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Abstract
Water resources management in high-stress regions is a large-scale problem affecting food 
and water security. Therefore, modern irrigation systems such as sprinklers, subsurface, 
and drip irrigations are applied to manage the water shortage in regions of the Nile delta. 
Because of the increase in population rate and climate change, freshwater supplies are 
significantly limited and must be efficiently managed. Consequently, Egypt plans to imple-
ment MIS in the old land of the Nile delta. The current study aims to investigate and 
model the recharge from the excess irrigation system that affects groundwater storage and 
land subsidence unexpectedly. The visual modflow was applied to investigate the ground-
water heads and drawdown. At the same time, the analytical solution based on Terzaghi 
theory, and the surfer software was used to estimate and map the land subsidence.

For this reason, we investigated the groundwater drawdown in the high-water shortage 
of Egypt’s Nile delta. Three scenarios were considered by changing irrigation methods and 
their Impact on land subsidence in the Nile Delta Aquifer (NDA). Therefore, the results 
of this study demonstrated that the groundwater drawdown reached 2.60 m, 4.20 m, and 
6.50 m, respectively. In contrast, the land subsidence outstretched 26 m, 44 m, and 65 cm 
for the sprinkle sub-surface. Future design infrastructures such as pipelines, roads, irriga-
tion networks, canals, and water structures should consider land subsidence due to modern 
irrigation systems (MIS).

Keywords  Drawdown · Land subsidence · Modern irrigation · Nile delta · Visual 
Mudflow

1  Introduction

Subsidence due to the rearrangement of the soil grains is a vertical movement of the sur-
face of the Earth by compression of unconsolidated and partly consolidated sediments. 
Subsequently, land subsidence has greatly affected infrastructures such as roads, buildings, 
railways, pipeline networks, irrigation lining canals, closed pipes, drains, earth berms, and 
banks (El Shinawi et al. 2022; Maliva 2021). The retaining walls were subjected to failure 
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due to sliding. Furthermore, irrigation structures for crossing work, namely bridges, cul-
verts, siphons, aqueducts, and heading-up structures, including weirs, regulators, and dams, 
are subjected to differential settlement due to land subsidence and the influence stability of 
the structures. (Bagheri-Gavkosh et al. 2021).

The subsidence rate of the Nile delta in the coastal region is 8 mm year-1, with a relatively 
lower 4 to 6 mm year-1 around the Manzala lagoon (Becker and Sultan 2009). Also, Fugate 
(2014) found subsidence rates of 8 mm year-1 with a maximum of about 10 mm year-1.

As we all know, irrigation is the most important water use sector, accounting for approx-
imately 70% of worldwide freshwater withdrawals and 90% of consumptive water use. 
There are four types of irrigation systems in Egypt, depending on how water is applied to the 
land: (1) surface irrigation, (2) sprinkler irrigation, (3) drip irrigation, and (4) sub-surface 
irrigation systems. Surface irrigation is often called flood irrigation, in which water moves 
by gravity surface flow (Elmesery 2020). The most common problem associated with sur-
face irrigation is water loss through seepage due to inadequate water at the beginning of the 
irrigation route. Sprinkler irrigation is a technique in which water is sprayed in small water 
droplets into the air, much like natural rainfall (Abdelhafez et al. 2020; Elmesery 2020). The 
disadvantage of sprinkle irrigation is that most water is lost when it leaves the nozzle and 
reaches the soil. Drip irrigation, often known as trickle irrigation, is a technique in which 
water is applied to plants’ roots in small drops (Chhabra 2021; Issaka et al. 2018).

Drip irrigation is regarded as the most effective type of water irrigation. It typically has 
an efficiency of 80–90%. In addition, subsurface irrigation is a technique that applies precise 
volumes of water straight to the root zone. Also, subsurface irrigation is applied in locations 
where the water table is artificially increased to moisture below the root zone of the plants. 
Subsurface irrigation is ideal for medium to large-scale production because it is relatively 
complex and is likely automated. In Egypt, surface irrigation was the most frequent irriga-
tion method total of 6683 m3 fed-1, 4010 m3 fed-1, 2798 m3 fed-1, and 2619 m3 fed-1 of irriga-
tion water were applied by the surface, sprinkler, subsurface, and drip systems, respectively 
(Abu-Hashim et al. 2021). As a result, the largest amount of excessive irrigation water is 
from surface irrigation systems. The lowest amount of excessive irrigation water comes 
from drip irrigation systems. Excessive irrigation water affects the aquifer recharge as the 
aquifer is recharged through percolation from excess irrigation water, rainfall, and seepage 
from river branches, canals, and drainage systems. Decreased excess irrigation water leads 
to decreased aquifer recharge. Sprinkle, subsurface, and drip irrigation systems reduced 
aquifer recharge by 60, 39.2, and 20%, individually, except for surface irrigation systems 
(Eltarabily and Negm 2019; Mohamed 2020). As aquifer recharge decreased with constant 
abstraction rates, the groundwater level dropped, so land subsidence occurred.

Numerical models and analytical solutions predict the land subsidence in the Nile delta 
aquifer due to changing modern irrigation methods in the future. On that account, SURFER 
13 is also used to map ground heads and the subsidence in the study area. Moreover, the 
future management of land subsidence hazards for applying the MIS should be considered 
today to mitigate its negative impact on groundwater resources. Therefore, possible reme-
dial measures can be taken to reduce groundwater pumping in the study region.
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2  Materials and Methods

2.1  Study Site

The study area is in the northwest part of the Nile delta between Latitudes 30˚ 00’ and 31˚ 
45’N and longitudes 29˚ 30’ and 32˚ 30’E (Fig. 1). Egypt is the most populous country in 
the Middle East and the third most populous African continent, with nearly 97% of the 
country’s 82.5 million (2012 estimate). The projected population of Egypt is estimated as 
104 million by 2025 and 146 million by 2050, and 237 million by 2100 (Abd-Elaty et al. 
2021b; Gado and El-Agha 2021). The Nile delta and the narrow valley of the Nile comprise 
5.5% of the total area of Egypt (Abd-Elaty et al. 2019). Due to the concentration of most of 
the infrastructure and development in Egypt, along with low coastal lands and the reliance 
on the Nile delta for prime agricultural land, coastal floods or saline intrusion caused by 
anthropogenic climate change-induced sea-level rise will have a direct and critical impact 
on the entire economy (Abutaleb et al. 2018).

The study of the face of terrain and its genesis, structure, and topography (Thornbury, 
1969). The ground elevation ranges between about 18 m above mean sea level (AMSL) in 
the south at Knater El-Khairia to about 5 m (AMSL) near Tanta, sloping very gently in the 
northward direction by an average value of 1 m/10 km (Saleh, 1980).

Fig. 1  Study case location, adapted after El-Quilish et al. (2023)
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The current Evaporation rates in Egypt range from 7 mm day-1 in upper Egypt to about 4 
mm day-1 on the Northern Mediterranean coast (Abd-Elaty and Zelenakova, 2022; Abutaleb 
et al., 2018; Alhejji et al., 2021).

2.2  Geological Properties

Groundwater-bearing formations in the Nile Delta can be differentiated into two main aqui-
fer systems: tertiary aquifers. There are the Miocene, Oligocene, and Eocene aquifers. The 
second is quaternary aquifers, in which the Holocene aquifer mainly comprises silt and 
sandy clay. Its thickness ranges from 10 to 70 m. The Pleistocene aquifer, which underlies 
the clay cap rock to 1000 m, consists of graded quarzitic sands with clay lenses (Hegazy et 
al. 2020).

The early Pleistocene is composed of loose coarse quartzitic sands and cherty pebbles 
with thicknesses reaching 500 m in the Mit Ghamr area and about 900 m at El Matariya. The 
Middle Pleistocene comprises coarse-grained Quartizitic sands and gravels with discontinu-
ous occasional clay lenses with an average thickness of 700 m (Hefny, 1980). The Late 
Pleistocene can be divided into old fluviomarine deposits, composed of alternating sands 
and clay capped by a thin hard crusty sandy limestone bed in some places with a consider-
able thickness of about 70 m at Port Said. Fluviatile deposits (River sands) are composed 
of fine to medium quartzitic sands with thin intercalations of clay and silt with a maximum 
thickness of about 30 m (El Shazly, et al. 1975).

2.3  Hydrological and Hydraulic Characteristics

Egypt’s current irrigation water delivery system was developed over the past century with 
barrage construction on the Nile in 1861. About 80% of irrigation water was delivered from 
the river source (Abd-Elaty et al. 2021a). The groundwater level in the study area ranges 
between 16.96 m above mean sea level (a.m.s.l) at the southern border and 0 m a.m.s.l at the 
northern border (Abd-Elaty et al. 2019).

Three sources consider the recharge of groundwater in the study area. The first source 
comes from rainfall, with an average rainfall of 25 mm per year-1 (Mohamed 2020). The 
second source is the results of the downward leakage due to irrigation excess water (i.e., 
originating from the River Nile), and canal infiltration towards the aquifer ranges between 
0.25 and 0.80  mm day-1, depending on the soil type, irrigation, and drainage practices. 
The third source is an inter-aquifer flow to groundwater (Abd-Elhamid et al. 2019; Abdel-
hafez et al. 2020). Abstraction rates in the last 30 years increased between 1980–and 2010 
(Mohamed 2020). In 2010, extraction wells reached about 4.6 × 109 m3 year-1. The increase 
of abstraction from the Nile Delta is linearly by about 0.1 × 109 m3 year-1, except from 2003 
to 2010. The abstraction increases dramatically at a rate of 0.2 × 109 m3 year-1 (Ding et al. 
2020).

2.4  Numerical Simulation

The finite difference of SEAWAT code used in a miscible variable-density process is applied 
for the current study. The code was applied for different areas and gave good simulation 
results (Mukherjee et al., 2007; Garg et al., 2016; Sandip and Mahanta, 2019). The SEA-
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WAT is governed by the equations coupled system of flow and transport (Langevin et al. 
2008) to simulate the current and future scenarios for groundwater flow and salt transport in 
the current study area of the NDA under different irrigation methods. The model input data 
include topographical, stratigraphy levels, hydraulic parameters, and boundary conditions.

2.4.1  Geometry and Digitalization

The stratigraphy model is the first step in the model development; it was built using Mod-
flow, utilizing 260 columns and 194 rows for active and inactive cells (Borgia et al. 2011; 
Harbaugh 2005). The cell dimension was 1 × 1 km, as shown in Fig. 2, with a variable depth 
of 1000 m at the sea’s shoreline and 400 m at Cairo. The model was divided into ten layers 
based on the hydrological data of the aquifer layers. The levels of each layer were assigned 
in the Mudflow using the grid module. The first layer represents a clay cap, and the topo-
graphical features are used in the top layer. In contrast, the Other layers from the second to 
the tenth represented the Quaternary aquifer divided into equal thicknesses. The first layer 
varied in depth between 20 m in the South and 50 m in the North; this clay cap maintains 
the Quaternary aquifer as a semi-confined aquifer.

Quaternary layers represent the main body of the aquifer, increasing from South to North 
with an average depth of 200 m near Cairo to 1000 m at the coastline, respectively, with 
silty and sandy clay.

Fig. 2  Digitized simulation model and boundary conditions for WNDA: (a) aerial view, (b) vertical sec-
tion in the Y-Y direction and (c) vertical section in the X-X direction
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Two vertical sections took in the middle of the model in two directions: the first in X- 
direction from the East at Suez Canal to the west at Nubaria canal, the second in Y- direction 
from the North at the coastal area to the South in Cairo as shown in Fig. 2a and b respec-
tively. The topography of the ground surface level in the model varies from zero level to 
18.00 above MSL. The thickness of the clay layer between 20 and 50 m increases at the 
north boundary.

2.4.2  Hydrological Conditions

The model’s boundary and the hydrological setting were established at the Northern bound-
ary. The constant head was assigned using Dirichlet boundary conditions at the Northern 
boundary bounded as zero value along the shoreline. The constant head bounded the south 
boundary as 16.96 m above a.m.s.l. The east boundary was left free because of the flow of 
water perpendicular to the contour line of water. The Ismailia canal constrained the south-
east boundary as the water level in the field started at 16.17 m from South to 7.01 m east 
a.m.s.l. El Rayah El Behery bounded the southwest boundary and Nubaria canal as the water 
level in the field starts at 16.00 m from the South to 0.50 m to the north a.m.s.l.

2.4.3  Hydraulic Parameters

The initial values of hydraulic parameters in the study area used as input data are presented 
in Table 1. Since the clay unit is absent in the area of the turtleback, recharge to groundwater 
depends on the values of water seepage from the canal plus the excess water from the irriga-
tion process and rainfall value (Abutaleb et al. 2018).

The meteorological factors such as limited rainfall values, evapotranspiration, and infil-
tration were considered in the study area, and the net infiltration towards the aquifer was 
assigned between 0.25 mm day− 1 and 0.80 mm day− 1. Therefore, the abstraction wells from 
groundwater were assigned as the data collected by RIGW. The total abstraction rate in the 
study area was 2.78*109 m3 year− 1 in 2008 for individual wells. The initial concentration 
and sink terms for salt are assigned by 1000 ppm.

2.4.4  Analytical Solution for Land Subsidence

The analytical solution for estimation LS is applied in the current study based on the con-
solidation due to change in effective stress (σe). The solution is based on the Terzaghi 1D 
consolidation theory of Terzaghi et al. (1996). Therefore, the aquifer-specific storage is 
Ss = γw α.

Table 1  The calibrated input values of the hydraulic parameters for the Nile Delta aquifer
Hydraulic 
Parameters

Horizontal 
hydraulic 
conductivity

Vertical hydrau-
lic conductivity

Effective 
Porosity

Total
Porosity

Specific 
Storage

Specific
yield

(Kh) (m day-1) (Kv) (m day-1) (neff)(-) (nT) (-) (Ss) (1/m) (Sy) (-)
Aquitard 0.10–0.25 0.01–0.025 50–60 55 1*10− 7 0.10
Quaternary 5–100 0.50–10 20–30 0.25–0.40 0.0005–

0.0025
0.15–
0.20
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Land subsidence for a multi-layer aquifer system (δ) with a thickness (bi) can be calcu-
lated by accumulating the compaction of single soil layers as follows:

	
δi (t) =

∑n

n=1
δi (t) =

∑n

n=1
Ssi ∆si (t) bi � (1)

3  Results

3.1  Model Calibration

Calibration is a process that shows the difference between the calculated head from the 
model and the Piezometric head from an observation well in the field, considering the avail-
able data of piezometric head obtained from RIGW for observation records during the year 
2008. Forty observation wells were distributed in the study area and used in the calibration 
based on the piezometric head map in 2008 (see Fig. 3). At the same time, the maximum 
and minimum difference between the calculated results (Xcal) and the observed results (Xobs) 
with root mean square (RMS) is 0.16 m. The normalization root means square is approxi-
mately 4%.

The groundwater level (GWL) in the model indicated in Fig.  3 shows that the water 
level varies from 16.96 m in the South to 0 in the North, compared with the Contour map of 
groundwater in the Quaternary aquifer recorded in 2008 (Fig. 4).

Fig. 3  Calculated and Piezometric groundwater heads in the NDA study area
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Because climate changes utilize increasing temperatures, which will lead to an increase 
in water demand for surface irrigation and increasing extraction rate on the Nile delta aqui-
fer and the next operation of new structures in the Nile as the Grand Ethiopia Renaissance 
Dam, a combination of these scenarios will affect water supplies, so four scenarios of MIS 
were analyzed in this study. Four scenarios were applied: sprinkler, subsurface, and drip 
irrigation systems. The flow to the aquifer was reduced by 60%, 40%, and 20% relative to 
the baseline case.

3.2  Effect of Modern Irrigation System on Groundwater Drawdown (Scenario A)

In this scenario, the Impact of changing the irrigation system from the current technique 
(i.e., surface irrigation) to applying MIS for the sprinkler, subsurface, and drip irrigation 
systems was simulated.

Figure 5 shows groundwater drawdown, which reached 2.60, 4.20, and 6.50 m for apply-
ing sprinkler, subsurface, and drips irrigation systems. This indicated that the MIS damages 
coastal aquifers. Therefore, it must be considered for future design and development.

Fig. 4  A real view of the groundwater heads in the NDA study area
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3.3  Effect of Modern Irrigation System on land Subsidence (Scenario B)

Changing the current irrigation system from surface to sprinkle, subsurface, and drip system 
is considered. Figure 6 illustrates the land subsidence rates in the NDA due to the changing 
irrigation system. Scenario B showed that the land subsidence reached 26, 44, and 65 cm for 
applying sprinkle, subsurface, and drip irrigation.

According to previous findings, the drip irrigation system caused the highest land subsid-
ence rate due to the fall in groundwater heads to low aquifer recharge rates (El Shinawi et 
al. 2022; Gabr and Fattouh 2021).

4  Discussion

The current study discussed the impact of modern irrigation systems on groundwater 
resources and land subsidence in the Nile delta’s arid and semi-regions. Different MIS were 
applied to the study area to assess their Impact on groundwater drainage and land subsid-
ence compared to the current surface irrigation method utilized in the old delta of the Nile 
River. Concerning Fig. 7, the maximum groundwater drawdown touched 2.60, 4.20, and 
6.50 m; correspondingly, these results for groundwater heads are satisfied with Abd-Elaty et 
al. (2021a), which studied the Impact of over-pumping on groundwater heads in Nile delta.

Fig. 5  Drawdown for different irrigation methods in NDA for a) sprinkler irrigation, b) subsurface irriga-
tion, and c) drip irrigation
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Fig. 7  Maximum groundwater withdrawal and land subsidence rates for using different irrigation methods 
in NDA

 

Fig. 6  Land subsidence for different irrigation methods in NDA for a) sprinkler irrigation, b) subsurface 
irrigation, and c) drip irrigation
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Moreover, reducing groundwater heads using the MIS will affect aquifer drawdown and 
land subsidence in the study area. In contrast, the land subsidence moved to 26, 44, and 
65 cm using sprinkle, sub-surface, and drip irrigation in the study area due to reduced aqui-
fer recharge. Overall, drip irrigation requires much less water than other irrigation methods. 
As a result of the previous scenarios, using MIS (i.e., sprinkle, sub-surface, and drip irriga-
tion) instead of surface irrigation (i.e., base case) increases groundwater drawdown and 
land subsidence rates. The results of land subsidence are close to the study developed by El 
Shinawi et al. (2022). The study is important for the decision-maker to consider the influ-
ence of MIS on groundwater resources and land subsidence in old land at the Nile delta and 
similar study areas where the waterway, roads, buildings, infrastructures, water structures as 
culverts, bridges, and regulators will influence by the using of MIS. Also, future design and 
planning must consider the application of MIS in these old lands to balance water manage-
ment and natural hazards caused by land subsidence.

5  Conclusion

Land subsidence is an environmental geohazard problem that affects human life. This study 
investigated the modern irrigation systems (MIS) and their Impact on land subsidence in 
coastal aquifers in the Nile delta, Egypt. Changing the irrigation methods to ensure food 
security from surface irrigation in the current situation to MIS using sprinkle, sub-surface, 
and drip irrigation to manage the water shortage in the Nile delta due to overpopulation. 
The current study results showed that changing the irrigation method has increased the 
groundwater drawdowns of 2.60 m, 4.20 m, and 6.50 m using sprinkle, sub-surface, and drip 
irrigation, respectively. At the same time, the maximum land subsidence reached 26 cm, 
44 cm, and 65 cm. The decision-makers should consider the Impact of land subsidence on 
the future design of infrastructures and waterworks, considering the preferable irrigation 
methods for water resources management.

Acknowledgements  The authors thank the Department of Water and Water Structure Engineering, Faculty 
of Engineering, Zagazig University, Zagazig 44519, Egypt, for constant support during the study. Further-
more, Alban Kuriqi is grateful for the Foundation for Science and Technology’s support through funding 
UIDB/04625/2020 from the research unit CERIS.

Authors’ Contributions  Ismail Abd-Elaty, Ismail Fathy and Elsayed Ramadan: Conceptualization, Meth-
odology, Investigation, Formal analysis, Data curation. Ismail Abd-Elaty, Ismail Fathy, Alban Kuriqi, 
Am Pris John, Salvatore Straface, and Elsayed Ramadan: Visualization, writing–original draft, Writing–
review & editing, Resources. Alban Kuriqi, Am Pris John and Salvatore Straface: Supervision.

Funding  (This study did not receive any funding.)
Open access funding provided by FCT|FCCN (b-on).
Open access funding provided by FCT|FCCN (b-on).

Availability of Data and Material  (Upon request)

Code Availability  (Upon request)

Declarations

Conflicts of interest/Competing Interests  (The authors declare that they have no conflict of interest.)

1 3

1837



I. Abd-Elaty et al.

Ethics Approval  (Not applicable)

Consent to Participate  (Yes)

Consent for publication  (Yes)

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, 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

Abd-Elaty I, Zelenakova M (2022a) Saltwater intrusion management in shallow and deep coastal aquifers 
for high aridity regions. J Hydrology: Reg Stud 40:101026. https://doi.org/10.1016/j.ejrh.2022a.101026

Abd-Elaty I, Pugliese L, Bali KM, Grismer ME, Eltarabily MG (2021c) ” Modelling the Impact of lining and 
covering irrigation canals on underlying groundwater stores in the Nile Delta, Egypt”. Hydrol. Process. 
2021c, 36, e14466. https://doi.org/10.1002/hyp.14466

Abd-Elaty I, Sallam GAH, Straface S, Scozzari A (2019) Effects of climate change on the design of subsur-
face drainage systems in coastal aquifers in arid/semi-arid regions: Case study of the Nile delta. Sci 
Total Environ 672:283–295. https://doi.org/10.1016/j.scitotenv.2019.03.483

Abd-Elaty I, Javadi AA, Abd-Elhamid H (2021a) Management of saltwater intrusion in coastal aquifers using 
different wells systems: a case study of the Nile Delta aquifer in Egypt. Hydrogeol J 29:1767–1783. 
https://doi.org/10.1007/s10040-021-02344-w

Abd-Elaty I, Saleh OK, Ghanayem HM, Grischek T, Zelenakova M (2021b) Assessment of hydrological, 
geohydraulic and operational conditions at a riverbank filtration site at Embaba, Cairo using flow and 
transport modeling. J Hydrology: Reg Stud 37:100900. https://doi.org/10.1016/j.ejrh.2021.100900

Abd-Elaty I, Zelenakova M (2022b) Saltwater intrusion management in shallow and deep coastal aquifers 
for high aridity regions. J Hydrology: Reg Stud 40:101026. https://doi.org/10.1016/j.ejrh.2022b.101026

Abd-Elhamid H, Abdelaty I, Sherif M (2019) Evaluation of potential impact of Grand Ethiopian Renaissance 
dam on seawater intrusion in the Nile Delta Aquifer. Int J Environ Sci Technol 16:2321–2332. https://
doi.org/10.1007/s13762-018-1851-3

Abdelhafez AA, Metwalley SM, Abbas HH (2020) Irrigation: Water Resources, types and common prob-
lems in Egypt. In: Omran E-SE, Negm AM (eds) Technological and Modern Irrigation Environment in 
Egypt: best management Practices & evaluation. Springer International Publishing, Cham, pp 15–34

Abu-Hashim M, Sayed A, Zelenakova M, Vranayová Z, Khalil M, Ismailia (2021)Egypt. Sustainability13. 
doi:https://doi.org/10.3390/su13031057

Abutaleb KAA, Mohammed AHE-S, Ahmed MHM (2018) Climate Change Impacts, Vulnerabilities and 
Adaption Measures for Egypt’s Nile Delta. Earth Syst Environ 2:183–192. https://doi.org/10.1007/
s41748-018-0047-9

Alhejji A, Kuriqi A, Jurasz J, Abo-Elyousr FK (2021) Energy Harvesting and Water saving in arid regions via 
solar PV accommodation in Irrigation Canals. Energies 14. https://doi.org/10.3390/en14092620

Bagheri-Gavkosh M, Hosseini SM, Ataie-Ashtiani B, Sohani Y, Ebrahimian H, Morovat F, Ashrafi S 
(2021) Land subsidence: a global challenge. Sci Total Environ 778:146193. https://doi.org/10.1016/j.
scitotenv.2021.146193

Becker RH, Sultan M (2009) Land subsidence in the Nile Delta: inferences from radar interferometry. The 
Holocene 19:949–954. https://doi.org/10.1177/0959683609336558

Borgia A, Cattaneo L, Marconi D, Delcroix C, Rossi EL, Clemente G, Amoroso CG, Lo Re F, Tozzato E 
(2011) Using a MODFLOW grid, generated with GMS, to solve a transport problem with TOUGH2 
in complex geological environments: the intertidal deposits of the Venetian lagoon. Comput Geosci 
37:783–790. https://doi.org/10.1016/j.cageo.2010.11.007

1 3

1838

http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.scitotenv.2019.03.483
http://dx.doi.org/10.1007/s10040-021-02344-w
http://dx.doi.org/10.1016/j.ejrh.2021.100900
http://dx.doi.org/10.1007/s13762-018-1851-3
http://dx.doi.org/10.1007/s13762-018-1851-3
http://dx.doi.org/10.3390/su13031057
http://dx.doi.org/10.1007/s41748-018-0047-9
http://dx.doi.org/10.1007/s41748-018-0047-9
http://dx.doi.org/10.3390/en14092620
http://dx.doi.org/10.1016/j.scitotenv.2021.146193
http://dx.doi.org/10.1016/j.scitotenv.2021.146193
http://dx.doi.org/10.1177/0959683609336558
http://dx.doi.org/10.1016/j.cageo.2010.11.007


Impact of Modern Irrigation Methods on Groundwater Storage and Land…

Chhabra R (2021) Environmental impact of reclamation of salt-affected Soils and Intensive Irrigated Agri-
culture. In: Chhabra R (ed) Salt-affected soils and marginal Waters: global perspectives and sustainable 
management. Springer International Publishing, Cham, pp 659–695

Ding Z, Koriem MA, Ibrahim SM, Antar AS, Ewis MA, He Z, Kheir AMS (2020) Seawater intrusion impacts 
on groundwater and soil quality in the northern part of the Nile Delta. Egypt Environ Earth Sci 79:313. 
https://doi.org/10.1007/s12665-020-09069-1

El-Quilish M, El-Ashquer M, Dawod G, Fiky GE (2023) Development of an Inundation Model for the 
Northern Coastal Zone of the Nile Delta Region, Egypt using high-resolution DEM. Arab J Sci Eng 
48:601–614. https://doi.org/10.1007/s13369-022-07013-y

El Shinawi A, Kuriqi A, Zelenakova M, Vranayova Z, Abd-Elaty I (2022) Land subsidence and environmen-
tal threats in coastal aquifers under sea level rise and over-pumping stress. J Hydrol 608:127607. https://
doi.org/10.1016/j.jhydrol.2022.127607

Elmesery (2020) Evolution of Irrigation System, Tools and Technologies. In: Omran E-SE, Negm AM (eds) 
Technological and Modern Irrigation Environment in Egypt: best management Practices & evaluation. 
Springer International Publishing, Cham, pp 59–73

Eltarabily MGA, Negm AM (2019) Groundwater Management for Sustainable Development Plans for the 
western Nile Delta. In: Negm AM (ed) Groundwater in the Nile Delta. Springer International Publish-
ing, Cham, pp 709–727

Fugate JM (2014) Measurements of land subsidence rates on the north-western portion of the Nile Delta 
using radar interferometry techniques. The University of Toledo

Gabr ME, Fattouh EM (2021) Assessment of irrigation management practices using FAO-CROPWAT 8, case 
studies: Tina Plain and East South El-Kantara, Sinai, Egypt. Ain Shams Engineering Journal 12:1623–
1636. https://doi.org/10.1016/j.asej.2020.09.017

Gado TA, El-Agha DE (2021) Climate Change Impacts on Water Balance in Egypt and Opportunities for 
Adaptations. In: Abu-hashim M, Khebour Allouche F, Negm A (eds) Agro-environmental sustainability 
in MENA regions. Springer International Publishing, Cham, pp 13–47

Harbaugh AW (2005) MODFLOW-2005, the US Geological Survey modular ground-water model: the 
ground-water flow process. US Department of the Interior, US Geological Survey Reston, VA, USA

Hegazy D, Abotalib AZ, El-Bastaweesy M, El-Said MA, Melegy A, Garamoon H (2020) Geo-environmen-
tal impacts of hydrogeological setting and anthropogenic activities on water quality in the Quater-
nary aquifer southeast of the Nile Delta, Egypt. J Afr Earth Sc 172:103947. https://doi.org/10.1016/j.
jafrearsci.2020.103947

Issaka Z, Li H, Yue J, Tang P, Darko RO (2018) Water-smart sprinkler irrigation, prerequisite to cli-
mate change adaptation: a review. Journal of Water and Climate Change 9:383–398. doi:https://doi.
org/10.2166/wcc.2018.017 Journal of Water and Climate Change

Langevin CD, Thorne DT Jr, Dausman AM, Sukop MC, Guo W (2008) SEAWAT version 4: a computer 
program for simulation of multi-species solute and heat transport. Geological Survey (US)

Maliva R (2021) Groundwater related impacts of Climate Change on infrastructure. In: Maliva R (ed) Climate 
Change and Groundwater: planning and adaptations for a changing and Uncertain Future: WSP Meth-
ods in Water Resources evaluation Series No 6. Springer International Publishing, Cham, pp 177–195

Mohamed A (2020) Gravity applications to groundwater storage variations of the Nile Delta Aquifer. J Appl 
Geophys 182:104177. https://doi.org/10.1016/j.jappgeo.2020.104177

Terzaghi K, Peck RB, Mesri GJNYJW (1996) Sons Soil mechanics

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

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a 
publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manu-
script version of this article is solely governed by the terms of such publishing agreement and applicable law.

 Authors and Affiliations

Ismail Abd-Elaty1 · Ismail Fathy1 · Alban Kuriqi2,3 · Am Pris John4 · Salvatore Straface4 · 
Elsayed M. Ramadan1

	
 Alban Kuriqi

1 3

1839

http://dx.doi.org/10.1007/s12665-020-09069-1
http://dx.doi.org/10.1007/s13369-022-07013-y
http://dx.doi.org/10.1016/j.jhydrol.2022.127607
http://dx.doi.org/10.1016/j.jhydrol.2022.127607
http://dx.doi.org/10.1016/j.asej.2020.09.017
http://dx.doi.org/10.1016/j.jafrearsci.2020.103947
http://dx.doi.org/10.1016/j.jafrearsci.2020.103947
http://dx.doi.org/10.2166/wcc.2018.017
http://dx.doi.org/10.2166/wcc.2018.017
http://dx.doi.org/10.1016/j.jappgeo.2020.104177


I. Abd-Elaty et al.

alban.kuriqi@tecnico.ulisboa.pt

Ismail Abd-Elaty
Eng_abdelaty2006@yahoo.com

Ismail Fathy
ismailfathy1982@gmail.com

Am Pris John
amprisjohn.23@gmail.com

Salvatore Straface
salvatore.straface@unical.it

Elsayed M. Ramadan
S_mukh2006@yahoo.com

1	 Department of Water and Water Structures Engineering, Faculty of Engineering, Zagazig 
University, 44519 Zagazig, Egypt

2	 Instituto Superior Técnico, CERIS, Universidade de Lisboa, Av. RoviscoPais 1,  
1049-001 Lisbon, Portugal

3	 Civil Engineering Department, University For Business And Technology, 10000 Pristina, 
Kosovo

4	 Department of Environmental Engineering, University of Calabria, Ponte P. Bucci,  
87036 Rende, Italy

1 3

1840


	﻿Impact of Modern Irrigation Methods on Groundwater Storage and Land Subsidence in High-water Stress Regions
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and Methods
	﻿2.1﻿ ﻿Study Site
	﻿2.2﻿ ﻿Geological Properties
	﻿2.3﻿ ﻿Hydrological and Hydraulic Characteristics
	﻿2.4﻿ ﻿Numerical Simulation
	﻿2.4.1﻿ ﻿Geometry and Digitalization
	﻿2.4.2﻿ ﻿Hydrological Conditions
	﻿2.4.3﻿ ﻿Hydraulic Parameters
	﻿2.4.4﻿ ﻿Analytical Solution for Land Subsidence


	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Model Calibration
	﻿3.2﻿ ﻿Effect of Modern Irrigation System on Groundwater Drawdown (Scenario A)
	﻿3.3﻿ ﻿Effect of Modern Irrigation System on land Subsidence (Scenario B)

	﻿4﻿ ﻿Discussion
	﻿5﻿ ﻿Conclusion
	﻿References


