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Abstract: The Siwa region located in the Western Desert of Egypt has 30,000 acres available for
reclamation as a part of a national project to increase agricultural production. This study addressed
the climate change-driven long-term concerns of developing an agricultural project in this region
where groundwater from the non-renewable Nubian Sandstone Aquifer System (NSAS) is the
only source of water. Different climate models were used under two representative concentration
pathways (RCPs); RCP 4.5 and RCP 8.5. Projected seasonal temperatures show that the maximum
increase in summer is 1.68 ± 1.64 ◦C in 2060 and 4.65 ± 1.82 ◦C in 2100 under RCP 4.5 and RCP 8.5,
respectively. The increase in water requirement for crops is estimated around 6–8.1% under RCP 4.5
while around 9.7–18.2% under RCP 8.5. Maximum reductions of strategic crop yields vary from 2.9%
to 12.8% in 2060 under RCP 4.5, while from 10.4% to 27.4% in 2100 under RCP 8.5. Project goals are
feasible until 2100 under RCP 4.5 but only until 2080 with RCP 8.5. When an optimization analysis
was conducted, these goals are possible from 2080 to 2100 by modified land allocation. The proposed
methodology is useful to project impact of climate change anywhere such that management and
adaptation options can be proposed for sustainable agricultural development.

Keywords: Siwa region; Nubian Sandstone Aquifer System; climate change; climate models; RCPs

1. Introduction

Egypt has been facing major challenges due to the increase in population, limited water
resources, and insufficient agriculture production. At the beginning of 2020, the population
in Egypt exceeded the 100 million (https://www.worldometers.info/world-population/
egypt-population/ accessed August 2020), an increase of 60% since the early 2000s [1].
The Nile River represents 94% of all renewable water resources in Egypt, which pro-
vides 55.5 billion m3 annually since the agreement between Egypt and Sudan in 1959 [2].
However, there are concerns about the future availability of this resource with the com-
mencement of the Grand Ethiopian Renaissance Dam (GERD) that may reduce the water
share of Egypt during the filling period. Crop production in Egypt is insufficient for its
population’s needs, where self-sufficiency values of some strategic crops such as wheat,
maize, broad bean, and barley were 34.5%, 47%, 30.7%, and 86%, respectively in 2017 [3].
As a result, these concerns are the major threats to the long-run food security in Egypt.

Accordingly, the Egyptian government initiated a new development project in 2015 to
reclaim 1.5 million acres, mostly lands located in the Western Desert of Egypt. The goals
of this project are to: Increase agricultural areas enabling rural development, population
resettlement from dense regions such as the Delta region, increase strategic crop production,
and increase investments. The primary source of water is the non-renewable NSAS,
which is a transboundary aquifer shared between Egypt, Libya, Sudan, and Chad. In Egypt,
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NSAS has two aquifers; the upper aquifer is the Post Nubian Aquifer (PNA), which has
high groundwater salinity around 3000 to 7000 ppm, and the lower aquifer, the Nubian
Aquifer System (NAS), which has high groundwater quality with salinity around 200 to
400 ppm [4]. The Siwa region is one of the areas that will be reclaimed with an area of
about 30,000 acres (see Figure 1), which is the focus of this study.
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To ensure sustainability of any future agriculture development, the possible impacts
of climate change must be considered. An assessment of climate change would consider
the increase in temperature, the increase of carbon dioxide (CO2), sea-level rise, and pre-
cipitation variability that can have a significant effect on crop production [5]. Rising CO2
might increase crop yield due to the enhancement of photosynthesis process and the effi-
ciency of water use [6]. However, the effect of CO2 varies due to the uncertainty in many
complex interaction mechanisms [7,8]. Therefore, this study considers the effect of rising
temperature only while the impact of CO2 is neglected. The Intergovernmental Panel on
Climate Change (IPCC) Fifth Assessment Report (AR5) predicted an increase in global
temperature of 0.3–4.8 ◦C by the end of the 21st century under different greenhouse gas
(GHG) emission scenarios [9,10]. Zhao et al. [11] investigated the impacts of global mean
temperature increase on different crops and showed that the reduction of global yields of
wheat and maize are 6 ± 2.9% and 7.4 ± 4.5%, respectively, per degree Celsius increase in
temperature. In Africa, temperature is projected to exceed 2 ◦C by mid-21st century and
4 ◦C by the end of the 21st century [12] where crop yields are expected to decrease by 10%
to 20% in 2050 [13].

To simulate the response of the global climate system due to the increase of GHG emis-
sions, global climate models (GCMs) are typically used, but the spatial resolutions of
GCMs are coarse (>100 km). Therefore, downscaling techniques are used to obtain local
and regional climate information through regional climate models (RCMs) with reso-
lution (≤50 km) [14]. Coordinated Regional Downscaling Experiment (CORDEX) is a
project established by the World Climate Research Programme (WCRP), which produced
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a large number of RCM scenarios. CORDEX covered the globe through 14 spatial do-
mains that provide historical data from 1951 to 2005, and projection data from 2006 to
2100 through different representative concentration pathways (RCPs): RCP 2.6, RCP 4.5,
and RCP 8.5. For RCP 4.5, global GHG emissions are stable at 4.5 W/m2 before 2100 by
using technology and different strategies. While RCP 8.5 assumes continuous increases of
GHG emissions over time until 8.5 W/m2 in 2100 (https://sos.noaa gov/datasets/climate-
model-temperature-change-rcp-45-2006-2100/ accessed in January 2020). In this study,
RCMs are used due to the higher resolution under two emission scenarios, RCP 4.5 and
RCP 8.5, where these represent two situations of moderate and high GHG emissions, re-
spectively. Future economic growth of the region is uncertain especially industrial growth.
However, the probability for low industrial growth is small given the demand for food and
consumer products. Therefore, we have not considered the low emission scenario of RCP
2.6 in this work.

It is expected that Egypt may be affected by climate change, which may produce a
decrease in its agricultural economy [15]. Abdrabbo et al. [16] studied reference evapotran-
spiration (ETo) over time in Egypt using different RCPs; RCP 2.6, RCP 4.5, RCP 6, and RCP
8.5 for three time periods; 2011–2040, 2041–2070, and 2071–2100. The comparison between
the results and observed data from 1971 to 2000 showed that ETo can increase in the Delta
region by about 5% to 20.1%, while 4.7% to 19.6% in the Middle of Egypt. The increase of
ETo in the South of Egypt can be between 11% and 26.8%.

This study addressed the practical concerns of developing new and sustainable agricul-
tural practices in Siwa considering the impact of climate change on agriculture productivity
and crop water requirement in this century. Thereafter, we can investigate if the government
goals of increasing agricultural production and population resettlement are achievable
by the end of this century. An optimization analysis was conducted to maximize crop
production using the available capacity in Siwa. The methodology developed in this study
is a useful guide for analyzing and assessing the development potential of other areas of
the Western Desert in Egypt.

2. Study Area Description and Data

The Siwa region is a natural depression with an area of 0.28 million acres located in
the northwest of the Western Desert in Egypt as shown in Figure 1. The region is unique
because it is a closed basin where groundwater is the only source of water with no recharge
given the prevailing arid conditions. A closed basin such as Siwa with only groundwater
available from ancient times is not common in most parts of the world and, therefore,
a study of sustainable water management practices considering both food demand and
available land and water capacities is very much warranted. The climate is semiarid where
rainfall is almost negligible [17]. The development project in Siwa of 30,000 acres will
depend on groundwater from the NAS due to high groundwater quality.

This study followed the proposed government policies to avoid significant depletion
of NSAS and to ensure sustainability of the aquifer for future generations. The Ministry
of Water Resources and Irrigation (MWRI) has restricted policies about prioritizing water
consumption, where some of these policies are related to the maximum discharge rate of
each well, maximum daily working hours per pump, spacing between wells, and maximum
allowable crop water use, which is estimated to be 4000 m3/acre/year [18]. The Research
Institute for Groundwater (RIGW) of Egypt provided recommendations to extend the use
of the non-renewable NSAS until the end of this century. Accordingly, the government
policies on maximum annual groundwater withdrawal from the PNA and the NAS are
60 and 88 million cubic meters (MCM), respectively [19]. The Ministry of Agriculture and
Land Reclamation (MALR) suggested the land distribution to be 70% for seasonal crops
and the remaining for permanent crops [20].

https://sos.noaa
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2.1. Collected Data

Recent studies predicted a negative impact of increase in temperatures on crop yield
as shown in Table 1. Kheir et al. [21] studied the impacts on wheat in the North coast of
Egypt while Hassanein and Medany [22] predicted maize yield under different climatic
conditions in Egypt. EL-Mansoury and Saleh [23] assessed the impact of climate change
on broad bean in the North Nile Delta. Calzadilla et al. [24] provided data about the
response of crop yield to changes in temperature of 2 ◦C and 4 ◦C using crop types C3
and C4, and the location. As barley is considered a C3 crop, which is a type that is highly
affected by temperature, results related to North Africa are used. Eid et al. [25] found that
an increase in temperature of 2 ◦C can decrease barely yield by 20% in Egypt, which is in
agreement with Calzadilla et al. [24]. Knezević et al. [26] investigated the possible impact
of climate change on olives production through nine stations in Montenegro, Europe.
Results related to the northern stations are shown in Table 1 given their similar climatic
conditions as in Egypt. Ponti et al. [27] studied the effect of climate change on olives
in different sub-regions of the Mediterranean basin. Their results showed that with an
increase in temperature of 1.8 ◦C from 2041 to 2050, the yield of olives in Egypt can decrease
by 9.4%, which is compatible with the results of Knezević et al. [26]. Due to the limited data
about date palm, it is assumed that the reduction in date palm yield due to the increase
in temperature is the same as oil palm. As a result, the study made by Sarkar et al. [28] is
used where they assessed the relationship between climate change and oil palm production
using multiple regression in Malaysia. Finally, the results provided in Table 1 are used
here to define the linear relationship between the increase in temperature and crop yield
over time.

Table 1. Impact of temperature on crop yield from prior studies.

Crop
Change in Crop Yield (%) at Different Increases in Temperature

Reference
1 ◦C 2 ◦C 3 ◦C 4 ◦C

Wheat −5.08 −9.35 −13.11 −17.65 Kheir et al. [21]
Date Palm −10.17 −20.38 −30.55 −40.75 Sarkar et al. [28]

Olives −6 −14 −18 Knezević et al. [26]

Maize −14.4 −24.2 Hassanein and
Medany [22]

Barley −17.29 −29.32 Calzadilla et al. [24]

Broad Bean
1.9 ◦C 2.1 ◦C 2.3 ◦C 2.5 ◦C EL-Mansoury and

Saleh, [23]−11.43 −14.15 −18.15 −23.14

2.2. Climate Change Models

This study used two RCMs: the Rossby Centre regional climate model (RCA4) and the
Regional Atmospheric Climate Model (RACMO22T). RCA4 is developed at the Swedish
Meteorological and Hydrological Institute (SHMI) and considered three downscaled GCMs;
the Centre National de Recherches Météorologiques (CNRM-CM5), the EC-EARTH con-
sortium (EC-EARTH), and the Max Planck Institute for Meteorology (MPI-ESM-LR).
RACMO22T is developed at the Koninklijk Netherlands Meteorological Institute (KNWI)
and linked to the downscaled EC-EARTH model. Table 2 shows the combinations of these
four climate models. The selection of these combinations depends on the availability of
four meteorological data: Maximum temperature (Tmax), minimum temperature (Tmin),
relative humidity (RH), and wind speed (U) for the historical climate condition and future
climate projection under RCP 4.5 and RCP 8.5. Daily meteorological data are downloaded
using CORDEX-Africa domain (AFR-44) with a spatial resolution of 0.44◦ by 0.44◦ (approx-
imately 50 km by 50 km) (http://www.cordex.org/domains/region-5-africa/ accessed
January 2020) for years; 2020, 2040, 2060, 2080, and 2100. Data were downloaded in NetCDF
format and Grid Analysis and Display System (GrADS) software (http://opengrads.org/)
was used in the analysis.

http://www.cordex.org/domains/region-5-africa/
http://opengrads.org/
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Table 2. Description of regional climate models (RCMs) used and the corresponding global climate models (GCMs).

Developer
RCM GCM Model

IdentifierModel Resolution Model Resolution 1

SMHI RCA4 0.44◦ × 0.44◦ CNRM-CM5 1.4◦ × 1.4◦ M1
KNMI RACMO22T 0.44◦ × 0.44◦ EC-EARTH 1.125◦ × 1.125◦ M2
SMHI RCA4 0.44◦ × 0.44◦ EC-EARTH 1.125◦ × 1.125◦ M3
SMHI RCA4 0.44◦ × 0.44◦ MPI-ESM-LR 1.875◦ × 1.875◦ M4

1 https://portal.enes.org/data/enes-model-data/cmip5/resolution accessed July 2020.

3. Methodology
3.1. Reference Evapotranspiration (ETo)

The United Nations Food and Agriculture Organization (FAO) Penman–Monteith
equation is applied to project ETo (mm/day) using the four meteorological data men-
tioned earlier. As a result, crop evapotranspiration (ETc) (mm/day) can be calculated [29].
Details about ETo and ETc calculations for different cultivated crops in Siwa region are
provided by Moghazy and Kaluarachchi [30]. Thereafter, crop water requirement (CWR)
(m3/acre/year) can be calculated which is a function of the projected ETc, irrigation effi-
ciency, and leaching requirements [31].

After downloading the daily meteorological data using the four climate models,
a bootstrap technique is applied for monthly data for resampling with replacement of
10,000 runs. Thereafter, the new values of daily meteorological data are used to estimate
ETo for each model. However, different climate models produce uncertainty, therefore,
to evaluate the performance of these models, long-term average monthly historical ETo
values from 1981 to 2005 are compared with observed values using root mean squared
error (RMSE) as follows:

RMSE =

√√√√ 1
U

U

∑
i=1

(Ei − Êi)
2 (1)

where Ei and Êi represent historical and observed ETo values, respectively, for the long-
term average of month i, and U is the number of months. The observed data in the
Siwa region were downloaded from the National Centers for Environmental Prediction
(https://globalweather.tamu.edu/).

To estimate ETo using the accuracy of each climate model, a weighted model is
developed and used. ETo is a function of Tmax, Tmin, RH, and U, therefore, the uncertainty
of ETo is a combination of errors from these variables. Monthly uncertainty of ETo for each
model (δETo(M)) is computed using an error propagation method as shown in Equation
(2) using the work of Askari et al. [32].

δETo(M) =

√[
∂ETo

∂Tmax
δTmax(M)

]2
+

[
∂ETo

∂Tmin
δTmin(M)

]2
+

[
∂ETo

∂RH
δRH(M)

]2
+

[
∂ETo

∂W
δW(M)

]2
(2)

where ∂ETo
∂Tmax

, ∂ETo
∂Tmin

, ∂ETo
∂RH , and ∂ETo

∂W are partial derivative of ETo with respect to Tmax, Tmin,
RH, and W, respectively, M is order of the climate model (see Table 2), and δTmax(M),
δTmin(M), δRH(M), and δW(M) are monthly errors of these variables when comparing
historical data of each model (M) with observed data from 1981 to 2005. δETo(M) values
are inversely weighted to determine the accuracy of each model. Therefore, a monthly
weighted ETo model (ETo (weighted)) is calculated as follows:

ETo(weighted) =
M

∑
1

[
ETo(M) ∗ W(M)

100

]
(3)

where ETo(M) is monthly predicted ETo of model M (mm/day), and W is weight of model
M (%). As a result, the corresponding water requirement of cultivated crops is projected

https://portal.enes.org/data/enes-model-data/cmip5/resolution
https://globalweather.tamu.edu/
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until 2100 and compared with the current requirements from 2000 to 2017 to explore the
need for adaptation actions due to climate change.

3.2. Projection of Temperature and Crop Yield

The resampled values of Tmax and Tmin are used to project the trend of future temper-
ature. To study the impact of temperature on crop yield, seasonal average temperature
(Tavg) of the primary growing seasons of summer and winter is used. The winter season is
from October to April for wheat, barley, and broad bean while the summer season is from
May to September for soybean, maize, and cotton, etc. [33].

Seasonal Tavg is compared with observed values from 2000 to 2017 to determine the
changes in temperatures for each season (∆T) using the four climate models for years: 2020,
2040, 2060, 2080, and 2100. To account for uncertainty, the mean of ∆T values is used with
95% confidence intervals (CI).

To identify the relationship between increase in temperature and crop yield, the fol-
lowing linear regression equation is used with data presented earlier:

CY = a + b * ∆T + e (4)

where CY is change in crop yield (%), a and b are constants, and e is error. As a result,
crop yields until 2100 can be projected under different emission scenarios. Results are
considered significant when two-sided p-value < 0.025. R software version 3.6.1 was used
(https://www.r-project.org/).

3.3. Projected Crop Area and Water Requirements

The goal of this study is to investigate if the government’s goals of increasing agricul-
tural areas and population resettlements from the already over-populated Delta region are
achievable this century. Therefore, crop area and total water requirements for population
and livestock are estimated then compared with available land and groundwater in the
Siwa region. The assumptions made by Moghazy and Kaluarachchi [31] on population
and livestock at the beginning of the proposed project in 2020 are used in this study where
the annual growth rate of population is 2.5% [1].

Although there are 30,000 acres available in the Siwa region, stipulated government
policies are considered in the estimation of actual available land for cultivation (AV) per
details of Moghazy and Kaluarachchi [31]. This study used the land distribution suggested
by Moghazy and Kaluarachchi [31] to maximize the production of strategic crops in Siwa
where seasonal crops cover 80% of AV and consist of wheat, barley, and broad bean in
the winter, and maize in the summer as sources of strategic crops to cover crop deficit
in Egypt. The remaining 20% of AV is for permanent crops such as olives and date palm,
which are the sources of rural income. To calculate the area of strategic crops needed to
satisfy population consumption annually, Equation (5) is used.

Crop area (acres) =
N ∗ Crop Consumption (kg/capita/year)

1000∗Crop Yield (tons/acre)
(5)

where N is population, and crop consumptions are 143.2, 0.3, 7.8, and 62 kg/capita/year
for wheat, barley, broad bean, and maize, respectively [34]. These values are assumed to
remain the same in the future. Crop yield depends on the projected temperature under each
emission scenario. The area of strategic crops required for livestock feeds as concentrate
feeds and roughage feeds is calculated per Moghazy and Kaluarachchi [31]. For perma-
nent crops, olives and date palm are assumed to cover the area equally. As a result, the total
required crop area in winter or summer season can be estimated then compared with AV
to assess land availability.

Total water requirement is the summation of irrigation water requirement (IWR),
industrial water requirement, and water requirement for population and livestock. Indus-
trial water requirement is neglected because this project is primarily focused on reclamation

https://www.r-project.org/
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and rural development. Current domestic water requirement is 250 L/capita/day [35],
and water requirement for sheep, goats, and chickens is 10, 10, 0.3 L/head/day, respec-
tively [36,37]. Both domestic and livestock water requirements are assumed to remain
constant. IWR of crops is the summation of CWR multiplied by the area of each crop. As a
result, total water requirement can be estimated over time and compared with 88 MCM
of allowable annual groundwater extraction from the NAS. When IWR is divided by
Av, the value of IWR per acre can be compared with the allowable crop water use of
4000 m3/acre/year to determine if government policy is satisfied.

3.4. Optimization Analysis

Optimization is a method used for optimal allocation of available resources based on
an objective with specific constraints. Commonly used optimization methods are linear
programming (LP), nonlinear programming, dynamic programming, integer programming,
binary programming, etc. [38]. LP is one of the best and most simple techniques [39]
that helps decision-makers in water resources planning and management. In this work,
LP is used because the mathematical formulation of the proposed optimization problem
described here is linear and therefore easily represented by a LP problem. The goal
of optimization is to find opportunities to maximize strategic crop production through
the most appropriate cropping pattern subject to a given set of constraints. Moghazy
and Kaluarachchi [31] suggested different scenarios to maximize crop production in Siwa.
This study used one scenario from this earlier study to maximize the production of strategic
crops as a part of government goals. This scenario increases the area of strategic crops to 80%
of AV instead of 70% while relaxing the crop water use constraint. Therefore, the objective
function and constraints are as follows:

Max P =
n

∑
i=1

Yi∗Ai (i = 1, 2, . . . ., n) (6)

where P is total crop production (tons), n is number of crops, Yi is yield of crop i (tons/acre),
and Ai is area of crop i (acres).

For land availability, an additional constraint is added where olives and date palm
cover the area of permanent crops equally to control date palm cultivation given high
water requirement.

w

∑
i=1

Ai ≤ 80% Av (7)

where w is number of seasonal crops in winter, which are wheat, barley, and broad bean.

s

∑
i=1

Ai ≤ 80% Av (8)

where s is number of seasonal crops in, summer which is maize.

Ao ≤ 10% Av (9)

Ad ≤ 10% Av (10)

where Ao and Ad are the areas of olives and date palm (acres), respectively.
For crop production, the total production of strategic crops should satisfy the total

requirement of population and livestock.

Yj∗Aj ≥ CPj∗ N +
2

∑
k=1

CLjk ∗ Lk (11)

where Yj is yield of strategic crop j (tons/acre), j is number of strategic crops (wheat,
barley, broad bean, and maize), Aj is area of strategic crop j needed for population and
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livestock (acres), CPj is annual consumption of strategic crop j per capita (ton/capita/year),
k is number of livestock categories (sheep and goats), CLjk is consumption of strategic crop
j for each category k (ton/head/year), and Lk is number of heads in each category k.

In addition, total water requirement should be less than the available groundwater
from the NAS.

n

∑
i=1

(CWRi ∗ Ai) + Population and livestock water requirement ≤ 88 MCM/year (12)

where CWRi is water requirement of crop i (m3/acre/year).
In this work, optimization is used in the year 2100 as it represents the worst period

of this century and analysis is conducted for each emission scenario. The reason is to
assess whether crop and water requirements are sustainable across all years as sought by
the government. The LP model was applied using General Algebraic Modeling Systems
(GAMS; http://www.gams.com/).

4. Results and Discussion
4.1. Projected Temperature

Annual Tmax is projected using the four climate models (see Table 2) under different
emission scenarios as shown in Figure 2. Results show the fluctuations of Tmax over time
under RCP 4.5 where median is the highest at 30 ◦C in 2060 then decreased to 29.5 ◦C in 2100.
This is compatible with the expectations of RCP 4.5 where greenhouse gas emissions are
expected to be controlled before 2100.
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However, median values are increasing gradually until 2100 under RCP 8.5 with
a maximum value of 32 ◦C. These increases in temperatures are expected due to the
continuous increase of GHG. The same is observed with projected Tmin where the median
has a maximum of 15 ◦C in 2080 and 18 ◦C in 2100 under RCP 4.5 and RCP 8.5, respectively.

Predicted Tavg in summer using the four models under RCP 4.5 is compared with
observed values and the corresponding ∆T values are shown in Figure 3. It shows that
Models 1 and 4 (see Table 2) have positive values of ∆T until 2100 while the other models
show a decrease in temperature in some years. The same comparison was done for winter,
and under RCP 8.5. Results show that at the end of this century, ∆T values in summer
range from 0.03 to 3.49 ◦C and 2.4 to 6.9 ◦C under RCP 4.5 and RCP 8.5, respectively.
In the winter, these values range from −0.2 to 1.5 ◦C and 1.9 to 3.1 ◦C, respectively.

Figure 3. ∆T values in the summer using four climate models from Table 2 under RCP 4.5.

Due to the uncertainty in seasonal ∆T values, the mean is used to study the impact of
climate change on crop yield, which is discussed later. Table 3 shows the mean of ∆T with
95% CI for each season over time under both emission scenarios. Results show that the
maximum increase in temperature in summer is 1.68 ± 1.64 ◦C in 2060 and 4.65 ± 1.82 ◦C
in 2100 under RCP 4.5 and RCP 8.5, respectively. In winter, these values are 0.66 ± 0.74 ◦C
in 2060 and 2.51 ± 0.47 ◦C in 2100, respectively.

Table 3. Projected ∆T with 95% CI over time.

RCP Season ∆T (◦C) 2020 2040 2060 2080 2100

RCP 4.5

Summer
Mean 0.22 0.42 1.68 1.31 1.54

Lower Limit −1.05 −1.40 0.05 0.29 0.09
Upper Limit 1.48 2.24 3.32 2.90 2.99

Winter
Mean 0.47 −0.16 0.66 0.31 0.60

Lower Limit −0.91 −1.49 −0.07 −1.47 −0.14
Upper Limit 1.85 1.16 1.40 2.09 1.34

RCP 8.5

Summer
Mean 0.12 0.73 2.40 2.90 4.65

Lower Limit 1.80 1.09 1.78 1.62 1.86
Upper Limit −1.64 −0.34 0.65 1.31 2.82

Winter
Mean −0.76 −0.75 0.84 1.61 2.51

Lower Limit 0.73 1.17 1.77 1.10 0.48
Upper Limit −1.47 −1.90 −0.90 0.53 2.04
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Impact of Temperature on Crop Yield

A linear distribution between increase in temperature and change in crop yield is
developed and presented in Table 4. Results show that the intercept values for all crops are
significant except for wheat and date palm where p-values are more than 0.025. Slope values
for all crops are significant. As a result, the projected values of crop yields can be calculated
as shown in Table 5. Results show that the maximum reduction in yields of wheat, barley,
broad bean, and maize are 2.9%, 9.2%, 0, and 12.8%, respectively, in 2060 under RCP 4.5,
while these values under RCP 8.5 are 10.4%, 20.4%, 22.6%, and 27.4%, respectively, at the
end of this century. It is clear that the most affected strategic crop is maize due to the high
increase of temperatures in summer.

Table 4. Relationship between ∆T (◦C) and change in crop yield (%).

Crop
Linear Regression Equation

Intercept p-Value Slope p-Value

Wheat −0.93 0.0778 −4.147 0.000589
Barley −5.26 0.0000 −6.015 0.0000

Broad bean 26.32 0.0221 −19.56 0.0083
Maize −4.6 0.0000 −4.9 0.0000
Olive −1.95 0.0048 −4.01 0.00079

Date palm 0.015 0.4020 −10.19 0.00000026

Table 5. Predicted crop yield under two emission scenario RCP 4.5 and RCP 8.5.

Crop

Crop Yield (Tons/Acre)

RCP 4.5

2020 2040 2060 2080 2100

Wheat 2.73 2.78 2.7 2.74 2.71
Barley 1.52 1.65 1.50 1.53 1.50

Broad bean 1.45 1.45 1.45 1.45 1.45
Maize 3.22 3.18 2.97 3.03 3.00
Olive 4.00 4.04 3.87 3.93 3.88

Date palm 14.00 14.31 12.77 13.30 12.92

RCP 8.5

Wheat 2.78 2.78 2.68 2.59 2.49
Barley 1.65 1.65 1.48 1.40 1.31

Broad bean 1.45 1.45 1.45 1.36 1.12
Maize 3.23 3.13 2.85 2.77 2.48
Olive 4.14 4.14 3.79 3.69 3.47

Date palm 14.50 14.50 12.11 11.18 9.21

4.2. Predicted ETo

ETo is predicted using the resampled daily meteorological data for each climate
model. Figure 4 shows the comparison between the current ETo values and the median
values for each month using Model 1 in 2100 under different emission scenarios. Results
show that a minimum of 2.79 mm/day and a maximum of 10.53 mm/day can happen in
January and June, respectively under RCP 4.5, which are higher than the current values
of 2.73 and 9.25 mm/day, respectively. With RCP 8.5, these values are 3.05 mm/day
and 11.17 mm/day, respectively with an increase of more than 6% compared to RCP 4.5.
Similar comparisons were conducted with other models in different years. As expected,
ETo is showing uncertainty among the four climate models as shown in Figure 5 for
monthly ETo in 2100 under RCP 4.5. To evaluate the performance of these models given
this uncertainty, RMSE is calculated using Equation (1) and the results are shown in Table 6
demonstrating that Model 1 is the best to use while model 2 is the worst. Table 7 shows
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the accuracy of each model to determine monthly ETo using an error propagation method
described in Equation (2). Results indicate that Model 1 is not always the best model,
as Models 3 and 4 have also better accuracy in some months. The advantage of using
multiple climate models is that uncertainty produced by each model can be used to develop
an appropriate weighted model for future use. As a result, a monthly weighted model
is used to calculate ETo (weighted) using Equation (3). RMSE for this weighted model
is 0.259, which is better than 0.278 produced by Model 1. Thereafter, ETo (weighted) can be
calculated in the future using the accuracy of each model (see Table 7). Figure 6 shows ETo
(weighted) in 2100 under RCP 4.5 and RCP 8.5 where the highest values are in June of 9.97
and 10.72 mm/day, respectively.

Figure 4. Comparison between current ETo and monthly projected ETo using Model 1 in 2100 under
RCP 4.5 and RCP 8.5.

Figure 5. Uncertainty of monthly ETo between models in 2100 under RCP 4.5.

Table 6. Root mean squared error (RMS produced by different climate models.

Model Identifier RMSE

M1 0.278
M2 0.726
M3 0.419
M4 0.327
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Table 7. Accuracy of each climate model (%). Numbers in bold represent the highest accuracy value
in each month.

Month Model 1 Model 2 Model 3 Model 4

January 24.85 16.32 32.53 26.30
February 41.64 11.82 31.66 14.88

March 18.60 18.56 31.45 31.39
April 26.06 9.43 38.58 25.94
May 22.01 12.18 23.97 41.84
June 37.33 15.07 20.71 26.89
July 37.81 15.44 22.16 24.59

August 36.91 14.75 20.14 28.19
September 36.47 13.70 18.23 31.60

October 27.60 13.40 21.00 37.99
November 25.31 17.70 24.50 32.49
December 19.80 10.36 19.41 50.43

Figure 6. ETo (weighted) under RCP 4.5 and RCP 8.5 in 2100.

Using the calculated values of ETo (weighted), CWR in this century can be projected
as shown in Table 8. Results show that the maximum water requirement of crops is
26,786 m3/acre in 2040 under RCP 4.5 while it is 29,279 m3/acre in 2100 under RCP 8.5.
Annual water requirement of crops is compared with the current requirement of 24,771
m3/acre and the results show that the increase over time ranges from 6% to 8.1% under
RCP 4.5, while it is 9.7% to 18.2% under RCP 8.5 as shown in Table 8.

Table 8. Change in projected crop water requirement (CWR) with different emission scenarios.

RCP Water Requirement 2020 2040 2060 2080 2100

RCP 4.5

Cultivated crops (m3/acre/year) 26,247 26,786 26,626 26,677 26,554

Changes to current requirment (m3/acre/year) 1475 2014 1855 1906 1783

Changes (%) 6.0 8.1 7.5 7.7 7.2

RCP 8.5

Cultivated crops (m3/acre/year) 27,169 28,072 28,346 29,075 29,279

Changes to current requirment (m3/acre/year) 2398 3301 3574 4304 4508

Change (%) 9.7 13.3 14.4 17.4 18.2
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4.3. Estimated Crop Area and Total Water Requirements

Population and livestock data are calculated to estimate future requirements of crop
area and water. Accordingly, population in 2020 of 16,460 is projected to be 118,669 by 2100.
Similarly for livestock of sheep, goats, and chickens are expected to increase from 3129,
4864, and 125,096, respectively in 2020 to be 22,555, 35,062, and 901,889, respectively in 2100.
AV is determined by Moghazy and Kaluarachchi [31], which is 17,010 acres and consistent
with government policies. Population and livestock consumption of strategic crops over
time is calculated and Tables 9 and 10 show crop area for years 2020, 2040, 2060, 2080,
and 2100 under both emission scenarios. Results show that the required areas of wheat,
barley, broad bean, and maize in 2100 under RCP 4.5 are 6846, 928, 1570, and 3809 acres,
respectively. However, these areas increased by 8.9%, 14.5%, 29.5%, and 21%, respectively,
under RCP 8.5 due to the impact of temperature increase on crop yield. Results also
show that the total cultivated areas in winter or summer are less than AV of 17,010 acres
through all years. Total water requirement (m3/year) is estimated over time as shown
in Tables 9 and 10 where the projected values are 80.1 and 94.5 MCM in 2100 under RCP
4.5 and RCP 8.5, respectively. Figure 7 shows the corresponding IWR per acre of 4000
and 4900 m3/acre under RCP 4.5 and RCP 8.5, respectively, in 2100 where 4900 m3/acre
is more than the government limit of 4000 m3/acre/year. Results show that under RCP
4.5 government goals of this project are achievable until the end of this century where
adequate land and groundwater are available in the Siwa region.

Table 9. Projected crop area and water requirements under RCP 4.5.

Crop 2020 2040 2060 2080 2100

Wheat (acres) 943 1500 2550 4117 6846
Barley (acres) 128 192 346 556 928

Broad bean (acres) 218 357 585 958 1570
Maize (acres) 493 817 1433 2302 3809
Olives (acres) 1701 1701 1701 1701 1701

Date Palm (acres) 1701 1701 1701 1701 1701
Total area in Winter (acres) 4691 5451 6883 9033 12,746

Total area in Summer (acres) 3895 4219 4835 5704 7211
Estimated total water

requirement (MCM/year) 29.9 35.3 44.1 57.4 80.1

Table 10. Projected crop area and water requirements under RCP 8.5.

Crop 2020 2040 2060 2080 2100

Wheat (acres) 916 1500 2569 4357 7458
Barley (acres) 117 192 351 607 1063

Broad bean (acres) 218 357 585 1022 2033
Maize (acres) 491 830 1494 2518 4608
Olives (acres) 1701 1701 1701 1701 1701

Date Palm (acres) 1701 1701 1701 1701 1701
Total area in Winter (acres) 4653 5451 6907 9388 13,956

Total area in Summer (acres) 3893 4232 4896 5920 8010
Estimated total water

requirement (MCM/year) 30.8 37 47 64.6 94.5
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Figure 7. Irrigation water requirement per acre over time under both emission scenarios and in case of neglecting the impact
of climate change.

On the other hand, government goals under RCP 8.5 are satisfied until the 2080s only,
while total water requirement exceeds available groundwater in the NAS of 88 MCM
by 2100. As a result, changes to crop area distribution are required, for example decreases
in the areas of olives or date palm, to satisfy population needs and be consistent with
government policies. Figure 7 also shows the values of IWR per acre when neglecting
the impact of climate change. These values are the lowest compared with RCP 4.5 and
RCP 8.5 due to the higher crop water requirement under climate change and the impact of
temperature increase on crop yield.

Required area of strategic crops is calculated disregarding the impact of climate change
on crop yield then compared with values presented in Tables 9 and 10. Figure 8 shows the
possible future deficits to these areas where the deficit in maize is the largest compared
to other crops due to the highest impact by temperature. Broad bean is not affected by
climate change until 2080 under RCP 8.5. This figure shows that under RCP 4.5, there is no
deficit in the areas of wheat and barley in 2040 due to the slight decrease in the predicted
temperature in the winter season compared to the curent condition (see Table 3). Figure 8
also shows that the maximum deficits in the areas of wheat, barley, broad bean, and maize
are 3.7%, 10%, 0, and 14.8%, respectively in 2060 under RCP 4.5. More significant deficits
are exhibited in 2100 under RCP 8.5 with values of 13%, 26%, 29.5%, and 37.5%, respec-
tively. These results clearly show while climate models have inherent uncertainty among
their projections, there is a definite impact of climate change on agriculture productivity
in Siwa. Therefore, climate change plays an important role in the decision-making of
agriculture planning and management.
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Figure 8. Percent deficit in strategic crop areas produced when climate change is disregarded;
(a) RCP 4.5, and (b) RCP 8.5.

4.4. Optimization

As mentioned earlier, LP is used to identify the opportunities to maximize strategic
crop production considering climate change impacts under both emission scenarios. Previ-
ous results showed that the development project in Siwa is achievable through this century
under RCP 4.5 and not possible in 2100 under RCP 8.5 due to the proposed groundwater
constraint of the government. As a result, LP is applied in 2100 under RCP 4.5. Since
RCP 8.5 showed unsustainable development from 2080 through 2100, optimization is
applied in 2080. Table 11 shows crop area that can be cultivated using the available land
and groundwater under different emission scenarios. Results show that under RCP 4.5,
the areas of strategic crops for wheat, barley, broad bean, and maize are 11,111, 928, 1570,
and 3809 acres, which are adequate for population and livestock needs until 2100. How-
ever, these areas under RCP 8.5 are 11,980, 607, 1022, and 2518 acres, respectively until
2080. It is noticed that the area of olives does not occupy the 10% of AV to increase the area
of strategic crops. LP shows that the total cultivated area in winter and summer can be
increased to cover around 96% and 34% of Av, respectively, given the summer season has
higher crop water requirement.
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Table 11. Crop area and water requirements predicted from optimization analysis.

Crop 2020–2100
(RCP 4.5)

2020–2080
(RCP 8.5)

2100
(RCP 8.5)

Wheat (acres) 11,111 11,980 8445
Barley (acres) 928 607 1063

Broad bean (acres) 1570 1022 2033
Maize (acres) 3809 2518 4608
Olives (acres) 768 1318 0

Date Palm (acres) 1701 1701 1701
Total area in Winter (acres) 16,078 16,628 13,242

Total area in Summer (acres) 6278 5537 6309
Estimated total water

requirement (MCM/year) ≤88 ≤88 88

The cultivated areas for barley, broad bean, and maize under RCP 8.5 are not sufficient
for population needs in 2100 per results shown in Table 10. Therefore, it was decided to
use optimization to identify if land allocations can be modified to achieve some of the
development targets. The results of this optimization using LP for 2100 under RCP 8.5
are presented in Table 11. Results show that olives cannot be cultivated to satisfy the
population needs of strategic crops causing some loss of profit, but development targets
are achievable with improved land and groundwater management. The corresponding
values of IWR per acre are presented in Figure 9 where these values range from 4470
to 4554 m3/acre/year and from 4420 to 4774 m3/acre/year under RCP 4.5 and RCP 8.5,
respectively. It is therefore recommended to increase the limit of crop water use to be
4774 m3/acre/year instead of 4000 m3/acre/year. Figure 9 showed that IWR per acre
is increasing gradually until 2080 under RCP 8.5 then decreased in 2100 because of the
decrease in the cultivated area as shown in Table 11.

Figure 9. Irrigation water requirement per acre after optimization for both emission scenarios.

This analysis also calculated the strategic crop demand for population and livestock
annually then compared it with the expected production after applying optimization
and the results are presented in Figure 10. It shows the increase in production for all
years demonstrating the contribution of optimization to increase agriculture areas and
therefore production that exceeeds the demand by a large percentage while maintaining
sustainability. For example, the extra production in 2020 is 891% and 847% under RCP 4.5
and RCP 8.5, respectively showing that extra production of strategic crops may be used to
cover the shortfalls in other parts of Egypt. Of course as expected, this percent increase
decreases with time given the increase in population.
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Figure 10. Percent increase in strategic crop production with optimization under RCP 4.5 and RCP
8.5 compared to annual population and livestock demand.

The projected total water requirement is also compared before and after optimization
under both emission scenarios as shown in Figure 11. The results display the increase in
water requirement over time due to the increase in agriculture areas predicted through op-
timization. In 2020, water requirement increases by 160% and 149% under RCP 4.5 and
RCP 8.5, respectively, after optimization using the available groundwater in the NAS.
It is noticed that under RCP 8.5 water requirement decreases by 7% in 2100, therefore this
development project is achievable without the depletion of the Nubian aquifer. Figure 11
also shows that there is still extra groundwater available for possible system expansion;
for example, in 2020, total water requirement is estimated to be 29.86 MCM under RCP 4.5
while optimization showed that this requirement can increase to 77.58 MCM, which is still
less than 88 MCM.

Finally, this work projected the future changes in temperature in the Siwa region under
two emission scenarios and assessed the impacts on crop water requirement and crop
productivity. Results show that the proposed development in Siwa is possible until 2100
under the moderate emission scenario RCP 4.5 using the available land and groundwater.
However, in the more aggressive emission scenario RCP 8.5, changes are needed in the
land distribution to satisfy the required crop area for population and livestock farming
needs until 2100. These results based on assumptions such as using current population
and livestock water requirement, current crop consumption, and population growth rate
of 2.5%. Also, there is a possibility that more water is needed in the future to address any
increase in groundwater and soil salinity.

5. Conclusions

The proposed development project in Siwa is to reclaim 30,000 acres, which is part of a
national project to reclaim 1.5 million acres mostly in the Western Desert of Egypt. The goals
of this project are to increase agricultural areas enabling rural development and increase
agriculture production to cover crop production needs in Egypt. This study investigated if
stipulated government goals are possible under climate change during this century. As a
part of this study, the estimated population and livestock data are used with projected
temperatures to calculate land area needed, water requirement, and crop production.
To maximize the benefits of this project, LP-based optimization analysis was conducted to
explore the possibility of maximizing crop production subject to government policies.

Different meteorological data are downloaded using CORDEX-Africa under four
climate models with two emission scenarios: RCP 4.5 and RCP 8.5. Results show that the
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maximum increase in temperature in summer is 1.68 ± 1.64 ◦C in 2060 and 4.65 ± 1.82 ◦C
in 2100 under RCP 4.5 and RCP 8.5, respectively. In winter, these values are 0.66 ± 0.74 ◦C
in 2060 and 2.51 ± 0.47 ◦C in 2100, respectively. The impact of temperature increase on crop
yield is addressed and results show that the maximum reduction in yields of wheat, barley,
broad bean, and maize are 2.9%, 9.2%, 0, and 12.8%, respectively, in 2060 under RCP 4.5,
while 10.4%, 20.4%, 22.6%, and 27.4%, respectively, under RCP 8.5 at the end of this century.
Maize is the most affected crop due to climate change with higher temperatures in the
summer. The increase in water requirement of crops over time ranges from 6% to 8.1%
under RCP 4.5 and from 9.7% to 18.2% under RCP 8.5.

Sustainability 2021, 13, x FOR PEER REVIEW 18 of 21 
 

0.74 °C in 2060 and 2.51 ± 0.47 °C in 2100, respectively. The impact of temperature in-
crease on crop yield is addressed and results show that the maximum reduction in yields 
of wheat, barley, broad bean, and maize are 2.9%, 9.2%, 0, and 12.8%, respectively, in 2060 
under RCP 4.5, while 10.4%, 20.4%, 22.6%, and 27.4%, respectively, under RCP 8.5 at the 
end of this century. Maize is the most affected crop due to climate change with higher 
temperatures in the summer. The increase in water requirement of crops over time ranges 
from 6% to 8.1% under RCP 4.5 and from 9.7% to 18.2% under RCP 8.5.  

 
Figure 11. Estimated total water requirement before and after optimization; (a) RCP 4.5, and (b) RCP 8.5. Numbers in bold 
represent percent change in water requirement after optimization. 
Figure 11. Estimated total water requirement before and after optimization; (a) RCP 4.5, and (b) RCP 8.5. Numbers in bold
represent percent change in water requirement after optimization.



Sustainability 2021, 13, 1578 19 of 21

The required area of strategic and permanent crops is determined then compared with
the limit of 17,010 acres to assess land availability in Siwa. Future water requirement is also
estimated until 2100 then compared with 88 MCM of available groundwater from the NAS.
Results show that this development project is possible in Siwa under the moderate emission
scenario RCP 4.5 in this century. While under RCP 8.5, some of the proposed agricultural
practices may need to be changed especially after 2080 such as olives crop that will not be
cultivated in 2100.

The optimization analysis showed the possible increase in strategic crop production
over time where the extra production is 891% and 847% in 2020 under RCP 4.5 and RCP 8.5,
respectively. Also, water requirement increases over time due to the increase in agriculture
areas through optimization. In 2020, water requirement increases by 160% and 149% under
RCP 4.5 and RCP 8.5, respectively, using the available groundwater in NAS.

In conclusion, the findings from this study show that the proposed agriculture devel-
opment in the Siwa region under the national project to reclaim 1.5 million acres is possible.
Although climate models produced uncertainty in their projections, one can agree that
there is a definite impact of climate change on temperature, crop water requirement,
and agriculture productivity. While this work is a case study demonstrating the viability
of the proposed national project in the Siwa region, the key benefit is that the proposed
methodology can be readily applied elsewhere in the Western Desert to assess the potential
agriculture development projects under climate change.
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