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The Regional Initiative for the Assessment of Climate Change Impacts on Water Resources and Socio-Economic Vulnerability 
in the Arab Region (RICCAR) is a joint initiative of the United Nations and the League of Arab States. 

The Initiative was launched under the auspices of the Arab Ministerial Water Council in 2010 and derives its mandate from 
resolutions adopted by this council as well as the Council of Arab Ministers Responsible for the Environment, the Arab 
Permanent Committee for Meteorology and the Ministerial Session of the United Nations Economic and Social Commission 
for Western Asia (ESCWA).

The Initiative is implemented through a collaborative partnership involving 11 regional and specialized organizations. The 
RICCAR Regional Knowledge Hub is managed by ESCWA and the Arab Center for the Studies of Arid Zones and Dry Lands 
(ACSAD) with the Food and Agriculture Organization of the United Nations (FAO) hosting the Arab/Middle East/North Africa 
(MENA) Domain data portal. The regional initiative is coordinated by ESCWA under the umbrella of its Arab Centre for Climate 
Change Policies. 

This technical report was prepared through a collaborative partnership between ESCWA, ACSAD, the Palestine Water Authority 
and in collaboration with local experts. The regional climate projections for the Mashreq Domain used to inform this report 
were produced by the Swedish Meteorological and Hydrological Institute (SMHI). 

Funding for the study was provided by the Government of Sweden through the Swedish International Development Cooperation 
Agency (Sida) under a project focused on water and food security under a changing climate context implemented by ESCWA. 
The project component provides science-based assessments and analysis of climate impacts on strategic sectors to support 
improved water and food security in the Arab region.
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INTRODUCTION

Multiple challenges to water resources across the Arab region, stemming from the region’s unique and complex geopolitical and 
socioeconomic setting, including freshwater scarcity, population growth, urbanization, conflict and changing migration patterns, 
impact the ability to promote sustainable water management and availability. Such adverse factors induce direct pressure 
on human settlements and ecosystems, affecting the health and welfare of differing demographics, including marginalized 
populations.

Groundwater is of particular significance, as it is a major source of drinking water and often used for agricultural irrigation. 
Aquifers across the Arab region, many of which are transboundary, are subject to limited recharge, however. Renewable 
groundwater systems are estimated to amount to approximately 41 billion m3, mostly in the form of shallow aquifers recharged 
by surface water basins during flood.1 Non-renewable groundwater sources (or fossil groundwater) are also prevalent across the 
region, particularly in the Sahara and Arabian Peninsula.

Groundwater governance in the region poses its own unique difficulties. Political will is often lacking or inadequate to implement 
policy and legislation, partly because of overlapping or fragmented groundwater institutions and limited funding. The result 
is widespread overexploitation owing to underestimation of the groundwater system and insufficient awareness. Monitoring 
is seldom conducted because of lack of information, data and technology. Lastly, recent rapid agricultural and industrial 
development have placed increased pressures upon demand.

Both surface and groundwater systems in the Arab region are also threatened by climate change. The Regional Initiative for the 
Assessment of Climate Change Impacts on Water Resources and Socio-Economic Vulnerability in the Arab Region (RICCAR) 
reveals that temperature is projected to increase by between 1.2 and 2.6°C by mid-century and up to 4.8°C by 2100. Precipitation 
is expected to exhibit spatio-temporal variability although generally decreasing precipitation is projected for much of the Arab 
region.2 Climate change influences groundwater systems both directly through water availability for recharge and indirectly 
through changes in groundwater abstraction and use patterns. Projected decrease in precipitation and change in frequency of 
extreme events, including droughts and floods, are expected to affect groundwater recharge. As agriculture is the largest user of 
groundwater in the Arab region, groundwater-fed irrigation is projected to increase as a buffer against climate extremes and will 
affect renewable and non-renewable groundwater systems.

This report aims to assess the impacts of climate change on groundwater resource use and availability in the Eocene aquifer, 
part of the north-eastern transboundary aquifer system, and particularly on groundwater abstraction that supplies water to Jenin 
and Nablus districts in the State of Palestine, which are highly populated with a high demand for agricultural activities. The study 
focuses on the nexus between water and food security and climate resilience. It seeks to provide Arab Government officials from 
ministries and agencies responsible for agriculture, water, environment, meteorology and planning as well as local communities, 
including smallholder farming communities, women, youth and regional organizations and research organizations, with 
knowledge on regional climate challenges to water and food security and recommendations for increasing climate resilience. The 
report will proceed with a description of the study area (Eocene aquifer) and the agriculture sector there, followed by an analysis 
of climate impacts on the basin, including projections for the near to mid-term up to 2060 for key indicators like temperature 
and precipitation. Localized impacts of climate change on maize and potato yields are also analysed. This is followed by an 
analysis of localized impacts of climate change on groundwater in the region. The report concludes with a summary of results and 
recommendations.
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1 AREA OF STUDY

A. Aquifer system characteristics

The north-eastern transboundary aquifer system is characterized by fractured and karstic rock, which are capable of high 
groundwater storage and conductive capabilities. The northern basin is subdivided into two overlaying aquifers, the Eocene 
limestone aquifer (also known as Nablus-Jenin-Gilboa) and the deeper limestone-dolomite Cenomanian/Turonian aquifer. The 
aquifers are separated by marls, chalk and calcareous shales.3 This study focuses on the Eocene (figure 1), which has an area of 
543 km2, over 80 per cent of which is located within the West Bank. Ground elevation in the study area ranges from < 100 m in the 
north to 931 m ASL in the south.

The geological boundary between the Eocene and Senonian or Turonian formations is well defined along most of the study area. 
However, due to the quaternary formation in the northwestern sector, which is the most recent geological formation, there are 
outcrops in most of the study area covering the Eocene and the other geological formations. This makes it difficult to define the 
exact boundary of the Eocene aquifer. Several cross-sections were developed in the northern part using available geological and 
structural maps to define the Eocene boundary and to check the possibility of connections between the Eocene aquifer and other 
aquifers, which allow water exchange (inflow/outflow) between the aquifer systems (figure 2).

FIGURE 1: Area of study

Source: Authors.
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FIGURE 2: Geological cross-sections of the North-eastern aquifer (Q: Quaternary, E: Eocene, S: Senonian, T: Turonian, UC: Upper Cenomanian)

Source: Authors.
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Groundwater recharge areas for the Eocene aquifer are entirely situated in the West Bank. Recharge originates primarily from 
precipitation occurring in the mountainous areas, with an average recharge during 2008-2019 of approximately 77 mm3/year. 
Average well abstraction during this period was 37 mm3/year,4 primarily used for agricultural irrigation. 

B. Agriculture in the study area

The Eocene boundary is highly populated with over 220,000 inhabitants living in 57 communities within the Nablus, Jenin and 
Tubas Governorates.5 Land use is classified into eight types; agriculture represents approximately half of the area (figure 3), 
mostly represented by household gardens with an average size of 3.4 dunums. Primary crops (77.5 per cent) include cucumber, 
tomatoes, pepper, squash, beans, cabbage and cauliflower.6 

There are three general cropping seasons. The primary cropping season is winter, starting in October, and concludes depending 
on crop type. Crops such as cucumber end by March whereas others, including pepper and tomato, end their growing season in 
July or August. The spring season commences in March or April and the summer season starts in May or June, both lasting for 
three to four months. The three seasons can overlap within the same farm depending on crop type.7

Crops are rainfed or irrigated depending on water availability. The dominant irrigation type is drip irrigation (90 per cent) whereas 
sprinkler irrigation is limited to a few crops, including mallow, parsley, onion and mint. Average water use per dunum is 786 mm/
year, estimated from farmer data, frequency of irrigation and the total water applied per irrigation period, primarily obtained from 
groundwater resources.8

FIGURE 3: Land use map within the Eocene boundary

Source: Forthcoming publication: United Nations Economic and Social Commission for Western Asia, and Swedish Meteorological and 
Hydrological Institute (2021). Climate Change Projections Findings for the Mashreq Region. Beirut: United Nations Economic and Social 
Commission for Western Asia. E/ESCWA/CL1.CCS/2021/RICCAR/TECHNICAL REPORT.7.
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C. Current climate

The Eocene study area is characterized by a Mediterranean climate, with a dry and hot summer season, a short, wet winter season 
and two short transitional periods. Long-term annual precipitation ranges between 330 mm/year in the north-east to 650 mm/year 
in the south-west. Most precipitation occurs between November and March. Rainfall is negligible from June to August. Temporal 
distribution varies in terms of volume, intensity and frequency.

Generally, temperatures within the West Bank vary according to geographical location, altitude, exposure to marine influences and 
other factors. Summer temperatures generally are between 25 and 27°C and winter months range between 12 and 15°C.

D. Climate impacts on the Eocene aquifer

Climate models are a key mechanism used by scientists to understand how the climate has changed in the past and to project the 
future. These global climate models (GCMs) simulate the physical processes on the land surface and in the ocean, atmosphere 
and cryosphere to ascertain the system response to increasing greenhouse gas concentrations. Such models are updated 
regularly based on higher spatial resolution data, improved physical processes and biogeochemical cycles. Modelling institutes 
coordinate their updates around the schedule of the Intergovernmental Panel on Climate Change (IPCC), currently in its sixth 
cycle. These coordinated efforts are part of the Coupled Model Intercomparison Project, also in its sixth phase (CMIP6).

Recently, IPCC released part of its Sixth Assessment Report (AR6), including the contribution from Working Group I, The Physical 
Science Basis.9 The report includes regional fact sheets, summarizing the observed and projected climate in 11 regions and 
their respective subregions. Although the South-west Asia subregion signalled amplified droughts since the 1980s as a result of 
anthropogenic global warming, an increase in precipitation in the subregion was also observed, particularly in mountainous areas. 
On an annual basis, GCMs predict this trend will continue, coupled with increased intensity and frequency of extreme rainfall 
events. Nevertheless, precipitation is expected to exhibit high spatio-temporal variability as most precipitation is forecast during 
the winter months. Conversely, during summer, a general decrease in precipitation is projected.10

Updated climate scenarios, collectively known as Shared Socioeconomic Pathways (SSPs) were also introduced in AR6. These 
SSPs build upon Representative Concentration Pathways (RCPs), introduced in the IPCC Fifth Assessment Report (AR5), which 
described four potential pathways based on their respective radiative forcing in the year 2100. These RCPs range from RCP2.6 
to RCP8.5, reflecting a projected radiative forcing of 2.6 to 8.5 W/m2, respectively, but purposely did not consider socioeconomic 
factors. For AR6, five SSPs have been developed, which consider population, economic growth, education, urbanisation and other 
dynamics. The pathways complement RCPs to best describe both radiative forcing and differing avenues by which the world may 
evolve in terms of climate policy and mitigation targets.

E. Mashreq Domain overview and selected climate models

Although GCMs provide a remarkable assessment of the past and future climate for the world in general, significant disparities 
still remain when evaluating climate on a smaller scale. Regional climate models (RCMs) help close the gap by downscaling GCMs 
based on regional climate conditions. Regional climate modelling was first conducted for the Arab Domain using CMIP5 models 
using a 0.44° (~50 km) spatial resolution. More recently, modelling outputs were released for the Mashreq Domain, employing a 
finer spatial resolution of 0.1° (~10 km). The Mashreq Domain outputs utilize CMIP6 models.

The Mashreq Domain (27E-64 E, 1N-46N; figure 4), used for this study, was established over the north-eastern part of the Arab 
Domain and includes Mediterranean coastal countries of the Levant and north-eastern Africa, the entire drainage basins of the 
Tigris and Euphrates Rivers and the entire Arabian Peninsula. The fine spatial resolution enabled detailed analyses of coastal and 
mountainous areas to best evaluate changing climate in surface water basins.
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The full domain (blue) indicates the actual area for RCM to perform properly within the active domain. Between the active and full 
domains is a buffer zone between GCM driving boundaries and RCM.

Six driving GCMs were evaluated for the Mashreq Domain (table 1), selected on the basis of downscaling timeframe, resources 
provided, availability of boundary forcing data, GCM spatial resolution and a representative spread of climate sensitivity. These 
models were downscaled by the Swedish Meteorological and Hydrological Institute (SMHI) using one RCM, HCLIM-ALADIN, 
specifically selected because of its fine resolution downscaling capabilities. 

FIGURE 4: Mashreq Domain showing the active domain (red) which contains the area where RCM results are considered usable

Source: Forthcoming publication: United Nations Economic and Social Commission for Western Asia, and Swedish Meteorological and 
Hydrological Institute (2021). Climate Change Projections Findings for the Mashreq Region. Beirut: United Nations Economic and Social 
Commission for Western Asia. E/ESCWA/CL1.CCS/2021/RICCAR/TECHNICAL REPORT.7.



IMPACT OF CLIMATE CHANGE ON GROUNDWATER RESOURCES IN THE EOCENE AQUIFER SYSTEM

8

Model Institution

CMCC-CM2-SR5 Euro-Mediterranean Centre on Climate Change

CNRM-ESM2-1 Centre National de Recherches Météorologiques and Centre Européen de Recherche et de Formation Avancée en Calcul 
Scientifique

EC-Earth3-Veg European consortium

MPI‐ESM1‐2‐LR Max Planck Institute for Meteorology

MRI‐ESM2‐0 Meteorological Research Institute

NorESM2‐MM Norwegian Climate Centre

Source: Authors.

Modelling is based solely on the SSP5-8.5 scenario (figure 5), which combines the SSP5 narrative categorized as “fossil-fuelled 
development” and RCP8.5 radiative forcing. Although this scenario represents the upper range of greenhouse gas concentrations, 
it is not directly compared to RCP8.5.

TABLE 1: Selected GCM models

Source: Authors.

Shared Socioeconomic Pathways scenarios are shown with solid lines for the CMIP6 ensemble mean and shaded areas for the 
spread of CMIP6 results for 2100. Representative Concentration Pathways scenarios are shown with dashed lines for the CMIP5 
ensemble mean. Adapted from Tebaldi and others, 2021.11

1. Bias correction

Typically, inherent biases exist within climate modelling outputs of key hydro-meteorological variables, such as precipitation 
and temperature. These stem from either the driving GCM or RCM. Because of the sensitivity of these variables in hydrological 
analyses, it is recommended to first adjust the climate modelling outputs using bias correction. Both precipitation and 
temperature were bias corrected for the Mashreq Domain using the MultI-scale bias AdjuStment (MIdAS)12 method and observed 
meteorological data which separately adjusts differing spatio-temporal scales for a tailored performance and more robust and 
reliable results.

FIGURE 5: Total radiative forcing for SSP and RCP scenarios from CMIP6 and CMIP5 GCM projections, respectively
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2. Reference and projection periods

When creating future climate projections, the climate models always cover a period of observed historical climate to assess 
model performance. Although historical climate modelling outputs are not expected to directly correlate with observations, they 
should correspond to statistics over an extended historical period (i.e. 10 or 30 years). Models of CMIP6 include a historical 
period up to 2014 and thus it was decided to adopt the same reference baseline period as reported for AR6, 1995-2014. Similarly, 
two future periods set forth by IPCC were selected: near term (2021-2040) and mid-term (2041-2060).

3. Climate projections

a. Change in temperature

Although temperature has no impact on the aquifer because of its depth, increasing temperature helps to quantify climate change 
in general and has an impact upon changing precipitation. For the reference period (1995-2014), average annual near-surface 
air temperature (figure 6) within the study area was 19.3°C. By near-term (2021-2040), temperature is expected to increase an 
average of 0.86°C and 1.9°C by mid-term (2041-2060).

b. Change in precipitation

A general decrease is expected in annual precipitation, affecting groundwater recharge (figure 7). During the reference period, 
precipitation averaged 39.3 mm/month. Projected decreases are expected to be generally negligible for the near term, averaging 
0.2 mm/month (0.4 per cent), but amplified for the mid- term, averaging 2.6 mm/month (7 per cent).

FIGURE 6: Mean change in annual temperature for an ensemble of six SSP5-8.5 projections compared to the reference period, 10 km resolution

Source: Authors.
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FIGURE 7: Mean change in annual precipitation for an ensemble of six SSP5-8.5 projections compared to the reference period, 10 km resolution

Seasonal precipitation exhibits temporal variability (figure 8). Highest precipitation will continue during the winter months (Dec/
Jan/Feb), averaging 77 to 153 mm/month. Precipitation volumes are less during the spring (Mar/Apr/May) and autumn (Sep/Oct/
Nov) months, ranging from 19 to 47 mm/month and 12 to 43 mm/month, respectively. Precipitation is nearly nil during the summer 
(Jun/Jul/Aug). 

Source: Authors.
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Source: Authors.

FIGURE 8: Mean change in precipitation for ensemble of six SSP5-8.5 projections over time for winter (Dec/Jan/Feb), spring (Mar/Apr/May) and autumn 
(Sep/Oct/Nov) for the Eocene aquifer
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2 LOCALIZED IMPACTS OF CLIMATE CHANGE ON AGRICULTURAL    
 PRODUCTIVITY

A. Agricultural model set-up: AquaCrop

AquaCrop is a widely used crop water productivity model developed by FAO to assess yield response to differing management and 
environmental conditions, including climate change. It is dependent upon a few easily available input parameters which define the 
local climate, crop, soil and management practices. It is limited to herbaceous crops and does not account for pests or diseases.13

Climate is defined in the model based on four parameters: maximum and minimum air temperature, precipitation and the 
evaporative demand of the atmosphere, which is expressed as reference evapotranspiration (ET0) and calculated from the FAO 
Penman-Monteith equation.14 In addition, the annual mean carbon dioxide concentration (CO2) is required. Users can either use 
the default CO2, obtained from observed data from the Mauna Loa Observatory in Hawaii or define their own either based on local 
observations or climate change scenarios.

The crop component of the model considers plant phenology, canopy 
cover, rooting depth, crop transpiration, soil evaporation, biomass 
production and harvestable yield. Dependence upon the evolution of 
these parameters during the growth cycle limits the model to major 
herbaceous crop types. Green canopy cover is a crucial consideration; 
its expansion, ageing and senescence, along with its conductance 
as controlled by stomata, determine the amount of water transpired, 
which in turn determines the amount of biomass produced. Canopy 
cover is distinguished from leaf area index (LAI) as it allows the user to 
manually input values, even based solely on visual estimates, facilitating 
simplification.

Soil in the model is defined by a profile to include the soil-water content 
at saturation, field capacity, the permanent wilting point and the hydraulic 
conductivity at saturation. From these parameters, the model is able to 
estimate soil evaporation, internal drainage and deep percolation, surface 
runoff and capillary rise to determine soil-water balance. 

AquaCrop takes into account both irrigation and field management. 
Irrigation management decisions include water application methods, 
schedule and depth, as well as full, supplemental or deficit irrigation 
practices. Potential field management options incorporate fertility of 
the soil for growing the crop, soil mulching to reduce evaporation and 
use of small dykes to pond water or control surface runoff and enhance 
infiltration.

For this study, climate change impacts on crop yield were assessed 
for two crops in two locations within the Eocene boundary. Maize was 
evaluated near the municipality of Jenin and potatoes were assessed 
near Nablus (figure 9). Crops were selected based on data obtained from 
farmers, but production is very limited, and these crops are not indicative 
of typical crops in the Eocene area. However, maize and potatoes were 
selected for analysis based on their economic significance as they are 
considered to be export crops from the region. Climate data projections 
were based on the six driving GCMs (table 1) and SSP5-8.5 scenario and 
reported for three time periods: 1995-2014, 2021-2040 and 2041-2060.

FIGURE 9: AquaCrop crop productivity selected locations 

Source: Authors.
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B. Climate projections for the study area

To assess climate change impacts on agriculture, minimum and maximum temperature (Tmax and Tmin, respectively) and 
precipitation were extracted for the two study locations from the Mashreq Domain regional climate modelling (RCM) outputs. 
Similar to the general trends exhibited by the area, both Tmax and Tmin are generally increasing over time while precipitation 
shows inter-annual variability in both Jenin (figure 10) and Nablus (figure 11).

Owing to their close geographical location within similar climatic zones, RCM outputs for the two locations are similar. The 
average diurnal range in temperature ranges remains the same despite increasing temperature, ranging from 11.1 to 11.3°C for 
both Jenin (table 2) and Nablus (table 3) for all time periods.

Although precipitation demonstrates inter-annual variability resulting from several climatic factors, precipitation is nearly 
unchanged between the reference period and near term but is expected to decrease for the mid- term. Estimated annual 
precipitation for the reference period is 39.9 mm/month and 40.5 mm/month for Jenin and Nablus, respectively, and is expected 
to decrease to 37.2 mm/month and 38.1 mm/month. Daily data extracted from the RCM outputs from each driving GCM were used 
for the AquaCrop modelling.

Source: Authors.

FIGURE 10: Maximum temperature (a), minimum temperature (b), and precipitation (c) time series evolution based on six driving GCMs for Jenin, SSP5-8.5
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Climate parameter Driving GCM Reference period 
(1995-2014)

Near-term
(2021-2040)

Mid-term
(2041-2060)

Tmax (°C)

CMCC-CM2-SR5 25.5 26.1 27.5

CNRM-ESM2-1 25.4 26.2 27.1

EC-Earth3-Veg 25.4 26.3 27.3

MPI-ESM1-2-LR 25.4 26.1 26.9

MRI-ESM2-0 25.6 26.4 27.5

NorESM2-MM 25.5 26.6 27.6

Ensemble Mean 25.5 26.3 27.3

Tmin (°C)

CMCC-CM2-SR5 14.2 15.0 16.4

CNRM-ESM2-1 14.2 15.0 16.0

EC-Earth3-Veg 14.3 15.2 16.3

MPI-ESM1-2-LR 14.2 15.0 15.8

MRI-ESM2-0 14.3 15.5 16.4

NorESM2-MM 14.3 15.3 16.2

Ensemble Mean 14.3 15.2 16.2

P (mm/mont)

CMCC-CM2-SR5 39.9 42.9 37.8

CNRM-ESM2-1 39.6 35.2 39.2

EC-Earth3-Veg 43.7 40.2 40.0

MPI-ESM1-2-LR 39.4 37.4 36.0

MRI-ESM2-0 36.8 42.1 34.0

NorESM2-MM 40.0 37.8 36.0

Ensemble Mean 39.9 39.3 37.2

TABLE 2: Average daily maximum temperature (Tmax), average daily minimum temperature (Tmin), and precipitation (P) based on six driving GCMs for 
Jenin, SSP5-8.5

Source: Authors.



TECHNICAL REPORT

15

FIGURE 11: Maximum temperature (a), minimum temperature (b), and precipitation (c) time series evolution based on six driving GCMs for 
Nablus, SSP5-8.5

Source: Authors.
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Climate parameter Driving GCM Reference period   
(1995-2014)

Near-term
(2021-2040)

Mid-term
(2041-2060)

Tmax (°C)

CMCC-CM2-SR5 25.1 25.7 27.2
CNRM-ESM2-1 25.0 25.8 26.8
EC-Earth3-Veg 25.1 25.9 27.0

MPI-ESM1-2-LR 25.1 25.8 26.5
MRI-ESM2-0 25.3 26.0 27.1

NorESM2-MM 25.1 26.2 27.2
Ensemble Mean 25.1 25.9 27.0

Tmin (°C)

CMCC-CM2-SR5 13.8 14.6 15.9
CNRM-ESM2-1 13.8 14.6 15.6
EC-Earth3-Veg 13.8 14.7 15.9

MPI-ESM1-2-LR 13.8 14.5 15.3
MRI-ESM2-0 13.9 15.1 15.9

NorESM2-MM 13.9 14.8 15.7
Ensemble Mean 13.8 14.7 15.7

P (mm/month)

CMCC-CM2-SR5 40.4 44.5 39.2
CNRM-ESM2-1 41.4 35.9 38.9
EC-Earth3-Veg 42.7 42.1 39.9

MPI-ESM1-2-LR 39.6 38.6 38.0
MRI-ESM2-0 38.1 43.4 35.4

NorESM2-MM 40.6 41.1 37.0
Ensemble Mean 40.5 40.9 38.1

TABLE 3: Average daily maximum temperature (Tmax), average daily minimum temperature (Tmin), and precipitation (P) based on six driving 
GCMs for Nablus, SSP5-8.5

Source: Authors.

Source: Authors.

C. Impacts on maize in Jenin

The projected crop growth cycle reflects the time period needed by the crop to accumulate the growing degree days to achieve 
physiological maturity. Growing degree days is a crop characteristic that does not change, while the time period to achieve it is 
dependent on daily minimum temperature and maximum temperature values during the growing season. In this case, the period 
is projected to decrease in length (table 4). During the reference period (1995-2014), the maize growth cycle was approximately 
109 days. This is projected to decrease to 97 days (-11 per cent) in the near term (2021-2040) and to 89 days (-18 per cent) in the 
mid-term (2041-2060). A decrease in the growth cycle shortens the period available for biomass formation and thus decreases the 
quantity of dry matter or yield.
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Source: Authors.

Source: Authors.

Time period
Crop growth cycle (days)

CMCC-CM2-SR5 CNRM-ESM2-1 EC-Earth3-Veg MPI‐ESM1‐2‐LR MRI‐ESM2‐0 NorESM2‐MM Mean

1995-2014 108 112 110 111 106 105 109

2021-2040 98 99 95 102 95 91 97

2041-2060 88 91 87 94 89 85 89

Relative change -18 per cent -19 per cent -21 per cent -15 per cent -20 per cent -16 per cent -18 per cent

TABLE 4: Projected crop growth cycle for maize in Jenin, State of Palestine, based on six climate models, SSP5-8.5, compared to the 
reference period

As expected, owing to the change in growth cycle, maize crop yield is projected to decrease overall as a result of climate change 
impacts. Results obtained from the six models were nearly the same (table 5). For the reference period, estimated yield was 9.1 
ton/ha. In the near term, yield is projected to decrease to 8.8 ton/ha on average (-3.3 per cent). Continued decline is projected for 
the mid-term when estimated crop yield is 8.2 ton/ha (-10.1 per cent).

FIGURE 12: Projected crop growth cycle for maize in Jenin, State of Palestine, based on six climate models, SSP5-8.5, compared to the 
reference period: graph
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Time period
Crop yield (ton/ha)

CMCC-CM2-SR5 CNRM-ESM2-1 EC-Earth3-Veg MPI‐ESM1‐2‐LR MRI‐ESM2‐0 NorESM2‐MM Mean

1995-2014 9.1 9.2 9.1 9.2 9.1 9.0 9.1

2021-2040 8.9 9.1 8.7 9 8.8 8.4 8.8

2061-2070 8.1 8.5 8 8.6 8.1 7.9 8.2

Relative Change -10.7 per cent -8.2 per cent -11.9 per cent -6.6 per cent -13.3 per cent -10 per cent -10.1 per cent

TABLE 5. Projected crop yield for maize in Jenin, State of Palestine, based on six climate models, SSP5-8.5, compared to the reference period

To a lesser degree, biomass water productivity, defined by the slope of the linear relationship between biomass and cumulated 
evapotranspiration (ET), is also projected to decline (table 6).  Lower water productivity is indicative of high evaporative demand 
and concomitant higher vapour pressure deficits. Water productivity during the reference period was 3.2 kg/m3. It remains nearly 
the same for the near term and decreases slightly to 3.0 kg/m3 (-3.5 per cent) for the mid-term.

Source: Authors.

Source: Authors.

FIGURE 13: Projected crop yield for maize in Jenin, State of Palestine, based on six climate models, SSP5-8.5, compared to the reference 
period: graph
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Source: Authors.

Source: Authors.

Time period
Biomass water productivity (kg/m3)

CMCC-CM2-SR5 CNRM-ESM2-1 EC-Earth3-Veg MPI‐ESM1‐2‐LR MRI‐ESM2‐0 NorESM2‐MM Mean

1995-2014 3.2 3.2 3.2 3.2 3.2 3.2 3.2

2021-2040 3.2 3.3 3.2 3.3 3.1 3.2 3.2

2041-2060 3.0 3.2 3.0 3.2 3 3.1 3.0

Relative change -4.9 per cent -1.8 per cent -4.4 per cent -1.5 per cent -5.3 per cent -3.2 per cent -3.5 per cent

TABLE 6: Projected biomass water productivity for maize in Jenin, State of Palestine, based on six climate models, SSP5-8.5, compared to 
the reference period

D. Impacts on potatoes in Nablus

Climate change impacts on potato crops in Nablus exhibit more variability than those on maize. Like the maize assessment, the 
crop growth cycle is projected to decline. Evaluation during the reference period estimated a growth cycle of 105 days (table 7). 
This is projected to decrease to 96 days (-8.6 per cent) in the near term and further, to 88 days (-16.6 per cent), in the mid-term. 

FIGURE 14: Projected biomass water productivity for maize in Jenin, State of Palestine, based on six climate models, SSP5-8.5, compared to 
the reference period: graph
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Time period
Crop growth cycle (days)

CMCC-CM2-SR5 CNRM-ESM2-1 EC-Earth3-Veg MPI‐ESM1‐2‐LR MRI‐ESM2‐0 NorESM2‐MM Mean

1995-2014 107 98 108 107 106 107 105

2021-2040 98 92 95 102 93 95 96

2041-2060 88 85 87 94 85 86 88

Relative Change -18.2 per cent -13.3 per cent -19.6 per cent -11.9 per cent -19.6 per cent -16.9 per cent -16.6 per cent

Most models’ projected crop yield will similarly decrease, although some models’ projected yield will remain the same or even 
increase in the near future (table 8). Despite decreasing precipitation, drought-sensitive crops such as potatoes have demonstrated 
the ability to adapt and even increase their yield due to rising CO2 concentrations in the atmosphere.15 Average potato crop yield is 
estimated to be 5.9 ton/ha for both the reference period and near future, declining to 5.6 ton/ha for the mid- term.

TABLE 7: Projected crop growth cycle for potatoes in Nablus, State of Palestine, based on six climate models, SSP5-8.5, compared to the 
reference period

Source: Authors.

Source: Authors.

FIGURE 15: Projected crop growth cycle for potatoes in Nablus, State of Palestine, based on six climate models, SSP5-8.5, compared to the 
reference period: graph
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Time period
Crop yield (ton/ha)

CMCC-CM2-SR5 CNRM-ESM2-1 EC-Earth3-Veg MPI‐ESM1‐2‐LR MRI‐ESM2‐0 NorESM2‐MM Mean

1995-2014 6.0 5.5 6.0 5.9 5.9 5.9 5.9

2021-2040 6.0 5.7 5.9 6.3 5.7 5.9 5.9

2041-2060 5.6 5.5 5.5 6 5.4 5.6 5.6

Relative Change -6.3 per cent -0.1 per cent -8.2 per cent 1.8 per cent -8.7 per cent -5.1 per cent -4.5 per cent

Source: Authors.

Source: Authors.

Biomass water productivity has revealed little temporal variability (table 9), even increasing slightly for the mid-term (3.7 per 
cent). Water productivity is estimated between 2.1 to 2.2 kg/m3 for the differing time periods.

TABLE 8: Projected crop yield for potatoes in Nablus, State of Palestine, based on six climate models, SSP5-8.5, compared to the reference 
period

FIGURE 16: Projected crop yield for potatoes in Nablus, State of Palestine, based on six climate models, SSP5-8.5, compared to the 
reference period: graph
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Time period
Biomass water productivity (kg/m3)

CMCC-CM2-SR5 CNRM-ESM2-1 EC-Earth3-Veg MPI‐ESM1‐2‐LR MRI‐ESM2‐0 NorESM2‐MM Mean

1995-2014 2.1 1.8 2.1 2.1 2.1 2.1 2.1

2021-2040 2.3 2 2.2 2.3 2.2 2.2 2.2

2041-2060 2.1 2.0 2.2 2.3 2.1 2.2 2.1

Relative change 1.6 per cent 9 per cent 0.6 per cent 8.6 per cent 0.1 per cent 3.2 per cent 3.7 per cent

TABLE 9: Projected biomass water productivity for potatoes in Nablus, State of Palestine, based on six climate models, SSP5-8.5, compared 
to the reference period

Source: Authors.

Source: Authors.

FIGURE 17: Projected biomass water productivity for potatoes in Nablus, State of Palestine, based on six climate models, SSP5-8.5, 
compared to the reference period: graph
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3 LOCALIZED IMPACTS OF CLIMATE CHANGE ON GROUNDWATER

A. Hydrogeological model setup: MODFLOW 2000

MODFLOW 2000 is an open source saturated groundwater flow model developed by the United States Geological Survey which 
uses the finite difference method to represent the groundwater system in a three-dimensional grid. The model uses grid cell 
dimensions, property values and defined boundary conditions to determine a set of finite difference equations to calculate 
hydraulic head at the centre of each cell. Groundwater flow within both matrix flow and karst conduits flow are averaged into a 
bulk conductivity of the model cells. This approach was found to be appropriate for well-connected fracture systems at a fairly 
large scale.16 MODFLOW is integrated with the Groundwater Modelling System interface (GMS) developed by Aquaveo, LLC in 
Provo, Utah and which supports MODFLOW as a pre- and post-processor. These processors are used to prepare all input files to 
MODFLOW and then read and present the output files correctly. The model was used to evaluate the impact of climate change 
upon aquifer water balance and water level distribution in the Eocene aquifer.

The model physical boundary covers the outcropping of Eocene and Quaternary formations in the northern part of the West Bank. 
As described in 1.A (aquifer system characteristics) aquifer boundaries were generally well-defined except in the north-western 
sector. The cross-sections were used to help define this boundary. 

Model boundary conditions can be summarized 
in three categories: no flow, general head and 
drain flow boundaries (figure 18). No flow 
indicates that the Eocene aquifer and other 
neighbouring aquifer systems are completely 
disconnected. A general head boundary 
facilitates exchange between the Eocene and 
adjacent aquifer systems and is dependent upon 
the water level between the two systems, the 
base head of the connections and the hydraulic 
properties of the system. These parameters 
were estimated by model calibration. When the 
water level in the Eocene aquifer is higher than 
the base level of the aquifers’ connection, an 
outflow from the Eocene to the neighbouring 
aquifer system will occur. On the other hand, if 
the water level is less than the base elevation 
of the connection, inflow from the neighbouring 
aquifer will occur. The third category, drain 
flow boundary, represents a set of springs 
or seepage zones where outflow from the 
aquifer will occur as a lateral flow. The outflow 
depends on the water level of the Eocene, the 
base head of the connections and the hydraulic 
properties (conductance) of the aquifer system. 
This means that when the water level in the 
Eocene aquifer is higher than the base level of 
the aquifers’ connection, an outflow from the 
Eocene to the neighbouring aquifer system will 
occur, otherwise, no inflow will occur. 

The model geometry was developed as one 
layer representing both Eocene and Quaternary 
formations. The Digital Elevation Model 
(DEM) was used to generate the top elevation 
(i.e., ground elevation) of the model layer. 
The bottom elevation of the model layer was 
generated by using different cross-sections and 
outcropping geological formations in addition 
to the top elevation of Turonian formation which 

Figure 18: Summary of MODFLOW boundary conditions of the Eocene aquifer

Source: Authors.
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was digitized from the structural maps on top Judea Group (top of the upper aquifer formations) using ArcGIS software. This led 
to the development of the geometry of the Eocene and other underlying formations. 

The main inflow into the Eocene aquifer is recharge from precipitation in addition to other minor recharge components such as 
urban recharge and return flow from agriculture. Another type of inflow is the lateral flow through the general head boundary in 
the north-west side of the Eocene aquifer. The lateral inflow was determined by the numerical model after calibration, while the 
recharge for the entire modelled period was determined using the methodology described in the following sections.

There are two outflows defined in the model: drains (i.e., springs or lateral flows) and wells. The drain outflows will be determined 
by the model. As for the wells, the total pumping rates were estimated based on the irrigated area and the estimated annual 
consumption per dunum. In total, there are 605 wells distributed over the model boundary.

The numerical flow model for the Eocene Aquifer was developed based on the developed coverages (i.e., boundary conditions, 
recharge distribution and pumping rates) in addition to other inputs as follows:

1. Initial horizontal hydraulic conductivity and specific yield: these two factors represent the hydraulic properties of the aquifer 
which control the movement of ground water and the storage capacity of the Eocene and quaternary formations. For modelling, 
the model domain was divided into different zones. Then, for each zone, initial values of hydraulic conductivity and specific 
yield were given as average values of the zone to be adjusted later through model calibration. The initial values of hydraulic 
conductivities were based on the hydraulic conductivities achieved from the double ring infiltrometer tests within the Eocene 
boundary with values ranging between 0.1 and 7.0 m/day. The final hydraulic conductivities will be generated based on model 
calibration.

2. Initial head distribution: this is used by the MODFLOW as a starting value for solving the flow equations to iteratively improve 
the results until an acceptable error is reached. In this model, the ground elevation was assigned.

3. Observation (target) points: although this input is not part of the calculations, it is used to compare the simulated water level 
distribution with water levels at specific points within the aquifer domain. For the Eocene, there are around 14 groundwater 
observation wells used for calibration.17  

Model development and calibration

The numerical flow model of the Eocene aquifer was then calibrated using observed data (2008-2019). The main task during 
the model calibration process was to fit the simulation results to the observed water levels records for the 14 monitoring wells. 
The calibration was conducted by changing the initial values of hydraulic conductivity, specific yield, conductance of the drains 
and general head boundaries until the simulated water levels in all monitoring wells are achieved. The calibrated hydraulic 
conductivity distribution ranges between 0.4 and 8.0 m/day. Moreover, the calibrated values of specific yield of the Eocene aquifer 
showed very low values ranging between 0.00075 and 0.02. This means that the aquifer has low storage capacity.

Figure 19 shows the simulation results for two monitoring wells: 18-18/001, located in al Fara’a area, and 17-20/014A, located in 
Qabatiya area. The simulated water level shows a good match with the available measured water levels in both seasonal variations 
and head values.

The water level distribution within the Eocene boundary during summer 2018 (September) and winter 2019 (April) seasons show 
the seasonal variations of water levels and the significant increase of water levels from the 2018/19 rainy season (figure 20). 
Generally, the water levels range between 260 metres above sea level in the southern part of the Eocene, 160 metres above sea 
level in the south-east area close to Al Fara’ah and 20 metres above sea level in the northern part outside the West Bank, with less 
than 10 metres difference between summer and winter seasons. Moreover, the figures show the dry areas in the Eocene Aquifer as 
red areas. Generally, the flow lines start from south to north towards the location of pumping wells and finally leave the West Bank 
boundary then leave the general head boundary and the drain boundary of the Eocene (figure 18). In the south-eastern part, the 
flow from the Nablus Mountains is diverted to the north-east towards Al Fara’ah area to feed the wells and springs in this area.  

Finally, the water budget of the Eocene aquifer was analysed based on two regions: Eocene within the boundaries of the West 
Bank and the area outside the West Bank (table 10). Based on the calibration control period (2008-2019), aquifer storage18 
increased by an average of 9.6 mm3/year. 
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FIGURE 19: Simulated versus measured water levels at well 17-20/014A in Qabatiya area (a) and well 18-18/001 in Al Fara’ah area (b) 

Source: Authors.
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Area Inflow (mm3/year)
Outflow (mm3/year)

Storage 
(mm3/year)

Water exchange 
(mm3/year)

Wells (pumping) Lateral flow     
(East: Al Fara’ah)

Lateral flow (North 
and East-North)

 Inside the West
Bank 66 -28.9 -12.4 -1.1 -7.7 -17.4

 Outside the West
Bank 11.1 -8.2 0 -16.9 -1.9 17.4

Total 77.1 -37.1 -12.4 -18.0 -9.6 0

Source: Authors.

FIGURE 20: Simulated water level distribution in the Eocene aquifer during summer 2018 and winter 2019. All red cells are dry. (Not to scale)

TABLE 10: Annual average aquifer water budget of the Eocene aquifer for 2008-2019
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B. Assessment of climate change impacts

Mashreq RCM outputs were used to assess climate change impacts in the Eocene aquifer. Because of the depth of the aquifer, 
temperature and evaporation have no effect upon recharge and water levels. Consequently, precipitation, the primary recharge 
parameter, was the sole climatic factor considered. Limited recharge is generated from wastewater seepage (~1-2 mm3/year).19 
Recharge from agriculture is negligible.

There are many methods used to estimate recharge from precipitation. One of the frequently used methods in the West Bank is 
that of the empirical equations which estimate recharge as a percentage of annual precipitation.20 This approach does not take 
into consideration the annual distribution of precipitation and treats all rainy seasons in the same manner. Another approach21,22 
estimates the recharge coefficient for each year based on monthly distribution of precipitation rather than its annual amount. 
This approach is based on water fluctuation technique, which relates the change in water level distribution in the aquifer to the 
recharge quantities. The main finding of this approach was that “the maximum recharge coefficient will occur when the monthly 
precipitation distribution takes the shape of normal distribution”.23 Consequently, it was found that the recharge coefficient can be 
as high as 53 per cent for years where monthly precipitation distribution is close to normal distribution shape, while for years that 
have random monthly precipitation distribution, recharge coefficient is very low (< 20 per cent).

Using the latter approach, the recharge was based on the Mashreq precipitation RCM outputs for the period of 1995-2060 based 
on the following steps:

1. Existing precipitation stations and resultant Thiessen polygons (figure 21) were compared with the RCM gridded data within 
the boundary of the Eocene aquifer. These polygons are used to represent the recharge of the original groundwater model of 
the Eocene and represent recharge distribution for the 6 precipitation scenarios. Accordingly, the daily precipitation for the six 
scenarios was assigned to each recharge polygon.

2. The monthly precipitation (based on six driving GCMs) for each recharge polygon were aggregated from the daily precipitation 
records for the period 1995-2060.

3. The normality level of the monthly precipitation distribution for each polygon was calculated using Excel, INDEX and LINEST 
functions.

4. The annual recharge coefficients (Rc) were then calculated based on the normality value (N) of each year as follows:

 • If normality value is 1, the Recharge coefficient is 53 per cent

 • If normality value is less than 0.2 (random), the Recharge coefficient will range between 0 per cent and 19 per cent.

 • The recharge coefficients for all years with normality values ranging between 0.2 and 1 were calculated based on the following  
   linear equation:

5. Finally, the annual recharge quantities were calculated by multiplying the recharge coefficients by the annual precipitation.
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The recharge results are then analysed based on recharge coefficients, annual averages, minimum, maximum and variation values 
for the two future time periods compared with the reference period (1995-2014). 

Recharge coefficients depend on the monthly precipitation distribution within the entire season, meaning that a high recharge 
coefficient will be achieved when the monthly precipitation distribution takes the shape of normal distribution. Table 11 shows the 
recharge coefficients for the six driving GCMs during the three analysed time periods. This shows that the recharge coefficients 
during the reference and the first horizons are almost the same (within the range of 35 per cent to 40 per cent). These values are 
higher compared to the recharge coefficient obtained from the recharge estimation based on the actual precipitation data during 
modelled period 2008-2019 with estimated value of 29 per cent.24 The reason for this difference is the monthly distributions of the 
measured precipitation are more random compared with the monthly distributions of the modelled precipitation which showed 
more normal distribution resulting in increasing recharge coefficients.

For the mid-term (2041-2060), all models (except EC-Earth3-Veg) signalled significantly decreasing recharge coefficients owing to 
their monthly distribution which has less normality distribution.

Source: Authors.

FIGURE 21: Thiessen Polygons for recharge estimation compared to RCM model grid
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Driving GCM
1995-2014 2021-2040 2041-2060

Recharge coefficients

MRI-ESM2-0 35.0 per cent 37.3 per cent 33.8 per cent

 NorESM2-MM 35.8 per cent 36.2 per cent 34.4 per cent

CNRM-ESM2-1 36.0 per cent 36.9 per cent 31.8 per cent

CMCC-CM2-SR5 39.0 per cent 37.2 per cent 34.4 per cent

EC-Earth3-Veg 37.2 per cent 39.9 per cent 40.7 per cent

MPI-ESM1-2-LR 37.8 per cent 34.6 per cent 35.9 per cent

Ensemble Mean 36.8 per cent 37.0 per cent 35.2 per cent

TABLE 11: Precipitation/recharge coefficient from Mashreq RCM outputs, SSP5-8.5

C. Climate change impacts on aquifer water balance and head distribution

The Eocene aquifer model was used to evaluate the climate change impacts in terms of water level distribution, drawdown, and 
water balance in the aquifer during the period 1995-2060. The evaluation was conducted based on the following considerations: 

1. There is no change in any of the model parameters during the time domain (i.e., hydraulic conductivities, conductance, head, 
etc.). This means that the same model parameters are used in the evaluation of the six scenarios.

2. The models are run based on the actual pumping quantities until year 2020. Afterwards, the pumping is kept constant without 
increase or decrease with reference to pumping in year 2020 (figure 22). This assumption was adopted because the aquifer is 
currently fully utilized through hundreds of wells; therefore, drilling new wells to increase pumping rates will negatively impact 
the existing wells. On the other hand, decreasing the pumping rate is also not possible due to the availability of irrigable lands 
and the high levels of agricultural development.

3. Water level distribution analysis and water budget calculations are conducted for three horizons: reference horizon 1995-2014, 
2021-2040 and 2041-2060.

FIGURE 22: Pumping scenario used for the groundwater modelling. Pumping is variable based on actual data, then remains constant from 
2020 to the future

Source: Authors.

Source: Authors.
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Source: Authors.

The water heads and the drawdown were analysed based on four locations representing the main agricultural clusters: Al Faraáh, 
Qabatiya, East Jenin and West Jenin. 

Based on the results of the numerical models, the change in the aquifer storage, lateral flow to the Al Fara’ah area and to the north 
(outside the modelled area), annual abstraction and recharge were analysed and compared with the water balance during the 
reference horizon.

Resultant comparisons between the water level distribution and recharge exhibit variability between each of the driving GCMs 
presented herein:

Figure 23 shows CMCC-CM2-SR5 scenario where the change in precipitation and recharge up to 2040 is nearly constant, with 
no indication of detectable increases or decreases in volume. The decline of water level further into the future resulted from 
decreasing recharge quantities (up to 16 per cent).

Figure 24 shows model CNRM-ESM2-1 scenario where water head exhibited decline owing to the reduction in precipitation for the 
near and mid-terms. However, for the mid-term (2041-2060), although precipitation decreased to a lesser degree (-2.9 per cent), 
average annual recharge decreased significantly (-14.2 per cent) owing to a high variance in precipitation.

FIGURE 23: Drawdown in Qabatiya area as a result of CMCC-CM2-SR5 driving GCM showing the relationship between recharge and water 
level distribution
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Figure 25 shows EC-Earth3-Veg scenario. Although water levels decline after 2060, the water head remains nearly constant 
through the reference period, near term and mid- term.

FIGURE 24: Drawdown in Qabatiya area as a result of CNRM-ESM2-1 driving GCM showing the relationship between recharge and water level 
distribution

Source: Authors.
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Source: Authors.

FIGURE 25: Drawdown in Qabatiya area as a result of EC-Earth3-Veg driving GCM showing the relationship between recharge and water level 
distribution

Figure 26 and figure 27 show MPI-ESM1-2-LR scenario where precipitation obtained from this driving GCM resulted in the worst-
case scenario for aquifer drawdown. During the entire period, water levels declined approximately 40 m in the Qabaiya area 
stemming from several periods of consecutive dry days. Accordingly, the total recharge decreased by 15 per cent during the near 
and mid-terms.
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FIGURE 26: Drawdown in Qabatiya area as a result of MPI-ESM1-2-LR driving GCM showing the relationship between recharge and water level 
distribution

Source: Authors.
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Figure 28 shows MRI-ESM2-0 scenario where, owing to the reduction in precipitation during the reference period, the water head 
reached the lowest level by the end of the period (~170 m asl). Afterwards, the number of wet years was increased (21 per cent for 
the near term), resulting in a high increase in water level before they begin to decline significantly as a result of the projected drier 
climate.

FIGURE 27: Simulated water head for the end of the reference period (a), near term (b) and mid-term (c) based on the MPI-ESM1-2-LR driving 
GCM in the Eocene aquifer

Source: Authors.
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Figure 29 shows NorESM2-MM where a continuous reduction in precipitation was projected during the entire period of study. 
Recharge quantities decreased by 4.0 per cent for the near term and 14.4 per cent for the mid- term, compared to the reference 
period.

FIGURE 28: Drawdown in Qabatiya area as a result of MRI-ESM2-0 driving GCM showing the relationship between recharge and water level 
distribution

Source: Authors.
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Based on the modelling results, the projected change in aquifer storage, lateral flow, annual abstraction and recharge were 
analysed and compared to the water balance during the reference period (table 12). The estimated annual recharge during the 
reference period ranged from 83.0 to 108.3 mm3/year. For the near term, results were widely varying representing a range of 
increasing recharge (21.2 per cent) to decreasing recharge (-15.2 per cent). Lateral flow to the north and to Al Fara’ah generally 
exhibited a decline. Lastly, aquifer storage varied significantly, ranging from a gain of up to 9.1 mm3/year to a loss of up to -7.2 mm3/
year for the near term. Reduction in storage was more consistent among the six models (up to -13.4 mm3/year) for the mid-term.

Source: Authors.

FIGURE 29: Drawdown in Qabatiya area as a result of NorESM2-MM driving GCM showing the relationship between recharge and water level 
distribution
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Driving GCM Time period
Water Balance (mm3/year)

Wells  Lateral flow to the
North

Lateral flow to Al 
Fara’ah Recharge Storage

CMCC-CM2-SR5

1995-2014 -33.9 -52.1 -22.4 108.3 0.1

2021-2040 -41.3 -52.2 -22.0 112.5 3.0

2041-2060 -41.3 -39.6 -17.9 90.4 8.4

CNRM-ESM2-1

1995-2014 -33.9 -47.4 -20.6 100.8 1.1

2021-2040 -41.3 -39.6 -17.6 91.3 7.2

2041-2060 -41.3 -34.9 -15.2 86.3 5.2

EC-Earth3-Veg

1995-2014 -33.9 -46.9 -20.1 105.1 -4.2

2021-2040 -41.3 -46.5 -20.7 109.9 -1.4

2041-2060 -41.3 -48.6 -21.7 109.0 2.6

MPI-ESM1-2-LR

1995-2014 -33.9 -42.0 -18.4 93.1 1.2

2021-2040 -41.3 -28.3 -12.6 79.0 3.2

2041-2060 -41.3 -28.7 -13.5 81.5 2.0

MRI-ESM2-0

1995-2014 -33.9 -40.4 -17.2 83.0 8.5

2021-2040 -41.3 -34.8 -15.5 100.6 9.1

2041-2060 -41.3 -29.4 -13.2 70.5 13.4

 NorESM2-MM

1995-2014 -33.9 -43.4 -18.1 90.1 5.2

2021-2040 -41.3 -34.9 -15.2 86.7 4.6

2041-2060 -41.3 -30.4 -13.1 77.1 7.7

D. Climate and agricultural impacts on groundwater to maintain agricultural productivity

The crops selected for this assessment, maize and potato, have minor coverage in the Eocene agricultural area. They are not 
expected to have an impact on the future climate.

TABLE 12: Mean water balance based on wells, lateral flow, recharge and storage for the reference period, near term and mid-term in the 
Eocene aquifer
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4 CONCLUSIONS AND RECOMMENDATIONS

Agriculture is a common practice within the Eocene boundary owing to the availability of fertile soil where around 173 km2 
are classified as irrigable areas. The main source of water for agriculture is groundwater (i.e., the Eocene aquifer). The total 
pumped water from the aquifer within the boundary of the West Bank was estimated at 29 mm3 in 2020, which irrigates around 
only 40 km2. The aquifer is not well managed because of the occupation which controls all water resources in the West Bank. 
The numerical model for the aquifer shows that an average of 18 mm3/yr (during period 2008-2019) leaves the boundary of the 
West Bank from the northern boundary of the aquifer in addition to 12.4 mm3/yr that leaves to feed the agricultural wells within 
Al Faraáh area in the south-east of the aquifer. All wells within this aquifer are shallow wells and many of them are dry owing 
to the decline in water levels. This means that the total abstraction is fully influenced by any climate change. Consequently, 
farmers usually dig new wells or deepen their wells to maintain their pumping to irrigate their farms. If the water level declines in 
the drilled wells, farmers may reduce the cultivated area, which threatens food security. This problem shows the importance of 
studying the future climate change and its impacts on agricultural productivity, ground water heads, and aquifer storage.   

The AquaCrop analysis of the climate change impact on agricultural productivity produced varied results. With respect to maize 
crops in Jenin, the crop growth cycle is projected to decrease in length by 11% in the near term and 18% in the mid-term. Yields are 
projected to fall 3.3% in the near term and 10.1% in the mid-term while water productivity will remain essentially unchanged in the 
near term but decrease by 3.5% in the mid-term. The analysis of potato crops in Nablus revealed a decrease in the crop cycle of 
8.6% in the near term and 16.6% in the mid-term. Potato yields are likely to be more resilient than maize, remaining unchanged in 
the near term with a projected decrease of 4.5% in the mid-term. Water productivity is projected to remain stable for potato crops. 

With respect to the climate change impact on groundwater, in this report, six precipitation scenarios generated by the RICCAR 
Mashreq Domain data (bias-corrected precipitation and temperature) between 1961 and 2070 in daily time steps were analysed 
in terms of the annual recharge and its impact on aquifer water balance and the distribution of water heads. The pumping rate 
during the assessment period between 2021 and 2060 was considered constant. This is because the aquifer is currently fully 
utilized, meaning that any additional pumping from any area will impact the pumping rates in other areas, in addition to the fact 
that climate change will show more dry years and, as a result, reduction of recharge rates.

The precipitation scenarios were analysed for two horizons, 2021-2040 and 2041-2060, and then compared with the reference 
horizon of 1995-2014. The precipitation scenarios during the first projected scenario 2021-2040 showed an increase of 
precipitation by 8.7 per cent and 13.8 per cent in CMCC-CM2-SR5 and MRI-ESM2-0 respectively, while in all other scenarios, the 
precipitation decreased by -2.8 per cent to -11.6 per cent. Moreover, the maximum and minimum annual precipitation showed 
significant increase in all scenarios except MPI-ESM1-2-LR scenario which had a significant decrease of maximum and minimum 
annual precipitation.  As a result, the impacts of these precipitation characteristics showed the following:

·	 Significant increase (21.1 per cent) of recharge quantity for MRI-ESM2-0 scenario.

·	 Significant decrease (-15.2 per cent) of recharge quantity for MPI-ESM1-2-LR scenario.

·	 Slight increase (3.7 per cent and 4.4 per cent) of recharge quantities for CMCC-CM2-SR5 and EC-Earth3-Veg scenarios.

·	 Moderate decrease (-4.0 per cent and -9.4 per cent) of recharge quantities for NorESM2-MM and CNRM-ESM2-1 scenarios.

In the 2041-2060 horizon, the change precipitation and recharge showed high impacts where average precipitation decreased in 
all scenarios by -5.0 per cent in EC-Earth3-Veg scenario to -12.3 per cent in MRI-ESM2-0 scenario. Moreover, there was a decrease 
in the annual maximum precipitation in four scenarios in the range of -3.7 per cent to -12.3 per cent. As a result, the recharge 
quantities during this horizon declined in five scenarios by -12.4 per cent to -16.5 per cent. The EC-Earth3-Veg scenario is the only 
scenario where recharge increased by 3.9 per cent. 

Generally, the recharge in five out of six precipitation scenarios showed reduction in recharge quantities in one or in the two 
horizons. As a result, with no decrease on the aquifer pumping, the water levels in all scenarios decreased. The decline in water 
levels was different from one scenario to another depending on the reduction of recharge quantities and equals the annual 
distribution. The impact of water level distribution was analysed within four agricultural clusters and in comparison, with the 
water level at the end of reference horizon. The results are summarized as follows:

·	 The water levels increased only in horizon 2021-2040 as a result of the precipitation of MRI-ESM2-0 scenario where the water 
level increased by 12.1-20.3 m in the four clusters. On the other hand, the decline in the water level in the 2041-2060 horizon 
was significant in the four clusters (i.e., ~15m in West Jenin area to 40 m in Qabatiya area).



TECHNICAL REPORT

39

·	 Qabatiya area was the area most sensitive to climate change because of its location in the middle of the aquifer and the high 
pumping rate.

·	 By the end of the 2041-2060 horizon, the drawdowns in all scenarios increased, meaning that no improvement in water level 
distributions were observed compared with the 2021-2040 horizon. The decline of water heads at the end of the two projected 
horizons were different from one scenario to another. 

·	 In scenarios MRI-ESM2-0 and EC_Earth3_Veg, the drawdowns at the end of the 2041-2060 horizon were the minimum with 
range of 5.8-11.5m in Al Faraáh, East Jenin and West Jenin clusters and 17.1-19.8m in Qabatiya cluster. While in all other 
scenarios, the drawdowns were the maximum with range of 13.9-24.8m in Al Faraáh, East Jenin and West Jenin clusters and 
38.8-41.9m in Qabatiya cluster. 

Similarly, the water budget of the aquifer showed a major change in its inflow and outflow components as a result of the changes 
of recharge quantities and constant water pumping during the two projected horizons. The following points summarize the main 
observations in the water budget of the Eocene Aquifer:

1. The lateral flow during the 2021-2040 horizon to the north (leaving the boundary of the West Bank) increased by 14.0 per cent 
to 19.7 per cent in MRI-ESM2-0, NorESM2-MM and CNRM-ESM2-1 scenarios and by 32.8 per cent in MPI-ESM1-2-LR scenario. 
While in the two remaining scenarios (CMCC-CM2-SR5 and EC_Earth3_Veg), the lateral flow to the north was almost within the 
same range. 

2. The lateral flow during the 2041-2060 horizon to the north (leaving the boundary of the West Bank) further increased by 24.0 per 
cent to 29.9 per cent in MRI-ESM2-0, NorESM2-MM, CNRM-ESM2-1 and CMCC-CM2-SR5 scenarios and remained in same range 
(31.7 per cent) in MPI-ESM1-2-LR scenario. While in EC_Earth3_Veg scenario, the lateral flow to the north increased by 3.6 per 
cent.  

3. The lateral flow during the 2021-2040 horizon to Al Faraáh area (out of the model area and within the boundary of the West 
Bank) increased by 10.2 per cent to 16.1 per cent in MRI-ESM2-0, NorESM2-MM and CNRM-ESM2-1 scenarios and by 31.4 per 
cent in MPI-ESM1-2-LR scenario. In the two remaining scenarios (CMCC-CM2-SR5 and EC_Earth3_Veg) however, the lateral flow 
to the north was almost within the same range. 

4. The lateral flow during the 2041-2060 horizon to Al Faraáh area (out of the model area and within the boundary of the West 
Bank) further increased by 20.1 per cent to 27.5 per cent in MRI-ESM2-0, NorESM2-MM, CNRM-ESM2-1 and CMCC-CM2-SR5 
scenarios and decreased to 26.6 per cent in MPI-ESM1-2-LR scenario. While in EC_Earth3_Veg scenario, the lateral flow to Al 
Faraáh area increased by 7.9 per cent.

5. In MRI-ESM2-0 and EC_Earth3_Veg scenarios, the aquifer storage increased by an average of 9.1 and 1.4 mm3/yr during the 
2021-2040 horizon compared with the reference horizon where the average aquifer recharge quantities were higher than the 
aquifer outflows, while decreased by 3.0-7.2 in all remaining scenarios. 

6. During the 2041-2060 horizon, the aquifer storage decreased by an average of 2.0-13.4 mm3/yr in all precipitation scenarios 
(i.e., Aquifer outflows were higher than recharge quantities) 

Finally, while the results of the analysis on agricultural productivity were more varied the results of the groundwater analysis 
showed that the water level will decrease in all scenarios, regardless of the type of precipitation, in terms of its annual distribution 
and quantity or the change in its recharge quantities. This result calls for farmers and decision makers to take action to mitigate 
the impacts of the possible change in the aquifer storage and water level distribution.  Here are some recommendations: 

1. The pumping rate from the aquifer should be reduced by 5-10 per cent to maintain water heads of the aquifer at current levels. 
Otherwise, many wells will be drained as a result of the declining water level.

2. There is a need to improve pumping rates and well locations. The aquifer is still not well managed in terms of the number of 
pumping wells and their location as wells are concentrated in several clusters. Therefore, optimization of these wells (e.g., 
reallocation of the existing wells) is recommended to maintain the pumping rate at the same level and stopping any possible 
decline in water levels.

3. The reduction of pumped water could be compensated for by improving the irrigation efficiency using smart technologies 
(sensors, automatic irrigation, etc.) which are available today. In addition, it is recommended to change the crop patterns from 
high water-consuming crops to more water-efficient crops.
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4. The reuse of treated wastewater is recommended. Since the study area is highly populated, establishing wastewater treatment 
plants is possible. As a result, the generated treated wastewater could be used to irrigate some crops which decreases the 
pressure on the aquifer system on the one hand and reduces the risk for aquifer contamination on the other hand.

5. It would be beneficial to increase artificial recharge or water harvesting. The precipitation rates and the topography within the 
Eocene boundary allow for increasing the harvested water from precipitation in small dams or ponds. In addition, it is possible 
to increase the recharge by developing injection wells or artificial recharge ponds to infiltrate the harvested water or develop 
structures in the mountain areas and through the main wadies to slow down the generated storm water flow to exit the boundary 
of the Eocene aquifer.
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The Arab region faces multiple water resource challenges stemming from its unique and complex 
geopolitical and socioeconomic setting. These challenges impact the ability to promote sustainable 
water management and availability. Groundwater is of particular significance, as it is a major source 
of drinking water and often used for agricultural irrigation. However, aquifers across the Arab region, 
many of which are transboundary, are subject to limited recharge. Renewable groundwater systems 
amount to an estimated 41 billion square metres, mostly in the form of shallow aquifers recharged by 
surface water basins during floods. Groundwater governance in the region also poses its own unique 
difficulties. Political will is often lacking or inadequate to implement policy and legislation. Both 
surface and groundwater systems in the Arab region are threatened by climate change. 

The present technical report sets out a detailed case study on the assessment of climate change 
impacts on groundwater resource use and availability in the Eocene Aquifer in the State of Palestine. 
It also includes an analysis of localized impacts of climate change on maize and potato yields. The 
regional climate projections for the Mashreq Domain used to inform the present report were produced 
by the Swedish Meteorological and Hydrological Institute. The study was carried out as part of a 
project focused on water and food security under a changing climate context, led by the Swedish 
International Development Cooperation Agency.
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