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MODELING OF GROUNDWATER RECHARGE IN THE EOCENE AQUIFER
(PALESTINE) USING THE USGS SOIL WATER BALANCE
(SWB) SOFTWARE
By
Amr Adel Deeb
Supervisor

Dr. Mohammad N. Almasri

Abstract

Groundwater is the main source of freshwater in Palestine. Groundwater recharge is a
hydrological process that occurs when the water seeps to the subsurface and reaches the
saturation zone. This process begins with the occurrence of rainfall on the ground surface,
followed by the process of water infiltration into the root zone. Groundwater recharge is
one of the components of the hydrological cycle, but it is the least understood one;
because it is highly variable in space and time and is difficult to measure directly.
However, knowing and measuring the recharge of the aquifer is vital and extremely
important for the groundwater management process. This research had used the Soil
Water Balance (SWB) code developed by the U.S. Geological Survey (USGS), to
simulate the potential groundwater recharge for the Eocene Aquifer for the year 2020.
The Eocene Aquifer is located in the northern part of the West Bank, Palestine. The
features of SWB code are that it is the input that the code needs are easy to get, and
estimates the amount of groundwater recharge with accuracy based on spatial and
temporal distributions. The SWB model spatial resolution was selected with a 30 m x 30
m uniform cells. In order to model recharge, the aquifer domain was discretized into
regular square cells. The SWB model succeeded in estimating the amount of recharge
based on spatial and temporal variations for 2020 with a value of 50.70 mm/year (1.996
in/year) and the total annual recharge of the entire Eocene Aquifer during the study period
is 23.25 million cubic meters (MCM). The recharge amount was about 10.07% of the
rainfall volume. Recharge rate varies among land use types. The SWB model was verified
using the Water Table Fluctuation Method (WTF) and the Water Demand Calculation
Method (WDC) by comparing the results of the potential recharge values obtained from
the SWB model with the recharge values obtained from the WTF and the WDC methods.

X



The research showed significant conformity between the SWB model and the verification
methods. The curve number values were manually adjusted by -2%, -1%, and -0.5% for
land use types, and the curve runoff number values with the best fit to the WTF method
to get more realistic results. The performance of the SWB model was evaluated after the
verification process using relative error (RE) and goodness of fit between the simulated
recharge values generated by SWB model and the observed recharge values resulting
from the WTF method. The total annual amount of water demand for the Eocene Aquifer
was estimated about of 28.29 MCM, where the results of the research proved that the
groundwater level in the Eocene Aquifer is decreasing with time due to the annual water
deficit, which was estimated at about of 5.04 MCM. Sensitivity analysis was performed
to examine how the percentage change in the curve number affects the percentage change
in the corresponding recharge. The curve number values have been adjusted for all land
use by + 5% and = 10%. The results show that groundwater recharge is highly sensitive
to small variations in the curve number values and have a large impact on model results.
The highest recharge rates occur in the southern and northwestern parts of the Eocene
Aquifer. The lowest rates of recharge are distributed in the center and north of the aquifer.
This corresponds to the spatial distribution of rainfall and the land use types in the area.
The research recommended that a groundwater management plan should be made in the
Eocene Aquifer based on the results of the SWB model in order to manage and maintain
renewable and sustainable water resources in this aquifer and to increase the groundwater
level by achieving a balance between recharge and total pumping, develop precautionary
plans to protect the groundwater from pollution, and understand the negative impact of
the transformation of highly recharge areas to residential areas on the water situation in

the aquifer.
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Chapter One

Introduction

1.1 General Background

Groundwater is one of the main sources of freshwater that is found in the subsurface
within the rock formations and between the porous spaces in the soil and in the form of
basins called aquifers (Groundwater Foundation, 2005). It is stored and moves slowly in
these aquifers. Groundwater moves within an aquifer at different speeds and its speed
depends on many factors and characteristics of the aquifer. The groundwater level may
rise or fall depending on recharge. Heavy rains cause the groundwater level to rise, while
the heavy continuous pumping of water from wells reduces the water level in the aquifer
(Groundwater Foundation, 2005). The amount of groundwater recharge is directly
proportional to the rate of rainfall (Owor et al., 2009). In addition to the effect of the
topographic nature on groundwater recharge. The increase in the ground surface slope
leads to an increase in the amount of runoff and a decrease in the amount of infiltration,
which leads to a decrease in the amount of recharge. In general, the recharge maps show
that the amount of groundwater recharge is low in urban and mountainous areas, and is

high in coastal and low-elevation areas (Singh et al., 2018; Healy and Scanlon, 2010).

Given the great importance of groundwater, it is necessary to achieve a sustainable
groundwater utilization through proper management and by considering the safe
extraction of water (Fetter, 2001; Komakech and Bont, 2018). The most important
conditions in managing the sustainability of groundwater are the calculations,
estimations, and detailed knowledge of the quantities of potential groundwater recharge.
Needless to mention that the groundwater recharge is an important aspect of the
hydrological cycle, and it is necessary for water balance calculations (Lentswe and
Molwalefhe, 2020).

Groundwater recharge occurs when water seeps into the subsurface and supplies the
aquifer with water (Jezdimirovic et al., 2019). Freeze and Cherry (1979) defined recharge
as the process of entering the water from the unsaturated zone into the saturated zone.
Groundwater recharge is a basic component to the global water balance; because it
supplies and recharges groundwater aquifers and thus provides freshwater to large parts

of the world (Hartmanna et al., 2017). A recharge is a tool for managing water resources
1



and is necessary to create a balance between water supply and water consumption (Jhariya
etal., 2016).

For efficient management of groundwater, the quantity of groundwater recharge must be
determined, especially in the areas which depend on groundwater as the main source of
freshwater (Kumar, 2003; Koussis et al., 2010) and to properly achieve the water balance
and assess water vulnerability to contamination (Singh et al., 2018; Healy and Scanlon,
2010).

Groundwater in Palestine is the main source of freshwater (PWA, 2018). Palestine is
considered one of the region’s most vulnerable to water problems in terms of quantity
due to restrictions imposed on the access to water resources due to political factors and
the shortage of water quantity resulting from the imbalance between water supply and
water consumption. Therefore, it is necessary to know, evaluate and calculate the amount
of available water from recharge, as the amount of the aquifer yield depends mainly on
the amount of recharge (Salim and Wild, 2003; Sahuquillo, 2017).

The increase in population and intensive agriculture in the Eocene Aquifer area caused
an increase in the water demand, followed by a decline in the water table. This decline
led to dryness and abandonment of many wells, especially in the summer where the water

demand is high and the recharge is at a minimum (Almasri et al., 2020).

Groundwater recharge estimations that take into consideration the spatial and temporal
variations are necessary for many hydrological assessments. They assist in developing
and constructing groundwater flow models where the recharge model outputs are used as
inputs to the groundwater flow model, transport of contaminants, and groundwater
replenishment. Recharge is impacted by many land use activities such as urban,

agricultural, and industrial development (Scanlon et al., 2002; Manna et al., 2019).

Figure 1.1 illustrates the features of groundwater recharge along with the factors that
affect this process, which are spatially and temporally variable and difficult to evaluate.
It is also sensitive to many different activities such as urban, agricultural, and industrial
development. It depends on many factors including temperature, rainfall pattern,
classification of land use, land cover, hydrologic soil group, available soil-water capacity,

and surface water flow direction (see figure 1.1). In addition, the recharge has a great role

2



in the transport of contaminants. The regional importance of recharge is apparent as it
determines the safe yield of the groundwater aquifers (Sharma, 1986; Yenhun et al., 2017;
Hartmanna et al., 2017; USGS, 2016; Meyland, 2011).

Figure 1.1:
Features and factors affecting the groundwater recharge.
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There are many codes used to estimate the amount of groundwater recharge (ESPERE!
code, SWAP? code, EARTH? code), but some of them do not take into consideration the
spatial and temporal variations in recharge amount, and others do not perform the
calculations based on the daily timestep. Therefore, the soil water balance (SWB)* code
was used (Day, 2019; Smith and Westenbroek, 2015; Metropolitan Council, 2014;
Harlow and Hagedorn, 2018; Hart et al., 2012).

L ESPERE: estimating effective rainfall and aquifer recharge by different methods
2 SWAP: soil-water-atmosphere-plant
3 EARTH: the extended model for aquifer recharge and soil moisture transport through the
unsaturated hardrock
4 https://www.usgs.gov/centers/umid-water/science/swb-modified-thornthwaite-mather-soil-water-
balance?qt-science_center_objects=0#qt-science_center_objects

3



The SWB code was used intensively in many sites in the U.S. but, to our best knowledge,

was never used in Palestine before.

This research aims to apply the SWB code developed by the U.S. Geological Survey
(USGS), to simulate the potential groundwater recharge for the Eocene Aquifer, which is

located in the northern part of the West Bank, Palestine.

In this research, groundwater recharge will be estimated based on spatial and temporal
distributions. The high potential recharge zones that are important in defining zones
vulnerable to contamination will be delineated by building a groundwater recharge model
for the Eocene Aquifer by SWB code. The percentage of annual recharge from annual
rainfall will be estimated. The verification of the developed model will be carried out
using the water table fluctuation method (WTF) and water demand calculation method
(WDC). The performance of the developed model will be evaluated by calculating the
relative error and goodness of fit between the simulated recharge rates resulting from the
SWB model and the calculated recharge rates resulting from the WTF method. A
sensitivity analysis for recharge and curve number will be done, and the relationships

between recharge, climate, land use, and curve number will be studied.

1.2 Research Questions

The main purpose of this research is to answer the following questions:
1. What is the amount of annual average total recharge in the Eocene Aquifer?
2. Which zones in the Eocene Aquifer have the high potential for recharge?

3. What is the percentage of annual recharge from annual rainfall?

1.3 Research Objectives

The objectives of this research are as follows:
1. To estimate the spatial and temporal variations in groundwater recharge for the
Eocene Aquifer.

2. To delineate the high potential recharge zones.



1.4 Research Outputs

The main outputs of this research are:
1. Maps of the spatial and temporal variations in groundwater recharge for the Eocene
Aquifer.

2. Areadily available recharge model for the Eocene Aquifer.

1.5 Research Motivations

The following are the research motivations:

1. Groundwater in Palestine is the main source of freshwater, and thus it is necessary to
quantify groundwater recharge using a reliable method.

2. This is the first time that a model has been made to simulate groundwater recharge
for the Eocene Aquifer based on spatial and temporal distributions. This will help
and facilitate the work of other researchers in knowing and evaluating the quantity
and quality of water, groundwater modeling, pollutant transport, understanding the
impact of urbanization, agricultural activities and industrial development on the
recharge quantity. In addition, the recharge model helps in developing plans to
protect the groundwater from pollution and the decline in the water table of the

Eocene Aquifer.

1.6 Research Methodology

The overall research methodology is divided into six basic stages (see figure 1.2):
literature review, data collection, data processing, model development, analysis of model

output and the preparation of the conclusions and recommendations.



Figure 1.2:
The Methodology.
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Conclusions and
Recommendations

The first stage in the methodology is the literature review in order to know and study the
methods and theories that have been followed and adopted in previous studies related to
groundwater recharge. We can know the processes that affect recharge, and therefore to
highlight the tools that were used to confront the problems that were encountered in the
previous studies. In addition, the tutorial of the SWB code was studied to understand the
mechanism of code functionality and to know the required inputs and outputs of the
model; to obtain correct results, and to understand the equations and theories on the basis
of which the code was developed.

The second stage of the research methodology includes collecting basic information and
data necessary for the modeling of groundwater recharge. This information and data were
obtained from the Palestinian Water Authority (PWA), previous related studies, the
Palestinian Meteorological Department (PMD), the Ministry of Agriculture (MoA),

reports, and the visits to the study area. The following required data were used:

1. Topographic maps.



2. Climatic data including temperature and rainfall.
3. Hydrologic soil group map.

4. Land use map.

5. Available water capacity.

The third stage includes processing the obtained data. The processing includes converting
the data from shapefiles using ArcMap (GIS) software to tabular and gridded data (ASCI|I
files). The SWB code supports tabular and gridded data that are used as input to the SWB
code.

The fourth stage involves building a groundwater recharge model for the Eocene Aquifer
by SWB code based on the gathered data and information and based understanding and
solving the problems encountered in the stage of model development. After the
verification of the developed model was carried out using the water table fluctuation
method (WTF) and water demand calculation method (WDC). The performance of the
resulting model was evaluated by calculating the relative error and goodness of fit
between the simulated recharge rates resulting from the SWB model and the calculated
recharge rates resulting from the WTF method. Also, a sensitivity analysis for recharge
and curve number was carried out to examine how the percentage change in the curve

number affects the percentage change resulting in the recharge.

In the fifth stage, the developed model was used to study the spatial and temporal
variations in the amounts of groundwater recharge. At this stage, the total annual recharge
amount was calculated, the results of the SWB model were reviewed, maps were made to
show the recharge zones, and the relationships between recharge, climate, land use, and

curve number were studied.

In the sixth and final stage, conclusions and recommendations for future work were made

based on the results of this research.

1.7 Groundwater Recharge: A General Overview

Recharge is a hydrological process that occurs when the water seeps to the underground

and reaches the saturation zone (Yeh et al., 2016). This process (see figure 1.3) begins

with the occurrence of rainfall on the ground surface, followed by the process of water

infiltration into the root zone. The water that was not consumed by the plants and did not
7



evaporate will continues to infiltrate by a process called percolation (recharge) and
supplies the groundwater aquifer with water (Freeze and Cherry, 1979; Anderson et al.,
2015).

Groundwater recharge is one of the components of the hydrological cycle, but it is the
least understood one; because it is highly variable in space and time, and is difficult to
measure directly (Lentswe and Molwalefhe, 2020). However, knowing and measuring the
recharge of the aquifer is vital and extremely important for the groundwater management
process (Simmers, 1990; Adane et al., 2018). There are many methods that are used for
the process of determining the recharge of groundwater, including: (1) Physical methods
that depend in their calculations on the water balance and soil physics; (2) Chemical
methods that use water-soluble materials such as tracer; (3) Hydrological modeling
methods that work to develop an approximate model by using water balance calculations
to simulates the real situation (Melati et al., 2019; Healy and Scanlon, 2010).

Figure 1.3
The hydrological cycle process (Adhikari, 2020).
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The process of groundwater recharge occurs slowly and depletion of groundwater
resources may occur if they are exploited in the long term at rates greater than the recharge
rates. This leads to a decrease in the level of water table. Therefore, it is necessary to
make estimations of recharge quantities to achieve the water budget in groundwater

aquifers and appropriate utilization of groundwater in quantities (Jemal, 2006).
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The main factors that affect the amount and movement of recharge are:

1.

Geology: the amount of recharge is affected by the geological formations of the
aquifer. The aquifers with highly permeable geological formations are the best
aquifers. Water moves easily within the aquifer when internal voids and fractures are
well connected. The aquifer contains sufficient and connected voids and fractures
that make it a good aquifer in terms of storage capacity and ease of water passage.
This leads to an increase in the recharge amounts. Some sedimentary rocks such as
limestone and sandstone are good aquifers; due to containing fractures and voids of
high permeability. Igneous and metamorphic rocks such as granite and quartz have a
low porosity, which makes them poor aquifers and their recharge amount is low
(Vandas et al., 2002);

Rainfall: groundwater recharge rates are highly affected by the amount, duration,
distribution, and intensity of rainfall. There is a direct relationship between
infiltration and recharge. The duration of the rainfall has a great influence on the
infiltration rate. When the rainfall occurs, infiltration occurs rapidly because the soil
IS unsaturated, and with time the rate of infiltration begins to slow until the soil
reaches saturation conditions and the surface runoff begins to increase, accompanied
by a decrease in groundwater recharge rates. Rainfall occurrence over a short period
of time results in low recharge quantities; because the soil did not take enough time
for the water to pass through. On the contrary, the occurrence of rainfall over a longer
period of time is accompanied by higher rates of infiltration and recharge rates
(USGS, 2019);

Soil type: it is one of the factors that have a great impact on the recharge rate. Water
moves and seeps faster within sandy soils due to its large pores, which increase the
recharge rate, but in clay soils, the pores are small and cause a decrease in infiltration
rates. This leads to an increase in surface runoff and decrease in groundwater
recharge rates (USDA, 2011);

Slope: when the slope of the land surface is high, surface runoff occurs more easily,
which leads to a decrease in infiltration rates due to decrease in water ponding on the
surface, and thus the groundwater recharge rate is reduced (USGS, 2019);

Soil compaction: it occurs when the space between soil particles is reduced due to

the compression of soil particles together, as a result, the permeability of the soil



decreases, which leads to a decrease in the infiltration rate, soil drainage and leads to
a decrease in the recharge rate (University of Minnesota Extension, 2018);

6. Weather conditions: the amount of groundwater recharge is affected by weather
changes, where the highest rates are during the winter due to rainfall and low
temperatures, which are followed by fewer evaporation rates. Lower recharge rates
in the summer are due to high temperature and absence of rainfall (Kotchoni et al.,
2018);

7. Land use: this has a significant impact on the rate of groundwater recharge. Urban,
industrial and agricultural development, followed by increasing the areas of buildings
and paved streets (impervious areas), causes an increase in water demand and a
decrease in the areas exposed to infiltration, which leads to a decrease in groundwater
recharge rates (Yang and Zhang, 2011);

8. Permeability: the increase in the pore size in the soil leads to an increase in the
permeability of the soil (the ability of the soil to transmit a fluid). This leads to an
increase in the infiltration rates, which increases the groundwater recharge rates
(USGS, 2018); and

9. Soil moisture content: groundwater recharge rates are affected by soil moisture
content. Saturated soil loses its ability to hold more water where infiltration rates
reach its maximum capacity. This leads to an increase in runoff and reduced recharge
rates (Silva and Rushton, 2007).

It is important to take these factors into consideration when estimating groundwater
recharge (Thapa et al., 2017; Rukundo and Do“gan, 2019; Lwasaki et al., 2014).
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Chapter Two

Literature Review

2.1 Introduction

Due to the importance of groundwater, many studies have been concerned with estimating
the amount of recharge locally and worldwide. Groundwater recharge is the main factor
that determines the sustainability of groundwater aquifers because it determines the
maximum amount of water that may be withdrawn from the aquifers without depleting it
(D6l and Fiedler, 2008). For effective and sustainable groundwater management, the
groundwater recharge must be modeled based on the spatial and temporal distribution in
order to be used in groundwater flow models and to be employed in making
administrative decisions related to the water. In addition, it contributes to preparing maps
of groundwater recharge zones and determining recharge rates (Dripps and Bradbury,
2007).

The following are studies to estimate the amounts of groundwater recharge.

2.2 Worldwide Studies of Groundwater Recharge Estimation

Hatfield et al. (1999) used the water budget method (see equation 2.1) to calculate the
amount of potential recharge to the Walnut creek watershed located in the southern part
of the lowa State, U.S. The amount of recharge was calculated for the time period from
1992 to 1995 and the results were 0.04 in, 2.2 in, 4 in, and 3.7 in, respectively. The study
showed that the average amount of recharge for the study period was less than 5% of the

annual rainfall for the same period.
Recharge = (Precipitation — Evapotranspiration) + Stream discharge  (2.1)
Where each term in equation 2.1 has the same units (inches per year).

Hart et al. (2012) used the SWB model to estimate groundwater recharge based on spatial
and temporal variations in Dane County, Wisconsin, U.S. They also used the resulting
maps (groundwater recharge maps) to identify areas that contribute significantly to
recharge for the study area. The annual variation rate of recharge for the study area was
from less than 5 in/year to more than 20 in/year in the period from 1950 to 2008. They

showed that the temporal variations in the recharge value were due to annual climate
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changes, while the spatial variations were due to land use, soil type, and topography of
the area. Their results demonstrate that applying the SWB model gives very consistent
and reasonable results compared to various other methods for estimating the amount of
recharge, and the SWB model gives high accuracy in results with low effort.

Metropolitan Council (2014) recommended a study using the SWB model with a
groundwater flow model for regional water supply planning for the Twin Cities
metropolitan area (Minneapolis - Saint Paul), U.S. The main objective of the research was
to estimate the spatial variations of the groundwater recharge. This study, using the SWB
model, estimated the recharge rates for the entire area for the period 1988-2011, which
averaged about 8.2 in/year. The study worked on the overlap of the SWB recharge grids
and the MODFLOW grids for groundwater modeling. Finally, the results of the study
showed that the SWB model is a good application that allows the estimation of spatially
and temporally variable recharge quantities that reflect changes in climate, soil, and land

use.

Smith and Westenbroek (2015) estimated groundwater recharge for the entire state of
Minnesota, U.S. using the SWB model, as they found that the potential annual rate of
groundwater recharge for the entire study area for a period of 15 years is estimated to be
about 4.9 in/year. The study showed that the lowest recharge area was in the western part
of the state where the rainfall is low, and also because of its clayey soil with lower
permeability. The model was calibrated using baseflow separation techniques for 35
watersheds within the state; to provide separate recharge values for each area. The
calibrated model showed a good correlation with baseflow recharge estimates and
concluded that the SWB model gives reasonable spatial and temporal recharging
estimates that can be incorporated into water balance calculations and groundwater
modeling.

Harlow and Hagedorn (2018) applied the SWB model to simulate groundwater recharge
on Catalina Island, California, U.S. for the years 2008-2014. The study showed that the
annual groundwater recharge rate was the lowest in 2013 about 0.05 mm/year, the highest
in 2008 about 82.3 mm/year, and the annual recharge rate for all years during the study
period was 23 mm/year. The research proved that the percentage of recharge to gross

precipitation for all years was 6.55%. The study clarified that in the years 2009, 2011,
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2012, 2013, and 2014, significant parts of the island did not receive any groundwater
recharge. This indicated the severity of the recent drought in this state. The research
recommended the need to pay attention to the application of methods that highlight
groundwater sustainability, use the outputs of this study as inputs in the groundwater flow
model, and test the response of the groundwater system for Catalina Island in different

groundwater use scenarios.

Day (2019) estimated the mean annual potential recharge (MAPR) for the Des Moines
lobe in central lowa, U.S. during the 20-year period from 1996-2015 using the SWB
model and calibrated the estimates of the MAPR value with the values derived from the
baseflow separation analysis process, in addition to estimating the sensitivity of the
MAPR to curve number values. The results of this study showed that the MAPR for 20
years was 6.3 in/year. During the same period, the average precipitation was 36 in, and
the study indicated that the estimate of recharge represents 17% of the precipitation value.
In addition to finding a strong relationship between precipitation and recharge. Significant

differences in recharge values were observed based on surficial geology.

Cambraia Neto and Rodrigues (2020) evaluated methods for estimating groundwater
recharge of watersheds located in the Brazilian Savannah region. The recharge rates for
this region were calculated using several methods, including baseflow separation (BFS)
(see equation 2.2), water table fluctuation (WTF) (see equation 2.3), and a sequential
water balance (BALSEQ) (see equation 2.4) for the period from October 2009 to
September 2011. The results showed that the groundwater recharge rates resulted from
these methods were estimated as a percentage of the total rainfall, as it constituted 23.7%
using the baseflow separation method, 26.6% using the water table fluctuation and by
using the BALSEQ method, the amount of recharge was estimated at 31.5% of the annual
rainfall rate. The study proved that the calculated estimates of the amount of groundwater
recharge by the methods used were consistent with the values observed in other
agricultural watersheds, in addition, that they proved that the methods used can be used

to work on sustainable management of groundwater aquifers within the study area.
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Recharge = Qo — Qon + BF + ET + AS (2.2)
Where;
Qo is groundwater off the watershed;
Q,» 1s groundwater onto the watershed,
BF is baseflow discharge;
ET is evapotranspiration from groundwater;

AS is the change in groundwater storage?

Recharge (m) = Sy% (2.3)
Where;
S, is specific yield (unitless);
h is water table height (m);
tis time.

RAQ = PRC — SR — EVR (2.4)
Where;

RAQ is the aquifer recharge (mm);

PRC is the daily precipitation (mm);
SR is the daily surface runoff (mm);
EVR is the evapotranspiration (mm).

By reviewing the worldwide studies, it was noticed that the SWB model is widely used

and applied for estimating groundwater recharge based on spatial and temporal variations.

The results of these studies were proved that the application of the SWB model gives very

reasonable and consistent results compared to the various other methods used to estimate
14



the amount of recharge (Hart et al., 2012; Metropolitan Council, 2014; Smith and
Westenbroek, 2015; Harlow and Hagedorn, 2018; Day, 2019). These studies showed that
the SWB code gives close results for recharge values calculated using the streamflow
method. The SWB code was used intensively in many sites in the U.S. but, to our best

knowledge, was not used in Palestine.

2.3 Local Studies of Groundwater Recharge Estimation

The estimates of groundwater recharge are very important due to the reliance of many

studies of water resources in Palestine on it (KHALAF, 2010).

SUSMAQ project (2004) developed a groundwater flow model for the Eocene Aquifer,
West Bank, Palestine. The aim of the research was to understand and evaluate the
availability and flow of groundwater in the Eocene Aquifer. The resulting model was used
to manage the water resources and to assess the variations and factors affecting the quality
and quantity of water for the study area. This work estimated the amount of recharge

based on empirical equations taken from previous studies (see equations 2.5, 2.6 and 2.7).
For Ra < 300 mm/yr,Re = 0.15 X Ra (2.5)
For Ra =300 mm/yr and < 650 mm/yr,Re = 0.534 X (Ra — 216) (2.6)
For Ra = 650 mm/yr,Re = 0.8 X (Ra — 360) (2.7)
Where;
Re is the recharge in mm;
Ra is the rainfall in mm.

These equations were adapted through steady-state simulation for this study by adjusting
the coefficients according to the amount of rainfall. By using the previous equations, the
amount of recharge was obtained as a percentage of the amount of rainfall for each year
of study period. The resulting model was calibrated against the transient state condition
and the annual differences between the measured water level and the simulated hydraulic
head were ranged between (2-5) meters. Through the work on this project, it was noticed
that some parts of the Eocene Aquifer work as a confined aquifer and other parts work as
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an unconfined aquifer. This reflects the natural formations of the Eocene Aquifer. The
resulting model indicated that the most sensitive factors were recharge variations and
aquifer geometry. The results of the study recommended that the sustainable yield in the
transient state of the Eocene Aquifer should not exceed 29 mcm/year.

Asbah (2004) estimated monthly groundwater recharge of the Auja-Tamseeh catchment,
Palestine. The aim of the study was to develop a model for the monthly distribution of
recharge quantities based on the hydrological observations that were developed through
analyzing the quantities of rainfall and studying its effect on the rise of the groundwater
level in the aquifer. Through the observations and assumptions, the numerical recharge
equation was developed for the monthly estimate of the recharge on the Auja-Tamseeh
catchment (see equation 2.8), as this equation took into consideration the spatial and

temporal distributions of rainfall quantities for the study area.
R, =-2XR, (2.8)

Where;

R; is the monthly recharge in mm;

P, is the annual rainfall in mm;

R, is the annual calibrated recharge in mm;

P_; is the accumulated rainfall from pervious months to current month in mm.

The study proved that the percentage of groundwater recharge from the amount of rainfall
was equal to 21%, which is a value close to results of other studies like SUSMAQ study

of Wadi-Natuf were this percentage was equal to 25.7 %.

Baalousha (2005) estimated groundwater recharge using cumulative rainfall departure
method (CRD) for the coastal aquifer of Gaza Strip, Palestine. The method used in the
calculations is based on the principle of water balance. The study showed that the method
used does not require much data compared to other methods used to estimate recharge.
The CRD method was carried out using optimization approach to minimize the root mean
square error (RMSE) between the measured and the simulated groundwater head. After
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making comparisons with other studies, the results of this study proved that the CRD
method used gave results very close to the results of other methods, but with less data
requirements and greater ease of application compared to other methods. One of the
results of the study was to find the annual amount of groundwater recharge that results

from rainfall in the Gaza Strip, which was 43 MCM.

Tubeileh et al. (2006) used the MODFLOW software to develop a groundwater model to
assess the water budget, groundwater movement, and annual yield of the Eocene Aquifer,
West Bank, Palestine. The study concluded that the most influencing and sensitive factors
for the Eocene Aquifer are recharge and hydraulic conductivity. The study relied on
previous relevant studies in the estimates of the amount of recharge. These previous
studies estimated the amount of recharge as a percentage of rainfall based on the
distribution of rainfall intensity, topography, soil characteristics, and land use. The study
showed that the sustainable yield of the Eocene Aquifer is about 72 MCM.

Kharmah (2007) used Groundwater Management (GWM) software to develop a
management tool to determine the spatial distribution of sustainable pumping rates in the
Eocene Aquifer, West Bank, Palestine. The study used the modified empirical equations
by Guttman (1998) to estimate recharge for the Eocene Aquifer. The average annual
groundwater recharge from rainfall was about 78 MCM. The groundwater model was
developed by using the MODFLOW software and calibrated under steady-state
conditions. It showed that the annual discharge from the Eocene Aquifer outside the West
Bank is around 55 MCM, and then the study used this resulting simulation model in
developing the GWM model to find out the sustainable pumping rates that the aquifer can
sustain without causing its depletion (safe yield). The results of the study showed that the

safe yield from the Eocene Aquifer was about 23 MCM.

Juaidi (2008) estimated the amount of groundwater recharge for the entire area of the
West Bank, Palestine, using the soil moisture deficit method (SMD). The ModelBuilder
of GIS was used to develop a model for groundwater recharge based on the SMD method,
and the aim of the study was to develop a readily available recharge model for the West
Bank based on spatial and temporal variations in the amount of groundwater recharge.
The highest recharge rates occurred in the north-western parts of the West Bank, while

the lowest rates of groundwater recharge occurred in the south-eastern parts, and this was
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according to the spatial distribution of rainfall and potential evaporation. The study
showed that the total annual recharge for the year 2004 was 852 MCM for the entire study
area. The long-term groundwater recharge rate was estimated for the period 1975-1997
was 610 MCM for the entire study area.

By reviewing previous local studies, it was noticed that these studies focused on
developing models of groundwater flow. However, these were based on their estimate of
the amount of recharge for the Eocene Aquifer area on annual or monthly rainfall rates,
and on empirical equations obtained from other areas (SUSMAQ, 2004; Asbah, 2004;
Tubeileh et al., 2006; Kharmah, 2007). These studies did not take into account many of
the basic factors. These factors have a significant effect on recharge values. Among these
factors are the hydrological soil group (HSG), spatial and temporal distribution of daily
rainfall values, flow direction, change in soil moisture, available water capacity (AWC),
evapotranspiration, root zone depth, interception, and land use types. This proves that
estimating recharge based only on the amount of rainfall gives inaccurate results
(Westenbroek et al., 2010). This approach of estimating recharge proves to be
inappropriate for developing groundwater flow models and for pollution models. As this
gives inaccurate results compared with models based on daily rainfall data and spatial and

temporal distributions of the recharge amount (Westenbroek et al., 2010).

This research aims to develop a recharge model for the Eocene Aquifer area based on
spatial and temporal variations and based on daily rainfall data. This provides accurate
and reasonable values for recharge and contributes to assessing the water situation in this

aquifer.
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Chapter Three
The Swb Code

3.1 General Background

The estimates of the amount of groundwater recharge based on spatial and temporal
variations are very important for many hydrological assessments such as water quality
protection, stream flow management, replenishment of groundwater aquifers,
groundwater flow modeling, and pollutant transport. Also, it helps in understanding and
studying the impact of urban, industrial, and agricultural development (Scanlon et al.,
2002).

The SWB code is a computer code developed by the USGS to calculate spatial and
temporal variations in groundwater recharge (Westenbroek et al., 2010). It was developed
to quickly and easily estimate the amount of groundwater recharge. The SWB code does
not have a graphical user interface (GUI), but is a control file that reads the control
statements that have been programmed by the code developers to model the groundwater
recharge. The SWB code calculates the components of water balance at a daily timestep
based on a modified version of the Thornthwaite-Mather soil water balance approach
(Thornthwaite, 1948; Thornthwaite and Mather, 1957). The USGS personnel developed
and modified the SWB code to allow the use of available GIS datasets to estimate the
amount of recharge (Westenbroek et al., 2010) based on the code written by Weston
Dripps (2003) as part of his doctoral dissertation at the University of Wisconsin-Madison
that was subsequently published by Dripps and Bradbury (2007). Groundwater recharge
is highly variable with respect to time and space (Jyrkama and Sykes, 2007). Many
groundwater modelers assume the value of groundwater recharge as a percentage of the
rainfall (Jyrkama and Sykes, 2007). This assumption gives inaccurate results; because it
does not take into account the spatial distributions that have a significant impact on the
value of recharge and that improve the performance of the model.

3.2 SWB Theory

The SWB code uses a modified version of the Thornthwaite-Mather method
(Thornthwaite and Mather, 1957) to estimate the amount of groundwater recharge. The
SWB code calculates the amount of groundwater recharge separately for each grid cell in
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the model domain. The SWB code requires entering all input data (climate data and
landscape characteristics) as gridded data in the form of American Standard Code for
Information Interchange (ASCII) file in order to make calculations of groundwater
recharge for each grid cell in the model domain separately. The sources and sinks of water
are calculated in each grid cell and the recharge is calculated based on the difference
between these sources and sinks and the change in soil moisture according to equation
3.1 (Westenbroek et al., 2010). The SWB code imposes a restriction on the outline of the
study area to be rectangular or square shape to avoid the presence of grid cells with
missing data that causes errors in the model run. The outline of the study area is defined
for the SWB code by entering the coordinates (from GIS) of the corners of the square or

rectangular study area and entering the grid cell size (Westenbroek et al., 2010).

Recharge = (Precipitation + snowmelt + inflow) - (interception + outflow +

ET) — Asoil moisture (3.2)

3.3 Input data

All the input data that the model requires are available and easy to obtain. The SWB code
requires climatic data (rainfall and temperature data), soil characteristics maps (land
use/land cover), study area boundaries, and elevation maps (contour maps). All of this
data is easy to provide and obtain from the related local authorities or from the related
websites, the SWB code allows processing this data using a geographic information
system (GIS) to convert it into a format that the code can reads (ASCII files). Therefore,
the SWB model does not require field data. The SWB model requires seven types of data
(see table 3.1), including gridded and tabular data. The required gridded data (ASCII)
includes land cover/land use data, flow direction, hydrological soil group (HSG),
available water capacity (AWC), climatic data. The tabulated data, includes the soil
moisture retention table and the soil and land use properties lookup table (Westenbroek
etal., 2010).
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Table 3.1
Required input data for SWB model.

Description

Required Data Data Type
Land use Gridded
Hydrological soil grou

Y J group Gridded
(HSG)
Flow direction (D8) Gridded
Available water capacity )

Gridded

(AWC)
Climate data Gridded
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ASCII file contains integer values for each
grid cell in the model domain, that were
assigned to describe the land use type and
soil properties present in the study area
based on the land use and soil lookup table
used as an input.

ASCII file contains integer values (1 - 4) for
each grid cell in the model domain, that
were assigned to describe the hydrological
soil groups (A, B, C, D) present in the study
area, where these groups ranging from 1
(soil group A) to 4 (soil group D).

ASCII file contains integer values (1, 2, 4,
8, 16, 32, 64, 128) for each grid cell in the
model domain, that were diverted from the
digital elevation model (DEM) for the study
area, to determine how to route overland
flow between cells.

ASCII file contains real number values for
each grid cell in the model domain, that
estimated by Dripps (2003) for various soil
texture groups, which range from 1.20 for
sand soil to 3.6 in/ft for clay soil, that were
assigned to describe the amount of water
holding capacity in inches per foot of soil
thickness.

The SWB code requires about 1,098 ASCI|I
climate files, 366 containing the daily
precipitation values in inches and the others
for the daily maximum and minimum
temperature values in Fahrenheit, for each

grid cell in the model domain.



Table in a tab-delimited text file format
containing land use codes, curve number

) values, interception values, root depth, and
Land use and soil lookup

abl Tabular maximum daily recharge (max infiltration)
able

for each land-use type in the study area to
calculate model parameters on the basis of
grid cell properties.

The table attached with SWB code

) . ) developed by Thornthwaite and Mather
Soil moisture retention

tabl Tabular (1957), used to calculate the change in soil
able

moisture during the periods of unsatisfied

potential evapotranspiration.

The SWB code uses the input parameters to calculate the amount of groundwater

recharge, including precipitation, snowmelt, and inflow.

3.3.1 Precipitation

The daily precipitation is previewed from the SWB code in order to determine whether
the precipitation will take the form of rain or snow. The amount of precipitation is entered
for each cell in the model domain in the form of ASCII grid files for each day of the study

year, in inches (Westenbroek et al., 2010).

3.3.2 Flow direction

The SWB code uses a flow direction grid derived from a digital elevation model (DEM)
to calculate the inflow (surface runoff supplied to a grid cell from upslope cell) for each
cell in the model domain. The outflow (surface runoff leaving a grid cell to an adjacent
downslope cell) is routed to adjacent downslope grid cells based on flow direction input.
The inflow is optional in the SWB code and can be turned off and considered as zero if
the flow routing is turned off (Westenbroek et al., 2010).

The parameters that reduce the amount of water that is computed as groundwater recharge

include interception, outflow, evapotranspiration, and change in soil moisture.
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3.3.3 Interception

The interception values are manually entered in inches (in) for each land use type and for
each season (growing and dormant). The SWB code allows the user to enter the
interception value from any reference. The code assumes that the water does not reach
the surface of the soil until the daily precipitation value exceeds the specified interception

value.

3.3.4 Hydrological soil group (HSG)

The SWB code uses the HSG as an input to understand the group of soil present in the
study area based on the infiltration capacity. The U.S. Department of Agriculture
(USDA), Natural Resource Conservation Service (NRCS) has divided about 14,000 soil
series into four groups (A, B, C, and D) based on the infiltration capacity. These groups
are defined for the code in the form of integer grids ranging from 1 (soil group A) to 4
(soil group D), where the soil group A constitutes the highest infiltration capacity and the
lowest potential surface runoff, and the soil group D has the lowest infiltration capacity
and the highest potential surface runoff (see table 3.2). The SWB code allows assigning
the daily maximum recharge values for each soil group in the study area according to
table 3.2. Any value that exceeds the daily maximum recharge value is considered by the

code as a rejected recharge.

Table 3.2:

Infiltration rates for NRCS hydrological soil group (Cronshey et al., 1986).

Soil Group Infiltration Rate (inches/day)
A >7.2
B 36-7.2
C 1.2-36
D <1.2

3.3.5 Available water capacity (AWC)

Each soil type within the study area must be assigned values of AWC and the depth of
the root zone in order to calculate a value of maximum soil water capacity (MSWC) (see
equation 3.2). The AWC is the amount of water holding capacity in inches per foot of soil
thickness. The SWB code allows the use of the soil texture to assign the AWC values as
in a table 3.3 (Dripps, 2003; Thornthwaite and Mather, 1957). The value of MSWC

expresses the maximum amount of soil water storage and the SWB code assumes that any
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amount of water added to the soil column in excess of this value becomes a recharge
(Westenbroek et al., 2010).

MSWC (in) = AWC (in/ft) x RZD (ft) (3.2)

Where;

MSWC is the Maximum soil water capacity;
AWC is the Available water capacity;

RZD is the Root zone depth.

Table 3.3:
The estimated available water capacities for various soil texture groups (Dripps, 2003;
Thornthwaite and Mather, 1957).

Soil texture AWC (in/ft)
Sand 1.20
Loamy sand 1.40
Sandy loam 1.60
Fine sandy loam 1.80
Very fine sandy loam 2.00
Loam 2.20
Silt loam 2.40
Silt 2.55
Sandy clay loam 2.70
Silty clay loam 2.85
Clay loam 3.00
Sandy clay 3.20
Silty clay 3.40
Clay 3.60

3.3.6 Inflow and Outflow

The SWB code calculates the amount of inflow and outflow for each cell within the model
domain using the USDA-NRCS curve number rainfall-runoff relationship (Cronshey et
al., 1986). This rainfall-runoff relation depends on four properties: land use, soil type,
surface condition, and antecedent runoff condition. The curve number (CN) method
defines runoff as the difference between precipitation (P) and initial abstraction (la). The
initial abstraction is the amount of precipitation that must fall before runoff is generated.
It expresses the summation of all processes that may cause a reduction in the amount of
surface runoff, including depression storage, infiltration, and an interception by plant and
fallen leaves (Woodward et al., 2003). Runoff volumes are calculated by using equation

3.3 (Woodward et al., 2002):
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(P=1g)?
N (P+ [Smax_la])

P>, (3.3)

Where;

R is runoff (L);

P is daily precipitation (L);

Smax 1S maximum soil-moisture holding capacity (L);
la is initial abstraction (L).

la is related to Smax (See equation 3.4):

I, = 0284, (3.4)

For the land cover type, the max storage term in the SWB code was defined by the CN

(see equation 3.5)

S = (%) ~10 (3.5)
The SWB code adjusts the CN upward or downward depending on the amount of
precipitation that occurred in the previous five-day period. This precipitation value is also
used to describe the soil moisture conditions and determine their classes. There are three
classes of moisture condition called antecedent runoff condition (ARC) I, Il, and I11 (see
table 3.4) (Westenbroek et al., 2010). The curve number values that are provided to the
model in the land use lookup table are normal conditions (ARC I1) where the SWB code
automatically adjusts the CN values based on the moisture conditions by using certain
equations. When the soil is nearly at saturation, the CN is automatically adjusted upward
(see equation 3.6) from the normal conditions (ARC I1) to the nearly saturated conditions
(ARC I11), because in saturated soil the amount of surface runoff is higher (Mishra et al.,
2003; Westenbroek et al., 2010).

_ CNarc(rn
CNareqny = (0.427+0.00573+CN arc(ir)) (3.6)

When the soil is dry (ARC 1), the SWB code automatically adjusts the curve number
downward (see equation 3.7), because in dry soil the runoff will be reduced and the
infiltration will be increased (Mishra et al., 2003; Westenbroek et al., 2010).
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CNaRrc(n (3 7)
(2.281+0.01281%CN arc(ir)) '

CNARC(I) =

The CN range from 0 to 100, where 0 indicating no surface runoff (pervious surface), and
100 indicating the highest value of surface runoff (impervious surface) (Mockus, 1964).
The initial abstraction value used by the SWB code indicates that the surface runoff does
not occur until precipitation falls between 1 to 117 mm (0.04 to 4.6 in), where the 1 mm
Is expressed as the minimum precipitation when the CN is equal to 100 and the minimum

precipitation is 117 mm when the CN is equal to 0 (Westenbroek et al., 2010).

Table 3.4:
Definition of antecedent runoff conditions used in the SWB code [Precipitation in

preceding 5 days, in inches].

Condition Soil Wetness Dormant Season Growing Season
| Dry <0.05 <14
1 Average 05-11 14-21
Il Near saturation >1.1 >2.1

3.3.7 Evapotranspiration (ET)

ET defined as the sum of the water that leaves the system as water vapor through
evaporation from water bodies, snow, and ice, as well as the evaporated water resulting
from plant respiration (transpiration) (Dingman, 2015). The SWB code uses the
Hargreaves-Samani method in calculating the ET, as this method was developed based
on 8-years of lysimeter measurements for ET and by deriving an equation to produce ET
estimates (see equation 3.8) (Hargreaves and Samani, 1985). In order to produce spatially
distributed estimation for potential-evapotranspiration (PET), the SWB needs to be
supplied with the input of the daily maximum and minimum temperature grids. The SWB
code deals with the interception value as ET. As for the calculation of actual ET, when
precipitation minus potential evapotranspiration (P-PET) is negative, the actual
evapotranspiration (AET) equals the change in soil moisture. When P-PET is positive
then the AET equals PET (Westenbroek et al., 2010).

ET = 0.0135 (KT)(R,)(TD)%>(TC + 17.8) (3.8)
Where;

TD = Tmax - Tmin (OF);
26



TC = the average daily temperature (°F);
Ra = extraterrestrial radiation (in/day);

KT = empirical coefficient (KT = 0.162 for interior regions, KT = 0.19 for coastal

regions).

3.3.8 Initial soil moisture (ISM)

The ISM expresses the percentage of saturation of the AWC. The ISM is one of the basic
inputs required for the SWB code. The code allows the user to enter it either as a single
constant value for each study area or as a grid value that depends on land use, soil type,
and rainfall distribution. To obtain a realistic values and accurate results, the ISM value

must be entered as grid data.

3.3.9 Change in soil moisture (A soil moisture)

Soil moisture represents the amount of water infiltrated into the soil and held in soil
storage in each grid cell. The SWB code uses input soil information, the land cover
information, and the Thornthwaite-Mather (T-M) tables to calculate the MSWC
(maximum soil water holding capacity that roughly equivalent to field capacity) (in/ft)
using equation 3.2. The minimum value of soil moisture corresponds to the soil's wilting
capacity (Westenbroek et al. 2010). The SWB code uses the Thornthwaite and Mather
(1957) soil-water-balance method to calculate the change in soil moisture storage per day
for each grid cell in the model domain. The first step in calculating the soil moisture value
for any grid cell is the calculation of the Precipitation minus Potential Evapotranspiration
(P — PET). In the second step the accumulated potential water loss (APWL) is calculated,
which is a running sum of the P — PET values and represents the total amount of
unsatisfied PET to which the soil has been subjected. Increasing the value of APWL
results from a negative value of P-PET. As the APWL increases, soil moisture is less
readily given up to ET or recharge. The decrease in the value of the APWL results from
the positive value of P-PET, and this leads to an approach to the maximum soil-water
capacity (storage is full) and the excess soil moisture will be considered as groundwater
recharge and the APWL is reset to zero (Westenbroek et al. 2010).

To avoid the occurrence of error messages in the running of SWB code, the grid cell size

and the grid extent for all gridded inputs must be the same and perfectly aligned. The grid
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cell size should be chosen based on the accuracy of the features available data. The
smaller grid cell size gives more accurate results yet the code will take more time to give

the outputs, and vice versa (Westenbroek et al. 2010).

3.4 Output data

The SWB code provides the user with different types of daily, monthly and annual output
as needed, and these outputs include tabular files, gridded files, and images. The tabular
files are in Excel format and contain a summary of the daily calculations that the code has
made, while the output gridded files and images allow the user to obtain it at a daily,
monthly, or yearly frequency, according to the user's need, and from these outputs, gross
precipitation, snowfall, snow cover, minimum daily air temperature, mean daily air
temperature, maximum daily air temperature, interception, net precipitation (gross
precipitation minus interception), runoff outside (surface flow that’s flow out of the model
domain), rejected recharge (recharge in excess of the daily maximum recharge rate),
inflow (surface flow supplied to grid cell), outflow (surface flow leaving a grid cell),
potential evapotranspiration, actual evapotranspiration, soil moisture, change in soil
moisture, and recharge. The code also provides outputs in the form of a grid file for the
final soil moisture (FSM), which the code produces automatically to allow the user to use
as an input for the ISM to get realistic results (Westenbroek et al. 2010).
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Chapter Four
Description of the Study Area

4.1 Location

The aquifers in the West Bank, Palestine are divided into three main aquifers: the eastern
aquifer, the northeastern aquifer, and the western aquifer (see figure 4.1) (PWA, 2001b).

Figure 4.1:

The aquifers located within the West Bank, Palestine.
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The Eocene Aquifer is one of the main sources of water in the West Bank, Palestine
(PWA, 2018). This aquifer is located in the northeastern aquifer (the northern part of the
West Bank, Palestine) (see figure 4.2). The Eocene Aquifer covers Jenin District, part of
Nablus District and part of Tubas District (see figure 4.3). It has a total area of about 648
km?, of which 458.6 km? are located inside the West Bank (see figure 4.4). The Eocene
Aquifer was chosen as the study area for this research because: 1) this aquifer serves 43
communities with a total population of about 203,400 persons (Almasri et al., 2020); 2)

the intense agriculture in the study area, which depends on irrigation from the
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groundwater wells; and 3) dry and abandonment of many groundwater wells in the area
especially in the summer season that resulted from declining the water table in the aquifer
where water demand is high and groundwater recharge is at minimum (Almasri et al.,
2020).

Figure 4.2:
The outline of the Eocene Aquifer with its regional location.
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Figure 4.3:
The districts located within the Eocene Aquifer.
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Figure 4.4:
The extends of Eocene Aquifer beyond the boundaries of the West Bank.
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4.2 Climate

The climate of the study area is classified as hot and dry in summer, cool and humid in
winter (UNEP, 2003). The minimum and maximum temperatures in winter are 7 °C and
15 °C respectively, and in summer the minimum and maximum temperatures are 20 °C
and 33 °C, respectively. Towards the west, the potential evaporation rate decreases. The
potential evaporation rate ranges between 1,850 mm and 2,100 mm. As for the humidity,
the annual mean is around 62% (Almasri et al., 2020). The aquifer yield depends highly
on rainfall, where the average annual rainfall in the study area for 2020-year equal to
503.22 mm (19.81 in) and ranges between 411 mm (16.2 in) and 777 mm (30.6 in). The
rainy season in the study area extends from October to May, the maximum rainfall occurs
in January, and the lowest temperature occurs in January and February (Kharmah, 2007).

There are about 13 rain gauges located inside the study area (see figure 4.5).

Figure 4.5:
The distribution of rain gauges within the Eocene Aquifer.
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4.3 Topography

The elevations of the ground surface in the study area range from 75 m above sea level
(AMSL) in the north and up to 925 m (AMSL) in the south (see figure 4.6). The study
area is characterized by its containment of closed and semi-closed depressions such as
the Arrabah Plain, Marj Sanur, and Marj Ibn Amer. The topography of the Jenin District
is divided into three regions of the western and eastern slopes and the mountain crests,
where the eastern slopes that lie between the central highlands and the Jordan Valley are
classified as steep slopes and contribute to the formation of wadies. The mountain crests
separate the western and eastern slopes with a height ranging from 400 m (AMSL) to 500
m (AMSL). The western slopes are classified as gentle slopes, with elevations ranging
between 100 m (AMSL) and 400 m (AMSL) (ARIJ, 1996).

Figure 4.6:
Topography of the Eocene Aquifer.
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4.4 Soil texture

The study area is characterized by its fertile agricultural lands (Kharmah, 2007) and the
soil in the study area is divided in terms of texture into two types (see figure 4.7): (1) clay,
which constitutes the largest percentage of the study area as they constitute about 91.31%,
(2) clay loam, which constitutes a percentage of 8.69%. Clay and clay loamy soils have a
low infiltration rate of < 1.2 inches per day compared to other soil textures. This reflects
the decreasing the amount of recharge in the areas containing these soils. In terms of water
holding capacity, clay and clay loam soils have a water holding capacity of 3.6 and 3 in/ft,
respectively. Since the clay soil has a higher AWC than clay loam soil, this reflects a

higher maximum soil-water storage and less groundwater recharge than clay loam soil.

Figure 4.7:

Soil texture in the Eocene Aquifer.
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4.5 Water resources

In the Eocene Aquifer, water is used to secure irrigation and domestic needs. There are
about 120 wells and 14 springs (see figure 4.8); 67 of wells are agricultural wells, six

domestic wells, and others are dry or abandoned wells (Almasri et al., 2020).

34



Figure 4.8:

The distribution of wells within the Eocene Aquifer.
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4.6 Land use

Land use patterns are shaped by a variety of climatic and topographical conditions,
availability of natural resources, and political factors. As these factors affect the
distribution of urban and agricultural areas, roads, and other land uses (ARIJ, 2002). Land
use is one of the most influencing factors affecting spatial estimates of the groundwater
recharge. The characteristics of the land use types differ from each other in many
parameters, such as CN, slope, interception value, and soil water content (Barua et al.,
2021). These parameters have a noticeable effect on the amount of recharge. Each type
of land use has its own CN that expresses pervious and impervious surfaces. Whereas,
residential areas that contain a large proportion of impervious surfaces have a high CN
value indicating high potential surface runoff, low infiltration rate, and low potential

recharge. The low CN value indicates the absence of impervious surfaces, and this causes
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a decrease in the potential surface runoff and an increase in the infiltration rate, and thus
the amount of recharge will be higher than the case of the high CN value (Song et al.,
2021).

The amount of recharge is affected by the slope of the area, where the steep slope causes
an increase in the potential surface runoff which leads to a decrease in the infiltration rate
and thus reduce the potential recharge. While flat and slight slope lands contribute to an
increase in the amount of recharge because the potential surface runoff is low and the
infiltration rate is high. Some natural grasslands are mostly located in flat areas and this
causes high amounts of recharge in these areas and this reflects the effect of land use on

the amount of potential recharge (Hsieh et al., 2021).

The amount of recharge is affected by the interception value that results from the
opposition of trees and plants to rainfall. The interception value in areas containing dense
trees and forests is higher than in the case of areas containing natural grass. When the
interception value increases, the amount of water exposed to the ground surface
decreases. Thus, the rate of infiltration decreases and this causes a decrease in potential
recharge (Ashaolu et al., 2020).

Soil water content has an effect on the amount of recharge. In irrigated areas, the soil
water content is high, and thus this contributes to accelerating the arrival of the soil to
saturation conditions and the occurrence of recharge. The non-irrigated areas need more
time for recharge to occur and for the soil to reach saturation condition. Therefore, the
irrigated areas have a higher recharge amount compared to the non-irrigated areas (Xiang
et al., 2020).

The Eocene Aquifer contains 20 different types of land use (see figure 4.9). Table 4.1
summarizes the land use classifications and their areal distributions in the Eocene

Aquifer.
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Figure 4.9:

The Land use types in the Eocene Aquifer.
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Table 4.1

The land use classifications and their areal distributions in the Eocene Aquifer.

Land Use Type Area (km?)  Percentage of Area
Olive groves 139 30.30%
Natural grassland 87 19.00%
Non-irrigated arable land 55.64 12.13%
Non-irrigated complex cultivation 54.88 12.00%
Discontinuous urban fabric 34.9 7.61%
Agricultural land with natural vegetation 235 5.11%
Sclerophyllous vegetation 16.91 3.68%
Drip irrigated arable 13 2.83%
Forest 10.4 2.26%
Irrigated complex cultivation practices 7.84 1.71%
Greenhouses 3.4 0.75%
Bare rock 2.83 0.62%
Sparsely vegetated area 2.16 0.47%
Continuous urban fabric 1.77 0.38%
Mineral extraction sites 1.74 0.38%
Military camps 1.15 0.25%
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Citrus plantations 0.67 0.15%

Refugee camps 0.51 0.11%
Industrial or commercial unit 0.49 0.11%
Transitional woodland 0.49 0.11%

The land use in the Eocene Aquifer was divided into the following categories:

1.

Agricultural land with natural vegetation: it forms agricultural lands that contain
natural plants that grow without human assistance and obtain their needs from the
natural environment (Josh, 2015). It constitutes about 5.11% of the Eocene Aquifer.
Bare rock areas: the areas where bedrock is visible on the ground surface and the soil
layer in it is either absent or very thin and does not contain vegetation cover (Kosztra
et al., 2017). It constitutes about 0.62% of the Eocene Aquifer.

Citrus plantations areas: the areas that contain citrus trees of various types such as
lemon, orange, grapefruit, and pomelo (Rumiani et al., 2021). It constitutes about
0.15% of the Eocene Aquifer.

Continuous urban fabric areas: it forms the areas where transportation networks and
urban structures predominate. As more than 80% of its area covered with impervious
surfaces such as roads and buildings (Kosztra et al., 2017). It constitutes about 0.38%
of the Eocene Aquifer.

Discontinuous urban fabric areas: it forms the areas where transportation networks
and urban structures associated with vegetated areas. The area of impervious surfaces
ranges from 30 to 80% of land coverage (Kosztra et al., 2017). It constitutes about
7.61% of the Eocene Aquifer.

Drip irrigated arable: the agricultural areas that contain crops are irrigated
permanently or periodically using a drip irrigation system. It does not include
intermittently irrigated agricultural areas. The crops in these areas can only be grown
with artificial water supplies (Kosztra et al., 2017). It constitutes about 2.83% of the
Eocene Aquifer.

Forest areas: it represents areas that contain forests that consist of coniferous and
woodland trees. The height of trees in these areas usually more than 5 meters, with
an interception ratio of at least 30% (Kosztra et al., 2017). It constitutes about 2.26%
of the Eocene Aquifer.

Greenhouse’s areas: it represents areas that contain greenhouses that are used to grow
various types of plants such as vegetables, flowers, and fruits. The Plants in these

areas depend for irrigation on artificial water sources and not on direct irrigation from
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10.

11.

12.

13.

14.

15.

16.

rainfall, where it blocks the rainfall from reaching it because it is closed (Mendoza-
Fernandez, 2021). It is considered an impervious surface. It constitutes about 0.75%
of the Eocene Aquifer.

Industrial or commercial unit areas: it constitutes areas in which industrial and
commercial use is active or public service facilities. Most of the area is occupied by
buildings, industrial and commercial facilities, and impervious surfaces, and it may
also contain plants (grass) (Kosztra et al., 2017). It constitutes about 0.11% of the
Eocene Aquifer.

Irrigated complex cultivation practices areas: it represents a group of cultivated areas
with different types of crops such as permanent, annual crops and pastures which
depends on artificial irrigation and not on rain-fed irrigation (Kosztra et al., 2017). It
constitutes about 1.71% of the Eocene Aquifer.

Military camps areas: it represents land that has military uses, such as training in
military matters. It constitutes about 0.25% of the Eocene Aquifer.

Mineral extraction sites: it refers to the sites where the various construction materials
such as quarries and sand pits are extracted. (Kosztra et al., 2017). It constitutes about
0.38% of the Eocene Aquifer.

Natural grassland: it represents the areas where grasses are predominant and that are
not subject to human influence or are under moderate human influence. It is located
mostly in flat areas and with a slight slope and often includes rocky areas (Kosztra et
al., 2017). It constitutes about 19.00% of the Eocene Aquifer.

Non-irrigated arable land areas: it represents areas with non-permanent rainfed crops
that are harvested annually. The production of these crops depends on rain-fed
irrigation, not artificial irrigation (Kosztra et al., 2017). It constitutes about 12.13%
of the Eocene Aquifer.

Non-irrigated complex cultivation areas: it represents a group of cultivated areas with
different types of crops such as permanent and annual crops and pastures which
depends on rain-fed irrigation (Kosztra et al., 2017). It constitutes about 12.00% of
the Eocene Aquifer.

Olive groves areas: it represents the areas planted with olive trees (Kosztra et al.,
2017). It constitutes the highest land use areas of the study area, as it constitutes about
30.30% of the Eocene Aquifer.

39



17. Refugee camps areas: it represents the areas established by the United Nations Relief
and Works Agency (UNRWA). It is a densely populated residential area, with
buildings significantly close to each other. This leads to constitutes a large percentage
of impervious surfaces (UNRWA, 2019). It constitutes about 0.11% of the Eocene
Aquifer.

18. Sclerophyllous vegetation areas: it represents the areas that contain the Sclerophyll
plants, which is a dense plant that grows in locations with relatively high rainfall
(Parsons and Cameron, 1974; Kosztra et al., 2017). It constitutes about 3.68% of the
Eocene Aquifer.

19. Sparsely vegetated areas: it represents the areas that contain sparse vegetation that
covers about 10 to 50% of the surface area and consists of semi-rough herbaceous
species, as for the remaining area it is a naturally barren land. It constitutes about
0.47% of the Eocene Aquifer.

20. Transitional woodland areas: it represents the areas with dense transitional
herbaceous vegetation are formed as a result of several activities such as forest
regeneration after various damages, or forest degradation due to natural or human
factors (such as pollution or drought) (Kosztra et al., 2017). It constitutes about
0.11% of the Eocene Aquifer.

4.7 Hydrogeology

The lithology and thickness of the Eocene Aquifer vary widely in the western and central
parts. In the eastern part, it is mostly karstic reef limestone and soft chalk dominates. The
primary hydrostratigraphic formations of the Eocene Aquifer (see figure 4.10) was
arranged and summarized (from the oldest to the youngest) as follows (ARI1J, 2002): (a)
limestone, dolomite and marl (Cenomanian to Turonian), (b) chalk and chert of Senonian
age, (c) chalk, limestone and chert of Eocene age and (d) alluvium of Pleistocene. The
importance of hydrogeological cross-sections is to understand and visualize
hydostratigraphy of the groundwater aquifer. It is used to study and evaluate the
characteristic of faulting, folding, and aquifer thicknesses. The hydrogeological cross-
sections contribute to groundwater modeling because it facilitates the evaluation of the
ways in which subsurface geometry affects the groundwater flow within aquifers, where

contributes to its accurate representation in groundwater flow models and gives realistic
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results (MEG, 1999). The hydrogeological cross-section that describes the Eocene
Aquifer is shown in Figure 4.11.

Figure 4.10
Hydrostratigraphic Section of the West Bank (HWE, 2008).
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Figure 4.11:
Northern west bank hydrogeological cross section (BGS, 2005).
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Chapter Five

Recharge Estimation of the Eocene Aquifer

5.1 SWB model domain

The SWB model was used to estimate the spatial and temporal variations in groundwater
recharge for 2020°-year for the Eocene Aquifer located in the northern part of the West
Bank, Palestine. The SWB code imposes restrictions on the shape of the study area to be
either rectangular or square to avoid any missing data. This shape is expressed as the
SWB model domain, and due to the rectangular shape that the Eocene Aquifer shape tends
to, a rectangular outline was made that contains all the Eocene Aquifer to avoid an error
in the running of the model. Figure 5.1 shows the rectangular shape of the study area was
chosen based on the restrictions imposed by the SWB code. Later to review the results,
extraction will be made using a clip tool (GIS tool) for the boundaries of the Eocene
Aquifer with an area of 458.6 km?, to separate the Eocene Aquifer boundaries from the
SWB model domain. The model domain includes an area of about 904.3 km? with a 30
mx30 m uniform grid cells size (see figure 5.2) for a total of 1,004,504 cells. The grid
cell size was chosen based on the smallest size of the land use features, in order for the
SWB code to enter all land uses in the calculations and to give realistic results. The study
area consists of 818 columns and 1228 rows.

5 A year period starts on January 1, 2020 and ending on December 31, 2020.
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Figure 5.1:

The outline of the study area imposed by the SWB code.
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Figure 5.2:

Raster polygon features with a 30 mx30 m uniform grid cells size.
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5.2 SWB model inputs

This section describes all the input data required by the SWB code in order to run the
SWB model. These include climate data, hydrological soil group, available water
capacity, land use, flow direction, and tables files. The following provides an explanation

of all the inputs required by the SWB code:

5.2.1 Climate data

Daily temperature and precipitation data are essential inputs for estimating the amount of
groundwater recharge in the SWB model. Three daily climate data are required and are
considered the minimum climate data needed to run the model: the daily minimum

temperature, the daily maximum temperature, and the daily precipitation.

The daily climate data for 2020-year were obtained from the Palestinian Meteorological
Department (PMD). The daily rainfall data were obtained for 42 rain gauges and the daily
minimum and maximum temperature data for four meteorological stations for 2020-year.
These rainfall and meteorological stations are distributed inside, outside, and on the

borders of the Eocene Aquifer.

The year of study (2020) was chosen because it is a year with available daily data for all
stations in the study area and it does not contain any missing data. There are about 42 rain
gauges whose daily data were entered into the calculations, of which about 13 are located
within the Eocene Aquifer and about 29 are located on the borders and outside the study
area (see figure 5.3). As for the meteorological stations, there are about four stations were
used, only one station located within the Eocene Aquifer area and about three stations on

the borders and outside the study area (see figure 5.4).

The obtained rainfall and temperature data represent point readings for the location of
each station, but the SWB code requires readings for each grid cell within the model
domain in order to treat it as continuous surfaces. Therefore, the inverse distance
weighting (IDW) method was used to make interpolation between all the rain gauges and
the meteorological stations separately and to obtain the values of minimum, maximum

temperatures, and rainfall for each grid cell within the model domain.
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Figure 5.3:

The distribution of rain gauges used in developing the SWB model.
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Figure 5.4:

The distribution of meteorological stations used in developing the SWB model.
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The ModelBuilder tool (GIS tool) (see figure 5.5) was used to process climate data by
making an interpolation (IDW method) for all days of the study year and converting it
from the raster file with 30-m spatial resolution to the ASCII grid file (using the raster to
ASCII tool in GIS) that the code reads (see figure 1,2, and 3 in Appendix A).

The daily mean temperature for the 2020-year for the study area (SWB model domain)
was ranging from 12.6 °C (54.2 °F) to 14.5 °C (58 °F) (see figure 4 in Appendix A) and
the annual mean precipitation for the 2020-year for the study area was ranging from 378
mm (14.9 in) to 795 mm (31.3 in) (see figure 5 in Appendix A). The daily precipitation
values were assigned in inches (in) and the temperature values in Fahrenheit (°F) units

based on code restrictions.
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Figure 5.5:
The description of ModelBuilder used to process climatic data.
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Soil texture is an important and required feature to estimate the amount of groundwater
recharge (Kakish and Katimbo, 2017). The USDA-NRCS classifies multiple soils into
four classes based on infiltration capacity called hydrological soil group (HSG). The four

5.2.2 Hydrological soil group

classes are A, B, C, and D, where A has the highest infiltration capacity at > 183 mm/day
(> 7.2 in/day) and the lowest potential surface runoff, while D has the lowest infiltration

capacity at < 30.5 mm/day (< 1.2 in/day) and the highest potential surface runoff.
48



The soil data were obtained from the Palestinian Water Authority (PWA). The available
data is in a GIS shapefile and was processed using ArcMap. Each soil texture was
assigned a number from 1 to 4 in the Attribute table according to the USDA-NRCS soil
classification. The number 1 refers to the HSG A, while the number 4 refers to the HSG
D. The study area contains two soil textures: clay and clay loam according to the USDA-
NRCS classification, all the study area has the same HSG D (4) (see figure 6 in Appendix
A). By using ArcMap, the feature shapefile was converted to raster file with 30-m spatial
resolution (using the feature to raster tool in GIS) and then to ASCII grid file (see figure
7 in Appendix A), which the code reads.

5.2.3 Available water capacity

The AWC is an essential input to estimate the recharge amount. It expresses the amount
of water holding capacity in inches per foot of soil thickness which is necessary to
calculate a value of MSWC (Westenbroek et al. 2010) (see equation 3.2). The AWC
values were obtained from tables used by SWB code based on previous studies (Dripps,
2003; Thornthwaite and Mather, 1957). The AWC values were assigned to each soil
texture within the study area using table 3.2. Whereas, the value of AWC for clay loam
and clay soil is 3 and 3.6 in/ft, respectively. The available soil data obtained from the
PWA were processed in the form of a shapefile using ArcMap. The SWB code required
the AWC in the unit of inches per foot. The AWC for the study area was ranging from 3
to 3.6 in/ft (see figure 8 in Appendix A). The AWC values for each soil texture were
entered into the attribute table and converted to a raster file with a 30-m spatial resolution
and then to an ASCII grid file that the code reads (see figure 9 in Appendix A).

5.2.4 Land use

The SWB code uses the land use data to calculate spatial variations in the amount of
groundwater recharge. Land use data for the study area were obtained from the PWA as
shapefile features. The area of the Eocene Aquifer contains 20 types of land use (see
figure 4.6), while within the SWB model domain there are 22 types of land use (see figure
10 in Appendix A); because the SWB model requires that the outline of the study area be
a rectangular shape containing all the study area (the Eocene Aquifer).

The land use data obtained from the PWA were processed in the form of a shapefile using
ArcMap. An integer number (land use code) for each land use type was assigned into the

attribute table and converted from a feature file to a raster file with 30-m uniform spatial
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resolution and then to an ASCII grid file that the code reads (see figure 11 in Appendix
A). The study area (SWB model domain) contains 22 types of land uses. The main three
land use types for the study area (SWB model domain) are Olive groves (25.26%), natural
grassland (19.53%), and non-irrigated arable land (10.61%) (see table 5.1). One of the
areas located outside the boundary of the West Bank, Palestine, and it represents the
northern and northern-eastern part of the SWB model domain. The presence of this area
outside the West Bank caused missing data for it. Therefore, the type of land use for this
area was assumed and it was called the assumed northern area. This assumed area does
not affect the model results because it is lower in elevation than the Eocene Aquifer, and

this excludes the occurrence of inflow (surface runoff) to the study area.

Table 5.1:
The land use classification in the study area (SWB model domain).

Land Use Type Area (km?) Percentage of Area
Olive groves 228.46 25.26%
Natural grassland 176.62 19.53%
Non-irrigated arable land 95.9 10.61%
The assumed northern area 82.2 9.09%
Discontinuous urban fabric 78.44 8.67%
Non-irrigated complex cultivation 64.95 7.18%
Sclerophyllous vegetation 53.85 5.95%
Agricultural land with natural vegetation 44.54 4.93%
Drip irrigated arable 24.88 2.75%
Forest 13.62 1.51%
Irrigated complex cultivation practices 13.39 1.48%
Greenhouses 5.67 0.63%
Bare rock 55 0.61%
Citrus plantations 4 0.44%
Mineral extraction sites 2.46 0.27%
Sparsely vegetated area 2.22 0.25%
Military camps 1.89 0.21%
Continuous urban fabric 1.77 0.20%
Refugee camps 1.23 0.14%
Transitional woodland 11 0.12%
Colonies 1.08 0.12%
Industrial or commercial unit 0.49 0.05%

5.2.5 Flow direction

The flow direction is one of the basic inputs of the SWB model, as the model uses it to
calculate the inflow and the outflow (Westenbroek et al. 2010). The flow direction

determines how to route overland flow between cells and helps to create a surface water
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balance so that the SWB code can estimate the amount of water that collects on each grid

cell.

The contour maps of the study area were obtained from the PWA. By using GIS software,
the contour map was processed by converting it to triangular irregular networks (TIN)
(create TIN tool in GIS) (see figure 12 in Appendix A), converting the resulting TIN to
digital elevation model (DEM) (TIN to raster tool in GIS), resampled with 30-m uniform
spatial resolution (raster processing resample tool in GIS), fill the DEM (hydrology fill
tool in GIS) (see figure 13 in Appendix A), converting the resulting fill raster file to flow
direction raster (hydrology flow direction tool in GIS) (see figure 14 in Appendix A), and
then converting the resulted flow direction file to an ASCII grid file that the code reads

(see figure 15 in Appendix A).

5.2.6 Tables files

Two lookup tables were used by SWB code to complete the water balance calculations
for each grid cell within the model domain (Westenbroek et al. 2010). The first table is
called the soil-water-retention table which is derived from the soil moisture curve (see
figure 16 in Appendix A), taken from the modified version of the Thornthwaite-Mather
method tables (Thornthwaite and Mather, 1957). The SWB code uses a soil-water-
retention table to estimate the change in soil moisture during periods of unsatisfied
potential evapotranspiration. It uses the values of APWL with the values of MSWC to
calculate the value of soil moisture retained (SMR) for each grid cell in the model domain.
The soil-water-retention table is attached with the SWB code package in the form of a
gridded file (ASCII file format) and does not require modification or processing by the
user (Westenbroek et al. 2010).

The second table represents the land use lookup table (see table 1 in Appendix E). The
land use lookup table is one of the essential inputs for the SWB code as it contributes to
estimating the amount of groundwater recharge because it contains the land use code
(integer), CN, root depth (in), maximum recharge rate (maximum infiltration rate)
(in/day), and interception value (in) for each land use type in the study area (SWB model
domain). The study area contained about 22 types of land use. The land use lookup table
was developed by using an Excel file and all previous parameters were entered for each

land use type. The land use code has been assigned to the table for each land use type.
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Whereas, the land use code value is the same as the value that was assigned in the land
use attribute table in GIS when the ASCII file for land use was created. The CN was
obtained for each land use type based on HSG (D) from the tables (TR-55 and SCS) that
were developed by the USDA (USDA, 1986; USDA, 2004). The CN values were
assigned after adjustment based on the percentage of impervious areas according to the
equation 5.1 for connected impervious areas and equation 5.2 for unconnected impervious

areas.

Pim
CN, = CN, + (552)(98 — CNp) (5.1)

CN, = CN,, + (22)(98 — CN,)) (1 — 0.05R) (5.2)

Where;

CNc = composite curve number;
CNp= pervious curve number;
Pimp= percent of imperviousness;

R= ratio of unconnected impervious area to total impervious area.

High-resolution areal maps were used to find the equivalent land use description for the
study area in the USDA tables for the curve number (see table 2 in Appendix E).

The values for root depth were obtained from the modified version of the Thornthwaite-
Mather method tables (Thornthwaite and Mather, 1957). The root depth was assigned for
each land use type based on the HSG (D) located in the study area.

The values of the maximum recharge rate were obtained from USDA-NRCS (see table
3.2). The maximum recharge rate was about 1.2 in/day for the whole study area; because

it depends on the HSG, which was the same for all the study areas (HSG D).

The interception values for each season (growing and dormant) and for each land use type
were obtained from LI1U and DE SMEDT (2004) and then assigned in the land use lookup
table.

The land use lookup table was converted from Excel file into a text file that the code can

read. The interaction between SWB code and input data shown in figure 5.6.
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The final step is running the SWB model as shown in the SWB model tutorial (see

Appendix F).

The results of the SWB model showed that the SWB code is powerful in estimating the
spatially and temporally variations in recharge amount, the model contributed to a good
description and understanding of the water budget in the aquifer, the model showed the
effect of the land surface slope and curve number values on the amount of recharge, and

the SWB model divided the aquifer into zones based on recharge rates.

Figure 5.6:
The interaction between SWB code and input data.
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5.3 Model Verification

It is the process of checking that the model was built in the correct manner, in conformity
with the assumptions and specifications on which the model was based on. The main
objective of the verification process is to check the quality of the results (Banks et al.,
2010; Carson, 2002). Many different processes and techniques can be used for the purpose
of verifying the model, which includes examining the outputs of the model in order to
verify the model, to verify the reasonableness of the results, examining the model by a
competent expert person, and using related previous models (Banks et al., 2010). The
verification process should improve the credibility of the model and increase confidence
in it (Carson, 2002).

Model verification is an important and essential step in hydrological modeling studies, as
it contributes significantly to increasing confidence in the model results (Anderson et al.
2015). The process of verification of groundwater models is important and essential in
order to evaluate the performance of the models (Day, 2019). In the case of the SWB
model, there is no agreed verification method, but the user is allowed to choose the
verification method he deems appropriate based on the available data and the
characteristics of the aquifer (Smith and Westenbroek, 2015).

There are many methods that can be used to estimate the amount of groundwater recharge,
which can be used to verify the SWB models to increase the confidence in the model

results (Day, 2019), and these methods are:

i. The Water Budget Method
It is one of the most common methods for estimating the amount of groundwater
recharge. This method uses mass balance equations to study the movement and
quantity of water inside and outside the aquifer (Healy et al. 2007). In general, water
budget methods are applicable to estimations of diffuse and concentrated recharge
(Healy and Scanlon, 2010). Diffuse recharge is defined as the movement of water
through an unsaturated zone to the groundwater table and is prevalent in humid
climates. As for the concentrated recharge, it occurs when the water does not
contribute uniformly to the recharge, as it is concentrated in small areas forming

ponds of water that infiltrate to the ground surface, exceeding the field capacity of
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the soil and infiltrate to the groundwater table and it is prevalent in arid areas (Day,
2019).

Hatfield et al. (1999) estimated the recharge of groundwater for Walnut Creek
watershed in the U.S., using the water budget method. They proved that this method
does not give results based on spatial and temporal variations in the amount of
recharge and does not take into consideration in its calculations the characteristics of
watersheds such as surface geology and land use. This affects the accuracy of the
results because groundwater and pollutant transport models depend mainly on the
availability of spatially and temporally variations of recharge estimates (Lewis and
Walker, 2002).

The Baseflow Separation Method

In watersheds where the water level is higher than the streams (gaining stream), the
water balance approach can be used to estimate the amount of baseflow, which is
commonly assumed to be equal to the amount of groundwater recharge (Cherkauer
and Ansari, 2005). Baseflow occurs when water infiltrates to the ground surface and
recharges the aquifer by raising the water table and eventually flows into streams
(Healy and Scanlon, 2002). The baseflow discharge is equivalent to groundwater
recharge (Schicht and Walton, 1961; Day, 2019) (see equation 5.3).

Where;

R is recharge;

Qo is groundwater off the watershed;

Qon 1s groundwater onto the watershed;
Qgr is baseflow discharge;

ET is evapotranspiration from groundwater;

AS is the change in groundwater storage.

The baseflow was used to estimate the amount of groundwater recharge in several
previous environmental studies (Lorenz and Delin, 2007; Day, 2019). The baseflow

method requires that the study area contain streams with a sufficient number of

55



readings to reflect spatial and temporal variations in groundwater recharge (Day,
2019).

The Lysimeter Method

It is one of the physical methods used to estimate the amount of groundwater recharge
of the unsaturated zone and it depends on the water budget methods. This method
provides point estimates for the quantities of recharge. In order for the method to give
realistic results that vary spatially and temporally, a large number of lysimeter
devices must be available and distributed over the study area (Healy and Scanlon,
2010). It is one of the most commonly used physical methods for estimating the
amount of recharge. In this method, weighing and pan lysimeters are used, which are
placed below the soil-root zone to measure the drainage rates of the water passing
through it (Day, 2019). The lysimeter method provides good local recharge estimates,
but if used on a large scale, it is expensive, difficult to construct, and requires high

periodic maintenance (Scanlon et al., 2002).

The Chemical Tracer Method

Chemical tracers are used to study and estimate the amount of groundwater recharge
and the quality and source of water (Healy and Scanlon, 2010). Chemical tracers are
divided into three categories: natural environmental tracers, historical tracers, and
applied tracers (Scanlon et al., 2002). Natural tracers include chloride (CI), tritium
(®H), and chlorine-36 (**Cl). These tracers are called natural because they are
produced naturally within the earth's atmosphere (Healy and Scanlon 2010). As for
historical traces, they are the result of human activity (Cook and Bohlke, 2000).
Among these historical tracers that are used for groundwater studies are **Cl and *H
(Phillips et al., 1988). As for applied tracer’s dyes are used, which are the most
common types for scientific research purposes (Helmke et al., 2005). In the chemical
tracer’s method, tracers are added to the soil column and the aquifer water
concentrations are measured to know the recharge rates. However, the chemical
tracer method is not practical in spatially and temporally variations recharge
estimations (Helmke et al., 2005; Day, 2015).

All methods vary between each other in terms of application, ease of use, and

availability of the necessary data. All previous methods are not suitable for use in
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this research because some of them do not give spatially and temporally variable
results for the amount of recharge and do not take into consideration in their
calculations the land use types such as the water budget method, some of them require
the availability of a sufficient number of data for the study area such as baseflow
separation method that requires a sufficient number of streams readings, and the
study area (Eocene Aquifer) does not contain streams. Some methods give accurate
and realistic results at a local scale, but if they are used on a large scale, they are
expensive, difficult to construct, and require high periodic maintenance, such as the
Lysimeter method, which requires the presence of large numbers of lysimeter devices
in order to give accurate results for the groundwater recharge based on spatially and
temporally variations on a large scale. Some methods are impractical in estimating
the amount of recharge that varies in space and time, such as the Chemical tracer
method.

The Water Table Fluctuation Method (WTF)

The most widely used methods for estimating groundwater recharge rates are the
ones that depend on groundwater levels, due to the availability of groundwater level
data, simplicity and the ease of estimating the spatially and temporally variable
recharge quantity using this method (Healy and Cook, 2002). The WTF method is
one of the common methods for estimating the amount of groundwater recharge of
unconfined aquifers. This method can be applied to any well that taps the
groundwater level, and the groundwater level data for it is abundantly available
(USGS, 2017). In addition, this method does not require any assumptions for the
movement of water through the unsaturated zone (USGS, 2017). The WTF method
depends in its calculations on the measurement of spatial and temporal variations of
groundwater levels. This method is also called water table rise (WTR). This method
assumes that the rise in the groundwater level is caused by the recharge that recharges
the water level in the aquifers (Healy and Scanlon, 2010; Day, 2019). While the
decline in the groundwater level, it is caused by pumping from the aquifer (USGS,
2018). The WTF method assumes that the water in the soil column is equal to the
difference in the height of the water in the column multiplied by the specified yield

(Healy and Scanlon, 2010). The specific yield is equal to the volume of water taken
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into or released from storage per unit change in head per unit area (USGS, 2017).
Recharge in this method is calculated using equation 5.4.

dh Ah
R=Sy E=Syﬂ (54)

Where;

R is recharge;

S, is specific yield;

h is water table height;

tis time.

To calculate the recharge amount, Ah is set which is equal to the difference between the
rise peak and the low point of the extrapolated antecedent recession curve at the peak
time. The antecedent recession curve represents the effect that the well hydrograph would
have followed in the absence of rainfall that causes the water level to rise in the aquifers

(see figure 5.7)

Figure 5.7:
Determination of water table rise (USGS, 2017).
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The WTF method is considered one of the most effective methods due to its high
accuracy, low cost, and ease of use (Xu and Beekman, 2003). In this research, this method
was used because it is a simple and direct method that gives realistic results for the
quantities of recharge based on spatial and temporal variations in addition to the
availability of the necessary data for it. Due to the absence of previous studies specialized
in estimating the amount of groundwater recharge for the study area (Eocene Aquifer),

the SWB model was verified for the study area using the WTF method. The amount of
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groundwater recharge was calculated by this method using groundwater level data and
the specific yield of wells obtained from PWA. The data was obtained for nine wells that
are distributed within the study area (see figure 1 in Appendix B). The graphs from 2 to
10 in Appendix B shows the fluctuation of the groundwater level of these wells during
the period 2014-2017. The graphical extrapolation method (see figure 5.8) was used to
calculate the value of Ah for each year and the resulting values were used to calculate the
recharge (USGS, 2017). Table 5.2 shows the results of groundwater recharge using the
WTF method.

Figure 5.8:
Graphical extrapolation method to the water table fluctuation method for estimating recharge
(USGS, 2017).
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Table 5.2:
Groundwater recharge for the Eocene Aquifer from WTF method.

Well Ah/At Specific Yield Groundwater
(m/year) Recharge (mm/year)
17-21/009 17.966 0.001 18
17-21/014 17 0.001 17
17-20/009J 7.86 0.003 2.36
17-20/014A 10.02 0.01 100.2
17-21/015 3.204 0.003 9.612
17-20/036J 30.5 0.003 915
17-20/014Q 35.92 0.003 107.76
17-20/021J 7.54 0.003 22.62
17-21/022 2.923 0.0003 0.88
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Using the IDW method from GIS tools, the recharge values based on each well resulting
from the WTF method were represented and the mean potential recharge value was
calculated, which was 50.73 mm/year (2 in/year) for the entire study area, while the
results of the SWB model showed that the mean potential recharge was equal to 50.25
mm/year (1.97 in/year). These values showed that there is no significant difference
between the simulated recharge resulting from the SWB model and the observed recharge
resulting from the WTF method. However, the SWB model was adjusted to find the
closest match between recharge values and to get more realistic results. This is almost
very close to the calibration concept._The curve number values were manually adjusted
by -2%, -1%, and -0.5% (see table 3 in Appendix E), and the SWB model was re-run after
the adjustment. The recharge rate was analyzed for all the adjustments in the curve
number values, where it was shown that the version adjusted by -0.5% produced the
closest fit with the recharge rate generated by the WTF method. The mean recharge
becomes equal to 50.70 mm/year (1.996 inches/year). After choosing the closest version
model to represent the current study, the performance of the model was evaluated by
calculating the relative error and the goodness of fit between the recharge rates generated
by SWB model and the WTF method. The relative error was compared using equation
5.5 (Smith and Westenbroek, 2015).

|SWB Recharge—WTF Recharge]|
WTF Recharge

Relative error = (5.5)

The RE value was equal to 0.06 %.

As for the goodness of fit between the recharge rates resulting from the SWB model and
the WTF method, it was calculated using three methods. These methods included: 1) the
root mean square error (RMSE), 2) the absolute mean error (AME), and 3) the Nash-
Sutcliffe model efficiency coefficient (NSE). The recharge values obtained from the SWB
model were represented as the simulated or predicted values, while the recharge values
obtained from the WTF method were represented as the observed or realistic values. The
AME method is the difference between the observed and simulated recharge according
to equation 5.6 (Smith and Westenbroek, 2015).
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1
AME = ; ?—1|Pi - Oll (56)

Where;

n is the number of years of groundwater level data at each well;
P; is the predicted value and;

0; is the observed value.

The AME value was equal to 11.6%.

The RMSE method which represents the square root of the deviation between the
observed and simulated recharge values according to equation 5.7 (Smith and
Westenbroek, 2015).

RMSE = 2 SL,(P - 0)? 57)

The RMSE value was equal to 0.0105 which is close to zero.

The Nash Sutcliffe model efficiency method (see equation 5.8) is used for hydrological
models where it is defined as one minus the sum of the absolute squared difference
between the simulated values and the observed values that were normalized by the
variance in the observed mean values of the amount of recharge during the study period
(Nash et al. 1970; Krause et al. 2005).

1 2
Py >, (0i—P)

NSE =1-—
S 23" 1(0-0)°

(5.8)
Where;

0; is the observed value;

P; is the predicted value and;

O is the mean of the observed values.

For the values of NSE, the model is completely identical between the observed and
simulated potential recharge values if the value of NSE is one. A zero value of NSE
indicates that the SWB model has the same predictive skill as the mean of the observed
values. While the negative values indicate that the observed and simulated recharge
values have a high variance (Nash et al. 1970; Day, 2019). The value of NSE in this study
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was equal to 0.66, which means that the simulated recharge values resulted from the SWB
model are close to be completely identical for the observed recharge values resulted from
WTF method.

vi. The Water Demand Calculation Method (WDC)

Water demand is defined as the amount or volume of water that the user will require
to satisfy his needs. It depends on water quality, area size, climate, population, land
use, standards of living, water price, and industrial and commercial activities in the
area (EEA, 1999; Poudel, 2020).

In this method, the water demand in the area supplied by water from the Eocene
Aquifer is calculated for the same study period and a comparison is made between
the amount of water demand and the amount of groundwater recharge. If the amount
of water demand is higher than the amount of recharge, this indicates a water deficit
in the aquifer by the amount of the difference between the water demand and the
recharge. This causes a decrease in the groundwater level with time. If the amount of
the water demand is less than the amount of recharge, this indicates that the water
situation in the aquifer is good and the groundwater level is increasing with time
(Shrestha et al., 2016).

The water deficit in the aquifer is defined as the difference between the amount of
recharge and the amount of water supply that meets the water demand (Jalota et al., 2018).
The Eocene Aquifer contains many unlicensed wells that do not have readings. This led
to a lack of data for the amount of water pumped from the aquifer (water supply). In this

research the amount of water supply is assumed to equal to the amount of water demand.

There are four main types of water demand, which are domestic water demand, livestock

water demand, commercial and industrial water demand, and agricultural water demand.

In this research, the WDC method was used to verify the reliability of the model. This
method was used for its ease and availability of data. The data needed for water demand
calculation were obtained for the area of the Eocene Aquifer from PWA, MoA, MoA-

Livestock Department, and Jenin Municipality.
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In this part of the research, these main types of water demands were calculated. The
agricultural water demand was calculated for the entire study area using the data obtained
from MoA (see table 4 in Appendix E). The total annual amount of the agricultural water
demand was about 22,678,300 m* (22.6 MCM), which constitutes the largest value of
water demand in the study area. Figure 1 in Appendix C shows the agricultural water

demand for the communities located within the Eocene Aquifer.

For the livestock water demand, it was calculated based on the data obtained from the
MoA - Livestock Department (see tables 5, 6, and 7 in Appendix E), where livestock was
divided in the process of calculating water demand according to water consumption. The
water demand for sheeps, cows, and poultry was calculated for the study area. The total
annual water demand for sheeps was about 377,330 m® (0.377 MCM), for cows was about
146,531 m®(0.146 MCM), and for poultry it was about 377,696 m* (0.377 MCM). Figures
2, 3, and 4 in Appendix C show the distribution of livestock water demand for the
communities within the Eocene Aquifer. The total annual amount of livestock water
demand was about 901,577 m® (0.9 MCM).

For domestic water demand, it was calculated based on data obtained from PWA and
from the Palestinian Central Bureau of Statistics (PCBS). The domestic water demand
(see table 8 in Appendix E) was about 7,198,618 m3/y (7.19 MCM).

For the industrial and commercial water demand, the total annual amount of the industrial
and commercial water demand was obtained from the Water and Sanitation Department
in Jenin Municipality. All industrial and commercial places are concentrated in the study
area in Jenin District. The total annual industrial and commercial water demand was about
518,662 m® (0.518 MCM).

The annual quantity of water purchased from the Mekorut company was obtained, which
is estimated at about 3,000,000 m® (3 MCM) for the study area. As a result of these
calculations, the total annual amount of water demand for the communities of the Eocene
Aquifer is about 28,297,137 m? (28.29 MCM) (see table 5.3).
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Table 5.3:
Summary of the water demand calculations for the communities of the Eocene Aquifer.

Types of Water Demand Annual Water Demand (m?®)
Domestic 7,198,618
Agricultural 22,678,300
Livestock 901,557
Industrial and commercial 518,662
Mekorut - 3,000,000
Sum 28,297,137

From the wells data obtained from PWA (see figures from 11 to 19 in Appendix B), it
can be noted that the depth to water table has been increasing with time which means that
the groundwater level in the Eocene Aquifer has been decreasing with time. This
happened due to the increase in water demand resulting from the increase in the
population, intensive agriculture, and decrease of recharge quantity. The amount of
groundwater recharge of the Eocene Aquifer is less than the water demand. This leads to
a decrease in the groundwater level with time (increasing the depth to water table). Table
5.4 shows the variations of the average depth to water table for the wells in the Eocene
Aquifer. As can be noted that all wells have increased the average depth to water table

with time, and this indicates a decrease in the groundwater level with time for the Eocene

Aquifer.
Table 5.4:
The variations of the average depth to water table for the wells in the Eocene Aquifer.
Depth to water table Depth to water table
Well average (m) average (m)
¢ 2000-2006 2009-2017
17-21/014 25 85.5
17-20/009J 105 13.6
17-20/014A 62 69.2
17-21/009 38 110.67
17-21/015 51.7 61
17-20/036J 57 77
17-20/014Q 35 96
17-20/021) 19 21
17-21/022 43 55

The research showed that the annual recharge amount of the Eocene Aquifer is about

23.25 MCM, while the total annual water demand for the communities of the Eocene
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Aquifer is about 28.29 MCM. This means that there is a water deficit in the Eocene
Aquifer, estimated at about 5.04 MCM. This is the main reason for the decrease in the

groundwater level with time within the aquifer.

The results of the SWB model showed that the amount of groundwater recharge to the
Eocene Aquifer is less than the amount of water demand, and this means that the level of
groundwater in the aquifer is gradually decreasing with time, which was proven by the
water level readings in the aquifer wells. It can be noticed that there is a conformity
between the results of the SWB model and the results of the WDC method. This indicates
that the SWB model was reasonably built and gives realistic and logical results.

5.4 Sensitivity Analysis

The simplest method of sensitivity analysis is to compare changes in parameter values
against their effects on groundwater recharge by using a graphical representation
(Tubeileh et al., 2006). Some spatially well-distributed cells were selected over the study

area and the recharge was recorded for each parameter in each trial (see table 5.5).

Table 5.5:

Land use type and the location of the selected cells.

Cell Number Land Use Type
(1075, 1952) Olive groves
(1114, 1514) Natural grassland
(1057, 1567) Discontinuous urban fabric
(1020, 1502) Drip irrigated arable
(926, 1118) Natural grassland
(817, 1448) Agricultural land with natural vegetation
(769, 1562) Natural grassland

Sensitivity analysis was performed for curve number, maximum infiltration rate, root
zone depth, and interception to select the most sensitive parameter. The sensitivity
analysis for this model focused on the curve number because it was found that the model
is very sensitive to it as there is a high uncertainty in its values and distribution (see figures
5.9,5.10,5.11 and 5.12).
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Figure 5.9:

Model sensitivity to the curve number for the Eocene Aquifer.
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Figure 5.10:

Model sensitivity to the maximum infiltration rate for the Eocene Aquifer.
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Figure 5.11:

Model sensitivity to the root zone depth for the Eocene Aquifer.
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Figure 5.12:

Model sensitivity to the interception for the Eocene Aquifer.
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To check the sensitivity of the recharge to the curve number, a sensitivity analysis was
performed. Sensitivity analysis examines how the percentage change in the curve number
affects the percentage change resulting in the recharge. In this analysis, other parameters
such as maximum infiltration rate, root zone depth, and interception were not studied
because they have a little effect on recharge compared to the effect of the curve number.

The curve number values were adjusted for all land uses. They were adjusted by + 5%
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and £ 10%, and then the model was re-run after each adjustment. By using equation 5.9
(the formula for the relative sensitivity of the original and adjusted annual average

recharge value) (Smith and Westenbroek, 2015), the results can be analyzed as follows:

Percent change in SWB model results

Relative Percent Sensitivity (RPS) = x 100 (5.9)

Percent change in parameter (CN)

Sensitivity analysis was necessary to understand how the recharge rate is affected by the
change in the curve number values. The land uses in the study area are considered highly
sensitive to the recharge rate, especially when the curve number values decrease by 5%,
the value of RPS reached the highest value of about 293.43% (see table 9 in Appendix
E). The value of 293.43% means that 5% of the RPS represents the percentage of change
that occurred for the recharge values when adjusting the curve number values by -5%
(decreasing the curve number values by 5% causes an increase in the recharge value by
5% of the RPS value). The value of the recharge rate before adjustment was equal to
50.70 mm/year (1.996 in/year), where the value of the recharge rate after decreasing the
curve number values by 5% became about 58.53 mm/year (2.3 in/year). As for the lowest
value of RPS, it was equal to -108.27%, when the curve number values were increased
by 5% and the value of the recharge rate was equal to 53.37 mm/year (2.1 in/year). The
results show that the curve number values have a significant influence on the results of
the SWB model. An increase in the value of the curve number leads to a decrease in the
recharge rate and vice versa; because the increase in the curve number reflects the
presence of impervious areas that reduce the infiltration rate and thus reduce the amount
of recharge. This part of the research showed that groundwater recharge is highly
sensitive to small variations in the curve number values. Thus, in order to increase the
accuracy of recharge rate estimates, care should be taken when selecting the curve number

values.

5.5 SWB model results

5.5.1 Potential Groundwater Recharge

The SWB model succeeded in estimating the quantity of the spatial and temporal

variations of groundwater recharge for the Eocene Aquifer during the study period (2020).
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The SWB model showed that the recharge rate was 50.70 mm/year (1.996 in/year), which
equals to 23,252,650 m? (23.25 MCM/year). Figure 5.13 shows the spatial and temporal
distributions of the recharge amount in the Eocene Aquifer. The highest rates of recharge
are distributed in the study area, where they occur in the northern part of Nablus District
(the southern part of the Eocene Aquifer), the southwestern part of Tubas District (the
southeastern part of the Eocene Aquifer), and in the western part of Jenin District (the
northwest part of the Eocene Aquifer). Nablus District constitutes 54.53% of the recharge
amount of the Eocene Aquifer, and it is estimated at about 135.82 mm/year (5.35 in/year),
which is equal to 12.68 MCM/year. Jenin District constitutes 39.71% of the recharge
amount of the aquifer, and it is estimated at about 28.26 mm/year (1.11 in/year), which is
equal to 9.23 MCM/year. While Tubas District constitutes the lowest percentage, which
Is 5.76% of the recharge amount, and it is estimated at about 34.66 mm/year (1.36
in/year), which is equal to 1.34 MCM/year. The different results of groundwater recharge
variation (spatially and temporally) for the Eocene Aquifer are illustrated in the following

sections.

Figure 5.13:
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The spatial distribution of the total recharge for year 2020 in the Eocene Aquifer.
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5.6.2 Spatial Distribution of Groundwater Recharge

The spatial distribution of annual groundwater recharge for the Eocene Aquifer for the

year 2020 is illustrated in the figure 5.13.

Figure 5.13 helps to deduce and distinguish areas with high and low recharge. For
example, the eastern parts of the Eocene Aquifer witness low recharge values due to low
rainfall and high evaporation, while the southern parts witness high recharge values due

to the abundance of rainfall and low evaporation compared to the eastern areas.
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5.5.3 Temporal Distribution of Groundwater Recharge

The temporal variations of groundwater recharge for the Eocene Aquifer from January to

December are as illustrated in figures from 1 to 12 in Appendix D.

Figure 5.14 shows that recharge occurs in the months of January, February, March,
November, and December. The highest amount of recharge occurs in the months of
January, February, and March, while the lowest recharge occurs in November and
December. As for the months of April, May, June, July, August, September, and October,
no recharge occurs, and this corresponds to the temporal variation of rainfall as shown in
figures 5.15 and 5.16. It can be noted that the first three months (January, February, and
March) constitute the highest recharge rates due to the high amounts of rainfall and low
temperatures in those months. Figure 5.16 indicates that the recharge rates in November
and December are very low with the presence of high rainfall, this case is due to the low
soil moisture content and the AWC is almost zero in that period, so most of the water that

infiltrated to the soil was stored in the soil column.

71



Figure 5.14:
The temporal distribution of groundwater recharge from January to December for 2020.
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Figure 5.15:

The temporal distribution for rainfall from January to December for 2020.
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Figure 5.16:

The total monthly rainfall and the total monthly recharge for year 2020 for the Eocene Aquifer.
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5.5.4 Potential Groundwater Recharge Zones

The Eocene Aquifer was divided into 5 zones based on groundwater recharge rates (see
figure 5.18). The aquifer was divided into Very Low, Low, Moderate, High, and Very
High zones. This division is based on the amount of recharge, as the result of SWB model
showed that the annual recharge rates for these zones ranged from 0 to 40.4 mm for Very
Low zone, from 40.4 to 103.3 mm for Low zone, from 103.3 to 170.7 for Moderate zone,
from 170.7 to 310 mm for High zone and from 310 to 1145.5 mm for Very High zone.
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Figure 5.18:
The groundwater recharge zones.
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5.5.5 Relationship to Climate

In most cases, preliminary estimates of groundwater recharge are made using rainfall
amounts, where recharge is estimated as a percentage of rainfall. The average rainfall for
the Eocene Aquifer during the study period was 503.22 mm (19.81 in), while the
groundwater recharge rate was equal to 50.70 mm (1.996 in). This showed that the
recharge rate was about 10.07% of the rainfall.

Figure 13 in Appendix D, which presents the relationship between recharge and rainfall,
shows that there is a correlation with an R?= 0.70. Equation 5.10 resulted from the

relationship between rainfall and recharge for the Eocene Aquifer area.
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Recharge = (0.56 X Rainfall) — 200 (5.10)

Where;
Recharge is in mm;

Rainfall is in mm.

This equation is similar to the empirical equations used in local studies. This equation
takes into account the amounts of rainfall only, while there are many other parameters
that have an effect on the amount of recharge. The resulting recharge rate from equation
5.10 for the entire Eocene Aquifer area was about 81.8 mm/year (3.22 in/year) and the
total annual recharge amount was about 37.51 MCM. While the groundwater recharge
rate based on the SWB model is 50.70 mm/year (1.966 in/year) and the total annual
recharge of the entire Eocene Aquifer during the study period is 23.25 MCM. From the
previous results of recharge amount, it can be concluded that the amount of recharge does
not depend only on rainfall, and it is not permissible to estimate the amount of recharge
only based on rainfall, but there are many basic parameters that affect the amount of
recharge such as land use types, evapotranspiration, interception, HSG, change in soil
moisture, and AWC.

It can be noted from Figure 13 in Appendix D that there are three points whose recharge
values are almost zero, with the presence of rainfall values. This indicates that these points
are located in impervious areas. Figure 14 in Appendix D shows the relationship between
recharge and rainfall when the effect of these three points is neglected. It can be noted
that when the effects of the points are neglected, the resulting equation differs and gives
higher recharge values for the same study area.

Equation 5.11 resulted from the relationship between rainfall and recharge, with

neglected zero recharge points for the Eocene Aquifer area.

Recharge = (0.52 X Rainfall) — 170 (5.11)

Where;
Recharge is in mm;

Rainfall is in mm.
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The resulting recharge rate from equation 5.11 for the entire Eocene Aquifer area was
about 91.67 mm/year (3.61 in/year) and the total annual recharge amount was about 42.04
MCM. Through the results of the equations (5.10 and 5.11), it can be noted that neglecting
the effect of recharge values for impervious surfaces causes an increase in the total
recharge values. This explains the high recharge values resulting from local studies that
depend on empirical equations and that depend only on the amount of rainfall. While the
SWB code estimates the amount of recharge based on spatial and temporal distributions,
daily rainfall values, change in soil moisture, HSG, AWC, root zone depth,
evapotranspiration, and land use types.

5.5.6 Relationship to Land Use

Groundwater recharge depends on land uses in the study area (see table 10 in Appendix
E). The top four land use types in terms of area are olive groves, which constitute the
largest land use area in the Eocene Aquifer, estimated at about 30.3% of the aquifer area,
natural grassland, non-irrigated arable land, and non-irrigated complex cultivation. These
types of land use constituted a percentage of the area of the Eocene Aquifer 19, 12.13,
and 12%, respectively. The recharge depth for olive groves was about 50.87 mm (2 in),
for natural grassland about 116.53 mm (4.59 in), for non-irrigated arable land about 2.46
mm (0.097 in), and for non-irrigated complex cultivation about 4.77 mm (0.187 in) (see
figure 15 in Appendix D). As for the top four types in terms of the highest percentage of
recharge for land uses, they are natural grassland, olive groves, agricultural land with
natural vegetation, and drip irrigated arable (see figure 16 in Appendix D). These types
of land use constituted a percentage of the amount of groundwater recharge 43.5, 30.4,
10.2, and 5.8%, respectively. It can be noted that the recharge percentage that resulted
from natural grassland is higher than the recharge percentage that resulted from olive
groves which have the largest area in the study area, the reason for this is due to the spatial

and temporal distribution of rainfall, interception, HSG, and the nature of the topography.

5.5.7 Relationship to Curve Number

The curve number is the most influential parameter on the groundwater recharge value
(see figure 5.9). The curve number is an indicator of surface runoff. Curve number values
range from 0 to 100, where O indicating no surface runoff (pervious surface), and 100

indicating the highest value of surface runoff (impervious surface). The top four curve
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number values in terms of area are 78.6, which constitute the largest curve number area
in the Eocene Aquifer, estimated at about 30.3% of the aquifer area, 93.53, 80.6, and
95.52 (see figure 5.19). These curve number values constituted a percentage of the area
of the Eocene Aquifer 24, 19.12, and 8.21%, respectively. The recharge depth for the CN
equals 78.6 was about 50.87 mm (2 in), for the CN value equals 93.53 was about 3.60
mm (0.142 in), for the CN value equals the 80.6 was about 116.11 mm (4.57 in), and for
the CN value equals 95.52 was about 2.05 mm (0.08 in). The top four CN values in terms
of the highest percentage of recharge are 80.6, 78.6, 79.6, and 88.55. These values of
curve number constituted a percentage of the amount of groundwater recharge 43.8,
30.41, 10.17, and 9.48%, respectively. It can be noted that the recharge percentage that
resulted from curve number value 80.6 is higher than the recharge percentage that resulted
from curve number value 78.6, the reason for this is due to the spatial and temporal

distribution of rainfall, interception, and the nature of the topography.

78



Figure 5.19:

The distribution of curve number values inside the Eocene Aquifer.
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Chapter Six

Conclusions and Recommendations

6.1 Conclusions

The following are the research main conclusions:

1.

The process of estimating the amount of groundwater recharge of the Eocene Aquifer
is important and essential in order to obtain a good description and understanding of
the water budget in the aquifer and to achieve a balance between recharge and total
pumping (the management aspect);

The SWB code is effective in estimating the spatially and temporally variable
recharge quantity;

The highest recharge rates occur in the southern and northwestern parts of the Eocene
Aquifer. The lowest rates of recharge are distributed in the center and north of the
aquifer. The largest annual recharge occurs in Nablus District, estimated at about
12.68 MCM, followed by Jenin District, which is estimated at about 9.23 MCM,
while the lowest annual recharge occurs in Tubas District, estimated at about 1.34
MCM. This corresponds to the spatial distribution of rainfall and the land use types
in the study area;

The results of this study showed that the recharge values for the Eocene Aquifer are
completely different from the values obtained from previous local studies for the
same study area, which uses empirical equations that depend on the amount of
rainfall only.

It was apparent from this work that the amount of recharge does not depend only on
rainfall. It is totally wrong to estimate the amount of recharge based on rainfall only
amount as there are many parameters that affect the amount of recharge such as land
use types, evapotranspiration, interception, and HSG,;

The topographical nature has a noticeable influence on determining the groundwater
recharge value. This in turn affects the groundwater level, the increase in the slope
leads to an increase in the amount of runoff and a decrease in the amount of
infiltration, which leads to a decrease in the amount of recharge;

The performance of the SWB model was evaluated after the verification process
using RE and goodness of fit (RMSE, AME, and NSE) between the simulated
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10.

recharge values generated by SWB model and the observed recharge values resulting
from the WTF method. The results showed that the observed and simulated recharge
values were very close;

Sensitivity analysis is necessary to understand how the recharge is affected by the
change in curve number values. The research showed that land use types are highly
sensitive to recharge rates when curve number values are adjusted by small
variations. Therefore, care must be taken when choosing the values of the curve
number values because they have a significant impact on groundwater recharge;
The groundwater recharge rate based on the SWB model is 50.7 mm/year (1.966
infyear) and the total annual recharge for the entire Eocene Aquifer during the study
period is 23.25 MCM. The recharge rate is about 10.07% of the rainfall;

The research showed that the total annual amount of water demand for the
communities of the Eocene Aquifer is about 28.29 MCM. The results support the on-
going decrease in the groundwater level in the Eocene Aquifer. This is due to the

annual water deficit, which was estimated at about 5.04 MCM compared to recharge;

6.2 Recommendations

The following recommendations address future work that can take into consideration the

following issues:

1.

Simulate how groundwater recharge is affected by the change in rainfall due to
climate change since rainfall is the main climatic factor of the recharge process.
Increasing the study period for the Eocene Aquifer area to obtain comprehensive and
long-term recharge values.

Applying the SWB model to all aquifers in Palestine to obtain realistic recharge
values in order to maintain the water resources.

Develop a groundwater management plan for the area of the Eocene Aquifer based
on the results of the SWB model, in order to manage and maintain renewable and
sustainable water resources in this aquifer.

Develop a contaminant fate and transport model for the area of the Eocene Aquifer
in order to assess the quality of groundwater and protect it from pollution.

Develop plans and methods to increase the groundwater level in the Eocene Aquifer;

in order to save the water situation in the aquifer and to overcome the water deficit.
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10.

11.

Paying attention to the environmental situation of land use types with highly recharge
in the Eocene Aquifer area, which are: natural grassland, olive groves, agricultural
land with natural vegetation. These land use types constitute about 84.1% of the
recharge rate of the Eocene aquifer area. It is also necessary to place warning and
awareness signs in these areas.

Increasing interest in groundwater monitoring wells especially in the southern part
of the Eocene Aquifer area, by increasing the number of monitoring wells to obtain
accurate results for the amount of recharge using the WTF method.

Study the groundwater quality in areas that are considered of high recharge. This
helps in developing precautionary plans to protect the aquifer from pollution, and to
understand the negative impact of the transformation of these areas into residential
areas on the water situation in the aquifer.

Compare the results of ArcHydro tools with the results of Hydrology Flow tools in
the GIS to process data and use the most accurate results.

Compare the effect of the change in different interpolation methods on the results of

the SWB model and adopt the most reasonable method.

82



List of Abbreviations

Abbreviation Meaning
SWB Soil Water Balance

USGS United State, Geological Survey
PWA Palestinian Water Authority

PMD Palestinian Meteorological Department
MoA Ministry of Agriculture (MoA)
ASCII American Standard Code for Information Interchange
WTF Water Table Fluctuation

WDC Water Demand Calculation
MAPR Mean Annual Potential Recharge
BFS Baseflow Separation

BALSEQ Sequential Water Balance

CRD Cumulative Rainfall Departure
GWM Groundwater Management

RMSE Root Mean Square Error

SMD Soil Moisture Deficit

GUI Graphical User Interface

GIS Geographic Information System
HSG Hydrological Soil Group

AWC Available Water Capacity

DEM Digital Elevation Model

USDA U.S. Department of Agriculture
NRCS Natural Resource Conservation Service
MSWC Maximum Soil Water Capacity
CN Curve Number

ARC Antecedent Runoff Condition

ET Evapotranspiration

PET Potential Evapotranspiration

AET Actual Evapotranspiration

ISM Initial Soil Moisture

APWL Accumulated Potential Water Loss
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FSM
AMSL
MCM
UNRWA
IDW
TIN
SMR
SCS
WTR
AME
NSE
PCBS

Final Soil Moisture

Above Mean Sea Level

Million Cubic Meters

United Nations Relief and Works Agency
Inverse Distance Weighting

Triangular Irregular Networks

Soil Moisture Retained

Soil Conservation Service

Water Table Rise

Absolute Mean Error

Nash-Sutcliffe Model Efficiency Coefficient
Palestinian Central Bureau of Statistics
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Appendices
Appendix A. Swb Inputs

Figure A.1
Example of ASCII file for daily precipitation (in).

j precip_2019_01_01.asc - Notepad
File Edit Format View Help

heols 818

nrows 1228

x1lcorner 167462.58948719
yllcorner 1789097.12327183
cellsize 38

NODATA_value -9999
0.081932756 @.00194011 0.001947447 0.001954765 @.001962061 0.001969331 0.001976575 @.001983787 0.001930967 0.00199811 6.e02

21693 ©.802164332 0.882159199 0.002153983 0.00214845 0.082142844 8.002137889 ©.002131191 ©.082125155 @.002118985 ©.00211268
1592364 ©.901587475 ©.00158265 ©.801577888 0.001573189 0.00156855 @.001563972 0.801559452 0.801554991 0.901558586 @.8015462
1296335 ©.001293297 ©.001290257 ©.801287215 0.001284171 ©.001281125 ©.801278076 0.001275026 ©.001271973 0.001268919 0.00126
16836452 ©.001033624 ©.001030885 ©.801027995 ©.001025165 £.001022281 ©.801015408 ©.001016543 €.001013689 ©.801010844 ©.eeloe
432 0.00083428384 ©.0003322392 0.0008302009 ©.0008281731 0.0008261561 ©.0008241498 0.0008221539 0.0008201688 0.0008181941 @.
.8007024247 ©.0807018992 9.0006997811 ©.0006984703 @.0006971668 @.0006958706 8.0006945815 0.8006932997 0.0006920249 0.80069
165329 @.0006156889 ©.0006148511 ©.0006140193 ©.0006131936 0.8006123741 ©.0006115687 ©.0006187534 ©.0806099522 ©.0006091571
0.0005688486 ©.000568509 @.0005681754 ©.00085678479 ©.0005675264 0.0005672109 ©.0005669014 0.0005665979 ©.0005663002 0.00056
2 0.0004818733 ©.0004817858 0.0004816994 ©.0004816142 0.0004815301 ©.08045814472 0.0004813654 0.0004812846 ©.0004812049 @.00
0.081935916 @.001943348 0.001950762 ©.081958159 @.001965533 0.0019723884 0.001986208 @.001987502 0.001994762 0.002001988 @.0
2175838 ©.002170802 £.002165598 ©.802168229 9.0021547 0.802149016 0.002143182 @.802137283 0.8021310383 0.002124828 0.0021184
4 9.08158862 0.8@1583791 9.801579625 8.001574323 0.801569683 09.801565103 2.001560584 ©.801556123 ©.80155172 0.801547374 0.0
977 9.001294653 @.001291684 0.001288552 0.001285493 @.001282442 0.001279384 0.001276323 @.001273259 0.001270193 0.001267125
.801033681 @.001030848 ©.001028023 0.001025167 ©.00102227 0.001019333 0.001016505 8.001813637 0.001010778 ©.00100793 @.0010
575 0.0008315207 ©.0008294772 0.0088274445 0.0008254226 £.0008234114 0.0008214165 ©.000819421 ©.00038174418 0.0008154731 @.0
7001719 ©.0006988527 ©.00086975409 8.0006962364 0.0006949392 0.0006936492 0.8006923663 £.0006910987 0.8006898221 0.000688560
957 9.08006138572 ©.0806130249 9.0086121986 0.0006113785 0.0006105644 0.0006097566 £.0006089548 0.0006081592 £.0006073698 0.
0.0885675339 ©.000567202 ©.0005668761 @.0005665564 ©.0005662426 0.0005659349 0.0005656332 0.0005653374 0.0005650476 0.00056
A768 ©.0004813911 ©.0004813065 0.0004812232 0.000481141 ©.0004310599 ©.00048098 0.000430901 0.0004808232 0.0004807463 ©.000

0.081938599 @.001946507 0.001954 0.001961474 0.001968928 ©.001976358 ©.001983762 0.001991136 ©.001998479 ©.002005786 0.00208 v
< b3

Ln1, Coll 100%  Windows (CRLF) UTF-8

Figure A.2
Example of ASCII file for daily minimum temperature (°F).

mj tmax_2019_01_01.asc - Notepad
File Edit Format View Help

heols 818

nrows 1228

x1lcorner 167462.58948719
yllcorner 1789@7.123271@3
cellsize 38

NODATA_value -9999
66.39455 66.3955 66.39645 66.39741 66.39836 66.39932 66.400828 66.40125 66.40221 66.48318 66.40415 66.48512 66.4061 66.48707

.5134 66.51447 66.51553 66.51658 66.51764 66.5187 66.51975 66.52881 66.52187 66.52292 66.52397 66.52502 66.52607 66.52712 &
186 66.62261 66.62335 66.62408 66.62482 66.62555 66.62627 66.62698 66.6277 66.62841 66.62911 66.62981 66.63085 66.63119 66.6
66.67841 66.67046 66.67049 66.67052 66.670856 66.67057 66.67058 66.67059 66.67058 66.67057 66.67056 66.67052 66.67049 66.670
2958 66.62882 66.62885 66.62727 66.62649 66.6257 66.62491 66.62411 66.6233 66.62248 66.62166 66.62083 66.62 66.61915 66.618
66 66.49923 66.4978 66.49637 66.49493 66.49349 66.49204 66.49859 66.48914 66.48769 66.48622 66.48476 66.48328 66.4818 66.48
293 66.31113 6£6.30933 ©66.30753 66.30573 66.30392 66.30212 66.30@31 66,2985 66.29668 66.29487 66.29305 66.29124 66.28941 66.
@9558 66.89367 66.09175 66.08984 66.08792 66.08601 66.08409 66.83218 66.08826 66.07835 66.87643 66.87452

66.39522 66.39616 66.39712 66.39888 66.39903 66.39999 66.48096 66.40192 66.40289 66.40386 66.40483 66.48581 66.48678 66.407
66.51441 66.51547 66.51654 66.5176 66.51866 66.51972 66.52878 66.52184 66.5229 66.52396 66.52581 66.52687 66.52712 66.52818
328 66.62402 66.62477 ©66.62551 66.62624 66.62698 66.6277 66.62843 66.62914 66.62985 66.63055 66.63126 66.63195 66.63264 66.
66.6721 66.67214 66.67217 66.6722 66.67222 66.67223 66.67223 66.67223 66.67222 66.6722 66.67218 66.67214 66.6721 66.67206 &
4 66.62805 66.62726 66.62646 66.62566 66.62485 66.624083 66.62321 66.62238 66.62154 66.62069 66.61984 66.61899 66.61812 66.6
@3 66.4976 66.49615 66.49471 66.49326 66.49181 66.490835 66.48888 66.48742 66.48595 66.48447 66.48299 66.48151 66.48063 66.4
@12 66.30832 66.30651 ©66.3047 66.30289 66.30108 66.29926 66.29745 66.29563 66.29381 66.29198 66.29016 66.28834 66.28651 66.
211 66.09019 66.08828 66.08636 66.08444 66.08252 66.0806 66.07368 66.07677 66.87485

66.39587 66.39683 66.39779 66.39874 66.3997 66.400867 66.40163 66.4026 66.48357 66.48454 66.48552 66.40649 66.40747 66.40845
2 66.51649 66.51755 66.51862 66.51968 66.52074 66.52181 66.52287 66.52393 66.52499 66.52685 66.52711 66.52818 66.52923 66.5
69 66.62544 66.62619 66.62693 66.62767 66.6284 66.62914 66.62986 66.63058 66.63129 66.632 66.63271 66.6334 66.63489 66.6347
66.67374 66.67378 66.67382 66.67384 66.67387 66.67387 66.67388 66.67388 66.67387 66.67385 66.67383 66.6738 66.67376 66.6737

66.63118 66.6304 66.62962 66.62882 66.62802 66.62721 66.6264 66.62558 66.62476 66.62392 66.62389 66.62224 66.62138 66.62852 v
< >

Ln1, Col1 100%  Windows (CRLF) UTF-8

98



Figure A.3

Example of ASCII file for daily maximum temperature (°F).

j tmin_2019_01_01.asc - Notepad — a X
File Edit Format View Help

hcols 818 ~
nrows 1228

x1lcorner 167462.50940719

yllcorner 1789@7.12327183

cellsize 30

HODATA_value -9999
48.28533 48.28962 48.2939 48.29819 48.30247 48.3@676 48.31104 48.31533 48.31961 48.32389 48.32817 48.33245 48.33673 48.3410
.75943 48.76323 48.76701 48.77079 48.77456 48.77832 48.78207 48.78582 48.78955 48.79327 48.79699 48.80869 45.88439 48.80808
.12485 49.12646 49.12886 49.13123 49.1336 49.13595 49.13828 49.1486 49.1429 49.14519 49.14746 49.14972 49.15196 49.15419 49
9.29709 49.29765 49.29819 459.29872 49.29924 49.259973 49.30021 49.30067 49.30112 49.308155 49.30197 49.38236 49.30275 49.3031
49.26114 49.26081 49.25887 49.25771 49.25654 49.25536 49.25417 49.25297 49.25175 49.25052 49.24928 49.24803 49.24676 49.245
5 49.06859 49.05833 49.056@06 49.05379 49.8515 49.04921 49.04692 49.04461 49.0423 49.83999 49.03767 49.83534 49.033 49.63@65
538 48.76259 48.7598 48.75702 48.75422 48.75143 48.74863 48.74583 48.74303 48.74823 48.73742 48.73462 48.7318 48.72899 48.7
41 48.43456 48.43169 48.42883 48.42598 48.42312 48.42026 48.41741 48.41455 48.4117 48.40884 48.40599 48.40314
48.28621 48.29051 48.2948 48.2991 48.3034 48.38769 48.31199 48.31628 48.32058 48.32487 48.32916 48.33345 48.33775 48.34204
159 48.7654 48.76919 48.77298 48.77676 48.78@53 48.78429 48.78804 48.79179 48.79552 48.79925 48.80297 48.80667 48.81037 48.
9.12962 49.13202 49.1344 49.13678 49.13913 49.14147 49.1438 49.1461 49.1484 49.15067 49.15294 49.15519 49.15742 49.15963 49
49.38115 49.30169 49.30222 49.38273 49.308323 49.3037 49.30417 49.308462 49.38585 49.38546 49.308586 49.38624 49.38661 49.3069
49.26317 49.26282 49.26886 49.25969 49.25851 49.25731 49.2561 49.25488 49.25364 49.2524 49.25114 49.24987 4924858 49.24729
.06876 49.85848 49.0562 49.05391 49.85161 49.04931 49.947 49.04468 49.84235 49.04002 49.83769 49.03534 49.03299 49.03864 49
19 48.76139 48.75859 48.7558 48.75299 48.75019 48.74739 48.74458 48.74177 48.73896 48.73614 48.73333 48.73051 48.72769 48.7
3542 48.43256 48.4297 48.42683 48.42397 48.4211 48.41824 48.41538 48.41253 48.48967 48.40681 48.48395
48.28708 48.29139 48.2957 48.30001 48.38431 48.30862 48.31293 48.31723 48.32154 48.32584 48.33015 48.33445 48.33875 48.3430
8.76375 48.76756 48.77137 48.77517 48.77896 48.78274 48.78651 48.79028 48.79483 48.79778 48.80151 48.86524 48.8089 48.8126
6 49.13278 49.13519 49.13758 49.13995 49.14231 49.14466 49.14699 49.1493 49.1516 49.15388 49.15615 49.15841 49.16@64 49.162
68 49.38465 49.38519 49.3@571 49.30622 49.30672 49.3872 49.30766 49.30811 49.30854 49.38895 49.3@935 49.308973 49.3101 49.31
6633 49.26518 49.26482 49.26284 49.26165 49.26044 49.25923 49.258 49.25676 49.25551 49.25425 49.25297 49.25168 49.25839 49. v
< >
Ln1, Col1 100%  Windows (CRLF) UTF-8

99




Figure A.4

The daily mean temperature for 2020 for the study area.
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Figure A5

The annual mean precipitation for 2020 for the study area.
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Hydrological soil group for the study area.

Figure A.6
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Figure A.7

The ASCII file for the hydrological soil group of the study area.

E soils_hyd_grp300.asc - Notepad

Format View Help

Edit

File
h(uls

818

1228

nrows

167462, 50940719
1789@7.12327163

x1lcorner
yllcorner

cellsize

-9939
444444444444444444444444444444444444444444444444444444444444414

444444444444444444404444444444444A4A4444A444444444444444444444444
444444444444444444404444444444444A4A4444A444444444444444444444444
444444444444444444444444444444A444A4A4A8A44A4084A4883448344444444444444
444444444444444444444444444444A444A4A4A8A44A4084A4883448344444444444444
444444444444444444444444444444A444A4A4A8A44A4084A4883448344444444444444
444444444444444484444444444444444444444444444444444444444444444
4444444444444 444444404444444444A444A4A04284A444844443043408340883A4A44444444
4444444444444 444444404444444444A444A4A04284A444844443043408340883A4A44444444
4444444444444 444444404444444444A444A4A04284A444844443043408340883A4A44444444 444444404444444444A444A4A04284A444844443043408340883A4A44444444
4444444444444 444444404444444444A444A4A04284A444844443043408340883A4A44444444

NODATA_walue

44444444444444444444044448448A044A4444A484A8A08A8A00A0aAQ8A00A0A0Q4A0AA4d4444Yy

UTF-8

100%  Windows (CRLF)

Ln1, Col1

102



Figure A.8

Available water capacity for the soil of the study area.
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Figure A.9

The ASCII file for the soil available water capacity for the study area.

- Notepad

soils_awc300.asc

3

File

Format View Help
818

Edit

bcols

1228

nrows

167462.58948719
1789@7.12327103

3@

x1llcorner
yllcorner

cellsize

-9999
3.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.623.63.63.63.63.63.63.63.63.6

6 3.6 3.6 3.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63

NODATA_value

6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3

6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3

3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6
6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3

63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63

6 3.6 3.6 3.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63

3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6
3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6
3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6
3.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.623.63.63.63.63.63.63.63.63.6
3.63.63.63.63.63.63.63.63.63.63.63.63.623.63.63.63.63.63.63.63.63.623.63.63.63.63.63.63.63.63.86
6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3

6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3

6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3

3.6 3.6 3.63.63.63.63.63.63.63.63.63.63.623.63.63.63.623.63.63.63.63.623.63.63.63.623.63.63.63.63.6
3.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.623.63.63.63.63.63.63.63.623.6
3.6 3.6 3.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.63.86
3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6

3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6V

UTF-8

100%  Windows (CRLF)

Ln1,Col1

103



Figure A.10

Land use classification for the study area.
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Figure A.11

The ASCII file for the land use codes for the study area.

mj land_cover300.asc - Notepad
File Edit Format View Help

hcols 818

nrows 1228

x1lcorner 167462.50948719
yllcorner 178967.123271@3
cellsize 38

NODATA_value -9999

105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185
105 185 1@5 185 1085 1e5 1e5 185

185 185 105 105 185 185 1685 185
<

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
185

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
185

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
185

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
185

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
185

105

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
165

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
185

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
185

Ln1, Col1

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
185

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
185

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
185

100%  Windows (CRLF)

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
185

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
185

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
185

UTF-8

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
185

105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105
105 v




Figure A.12
The TIN for the study area.

172,000 178,000 184,000 190,000

SWB model domain

Elevation (meter)
820 - 925

210,000

210,000

&
o
o
o
o
o
203,000

r
(=

'
o0
o
96,

-125 - -20

Study area ) :
{SWB model domain) Eocene Aq unfer§

189,

182,000

i

189,000 196,000 203,000

182,000

172,000 178,000 184,000 190,000

0 10 20 KM

West Bank | | |

106



Figure A.13
The DEM for the study area.
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Figure A.14

The flow direction grid for the study area.
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Figure A.15
The ASCII file of the flow direction for the study area.

] flow,_direction300.asc - Notepad - O X
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1 1328 128 128 128 128 128 128 128 128 128 128 1328 128 128 128 128 128 128 128 128 128 128 138 64 64 b4 64 64 64 64 b4 64 64
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Figure A.16
The soil moisture retention curve.
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Figure B.1

Appendix B. Wells Data

The distribution of the wells used in the WTF method.
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Figure B.2
The water table fluctuation for well 17-21/009.
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Figure B.3
The water table fluctuation for well 17-21/014.
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Figure B.4
The water table fluctuation for well 17-20/009J.
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Figure B.5
The water table fluctuation for well 17-20/014A.
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Figure B.6

The water table fluctuation for well 17-21/015.

17-21/015

R
NYT
AON
d3S
nr
AV N
Y W
NYT
AON
d3s
nr
AV N
ERN
NYT
AON
d3S
anr
AV N
R
NYT
AON
d3S
AV N
Y AN
NYT
AON
anr
AV N
R
NYT

47.00

8
E:

00
00
43.00
42.00
41.00
40.00

45
44

() 13AT7

o

JLVMA

=

NoYos

2017

2016

2015

2014

2013

2012

TIME

Figure B.7

The water table fluctuation for well 17-20/036J.
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Figure B.8

The water table fluctuation for well 17-21/022.
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Figure B.9

The water table fluctuation for well 17-20/014Q.
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Figure B.10
The water table fluctuation for well 17-20/021J.
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Figure B.11
The variation in the depth to water table for well (17-21/014) located within the Eocene Aquifer.
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Figure B.12
The variation in the depth to water table for well (17-20/009J) located within the Eocene Aquifer.
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Figure B.13
The variation in the depth to water table for well (17-20/014A) located within the Eocene Aquifer.
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Figure B.14
The variation in the depth to water table for well (17-21/009) located within the Eocene Aquifer.
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Figure B.15
The variation in the depth to water table for well (17-21/009) located within the Eocene Aquifer.
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Figure B.16

The variation in the depth to water table for well (17-20/036J) located within the Eocene Aquifer
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Figure B.17

The variation in the depth to water table for well (17-20/014Q) located within the Eocene Aquifer.
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Figure B.18

The variation in the depth to water table for well (17-20/021J) located within the Eocene Aquifer.
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Appendix C. Water Demand Distribution

|

The agricultural water demand for the communities located within the Eocene Aquifer for the study period.
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Figure C.2

The water demand of sheeps for the communities within the Eocene Aquifer for the study period.
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Figure C.3

The water demand of cows for the communities within the Eocene Aquifer for the study period.
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Figure C.4

The water demand of poultry for the communities within the Eocene Aquifer for the study period.
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Figure D.1

Appendix D. Swb Results

The distribution of groundwater recharge for the Eocene Aquifer for January/2020.
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Figure D.2

The distribution of groundwater recharge for the Eocene Aquifer for February/2020.
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Figure D.3

The distribution of groundwater recharge for the Eocene Aquifer for March/2020.
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Figure D.4

The distribution of groundwater recharge for the Eocene Aquifer for April/2020.
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Figure D.5

The distribution of groundwater recharge for the Eocene Aquifer for May/2020.
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Figure D.6

The distribution of groundwater recharge for the Eocene Aquifer for June/2020.
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Figure D.7

The distribution of groundwater recharge for the Eocene Aquifer for July/2020.
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Figure D.8

The distribution of groundwater recharge for the Eocene Aquifer for August/2020.
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Figure D.9

The distribution of groundwater recharge for the Eocene Aquifer for September/2020.
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Figure D.10

The distribution of groundwater recharge for the Eocene Aquifer for October/2020.
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Figure D.11

The distribution of groundwater recharge for the Eocene Aquifer for November/2020.
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Figure D.12

The distribution of groundwater recharge for the Eocene Aquifer for December/2020.

=

Dec. Recharge

mmly S

- High: 126.4 ]
- Low 0

=

Eocene Aquifer

189,000

182,000

West Bank

172,000 178,000 184,000 190,000
] ] ] ]
Al Jalama Arabbuna
Amana Deir Ghazala
Dshiyat Sebah sl Kher | o000 2
- Kafr Dan Barghas ha h
meelatBeit Oad
Al Has himiya Jeni’:‘ "E_‘ - albun
Kafr Qudgg gin Aba Urnm Qabub
Al Manshiya “rab as Suweitgt'Vad ad Dabi
Azh Shl_thEUITITIEt Tut
Bir al Besha Jalgamus .
4 Tanmin Al hudtilla)
AdDsmayrsarafra oo o
Mirka Khirbet Khamruba
‘- MllarbaMiliys Az Zabsbids ebS
Az Zawiya Al Kufeir Jeziq
‘.:ﬂg.i'lza S Si
nur
o . : Salhab i
Meithalun Aggaba
. = Tubas
Al Fhnd i .
* e Fashda
i Beit Imiin asid .
Nisf Jubeil _HEE- al| Far'a
ljnis irmya Talluza
An Ragqura Al Badhan
“sira ash Shamaliya
Fawata
* Ein Beit & Ma Camp
n Mablus ‘Askar Camp T
k k ] E
172,000 178,000 184,000 190,000
0 10 20 KM

189,000 196,000 203,000 210,000

182,000

136




Figure D.13
The relationship between groundwater recharge and rainfall.
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Figure D.14

The relationship between groundwater recharge and rainfall, with neglected zero recharge points
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Figure D.15

The distribution of recharge for the land use types located within the Eocene Aquifer.
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Figure D.16

The distribution of percentage of recharge for the land use types located within the Eocene Aquifer
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Table E.1

Appendix E. Tables

The land use lookup table.

CN 11 Max Interception Root
LU Code Description of Land use Recharge Depth

HSGD HSGD (Growing (Non- HSG D

Season)  Growing
Season)

101 Commercial and business and discontinuous urban fabric 96 1.2 0 0 2.22
104 Bare Rock 98 1.2 0 0 2.22
105 The assumed northern area 96 1.2 0 0 2.22
110 Colonies 96 1.2 0 0 2.22
111 Continuous Urban Fabric 96 1.2 0 0 2.22
112 Greenhouses 98 1.2 0 0 2.22
113 Refugee Camps 96 1.2 0 0 2.22
118 Agricultural Land with Natural Vegetation 80 1.2 0.04 0 2.22
124 Drip Irrigated Arable 89 1.2 0.05 0.05 0.83
148 Citrus Plantations 81 1.2 0.07 0.07 2.22
150 Military Camps 85 1.2 0.02 0 3.33
160 Olive Groves 79 1.2 0.05 0.05 2.22
161 Irrigated Complex Cultivation Practices 89 1.2 0.05 0.05 0.83
162 Natural Grass Land 81 1.2 0.05 0 2.45
163 Sparsely Vegetated Area 89 1.2 0.02 0 2.22
166 Non-Irrigated Arable Land 94 1.2 0 0 2.45

140



173
175
240
250

Non-Irrigated Complex Cultivation
Forest

Mineral Extraction Sites

Sclerophyllous vegetation and Woodland

94
77
91
77

1.2
1.2
1.2
1.2

0.07

0.05

0.07

0

2.22
3.9

2.22
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Table E.2
The equivalent land use description for the Eocene Aquifer in the USDA tables for the

curve number.

Land Use in Study Area Its Equivalent in USDA
Commercial and business and High Intensity
discontinuous urban fabric

Bare Rock High Intensity

The assumed northern area High Intensity

Colonies High Intensity

Continuous Urban Fabric High Intensity

Greenhouses High Intensity

Refugee Camps High Intensity

Agricultural Land with Natural Pasture, grassland, or range

Vegetation

Drip Irrigated Arable Row Crops

Citrus Plantations Orchard and tree

Military Camps Pasture, grassland, or range fair

Olive Groves Orchard and tree

Irrigated Complex Cultivation Row Crops

Practices

Natural Grassland Grassland  (assume  pasture, good
condition)

Sparsely Vegetated Area Grassland  (assume  pasture,  poor
condition)

Non-Irrigated Arable Land Fallow land

Non-Irrigated Complex Fallow land

Cultivation

Forest Forest

Mineral Extraction Sites Barren

Sclerophyllous vegetation Shrubland

Transitional Woodland Shrubland
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Table E.3

The runoff curve number values after adjusting -2%, -1%, and -0.5% from the original

Original CN (- CN(-1%) CN (-

CN 2%) 0.5%)
LU Code Description of Land Use

HSGD HSGD HSGD HSG D
101 Commercial and business and discontinuous urban fabric 96 94.08 95.04 95.52
104 Bare Rock 98 96.04 97.02 97.51
105 The assumed northern area 96 94.08 95.04 95.52
110 Colonies 96 94.08 95.04 95.52
111 Continuous Urban Fabric 96 94.08 95.04 95.52
112 Greenhouses 98 96.04 97.02 97.51
113 Refugee Camps 96 94.08 95.04 95.52
118 Agricultural Land with Natural Vegetation 80 78.4 79.2 79.6
124 Drip Irrigated Arable 89 87.22 88.11 88.555
148 Citrus Plantations 81 79.38 80.19 80.6
150 Military Camps 85 83.3 84.15 84.575
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160

161

162

163

166

173

175

240

250

Olive Groves

Irrigated Complex Cultivation Practices
Natural Grass Land

Sparsely Vegetated Area

Non-Irrigated Arable Land
Non-Irrigated Complex Cultivation
Forest

Mineral Extraction Sites

Sclerophyllous vegetation and Woodland

79

89

81

89

94

94

77

91

77

77.42

87.22

79.38

87.22

92.12

92.12

75.46

89.18

75.46

78.21

88.11

80.19

88.11

93.06

93.06

76.23

90.09

76.23

78.605

88.555

80.6

88.555

93.53

93.53

76.615

90.545

76.23
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Table E.4

Calculations of agricultural water demand for the Eocene Aquifer.

Communities

Irrigated

Cultivated Areas

Water
Consumption

Water demand (m?3/y)

(Dunum) (m3/y.dunum)
Asira Al Shamalya 50 300 15,000
Al Badan 12 300 3,600
Zawata 16 300 4,800
Al Naqura 14 300 4,200
Beit Imrin 5 300 1,500
Kashda 340 1000 340,000
Ras al Far'a 332 1150 381,800
Wadi al Far'a 33 1000 33,000
Tubas 21 1000 21,000
‘Arabbuna 800 1150 920,000
Al Jalama 800 900 720,000
Silat al Harithiya 15 900 13,500
‘Arrana 1400 900 1,260,000
Deir Ghazala 600 1000 600,000
Faqqu'a 5 600 3,000
Beit Qad Ash Shamali 100 1100 110,000
Beit Qad Al Janubi 100 1100 110,000
Al Jameelat 100 1100 110,000
Jenin Camp 450 1000 450,000
Jalbun 250 550 137,500
'‘Aba (Al Gharbiya) 200 1000 200,000
Deir Abu Da'if 2300 1200 2,760,000
Birgin 3200 1000 3,200,000
Al Yamun 600 1100 660,000
Kafr Dan 1500 1100 1,650,000
Jenin 1000 1100 1,100,000
Kufeirit 16 900 14,400
Qabatiya 1300 900 1,170,000
Jaba' 50 700 35,000
Siris 500 900 450,000
Meithalun 1800 800 1,440,000
Al Judeida 1000 700 700,000
Sanur 500 800 400,000
‘Ajja 500 800 400,000
Sir 1600 800 1,280,000
Al Kufeir 2200 900 1,980,000

Sum 22,678,300
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Table E.5

Calculations of water demand for sheeps for the Eocene Aquifer.

Communities Number Average Typical Water Demand
of Water Uses by Sheep (mdly)
Sheep (L/sheep.day)
Yasid 3000 10 10,950
Asira Al Shamalya 4000 10 14,600
Al Badan 720 10 2,628
Talluza 1000 10 3,650
Nisf Jubeil 500 10 1,825
ljnisinya 200 10 730
Beit Imrin 4000 10 14,600
Zawata 330 10 1,205
Al Naqura 450 10 1,643
Beit Iba 200 10 730
Kashda 900 10 3,285
Aggaba 2800 10 10,220
Salhab 200 10 730
Ras al Far'a 415 10 1,515
Wadi al Far'a 170 10 621
Tubas 350 10 1,278
Ibziq 655 10 2,391
‘Arabbuna 2000 10 7,300
Al Jalama 1200 10 4,380
Silat al Harithiya 200 10 730
‘Arrana 900 10 3,285
Deir Ghazala 1800 10 6,570
Fagqu'a 5000 10 18,250
Ti'innik 160 10 584
Beit Qad Ash Shamali 3000 10 10,950
and Al Janubi
Al Jameelat 20 10 73
Jenin Camp 280 10 1,022
Jalbun 4000 10 14,600
‘Aba (Al Gharbiya) 5000 10 18,250
Deir Abu Da'if 2600 10 9,490
Umm at Tut 1900 10 6,935
Jalgamus 900 10 3,285
Al Mughayyir 5000 10 18,250
Al Mutilla 1170 10 4,271
Bir al Basha 1100 10 4,015
Tannin 250 10 913
Al  Hafira (Hafirat 100 10 365
Arraba)
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Arraba
Telfit

Mirka

Raba
Misliya

Al Jarba

Az Zababida
Az Zawiya
Al Kufeir
Sir

‘Ajja

'Anza

Sanur
Meithalun
Al Judeida
Al Hashimiya
Kafr Qud
Birgin
Kufeirit
Jenin

Al Yamun
Kafr Dan
Siris

Jaba'

Al Fandaqumiya
Qabatiya

Al Mazar

88
250
3000
2700
800
400
1800
2000
400
900
2100
900
1600
2000
1500
500
1900
2500
400
7000
2000
1000
900
4000
170
5000
1100

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Sum

321
913
10,950
9,855
2,920
1,460
6,570
7,300
1,460
3,285
7,665
3,285
5,840
7,300
5,475
1,825
6,935
9,125
1,460
25,550
7,300
3,650
3,285
14,600
621
18,250
4,015

377,330
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Table E.6
Calculations of water demand for cows for the Eocene Aquifer.

Communities Number Average Typical Water
of Cows Water Use by Cow Demand (m®/y)
(L/cow.day)
Yasid 20 85 621
Asira Al Shamalya 50 85 1,551
Al Badan 5 85 155
Talluza 70 85 2,172
Zawata 992 85 30,777
Al Naqura 5 85 155
‘Arabbuna 70 85 2,172
Al Jalama 40 85 1,241
Silat al Harithiya 10 85 310
‘Arrana 16 85 496
Deir Ghazala 10 85 310
Faqqu'a 12 85 372
Ti'innik 8 85 248
Beit Qad Ash Shamali 75 85 2,327
and Al Janubi
Jenin Camp 7 85 217
Jalbun 70 85 2,172
Deir Abu Da'if 33 85 1,024
Umm at Tut 60 85 1,862
Jalgamus 12 85 372
Al Mughayyir 20 85 621
Al Mutilla 6 85 186
Bir al Basha 7 85 217
Tannin 25 85 776
Al  Hafira (Hafirat 2 85 62
Arraba)
Arraba 133 85 4,126
Telfit 2 85 62
Mirka 17 85 527
Raba 36 85 1,117
Misliya 17 85 527
Az Zababida 6 85 186
Az Zawiya 500 85 15,513
‘Ajja 1100 85 34,128
'‘Anza 170 85 5,274
Sanur 90 85 2,792
Meithalun 34 85 1,055
Al Judeida 200 85 6,205
Al Hashimiya 300 85 9,308
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Kafr Qud
Birgin
Kufeirit
Jenin

Al Yamun
Kafr Dan
Siris

Jaba'
Qabatiya
Al Mazar

15
38
50
40
56
17
25
12
220
20

85
85
85
85
85
85
85
85
85
85
Sum

465
1,179
1,551
1,241
1,737
527
776
372
6,826
621
146,531
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Table E.7
Calculations of poultry water demand for the Eocene Aquifer.

Communities Number  Average Water Demand
of Typical Water (md3y)
Chickens Use by Poultry
(L/poultry.day)
Yasid 14,000 0.18 920
Asira Al Shamalya 200,000 0.18 13,140
Al Badan 2,400 0.18 158
Talluza 8,000 0.18 526
ljnisinya 10,000 0.18 657
Beit Imrin 5,000 0.18 329
Al Naqura 2,700 0.18 177
Salhab 50,000 0.18 3,285
Tubas 2,100 0.18 138
Jenin district 3,801,600 0.18 249,765
Bir al Basha 118,000 0.18 7,753
Mirka 53,000 0.18 3,482
Raba 60,000 0.18 3,942
Misliya 54,000 0.18 3,548
Az Zababida 10,000 0.18 657
Az Zawiya 150,000 0.18 9,855
Sir 200,000 0.18 13,140
'‘Anza 14,000 0.18 920
Sanur 12,000 0.18 788
Meithalun 220,000 0.18 14,454
Al Judeida 427,000 0.18 28,054
Siris 50,000 0.18 3,285
Jaba’ 5,000 0.18 329
Qabatiya 280,000 0.18 18,396
Sum 377,696
Table E.8
Calculations of domestic water demand for the Eocene Aquifer.
Number of Average daily consumption water demand (m3/y)
populations (L/day.capita)
230,400 85.6 7,198,618
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Table E.9

Results of the sensitivity analysis for recharge corresponding to curve number values by £5 and £10%.

CN CN (- CN _ CN CN
LU Description of land use (adjusted) 5%) “ Res 109%) © Rres 5%) TS (1006) PO

Code HSGD HSGD % HSGD % HSGD % HSGD %

101 gggﬁg;‘ﬂshs ufg‘;’n fagr‘;i'”ess and g5 57 90.744 29343 85968  253.85 100.296 -108.27 105.072 -132.15
104 Bare Rock 97.51 92.6345 29343 87.759  253.85 102.3855 -108.27 107.261 -132.15
105 The assumed northern area 95.52 90.744 293.43 85.968 253.85 100.296 -108.27 105.072 -132.15
110 Colonies 95.52 90.744 29343 85968  253.85 100.296 -108.27 105.072 -132.15
111 Continuous Urban Fabric 95.52 90.744 293.43 85.968 253.85 100.296 -108.27 105.072 -132.15
112 Greenhouses 97.51 92.6345 29343 87.759  253.85 102.3855 -108.27 107.261 -132.15
113 Refugee Camps 95.52 90.744 29343 85968  253.85 100.296 -108.27 105.072 -132.15

Agricultural Land with  Natural

118 Vggetation 79.6 7562 29343 71.64 25385 8358 -10827 87.56 -132.15
124 Drip Irrigated Arable 88.555 84.12725 29343 79.6995  253.85 9298275 -108.27 97.4105 -132.15
148 Citrus Plantations 80.6 7657 29343 72.54 253.85 8463 -10827 88.66 -132.15
150 Military Camps 84.575 80.34625 29343 76.1175  253.85 88.80375 -108.27 93.0325 -132.15
160 Olive Groves 78.605 7467475 293.43 707445  253.85 82.53525 -108.27 86.4655 -132.15
161 'Ffrr;gtaltfgs Complex  Cultivation o ooe 8419795 29343  79.6995  253.85 9298275 -108.27 97.4105 -132.15
162 Natural Grass Land 80.6 7657 29343 72.54 253.85 8463 -10827 8866 -132.15
163 Sparsely Vegetated Area 88.555 84.12725 29343 79.6995  253.85 9298275 -108.27 97.4105 -132.15
166 Non-Irrigated Arable Land 93.53 88.8535  293.43 84.177 253.85 98.2065 -108.27 102.883 -132.15
173 Non-Irrigated Complex Cultivation  93.53 88.8535 29343 84177 25385 98.2065 -108.27 102.883 -132.15
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175 Forest 76.615 72.78425 293.43 68.9535 253.85 80.44575 -108.27 84.2765 -132.15

240 Mineral Extraction Sites 90.545 86.01775 293.43 81.4905 253.85 95.07225 -108.27 99.5995 -132.15
Sclerophyllous vegetation and

250 Woodland 76.615 72.78425  293.43  68.9535 253.85 8044575 -108.07 B84.9765 -132.15
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Table E.10

The relationship between land use and recharge rate.

Area Percentag Recharge Percentage

Land Use Type (km?) e (mmly) of Recharge
of Area

Olive groves 139 30.30% 50.87 30.4%
Natural grassland 87 19.00% 116.53 43.5%
Non-irrigated arable land  55.64 12.13% 2.46 0.6%
Non-irrigated complex 4.77 1.1%
cultivation P 54.88 12.00%
Discontinuous urban fabric 34.9 7.61% 2.18 0.3%
Agricultural _Iand with 235 511% 100.72 10.2%
natural vegetation
Sclerophyllous vegetation  16.91 3.68% 45.25 3.3%
Drip irrigated arable 13 2.83% 103.4 5.8%
Forest 104 2.26% 7.8 0.3%
Irrigateq _ complex 784 1.71% 106.4 3.6%
cultivation practices
Greenhouses 3.4 0.75% 3.77 0.1%
Bare rock 2.83 0.62% 1.34 0.0%
Sparsely vegetated area 2.16 0.47% 14.32 0.1%
Continuous urban fabric 1.77 0.38% 0.3 0.0%
Mineral extraction sites 1.74 0.38% 23.44 0.2%
Military camps 1.15 0.25% 36.6 0.2%
Citrus plantations 0.67 0.15% 61.1 0.2%
Refugee camps 0.51 0.11% 1.08 0.0%
lIjr;]oiléjstrlal or commercial 0.49 0.11% 6.23 0.0%
Transitional woodland 0.49 0.11% 61.8 0.1%
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Appendix F. Swb Model Tutorial

1) After extraction of the SWB software, the files are arranged as follows:

File Home Share View
Cut
— Copy path
Pinto Quick Copy Paste Move
access Paste shortout to
Clipboard
T » Eocene Aquifer
~
~ MName
3 Quick access
climate
[ Desktop .
images
4 Downloads .
input
| Documents output
&=/ Pictures std_input
= This PC [E] cleanup.bat
Eocene 2020 _| cleanup.sh
Eocene GIS | recharge.ctl
i J recharge_linux.ctl
Master Thesis
[E] swh.exe
old thesis . .
M swh_simple_examplezip
@& OneDrive u swh_windows_x64 (1).zip
[ swhstats.exe
[ This PC
J 30 Objects v
13 items

FJ Mew item ~ v Open dﬂSeled all
=_J Easy access = J Edit Select none
Ctip,' Delvete Rename f:ﬁj":r Propfrties & History aalnvertseledion
Organize MNew Open Select
v O Search Eocene Aquifer
Date medified Type Size
File folder
File folder
File folder
File folder
File folder
Windows Batch File
5H File
CTL File
CTL File
Application

WinRAR ZIP archive
WinRAR ZIP archive

Application

2) Place the ASCII gridded files (AWC, HSG, flow direction, FSM, and land use) that were
processed using ArcMap into a file named Input.

File Home Share View 0
Cut T New item ~ COpen Select all
2]
= e Copy path —=J Easy access Edit Select none
Pinto Quick Copy Paste Maove Copy  Delete Rename MNew Properties o X
access Paste shortcut to to - folder - £ History g7 Invert selection
Clipboard COrganize MNew Open Select
« v 4 » Eocene 2020 » input v | O Search input
~
&3 Mame Date medified Type Size
s+ Quick access
B Deskt | AWC.asc ASC File
esktop i
| flow_direction.asc
Download R
¥ Downloads ] FsM.asc ASC File
== Documents " HsG.zsc
=] Pictures | land_use.asc
= This PC
Eocene 2020
Eocene GIS
IMaster Thesis
old thesis
@ OneDrive
= This PC
§ 3D Objects L
5 items
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3) Place the land use lookup table and the soil moisture retention grid in a file named Std

Input. The land use lookup table must be in text format (*.txt). When you need to make

any modifications to this table, open it in Excel format, and upon completion, convert it

to text format. The soil moisture retention grid is attached to the package of the code in

ASCII file format and it does not need any modification.

File Home Share View
Cut L'._-‘JNEW item ~ W Open EESEIEC[ all
= w Copy path —=J Easy access = J Edit Select none
Pinto Quick Copy Paste Move Copy Delete Rename Mew Properties o
access Paste shortcut to to - folder - £5History 55 Invert selection
Clipboard Organize New Open Select
« v » Eocene 2020 » std_input v O Search std_input
~
~ MName Date modified Type ize
3t Quick access
LU_Eocene_aquifertxt 2/19/2021 10:29 AM Text Document 4KB
[ Desktop - -7 IR - - -
_| soil-moisture-retention-extended.grd 7/18/2008 7:39 PM GRD File 127 KB
s Downloads
==| Documents
&=/ Pictures
[ This PC
Eocene 2020
Eocene GIS
Master Thesis
old thesis
@ OneDrive
[ This PC
J 3D Objects b
2 items

4) Place the ASCII files for daily rainfall in a file named Climate. A climate file contains a

file named temp in which daily temperature data (maximum and minimum) are entered
in ASCII file format.

File Home Share View
Cut '-'_"J Mew item + \/
4 Copy path -‘_J Easy access = J
Pinto Quick Copy Paste Move Copy Delete Rename MNew Properties
access Paste shortcut to to - folder @ €
Clipboard Organize MNew Cpen
« > 4 » Eocene2020 » climate v | B
" Name Date modified Type
7 Quick access
termn File folder
[ Desktop Fl -
J precip_2020_01_01.asc ASC File
¥ Downloads | precip_2020_01_02.25c ASC File
=| Documents | precip_2020_01_03.asc ASC File
= Pictures | precip_2020_01_04.asc ASC File
[ This PC | precip_2020_01_05.asc ASC File
Eocene 2020 | precip_2020_01_06.asc ASC File
Cocene GIS | precip_2020_01_07.asc ASC File
| precip_2020_01_08.asc ASC File
Master Thesis J precip- T
|| precip_2020_01_09.asc ASC File
old thesis | precip_2020_01_10.asc ASC File
@ OneDrive | precip_2020_01_11.asc ASC File
J precip_2020_01_12.asc ASC File
£ This pC ] precip_2020_01_13.asc ASC File
8 3D Objects Y | orecin 2020 01 14.asc ASC File
368 itermns

Open EESelect all

Edit Select none

History a‘—“ Invert selection
Select

Search climate




5) Before you start writing the code, create a new text file that contains the code to be

written. After writing the code, make sure to convert the text file (*.txt) into a control file

(*.ctl) because SWB code will not run if the control file is still in text format.

File Home Share View o
Cut L"_"J MNew item ~ \/ Open EESeIect all
4w Copy path EJ Easy access = J Edit Select none
Pinto Quick Copy Paste Move Copy Delete Rename Mew Properties . o .
access Paste shortcut to to - folder - £ History 55 Invert selection
Clipboard Organize Mew Open Select
< v » Eocene2020 » climate » temp ~ O Search temp
() Name Date modified Type Size [
5 Quick access
trnax_2020 01_01.asc 5C File
[ Desktop J T i
| tmax_2020_01_02.asc File
¥ Downloads ) tmax_2020_01_03.asc File
| Documents ) trnax_2020_01_04.asc File
&= Pictures | tmax_2020_01_05.asc File
[ This PC | trnax_2020_01_06.asc File
Eocene 2020 | trnax_2020_01_07.asc File
Eocenc GIS | tmax_2020_01_08.asc File
. 7 trna_ | 01_09.asc ile
=] 2020_01_09, Fil
Master Thesis
. Jtmax,EDEDﬁDLW O.asc 2/21/2021 11:01 AM File
old thesis 4] tmax_2020_01_11.asc ) )1 10:01 AM File
& OneDrive | tmax_2020_01_12.asc File
| tmax .asc ile
= _2020_01_13, Fil
I This PC ) trnax_2020_01_14.asc File
M 3D Objects ¥ | trmaw 2000 01 15.38c 247172071 17:509 Py C File ATITKR e
733 items -

6) It is necessary to use the SWB code tutorial to learn how to write the code for the study

area. The following text represents the SWB code for the Eocene Aquifer:

File Home  Share  View 7]
/ ™= . .
; b Cut 4 = x _Il 9 New item ‘ﬂ _/|Open FH setect an
=| - = Copy path =_J Easy access * [ Edit Select none

Copy Paste Move Copy Delete Rename New Properties
- - £ History DDIn\rertselectlnn

Paste shortcut tow tor folder
Clipboard Crganize MNew Open Select
+ » Eocene Aguifer v O Search Eocene Aquifer
ol Mame Date modified Type Size
3 Quick access
climate 1 PM File folder
[ Desktop . .
images 11 11:14 PM File folder
& Downloads input 11 8:49 PM File folder
=| Documents output 11 11:13 PM File folder
=] Pictures std_input 11 10:28 PM File folder
& This PC = cleanup.bat 011 715 PM Windows Batch File
Eocene 2020 | cleanup.sh M SH File
Eocene GIS | Eocene aquifer.ctl 11 8:48 PM CTL File
. J recharge_linux.ctl CTL File
Master Thesis
. [#] swh.exe Application
old thesis M swh_simple_example.zip WinRAR ZIP archive
@& OneDrive 8 swb_windows_x64 (1).zip WinRAR ZIP archive
[ swhstats.exe Application
[ This PC

J 3D Objects hd

13items  1item selected 21.6 KB -
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# MODEL DOMAIN DEFINITION
# NX NY X0 YO0 X1 Y1 Size

GRID 818 1228  167462.50940719 178907.12327103 192002.50940719
215747.12327103 30

T S
# LENGTH UNITS

GRID_LENGTH_UNITS METERS
e
# OUTPUT CONTROL

# TURN OFF SCREEN OUTPUT?

SUPPRESS_SCREEN_OUTPUT
e
# GROWING SEASON

GROWING_SEASON 305 120 TRUE

#****************************************************************

ANSI_COLORS FALSE

#****************************************************************

RLE_MULTIPLIER 10000

#****************************************************************

# PRECIPITATION

PRECIPITATION ARC_GRID climate\precip
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#****************************************************************

# TEMPERATURE

TEMPERATURE ARC_GRID climate\temp\tmax climate\temp\tmin
#****************************************************************
# OUTPUT GRID FILENAME SUFFIX

OUTPUT_GRID_SUFFIX asc
#****************************************************************
# INITIAL ABSTRACTION METHOD

INITIAL_ABSTRACTION_METHOD TR55
#****************************************************************
# INITIAL CONTINUOUS FROZEN GROUND INDEX
INITIAL_FROZEN_GROUND_INDEX CONSTANT 0.0
#****************************************************************
# FROZEN GROUND THRESHOLD CFGI VALUE

UPPER_LIMIT_CFGI 83.

LOWER_LIMIT_CFGI 56.
#****************************************************************
# FLOW DIRECTION

FLOW_DIRECTION ARC_GRID input\flow_direction.asc
#**-k***-k**********-k***-k***-k**************-k***********************
# SOIL GROUP
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SOIL_GROUP ARC_GRID input\HSG.asc
#****************************************************************
# LAND USE/COVER CLASSIFICATION

LAND_USE ARC_GRID input\land_use.asc
#****************************************************************
# Land Use LOOKUP table:

LAND_ USE_LOOKUP_TABLE std_input\LU_Eocene_aquifer.txt
#****************************************************************
# BASE SOIL WATER CAPACITY

WATER_CAPACITY ARC_GRID input\AWC.asc
#****************************************************************
# SOIL MOISTURE ACCOUNTING METHOD

SM T-M std_input\soil-moisture-retention-extended.grd
#****************************************************************
# INITIAL SOIL MOISTURE

INITIAL_SOIL_MOISTURE ARC_GRID input\FSM.asc
#****************************************************************
# INITIAL SNOW COVER

INITIAL_SNOW_COVER CONSTANT 0
#**-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k****-k-k-k-k-k-k-k-k-k*************-k***-k***-k
# SOLUTION METHOD
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RUNOFF C-N DOWNHILL

ek e e e e ek ek ek ek e ke ek ek sk ke ok
# EVAPOTRANSPIRATION METHOD

ET HARGREAVES 32.20 32.55
S L L e ———
# PLOTTING CUSTOMIZATION
DISLIN_PARAMETERS RECHARGE
SET_Z_ AXIS_RANGE DAILY 01.50.1
SET_Z AXIS_RANGE MONTHLY 07 1.0
SET_Z_AXIS_RANGE ANNUAL 0 20 2.
Z_AXIS_TITLE RECHARGE, IN INCHES
#

DISLIN_PARAMETERS ACT_ET
SET_Z_AXIS_RANGE DAILY 00.8 0.05
SET_Z_AXIS_RANGE MONTHLY 0 10. 0.5
SET_Z AXIS_RANGE ANNUAL 040. 5.0
#SET_DEVICE PDF

#SET_FONT Helvetica-Bold
Z_AXIS_TITLE ACTUAL ET, IN INCHES
#

DISLIN_PARAMETERS POT_ET
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SET_Z_AXIS_RANGE DAILY 00.8 0.05
SET_Z_AXIS_RANGE MONTHLY 0 10. 0.5
SET_Z_AXIS_RANGE ANNUAL 0 45. 5.
#SET_DEVICE WMF

#SET _FONT Courier New ltalic

Z_AXIS_TITLE POTENTIAL ET, IN INCHES

#

#DISLIN_PARAMETERS RUNOFF_OUTSIDE
#SET_Z_AXIS_RANGE DAILY 05.0.5
#SET_Z_AXIS_RANGE MONTHLY 012.0.5

#SET_Z_ AXIS_RANGE ANNUAL 0 25. 5.
#Z_AXIS_TITLE RUNOFF OUT OF GRID, IN INCHES
#

#DISLIN_PARAMETERS SNOWCOVER
#SET_Z_AXIS_RANGE DAILY 012.0.5

#Z AXIS_TITLE SNOW COVER, IN INCHES (WATER EQUIVALENT)
#

DISLIN_PARAMETERS SM_APWL
SET_Z_AXIS_RANGE DAILY -20.0. 2.0
Z_AXIS_TITLE ACCUMULATED POTENTIAL WATER LOSS, IN INCHES
SET_COLOR_TABLE RRAIN
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#****************************************************************

# OUTPUT OPTIONS

# Format for specifying output options is:

#"OUTPUT_OPTIONS variable_name daily_option monthly_option annual_option™,
# where the possible values for each option are:

# NONE, GRAPH (or PLOT), GRID, or BOTH

OUTPUT_OPTIONS RECHARGE NONE BOTH BOTH

OUTPUT_OPTIONS SM_APWL NONE NONE PLOT

OUTPUT_OPTIONS SNOWCOVER NONE NONE NONE
OUTPUT_OPTIONS INTERCEPTION NONE GRID BOTH
OUTPUT_OPTIONS RUNOFF_OUTSIDE NONE NONE BOTH
OUTPUT_OPTIONS ACT_ET NONE NONE BOTH

OUTPUT_OPTIONS POT_ET NONE NONE BOTH

OUTPUT_OPTIONS GROSS_PRECIP NONE NONE GRID
OUTPUT_OPTIONS AVG_TEMP NONE NONE GRID

OUTPUT_OPTIONS INFLOW NONE NONE GRID

OUTPUT_OPTIONS OUTFLOW NONE NONE GRID

OUTPUT_OPTIONS CHG_IN_SOIL_MOIS NONE NONE GRID

ek e e e e e ek e ek e e ek ek e ek ke ek ek
# OUTPUT GRID FILE FORMAT

OUTPUT_FORMAT ARC_GRID
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#****************************************************************

SOLVE_NO_TS_FILE 2020 2020
#

EOJ

7) To run the model:
a) Openacommand prompt.

b) Type CD (change directory) and copy the path of the file that contains the control

file for the code, and press enter.
¢) Type the following command: swb control_file_name.ctl (swb Eocene_aquifer.ctl)

d) Press enter. The SWB will now run the complete model. This could take hours
depending on the cell size and resolution.

ows [Version 16.6.1984
soft Corporation. All

Deeb>CD "C:\Users\Amr Deeb\Desktop\Eocene\Eocene 2628"

ocene\Eocene 2828>swb Eocene_aquifer.ctl

Simulation
Simulation
Simulation
Simulation
Simula

Simula

Simula

Simulation
Simulation
Simulation
Simulation
Simulation

cogooooaaaano

Simulation day:
Simulation day:
Simulation day:
Simulation day:
Simulation day:

OO0
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mulat
Simulation
mulat
mulation d
mulat
mulation d
mulati
mulati
Simulatio

e
e
e
e
e
e
e
e
e
e

minutes
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