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A B S T R A C T

This study investigates the replacement of traditional surface irrigation methods with modern irrigation systems
(MIS) including horizontal sprinkler, central pivot, surface drip, and subsurface drip aimed at improving water
efficiency in the Nile Delta, Egypt. The primary objectives were to determine the optimal agricultural area for
implementing MIS and to assess the effects of these systems on groundwater quantity and quality in the region.
To achieve this, the LINDO software was employed to optimize land allocation for each irrigation method. At the
same time, the SEAWAT code was utilized to simulate saltwater intrusion (SWI) in the Nile Delta aquifer. The
transition from traditional surface irrigation to MIS resulted in significant water savings, reaching 2.15 ×

10^9 m3. However, groundwater modeling indicated a decrease in groundwater levels, leading to an 8% increase
in aquifer salinity due to reduced infiltration of recharge water. These findings underscore the urgent need to
revise outdated irrigation practices and enhance water management strategies in the Nile Delta to mitigate
salinity issues in coastal aquifers. This research’s outcomes are crucial for decision-makers and stakeholders in
selecting appropriate irrigation methods, particularly in arid and semi-arid regions, to ensure sustainable water
use and agricultural productivity.

1. Introduction

Globally, the irrigated area from groundwater is about 43%, while
the surface water is 57% (Siebert et al., 2010). Furthermore, global
groundwater irrigation returned to the hydrological systems through
return flows and conveyance losses to groundwater and rivers is
approximately 30% (Pulido-Bosch et al., 2018). Salinity and drought
are the main abiotic stresses influencing crop productivity (Cominelli
et al., 2013). Salinization in arid and semi-arid zones is common due to
limited annual precipitation (Jalali, 2007). More than 75% of the global
population lives in subtropical and semi-arid areas where 80% of the
cropped land is located, and 75% is in developing countries; 25% of the
land (2000 million acres) worldwide is affected by high salt

concentration (Junk et al., 2013). More than one billion people do not
have access to clean drinking water. Approximately 2.3 billion people (i.
e., 29% of the world population) live in regions with water shortages
(Kummu et al., 2010).

Hyper-arid and arid water resources are limited compared to humid
and wet regions (Abd-Elaty et al., 2021). Numerous techniques are used
to manage water resources and improve water shortage in high-stress
areas. Harvesting water for human development by collecting flood
water for irrigation and domestic and human is needed. Aly et al. (2022)
showed that water scarcity represents a main obstacle that prevents the
stability of residents. Also, Rainwater Harvesting (RWH) is one of the
most effective solutions for water scarcity problems in arid and
semi-arid regions. Ibrahim et al. (2019) studied the selection of a
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suitable site for RWH and storage; their study showed that the RWH is
widely used in countries frequently affected by drought. Elewa et al.
(2021) investigated the possibility of runoff water harvesting in dry
regions; the study presented that the high and very high soil classes are
the most suitable for runoff water harvesting, with about 33.24% of the
total watershed area.

Despite its high cost, brackish and seawater desalination is already
being implemented or planned in some countries. National exploitation
ratios of over 50%, or even near 100% in several Mediterranean
countries, show that actual water consumption exceeds conventional
renewable water resources (Vinci et al., 2021). Abd-Elaty and Zelena-
kova (2022) utilized the SEAWAT code to manage seawater intrusion
(SWI) in two key areas for the shallow Gaza coastal aquifer in Palestine
and the deep Nile Delta aquifer in Egypt. Their approach incorporated
several strategies, including subsurface physical barriers like cut-off
walls and subsurface dams, hydraulic methods such as wastewater
treatment and recharge, abstraction and desalination of brackish water,
and land reclamation using the earth-fill method. The SEAWAT simu-
lation results showed that subsurface barriers and land-fill methods are
ineffective for managing seawater intrusion in deep coastal aquifers. In
contrast, hydraulic methods demonstrated a positive impact on con-
trolling SWI in both shallow and deep aquifers. Additionally, reverse
osmosis membranes are used to treat water sources (i.e., often ground-
water sources) within a range of 1000–10,000mg L− 1 of TDS (Chen
et al., 2018; Imbulana et al., 2020). Salem and Hasan (2021) revealed
that 37.7% of the Nile Delta, primarily the coastal and central regions,
falls under the high vulnerability category for seawater intrusion. The
southern portion, covering 62.3% of the study area, is moderately
vulnerable to this hazard.

Modern irrigation systems have the potential to narrow the gap be-
tween water supply and demand. In Egypt, available water resources are
currently estimated at 55.5 billion cubic meters per year (BCM yr− 1),
supplemented by an additional 1.3 BCM yr− 1 from effective rainfalls.
Simultaneously, the water requirements across various sectors are esti-
mated to be approximately 79.5 BCM yr− 1. This results in a deficit of
around 20 BCM yr− 1 between water demand and availability. The
overall irrigation water use efficiency for the Nile system in Egypt is
approximately 75% (Mahmoud and El-Bably, 2019). This gap is over-
come by reusing non-conventional water sources such as water har-
vesting, agricultural drainage water, wastewater treatment, desalination
of seawater, and brackish water. Although treated sewage water cannot
be added to Egypt’s freshwater resources, the modern irrigation system
will improve the water shortage. The water that returns to drains from
irrigated areas is relatively high (≈ 25–30%). The total volume of
reused water in 2013 is estimated to be 13 BCM (Gad, 2017). In addition,
it may be crucial to use it if the water demand exceeds all other available
water resources. However, its use will depend on technological devel-
opment in this field (Al-Saidi et al., 2017). Near coastal areas in arid and
semi-arid regions, irrigated agriculture has a great impact on the hy-
drological cycle and groundwater quality (Foster et al., 2018). Smart
farming was established in response to the issues that agricultural pro-
duction faces in terms of productivity, food safety, and sustainability as a
result of climate change (Francis et al., 2023). Moursy et al., (2023)
studied the productivity and profitability of modern irrigation methods
through the application of on-farm drip irrigation on some crops in the
Northern Nile Delta of Egypt. The study showed that the total cost of a
drip irrigation system was decreased compare with surface irrigation
system. Also, the drip irrigation gave more efficient water uses and
water saving under different summer and winter crops. Yazdanpanah
et al., (2023) studied the socio-economic, innovation characteristics,
and social capital values for using different modern irrigation systems in
the Khuzestan province of southwest Iran. The study showed that the
farmers’ delayed adoption of drip irrigation technologies was due to the
complexity of the application process and the availability of family and
work social capital. Gabr et al., (2024) investigated irrigation water
management strategies in a water-scarce environment under the

influence of climate change. The study recommended the use of crop
patterns involving wheat, barley, potato, and sugar beet to conserve
irrigation water. Wael et al., (2024) conducted a comparative analysis of
modern irrigation systems and traditional flood irrigation with respect
to their effects on groundwater potential in ancient clayey soils within
the Qalyubia Governorate of the Nile Delta, Egypt. Their findings indi-
cate that water-efficient irrigation techniques result in reduced recharge
intensity, which consequently leads to a decline in groundwater levels.
Specifically, the groundwater table was observed to decrease by be-
tween 10 and 50 cm. The first optimization model for flood control and
water supply was created in 1923 (Varlet, 1923). The optimization
model was designed for supplying sources by considering water quality,
water distribution capability, and the current relations between water
supply and water demands (Al-Saidi et al., 2017). The optimization
model enhanced the allocation of water resources to maximize the
benefits across rural, urban, and industrial sectors within a shared basin
(Al-Saidi et al., 2017). Devi et al. (2004) used a linear programming
model for optimal water allocations in a large river basin system in the
Subarnarekha River in India to find the maximum annual benefits from
irrigation and hydropower subject to various constraints on the system.
Gupta et al. (2006) and Al-Saidi et al. (2017) used the LINDO 6.10
version to solve a model of hybrid energy systems to optimize costs and
multiple types of resources in India. Al-Saidi et al. (2017) applied the
optimization model of LINDO 6.1 (linear interactive and discrete opti-
mizer) software in Andhra Pradesh, India, to determine the best
groundwater and surface water allocation scheme. The results showed
that the proposed canal command model was advantageous and prac-
tical, with surface water saved for 43,189 ha. Ramadan et al. (2021)
applied the LINDO software to face a water shortage in the eastern Nile
delta through three scenarios, including Ismailia canal lining, surface
water’s impact, and groundwater’s impact. Water scarcity was propor-
tional to lining four sections at a length of 61 km, which is considered to
be an optimal scenario, which predicts that the Ismailia canal head flow
will rise by 15% to reduce water scarcity in Egypt.

Modern irrigation systems are a good tool for managing agricultural
water resources, especially in arid and semi-arid regions. Still, they also
affect the degree of groundwater salinity for drinking and irrigation
purposes (Abd-Elaty et al., 2023). In the eastern Nile Delta of Egypt,
groundwater recharge is being augmented by surplus irrigation and
rainfall. This process aids in conserving freshwater and managing
groundwater salinity in coastal areas impacted by saltwater intrusion.
Therefore, the main objective of the current study is to simulate and
optimize the agriculture area for applying modified MIS using pivot
sprinkler irrigation, horizontal sprinkler irrigation, surface drip irriga-
tion, and sub-surface drip irrigation compared with the current situation
using flooding irrigation. Also, the study investigated how the type of
irrigation system affects the dynamics of coastal groundwater and,
consequently, the water and soil.

Due to the shortage of water resources in arid regions, especially
coastal areas, and the high stress of climate change by increasing crop
water requirements, the application of modern irrigation systems is
required to solve the water crisis in these regions. For that purpose,
agriculture water management is applied using the optimization soft-
ware LINDO and the variable density of the groundwater code of SEA-
WAT. The application of coupledmodels in this study introduced a novel
approach for investigating the optimal agricultural area and assessing
the salinity of coastal aquifers in the Nile Delta, Egypt. By estimating the
spatial distribution and quality of groundwater using the MIS and
comparing it with the current surface irrigation practices; this research
provides valuable insights for decision-makers and stakeholders in
water-stressed regions.
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2. Eastern Nile delta aquifer

2.1. Location of study area

The numerical simulation for different irrigation methods to over-
come the shortage in water resources in high-stress water scarcity is
applied in the Eastern Nile Delta aquifer, Egypt, as a case study; this
aquifer is subject to top-down infiltration due to recharge (i.e., rainfall
plus irrigation) (DRI, 1989; Mabrouk et al., 2013; Abd-Elaty et al.,
2019). The study area is geographically defined by the Mediterranean
Sea and Lake El Manzala to the North, the Ismailia Canal to the South,
the Suez Canal to the east, and the Damietta Branch to the west.
Covering an area of approximately 9688.42 km2, it is situated between
latitudes 31̊00’ and 32̊30’ N and longitudes 29̊30’ and 32̊30’ E, as
illustrated in Fig. 1. The eastern Nile Delta is characterized by hot, arid
climate and rainless in the summer. The annual rainfall decreased in the
southern parts and increased in the northern parts near to the Medi-
terranean Sea. The potential evapotranspiration increased in the
southern parts and decreased in the northern parts (Figure A1a, ap-
pendix) (Armanuos and Negm, 2019)

2.2. Land use and land cover

The eastern Nile Delta is distinguished into three main regions: the
first is agricultural land by 5657.80 km2, which includes the tradition-
ally cultivated areas and the newly reclaimed areas; the second is
wetland by 1116 km2, consists of the coastal lakes and the marshlands;
and the third is a desert portion by 2915 km2 (Farid, 1980). Addition-
ally, the study area is dominated by rural-built areas in addition to small
areas of flooded vegetation, rangeland, and bare ground (Fig. 2a). The
topographic elevations of the study area vary between<3 (a.m.s.l) in the
northern parts and about 50 m (a.m.s.l) in the southeastern parts and
generally decrease towards the north close to El-Manzala Lake (Fig. 2b).

2.3. Geology of the study area

Generally, the clay Holocene layer increased from the southern parts
towards the northern parts of the eastern Nile Delta (Zaghloul, 1958;
Sallouma, 1983, Nosair et al., 2022) (Figure A1b, appendix). The
geological formations of the Nile Delta are mostly composed of the
Quaternary deposits overlying Miocene, Eocene, and Oligocene deposits
(CONOCO, 1987) (Figure A2a and A2b, appendix). The Quaternary

deposits represent the main aquifer in the Nile Delta area and are
composed of Holocene and Pleistocene deposits (Elewa et al., 2013;
Kasem et al., 2024). Holocene sediments, made up of alternating sand,
silt, and clay beads with thicknesses varying from 5 m to 20 m in the
southern and central parts of the eastern Nile Delta, reaching to about
70 m in the northeastern parts close to El Manzala lake and Mediterra-
nean Sea and disappearing to the southeast around Ismailia canal and in
some of eastern parts near to Suez canal (El-Fayoumy, 1968; Elewa et al.,
2013). On the contrary, Pleistocene sediments are composed of
coarse-grained quartzite sands and gravels with discontinuous occa-
sional clay lenses that increase toward the North with an average
thickness of 700 m. The hydrological strata are sands and gravels
(Pleistocene and Holocene) containing a few lenses of clay that are
considered the main water-bearing formations. The Nile Delta aquifer
(Quaternary deposits) is a semiconfined aquifer system increasing in
thickness from about 200 m in the South, near Cairo, to more than
900 m in the Mediterranean Sea (Figure A2c, appendix).

Furthermore, the Nile Delta aquifer is one of the largest fresh
groundwater aquifers worldwide due to the extension in area and
thickness of its layer with a total capacity of 500 Bm3. The most
permeable layer in the Nile Delta Aquifer has been found at depths be-
tween 55 and 150 m from the land surface (Abd-Elaty et al., 2019;
Dawoud et al., 2005). The Nile Delta aquifer is mainly recharged from
the distributed freshwater canals in addition to seepage from drains and
irrigation return flow (Sherif et al., 2012; Eltarabily et al., 2020; Abu
Salem et al., 2022) (Figure A3a, appendix). Groundwater levels
decreased from the southern parts to the northern parts of the eastern
Nile Delta aquifer and varied between 1 m and 15 m (Nosair et al., 2022;
Kasem et al., 2024) (Figure A3b, appendix).

2.4. Hydraulic parameters

The main hydraulic parameters of the Nile Delta include the hori-
zontal (Kh) hydraulic conductivity (Kv), which ranges from 0.25 m
day− 1 to 100 m day− 1 for the clay cap and the Quaternary aquifer layers,
respectively. The vertical hydraulic conductivity (Kv) varied between
0.0025 m day− 1 and 10 m day− 1 across the model domain. Furthermore,
the aquifer-specific storage and the storativity (S) were 0.20 m− 1 and
2.5 × 10− 3, respectively, and the effective porosity ranged from 20 % to
50 %. The longitudinal and lateral dispersivities of the study area
reached 100 m and 10 m, respectively, while the diffusion coefficient
(D*) was 10− 4 m2 day− 1 (Morsy, 2009; Mabrouk et al., 2013; Abd-Elaty

Fig. 1. Location of the study area.
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et al., 2024).

3. Materials and methods

3.1. Seawater intrusion finite difference model

In this study, the miscible variable-density process is governed by the
coupled system of flow and transport equations using the SEAWAT code.

The Variable-Density Flow (VDF) Process solves the following
variable-density groundwater flow equation (Guo and Langevin, 2002):

∇

[

ρ ∗
μo
μ ∗ Ko

(

∇ ∗ h0+
ρ − ρf

ρf
∗ ∇Z

)]

= ρ ∗ S,S,0
(

∂hO
∂t

)

+ θ ∗

(
∂ρ
∂C

)(
∂C
∂t

)

− ρS ∗ q\S (1)

The Integrated MT3DMS Transport (IMT) process solves the
following solute transport equation (Zheng and Wang, 1999):
(

1+
ρb ∗ Kdk

θ

)
∂(θ ∗ C)

∂t = ∇
(
θD ∗ ∇Ck

)
− ∇

(
q ∗ Ck

)
−
(
q\s ∗ Cs

k) (2)

Where ρo: is the fluid density [ML− 3], ρ: is the density of saline ground
water [ML− 3], μo: is the dynamic viscosity of the fresh groundwater
[ML− 1T− 1], μ: is the dynamic viscosity of saline ground water [ML− 1
T− 1], K0: is the hydraulic conductivity [LT − 1], h0: is the hydraulic head
[L], Ss, 0: is the specific storage [L− 1], t: is time [T]; θ: is porosity [-]; C: is
salt concentration [ML− 3]; and q′s:is a source or sink [T − 1] of fluid with
density ρs, ρb: is the bulk density [ML− 3], Kdk: is the distribution coeffi-
cient of species k [L3 M− 1], Ck: is the concentration of species k [ML− 3],
D: is the hydrodynamic dispersion coefficient [L2T− 1], q: is specific
discharge [LT − 1], and Csk: is the source or sink concentration [ML− 3] of
species k.

3.1.1. Model discerption and parameters
The subsurface flow and solute transport model SEAWAT is applied

to simulate and investigate SWI. The study area domain is divided into
160 rows and 124 columns with a cell area of 1 km2 and a variable depth
from 1000 m in the North to 200 m in the South (Figure A4a, appendix).
The domain is divided into eleven layers; layer #1 represents a clay cap

with a thickness that varies from 20 m in the South to 50 m in the North,
while layers #2 to #11 represent the Quaternary aquifer with equal
thickness; this clay cap keeps the Quaternary aquifer as a semi-confined
aquifer. Two vertical sections are taken in the X and Y directions
(Figure A4b and A4c, appendix).

The study area boundary conditions were assigned as follows: i)
along the Northern boundary, a zero constant head was set to assign the
Mediterranean Sea, ii) a river package at the eastern boundary by the
Ismailia canal starting with a head range from 16.15 m at the South to
7 m at its Eastern point. The Nile River represents a western boundary
with a head of 16.96 m to 16.60 m. Damietta Nile branch head started
from 13.66 m in the South to 0.25 m in the North, iii) the no-flow
boundary condition at the east boundary was set free, iv) a drain
boundary package was assigned for three main open drains by Bahr
Baker drain in the east starting from 11 m to 0.25 m, Bahr Hadus in the
center from 8 m to 0.25 m, and the west for El-Serw drains with the head
from 12 m to 0.50 m (a.m.s.l). The initial hydrodynamic parameters
used as input values for the Eastern Nile delta model were fed to the
SEAWAT model based on the previous studies (Morsy, 2009; Mabrouk
et al., 2013; Abd-Elaty et al., 2019).

Furthermore, the net recharge to the aquifer ranges from 0.25 to
0.80 mm day− 1 from the precipitation, river and canal seepage,
drainage practices, soil, and irrigation type. The discharge was carried
out by abstraction from the aquifer for irrigation and drainage water
supplies by 3.78 ×109 m3 yr− 1 in 2008.

3.1.2. Model calibration
The current Eastern Nile Delta aquifer model was calibrated using

historical records for hydraulic head measurements in several piezom-
eter wells in the study based on the RIGW in 2008 (Morsy, 2009;
Moghazy and Kaluarachchi, 2020) by using 30 observation wells. The
calculated heads were compared with the heads observed from the field
measurements. The calibration process changed the hydraulic parame-
ters to optimize the simulation model results with the filed data. The
statistical results for the current simulation showed that the residual
range is between − 0.02 and 1.05 m, the residual mead is 0.002 m, the
absolute residual mead is 0.54 m, the standard error of the estimate is
0.11 m, the root mean square (RMS) of the residuals was equal to 0.61 m
with and a normalized RMS of 3.60 % (i.e., normalized with respect to

Fig. 2. Characterization of the stud area: a) Land use /land cover (year 2022) extracted from Sentenal-2 land cover; b) topographic elevations extracted from digital
elevation model (DEM) resolution 30 m.
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the maximum difference in the observed head values).
The real view of the groundwater heads in the study area is presented

in Fig. 3a, which shows the flow direction from the high head in the
South to the low head in the North, which agrees with the observed field
data described in Moghazy and Kaluarachchi (2020).

The variable flow model was calibrated by changing the hydro-
dispersive parameters (i.e., αL and αT) contained in Eq. 1 and
comparing the field measurements of total dissolved salts (TDS) ac-
cording to Ding et al. (2020) and Abd-Elaty et al. (2019). Overall, the
TDS model results agree with the field data. Fig. 3b represents a real
view of TDS distribution in the middle of the aquifer (layer #6); depths
of this view are 450 m in the North and 100 m in the South, with an
average depth of 225 m from the ground surface. The vertical TDS dis-
tribution in the aquifer is represented in Fig. 3c, the isochlorines at 35,
000 and 1000 ppm reached 75.80 km and 90.40 km from the coast.

3.2. Optimization of water model

The optimal agriculture area for each irrigation method in the
eastern Nile delta was simulated and carried out using LINDO (Linear,
Interactive, Discrete Optimizer) software. It is a mathematical model
with physical constraints (mass balances) used to optimize the water

balance between the water supplies (i.e., surface water, groundwater,
and water reuse) and water demands for the agriculture sector. The best
software for solving problems with tens of thousands of constraints and
hundreds of thousands of variables is LINDO (Khare and Jat, 2006).

3.2.1. Objective functions
The objective function of the irrigation method optimization is to

maximize the total net irrigation area by determining and selecting the
optimal area for each type of irrigation method.

Max AA = MaxΣ
[
Asi+Asdi+Assdi+Ahsi + Apsi

]
(3)

Where: AA: total agriculture area in Hectare (ha), Asi: total irrigated
agriculture area with surface irrigation (ha), Asdi: total irrigated agri-
culture area with surface drip irrigation (ha), Assdi: total irrigated agri-
culture area with subsurface drip irrigation (ha), Ahsi: total irrigated
agriculture area with horizontal sprinkler irrigation (ha), and Apsi: total
irrigated agriculture area with pivot sprinkler irrigation (ha).

3.2.2. Model constraints
Water availability: This restriction reduces irrigated water use.

Water supply: For different irrigation methods, the total water

Fig. 3. Groundwater maps of the studied aquifer using the current situation for a) A real view of Groundwater flows, b) A real view of TDS, and c) Vertical dis-
tribution of TDS.
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consumption should be less or equal to the total available water in the
field during the year. Table 1 shows the study area’s water resources and
water demands based on the published literature (Morsy, 2009).

ΣWR ≤ ΣWTi (4)

WTi =Σ
[
21170Asi+12410Asdi+8687 Assdi+13870 Ahsi+1022 Apsi

]

(5)

Where: ΣWR is the water requirement for each irrigationmethod [m3]; it
is 12.16 ×109 m3 in the current study, and ΣWTi is the total water de-
mand for each irrigation method [m3].

Land area limits in agriculture during different irrigation methods;
the total area assigned to the plant must be equal to or less than the total
area actually cultivated and soil type. The land data for the soil type,
agriculture, and total area are presented in Table 2, based on the pub-
lished materials by (Ali, 2012; Alnaimy et al., 2022; Arafa et al., 2022).

AA ≤ ATi (6)

ATi = 8572.43 [ha]

ATi = Gravel sand and gravel [239.73 ha] + silty clay [4876.70 ha]
+ clay loam [817 ha] + dissected sandy limestone [82 ha] + sand and
clay loam [827 ha] + sand and carbonates [1730 ha]Where: ATi: are the
total cultivation areas for all irrigation methods (ha),

Asi ≥ area of rice crop (7)

Area required for Rice = 10 % of the area of old land

Asdi+Ahspi+Apsi ≤ ATss (8)

Asdi ≥ 40% ATss (9)

Ahsi ≥ 20% ATss (10)

Apsi ≥ 20% ATss (11)

Where: ATss: is the total area of sandy soil [ha], which is divided polit-
ically between different suitable irrigation types.

Apsi ≥ Anr (12)

Where: Anr: is the total area of newly reclaimed land (ha) that is polit-
ically suitable for pivoting sprinkler irrigation type.

Assdi ≥ 50% Ass (13)

Where: Ass: is total the area of sand soil (ha) is 50 % of sand soil to
decrease evaporation losses.

Asi ≥ Asc (14)

Where: Asc: is the total area of silty clay soil (ha),

Assdi ≥ Agsg (15)

Where: Agsg: is the total area of gravelly sand and gravel soil (ha),

3.3. Case scenarios

Five proposed irrigation methods, including the base case for
applying the current situation of surface irrigation and four modified
methods using modern irrigation, the % of aquifer recharge for each
proposed method, including sprinkler irrigation, central pivot irrigation,
surface drip irrigation, and subsurface drip irrigation were developed
based on the published data by Morsy (2009). The using of three sce-
narios is very hard to apply in the current study area due to the saltwater
intrusion problem in the North by the Mediterranean Sea and the
increasing abstraction rates by the production wells for drinking water
and irrigation; on the other side, the problem of water stress due to
increasing the population growth rates which required more water
supplies. So, this study is required to identify the results of applying the
modern irrigation system to the groundwater resources in this arid re-
gion. The following are the base case of current irrigation and the pro-
posed scenarios:

i. Surface irrigation is the current irrigation method in the study
area. This system is applied to the study area in the current sit-
uation for most agricultural areas, which is suitable for many
crops and required to mitigate the influence of saltwater intru-
sion, in which the Mediterranean Sea connects the study area.
Table 3 presents the main parameters of the irrigation methods
assigned in the model, including the average flow to the aquifers
reaching 0.80 mm day− 1 (Jalali, 2007; Morsy, 2009; Mabrouk
et al., 2019).

ii. Sprinkler irrigation is applied to the study area in the eastern Nile
delta by changing irrigation methods, which is critical for arid
and semi-arid regions with reduced water resources due to
increasing population and the consequences of climate change on
the environment. The flow to the aquifers was assigned to the
model to be 0.40 mm day− 1, by 50 % from the current aquifer
recharge.

iii. Central pivot irrigation is carried out in the study area based on
the optimized area for the irrigation using a central pivot. The
recharge rate to the aquifer is 40 % of the current surface irri-
gation (0.8 mm), i.e., to 0.32 mm day− 1.

iv. Surface drip irrigation is applied in the current study area by
changing surface irrigation to drip irrigation; the flow to the
aquifers was assigned and reached 0.24 mm day− 1, i.e., 30 % of
the current situation of the flow to the aquifer, which is 0.8 mm.
This indicates that the aquifer recharge is reduced compared to
the sprinkler and surface recharge, but the water saving
increases.

v. Subsurface drip irrigation is proposed in the study, and 20 % of
the current aquifer recharge was taken, i.e., flow to the aquifers
was taken at 0.16 mm.day− 1. This scenario is best for irrigation
water saving in agriculture but the worst for aquifer recharge.

The irrigation methods rates flow to the aquifers reached the value of
0 mm day− 1, which means that no irrigation applies for this region; it is
the Lake Manzala or lagoon, which is a brackish water lake located in
northeastern Egypt on the Nile Delta. In addition, the application of the
irrigation method and the limitation of the current methodology depend
on the Nile hydrograph for water supplies, the type of soil for clay, sand,
and silt, the crop pattern, and the using of high water consumption as the
rice crop which required to grow in the north Nile delta to increase the

Table 1
Water supply and water demands in the Nile aquifer after Morsy (2009).

Case Parameter /
Method

Quantity Unit

Water Supplies Well Abstraction 1.38 ×109 m3 year− 1

Surface Irrigation 8.68 ×109 m3 year− 1

Reuse Drainage
Water

2.10 ×109 m3 year− 1

Total Water
Supply

12.16
×109

m3 year− 1

Water Demands by
Irrigation Methods

Surface 21,170 m3 hectare− 1

year− 1

Sprinkler 13,870 m3 hectare− 1

year− 1

Central Pivot 10,220 m3 hectare− 1

year− 1

Drip surface 12,410 m3 hectare− 1

year− 1

Drip subsurface 8687 m3 hectare− 1

year− 1
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aquifer water recharge to overcome the saltwater intrusion, the practice
of the stakeholders and farmers where the land currently divided into
subsector, and the feasibility of the irrigation method in which the main
problem for thigh high cost to changing from surface irrigation to
modern irrigation system.

4. Results

4.1. Optimization of agriculture lands and irrigation dynamics

The study area land use for water bodies reached 1162.61 km2,
representing 12 % of the total area of the eastern Nile delta land; the
trees reached 96.88 km2, representing 1 %. The flooded vegetation is
96.88 km2, representing 1 %; crops are 6394.36 km2, representing
66 %; the building area is 1550.15 km2, representing 16 %; the bare
ground is 193.77 km2, representing 2 %, and the rangeland is
193.77 km2 representing 2 %. The total area of the eastern Nile Delta is
9688.42 km2 (Fig. 4a). Furthermore, the new reclamation areas reach
565.78 km2 while the old lands are 5092.02 km2 in the eastern Nile
Delta with a total agriculture area of 5657.80 km2. Fig. 4b shows the
LINDO optimization model results.

It showed that the application of the modified irrigation method for
surface irrigation is 3621 km2, representing 64 % of the total area; the
sprinkler irrigation is 396.05 km2, representing 7 %; the central pivot
irrigation is 735.51 km2, representing 13 %; the surface drip irrigation is
735.51 km2, representing 13 %. The subsurface drip irrigation is

169.73 km2, representing 3 %. Also, the total area without surface water
bodies is 8572.73 km2, while the agricultural area is 5657.80 km2. The
water demands for using the modified irrigation methods reached 10.01
BCM compared to 12.16 BCM for the current situation with water saving
reached 2.15 BCM.

4.2. Effect of modified irrigation methods on groundwater resources

This study compared the current irrigation system with the modified
modern irrigation methods, namely sprinkler irrigation, central pivot
irrigation, surface drip irrigation, and subsurface drip irrigation,
employing a calibrated groundwater flow model. The flow rates to the
aquifer ranged from 0.05 mm day− 1 to 1.10 mm day− 1 for the base case
when using surface irrigation. The recharge rate values were taken as
0.40 mm day− 1 and 0.32 mm day− 1 for sprinkler and central pivot
irrigation. In comparison, it reached 0.24 mm day− 1 and 0.16 mm day− 1

for the surface and subsurface drip irrigation methods, respectively.
The groundwater flow model results of the water budget for source

IN and sink OUT are presented in Table 3. The results show that the flow
into the aquifer decreased after applying the modified irrigation system
from 4,332,442.40 m3 day− 1 to 3,297,796.90 m3 day− 1, representing
88 % and 73 % of the total inflow, respectively. The total inflow was
4,923,230 m3day− 1 for the current system and 4,517,530 m3 day− 1 for
applying the modified irrigation system. The reduction of the flow is due
to the application of the modified modern irrigation system, which
decreased the infiltration to the aquifer. The combined river leakage by
the Damietta Nile branch and irrigation canal network reached
492,323 m3 day− 1 and 1,084,207.20 m3 day− 1 before and after the
modified irrigation system, respectively. This represents an increase of
10 % and 24 %, respectively, with respect to the total inflow. The inflow
from the river and canals increased for the modified irrigation system
due to the reduced recharge infiltration associated with the modified
irrigation system. The leakage from El Manzala Lake reached
49,232.30 m3 day− 1 and 45,175.30 m3 day− 1 before and after the
modified irrigation system, which represents an increase of 1 % and
1 %, respectively, with respect to the total inflow. This increase in the
coastal lake leakage is due to the decline of the groundwater heads in the
aquifer after applying the new irrigation system. Because of the saline
water coming to the aquifer from the Mediterranean Sea, the constant
head values were around 49,232.30 m3 day− 1 and 90,350.60 m3 day− 1

before and after the application of the new irrigation system, which
represents an increase of 1 % and 2 %, respectively. The total inflow

Table 2
Soil type for each land area and soil texture in the Nile aquifer (Ali, 2012; Alnaimy et al., 2022; Arafa et al., 2022).

Soil type Total area (km2) Agriculture Area (km2) Average Sand (%) Average Silt (%) Average Clay (%)

Gravelly Sand and Gravel 257.18 169.73 91 4 5
Silty Clay 4886.28 3224.95 5 47 48
Clay Loam 771.52 509.20 40 29 31
Dissected Sandy Limestone 85.72 56.58 87 8 5
Sand and Clay Loam 857.24 565.78 50 27 23
Sand and Carbonates 1714.49 1131.56 90 5 5
Total Area Without Water Bodies 8572.43 5657.80 - - -

Table 3
Water budget analysis for the modified irrigation methods.

Boundary Parameter Current Situation Modified Irrigation Method

m3 day¡1 % m3 day¡1 %

Flow Into the Aquifer 4,332,442.40 88 3,297,796.90 73
River and Canal Leakage 492,323 10 1,084,207.20 24
Lake Leakage 49,232.30 1 45,175.30 1
Constant Head 49,232.30 1 90,350.60 2
Total Inflow 4,923,230 100 4,517,530 100
Well Abstraction 3,790,921.75 77 3,749,553.71 83
Lake 590,793 12 587,279.50 13
River and Canal Leakage 393,862 8 90,350.69 2
Drain Leakage 98,465.5 2 45,175.35 1
Constant Head 49,232.75 1 45,175.35 1
Total Outflow 4,923,275 100 4,517,535 100

Fig. 4. Percentage of the area in the study area for a) different land use in the eastern Nile delta and b) optimized agriculture land for different irrigation methods.
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decreased to 4,923,230 m3 day− 1 and 4,517,530 m3 day− 1 before and
after the application of the new irrigation system, with a decrease of
8 %, respectively. This showed that the reduced aquifer inflow led to an
increase in river and lake leakage to compensate for this water shortage
(Fig. 5a).

In contrast, the total outflow decreased down to 4,923,275 m3 day− 1

and 4,517,535 m3 day− 1, respectively. To overcome the shortage of
freshwater storage, the well budget was kept constant at
3,790,921.75 m3 day− 1 and 3,749,553.71 m3 day− 1 representing 77 %
and 83 % of the total outflow. The percentage of the well abstraction
budget increased due to a decline in the aquifer recharge by themodified
irrigation systems compared with the total outflow. The lake budget was
reduced to 590,793 m3 day− 1 and 587,280 m3 day− 1, representing 12 %
and 13 %, respectively, the total outflow. The river leakage decreased to
393,862 m3 day− 1 and 90,350.69 m3day− 1 with 8 % and 2 %, respec-
tively. The drain leakage decreased to 98,465.5 m3 day− 1 and
45,175.35 m3 day− 1 with 2 % and 1 %, respectively. All these percent-
ages are before and after the modified irrigation system with respect to
the total outflow.

This reduction in the lake, river, and drain in the outflow budget is
due to a reduction in the recharge flow resulting from applying a new,
modified irrigation system. The constant heads increased from
49,232.75 m3 day− 1 to 45,175.35 m3 day− 1 before and after modified
irrigation system, representing 1 % and 1 % of the total outflow,
respectively (Fig. 5b).

Fig. 6a shows the results of applying the modified irrigation systems,
including the base case and the four modern irrigation methods: sprin-
kler irrigation, central pivot irrigation, surface drip irrigation, and
subsurface drip irrigation. Comparing these results with those in Fig. 3a
for the current irrigation system indicated a decrease in the charge flow
to the aquifer due to applying the modified modern irrigation system,
which led to a decline in groundwater heads in the eastern Nile delta.

4.3. 4.3. Effect of modified irrigation methods on SWI

The SEAWAT model was used to study the seawater intrusion in the
aquifer before and after applying the modified irrigation methods:
sprinkler irrigation, central pivot irrigation, surface drip irrigation, and
subsurface drip irrigation, considering the base case of surface irriga-
tion. The groundwater heads are presented in Fig. 6a, where the water
level declined with the application of modern irrigation systems in the
study. They are compared with the current situation presented in Fig. 3a.

The solute transport model results are shown in Fig. 6b. Comparing
the results of Fig. 6b of the modified irrigation system with those in
Fig. 3b for the current irrigation system shows a reduction in the aquifer
recharge, which leads to further sweater intrusion into the aquifer and,
consequently, in aquifer salinity. Furthermore, the intrusion length of
the equi-concentration line 1000 ppm reached 94.30 km after applying
the modified irrigation methods using pivot sprinkler irrigation, hori-
zontal sprinkler irrigation, surface drip irrigation, and sub-surface drip
irrigation, as shown in Fig. 6c compared with 90.4 km in Fig. 3c for the

base case where surface irrigation was used.
Moreover, the mass salt balance for the four scenarios is simulated.

The source IN of mass salt increased and reached 11.74 ×1013 kg
compared to 11.13×1013 kg at the base case. Also, the sink-out mass salt
increased and reached 8.35×1013 kg compared to 8×1013 kg at the base
case. The total mass salt IN reached 11.74 ×1013 kg compared to 11.13
×1013 kg at the base case, respectively. In contrast, the total mass salt
OUT reached 11.74 ×1013 kg compared to 11.13 ×1013 kg at the base
case. The aquifer salinity was increased due to the inflow of saltwater
intrusion in the land direction due to the reduction of the aquifer
recharge and the freshwater storage by applying the modern irrigation
system.

The aquifer salt is different from the salt mass balance between the
source IN and Sink Out; this salt is the saline water storage and reached
3.39 ×1013 kg (11.74 ×1013 kg - 8.35 ×1013 kg = 3.39 ×1013 kg)
compared to 3.13 ×1013 kg (11.13 ×1013 kg - 8 ×1013 kg = 3.13 ×1013

kg) at the base case, with the changing percentage of aquifer salinity
reaching +8 %.

5. Discussion

Salinity, water shortages, and low water quality are the main prob-
lems for agricultural production (Junk et al., 2013). A suitable irrigation
system is required to address soil salinization based on soil conditions,
water salinity level, crop type, and available resources (Armanuos and
Negm, 2019). The lands affected by increased soil salinity were due to
poor irrigation practices, high evaporation rates, and groundwater
salinity (Mikhailova, 2001). The irrigation method greatly affects water
consumption and crop productivity (Cominelli et al., 2013; Moursy
et al., 2023).

Over the last three decades, irrigation improvement projects in Egypt
have been tested, implemented, and modified to respond to several
irrigation management challenges (Molle et al., 2019). This study
simulated the base case of surface irrigation and four modified irrigation
methods: sprinkler irrigation, central pivot irrigation, surface drip irri-
gation, and sub-surface drip irrigation. The results of the groundwater
resources showed a decrease in aquifer flow when the modern irrigation
system was applied. The total inflow decreased and reached
4923230 m3day− 1 and 4517,530 m3day− 1 before and after the modified
irrigation system, respectively, representing a decrease of 8.20 %. In
contrast, the total outflow decreased and reached 4923,275 m3 day− 1

and 4517,535 m3day− 1 before and after applying themodified irrigation
system, respectively. This indicates that the freshwater in the aquifer is
lowered, and more saltwater enters the aquifer, replacing the fresh
groundwater. The results are in line with Shinawi et al. (2022), who
showed that the decline in groundwater heads in the Nile Delta
decreased and affected the water balance. Also, Pool et al. (2021)
indicated that flood irrigation techniques using surface water are prac-
ticed on permeable soils, considered a major source of groundwater
recharge and the predominant one in arid terrains. Abd-Elaty et al.
(2022) studied the water budget in the Nile Delta for using the lining and

Fig. 5. Water zone budget for total inflows and total outflows.
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covering of the irrigation canals. The results showed that decreasing the
leakage from irrigation canals and rivers decreased the aquifer fresh-
water storage and the inflow. Abd-Elaty et al. (2023) studied the Impact
of modern irrigation methods on groundwater storage and land subsi-
dence in high-water stress regions in the Nile Delta Aquifer (NDA). Their
study showed that changing irrigation methods Impacted land subsi-
dence, and the groundwater drawdown reached 2.60 m, 4.20 m, and
6.50 m.

The salinity results of the aquifer increased and reached +8.20 when
applying the four modified irrigation methods, sprinkler irrigation,
subsurface drip irrigation, and drip irrigation, relative to the base case,
as presented in Fig. 7. The results are consistent with those of Zaman
et al. (2018), who showed that soil salinity depends on the irrigation
method and the shape of the seedbeds for various irrigation systems.
Foster et al. (2018) showed that reducing the utility of groundwater for
the public and industrial water supply increases the salinity of water
resources. Abd-Elaty et al. (2024) studied the impact of Grand Ethiopian
Renaissance Dam (GERD) on water budget and the salinity including
three filling scenarios were considered for the GERD reservoir at ele-
vations 600 m, 621 m, and 645 m above mean sea level (AMSL) for the
storage volumes of 17 billion cubic meters (BCM), 37.30 BCM and 74
BCM considering a combined SLR of 25 cm with increasing the pumping
rates by 25%, 50%, and 100%, respectively. The results showed that the
GERD reservoir filling could alter the freshwater, in which the aquifer

salinity increased by 4.47%, 11.48%, and 29.99% for the three sce-
narios, respectively.

Moreover, the results showed that a modern irrigation system would
increase the salt mass source IN and the Sink Out due to decreased
freshwater storage in the aquifer and increased saltwater intrusion.
Zaman et al. (2018) developed a field study that showed that selecting
suitable irrigation systems, including the drip surface, subsurface,
sprinkler, bubbler, and pore, can improve water use efficiency and
manage root zone salinity. Moursy et al. (2023) showed that drip irri-
gation has high water use efficiency. However, the surface irrigation
system gave high productivity value due to higher salinity, which
required control of the salinity using additional leaching water. Eltar-
abily et al. (2023) studied the influence of climate change on evapo-
transpiration and groundwater recharge of the Nile Delta aquifer, Egypt;
the study showed that the zone budget analysis revealed that the in-
crease of evapotranspiration would decrease the inflow and decrease the
groundwater head.

Fig. 7a shows the optimization area for modified irrigation methods
for surface irrigation, which is 3621 km2 by 64 %, sprinkler irrigation,
396.05 km2 by 7 %, central pivot irrigation, 735.51 km2 by 13 %, and
surface drip irrigation, 735.51 km2 by 13 %. In comparison, the sub-
surface drip irrigation is 169.73 km2 by 3 %.

The soil types for gravelly sand and gravel, silty clay, clay loam,
dissected sandy limestone, sand and clay loam, and sand and carbonates

Fig. 6. Modified modern irrigation maps for a) A real view of Groundwater flows, b) A real view of TDS, and c) Vertical distribution of TDS.
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reached 169.73 km2, 3224.95 km2, 509.20 km2, 56.58 km2,
565.78 km2, and 1131.56 km2 by 3 %, 57 %, 9 %, 1 %, 10 % and 20 %
respectively (Fig. 7b). Also, the total area without surface water bodies
(1162.61 km2) is 8525.81 km2, while the agricultural area including old
land (565.78 km2) and new reclamation (5092.02 km2) is 5657.80 km2.

Dengiz (2006) showed that drip irrigation increases land suitability
by 38 % compared to surface irrigation. Rajurkar et al., (2012) showed
that drip irrigation is an effective application for water and fertilizer
management. Molle and Tanouti (2017) assessed the Green Morocco
Plan, which subsidizes both the conversion to drip irrigation and the
expansion of intensive farming. Berbel et al., (2019) showed that the use
of modern irrigation systems has increased irrigation efficiency from
65 % to 87 % in Spain. Moursy et al., (2023) showed that the drip irri-
gation system gave the best value for efficient water use and water
saving under different summer and winter crops. Also, the surface irri-
gation system had a higher productivity value compared with the drip
irrigation system due to the decrease in soil and water salinity, so
additional fresh water is required for soil leaching to sustain the salinity
level in the soil. Kishor et al., (2024) showed that the application of drip
irrigation led to enhanced crop and water productivity by reducing the
frequency of irrigations or the overall water consumption.

The future influence of climate change on crop water consumption
with the application of modern MIS could be considered in old land
worldwide to manage irrigation water resources, especially in arid/
semi-arid regions. This study is limited to estimating the impact of
modern irrigation methods on saltwater intrusion and groundwater
salinity only. Nevertheless, future studies are needed to assess the eco-
nomic, social, and environmental impact of modern irrigation methods
compared to this study and/or additional methods, especially under
high stress in freshwater resources. Also, optimization modeling is
required to select suitable crops and keep the soil water saline, especially
in old delta’s worldwide.

6. Conclusions

Managing agricultural irrigation water in arid and semi-arid regions
impacted by saltwater intrusion (SWI) is crucial for sustaining fresh-
water resources. This study investigated the effects of transitioning

irrigation methods in the Nile Delta’s old agricultural lands, focusing on
water savings and groundwater salinity in coastal aquifers. A combi-
nation of LINDO software for land optimization and SEAWAT codes for
groundwater modeling was used to assess the impacts of modern irri-
gation systems on water management and aquifer health. The results
revealed that implementing modified modern irrigation systems (MIS)
in the Nile Delta reduced aquifer recharge from irrigation water, leading
to increased river seepage and promoting saltwater intrusion (SWI) into
the aquifer. Simultaneously, MIS significantly decreased crop water
consumption, highlighting a trade-off between water savings and the
impact on groundwater salinity. The land use optimization results, using
LINDO software, indicated that surface irrigation covered 3,621 km2

(64%), while modern irrigation systems (MIS) accounted for 390.4 km2

(7%), 735.5 km2 (13%), 735.5 km2 (13%), and 175.4 km2 (3%) for
sprinkler, central pivot, surface drip, and subsurface drip, respectively.
SEAWAT code water balance results showed a total inflow of 4,923.2
m3/day, which decreased to 4,517.5 m3/day after MIS application—an
8% reduction. The total outflow dropped from 4,923.3 m3/day to
4,517.5 m3/day.

Future research would focus on the effects of the MIS combined with
other SWI management techniques to develop more effective irrigation
strategies for the Nile Delta and similar regions globally. An economic
feasibility study is also needed to assess the implementation of modern
irrigation systems in the Nile Delta. The goal is to find a balance between
water conservation and promoting aquifer recharge, especially in areas
dependent on groundwater resources.
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Régularisation. Ann. Ponts Chauss-.-. ées Partie Technol. 2, 93.
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