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resumo  
 

 

O Golfo do Suez é uma zona muito rica em recifes de 

coral e turismo tendo grande interesse social e 

científico estudar os diferentes parâmetros que 

influenciam este ecossistema. O objetivo deste 

trabalho é avaliar a influência da maré, estudar as 

variações locais de salinidade e de temperatura da 

água, calcular as amplitudes de maré, caracterizar a 

sua hidrodinâmica e estudar o regime local de marés.  

O modelo hidrodinâmico, Delft3D-Flow, foi 

implementado, calibrado e validado por Eladawy et 

al. (2018), e foi usado neste estudo. Os resultados 

demonstram que a maré é do tipo microtidal, com 

amplitudes na ordem dos centímetros. Os 

constituintes harmónicos mais importantes neste 

ecossistema são os constituintes semidiurnos. A 

hidrodinâmica superficial local é fortemente 

influenciada pelos padrões do vento, essencialmente 

norte-noroeste, e por variações de salinidade e 

temperatura. Em resumo, o modelo numérico 

utilizado provou ser uma ferramenta crucial para a 

caracterização hidrográfica e hidrodinâmica do Golfo 

do Suez. 
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abstract The Gulf of Suez is a very rich area of coral reefs and 
tourism having great social and scientific interest to 
study the different parameters that influence this 
ecosystem. The objective of this work is to evaluate the 
influence of tides, to study local variations of salinity 
and temperature of water, to calculate tidal amplitudes, 
to characterize their hydrodynamics and to study the 
local regime of tides. The hydrodynamic model, 
Delft3D-Flow, was implemented, calibrated and 
validated by Eladawy et al. (2018), and was used in this 
study. The results show that the tide is of microtidal 
type, with amplitudes in the order of centimeters. The 
most important harmonic constituents in this 
ecosystem are the semidiurnal constituents. Local 
surface hydrodynamics are strongly influenced by wind 
patterns, essentially north-northwest, and salinity and 
temperature variations. In summary, the numerical 
model used proved to be a crucial tool for the 
hydrographic and hydrodynamic characterization of the 
Gulf of Suez. 
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1 INTRODUCTION 

1.1 Motivation and Aims 

The estuarine ecosystems are a dynamic and complex systems which have enormous 

relevance and interest in its high biological productivity, as well as high ecological, 

economic and social value, its excessive availability of inorganic and organic nutrients, 

its high turbidity and ability to navigate. However, these systems suffer anthropogenic 

impact from continental drainage and adjunct pollution, construction landfills, dams, 

dredging enabling larger ships to navigate, invasive species and climate change. 

Estuaries are semi-closed bodies of water permanently or periodically linked to the sea 

that are measurably diluted by river discharges from one or more rivers. Its hydrodynamic 

regime is the combined result of various forcing mechanisms varying from estuary to 

estuary, such as sea level variations, wind tension, tide, river flow, evaporation and 

precipitation, storms, spatiotemporal variation of bathymetry and geomorphology, which 

lead to the estuary never being in a steady state (Dyer, 1997, Prandle, 2009). 

The tide is the movement of long waves generated in the deep ocean that propagate 

across the continental shelf and estuaries, where bathymetry is decreasing (Parker, 

2007). The tidal hydrodynamic regime extends to material that is carried by tidal currents, 

such as salinity, water temperature, sediments, etc. In shallow water the wavelength is 

shorter leading to higher tidal amplitudes when tide is reflected from the mouth. The 

proximity of basin lengths affects the tide and tidal currents inducing tidal frequency 

resonance, continuous effects, fractional damping and advective effects. The phase of 

the harmonic constituents is mostly affected by friction, while amplitude decrease is 

determined by friction and amplification by coastal funnelling or resonance along the 

estuary. 

In semi-closed systems resonance may occur, resulting in a steady wave generated from 

the sum of two progressive waves that propagate in opposite directions, ranging from 

minimum and maximum amplitude in the mouth and approximately constant in the middle 

of the system. 

As the tidal wave propagates along the edge of the continental platform, a two-fold 

amplification occurs due to the wave slowing against friction and energy conservation, 

forcing the free sea surface level into the mouths of semi-closed systems. 

A numerical model is an application that describes the hydrodynamic processes 

occurring in coastal systems through the discretization of mathematical equations, which 

resolution is possible by entering data and input parameters as well as forces and 

boundary conditions into the model. However, calibration and validation of the model 

through real data is required, which can be done comparing model predictions and 

observations and tunning the model free parameters in order to optimize this agreement. 

The final model accuracy by be assessed through non-dimensional parameters such as 

root mean square error and skill (Wilmott, 1981; Walstra et al., 2001; Warner et al., 2005). 

These allow the study of processes and patterns in coastal areas, rivers and estuaries 

in two or three dimensions depending on their characteristics. 

Regarding previous studies performed in the area of interest of this thesis, Madah, et 

al.,- (2015) used a numerical model (Delft3D) to study the characteristics of tides in the 

Red Sea, Rady et al., (1994) studied the tide-surge interaction in the Gulf of Suez using 

a numerical model and in 2008 they used a three-dimensional numerical model to study 
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the residual circulation in the Gulf of Suez. However, the Gulf of Suez hydrodynamics 

and hydrographic is still to be characterized in depth. 

The aim of this thesis is to study the hydrodynamics and hydrographic patterns of the 

Gulf of Suez (Figure 1), which is linked to the Mediterranean Sea through the artificially 

created Suez Canal in 1869 and to the Red Sea by the Jubal Strait during 2013. The 

Gulf of Suez is a gulf created by a set of transforming faults since the Paleozoic. It is 250 

km long and 32 km wide (Morcos, 1970), has a flat bottom with depths between 55 to 73 

m, but in the mouth the depth increases rapidly to a depth five times ghigher. It is 

surrounded by the Sinai Peninsula to the east and the mountains of Egypt to the west, 

and passes through an area of considerable agricultural, industrial and tourist activity 

(Abril and Abdel-Aal, 2000). 

 

In a previous study that is used as the basis of this thesis, Eladawy et al. (2018) 

implemented and validated a hydrodynamic model for the Gulf of Suez, coupled with an 

atmospheric model, aiming to estimate the average circulation and water exchange 

between this coastal system and the Red Sea. The results showed that the model proved 

to be reliable in reproducing the local observations. In this work used this model, in order 

to deeply characterize the tide, currents, saline intrusion and water temperature for the 

year 2013, aiming to achieve a better understanding of the different mechanisms 

governing the Gulf of Suez dynamics, such as the influence of the wind stress, water 

temperature, and salinity in the current pattern. 

This area has several submerged reefs, coral pinnacles and fringing reefs, it sustains 

major international tourism operation, fishing, aquaculture, hence a huge socio-

Figure 1 Location of Gulf of Suez (Rady et al., 1998). 
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economic relevance. It is therefore clearly noticeable the importance of this work in this 

area, once the changes in different variables, such as sea surface temperature, salinity, 

and wind stress will have impacts in this marine ecosystem. 

1.2 State of the Art 

The Gulf of Suez results from rifting associated with opening of the Rea Sea, although 
the Gulf of Suez is dominated by normal faults and titled blocks. Seismic and borehole 
data confirm that the Gulf of Suez is a graben like structure that has filled with nearly 6 
km of dominantly siliciclastic sediment since Miocene times (Roberts and Murray, 1984). 
The Suez Canal was opened in 1869 to shorten the navigation path between the 
Mediterranean ocean and the Indian ocean. This opening had significant impacts related 
to the migration of species from the Red Sea to the Mediterranean Sea, as the latter is 
warmer and poorer in nutrients. However, water and salt exchanges did not suffer major 
impacts (Halim, 1990). 
 
In the northern half has fewer reefs but in the entrances of the gulfs surrounding the Sinai 

Peninsula are guarded by a rich area of reefs and little islands. Most of the Red Sea 

shoreline is following by a discontinuous series of extensive fringed coral reefs up to a 

maximum of 700 m wide. In Hurghada, in the south of the Gulf of Suez, these reefs are 

fronted by a group of barrier islands made up of igneous and metamorphic rocks (Omran 

Frihy et al., 2006). 

The Gulf of Suez has one of the most important oil provinces, located in the south central, 

The Saqqara and Edfu fields. The biggest hydrocarbon discoveries in its fault blocks 

(Nader El-Gendy, et al., 2017).   

Harris (1894-1907) explained that the tides in the Gulf of Suez are due to co-oscillation 

with the Red Sea and that the direct effect of astronomical factors is comparatively small. 

Vercelli (1927) found that the air travelling east becomes humid and the rate of 

evaporation from the sea surface weakens bringing lower salinities in the eastern side, 

even though the differences on both sides of the gulf are due to temporary fluctuation. 

The air temperature is higher than the sea surface temperature due to warmer winds, 

provided by the hot deserts on the west, from May to August and from March to 

September in the Northern Red Sea and the annual variation of the monthly average of 

surface temperatures varies 8.6 ºC due to the fall in temperature during winter. 

The current in the Gulf of Suez is the sum of tidal and non-tidal currents, with a general 

flowing direction parallel to the axis of the gulf alongside the vicinity of the coast, which 

has a gyratory pattern. The local winds have huge effects in the upper layers affecting 

the non-tidal currents and decrease in depth until they become inverted turning into a 

bottom current, namely with southeast winds, where the bottom current flows in the Strait 

of Jubal (Morcos, 1970). Vercelli (1931a) tidal currents at six points along the gulf 

demonstrating that during neap tide, the non-tidal currents could exceed the tidal 

currents and the resulting current prevails in one direction with a regular movement. 

At the middle axis of the gulf, the currents present typical velocities of 75 cm/s at spring 

tides and 25 cm/s at neap tides (Morcos, 1970). The tidal range decreases from the 

entrance of the gulf towards the bank of Tor, where it reaches an extremely small value 

increasing again to about 1.5 m at Suez (Morcos, 1970; Frihy, et al., 2006). The salinity 

and the water temperature along the Gulf of Suez show the same trend, however, with 

an opposite distribution, where the salinity at any level decreases from north to south 

while the temperature increases (Morcos, 1970; Madah et al., 2015). In the north part of 
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the gulf all the water column remains homogeneous whilst in the south the isolines 

become vertical due to the abrupt change in depth induced by water temperature 

changes derived from the propagation of the warm water of the Red Sea. The isolines 

indicate an inflow of low salinity, warm surface currents from the Red Sea to the gulf and 

an outflow of higher saline and cold-water bottom currents into the Red Sea (Morcos, 

1970), as well as the down-sloping of the isotherms.  

A difference of six hours exists between the times of high water at the southern and 

northern ends of the gulf, assuming a shape of a standing wave where high water is in 

the north, lower water is in the south and vice-versa (Rady et al., 1994; Rady et al., 

1996). In the northern part of the gulf, in Suez, the two semi-diurnal cycles are not 

generally identical. The variation in the width of the gulf has no major influence on the 

tide concluded with the observed amplitudes in the neighbourhood on the coast that 

show practically the same tide along a section perpendicular to the axis.  

Lisitzin (1965) demonstrated that the mean sea level in the Mediterranean and the 

adjacent seas is lower than in the adjacent oceans, and since the Gulf of Suez is between 

two deep basins, started in Port Said in the Mediterranean Sea through the south till 

Shadwan with a shallow and narrow passage, the density of the water in the layers below 

the threshold cannot contribute to the relative height of sea level and has to be consider 

in the computation of the slope of the sea surface with the considerations of the physical 

properties of the upper layers. The decrease outcome a mean sea level of 265 cm at 

southern end of the Gulf of Suez and 225 cm at Port Said, in the northern entrance. 

Mohamed (1938) built a chart for surface distribution of water temperature from the data 

of the MABAHISS cruise to the Northern Red Sea during the period December 1934 to 

February 1935, showing an increase from north to south in the western and central 

regions only, while in the eastern regions, the isotherms lean to run parallel to the coast. 

In the Strait of Jubal, the velocity of the current reaches about 75-100 cm and is higher 

northward than southward during winter whilst the reverse conditions prevail in late 

summer (Morcos, 1960b).  

Morcos (1970) found that is not the high salinity of the Gulf of Suez that reaches the 

bottom water of the Red Sea but the cold surface water of the Northern Red Sea in winter 

(40.5-40.6%), since the Gulf of Suez is limited due to its small volume. The northward 

increase of surface salinity is due to evaporation and mixing of surface water with more 

saline deep water through turbulence as Morcos demonstrated in 1970, and the surface 

currents become weaker, so the effect of the evaporation becomes higher. The Northern 

Red Sea has a salinity input of about 40.5 % in surface water into the gulf and northward 

the salinity increases due to evaporation (Morcos, 1970). This author assumed that the 

velocity of the currents is about 2 cm with an evaporation of about 200 cm/year brought 

to the head of the Gulf of Suez. When persistent southeast winds blow, the non-tidal 

circulation reaches about of 30-35 cm/s, being higher than tidal currents, however, 

weakening under northwest winds. The tidal current sets northward whilst the tide is 

rising at Suez and southward whilst it is falling there.  

Previous studies of numerical modelling in the Gulf of Suez contain large areas, which 

makes the reliability of the results obtained impossible. The work of Eladawy et al. (2018) 

introduce a better resolution to horizontal discretization. This work is a step forward of 

the Eladawy et al. (2018) work, allowing a better understanding in the circulation patterns 

and a full characterization of the tide. 
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1.3 Work Structure 

This dissertation is divided into five chapters. The first chapter regards the motivation 

aims and literature review of this work followed by chapter two which held the study area 

description and giving hydrodynamic and atmospheric characteristics. Chapter three 

concerned the methodology of the work, referring to Delft3D-Flow, its conditions, its 

implementation and validation. In chapter four are the results and discussion and in 

chapter five the conclusions and suggestions for future work.  
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2 STUDY AREA 

The Gulf of Suez is situated at the eastern coast of Egypt, between 27º19’ and 29º57’ 

North and 32º19’ and 34º15’ East (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

Egypt is the most populous country in the Middle East and the third most populous on 

the African continent (Figure 3) with about 99.14 million inhabitants in 2019. Its area is 

about 1 million km2 (www.cia.gov). Most of the country is desert leading to 95% of the 

population living along the Nile River, the Red Sea (including the Gulf of Suez) and a 

smaller part in Cairo. Egypt had very rapid population growth, about 46% between 1994 

and 2014 causing several limitations on health, work, sanitation, etc. However, it has 

natural resources such as oil, natural gas, manganese, plaster, rare earth elements, 

phosphates, talc, lead, zinc and asbestos. 

 

 

  

Figure 2 Map of the Gulf of Suez study areas, prevailing winds and currents (Frihy et al., 1996). 

Figure 3 Map of Egypt in African continent, and Egypt detailed with the important regions 
(https://www.cia.gov/library/publications/the-world-factbook/geos/eg.html). 

https://www.cia.gov/library/publications/the-world-factbook/geos/eg.html
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The surface sediments of the Gulf of Suez range from very coarse to fine sand, however 

there are sludge sites. To the south of the gulf is located very coarse sands, in the middle 

there is a higher concentration of sludge and in the north fine sands (Kathar and Sakr, 

2006).  

In the north of the Gulf of Suez, is the port where the maximum depth is 12 m and the 

maximum length of the navigation channels is 1 km (http://mts.gov.eg/en/content/172-

Description-And-Specifications). Regardless of no significant communication between 

the Red Sea and the Mediterranean through the Suez Canal, the processes that take 

place on the Suez Canal can be important in stratification in the northern part of the Gulf 

of Suez (Sofianos and Johns, 2017).  

Gulf of Suez has an arid climate and almost no precipitation occurs, causing very high 

evaporation rates. Freshwater entry into the gulf is via the wadi system, as there are no 

rivers and rains in the Gulf of Suez (Rady et al., 1994). The wind is predominant from 

north, being stronger in summer. This causes the water to have high temperature, salinity 

and density. The surface distribution of water temperature during winter has an increase 

from west to the east and an increase from the head (~20ºC) to the mouth (~24 ºC) of 

the Gulf, as demonstrated by Mohammed's (1940). Mohammed (1940) also shows a 

decrease in salinity north to south and west to east. In depth the water temperature in 

the south decreases abruptly, while in the north slight decreases and in the middle of the 

gulf hardly changes. The salinity distribution in depth decreases from north to south, 

increasing in the mouth of the gulf. The Gulf of Suez is classified as an inverse estuary, 

where a surface inflow of warmer, less saline Red Sea water enters the Gulf of Suez with 

an outflow of a bottom layer outflow of colder, saltier Gulf of Suez water through the Strait 

of Jubal into the Red Sea.  

 

  

http://mts.gov.eg/en/content/172-Description-And-Specifications
http://mts.gov.eg/en/content/172-Description-And-Specifications
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3 METHODOLOGY 

3.1 Numerical Modelling 

The present study was performed using a previous Delft3D model implementation 
developed by Eladawy et al. (2018). 

Delft3D-Flow is a fully integrated computer software suite for a multi-disciplinary 
approach and three-dimensional (3D) computations for coastal, river and estuarine areas 
(Deltares, 2017). Is a multi-dimensional (2D or 3D) hydrodynamic and transport 
simulation program that calculates phenomena’s as unsteady flow and transport 
phenomena which result from meteorological and tidal forcing, including the effect of 
density differences due to non-uniform water temperature and salinity distribution, on a 
boundary fitted grid that is rectilinear or curvilinear. In 3D, the vertical grid is established 
by the 𝜎 co-ordinate approach, introduced by Phillips (1957) for ocean models. This 
model can be used to predict the flow in shallow seas, estuaries, lagoons, lakes, rivers 
and coastal areas (Deltares, 2017).  

A 2D dimension modelling is enough if the fluid is vertically homogeneous with a depth-
averaged approach, whilst in baroclinic conditions or stratification a 3D dimension 
modelling is required where the horizontal flow field shows significant variation in the 
vertical direction caused by wind forcing, bed stress, Coriolis force, density differences 
and bed topography.  

On this wise, the numerical hydrodynamic modelling system Delft3D-Flow solves the 
non-steady shallow water equations in 2D or 3D dimension, which consists in the 
horizontal equations of motion, the continuity equation, and the transport equations for 
conservative constituents, and are formulated in orthogonal curvilinear or spherical co-
ordinates on the globe.  

In spherical co-ordinates the reference plane follows the Earth’s curvature, in curvilinear 
co-ordinates the free surface level and bathymetry are related to a flat horizontal plane 
of reference while in a rectangular grid it is refers to a Cartesian frame of reference. 
Source and sinks are included in the equations modelling the discharge and retreat of 
water. The flow is forced by tide at the open boundaries, pressure gradients due to free 
surface gradients (barotropic) or density gradients (baroclinic) and wind stress at the free 
surface. Thus, this model includes mathematical formulations that take into account 
many physical phenomena’s as barotropic/baroclinic effects, Coriolis force, equation of 
state, turbulence closure models, transport of salt, heat and other conservative 
constituents, tidal forcing at the open boundaries, space and time varying wind shear-
stress at the water surface and at the bottom, river discharges, heat exchanges through 
the free surface, evaporation and precipitation, tide generating forces, lateral shear-
stress at continental boundaries, etc.  

Delft3D is being widely used along the world to successfully study hydrodynamics 

processes along different coastal systems. As examples, can be referring the following 

studies: A three-dimensional hydro-environmental model of the Arabian Gulf was 

developed based on the Delft3D-FLOW model and on Delft3D-WAQ model (Pokavanich 

et al., 2014). This model was also applied by Van den Heusel (2010) to study the impact 

of the dispersion scenarios on salinity on Pontchartrain Basin, in New Orleans in the 

United States. A hydrodynamic study of the south of Persian Gulf using Delft3D-FLOW 

was done by Golshani (1990). Madah et al. (2015) also used Delft3D to study the 

characteristics of tides in the Red Sea region. 
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3.1.1 Hydrodynamic Equations 

Delft3D-Flow solves the Navier-Stokes equations for an incompressible fluid for shallow 
waters with the Boussinesq assumptions where the vertical accelerations are neglected 
in the vertical momentum equation, leading to the hydrostatic pressure equation. Thus, 
in 3D models the vertical velocities are computed from the continuity equation. It uses 
two orthogonal curvilinear co-ordinates in the horizontal direction, cartesian or spherical 
co-ordinates. Once the boundaries of a river, or an estuary are generally curved it is not 
smoothly represented on a rectangular grid taking the boundaries irregular and 
introducing significant discretization errors. To reduce them, boundary fitted orthogonal 
curvilinear co-ordinates are used, allowing, also, local grid refinement in areas with large 
horizontal gradients. The grid transformation presents curvature terms in the equations 
of the motion. In the vertical direction, the vertical grid has two different system, the sigma 
co-ordinate system (𝜎 − 𝑚𝑜𝑑𝑒𝑙) and the cartesian Z co-ordinate system Z-model (Figure 
4), that Delft3D-Flow provides. 

The vertical grid consists of layers bounded by two sigma planes, following the bottom 
topography and the free surface. Since the sigma grid is boundary fitted to the bottom 
and to the free surface, it results in a smooth representation of the topography. The 
number of layers over the horizontal computational area is constant as well as the 
relative layer thickness is usually non-uniform. The advantage of using this model is that 
allows more resolution in zones of interest such as shallow areas.  

The sigma co-ordinate system is defined as: 

𝜎 =
𝑧 − 

𝑑 + 
=

𝑧 − 

𝐻
 

Where z is the vertical co-ordinate,  is the free surface elevation above the reference 

plane (at z=0), d is the depth below the reference plane and H is the total water depth 

(d+). Figure 4 demonstrates that at the bottom sigma=-1 and at the free surface 

sigma=0. 

 

1 

Figure 4 Definition of water level (), depth (h) and total depth (H). 

Figure 5 Example of sigma-grid (left) and Z-grid (right). 
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In a sigma co-ordinate system, the number of layers is the same at every location in the 
horizontal plane, and the layer interfaces are selected following planes of constant sigma 
as it can be seen in Figure 5, and for each layer a coupled conservation equation is 
solved. 

The continuity equation is given by: 

 

 

Where the depth-averaged continuity is derived by integration the continuity equation for 
incompressible fluids over the total depth, considered the kinematic boundary at water 
surface and bed level. With U and V the depth averaged velocities: 

 

And Q considering per unit are the contributions of the discharge or withdrawal of water, 
precipitation (is considered 0 in this study) and evaporation: 

 

With qin and qout the local sources or sinks of water per unit of volume [1/s], respectively, 
P the non-local source term of precipitation and E non-local sink term due to evaporation. 
The coefficients to transform values from curvilinear to rectangular coordinates are 

 and . 

 

The horizontal momentum equation in the - and -direction are: 

 

and 
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where u, v and ω are the velocities in ξ, η and z directions, respectively, ζ is the free-

surface water elevation, t is the time, √𝐺 and √𝐺ηη are the coefficients used to 

transform curvilinear to rectangular co-ordinates, H = d + ζ is the total water depth, where 
d is water depth, U and V are depth averaged velocities, Q is the discharge per unit area, 
f is the Coriolis parameter, ρ0 is the reference density of water, Pξ and Pη are the gradient 
hydrostatic pressure, νH is the horizontal eddy viscosity, νV is the vertical eddy diffusivity 
and Mξ and Mη represent the discharge of water. 

The vertical velocities for sigma co-ordinate system () is computed from the continuity 
equation: 

 

The effect of precipitation and evaporation is considered at the surface. These velocities 
can be expressed in the horizontal velocities, water levels, according to: 

 

Under the shallow water assumption, the vertical momentum equation is reduced to a 
hydrostatic pressure equation for a sigma grid. Little variations in the bottom topography 
are not considered. The hydrostatic pressure is given by: 

 

 

And after integration is: 

 

Considering water of constant density and considering the atmospheric pressure (𝑃𝑎𝑡𝑚), 

the pressure gradients are: 

 

These gradients are the so-called barotropic pressure gradients that are the free surface 

level variations. The atmospheric pressure is included in the system for storm surge 

events and the atmospheric pressure gradients dominate the external forcing at peak 
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winds during storm surge (Deltares, 2017). Variations of wind and pressure fields in 

space and time are important when simulating storm surges. 

The Leibniz rule is used to obtain the following equations for the horizontal pressure 

gradients: 

 

Where the first term refers to the barotropic pressure gradient without atmospheric 

pressure gradients and the second term refers to the baroclinic pressure gradient.  

The turbulence closure models respond only to shear production, and it requires a 

background mixing coefficient, which is a background value for the vertical eddy viscosity 

in the momentum equations- 6 and 7. Therefore, the vertical eddy viscosity coefficient 

𝑣 is defined as: 

 

 

In case of a non-uniform density, the local density is related to the values of temperature 

and salinity given by the equation of state, where the density of water () is a function of 

salinity (s) and temperature (t)(UNESCO, 1981a). 

Salinity, heat and dissolved substances are transported by rivers, estuaries, coastal 

seas, tides, and this transport is modelled by an advection-diffusion equation in the three 

co-ordinate directions. Source and sink terms are included to simulate discharges and 

withdrawals. This equation is formulated in a conservative form which in the horizontal 

direction is orthogonal curvilinear coordinated and in the vertical direction is sigma co-

ordinates: 

 

With 𝐷𝐻 the horizontal diffusion coefficient, 𝐷𝑉 the horizontal diffusion coefficient, 𝑑 

representing the first order decay process and S the source and sink terms per unit area 

due to discharge 𝑞𝑖𝑛 or withdrawal 𝑞𝑜𝑢𝑡 of water and/or the exchange of heat through the 

free surface 𝑄𝑡𝑜𝑡: 
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3.1.2 Boundary Conditions  

The 2D and 3D depth-averaged shallow water or long-wave equations applied in this 

module represent a hyperbolic or parabolic set of partial differential equations. To obtain 

a well-posed mathematical problem with a unique solution is necessary a set of initial 

and boundary conditions for water level and horizontal velocities.  

In the  co-ordinate system, the free surface (= 0 or z= ), and the bottom (= -1 or z= 

-d), are  co-ordinate surfaces.  is the vertical velocity relative to the -plane. The 

impermeability of the surface and the bottom considered with the following kinematic 

conditions: 

 

 

 

 

The boundary conditions for the momentum equations at the seabed in the  and  are: 

 

 

and 

 

 

where 𝑏 and 𝑏 represent the bed stress in - and -directions, respectively (Deltares, 

2017). For three-dimensional flow, a quadratic bed stress formulation is adopted. The 

bed shear stress in 3D is related to the current above the bed: 

 

 

 

 

with |𝑢𝑏| the magnitude of the horizontal velocity in the first layer just above the bed. The  

𝐶3𝐷 can be expressed in the roughness height 𝑧0 of the bed: 

 

 

 

where 𝑧0 is the actual geometric roughness as a fraction of the RMS-value of the sub-

grid bottom fluctuations (Deltares, 2017). The Chézy-coefficient 𝐶2𝐷 may be used for 

calibration of the 3D model. For Manning’s formulation, the Chézy-coefficient is related 

to the Manning roughness coefficient, which results: 
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Where H is the water depth.  

At the free surface the boundary conditions for the momentum equations are: 

 

 

 

 

 

Where  is the angle between the wind stress vector and the local direction of the grid-

line  is constant. The stress at the free surface is zero without wind. The magnitude of 

the wind shear-stress is defined using a quadratic expression: 

 

 

With 𝑎 is the density of air, 𝑈10 the wind speed 10 meter above the free space (time and 

space dependent) and 𝐶𝑑 the wind drag coefficient, dependent on 𝑈10. 

The open water boundaries are virtual “water-water” boundaries, and refers to the 

location where the model is connected to the exchange between a fresh water source or 

the open ocean areas. The data prescribed for the boundary conditions are achieve from 

measurements, tide tables or from a larger model, which encloses the model – nested 

models (Deltares, 2017). Without the exactly prescribing incoming waves at an open 

boundary, the outgoing waves will reflect at the boundary and propagate as a 

disturbance into the area.  

To this extent, many boundary conditions are distinguished: 

• Water level:  

 

• Velocity (in normal direction):  

 

• Discharge (total and per cell):  

 

• Neumann:  

 

• Riemann invariant:  

 

To reduce the reflections at the open boundary is derived a so-called zero and first order 

weakly reflecting boundary condition. Assuming zero flow along the boundary, the zero-

order boundary condition may also be achieved considering the so-called Riemann 

invariants for the linearized 1D equation normal to the open boundary (Deltares, 2017): 
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The two Riemann invariants are two waves moving in opposite direction with propagation 

speed                         The sign is dependent on the direction of propagation. At the 

open boundary, the incoming wave shall be specified. It is considered the positive sign- 

left boundary. The linearized Riemann invariant is given by: 

 

 

 

Stelling (1984) added the time-derivate of the Riemann invariant to the water level and 

velocity boundary conditions, to make the boundaries less reflective for disturbances with 

the eigen frequency of the model area (Deltares, 2017). This reduces the spin-uptime of 

a model from a cold start: 

 

 

 

 

 

For the discharge and velocity to be imposed as boundary condition, the flow is assumed 

to be perpendicular to the open boundary. In 3D models it can be prescribed a uniform 

profile, a logarithmic profile or a so-called 3D profile in the vertical. A 3D-profile means 

that the velocity at each sigma-layer is specified as any of the forcing types, such as 

harmonic components, time-series or astronomical components (Deltares, 2017). 

A closed boundary is situated at the transition between land and water. At a closed 

boundary, two conditions are prescribed: the flow normal to the boundary and the shear-

stress along the boundary. The boundary condition for flow normal to the boundary is 

any flow through the boundary, for the shear stress along the boundary has two 

conditions, which is zero tangential shear-stress (free slip) and partial slip.   

3.1.3 Transport Boundary Conditions 

The horizontal transport of dissolved substances in rivers, coastal seas and estuaries is 

dominated by advection where the horizontal diffusion is important in flow direction. At 

an open boundary during flood (inflow) is needed a boundary condition and during ebb 

(outflow) the concentration must be free. At inflow the concentration is specified which 

may be determined by the concentration of outflow of the former ebb period. Usually, 

only the background concentration is known from measurements or from a larger model 

area, a special boundary condition based on the concentration in the interior area in 

combination with a return time is used, which does not completely fix the concentration 

at the background value. This is the so-called Thatcher-Harleman boundary condition 

(Thatcher and Harleman, 1972). 

The transport of dissolved substances such as salt, sediment, and heat are described 

by the advection-diffusion equation (Deltares, 2017). The concentration is determined by 

pure advection from the interior area: 
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There is a discontinuity in the concentration at the turn of the flow if the concentration at 

outflow differs from the boundary condition at inflow. The transition of the concentration 

at the boundary from the outflow value to the inflow value could take some time, 

depending on the refreshment of the water in the boundary region. The transition time is 

called the return time (Deltares, 2017).  

The mathematical formulation of this memory effect is given as follows: 

 

 

Where 𝐶𝑜𝑢𝑡 is the computed concentration at the open boundary at the last time of 

outward flow, 𝐶𝑏𝑛𝑑is the boundary concentration described, 𝑜𝑢𝑡 is the elapsed time since 

the last outflow 𝑜𝑢𝑡= t - 𝑡𝑜𝑢𝑡, 𝑡𝑜𝑢𝑡 is the last time of outward flow, and 𝑇𝑟𝑒𝑡 is the 

constituent return period.  

The vertical diffuse flux through the free surface and bed is zero with exception of the 

heat flux through the free surface. Delft3D-FLOW solves the Navier-Stokes equations 

for an incompressible fluid. The grid (horizontal and/or vertical) usually is too coarse and 

the time step too large to resolve the turbulence scales of motion. The turbulent 

processes are “sub-grid” and the primitive variables are space- and time-averaged 

quantities. Filtering the equations leads to the need for appropriate closure assumptions.  

For 3D assumptions water flow the horizontal eddy viscosity coefficient 𝐻 and eddy 

diffusivity 𝐷𝐻 are much larger than the vertical coefficients 𝑉 and 𝑉. The horizontal 

coefficients are assumed to be a superposition of three parts: 1) a part due to molecular 

viscosity, 2) a part due to 2D-turbulence and 3) a part due to 3D-turbulence.  

In Delft3D-FLOW, four turbulence closure models have been implemented to determine 

𝑉 and 𝐷𝑉: 1) Constant coefficient, 2) Algebraic Eddy viscosity closure model (AEM), 3) 

k-L turbulence closure model and 4) k-𝜀 turbulence closure model.  

The first turbulence closure model is the simplest closure based on a constant value. A 

constant eddy viscosity will lead to parabolic vertical velocity profiles. The other three 

turbulence closure models are based on the so-called viscosity concept of Kolmogorov 

(1942) and Prandtl (1945). The eddy viscosity is related to a characteristic length scale 

and velocity scale (Deltares, 2017). The eddy viscosity is given by: 

 

 

Where 𝑐µ
′  is a constant determined by calibration, derived from the empirical constant 𝑐µ 

in the k-𝜀 model; 𝑐µ
′ = 𝑐µ

1
4⁄

,  𝑐µ = 0.09 (Rodi, 1984), L is the mixing length, and k is the 

turbulent kinetic energy. In this work it was used the k-𝜀 turbulence closure model. 

In the k-𝜀 turbulence model, transport equations must be solved for both the turbulent 

kinetic energy k and for the energy dissipation 𝜀. The mixing length L is then determined 

from 𝜀 and k according to: 
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In the transport equations, are made two assumptions: 1) The production, buoyancy, and 

dissipation are the dominating terms, 2) The horizontal length scales are larger than the 

vertical ones (shallow water, boundary layer type of flows). 

The transport equations k and 𝜀 are non-linearly coupled by means of their eddy 

diffusivity 𝐷𝑘, 𝐷𝜀 and the dissipation terms (Deltares, 2017). The transport equations for 

k and 𝜀 are the following: 

 

 

 

 

 

 

 

 

 

 

with 

 

 

 

 

 

 

 

 

 

 

 

Where the calibration constants are parametrized by 𝑐1𝜀 = 1.44, 𝑐2𝜀 = 1.92, and 𝑐3𝜀 =

0.0 in an unstable stratification and 𝑐3𝜀 = 1.0 in a stable stratification.  
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3.1.4 Heat Flux 

The heat flux radiation emitted by the sun reaches the earth in the form of 

electromagnetic waves with wavelengths in the range of 0.15 to 4 µm (Deltares, 2017). 

In the atmosphere the radiation withstand reflection, scattering and absorption by cloud, 

air, dust and particles.  

In Delft3D-FLOW the heat exchange at the free surface is modelled considering the 

separate effects of solar, that is the short wave, and atmospheric, that is the long wave, 

radiation, and heat loss due to back radiation, evaporation and convection. 

There are five heat flux models that have implemented, but in this work only model 5 is 

considered (further details about the other models can be found on section 9.8 of 

Deltares, 2017). The model 5 is the ocean heat flux model, where the fraction of the sky 

covered by cloud is prescribed (in %). The effective radiation and the heat losses due to 

evaporation and convection are computed by the model. Thus, when air and water 

densities and/or temperatures are such that free convection occurs, free convection of 

latent and sensible heat is computed by the model (Deltares, 2017). This model 

formulation is often cover for large water bodies. The physical background of the heat 

exchange at the air-water interface and the definitions, Lane (1989) refers to model 5.  

In the ocean heat flux model, the flux is computed dependent on the geographical 

position and the local time. The incoming energy flux at the water surface depends on 

the angle declination between the incoming radiation and the Earth’s surface.  

 

3.2 Model Implementation 

The implementation used in this study is based on the one developed by Eladawy et al. 

(2018). The model domain has a horizontal resolution of 2 km and 15 vertical sigma 

layers expanding from the surface to bottom and employed a spherical co-ordinate 

system (Figure 6). The sigma layers have different layer thickness (Table 1) and the 

average depth considered is about 50 m. It has 64 grid-points in M-direction and 145 grid 

points in N-direction. The values of the bathymetry were on the grid cell corners and 

used the maximum of the cell centre values computed.  

At the ocean open boundary (Figure 6), the model was forced with HYCOM daily profiles 

of water temperature and salinity. Furthermore, tidal conditions at the open boundaries 

were extracted from the Topex dataset (TPXO 7.2), containing data on 13 tidal 

constituents on a global 0.25º grid (Egbert et al., 1994; Egbert and Erofeeva, 2002). The 

data used has a spatial resolution of 0.25º in longitude and latitude. 

The surface boundary condition (Figure 7) was imposed using hourly RegCM4 model 

outputs at 10 m (U10 and V10), air temperature at 2 m (T2m), relative humidity (rh), cloud 

cover (tcc), total precipitation (Tp), and sea level pressure (SLP) over a domain (26º-

31ºN, 31º-35ºE) using a spatial resolution of 12 km and 18 sigma-P vertical levels for 

2012-2013. Wind drag coefficients were calculated linearly from 0.00063 to 0.0027 at 

wind speeds of 0 and 25 m/s respectively. 
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The turbulence model was the k–Ɛ 3D-turbulence closure (Hydraulics, 2014). A constant 

manning coefficient value of 0.02 (s/m1/3) was assumed for bottom roughness. Where 

used a uniform values of horizontal eddy viscosity of 1 m2/s, horizontal eddy diffusivity of 

10 m2/s, vertical eddy viscosity of 0 m2/s and vertical eddy diffusivity of 0 m2/s.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Grid with bathymetry, stations (blue crosses) and open boundaries (blue lines).  

Figure 7 The grid of the RegCM4 simulation (Eladawy, A. et al., 2018). 

http://epsilon/
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The heat flux scheme within Delft3D-FLOW model used was the ocean model scheme 

(Lane, 1989) and no rivers discharge was considered. The time step was 1 min and the 

output period of the results was two hours in store maps and 10 minutes in time history. 

Table 1 Layer Thickness for each layer defined in the vertical grid. The sum 100%. 

 

 

 

 

 

 

 

 

 

 

 

The main differences between the implementation used in this work and by Eladawy et 
al. (2018) is the bottom roughness, since here it was used Chezy bottom roughness. The 
heat flux model used was the ocean. The wind and pressure vary in space and time. The 
simulation was made for the period of January 2012 to December 2013, and the first 
year of the simulation are considered as spin-up. 

3.3 Model Validation 

Firstly, a visual comparison between observed and predicted water levels was 
performed, where the data set for the stations shown in Figure 6 were compared with 
predicted sea surface elevations. It were also applied two error parameters two assess 
the model predictive accuracy: the root mean square error (RMSE) (Stow et al., 2009) 
and the skill (Willmott, 1981).  

 

 

 

 

 

Where 
0
(𝑡𝑖) is the observed sea surface elevation at time 𝑡𝑖, 𝑚

(𝑡𝑖) is the predicted sea 

surface elevation at time 𝑡𝑖 and N is the number of observations. The closer the value to 

Layer Layer Thickness (%) 

1 0.67 

2 3.67 

3 6.67 

4 6.67 

5 6.67 

6 6.67 

7 7.67 

8 7.67 

9 7.67 

10 7.67 

11 7.67 

12 7.67 

13 2.67 

14 8.67 

15 11.62 

42 

43 
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0 the better performance the model represents. RMSE lower than 5% of the local 
amplitude represents an excellent agreement between model and observations, while a 
RMSE between 5% and 10% indicated a very good agreement (Dias et al., 2009). A skill 
equal to one indicates an excellent representation of observations by the model. Sea 
surface skills higher than 0.95 can be considered excellent (Dias et al., 2009). These 
analyses were not accomplished for salinity and water temperature since was no real 
data available to compare with the model predictions. 

Harmonic analysis is a method to perform the analysis of tidal height and current time 
series. It uses the least squares technique to examine specific frequencies and to solve 
the harmonic constituents. The harmonic analysis was performed using T_TIDE package 
of MATLAB (Pawlowicz et al., 2002) that was applied on water level time series. The 
advantage on this application is that has an estimation of the 95% confidence interval 
associated with each calculated amplitude and phase. The harmonic analysis was 
performed for the following semidiurnal and diurnal constituents 𝑀2, 𝑆2, 𝐾1 and 𝑂1, 
respectively.  

3.4 Model Application  

A tide analysis was performed in order to characterize the tidal propagation along the 

Gulf of Suez. For this, initially, the observed water level data were compared with the 

model data between 2nd February and 20th March. Then the harmonic analysis was 

carried out between the same period to observe the phase and amplitude behaviour of 

the major constituents, namely M2, S2, K1 and O1, along the Gulf of Suez, through maps. 

The water level was later analysed on February 2nd between the northernmost station 

(Suez) and the southernmost station (Shadwan). Afterwards, the form factor was 

calculated. 

After, the predicted currents were analysed. A low-pass filter, pl33tn, was applied to time 

series predictions for June in all stations. Subsequently, the current velocity between the 

stations was compared in the same period. Afterwards, the current velocity was 

averaged in June for each point of latitude and longitude, and results were represented 

in maps in order to observe the residual circulation and the type of dominance 

characteristics of this system.  

The atmospheric pressure was then analysed through time series for the whole year as 

well as the wind intensity and direction in June. Afterwards, one longitudinal and three 

transverse transects to the gulf were performed to analyse the currents, water 

temperature and salinity in depth, in 26th of June, corresponding to the higher amplitude 

of water level.  
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4 Environmental Conditions 

4.1 Atmospheric pressure 

Atmospheric pressure variation was represented throughout 2013 for all stations. Only 

the comparison between the most distant stations, Suez in the north and Shadwan in the 

south is shown, as the differences between all other stations are minimal (Figure 8). 

 

Atmospheric pressure is higher in winter and lower in summer. However, at Shadwan 

station the values are predominantly lower than at Suez's, although they have the same 

pattern, which may be reflected by the widening of the basin and assuming that the 

atmospheric pressure will vary less in the ocean than near land. 

4.2 Wind 

Wind intensity time series were represented for 2013 (Figures 9 and 10) and then wind 

direction and intensity time series for June (Figure 11) for all stations. 

 

 

In the literature it was found that wind was one of the most important local driving forces 

in water transport, since it acts mostly from north/northwest, during the entire year, and 

Figure 8 Comparison of the atmospheric pressure between two stations. 

Figure 9 Wind intensity over the year 2013 to Suez, Zafaarana and Ras Gharib stations. 
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the intensity is high. The Suez station is where the lowest intensity occurs (Figure 9). 

However, all stations demonstrate the same pattern of wind intensity. 

 

 

 

 

Figure 10 Wind intensity over the year 2013 of Tor, Ashrafi and Shadwan stations. 

Figure 11 Intensity coupled with direction of the wind for Suez, Zafaarana and Ras Gharib stations 
over the month of June. 
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During June, the wind blows between the north and northwest quadrants in all stations. 

In Shadwan station, the wind changes direction at the end of the month from the 

southwest (Figure 12).  

  

Figure 12 Intensity coupled with direction of the wind for Tor, Ashrafi and Shadwan stations over the month 
of June. 
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5 Results and Discussion 

The characterization of the tide and the comparison of the water level between model 

predictions and in-situ data is performed, since the work developed by Eladawy et al. 

(2018) does not include this analysis. Moreover, the friction coefficient has changed 

model configurations, and therefore it is essential to assess the model performance 

under these new conditions.  

5.1 Hydrodynamic Patterns 

5.1.1. Water Level 

Once the models do not represent exactly the reality, due to the approximations and 

parameterizations that are made, there are always associated errors between model 

predictions and observations.  

Therefore, before observing the model results, an analysis of water level accuracy 

between model predictions and observations is performed in order to estimate the 

associated error (Figure 6).  

The water level and harmonic analysis were done for the period between 02nd of 

February till 20th of March 2013 for all stations with an interval of thirty minutes. The 

results of the water level analysis are presented in Figure 13 and 14.  

 

 

 

 

 

 

Figure 13 Comparison of sea surface height between predicted (blue line) and observed data (red line), 
for Suez, Zafaarana and Ras Gharib stations shown in Figure 6.  
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The results of the differences for M2 (12.42 h-lunar semidiurnal), S2 (12.00 h-solar 

semidiurnal), O1 (25.82 h-principal lunar diurnal) and K1 (23.93 h-luni-solar diurnal) 

constituents between predictions and observations are presented in Table 2, as well as 

the root mean square error and the skill.  

 

Figure 14 Comparison of sea surface height between predicted (blue line) and observed data (red line), 
for Tor, Ashrafi and Shadwan stations shown in Figure 6.  

 

Table 2 Values of amplitude and phase of the model and in-situ data, and the respective difference for four 
major constituents, M2, S2, O1 and K1 over the period 2nd of February to 20th of March for all stations. 
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At Suez, Zafaarana, Ashrafi and Shadwan stations, model predictions and in-situ data 

show similar patterns. However, at the northernmost stations (Suez and Zafaarana) 

(close to region where the open boundary with the Suez Canal is neglected), the 

observed data has higher amplitude than the simulated data. In 11th February, the 

highest difference between water level of model and in-situ data is 0.19 m in Suez, 0.11 

in Zafaarana, -0.06 m in Ras Gharib, -0.02 m in Tor, 0.02 m in Ashrafi and -0.01 m in 

Shadwan station. At the southernmost stations that are closer to the open boundary, 

Ashrafi and Shadwan, the differences are almost null. In Ras Gharib and Tor, the sea 

surface height results present good adjustment, with a Skill of 0.968 and RMSE of 0.053 

m for Ras Gharib and a Skill of 0.924 and RMSE of 0.033 m to Tor station (Table 1).  The 

remaining stations have a skill score close to 1.  

The highest differences are found in phase, mainly in the diurnal constituents. In Suez, 

the difference is approximately 41º in O1 and -26º in K1, in Zafaarana and Ras Gharib 

the differences reaches higher values, with 67º difference in O1 and -117º in K1, 22º in O1 

and -126º in K1, respectively. However, in Tor station, the solar semidiurnal and the 

principal lunar diurnal constituents presented higher differences than the lunar 

semidiurnal and the luni-solar diurnal constituents. Shadwan station is the one with the 

smallest amplitude differences, as expected as it is near the open boundary. The 

semidiurnal lunar constituent has higher amplitude differences in the Suez station with a 

difference of 0.139 m whilst in the Shadwan station the difference is 0.005 m. The 

amplitude differences decreased toward the mouth of the Gulf of Suez. With these results 

it was possible to determine that the model has a good representation of the observed 

data. However, at Suez Location, it is important to consider the exchange of water 

between the Gulf of Suez and the Suez Channel in future model developments. 

The amplitude and phase patterns of the major tidal constituents along the gulf were 

represented by maps as depicted in Figure 15 and 16. The results of the M4 constituent 

(6.24 h-quadri-diurnal component) is not shown since its amplitude is negligible. 

 

 

 

 

Figure 15 Maps of the M2 constituent along the gulf. 
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Semi-diurnal constituents have the same pattern in both amplitude and phase. The 

amplitude is in order of centimeters, reaching its maximum for the semidiurnal 

constituents, M2 and S2, with values of 0.42 m and 0.11 m, respectively, in the north, 

Figure 16 Maps of the S2, O1 and K1 constituents along the gulf. 
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close to Suez station. The amplitude of the semi-diurnal constituents decreases along 

the channel as depth decreases to the middle of the gulf. From the middle of the Gulf of 

Suez to the Suez station, the amplitude increases, reaching its maximum at the mouth 

of the gulf with minimum bathymetry, around 1 meter. The maps show that there are no 

significant lateral differences in amplitude for the four constituents, however in the middle 

of the gulf the semidiurnal constituents present some differences, caused by the local 

bathymetric changes (shallow in the west than at the east side). Following the 

classification of the mean range of the tide, the microtidal type has an amplitude lower 

than 2 m, thus, the tide in the Gulf of Suez is classified as microtidal. 

The phase of the semidiurnal constituent demonstrates the same pattern of the 

amplitude. In diurnal constituents the phase presents a different pattern, mainly in O1, 

with higher lateral differences. The phase is increasing from the open boundary, but from 

the middle of the gulf, the differences are smaller. They differ from the patterns of the 

semi-diurnal constituents, as present an amplification of the amplitude from the open 

boundary, and larger lateral differences, mainly in the main lunar constituent, O1. The 

semi-diurnal constituents M2 and S2 are the most important.  

  

  

From the phase difference maps is found a 6-hour difference between the mouth and 
the channel head for the semidiurnal constituents, M2 and S2, once for M2 it reaches a 
phase of 300º near Suez station and 117º near Shadwan station, and for S2 it holds a 
phase of 290º in Suez and 130º in Shadwan. These constituents behave as resonant, 
like a standing wave. In order to corroborate these results, it was compared for 2nd of 
February the difference between the southeast station, Shadwan, and the northeast 
station, Suez (Figure 17), and it was found a 6-hour difference, when the amplitude 
reaches its maximum in Suez, it holds its minimum in Shadwan that it is in agreement 
with the work of Rady et al. (1998) that studied the residual circulation in the Gulf of Suez.  
 

Afterwards, it was determined the form-factor (F) in order to characterize the tides along 

the Gulf of Suez (Figure 18). 

Figure 17 Difference of the water level between Suez (blue line) and Shadwan (red line) stations on 02st of 
February. 
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If the value of F is between 0 and 0.5 the tide is semidiurnal, if the value is between 0.25 

and 1.5 the tide is mixed with semi-diurnal dominance, if F is between 1.5 and 3 the tide 

is mixed with diurnal dominance and if the value of F is higher than 3 the tide is diurnal. 

The tide in the Gulf of Suez comprises essentially a semi-diurnal tide and a mixed tide 

with dominance semi-diurnal. The results for diurnal tide and mixed tide with diurnal 

dominance are not shown since they can be neglected. 

5.1.2 Currents 

To have a better knowledge of the behaviour of the currents along the Gulf of Suez, was 

chosen one month of model predictions to analyse with higher detail. June was chosen 

as the wind intensity is irregular as well as the atmospheric pressure (Figures 8, 9 and 

10). It is also the period where the water level has the highest tidal range (figure not 

shown). Initially a low-pass filter was applied to the current time series predicted for in 

June in all stations (Figure 19). This filter separates the effect of the high and low 

frequencies.  

Regarding the low frequencies it was observed that the tide has no great effect on the 

maximum current speed, since the predicted current has a difference of about 0.04 m/s 

in the Suez station and about 0.2 to 0.3 m/s in the remaining stations. Then the 

differences in current velocity between the most distant stations, Suez and Shadwan 

(Figure 20) and the difference between all stations (Figure 21) were analysed over the 

month of June. The current speed is higher in Shadwan station, as expected, since this 

station is close to the open boundary. In Suez, current speed is close to zero, and there 

are not many differences throughout the month, although, in Shadwan station in the 

middle of the month till late the variations are larger. 

 

 

Figure 18 Form-factor for Gulf of Suez. 
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Figure 19 Original and filtered time series of the water current for all station. 

Figure 18 Original and filtered time series of the water current for all Figure 20 Current Speed of Suez and Shadwan stations over June. 
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The stations where the current speed is higher are Ras Gharib and Ashrafi. From the 

residual currents map was found that the Gulf of Suez is ebb dominanated, as shown in 

Figure 22.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A longitudinal transect (Figure 23) was drawn along the gulf on June 26, as the water 

level has the largest amplitude, about 0.68 m at Suez station and 0.45 m at Shadwan 

station (data not shown). The longitudinal transect allows to understand the behaviour of 

the current in depth along the channel length, through the analysis of its magnitude. 

Current speeds are higher in the south, when is an abrupt increase in depth. The gulf 

geomorphology is irregular, and when there is funnelling of the depth geometry, the 

current velocity increases due to the basin constraints (Figure 24). 

 

 

 

Figure 19 Current speed for all stations over June. 

Figure 22 Residual Circulation over the month of June. 

Figure 21 Current speed for all stations over June. 
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Depth variations in current velocity show that there are higher velocities in depth in some 

areas. In Figure 22, the residual circulation shows eddies in the north, the middle and in 

the south, on the surface, which can be seen in the longitudinal transect the velocities 

increase in depth on those places. 

 

 

. 

 

 

 

 

 

 

 

 

 

 

Three transversal transects (Figure 23) were defined across the Gulf of Suez, one in the 

north area near Suez station, one approximately in the middle of the gulf and one in 

south area near the Shadwan station. The velocity along these transects corroborate the 

results observed in the residual circulation map and the longitudinal transect map, being 

observed lateral differences to the east of the gulf (Figure 25). This result agrees with 

the results obtained from the amplitude and phase of the main harmonic constituents. 

 

 

Figure 24 Current velocity in 26th of June over the gulf in depth. 

Figure 23 Longitudinal and transversal transects along the Gulf of Suez. 
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Figure 25 Current velocity in 26th of June over the gulf in depth from the transversal transects. 
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The distances differ between each transect, being the north approximately 14 km, 

midway 34 km and south 56 km from the model boundary. The blanks on the map to the 

south refer to local islands. The embarrassment of these islands increases the speed of 

the current in the exchange of the water in the open boundary. In Figure 22 is found that 

the high velocities of the ebb-dominating current reach their maximum at the gulf exit 

close to the Red Sea across the Jubal Strait, reaching a currents velocity of 0.86 m/s.  

5.2 Hydrographic Patterns 

In order to analyze local hydrographic patters, it were represented water temperature 

and salinity model predictions along the transects previously defined, which used to 

understand the behavior of temperature and salinity in depth along the gulf, during the 

same period defined for the depth current velocities analysis. 

5.2.1 Water Temperature 

The water temperature is colder at the bottom as expected and warmer at the surface 

(Figure 26).  

The water is partially stratified, with a slight decline in the northern transect. To the west 

it is possible to find a higher water temperature from the surface to about 30 m deep.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since winds blow mostly from the north/northwest, it is possible that it is forcing water 

transport in the middle of the Gulf (Figure 22), and consequently mixing the waters in 

this region (Figure 27). In the middle of the gulf there is a resurgence of water from the 

bottom to the surface caused by surface eddies. 

In the southernmost transect, it is observed that the water entering the gulf is colder and 

that the outward water flux is warmer, from the surface to a few meters deep. 

Figure 26 Water temperature in 26th of June over the gulf in depth. 
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Figure 27 Water temperatures over the gulf in depth from the transversal transects. 
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5.2.2 Salinity 

Salinity is represented in depth by transverse and longitudinal transects (Figure 28 and 

29). In the northernmost transect it is possible to observe that in depth are two distinct 

layers separated by less brackish water (Figure 28). It is possible to observe that there 

are exchanges between the water layer from the bottom to the surface. Wind may also 

influence this behavior. 

 

 

 

 

 

 

 

 

 

 

 

 

In the mid-gulf transect the lateral variations are most notable. In the southernmost 

transect the salinity increases in depth and increases from west to east up to 10 km 

offshore. Island embarrassment can lead to entrapment of higher salinity concentrations 

where water enters the gulf. 

 

 

  

Figure 28 Salinity in 26th of June over the gulf in depth. 
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Figure 28 Salinity in 26th of June over the gulf in depth from the transversal transects. 
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6 Conclusions 

The main objective of this work was to characterize the tidal propagation, current velocity, 

salinity and water temperature behavior along the Gulf of Suez in 2013 through the 

exploitation of a numerical model developed by Eladawy, et al, (2018). These objectives 

were not fully achieved since the characterization was only carried out in June. 

The implementation of the hydrodynamic model was well designed, and the model 

validation performed in this study reveals that the model predictions reproduced the 

reality with good accuracy. Consequently, the model was able to predict tidal 

propagation, current velocities, salinity, as well as water temperature patterns along the 

gulf. Therefore, the first conclusion of this work is that the Delft3D numerical model 

developed and explored has been able to characterize the Gulf of Suez in terms of its 

dynamics. 

The tidal wave in the Gulf of Suez acts as a stationary wave, with a tide delay of 6 h 

between Suez-Shadwan stations. When the amplitude of the wave reaches its maximum 

in the north of the channel, it reaches the minimum in the southern channel. The tide is 

microtidal, the most important harmonic constituents are the semidiurnal, with the lunar-

semidiurnal presenting the highest amplitude. Wind is mostly from the north/northwest 

quadrant and has a major influence on surface circulation. It was not considered any 

fresh water input, even from wadi systems, which can lead to the system imbalance and 

may constitute one of the study limitations. 

The circulation is ebb dominated and were found some eddies along the central area of 

the gulf. Current speeds are strongest close to the Red Sea boundary, due to exchange 

of water between the Gulf of Suez and the Red Sea. The current velocity does not show 

large longitudinal variations, except in the mouth where the local depth is five times 

higher than in the remaining areas. 

In the middle of the gulf it was possible to confirm that the presence of an eddy induced 

the mixture between bottom and surface water homogenizing salinity and water 

temperature. Water temperature and salinity exhibit opposite patterns. A shallow layer 

of colder and saline water penetrates from the Red Sea into the Gulf of Suez, leaving a 

warmer and less saline layer of water into the Red Sea. 

This work has some crucial flaws that should be corrected in future work, such as the 

constant patterns defined in FLOW for bottom roughness or the inclusion of freshwater 

discharges. It should also be considered an open border at the link between the Gulf of 

Suez and the Suez Canal. 

Future work should be performed in order to study the climate change impacts in local 

hydrodynamics and hydrographic, as well as, the consequences and distribution of an 

oil spill, particularly its impact on coral reefs. 
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