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ABSTRACT

Bardawil Lagoon is a tidal lagoon situated at the northern coast of the Sinai Penin-
sula in Egypt. It’s two artificial inlets, Boughaz 1 in the West and Boughaz 2 in the
East, provide a connection to the Mediterranean Sea. They enable the water bod-
ies to interact and support fish migration. Currently, regular maintenance dredging
works are necessary to keep the two inlets open. The objective of this thesis is to
analyse the effect of interventions applied to the two inlets on the lagoon-sea inter-
action, with the goal of transforming the present, unstable inlet system towards a
stable tidal inlet lagoon by adapting one or both of the present inlets.

This study is conducted on three system phases, being Phase 0, Phase 1 and Phase
2. Phase 0 consists of the initial situation without any interventions; Phase 1 contains
the effect of adaptations to the Boughaz 1 inlet, and Phase 2 includes adaptations to
Boughaz 2 in addition to the changes made in Phase 1. The new design in Phase
1 and Phase 2 consists of a deeper inlet cross-sectional area, the dredging of an
approach channel, the addition of a nourishment, and the removal of the present
breakwaters. Design elements are processed using a 2D-H Delft3D Flexible Mesh
model and analysed under tide-only conditions with and without a prevailing wind
climate added. Evaporation effects are included after the model calculations are
made. The results are mainly assessed are the interaction with the Mediterranean
Sea, the sediment transport character, and the inlet stability according to the Escoffier
curve. Moreover, an analysis is made on the flushing of the lagoon and the effect of
a prevailing wind pattern on the system.

It is clear from both literature and the initial model results of Phase 0 that Bardawil
Lagoon currently does not function as a morphologically stable tidal inlet system, as
sedimentation occurs in both inlets. The water exchange between the Mediterranean
Sea and Bardawil Lagoon is restricted by the inlets, which is indicated by the dif-
ference in tidal elevation on both sides of the inlet. Both inlets are positioned near
the unstable equilibrium point on the Escoffier curve, indicating possible closure of
the inlets in the future. Hence, interventions are required to establish a morpholog-
ically stable lagoon inlet system. By applying the proposed designs in Phase 1 and
Phase 2, the limitations on the incoming tide shift from the inlets to the inner basin
induces friction, thus removing the inlets as limiting factor. Moreover, taking into
account both the prevailing winds and high evaporation effects, the total system is
classified as having a sediment exporting character after Phase 2. High evaporation
rates have a significant importing effect on the sediment transport character of the
inlets. However, after Phase 2, these effects are reduced by a factor 3-5 compared to
Phase 0, depending on the wind. The new cross-sectional area design also results in
both inlets being positioned near the stable equilibrium point on the Escoffier curve
after Phase 2, which is supported by the sensitivity analysis. Hence, it is concluded
that the proposed adaptations achieve the goal of developing Bardawil Lagoon into
a morphologically stable inlet system.

The study provides good insight into the effect of system interventions on the
morphodynamic stability of the inlets as well as the flow dominance regarding those
inlets. It is recommended to construct a validated morphological 3D model which
can provide insight in the long term response of the system to those adaptations.
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1 INTRODUCT ION

The Bardawil Lagoon is situated at the Northern coast of the Sinai Peninsula
of Egypt. This tidal lagoon consists of a basin enclosed by a coastal barrier
island and forms, like for example beach and dune systems, a transition
between the land and the sea. Two artificial inlets, Boughaz 1 in the West
and Boughaz 2 in the East, connect the lagoon with the Mediterranean Sea,
as can be seen in Figure 1.1. The lagoon has an extent of almost 80 km and
a maximum width of 20 km and it covers an area of about 550 km2 (Khalil
and Shaltout, 2006).

Figure 1.1: Bardawil Lagoon and the two artificial inlets connecting the lagoon to
the Mediterranean Sea

The prosperity of thousands of families around Lake Bardawil largely
depends on fishing yield, which subsequently depends on an ecological ro-
bust tidal lagoon system. Due to the absence of inland fresh water inflow,
the lagoon depends on the inflow of less saline Mediterranean Sea water
to maintain a viable habitat. However, a near full closure of the inlets in
1970 resulted in extreme salinity observations (up to 70-100‰). Reopening
the inlets in the 1980’s caused a significant reduction in salinity, but with an
average salinity around 50‰the lagoon is still classified as hypersaline.

This research is set up with the goal to determine whether it is possible to
adapt Boughaz 1 and Boughaz 2 to two morphologically stable inlets which
enhance natural sediment export out of system. A naturally deepening la-
goon with morphologically stable inlets prevents the inlets from closure and
hence the drying up of the lagoon and the subsequent loss of biological and
economic value (El-Aiatt et al., 2019).
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4 introduction

1.1 problem description
The current hypersaline environment has led to an unsustainable situation
at Bardawil Lagoon. Abnormally high salinities prevent both adult and
young fish from settling in the lagoon (Ben-Tuvia, 1979), hence the fish mi-
gration into the lagoon is degrading, causing the fisherman to concentrate
their fishing activities in and around the inlets (Khalil and Shaltout, 2006;
Lanters, 2016). The current demand for fish is exceeding the supply of
the lagoon, causing a negative feedback loop in fish catch rates (Khalil and
Shaltout, 2006). While the fish catchment rates show an increase between
2014 and 2015, the fishing yield consists mainly (67.3%) of juvenile fish,
which is non-sustainable (El-Aiatt et al., 2019). Moreover, sedimentation in-
side both inlets is reducing the interaction between the two water bodies,
leading to even higher salinity values, which in their turn are a threat to the
fish migration and thus the living conditions of the fishermen in Bardawil
Lagoon (Abd Ellah and Hussein, 2009; Abohadima et al., 2013; Lanters, 2016;
El-Aiatt et al., 2019). Due to sedimentation regular maintenance dredging
works are needed to keep both inlets , Boughaz 1 and Boughaz 2, open to
provide sufficient interaction with the Mediterranean Sea (Linnersund and
Mårtensson, 2008; Lanters, 2016; Nassar et al., 2018).

1.2 research scope
This research is part of a larger study currently conducted by The Weather
Makers (TWM) and will build further on previous research done by Lanters
(2016) and Georgiou (2019), who both conducted their thesis under the same
supervisor currently working at TWM. The overarching goal of the Sinai
project conducted by The Weather Makers is to contribute to a sustainable fu-
ture for those communities living in the northern part of the Sinai Peninsula.
This will be done through restoration of the marine, coastal and terrestrial
ecosystems, on the functioning of which these communities depend. The
objective of the project is to restore the aquatic and terrestrial ecosystem of
the Northern Sinai desert through well-designed restoration activities. The
main activities to achieve the objective are (i) dredging to improve the water
quality of the lagoon and so increase the fish population, and with it the
fishing yield; (ii) intelligent re-ruse of the materials dredged from the la-
goon for reinforcement of the coastline, construction of dams for flash-flood
management, and as soil enhancer for land-based activities; (iii) restoration
and development of wetlands and salt marshlands around the lagoon; and
(iv) improving the hydrological cycle through the construction of wetlands
and reducing salinity of the lagoon surface water by increasing tidal influ-
ence, flash flood management, and vegetation and canopy cover. This thesis
study will focus on the lagoon related interventions of the Sinai project (i):
resource-based dredging to improve the water quality of the lagoon and
thus increase the fish migration into the lagoon. As described this study
will continue on the work previously done by Lanters (2016) and Georgiou
(2019), an extensive analysis of their work can be found in Chapter 2. Re-
sults from previous studies are used for further analysis of this thesis. The
study of Lanters (2016) gave good insight in the hydrological processes gov-
erning the lagoon which forms a solid base for this study. Georgiou (2019)
proposed an innovative inlet design by mimicking nature for the Boughaz 1
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inlet. The cross-sectional area and approach channel design from that study
will be applied on both inlets in this research.

The scope of this research is to analyse the hydraulic processes taking
place after adapting the double inlet system of the Bardawil Lagoon and
the stability concerning those inlets. The study will concentrate on the hy-
draulic and morphodynamic response of the inlets and their adjacent areas.
The inner lagoon areas will be discussed, but no extensive quantitative anal-
ysis is performed on these parts. Furthermore, baroclinic processes due to
salinity and density differences are not considered in the results of this part
of the study, which does not mean they can be neglected for the overarching
project, as is described in the discussion. The methodology of the study can
be described as a circle flow chart, as will be done in Section 1.4.

A morphologically stable inlet system provides a constant interaction
with the Mediterranean Sea and reduces regular maintenance dredging
works. The objective of this research is therefore to analyse the effect of inlet
adaptations on the lagoon-sea interaction, with the goal of transforming the
present, sediment importing, system towards a morphologically stable inlet
system by adapting one or both of the present inlets.

1.3 research questions
The key concept of the objective as described in this section can be summa-
rized as follows:

How can the Bardawil Lagoon multiple inlet system be trans-
formed from a morphologically unstable towards a morpholog-
ically stable inlet system by adapting one or both inlets?

To support the main research question the following sub-questions have
been defined:

• How can the current hydrodynamic and morphological character and
inlet stability of Bardawil Lagoon be classified?

• What effect do the inlet adaptations have on the sediment transport
character of the inlets?

• What effect do the inlet adaptations have on the stability of the inlets?

• To what extent does the wind climate contribute to sediment transport
and inlet stability of the system?

• What effect do the adaptations and wind climate have on the renewal
time and flushing of the lagoon?

1.4 methodology
A methodology is developed to determine the effect of interventions to the
functioning of Bardawil Lagoon. Such interventions can be assessed accord-
ing to the flow chart in Figure 1.2 below. For the start of each cycle it is
important to properly define the functioning of the system and locate the
current limitations that prevent the system from the desired functioning.
The next step is to propose and implement system interventions to counter
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such limitations and enhance the system functioning. In the third step the
proposed adaptations are processed in a numerical model to determine the
effect, followed by a careful elaboration of the results in the fourth step.
The final step is to discuss the results of the numerical model and elaborate
the previously proposed system interventions, followed by a discussion on
other relevant processes which could further influence the results, but are
not included in the model.

Figure 1.2: The research methodology followed for this thesis

As described in the scope this particular study focuses on the hydraulic
and morphological response of the system to the application of a new design
to the inlets and the directly adjacent areas. Effects of for example baroclinic
processes on the system or a detailed response of the inner lagoon area
can be assessed according to this methodology, but these steps will not be
performed for this thesis.

The system will be assessed according to several hydraulic parameters,
including an analysis on the shape of the tidal harmonic in predefined lo-
cations in the lagoon. Changes in the tidal elevation curve can indicate the
limiting factor in lagoon-sea interaction, this will be further elaborated in
Chapter 3.

The proposed system interventions are studied in three phases in order to
determine their individual response to the system and are listed as follows:

• Phase 0: Assessment of the present functioning of Bardawil Lagoon

• Phase 1: New design to Boughaz 1 and determine the response

• Phase 2: New design to Boughaz 2 in addition to Phase 1 and deter-
mine the response

The present functioning of the lagoon is further elaborated in Chapter 2,
while the design of Phase 1 and 2 can be found in Chapter 3.

The study can be divided into two parts. The first part contains a hydro-
dynamic and stability analysis of the research phases under the influence
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of the tide, whereas the second part investigates what effect adding a daily
wind pattern has on to the hydrodynamics, stability and lagoon-sea interac-
tion through the system. Figure 1.3 depicts the research timeline.

Figure 1.3: Visualization of the research steps conducted in this study

The inlet adaptations considered in this study consist of the inlet cross-
sectional area, the inlet approach channel, and the design of the inlet sur-
roundings including the removal of the breakwaters and adding a nourish-
ment. An extensive description of the methodology and the Delft3D FM
model used in this study can be found in Chapter 3

1.4.1 Reading guide

The report is built up as follows: Chapter 2 provides insight in the history
of the lagoon and the processes determining its functioning. Furthermore,
it gives insight into relevant studies which are previously carried out. The
methodology is described in Chapter 3, including the elaboration of the
modelling software used. Chapter 4 provides results for all research steps,
which are then discussed in Chapter 5. The thesis is concluded in Chapter 6,
which contains conclusions and recommendations.





2 BACKGROUND INFORMAT ION

2.1 introduction to bardawil lagoon

2.1.1 Lagoon history

Bardawil Lagoon, also referred to as Lake Bardawil, is located at the North-
ern of the Sinai Peninsula in Egypt and is one of the major features of the
coastline, located at latitude 31°03’-31°15’N and longitude 32°40’-33°32’E,
see Figure 2.1. The lagoon is bordered from the north by the Mediterranean
Sea, from the east by the Arish-Rafah sector, from the west by the eastern
margin of the Nile Delta plain, and from the south by sabkhas (a flat coastal
plain with a salt crust), extensive playas, sand sheets and sand dune fields
reaching up to 40 meters above sea level (Khalil and Shaltout, 2006). The
eastern part of the lagoon consists of the Zaranik protected area, a nature
reserve currently exploited for salt production.

Figure 2.1: The location of Bardawil Lagoon, indicated with the red arrow

While other Mediterranean Egyptian lagoons are of deltaic origin (the
Nile River Delta), Bardawil Lagoon is of tectonic origin (El-Bana et al., 2002).
During the Roman period, in which the lagoon was called “Sirbonis lake”
(Hamdan and Hassan, 2020), interaction with the sea was high enough to
allow permanent water flow from the Mediterranean Sea into the basin. Dur-
ing later periods Bardawil Lagoon was a sabkha and was called “Bardawil
Sabkha” as its surface was not permanently covered by water (Embabi and
Moawad, 2014). Bardawil Lagoon was artificially opened in the beginning
of the 20th century so it could be used for fishing purposes. An opening
and closing cycle of approximately three years was established, of which 6

months were required for digging the inlets connecting the lagoon with the
sea, followed by 24 months of fishing before the inlets were closed due to

9



10 background information

the littoral drift. The final 6 months the lagoon dried up again due to evapo-
ration (Linnersund and Mårtensson, 2008). Attempts have been made since
1927 to maintain permanent artificial inlets in the lagoon barrier, which did
not succeed until 25 years later (Klein, 1986; Linnersund and Mårtensson,
2008). The present inlets, Boughaz 1 in the west and Boughaz 2 in the east
(Figure 2.2), were constructed between 1953-1955 with concrete jetties on
both sides and were maintained open by continuous dredging operations
(Khalil and Shaltout, 2006; Linnersund and Mårtensson, 2008). However,
the efforts were insufficient and around 1970 Boughaz 1 nearly closed and
Boughaz 2 experienced a full closure (Inman, 1970; Klein, 1986; Khalil and
Shaltout, 2006). Dredging operations were continued in 1972 and the inlets
have been kept open since, but with a constant changing shape (Klein, 1986).
Klein (1986) conducted research on the morphological changes of the inlets
after the construction of the High Aswan Dam in 1970, which altered the
sediment budget in the littoral zone. He concluded that the inlets act as
a groin, trapping longshore sediment at the inlet entrance, which is then
moved into the inlet by waves entering the lagoon. Deposition of sediment
in the inlets results in severe downstream erosion. Furthermore, he con-
cluded that sedimentation occurs mainly in summer and Boughaz 2 traps
the most sediment. While no clear numbers were defined, Klein (1986) es-
timates the sedimentation in the inlets after the construction of the High
Aswan Dam about 50% of the values predicted by the studies of Inman
(1970) and Vinja (1970). The construction of the High Aswan Dam resulted
in near absence of Nile River flow and complete loss of the Nile River as an
active sediment source for the delta and the coastline of the Nile littoral cell
(Inman and Jenkins, 1984).

To maintain and protect the inlets from the accumulation of coastal sedi-
ments breakwaters have been constructed to the east and west of both inlets
around 1990. The breakwaters helped to maintain the inlets open, but their
presence has led to an undesirable evolution of the shoreline by causing
coastal erosion on the downdrift eastern side and accumulation of sediment
on the western side of the inlet. Meanwhile, until today, there is still a sig-
nificant accumulation of sediment in front of the inlets, leading to gradually
shallowing waters which affect the water exchange between Bardawil La-
goon and the Mediterranean Sea (Nassar et al., 2018). In its current state
the lagoon is still dependent on continuous dredging works to keep the in-
lets open and ensure the water exchange with the sea, overcome salinity
increasing, and conserve the lagoon ecosystem (Khalil and Shaltout, 2006;
Linnersund and Mårtensson, 2008; Embabi and Moawad, 2014).

Figure 2.2: Bardawil Lagoon and the two artificial inlets Boughaz 1 (west) and Boug-
haz 2 (east) (From Google Earth)
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2.1.2 Lagoon dimensions

The lagoon is separated from the Mediterranean Sea by a long convex shaped
sand bar, between 300 and 1000 meters wide (Khalil and Shaltout, 2006). Al-
though various sources write about the area of the lagoon, their estimates
differentiate per study, or even in the study itself. Inman (1970) reports an
area of 600 km2 while Khalil and Shaltout (2006) mentions different sizes in
the range between 600 and 680 km2. Abd Ellah and Hussein (2009) reports
a change in area from 600 km2 in 1991 to 518 km2 in 2004, describing the
lost areas to be the result of natural processes, man made dried, or cut off
by embankment or extensive salina and super tidal salt flats, or all of these
reasons (Abd Ellah and Hussein, 2009). A Google Earth study provided an
area of approximately 550 km2, a value which will further be used in this
study.

Abd Ellah and Hussein (2009) classified the lagoon water depth into four
categories, which can be found in Table 2.1. The lagoon is very shallow with
an average depth around 1.2 m (Khalil and Shaltout, 2006; Abd Ellah and
Hussein, 2009; Embabi and Moawad, 2014). Except for the areas close to the
inlets the lagoon water depth never exceeds 3 m. Different values for the
depth around the inlets are presented, with estimated values between 5.75

and 8.50 m (Abd Ellah and Hussein, 2009; Embabi and Moawad, 2014). For
this study the depth profile provided by Egypt and The Weather Makers is
used, which can be found in Figure 2.3. The average depth of 1.2 m and the
approximated area of 550 km2 provide a lagoon volume of 660 million cubic
meters. Depth values of the inlets we found to have a maximum depth
of 6 meter, thus not reaching the 8.5 meters described in literature. The
dimensions of the inlets can be found in Table 2.2. An overview of the key
numbers required for establishing a clear view of the lagoon can be found in
Table 2.3, the values are elaborated more extensively later on in this chapter.

Depth [m] Percentage Area [m2]
< 1.0 21.0% 115

1.0 - 1.5 62.0% 341

1.5 - 2.5 16.5% 91

> 2.5 0.5% 3

Table 2.1: Percentage of depths observed inside Bardawil Lagoon (Abd Ellah and
Hussein, 2009)

Inlet Width [m] Depth [m] Cross-sectional area [m2]
Boughaz 1 270 3-5 954

Boughaz 2 350 3-6 1386

Table 2.2: The inlet characteristics of Boughaz 1 and Boughaz 2
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Figure 2.3: The bathymetry of Bardawil Lagoon used in this study, values relative
to MSL

Key numbers Value
Lagoon area 550 km2

Mean lagoon depth 1.2 m
Mean lagoon volume 660.000.000 m3

Mean air temperature 20.8 °Celsius
Mean water temperature 21.5 °Celsius
Median spring tide 0.37 m
Median neap tide 0.14 m
Precipitation 80-100 mm/year
Evaporation 1505 mm/year
Average lagoon salinity 50‰

Table 2.3: Key numbers of processes affecting Bardawil Lagoon

2.2 data review

2.2.1 Tide

The Mediterranean Sea tide governs the water exchange between the Mediter-
ranean Sea and Bardawil Lagoon. It is characterized by a micro tidal regime
(Abd Ellah and Hussein, 2009), indicating a tidal range less than 2 m (Em-
babi and Moawad, 2014). Furthermore the tidal environment can be char-
acterized as semi-diurnal and with mixed energy. While no periodic data
measurements are available for this thesis, multiple studies (both measure-
ments and computational) have been conducted with various results. In-
man and Jenkins (1985) estimated an average tidal range of 0.30 m along
the coast of the Mediterranean Sea, Frihy et al. (2002) found similar results
with measurements at El Arish, east of Bardawil Lagoon, with a tidal range
of 31 cm. Linnersund and Mårtensson (2008) computed tidal motion for
Port Said data with WxTide, resulting in an average of 0.30 m outside the
lagoon, varying 0.05 m with neap and spring tide. The amplitudes inside
the lagoon and in Boughaz 1 inlet are estimated to be less than 0.16 m (Lin-
nersund and Mårtensson, 2008). The dataset from Nassar et al. (2018) varies
from previous studies and estimates the spring tidal range to be 0.55 m.
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Georgiou (2019) computed an offshore tidal range of 0.40 m, reducing to
0.075 m inside the lagoon.

Figure 2.4: Spring and neap tidal range
offshore of Bardawil Lagoon

Data on tide induced flow ve-
locities are more scarce, the only
study is from Embabi and Moawad
(2014) which estimates approx-
imately equal inflow and out-
flow velocities through the inlets
with a magnitude equal to 0.70

m/s.

Like the study by Georgiou, this
study will work with the predic-
tions made by Lanters (2016) who
used a Mediterranean Sea model
to determine the water level con-
ditions at the system boundaries.
The tidal range observed offshore
of Bardawil Lagoon is shown in
Figure 2.4, which shows a median
spring tidal range of 0.37 m and a
median neap tidal range over 0.14 m.

2.2.2 Wave climate

Figure 2.5: Wave rose indicating wave
height and direction from in
situ measurements, measured
over the year 2010 (Nassar
et al., 2018) The dominant
wave direction is indicated
with PWD (Prevailing wave di-
rection)

The wave climate can be divided
into three seasons; Winter (Novem-
ber to March), spring (April to
May), and summer (June to Septem-
ber) (Frihy et al., 2002). Low-swell
waves prevail during spring and
summer, with wave heights rarely
exceeding 1-1.5 m for waves orig-
inating from the WNW and NE.
Winter waves are fluctuating be-
tween stormy and calm intervals
and coming from the N, NNW,
and NW sectors and are the pre-
dominant cause of morphological
changes (Frihy et al., 2002).

Average wave height and period
were found to be 0.5 m and 6.3 s.
Linnersund and Mårtensson (2008)
studied measurements from a wave
gauge located at Port Said, record-
ings ranging from August 1999 to
July 2000 with 3 hours interval. Im-
portant note is that the measure-
ments were taken in shallow water. Results confirm earlier studies with
a dominant wave direction from NNW. Maximum recorded wave height is
2.10 meter with an average height of 0.53 m and a period of 3.35 s.
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Measurements done in 2010 using a current and wave gauge at a depth
of 14m near the western inlet gives the wave rose shown in Figure 2.5
(Nassar et al., 2018). The measurements indicate a predominant wave di-
rection from the NW (51%), while 32% of the waves originate from the N
and 5% originate from the SE. These prevailing wave directions generate an
eastward-flowing alongshore current. The maximum wave height during
the strongest storms is almost 4.0 m. The wave period is between 2 and 6 s
for 80% of the time (Nassar et al., 2018).

To summarize: an average wave height of 0.5 m with a period of 6 sec-
onds and with a prevailing North-West to North origin can be found for the
wave climate outside of Bardawil Lagoon (Frihy et al., 2002; Linnersund and
Mårtensson, 2008; Georgiou, 2019).

Previous research on Bardawil Lagoon showed that the system is predom-
inantly influenced by the tide, with little influence of waves (Linnersund
and Mårtensson, 2008; Georgiou, 2019). Therefore waves will not be added
separately to the model. However, an analysis of the wave climate is made
to estimate the littoral drift along the North Sinai coastline. The BMT AR-
GOSS model from Waveclimate is used for acquiring a representative wave
climate dataset along the North Sinai coastline.

2.2.3 Wind climate

Wind induced stresses generate waves and surface currents in a body of wa-
ter more or less in the same direction as the wind direction (Bosboom and
Stive, 2015). These currents are important for maintaining a good circula-
tion of water within Bardawil Lagoon as well as exchange with the Mediter-
ranean Sea (Miller et al., 1990; Linnersund and Mårtensson, 2008; Lanters,
2016). Wind induced waves generate longshore currents transporting sedi-
ment along the North Sinai coast (Linnersund and Mårtensson, 2008). Frihy
et al. (2002) determined the dominant wind direction to be WNW. Linner-
sund and Mårtensson (2008) processed measurement data from Port Said,
60 km west of Lake Bardawil. They found the most frequent wind direction
to be between NW and N, with 44% of the winds approaching from these
directions, but a seasonal variation can be observed, see Figure 2.6. The
winter months are characterised by strong winds approaching from SW to
W, while spring can be recognised by strong winds from the SSW and WSW
and moderate ones from ENE. Little variation of wind direction is observed
during the summer months. The dominant northwestern winds are respon-
sible for generating waves and longshore currents in an easterly direction.
During spring, the wind direction is reversed coming from N, NNE and NE,
contributing to a longshore current towards the west (Embabi and Moawad,
2014).

Average wind speed was found to be between 3.69 - 4.92 m/s, with peak
velocities around 14 m/s. There is a daily pattern with the strongest winds
occurring in the afternoon (12:00 - 17:00) and the weakest at night, in which
the strongest winds come from SW and W and do not contribute to the
wave climate relevant for Bardawil Lagoon (Linnersund and Mårtensson,
2008). Due to the prevailing wind a spatial distribution of salinity values
is observed inside the lagoon. The North-Western winds displace the water
masses in the eastern direction. Dry winds during the warm period lead
to an increase in evaporation rate, subsequently the salinity increases, espe-
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Figure 2.6: The wind magnitude and direction distribution for each month for a 26

year period (1992-2018)

cially in isolated areas (Abd Ellah and Hussein, 2009).

For the implementation of the wind in this research two datasets are as-
sessed, one from the Waveclimate BMT ARGOSS model based on the NOAA
GTECCA dataset and one from the Meteoblue data based on the NEMS
model. The models differ on location, accuracy and timestep. The BMT
ARGOSS model only takes into account offshore locations and provides a
grid size of 50 km and a timestep of 3 hours while the Meteoblue model
provides a grid size of 30 km and time step of 1 hour and is also available
for land based locations. The higher accuracy and smaller timestep are in
favor of the Meteoblue model, this data is therefore used as model input.

The climate used in this study is obtained by finding a representative
month with a daily occurring wind pattern, which is provided by August
2018, see Figure 2.7. The model input is determined by taking the velocity
and direction for each timestep averaged over the whole month. A wind
rose of the daily averaged wind pattern of August 2018 can be found in
Figure 2.8 (a), in addition to that the averaged morning winds (Figure 2.8
(b)) and afternoon winds (Figure 2.8 (c)).

2.2.4 Climate, salinity and evaporation

An overview of the monthly climate in Bardawil Lagoon can be found in
Table 2.4. The salinity of Bardawil Lagoon is much higher than in the open
sea as a result of low rainfall (80 – 100 mm/year) and high evaporation
rate (1505 mm/year) with a yearly average around 50‰ and can be consid-
ered hypersaline (>35‰ ) (Khalil and Shaltout, 2006). High fluctuations in
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Figure 2.7: The wind climate for the period 2018-08-01 to 2018-09-01 from the Me-
teoblue dataset

Figure 2.8: The daily occurring wind climate for the period 2018-08-01 to 2018-09-01

from the Meteoblue dataset. With (a) the daily average wind velocity
and direction, (b) the morning climate, and (c) the afternoon climate

salinity range can be found, the lowest value being 38.3‰ and the highest
71.1‰ (Abd Ellah and Hussein, 2009).

j f m a m j j a s o n d
Mean temperature (◦C) 14 15 16 19 22 24 26 27 25 24 21 15

Precipitation (mm) 13 10 9 7 5 0 0 0 0 0 18 20

Evaporation rate (mm) 56 84 96 132 167 189 192 177 153 146 63 50

Net water loss (mm/day) 1.4 2.6 2.8 4.2 5.2 6.3 6.2 5.7 5.1 4.7 1.5 1.0
Net water loss (·106m3) 0.77 1.43 1.54 2.31 2.86 3.47 3.41 3.14 2.81 2.59 0.83 0.55

Table 2.4: The climatic data and net water loss in Bardawil Lagoon (Euroconsult,
1995)

Euroconsult (1995) determined the highest net water loss up to 3.5 million
m3 of water per day during the summer months and the lowest net water
loss about 0.5 million m3. These losses of water have to be compensated by
water inflow through the inlets from the Mediterranean Sea, resulting in a
residual flow into the lagoon.

This water exchange therefore plays a crucial role in water salinity varia-
tions (Ferrarin and Umgiesser, 2005). A relative variation in salinity between
the inlets and the inside of the lagoon can be observed with increased dis-
tance from the inlets (Khalil and Shaltout, 2006). These spatial distributions
of water salinity are affected by prevailing wind, the predominant Northern
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and Western winds cause water masses to displace towards the east. The
dry winds in warm periods also lead to an increase in the evaporation rate
from the Lagoon’s surface (Abd Ellah and Hussein, 2009). Due to higher
precipitation in winter and high evaporation in summer, the lowest salinity
values are observed during the winter months and the highest in summer. A
spatial distribution inside the lagoon per quarter can be found in Figure 2.9
below, notable is the constant high value of at least 65‰ in the Western
part of the lagoon. During the warm periods the dry winds enhance evap-
oration, consequently increasing salinity, especially in isolated areas (Khalil
and Shaltout, 2006). The increase in salinity is compensated during winter
season by rainfall and sea water entrance through the inlets (Abd Ellah and
Hussein, 2009).

Figure 2.9: Salinity distribution throughout Bardawil Lagoon for each month,
adapted from Abd Ellah and Hussein (2009)

2.2.5 Sediment characteristics

Bardawil lagoon consists mainly of clayey sand, with sand near the inlets of
the lagoon area and with silty clay in the deepest parts (Khalil and Shaltout,
2006). Farahat (2006) performed a series of sediment grain size studies dur-
ing 2004 at 12 stations across Bardawil Lagoon. The findings show both a
spatial and time variation of sediment composition during the year. Inside
the lagoon the sediment composition consists of mainly sand (72%), mud
(19%), and very little amount of gravel (9%). The inlets have a significantly
higher sand fraction (98%) complemented with gravel (2%), mud is absent.
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At the center of the lagoon area at Boughaz 2 the lowest sandy fractions
are found (61.2%) which coincide with the highest mud fractions (27.5%)
(Khalil and Shaltout, 2006). The finer sediments form a great part of the
bottom sediments of the lagoon, along with biological products like shells
(Euroconsult, 1995).

The distribution of sediment particle sizes depends on two different pro-
cesses; the availability of different particle sizes in the parent material and
the processes operating where the particles were deposited (Folk and Sanders,
1978). Studies on the outside of the lagoon showed that in the accreted area
West of Boughaz 1 the sediment is coarser compared to the sediment at the
east side (Emanuelsson and Mirchi, 2007).

2.2.6 Littoral drift

Littoral drift (or longshore sediment transport) can be defined as the trans-
port of non-cohesive sediments due to the action of breaking waves and
longshore currents parallel to the shoreline in the littoral zone (DHI, 2019).
Transport rates are dependent on the nearshore wave exposure and wave
incidence angle and the littoral drift gradients can contribute to an eroding
of accreding shoreline (Bosboom and Stive, 2015). In the littoral system of
Bardawil Lagoon longshore transport is the most dominant coastal process
for transport of non-cohesive sediments (Frihy et al., 2002). The longshore
sediment transport is almost unidirectional eastward all year long, with only
short periods of westward transport (Frihy et al., 2002). The eastward long-
shore transport assumption is supported by several indicators, for example:
sand accumulation versus beach erosion on opposite sides of breakwaters,
changes in shoreline position resulting from erosion and accretion trend,
longshore growth of spits, and patterns of beach sand variation in grain
sizes (Frihy and Lotfy, 1997). A schematic view of sediment transport along
the North Sinai coast can be found in Figure 2.10. Sediment fluxes derived
from longshore drift generate sediment infilling in the inlets which are reg-
ularly addressed by dredging (Bek and Cowles, 2018).

Figure 2.10: Erosion and accretion patterns along the North Sinai coast. Net sedi-
ment transport directions are indicated with arrows (Modified by Lin-
nersund and Mårtensson (2008) after Frihy and Lotfy (1997))

Over the past decades several studies have been conducted on determin-
ing the littoral drift along the North Sinai coast, of which the results can
be found in Table 2.5. This table shows the gross transport found by vari-
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ous studies, which are required for the stability calculations by Bruun and
Gerritsen (1960). A more extensive table can be found in Appendix A.1 con-
taining net values as well. The first studies of littoral drift in the area were
performed by Inman (1970) and Vinja (1970), who both estimated the sedi-
ment entrapment in the two inlets before the construction of the breakwaters
and High Aswan Dam in the Nile in 1970 (Klein, 1986). Because of unknown
transport rates in the area Inman (1970) used figures of entrapment in the
inlets, emphasizing that these accumulation rates are lower limits of actual
transport. Vinja (1970) determined the transport rates with the CERC for-
mula, based on the wave height and shoreline orientation. The different
shoreline orientations of the coastal stretch in which each inlet is located ex-
plains the difference between Boughaz 1 and Boughaz 2 inlet, with a more
oblique approach at Boughaz 2. This is supported by Klein (1986), who
performed research on the sedimentation character of the inlets during the
1970s and observed a closure of Boughaz 2 while Boughaz 1 remained open.
Later studies by Suez Canal Authority (1983) and Emanuelsson and Mirchi
(2007) were both carried out by using the CERC formula, thus covering a
stretch of coastline. Notable is the higher transport for Boughaz 1 according
to the Suez Canal Authority, this in contrast with the other studies.

Study Boughaz 1
(m3/y)

Boughaz 2
(m3/y)

Direction Location

Inman (1970) 300 000 500 000 Gross Inlet
Vinja (1970) 480 000 700 000 Gross Coastline
Suez Canal Authority
(1983) (from Linner-
sund and Mårtensson
(2008))

725 500 415 000 Gross Coastline

Euroconsult (1995) 500 000 800 000 Gross Coastline
Emanuelsson and
Mirchi (2007)

40 000 258 000 Net East Coastline

Table 2.5: Littoral drift studies along the North Sinai coastline, results obtained with
aerial observations (Inman, 1970) and CERC formula (1984), (Vinja, 1970;
Euroconsult, 1995; Emanuelsson and Mirchi, 2007) (Suez Canal Authority,
1983)

A separate study is performed for this thesis with the calculation sheets
provided by van Rijn. The results of this study can be found in Table 2.6 and
the full table can be found in Section A.1. The table shows the gross littoral
drift values for four methods; Kamphuis (1991), Modified Kamphuis (Mil-
Homens et al., 2013), CERC Shore Protection Manual (1984), and van Rijn
(2013). Notable is the high difference between the methods, this can be due
to the fact that CERC disregards the sediment properties and beach slope.
van Rijn (2013) concluded that the CERC formula yields results which are
too large (factor 2) for storm conditions and significantly too large (factor
5) for low wave conditions. Furthermore, he concluded that the Kamphuis
(1991) formula yields results which are slightly too small (factor 1.5) for
storm conditions, but too large (factor 3) for low wave conditions. The
modified Kamphuis formula (Mil-Homens et al., 2013) also underpredicts
for high waves and overpredicts for low waves, but not as much compared
to the original formula (van Rijn, 2013).

In relation to the literature the CERC result of Boughaz 2 is in line with
earlier findings. Boughaz 1 seems on the higher end, however the value
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Method Boughaz 1
(m3/y)

Boughaz 2
(m3/y)

Direction Location

Kamphuis (1991) 147 100 152 300 Gross Coastline
CERC (Shore Protec-
tion Manual, 1984)

596 800 700 400 Gross Coastline

Mil-Homens et al.
(2013)

101 700 91 300 Gross Coastline

van Rijn (2013) 220 300 245 000 Gross Coastline

Table 2.6: Gross transport along the coastline stretches of Boughaz 1 and Boughaz 2

determined using the methods of Kamphuis (1991), Modified Kamphuis
(Mil-Homens et al., 2013), CERC (Shore Protection Manual, 1984), and van
Rijn (2013)

is smaller compared to the value determined by the Suez Canal Authority
(1983). The studies by Kamphuis and van Rijn all predict significantly lower
values compared to CERC, which can be explained by the reasons discussed
earlier. Smaller littoral drift values favourable for the stability method of
Bruun and Gerritsen (1960), discussed in the next section.

It can be concluded that a high variability can be found in the results from
both literature and the study conducted for this thesis. Taking into account
the general overprediction of the CERC formula, but also the underpredic-
tion of the Kamphuis formulas, it is chosen to use the values determined
by Inman (1970) for further analysis, since these values form an average
between all studies.

2.3 stability of tidal inlets

Two stability relations have been proposed to describe the stability of a tidal
inlet and will be elaborated in this section. The first method by Bruun
and Gerritsen (1960) relates the stability to the ratio between the littoral
drift and the tidal prism. With this method it is possible to determine the
bypassing type of an inlet. The second study by Escoffier (1940) determines
the stability of an inlet with the depth averaged equilibrium velocity in
relation to the cross-sectional area and the observed depth averaged inlet
velocity.

2.3.1 Tidal prism

The tidal prism is defined as the volume of water (excluding any fresh water
inflow) that has to flow in and out through an inlet during one tidal cycle
(Bosboom and Stive, 2015). The tidal prism can be described as:

P =
∫ T/2

0
Q dt

In which P is the tidal prism (m3), T the tidal period (s) and Q the dis-
charge through an inlet (m3/s). In the case of Bardawil Lagoon two inlets
are present in the system, each with a discharge contributing to the tidal
prism.
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2.3.2 Bruun & Gerritsen

Sediment bypassing is defined as the way sediment is transported from
updrift to the downdrift coast of a tidal inlet. Through this process sand
is returned to the littoral zone after an interruption on the ebb tidal delta
and in the inlet (Van de Kreeke and Brouwer, 2017). The first proposition
of bypassing mechanisms was done by Bruun and Gerritsen (1959), who
reasoned that the type of bypassing is the combined result of waves and
tidal currents. Bruun and Gerritsen (1960) and Bruun (1978) proposed the
ratio parameter r to indicate the type of bypassing, which is given by:

r = P/Mtot

In which P is the tidal prism under spring tide conditions (m3) and Mtot the
yearly gross littoral drift (m3). The parameter r expresses the relative influ-
ence of the waves/tide at the inlet. Large values of r indicate tide-dominated
bypassing (tidal flow bypassing), whilst low r-values indicate wave dom-
inated bypassing mechanisms (bar bypassing) (Bosboom and Stive, 2015).
Increasing the value of r results in a greater seaward displacement of inlet
bars (Oertel, 1988). In total there are eight bypassing mechanisms catego-
rized of which not all fit the mode of bar bypassing or tidal flow bypassing
(FitzGerald et al., 2000). Spit formation will be, besides bar bypassing and
tidal flow bypassing, also considered for this research.

r = P/Mtot Stability Bypassing type Dominant process
r < 20 Poor Bar bypassing Wave

20 < r < 50 Poor Bar bypassing Wave/Tide
50 < r < 150 Fair to good Bar and flow bypassing Tide/Wave

r > 150 Good Flow bypassing Tide

Table 2.7: Stability parameter conditions with the associated bypassing type and
dominant bypassing process (de Vriend et al., 2002)

With bar bypassing (r < 50) sediment is directly transferred from the up-
drift coast to the downdrift coast via the terminal lobe and the swash plat-
form on the ebb delta. The terminal lobe and swash platform act as a bridge
over which the sand is transported to the downdrift side, a schematic repre-
sentation can be found in figure 2.11 (Van de Kreeke and Brouwer, 2017).

During tidal flow bypassing (r > 150) sand is transported into the inlet
and main ebb channel, partly across the channel margin linear bars, as can
be seen in figure 2.11. The ebb tidal currents transport the sediment out of
the main ebb channel and deposit it at the far seaward end of the channel,
resulting in the formation of swash bars. Swash bars move onshore over the
swash platform and can form bar complexes on their way to the beach (Van
de Kreeke and Brouwer, 2017).

Spit formation (r < 20) implies that littoral drift is deposited as a sand-
spit in front of the inlet, rather than being transferred to the ebb delta (Van
de Kreeke and Brouwer, 2017). With an increasing spit both the ebb delta
and the inlet move in a downdrift direction, until the spit is breached again
at the original location. It is suggested that spit breaching is a result of a
washover forced by a storm (Friedrichs et al., 1993).
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Figure 2.11: Idealized ebb delta, adapted by Van de Kreeke and Brouwer (2017) from
Davis & FitzGerald (2004)

2.3.3 Escoffier

Escoffier (1940) model incorporates feedback between hydrodynamics and
morphology and can therefore be seen as a morphodynamic model for the
entrance of a tidal basin (Bosboom and Stive, 2015). The Escoffier model
is described as the balance between the volume of sediment entering and
leaving the inlet, assuming average weather conditions (storm events are
not included) (Brouwer et al., 2012). The volume entering the inlet is taken
as a constant fraction of the littoral drift and the volume leaving the inlet
is taken proportional to a power of the ebb tidal velocity amplitude (Van
de Kreeke and Robaczewska, 1993). The model describes the latter as the
expression for the maximum cross-sectional averaged entrance velocity (ue
[m/s]) for a given estuary or inlet over a tidal cycle, also known as the
closure curve. The velocity is related to the tidal prism (P [m3]), tidal period
(T [s]), and inlet cross-sectional area (A [m2]). The relation can be expressed
as:

ue =
πP
AT

The closure curve is depicted as the blue line in Figure 2.12. In the range
from point A to C on the curve, the entrance channel is so small that it
chokes off the tidal flow so that the tidal difference within the basin will be
less than at sea. Increasing the size of the inlet in this situation will thus
also result in an increase in velocity. On section C-E of the curve the tidal
flow is not choked off any longer, such that the maximum current velocity
decreases as the channel becomes larger (Bosboom and Stive, 2015).

The sediment erosion capacity is included as the equilibrium maximum
velocity ueq, below which the velocity in the channel is too low to erode
sediment and keep the entrance channel open (Bosboom and Stive, 2015).
According to Escoffier (1940), this critical velocity is more or less indepen-
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dent of the channel geometry and in the study the value is determined to
be 0.9 m/s. Later, Bruun (1978) suggested a value of 1.0 m/s, this value will
be used in this thesis. Hence, the inlet is in equilibrium if the amplitude of
the inlet velocity ue equals the equilibrium velocity ueq.

The behaviour of a tidal inlet can be predicted by examining the closure
curve (blue line) in relation to the equilibrium maximum velocity ueq (red
dashed line). If the maximum channel velocity is surpassed by the equilib-
rium velocity sediments will deposit in the inlet entrance and the channel
cross-sectional area will decrease in size. However, if the channel velocity
is higher than the equilibrium velocity the sediments inside the inlet will
erode and the inlet cross-sectional area will increase in magnitude. Hence,
if the inlet is located between A and B, the inlet is too small and the velocity
magnitude insufficient to maintain the inlet, thus the inlet will be closed by
natural processes. If the inlet cross-sectional area is placed between point D
and E, the velocity is also too small and deposition of sediments will take
place. However, in this case it results in an increase in velocity; sedimen-
tation will continue until point D is reached. If the inlet is placed between
B-D the velocity is exceeding the equilibrium maximum velocity and the
inlet will erode until it reaches point D. Hence point D represents a stable
equilibrium situation. Point A and B can also be identified as equilibrium
points, but are less desired for engineering purposes. Point A represents
a full closure of the inlet, making it a stable equilibrium point. Point B is
an unstable equilibrium point; inlets with an area close to B will always in-
crease or decrease in size depending on the maximum inlet velocities. For
this study it is desired to know the location of the present inlets on the
Escoffier curve, as well as the cross-sectional area necessary to migrate the
inlet close to point D.

Figure 2.12: Escoffier stability curve indicating equilibrium states of an inlet

Multiple inlets

Back-barrier lagoon systems with multiple inlets capture a smaller or larger
part of the tidal prism, depending on the hydraulic efficiency. The cross-
sectional stability of the inlet is determined by the fraction of the tidal prism
entering the individual inlet. A too small tidal prism fraction results in a
closing inlet. This is important to take into account when opening a new in-
let, for the new inlet could reduce the tidal prisms of the existing inlets, caus-
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ing a probability of unstable inlets which result in closing (Van de Kreeke
and Brouwer, 2017).

2.4 related previous studies

2.4.1 Lanters

Lanters (2016) related hydrodynamics with fish population in Lake Bardawil.
Non-juvenile fishing yield in the lagoon have been reduced dramatically due
to a combination of declining fish populations and water quality combined
with overfishing. As a response to the declining conditions the fishing effort
shifted to juvenile fish, a non-sustainable solution. The report states that ac-
cording to the research at the Institute for Marine Resources and Ecosystem
Studies (IMARES), an increase in fish population in Lake Bardawil can be
expected after increasing the tidal prism and decreasing the lagoon salinity.

The research describes four different design phases and their influence
on the hydrodynamic conditions. The first phase consists of the revision
and extension of the current inlets and the dredging of a new inlet in the
far western end of the lake. The second phase consists of the dredging of a
channel through the lake between all three inlets. The third phase contains
the yearly dredging of channels and the fourth and final phase adds exten-
sive nourishments at the erosion side (Eastern side) of the inlets. Wind was
initially excluded for a better understanding of the influence of tidal cur-
rents, waves, and sediment properties, and later added to investigate wind
driven circulations. A Delft3D Flexible Mesh model was developed to inves-
tigate the impact of these adaptations.

The tidal prism and flow velocity changes at several lagoon locations were
examined for all phases. A difference in velocities was found in the initial
phase between the inlets; Boughaz 1 showing a velocity around 0.7 m/s
(both ebb and flood) and Boughaz 2 a value between 0.9 m/s (ebb) and 1.0
m/s (flood). From the differences between ebb and flood velocity it was
concluded that the system is sediment importing. After phase 4 the tidal
prism results show a possible increase of tidal prism of 400%. Furthermore,
differences in sediment size between the Mediterranean Sea and lagoon can
stimulate sediment export of the system, but no clear elaboration on this
topic is made. From a comparison between the different phases it is con-
cluded that the basin geometry plays a crucial role for changes of water
level movement and flow conditions within the basin. Increasing the in-
let depth without changing the inner basin geometry shows an increase in
tidal prism, but a reduction in flow conditions is still present. However, af-
ter dredging channels in the last phase, a significant increase of water levels
and flow velocities is observed.

The hydrodynamic response of the aforementioned phases was also exam-
ined under the influence of four different wind conditions. The influence of
wind in the initial state of the system affects the circulation within the lake,
which subsequently affects the ecosystem and the hydrodynamics. With the
presence of wind forces, a net water export from the east inlet is observed
during the simulation period. Furthermore, it was determined that the tidal
prism increases with the influence of the South-West (SW), West (W) and
North-North-East (NNE) winds to about 4.5% while a reduction of 3.3%
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was found with the west northwest winds (WNW). Lanters (2016) first men-
tioned the presence of a tidal divide between the two inlets, but no further
research is done on the topic.

2.4.2 Georgiou

Georgiou (2019) continued on the work from Lanters (2016). The research
aimed to improve the functionality of the Boughaz 1 inlet by mimicking
nature in such a way it allows the system to function naturally, without the
presence of any hard structures. The dimensions of the Boughaz 2 inlet are
kept constant in all simulations.

Three design elements are considered in the research; approach channel,
nourishment and the shape of the inlet cross-sectional area. The purpose
of the approach channel is to concentrate the tidal energy and wave energy
to enhance interaction of water between the two water bodies. The inlet
nourishment is intended to increase the water setup through the inlet and
also reinforce the coast directly East of the inlet. Lastly, the shape of the
cross-sectional area of the inlet can stimulate flow and local deepening of
the inlet channel if constructed in the right way. For the classification of all
design parameters is referred to the report of Georgiou (2019). The results
of the research of Georgiou are obtained using a Delft3D model instead of
the Delft3D FM model used by Lanters, this is due to the fact that FM was at
the time of the study not yet capable of modelling morphological changes.

For the results of the initial (current state) situation at Bardawil Lagoon,
Georgiou found, in contrast to the results of Lanters, higher inlet velocities
in Boughaz 1. The results for Boughaz 2 were found to be similar with
0.9 m/s (flood) and 1.0 m/s (ebb). This could be due to the difference in
modelling software, or a minor change in bathymetry. A tidal divide was
again identified between the two inlets, see Figure 2.13. Here the tidal flow
was found to be approximately zero whilst the water level variations of the
points inside the lake were found to have the same response, this allows
settling of fine materials which are still in suspension.

Figure 2.13: Flow velocity magnitude (indicated by arrow size) inside Lake Bar-
dawil, tidal divide indicated with a blue dashed line (Georgiou, 2019)

In the research the three design elements are assessed individually after
which the best results of each element were combined in a final design. The
chosen design for the inlet cross-sectional area showed a 43% increase in
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tidal prism with an area of 2250 m2. Using the same area for the approach
channel in combination with a length of 2400 m and deepening the lagoon
itself the tidal prism is increased with an extra 36% on top of the cross-
sectional area only design. However, without deepening the lagoon itself
only an extra 10% is added to this value. The inlet nourishment did not
affect the hydrodynamics of the system significantly and shows only a 2%
increase of tidal prism.

The final combined design choice results for a tide only situation in a
tidal range increase of 61% compared to the initial situation of the Boughaz
1 inlet. Flow velocities remained in the same order of magnitude (0.81 m/s)
but the tidal range increased with 25%. The design is thought not to be
affected much by the current wave climate and different sediment proper-
ties, showing a maximum tidal prism decrease of only 2.5% during various
combinations. This entails that the design methodology that is adapted to a
tide dominant system is appropriate.

The ebb-flood delta system created with the model shows a mimic of na-
ture in Boughaz 1. East of the ebb channel a swash bar is formed, which
indicates high interaction between waves and tidal currents. Within the inlet
and around the inlet nourishment erosion is observed, while limited accre-
tion is observed in the approach channel. It is found that the tidal currents
dominate the morphological changes within the inlet system and thus the
system can be characterized as tide dominated.

To understand the feasibility of the design methodology, the stability ratio
according to Bruun and Gerritsen (1960) is determined during neap, mean
and spring tide for two different littoral drift situations. With the initial
state only during optimal scenario (low littoral drift, high tide) fair stability
(P/M > 50) can be reached, otherwise the stability is indicated as poor. The
final design classifies mostly as a fairly stable system with bar and tidal by-
passing system, which indicates that the entrance bars are still pronounced
(de Vriend et al., 2002).
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2.5 limitations previous related studies
The limitations from these two studies should be a guideline for determin-
ing a solid approach for this research and should be carefully elaborated for
their implications.

First when taking a look at the computational modelling software used
in the studies. Both modelling grids used by Lanters (2016) and Georgiou
(2019) are relatively coarse compared to the smaller scale processes happen-
ing around the inlets. For example, the situation of the present breakwaters
is not included in these grids. A finer grid allows for the implementation of
such structures and might give a more realistic overview of the bathymetry
due to the increased amount of nodes in the grid. Furthermore, looking
at the input data the previous studies relied on generic estimates for the
sediment size from literature. With new data available a more accurate rep-
resentation of the sediment distribution and transport can be made. The
study of Lanters (2016) investigated the effect of 4 different wind directions
and magnitudes, but as described earlier in this chapter a daily wind veloc-
ity and magnitude pattern can be observed, which could have significant
influence on the functioning of the lagoon.

An error is discovered in the representation of the tidal prism data pro-
vided by both Lanters (2016) and Georgiou (2019). In both studies the tidal
prism is calculated as the total amount of water entering and leaving the
lagoon through an inlet, instead of the amount of water stored in the la-
goon during one tidal cycle. In the previous studies the tidal prism value
is linked to several conclusions and it is therefore important to reevaluate
those findings. Lanters performed calculations on the refresh rate of the
lagoon. However, the very limited interaction between several lagoon areas
is not further discussed and might be important for the interpretation of the
results.

Concerning the stability the method of Bruun and Gerritsen (1960) is used
for determining the stability of the inlets. However, an error was found in
the calculation of the tidal prism values, which should be half of the values
shown in the report of Georgiou (2019). The principle of Escoffier (1940) is
discussed in both studies, but the results are not re-evaluated according to
this method. The design of an inlet is highly dependent on the position of
the inlet on the curve and should therefore be evaluated accordingly. More-
over, the recognised tidal divide is mentioned, but not coupled to further
conclusions. The true implication on the stability is still uncertain.

The study done by Lanters provides insight as a rough estimate on the
functioning of Bardawil Lagoon and opened the door for further research
to be conducted on this topic. The study of Georgiou gave a clear insight
in the functioning of Boughaz 1 in the total picture. However, no insight is
given in the effect on the total system and the effect of adapting Boughaz 2

as well. A study providing more detailed insight in the functioning of the
lagoon including adaptations to both inlets should give a solid overview of
the potential of Bardawil Lagoon.





3 METHODOLOGY

The desired result of this study is to show the possibility to transform the
present (sediment importing) system towards a stable (sediment exporting)
system by adapting one or more of the inlets. This chapter describes the
process on how the study is conducted and the results are obtained.

3.1 introduction to the study

The research is a desk study on the effect of adaptations to the current
Bardawil Lagoon system and can roughly be divided into two parts. The
first part consists of a hydrodynamic and stability analysis of the three re-
search phases under the influence of the tide, which are elaborated in the
next paragraph. The second part will investigate what effect adding a daily
wind pattern has on the hydrodynamics, stability, and the interaction with
the Mediterranean Sea.
The three research phases are performed as follows:

Phase 0 investigates the present functioning of Bardawil Lagoon, also re-
ferred to as the initial situation. The focus lays on quantifying the interaction
between the lagoon and the Mediterranean Sea and the functionality of the
inlets. This phase forms the base case of the study, all future adaptations
will be compared to the results of the analysis of Phase 0.

Phase 1 consists of adaptations to Boughaz 1, the Western inlet of Bar-
dawil Lagoon. The inlet cross-sectional area and approach channel is adapted
according to the design parameters provided by Georgiou (2019) and the
nourishment according to a design provided by The Weather Makers. A
visualization of the adaptations can be found in Figure 3.1. A nourishment
will be made on the green area, in addition to the sand supplementation
above water a submerged nourishment is attached to this area. The red
area indicates the present breakwater and surrounding area, these will be
removed in Phase 1. Lastly the design of the inlet and approach channel
cross-sectional area is shown, these will be further elaborated later in this
chapter.

Phase 2 consists of adaptations to Boughaz 2, the Eastern inlet of Bar-
dawil Lagoon. As is the case with Phase 1, the adaptations to the inlet
and approach channel are made according to design parameters provided
by Georgiou (2019) and the nourishment from design parameters from The
Weather Makers (2016). The adaptations made in Phase 2 are an addition
to Phase 1. Thus, in this phase both inlets are adapted according to the
new design. A visualization can be found in Figure 3.2, where the nourish-
ments are indicated with green. The to be removed breakwater is indicated
with red. The inlet and approach channel cross-sectional area design can be
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Figure 3.1: The new design of Boughaz 1 applied to the system in Phase 1

found in the bottom right corner of the figure. Details on the design param-
eters can be found in Section 3.3

Figure 3.2: The new design of Boughaz 2 applied to the system in Phase 2

After an assessment of the hydrodynamics and stability under tide-only
conditions the significance of the present wind climate is investigated. It
is known from previous studies that the wind contributes to the circulation
patterns inside the lagoon, as well as the interaction with the Mediterranean
Sea (Linnersund and Mårtensson, 2008; Lanters, 2016). However, the signif-
icance of a daily occurring pattern is yet to be determined. Furthermore, a
study is conducted on the flushing of the lagoon. The addition of wind to
the system is applied to all three research phases to determine the effect of
these phenomena on the hydrodynamics and stability of the inlets. Finally
the effect of evaporation inside the lagoon on the hydrodynamic behaviour
of the lagoon is determined. The complete research timeline can be found
in Figure 3.3
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Figure 3.3: Visualization of the research steps conducted in this study

3.2 system understanding

The goal of the study is to answer the research questions provided in Chap-
ter 1. Moreover, it is important to determine when the adaptations can be
described as successful. Thus, all research steps have to be assessed accord-
ing to the method described below:

First of all it is determined whether or not the system can be classified as
sediment importing or sediment exporting. Sediment transport is induced
by waves and currents acting on the sediments at the bottom of Bardawil La-
goon. A tidal basin can be either sediment importing or exporting, depend-
ing on the dominant character of the inlet. The maximum flow velocities
are determined to give insight in this dominance and in addition to that the
sediment transport capacity function is used to give better insight in these
processes.

The second goal of the study is to develop a double inlet system in which
both inlets are considered dynamically stable. Due to varying tidal con-
ditions and the effect of storms, tidal inlets cannot have one set of stable
parameters. To determine the stability it is important to know the position
of the inlets on the Escoffier Curve. Due to unknown parameters for de-
termining the shape of the curve it cannot easily be determined where on
the curve the present inlets are located. However, by assessing the hydrody-
namic parameters the current stability parameter is derived. The maximum
inlet velocities provide insight on the position of the vertical axis in the Es-
coffier plot, which is further elaborated in Section 2.3. In addition to that
the rate of interaction between the Mediterranean Sea and Bardawil Lagoon
is assessed by determining the difference in tidal amplitude on both sides
of the inlet. Finally, the sediment dominance of the inlet is determined to in-
dicate whether or not an inlet is sediment importing or sediment exporting.

Another method used to assess stability is the method described in Bruun
and Gerritsen (1960). For the successful application of this method the tidal
prism under spring tide conditions is determined for both Boughaz 1 and
Boughaz 2. Along with the littoral drift a ratio classifying the stability of
the inlet, including the bypassing type, is determined.
Finally, it is important to determine if the interaction between the inlets is
significant. Tidal basin systems with multiple inlets can influence each other,
possibly causing one of the two inlets to eventually close. Differences in net
tidal discharge rates through the inlets are determined to give insight into
this interaction, as well as visualising the flow velocities inside the lagoon. It
should be noted again that the analysis is restricted to tidal flow through the
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inlet and does not include other natural phenomena such as baroclinic circu-
lations, which can also play an important role in determining inlet velocities.
Evaporation effects are mentions in the results and further elaborated in the
discussion in Chapter 5. A visualization of the important processes govern-
ing Bardawil Lagoon can be found in Figure 3.4

From the assessment above the important parameters can be summarized
as described below.
The parameters desired for the determination of the sediment transport char-
acter of the inlets:

• Maximum and minimum flow velocities in Boughaz 1 and Boughaz 2

for both ebb and flood currents.

• The sediment transport capacity

The parameters desired for the determination of inlet stability:

• The maximum observed flow velocities in both inlets

• The distribution of water level throughout both water bodies

• Both the average and spring tidal prism for both inlets, including ebb
and flood prisms

• A representative value for the littoral drift

• The sediment transport dominance of both inlets

Figure 3.4: Overview of the processes influencing the water exchange at Bardawil
Lagoon
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3.3 system adaptations
As described in Chapter 2 a tidal inlet system can be divided into three
segments: the ebb tidal delta, the flood tidal delta and the inlet itself. This
research focuses on adaptations to the ebb tidal delta and the inlet. The
flood tidal delta is not included, because of the goal to investigate natural
deepening of the lagoon. This does however not imply it’s not useful to
propose adaptations to the flood delta, for earlier research shows that deep-
ening of the lagoon does increase the sea-lagoon interactions and enhances
the functioning of the approach channel (Georgiou, 2019). Adaptations to
the inlet are applied on the inlet cross-sectional area, the ebb tidal delta seg-
ment is adapted with the addition of an approach channel. Furthermore,
changes are made to the adjacent coastline of the inlet, with the removal
of the present breakwaters and the addition of a nourishment on the down-
drift eastern side of the inlet. The design elements will be further elaborated
below.

3.3.1 Inlet cross-sectional area

The inlet cross-sectional area is directly related to the tidal prism and plays
a crucial role in the magnitude of the tidal prism, flow velocities and, sub-
sequently, the functionality of the tidal inlet system (Georgiou, 2019). The
cross-sectional area is in equilibrium with the hydrodynamic environment
when the volume of sand entering through the inlet equals the volume of
sand leaving through the inlet (Van de Kreeke and Brouwer, 2017). This
equilibrium is dynamic; the inlet cross-sectional area oscillates around a
mean value. For a natural deepening system the inlet is initially (morpho-
logically) out of equilibrium, as the amount of sediment leaving the inlet is
desired to surpass the amount entering. However, in time the inlet should
be moving to a morphologically dynamically stable inlet.

The inlet cross-sectional areas of both Boughaz 1 and Boughaz 2 are
adapted according to the design proposed by Georgiou (2019). Georgiou
investigated the hydrodynamic and morphological response of three cross-
sectional area shapes, which are depicted in Figure 3.5. From the results
of that research it can be concluded that the triangular design (blue dotted
line) was the least efficient adaptation to the system. Both the trapezoidal
(orange dotted line) and the two depth steps trapezoidal (green dotted line)
gave equal promising results with a depth of 10 meters. But by choosing the
two depth steps trapezoidal design one can significantly reduce the amount
of sediments to be dredged, therefore this design is considered to be the
most efficient one. The design is applied on the system on Boughaz 1 (Phase
1) and Boughaz 2 (Phase 2). The inlet cross-sectional parameters for both
the initial situation and the inlet adaptations can be found in Table 3.1

3.3.2 Approach channel

The intention of the approach channel design is to concentrate the tidal and
wave energy in the channel with the purpose of enhancing the tidal prism
and flow velocities through the inlet. From the research of Georgiou (2019)
it is determined that an approach channel 90 degrees in the direction of
the coastline provides the most promising results, which is therefore imple-
mented in this study. The layout of the approach channel of the research of
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Initial Width [m] Depth [m] Area [m2]
Boughaz 1 270 3-5 954

Boughaz 2 350 3-6 1386

Adapted Width [m] Depth [m] Area [m2]
Boughaz 1 270 7.5/10 2323

Boughaz 2 350 10/7.5 3221

Table 3.1: The inlet dimensions of the initial situation and the dimensions of the
new design applied in Phase 1 and Phase 2

Figure 3.5: The examined cross-sectional area designs by Georgiou (2019)

Georgiou (2019) can be found in Figure 3.6 and the design parameters can
be found in Table 3.2.

Figure 3.6: The proposed approach channel from the study of Georgiou (2019)

Approach channel Width [m] Length [m] Depth [m] Orientation to
shoreline

Boughaz 1 270 2400 7.5/10 90 degrees
Boughaz 2 350 2400 10/7.5 90 degrees

Table 3.2: The approach channel design parameters applied to the system in Phase
1 and Phase 2
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3.3.3 Nourishment and removal of the breakwaters

The addition of a large-scale nourishment with a submerged shoal on the
East side of the inlet entrance is thought to have the capability to increase
the water set-up near the inlet by catching the incoming tide (The Weather
Makers) and thus increase the tidal flow velocities, and reinforce the eroding
coastline East of the inlet. These coasts have had a significant lack of sedi-
ment input due to the presence of breakwaters, which disturbed the natural
sediment transport patterns (Nassar et al., 2018). The nourishment applied
in this study is according to design requirements defined by The Weather
Makers and can be seen in Figure 3.1 and Figure 3.2. A submerged nourish-
ment is constructed adjacent to the nourishment as seen in the figures. The
design of the submerged nourishment can be found in Figure 3.7.

Figure 3.7: Cross-section of the submerged nourishment design applied in the study

The current breakwaters are obstructing the natural ebb and flood cur-
rents, causing sedimentation directly behind the inlets, worsening the sed-
iment infilling of the inlets (TWM, 2018). The Weather Makers (2018) pro-
posed a new design for the inlet surroundings at Boughaz 1 and Boughaz
2, which is implemented in this study. The following adaptations to the
present situation are made:

• Removal of the current breakwaters

• Dredging the shore at the Western side of the Boughaz 1 in order to
enable a smooth incoming tidal current.

• Dredged material will be used for construction of nourishment at East
side of inlet

3.4 modelling
Design elements are processed using the Delft3D Flexible Mesh (Delft3D
FM) numerical model. Delft3D Flexible Mesh Suite is composed of sev-
eral models, of which D-Flow FM is used for this thesis. D-Flow FM is a
multi-dimensional hydrodynamic and transport simulation program which
calculates non-steady flow and transport phenomena that result from tidal
and meteorological forcing on structured and unstructured boundary fitted
grids (Deltares, 2019).

The flexible mesh suite is chosen above the longer available Delft3D-
FLOW module for several reasons. First of all the flexible mesh allows for
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the use of unstructured grids: large regions with quadrangles can be cou-
pled with much greater freedom compared to the Delft3D-FLOW model.
The Bardawil Lagoon system represent a large area for which only certain
points desire high accuracy, other lagoon areas can be represented by larger
grid cells. Therefore, by applying the finer grids only locally, much shorter
calculation times are achieved for the same accuracy of certain points of in-
terest. Another advantage is the use of dynamic time-step limitation which
is automatically set based on the Courant criterion, the model adapts to
larger time-steps when possible, further reducing calculation time.

3.4.1 Model setup

The D-Flow model is used for determining the hydrodynamic response of
the system after implementing the proposed adaptations. All simulations
will be performed on a 48 day timescale, allowing sufficient time for the
model spin-up time. The results obtained will be averaged over a full tide
cycle.

Grid

The main grid used for this research can be found in Figure 3.8. The outer
North and West boundaries of the grid are adopted from the grid of Lanters
(2016), while the more detailed grid area close to the lagoon is constructed
newly for this study. While many adaptations are made compared to the
grids used by Lanters (2016) and Georgiou (2019), two main differences
stand out. First of all, the shape of the inlets was inaccurately implemented
in previous studies, disregarding the breakwaters and the distinct shape of
the inlets. Moreover, a higher accuracy is achieved in the latest grid, accu-
rately acquiring the hydrodynamic data for both Boughaz 1 and Boughaz 2,
see Figure 3.9 and Figure 3.10. The size of the grid cells varies from 4500 m
offshore and 25 m in the inlets.

Figure 3.8: The Delft3D FM grid used for the model simulations in Phase 0

The implementation of the nourishment is clearly visible in Figure 3.9 and
Figure 3.10.

Bathymetry

In line with the previous studies no recent bathymetric data is available
covering the whole of Bardawil Lagoon. The most up-to-date bathymetric
data on the nearshore of the lagoon is acquired from a 2011 map, based on
data originating from 1856 (Section A.2). The inner lagoon bathymetry is
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Figure 3.9: The local grid constructed for Boughaz 1 in Phase 0 (left) and after the
adaptations in Phase 1 (right)

Figure 3.10: The local grid constructed for Boughaz 2 in Phase 0 (left) and after the
adaptations in Phase 2 (right)

derived from a previous study conducted by Linnersund and Mårtensson
(2008) which can be found in Section A.2. The bathymetry implemented in
the model can be found in Figure 3.11

In addition to the bathymetric data used by the previous studies, a recent
study from 2017 provides a detailed bathymetric map of Boughaz 2 (Ap-
pendix A.2). This allows for a more accurate representation of the lagoon
and a more reliable hydrodynamic study.
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Figure 3.11: The bathymetry of Bardawil Lagoon, relative to MSL, used in this study



4 RESULTS

This chapter will describe the processes affecting the Bardawil Lagoon hy-
drodynamics and morphodynamics based on the D-Flow results for the ini-
tial lagoon situation, Phase 0, and the situations in which a new design
is implemented on the inlets in Phase 1 (Boughaz 1 adapted) and Phase 2

(Boughaz 1 and 2 adapted).

4.1 phase 0 - the initial situation
Before any adaptations to the Bardawil Lagoon system can be analysed it is
important to properly evaluate the current system.

4.1.1 Processes

Hydrodynamics

Hydrodynamics play an important role in tidal basin morphology. There-
fore, proper qualification of the hydrodynamic observations forms the basis
for further conclusions. Figure 4.1 shows the maximum (a) and minimum
(b) observed tidal elevation during the simulation period of 2 months. What
stands out immediately is the significant elevation difference between the
Mediterranean Sea and Bardawil Lagoon. The offshore tidal range exceeds
0.4 meter, while in the inner basin the tidal range is less than half of that.
A minor difference in elevation between the Boughaz 1 area and Boughaz 2

area is observed.
If we take a closer look at the tidal elevation at specific points, an interest-

ing trend is visible. Figure 4.1 (c) shows the water level elevation for seven
observation points located between Boughaz 1 (Blue) and Boughaz 2 (Red),
as well as the offshore elevation. The specific location of the observations
points can be found in Figure 4.1 (d). The color gradient indicates the re-
spective position of the observation point to Boughaz 1. Two observations
can be made from this figure: the observation points inside the lagoon show
no significant difference in maximum and minimum elevation, and the tidal
range becomes more out of phase for observation points further away from
the inlets inside the lagoon with respect to the offshore tidal range.

Furthermore, insight is gained in tidal elevation inside the two inlets com-
pared to an offshore and inner basin elevation, see Figure 4.3 and Figure 4.2,
the latter shows the location of the observation points. As is the case with
the maximum elevation map, a clear difference between the inside and out-
side of the basin can be observed in the plot. The offshore elevation curve
coincides with the negative elevation of Boughaz 1, but the positive eleva-
tion of Boughaz 1 is only half the offshore value. Boughaz 2 is significantly
lower, both the negative and positive elevation, and almost completely lacks
a positive elevation. A closer look shows a higher harmonic on the positive

39



40 results

Figure 4.1: Tidal elevation of Phase 0 with: (a) Maximum and (b) minimum tidal
elevation over the modelling period during spring tide conditions for
the initial situation, (c) the water level elevation through the lake plotted
for the observation points in (d)

elevation of Boughaz 2. A phase difference can be observed for all obser-
vation points in the lagoon, especially the inner basin point, which is more
than 90 degrees out of phase.

Figure 4.2: Observation points offshore, inside the inlets and inside the lagoon used
in Figure 4.3 below, the color coincides with the respective line in this
figure

Variations in inlet water elevation are expected to be visible in the shape
of the inlet velocity over time as well. If we look at Figure 4.4, no clear
disturbance is observed in the velocity signal where the water level signal is
distorted. Furthermore, like with the water elevation, a difference in velocity
magnitude can be observed between the ebb velocity and flood velocity for
Boughaz 1 and Boughaz 2, as well as a difference in velocity magnitude
between the two. If we look at the velocity distribution in the total Bardawil
system, a divide between the two inlets is visible, see Figure 4.5. The figure
shows the observed absolute maximum flow velocities over the simulation
period. From Figure 4.4 we know the inlet velocities exceed 0.5 m/s, but for
a better insight into the velocities inside the lagoon the boundary is set at
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Figure 4.3: Water level elevation at four observation points (offshore, blue; Boughaz
1, orange; Boughaz 2, green; between the inlets, red)

0.5 m/s. The reach of the horizontal tide is visible in the lagoon and an area
without much action can be observed further away from the inlets.

Figure 4.4: Water level and depth averaged velocity plots for Boughaz 1 (left) and
Boughaz 2 (right)

Observations of the maximum current velocity data provided by Table 4.1
show a maximum ebb velocity of 0.96 m/s and a flood velocity of 0.91

m/s for Boughaz 1, indicating a 0.05 m/s difference in favor of the ebb
current. Boughaz 2 however, shows a 0.04 m/s difference in favor of the
flood current.

The flow velocities show ebb dominance for Boughaz 1 and flood domi-
nance for Boughaz 2. However, due to the fact that sediments do not react
linearly to the flow velocity, but with the power n, the tidally averaged trans-
port is determined by calculating the (flood and ebb) tide averaged sediment
transport capacity of the flow velocities observed in the inlets, see Table 4.2.
Along with the maximum current velocities in the previous table the trans-
port capacity shows for Boughaz 1 a net transport in ebb direction and for
Boughaz 2 a net transport in flood direction.
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Figure 4.5: The maximum flow velocities during the simulation period for spring
tide conditions in m/s. Legend limited to 0.5 m/s, inlet velocities exceed
this value, as can be found in Table 4.1

Max u ebb
[m/s]

Max u flood
[m/s]

Boughaz 1 (Phase 0) 0.96 0.91

Boughaz 2 (Phase 0) 0.75 0.79

Table 4.1: The maximum velocities during ebb and flood flow for Boughaz 1 and
Boughaz 2

Tidal Prism

The tidal prism is determined cross-sectional discharge of both inlets and
results in the data presented in Table 4.3. Boughaz 2 has a tidal prism of
about 13 million cubic meters per cycle which accounts for 55% of the total
volume entering and leaving the lagoon during one tidal cycle, 45% flows
through Boughaz 1. The average flood and ebb prism for both inlets are very
close, with only a 1.5% net difference for Boughaz 1 and 1% net difference
for Boughaz 2.

The hydraulic processes dominating Bardawil Lagoon in Phase 0 are vi-
sualized in Figure 4.6. Inhere the black arrow represents the tide averaged
tidal prism, the orange arrow the net evaporation effect during daytime and
the blue arrow the net transport between the inlets. The direction of the
arrow indicates the net direction of the flow. From this map it is clear that
for the initial situation without wind, a flow of water can be observed from
Boughaz 2 to Boughaz 1. However, this flow only consists of just over 1%
of the volume entering the lagoon in a tidal cycle from the model results.
It should be noted that the effects of net flow due to evaporation is not
included in these interactions, an elaboration of evaporation effects can be
found in Section 5.1.

Interpretation of the results

The significant difference between inner and outer basin water amplitude
suggests that the inflow and outflow of the basin is limited by the inlets.
Compared to the offshore amplitude, the amplitudes observed inside the
lagoon are significantly damped, while no distinct difference is observed be-
tween the inner lagoon points. The elevation difference between the Boug-
haz 1 area and Boughaz 2 area is thought to be the result of the limited
capacity of the inlets, with Boughaz 2 being more limited in its water ex-
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Boughaz 1 Boughaz 2 System System
Phase Net transport

10−3 [m3/s]
Net transport
10−3 [m3/s]

Net transport
10−3 [m3/s]

Dominant
transport

0 -6.19 1.28 -4.91 Ebb

Table 4.2: The sediment transport capacity per inlet for Phase 0 with their dominant
transport direction

Phase Tide averaged
prism [m3]

Spring tidal
prism [m3]

Net flow
[m3/cycle]

% of
total

Boughaz 1 Phase 0 10 425 000 15 370 000 -160 000 45%
Boughaz 2 Phase 0 12 874 000 18 833 000 151 000 55%
Total Phase 0 23 299 000 34 202 000 -9000 -

Table 4.3: The tidal prism for Phase 0 for both inlets and the total system. Net flow
is defined as the flood flow minus the ebb flow.

change. The tidal range observed in the inlets also shows a high distortion
in relation to the offshore amplitude. A closer look at the inlet water eleva-
tion shows a higher harmonic on the positive elevation curve of Boughaz 2,
possibly a result of basin geometry. A phase difference can be observed for
all observation points in the lagoon, especially the inner basin points, which
are more than 90 degrees out of phase. This indicates a significant restric-
tion on tidal propagation into the deeper lagoon areas due to friction and/or
reflection and the lower wave celerity resulting from the shallowness of the
lagoon. The high flow velocity values are all concentrated around the inlets
and no significant velocity values are observed inside the lagoon. Hence, it
is assumed that there is no connection between the two inlets velocity wise,
and thus that the inlets act as two separate basins.
A system can be classified as either importing or exporting, depending on
the dominance of the inlets. Ebb dominance results in a sediment export-
ing system while flood dominance results in a sediment importing system.
Based on the maximum current velocity data provided by Table 4.1 it is
indicated that for the initial system Boughaz 1 is sediment exporting and
Boughaz 2 is sediment importing for coarse sediments, although the magni-
tude of the velocities is quite similar. The transport capacity can give more
insight in the transport patterns, indicating ebb dominance for Boughaz 1.
The differences in ebb and flood transport capacity for Boughaz 2 are more
equal, but indicating sediment import.

4.1.2 Stability

Connecting the processes discussed in this section so far allows for some
conclusions to be drawn about the stability of the present inlets. As de-
scribed before, the Escoffier closure curve consists of two equilibrium points:
a stable and unstable point, see Figure 2.12. Both points are indicated on
the location where the equilibrium velocity curve and closure curve inter-
sect. A constant approximated value of 1.0 m/s proposed by Bruun (1978)
is used for the analytical approach for determining the current stability of
the system.

The large difference between the inner and outer tidal elevation suggests
the inlets are nowhere near the stable equilibrium point. A significant dif-
ference between the water elevation on both sides of the inlets suggests a
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Figure 4.6: Overview of the hydraulic processes present in the Bardawil Lagoon inlet
system in Phase 0

value on the left side of the peak of the Escoffier curve. The maximum
depth averaged flow velocities in both inlets Table 4.1 can be an indication
of the position of the inlets in respect to the equilibrium velocity curve along
with the cross-sectional area of the inlet (Table 4.4). The inlet velocities of
Boughaz 1 are between 0.9 and 1.0 m/s, in the same order of magnitude
as the equilibrium velocity. The fact that Boughaz 1 is considered sediment
exporting suggests the inlet is going towards a stable equilibrium, however
the effect of evaporation is not yet included in this result. Taking into ac-
count the high distortion of tidal elevation, Boughaz 1 is assumed to be near
the unstable equilibrium point, which is supported by the sensitivity analy-
sis, see Figure 4.7 and Section B.1. Boughaz 2, on the contrary, is sediment
importing and has inlet velocities in the range of 0.7 m/s. These are well
below the equilibrium velocity, which supports, in combination with the lim-
ited water exchange, the assumption that the Boughaz 2 inlet is on the left
of the unstable equilibrium point, thus eventually resulting in a closure of
the inlet. This is again supported by the sensitivity analysis in Section B.1.
Without interventions the inlet will keep accumulating sediments and re-
duce its size until it eventually closes.

Figure 4.7: The Escoffier curve for Boughaz 1 (left) and Boughaz 2 (right). The clo-
sure curve is indicated by the blue line and the equilibrium velocity by
the horizontal dashed line. Phase 0 indicates the location of the inlet on
the curve, point 1, 2 ,4, 5 are the results of the sensitivity analysis, which
can be found in Section B.1

Referring to the theory explained in Section 2.3 the inlets can also be
assessed according to the method of Bruun and Gerritsen (1960). Following
this method, the stability of the current system varies per inlet, see Table 4.5.
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Maximum velocity [m/s] Cross-sectional area [m2]
Boughaz 1 0.96 954

Boughaz 2 0.79 1386

Table 4.4: The maximum inlet velocity and inlet cross-sectional area used for deter-
mining the Escoffier curve

Boughaz 1 has a fair stability, but is only just exceeding the requirement of
not being poor, indicating a bar bypassing system both dominated by waves
and tide. Boughaz 2, however, has a poor stability and is mainly dominated
by waves for its bypassing mechanism. Both inlets are still far away from a
stability value exceeding 150.

Spring Prism
[m3]

Littoral Drift [m3] r [-] Bypassing type Stability

Boughaz 1 15 370 000 300 000 51 Bar bypassing Fair
Boughaz 2 18 833 000 500 000 37 Bar bypassing Poor

Table 4.5: Inlet stability parameter and bypassing type according to Bruun and Ger-
ritsen (1960)
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4.2 phase 1 - boughaz 1 adapted

As described in Chapter 3 phase 1 describes the situation in which Boughaz
1 is adapted according to the design requirements stated in this chapter. The
results can be found below.

4.2.1 Processes

Increasing the inlet cross-sectional area and the implementation of the ap-
proach channel and nourishment at the Boughaz 1 inlet now shows a similar
minimum and maximum tidal elevation at the Mediterranean Sea and the
lagoon, see figure Figure 4.8 (a) and (b). The area directly behind Boughaz 1

shows a maximum elevation which coincides with the offshore elevation, a
significant difference in relation to the initial situation in Phase 0. A similar
trend is visible for the minimum elevation, although the minimum elevation
‘intrusion’ is smaller in this case. For the whole lagoon area an increase in
both positive and negative tidal elevation is visible, but the increase of mini-
mum and maximum elevation at the western side of the islands in the west
is limited compared to the change visible east of these islands.

Figure 4.8: Tidal elevation of Phase 1 with: (a) Maximum and (b) minimum tidal
elevation over the modelling period during spring tide conditions for
the initial situation, (c) the water level elevation through the lake plotted
for the observation points in (d)

The change to the system is visible throughout the observation points
in the lagoon. The initial situation showed no difference in amplitude for
the observation points in the lagoon, but if we take a look at Figure 4.8
(c) a different trend is visible. The observation points close to Boughaz 1

show a curve similar to the offshore amplitude, with a small phase differ-
ence visible. Moving further away from this point towards Boughaz 2 each
point decreases in amplitude, with the smallest amplitudes observed near
the Boughaz 2 inlet. The two red lines representing the tidal elevation near
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Boughaz 2 show a disturbed curve, presumably the effect of the tidal wave
progressing from Boughaz 1.

If we compare the tidal amplitudes in the inlets to the offshore amplitude
and the amplitude inside the lagoon a similar trend is visible. Where for the
initial situation only the negative elevation matched the offshore amplitude,
for the adapted situation the positive elevation coincides with the offshore
amplitude as well. No significant change is visible for Boughaz 2, which is
still highly damped. An increase for the inner lagoon observation point is
present, presumably the result of more water flowing in from Boughaz 1.

Figure 4.9: Water level elevation at four observation points (offshore, blue; Boughaz
1, orange; Boughaz 2, green; between the inlets, red)

Figure 4.10: Water level and depth averaged velocity plots for Boughaz 1 (left) and
Boughaz 2 (right) for Phase 1

Figure 4.10 displays the velocity and water level for Phase 0 (solid line)
and phase 1 (dotted line). Increasing the cross-sectional area of Boughaz
1 to 2323 m2 does not result in significant velocity changes. A minimal
increase in flood velocity is present, but the ebb velocity is reduced by the
same amount. However, a shift in phase can be observed for the velocity
peak, reaching its peak earlier. As expected from the previous figures, the
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magnitude of the flood water levels almost doubled and the ebb magnitude
increases as well. No significant changes are observed for Boughaz 2.

While the inlet velocities show similar values compared to Phase 0, the ve-
locities inside the lagoon show a significant growth (Figure 4.11. Especially
the narrower part of the lagoon (the bottleneck) shows velocities nearing the
sediment transport threshold. The flow velocities of the Boughaz 1 and 2

area do connect for Phase 1.

Figure 4.11: The maximum flow velocities during the simulation period for spring
tide conditions in m/s. Legend limited to 0.5 m/s, inlet velocities ex-
ceed this value, as can be found in Table 4.6

The observed inlet velocities are presented in Table 4.6. The max ebb
and flood velocity for both inlets differs only 0.02 m/s, a reduced value
compared to Phase 0.

Max u ebb
[m/s]

Max u flood
[m/s]

Boughaz 1 (Phase 0) 0.96 0.91

Boughaz 1 (Phase 1) 0.95 0.93

Boughaz 2 (Phase 0) 0.75 0.79

Boughaz 2 (Phase 1) 0.77 0.79

Table 4.6: The maximum velocities during ebb and flood flow for Boughaz 1 and
Boughaz 2 for Phase 0 and Phase 1

The smaller difference observed between the maximum flow velocities is
also visible in the sediment transport capacity calculations, see Table 4.7.
The ebb transport at Boughaz 1 is still exceeding the flood capacity, but by a
smaller margin. In contrast to the observed maximum velocities, Boughaz 2

shows a different pattern regarding the dominant transport direction, which
is now in favor of the ebb current. But, like Boughaz 1, only by a small
margin. The effect of evaporation is not shown in these results, for more
insight in evaporation effects on the sediment transport capacity is referred
to Section 5.1.

Increasing the size of Boughaz 1 leads to an increase of tidal prism of 224%
for this inlet (Table 4.8). Adapting Boughaz 1 does not lead to significant
change at the other inlet, which grows by just 2%. However, it does result
in a switch of net transport for both inlets, of about 450.000 m3 per tidal
cycle. The net transport for Boughaz 1 accounts for 1.3% of the specific
prism and Boughaz 2 has a net flow of 3%. While these values are still very
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Boughaz 1 Boughaz 2 System System
Phase Net transport

10−3 [m3/s]
Net transport
10−3 [m3/s]

Net transport
10−3 [m3/s]

Dominant
transport

0 -6.19 1.28 -4.91 Ebb
1 -1.29 -0.72 -2.02 Ebb

Table 4.7: The transport capacity per inlet for Phase 0 and Phase 1 with their domi-
nant transport direction

small compared to the total prism, they show a small increase in interaction
between the inlets.

Phase Tide averaged
prism [m3]

Spring tidal
prism [m3]

Net flow
[m3/cycle]

% of
total

Boughaz 1 Phase 0 10 425 000 15 370 000 -160 000 45%
Phase 1 23 529 000 36 263 000 301 000 64%

Boughaz 2 Phase 0 12 874 000 18 833 000 151 000 55%
Phase 1 13 174 000 19 277 000 -311 000 36%

Total Phase 0 23 299 000 34 202 000 -9000 -
Phase 1 36 552 000 55 540 000 -10000 -

Table 4.8: The tidal prism for Phase 0 and Phase 1 for both inlets and the total sys-
tem. Net flow is defined as the flood flow minus the ebb flow, a positive
value thus indicates import

A visualization of the hydraulic processes governing the system can be
found in Figure 4.12. The figure shows the change in net transport direction,
which is now from Boughaz 1 to Boughaz 2. The gray arrow shows the value
and magnitude of the tidal prism in Phase 0.

Figure 4.12: Overview of the hydraulic processes present in the Bardawil Lagoon
inlet system in Phase 1

Interpretation of the results

Adapting the Boughaz 1 inlet significantly increases the water exchange be-
tween the inlet and the Mediterranean Sea. The maximum elevation inside
the Boughaz 1 area follows for a large part the offshore amplitude, but the
islands in the west are limiting the water exchange to the most western part
of the lagoon (Figure 4.8). Although a phase difference between the offshore
amplitude and the amplitude of the inner basin observation points is still ob-
served, the variation is less compared to the initial situation. This indicates
that friction has a reduced influence on the tidal progression. Combining
the results it can be concluded that the inlet is no longer the limiting factor
at the Boughaz 1 area. Taking a look at the flow velocity map in Figure 4.11
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a connection between Boughaz 1 and 2 is visible but this value is considered
too small (<0.1 m/s) for significant exchange of water.

Unlike the initial situation, no ebb or flood dominance can be determined
for Phase 1 according to the maximum flow velocities. The difference of 0.02

m/s for both inlets between ebb and flood velocity is considered too small
to draw clear conclusions. Also the transport capacity cannot give a solid
answer, but Boughaz 1 tends to be more ebb dominant.

4.2.2 Stability

Starting with Boughaz 1, the high minimum and maximum tidal elevation
near the inlet inside the lagoon suggest that the inlet is no longer the limit-
ing factor for water trying to enter the system. The inlet velocities for both
ebb and flood are approaching 1, the theoretical value of the equilibrium ve-
locity curve proposed by Bruun (1978). To summarize these findings on the
closure curve it is suggested that after the adaptations the inlet is close to the
stable equilibrium point (Figure 4.13 and Table 4.9), this is supported by the
sensitivity analysis in Section B.1. Boughaz 2 however, is still significantly
limited by the inlet and experiences little of the changes made to Boughaz
1. A small increase in ebb velocity is observed, but nothing to transfer the
inlet from closing on its own to a stable equilibrium.

Figure 4.13: The Escoffier curve for Boughaz 1 (left) and Boughaz 2 (right). The
closure curve is indicated by the blue line and the equilibrium velocity
by the red dashed line. Phase 1 indicates the location of the inlet on the
curve, point 1, 2 ,4, 5 are the results of the sensitivity analysis, which
can be found in Section B.1

Maximum velocity [m/s] Cross-sectional area [m2]
Boughaz 1 0.95 2323

Boughaz 2 0.79 1386

Table 4.9: The maximum inlet velocity and inlet cross-sectional area used for deter-
mining the Escoffier curve for Phase 1

Looking at the stability values resulting from the Bruun and Gerritsen
method in Table 4.10, we can conclude that the stability of Boughaz 1 is sig-
nificantly improved in Phase 1. It can be classified as fair and the bypassing
type is transferring to flow bypassing, more dominated by the tidal currents.
No changes are observed for Boughaz 2.
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Spring Prism
[m3]

Littoral Drift [m3] r [-] Bypassing type Stability

Boughaz 1 38 534 000 300 000 128 Bar bypassing Fair
Boughaz 2 19 361 000 500 000 39 Bar bypassing Poor

Table 4.10: Inlet stability parameter and bypassing type according to Bruun and
Gerritsen (1960) for Phase 1

4.3 phase 2 - boughaz 1 and 2 adapted
Phase 2 describes the situation in which both Boughaz 1 and 2 are adapted
according to the design requirements stated in this section. The results can
be found below.

4.3.1 Processes

As expected, after adapting the second inlet (Boughaz 2) the maximum tidal
elevation in the Boughaz 2 area significantly increases, see Figure 4.14 (a),
(b), and (c). Except for the hard to reach places, the whole basin has at least
a maximum elevation of half the offshore tide. However, low values for the
minimum tidal elevation are still concentrated around the inlets, especially
for Boughaz 2. The adaptations do not result in significant changes around
the Boughaz 1 area compared to Phase 1.

Figure 4.14: Tidal elevation of Phase 2 with: (a) Maximum and (b) minimum tidal el-
evation over the modelling period during spring tide conditions for the
initial situation, (c) the water level elevation through the lake plotted
for the observation points in (d)

Interesting to see is the change in water elevation through the lake after
adapting Boughaz 2, see Figure 4.14 (c). While for point b1 b2 2, b1 b2 3 a
small increase in elevation is visible, point d3 2, b2in3 1 and b2in2 1 show
a significant increase in elevation and a complete change in phase, but for
some point the elevation is still just half of the potential. A similar trend is
visible if we take a closer look at the inlets, of which a full comparison of
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the elevation in both inlets can be found Figure 4.15. The higher harmonics
in Boughaz 2 disappear after the adaptations and both the positive and
negative elevation more than double.

Figure 4.15: Water level elevation at four observation points (offshore, blue; Boug-
haz 1, orange; Boughaz 2, green; between the inlets, red) during Phase
2

The inlet velocity and water level are again compared in Figure 4.16. The
adaptations result in a small increase in inlet velocity for Boughaz 1, but no
significant changes are observed. Boughaz 2 experiences a major increase in
both velocity and water level, with the velocity now 1 m/s for both ebb and
flood. A slight phase difference is notable for Boughaz 2, but not as large as
the changes affecting Boughaz 1 in Phase 1.

Figure 4.16: Water level and depth averaged velocity plots for Boughaz 1 (left) and
Boughaz 2 (right) for Phase 2

If we take a closer look at the velocity distribution through the lagoon
a significant increase near Boughaz 2 is visible (Figure 4.17. Although the
velocity in the whole Boughaz 2 area increases, the velocity magnitude be-
tween the inlets is still minimal.
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Figure 4.17: The maximum flow velocities during the simulation period for spring
tide conditions in m/s. Legend limited to 0.5 m/s, inlet velocities ex-
ceed this value, as can be found in Table 4.11

According to the observations shown in Table 4.11, the velocities in Boug-
haz 2 are 25% higher compared to phase 0 and 1, but there is no difference
in the maximum ebb and flood velocity.

Max u ebb
[m/s]

Max u flood
[m/s]

Boughaz 1 (Phase 0) 0.96 0.91

Boughaz 1 (Phase 1) 0.95 0.93

Boughaz 1 (Phase 2) 1.01 0.98

Boughaz 2 (Phase 0) 0.75 0.79

Boughaz 2 (Phase 1) 0.77 0.79

Boughaz 2 (Phase 2) 1.00 1.00

Table 4.11: The maximum velocities during ebb and flood flow for Boughaz 1 and
Boughaz 2 during all 3 phases.

The significant change in observed velocity at Boughaz 2 is also visible in
the transport capacity, see Table 4.12. The net transport capacity of Boughaz
2 more than doubles in Phase 2 and is still characterised as ebb dominant.
The net transport of Boughaz 1 also shows a positive effect in de ebb di-
rection, increasing the outward transport with a factor 2. However, the
evaporation effects are still not included and will be further discussed in
Section 5.1.

Boughaz 1 Boughaz 2 System System
Phase Net transport

10−3 [m3/s]
Net transport
10−3 [m3/s]

Net transport
10−3 [m3/s]

Dominant
transport

0 -6.19 1.28 -4.91 Ebb
1 -1.29 -0.72 -2.02 Ebb
2 -2.96 -1.70 -4.66 Ebb

Table 4.12: The transport capacity per inlet for Phase 0, Phase 1, and Phase 2 with
their dominant transport direction

The new design of Boughaz 2 results in a significant increase in tidal
prism for the inlet, increasing from 13 million to 37 million m3 per cycle. It
seems the extra water flowing in through the inlet counters the flow incom-
ing from Boughaz 1. Where for phase 1 a net flow of around 300000 m3 per
cycle was observed, after phase 2 only about 20% of this exchange remains.
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With this situation the net flow through Boughaz 2 is reduced to 0.2%. A
visualization of the hydraulic processes governing the system can be found
in Figure 4.18

Phase Tide averaged
prism [m3]

Spring tidal
prism [m3]

Net flow
[m3/cycle]

% of
total

Boughaz 1 Phase 0 10 425 000 15 370 000 -160 000 45%
Phase 1 23 529 000 36 263 000 301 000 64%
Phase 2 25 199 000 38 623 000 51 000 40%

Boughaz 2 Phase 0 12 874 000 18 833 000 151 000 55%
Phase 1 13 174 000 19 277 000 -311 000 36%
Phase 2 37 363 000 55 137 000 -76 000 60%

Total Phase 0 23 299 000 34 202 000 -9000 -
Phase 1 36 552 000 55 540 000 -10000 -
Phase 2 62 562 000 93 760 000 -25 000 -

Table 4.13: The tidal prism for the first three phases for both inlets and the total
system. Net flow is defined as the flood flow minus the ebb flow.

Figure 4.18: Overview of the hydraulic processes present in the Bardawil Lagoon
inlet system in Phase 2

Interpretation of the results

The deepening of Boughaz 2 in addition to the deepening of Boughaz 1

leads to an increase in flow velocities through the inlet into the lagoon. The
lagoon area at the inlets shows an increase in both minimum and maximum
elevation, although the minimum tidal elevation values are still very much
concentrated around the inlet. This can either be the effect of bottom topog-
raphy, or the inlet is still limiting the exchange with the Mediterranean Sea.
The observation points inside the lagoon all show a significant difference
compared to Phase 0, but a difference in both amplitude and phase is still
visible compared to the offshore observation point. This indicates that by
opening the inlets the tidal wave celerity increases and the effect of friction
on the tidal propagation through the lagoon is significantly reduced. Where
Phase 1 showed a more distinct interaction between the inlets, no such thing
is present in Phase 2. The net flow from Boughaz 1 to Boughaz 2 accounts
for only 0.2% of the total prism, hence the inlets in Phase 2 can be consid-
ered as separate basins for these simulations. While the net flow difference
between inflow and outflow increases to almost half of the Boughaz 1 inflow,
it only accounts for 0.04% of the total average basin prism.

The maximum depth averaged ebb and flood velocities show interesting
values. For Boughaz 1 an increase in both values is observed with 0.95 to
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1.01 for ebb velocity and 0.93 to 0.98 for flood velocity, these values still tend
towards ebb dominance. Boughaz 2 shows for both the ebb and flood ve-
locity a value of 1.00 m/s, indicating an equilibrium position regarding the
dominance of the inlet. The transport capacity values give a more distinct
difference compared to these maximum flow velocities, especially for Boug-
haz 2, which is considered ebb dominant looking at the transport capacity
and neutral velocity wise. Thus, after Phase 2 both Boughaz 1 and Boughaz
2 can be classified as ebb dominant inlets.

4.3.2 Stability

Increasing the inlet cross-section area of Boughaz 2 positively influences the
stability of the inlet. Where the first two phases the hydrodynamics were
indicating an unstable equilibrium situation on the closure curve, phase 2

results in maximum ebb and flood velocities indicating a situation close to
an equilibrium point (Figure 4.19 and Table 4.14. This is supported by the
sensitivity analysis in Section B.1. However, the absence of difference be-
tween the inlet velocities does not allow for characterizing a dominance for
ebb or flood. The tidal elevation just inside of the basin is not yet approach-
ing the offshore elevation, this is assumed to be the result of the quickly
reducing basin depth influencing the incoming tide. Boughaz 1 experiences
an increase in inlet velocities, bringing them close to the theoretical 1 m/s
of the intersection between the equilibrium velocity and closure curve.

Figure 4.19: The Escoffier curve for Boughaz 1 (left) and Boughaz 2 (right). The
closure curve is indicated by the blue line and the equilibrium velocity
by the red dashed line. Phase 2 indicates the location of the inlet on the
curve, point 1, 2 ,4, 5 are the results of the sensitivity analysis, which
can be found in Section B.1

Maximum velocity [m/s] Cross-sectional area [m2]
Boughaz 1 1.01 2323

Boughaz 2 1.00 3221

Table 4.14: The maximum inlet velocity and inlet cross-sectional area used for deter-
mining the Escoffier curve for Phase 2

The stability value of Bruun and Gerritsen shows a positive change for
Boughaz 2 (Table 4.15), where the inlet is now considered to have a fair
stability while experiencing bar and flow bypassing. The whole system is
now moving towards a tide dominated system. The adaptations have no
significant influence on the stability of Boughaz 1.
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Spring Prism
[m3]

Littoral Drift [m3] r [-] Bypassing type Stability

Boughaz 1 38 623 000 300 000 128 Bar bypassing Fair
Boughaz 2 55 137 000 500 000 110 Bar bypassing Fair

Table 4.15: Inlet stability parameter and bypassing type according to Bruun and
Gerritsen (1960) for Phase 1

4.4 wind effects
The daily wind pattern discussed in Chapter 2 might have significant influ-
ence on the behaviour of the lagoon. As described in this section the wind
blows from the West in the morning, shifting to a North-West to North wind
in the afternoon. This section elaborates the contribution of the wind on the
system compared to the tide only cases discussed in the previous section.

4.4.1 Processes

Some changes can be observed when looking at the wind effect on the tidal
elevations throughout Bardawil Lagoon. Almost all of the lagoon shows a
maximum elevation in the same range, with a smaller elevation near Boug-
haz 2 and a higher elevation at the South-Eastern parts due to wind set-up,
as can be seen in Figure 4.20. The effect of the wind set-up is also visible
in the minimum tidal elevation, where the values are reduced due to this
phenomenon.

Figure 4.20: Maximum and minimum elevation plots for the situation without (left)
and with (right) a daily wind pattern added to the model for Phase 0

A similar pattern can be observed for Phase 1 and Phase 2 for their respec-
tive situation without and with wind. The dominant West to North-Western
winds cause a set-up at the South-Eastern borders of the lagoon, showing a
rise in elevation for both the maximum and minimum tidal elevation plots.
Phase 1 and Phase 2 are both characterised by a rise in elevation directly
behind Boughaz 1 and east of the bottleneck due to wind set-up. A re-
duced elevation in most other lagoon areas is observed, as can be seen in
Figure 4.21 and Figure 4.22.

Figure 4.23 depicts the effect of wind on the maximum observed flow
velocities in (and around) the lagoon. Notable is the significant effect out-
side the lagoon, where in the initial situation no velocity above the 0.05
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Figure 4.21: Maximum and minimum elevation plots for the situation without (left)
and with (right) a daily wind pattern added to the model for Phase 1

Figure 4.22: Maximum and minimum elevation plots for the situation without (left)
and with (right) a daily wind pattern added to the model for Phase 2

m/s threshold is observed. Inside the lagoon an increase of velocity can be
observed around the barrier island near Boughaz 2, at the bottleneck, and
between Boughaz 1 and the small islands in the west. The maximum veloc-
ity plot for the initial situation shows no connection between the Boughaz 1

and Boughaz 2 area.

Figure 4.23: The maximum flow velocities during the simulation period of Phase 0

for spring tide conditions in m/s. The left image depicts the situation
without wind, the right image with wind added to the model. Legend
limited to 0.5 m/s, inlet velocities exceed this value.

Phase 1 (Figure 4.24) and 2 (Figure 4.25) show a similar increase of velocity
outside of the lagoon. Inside the lagoon higher velocities are observed at the
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most eastern part compared to the associated situation without wind, but
furthermore no significant changes are observed the later phases.

Figure 4.24: The maximum flow velocities during the simulation period of Phase 1

for spring tide conditions in m/s. The left image depicts the situation
without wind, the right image with wind added to the model. Legend
limited to 0.5 m/s, inlet velocities exceed this value.

Figure 4.25: The maximum flow velocities during the simulation period of Phase 2

for spring tide conditions in m/s. The left image depicts the situation
without wind, the right image with wind added to the model. Legend
limited to 0.5 m/s, inlet velocities exceed this value.

In Table 4.16 a comparison between the max ebb and max flood velocities
is found for both inlets and for all phases, showing values with and without
the added daily wind pattern. Under the prevailing wind conditions the
maximum observed velocities for Boughaz 2 show an expected result, with
an increase in maximum ebb velocities of about 2-3% and a decrease in max-
imum flood velocity of 1-3%. However, taking a closer look at the Boughaz
1 velocities, an unexpected increase in ebb velocities is observed, where one
would expect a velocity reduction with winds blowing towards the inlet.

Inlet Phase Max ebb
velocity
[m/s]

Max ebb
velocity

wind
[m/s]

Velocity
growth

Max flood
velocity
[m/s]

Max flood
velocity

wind
[m/s]

Velocity
growth

Boughaz 1 Phase 0 0.96 0.97 1.0% 0.91 0.91 0.0%
Phase 1 0.95 0.96 1.1% 0.93 0.94 1.1%
Phase 2 1.01 1.03 2.0% 0.98 0.98 0.0%

Boughaz 2 Phase 0 0.75 0.77 2.7% 0.79 0.78 -1.3%
Phase 1 0.77 0.79 2.6% 0.79 0.78 -1.3%
Phase 2 1.00 1.02 2.0% 1.00 0.98 -2.0%

Table 4.16: Comparison of the max ebb and flood currents for both existing inlets
in the Bardawil Lagoon system for each phase with and without wind
added to the model

The increase of maximum ebb velocity can be explained by the daily di-
rectional variation in winds. The wind velocity and direction pattern gives
a difference over time for the velocities observed in both inlets. Looking at
Figure 4.26 which shows the velocity differences for Boughaz 1 at spring
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tide conditions. The main differences can be found in the ebb velocities,
represented by the negative velocity magnitude in the figure. During the
afternoon when the velocity magnitude reaches its peak, the North-Western
winds are reducing the maximum observed ebb velocities, while during the
night the weaker Western winds coincides with a slight increase in maxi-
mum ebb velocity. The flood velocities show a slight shift in phase but no
significant velocity magnitude change is observed. This explains why the
maximum ebb velocity increases where one would expect a decrease in max-
imum ebb velocities due to the prevailing winds. It should be noted that
these results are a snapshot in time to explain the change in maximum ob-
served velocity for this case. Due to the difference in period (24 hour day, 12

hour 25.2 minute tidal cycle) the effect changes per day and the peak wind
velocities do not always coincide with the peak tidal velocities, but they do
for the particular time frame of this simulation.

Figure 4.26: Tidal inlet velocity plot for Boughaz 1 during Phase 0 describing the
case with only flow (blue line) and the situation with flow and wind
(orange line)

Boughaz 2, see Figure 4.27, also shows a reduction in ebb velocity dur-
ing the stronger North-Western winds in the afternoon, but the difference is
smaller compared to the difference observed at Boughaz 1. An increase in
ebb velocity during the weaker Western winds is seen, which is larger com-
pared to the Boughaz 1 difference. In contrast to Boughaz 1 the observed
velocity difference at Boughaz 2 does show a reduction of flood velocity
magnitude during all cases, especially later in the day.

Due to the differences in maximum and minimum inlet velocities per tidal
cycle a better method for describing the (ebb or flood) dominance of the inlet
is by determining the transport capacity over time. In Table 4.17 the trans-
port per inlet per phase can be found, where the transport is determined as
the ebb and flood transport calculated per time-step and averaged per tidal
cycle for bedload transport. Without wind Boughaz 1 shows a large differ-
ence in favor of ebb velocity for Phase 0, but when adding the wind only
a fraction of this difference remains. Phase 1 and 2 are further influenced



60 results

Figure 4.27: Tidal inlet velocity plot for Boughaz 2 during Phase 0 describing the
case with only flow (blue line) and the situation with flow and wind
(orange line)

by the wind with a change of sign in dominant transport current with a
favor for the flood transport. Boughaz 2 initially (Phase 0) is characterised
by higher flood transport without wind, but the added wind changes this
to a higher ebb transport. In Phase 1 and 2 the trend is continued with an
increased difference between the ebb and flood in favor of ebb transport.

No Wind Boughaz 1 Boughaz 2 System System
Phase Net transport

10−3 [m3/s]
Net transport
10−3 [m3/s]

Net transport
10−3 [m3/s]

Dominant
transport

0 -6.19 1.28 -4.91 Ebb
1 -1.29 -0.72 -2.02 Ebb
2 -2.96 -1.70 -4.66 Ebb

Wind Boughaz 1 Boughaz 2 System System
Phase Net transport

10−3 [m3/s]
Net transport
10−3 [m3/s]

Net transport
10−3 [m3/s]

Dominant
transport

0 -0.89 -2.77 -3.66 Ebb
1 0.82 -5.56 -4.75 Ebb
2 0.94 -7.43 -6.49 Ebb

Table 4.17: Tide averaged sediment bedload transport capacity for all phases for the
situation with and without wind

From the previous section we know that, especially after adapting the
West inlet (Boughaz 1), a small net flow from Boughaz 1 to Boughaz 2 is
present. The model shows that the present wind climate contributes to
this phenomenon. Table 4.18 shows the effect of the added wind climate
on the observed tidal prism for each inlet and each phase. First of all the
tide averaged tidal prism shows only minor changes with the added wind
compared to the situation without wind, for all phases. But, when looking
at Phase 0 (initial situation) a major difference can be found in the net flow.
Looking at the Boughaz 1 inlet where initially a net flow of 0.6% of the tidal
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prism is observed from Boughaz 2 to Boughaz 1, the added wind changes
this flow to a net flow of 3.5% of the tidal prism from Boughaz 1 to Boughaz
2. Phase 1 and 2 show a similar trend for the increase in net transport from
Boughaz 1 to Boughaz 2. The added wind increases the contribution of
transport to 3% in the final design.

Because some uncertainties lay within the model the total net flow of the
system does not equal zero. For the situation without wind a loss of water
from the system is observed for all phases, which consists of about 0.04%
of the total tidal prism. With wind a change in sign is observed and water
is added to the system with a value of 0.02-0.06% of the total tide averaged
tidal prism.

Inlet Phase Tide
averaged

prism
[m3]

Wind tide
averaged

prism [m3]

Net flow
[m3]

Wind net
flow [m3]

Boughaz 1 0 10 425 000 10 432 000 -160 000 826 000

1 23 378 000 23 305 000 301 000 1 456 000

2 25 199 000 25 123 000 51 000 1 784 000

Boughaz 2 0 12 874 000 12 856 000 151 000 -849 000

1 13 174 000 12 461 000 -311 000 -1 435 000

2 37 363 000 37 342 000 -76 000 -1 772 000

System 0 23 299 000 23 288 000 -9 000 13 000

1 36 552 000 36 494 000 -10 000 21 000

2 62 562 000 62 465 000 -25 000 12 000

Table 4.18: The tidal prism for the first three phases for both inlets and the total
system. Net flow is defined as the flood flow minus the ebb flow with
a positive value indicating inflow and a negative value indicating a flow
out of the lagoon

A visualisation of the hydraulic processes governing the lagoon under the
prevailing wind conditions is shown in Figure 4.28. Noticeable is the little
effect the prevailing winds have on the total tidal prism per inlet, but the
significant effect on the net flow between the inlets.

Figure 4.28: Overview of the hydraulic processes present in the Bardawil Lagoon
inlet system in Phase 2 with the prevailing winds

Interpretation of the results

The added wind to the model shows immediate results on the observed
maximum and minimum tidal elevations in and around the lagoon. For all
phases a local increase in maximum elevation is observed, meaning more
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water has to be transported through the lagoon. The minimum tidal eleva-
tion shows a reduced amplitude, especially in the South-Eastern borders of
the lagoon where the highest wind set-up is expected. Although the veloc-
ity magnitude distribution map shows a local increase in velocity, especially
along the barrier islands, no clear conclusions can be drawn from these plots.
Initially still no connection can be observed between the inlets velocity wise,
and the later phases lack a significant visual growth as well.

The data from the depth averaged cross-sectional velocity observations
allows for drawing more profound conclusions. In previous studies the
maximum ebb and flood velocities were used to determine the dominant
transport character. Due to the changing wind pattern variations between
the ebb velocities of different tidal cycles are observed, showing a slight in-
crease in maximum velocity for one cycle, but a more significant decrease
in maximum velocity for the other. Therefore it is chosen to assess the char-
acter of the inlets according to the sediment transport capacity for bed load
transport. These results provide an interesting trend compared to the situa-
tion without wind. Boughaz 1 without wind was characterised as ebb dom-
inant for all phases, but the prevailing North-Western winds causes flood
dominance for Phase 1 and 2. This character suggests sediment import, al-
though the differences between the ebb and flood currents are small. Boug-
haz 2 experiences flood dominance initially without wind, but the wind
case transfers it to ebb dominance. Phase 1 and 2 for the Eastern inlet were
already characterised by ebb dominance, but the effect of ebb transport is
significantly increased. Hence, the total system can be characterised with
an increased coarse sediment exporting character.

Looking at the inlet velocities and changes in tidal elevation, velocity and
prism there is no reason to suggest that the wind conditions influence the
stability of the inlets according to the methods of Bruun and Gerritsen and
Escoffier. However, where for the no-wind situation the maximum observed
net flow from Boughaz 1 to Boughaz 2 was observed to be 1.1%, after adopt-
ing Boughaz 1 in Phase 1 of the wind case an interaction of 5.4% is observed.
The significance of this net flow might be significant enough for the inlets
to influence the stability of the other.

In short, the wind has a positive influence on the net sediment transport
characteristics of the lagoon and there is no significant influence on the inlet
stability according to the Escoffier and Bruun method.

4.5 lagoon flushing
The flushing of the lagoon is assessed according to two methods: calcula-
tion of the renewal time following Pritchard (1960) and a determination of
the flushing of the lagoon using a D-Water Quality model for fraction calcu-
lations. Both are elaborated in their respective sections. It should be noted
that the renewal time is an estimation calculated with the purpose to get
insight in results of the adaptations.

4.5.1 Renewal time

The rate of renewal of the lagoon can be determined by calculating the
replacement time of lagoon water, which is a function of the total average
lagoon volume (V) and the average tidal prism (Q) and is formulated as
t99%. However, this relation assumes replacement of the entire water body,
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which is never the case since new water will mix with old water, therefore
the 50% renewal time t50% is often calculated (Linnersund and Mårtensson,
2008). The 50% renewal time describes the time required to replace half
of the lagoon water volume, assuming a well mixed lagoon. The complex
geometry of Bardawil Lagoon is not included in the calculation, but can
significantly influence the interaction. The derivation of the renewal time
follows Pritchard (1960) and is as follows:

dV
dt

= −rv · V where rv = 2 · k

The t50 is expressed as the renewal time in days and not in tidal cycles, there-
fore, for a semi-diurnal tidal pattern, the constant k is multiplied with 2. The
value k represents the fractional change in volume, the ratio of the net inter-
tidal volume to the total volume of the lagoon. Because of the semi-diurnal
character this value has to be multiplied by two to express the renewal time
in days.

Integration yields:

∫ Vnew

V0

1
V

· dV =
∫ t50%

t0

rv · dt

− ln
Vnew

V0
= rv · (t50% − t0)

Vnew

V0
= 0.5 t0 = 0

Solving for the renewal time, t50 gives:

t50% =
0.693

rv
(days)

The 99% renewal time of the lagoon is found when Vnew/V0 = 0.01, deter-
mined as:

t99% =
4.605

rv
(days)

Table 4.19 and Table 4.19 show the renewal time for the three design
phases for the situation without and with wind added to the model. Due
to the minimum effect of the wind on the tidal prism the differences in re-
newal time between the two cases is negligible. Each adaptation results in a
significant increase of the renewal time for both the t50% and t99%.

Average
prism (m3)

T50 (days) T99 (days)

Phase 0 23 299 000 9.3 61.7
Phase 1 36 552 000 5.9 39.4
Phase 2 62 562 000 3.5 23.0

Table 4.19: The renewal time for all phases determined for Bardawil Lagoon, no
wind
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Average
prism (m3)

T50 (days) T99 (days)

Phase 0 23 288 000 9.3 61.8
Phase 1 36 494 000 5.9 39.4
Phase 2 62 456 000 3.5 23.0

Table 4.20: The renewal time for all phases determined for Bardawil Lagoon, wind
included in the model

4.5.2 Fraction calculations

Another method to get an indication of the flushing of Bardawil Lagoon
is the use of a fraction computation, which uses unique tracers which are
related to unique groups of boundaries, in this case the difference between
the Mediterranean Sea and Bardawil Lagoon. These water fractions help un-
derstand the composition of water and are implemented using the D-Water
Quality modelling software. The results of the calculations provide the per-
centage of lagoon water (start value of 1, color red) and the Mediterranean
Sea (start value of 0, color blue) after one month of simulation time. For
example, a value of 0.6 indicates 60% lagoon water and 40% seawater.

Figure 4.29 visualized the distribution of the fractions for all three phases.
The top two figures depict the fraction distribution for Phase 0 without (left)
and with (right) wind. It is clearly visible that without wind the interaction
of the water bodies is concentrated around the inlets. When wind is added
to the model significantly more interaction is visible around both inlets. The
bottleneck becomes more flushed and the lagoon area East of Boughaz 2

appears to experience the effects of the prevailing Western winds. The most
Western and central lagoon areas remain untouched during the simulation
period. The visualisations of Phase 0 flushing coincide with the observed
salinity values in Figure 2.9. Looking at the fraction concentration plotted
over the time in Figure 4.30, insight is given in the rate in which the lagoon
waters are renewed over time. Extrapolating this data to a 50% refreshing
rate of Bardawil lagoon gives a t50 of 53 days without wind and 48 days
with wind (Table 4.21).

After applying the new design of Boughaz 1 (Phase 1) it appears that
an increase in flushing rate is observed (center figures). The area behind
Boughaz 1 shows a lot more interaction with the Mediterranean Sea and
the flushing is visible into the bottleneck. The wind contributes to these
findings. No significant visual differences are observed for the Eastern area
of the lagoon including Boughaz 2, the most Western area remains stagnant
as well. However, looking at the average lagoon concentration over time
(green lines) it appears that the fraction concentration for Phase 1 is similar
to Phase 0, even with the significant increase around Boughaz 1. This could
be due to a water level gradient between the two inlets inside the lagoon,
with higher tidal elevation water from Boughaz 1 restricting the interaction
of Boughaz 2 with the Mediterranean Sea. The t50 renewal time extrapolated
from this data provides 52 days for Phase 1 without wind and 46 days with
wind, which is only a minor gain compared to Phase 0.

In Phase 2 the whole lagoon experiences an increased interaction with the
Mediterranean Sea (bottom two images in Figure 4.29). The area flushed at
Boughaz 2 is significantly increased compared to Phase 0 and reaches into
the areas far away from the inlets. The winds contribute to the interaction,
almost connecting the two inlets inside the lagoon. After one month of sim-
ulation most areas of the lagoon experience at least some form of flushing,
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Figure 4.29: The results of a 30 day fraction calculation showing the situation with-
out and with wind for Phase 0 (top), Phase 1 (middle), and Phase
2 (bottom). Red indicates 100% lagoon water and 0 represents 100%
Mediterranean Seawater

however the most Western area and central lagoon area are still relatively
untouched. The renewal time shows a reduction compared to Phase 0 and
Phase 1, with a t50 of 48 days without wind and 42 days with wind.

No wind Initial concentration
residue after 30 days [-]

50% renewal
time [days]

Phase 0 0,87 53

Phase 1 0,87 52

Phase 2 0,8 48

Wind
Phase 0 0,78 48

Phase 1 0,77 46

Phase 2 0,69 42

Table 4.21: The average lagoon concentration after 30 days compared to the time in
days required to refresh 50% of the lagoon waters

Interpretation of the results

The renewal time determined with the method of Pritchard provides an
upper boundary of what might be possible in the lagoon should it be well
mixed which, looking at the results, is not the case. The results of the
renewal time calculations grow linearly with the increase of tidal prism.
Phase 0 has a t50 of 9.3 days and after completion of Phase 2 the t50 renewal
time is expected to be 3.5 days according to this method.

The fraction calculations with the D-Water Quality model provide a more
realistic result of the flushing rate in the lagoon. Without wind the t50 with
fraction calculations is respectively 53, 52 and 48 days for Phase 0, 1, and 2.
The prevailing winds reduce these values with about 6 days. The reason the
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Figure 4.30: The average lagoon fraction concentration plotted over a 30 day time
interval for all phases without and with wind

results of Phase 0 and Phase 1 are this close together is due to the increased
water gradient in Phase 1 in the lagoon from Boughaz 1 towards Boughaz
2, which reduces the reach of the water from Boughaz 2. The adaptations
made to Boughaz 2 in Phase 2 allow for an increase in interaction with
the Mediterranean Sea and hence this effect is not as profound anymore,
resulting in a decrease in t50.

The values of the fraction calculations are considered a lot more reliable
compared to the renewal time calculations at the beginning of this chapter.
The fraction plots provide good insight in the reach of Mediterranean Sea
water originating from the inlets into the lagoon and show that the lagoon
is not well mixed. The Western and center lagoon areas are not well reached
by the incoming tide, causing high saline zones.



5 D ISCUSS ION

The discussion is divided into two sections. First the effect of evaporation
on the results is discussed. Thereafter the general discussion points of this
thesis are elaborated.

5.1 evaporation effects
The effect of evaporation is analytically included into the results to give an
indication of the effects on the hydrodynamics and subsequently the sedi-
ment transport capacity due to water loss in the lagoon. For this approach
the precipitation and evaporation data from Khalil and Shaltout (2006) is
used, which are determined by Euroconsult (1995) (Table 5.1). The lagoon
is divided into two segments, determined by the reach of each inlet. This is
done according to the tidal divide previously mentioned by Lanters (2016)
and Georgiou (2019). The tidal divide is visible in Figure 5.1, indicated with
the red dashed line where the flows from the two inlets meet.

Figure 5.1: The tidal divide between the two inlets (Adapted from Embabi and
Moawad (2014))

Three values of evaporation will be considered: High evaporation, low
evaporation and average evaporation. High evaporation is defined as the
highest observed evaporation during the year, which occurs during the sum-
mer months of June, July, and August. Low evaporation is the lowest evapo-
ration during the year, present in December. The average evaporation is the
average of all 12 months. The monthly water loss of the system is defined
as the difference between the precipitation and evaporation divided by the
number of days per month, which is then multiplied with the area of the
lagoon to determine the daily net water loss of the system.

j f m a m j j a s o n d
Precipitation (mm) 13 10 9 7 5 0 0 0 0 0 18 20

Evaporation rate (mm) 56 84 96 132 167 189 192 177 153 146 63 50

Net water loss (mm/day) 1.4 2.6 2.8 4.2 5.2 6.3 6.2 5.7 5.1 4.7 1.5 1.0
Net water loss (·106m3) 0.77 1.43 1.54 2.31 2.86 3.47 3.41 3.14 2.81 2.59 0.83 0.55

Table 5.1: The precipitation, evaporation, and net water loss values of Bardawil La-
goon (Euroconsult, 1995)

67
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With the tidal divide the influence areas of the inlets are determined to be
roughly 250 km2 for Boughaz 1 and 300 km2 for Boughaz 2. Assuming most
of the evaporation occurs between sunrise and sunset, the evaporation win-
dow is set to be between 06:00 and 18:00 hours. Like the previous results,
the evaporation data will be processed on modelling runs of one month, in-
cluding 2 spring tides and two neap tides. This is done for the case without
and with wind and for Phase 0, Phase 1, and Phase 2.

5.1.1 Results

The addition of evaporation to the system has some effect on the maximum
flow velocities in the inlets, especially for Phase 0 (without any adaptations
to the system). When looking at high evaporation rates without changes
to the inlets, the maximum increase (or reduction in case of ebb flow) in
velocity to the system equals 0.038 m/s for Boughaz 1 and 0.032 m/s for
Boughaz 2. The magnitude of the increased (or reduced) velocity signifi-
cantly reduces after both inlets have been altered in Phase 2, to respectively
0.015 m/s for Boughaz 1 and 0.013 m/s for Boughaz 2. An increase in
the maximum flow velocity positively benefits the stability of the inlets ac-
cording to the Escoffier curve, because higher flow velocities are beneficial
for erosion. However, the effects of evaporation on the sediment transport
capacity of the inlets should also be considered, which is elaborated below.

Evaporation effects on the sediment transport capacity

Without considering the effects of evaporation, Boughaz 1 is classified as
sediment exporting and Boughaz 2 is classified as sediment importing for
Phase 0. The total system is considered sediment exporting as well, this in
contrary with the current sediment importing character of the inlets. For
both Phase 1 and Phase 2 both inlets and consequently the total system are
sediment exporting for the tide only conditions.

When taking into account the evaporation effects as discussed earlier in
this section a significant change in sediment transport character is visible, as
can be seen in Table 5.2. All stages of evaporation (low, average, and high)
have a contribution on the sediment transport character, of which the aver-
age and high evaporation have the most distinct effect. As can be seen in the
table for low evaporation conditions, which occur during winter, the total
system remains sediment exporting for all phases. However, the magnitude
of the ebb dominant transport reduces, especially for Boughaz 2 which is
only considered sediment exporting after Phase 2. Looking at the yearly
average net water loss effects a more distinct trend is visible compared to
the tide only and the low evaporation situation. The total system remains
sediment importing in Phase 0 and Phase 1, only to achieve the desired
sediment export after Phase 2. Moreover, Boughaz 2 remains sediment im-
porting for all phases.

During the summer months the evaporation values have the largest mag-
nitude and no precipitation is present, which causes a serious deficit of
water. The high evaporation values cause a significant different trend com-
pared to the system without evaporation. Both Boughaz 2 and the total
system are considered sediment importing for all phases, with the highest
values observed for Phase 0. Boughaz 1 is sediment exporting for Phase 0
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and Phase 2, but the values are small compared to the import of Boughaz 2.

Situation Phase Net Boughaz 1

10−3 [m3/s]
Net Boughaz 2

10−3 [m3/s]
Net System

10−3 [m3/s]

Tide only
0 -6.19 1.28 -4.91

1 -1.30 -0.72 -2.02

2 -2.96 -1.70 -4.66

Low Evaporation
0 -5.30 1.97 -3.33

1 -0.97 0 -0.97

2 -2.58 -1.22 -3.80

Average Evaporation
0 -2.60 4.06 1.46

1 0.01 2.18 2.19

2 -1.43 0.22 -1.21

High Evaporation
0 -0.37 5.79 5.42

1 0.83 3.99 4.82

2 -0.48 1.42 0.94

Table 5.2: The net sediment transport capacity under the evaporation conditions

Evaporation and wind effects on the sediment transport capacity

Table 5.3 depicts the evaporation effects on the behaviour of the system in
which the prevailing wind conditions are included in the calculations. While
a similar trend is visible compared to the situation without wind, there are
some differences, as can be seen in the last column of the table. For Phase
0 the prevailing winds contribute to an flood dominated system, where sig-
nificant import is observed for Boughaz 1. Boughaz 2 moves more towards
an ebb dominant system in Phase 0, but the observed difference is less than
the change visible at Boughaz 1, resulting in net import of sediments. Phase
1 shows the largest difference between the situation without and with wind,
with a surge in ebb going transport. The same trend is visible for Phase 2,
although the magnitude of the difference is less compared to Phase 1.

The most important difference between the evaporation cases without and
with wind is the effect on the system after the adaptations made in Phase
1 and Phase 2. Without wind the system is still classified as having a sedi-
ment importing character, which is an undesired result. Boughaz 2 shows a
distinct sediment exporting character under the prevailing winds in Phase
2, while Boughaz 1 becomes more sediment importing. Especially under
high evaporation conditions the flood going transport stands out. However,
when taking the prevailing winds into consideration, which occur in the
same period as the highest evaporation values, the total system is expected
to behave as a sediment exporting system.

5.1.2 Interpretation of the results

From these results it is obvious that the evaporation rates in Bardawil La-
goon play an important role in the character of the sediment transport in
the inlets. The deficit of water inside the lagoon must be compensated with
extra inflow of water from the Mediterranean Sea, which results in an in-
crease in flood velocities and a reduction of ebb velocities during the day.
These velocity changes are not considered significant enough to cause ma-
jor changes in the inlet stability, but they do have significant effect on the
transport capacity of the inlets, especially when looking at the high evapora-
tion rates without the prevailing winds. The high evaporation changes the
system from a solid sediment exporting system towards a sediment import-
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Situation Phase Net Boughaz 1

10−3 [m3/s]
Net Boughaz 2

10−3 [m3/s]
Net System

10−3 [m3/s]
Net System

difference no wind
10−3 [m3/s]

Tide only + Wind
0 -0.89 -2.77 -3.66 1.25

1 0.82 -5.56 -4.75 -2.73

2 0.94 -7.43 -6.49 -1.83

Low Evaporation +
Wind

0 -0.02 -2.09 -2.11 1.22

1 1.13 -4.86 -3.72 -2.75

2 1.31 -6.96 -5.65 -1.85

Average
Evaporation +
Wind

0 2.63 -0.05 2.58 1.13

1 2.10 -2.72 -0.62 -2.81

2 2.44 -5.54 -3.10 -1.89

High Evaporation +
Wind

0 4.84 1.65 6.49 1.07

1 2.90 -0.94 1.96 -2.86

2 3.37 -4.36 -0.99 -1.92

Table 5.3: The sediment transport capacity under the evaporation and prevailing
wind conditions

ing system, even after the adaptations in Phase 2. However, the prevailing
winds in combination with high evaporation bring the system back towards
sediment exporting. Boughaz 1 is still importing sediments under these
conditions, but for the low and average evaporation situation the export of
Boughaz 2 is far exceeding the import of Boughaz 1.

5.2 general discussion

5.2.1 Bathymetry

The bathymetric data used in these studies originates from various resources,
off which small parts of offshore data are dating back to the 19th century.
This makes it difficult to establish a very accurate profile on the whole mod-
elling area. Recent data is currently available for the Boughaz 2 inlet, but
recent sources for other lagoon areas are scarce. While there are recent stud-
ies conducted on the bathymetry of Bardawil Lagoon, there was no success
in establishing contact with these researchers. However, because this study
is focused on the effect of different lagoon adaptations to the inlets, of which
the bathymetry is relatively well known, this should not cause a significant
problem. Since the goal of this study is to gain insight in the behaviour of
the system to the adaptations in relation to the initial situation.

5.2.2 Wind

The daily wind pattern used in the model is obtained by averaging wind
velocity data on specified time steps. This method gives solid insight into
the effect of the prevailing winds present in the summer months. This is a
useful method to visualize the effect of a daily wind pattern on the hydrody-
namic behaviour of the lagoon. However, a seasonal variability is observed
which is not implemented in the study. Applying a seasonal variability to
the model could give further insight into the response of the system through-
out the year, especially when morphology is included in the model. Further-
more, the effect of a storm event on the morphology and subsequently the
stability of the system could give very insightful results.
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5.2.3 Results from previous studies

The inlet cross-sectional area and approach channel design for Boughaz 1 is
derived from the study of Georgiou (2019). The design adaptations showed
promising results for Boughaz 1 in that study. For this study the design
is implemented for both Boughaz 1 and Boughaz 2. While the results are
promising, the morphological behaviour of this design at Boughaz 2 is un-
known, because a morphological sensitivity analysis for Boughaz 2 could
not be performed. It is therefore possible that a better design for Boughaz
2 could be achieved. For this study the new Boughaz 2 design functioned
according to the expectations. The long term morphological behaviour of
the approach channel proposed by Georgiou (2019) is yet to be determined.
Initially a channel has to be dredged for the dredging vessels to enter the
inlets, which makes it useful to develop it in in the most efficient design.

5.2.4 Morphology

At the time the model runs were done the version of Delft3D FM did not
support multiple sediment fraction calculations, it could only perform calcu-
lations on a single sediment fraction size. Therefore, no conclusions could
be conducted from simulations with morphology enabled. Running the
model with just one fraction was not considered reliable because:

• Running the model with a small fraction (100 mu, observed inside the
lagoon) caused major erosion inside the inlets, with values observed
up to 10 meters in 2 months.

• Model runs with a large fraction (300 mu, observed outside the lagoon)
showed promising results for the inlets, but no erosion was observed
inside the lagoon where, due to the smaller fraction present erosion is
expected, and the area of interest is located.

Thus, it was not possible to develop a model which accurately represents the
inlet morphology combined with a representative erosion/sedimentation
pattern inside the lagoon.

The model used for this study is a 2D-H model, thus varying in x and
y dimension with a depth averaged flow velocity. This approach is con-
sidered suitable for a representative hydrodynamic analysis of the system,
while keeping the required modelling time within acceptable time limits.
However, the 2D approach neglects 3D effects, like density driven current,
happening within the system. 3D effects are important to take into account
when density differences are observed within a system, which might very
well be the case for Bardawil Lagoon, as is described further down this
chapter.

5.2.5 Processes affecting results

Results

The results of the model runs suggest that sediment export can already
be expected in Phase 0 with the contribution of the prevailing winds on
the system. Currently, yearly maintenance dredging is necessary to keep
the inlets open, therefore it is thought that more processes are influencing
the hydrodynamic (and thus morphodynamic) response of the system. The
missing link in the calculations is thought to be evaporation, which is further
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elaborated earlier in this chapter. The effect of the prevailing winds is shown
in the previous chapter. These winds are included in the model, a model
which is depth averaged. Wind forces act mainly on the surface of the
water column, thus the effect of the wind on sediment transport could be
an overestimation.

Salinity

The salinity values of the lagoon are exceeding the salinity values observed
in the Mediterranean Sea. Moreover, the salinity inside the lagoon is not
uniformly distributed. Density differences caused by the salinity gradient
observed in the lagoon can contribute to a density driven circulation.

Stratification due to differences in salinity might occur on the shallow la-
goon areas, although it must be noted that the average depth of 1.2 meter
in combination with the prevailing winds could very well prevent stratifi-
cation of happening. However, near the inlets, density driven currents are
very likely to be present due to the increasing depth, especially after the
adaptation of the inlets. The lighter, less dense, Mediterranean Seawater
will float on top, while the denser lagoon waters are expected to flow near
the bottom. This causes a so called ‘lock exchange effect’, with the lighter
water flowing on top of the denser water. While this does not necessarily
result in a net flow of water in any direction, it can have an effect on morpho-
logical behaviour of the inlet. The concentration of suspended sediments is
higher near the bottom and bed load transport will always take place at this
location, therefore a net export of sediments due to density driven currents
is expected.

The increased interaction between the Mediterranean Sea and Bardawil
Lagoon after Phase 1 and 2 is expected to decrease the salinity concentra-
tions inside the lagoon, especially near the inlets. A reduction in salinity
decreases the amount of flocculation, effectively reducing the fall velocity of
finer sediments causing them to remain in suspension longer. Suspended
sediments are more easily taken by the ebb going tide and consequently
removed from the system, further enhancing sediment export. However,
it should be noted that with a decreasing salinity the effect of the density
driven currents on sediment transport will reduce over time.

5.2.6 Sediment transport character

Multiple processes have now been discussed which affect the sediment
transport character of the inlets: evaporation, wind and baroclinic effects.
All three are difficult to include in a depth averaged model, for their effect
is non uniformly distributed over the water column. Evaporation results in
a net inflow of Mediterranean Seawater into the lagoon, which is, due to the
baroclinic effects situated at the top of the water column. The same holds
for the wind driven circulation of water due to the prevailing winds condi-
tions, for the wind acts as a surface force and effects mainly the top layer of
water. Due to the lock exchange effect the heavier denser water inside the
lagoon will move outwards near the bottom of the water column, where the
highest concentration of sediments is located. Considering these processes
the effect of evaporation and wind could possibly be less than the results
now show, which is in favor of ebb directed sediment transport.
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However, a seasonal variability is present at Bardawil Lagoon, which is
not taken into account yet. The high evaporation rates in combination with
the prevailing winds have a significant effect on the transport character of
the system, especially when taking the surge in flood directed sediment
transport at Boughaz 1. The wind direction and magnitude are more uni-
formly distributed in winter and the evaporation values are low. Looking
at the current influence of the prevailing wind conditions during the sum-
mer months a winter climate could provide very different results. Morpho-
logical changes usually take place over long timescales (years), so possibly
yearly averaged transport balance can be established for each inlets with
flood dominance during the summer months and ebb dominance during
the winter months.

5.2.7 Stability

The inlet stability in this research is assessed according to the method pro-
posed by Escoffier (1940). The Escoffier method is based on the balance
between the inward and outward sediment transport through the inlet and
is visualised by a graph plotting the two processes: the equilibrium velocity
curve and the close curve (Figure 2.12). The close curve is the result of the
inlet geometry and present hydrodynamics and, in this study, is fitted ac-
cording to the results obtained from the numerical model calculations. The
equilibrium velocity curve used in this study is a constant of 1.0 m/s as
described by Bruun (1978), however, according to van de Kreeke (2004) the
value is a weak function of the littoral drift and cross-sectional area and
could therefore have a different shape. In theory this could lead to different
velocities defining the equilibrium stability points. Moreover, the Escoffier
method assumes a constant basin level that fluctuates uniformly with the
tide, which is not the case in this study. As described in Chapter 4 the
bottom friction is significant and influences the tidal propagation into the
lagoon. It is thought that with increasing the tidal intrusion into the basin
the Escoffier curve may grow accordingly and the system may behave like
it does to a change in basin area, effectively storing extra water inside the
lagoon.

The Escoffier plots after Phase 1 and Phase 2 provide promising results
which are supported by a sensitivity analysis. Especially the results of Boug-
haz 1 show a well defined location near the stable equilibrium velocity point.
The location of Boughaz 2 is also determined near this location, but the slope
of the curve is less distinct compared to Boughaz 1. This might compromise
the stability of the inlet after a storm event. Immediate dredging operations
after such event can bring the inlet back on track to the stable equilibrium
point.

A method is developed by van de Van de Kreeke and Brouwer (2017)
to assess the stability of a system composed of multiple inlets. Changing
the size of one inlet could cause major disturbances on the other, which is
visible for Boughaz 1, which shows an increase in maximum velocity after
Boughaz 2 is adapted in Phase 2 Section B.1). However, the method is not
yet validated on a natural multiple inlet system with a complex geometry.
Therefore the application of the method on this study is not considered
useful.
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Moreover, the shape of the Escoffier curve is not fixed, it can change ac-
cording to the characteristics of the system. An increase in average tidal
prism shifts the curve to the right, a decrease in tidal prism will shift the
curve to the left. If we take a closer look at the formula describing the curve
below, one can see it involves three parameters: The tidal prism (P), the inlet
cross-sectional area (A) and the tidal period (T).

ue =
πP
AT

Assuming the tidal period and inlet cross-sectional area are constant, a
rise in tidal prism will always lead to an increase in velocity under these
assumptions. This is visualized in Figure 5.2. The blue line indicates the
original curve and the orange line the curve with an increase in tidal prism
with the previous stated assumptions. The adaptations in this study are
conducted on the inlets, no changes in inner basin geometry are present,
and the inlets are located on point D, the stable equilibrium point. Should
the lagoon experience natural deepening, the tidal prism is expected further
increase due to a reduction in bottom friction, hence the curve will rise and
the stable equilibrium point on the Escoffier plot will shift to the right, as
can be seen in the figure. This would bring the inlet suddenly between
point C and D, which of course will not be a sudden jump, because the inlet
cross-sectional area is not fixed and will change according to the position
on the Escoffier curve. The cross-sectional area size provided in this thesis
brings the inlets to the stable equilibrium point (D) for the current lagoon
characteristics, however a change in these characteristics will influence the
stable cross-sectional inlet area. Hence with a natural deepening lagoon the
tidal prism will gradually increase and with it the inlet cross-sectional area.

Figure 5.2: The change in Escoffier curve followed by an increase in tidal prism due
to a deeper lagoon



6 CONCLUS ION AND
RECOMMENDAT IONS

The goal of this thesis is to analyse the effect of inlet adaptations on the
lagoon-sea interaction, with the goal of transforming the present, sediment
importing system towards a stable, sediment exporting inlet system by adapt-
ing one or both of the present inlets. The study can be separated into four
research phases; Phase 0 investigates the present functioning of Bardawil
Lagoon without any interventions. Phase 1 and Phase 2 respectively inves-
tigate the effect of applying a new inlet design to the Boughaz 1 (west inlet)
and Boughaz 2 (east inlet), of which consists of: increasing the inlet cross-
sectional area, dredging an approach channel, addition of a nourishment,
and removal of the present breakwaters. The final part of the thesis looks
into the effect of a prevailing wind pattern on system behaviour.

The study is concluded by answering the research questions stated in
Chapter 1. The main research question is as follows:

How can the Bardawil Lagoon multiple inlet system be trans-
formed from a morphologically unstable towards a morpholog-
ically stable inlet system by adapting one or both inlets?

The main research question is obtained by answering all sub questions,
which is done below.

6.1 research questions
How can the current hydrodynamic and morphological charac-
ter and inlet stability of Bardawil Lagoon be classified?

Currently, in Phase 0, the Bardawil Lagoon does not function as a morpho-
logically stable tidal lagoon inlet system as sedimentation occurs in both
inlets. The restricted water exchange between the Mediterranean Sea and
the lagoon indicates that the existing inlets are the limiting factor for proper
functioning. For the assessment of the sediment character of both inlets
the transport capacity is considered the most representative parameter for
coarse sediment, because it takes the entire tidal cycle into account, instead
of just the maximum flow velocities. According to the transport capacity
Boughaz 1 is sediment exporting and Boughaz 2 tends towards sediment
import, however the differences are small and it should be noted that resid-
ual currents due to evaporation are not included in these values. Higher
flow velocities are only observed near the inlets and no net flow is observed
between the inlets inside the lagoon. Hence, the two inlets act as separate
basins separated by the tidal divide and the method of Escoffier (1940) can
be applied for determining the stability of both inlets. Assessing the interac-
tion with the Mediterranean Sea and the maximum flow velocities observed
in the inlets, places both inlets near the unstable equilibrium point on the
closure curve, indicating a morphologically unstable lagoon system. Thus
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it is concluded that the current Bardawil Lagoon inlet system is morpho-
logically unstable for both inlets following the results of sediment transport
patterns and the evaluation of the Escoffier model.

What effect do the inlet adaptations have on the sediment trans-
port character of the inlets?

Phase 1 characterises the new design of Boughaz 1. From the sediment
transport capacity follows again ebb dominance for Boughaz 1, with a re-
duced transport magnitude relative to Phase 0. Boughaz 2 changes from
flood to ebb dominant, although the difference is small and the values are
relatively close to 0. However, taking average evaporation into account, the
net sediment transport through the inlets in the system is still flood dom-
inant. Hence, adapting only Boughaz 1 does not accomplish the goal of
reaching a naturally deepening lagoon system.

The new design of Boughaz 2 in Phase 2 shows promising results. From
the tidal elevation data it is determined that the interaction between the
Mediterranean Sea and Bardawil Lagoon, for both inlets, is no longer lim-
ited by the inlet characteristics, but by the bottom topography of the lagoon.
The average tidal prism is increased by a factor 2.5, indicating an increase in
interaction between the sea and lagoon. This increased interaction positively
influences the flow velocities observed in both the inlets and the lagoon,
which in their turn significantly increase the transport capacity for both in-
lets, with an observed growth of 10% for Boughaz 1 and 110% of Boughaz
2 compared to Phase 0. The entire system becomes more ebb dominant
and the difference between ebb and flood flow is more distinct compared
to the previous phase. This statement holds when looking at the average
evaporation case, therefore with the adaptations of Phase 1 and Phase 2 it is
concluded that the system is defined as sediment exporting.

What effect do the inlet adaptations have on the stability of
the inlets?

Applying a new design on Boughaz 1 in Phase 1 shows promising results
regarding the stability of the inlet. The inlet moves on the Escoffier curve
to a location near the stable equilibrium point, which is supported by the
sensitivity analysis. This defines the inlet, in combination with the sediment
exporting character, as a natural dynamically stable inlet. However, the
desired stability change is not observed for Boughaz 2, and therefore the
adaptations after Phase 1 are considered insufficient to reach the research
goal.

After the completion of Phase 2 it can be concluded that Boughaz 2 moves
from the unstable, self closing, situation to the sustainable stable equilib-
rium point, which is clearly visible in the sensitivity analysis. The signifi-
cant change in sediment transport capacity suggests the inlet will stimulate
ebb directed transport. Furthermore, a minor stability increase of Boughaz
1 is observed with inlet velocities increasing from 0.95 to 1.01 m/s. A lack
of a significant net flow between the inlets suggests they act as separate
basins and can therefore still be assessed according to the model defined
by Escoffier (1940). Following the stability ratio by Bruun and Gerritsen
(1960) both inlets move from poor-to-fair stability in Phase 0 to a stability
ratio which is considered fair in Phase 2. Different evaporation situations
have only minor effect on the flow velocities and thus the inlet stability. To



6.1 research questions 77

conclude both inlets reach their stable equilibrium point after Phase 2 and
thus are considered morphologically stable.

To what extent does the wind climate contribute to sediment
transport and inlet stability of the system?

The effect of the morning Western winds and stronger afternoon North-
Western winds is visible on the ebb and flood velocity magnitude. While
the maximum inlet velocities show some small scale deviations, the cumu-
lative effect over time provides the most significant differences. Boughaz 1

shows a large decrease in net ebb sediment transport capacity, but remains
ebb dominated. However, Boughaz 2 changes from a flood dominant inlet
towards an ebb dominant inlet. The same trend in visible for Phase 1 and
Phase 2, with Boughaz 1 becoming more flood dominant and Boughaz 2

becoming more ebb dominant. While these results seem unlikely due to the
current sediment importing situation stated in literature, the inlets both are
considered sediment importing considering average-high evaporation. With
a small increase in net flood transport for Boughaz 1 and a large increase in
net ebb transport for Boughaz 2 the total inlet system moves towards a more
ebb dominated inlet character with the prevailing wind conditions. No sig-
nificant change in the spring tidal prism is observed in the wind-added
model for all phases and, since the littoral drift value remains constant, it is
determined that the wind does not influence the stability of the inlets accord-
ing to the method of Bruun and Gerritsen (1960). However, an increase in
net flow between the inlets is observed, although the value does not exceed
4% of the average tidal prism. Lagoon circulations due to prevailing wind
patterns can influence the suitability of stability methods. Furthermore, it is
concluded that the effect of the prevailing winds mainly influence the sed-
iment transport character of the inlets, with the capability of changing the
dominant transport direction.

What effect do the adaptations and wind climate have on the
renewal time and flushing of the lagoon?

After the adaptations of Phase 1 and Phase 2 an increase in tidal prism is
observed. The increased tidal prism reduces the t50% renewal time by 63%, a
reduction of 6 days from the original 9. However, it should be noted that this
method assumes a well mixed lagoon, which is not the case for Bardawil.
The wind has no influence in this calculation method. Modelling with the
use of fractions gives better insight into the flushing behaviour of the lagoon
under no wind and wind conditions. The results show, with a reduction in
flushing time of 1%, only marginal gains on the flushing rate in Phase 1 after
30 days of simulation. However, after the adaptation of Boughaz 2 in Phase
2 a 12% increase in lagoon flushing is observed for the situation with wind
and 8% for the situation without wind. The horizontal water distribution
shows that the exchange with the Mediterranean Sea is concentrated around
the inlets, where most of the fishing activities take place. The percentage
mainly remains low due to the stagnant zones in the West and center of
the lagoon, which experience little influence of the Mediterranean Sea. It
therefore can be concluded that the combined adaptations of Phase 1 and
Phase 2 shall result in an (limited) increase of the lagoon flushing rate. It
will require further research to determine the additional measures which
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are required to reach a well mixed lagoon, should this be desired by the
Egyptian government.

How can the Bardawil Lagoon multiple inlet sys-
tem be transformed from a morphologically unsta-
ble towards a morphologically stable inlet system
by adapting one or both inlets?

After a careful assessment of the present Bardawil Lagoon hydrodynamic
characteristics and their effect on the morphological stability of the inlet
system, it is determined that the current situation at both inlets is not sus-
tainable and system interventions are required to establish a morphologi-
cally stable lagoon inlet system. The application of the proposed designs
in Phase 1 and Phase 2 removes the inlet limitations on the incoming tide,
which is then mainly influenced by the friction imposed by the inner basin
geometry. Moreover, taking into account both the prevailing winds and
high evaporation effects, the total system is classified as sediment exporting
after Phase 2, however baroclinic effects are not included in these calcula-
tions. High evaporation rates have significant importing effect on the sed-
iment transport character of the inlets, however after Phase 2 these effects
are reduced by a factor 3-5, depending on the wind. Due to the baroclinic
instability resulting from the density difference between the Mediterranean
Sea and Bardawil Lagoon a net export of sediments is expected, because the
outgoing flow is located near the bottom where sediment transport takes
place. The new cross-sectional area design brings both inlets near the stable
equilibrium point on the Escoffier curve after Phase 2, which is supported
by the sensitivity analysis. On this stable point the inlets are more robust
and are able to remain open without interventions. The flushing rate of the
lagoon shows an 8 to 12% increase after Phase 2, this increased flushing
is mainly located near the inlets, where most of the fishing activities take
place. Hence, it is concluded that the proposed adaptations achieve the goal
of developing Bardawil Lagoon into a morphologically stable inlet system.
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6.2 recommendations

6.2.1 Data

Not surprisingly, taking into account the research of Lanters and Georgiou
as well, the lack of data constraints the ability of constructing a well val-
idated model. Recent field observations on wave, wind, tide, sediment,
salinity and temperature data could significantly enhance the value of a
numerical model. The current models allow for a qualitative evaluation of
adaptations, but with proper insight these could become quantitative pre-
dictions.

6.2.2 Modelling

The current model provides only insight in the hydrodynamic behaviour of
the lagoon for all phases. The morphodynamic changes are included analyt-
ically, which show promising results. But a validated (within the available
data) 3D D-Flow in combination with D-Morphology model should be the
start to gain insight in the current salt and water balance of Bardawil Lagoon.
Furthermore, it could provide insight in the effect of inlet adaptations on the
lagoon system, especially on the long term. The implementation of several
sediment fractions would allow for a realistic approximation of morphody-
namic behaviour inside and around the lagoon. It allows for determining
the stability of the inlets over time under various conditions. In this study
the sensitivity study is performed with 5 separate cross-sectional areas. In
a morphological model this could be done with one large and one small
cross-sectional area design chosen on the right places of the Escoffier curve,
which according to the theory should converge them to one single point;
the stable equilibrium point, as described by Tran et al. (2011). Long time
morphological modelling provides insight in the dynamic stability of an in-
let. Furthermore, including morphology, the effect of the adaptations on
natural deepening can be investigated.

Moreover, constructing a 3D model instead of a 2D-H model should give
more insight into the effect of baroclinic processes happening around the
inlets and further into the lagoon. With an increased lagoon depth in later
design stages the change of effects due to stratification increases. Such a
3D model allows for better insight in the long term response of system
interventions.

6.2.3 Design adaptations

For the current study the inlet design proposed by Georgiou (2019) is, with
small adaptations, applied to Boughaz 2. As described in the discussion
this design performed well for this study, however this does not mean it is
the most efficient design. Therefore it is recommended to conduct another
study on the effect different design parameters have on the behaviour of
Boughaz 2.

Besides adaptations to the inlets, adaptations to the lagoon interior can
provide a lot of insight in the limiting effect of friction on the tidal propaga-
tion. Simple model runs with a uniform lagoon depth of -5 and -10 meter
gave interesting results on the behaviour of the lagoon. It appeared that the
basin moved from friction dominated in Phase 2 back to inlet dominated
after applying an increased uniform depth. These assumptions along with
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for example the dredging solutions provided by Lanters (2016) form a basis
for next research.

6.2.4 Processes

This thesis is, within the known research, the first study on Bardawil La-
goon including a daily varying wind pattern, in contrast to investigating
the separate effect of different wind directions and magnitudes. It provided
an interesting insight in the behaviour of the lagoon under such conditions,
but of course there are more events which can be investigated in the future.
For example longer simulations can be done with the presence of both the
summer and winter wind climate, as well as investigating the effect of storm
events. The latter is especially interesting when looking at the morphologi-
cal response of the inlets. As discussed, the shape of the Boughaz 2 Escoffier
curve is not as steep as the one of Boughaz 1. A storm event could move
the inlet back to an unstable equilibrium point. More research on this topic
could give insight in the robustness of the system adaptations.

As has been described throughout the thesis evaporation is not included
in the numerical model calculations. Nevertheless it is concluded that the
net water loss due to evaporation has influence on the hydraulic behaviour
of the inlets, as well as the salinity inside the lagoon. A model which
incorporates the evaporation as a uniform sink within the lagoon should
provide a more accurate representation of the natural behaviour of the sys-
tem. When performing numerical model simulations including morphol-
ogy these effects cannot be neglected. Hence the evaporation effect should
be studies, which can be done by including for example a daily evapora-
tion pattern (day-night difference), a yearly averaged pattern (for morpho-
dynamic behaviour) or a summer/winter difference, which is interesting to
investigate parallel to the seasonal wind variability.

6.2.5 Stability

The current study is performed on the Bardawil Lagoon double inlet system.
However, there are plans on increasing the number from 2 inlets to 3 or even
4 inlets. This can completely change the interaction between the inlets and
hence the behaviour of the total lagoon. While currently limited interaction
is observed, increasing the number of inlets most likely amplifies these in-
teractions. The conventional stability method of Escoffier is not applicable
anymore in this situation. A method is developed by Van de Kreeke and
Brouwer (2017), but not yet validated. Nevertheless, applying this method
on Bardawil Lagoon could give insight into the stability behaviour of the
inlets.

6.2.6 Flushing

Two methods are used in this thesis to gain insight in the flushing rate of the
lagoon before and after the adaptations. However, a more thorough study
on the flushing response of the system concerning adaptations could give
more insight in the ecological response of the lagoon. A more ecological ori-
entated study could provide insight in the direct effect of the adaptations on
the salinity values and the amount of nutrients provided by the interaction
with the Mediterranean Sea and hence the fish population.
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A DATA

a.1 littoral drift
In Table A.1 below the literature values of the littoral drift from the studies
of Inman (1970); Vinja (1970); Euroconsult (1995); Emanuelsson and Mirchi
(2007) and Suez Canal Authority (1983) can be found.

Study Boughaz 1
(m3/y)

Boughaz 2
(m3/y)

Direction

Inman (1970) 300 000 500 000 Gross
Vinja (1970) 340 000 600 000 East

140 000 100 000 West
200 000 500 000 Net East
480 000 700 000 Gross

Suez Canal Authority
(1983)

576000 360500 East

149 500 54 500 West
426 500 306 000 Net East
725 500 415 000 Gross

Euroconsult (1995) 500 000 800 000 Gross
300 000 500 000 Net East

Emanuelsson and
Mirchi (2007)

40 000 258 000 Net East

Table A.1: Littoral drift studies along the North Sinai coastline, results obtained with
aerial observations (Inman, 1970) and CERC formula (Shore Protection
Manual, 1984), (Vinja, 1970; Euroconsult, 1995; Emanuelsson and Mirchi,
2007) (Suez Canal Authority, 1983)

As described in the main text a separate littoral drift study is performed
for this thesis to gain insight in the longshore transport values according
to the methods of Kamphuis (1991), CERC Shore Protection Manual (1984),
Modified Kamphuis (Mil-Homens et al., 2013), and van Rijn (2013). The
calculations are determined with a sheet provided by van Rijn and the re-
sults of this study can be found in Table A.3. The parameters used for these
calculations can be found in Table A.2.

The wave climate which is used for the calculations is provided with the
BMT Argoss model and is determined at two offshore locations in front of
the respective inlet.
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94 data

Parameter Value
Sediment density [kg/m3] 2650

Bulk density of sand bed [kg/m3] 1600

Percentage of offshore swell waves (H>1m, T>10s) [-] 0.3
Calibration factor [-] 1

Breaker coefficient [-] 0.7
Slope surf zone [-] 0.02

Sediment size [m] 0.00025

Offshore water depth [m] 30

Shore normal angle to North Boughaz 1 [degrees] 345

Shore normal angle to North Boughaz 2 [degrees] 18

Table A.2: Values used for the calculation of the littoral drift

Study Boughaz 1
(m3/y)

Boughaz 2
(m3/y)

Direction

Kamphuis (1991) 79 100 147800 Net east
147 100 152 300 Gross
113 100 150 100 Gross east
34 000 2 300 Gross west

Kamphuis (2013) 57 600 88 400 Net east
101 700 91 300 Gross
79 700 89 900 Gross east
22 100 1500 Gross west

CERC 239700 677800 Net east
596800 700400 Gross
418200 689100 Gross east
178500 11300 Gross west

Van Rijn (2014) 99400 238400 Net east
220300 245000 Gross
159900 241700 Gross east
60500 3300 Gross west

Table A.3: Littoral transport along the coastline stretches of Boughaz 1 and Boughaz
2 determined using the methods of Kamphuis (1991), Modified Kamphuis
(Mil-Homens et al., 2013), CERC (Shore Protection Manual, 1984), and van
Rijn (2013)
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a.2 bathymetry

Figure A.1: Bathymetric map of the North Sinai published in 2011. Some map areas
originate from data obtained in 1856
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Figure A.2: Bathymetric survey conducted on Boughaz 2 in 2017

Figure A.3: Bathymetric map of the interior of Bardawil Lagoon from Linnersund
and Mårtensson (2008)



B RESULTS

b.1 escoffier sensitivity analysis

The proposed design changes for both Boughaz 1 and Boughaz 2 are de-
signed in such a way to bring the inlets as close as possible to the stable
equilibrium point on the Escoffier curve. To further support the choice of
cross-section area a sensitivity analysis is conducted on the initial situation
(Phase 0) and after the system interventions (Phase 1 and Phase 2), of which
the results can be found in this section.

Because the system can be defined as a multiple inlet system the stability
of one inlet is a function of the size of the other inlet. The sensitivity is
therefore determined by choosing different cross-sectional area values for
one inlet while the other inlet cross-sectional area remains constant. The
Phase 0 model is used for both inlets in the initial situation, while the Phase
1 model is used for the analysis of Boughaz 1 and the Phase 2 model for the
analysis of Boughaz 2.

b.1.1 Phase 0

The data from the sensitivity runs for Phase 0 can be found in Table B.1 for
Boughaz 1 and in Table B.2 for Boughaz 2. A visualization of the Escoffier
curve for Phase 0 can be found in Figure B.1. The trend shown for both sit-
uations indicates a position on upward slope of the Escoffier closure curve,
indicating a point close to the unstable equilibrium point.

Boughaz 1 Cross-sectional area m2 Max inlet velocity [m/s]
1 455 0.77

2 622 0.86

3 (Phase 0) 954 0.96

4 1253 1.05

5 1459 1.07

Table B.1: The maximum inlet velocity for different inlet cross-sectional areas for
Boughaz 1 in Phase 0

Boughaz 2 Cross-sectional area m2 Max inlet velocity [m/s]
1 1110 0.69

2 1206 0.74

3 (Phase 0) 1386 0.79

4 1647 0.85

5 1828 0.92

Table B.2: The maximum inlet velocity for different inlet cross-sectional areas for
Boughaz 2 in Phase 0
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Figure B.1: Plot of the cross-sectional area and maximum depth averaged velocity of
the sensitivity test runs for Phase 0. The closure curve is fitted according
to the results of the sensitivity analysis

b.1.2 Phase 1

The results of the sensitivity analysis for Boughaz 1 can be found in Table B.3
below.

Case Cross-sectional area m2 Max inlet velocity [m/s]
1 1662 1.15

2 1961 1.07

3 (Phase 1) 2323 0.95

4 2627 0.88

5 3287 0.71

Table B.3: The maximum inlet velocity for different inlet cross-sectional areas for
Boughaz 1 in Phase 1

Plotting the data from the table on to the Escoffier closure curve gives a
good impression on the current status of the inlet stability wise (Figure B.2).
Increasing the inlet leads to a decrease in velocity, indicating a point right of
the stable equilibrium point, see Figure 2.12. The same principle holds for
decreasing the inlet size, which in its turn leads to an increase in velocity,
indicating a position left of the stable equilibrium point. Therefore it can be
concluded that adapting Boughaz 1 to the cross-sectional area described in
Chapter 3 leads to a position near the stable equilibrium point.

Figure B.2: Plot of the cross-sectional area and maximum depth averaged velocity of
the sensitivity test runs for Phase 1. The closure curve is fitted according
to the results of the sensitivity analysis
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b.1.3 Phase 2

The results of the sensitivity analysis for Boughaz 2 can be found in Table B.4
below. For Boughaz 2 the same holds as was concluded for Boughaz 1.
A decreased inlet size leads to larger flow velocities, while an increased
inlet reduces the flow velocity. As can be seen in Figure B.3 the design for
Boughaz 2 in Phase 2 leads to a stable situation.

Case Cross-sectional area m2 Max inlet velocity [m/s]
1 1872 1.10

2 2725 1.09

3 (Phase 2) 3221 1.00

4 4582 0.89

Table B.4: The maximum inlet velocity for different inlet cross-sectional areas for
Boughaz 2 in Phase 2

Figure B.3: Plot of the cross-sectional area and maximum depth averaged velocity of
the sensitivity test runs for Phase 2. The closure curve is fitted according
to the results of the sensitivity analysis






	1 Introduction
	1.1 Problem description
	1.2 Research scope
	1.3 Research questions
	1.4 Methodology
	1.4.1 Reading guide


	2 Background information
	2.1 Introduction to Bardawil Lagoon
	2.1.1 Lagoon history
	2.1.2 Lagoon dimensions

	2.2 Data review
	2.2.1 Tide
	2.2.2 Wave climate
	2.2.3 Wind climate
	2.2.4 Climate, salinity and evaporation
	2.2.5 Sediment characteristics
	2.2.6 Littoral drift

	2.3 Stability of tidal inlets
	2.3.1 Tidal prism
	2.3.2 Bruun & Gerritsen
	2.3.3 Escoffier

	2.4 Related previous studies
	2.4.1 Lanters
	2.4.2 Georgiou

	2.5 Limitations previous related studies

	3 Methodology
	3.1 Introduction to the study
	3.2 System understanding
	3.3 System adaptations
	3.3.1 Inlet cross-sectional area
	3.3.2 Approach channel
	3.3.3 Nourishment and removal of the breakwaters

	3.4 Modelling
	3.4.1 Model setup


	4 Results
	4.1 Phase 0 - The initial situation
	4.1.1 Processes
	4.1.2 Stability

	4.2 Phase 1 - Boughaz 1 adapted
	4.2.1 Processes
	4.2.2 Stability

	4.3 Phase 2 - Boughaz 1 and 2 adapted
	4.3.1 Processes
	4.3.2 Stability

	4.4 Wind effects
	4.4.1 Processes

	4.5 Lagoon flushing
	4.5.1 Renewal time
	4.5.2 Fraction calculations


	5 Discussion
	5.1 Evaporation effects
	5.1.1 Results
	5.1.2 Interpretation of the results

	5.2 General discussion
	5.2.1 Bathymetry
	5.2.2 Wind
	5.2.3 Results from previous studies
	5.2.4 Morphology
	5.2.5 Processes affecting results
	5.2.6 Sediment transport character
	5.2.7 Stability


	6 Conclusion and recommendations
	6.1 Research questions
	6.2 Recommendations
	6.2.1 Data
	6.2.2 Modelling
	6.2.3 Design adaptations
	6.2.4 Processes
	6.2.5 Stability
	6.2.6 Flushing


	A Data
	A.1 Littoral drift
	A.2 Bathymetry

	B Results
	B.1 Escoffier Sensitivity analysis
	B.1.1 Phase 0
	B.1.2 Phase 1
	B.1.3 Phase 2



