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Abstract

Freshwater shortages in the Middle East and North Africa's region (MENA) cause serious issues, while climate change
causes even more issues. The current study examines how climate change may impact future irrigation requirements in
Egypt's Upper Region using the medium greenhouse emission RCP 4.5 and high emission RCP 8.5 scenarios. Based on the
Intergovernmental Panel on Climate Change (IPCC) and the Fifth Assessment Report, the climatic projections for RCPs
4.5 and 8.5 for the years 2023-2080 and 2081-2100 were used to determine the patterns of temperature and rainfall in the
upper Egypt territory. The CROPWAT model was employed to estimate reference evapotranspiration (ET,) and net irriga-
tion water requirement (NIWR) for the upper Egypt territory key crops sugar cane, potatoes, berseem clover (alfalfa), dry
bean, wheat, cotton, maize, and tomato based on the predicted meteorological conditions. Five different scenarios for the
key crops' future irrigation needs were calculated. The results reveal that under RCP 4.5 greenhouse emission for the periods
2023-2080 and 2081-2100, respectively, the overall NIWR for all examined crops increases by 5.1 and 5.9% in comparison
to the current (2022) total NIWR for all crops. The total NIWR for all crops analyzed increases by 7.7 and 9.7% under the
RCP 8.5 greenhouse emission scenario for the periods 2023-2080 and 2081-2100, respectively, in contrast to the current
total NIWR for all crops. It is important to consider changes in water resource management in the MENA region, such as
applying modern irrigation systems, using crop pattern rotation strategies with minimal water demands, and changing crop
calendars or the times and locations of cropping activities.
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Introduction

The majority of nations today are putting unheard-of pres-
sure on water supplies. According to projections, the world
will experience a 40% deficit between expected demand and
the available supply of water by 2030 if current practices
continue. The world's population is expanding rapidly.
Moreover, catastrophic weather (such as floods and
droughts) and chronic water scarcity are seen as some of the
largest dangers to world peace and prosperity. More people
are becoming aware of how drought and a lack of water are
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escalating fragility and violence. It will take a 50% increase
in agricultural production (which currently uses 70% of the
resource) and a 15% increase in water withdrawals to feed
10 billion people by 2050. Figures estimate that about 40%
of the world's population lives in water scarcity places, and
around 0.25 of the world's GDP is subject to this difficulty.
One in four kids would reportedly reside in regions with
severe water shortages by the year 2040. Water security is a
significant—and frequently expanding—concern for many
nations today. By changing hydrological cycles, making
water more unpredictable, and increasing the frequency and
severity of floods and droughts, climate change will make
the issue worse. The Sustainable Development Goals
(SDGs) are at risk as a result of the rising demand for food
and water (SDGs 2014). The SDGs, especially those that
address poverty, hunger, and environmental sustainability,
are seriously threatened by climate change, population
expansion, water scarcity, and urban sprawl. Climate change
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is expected to have a greater impact on agriculture in the
coming years because of changes in precipitation intensity,
volume, and distribution as well as changes in the amount
of atmospheric water vapor, the water content of the soil,
and higher temperatures that will ultimately lead to increased
evapotranspiration. The amount of irrigation water needed
will be significantly impacted by this, especially in semi-arid
areas (Masia et al. 2021; El-Rawy et al. 2023; Alotaibi et al.
2023). The Middle East is being profoundly impacted by
climate change. Policymakers need to move away from top-
down paradigms and involve a larger segment of their popu-
lace in climate adaptation in order to better prepare their
societies to endure its shocks (Namdar et al. 2021). Climate
change will have severe, far-reaching effects on the Middle
East and North Africa (MENA), a region where elites and
governments have long minimized or disregarded it. It will
exacerbate already-existing governance issues and sharpen
socioeconomic disparities while also bringing about new
upheavals. The cascading effects of climate change are yet
another daunting set of problems for nations already dealing
with the aftermath of the pandemic, civil wars and conflict-
related displacement, population growth, and a long-term
decline in the demand for the oil that underpins many
MENA economies (Al-Saidia et al. 2016). In addition, Egypt
has been confronted with significant issues as a result of
population growth, limited water resources, and insufficient
agricultural production. Egypt's population surpassed 111
million in early 2022 (https://www.worldometers.info/world-
population/egypt-population/, accessed August 2022), a 60%
rise from the early 2000s (CAPMAS 2022). Since the agree-
ment between Egypt and Sudan in 1959, the Nile River has
provided 55.5 km? annually, accounting for 94% of all
renewable water resources in Egypt (Gabr 2022; Li et al.
2022). However, with the start of the Grand Ethiopian
Renaissance Dam (GERD), there are concerns about the
future availability of this resource, which may diminish
Egypt's water share during the filling period. One of the
most fundamental criteria for farm crop planning and the
design of any irrigation project is calculating the irrigation
water requirements of crops (Gabr 2021, 2023). In order to
address difficulties with future food security and the sustain-
ability of water resources, it is essential to comprehend the
effects of climate change on crop water requirements (CWR)
(Sunil et al. 2021; Noha and Jagath 2020). The Intergovern-
mental Panel on Climate Change's (IPCC) fifth assessment
report (ARS) (IPCC 2014; Zamani et al. 2020) provides cli-
mate projections for four representative concentration tra-
jectories (RCPs), namely RCP 2.6, RCP 4.5, RCP 6, and
RCP 8.5, up to 2100. Several scholars have used the RCP
scenarios to model the influence of climate change on water
resources in various parts of the world throughout the last
decade (Elhoussaine et al. 2019; Allani et al. 2020). Water
resources are significantly impacted by climate change in a
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particular area. Several studies have been carried out to
ascertain the variations in reference evapotranspiration (ET,)
and crop water demand CWR values that come from varia-
tions in climatic parameters, such as temperature and pre-
cipitation, under various RCP scenarios. Examining varia-
tions in ET, and local agricultural water needs took place in
China's Hetao Irrigation District (HID) using predicted tem-
perature and precipitation data. The results show that the
anticipated rise in temperature and precipitation extremes
has directly caused future ET, levels in the HID to rise by
4-7% (Zhou et al. 2017). In the Siwa region of the Western
Desert of Egypt, Noha and Jagath (2020) used various cli-
mate models under the two typical concentration paths
(RCPs) of RCP 4.5 and RCP 8.5 for the project to reclaim
30,000 acres as a part of a national project to reclaim and
cultivate 1.5 million acres to increase agricultural produc-
tion. The highest increase in summer temperature under RCP
4.5 and RCP 8.5 is 1.68 + 1.64 °C in 2060 and 4.65 +
1.82 °C in 2100, respectively. The increase in agricultural
water requirements is predicted to be between 6 and 8.1%
for RCP 4.5 and between 9.7 and 18.2% for RCP 8.5. Maxi-
mum reductions in strategic crop yield under RCP 4.5 range
from 2.9% to 12.8% in 2060, but maximum reductions under
RCP 8.5 range from 10.4% to 27.45 in 2100. Because of this,
the nonrenewable Nubian Sand Stone Aquifer (NSAS), a
transboundary aquifer shared by Egypt, Libya, Sudan, and
Chad, is the main source of water in the National Project to
reclaim 1.5 million acres in the western desert of Egypt.
Abdrabbo et al. (2015) used many RCPs, including RCP 2.6,
RCP 4.5, RCP 6, and RCP 8.5, throughout three time peri-
ods: 2011-2040, 2041-2070, and 2071-2100, to assess ET,
in Egypt over time. In the Delta region, ET, can rise by
around 5% to 20.1%, and in the Middle of Egypt, it can rise
by about 4.7% to 19.65, according to a comparison of the
results and actual data from 1971 to 2000. The increase in
ET, in southern Egypt might be between 11.8 and 26.8%.
Penman—Monteith (1988), a method that was suggested as
an internationally standard approach for identifying and
quantifying reference crop evapotranspiration, is one of the
methods frequently used to calculate ET,. Several studies
have looked at the spatial dispersion of the measured ET,
utilizing the Penman—Monteith—FAO system and system. On
the other hand, alternative methods of computing ET, were
employed (Salama et al. 2015; Khalil et al. 2015; Khaydar
et al. 2021). The CROPWAT 8.0 simulations, created by
Smith (1991) and based on the Penman—Monteith method
as well, are widely utilized in the field of water management
all over the world. The current study uses the medium emis-
sion RCP 4.5 and high emission RCP 8.5 scenarios to exam-
ine how climate change would affect future irrigation needs
in Egypt's Upper Territory, which comprises the governo-
rates of Sohag, Qena, Luxor, Aswan, and the Red Sea. For
the key crops (sugar cane, potatoes, berseem clover (alfalfa),
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dry bean, wheat, cotton, maize, and tomato), ET and NIWR
were calculated using the FAO CROPWAT 8.0 model (FAO
2022). For future irrigation planning and reservoir operation
modeling for Egypt's regions, the estimates of crop water
requirement changes can be used appropriately as recom-
mendations. To achieve the study objectives, (1) the recent
studies that anticipated the adverse effects of rising tempera-
tures on crop water requirements and crop yield are
reviewed, (2) the Intergovernmental Panel on Climate
Change (IPCC 2014) Fifth Assessment Report (ARS) served
as the basis for the climatic projections for RCPs 4.5 and 8.5,
which were used to estimate the patterns of temperature and
rainfall in the upper Egypt territory, (3) ET, and NIWR for
upper Egypt territory key crops sugar cane, potatoes, ber-
seem clover (alfalfa), dry bean, wheat, cotton, maize, and
tomato are estimated using CROPWAT 8 model, based on
the predicted climatic parameters were used as an input into
the CROPWAT model for future irrigation demand estima-
tion for five scenarios: (1) current climate conditions
1990-2022; (2) temperature and rainfall change in
2023-2080 for RCP 4.5; (3) temperature and rainfall change
for RCP 4.5 for 2081-2100, (4) temperature and rainfall
change in 2023-2080 for RCP 8.5 and (5) temperature and
rainfall change for RCP 8.5 for 2081-2100.

Materials and methods

MENA region, scarcity of water, droughts,
and increasing sea levels

The most prominent impact of climate change in the MENA
region has been water shortage; experts frequently refer to
this area as "the world's most water-stressed." Other climate
effects that are anticipated to have an impact on MENA resi-
dents, particularly those in rural areas and urban peripheries,
migrants and refugees, informal sector workers, and other
vulnerable communities, include desertification, population
movements (both within the region and from elsewhere),
food insecurity, and rising temperatures and their detrimen-
tal effects on health and productivity (UNHCR 2021). Con-
cerningly, the MENA area is predicted to be among the first
places in the world to "effectively run out of water," as water
resources are being consumed more quickly than precipita-
tion can replace them. In a region where there is already a
shortage of water, climate change intensifies the constraints
already put on water supply by population growth and is
likely to continue to reduce total and per capita water avail-
ability to dangerously low levels. This is particularly true
in nations like Iraq where irrigated agriculture is a substan-
tial industry. This has caused countries to overdraw water
from rivers and aquifers, weakening already limited water
resource bases. For instance, in Western Iraq, desertification

and sandstorm frequency have significantly increased during
the past 20 years. Desertification poses a range of deleteri-
ous effects on air quality, human health, land productivity,
and ecosystem dynamics. Governments, businesses, and
multilateral organizations have responded by implementing
a variety of measures in the area, including reforestation,
afforestation, and new agriculture projects, to both stop
desertification and lower atmospheric carbon levels (Nam-
dar et al. 2021; Kong et al. 2022). But these actions have
elicited skepticism from some scholars who consider them
counterproductive and ecologically damaging.

In the MENA area, internal renewable water, which is
defined as rivers and aquifers supplied by precipitation,
would be reduced by about 4% by 2050 as a consequence
of climate change and less precipitation rates (Frederic and
Ninar 2022). By 2025, between 80 and 90 million people
in the region are expected to experience some sort of water
stress; Iran has already experienced demonstrations due
to water shortages. Governments are being compelled by
the increased demand for water resources to pursue costly
desalinization projects or to divert water away from agricul-
ture, both of which have the potential to exacerbate already-
existing economic disparities and expand the urban—rural
divide (IPCC 2019). The MENA region is expected to expe-
rience temperatures much above this estimate, even if global
warming is only projected to boost temperatures by 2 °C.
If greenhouse gas emissions continue to climb at their cur-
rent rate, the region's temperatures are predicted to rise by
at least 4 °C by 2050, and the frequency of heat waves is
predicted to increase tenfold by that time (Kong et al. 2022).
Future temperatures in the area are predicted to rise over the
point at which people can adapt, which will result in greater
mortality rates for young people and the elderly (Hertig
and Tramblay 2017). In Kuwait, for instance, wealthy citi-
zens and locals frequently use air conditioning to avoid the
effects of rising temperatures, while non-Kuwaiti workers
from developing countries work outdoors and are up to three
times more likely to perish on extremely hot days (El-Rawy
et al. 2021). By the end of the century, the average global
sea level is predicted to rise 30—122 cm (1-4 feet), making
the MENA region one of the region’s most susceptible to the
effects of increasing sea levels brought on by climate change.
As a result, there are many effects, including the possibility
that as sea levels rise, seawater will seep into coastal aqui-
fers and wells, saline the water, and cause havoc on agricul-
tural communities along the coastline (Frederic and Ninar
2022). The flooding of coastal areas could potentially render
several waterfront cities and villages in the MENA region
uninhabitable, adding to the already burdensome govern-
ments' economic and migration-related challenges (Fusco
2022). The towns of Algiers, Benghazi, and Alexandria in
particular will be vulnerable to even minor rises in sea level
by 2050, making the countries of North Africa, particularly
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in danger in terms of the overall population threatened by
sea level rise.

Description of study area

Egypt is located at the northeastern tip of Africa, with coor-
dinates of 30° 06' N and 31° 25" E, respectively (Fig. 1).
Egypt experiences low precipitation, a high ET rate, and
an arid or semi-arid environment throughout the year (Gabr
et al. 2023). The land surface heights vary between (— 400
and 2500 m) above the normal sea main level. Egypt has a
total area of about one million km?, of which only a small
portion (8%) is fertile land and the rest is an arid desert.
Nearly 97% of arable land is occupied by more than 105 mil-
lion people, who are mostly concentrated in the Nile Valley

and Delta, as well as the northern coastal zone along the
Mediterranean Sea (Gabr et al. 2022). The Eastern Desert,
Western Desert, North West Coast, Sinai Peninsula, and
Nile Valley and Delta are physiographic areas. Among the
different soil types in Egypt are alluvial soils in the Delta
and Valley, desert soils in the Eastern and Western Deserts,
calcareous soils along the Egyptian coast, and soils in the
Sinai Peninsula (Gabr 2021).

Meteorological data

The climate data regarding temperature and rainfall for the
period 1990-2022 were collected from Suhag, Qena, Aswan,
and Red Sea climate stations. Suhag station: Altitude 61 m,
latitude (26.56° N), longitude (31.7° E), Qena station:

Fig. 1 Map of Egypt
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Altitude 78 m, latitude (26° N), longitude (32.25° E), Aswan
station: Altitude 194 m, latitude (23.96° N), and longitude
(33.26° E), and Red Sea station: Altitude 11 m, latitude
(27.19° N), longitude (33.87° E) climate stations and the
average values were computed to represent the upper Egypt
territory as shown in Fig. 2. In addition, the climate data
regarding the relative humidity, wind speed, sunshine, and

Fig.2 Currently climate data
(1990-2022) for the Suhag,
Qena, Aswan, and Red Sea
climate stations: a maximum
temperature, b minimum tem-
perature, and ¢ rainfall
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were collected to be used in the Cropwat 8 model (Table 1).

The Intergovernmental Panel on Climate Change (IPCC
2014) Fifth Assessment Report (AR5) served as the basis
for the climatic projections for RCPs 4.5 and 8.5 for the
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Table 1 Current (1990-2022) relative humidity, wind speed, sun-
shine, and solar radiation climate data for Suhag station

Month Relative Wind Sunshine (h) Solar radiation
humidity ~ speed (km/ (MI/m?/day)
(%) day)

January 58 285 7.9 14.6

February 51 285 8.7 17.7

March 45 285 8.9 20.5

April 35 285 9.2 229

May 30 285 10.2 25.2

June 31 285 11.1 26.7

July 37 285 11 26.4

August 43 285 10.8 25.4

September 45 285 9.9 225

October 44 17 9.1 18.8

November 51 17 8.4 15.5

December 58 17 8.1 14.1

Average 44 218 9.4 20.9

Egypt territory. The average maximum and minimum tem-
peratures, and rainfall for the Suhag, Qena, Aswan, and Red
Sea climate stations were computed to represent the upper
Egypt territory. Figure 3 shows the climate data for RCP
4.5: (2023-2080) for the Suhag, Qena, Aswan, and Red Sea
climate stations: (a) maximum temperature, (b) minimum
temperature, and (c) rainfall. In addition, Fig. 4 shows the
climate data for RCP 4.8: (2081-2100) for the Suhag, Qena,
Aswan, and Red Sea climate stations: (a) maximum tem-
perature, (b) minimum temperature, and (c) rainfall.

Soil and crop data

To evaluate the water needs of the eight main crops farmed
in the Upper Egyptian region—tomato, dry bean, wheat,
cotton, berseem clover (alfalfa), potatoes, and sugar cane—
soil and crop data were gathered. Data on crops and soil in
the various regions were gathered using a combination of
field observations, interviews with farmers and stakehold-
ers, and the Ministry of Agricultural and Land Reclama-
tion (MALR 2022) handbook for agricultural operations in
Egypt. The crop variety, first and final planting and harvest-
ing dates, first and last irrigation application depths, irriga-
tion application frequencies and intervals, duration of plant
growth stages, and rooting depth are among the information
included (MWRI 2017). Table 2 summarizes the soil and
crop data in the study area as the predominant soil is heavy
clay.

CROPWAT 8 model

Using data on rainfall, soil, crops, and climate, the deci-
sion-support computer program CROPWAT 8.0 by FAO
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determines ET,, crop net irrigation water requirement, and
irrigation schedules. The reference evapotranspiration (ET,)
was computed based on Penman Montieth’s 1998 method
and Effective rainfall was computed according to the USDA
soil conservation method (FAO 2022; Smith 1991). The
flowchart for simulating the water requirements for crop
irrigation is shown in Fig. 5.

ET, was the primary factor used to estimate crop evap-
otranspiration (ET,) (Alotaibi et al. 2023; Gabr 2021). In
typical circumstances (limitless crop growth, adequate water
availability, and disease and pest-free crops), ET, was esti-
mated as the value of ET, and crop coefficient (K,) (Sunil
et al. 2021). From ET_ and crop coefficient (K), the ET,
value was calculated using Eq. 1 (Ewaid et al. 2019).

ET, = K.ET, (n)

The net irrigation water requirement (NIWR) and the
gross irrigation requirement were calculated as:

NIWR = ET, — Ry )
where R Is the effective rainfall (mm).
GIWR = NIWR/! 3)

where I refer to the field irrigation efficiency.

Results

In comparison to the current situation (2022), Table 3 lists
the average, range, difference, and change in rainfall, maxi-
mum, and minimum temperatures for the four models under
RCP 4.5 and 8.5 for 2080 and 2100. For the current scenario
(2022), the average maximum temperature is 32 °C, with a
range of 39.3 °C in August to 22 °C in January. Whereas,
for RCP 4.5: 2023-2080, the maximum temperature range
is 43.9 °C in July to 22.7 °C in November, with an average
of 34 °C. Additionally, RCP 4.5: 2081-2100 has an average
maximum temperature of 19 °C with maximum tempera-
tures ranging from 43.5 °C in July to 22.4 °C in November,
which represent increases of 6.3 and 7.2%, respectively,
from the current situation. However, according to RCP 8.5,
the maximum temperature changes for the years 2081 and
2100 are 10 and 12.8% higher, respectively, than they are for
the present scenario (2022). On the other hand, for the cur-
rent scenario, the average minimum temperature is 17.1 °C,
with a maximum value of 24.7 °C in August and a minimum
value of 7.7 °C in January. For the RCP 4.5: 2023-2080,
the minimum temperature range is 27.6 °C in August to
8.5 °C in January, with an average of 18.7 °C. Moreover,
the average minimum temperature for RCP 4.5: 2081-2100
is 19 °C, with arange of 27.9 °C in August to 8.6 °C in Janu-
ary. In addition, the minimum temperature change for RCP
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Fig.3 Climate data for RCP 50
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4.5:2023-2080 and 2081-2100 indicates an increase of 9.4
and 11.1%, respectively compared to the current scenario.
However, according to RCP 8.5: 2023-2080 and 2081-2100,
the minimum temperature changes are 13 and 20.3% higher,
respectively, than the present scenario.

For the current scenario, the average monthly rain-
fall is 2.3 mm, it is ranged from 0.9 mm in December to

3.8 mm in July. RCP 4.5: 2023-2080 rainfall range from
7.4 mm in September to 0.7 mm in December, with an
average of 8.2 mm. Moreover, the average rainfall for
RCP 4.5: 2081-2100 is 9.5 mm, a range of 10.6 mm in
August to 0.9 mm in December. For the years 2080 and
2100, the rainfall change predicted by RCP 4.5 shows a
rise of 256.5 and 313%, respectively. The rainfall changes
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for the years 2080 and 2100, as compared to the current
scenario (2022), are 221.7 and 273.9% higher, respec-
tively, according to RCP 8.5.
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Reference evapotranspiration (ET,)

Table 4 summarizes the daily ET_ for the Upper Egypt
region for the four models (2080 and 2100) under RCP 4.5
and 8.5, as well as the current situation (2022). Therefore,



Applied Water Science (2023) 13:158

Page9of14 158

Table 2 Soil and crop data in

Sr. no. Soil parameter Value
the study area

Heavy soil (clay)
1 Total available soil moisture (FC-WP) 200 mm/m
2 Maximum infiltration rate 40 mm/day
3 Maximum rooting depth 250 cm
4 Initial soil moisture depletion 0%
5 Initial available soil moisture 200 mm/m

Crop Planting date Harvest date

Crop data (planting and harvest dates)
Sugar cane 1-September 31-Augst
Potatoes 1-September 8-October
Berseem clover 15-October 27-May
Dry bean 1-October 18-January
Wheat 1-November 10 March
Cotton 1-May 11-November
Maize 20-April 22-Augst
Tomato summer 6-June 28-October

Start CropWat 8
] v !
Climate Data Crop Data Soil Data

2- Wind speed,

3- Sunshine hours,
4- Relative humidity,
S- Rainfall

1- Max. and Min. temperatures,

1- Planting and harvesting dates,
2- Crop coefficient (kc),
3-Root Zone,

4- Crop yield coefficient.

¢

I

1- Soil Texture,

2- Available soil moisture

3- Infiltration rate,

4- Initial soil moisture content.

v

Computations

1- The reference evapotranspiration (ETo) by Penman Montieth method
2- Effective rainfall (USDA soil conservation method)

|

Crop Pattern

Input each crop plant area, planting and harvesting dates within the

irrigation scheme

l

Crop Irrigation Requirement
Simulate each crop parameter within growth seasons including crop
coefficient, leafindex, crop evapotranspiration, effective rainfall,
percolation, and irrigation water requirement.

Irrigation Schedule

Fig.5 Diagram of the methods for simulating the water requirements for crop irrigation
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Table 3 Monthly maximum

and minimum temperatures

and rainfall variations (average,
range, difference, and change)
for the future four models (2080
and 2100) under RCP 4.5 and
8.5, and current condition
(2022) for Upper Egypt territory

Table 4 Daily ET, for (average,
range, difference, and change)
for the four models (2080 and
2100) under RCP 4.5 and 8.5,
and current condition (2022) for
Upper Egypt territory

@ Springer

Current (1990-2022) 2023-2080 2081-2100
Monthly max. temp. (°C)
RCP 4.5
Average 32 34 343
Range 39.3 (Aug.)-22 (Jan.) 43.9 (Jul.)-22.7 (Nov.) 43.5 (July)-22.4 (Dec.)
Difference (AT) - 2.00 2.30
Change (%) - 6.3 7.19
RCP 8.5
Average 32 352 36.1
Range 39.3 (Aug.)-22 (Jan.) 44.8 (July)-24.8 (Dec.) 46.1 (July)-23.7 (Dec.)
Difference (AT) - 3.2 4.1
Change (%) - 10.00 12.81
Monthly min. temp. (°C)
RCP 4.5
Average 17.1 18.7 19
Range 24.7 (Aug.)-7.7 (Jan.) 27.6 (Aug.)-8.5 (Jan.) 27.9 (Aug.)-8.6 (Jan.)
Difference (AT) - 1.6 1.9
Change (%) - 9.4 11.11
RCP 8.5
Average 17.7 20 21.3
Range 24.7 (Aug.)-7.7 (Jan.) 29.2 (Aug.)-9.1 (Jan.) 31.1 (Aug.)-10.3 (Jan.)
Difference (AT) - 2.3 3.6
Change (%) - 13 20.34
Monthly rainfall (mm/month)
RCP 4.5
Average 23 8.2 9.5
Range 0.9 (Dec.)-3.8 (July) 0.7 (Dec.)-7.4 (Sep.) 1.6 (Dec.)-8.4 (Sep.)
Difference (AR) - 5.90 7.20
Change (%) - 256.5 313
RCP 8.5
Average 23 7.4 8.6
Range 0.9 (Dec.)-3.8 (July) 0.7 (Dec.)-6.7 (Sep.) 0.9 (Dec.)-10.6 (Aug.)
Difference (AR) - 5.1 6.3
Change (%) - 221.7 273.9
Current (2020) 2080 2100
ET, (mm/day)
RCP 4.5
Average 5.95 6.29 6.32
Range 1.72 (Dec.)-9.36 (June) 1.71 (Dec.)-9.96 (July) 1.77 (Dec.)-9.98 (June)
AT - 0.34 0.37
Change (%) - 5.71 6.2
RCP 8.5
Average 5.95 6.46 6.6
Range 1.72 (Dec.)-9.36 (June) 1.82 (Dec.)-10.14 (July) 1.186 (Dec.)-10.4 (July)
AT - 0.51 0.24
Change (%) - 8.6 10.9
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the average ET, is 5.95 mm/day, it is ranged from 1.72 mm/
day in December to 9.36 mm in June. RCP 4.5: 2023-2080
ET, range from 1.71 mm/day in December to 9.96 mm/
day in July, with an average of 6.29 mm/day. Moreover,
the average ET, for RCP 4.5: 2081-2100 is 6.32, a range
of 1.77 mm/day in December to 9.98 mm/day in June. For
the years 2080 and 2100, the ET, change predicted by RCP
4.5 shows a rise of 5.71 and 6.2%, respectively. The ET,
changes for the years 2023-2080 and 2081-2100, as com-
pared to the current scenario (2022), are 5.6 and 10.9%
higher, respectively, according to RCP 8.5.

Figure 6 shows the ET, fluctuation for the current sce-
nario greenhouse emissions and the RCP 4.5 and 8.5 emis-
sions over the time periods 2023-2080 and 2081-20,100,
respectively.

Crop evapotranspiration (ET ) and Net irrigation
water requirement (NIWR)

Table 5 summarizes the NIWR for the main crops in Upper
Egypt (Current scenario 2022) in terms of planting date, har-
vest date, period of crop growth, ET,, effective rainfall, and

Crop area. Figure 7 shows the ET, fluctuation for the cur-
rent (2022) greenhouse emissions and the RCP 4.5 and 8.5
emissions over the time periods 2023-2080 and 2081-2100,
respectively. Net irrigation water requirement (NIWR). The
ET, values for the crops in the current scenario, listed in
ascending order, are dry bean, wheat, potatoes, alfalfa,
maize, summer tomato, cotton, and sugar cane. These values
are 214.1, 329.6, 360.4, 872.1, 968.6, 1059.3, 1317.3, and
2325 mm/season respectively. In comparison to the current
total NIWR for all crops, the total NIWR for all examined
crops increases by 5.1 and 5.9% under RCP 4.5: 2080 and
2100, respectively. On the other hand, for the RCP 8.5: 2080
and 2100, respectively, the total NIWR for all investigated
crops increases by 7.7 and 9.7% in comparison to the current
total NIWR for all crops (Fig. 8).

Discussion
One of the most difficult environmental problems facing

growth is climate change, particularly in arid and semi-
arid areas. The study results coincided with Noha and

uETo - RCP 4.5 (2023-2080) ETo -RCP 4.5 (2081-2100)

Fig.6 ET, variation for the 12 ¢ = ETo (2022)
current (2022) and RCP 4.5 ETo - RCP 8.5 (2023-2080) 5 ETo - RCP 8.5 (2081-2100)
and 8.5 greenhouse emissions 10 }
for the periods 2023-2080 and =
2081-2100 in for Upper Egypt =8}
territory £
Ee}
=]
=
Bl
2 F
0
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Month
Table 5 Crop water use for Upper Egypt territory (current scenario 2022)
Crop Planting date  Harvestdate  Period of crop  ET, (mm)  Eff. rain (mm) NIWR (mm) Crop area (ha)  Total
growth (days) NIWR
MCM)
Sugar C 1st Sep 31st Aug 365 2325 0.0 2325 137,019 3185.69
Potatoes 1st Sep 8th. Jan 130 360.4 0.0 360.4 887.9 3.20
Alfalfa 15th Oct 27th. May 225 872.1 0.0 872.1 3883.7 33.87
Bean D 1st Oct 29th. Dec 110 214.1 0.0 214.1 2061 4.41
Wheat 1st Nov 10th. Mar 130 329.6 0.0 329.6 124,380 409.96
Cotton 1st May 11st. Nov 195 1317.3 0.0 1317.3 181 2.38
Maize 20th Apr 22nd. Aug 125 968.6 0.0 968.6 41,961 406.43
Tomato S 1stJun 23rd. Oct 145 1059.3 0.0 1059.3 10,598 112.27
Total 320,971 4158.21

ET,, crop evapotranspiration; Eff. Rain, effective rain; NIWR, net irrigation water requirement; MCM, million m? of water
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Fig.7 ET, variation for the cur- 3500 |
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Jasath (2020). Therefore, for the Siwa region in Egypt's
Western Desert (arid region), where 30,000 acres will be
reclaimed to boost agricultural productivity, they used
various climate models for RCP 4.5 and RCP 8.5 for the
years 2060 and 2100. Under RCP 4.5 and RCP 8.5, the
increase in agricultural water needs is expected to range
from 6 to 8.1% and from 9.7 to 18.2%, respectively. How-
ever, maximum yield reductions under RCP 8.5 range from
10.4% to 27.45 in 2100, while maximum yield reductions
under RCP 4.5 range from 2.9 to 12.8% in 2060.

In addition, the study results coincided with El-Rawy
et al. (2023), who investigated the expected adverse
impacts of climate change on water irrigation management
in Saudi Arabia (arid region). The results showed that,
during the 2100s, the annual average ET, increases pre-
dicted by the Shared Socioeconomic Pathways (SSP)2-4.5
and SSP5-8.5 scenarios were 0.35 mm/day (6%) and
0.7 mm/d (12.0%), respectively. For the current, SSP2-4.5,
and SSP5-8.5 scenarios, the net irrigation water require-
ment (NIWR) and growth of irrigation water requirement
(GIWR) for the primary crops in the Al Quassim region
were evaluated. According to SSP5-8.5, the GIWR is
anticipated to rise by 2.7, 6.5, 8.5, and 12.4%, respectively,

@ Springer

in the 2040s, 2060s, 2080s, and 2100s compared to the
present situation (1584.7 million m?). As a result, under
SSP5-8.5, main crops will experience larger deficits in
2100, with deficits of 15.1%, 10.7%, 8.3%, 13.9%, and
10.7%, respectively, in the crop areas of wheat, clover,
maize, other vegetables, and dates. In the context of popu-
lation and technological change, Fader et al. (2016) evalu-
ated how irrigation needs in the Mediterranean region may
be impacted by climate change and increases in atmos-
pheric CO, concentrations. The Mediterranean region
revealed a signal of rising net irrigation needs, without
the benefits of higher CO, concentrations in the atmos-
phere, when using some climate models at 3 °C global
warming and above. Also, Driouech et al. (2020) used
the Regional Climate Model ALADIN-Climate to inves-
tigate anticipated changes in temperature, precipitation,
and associated severe events in the middle east and North
Africa (MENA) region. According to the study's findings,
the warming rates over the land range from 0.2 to 0.5 °C/
decade, depending on the scenario. The predicted heat
waves are predicted to last longer and be more intense.
There will likely be more drought in the region's northern
half. In addition, according to Zittis et al. (2021), global
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climate predictions point to a marked escalation in the
MENA region's summer heat extremes. On a business-as-
usual trajectory, they said, the second part of this century
will see the emergence of previously unheard-of super-
and ultra-extreme heatwave conditions. These phenomena
include exceptionally high temperatures (up to 56 °C and
greater) and will last for a long time (a few weeks), poten-
tially endangering human life. Over 600 million people, or
roughly half of the MENA population, might experience
frequent, super- and ultra-extreme heat waves by the end
of the century. As a result, planning and management for
agriculture are significantly impacted by climate change.
Increased irrigation efficiency through intelligent irriga-
tion technologies (El-Rawy et al. 2021) strategic crop
planting, or crop patterns that use less irrigation water
can all help to lessen the future impact of climate change
on water irrigation requirements in the upper Egypt region.
These actions will improve the management of the avail-
able water resources.

Conclusion

The Cropwat 8 program was used to simulate the current
and future NIWR for the main crops (dry bean, wheat,
potatoes, alfalfa, maize, summer tomato, cotton, and sugar
cane) in the Upper Egypt territory. The representative con-
centration path (RCP) 4.5 and 8.5 for greenhouse gas emis-
sions for the periods 2023-2080 and 2081-2100 predicts
that climate change will have a significant impact on the
net irrigation water requirement (NIWR) for the studied
crops. The computed current (2022) evapotranspiration
(ET,) indicates an average value of 5.95 mm/day. The ET,
values based on RCP 4.5 greenhouse emission for the peri-
ods 2023-2080 and 2081-2100 indicate an increase of 5.71
and 6.2% respectively compared to the current scenario. On
the other hand, The RCP 8.5 greenhouse emission for the
periods 2023-2080 and 2081-2100 indicates an increase
of 5.6 and 10.9% respectively. The current ET, values in
ascending order were 214.1, 329.6, 360.4, 872.1, 968.6,
1059.3, and 1317.3 mm/season for dry beans, wheat, pota-
toes, alfalfa, maize, summer tomato, cotton, and sugar cane
respectively. The overall NIWR for all investigated crops
rise by 5.1 and 5.9% under RCP 4.5 greenhouse emission
for the periods 2023-2080 and 2081-2100, respectively, in
contrast to the total NIWR for all crops as it is right now.
On the other side, the total NIWR for all crops analyzed
increases by 7.7 and 9.7% for the RCP 8.5 greenhouse emis-
sion for the periods 2023-2080 and 2081-2100, respectively,
in contrast to the current scenario of the total NIWR for
all crops. Water resources management adaptations should
be considered such as using crop rotation strategies with
low water demands, applying modern irrigation techniques

(adjustments to quantity, timing, or technology), and modi-
fying crop calendars or the times and locations of cropping
activities. This study could be useful for managing water
resources and reducing the negative effects of climate
change on crop water requirements in the Middle East and
North Africa (MENA) region.

Acknowledgements The Ministry of Water Resources and Irrigation
(MWRYI) in Egypt is acknowledged by the authors for their efforts in
providing the information, data, and resources.

Financial disclosure statement Open access funding provided by The
Science, Technology & Innovation Funding Authority (STDF) in
cooperation with The Egyptian Knowledge Bank (EKB). The author
received no specific funding for this work.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abdrabbo WMS, Farag MA, El-Desokey AA (2015) Implementing of
RCPs scenarios for the prediction of evapotranspiration in Egypt.
Int J Plant Soil Sci 6:50-63

Allani M, Mezzi R, Zouabi A, Béji R, Joumade-Mansouri F, Hamza
ME, Sahli A (2020) Impact of future climate change on water
supply and irrigation demand in a small Mediterranean catchment.
Case study: Nebhana dam system, Tunisia. ] Water Clim Change
11(4):1724-1747

Alotaibi M, Alhajeri NS, Al-Fadhli FM, Elgabri S, Gabr ME (2023)
Impact of climate change on crop irrigation requirements in arid
regions. Water Resour Manag 37:1965-1984. https://doi.org/10.
1007/s11269-023-03465-5

Al-Saidia M, Birnbauma D, Buritia R, Dieka E, Hasselbringa C, Jimen-
eza A, Woinowskia D (2016) Water resources vulnerability assess-
ment of MENA countries considering energy and virtual water
interactions. Proc Eng 145:900-907

CAPMAS (2022) Egypt in Figures; Central Agency for Public Mobi-
lization and Statistics: Cairo, Egypt. https://www.capmas.gov.eg/
Pages/StaticPages.aspx ?page_id=5035. Accessed 25 Nov 2022

Driouech F, EIRhaz K, Moufouma-Okia W, Arjdal K, Balhane S
(2020) Assessing future changes of climate extreme events in the
CORDEX-MENA region using regional climate model ALADIN-
climate. Earth Syst Environ 4:477-492

Elhoussaine B, Lionel J, Said K, Er-Raki S, Alain D, Fathallah S, Yves
T (2019) Assessing the impact of global climate changes on irri-
gated wheat yields and water requirements in a semi-arid envi-
ronment of Morocco. Sci Rep 9:19142. https://doi.org/10.1038/
s41598-019-55251-2

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11269-023-03465-5
https://doi.org/10.1007/s11269-023-03465-5
https://www.capmas.gov.eg/Pages/StaticPages.aspx?page_id=5035
https://www.capmas.gov.eg/Pages/StaticPages.aspx?page_id=5035
https://doi.org/10.1038/s41598-019-55251-2
https://doi.org/10.1038/s41598-019-55251-2

158 Page 140f 14

Applied Water Science (2023) 13:158

El-Rawy M, Haraz OM, Morsy MA, Saad W (2021) Role of smart
technology to increase date productivity and water efficiency in
MENA countries: a review of innovative sustainable solutions.
Euro-Mediterr J Fnviron Integr 6:1-11

El-Rawy M, Batelaan O, Al-Arifi N, Alotaibi A, Abdalla F, Gabr ME
(2023) Climate change impacts on water resources in arid and
semi-arid regions: a case study in Saudi Arabia. Water 15:606.
https://doi.org/10.3390/w15030606

Ewaid SH, Abed SA, Al-Ansari N (2019) Crop water requirements
and irrigation schedules for some major crops in Southern Iraq.
Water 11(4):756

Fader S, Bloh W, Bondeau A, Cramer W (2016) Mediterranean irri-
gation under climate change: more efficient irrigation needed to
compensate for increases in irrigation water requirements. Hydrol
Earth Syst Sci 20:953-973

Food and Agriculture Organization of the United Nations (FAO) (2022)
Land & water division, databases and software (CropWat). https://
www.fao.org/land-water/databases-andsoftware/cropwat/en/

Frederic W, Ninar F (2022) Cascading climate effects in the Middle
East and North Africa: Adapting through inclusive governance,
Middle East Program at the Carnegie Endowment for Interna-
tional Peace. https://carnegieendowment.org/2022/02/24/casca
ding-climate-effects-in-middle-east-and-north-africa-adapting-
through-inclusive-governance-pub-86510. Accessed 10 Apr 2023

Fusco G (2022) Climate Change and food security in the northern
and eastern African regions: a panel data analysis. Sustainability
14:12664. https://doi.org/10.3390/su141912664

Gabr ME (2021) Modelling net irrigation water requirements using
FAOCROPWAT 8.0 and CLIMWAT 2.0: a case study of Tina
Plain and East South ElKantara regions, North Sinai Egypt. Arch
Agron Soil Sci 68:10. https://doi.org/10.1080/03650340.2021.
1892650

Gabr ME (2022) Management of irrigation requirements using
FAO-CROPWAT 8.0 model: a case study of Egypt. Model
Earth Syst Environ 8:3127-3142. https://doi.org/10.1007/
s40808-021-01268-4

Gabr ME (2023) Land reclamation projects in the Egyptian Western
Desert: management of 1.5 million acres of groundwater irriga-
tion. Water Int 48(2):240-258. https://doi.org/10.1080/02508060.
2023.2185745

Gabr ME, El-Ghandour H, Elabd S (2022) Rainwater harvesting from
urban coastal cities using recharging wells: a case study of Egypt.
Port-Said Eng Res J 26(3):17-36. https://doi.org/10.21608/pserj.
2022.103188.1151

Gabr ME, El-Ghandour HA, Elabd SM (2023) Prospective of the uti-
lization of rainfall in coastal regions in the context of climatic
changes: a case study of Egypt. Appl Water Sci 13:19. https://doi.
org/10.1007/s13201-022-01835-9

Hertig E, Tramblay Y (2017) Regional downscaling of Mediterranean
droughts under past and future climatic conditions. Glob Planet
Change 151:36-48

IPCC, Intergovernmental Panel on Climate Change (2014) Climate
change: synthesis report. In: Pachauri RK, Meyer LA (eds) Con-
tribution of working groups I, II and III, to the fifth assessment
report of the Intergovernmental Panel on Climate Change. IPCC,
Geneva

IPCC (2019) Summary for policymakers. In: Shukla PR, Skea J, Buen-
dia EC, Masson-Delmotte V, Portner H-O, Roberts DC, Zhai P,
Slade R, Connors S, van Diemen R (eds) Climate change and
land: an IPCC special report on climate change, desertification,
land degradation, sustainable land management, food security, and
greenhouse gas fluxes in terrestrial ecosystems. IPCC, Geneva

Khalil A, Essa YH, Abdel-Wahab M (2015) Evapotranspiration map-
ping over Egypt using MODIS/Terra satellite data. Int J Adv Res
3:512-522

@ Springer

Khaydar D, Chen X, Huang Y, Ilkhom M, Liu T, Friday O, Farkhod A,
Khusen G, Gulkaiyr O (2021) Investigation of crop evapotranspi-
ration and irrigation water requirement in the lower Amu Darya
River Basin, Central Asia. J Arid Land 13:23-39

Kong C, Zhang J, Ntarmah AH, Kong Y, Zhao H (2022) Carbon neu-
trality in the Middle East and North Africa: the roles of renew-
able energy, economic growth, and government effectiveness. Int
J Environ Res Public Health 19:10676. https://doi.org/10.3390/
ijerph191710676

Li P, He Z, Cai J, Zhang J, Belete M, Deng J, Wang S (2022) Identify
the impacts of the Grand Ethiopian Renaissance Dam on water-
shed sediment and water yields dynamics. Sustainability 14:7590.
https://doi.org/10.3390/su14137590

MALR (Ministry of Agricultural and Land Reclamation) https://www.
sis.gov.eg/Story/135?lang=ar. Accessed 13 Feb 2022

Masia S, Trabucco A, Spano D, Snyderm RL, Su$nik J, Marras S
(2021) A modelling platform for climate change impact on
local and regional crop water requirements. Agric Water Manag
255:107005. https://doi.org/10.1016/j.agwat.2021.107005

MWRI (Ministry of Water Resources and Irrigation) (2017) Egypt’s
water resources plan for 2017-2037, planning sector, MWRI
Egypt. https://www.MWRI.gov.eg

Namdar R, Karami E, Keshavarz M (2021) Climate change and vulner-
ability: the case of MENA countries. ISPRS Int J Geo-Inf 10:794.
https://doi.org/10.3390/ijgi10110794

Noha HM, Jagath JK (2020) Impact of climate change on agricultural
development in a closed groundwater-driven basin: a case study
of the Siwa region. West Desert Egypt Sustain 13:1578. https://
doi.org/10.3390/sul13031578

Penman—Monteith (1998) Crop evapotranspiration—guidelines for
computing crop water requirements—FAOQ irrigation and drain-
age paper 56. Food and Agriculture Organization of the United
Nations, Rome

Salama MA, Yousef KM, Mostafa AZ (2015) Simple equation for
estimating actual evapotranspiration using heat units for wheat
in arid regions. J Radiat Res Appl Sci 8:418—427. https://doi.org/
10.1016/j.jrras.2015.03.002

SDGs (2014) The 17 GOALSISustainable Development. https://sdgs.
un.org/goals. Accessed 15 Feb 2023

Smith M (1991) CROPWAT: manual and guidelines. FAO of UN,
Rome

Sunil A, Deepthi B, Mirajkar AB et al (2021) Modeling future irriga-
tion water demands in the context of climate change: a case study
of Jayakwadi command area, India. Model Earth Syst Environ
7:1963-1977. https://doi.org/10.1007/s40808-020-00955-y

UNHCR (2021) Third academic roundtable on climate change and
displacement in the Middle East and North Africa (MENA) was
co-convened virtually on Wednesday 2 and Thursday 3 June 2021
by the UNHCR MENA Regional Bureau and Columbia Global
Centers, Amman

Zamani Y, Hashemi Monfared S, Azhdari moghaddam M, Hamidian-
pour M (2020) A comparison of CMIP6 and CMIP5 projections
for precipitation to observational data: the case of Northeastern
Iran. Theor Appl Climatol 142:1613-1623. https://doi.org/10.
1007/s00704-020-03406-x

Zittis G, Hadjinicolaou P, Almazroui M, Bucchignani E, Driouech F, El
Rhaz K, Kurnaz L, Nikulin G, Ntoumos A, Ozturk T et al (2021)
Business-as-usual will lead to super and ultra-extreme heatwaves
in the Middle East and North Africa. NPJ Clim Atmos Sci 4:20

Zhou T, Wu P, Sun S, Li X, Wang Y, Luan X (2017) Impact of future
climate change on regional crop water requirement: a case study
of Hetao irrigation district, China. Water 9:429

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3390/w15030606
https://www.fao.org/land-water/databases-andsoftware/cropwat/en/
https://www.fao.org/land-water/databases-andsoftware/cropwat/en/
https://carnegieendowment.org/2022/02/24/cascading-climate-effects-in-middle-east-and-north-africa-adapting-through-inclusive-governance-pub-86510
https://carnegieendowment.org/2022/02/24/cascading-climate-effects-in-middle-east-and-north-africa-adapting-through-inclusive-governance-pub-86510
https://carnegieendowment.org/2022/02/24/cascading-climate-effects-in-middle-east-and-north-africa-adapting-through-inclusive-governance-pub-86510
https://doi.org/10.3390/su141912664
https://doi.org/10.1080/03650340.2021.1892650
https://doi.org/10.1080/03650340.2021.1892650
https://doi.org/10.1007/s40808-021-01268-4
https://doi.org/10.1007/s40808-021-01268-4
https://doi.org/10.1080/02508060.2023.2185745
https://doi.org/10.1080/02508060.2023.2185745
https://doi.org/10.21608/pserj.2022.103188.1151
https://doi.org/10.21608/pserj.2022.103188.1151
https://doi.org/10.1007/s13201-022-01835-9
https://doi.org/10.1007/s13201-022-01835-9
https://doi.org/10.3390/ijerph191710676
https://doi.org/10.3390/ijerph191710676
https://doi.org/10.3390/su14137590
https://www.sis.gov.eg/Story/135?lang=ar
https://www.sis.gov.eg/Story/135?lang=ar
https://doi.org/10.1016/j.agwat.2021.107005
https://www.MWRI.gov.eg
https://doi.org/10.3390/ijgi10110794
https://doi.org/10.3390/su13031578
https://doi.org/10.3390/su13031578
https://doi.org/10.1016/j.jrras.2015.03.002
https://doi.org/10.1016/j.jrras.2015.03.002
https://sdgs.un.org/goals
https://sdgs.un.org/goals
https://doi.org/10.1007/s40808-020-00955-y
https://doi.org/10.1007/s00704-020-03406-x
https://doi.org/10.1007/s00704-020-03406-x

	Impact of climatic changes on future irrigation water requirement in the Middle East and North Africa's region: a case study of upper Egypt
	Abstract
	Introduction
	Materials and methods
	MENA region, scarcity of water, droughts, and increasing sea levels
	Description of study area
	Meteorological data
	Soil and crop data
	CROPWAT 8 model

	Results
	Reference evapotranspiration (ETo)
	Crop evapotranspiration (ETc) and Net irrigation water requirement (NIWR)

	Discussion
	Conclusion
	Acknowledgements 
	References




