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a  b  s  t  r  a  c  t

We explored  the  variability  of the Egyptian  shelf  zone  circulation  connected  to  atmospheric
forcing  by  means  of a numerical  simulation  of the  general  circulation.  A  high  resolution
model  grid  was  used  at  1/60◦ horizontal  resolution  and  25  sigma  layers.  The  simulation
was  carried  out  using  the most  recent  version  of the  Princeton  Ocean  Model  (POM).  The
initialised  model  was  run the  whole  year  of 2006  using  the analysis  forcing  data  for  the  same
year obtained  from  ECMWF  and  MFS  (Mediterranean  Forecasting  System,  Pinardi  et al.,
2003). The  model  skills  were  evaluated  by  means  of  the root  mean  square  error  (RMSE)  and
correlations.  The  Egyptian  Shelf  Model  (EGYSHM)  simulation  suggests  the  presence  of  an
Egyptian  Shelf  Slope  Current  (ESSC),  which  is  flowing  eastward  at  different  depths  in  the
domain.  We  found  that the  maximum  velocity  of  the  ESSC  [0.25  m/s]  is  located  near  the
continental  slope  during  the  summer  time,  while  in  winter  the  velocity  of  ESSC  is  weaker
[0.12  m/s]  in  the same  location.  The  ESSC  appears  to be directly  affected  by  Mersa-Matruh
gyre  system.  EGYSHM  reproduced  the  main  region  circulation  patterns,  especially  after
adding  the  Nile  River  outflow.  We  found  that  wind  stress  is crucial  to  force the  circulation
of  the  Egyptian  shelf  zone.  EGYSHM  SST  was significantly  correlated  to  satellite  SST  in
all months  at a 95%  confidence  limit,  with  a maximum  of  0.9743  which  was  obtained  in
May  2006.  The  RMSE  between  EGYSHM  and  Argo  floats  salinity  data  was  about  0.09.  We
compared our  results  with  satellite  altimetry  to verify  the  positions  and  shapes  of mesoscale
features.

© 2017  Elsevier  B.V.  All  rights  reserved.

. Introduction

The Egyptian shelf zone is one of the widest continental shelves in the Levantine Basin, and was built by the accumulation
f sediments from the Nile River (Frihy et al., 2003; Pinardi et al., 2005). The Egyptian zone extends from 30.75◦ to 33.25◦ N

◦ ◦
nd from 25.5 to 35.5 E. In this area, the shelf is limited by a 200 m bathymetric line. However, the maximum depth of the
tudied zone is about 3000 m in front of the town of Mersa-Matruh, in the western part of the Egyptian coast (Fig. 1).

The coastal area of the shelf is characterised by the fresh water source of the Nile River delta mouths. The Nile has two
ain branches, Rosetta in the west and Damietta in the east (Fig. 1). Before the High Dam was  built in 1964, the annual
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Fig. 1. The Egyptian Shelf Zone domain and bathymetry with the main Egyptian geographical sites.

discharge from both the Rosetta and Damietta was approximately 3500 m3 s−1. The following year, the annual discharge of
the two branches was reduced to 1500 m3 s−1 (Halim, 1960; Halim et al., 1967; Vörösmarty et al., 1999; Nixon, 2003). This
volume discharge then became even less according to Hamza et al. (2003) and Ludwig et al. (2009) reported that the flow
rate now reached about 1/3 of the previously mentioned discharge rate which was 1500 m3 s−1.

The geostrophic currents with 400 m as a reference level in the south-eastern sector of the Mediterranean Sea were
studied by Sharaf El-Din and Karam (1976) in the winter season in front of the Nile delta. The Nile low salinity plume current
magnitudes were approximately 50 cm s−1 before building the High Dam in 1964. The other currents of the area were
generally parallel to the coast and between 12 cm/s and 20 cm/s. After the High Dam was  built in 1965 currents exceeded
30 cm/s. According to El-Gindy and Sharaf El-Din (1985) the deep water mass characteristics (temperature, salinity and
density) off the Egyptian shelf are a mixture of Adriatic deep waters, transitional Levantine Intermediate Waters (LIW, Hecht
et al., 1988) and Cretan waters (Theocharis et al., 1993). The spatial distribution of the deep-water characteristics indicated
a cyclonic gyre in deep areas of the Levantine basin.

The horizontal circulation patterns of the Eastern Mediterranean Sea were calculated by Said (1990), during the winter
and the summer seasons. The geostrophic current was calculated using 1000 m as a reference level. Said (1990) found that
the geostrophic current velocities varied between 5 and 30 cm/s off the Libyan coasts, 15–25 cm/s near the Egyptian coasts
and 35–40 cm/s in the eastern part of the Levantine Sea. The POEM program (Robinson et al., 1992) detected for the first
time from hydrographic data a large anticyclone structure on the western side of the Egyptian shelf, so-called Mersa-Matruh
anticyclonic gyre, partly distorting the eastward currents along the shore. A few years earlier, the deep area of the Eastern
Levantine basin had also been found to be dominated by mesoscales (Robinson et al., 1991) and anticyclonic gyres of a
recurrent nature (Hecht et al., 1988).

In the Egyptian shelf waters, two main water masses dominate. The Modified Atlantic Water (MAW), which characteristics
are seasonally variable due to air sea interactions (El-Gindy, 1984) with a range for temperatures equal to 14–19 ◦C and
salinities equal to 37.7–38.4 PSU (POEM Group, 1992; Malanotte-Rizzoli et al., 1997; Nittis and Lascaratos, 1998). The MAW
is generally found between 30–80 m depth. Below this layer the salinity increases with depth to a maximum at the core of
Levantine Intermediate Water (LIW) at about 150–400 m depth. Sharaf El-Din and El-Gindy (1986) studied the proportion
of the water types contributing to LIW and concluded that they were formed by Atlantic water from the Sicilian straits,
deep waters from the Adriatic Sea and the Levantine intermediate water type formed in winter. The LIW overall ranges
for temperature, salinity and �� according to POEM Group (1992) are 14–15 ◦C, 38.8–38.9 PSU and 29.00–29.17 kg m−3

respectively. The region below 500 m is occupied by deep waters of the Eastern Mediterranean which is nearly homogenous.
The range of temperatures, salinities and �� are 13–13.7 ◦C, 38.6–38.7 PSU and 29.17–29.19 kg m−3 respectively (El-Gindy,
1984; Malanotte-Rizzoli et al., 1997).

Said and Rajkovic (1996) studied the water circulation with a 22 km resolution model along the Egyptian coasts. They
found that the Mersa-Matruh anticyclone gyre exhibited a strong winter-to-summer variability, moving from anticyclonic
to cyclonic. Said and Rajkovic (1996) discovered an anticyclonic gyre in the southeastern part of the Levantine Sea. They
called this pattern the “El-Arish gyre”, which was present during spring and autumn, while it disappeared during summer. In
order to study the water circulation and the hydrographic structure of the southeastern Levantine, Alam El-Din et al. (2000)
applied a numerical model with a resolution of approximately 12 km.  The model showed that the eastward flow parallel to
the coast was the main feature of the general circulation along the Egyptian coast.

Since 1999 the Mediterranean Forecasting System (MFS) has been producing daily forecasts and analyses for the entire
Mediterranean Sea (Pinardi et al., 2003; Pinardi and Coppini, 2010). Furthermore MFS  produces re-analyses for the entire

Mediterranean Sea (Adani et al., 2011) that offer the opportunity to study the climatological circulation of the basin. Pinardi
et al. (2015) described the south-eastern Levantine surface circulation as dominated by the Southern Levantine Current (SLC)
which shows a decadal variability associated with the Northern Ionian reversal phenomenon.
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Korres and Lascaratos (2003) implemented a one-way nested eddy-resolving model of the Aegean and Levantine basins
ALERMO). Implementation started with resolution of 1/20◦ × 1/20◦ and was  recently upgraded to 1/50◦ × 1/50◦. The authors
howed that the ALERMO model nested to the MFS  could successfully reproduce the coarse model solution and at the same
ime modify this solution adding finer resolution structures. Sofianos et al. (2006) found that the differences in the domain

ean kinetic energy between the “slave” and the “active” ALERMO model simulations were significant in both September
004 and January 2005 experiments, with the “active” experiments being much more energetic.

Zodiatis et al. (2001, 2006) used a numerical model to study the circulation of the north-eastern part of the Levantine
asin. They used the Cyprus Coastal Model (CYCOM) nested with the Aegean-Levantine Regional Model (ALERMO). The
esults showed that the Mid-Mediterranean jet separated into two  branches – one going southwest of Cyprus and the other
astwards. The southwest jet created the eastern extension of the Rhodes cyclonic gyre located to the west of Cyprus and
he eastward current flows up to the Lattakia basin, joining the Asia Minor Current.

Ibrahim (2003) used a numerical model with a resolution of approximately 3.5 km with 14 vertical sigma layers. Again,
he Egyptian shelf circulation was found to be dominated by the westerly flow along the coast. In the western region of
he shelf, the Mersa Matruh anticyclone gyre was present, occupying the area between 27◦E to 28◦E longitudes. A cyclonic
yre between 28◦E and 30◦E longitudes was also found and the El-Arish anticyclone gyre appeared at the eastern side of the
gyptian shelf together with a weak anti-cyclonic gyre in front of the Nile Delta.

Brenner et al. (2006) assessed one-year high-resolution operational forecasts for the southeastern Mediterranean shelf
egion. Both the MFS  and the southeastern Mediterranean shelf model underestimated the high salinity of the Levantine
urface Water (LSW), which is presumably linked to the crude specification of the surface freshwater flux in both models
t that time (i.e., a relaxation to surface salinity climatology). They also noted that the strong drop in surface salinity in the
limatological curve was  associated with the freshwater input from the Nile flood, which reached its annual maximum in
eptember during the pre-Aswan High Dam period, prior to 1965. They found that most of the errors in their model results
ere due to the initial conditions.

This study explores, for what we believe is the first time, the variability of the Egyptian shelf zone circulation connected
o a specific year, 2006, and by means of a high resolution numerical model. This is the basic calibration/validation study
n order to start operational forecasting in the Egyptian shelf zone. We  show the implementation of an Egyptian shelf zone
EGYSHM) model with a horizontal resolution of 1/60◦ × 1/60◦ and 25 vertical sigma levels. The basin scale MFS  model is at
/16◦ × 1/16◦ resolution and is described in Tonani et al. (2008) giving daily average lateral boundary conditions to EGYSHM.
onthly climatological Nile River discharges were obtained from Vörösmarty et al. (1999). The model is also provided with

urface water flux boundary conditions. EGYSHM was  used in the “active” mode, where it was  initialized only once from
FS. The model is compared with satellite SST data, Argo temperature and salinity profiles in March 2006 and satellite sea

evel anomalies.
Section 2 describes the model implementation, and the nesting procedures. Section 3 reports the simulation results

uring 2006. Section 4 presents validation results and Section 5 provides the discussion and conclusions.

. Model design and implementation

The numerical simulations were carried out using the latest version of Princeton Ocean Model (POM, Blumberg and
ellor, 1987), which is a 3D finite difference, free surface numerical model, utilizing the Boussinesq and the hydrostatic

pproximations with a time split mode algorithm for the internal and external modes. All the equations are written in
ectangular coordinates and contain spatially and temporally varying horizontal eddy viscosity and diffusion coefficients.
he model solves the following equations for the ocean velocity (�u) = (u, v, w),  potential temperature (T) and salinity (S):

�∇.�u = 0 (1)

∂(u,v)
∂t

+ �u.∇(u,v) + f(−v,u) = − 1
�0

(
∂p
∂x

,
∂p
∂y

)
+ ∇h. [AM∇(u,v)]

+ ∂
∂z

[
KM

∂(u,v)
∂z

] (2)

∂p
∂z

= −� (x,y,z,t) g (3)

∂T
∂t

+ �u · ∇T = ∇h · (AM∇hT) + ∂
∂z

(KH
∂T
∂z

) + 1
�0Cp

∂I
∂z

(4)

∂S
∂t

+ �u ·  ∇S = ∇h · (AM∇hS) + ∂
∂z

(KH
∂S
∂z

) (5)
here � is the sea water density in (kg m−3) calculated by an adapted UNESCO equation of state devised by Mellor (1991). The
ddy horizontal viscosity AM coefficient (m2 s−1) is provided by the Smagorinsky (1993) parameterization implemented in
OM following Mellor and Blumberg (1985). The vertical mixing coefficients for momentum (KM) and tracers (KH) in (m2 s−1)
re calculated using the Mellor and Yamada (1982) turbulence closure scheme. The last term in Eq. (4) is the parameterization
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Table 1
The Nile Delta climatological monthly averaged discharge for a 12-year period (1975–1986) in m3/s according to Vörösmarty et al. (1999) and Nixon (2003).

Month Total Nile Delta discharge in m3/s

January 1239.4
February 1034.4
March 1126.1
April 1111.1
May 1170.3
June 1540.2
July 1740.8
August 1556.1
September 1190.3
October 1103.9

November 1076.2
December 1154.8

of the heat penetration in the water column as indicated by Pinardi et al. (2003) and where �o is the reference density in
(kg m−3), and Cp is the specific heat for the sea water. The approximation for the penetrative short wave radiation is provided
by Jerlov (1976) according to:

I(z) = QSTr [Re�1z + (1 − R)e�2z] (6)

where QS is the incident short wave radiation flux (W/m2) at the surface, Tr and � are the Jerlov (1976) transmission and
absorption coefficients corresponding to open ocean water and they were taken as 0.62 m−1 and 0.6 m−1, respectively.

2.1. The Bathymetry and the Nile delta parameterization

The Egyptian Shelf Bathymetry was extracted from the U.S. Navy unclassified bathymetric database (DBDB1), which has
a horizontal resolution of one minute (1/60◦ × 1/60◦). The model minimum depth was  set at 2 m up to the coastline. In order
to reduce the pressure gradient errors, we smoothed the model bathymetry according to the Beckman and Haidvogel “rx0“
factor (Haney, 1991; Mellor et al., 1997). This factor is given by:

rx0 = |h(e) − h(e′)|/h(e) + h(e′) (7)

where h(e) and h(e′) are the depths of two adjacent cells in meters, and rx0 is a dimensionless ratio which should not go
above 0.2.

We also smoothed the bathymetry by using the Laplacian filter. The model domain with the interpolated bathymetry is
shown in Fig. 1. The Nile River discharge was defined by the monthly average over a 12 year-period (1975–1986) (Vörösmarty
et al., 1999; Nixon, 2003) as shown in Table 1. We  parameterized the outflow only through the two main branches, Rosetta
and Damietta (Fig. 1). Our parameterization for the Nile River was  based on a 30% reduction in discharge regarding the
anthropogenic use of the river water by the population of the Nile delta. We  split the total contribution into two halves for
Damietta and Rosetta. We  also adjusted the salinity to 10 at the two  river mouths.

2.2. The atmospheric forcing

The atmospheric data for computing the surface forcing were obtained from the six-hour, 0.5◦ horizontal-resolution
ECMWF  surface analyses. The atmospheric fields used are air temperature, dew point temperature, wind velocity at 10 m
above sea level, mean sea level pressure, and cloud cover. Precipitation data were obtained by interpolation of the 0.5◦

resolution (Legates and Willmott, 1990) climatological monthly averaged precipitation dataset. In order to parametrize the
air-sea interaction processes, the wind stress, the heat fluxes and evaporation rate were computed by means of interactive
bulk formulae making use of atmospheric data and the sea surface temperature predicted by the model.

The momentum flux boundary condition for the surface is:(
�0KM

∂(u, v)
∂z

)
z=�

= (�wx, �wy) (8)

In Eq. (8), � is the free surface elevation in meters and �wx, �wy the wind stress components in N m−2. The drag coefficient
for the wind stress in Eq. (8) is computed according to Hellerman and Rosenstein (1983). The time series of the basin averaged

daily mean wind stress magnitude and curl for 2006 are shown in Fig. 2(A) and (B) respectively. The wind stress magnitude
shows maximum values in winter and autumn months. High frequency variability is superimposed over a seasonal cycle
with maximum wind stress amplitudes of 0.25 N m−2 in March. The wind stress curl is predominantly negative, therefore
implying a net anticyclonic vorticity input into the basin with maximum values in late winter (end of March).
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F
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ig. 2. Temporal evolution of the basin averaged (A) wind stress magnitude in [N/m2] (B) wind stress curl in [N/m3] for the model simulation period 2006.

The heat fluxes were computed interactively (Pinardi et al., 2003) and the model heat flux boundary condition is given
y:

�oCPKH
∂T

∂z
|
z=�

= QT (9)
here QT is the total net heat flux according to the formula:

Q T = Q S − Q b − Q e − Q h (10)
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Fig. 3. Temporal evolution of the basin averaged total net heat fluxes in [W/m2] for the model simulation period 2006.

Referring to Eq. (10) the solar radiation Qs is based on the Reed formula (Reed, 1977), as adapted by Rosati and Miyakoda
(1988) for the global ocean, (Garrett et al., 1993) and (Castellari et al., 1998) for the Mediterranean region:

Q S = Q TOT(1 − 0.62C + 0.0019�)(1-�) (11)

QTOT is the total solar radiation reaching the ocean surface under a clear sky in (W/m2), � is the solar noon altitude, � is
the sea surface albedo and C is the cloud cover. Back scatter radiation Qb at the sea surface in W/m2 estimated by the bulk
formula proposed by Bignami et al. (1995):

Qb = ε�T4
S −

[
�T4

A (0.653 + 0.00535eA)
]

.
(

1 + 0.1762C2
)

(12)

where ε is the sea surface emissivity taken equal to 0.97 and � is the Stefan Boltzman constant. C is the cloud cover, eA
is the atmospheric water vapour pressure and Ts, TA are the SST and air temperature at 2 m height above the sea surface,
respectively. Qe and Qh are the latent and sensible heat fluxes, are computed according to the classical bulk aerodynamic
formula (Rosati and Miyakoda, 1988; Castellari et al., 1998):

Qe = �ALV CE |W | [(eSAT (TS) −  reSAT (TA)] .
0.622

PA
(13)

Qh = �ACPCH |W | (TS − TA) (14)

where �A is the density of moist air (computed as a function of air temperature and relative humidity (r)), PA is the atmo-
spheric pressure, W represents the horizontal wind velocity vector at 10 m above the sea surface, esat is the atmospheric
vapour pressure, Cp is the specific heat capacity of the atmospheric air, and Lv is the latent heat of vaporization calculated as
a function of sea surface temperature according to Gill (1982). CE and CH are the turbulent exchange coefficients and both
are 2.1 × 10–3 m2 s−1 as proposed by Budyko (1963). The time series of the basin averaged daily mean heat flux is shown
in Fig. 3. The heat flux time series shows summer maximum values (about 350 W m−2) and large differences in the minima
(ranging from-300 W m−2 in autumn up to-430 W m−2) at the end of December 2006. The annual average mean value of the
heat flux is −47.254 W m−2.

The model water flux boundary condition follows Beron-Vera et al. (1999) considering:

w|z = � =
(

∂�

∂t
+ ��.∇�

)
+ (E − P − (

R

A
)) (15)

where E is the evaporation, P the precipitation, R is the Nile River discharge, A is the river mouth cross section in m2, and w

is the vertical velocity at the free surface elevation � in meters. The corresponding salt flux boundary condition is:

KH
∂S

∂z
|
z=�

= −SSS(E − P − (
R

A
)) (16)
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ig. 4. Temporal evolution of the basin averaged for (E-P) (continuous line) and corresponding Nile River delta river discharge (solid dashed line) in [mm/Yr]
or  the model simulation period 2006.

nd SSS in Eq. (15) represents the sea surface model salinity. The Egyptian Shelf Model daily mean net water flux is shown in
ig. 4 as (E-P) and R for the simulation period 2006. The Nile River contribution is about one third of the water flux budget,
xcept in summer time (July and August) where the (E-P) values are slightly lower than the rest of the year. The discharge
f the Nile River into the Mediterranean Sea is maximum, during the hot and dry summers; the government opens the high
am gates from Aswan City in order to irrigate the land and to clean the navigational channel of the Nile.

.3. Lateral boundary conditions

Two open lateral boundaries are present north and west of our model domain (Fig. 1), where the EGYSHM is one-way
ested in the MFS  model. The nesting is designed to ensure that the volume transport across the open boundary of the nested
odel matches the volume transport of the MFS  model. At the northern and western open boundaries, following Pinardi

t al. (2003) and Oddo and Pinardi (2008), we impose:

n1∫
n2

�nested∫
−Hnested

Vnnesteddzdn =
n1∫
n2

�nesting∫
−Hnesting

Vnnestingdzdn (17)

here n1, n2 are the extremes of the open boundary section, �nesting, Hnesting are the surface elevation and the bathymetry
f the nested model, while �nested, Hnested are the surface elevation and bathymetry of the MFS  model and Vn is the normal
elocity component to the open boundaries. The total tangential velocity at the open boundaries are set to be equal between
he MFS  and the nested model.

For the barotropic velocity we used Flather’s (1976) modified boundary condition discussed in Oddo and Pinardi (2008).
t the outflow we impose:

Vnnesed =
[√

g

Hnested

(
�nested − �nesting

)]
− Vnnesting

Hnesting + �nesting

Hnested + �nested
(18)

here Vn = 1
H+�

�∫
−H

Vn dz is the barotropic velocity at the open boundaries and g the gravity, while at the inflow will be

nnesting = Vnnested.

For the temperature and salinity, we used an upstream advection scheme whenever the normal velocity is directed

utwards:

∂Tnested

∂t
+ Vnnested

∂Tnested

∂y
= 0;

∂Snested

∂t
+ Vnnested

∂Snested

∂y
=  0 (19)
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On the inflow the temperature and salinity is set equal to the interpolated MFS  values.
Finally, the nested model temperature and salinity fields were nudged toward the MFS  values in the right hand side of the

prognostic Eqs. (4) and (5), following Marchesiello et al. (2001). Denoting temperature or salinity with 	 we add a relaxation
term such as:

∂	

∂t
= r.h.s − 1




(
	 − 	MFS

)
(20)

Here � is the relaxation time which varies smoothly along ten internal points of the model grid to the open boundaries,
with values of 240 s–90 days. This nudging prevents the model from drifting significantly from the MFS  values since the area
of the high resolution nested model is small and we do not believe the fields at the boundaries should differ substantially
from the MFS  model solution in a one-way nested model domain.

3. The pre-operational model functioning during 2006

This section describes the procedures that are used to simulate the entire 2006 year. The nested forecasting pre-
operational system works as shown in Fig. 5. The model was forced with interactive fields of momentum, surface heat,
and water fluxes, which are calculated from ECMWF  fields with a 6-h frequency. The chain has a daily frequency and starts
with the downloading of the atmospheric fields from ECMWF. The next step is to prepare the initial and lateral boundary
conditions from MFS  by interpolating them into the EGYSHM grid at 1/60◦ horizontal resolution and 25 sigma layers. The
model is in “active” mode, where it is initialized only once from MFS. The model is then run for the whole year of 2006 using
the analysis and the forcing data for the entire year. The difference from a true operational forecasting system is the usage
of forecast atmospheric fields and forecasted lateral boundary conditions from MFS, but overall the chain is the same.

3.1. Simulation results

This section describes the main circulation features of EGYSHM during the summer and winter of 2006. First there is a
comparison between MFS  and EGYSHM, and then we outline the new features captured by EGYSHM.

Fig. 6 represents the daily mean kinetic energy of EGYSHM and MFS  in 2006 averaged in a vertical direction over the
same region. MFS  generally has larger kinetic energy amplitude peaks, with the exception of June and August 2006. The
smaller energy peaks in EGYSHM are somewhat surprising given the higher resolution of the model while the larger ones
could be due to the presence of river runoff in the nested model. However MFS  assimilates observations (altimetric sea
level, temperature and salinity profiles, Dobricic et al. (2007), and corrects toward satellite SST at the surface, as described
in Tonani et al. (2008) so that kinetic energy could be larger at times due to the correction of physics uncertainties.

The near surface salinity (5 m depth) and velocity [m/s] fields in February and August are shown for both models EGYSHM
and MFS  in Figs. 7 and 8. The two figures also show the salinity and velocity (U,V) differences between EGYSHM and MFS
with the corresponding Root Mean Square Errors. These months are chosen to represent winter and summer seasons, as
described in Hecht et al. (1988). There is a significant difference between Fig. 7(A) and (B) in terms of the salinity and velocity
fields. The winter fields in EGYSHM are characterized by more energetic circulation patterns, with a relatively low salinity
band near the Nile Delta outflows where the salinity can reach 10 PSU especially in front of the two Nile River mouths. In
addition EGYSHM shows a well-defined Mersa-Matruh gyre in the western part of the domain, much stronger than MFS.
The along-slope eastward flow field entering the domain around 33◦ 40′ N encircles seaward the Mersa-Matruh gyre in
EGYSHM, while in MFS  it cuts the anticyclonic gyre into two smaller eddies, around 32◦ N. The finer model resolution and
the better Nile River runoff of EGYSHM produce this change. The salinity differences between the two models is maximum
in front of the Nile Delta as shown in Fig. 7(C), while the monthly basin averaged RMSE between the models is only 0.244
PSU. The maximum differences between east and north velocity components for the two  models are about ±0.2 m/s  as
shown in Fig. 7(D) and (E). The location of these maximum differences is at the western domain from 26 to 30◦ N. Another
large area of differences is to the southeast of the model domain, lying between 31 and 34◦ E and from 31 to 32◦ N. We
believe that this area represents the Nile plume which flows eastward to the Egyptian Coast. It seems that the main reason
for the underestimated salinity along the Egyptian coast is due to initialization by low salinity at river mouths at 10 PSU.
The monthly basin averaged of the RMSE for U and V velocity components differences from both models are 0.136 and
0.1064 m/s, respectively.

Fig. 8(A) presents the EGYSHM summer 2006 circulation: the Mersa-Matruh gyre is now shifted westward and it is
made up of several anticyclonic lobes, forming the Mersa-Matruh gyre system, covering an area between (25.5–32◦ E), in
agreement with Korres and Lascaratos (2003). Note the differences in the salinity and circulation fields between EGYSHM
and MFS, as shown in Fig. 8(C)–(E). EGYSHM has richer and better defined mesoscale structures when compared with
MFS, localized around the meandering of a surface current which develops in the open ocean area west of the Nile delta

and then hugs the shelf slope area. Fig. 8(D) reports the difference in the east velocity component between EGYSHM and
MFS. In MFS  the currents only develop on the shelf slope and they are weaker than in EGYSHM, as shown in Fig. 8(D). In
August the salinity of EGYSHM is lower than MFS  in front of the Nile delta region but it is slightly higher in the rest of
the domain, see Fig. 8(B) and (C). This is due to the particular surface flux parameterization of MFS  which, as explained in
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Fig. 5. Pre-operational functioning for the Egyptian Shelf Model during the simulation period of 2006.

onani et al. (2008), introduces a low salinity bias everywhere in the MFS  model domain. The RMSE basin averaged between
GYSHM and MFS  for the salinity, east and north velocity components are 0.34, 0.13 m/s  and 0.1171 m/s  respectively.

The February and August structure of the circulation in this area is characterised by a one ocean/shelf slope current, which
e call the Egyptian Shelf Slope Current (ESSC). This current meanders around the Mersa-Matruh gyre system in August and

ebruary, and also carries the low salinity waters, i.e. Modified Atlantic Water-MAW (POEM Workshop, 1989; POEM Group,
992; Malanotte-Rizzoli et al., 1997) into the region.

In order to gain better insight into the circulation structure of the EGYSHM solution, two different meridional sections
aken at longitude 32◦ and 26.5◦ E are shown in Figs. 9 (A), (B), 10 (A), (B), 11 (A), (B) and Fig. 12(A), (B). The 32◦ E meridional
ection represents the cross-shelf domain downstream of the Damietta outflow (Fig. 1) while the 26.5◦ E shows the cross-
helf domain cutting the ESSC. The salinity field is overlaid to the northward and the eastward velocity components displayed
s contour lines.
There are clear differences between February and August for both velocity contours and salinity distributions along the
astern transect, as shown in Figs. 9(A,B) and 10(A,B). Positive eastward velocities [0.2 m/s] are large with weak negative
orthward velocities [−0.04 m/s] suggesting a dominant eastward ESSC direction. EGYSHM suggests two core structures for
he ESSC during August while in February, the ESSC is weaker [0.12 m/s] and is shifted further offshore in a homogeneous
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Fig. 6. Temporal evolution of the basin averaged for MFS kinetic energy (continuous line) and corresponding Egyptian Shelf Zone kinetic energy (dashed
line)  in [m2/s2] for the model simulation period 2006.

layer from surface to 50 m depth. The offshore extension of the ESSC is bounded by the extension of a cyclonic circulation
region occupying the region starting from 32◦ N. The effect of the Nile on the salinity distributions for both seasons is very
clear as highlighted in Figs. 9 and 10. This effect is limited to the shelf area in both seasons, but during winter it extends
further offshore partly producing lower salinities in February than in August.

In the western transect, shown in Figs. 11 and 12, the eastward velocity component contour demarcates the ESSC upstream
of the Mersa-Matruh gyre system. The maximum ESSC eastward velocity value is [0.3 m/s], recorded in August around
32.8–33◦ N, extending down to 500 m,  see Fig. 11(A). On the shelf slope, a westward current develops, contrary to the ESSC.
Fig. 11(A) clearly indicates the presence of LIW between latitudes and depths of 31.6–31.8◦ E, 200–400 m respectively, where
the averaged salinity is 38.9. Fig. 12(A) highlights that the Mersa-Matruh gyre system is well developed and larger in August
than February (Fig. 11A), covering the area from 32.3–33.1◦ N.

3.2. Sensitivity studies

In order to understand the effects of wind stress in the model solutions we  carried out an experiment (EGYSHM2) without
wind stress – the results are shown in Figs. 13 and 14).

The two simulated February months in Figs. 7(A) and 13(A) are characterized by a well-defined Mersa-Matruh gyre. The
differences between the two simulations [EGYSHM-EGYSHM2] are also shown for the east and north velocity components
(Fig. 13B and C) with their corresponding RMSE. EGYSHM shows a larger gyre than EGYSHM2, but the Mersa-Matruh gyre
is clearly dominated by all the other forcings, in particular the heat forcing in agreement with Roussenov et al. (1995) and
Korres et al. (2000).

There is an interesting difference between the February cases with and without winds in the salinity field. Nile River
water extension in EGYSHM2 is further offshore and the salinity is generally lower than EGYSHM. This can be attributed to
the weaker ESSC due to a direct effect of the wind stress absence but also to the indirect effect of lower vertical mixing due
to the absence of turbulent kinetic energy inputs in the Mellor-Yamada scheme.

Figs. 8(A) and 14(A) show the August salinity and velocity near surface (5 m depth) fields for EGYSHM and EGYSHM2,
respectively. Fig. 14(B) and (C) show the velocity components differences between the two  simulations with their basin
averaged RMSE. A significant difference can be noted between the two fields. The EGYSHM2 salinity field has higher salinity
values covering most of the domain except in front of the Nile Delta region. This can be explained by the weaker surface
currents – see Fig. 14(B) and (C) – which transport less MAW  into the Egyptian areas.
EGYSHM2 shows a well-defined El-Arish gyre which is almost absent in the EGYSHM simulation. The weaker ESSC in
EGYSHM2 has a very clear impact on the salinity distribution along the Nile Delta, leaving two  large low salinity plumes in
front of the Rosetta and Damietta outflows. This weak ESSC in EGYSHM2 is clear in Fig. 14(B) and (C) from the increase in the
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ig. 7. (A) Near surface salinity (5 m depth) and velocity [m/s] fields for February 2006; (B) MFS  model; (C) Salinity differences between EGYSHM and MFS;
D)  Velocity component U differences between EGYSHM and MFS; and (E) Velocity component V differences between EGYSHM and MFS, with their mean
veraged RMSE.

MSE between the two simulations, which have reached 0.13 and 0.11 m/s, respectively. Overall, the role of the momentum
ux is crucial in reproducing a strong ESSC.

. Validation/calibration with observations

In this section, we validate the EGYSHM temperature, salinity and sea surface height (SSH) with observations. The obser-
ations are sea surface temperature (SST) from satellite data in 2006, temperature and salinity profiles from ARGO floats in
arch 2006 and sea level anomaly (SLA) from satellite data.

.1. Comparison between EGYSHM and NOAA-AVHRR SST during the simulation period

Available observations in the Egyptian Shelf Zone for the simulation period were daily objectively analyzed satellite SST
omputed from night-time NOAA-AVHRR-14 and NOAA AVHRR-15 satellites (Buongiorno Nardelli et al., 2003; Marullo et al.,
007).

We  removed all SST-data points where the error is more than 10% from the objective mapping, i.e., where large cloud gaps
ere filled by the interpolation. Table 2 shows the monthly basin averaged mean, correlation coefficient and RMSE between

GYSHM SST and NOAA-AVHRR SST and Fig. 15 shows the daily mean basin averaged time series for the EGYSHM SST and
he corresponding satellite SST. The highest monthly mean difference was  about 1.2 ◦C and was recorded in April 2006. The
owest difference mean was [−0.1733 ◦C] in November. The SST from the EGYSHM is warmer than satellite during most of
he year months except June, July, October, November and December when the EGYSHM SST is cooler. This may  be due to
he model atmospheric forcing uncertainties during these months. In general the EGYSHM SST is significantly correlated

o satellite SST in all months at a 95% confidence limit. The highest correlation coefficient was 0.9743 for May  2006. The

inimum correlation coefficient was 0.16 for February. We know that February has the largest satellite SST data error points
ecause of cloud cover. For the RMSE, the highest value was  1.03 ◦C in June, while the lowest one was 0.551 ◦C in August
006. This model error is clearly due to the model air-sea physics parametrizations used in EGYSHM which are similar to
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Fig. 8. (A) Near Surface salinity (5 m depth) and velocity [m/s] fields for August 2006; (B) MFS  model; (C) Salinity differences between EGYSHM and MFS
(D)  Velocity component U differences between EGYSHM and MFS; and (E) Velocity component V differences between EGYSHM and MFS, with their mean
averaged RMSE.

Table 2
Monthly basin averaged differences for the mean in [◦C], correlation coefficients and RMSE [◦C] between EGYSHM and AVHRR SST during the model
simulation period for the year 2006.

Month SST mean basin averaged
differences between EGYSHM and
satellite SST [◦C]

Correlation coefficient between
EGYSHM and satellite SST (all are
significant at 95% confidence limit)

RMSE between EGYSHM
and satellite SST (◦C)

January 0.1942 0.9593 0.783
February 0.6753 0.166 0.5617
March  1.1413 0.3861 0.6917
April  1.2924 0.2632 0.6124
May  0.7478 0.9743 0.613
June  −0.2357 0.8907 1.0378
July  −0.4069 0.6812 0.7262
August 0.2689 0.6601 0.5551
September 0.412 0.575 0.6512
October −0.2607 0.9108 0.7929
November −0.1733 0.9638 0.9297
December −0.2054 0.9641 0.8094



H. Nagy et al. / Dynamics of Atmospheres and Oceans 80 (2017) 75–96 87

Fig. 9. Meridional cross section in February 2006 at longitude 32◦ E for the salinity field, eastward and northward velocity components shown as black
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ontours [m/s] for the EGYSHM: (A) Salinity field with the eastward velocity component (U); (B) Salinity field with the northward velocity component (V).

FS. This error is discussed at length by Tonani et al. (2009) and Pettenuzzo et al. (2010) who  analyse the atmospheric
orcing uncertainties giving rise to model errors.

.2. Comparison of Argo temperature and salinity profiles with the EGYSHM results in March 2006

A meridional section was chosen to cover the Egyptian Shelf water at longitude 26◦E, as shown in Figs. 16 and 17A, B and
 for the temperature and salinity in March. Our spatial and temporal selection was based on the best Argo profiles data
overage for our domain during the whole simulation period in 2006. The Mediterranean Argo data program is described in
oulain et al. (2007), Manzella et al. (2003) and Tonani et al. (2009).

Fig. 16(A and B) show the same cross section with results of EGYSHM and Argo profiles that were taken in March 2006.
ig. 16(C) shows the difference between the model and Argo float profiles data and its RMSE. There is a significant resemblance
n the temperature patterns between the Argo data and the model in the upper and lower 100m. On the other hand there
re two clear differences. The first is that the Argo floats data have more diffused and deeper thermocline layer, more than
00 m,  while the model shows a thermocline at about 50 m depth. The larger thickness of the upper layer, recorded by the
rgo floats, is probably due to the active vertical mixing in March, that is associated with water mass formation processes.
he model is not capable to reproduce the heat losses capable to start such mixing and the mixed layer is left unchanged
rom the autumn. In support of this conjecture, Fig. 16(C) shows more than 1 ◦C higher temperature in EGYSHM than the
rgo data in the upper 50 m.  The RMSE difference between the model temperature and Argo data was  about 0.9 ◦C averaged
ver the section.

In Fig. 17A–C we used the same section as above for the salinity comparison. The EGYSHM was unable produce a well-
efined LIW probably due to excessive mixing processes. In general, the EGYSHM has a lower salinity than Argo salinity data

ith maximum difference of around 0.1, as shown in Fig. 17(C). The salinity averaged RMSE between EGYSHM and Argo
ata is about 0.09.



88 H. Nagy et al. / Dynamics of Atmospheres and Oceans 80 (2017) 75–96
Fig. 10. Meridional cross section in August 2006 at longitude 32◦ E for the salinity field with eastward and northward velocity components shown as black
contours [m/s] for the EGYSHM: (A) Salinity field with eastward velocity component (U); (B) Salinity field with northward velocity component (V).

4.3. Comparison between EGYSHM (SSH) and SLA from satellite during the year 2006

The SLA data are monthly means covering the whole Mediterranean Sea with a horizontal resolution of 0.25◦ in latitude
and longitude from AVISO. Our aim was to compare model results with satellite altimetry to verify the positions and the
shape of the mesoscale eddies identified/simulated by the EGYSHM model.

Fig. 18A–C shows February 2006, EGYSHM SSH, SLA from satellite with the difference between them, and the correspond-
ing RMSE. Note the resemblance between the two  maps in the position and the shape of the Mersa-Matruh anticyclone gyre
feature, which occupies the area between 27 and 28.5◦ E. EGYSHM has a small shift to the east in positioning the Mersa-
Matruh gyre system. There is another similarity in the mesoscale feature, which is located at 31◦ E and 33◦ N. There are two
differences between the two maps, as shown in Fig. 18(C). The first difference is located in the east of the domain between
32–34◦ E and the other one is at 25.5◦ E. This may  be due to using the model SSH without removing the MDT.

Fig. 19A–C showings the SSH and SLA models with the difference between them during November 2006. Fig. 19(A) and
(B) highlight some similarities in positions and shapes of mesoscale features. There is some matching between Fig. 19A and
B in the western domain from 25.5–28◦ E which is occupied by the Mersa- Matruh feature. Again, the difference is observed
at the eastern part of the domain for the same reason mentioned above.

Table 3 shows the averaged RMSE between models SSH and SLA from satellite. All the RMSE values are less than 0.07 m
with a minimum of 0.03 m in November. The RMSE values shown in Table 3 reveal the robustness of EGYSHM SSH. This may
be due to the fact that EGYSHM is provided with water flux boundary conditions (see Section 2).

5. Conclusions

This paper describes for the first time a nested pre-operational model for the Egyptian shelf zone. This is a basic dynamical
study that shows the capability of the nested model to reproduce the known structures of the circulation with realistic

atmospheric forcing. The model is forced by lateral boundary conditions taken daily from the MFS  model and atmospheric
interactive fluxes calculated from 6 h ECMWF  surface fields. The model was run in ‘active’ mode. The vorticity input by the
wind in the basin is largely negative, which explains the anticyclonic activity of the area. The heat fluxes are negative as well
as the water budget, as expected.
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Fig. 11. Meridional cross section in February 2006 at longitude 26.5◦ E for the salinity field with eastward and northward velocity components shown as
black  contours [m/s] for the EGYSHM. (A) Salinity field with eastward velocity component (U); (B) Salinity field with northward velocity component (V).

Table 3
Monthly basin averaged RMSE between EGYSHM (SSH) and SLA from satellite during the model simulation period for the year 2006 in meters.

Month RMSE between EGYSHM SSH & Sea Level Anomaly from satellite in meters

January 0.06
February 0.06
March 0.06
April 0.06
May  0.07
June 0.07
July 0.06
August 0.07
September 0.05

w
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October 0.04
November 0.03
December 0.06

EGYSHM reproduces the main region circulation patterns, adding the dynamics forced by the Nile River outflow. The
inter fields in EGYSHM are characterized by energetic circulation patterns, with a relatively low salinity band in the Nile
elta shelf and a well-defined Mersa-Matruh gyre. The simulation suggests the presence of an Egyptian Shelf Slope Current

ESSC) which flows eastward at different depths in the domain. The ESSC at the western part of our domain runs offshore
n the western part of the domain while in the easternmost part it hugs the shelf slope at about 300 m.  We  found that in
ebruary 2006 the salinity difference between the two models [MFS and EGYSHM] was maximum in front of the Nile Delta,
s shown in Fig. 7(C). The monthly mean basin averaged RMSE between the two  models was 0.244 PSU, while the maximum
elocity components differences between the two models are about ±0.2 m/s.
In the August circulation, the Mersa Matruh gyre system is defined by three lobes, and covers an area between (25.5–32◦

) in agreement with Korres and Lascaratos (2003). The ESSC is stronger and more defined in August than February. The RMSE
asin averaged between EGYSHM and MFS  in August 2006, for the salinity, eastward and northward velocity components
ere 0.34, 0.13 m/s  and 0.1171 m/s  respectively.
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Fig. 12. Meridional cross section in August 2006 at longitude 26.5◦ E for the salinity field with eastward and northward velocity components shown as
black  contours [m/s] for the EGYSHM. (A) Salinity field with eastward velocity component (U) (B) Salinity field with northward velocity component (V).

Fig. 13. February 2006: (A) Near Surface (5 m depth) velocity [m/s] and salinity fields for the EGYSHM2, (B) Eastward velocity component difference
between the EGYSHM and EGYSHM2 (C) Northward velocity component difference between the EGYSHM and EGYSHM2 with their mean averaged RMSE.
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Fig. 14. August 2006: (A) Near Surface (5 m depth) velocity [m/s] and salinity fields for the EGYSHM2, (B) Eastward velocity component difference between
the  EGYSHM and EGYSHM2 (C) Northward velocity component difference between the EGYSHM and EGYSHM2 with their mean averaged RMSE.
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ig. 15. Temporal evolution of the basin averaged for EGYSHM SST (continuous thick line) and corresponding AVHRR SST (thin line) in [◦C] for the 2006
eriod.

EGYSHM is also characterized by a well-defined MAW (Modified Atlantic Water) signal in all seasons, at the surface in

ebruary and at depth in August.

Two different meridional sections were carefully studied. The northward velocity components were weak [0.04 m/s] in
hese longitudinal sections and the flow direction is mainly composed of the eastward velocity component. The maximum
astward component velocity of the ESSC [0.25 m/s] is located near the continental slope during the summer time while, in
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Fig. 16. Meridional temperature cross section in March 2006 at longitude 26◦ E [◦C] (A) for EGYSHM, (B) for Argo profiles (C) and the difference between
EGYSHM and Argo, with the corresponding RMSE.

Fig. 17. Meridional salinity cross section in March 2006 at longitude 26◦ E [◦C] (A) for EGYSHM, (B) for Argo profiles (C) and the difference between EGYSHM
and  Argo profiles, with the corresponding RMSE.



H. Nagy et al. / Dynamics of Atmospheres and Oceans 80 (2017) 75–96 93

Fig. 18. (A) Monthly Sea Surface Height averaged for the EGYSHM in February 2006 (m)  (B) Monthly averaged Sea Level Anomaly averaged from Satellite
February 2006 (m)  (C) the difference between EGYSHM SSH and SLA, with the corresponding RMSE.

Fig. 19. (A) Monthly Sea Surface Height averaged for the EGYSHM in November 2006 (m)  (B) Monthly averaged Sea Level Anomaly from satellite data in
November 2006 (m)  (C) the difference between EGYSHM SSH and SLA, with the corresponding RMSE.



94 H. Nagy et al. / Dynamics of Atmospheres and Oceans 80 (2017) 75–96

winter the ESSC is weaker [0.04 m/s]. The ESSC is directly affected by the Mersa-Matruh gyre system, which intensifies in
summer time.

The effect of the Nile River is strongest on the shelf in both seasons and it extends further offshore during February,
probably mixing with the MAW  surface waters. The western transect shows that the Mersa-Matruh gyre is larger and stronger
in summer than winter. The maximum velocity of the gyre is [0.3 m/s]. This gyre is visible up to 500 m depth in summer.
Mersa-Matruh shows a large seasonal cycle in strength, reaching a maximum amplitude during summer, in agreement with
Roussenov et al. (1995); Korres and Lascaratos (2003). In February 2006, in the western transect we observed a clear sign
for the LIW between latitudes 31.6–31.8 ◦E and depths of 200 and 400 m,  respectively, with an averaged salinity of 38.9 in
agreement with POEM Workshop (1989); POEM Group (1992), and Malanotte-Rizzoli et al. (1997).

The role of wind stress on the dynamics of the area is crucial in terms of forcing the circulation of the Egyptian shelf. ESSC
is weaker when wind stress is neglected in EGYSHM2 and as a consequence the Nile River waters extend further offshore. In
August 2006, the RMSE between the two simulations increased and reached 0.13 and 0.11 m/s  for the east and north velocity
components, respectively.

The comparison with all available observations highlighted that the model is relatively capable to reproduce the thermal
structures of the field in the area. The comparison of the satellite SST with the model shows a good agreement, similar to
the one of many other operational systems (Tonani et al., 2009). The SST for the EGYSHM was  warmer than the satellite data
during most of the year months except June, July, October, November and December where the EGYSHM SST was  cooler.
This may  be to the model atmospheric forcing uncertainties during these months. The highest correlation coefficient was
0.9743 in May  2006. The minimum correlation coefficient was 0.16 and was  obtained for February. Most of the RMSE values
between EGYSHM SST and NOAA-AVHRR SST were less than 1 ◦C except for June 2006.

We compared Argo temperature and salinity profiles with the EGYSHM results in March 2006. There was  a significant
resemblance in the temperature patterns between the Argo data and the model in the upper and lower 100 m depth. EGYSHM
reported a higher temperature (more than 1 ◦C) than the Argo data in the upper 50 m).  The averaged RMSE between the
model temperature and Argo data was about 0.9 ◦C. The EGYSHM managed to produce a well-defined MAW,  as contained in
the Argo profiles but not the LIW layer probably because the model is affected by excessive mixing. In general, the EGYSHM
gave lower salinity values than Argo, with a maximum difference around 0.1 as shown in Fig. 16(C).

We compared EGYSHM SSH with satellite altimetry to verify and validate the positions and the shape of the mesoscale
eddies simulated. The comparison revealed similarities in positions and shapes of mesoscale features. There was some
matching between Fig. 19A and B in the western domain from 25.5–28◦ E, which was  occupied by the Mersa-Matruh feature.
The monthly RMSE averaged between models SSH and SLA from satellite was calculated. All the RMSE values were less than
0.08 m.  The highest value was 0.0744 m in May, while the minimum was  0.034 m in November. These results highlight the
robustness of EGYSHM SSH probably to be attributed to the better EGYSHM water flux boundary conditions with respect to
MFS  in 2006.

We believe the quality of the model is high enough to start operational forecasts in the Egyptian coastal zones. Future
research issues will include the enlargement of the basin domain, an increase in the resolution and the definition of better
Nile Delta runoff outlets. In addition, the flow of the saline water from the Suez Canal should be included in future modelling
and forecasting of this area.
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