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Abstract

The main goal of this research is to develop a 3D groundwater (GW) model using MODFLOW software to
assess the potential effect of increasing pumping discharges on GW level in the Nile Delta Aquifer (NDA). In
this study, the current state of the irrigation canals and GW recharge are considered in the GW model. The
simulated GW level was compared with the observed GW level for model validation. Three vertical cross
sections in western central and eastern areas of the ND are selected to check the impacts of GW pumping on
variations of GW level. Ten scenarios of increasing the abstraction rates in all areas of the ND are tested. The
results confirmed that increasing the pumping discharges has a substantial effect on decreasing the GW level in
central and southern areas of the NDA. In addition, the tenth scenario is considered the last case where the
drawdown of GW level reached 1.32, 1.59, and 2.41m in the southern boundaries. The findings of the study
should be considered when studying the management of GW resources and the impacts of climate change on the
ND.
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1. Introduction

Many countries around the world are reliant on groundwater (GW) for various water needs. Egypt is among the
nations that depend mainly on GW to meet water demands. The quality of GW sources has continuously been
deteriorating and this has threatened its uses [1]. The Nile River is a major contributor to the surface water of the
Nile delta (ND), contributing nearly 35.5 km3/year. It also recharges the NDA by canals leakages and excess
irrigation water to the aquifer, thereby serving as a major source of recharge [2]-[4]. The extent of GW inflow
from the excess irrigation water of the Nile River varies from 0.25 - 1.1 mm per day [5] while the contribution
from agricultural recharge stands at 0.8 - 1.1 mm per day for old area lands and 1.9 - 2.1 mm per day for the
reclaimed lands [6]. VVarious authorities have explored the rates of GW recharge in the ND aquifer using various
water balance methods; the outcomes showed that the rate varies from 5 — 10 % of the input water volume of
around 2 - 4 km¥/ year [7]. The study by Armanuos et al. [8] focused on the use of the WetSpass hydrological
model to determine the rates of GW recharge from the rainfall in the ND aquifer over a period of 6 years. The
validation of the ND model parameters has normally been based on crop classification. The average rate of GW
recharge in the ND aquifer between 2000 and 2010 varied from 0.0 - 134 mm in each winter season. The
possible effect of the Grand Ethiopian Renaissance Dam (GERD) on the ND aquifer has been investigated by
Armanuos et al. [9] using the MODFLOW code; the study also studied the abstraction scenarios on the level of
GW. The study implemented a three-dimensional GW model while considering the whole irrigation canals in
the ND region. Model testing was done in 3 different scenarios: (i) decreasing depths of the water canal, (ii)
increasing rate of abstraction from the ND aquifer, and (iii) combination of the two scenarios. The results
observed a higher impact on GW level when increasing the abstraction from the aquifer compared to the
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reduction of the depths of the water canals due to the decline in the volume of water entering and leaving the
GW in the ND aquifer caused by the presence of the upper clay layer. The last scenario was the most pessimistic
as evidenced by the increase in the average drawdown value in the western (1.26 m), middle (1.7 m) & eastern
(1.35 m) regions of the ND. Kashef [3] noted that the water supply to the industrial sector from the ND aquifer
system is about 1.6 x 10° m3/year. Egypt's irrigation ministry observed that the total abstraction volume due to
irrigation stands at 0.82 km3/hr while the overall water supply for irrigation to the industrial sector stands at 2.42
kmd/hr. The total yearly GW extraction in the ND system for domestic and irrigation purposes reached 2.123 x
10° m¥/year in 1993 [10] while the cumulative volume of abstraction in 1992 was around 1.92 x 10° m3/year as
per the extraction well database. The highest number of extraction wells (3391) is in the El Gharbia
governorate, while Sharkia & Menoufia governorates have 1953 & 1719 extraction wells, respectively [11].
RIGW also conducted an inventory of the ND abstraction well for the following years 1995, 1997, & 2002.
Hence, data sheets were uploaded for the computation of the quantity of abstraction in 2008. The overall
abstraction rate from the ND was 3.03 x 10° m® per year in 1992, and 4.90 x 10° m3/year in 2008 [12]. The study
by Serag El Din [13] reported an upward GW flow of around 3 x 10° m3year towards the upper clay layer due to
saltwater intrusion; the study also reported the rate of GW recharge in the ND to be almost three times the
upward loss volume. An increase in the annual total extraction volume from the aquifer was also observed,
rising from 1.6 x 10° m®in 1981 to 2.6 x 10° m® in 1991; there was also a marginal increase to 3.2 x 10° m®in
1997 and 3.5x10° m? in 2003. Increase in total extraction volume was also noted between 2003 and 2010,
reaching 4.5 x 10° m3/year which is an increase of 0.2 x 10° m*/year [14].

Being that the available GW in the NDA and its desert borders is recharged from the Nile River (coming
from canal leakages and percolation from irrigation systems), it is not considered a GW source on itself [15].
The ND and its fringes have an overall pumping volume of around 4.6 x 10° m?; however, the desert aquifers
and the coastal zones contribute only about 0.5x10° m3 of this volume. The overall GW withdrawal from the ND
per year is predicted to reach 11.4 x 10° m3 in 2015 because of the perceived significance of GW in national the
proper management of GW resources. This work is aimed at MODFLOW software-based assessment of the
possible impacts of the increasing pumping scenarios on the levels of GW in the ND aquifer; this will aid in the
creation of a 3D model of the ND aquifer.

2. Study area description

The ND is a 25,000-square-kilometer area in northern Egypt (MWRI 2013). The ND is bordered on the north by
the Mediterranean Sea and on the south by the Nile River, in the east, the Suez and Ismailia canals, and in the west,
the EI Nobaria canal, (MWRI 2013). The Nile River is separated into nine major canals in the ND district. It has
two primary branches: Rosetta and Damietta. The Rosetta branch is situated on the west side and is approximately
239 kilometers long, while the Damietta branch is situated throughout the east side and is approximately 245
kilometers long [3]. The NDA's GW system is a complicated one. The Quaternary aquifer of the ND is a
semi-confined, with a clay layer covering it at the surface [16], [17].

The aquifer thickness starts at 200 meters in the south and rises to 1000 meters in the north [11]. The top layer
of clay serves as an aquitard throughout the south and has a thickness of 5 to 25 meters, whereas in the north it has
a thickness of more than 50 meters and serves as an aquiclude (Said 1962). In the winters of the year of 2000 and
the year of 2010, GW recharge in the NDA varied from 0.0 to 134 mm in Cairo and Alexandria, consequentially
[8]. Percolation to the ND Quaternary aquifer averages 0.8 mm per day1 [18]. The NDA's hydraulic conductivity
rises in the south and west directions. The aquifer medium is known to have an effective porosity of 0.3. RIGW
recorded the storage coefficient and transmissivity values to be 2.510-3 and 5,000 m/day, accordingly [19]. In the
NDA, the depth extended from the land surface to the GW level rises from north to south. It ranges between 1 and
2 meters in the northern part, rises to 3 to 4 meters in the middle part, and reaches its peak of 5 meters in the
southern part [20].

3. Methodology

To derive the governing equations of GW flow, the water balance and Darcy's law were mathematically
combined and used [21]. The creation of the 3D model of the NDA was done using a grid structure of 292
vertical columns & 190 horizontal rows; the dimension of the cells was 1.0 km x 1.0 km while the depths along
the Mediterranean Sea's shore ranged from 1,000 m in the north to 200 m near to Cairo city in the south (see
Figure 1). There are 7 layers of the constructed model; Layer 1 represents the upper clay layer and Layers 2-7
represent the quaternary layer of the ND. The three various vertical cross sections namely (1-1, 2-2, and 3-3) of
the ND model are shown in Figures 2a-c.

The hydraulic gradient of GW flows beginning the south (Cairo city) towards the north (Mediterranean
Sea) in the ND aquifer is 11.0 cm/km in the south and 7.0 cm/km in the north. The literature specified
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a constant head of 16.96 above msl for the southern boundary of the ND model [12], [22]. A zero value was
also specified for the upper boundary condition along the Mediterranean Sea's shore in the north. The eastern
boundary is left free in the area that hosts the Suez Canal. The Ismailia canal bounds with the model in the
southeast; the water level in the south begins at 16.17 amsl and ends in the east 7.01 amsl.

The ND model is constrained in the southwest by the EI Rayah El Behery and EI Nubaria canals, with
water levels ranging from 16.00 m amsl in the south boundary to 0.50 m amsl in the north boundary. Mariot,
Idku, Burullus, and Manzala, the ND's four main lakes, were allocated to the NDA model as a constant head
since they are mainly linked with the Mediterranean Sea.

The MODFLOW model describes the groundwater flow in anisotropic and honhomogeneous and medium
according to the following equation:

d dh d dh d dh dh Q)
dx (K’”‘ dx) * dy (KW dy) % (KZZ dz) =S
where Ky, Kyy, Kz are values of hydraulic conductivity in x, y and z directions (LT™); h is the piezometric head
(L); W is a volumetric flux per unit volume of aquifer representing sources and/or sinks of water (T); S; is the
specific storage (L) and t is time (T).

The MODFLOW river package was implemented to specify the input properties of the Damietta and Ros
etta branches, as well as the Rayahs and the model's main canals. The main drains of the ND were modeled
using MODFLOW's drain package. The model was built using the bank level and top canal width of irrigation
canal systems estimated by Armanuos et al. [8]. Figure 1 depicts the canal distribution that will be used to build
the model. Excess irrigation water recharge is determined by the soil media, irrigation schemes, and drainage
system apportioned to the ND model according to Morsy's recorded values (2009) [12]. The annual abstraction
rate per each governorate in the ND area has been assigned to the model in the year of 2008. Whereas, in 2008,
the overall volume of abstraction from the ND's total area was about 2.78 Mm?®/year [12]. The model was run
several times during the calibration phase to reduce the difference between the observed hydraulic head by
RIGW in the year of 2008 and the simulated head.

The ND GW model has been run for ten different pumping rates scenarios, by increasing the pumping
discharges rates by 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100%. The simulated GW level maps for the
abstraction rate scenarios have been compared with the current case in the year 2008. The GW level in three
cross sections located in western, central, and eastern parts has been introduced. The corresponding drawdown
in GW level was calculated considering the GW level in the year 2008 is the base scenario.

grasennens

Boundary of the study area

Canals

Point A PointB Point C
Figure 1. NDA model geometry and discretization.
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Figure 2. Vertical Cross sections in the NDA Model: 1-1, 2-2 and 3-3.

4. Results and discussion

For various values of horizontal K of the top clay layer, the RMSE between the observed and predicted GW
head remained constant with no change. The proportion of vertical to horizontal Ky is equivalent to 10%. The
calibrated range of the first layer's vertical Ky range from 0.01 to 0.025 m/day. The calibrated horizontal Ky of
the quaternary layer and it varies from 50 to 240 m/day. The measured and simulated GW levels are presented in
Figures 3a and b. Figure 4a shows the comparison of measured and modeled GW levels for 60 records collected
by RIGW in 2008 from various observation wells for model calibration. The correlation factor R? and the root
mean square error (RMSE) in between the measured and simulated GW level, reached 0.9763 and 0.60 m,
accordingly. The comparison of measured and simulated GW levels for the other 60 well records selected for
model validation is shown in Figure 4b. The RMSE is 0.60 m, and the correlation coefficient R? between the
simulated and measured head is 0.9771. Figures 5a to 5e present the GW level distribution in the ND for
increasing the abstraction rate by 10, 20, 30, 40, and 50% respectively. While Figures 6a to 6e compare the GW
level for increasing the pumping discharges by 60, 70, 80, 90, and 100% consequentially. Increasing the
pumping discharges cause the GW level to decrease in all areas of the ND region. The GW level for the base
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case, in the year 2008, ranges from zero to 16.99 m amsl near the south boundary. Increasing the pumping
discharges by 10, 20, 30, 40, and 50% leads the GW level to move southward. The contour lines 1.0, 2.0, and 3.0
m for GW level moved from the northern area to central area of the ND. As presented in figure 6, the contour
lines 1.0, 2.0, and 3.0 m moves more to southward as increasing the pumping discharges by percentages 60, 70,
80, 90, and 100%. The three contour lines reach the south end of the model in western and eastern areas. In
addition, the other contour lines 4.0 to 16.99 m moves, the spaces between the contour lines decreases more and
becomes close. The last scenario is considered the worst case where the pumping discharges is doubles, the
drawdown increases more in western, central, and eastern areas.

Figures 7a to 7c shows the GW level in three vertical cross sections for ten different pumping scenarios in
western, central, and eastern parts respectively. The length of cross sections from the shoreline to the south
boundary equals 47, 163, and 102m for cross sections in western, central and eastern parts respectively.
According to cross section 1, the GW level in eastern parts ranges from zero at the shoreline to 2.4m amsl in the
south boundary. Increasing the bumping discharges to 20, 40, 60, 80, and 100% leads the GW level to decline
and reach 2.29, 1.98, 1.73, 1.46, and 1.196m respectively. In the central parts, as shown in cross section 2,
increasing the bumping discharges to 20, 40, 60, 80, and 100% leads the GW level to decline and reach 14.76,
14.45, 14.11, 13.75, and 13.39m respectively compared with 14.98 m for the base case. In the eastern parts, as
shown in figure 7c, for cross section no.3, increasing the bumping discharges to 20, 40, 60, 80, and 100% leads
the GW level in the south boundary to decline and reach 2.46, 1.96, 1.48, 0.95, and 0.48 m respectively
compared with 2.89 for the base case. Figures 8a to 8c shows the drawdown in GW level in three vertical cross
sections, in the NDA, for ten different pumping scenarios in western, central, and eastern parts respectively.
According to cross section 1, increasing the bumping discharges to 20, 40, 60, 80, and 100% leads the
drawdown in GW level to increase and reach 0.138, 0.439, 0.697, 0.968, 1.232 m respectively. In the central
parts, as shown in cross section 2, increasing the bumping discharges to 20, 40, 60, 80, and 100% leads the GW
level to decline more and the drawdown reach 0.22, 0.53, 0.87, 1.23, and 1.59 m respectively. In the eastern
parts, as shown in figure 6c¢, for cross section no.3, increasing the bumping discharges to 20, 40, 60, 80, and
100% leads the drawdown to increase in the south boundary and reach 0.43, 0.93, 1.41, 1.94, and 2.41 m
respectively. The last scenario is considered the worst scenario as the drawdown in GW level reached 1.23,
1.59, and 2.41m in western, central, and eastern areas of the ND region, consequentially.

MEDITERRANEAN SE
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Figure 3. GW Head in the NDA 2008, (a) Observed GW level and (b) Simulated GW level [12].
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Figure 5. GW level distributions in the NDA for increasing pumping discharges by for a. 10%, and b. 20%,
c. 30%, d. 40%, and e.50.
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Figure 6. GW level distributions in the NDA for increasing pumping discharges by for a. 60%, and b: 70%,

C.

80%, d. 90%, and €.100%.

3
— B - Base Scenario — & — Scenario No.1
— A - Scenario No.2 — @ - Scenario No.3
2.5 - — ¥ = Scenario No.4 - + = Scenario No.5 _
— B - Scenario No.6 — © - Scenario No.7 ==
— A - Scenario No.8 — © — Scenario No.9 A
2 1 — ¥ — Scenario No.10 - J’ ,”, -
) R AL v
= 2% LT -5--
E 1.5 4 - - f’ - .~ - -
" - - - - - - - -
i P 200 0 O e
- = - - - - ~ -
]_ o - - ; - '-" - - - -
=) - - = -
= - - - -
gg‘% ZZ¥-< -
05 - Y Bt SRR
JEtEEC (@
0 —pa =% : . , . . , . .
5 2
0 10 Distance from s?mrelin%o(km) 33 40 45 ¥
16
- B - Base Scenario — & — Scenario No.1 -
14 4 — A — Scenario No.2 — @ — Scenario No.3
— ¥ — Scenario No.4 — 4+ — Scenario No.5 P
12 — B - Scenario No.6 — © - Scenario No.7 Z
- = A = Scenario No.8 — © - Scenario No.9 P U
= ¥ = Scenario No.10 x4
~10 1 2 X
g x X
— v 7,
= 8 - Y YA 4
b5 ). X/
& 7 %
o 6 1 /’, ’,9 x4
A
7
4 1 = % 2 ’
=B zZX-8~
= =id -8 -
"] IIQ% il ®)
0 ._..-..L.._',.‘
0 10 20 30 40 50 70 _ 80 00 110 120 130 140 150 160 163
D?sotan(‘e from s[?grel}ne (llm%

Page 8 of 11




KBES 2021, 2, 2

Head (m)

—

(8]

-~ B - Base Scenario
- A - Scenario No.2
— ¥ = Scenario No.4
— B - Scenario No.6
= A = Scenario No.8
— ¥ = Scenario No.10

20 30

— & - Scenario No.1
- @ - Scenario No.3
— 4+ — Scenario No.5
— © = Scenario No.7
— © - Scenario No.9

40 50 60 0
Distance from shoreline (Zun)

Figure 7. GW level in the NDA for different pumping scenarios for three vertical cross sections: a. 1-1

(western), and b: 2-2 (central), and c.3-3 (Eastern).

1.4
— & — Scenario No.l — & — Scenario No.2 (@)
124 - @ - Scenario No.3 — ¥ — Scenario No.4 X-="
= + = Scenario No.5 = B = Scenario No.6 - _
| | —@-ScenarioNo.7 - A - Scenario No.8 - X’ PR
g - © - ScenarioNo.9 = ¥ = Scenario No.10 X @7 pA--
= T .07 _A-T -
go'g- ’f"g”i&" __o...--'O"'
=] x _- - - g--
%06 RSP S I A - —h
£ RIS SO G - S
R ‘. ’-‘-’O-‘;-__E"--'-__.."'i' K==
04 1 e AT T
LA T - kT _ e -0
0.2 4 2ZB - %-- "X _eo--"®_"_ --A
.2 ‘é._.:_:f ::i:'-:*“‘i"-"’ - -
: kT SR e PSR
5 5 2 25 35 5 7
0 10 Distance from shnre[ingo(km} 40 4 4
4.5
— & — Scenario No.1 — A — Scenario No.2 (b)
4 1 - @ - Scenario No.3 — ¥ — Scenario No.4
35 4 — *+ = Scenario No.5 = B = Scenario No.6
o = © = Scenario No.7 - A—Scenan'oNo,EIE)(
=34 - © = Scenario No.9 = ¥ = Scenario s\I(oe %’
= -
- P -
225 1 NI A
-8 2 IJG,‘KI -
E = )(f <& .8
815 A 4
E"l-‘:-*_,x-*‘-% "'q.,
1 x -®
- -0 A
0.5 e 'Jf :lr -A-
0 4" 7-0-9-9
2 5 7 2 5
0 10 20 30 40 50 D?s(.}taucg Ir§2: 5]?9:‘9&1(1)2 (Hl% 120 130 140 150 160 163

Page 9 of 11




KBES 2021, 2, 2

— & — Scenario No.1

— A — Scenario No.2

\ s = @ = Scenario No.3 = X = Scenario No.4 ©
= = =+ = Scenario No.5 = B = Scenario No.6 K= ==
= © = Scenario No.7 = A = Scenario No.8 ¥~ ’-G' -
=21 - © = Scenario No.9 = ¥ = Scenario No.10 ,’p— = -
— p ,,A' - K
g AP T
él-ﬂ' T 4 .-9
z X - B- - -
E ’, ? - - - __.'.. -
/1 4 ?Q’ ,B; _ -
228 -3 x>
0.5 - "’I .4_, ':i—’..--.".-

T

0._._._..'1.‘%

0 10 20 30

70 80 90

q
Dispauce fl‘gm sht?&liue (km)

Figure 8. Drawdown in GW level in the NDA for different pumping scenarios for three vertical cross
sections: a. 1-1 (western), and b: 2-2 (central), and c.3-3 (Eastern).

5. Conclusions

The current study introduces simulating the impact of increasing the abstraction rate on the GW level in the
NDA. MODFLOW software has been used to build their dimensional model of the NDA. Aquifer parameters
have been adjusted according to literature review and data from RIGW. The simulated GW level has been
compared with observed GW level for model calibration and validation. Ten scenarios of increasing the
pumping discharges from GW wells have been checked. The results confirmed that increasing the abstraction
rates cause decrease in GW level in the NDA. The drawdown of GW level increased with increasing the
abstraction rates. In addition, the last scenario by doubled the abstraction rate, is considered the worst scenario
compared with the other scenarios. The drawdown in GW level reached 1.32, 1.59, and 2.41m in the southern
boundaries. The results of this study can be implemented by decision makers for management of GW resources
in the NDA.
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