use should not be im-
peded by such issues. One approach to overcome this situation, addressed in this research,
is to reveal the uncertainty in the designed and proposed solutions and strategies. Uncer-
tainty quantification, sensitivity, and reliability analyses of the kind presented here may
not necessarily lead to immediate selection of best strategies for implementation. However,
they can serve as a starting point for discussion and analysis of possible realistic strategies,
and they may also provide focus on needs for critical data that need to be prioritized for
collection and analysis. This process can be further supported if the results of such research
are presented in a decision support application such as GDSS.

Considering the presented results and the above provided context, our discussion
addresses concerns specific to the situation in the Eocene aquifer.

Starting with the developed groundwater flow model, we can say that it provides
reasonable representation of the groundwater conditions in the area, even though it was
calibrated with limited data. The most significant novelty in this model, compared to
previous ones developed for the same area, is in the usage of estimates of groundwater
abstraction for irrigation, based on agricultural water use. Most of the unregistered wells in



Water 2023, 15, 365

29 of 35

the area are in fact used for irrigation purposes, and past studies have underestimated such
abstractions. In the model, such abstractions have been allocated to well fields located close
to irrigation fields, in a random manner, but the subsequent uncertainty analysis showed
that the actual wells’ distribution within well fields does not bring significant uncertainty
in the model results, at least for this regional scale model.

The model contributes to the understanding of the current situation of the Eocene
aquifer in terms of water balance, groundwater levels, and flow patterns, together with the
assessment of model uncertainty, as follows:

e  Average annual recharge of the aquifer was estimated at 75.6 Mm? and it is the only
inflow to the system. About 74% of this inflow is abstracted through pumping wells
and the rest is outflow through the drains and general head boundary downstream.

e  Groundwater head of the aquifer varies from 10 to 375 m above mean sea level. The
general direction of the head gradient is from south to north. The saturated aquifer
thickness is in the range 20-80% of pre-developed saturated thickness (PST).

e  The mid-western part of the aquifer is already overused with the current aquifer
thickness below 20-30% of PST. The southern and northern part are in better conditions
with potential for further utilization.

e  Simulated groundwater head was the primary model output for which uncertainty of
parameters was tested. Out of the four parameters considered in the uncertainty anal-
ysis (recharge, hydraulic conductivity, hydraulic conductance at the boundaries and
wells distribution within well fields), aquifer recharge brings the highest uncertainty
and has the most impact on modelling results, followed by hydraulic conductivity.
Groundwater head variations due to overall (combined) uncertainty were found to
vary in the range of 40 to 95 m between the 5th percentile and 95th percentile, while in
the inter-quartile range, they varied between 20 and 40 m throughout the aquifer.

Of course, the developed groundwater flow model has a number of additional uncer-
tainties that need to be addressed. This study was restricted to analysis of uncertainty of
model parameters, with a focus on parameters that are known to have the highest impact
on modelling results. The results show better assessment of groundwater recharge, using
better data, and more detailed soil water balance models may be needed in future studies.
Second in importance is the aquifer hydraulic conductivity, for which further data should
also be collected. Future studies need to extend the uncertainty analysis to include the
conceptual model uncertainty, which has not been addressed in this study. The very fact
that the current model has been developed as a single-layer model is a simplification, and
further analysis of different conceptual models needs to be investigated [14,16,46].

For future abstraction strategies, the developed model was combined with a Successive
Linear Optimization (SLP) algorithm in GWM to derive the following results:

e  Five pumping strategies were developed based on the pre-developed saturated thick-
ness (PST) of the aquifer. Allowable depletion up to 60, 50, 40, and 30% of PST was
introduced for the places where the existing groundwater level is above that level
for strategy 01, 02, 03, and 04, respectively. For the rest of the areas, the existing
groundwater level was maintained. For strategy 05, restoration of the groundwater
level was introduced, bringing it to the level of 30% of PST where it is below 30% PST.

e  The objective function of optimization for all strategies was to maximize the weighted
sum of well pumping rates, subject to hydraulic head constraints at 205 locations,
withdrawal constraints for each managed well and linear summation constraints for
each well field.

o  Total optimal pumping rate from the aquifer was obtained as 52.6, 54.1, 56.7, 60.2, and
50.1 Mm3/year for strategy 01, 02, 03, 04, and 05, respectively, considering existing and
potential well locations. Three new potential well field areas were identified, located
in the north-west, the south-east, and at the middle-east region of the aquifer.

Out of the five proposed sustainable strategies, the restoration strategy 05 seems
best for aquifer sustainability. It redistributes the abstraction over larger areas, instead
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of concentrating it in the mid-western region. However, that strategy provides only a
small increase of the total water available, and the newly proposed well fields are further
from locations where water is needed and where there is available infrastructure for water
transmission and distribution. Therefore, this strategy needs to be considered in critical
comparison with one of the four other strategies (notably 02 or 03), which allow for more
groundwater level decline but also provide more water and at locations where it is more
needed.

In all optimal strategies, there was also a consequence of the decrease of total outflow
via the drains and the general boundary in the north, with a larger decrease of such
outflows as the total optimal pumping was higher, as might be expected. In this research,
experiments were also performed with the introduction of additional constraints that would
limit these outflows to a minimum amount, and in these cases, the total optimal abstraction
was somewhat smaller. Such analyses should be also considered in future, as additional
knowledge regarding minimum constraint values that should be used in these locations
will become available.

Sensitivity analysis of the optimal strategies with respect to uncertain model parame-
ters brought the following results:

e  Sensitivity analysis, performed by re-optimization of strategies 02 and 03 with varying
parameter values, confirmed that the optimal abstraction is most sensitive to recharge,
followed by hydraulic conductivity and hydraulic conductance.

e  Example results from the sensitivity analysis of strategy 02 show that the total optimal
abstraction increases by 7.5 to 7.8 Mm? /year for a 10% increase in recharge. For each
10% increase in hydraulic conductivity, the total optimal abstraction reduces by 2.7 to
3.5 Mm?/year. A change in hydraulic conductance at the model boundaries of 10%
results in less than 0.5 Mm?/year variation of total optimal abstraction.

One peculiar result from this analysis is that the optimal solutions result in smaller total
optimal abstraction as hydraulic conductivity increases. As the optimization is run with
same constraints, for higher hydraulic conductivity, groundwater flow is faster towards
the drains and the general head boundary and water can easily flow out from the system.
This was actually confirmed with water balance results that indicated corresponding
increases of outflows for conditions of larger hydraulic conductivity and smaller total
optimal abstraction. When this happens, the head constraints in locations relatively close
to the boundaries are hit, leading to an optimal result with lower total abstraction. Future
analysis could consider re-formulation of optimization for different hydraulic conductivity
values.

Summary results from the reliability analysis indicate that:

The reliability of the pumping decreases with an increase in the abstraction rate.
The reliability of strategy 01 was in the range of 40 to 60%. Strategy 04 was the worst
in terms of reliability, where reliability dropped below 10% in the north-western part
due to high abstraction from the new well field in that region.

e  Strategy 05 performed best in terms of reliability as it was a restoration strategy. It had
reliability above 60% for most of the areas, with some areas having reliability above
80%.

Reliability analysis indicated that next to the identified uncertain parameters the
amounts and locations of abstraction are also important. Strategy 04 had low reliability in
the north, where many new abstraction wells were proposed. However, it needs to be also
noted that reliability in this study is defined solely in terms of the number of locations where
the proposed head constraints are met, in a “yes/no’ (binary) approach, when parameter
uncertainty is considered. Future studies could consider a more sophisticated definition of
reliability, considering, for example, the level of constraint violation.

Results from the Eocene aquifer groundwater model, the design and development
of optimal abstraction strategies, and uncertainty analysis were combined and brought
together in the GDSS web application. It has functionalities of visualizing map-based



Water 2023, 15, 365

310f35

results of groundwater head and water balance for the five developed abstraction strategies,
as well as possibilities for executing simulations with different inputs for abstraction wells,
recharge, and hydraulic conductivity. In its current form, it has the potential to be infor-
mative and a support tool for PWA. A dedicated workshop with PWA for demonstrating
GDSS (which was conducted online due to COVID-19 epidemic restrictions) revealed that
water resources experts in that organization are particularly interested in the possibilities
of analyzing different alternatives of groundwater abstraction using the provided function-
ality of online simulation with the MODFLOW model. While this is understandable from
a water-resources planning point of view, it needs to be realized that this functionality is
feasible only if the model is with short running time (a steady state model in this case).
More complex simulations (e.g., transient), with longer running time, are not suitable for
online deployment. Selection of most suitable alternatives and strategies and their deploy-
ment in GDSS therefore remains important, especially for future use of such a system with
other stakeholders. For GDSS to become a publicly available web application that could
be shared and accessed by different stakeholders, it needs to be further developed into a
stable application that can be hosted and maintained in the West Bank. Furthermore, to
meet the real challenge of design and implementation of sustainable strategies by involving
a broader group of stakeholders and users dependent on groundwater, the application
needs many additional functionalities, such as: further improvement of the groundwater
flow model and the associated optimization and uncertainty analysis, better comparison of
identified strategies (including potentially use of Multi-Criteria Analysis), and, perhaps
most importantly, presentation of results in a form suitable for diverse stakeholders (using
appropriate scale, form of presentation, language, etc.)

Finally, further research work on aspects of groundwater quality is also needed.
The initial data presented in GDSS only give indications about possible critical zones
where pollution protection would be most urgent. Further development of groundwater
quality models (also known as fate and transport models) is needed, but such efforts
need to go in parallel with improvements in the groundwater flow modelling, as the flow
conditions provide a basis for contaminant fate and transport modelling. Uncertainty
analyses of such groundwater quality models, similar to those presented here, should also
be considered, before their potential inclusion in optimization analyses and applications
like GDSS. Furthermore, the model-based optimization introduced here had the objective
function and constraints related only to water quantity. If water quality is considered,
the optimization problem needs to be re-defined to include at least some water quality
constraints (e.g., nitrate concentrations in the pumped water from the designed wells). This
would require coupling of an optimization algorithm with the more complex and highly
non-linear groundwater quality model. A different optimization algorithm may be needed
for this purpose, as well as modelling methods that will reduce computational costs that
would be much higher.

In a broader, more generic context, beyond the current analysis of the Eocene aquifer,
this research touches upon some challenging questions regarding the role of uncertainty
analysis of groundwater models (and environmental models in general) in decision support.
The challenging questions are in fact related to the contribution of uncertainty analysis to
sound decision making, especially when the models involved have significant uncertainty
in their structure and/or parameters. The presented research in the Eocene aquifer confirms
that uncertainty analysis of groundwater models and their use in optimization for designing
management strategies does reveal insights into the proposed solutions, as well as into
data needs for uncertainty reduction. Use of uncertainty analysis in actual decision-making
is, however, still an active area of research. The current literature proposes many different
methods for uncertainty assessment [47,48], but its role in decision-making needs to be
further investigated [49], especially because it depends on the decision-making problem
and context.
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5. Conclusions

The research presented in this article presented an integrated approach for combining
groundwater modelling, uncertainty analysis of model parameters and optimization for
the purposes of designing optimal abstraction strategies in the Eocene aquifer, located
in the West Bank, Palestine. This case study area is with limited data availability, and
the demonstrated study revealed the insights brought by uncertainty analysis of model
parameters regarding model outputs, particularly simulated groundwater heads. The
most uncertain parameter was aquifer recharge, followed by hydraulic conductivity. The
developed groundwater model was coupled with an optimization algorithm for designing
a set of five optimal abstraction strategies, each maximizing total abstraction under different
constraints regarding groundwater depletion. The results indicated that further increase of
total abstraction between 5 and 20% is possible, depending on constraint conditions, and
with different wells distribution per strategy. This optimization was carried out with the
deterministic model, but the impact of uncertain model parameters on the obtained optimal
solutions was then tested with sensitivity analysis (re-optimization with different parameter
values) and reliability analysis (Monte Carlo simulations with uncertain model parameters).
Sensitivity analysis confirmed that the aquifer recharge is the most uncertain parameter,
with the largest impact on the optimal solutions. Reliability was also significantly impacted
by locations and level of abstraction rate, with lower reliability in areas with significant
abstraction. These results were then brought together in a web-based decision support
application named Groundwater Decision Support System (GDSS), for future use by water
authorities in the West Bank. GDSS also includes some limited groundwater quality results,
such as capture zones of existing well fields in the five optimal abstraction strategies,
together with their associated land use and on-ground nitrogen loading.

The main limitations of this study, associated with recommendations for further
research, are as follows:

o  There were no measured data on hydraulic conductivity, and this parameter has been
assessed only by model calibration. Given its significance, revealed in the uncertainty
analysis, further data on hydraulic conductivity (independent from the model) are
needed.

e  Aquifer recharge has been calculated as a percentage of precipitation rates (from
multiple stations), following the methodology that uses variation of groundwater
levels and its relation to inflows and outflows [43]. As this is the most uncertain
parameter, different methods for its assessment need to be considered, including
distributed soil water balance models or direct measurements.

e  The optimal abstraction strategies were obtained using successive linear programming
optimization of GWM. As this is a non-linear system, future studies may consider
coupling the simulation model with global optimization algorithms.

e  The optimal strategies were designed using a steady state groundwater simulation
model. Future studies should consider coupling of the transient simulation model
with optimization algorithms that will include temporal storage changes.

e  The optimization results depend critically on the groundwater simulation model. Col-
lection of further accurate data regarding well abstractions and boundary conditions
for model improvement are needed.

e  This study considered only uncertainty of the model parameters. Uncertainty of the
conceptual model should be considered in future studies.

e  GDSS has been developed as a prototype application only. Further extensions are
recommended towards a more comprehensive decision support system, with better
comparative analysis of proposed management strategies, potentially including Multi-
Criteria Analysis.

Even with the limitations listed above, the current research provides a solid base for

the analysis and design of sustainable management strategies in the Eocene aquifer that
are urgently needed.
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