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NUMERICAL SIMULATION OF DISSOLVED OXYGEN AS A WATER
QUALITY INDICATOR IN ARTIFICIAL LAGOONS - CASE STUDY EL
GOUNA, EGYPT

Abstract

Dissolved oxygen (DO) is one of the most significant environmental indicators of water quality. Preservation of
reasonable DO concentrations is essential for a healthy aquatic life. In this research, numerical simulations of DO
concentrations were discussed using TELEMAC-WAQTEL-O; model. Firstly, the model was verified by comparing
its results to analytical solutions in different 1D and 2D cases considering pulse and constant DO injections. Based on
the very good agreement between the model and analytical results in different simulation scenarios, the TELEMAC-
WAQTEL-O; model has proven its ability to be applied to more complex cases. Consequently, this model was applied
to investigate El Gouna artificial lagoons in Egypt under the effect of different weather conditions including tide, mean
and maximum wind and different water temperatures. Investigating the water quality of El Gouna lagoons is important
to monitor negative anthropogenic impacts to protect the lagoons and the nearby Red Sea coast. Negative effects of
effluents from a nearby desalination plant on DO concentration were discussed considering different brine discharges,
DO concentrations of brine discharge, injection times and weather conditions. This study presents one of the few
systematic DO studies on artificial lagoons considering hydrodynamics and water quality issues. The results show a
decrease in DO concentrations affected by high water temperatures. Further, the lagoons' hydrodynamic has a relevant
impact on DO concentrations, e.g., tide wave induced DO concentrations to increase and decrease following a sinusoidal
wave. Also, winds affect the DO propagation as low DO concentrations are obtained near the inflow boundaries. The
outcomes demonstrate that DO concentrations depend on the lagoons' hydrodynamics, DO's production and
consumption rate and tracer transport. The polluted water with low DO concentrations flowing from the desalination
plant followed the wind direction. Besides, different quantities of binary and different injection times have minor effects
on DO concentrations in the lagoons.
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1. Introduction

Coastal lagoons are considered unique and productive shallow water areas tightly linked to the sea or ocean
through one or more inlet channels (Kennish and Paerl, 2010). Despite small areas of coastal lagoons, they have a
noticeable impact on the genetic diversity of marine populations and the nearby sea conditions (Pérez-Ruzafa et al.,
2019). Nowadays, coastal areas are under severe development pressure as they provide many natural services to
societies; e.g., finfish and shellfish production, storm surge protection, tourism areas, anchorage, salt production and
many other productive activities (Newton et al., 2018; Pérez-Ruzafa et al., 2019). Sewage from those human activities
significantly alters water's physical, chemical, and biological characteristics to the degree that it cannot be used for the
desired purposes (Pérez-Ruzafa et al., 2019). Moreover, the geographical location and the physical features of coastal
lagoons make them highly impacted by their surrounding environment and more vulnerable to trophic imbalances
(Chapman, 2012). Furthermore, the predicted climate change in the upcoming decades will add severe stress on their
water quality.

Water quality and dissolved oxygen-related challenges are recently growing, affected by the increasing
desalination byproduct discharged in marine systems (Ahmed and Anwar, 2012). Due to rapid industrialization,
urbanization and other anthropogenic activities, water resources managers worldwide are pushing toward water
desalination as a viable solution for water scarcity (Ahmed and Anwar, 2012). Recent estimates suggest that more than
100 million cubic meters of desalinated water are produced daily from approximately 16000 desalination plants in 177
countries worldwide (Jones et al., 2019). Those desalination plants alter the water characteristics of the nearby water
system. For instance, water temperature adjacent to the brine disposal area increases and a high amount of nitrogen
dioxide (NO3), carbon monoxide (CO), Sulphur dioxide (SO-) and nitric oxide (NO) is produced degrading the nearby
water systems and their water quality (Ahmed & Anwar, 2012; Danoun, 2007). Besides, brine disposals have a high
percentage of salinity, which, in turn, is inversely proportional to the Dissolved Oxygen (DO) concentrations (Haurwitz
et al., 2008). The most commercially important desalination technology is reverse osmosis (RO) (Tularam and Ilahee,
2007). Compared to other desalination technologies, the brine from RO technology can cause fewer variations in DO
concentrations due to relatively low-temperature variations (Lattemann and Hopner, 2008). On the other hand, mixing
oxygen-consuming chemicals during the RO desalination process can reduce DO concentrations in water systems
(Lattemann and Hopner, 2008).

Owing to the abovementioned threats to the water quality, preservation of the desired water quality and
controlling the potential threats of freshwater in coastal areas has become an urgent challenge considering their complex
physical processes, societal importance, desalination process and climate changes.

Due to water bodies' complexity and their nonlinear physical, chemical and biological characteristics,
numerical water quality modelling techniques continuously gain importance. They can determine spatial and temporal
variations of physical, chemical and biological states including critical conditions such as dissolved oxygen (DO)
depletion or algae bloom. This can be conducted in less time and with lower costs when compared to in-situ
investigations and traditional monitoring (Gholizadeh et al., 2016). Consequently, for the time being, several water
quality models have been developed for simulating the present state, forecasting and assessing contaminant transport
within, into and out of water bodies (Fu et al., 2019). For instance, SIMCAT, TOMCAT, QUAL2E, WAQTEL,
QUASAR, MIKE-21 and ISIS are numerical modelling systems specialized in water quality investigations. The
reliability and accuracy of such numerical models should be verified by comparing them with existing analytical
solutions, which only exist for simple cases. Moreover, analytical and quasi-analytical approaches are still helpful for
simplified analyses of contaminant transport when not sufficient data is available to warrant the use of a comprehensive
numerical model, especially with the facility of new mathematical software such as Maple, Mathematica and Matlab
(Van Genuchten et al., 2013).



Water quality models discuss different water properties such as DO, temperature, pH, conductivity, turbidity
and total algae (Shamsudin et al., 2016). DO and its dropdown challenges are nowadays the focus of many systematic
investigations. It is considered a crucial indicator of water quality, an essential element of aquatic systems and is
involved in all metabolic processes (Abouelsaad et al., 2020; Gattuso et al., 2006). Studying the DO values helps prevent
and control critical problems, namely oxygen-deficient and anoxic conditions, which occur if DO concentration is less
than 6 mg/l and 2 mg/l, respectively and can destroy marine life (Mahaffey et al., 2020). Hypoxic conditions have
become more common worldwide, especially in coastal areas and estuaries (Diaz and Rosenberg, 1995; Lee et al.,
2021). In the last few decades, the dropdown of DO in coastal waters has dramatically increased due to the high observed
temperatures and the high nutrient inputs affected by the growth of human activities (Breitburg et al., 2018). This
problem of DO dropdown is expected to worse in the future due to rising water temperatures resulting from climate
change.

In recent years, an increasing research interest lays on applying numerical techniques to investigate the DO and
other water parameters in water bodies using different water quality models, e.g., (Bacon et al., 2017; Panda et al.,
2015). Panda et al. (2015) used the MIKE-21 model to explore the hydrodynamics of the Chilika Lagoon located on the
east coast of India coupled with a water quality model. They investigated water quality variables such as DO, salinity,
temperature and nutrients. Their results agreed with the field-measured water quality variables so that their model can
further predict future scenarios. In Kuwait, Bacon et al. (2017) applied the TELEMAC-2D water quality modelling
system on the Sulaibikhat Bay. They concluded that their studied domain suffered from several fish-kill catastrophes in
recent years due to a lack of oxygen (Bacon et al., 2017). Recently, researchers have tended to capture the complexities
of the relation between the hydrodynamics of water bodies and the water quality parameters using field observations or
numerical techniques (e.g., Huang et al., 2019; Marlina & Melyta, 2019; Pastore et al., 2019; Seiler et al., 2020). Huang
et al. (2019) investigated the effect of three physical parameters of flow discharge, tide and wind data on the DO and
the hypoxia events in the Pearl River estuary in China. They pointed out that the hypoxia area decreased with the
reduction in river discharge during moderate or dry year scenarios. Also, a strong wind scenario can remarkably hinder
the hypoxia propagation in the domain. Moreover, the DO concentrations had a wave of fluctuations over the spring-
neap tidal cycles due to the vertical variation of water depths. Marlina and Melyta (2019) studied the influence of the
speed of the wind, the cloud variation and the water temperature on Biochemical Oxygen Demand (BOD) and DO
concentrations in the Winongo river in Korea. They found that the three studied parameters had a minor or no effect on
BOD and DO, except the water temperature had a high effect on DO concentrations. Pastore et al. (2019) studied the
relationship between the flow hydrodynamics from tidal waves and the water quality. Results show that higher values
of DO were observed when larger tidal ranges were applied. Seiler et al., (2020) applied the MOHID 2D numerical
model on the Patos lagoon in Brazil to assess the effect of wind and river discharge on water quality indicators. They
found that the river discharge affected the northern and central lagoon areas, whereas the water quality in the estuaries
area is influenced by wind force. In conclusion, the simulation of water quality of different coastal areas and the effect
of the flow hydrodynamics on water characteristics nowadays attract much consideration in coastal areas, in which
every domain shows its characteristics. On the contrary, the effect of desalination effluents on DO in coastal areas has
not been comprehensively investigated yet, even though the research interest on desalinated water characteristics is
rising.

El Gouna city is an attractive area for tourists and business activities, located on the Red Sea in Egypt. There
are hotels, schools, golf clubs, ports, restaurants, which produce a lot of waste and wastewaters. Artificial coastal
lagoons are widely constructed along the coast near El Gouna, seeking tourism attractions for economic purposes, often
without examining their environmental impacts on the beautiful surrounding marine system (Rasul et al., 2019).
Monitoring the water quality in E1 Gouna is an urgent action for the stability and preservation of that unique and precious
environment. To the authors’ knowledge, no numerical modelling investigating water quality in El Gouna has been yet
developed. Previous studies (Abouelsaad et al., 2022) started from an assessment of bathymetry and tide field



measurements in El Gouna lagoons conducted by (Al-jabari, 2018) to then simulate and discuss the hydrodynamics of
El Gouna lagoons and tracer transport under the effect of different weather conditions including variable tide, mean
wind and maximum wind. In this work, a water quality model was applied in El Gouna lagoons considering their
hydrodynamics using the TELEMAC-WAQTEL-O; model to investigate the DO concentrations and the impact of the
organic load and the ammoniacal load on the DO concentrations. Physical processes of oxygenation, deoxidation and
biochemical processes that alter oxygen production and consumption were discussed. This research aimed also to
investigate the DO concentration considering the effect of different water temperatures and flow hydrodynamics under
the impact of different weather conditions such as tide and wind. Further, this work analyzed the effect of binary polluted
discharge from a nearby desalination plant on DO concentrations in the lagoons.

Firstly, the accuracy of the TELEMAC-WAQTEL-O; model was verified by comparing numerical results with
analytical solutions for simple channels in both 1D and 2D flows using different constant and pulse injections of DO.
After validating the TELEMAC-WAQTEL-O2 model with numerical results, the TELEMAC-WAQTEL-O2 model was
applied to the more complex domain of El Gouna lagoons. A sensitivity analysis of the affecting parameters on DO was
carried out to investigate their effect on the DO and ensure their plausibility. Furthermore, the spatial DO concentrations
in the lagoons were computed in response to the variation of the water temperature, tide and wind. Finally, the negative
effect of the nearby desalination plant on the DO concentration in the lagoons was investigated. Studying El Gouna
artificial lagoons is crucial to preserve the water quality of the lagoons, which in turn protects the surrounding area of
the Red Sea. This work sheds new light on the destructive impacts of desalination plants on coastal lagoons, and

consequently on the marine ecosystem and its coral reefs.

2. TELEMAC-WAQTEL-O; Model

The hydrodynamic behavior of any coastal lagoon plays a significant role in its water quality characteristics.
Consequently, for a related coupling with water quality model using TELEMAC-WAQTEL-O,, complete
hydrodynamics of the domain were firstly computed. The shallow water governing equations are the continuity
equation, the momentum equations in x- and y- directions and the tracer transport equation (equations 1, 2, 3 and 4 in
Appendix A1) (Hervouet and Ata, 2017). The wind blowing on the water surface is simulated in TELEMAC-2D, where
the wind shear stress is considered through Flather's approach (Flather, 1976), as indicated in equations 7, 8 and 9 in
the Appendix Al.

The model was then coupled with the O, water quality model. The O, model is a simple approach most
recommended for short periods such as several days (Hervouet and Ata, 2017). In this model, co-inputs of organic load
(L) and ammoniacal load (NH4) wastes from treatment plants are considered without the full complexity of the manifold
biological interactions and feedbacks (Bacon et al., 2017). It is restricted to modelling reaeration and the global
oxidizable load. It does not consider the effect of planktonic plant photosynthesis and does not model the nitrogenous
and phosphorus nutrients and their effect on phytoplankton. WAQTEL processor describes a source term that is added
to the advection-diffusion equation resolved in TELEMAC-2D as follows (User manual of opensource software

TELEMAC-2D V7P2, 2017):

%+u%+vi—?—%(vt‘t%)—:—y(vt'tg—i")=Fl- (€Y
Where C is tracer concentration (mg/l), u, v are velocity components in both flow directions (m/s), v, is turbulent
diffusivity (m?/s), F; is a source or sink accounting for reactive transport and water quality interactions of respective
tracer i (mg/l/d).

There are three tracers simply simulated in the O> model; DO, organic load (L) and ammoniacal load (NHs), which vary

according to the following laws:

F[0,] = K,(Cs— DO) — K, [L]—K4[NH4]+P_R_¥ .



F[L] = —K; [L] 3)
F[NH,] = —K, [NH,4] (4)
Where K is reaeration coefficient (d!), Cs is DO saturation concentration of water (mg/l), DO is dissolved oxygen
concentration (mgDO/1), K, is a constant describing kinetic of degradation of organic load (d™!), L is organic load (mg/1),
K4 is a constant of nitrification kinetic (d™!), NHy is ammoniacal load (mg/l), P is photosynthesis (mgDO/d/1), R is
vegetal respiration (mgDO/d/1), BEN is benthic demand (mgDO/m?/day), h is water depth (m).

Generally, tracers can be classified as conservative or reactive tracers owing to their degree of interaction with
the surrounding water or other tracers. A conservative tracer is affected only by dilution and diffusion without
interaction with the water system. In contrast, reactive tracers interact and alter during their transport affected by
different physical, chemical and biological processes (Cao et al., 2020). DO is considered a reactive tracer, whose levels
result from the interaction among several processes, represented through different sources and sinks, which affect DO
concentration, as indicated in equation 2 (Gualtieri and Gualtieri, 1999). DO enters the water through the air or is
produced by the photosynthesis from phytoplankton, algae, seaweed and other aquatic plants (Watt, 2000). DO is
consumed by the respiration of aquatic animals and the decomposition process driven by organic and ammoniacal load
from wastewater. DO concentration in any water body depends on both the rate of oxygen production and consumption.

DO from the photosynthesis process is mainly produced on the water surface by algae and other shallow-water
plants. Moreover, seaweed, sub-surface algae and phytoplankton can produce a high amount of oxygen underwater
(Environmental, 2013). The photosynthesis process naturally depends on the light penetrating the water column, which
depends on water depth (Venkiteswaran et al., 2007). Moreover, algal density is highly affecting oxygen production.
Oxygen production from photosynthesis P often varies between 0.3 and 9 mgDO/d/l (User manual of opensource
software TELEMAC-2D V7P2, 2017). Coastal zones can receive a significant amount of sunlight due to their
shallowness (Gattuso et al., 2006). In this regard, the photosynthesis process plays a significant role in DO production
in coastal areas.

Reaeration is the physical absorption of oxygen from the atmosphere by water. It is considered the main source
of oxygen production, especially in rivers and streams, by which DO conditions in any water domain can improve. The
rate of mass transfer of oxygen is equal to K,(Cs — DO), as shown in the first terms of equation 2 (Thomann and
Mueller, 1987).

Haider et al. (2013) divided reaeration equations for calculations of the K, coefficient into four groups
depending on the number of the parameters affecting the reaeration coefficient value (Haider et al., 2013). In this
subdivision, reaeration is influenced by water depth, velocity, the slope of the stream, diffusion coefficient, kinematic
viscosity, Froude or Reynolds number and head loss. In the TELEMAC-WAQTEL-O, model, four formulas can be
chosen for calculating the reaeration coefficient: the formula of Tenessee Valley Authority (Authority, 1972), the
formula of Owens et al. (Owens and Innis, 1999), the formula of Churchill et al. (Churchill et al., 1964) or the formula
of O'Connor & Dobbins (O'Connor and Dobbins, 1958). A final formula that combines the three last formulas is also
available in the TELEMAC-WAQTEL-O> model, where choosing the K, formula depends on the water depth and
velocity at each point of the mesh (User manual of opensource software TELEMAC-2D V7P2,2017). For all discussed
K, formulas, the value of K, is inversely proportional to water depth and directly proportional to flow velocity, as
indicated in equations 15 to 20 in Appendix A3. Also, the calculated reaeration coefficient is determined at 20°C.
Correction of the temperature variation is computed as:

(K7 = (Kz)20°c(9T_20) 5)
Holley (1975) suggested that the value of 6 ranges between 1.005 and 1.030 (Holley and Liggett, 1975) while

the most common 6 value is 1.024 (Haider et al., 2013). This value is also recommended and chosen in TELEMAC.
Further, the oxygen saturation concentration of water (Cs) is mainly dependent on the temperature. TELEMAC-

WARQTEL offers the two most common formulas to calculate Cs: the formula of Elmore & Hayes or the formula of



Montgomery (Richardson et al., 2001), as shown in equations 22 and 23 in Appendix A3. Finally, the benthic demand
(BEN) ranges from 0.007 to 7.0 gDO/m*day depending mainly on the bed soil's type (“WAQTEL,” 2020). Benthic
demand also depends on water temperature and is correlated considering different water temperatures.

3. Model Verification with Analytical Solutions

The transport of tracers in the water is described with an advection-diffusion equation including external and
internal sources and sinks. Analytical solutions for calculations of DO and its transport can consider advection, diffusion
and the different DO production and consumption parameters. The analytical solutions of some simple hydrodynamic
cases (stagnant water, 1D flow) under the effect of a pulse or constant injection of DO were compared with the
corresponding TELEMAC-WAQTEL-O; results to verify the outcomes. Some mandatory simplifications were applied
such as using constant values for the flow velocity and the longitudinal dispersion and adopting idealized initial and
boundary conditions.

The equation controlling the DO concentration in stagnant water is indicated in equation 6 (simplification of
equation 1). While equation 7 describes the analytical solution considering only the effect of reaeration coefficient (K2)
and saturation concentration of water (Cs) neglecting other production and consumption parameters as follows:

DO(t) = (DOO — CS) x g Kaxt + CS (7)

Where DO(t) is the unknown DO concentration at time t (mgDO/1) DO, is the initial DO (mgDO/1).

Firstly, two cases for a simple domain of stagnant water with zero flow velocity were compared with analytical
results for 4 days of simulation with an initial DO concentration of 5 mg/l to individually capture the impact of
degradation of DO affected by different production and consumption parameters. For the first case, the effect of the
reaeration coefficient was individually discussed neglecting all other parameters. For the second more complex case,
the addition effect of saturation density of oxygen (Cs) to the reaeration load was investigated (equation 7) and compared
with the corresponding analytical results. The applied values of Cs and K, were 11 mgDO/1, and 0.9 day ', respectively.

Afterwards, a 400-m long one-dimensional domain with a water depth of 1 m and a constant small flow velocity
of 0.001 m/s was discussed. The initial DO concentration was assumed to be zero, while a pulse and a continuous DO
concentration equal to 5 mgDO/1 was injected. The resultant DO concentrations were compared in both cases with the
analytical results after Kinzelbach (1992) (equations 10, 11 and 12 in Appendix A2).

The DO concentrations were calculated for 4 days considering a simplified degradation coefficient considering
only reaeration (i.e., degradation coefficient = k). For the pulse injection, DO was injected only for 1 s at the beginning
of the simulation, while DO was injected continuously for 4 days in case of constant injection. Also, the retardation
coefficient (equation 10, 11 and 12 in Appendix A2) was assumed to equal 1.

Finally, a 2D channel with a water depth of 10 m and a constant horizontal flow velocity was discussed. The
initial DO concentration was assumed to be zero. The 2D tracer transport equation for DO was analytically determined
according to Kinzelbach (1992), as shown in equations 13 and 14 in Appendix A2. The retardation coefficient was
assumed to equal 1, while the degradation was simplified and affected by reaeration only (i.e., degradation coefficient
= k,). A constant DO injection with 5 mgDO/1 with a flow velocity of 0.001 m/s was injected for a study period of 4
days.

A further aspect can also help verify our simulation results using TELEMAC-WAQTEL-O; by comparing the
simulated DO concentrations with saturation DO values at different water temperatures. Due to high atmospheric
contact, shallow water such as El Gouna lagoons remains close to 100 % saturation (Wetzel, 2001). Also, DO in shallow
water can often achieve levels over 100 % saturation due to photosynthesis and aeration (Wetzel, 2001). In this regard,



the average simulated DO concentrations in the lagoons were compared with the corresponding DO saturation values
at different water temperatures ranging from 16 to 30°C.

4. Study Area and Data

The charming touristic city E1 Gouna, located in Egypt, is a network of interconnected artificial lagoons linked
to the western branch of the Red Sea. Those lagoons are characterized by a wealth of natural heritage and resources
such as coral reefs and marine life (Gurguess et al., 2009). El Gouna artificial lagoons created a new environment for
tourism activities, which enriched El Gouna city. Those artificial lagoons are negatively affected by hotels' sewage
outflow, touristic and local wastes and boat leakages (Al-Jabari, 2018). Moreover, in El Gouna city as a self-sufficient
city, three desalination plants were recently constructed to provide a new source of desalinated water used in various
tourism and economical activities (Jahnke et al., 2019). The three desalination plants produce daily from 4000 to 6000
m?® of desalinized water with brine wastes of 6000 to 8000 m* (Jahnke et al., 2019). The three desalination plants
mentioned above use RO technology for the desalination process. Direct discharge of brine from the desalination plants
into the neighboring Red Sea is forbidden by law. Consequently, El Gouna’s studied artificial lagoons receive a harmful
part of the brine discharged from the desalination system in the city (Jahnke et al., 2019).

Geometrically, the studied domain consists of two connected lagoons with a perimeter of approximately 4700
m and a surface area of 230,000 m? with a mean water depth of less than 3 m. The restricted lagoons of El Gouna
exchange their water with the Red Sea through three narrow inlets for water inflow and outflow. The brine disposal
from the nearby desalination plant enters the lagoons through the temporary water inlet in the middle of the left side
and is considered the primary source of contamination in the studied lagoons. Fig. 1 shows the studied domain of the
El Gouna lagoons in Egypt, water depths and the four above-mentioned water inlets.

This study depended on field data for E1 Gouna lagoons considering the bathymetry and the tide from a previous
assessment study (Al-Jabari, 2018). The author tracked and investigated water depths of approximately 1700 points
inside the lagoons and estimated the fluctuations of water level due to the tide force as a sinusoidal wave, wherein every
tide wave had a peak-to-peak amplitude of 0.6 m repeated two times daily. The weighted average wind speed and wind
direction were calculated by (Abouelsaad et al., 2022), in which data about monthly wind data were collected from the
weather station beside the domain for a period of two years from 2015 to 2017. The mean applied wind speed and
direction were calculated to be equal to 5.84 m/from the northwest direction. Also, the lagoons are subjected to a
maximum wind speed of 20.8 m/s from the southeast (Abouelsaad et al., 2022).

5. Model Parameters and Simulation Scenarios
5.1. Model setup

During a complete modelling process using TELEMAC-2D, pre-and post-processing tools are used for mesh
generation, assigning boundary conditions and visualization of results. Janet software developed by Smile Consult
GmbH (Lippert, 2001) was used for mesh generation and creation of boundary conditions files. The created Janet mesh
was composed of 4800 triangular elements, 2700 nodes and 7500 edges approximately. This mesh was chosen after
achieving a good grid convergence in low computation time. Moreover, the constructed mesh obtained similar results
with a refined mesh. On the other hand, the ParaView post-processing tool was used to visualize output results from
TELEMAC-2D.

For simulations using TELEMAC-2D, a constant value of 12.0 m water elevation and zero flow velocities were
used as initial conditions for the whole domain. For the boundary conditions, three exchange locations with the Red Sea
were simulated as Dirichlet boundary conditions for water levels affected by tide waves. Also, a Dirichlet boundary



condition of brine discharge and tracer concentration from the desalination plant in the middle of the left side of the
domain was adopted.

For the simulation of the hydrodynamic properties of the domain using TELEMAC 2D, the following numerical
approaches were used. The method of characteristics was used to solve the Saint-Venant equations applying linear
discretization for the water velocity and tracer, while water depths were calculated using the PSI method. For bottom
friction, Strickler's law with a magnitude of 40 m'/s was adopted (equations 5 and 6 in Appendix A1). The constant
viscosity turbulence model was applied with a turbulent viscosity coefficient of 10 m?/s. The turbulent diffusivity was
set equal to the turbulent viscosity. The impact of the turbulence was predicted to be small, especially in such shallow
water, therefore remarkable changes were not expected with applying more advanced models, which would need more
CPU time such as k-epsilon model or Elder model. The prescribed values for bottom friction, viscosity and numerical
schemes were obtained from a previous study carried out by (Abouelsaad et al., 2022).

TELEMAC-2D was then combined with the WAQTEL-O, model to calculate the concentration of DO in El
Gouna lagoons. A separate steering file was created to describe the different physical and biochemical processes of
consuming and producing DO. Field data about water quality in the studied lagoons are not available. Consequently,
the background value of DO is considered from a previous field study for the Red Sea in 2016 (nearby section from the
lagoons located in 27°11'37.5" 33°56'12.6") (Fahmy et al., 2016). Average values of approximately 8 mgDO/1, 2 mgDO/1
and 0.01 mgDO/1 for DO, organic load and ammoniacal load, respectively, at 26°C for water temperature were adopted.
The default values of the degradation constant of the organic load (K;) and the constant of nitrification (K4) were applied
equal to 0.25 d! and 0.35 d! (equation 2). Vegetal respiration (R) also was kept at its default value of 0.06 mgDO/I.
The default benthic demand (BEN) of 0.1 mgDO/1 was corrected depending on the applied water temperature (Hervouet
and Ata, 2017).

5.2 Simulation scenarios

Due to the lack of field measurements to assess the spatial DO in the studied lagoons, a sensitivity analysis of
the effect of different input parameters on the DO concentration was conducted under the effect of tide and mean wind
over a simulation period of 8 days. E.g., photosynthesis value within its reference ranges (described in sec.3), the
presence of the organic load and the ammoniacal load effect and the two formulas for computing Cs were compared.
Although no data for model calibration were available, we gained an insight into how the water quality was influenced
by changes in chosen values, formulas and conditions in reasonable ranges considering initial DO concentrations,
organic load and ammoniacal load from the previous field investigation in the Red Sea near the lagoons.

Further, a numerical simulation of the DO in the lagoons under different water temperatures and different
weather conditions of tide and wind was conducted. Moreover, the propagation of the brine discharge and its effect on
the water quality of the lagoons were simulated under the effect of different weather conditions. Before the latter
mentioned simulations, a sensitivity analysis of different binary discharges, different DO concentrations in binary
discharge and different injection times of brines was investigated. The details are illustrated in Table 1 for the sake of
synthesis along with the abbreviations used to indicate the scenarios. Every scenario will be presented in detail in the
following section. In particular, the simulated cases are divided into hydrodynamic and brine transport ones: the former
scenarios focus on the DO variations under different weather conditions, the latter ones consider the transport of effluent
discharge from the nearby desalination plant for 8 days. This study gives an overview of the DO values in the lagoons
and recommendations for brine injection.

The DO concentration was analyzed for all simulation scenarios in 7 observation points shown in Fig. 1, in
which the numbers of points represent their IDs. They were chosen to represent results in relevant locations for the
study scopes. For instance, points 1914, 1073 are next to the two bottom boundaries with the Red Sea, point 2600 is



near the upper right flow boundary and point 1051 is on the upper side of the desalination plant's inflow. Contrary points
2260 and 193 are inner points and point 1391 is in the narrowest section of the domain.

Table 1: Hydrodynamics and brine transport scenarios for a simulation duration of 8 days

Name of scenario Description

DO-T20 DO concentrations under the effect of air temperature equals 20 "C

DO-T25 DO concentrations under the effect of air temperature equals 25 ‘C

Hydrodynamics | DO-T30 DO concentrations under the effect of air temperature equals 30 ‘C
(Temperature, | DO-TIDE-MW DO concentrations under the effect of tide and mean wind
tide and wind) | DO-TIDE DO concentrations under the effect of tide

DO-MW DO concentrations under the effect of mean wind

DO-MAXW DO concentrations under the effect of maximum wind

BRI-ZERO DO concentrations considering no effluent discharge from desalination plant

BRI-DO7 DO simulations under brine discharge from desalination plant of 0.2 m%/s with
DO of 7 mgDO/1

BRI-DO5 DO simulations under brine discharge from desalination plant of 0.2 m%/s with
DO of 5 mgDO/1

BRI-DO3 DO simulations under brine discharge from desalination plant of 0.2 m%/s with
DO of 3 mgDO/1

BRI-HQ3 DO simulations under high brine discharge from desalination plant of 0.2 m?/s
for 3 hours daily

Brine transport BRI-MQ6 DO simulations under intermediate brine discharge from desalination plant of

0.1 m?/s for 6 hours daily

BRI-LQ12 DO simulations under low brine discharge from desalination plant of 0.05 m>/s
for 12 hours daily

BRI-HSTQ3 DO simulations under binary discharge from desalination plant of highest
discharge of 0.4 m%/s for 3 hours daily

BRI-TIDE Brine DO simulations under the effect of tide

BRI-MW Brine DO simulations under the effect of the mean wind

BRI-MAXW Brine DO simulations under the effect of the maximum wind

6. Results and Discussion

6.1 Model Verification with Analytical Solutions

The TELEMAC-WAQTEL-O2 model was firstly verified by comparing the model results with simple
analytical solutions of some hydrodynamic cases (stagnant water, 1D flow) under the effect of a pulse or constant
injection of DO. Firstly, two cases for a simple domain of stagnant water were compared with analytical results. The
individual effect of the reaeration coefficient and the effect of saturation density of oxygen (Cs) and the reaeration load
compared to the analytical results are shown in Fig. 2. It can be concluded from the figure that the numerically calculated
DO coincides with the analytical solution for stagnant water in both cases.
Afterwards, the DO concentrations using the TELEMAC-WAQTEL-0O2 model were compared with analytical solution
for different 1D and 2D domains using a pulse and a constant injection of tracer for 4 days of simulation. Reasonable
and quasi-steady state results are obtained within this period, therefore, there was no need to make the simulations
longer than 4 days.

n 1D model are shown in Fig. 3. It can be noticed from Fig.3-a that there are some deviations affected by a
little damping that occurred in the early stage of simulation of point injection having a relatively high error of about

15% in the beginning of the domain. While, the average error percentages in case of pulse and constant injection over



the whole simulation period range from less than 1% to not more than 4%. It can be concluded that both investigated
cases show that the numerically calculated deviation of the DO reasonably coincides with the analytical solution with a
small time-shift between both results. Moreover, for the 2D domain, the comparison between the DO concentrations in
different selected points in the middle of the domain width at different distances along the x-axis for both the analytical
and numerical results is shown in Fig. 4. It can be concluded from the figure that the DO concentrations calculated from
analytical solutions and simulation results show a good agreement with a small acceptable time-shift between both
results. The average error percentages decrease with distance to reach percentages of less than 4% after less than 50 m
from the inflow of the domain. As a conclusion, the similar trend of the DO concentration in a simple water domain
for both the TELEMAC-WAQTEL-O> model and the analytical solution for different 1D and 2D cases supports
applying the prescribed model to more complicated domains, for which no analytical solutions exist.

On the other hand, the TELEMAC-WAQTEL-0O2 model was also verified by comparing the average simulated
DO concentrations in the lagoons with the corresponding DO saturation values at different water temperatures ranging
from 16 to 30°C, as shown in Fig. 5. It can be seen from Fig. 5 that the DO concentrations in the lagoons reach the
saturation level of DO and achieve levels over 100 % saturation at high water temperatures affected by photosynthesis
and reaeration.

6.2 Sensitivity analysis of water quality parameters
6.2.1 Photosynthesis

In coastal areas, the photosynthesis process has a significant impact on DO production. There has been no
detailed investigation of the algae's existence and other plants producing oxygen in the studied lagoons. Consequently,
the DO concentration in the lagoons was investigated assuming different photosynthesis values of 0.3, 1, 9 mgDO/1 as
suggested by TELEMAC-2D (Hervouet and Ata, 2017) under the effect of tide with mean wind. The DO concentration
was also investigated ignoring the effect of photosynthesis, i.e., P = 0. The temperature was assumed to be constant at
20°C. Also, the effect of both the organic load and the ammoniacal load was neglected. Table 2 illustrates the DO values
in the lagoons for the photosynthesis values mentioned above. Also, the variation percentages of average DO
concentrations compared to the reference values used in TELEMAC model (P = 1.0 mgDO/1) are indicated in Table 2.

Table 2: Average DO concentrations (mgDO/1) and percentage of variation for different photosynthesis values (0.0, 0.3,
1.0, 9.0 mgDO/1) at the observation points and the whole domain

Average DO Point Point Point Point Point Point Point Average
(mgDO/T) 2600 2260 193 1051 1391 1914 1073 | (% variation)

_ 8.50 8.70 8.54 8.56 8.61 8.66 8.65 8.60

P =0.0 mgDO/1 (10.3%)
_ 8.65 8.92 8.85 8.75 8.80 8.89 8.88 9.03

P =0.3mgDO/1 (5.8%)

P = 1.0 mgDO/1 9.11 9.77 9.83 9.35 9.43 9.82 9.77 9.59
_ 17.3 21.22 24.16 18.98 20.21 24.41 23.7 27.1

P =9.0 mgDO/1 (182.6%)

It can be observed from Table 2 that photosynthesis plays an obvious role in DO production in the lagoons. For
instance, the minimum activity of the photosynthesis process (P = 0.3 mgDO/]) increases the average DO from 8.60
mgDO/1 in case of no photosynthesis activity to 9.03 mgDO/1 in 8 days. While with high photosynthesis' DO production
(P = 9.0 mgDO/1), the average DO is more than its triple initial value and reached a value of 27.1 mgDO/1 (with %
increase of 182.58%). However, very high DO concentrations are harmful to fish, as they can cause gas bubble disease
(Environmental, 2013). The optimum DO rate is around 5-8 mg/l and increases to 4-15 mg/l beside coral reefs owing
to the day photosynthesis production and night plant respiration (Talley, 2000). For the scenarios presented in the next
sections, the photosynthesis indicator value was chosen to equal 1 mgDO/I as an average value (“WAQTEL,” 2020).



6.2.2 Cs formulas

Oxygen saturation density of water (Cs) can be accounted for in the TELEMAC-WAQTEL-O; model using
two different formulas, one of Elmore and Hayes and another of Montgomery. It is found that both formulas for
calculating the oxygen saturation density of water gave very similar values at all observation points. The average Cs
values considering both formulas are 9.26 and 9.30 mg/l under the effect of tide with mean wind. Consequently,
simulating the DO using any of the two methods is adequate. For the next investigated scenarios, the formula of Elmore

and Hayes was chosen to calculate the oxygen saturation density of water (Cs).

6.2.3 Organic load and ammoniacal load

Both organic load and ammoniacal load negatively disturb the DO concentrations through the decomposition
process. In this regard, DO concentrations in the lagoons were investigated through three scenarios: no ammoniacal
load, no organic load and presence of both loads of organic load and ammoniacal load with initial values of 2.0 mgDO/1
and 0.01 mgDO/I, respectively. Initial DO concentration of 8 mgDO/1 was adopted for the entire domain.

It is found that the presence of the ammoniacal load did not change the DO concentration at any of the
observation points due to its small initial amount. On the other hand, the organic load had a relatively higher impact as
it diminished the total average DO from 9.59 to 9.26 mg/l with a decrease percentage of 3.5 % under the effect of tide
with mean wind.

For the scenarios presented in the next sections, the effect of organic load and the ammoniacal load was
neglected to isolate the effect of different weather conditions and water temperatures on the reaeration, which, in turn,

affects the DO concentrations.

6.3 Temperature impacts

The average water temperature in El Gouna city is calculated to be approximately 25°C with a minimum
average value of approximately 20°C in February and a maximum average value of 30°C in July. These temperatures
were calculated based on the data over the years 2009 to 2019 from online available weather data for EI Gouna city.
The DO concentrations in the lagoons were examined under three temperatures: 20°C, 25°C and 30°C (DO-T20, DO-
T25, DO-T30 scenarios). In TELEMAC, both reaeration and benthic demand are directly influenced by any change in
water temperature. Table 3 illustrates the DO values at the observation points for the aforementioned water
temperatures. Also, the variation percentages of average DO concentrations compared to the average temperature (T =
25°C) are indicated in Table 3. While Fig. 6 compares the quantities of DO in the whole domain at 20°C and 30°C at the
end of the simulation period of 8 days.
Table 3: DO concentrations (mgDQ/1) for different water temperatures (20°C, 25°C, 30°C) at the observation points and

the average value (showing the % variation) in the whole domain

Average DO Point Point Point Point Point Point Point | Average
(mgDO/1) 2600 2260 193 1051 1391 1914 1073 (% variation)
DO-T20 8.91 9.45 9.42 9.09 9.14 9.42 9.38 9.26
8.03 8.64 8.61 8.24 8.29 8.58 8.54 8.41
DO-T25 (10.1%)
7.25 7.94 7.93 7.50 7.55 7.88 7.84 7.69
DO-TJ8 (17.0%)

It can be observed from Table 3 that the DO concentration is inversely proportional to the water temperature.
For instance, the average DO concentration is 9.26 mg/l at 20°C while 7.69 mg/l at 30°C. In other words, while
increasing water temperature by 5°C and 10°C above 20°C, the total average DO values decrease by 10% and 17%,



respectively. Besides, as indicated in Fig. 6, the DO concentrations decrease in the lagoons to reach a value lower than
6 mgDO/1 at an area in the north-eastern side due to the increase in the water temperature, while in the case of low
temperatures, the minimum DO value is 8 mgDO/1. The reason behind the increase or the decrease of DO is the effect
of water temperature on reaeration coefficient (K»), oxygen saturation density of water (C) and benthic demand (BEN)
as indicated in equations mentioned in the Appendix A3.

6.4 Hydrodynamic impacts

The difference in DO concentrations between different locations in the computational domain under the same
conditions is influenced by the changes in the flow hydrodynamics of velocity and water depth at each observation
point. In this regard, a focus on the impact of the bathymetry and the hydrodynamics of the lagoons on DO
concentrations was investigated. Table 4 illustrates the average DO concentrations and the corresponding water depths
and velocities at each observation point under the effect of the tide with mean wind (DO-TIDE-MW scenario).
Table 4: DO concentrations (mgDO/1), water depths (m) and velocities (m/s) at the observation point under the effect of tide
and mean wind

Point Point Point Point Point Point Average
2600 193 1051 1391 1914 1073
DO (mgDO/1) 8.35 8.16 8.34 8.47 8.41 8.04 8.36
h (m) 1.59 2.10 1.57 1.32 1,02 1.36 1.26
V (m/s) 0.06 0.01 0.02 0.02 0.02 0.03 0.02

Further, Fig. 7 illustrates the course of the DO concentrations at the observation points over the 8 days of
simulation. The mentioned spatial and temporal DO concentrations correspond to the water depth and flow velocities
computed by (Abouelsaad et al., 2022). It can be observed from Table 4 and Fig. 7 that the DO distribution in the
lagoons not only depends on DO production and consumption processes affected directly by water depths and velocities,
but the location of the observation points also has a significant influence on DO concentrations as a tracer. The final
DO distribution in the lagoons follows complex dynamics depending on locations, hydrodynamics and tracer governing
law. For instance, while comparing point 2600 and point 1051, which have approximately the same water depth and the
same DO concentration, despite that point 2600 has a velocity value of three times the velocity at point 1051. This is
caused due to the distance of point 1051 from the open boundaries compared to the location of point 2600. In this regard,
the DO in the lagoons was investigated under different weather condition scenarios (DO-TIDE, DO-MW and DO-
MAXW) to explore further the DO dynamics.

6.4.1 Tide impacts

DO concentrations in the lagoons were calculated under the effect of the tide wave only, in which every tide
wave has an amplitude of 0.6 m and is repeated twice every day. The mean water depth of about 3m corresponds to a
water level elevation of about 12m above mean seal level (as shown in Fig. 8). Table 5 investigates the average DO
concentrations, water depths and velocities under the impact of the tidal wave. Moreover, Fig. 8 shows the fluctuation
of DO concentrations for all observation points compared to the applied tide wave

Table 5: Comparison between DO concentrations (mgDO/1) and corresponding water depths (m) and velocities (m/s)
at the observation points under the effect of DO-TIDE scenario

2600 193 1051 1391 1914 1073 Average
DO (mgDO/) | 10.59 10.90 11.06 11.02 11.23 10.80 10.83
TDISJ-E h (m) 1.59 2.10 1.57 1.32 1.02 1.36 1.26
V (m/s) 0.03 0.01 0.01 0.01 0.02 0.04 0.01




From Table 5, it can be noticed that the DO concentrations in the whole domain have average values ranging
from 10.6 mgDO/I to 11.2 mgDO/1 approximately, although they have different attitude against the effect of rises and
falls of the tide wave. Point 2600 and point 1073 show relatively low DO concentrations of 10.59 and 10.80 owing to
their location near boundary conditions despite their relatively high velocities. On the other hand, point 1914 near the
third boundary has a high DO concentration due to very low water depth, which is inversely proportional to the
reaeration value. It can be noticed from Fig. 8 that the tide wave greatly influences the DO in the lagoons. It rises and
falls inversely to the tidal wave. For instance, the low values of DO occur at high water depths due to the inverse
relationship between them and the reaeration.

6.4.2 Wind scenarios
Mean wind condition

From the hydrodynamics of the lagoons under the effect of mean wind, the water depths were slightly affected
by the wind. The water flux tended to run regularly into the domain from the top right open boundary and go out from
both bottom boundaries with a small mean velocity of less than 0.03 m/s (Abouelsaad et al., 2022). DO concentrations
showing the hydrodynamic behavior of the domain after 8 days are illustrated in Fig. 9. Moreover, Fig 10 presents the
DO concentrations at each observation point for the whole study period.

Due to the wind's small effect on the hydrodynamics of the lagoons, small amounts of DO production,
consumption, and tracer outflow were observed. Consequently, the DO concentrations at all observation points, except
for point 2260, have a low increasing rate as shown in Fig. 10. Also, an average DO concentration of 9.30 mgDO/1 was
observed in DO-MW scenario with no waves of increase and decrease in any observation point as occurred in the DO-
TIDE scenario. The direction of flow is significantly influencing the DO concentrations. For instance, points near the
top inflow boundary have the lowest DO values such as point 2600. Also, points away from the inflow direction have
high DO concentrations such as points 1073 and 1914, as shown in Fig. 9. Point 2260 shows a higher retention time of
DO tracer and an increasing rate. This point is in fact located in the remotest area from the three boundaries; thus, the

produced oxygen was longer retained in the area.
Maximum wind condition

The hydrodynamic results of the maximum wind scenario showed a negligible effect on the water depths, while
the flow velocities reached a relatively high mean value of 0.2 m/s (Abouelsaad et al., 2022). Also, the water flux
regularly ran into the domain from the two bottom boundaries and flowed out from the top right boundary. DO
concentrations under the aforementioned hydrodynamics after 8 days of simulations are illustrated in Fig. 11. Also, Fig.
12 presents the DO concentrations at each observation point for the whole study period.

Owing to the high flow velocities, the DO retention time decreased yielding to a mean DO concentration of
8.47 mgDO/1, despite the high DO production rate affected by high flow velocities. Fig. 12 illustrates that there are no
fluctuations of wave-like rise and fall in DO in all observation points, as observed in the DO-TIDE scenario. Also, the
flow direction affects the DO concentrations, in which points near the inflow bottom boundaries have lower DO
concentrations when compared to higher values in the top of the domain near the outflow top right boundary, as shown
in Fig. 11.

Finally, the effect of DO-TIDE, DO-MW, DO-MAXW scenarios on the average DO concentration was
compared as illustrated in Table 6.

Table 6: Comparison of DO concentrations mgDO/1) and corresponding water depths (m) and velocities (m/s) under
the effect of different weather conditions (DO-TIDE, DO-MW and DO-MAXW).



Average DO-TIDE DO-MW DO-MAXW
DO (mgDO/1) 10.83 9.30 8.47
h (m) 1.26 1.26 1.26
V (m/s) 0.01 0.02 0.11

As can be observed in Table 6, the DO-MAXW scenario results in the lowest mean DO concentrations, despite
high velocities and high reaeration rates. On the contrary, although tide wave has lower flow velocities and consequently
low reaeration, the average value of DO highly increases. These results demonstrate that the total amount of DO not
only depends on the reaeration and DO consumption and production rate but also on the water residence time, which
had a relevant effect on DO concentrations.

6.5 Brine discharge impacts
6.5.1 Sensitivity analysis on DO concentration in brine discharge

The brine discharge enters the domain from the nearby desalination plant through the open middle left
boundary near the desalination plant, as shown in Fig. 1. DO concentrations values in the effluent are not available. For
this reason, four scenarios (BRI-ZERO, BRI-DO7, BRI-DO5 and BRI-DO3) were compared changing the DO values
in the brine discharge, assumed equal to 0.2 m/s. The average DO values after § days of simulation in the lagoons were
equal 9.67, 9.42, 9.32, 9.23 mgDO/I, respectively for the above-mentioned scenarios affected by low brine DO
concentrations. Fig. 13 presents the comparison among four observation points of two scenarios: BRI-ZERO, BRI-
DO3, where only the bottom left side of the lagoons was highly affected by the brine discharge. E.g., point 845, which
is just next to the effluent inflow from the desalination plant (as shown in Fig. 1), shows a decrease of DO concentration
from 10 mgDO/l approximately to less than 8 mgDO/l. Also, DO concentration at point 1073 decreased by
approximately 0.4 mgDO/1 in 8 days. While point 1914 and point 2600 show minor differences in the two scenarios.

6.5.2 Sensitivity analysis on brine injection times and different brine discharges

The same total quantity of binary discharges with the same DO initial concentration were considered with
different injection times considering BRI-HQ3, BRI-MQ6 and BRI-LQ12 scenarios. Also, the effect of changing the
quantity of binary discharge was investigated by comparing BRI-HQ3 and BRI-HSTQ3 scenarios. The average DO
concentrations were equal to 9.62, 9.64, 9.72 and 9.62 mgDO/1 for the mentioned scenarios, respectively. Increasing
the injection time or increasing the binary quantity had minor effects on DO concentrations.

6.5.3 Different weather conditions

A comparison between the dispersion of the brackish water from the desalination plant effluent under different
weather conditions, considering BRI-TIDE, BRI-MW and BRI-MAXW scenarios for 5 days of simulation is presented
in Fig. 14. The applied weather condition significantly influenced the DO tracer movement. It mainly concentrated
beside the desalination plant boundary and went slightly upward to leave from the top right boundary in the BRI-TIDE
scenario. It followed mainly the same direction of the mean wind to leave the domain from the left bottom boundary in
the second scenario. Finally, the maximum wind direction drove the tracer upwardly, similar to the tide case with a
rapid outflow rate.



7. Conclusions

A 2D vertically averaged water quality numerical model has been set up using the TELEMAC-WAQTEL-O,
model to investigate the water quality of artificial lagoons in El Gouna city, Egypt, with the focus on the distribution of
DO concentrations. This research aimed to explore the DO concentration considering the effect of water temperature
and flow hydrodynamics (tide and wind). Also, the effect of the binary polluted discharge from a nearby desalination
plant on DO concentrations was analyzed.

Firstly, analytical solutions for the DO in simple 1D and 2D domains have been discussed and compared with
the corresponding numerical results considering the impacts of stagnant water, a pulse and a constant injection of DO.
Good agreements between numerical and analytical solutions were obtained, which ensured the ability of the
TELEMAC-WAQTEL-O; model in simulating the complex domain of EI Gouna lagoons.

Secondly, a sensitivity analysis was conducted to assess the impact of varying model input factors, such as
photosynthesis, formulas for calculating oxygen saturation concentration of water Cs, organic load and ammoniacal
load. The sensitivity analysis demonstrates a considerable positive effect of the photosynthesis process on DO increase.
Moreover, organic load produces a relatively high negative effect on the average DO compared to the ammoniacal load's
negligible effect. Also, applying both formulas for computing Cs gives similar results.

Afterwards, the domain was investigated considering different temperatures, which resulted in being inversely
proportional to DO. Specifically, the DO average concentration decreased from 9.26 to 7.69 mgDO/1 when the water
temperature increased from 20°C to 30°C. Also, different tide and wind scenarios were simulated: (1) tide, (2) mean and
(3) maximum wind. The tide wave creates a sinusoidal wave of DO concentrations which behaved inversely
proportional to the changes in the water depths. Moreover, the direction of the mean and maximum wind speed greatly
affects the DO values in all observation points. E.g., the points beside the water inflow present low DO values compared
with the high DO values beside outflow points. Finally, comparing the weather conditions scenarios, it is found that DO
retention is controlled by water residence time and the hydrodynamics of the system, which in turn affects the reaeration
rate. Although the DO reaerations are relatively low in tide and mean wind scenarios compared to the maximum wind
one, they have a higher DO residence time.

Exploring the impact of the binary tracer discharge emissions from the nearby desalination plant, it is found
that the average DO in the lagoons decreases, especially in the bottom left area, from 9.67 to 9.23 mgDO/1 due to a low
concentration of DO in desalinated water equal to 3 mg/l. Besides, different quantities of tracer and different injection
times have minor effects on the DO concentrations in the lagoons. Finally, the propagation of binary effluent with low
DO concentrations is discussed considering three scenarios (tide only, mean wind only and the maximum wind only),
in which the polluted water with low DO concentrations is always found to follow the flow direction. In case of only
tide forcing, the polluted water is concentrated next to the desalination plant.

This work is considered a preliminary and fundamental step for a complete insight of water quality in El Gouna
artificial lagoons and their environmental preservation. Having a broader picture of the water quality in the lagoons is
an essential component to initiate discussions with stakeholders and decision-makers in the area and embrace mitigation
actions to protect the E1 Gouna gorgeous environment and its surrounding coral reefs.
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Appendix A
Al Theoretical aspects of flow and transport equations

The flow governing equations are the continuity equation, the momentum equations in both x- and y-direction
and the tracer transport equation:

oh

E—I—ﬁ* gradh + hdivd = S, (€))]
ou 0z 1

E-I- ugradu= —g I + Sy +H div (h,,t grad u) (2)
v 0z 1 .

ST E gradv = —g E-i_ Sy + 4 div (hy, grad v) 3)
ac 1

E—l— u*gradC = F; + Hle (h,,T grad C) 4)

Where / is the water depth (m), C is the tracer (g/1), u, v are velocities in x- and y-directions (m/s), g is the acceleration
of gravity, v, vris the turbulent viscosity and turbulent diffusivity, Z is the free surface elevation (m), ¢ is time (s), x, y
are horizontal space coordinates (m), Sy, F; are the sources or sinks of fluid (m/s) and tracer (g/1/s) and S;, S, are source
or sink terms in momentum equations (m/s?).

One of the most important sink terms of momentum is the bed friction. Several formulas exist to calculate the

bottom friction (Hervouet, 2007). In this work, the bottom friction followed Strickler’s law in both x and y direction as:
g p

fr= — 1Eu u? + v? (5)
k2.h3
- 9 P Jzxv2
fy=— TUVUZ +v (6)
K2n3h
S

Where kg is the Strickler’s coefficient and p is the density of water (kg/m?).

Flather’s approach (Flather, 1976) is adopted in TELEMAC-2D for calculating the wind shear stress. The
governing equations of the wind simulation and the different formulas for determining coefficient a,,;,,4 are reported in
equations (7), (8) and (9):

1 pair
— 2 2
Sx - Ep . AwindUwind | Ywina + Vwind (7)
water
1 Pair
a2 i i 2 2
Sy - hp R Awind Ywind uwind + Uwind (8)
water

if luyingll < 5™/s, Aing = 0.565 * 1073

ifSﬂQ/S < luwinall <19.2 m/s‘ »Qying = (—0.12 + 0.137 [[uyyingll) * 1073

if |upingll > 192"/, ayying = 2.513 * 1073 9
Where Uying, Vwina are wind velocity components at 10 m height, p,;,- is the density of air, a,,;,q is the wind shear
stress coefficient, which in turn depends on the value of wind velocity.

A2 Analytical solutions

The tracer’s transport equations for DO in 1D flow for both the pulse (equation 11) and constant injection
(equation 12) of DO are analytically applied according to Kinzelbach (1992) as follows:



T 1
ot R ox R 0x? 02 (10)
ut\?
AM _(x_ﬁt)
Uu
0,5(0,t) = ————————¢ UR g0t (11)
2ngmBRvay, nTut
0,0 X | ¥ x_uRﬂ XY X uRﬂ
0,(x,t) = T‘eZ“L e2aL xerfc —e2aLxerfc| —= (12)
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R R /]

Where u is the flow velocity in 1D (m/s), Dy is longitudinal dispersion coefficient (m?/s), R is retardation factor (-),
Ao, is degradation of DO (s 1), AM is DO mass at instantaneous addition rate (mg), n. is effective porosity (=1 for
water), m is saturated flow thickness (m), B is flow width (m), ar is longitudinal dispersity, which equals (Dr/u) (m)
and 4 is delta function (1/m), O, g is the initial distribution of DO concentration (mg/m?)

The 2D tracer transport equation for DO in horizontal flow for constant injection of DO is analytically
determined according to Kinzelbach (1992) (Kinzelbach, 1992) as follows:
X=1y T — ﬂ
20 erfc R (13)

M
dn.munmar € Ty t
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Where o is the transversal dispersity (m) and is assumed to equal oy.

Oz(x.y' t) =

A3 TELEMAC-WAQTEL- O model

The oxygen concentration is varying under the influence of sources with respect to the following law:

BEN

F[0;] = K3(Cs — [02]) — Ky [L] — K4[NH,] + P =R — n (15)

In the TELEMAC-WAQTEL-O;, model, four formulas can be chosen for calculating the reaeration coefficient:
Formula of Tenessee Valley Authority (Authority, 1972): K, = 5.23 u h~1¢7 (16)
Formula of Owens et al. (Owens and Innis, 1999): K, = 5.33 u%67p~185 (17)
Formula of Churchill et al. (Churchill et al., 1964): K, = 0.746 2095 ~3:085]-0823 (18)
Formula of O’Connor & Dobbins (O’Connor and Dobbins, 1958): K, = 3.9u%5h~15 (19)

Where J is head loss (-)

A final formula combines the three last formulas being also available in TELEMAC-WAQTEL-O; model,
where choosing the K, formula depends on the water depth and velocity at each point of the mesh (User manual of
opensource software TELEMAC-2D V7P2, 2017):

K, = 523 u%7h185 if < 0.6
K, = 0.746 u26°5p~3085/-0823 jr 0 6 < h < 15,0.6 < u < 1.9



K, = 3.9u®5h~15 elsewhere (20)

For the aforementioned formulas, the calculated reaeration coefficient is determined at 20°C. Correction of the
temperature variation is computed as:

(Ka)r =(K2)20(8772%) (21

Further, the oxygen saturation concentration of water (C;) is mainly dependent on the temperature. TELEMAC-
WAQTEL offers the two most common formulas to calculate Cs:

Formula of Elmore & Hayes: Cs = 14.652—0.41022T +0.00799T> —7.7774.10-5T3 (22)
Formula of Montgomery (Richardson et al., 2001): Cs =468/(31.6+T) (23)

The following table illustrates input parameters for production and consumption of DO in TELEMAC-
WAQTE-O2 model, their reference values and the effect of water temperature.

Parameter Value Temperature effect Process
Benthic demand | Depends on bed type: BEN71=BENT24+(1.065)72° | Consumption
(BENT) o filamentous bacteria (10 g/m2)
=7¢gDO/m*d
¢ mud from wastewater, near to release =
4 gDO/m%/d

o mud from wastewater far from release
= 1.5 gDO/m*d

e estuarine silt = 1.5 gDO/m?/d Sand =
0.5 gDO/m*d

e mineral soil = 0.007 gDO/m*d

Vegetal Default value of 0.06 mgDO/d/I Consumption

respiration(R)

Photosynthesis (P) | Ranges from 0.3 to 9 mgDO/d/1 (depends production
on sunlight, depth and algae density)

Reaeration Ranges from 0.1 d"! to more than 1.15 d™! (K21 =(K2)20(87729) production

coefficient (K») depending on the water type and is

calculated from formulas depending on
water depth and flow velocity (equation
16,17,18,19,20)

The oxygen Can be calculated using two formulas Cs=14.652-0.41022T production
density at depending on the water temperature +0.00799T% —7.7774.10-5T?3

saturation (Cs) (equation 22 and 23) Cs=468/(31.6+T)

The kinetic 0.25d" Consumption

organic load (Ky)

Constant of 0.35d! Consumption
nitrification (K4)




Figures caption

Fig. 1: Location of the study area in Egypt: (a) El Gouna city, (b) capture of El Gouna lagoons (adapted by the author
from Google Earth (2020) and (c) computational domain showing observation points, water depth (m), inflow and
outflow boundaries (red circles: open boundaries to neighboring lagoons, blue circle: open boundary to desalination
plant) and zoom of the unstructured triangular mesh.

Fig. 2: DO concentrations in simple domain with stagnant water for four simulation days (96 hr) in two different cases:
the effect of reaeration coefficient only (case 1) and the effect of both reaeration coefficient and saturation density (case
2)

Fig. 3: Comparison between DO concentrations (mg/l) for the analytical and simulation results in the whole domain for
different time steps under the effect of a) pulse injection of DO and b) constant injection of DO

Fig. 4: Results of selected points at different distances from X-axis for the whole calculation period of 4 days (345600
s) using both calculation methods.

Fig. 5: comparison between saturation DO concentrations and the average simulated DO for 4 days using TELEMAC-
WAQTEL-O, model at different water temperatures

Fig. 6: DO concentrations in El Gouna lagoons after 8 simulation days a) DO-TEMP20 , b) DO-TEMP30

Fig. 7: DO concentrations (mgDO/1) at observation points over the 8 days of simulation considering DO-TIDE-MW
Fig. 8: DO concentrations (mgDO/1) at control points over 8 days of simulation considering DO-TIDE scenario

Fig. 9: DO concentrations (mgDO/1) after 8 days of simulation considering DO-MW scenario

Fig. 10: DO concentrations (mgDO/1) at control points over 8 days of simulation considering DO-MW scenario

Fig. 11: DO concentrations (mgDO/1) after 8 days of simulation considering DO-MAXW scenario

Fig. 12: DO concentrations (mgDO/1) at control points over 8 days of simulation considering DO-MAXW scenario

Fig. 13: DO concentrations (mgDO/1) at four control points over 8 days of simulation considering the effect of binary
discharge (BRI-ZERO and BRI-DO3 scenarios)

Fig. 14: Propagation of polluted binary discharge with low DO concentration in the lagoons after 5 days of simulation
in case of a) BRI-TIDE, b) BRI-MW and c) BRI-MAXW
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Fig. 1: Location of the study area in Egypt: (a) El Gouna city, (b) capture of El Gouna lagoons (adapted by the author
from Google Earth (2020) and (c¢) computational domain showing observation points, water depth (m), inflow and
outflow boundaries (red circles: open boundaries to neighboring lagoons, blue circle: open boundary to desalination

plant) and zoom of the unstructured triangular mesh.
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Fig. 2: DO concentrations in simple domain with stagnant water for four simulation days (96 hr) in two different
cases: the effect of reaeration coefficient only (case 1) and the effect of both reaeration coefficient and saturation

density (case 2)
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Fig. 3: Comparison between DO concentrations (mg/1) for the analytical and simulation results in the whole domain for

different time steps under the effect of a) pulse injection of DO and b) constant injection of DO.
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Fig. 4: Results of selected points at different distances from X-axis for the whole calculation period of 4 days (345,600

s) using both calculation methods.




saturation DO average simulated DO

—
_ 2 -
S U

DO (mgDO/1)
= -] N

thh 9 o oo

kA

N

[
=)}

18 20 26 28 30

2 24
Temp (C)
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Fig. 6: DO concentrations in El Gouna lagoons after 8 simulation days a) DO-TEMP20 , b) DO-TEMP30
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Fig. 7: DO concentrations (mgDO/1) at observation points over the 8 days of simulation under the effect of tide with

mean wind
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8: DO concentrations (mgDO/1) at control points over 8 days of simulation considering DO-TIDE scenario
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Fig. 9: DO concentrations (mgDO/1) after 8 days of simulation considering DO-MW scenario
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Fig. 10: DO concentrations (mgDO/1) at control points over 8 days of simulation considering DO-MW scenario
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Fig. 11: DO concentrations (mgDO/1) after 8 days of simulation considering DO-MAXW scenario
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Fig. 12: DO concentrations (mgO-/1) at control points over 8 days of simulation considering DO-MAXW scenario
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Fig. 13: DO concentrations (mgO>/1) at four control points over 8 days of simulation considering the effect of binary
discharge (BRI-ZERO and BRI-DO3 scenarios)
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Fig. 14: Propagation of polluted binary discharge with low DO concentration in the lagoons after 5 days of simulation in
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Highlights
Agreement between TELEMAC-WAQTEL-O, model and analytical solution in 1D and 2D

Dissolved oxygen decreased when water temperature increased

Tide created a sinusoidal dissolved oxygen wave inversely proportional to water depths
Water inflow area presented low dissolved oxygen compared to high outflow values

Quantity of binary and different injection time had minor effects on dissolved oxygen
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