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Abstract

The Arabian Gulf (hereafter, the Gulf) is a shallow semi-enclosed basin whose
circulation is particularly complex. As it is the scene of daily oil exports around
the world, the Gulf’s circulation presents major climatic and economic challenges.
It is primarily driven by water inflow from the Gulf of Oman and by density-driven
and wind-driven flows within the Gulf. This study presents a high resolution model
of the circulation in the Gulf, with a special focus on the the Gulf of Salwa, south
of Bahrain, which we would like to investigate the connectivity with the rest of the
Gulf. To achieve our aims, we will use the two-dimensional barotropic model as
well as the Lagrangian particle tracker of the Second-generation Louvain-la-Neuve
Ice-ocean Model (SLIM) on a unstructured mesh having a highest resolution of 500
m. The model has been validated with on-site observations off Qatar. The results
allow to describe the hydrodynamics of the Gulf with important accuracy. We
describe inter-seasonal and inter-annual changes in the Gulf’s circulation. Then,
we study the mean residence time of the Gulf of Salwa, which is the time for fictive
particles to leave the region while being driven by the model currents. We state
that the Gulf of Salwa is a pretty isolated area of within the Gulf.
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Chapter 1

Introduction

1.1 General context

Even though the first oil deposit of the Middle East was discovered by George
Bernard Reynolds in Persia (Iran today) in 1908, the large scale oil production in
the Arabian/Persian Gulf (hereafter, the Gulf) countries only began after World
War II, in 1945 (Oil Development in the Middle East 2022). With the global
industrial growth after the war, the oil demand massively increased since then and
even more during the past 20 years (Fossil Fuel Consumption 2022). As a result,
oil producing countries became wealthier and could afford better infrastructures to
even further increase their production. The first countries to benefit from the oil
boom in the Middle East were Kuwait, Iran, Iraq and Saudi Arabia.

Nowadays, Kuwait, Iran, Iraq, Saudi Arabia, Oman, United Arab Emirates and
Qatar produce a lot of oil and gas, most of which is exported worldwide. These
countries own 65% of the world’s known oil reserves and produce over a third of the
world’s daily output (Persian Gulf History,Arabian Gulf, Pars Sea , 2022). Saudi
Arabia is the Gulf country with the largest oil reserves with 261 billion barrels.
Then comes Iraq with 100 billion, then United Arab Emirates (98 billion), Kuwait
(96.5 billion) and Iran (89 billion). The Gulf has also large gas reserves, with Iran
and Qatar having respectively the world’s second and third largest.

The development of hydrocarbons in the Gulf has certainly brought economic
growth, but it also has a dark side. Indeed, oil and gas production sometimes
brings important problems, the biggest of them being oil spills. The Gulf War oil
spill (Gulf War Oil Spill 2023) was one of the largest oil spill in the Gulf’s history.
Namely, in 1991, Iraqi forces intentionally released between 4 and 6 million US
barrels of oil, which represents between 480 000 m?® and 720 000 m3. The spill



flowed to the shores of Kuwait, Saudi Arabia, Bahrain, Iran, and Iraq. The risk of
such spills is still present today, as 10 to 40 ships transporting oil pass through the
Strait of Hormuz every day, on average (Batrawy 2019).

There are unfortunately several other examples of oil spills in the history of the
Gulf. All of them are disasters for marine biodiversity, but also for human health.
In fact, the Gulf’s 1483 desalination plants are extremely important sources of its
drinkable water and could absolutely not afford to be polluted by oil contaminated
water. In 2000, Qatar supplied three quarters of its water demand with desalinated
water (Managing Water for Peace in the Middle East 2023).

There are actually other environmental issues threatening the Gulf (Al Azhar
et al. 2016). Harmful algae blooms (HABs) are also quite concerning. These are
occurrences of excessive algal growth that can have detrimental effects on the
marine ecosystem, human health, and economic activities in the Gulf. Al Shehhi,
Gherboudj, and Ghedira 2014 overview the different HABs outbreaks recorded
in the region, as well as their causes and impacts. It is claimed that the recent
economic growth has led to important changes in marine ecosystem properties such
as higher temperatures and salinity, higher evaporation rates or pollution. This
thus put more stress on marine environment and generated more HABs outbreaks.
These latter hurt marine life, water quality, human health and also desalination
plants.

The common thread between these ecological disasters is that they both involve the
water motion. Hence, they can be studied if we know the ocean circulation. The
study of the ocean circulation of the Gulf consists in describing its hydrodynamics.
This means to know how the water moves (its currents) in function of winds, tides,
differences of temperature or density between water masses... It is totally possible
to achieve this numerically, by creating an ocean model.

Ocean models are numerical models that describe the hydrodynamics of rivers,
seas or oceans, which is the study of the water’s motion. An accurate ocean model
predicts the state of a particular marine region which includes several of its physical
quantities such as temperature, salinity, pressure (from bottom to sea surface),
water elevation level, current, etc. The main goal of this thesis will be to establish
an accurate model of the hydrodynamics of the Gulf.

Such a model would allow to better address the oil spill problem. In fact, by
knowing the currents of water, we can anticipate the spills trajectories and give
a precise response to it. It is then possible to protect human activity zones and



marine ecosystems from potential contamination. Knowing risk areas also allows
to locate new offshore infrastructures in the best possible way. Optimization of
oil tankers or other types of ships routes is another contribution of hydrodynamic
models.

In the same way, ocean models are able to help with other environmental is-
sues. Having a good idea of the ocean physical processes in play permits to forecast
the occurrences and transport dynamics of HABs. That way, efforts can be con-
centrated to stop or limit the spread. More generally, the knowledge of the ocean
circulation is very useful to assess the impact of climate change on the Gulf. We
can analyze the changes in its circulation under different scenarios of temperature
and salinity increase or sea surface elevation rise. It is also helpful to organize
efficient ocean cleanup operations.

1.2 Previous ocean modelling studies of the Gulf

In order to come up with a specific question of research that will be answered
during this work, let us gather some useful information and results from other
studies about the subject.

The Gulf is a semi-enclosed basin located in west Asia between the southern
Iranian coasts and the northern Arabian peninsula. It is connected through the
Strait of Hormuz to the Gulf of Oman, which is part of the Arabian Sea in the
nort-hwest of the Indian Ocean. The Gulf is surrounded by Iran, Iraq, Kuwait,
Bahrain, Qatar, Saudi Arabia, United Arab Emirates and Oman on the other side
of the strait (see Figure 1.1). It has an average depth of 36 m, while its maximal
depth of 120 m is reached near the Strait of Hormuz. On Figure 1.2, we see that
the southern part is the more shallow one (less than 30 m depth) and the north
part bordering Iran is more deep. The Gulf is about 1000 km long and 350 km
wide at most. It and has a surface of 239 km? and a volume of 8780 km? (Pous,
Lazure, and Carton 2015).
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Figure 1.2: Bathymetry of the Gulf, with data from General Bathymetric Chart of
the Oceans (Oceans 2023). The average depth is 36 m. The Southern Gulf is the
most shallow part.



The predominant wind that blows above the Gulf is called Shamal and comes from
the nort-hwest. It blows mostly during summer and winter. The high temperatures
of the region create vertical gradients of temperature and, more importantly, of
salinity. This will generate stratification between different water layers in the sea.
It will also lead to many water exchanges through the Strait of Hormuz, but we
will explain this in more details later.

Pous, Lazure, and Carton 2015 and Thoppil and Hogan 2010 showed that the
general circulation in the Gulf is a barotropic cyclonic gyre from April to July.
This means that the density of seawater is relatively uniform throughout the water
column. In late summer, the gyre breaks down into some smaller eddies (see
Figure 1.3). This does not change in winter because the wind intensifies and
stratification decreases due to cooling. Dense salty water is then formed in winter
in the north-west part of the Gulf and in the southern banks. There is a permanent
southeastward deep current that makes dense water flow from the north-west to-
wards the Strait of Hormuz all year long, while dense water formed in the southern
banks only reach Hormuz from November to April. This is called density driven
circulation. Thoppil and Hogan 2010 adds that the northwestward flowing Iranian
Coastal Current from the Strait of Hormuz to north of Qatar forms the northern
flank of the circulation and is the strongest current in the Gulf. The anticyclonic
eddies formed during the winter reproduce every year but have a strong interannual
variability.
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Figure 1.3: Circulation in the Persian Gulf. The general circulation becomes

instable and breaks down into four Iranian Coastal Eddies, from Thoppil and
Hogan 2010



According to Al Azhar et al. 2016, the inflow of less saline water from the Strait of
Hormuz to the Gulf is stronger in summer than in winter (see Figure 1.4). This
creates a high stratification in deep water areas. The densest waters are located in
southern part of the Gulf which is more shallow. There is an outgoing flow to the
Gulf of Oman of saline waters in the bottom layers with limited seasonal variability.
The highest stratification are created because of the interaction between the inflow
of low salinity in the northern coast and the outflow of high salinity in the southern
coast near the Strait of Hormuz. These are also influenced by the strong vertical
gradients of temperature (due to surface heating in summer and outflow of cold
water in subsurface layer). The highest stratifications are observed in deep water
areas located in the north-west part of the Gulf. Surface water from the Gulf of
Oman is mixed with deeper water of the Gulf and this creates stratification.
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Figure 1.4: Seasonal averaged of salinity (psu) in winter (left:
December—January—February) and summer (right: June-July—August) 1992 along
(top) transect 1, (middle) transect 2, and (bottom) transect 3, from Al Azhar et al.

2016

These ocean modelling studies give a good general idea of the ocean circulation in
the Gulf. However, they have certain limitations. The three dimensional model of
Al Azhar et al. 2016 describes the inter-seasonal changes in the circulation, but



for the year 1992. The Gulf’s circulation has reasonably changed since then as
lots of coastal development and offshore infrastructures were constructed. The
model of Hosseinibalam, Hassanzadeh, and Rezaei-Latifi 2011 was made from a
structured grid, which mean that the low scaled interactions could not be captured.
The study proposed by Hanert et al. 2023 with a two-dimensional multi scale mesh
is accurate and describes the inter-seasonal changes of the circulation in the Gulf.
It is claimed, though, that a three-dimensional model would be very appreciated
in order to better represent the physical processes driving the ocean dynamics.
Finally, the model of Pous, Lazure, and Carton 2015 is rather coarse, as the mesh
reaches a maximal resolution of 3 km.

Other interesting results concern the Gulf of Salwa (hereafter GoS), south of
Bahrain (see Figure 1.1). The model of Hanert et al. 2023 showed that some
clockwise eddies were formed in the GoS. These are present all year long, but
are stronger in winter and summer. Additionally, Joydas et al. 2015 states that
the Gulf of Salwa is isolated from the rest of the Gulf and “Seasonal Cycles of
Temperature, Salinity and Water Masses of the Western Arabian Gulf” n.d. also
notes large differences of salinity and temperatures between the GoS and the Gulf.
This coupled with the fact that the areas linking the GoS to the rest of the Gulf are
very shallow makes it fair to wonder if the circulation in the GoS is truly connected
with the one in the rest of the Gulf.

1.3 Objectives

In view of the previous studies modelling the ocean circulation of the Gulf, we can
define the objectives of this thesis. The first and main objective is to develop a
multi scale two-dimensional model of the circulation of the whole Gullf.
The goal is to represent both the large scale density-driven circulation patterns as
well as the small scale low-topography interactions. To achieve this, the target
accuracy of the mesh is of about 500 m, for the highest precision part. The model
will be built based on recent forcing data, in order to take all infrastructures located
along the coasts and offshore into account. We aim to describe the inter-seasonal
and inter-annual variations of the Gulf’s circulation patterns. Secondly, we will
focus the analysis on the Gulf of Salwa, located south of Bahrain. We will
try to determine if its circulation is connected with the rest of the Gulf or not.

To achieve this, we will use the Second-generation Louvain-la-Neuve Ice-ocean
Model, called "SLIM" from now on (SLIM - Second-generation Louvain-la-Neuve
Ice-ocean Model 2022). SLIM is a multi scale ocean model. More precisely, we will
use the 2D version of SLIM as well as its Lagrangian particle tracker. The model



will be validated with current velocity data measured in Doha Bay and offshore of
Ras Laffan.

On the other hand, it would be very appropriate to also build a three-dimensional
model of the Gulf’s circulation. As stated above, it would help to understand the
physical processes in play with an even greater precision. Indeed, we know that
stratification is an important factor in the formation of the main currents. This
can only be captured by a 3D model, as it computes temperatures and salinity at
different depths of the water, unlike a 2D one. Initially, this challenge was also
part of this work. Unfortunately, for practical and technical reasons, it has not
been possible to get SLIM-3D to work properly within the allotted time.

Here is an outline of this work. First, we will present the model in details and
all the necessary parameters and involved data to make it work correctly. Then,
we will be able to present the results of the main circulation patterns of the Gulf
and compare them to the available observations. After that, we will focus on
the inter-seasonal and inter-annual variations of the circulation. Next, we will
investigate the connectivity between the Gulf of Salwa and the rest of the Gulf.
Finally, we will discuss the results and put them into perspective with the literature.
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Chapter 2

Materials and methods

The goal of this work is to simulate the ocean circulation in the Gulf. To achieve
this, we will use SLIM, a sophisticated hydrodynamic model that has already proven
itself many times. SLIM is a hydrodynamic model that uses an unstructured mesh
to simulate flows at different scales. Based on the Discontinuous Galerkin finite
element method, it computes water flows going from rivers to coastal oceans with
high accuracy. We will explain the broad outlines of the method later.

SLIM has got many features which makes it a very flexible tool usable in many
areas of applications. The main parts of the model are SLIM1D (for river flows),
SLIM2D (for shallow barotropic flows), SLIM3D (for complex flows where the ver-
tical aspects of the circulation cannot be neglected), a Lagrangian particle tracker
(for the transport of larvae or debris) and a transport model (for the dynamics of
tracers such as pollutants and sediments). In this work, we will be using SLIM2D
and the Lagrangian particle tracker.

2.1 The 2D model

2.1.1 The hydrodynamic model

The two-dimensional version of SLIM can be applied if the effects of the depth
of the water can be neglected. It is the case in shallow water because the wind
and tides will be sufficient to keep the water column well mixed. We say then that
the flows are barotropic. This assumption can reasonably be applied in our study
region as the Gulf is a rather shallow basin (average depth of 36 m, see figure 1.2).
However, it is good to keep in mind that we are giving up some degree of precision
that would be present in the three-dimensional model. In fact, SLIM3D solves
the physical equations through the entire depth of the water. It is thus able to

11



highlight variations of temperature and salinity along the vertical axis. In the case
of this study, these are especially important in summer, when evaporation leads to
important stratification. This being said, the 2D model is also entirely appropriate
here.

The model describes the depth-averaged shallow water equations for the sur-
face elevation and the horizontal velocity. The equations read as (Dobbelaere 2018,
Verbiest 2022, Hanert et al. 2023, Soupart 2018 ) :

on
5 TV (Hw =0 (2.1)

i;lt“ru-Vu: —fe. x u—gVn—ggl;y;lJr/;{vL;[V~[Hu(Vu)]+Fgc (2.2)
The first equation is the depth-integrated continuity equation. It states the conser-
vation of mass : the net water flow into or out of a given region must be balanced
by the change in sea surface elevation. The second one is the momentum equation.
It represents the conservation of momentum in the horizontal direction. In other
words, it describes all the factors that influence the behavior of the horizontal

velocity. All involved physical quantities are reported hereunder.

Variables :

e 1 [m] : is the sea surface elevation above a certain reference depth level (see
figure 2.1).

e u= (u,v) [] is the depth-averaged horizontal velocity vector. u is the =

component (going eastwards) of the velocity while v is its component in the
y direction (going northwards).

There are thus 3 variables as the last equation is actually written in vector form. n
is only derived with respect to time and the two last variables are derived with
respect to x,y and t which are the coordinates of the 2D horizontal plane and the
time, respectively.

Parameters and constants :

« H [m)] is the total water column depth such that H = h + 7, where h is the
bathymetry (see figure 2.1).
« f [%] is the Coriolis factor. It is computed as followed : f = 2Qsin(6), where

Q = 7.29 ["] is the angular rotation speed of the Earth and 6 is the latitude.

e e, is the upwards pointing unit vector.
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m

« g [%] is the acceleration due to gravity (g = 9.81%).

e C [%/2] is the Chezy bottom-stress coefficient. This coefficient is defined as

C= H;/G, where n is the Manning coefficient. Here, we take n = 0.022 —7.
m

7 [-2%] is the surface wind stress. It is given by the following formula :

T = pairCp||ti0||u10. Here, py; is the air density (pgi- ~ 1.204%), u;g is the
wind velocity 10 meters above the see surface and C'p is the drag coefficient.
Cp is computed with the Smith and Banke formula (Smith and Banke 1975)
: Cp = 107*(ar+ B|uye||), where v = 0.63 and 5 = 6.6172=.

« p [24] is the water density (p = 1027 £%).
. v [m;] is the horizontal kinematic viscosity of water. It is computed using
Smagorinsky parametrization (Smagorinsky 1963) :

V= (OSA)Z\/Q(%)Q + 2(3—;)2 + (% + g—Z)Q, with the Smagorinsky coefficient

CNS = 0.1 and A the size of the local element of the mesh.

o The last term F|, is the global circulation forcing term. Its goal is to keep
the velocity computed by SLIM u close to a real measured velocity u,
(section 2.1.3), where the 2D model is not able to approximate the flows.
Fye = v(u, —u), with v [1] being 0 at all depths below 50 m. Otherwise,
its value increases linearly from 5-107¢ % at 50 m to 3-107° % at 300 m of
depth and beyond.

| water column | H(z,y,1)

h(z,y)

e

Figure 2.1: Schematic representation of the total water column height H = n + h,
from Gourgue n.d. n is computed by the model and the bathymetry h is a model
forcing (see section 2.1.3)
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To solve these equations numerically, SLIM uses the Discontinuous Galerkin finite
element method. Briefly speaking, the finite element method is a numerical method
that allows to approximate the solution of partial derivative equations arising from
many engineering fields such as electrodynamics, fluid mechanics or heat transfer.
The method works as follows. We first create a mesh by dividing the domain where
the equations apply into smaller parts, called "finite elements". Each node of the
mesh represents one unknown point where we will compute the numerical solution.
The equations of the underlying physics are applied on each element. Then, the
equations from all elements are assembled and the whole system is solved using
the boundary conditions of the original problem (Discontinuous Galerkin Method
2023).

2.1.2 The mesh

The first step in the process of performing a simulation of the ocean flows using
SLIM is to create a mesh. To do this, we begin by generating a shapefile with
the software QGIS (QGIS 2023) that will set up the domain boundaries and its
topography. The topography of the coastlines is downloaded on OpenStreetMap
(Coastlines 2023). There can be closed boundaries (for example coasts) or open
ones (if we cut the domain through the ocean). Then, we make a mesh from it
using GMSH (Geuzaine and Remacle 2009). The resolution of the mesh can be
adapted to be very high near the coasts or other interest regions and at the same
time rather coarse far from the boundaries. In this way, the important places are
accurately described, but the computing time is kept reasonable. This kind of mesh
where the resolution is not homogeneous is called an unstructured mesh. The mesh
has to be sufficiently highly resolved (its elements have to be locally sufficiently
small) so that the currents are modeled with accuracy. In addition to that, the
more the mesh is highly resolved, the more we can model small islands or artificial
structures in the ocean that will also influence the general circulation.

The elements of the mesh have a minimum size sy if they are located within
a distance dy from the coasts, a maximum size s; if they are beyond a distance d;
from any coast and a size that evolves linearly between the two if they are located
in the interval [dy, d;]. In other words,

So if d S do
A(d) = So ((ddll—_(;fio)) “+ 81 ((dd1_—d;0)) if do <d< d1
S1 if dl S d

Here, the values of those parameters were chosen the following way : dy = 2.5
km, d; = 10 km, sy = 500 m and s; = 5 km. This ensures that 10 km wide layer
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along the coasts is sufficiently well resolved. The mesh I used for the simulations is
represented on figure 2.2. It counts 322 531 triangles and 170 439 nodes.
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Figure 2.2: Unstructured 2D mesh of the Gulf with one open boundary in the
south-east of the Gulf. The element sizes range from 500 m to 5 km

2.1.3 The model forcings

Now that we have a mesh, we need to download the model forcings. This includes
all the external data that will be given to the model in order to perform the
simulations. The forcings depend of course on the time of the simulation and on
its geographical location.

The bathymetry, which is the depth of the sea floor, is given by the open source
GEBCO (General Bathymetric Chart of the Oceans Oceans 2023). It is used to
determine the value of h throughout the domain (see figures 1.2 and 2.1). Then, the
wind velocity and atmospheric pressure data are downloaded from ERAS5 (Hersbach
et al. 2020) with the Copernicus Climate Data Store API ( 2023) in order the get
the value of uyg. Finally, to find the data resulting in the u, parameter, the tidal
velocities are forced with the TPXO9-atlas dataset (OSU TPXO Tide Models -
TPX09-atlas 2023) and the large-scale current velocities are downloaded from the
Copernicus Marine Service (Copernicus Marine Data Store 2023).

Note that the bathymetry used in the model is not exactly the same as the

one extracted from GEBCO. Indeed, we need to treat it in order to avoid numerical
instabilities and crashes. We first define a parameter called min_depth which sets
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the minimal depth value that can be taken by h(z,y). Here, it is set to 2 m. That
way, the domain is insured to be under water at anytime, and the approximation is
not too coarse at the same time. Then, we operate a smoothing of the bathymetry.
For each element of the mesh, the difference between the bathymetry at each node
and the mean bathymetry of the element will be reduced by a certain factor. The
goal is to impose a maximum variation of bathymetry on all elements. Here is a
pseudo-code of the simplified smoothing algorithm :

Algorithm 1 smoothing bathymetry(mesh, bathy, ¢ = 0.5)

for triangle in mesh do
b1, be, by = bathy[node_ 1], bathy[node_ 2|, bathy[node_ 3]
bmax = HlaX(bl, bg, bg)
bmin = min(bl, bg, bg)
b(w = (bl + bg + bg)/3
0= bmax - bmin
d=c- bmax
f =min(d/4,1)
for node in triangle do
bi = bav + f(bz - bav)
bathy[node i| = b;
end for
end for
return bathy

In a nutshell, the bathymetry at each node will be brought closer to the mean
bathymetry of the triangle, according to the coefficient ¢, which value is 0.5. By
reducing ¢, we would increase the smoothing. We see that if d > 9, the bathymetry
is not smoothed at all. Also, the bigger is §, the more the bathymetry is smoothed.
Several iterations of this algorithm will be applied until the bathymety is sufficiently
smoothed (until 1 — f < 0.01).

The downloading of the forcings and its treatment is done in a premilinary step
called "preprocessing'. Then, the run itself is executed and the equations are solved
through the temporal iterations.

2.2 The Lagrangian particle tracker

The other powerful SLIM tool that we will use during this thesis is its Lagrangian
particle tracker. A Lagrangian particle tracker (or LPT) is a numerical tool that
simulates the motion of Lagrangian particles within a flow. Lagrangian particles
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are small fictive elements that move through the flow field, allowing the tracking
of their positions and properties over time. By integrating the hydrodynamics
computed by SLIM2D, the LPT model of SLIM can be used to represent many
different types of particles. For example, we could study the transport of plastic
debris, the connectivity between coral reefs or the dispersal of turtle juveniles.

2.2.1 Particles position

The LPT uses a random walk formulation of the 2D advection-diffusion equations
(Spagnol et al. 2002, Hunter, Craig, and Phillips 1993) . The discretized scheme
reads as follows :

R,
Xpi1 = Xp + VR, At + —=V2KAt, (2.3)

\/F
with

v, = <u 4 gwf 4 VK) (2.4)

Xn

Here, x,, and x,,,1 are the vectors of the particles positions at time iterations n
and n + 1, respectively. The model time step At is set to 450 s. K is the horizontal
diffusivity coefficient. u = u(x,t) is the instantaneous depth-averaged horizontal
water velocity modeled by SLIM2D. H is the water column depth, as defined in fig-
ure 2.1. R, is a random two-dimensional vector of numbers. It has a zero mean and
a variance r (the vector R—\/; is then a random vector of zero mean and unit variance).

Equation 2.3 can be split in two parts. The first term v, At we add to dx = x,,,1—X,
is the deterministic part of the equation. It takes the water elevation H and depth-
averaged velocity u as input to state that the particles will move according to the
currents computed by SLIM. Remark that the velocity is corrected with %VH +VK
to increase the displacement of particles in regions where diffusivity is high and in
shallow regions. The horizontal diffusivity is defined with the Okubo formulation
(Okubo 1971) :

m2

K = aA"[—], (2.5)

and A is the local element size.

S

m0-85

where « is set to 0.041 p

The other term is the stochastic part, which creates the randomness of the movement.
It models the random sub-grid scale turbulence effects and also the uncertainty of
events that can happen in the transport of particles.
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2.2.2 Residence time

Now, the important output of the LPT we will focus on here is not much the final
positions of the particles, but rather the amount of time they need to leave the
region of interest. We call it the residence time. We can define the residence time
from different angles : there is the residence time of a single particle, the residence
time of a mesh element and the mean residence time of the particles inside a region.
Deleersnijder 2017 defines the latter for particles released in the domain at time
t =1ty as )

flto) = o /t m(t)dt, (2.6)
where m(t) is the number of particles inside the domain at time ¢. Here, we
assume that m(t) decreases over time and that lim; ,., m(¢) = 0 (the number of
remaining particles inside the domain will eventually be arbitrarily small). This is
a continuous time definition, but as we will apply a numerical algorithm, we will
need a discrete definition as well.

Here is how the LPT is executed. We first define a region of interest. In our
case, the Gulf of Salwa. The region is delimited by closed boundaries (i.e. coasts)
and open boundaries, which are piecewise straight lines going from one coast to
another across the domain (see figure 3.7). Let us call this region D. We say
that a particle leaves D if its position goes beyond an open boundary. The model
virtually releases particles from all triangles whose centroid ! is inside D. Let us
denote that number N. There is one particle released in each of these triangles at
their centroid every A,..q amount of time during a period Tye.q. Here, Ageeq = 12
hours and Ty..q = 15 days. There will thus be a total of P = % x 15 = 30 particles
released from every triangle whose centroid is inside D during the seeding period.

We will run the LPT algorithm going from ¢t = ¢y, to t = t,. At each itera-
tion, we release particles in the centriods of the triangles, if we are still in the
seeding period (if ¢ < Tyeeq). From the moment a particle is released in D, two
pieces of information are recorded about it. The first one is the element from where
it has been released (its starting position). The second one is the total time it has
spent inside D, namely its residence time. It is initially set to 0 s. Let us denote
by 6, ;(t) the residence time of particle j € {1,..., P} that started from triangle
i€ {l,...,N} at time ¢ € [tg,t,]. Then, we increment the particles position by dx
(see equation 2.3). There are then three possible scenarios for the updated position
of a particle.

!The centroid of a triangle is the mean point of its vertices. For example, if the coordinates

of a triangles vertices are given by (x1,y1), (z2,y2) and (z3,ys), its centroid will be located at
(z1+12+f€3 y1+y2+y3)
3 3 :

)
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(a) The trajectory of the particle movement between the old and the new position
has not crossed any closed or open boundary.

(b) The trajectory of the particle movement between the old and the new position
has crossed a closed boundary. In that case, the component of the movement
perpendicular to the edge of the triangle that forms the closed boundary
is limited up to the boundary, while the parallel component to the edge is
unchanged. The particle will thus slide along the boundary, but it will not
rebound on it or settle on it.

(c) The trajectory of the particle movement between the old and the new position
has crossed an open boundary. The particle is then outside D. In that case,
its residence time is frozen, it will no longer increase.

Finally, we remove from the set of particles all the particles that just left D and
increment the residence times of the others with At (see equation 2.3).
We can now define the residence time of element ¢ at time ¢ as

1 ml(t)

ml<t> j=1

0i(t) = 0, ;(t), (2.7)

with m;(t) the number of particles released from element i since ¢y (0 < m;(t) <
PVt € [to,t,]). The mean residence time of all particles released in D will be
computed as the weighted average residence time of all elements in D at the final
time of the simulation :

g — L billa)as (2.8)
i=1 @i

where a; is the area of triangle 7. Unlike Deleersnijder 2017, we released the particles
progressively during a seeding period and not all at once at the beginning. Lastly,
it is important to notice that the elements sizes are taken into account, which is
not the case in a classic arithmetical mean of the elemental residence times. There
are more elements near the coasts than in the center part of D, so their residence
times would have more weight in a classic arithmetical mean residence time and it
would thus have been biased.
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Chapter 3

Results

3.1 Model validation

After explaining how the model is constructed and how it gets the forcing data
as input, we can now perform real simulations. In this chapter, we will present
our different results, but before that, let us test the model with actual on-site
observations. This first step is indeed necessary in order to be sure that our model
is working correctly enough and that the results are sufficiently accurate. The
goal here is to evaluate if the numerical model is consistent with the measured reality.

The model was tested at two observation points in the Gulf : one located 2.5
km off Fuwairit, on the north-east coas