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Abstract: Coastal marinas are particularly susceptible to pollution due to their limited flushing
capabilities and ineffective management practices. Therefore, it is necessary to implement measures
that promote enhanced sustainability. This study aims to explore the intricate relationship between
tidal flushing characteristics and water quality within marinas to foster sustainable development and
management practices that mitigate environmental impacts. The research scrutinized seven marinas
along the Kuwait coastline, each exhibiting unique hydrodynamic conditions and geometric config-
urations. Water quality indicators such as BOD, COD, DO, and SO4

2− were evaluated concerning
each marina’s flushing efficiency through field assessments and hydrodynamic numerical modeling.
An empirical formula was developed to predict and optimize flushing mechanisms, which provided
critical insights into the design and management of marinas to enhance water quality. The study
revealed significant disparities in water quality across the examined marinas as the hydrodynamic
and geometric conditions differed. The empirical formula developed offers a novel approach to
quantitatively assessing flushing efficiency, which is valuable for marina designers and managers,
facilitating informed decisions, and promoting environmental sustainability. This study underscores
the critical importance of integrating hydrodynamic and geometric considerations in the design and
management of marinas to improve water quality and sustainability. It advocates for a multifaceted
strategy that includes advanced design solutions, rigorous policy implementation, and active com-
munity engagement to safeguard coastal marine environments. The findings emphasize the need for
comprehensive environmental management plans.

Keywords: flushing efficiency; marina sustainability; water quality; hydrodynamic modeling;
environmental management; coastal pollution

1. Introduction

The surge in coastal activities, particularly yacht and boat sailing, has seen exponential
growth since the 19th century, reflecting a significant shift in economic and environmental
dynamics [1]. With over 62% of major cities located along coastlines and more than half of
the world’s population residing in coastal areas, the economic impact of these activities is
profound [2,3]. In the United States, 11,500 marinas contribute $18 billion to the economy
annually [4], and the maritime market in Kuwait shows robust growth, with boat and yacht
sales increasing by 40% between 2012 and 2015.

This rapid growth mirrored global trends and underscored the urgent need to ex-
pand marinas to meet the increasing demand for berthing and maintenance services and
bolster the tourism economy. However, such growth is not without its environmental
consequences [5]. Although marinas, in general, pose a limited pollution threat to coastal
environments [6–8], they are subjected to higher pollution levels than open seas when
their natural flushing characteristics are inefficient. Pollutants in marinas include nutrients,
pathogens, sediment runoff, and various wastes from boats, all of which can significantly
impact marine ecosystems and water quality [8,9].
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Research has shown that inadequate flushing and boating activities can trap pollutants
and release substantial amounts of pollutants within marina basins, leading to concerning
ecological effects such as plankton algal and red tide blooms [10]. Therefore, managing
marinas is a challenge due to the sensitivity of coastal areas and the complexity of the
marine environment. In response to growing public concern for coastal water quality and
stricter legislative standards, there is an increasing emphasis on conducting environmental
impact assessments and implementing improved management and design strategies for
coastal systems [11–14]. These strategies, for example, must adapt state-of-the-art design
solutions to protect coastal systems and improve water circulation, such as engineering-
with-nature systems that fulfill the requirements of high levels of protection, sustainability,
and pleasing natural aesthetics [15] or slotted vertical and sloped structures [16,17] that
provide protection and increase the water exchange between ambient and marina water.

The central objective of this study is to explore the relationship between tidal hy-
drodynamics in marinas and the consequent water quality. The study aims to bridge the
knowledge gap regarding this interplay by examining the factors influencing the flushing
capabilities of marinas. Also, the study proposes sustainable pollution control measures
informed by these findings, providing a foundation for environmental management and
policy development decision-making. The research employs an approach that includes field
assessments, numerical modeling, and the development of sustainable measures. Hence,
seven marinas along the Kuwait coastline have been chosen for this study, representing a
variety of hydrodynamic conditions and geometric configurations.

The manuscript is divided into five sections. Section 2 is a literature review of marine
and marina pollution and flushing characteristics; Section 3 elaborates on the methodol-
ogy used, including details of the field campaign and the hydrodynamic and transport
numerical models; Section 4 discusses the results; and Section 5 concludes the study.

2. Literature Review

Effective water exchange between the marina and its surrounding environment is
crucial for enhancing the marina basin’s water quality and protecting boats and yachts
from damage, as the water quality within marinas is closely linked to the extent of tidal
exchange [18,19]. However, complex layouts and entrance configurations in marinas
often hinder the interchange and mixing of ambient water, leading to increased pollutant
concentrations and water quality degradation [20]. This understanding has led researchers
and designers to recommend smoother and less irregular marina designs, as sharp corners
and irregularities create stagnation points that impede water mixing and flushing [20].

The leading water quality indicators to assess the water quality inside marinas are the
biological oxygen demand (BOD), chemical oxygen demand (COD), metals, and hydrocar-
bons, along with total dissolved solids (TDSs), water temperature (Tw), salinity (Sw), pH,
and sulfate (SO4

2−) [8,21]. Low DO levels, accompanied by high BOD and COD, typically
signify increased organic matter and potential pollution as they reflect higher oxygen
consumption by microorganisms and the oxygen needed to oxidize organic matter in water.
A low BOD/COD ratio indicates harm to the marine environment and ecosystem due to
organic substances becoming unsuitable for biological treatment, with ratios above 0.4 or
0.5 indicating high biodegradability, 0.2–0.4 suggesting low biodegradability, and below
0.1 pointing to the presence of organics unsuitable for biological treatment [22–24]. Non-
biodegradables, such as fats, oils, and greases [25], possibly discharged from boats, lower
the BOD/COD ratio. They create a barrier, blocking microbial access to biodegradable
material, and are resistant to biological degradation.

The water quality of marine systems can also become damaged due to the increased
TDS, as it limits their ability to support biodiversity and the ecosystem and reduces the
environmental security of recreational activities [26]. Climate change and increased urban
development have been associated with rapid increases in TDS and significant environmen-
tal changes in the marine environment. These alterations can contribute to the proliferation
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of harmful algae and extreme turbidity, potentially leading to substantial economic losses
and adverse health outcomes, as documented in several studies [26].

Finally, SO4
2− contamination in water environments has become increasingly promi-

nent due to industrialization and urbanization, receiving more attention from researchers
and managers [27,28]. The rising concentration of SO4

2− in water threatens human health
and ecological balance, can be corrosive to materials, and indicates seawater and soil
pollution [29–31]. In addition, algae and bacteria can overgrow with high SO4

2− levels,
deteriorating boat hulls and metal fittings.

Therefore, improving water quality in marina basins requires identifying and miti-
gating pollution types and sources and enhancing flushing capabilities [32–35]. Optimal
marina designs facilitate efficient flushing, typically achieved within two to four days in
well-designed marinas, according to [36,37] and up to seven days, according to [38]. In
literature, entrance width plays a critical role in this process, with wider entrances promot-
ing shorter flushing times [20,39]. Additional factors impacting flushing efficiency include
marina layout, depth, tidal range and currents, wind and wave climate, and geographical
location [32,40].

Efficient flushing time, tf, is the time required for pollutant concentrations to drop
to about 37% of their original levels [18], and it can be calculated using several models
and equations, each based on different assumptions and parameters. In scenarios where
freshwater discharge is negligible, tidal action becomes the primary driving force for marina
water flow and flushing efficiency [41–44]. Ref. [45] provided a formula to estimate tf for a
tidal embayment as follows:

t f = 1.5
∀lw

(Ahw + Alw)Rt
(1)

where ∀lw is the basin volume during low tide, Alw and Ahw are the basin surface areas at
low and high tide, respectively, and Rt is the tidal range during spring tide. Equation (1)
assumes that tf is when 60% of the original water is replaced with new water and that the
mean tidal range over the year is approximately 70% of the spring tidal range [46]. Ref. [47]
introduced another method for calculating tf, focusing on the mass of a scalar object and its
mass flux as follows:

t f =
M
.

M
(2)

where M is the mass of a scalar object and
.

Ms is the mass flux of a pollutant inside the basin.
Refs. [48,49] recommend an alternative approach, especially when only the tidal prism
and range are available. This approach involves the tidal prism P, mean basin volume ∀, a
modification factor k, and the tidal period T, as follows:

t f = ∀ T
(1 − k)P

(3)

The modification factor accounts for the proportion of water returning to the marina
basin during flood tide and ranges between 0 and 1.

For the concentration of substances inside marinas [44], proposed empirical equations
based on the tidal prism theory for different scenarios to calculate the substance rate of
change of concentration dc

dt and concentration c, inside a small water basin as follows:

dc
dt

=

.
Ms

∀ −
∼
kc − 1

t f
(c − camb)−

I
∀ (c − cI) (4)

dc
dt

= −c

(
∼
k +

1
t f

+
I
∀

)
(5)
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dc
dt

= −c

(
1
t f

− I
∀

)
= −c

(
(1 − k)P

∀T
− I

∀

)
(6)

c = coexp

[
−
(

∼
k +

1
t f

+
I
∀

)
t

]
(7)

c = coexp
[
−
(
(1 − k)P

∀T
− I

∀

)
t
]

(8)

c = coexp

[
−
(

∼
k +

1
t f

)
t

]
(9)

c = coexp
[
−
(
(1 − k)P

∀T

)
t
]
= coexp

(
− t

t f

)
(10)

where t is time,
∼
k is the decay rate of the pollutant in 1/time, camb is the pollutant concentra-

tion in the ambient water outside the basin, I is the inflow rate in the case of the existence
of a source point, and cI is the pollutant concentration in the inflow. Equations (5)–(10) are
based on Equation (4). Equation (5) is for the case when camb = 0, cI = 0, and

.
Ms = 0, and

when the polltant is a conservative pollutant,
∼
k = 0, Equation (5) becomes Equation (6).

Equations (7)–(10) are the integration of Equations (5) and (6), assuming that the initial
concentration inside the marina is co at t = 0, where Equations (9) and (10) represent the
case of only tidal flow, i.e., I = 0. Ref. [50] generalized these concepts in Equation (11).

c = coexp
[
−
(

Q
∀

)
t
]

(11)

Equations (4)–(11) assume a well-mixed basin with no return of pollutants during
flood tide. Equations (7)–(11) are exponential, indicating that any initiated pollution will
never completely leave the basin. Researchers propose other empirical equations based on
the specific conditions and assumptions listed in [18].

While empirical equations are helpful for small basins, they may yield significant
errors in larger water bodies like bays [46]. They provide initial estimates of flushing
behavior but are often complemented by sophisticated numerical models for more accurate
results [51,52]. Though less common due to cost and facility requirements, physical models
are valuable for complex flow patterns.

This research employs the use of MIKE 3 version 2023, a comprehensive hydrodynamic
and transport simulation software developed by the Danish Hydraulic Institute (DHI),
to analyze the hydrodynamic and flushing characteristics of marinas. The numerical
modeling is supplemented with the field campaign results to assess the spatial and temporal
variations of key water quality parameters, offering insights into the environmental health
of the marinas and relating it to the flushing efficiency.

3. Methodology
3.1. Field Data Sampling and Measurements

The field campaign monitored water quality indicators, including DO, BOD, COD,
TDS, Tw, Sw, pH, and SO4

2−. The YSI Professional Plus handheld meter and the Castaway-
CTD were utilized to measure the DO, Tw, Sw, and pH. The monitoring and sampling
activities were carried out within all marinas, excluding the Police Officer Marina location
due to construction activities, from May to October 2020. The sampling locations are
depicted in Figure 1.
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Figure 1. The locations of tidal measurements and the marinas (Source: Google Earth Pro).

The TDS was measured using the USEPA 160.1 method [53], while the. BOD, COD, and
SO4

2− concentrations were determined using the 5210B, 5220D, and 4500-SO4
2− methods,

respectively [54]. These methods encompass the sampling and analytical procedures
required to determine these parameters accurately under specified conditions.

One hundred fifty-six samples were collected from various marinas, with each marina
visited 3 to 4 times to ensure comprehensive spatial coverage. Within each marina basin, 6 to
8 sampling locations were chosen (detailed data are provided in Appendix A). The samples
were analyzed at Kuwait University’s Department of Civil Engineering Environmental
Laboratory and the National Unit of Environmental Research and Services (NURES).
Figure 2 presents the maximum, minimum, and average values of TDS, BOD, COD, and
SO4

2− for all marinas, while Figure 3 illustrates the calculated maximum, minimum, and
average BOD/COD ratios.
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Figure 3. Monthly maximum, minimum, and average: BOD/COD.

3.2. Numerical Models
3.2.1. Model Description

The MIKE 3 Flexible Mesh Hydrodynamic (M3 FMHD) model was utilized to in-
vestigate the hydrodynamic characteristics of Kuwait’s territorial waters and marinas,
focusing on tidal currents and surface elevation. This model employs the three-dimensional
incompressible Reynolds averaged Navier–Stokes equations, integrating the Boussinesq
and hydrostatic pressure approximations for modeling buoyancy-driven flows [55]. The
model includes conservation equations for mass, momentum, temperature, and salinity,
complemented by a turbulent closure scheme, and uses the Smagorinsky formulation for
horizontal eddy viscosity and the log law or k-ϵ formulation for vertical eddy viscosity [55].
The governing equations of the M3 FMHD are [55] as follows:

The local continuity equation is as follows:

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= S (12)

The horizontal x and y components of the momentum equation are as follows:

∂u
∂t

+
∂u2

∂x
+

∂vu
∂y

+
∂wu
∂z

= f v − g
∂η

∂x
− 1

ρ◦

∂Pa

∂x
− g

ρ◦

∫ η

z

∂ρ

∂x
dz − 1

ρ◦h

(
∂sxx

∂x
+

∂sxy

∂y

)
+ Fu +

∂

∂z

(
Vt

∂u
∂z

)
+ usS (13)

∂v
∂t

+
∂v2

∂x
+

∂vu
∂y

+
∂wv
∂z

= − f u − g
∂η

∂y
− 1

ρ◦

∂Pa

∂y
− g

ρ◦

∫ η

z

∂ρ

∂y
dz − 1

ρ◦h

(
∂syx

∂x
+

∂syy

∂y

)
+ Fv +

∂

∂z

(
Vt

∂v
∂z

)
+ vsS (14)
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The horizontal stress terms Fu and Fv are described by gradient–stress relations as follows:

Fu =
∂

∂x

(
2A

∂u
∂x

)
+

∂

∂y

(
A
(

∂u
∂y

+
∂v
∂x

))
(15)

Fv =
∂

∂y

(
2A

∂v
∂y

)
+

∂

∂x

(
A
(

∂u
∂y

+
∂v
∂x

))
(16)

In the hydrodynamic module, calculations of the transports of temperature T and
salinity s follow the general transport–diffusion equations as follows:

∂T
∂t

+
∂uT
∂x

+
∂vT
∂y

+
∂wT
∂z

= FT +
∂

∂z

(
Dv

∂T
∂z

)
+ Ĥ + TsS (17)

∂s
∂t

+
∂us
∂x

+
∂vs
∂y

+
∂ws
∂z

= Fs +
∂

∂z

(
Dv

∂s
∂z

)
+ ssS (18)

The terms in Equations (12)–(18) are listed in Table 1.

Table 1. Definition of the terms in Equations (12)–(18).

Term Definition

t: Time
x, y, z: Cartesian coordinates

u, v, and w: Flow velocity components
S: Magnitude of discharge due to point sources
η: Surface elevation
d: Still water depth
h: Total water depth (η + d)
f : Coriolis parameter
g: Gravitational acceleration
ρ: Density of water
ρ◦: Reference density

syx, sxx, syy, sxy: Radiation stress tensor components
Vt: Vertical turbulence (or eddy) viscosity
Pa: Atmospheric pressure

us, vs: The velocity of discharged water from the source points to ambient water
Fu, Fv: Horizontal stress terms

T: Temperature
s: Salinity

Dv: Vertical turbulent (eddy) diffusion coefficient
H: Source term due to heat exchange with the atmosphere
Ts: Temperature of the source
ss: Salinity of the source

FT, Fs: Horizontal diffusion terms for temperature and salinity
Dh: Horizontal diffusion coefficient

3.2.2. Kuwait’s Hydrodynamic Model (KHDM) Setup

The KHDM features a flexible mesh that accurately depicts coastal regions with hor-
izontal, unstructured, and vertically structured elements. This configuration facilitates
refined meshing near complex land boundaries, enables precise resolution, and increases ac-
curacy [56]. The model’s reliability depends on the mesh quality and boundary conditions,
as coarse meshes and inaccurate boundary conditions can increase numerical errors [56].

The mesh setup, depicted in Figure 4, consists of ten layers of Sigma coordinates,
comprises 31,296 nodes and 60,945 elements horizontally, and layer thickness varies from
5% near the surface to 20% at intermediate layers, as recommended by [57]. The maximum
element area was 1.409 × 106 m2, the minimum was 9487 m2, and the smallest allowable
angle was 26 degrees. Bathymetric data were sourced from Admiralty Charts and MIKE
CMAP and adjusted to MSL [58], and the mesh is projected onto the Universal Transverse
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Mercator 39 (UTM-39) coordinate system. Boundary and initial conditions were derived
from the Boundary Conditions Generator for MIKE 3 [59]. Table 2 summarizes water level
characteristics at each boundary and Figure 5 shows water level and salinity boundary
conditions at the centers of the south and east boundaries.
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Table 2. Minimum, maximum, and mean tidal ranges at the south and east boundaries.

Location Minimum Neap Tidal
Range (m)

Maximum Spring Tidal
Range (m)

Mean Tidal Range
(m)

South 0.63 2.34 1.30
East 0.85 2.93 1.73

The KHDM model’s basic input parameters from the previous study [57] and calibra-
tion processes are listed in Table 3. The model also incorporates heat exchange parameters
for meteorological conditions. For the latent heat, the default values of constant in Dalton’s
law, wind coefficient in Dalton’s law, and critical wind speed of 0.5, 0.9, and 2 m/s, respec-
tively, were used. The default values of heating and cooling transfer coefficients of 0.0011
were used for sensible heat. The light extinction parameter was set to 1.4 for the short-wave
radiation, and the Beta in Beer’s Law was kept at the default value of 0.3. For long-wave
radiation, the calculations of the long-wave radiation were set as “empirical” in the model.
The air temperature, relative humidity, and the 10 m u- v-components wind data were ob-
tained from the European Centre for Medium-Range Weather Forecasts (ECMWF)—ERA5
hourly data on single levels [60]. Figure 5 shows samples of the relative humidity (e) and
air temperature (f) at the center of the Kuwait Bay entrance during November 2017. The
wind’s direction is mainly from the northwest, north, and northeast directions (Shamal
wind), as indicated in the wind rose plot shown in Figure 5g. The model’s wind friction
was set to vary linearly with the wind speed, and the friction was set to be 0.0006 at a wind
speed of 0 and 0.0027 at 25 m/s [57].
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Table 3. Model basic input parameters.

Parameter Value Source

Flooding and Drying
Drying depth = 0.01 Sensitivity analysis

Flooding depth = 0.05 Default
Wetting depth = 0.1 Default

Horizontal Eddy Viscosity Smagorinsky coefficient = 0.4 Sensitivity analysis
(0.25–1 [55])

Vertical Eddy Viscosity Log law formulation. Default
Bed Resistance Quadratic drag coefficient = 0.01 Default

Horizontal Dispersion (Salinity + Temperature) Dispersion coefficient formulation.
Constant value: 15 m2/s Sensitivity analysis

Vertical Dispersion (Salinity) Scaled eddy viscosity formulation.
Scaling factor = 0.02 Sensitivity analysis

Vertical Dispersion (Temperature) Scaled eddy viscosity formulation.
Scaling factor = 0.08 Sensitivity analysis

The discharge from the desalination plants was also included in the model as source
points: volume discharge, salinity, and temperature. The stations included Doha East,
Doha West, Shuwaikh, AlSubiya, AlShuaiba, and Alzour power and desalination plants.
The specifications of the source points listed in Table 4 are based on [57] and personal
communications with the Ministry of Electricity and Water, Kuwait. All points were forced
onto the surface layer of the model.
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Table 4. The model source points’ locations and discharge properties [57].

Source Point Longitude, Latitude Discharge
(m3/s)

Excess
Salinity (PSU)

Excess
Temperature (◦C)

Doha East 47.80399, 29.37258 3.500 2 3.5
Doha West 47.82137, 29.36220 8.710 2 3.5
Shuwaikh 47.94500, 29.35700 4.894 2 3.5
AlSubiya 47.70590, 29.35988 8.906 2 3.5
Shuaiba 48.15578, 29.03326 8.700 2 3.5
Alzour 48.379172, 28.69863 8.700 2 3.5

3.2.3. Calibration and Validation Process

The KHDM was simulated for calibration and validation over various periods. The
details of the simulations, including measurement locations, simulation and data measure-
ment periods, and types of data measured, are outlined in Table 5. Figure 1 illustrates
the geographical distribution of tidal measurement locations. Each simulation began with
a 30-day ‘cold start’ phase, allowing the model to establish real-time initial conditions
and reach statistical equilibrium. During this phase, the models started with zero surface
elevation and tidal currents, while water temperature and salinity were set according to
the start time of each simulation.

Table 5. Simulation periods and tidal station location measurement information.

Location Simulation Period Measured Data Period Data Type

1. KBay 21 May 2012–16 July 2012 21 June 2012–16 July 2012 Water level and temperature

2. Failaka 10 November 2012–10
December 2012

10 November 2012–10
December 2012 Water level

3. Salmiya 1 November 2017–1 March 2018 1 December 2017–1 March 2018 Water level, salinity, and
temperature

4. KISR–01 1 November 2017–1 March 2018 1 December 2017–31 December 2017 Salinity and temperature

5. Alfintas 15 June 2017–29 July 2017 15 July 2017–29 July 2017 Water level, tidal current,
and direction

The model’s adaptive time step was set between a minimum of 0.01 s and a maximum
of 30 s. Adjustments to the time step during the simulation were made to comply with
the Courant–Friedrichs–Lewy (CFL) criterion, which limits the wave’s movement across
a cell boundary within a single time step, thereby ensuring simulation stability [61]. In
this study, the CFL number was maintained below 1, specifically at 0.8, to guarantee the
simulation’s reliability.

A semi-implicit approach was used for time integration in the shallow water and
transport (advection-dispersion) equations. This method explicitly treats horizontal terms,
while vertical terms are handled implicitly [55]. Such an approach is designed to manage
the complex dynamics within the model’s environment efficiently.

3.2.4. Hydrodynamic and Transport Numerical Modeling Setup for Marinas

Marinas were modeled using fine meshes, where element sizes were explicitly tailored,
ranging from 5 m within to 300 m outside the marinas. The boundary conditions for these
meshes were derived from the validated KHDM model. The interior of the marina basins
features a maximum element area of 10 m2, while the area outside the marinas is set at a
maximum of 4800 m2. A single refined flexible mesh was created for the closely situated
Shaab, Yacht, and Marina Club Marinas. Similarly, a fine mesh was developed for the
adjacent Police Officer, Fahaheel Club, and Alkout Marinas. All meshes include three open
boundaries. Unique to Sharq Marina, there is a navigation channel that is 3 m deep and
extends 1600 m northwest from its entrance. The specific characteristics of each marina are
detailed in Table 6.
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Table 6. Characteristics of the study marinas.

Marina
Maximum

Width
(m)

Maximum
Length

(m)

Surface
Area
(m2)

Entrance
Width

(m)

Depth
(m)

Spring Tidal
Range

(m)

Neap Tidal
Range

(m)

Sharq 190 435 72,456 28.5 3 4 2.1
Sha’ab 212 175 22,099 30 3 3.5 1.45

Yacht Club 546 334 125,722 23 and 55 3 3.5 1.45
Marina Club 193 411 56,026 110 3 3.5 1.45
Police Officer 380 277 94,580 82 5 2.95 0.80
Fahaheel Club 145 210 26,997 51 3 2.94 0.78

Alkout 580 317 104,726 83 3 2.93 0.76

The transport module simulated the concentration of a tracer within the marinas,
assuming an initial concentration of 100% inside the marinas and 0% outside (Figure 6).
The model ran for 16 days to encompass complete tidal cycles, focusing on outputs like
surface elevations, tidal currents, and tracer concentration.
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where Dh
C is the horizontal turbulent (eddy) diffusion coefficient. Dν

C and Dh
C can be scaled

by eddy viscosity or a constant.

4. Results and Discussion
4.1. Water Quality Inside the Marinas

The field campaign uncovered significant insights into the water quality of tidal
marinas, revealing deviations from established standards and fluctuations across various
parameters. Generally, the water quality in the marinas fell short of the seawater quality
standards outlined in local and international regulations [13,21,62]. While TDS levels
mostly adhered to standard limits [63], exceptions were noted in Shaab and Fahaheel
Marinas (Figure 2a). The pH levels remained within KEPA guidelines, ranging from 8.16
to 8.55 (Table A2). However, BOD and COD levels generally exceeded KEPA’s maximum
limits for pollutants in wastewater discharged into the sea, set at 30 mg/L and 200 mg/L,
respectively [13,21,24], with significant variations observed among marinas (Figure 2b,c).

Additionally, DO levels showed low and varied readings across the marinas, with
most averaging below KEPA’s threshold of 4 mg/L, particularly notable during the summer
(Table A1). Temperature readings, Table A2, ranged from 19.8 ◦C in Sharq Marina (October)
to 39.2 ◦C in Alkout Marina (September), while salinity levels, Table A1, ranged between
39.29 PSU and 43.8 PSU. These temperature and salinity variations are consistent with
Kuwait’s extreme climate, characterized by air temperatures fluctuating from near zero in
January to over 50 ◦C from late June onwards [64] and high salinity levels attributed to
factors such as intense evaporation rates during summer, sluggish water circulation during
tidal periods, and brine water discharge from power and desalination plants.

At Alkout Marina, BOD levels exhibited significant variation, ranging from the lowest
recorded value of 19.20 mg/L to the highest of 97.50 mg/L, with an average of 49.34 mg/L,
the second-highest among all marinas sampled. Conversely, the Yacht Club Marina show-
cased the lowest average BOD of 40.1 mg/L, while the Marina Club Marina exhibited
the highest average of 53.06 mg/L. Notably, extreme levels of BOD were observed within
Alkout Marina, indicating potential areas of concern for organic pollution. Similarly, COD
levels peaked at the Yacht Club, Marina Club, and Alkout Marinas, surpassing those of
other sampled locations. On average, COD concentrations ranged from 239.67 mg/L at
Sharq Marina to 421.13 mg/L at Marina Club Marina.

The elevated levels of BOD and COD observed in the marinas raise significant environ-
mental concerns, primarily indicating the presence of organic pollutants. These pollutants
can profoundly affect water quality by depleting DO, potentially leading to hypoxic or
anoxic conditions detrimental to aquatic life [65,66]. Notably, Alkout Marina has been
identified as experiencing chronic hypoxia, posing a substantial risk to aquatic ecosystems,
as corroborated by a recent study [14].

Moreover, high COD levels often signify an abundance of nutrients, such as nitrates
and phosphates, which can contribute to eutrophication. This excess nutrient input stimu-
lates the overgrowth of algae and phytoplankton, leading to algal blooms that disrupt the
balance of the ecosystem and impede the growth of aquatic plants [67]. Such disturbances
can have far-reaching consequences for aquatic biodiversity and ecosystem functioning.

The average DO levels ranged from 1.74 mg/L (Sharq Marina) in May to a maximum
of 5.55 mg/L (Yacht Club Marina) in October, showing seasonal variation accompanied
by high levels of BOD and COD. Alkout Marina had consistently low DO levels, below
3 mg/L, throughout all measurements. There have been only a few instances where high
maximum DO levels have been measured, and the cause remains unknown (Table A1).

The DO, BOD, and COD levels observed across all marinas consistently surpass local
and global standards, indicating persistent pollution issues [8,21,68]. With the absence
of identified wastewater sources, contamination likely arises from tidal water influx and
improper waste disposal from boats, accompanied by inadequate natural flushing and
exacerbated by elevated temperature and salinity levels that further deplete DO levels,
particularly during the peak sailing season in summer [36,68].
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Disposing of human fecal waste from boats significantly contributes to this issue,
especially in marinas with poor flushing. The impact is substantial, with a single sewage
discharge from a boat equivalent to approximately 10,000 household flushes [69]. Moreover,
it has been estimated that a typical boat releases 130 million coliform bacteria and 5 g of
oxygen-demanding material per operational hour [20].

Extreme cases observed in poorly flushing marinas have reported chlorophyll-a levels
exceeding 25 mg/L and a drop in DO levels to 2 mg/L, leading to plankton algal and red
tide blooms [10]. Such low DO levels can induce lethal and sublethal toxicity in the water
column [68], promote the accumulation of organic materials in bed sediments, and elevate
sediment oxygen demand, further exacerbating DO depletion [68,70,71].

Additionally, the observed BOD/COD ratios in the marinas are concerning, with
maximum average ratios reaching 0.4185 and minimum ratios at 0.0873, with an overall
average of 0.15, indicating resistance to conventional biological treatment methods [72].
These high ratios often signify the presence of non-biodegradable pollutants, including fats,
oils, and greases, potentially originating from boats and yachts, posing significant risks to
marine ecosystems [22–24]. Moreover, the observed BOD/COD ratios may indicate the
presence of toxic pollutants within the marinas.

Figure 2d illustrates the variability in SO4
2− concentrations among different marinas,

with levels ranging from 4279 mg/L at Fahaheel Marina to 2582 mg/L at Yacht Club
Marina. The data reveals relatively consistent SO4

2− levels across marinas, with Yacht
Club Marina recording the lowest average concentration (3110 mg/L) and Shaab Marina
the highest (3379 mg/L). Notably, significant rusting observed on boat and yacht hulls
during field observations at Fahaheel Marina aligns with studies associating high SO4

2−

concentrations with accelerated algae and bacteria growth, leading to degradation of marine
infrastructure [27–30] and indicating seawater and soil pollution [31].

In conclusion, this field study emphasizes the intricate relationship among various
water quality parameters in marinas and underscores the urgent need for effective waste
management practices. Implementing efficient waste flushing and disposal measures is
crucial for protecting marine ecosystems and preventing damage to boats and yachts.
Comprehensive environmental management strategies are essential to ensuring the sus-
tainability and health of these vital marine environments.

4.2. KHDM Validation

The KHDM has shown excellent predictive capabilities for water levels across various
locations within the model domain, as evidenced in Figure 7 and Table 7. The model’s
performance was evaluated using key metrics such as mean error (ME), mean absolute error
(MAE), root mean square error (RMSE), coefficient of determination (R2), Nash–Sutcliffe
coefficient (E), and the index of agreement (IA). When the last three parameters are closer
to 1, there is a strong alignment between the model predictions and the actual measured
data. Table 7 shows these parameters collectively, demonstrating a high level of accuracy
in the model’s predictions of water levels.

Table 7. The goodness of fit indices for water levels at KBay, Failaka, Salmiya, and Alfintas stations.

Station ME MAE RMSE R2 E IA

KBay −0.145 0.219 0.261 0.946 0.921 0.979
Failaka −0.002 0.112 0.142 0.964 0.963 0.991
Salmiya 0.070 0.141 0.172 0.954 0.945 0.985
Alfintas −0.066 0.095 0.117 0.981 0.972 0.993

For tidal currents, the KHDM accurately predicted conditions at the Alfintas station
(Figure 8). The lower coefficients of determination (0.6382) and coefficient of efficiency
(0.5675) are attributed to irregularities and sudden peaks in the data, which align with
observations from previous studies in Kuwait and other locations [73–75]. Despite these
variations, the KHDM effectively predicts water levels and tidal currents.
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The hydrodynamic model’s calibration process required input parameter adjustments
to enhance the accuracy of salinity and temperature predictions. The literature on coastal
hydrodynamics acknowledges that such predictions frequently encounter variability due
to the dynamic nature of coastal processes [76]. Studies within similar marine environ-
ments have noted that salinity and temperature predictions are susceptible to variations,
particularly when affected by fluctuating boundary conditions and intermittent data collec-
tion [77–79].
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Challenges were encountered when aligning model outcomes with measured data
from the Salmiya and KISR-01 stations (Figure 9). Discrepancies primarily resulted from the
absence of proximal salinity and temperature measurements during the simulation. Depen-
dence on secondary data sources such as ERA5 and the Boundary Conditions Generator for
MIKE 3 led to observable variations: salinity was overpredicted by an average of 1.23 PSU,
while temperature was underpredicted by 2 ◦C. Despite these minor deviations, the model
accurately captures the general patterns and trends of measured values consistent with
known levels in the area [80,81].
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The robustness of the model was evaluated against its predictive capacity for tidal
levels and currents, which are crucial for such studies. The model demonstrated high
precision in these critical aspects, as evidenced by the performance metrics in Table 7 and
Figure 8.
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In conclusion, despite the noted challenges, the model’s predictive accuracy for salinity
and temperature remained within an acceptable range for the study’s purposes. A thorough
calibration, supported by regional and related studies evidence, confirms the model’s
reliability. The Kuwait hydrodynamic model (KHDM) is validated as a robust tool for
developing advanced hydrodynamic and transport models, thereby contributing to a
deeper understanding of marine dynamics, particularly in Kuwait’s coastal and marine
environments.

4.3. Transport Model and Flushing Capability

This study aimed to assess marinas’ water renewal factors and flushing capability by
numerically assessing tracer concentration changes over tidal cycles. The findings from
the transport model are presented in Table 8, and Figures 10 and 11, which depict the daily
maximum, mean, and minimum tracer concentrations.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW  17  of  25 
 

 

 

Figure 10. Variation of the tracer concentration with time inside the marina’s basins. 

Table 8. Daily maximum, minimum, and mean tracer concentration (%) at marinas. 

  Marina 
  Sharq  Shaab  Yacht Club  Marina Club  Police Officer  Fahaheel Club  Alkout 

Day Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min 

1  100.0  79.3  63.3 100.0  84.9  68.1 100.0  50.5  29.1  100  49.2  27.8 100.0  80.2  62.8 100.0  82.2  65.3 100.0  83.3  69.1 

2  78.6  59.9  44.3  77.2  53.3  36.3  34.8  24.8  16.1  34.9  21.8  11.8  80.9  60.8  47.1  80.7  52.2  32.8  91.4  70.1  53.6 

3  61.0  44.9  34.0  41.9  28.6  19.5  20.1  13.1  7.4  14.8  9.9  5.8  62.9  45.6  34.2  34.2  21.0  14.6  77.7  57.2  42.6 

4  54.8  36.4  24.3  22.7  15.7  9.5  8.7  5.8  3.3  7.6  5.1  2.9  39.2  25.9  17.2  14.1  9.2  4.8  63.0  45.5  33.2 

5  42.1  28.1  19.2  11.6  7.4  4.5  3.8  2.5  1.5  4.0  2.8  1.7  18.7  13.1  8.9  4.7  3.9  3.1  46.0  33.5  24.6 

6  34.4  22.6  15.5  5.2  3.5  2.1  1.7  1.2  0.7  2.3  1.5  1.0  9.4  6.3  4.1  3.8  3.0  2.4  36.0  25.6  18.5 

7  25.1  17.1  12.3  2.4  1.7  1.1  0.8  0.6  0.4  1.2  0.8  0.6  4.5  3.2  2.3  3.9  3.0  2.1  26.6  18.9  13.0 

8  22.1  14.7  10.8  1.3  1.0  0.6  0.4  0.4  0.3  0.6  0.5  0.3  2.5  1.8  1.4  2.7  1.8  1.1  18.6  14.0  10.8 

9  19.7  13.2  10.3  0.7  0.5  0.4  0.3  0.2  0.2  0.4  0.3  0.2  1.4  1.1  0.8  1.2  0.9  0.7  14.4  11.3  9.3 

10  15.4  10.8  8.5  0.4  0.3  0.3  0.2  0.2  0.2  0.2  0.2  0.2  0.9  0.7  0.5  0.7  0.5  0.4  12.1  9.3  7.5 

11  12.4  9.3  7.8  0.3  0.2  0.2  0.2  0.1  0.1  0.2  0.2  0.1  0.6  0.5  0.4  0.4  0.3  0.3  9.3  7.5  6.4 

12  10.5  8.4  7.0  0.2  0.2  0.2  0.1  0.1  0.1  0.1  0.1  0.1  0.4  0.4  0.3  0.3  0.2  0.2  8.0  6.7  5.6 

13  8.7  7.1  6.0  0.2  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.4  0.3  0.3  0.2  0.1  0.1  6.9  6.0  4.9 

14  7.1  6.2  5.4  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.3  0.3  0.2  0.1  0.1  0.1  6.3  5.5  4.5 

15  6.8  5.7  4.7  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.3  0.2  0.2  0.2  0.1  0.1  6.1  5.0  4.2 

16  5.1  5.1  5.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.2  0.2  0.2  0.1  0.1  0.1  5.5  5.5  5.5 

   

Figure 10. Variation of the tracer concentration with time inside the marina’s basins.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW  19  of  25 
 

 

𝑏 0.1323
𝑃
𝑄

.

  (23)

𝐶 % 1070𝑃 . 𝑒
.

.

  (24)

 

Figure 11. Variation of  the daily  (a) maximum,  (b) mean, and  (c) minimum  tracer concentration 

inside all marinas. 

 

Figure  12. Comparison of daily modeled maximum, mean,  and minimum  tracer  concentrations 

within Sharq Marina over a 16-day period against Equation (21) (dashed lines). 

 

 

Figure 13. Variation of the mean ‘a’ (left) and ‘b’ (right) coefficients of Equation (21) with the tidal 

prism (P) and the tidal prism to the average discharge through the inlet (P/Q) ratio, respectively. 

   

Figure 11. Variation of the daily (a) maximum, (b) mean, and (c) minimum tracer concentration
inside all marinas.



J. Mar. Sci. Eng. 2024, 12, 649 17 of 25

Table 8. Daily maximum, minimum, and mean tracer concentration (%) at marinas.

Marina

Sharq Shaab Yacht Club Marina Club Police Officer Fahaheel Club Alkout

Day Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min

1 100.0 79.3 63.3 100.0 84.9 68.1 100.0 50.5 29.1 100 49.2 27.8 100.0 80.2 62.8 100.0 82.2 65.3 100.0 83.3 69.1
2 78.6 59.9 44.3 77.2 53.3 36.3 34.8 24.8 16.1 34.9 21.8 11.8 80.9 60.8 47.1 80.7 52.2 32.8 91.4 70.1 53.6
3 61.0 44.9 34.0 41.9 28.6 19.5 20.1 13.1 7.4 14.8 9.9 5.8 62.9 45.6 34.2 34.2 21.0 14.6 77.7 57.2 42.6
4 54.8 36.4 24.3 22.7 15.7 9.5 8.7 5.8 3.3 7.6 5.1 2.9 39.2 25.9 17.2 14.1 9.2 4.8 63.0 45.5 33.2
5 42.1 28.1 19.2 11.6 7.4 4.5 3.8 2.5 1.5 4.0 2.8 1.7 18.7 13.1 8.9 4.7 3.9 3.1 46.0 33.5 24.6
6 34.4 22.6 15.5 5.2 3.5 2.1 1.7 1.2 0.7 2.3 1.5 1.0 9.4 6.3 4.1 3.8 3.0 2.4 36.0 25.6 18.5
7 25.1 17.1 12.3 2.4 1.7 1.1 0.8 0.6 0.4 1.2 0.8 0.6 4.5 3.2 2.3 3.9 3.0 2.1 26.6 18.9 13.0
8 22.1 14.7 10.8 1.3 1.0 0.6 0.4 0.4 0.3 0.6 0.5 0.3 2.5 1.8 1.4 2.7 1.8 1.1 18.6 14.0 10.8
9 19.7 13.2 10.3 0.7 0.5 0.4 0.3 0.2 0.2 0.4 0.3 0.2 1.4 1.1 0.8 1.2 0.9 0.7 14.4 11.3 9.3

10 15.4 10.8 8.5 0.4 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.9 0.7 0.5 0.7 0.5 0.4 12.1 9.3 7.5
11 12.4 9.3 7.8 0.3 0.2 0.2 0.2 0.1 0.1 0.2 0.2 0.1 0.6 0.5 0.4 0.4 0.3 0.3 9.3 7.5 6.4
12 10.5 8.4 7.0 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.4 0.4 0.3 0.3 0.2 0.2 8.0 6.7 5.6
13 8.7 7.1 6.0 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.4 0.3 0.3 0.2 0.1 0.1 6.9 6.0 4.9
14 7.1 6.2 5.4 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.2 0.1 0.1 0.1 6.3 5.5 4.5
15 6.8 5.7 4.7 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.2 0.2 0.2 0.1 0.1 6.1 5.0 4.2
16 5.1 5.1 5.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.1 0.1 5.5 5.5 5.5
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Flushing Efficiency

In the Sharq, Police Officer, and Alkout Marinas, tracer average concentrations after
three days were recorded between 44.9% and 57.2%, with peaks ranging from 61% to
77.7%. In contrast, other marinas experienced a rapid decrease in the mean concentrations,
dropping below 30% after three days. After six days, Shaab, Yacht Club, Marina Club,
Police Officer, and Fahaheel Marinas recorded a significant reduction in maximum mean
tracer levels, reaching only 6.3%. Meanwhile, Sharq and Alkout Marinas maintained higher
levels, with averages above 22.6% and peaks exceeding 34%. After 16 days, only Alkout and
Sharq Marinas continued to show tracer concentrations above 5%, as levels in the remaining
marinas neared zero. These results highlight the varied tracer concentration across different
marinas, indicating hydrodynamic, geometric, environmental, and operational impacts.

Hence, Alkout and Sharq Marinas showed the least efficient water renewal. Factors
such as their complex layout and entrance configuration, which protect from strong waves
but hinder flushing efficiency, contribute to this. For instance, the meandering entrances
create eddies and dead zones, obstructing water mixing [20]. Sharq Marina faces additional
challenges due to its location behind Souq Sharq Mall and its shallow entrance orientation,
which recesses about 2 km during low spring tide. Alkout Marina’s main issue was the
presence of sheltered areas that do not face the open sea.

In contrast, Yacht Club and Marina Club Marinas exhibited more efficient flushing
due to their simpler layouts and wider entrances. Both marinas showed excellent flushing
capabilities within two days, with mean and maximum tracer concentrations less than
13.1% and 20.1%, respectively. Additionally, Yacht Club Marina benefits from a secondary
23-meter opening that enhances water circulation [9,19]. The smallest and second-smallest
marinas, Alshaab and Fahaheel Clubs, demonstrated similar water renewal trends. How-
ever, Fahaheel Club Marina slightly outperformed Alshaab Marina due to its wider entrance
and faster tidal currents outside Kuwait Bay.

Table 8, and Figures 10 and 11, as well as the marina characteristics in Table 6, show
that surface areas, layout configurations, locations, and hydrodynamic conditions are
crucial in determining flushing efficiency. The observed decay in tracer concentration
inside the marinas (Figure 11) aligns with the literature [10,18,39,48,50,82] and follows an
exponential decay model as follows:

C(%) = ae−bt f (21)

Regression analysis fitted the data in Table 8 to Equation (21), yielding coefficients a
and b, which reflect the maximum, average, and minimum daily concentration (Table 9).
Figure 12 illustrates the model’s performance in predicting tracer concentration inside Sharq
Marina. The model shows high accuracy, with a minimum R2 of 0.964 at the Fahaheel Club
Marina and a maximum of 0.996 at the Yacht Club Marina. By correlating the hydrodynam-
ics and geometry of the marinas with the empirical model (Equation (21)), a relationship
was established encompassing most of the following factors determining flushing efficiency:
the tidal prism, water level range, mean tidal currents, and average flow discharge at the
channel entrance (Table 10) are related to the marina’s geometry and hydrodynamics. The
regression analysis revealed that as the tidal prism and its ratio to the average discharge
(P/Q) increase, the coefficients a and b decrease, as shown in Figure 13 and Equations (22)
and (23). Equation (24), derived from substituting Equations (22) and (23) into Equation
(21), is a general model to estimate the tracer concentration inside marinas for a given tidal
prism, discharge ratio, and flushing time. With R2 values of 0.815 and 0.630 for Equations
(22) and (23), respectively, this model is valuable for assessing the flushing efficiency of
marinas and a preliminary estimation of flushing time in pollution incidents, selecting
locations for new marinas, and optimizing the layouts of existing marinas. In Equation (24),
P is in m3, Q is in m3/day, and tf is in days.

a = 1070P−0.187 (22)
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b = 0.1323
(

P
Q

)−0.838
(23)

C(%) = 1070P−0.187e−0.1323( P
Q )

−0.838
t f (24)

Table 9. Equation (21) coefficients for the marinas’ maximum, average, and minimum daily concentration.

Maximum Daily Concentration Average Daily Concentration Minimum Daily Concentration

Marina a b R2 a b R2 a b R2

Sharq 120.90 0.21 0.997 96.11 0.23 0.990 75.81 0.25 0.972
Shaab Club 171.06 0.48 0.983 151.05 0.56 0.997 130.16 0.64 0.997
Yacht Club 246.43 0.91 0.995 102.26 0.71 1.000 58.02 0.68 0.998

Marina Club 260.43 0.97 0.998 107.61 0.79 0.999 61.16 0.80 0.998
Police Officer 157.44 0.38 0.972 127.45 0.41 0.982 101.85 0.43 0.982
Fahaheel Club 183.95 0.54 0.964 159.49 0.63 0.989 137.87 0.74 0.998

Alkout 135.47 0.22 0.983 109.27 0.24 0.993 88.44 0.25 0.994
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Figure 12. Comparison of daily modeled maximum, mean, and minimum tracer concentrations
within Sharq Marina over a 16-day period against Equation (21) (dashed lines).

Table 10. Variations of Equation (24) coefficients with the marina’s geometry and the hydrodynamic
conditions.

Marina a
-

b
1/Day

Area
× 104 m2

Tidal
Range

m

Tidal Prism
× 104 m3

Q
× 104 m3/Day

P/Q
Day

Sharq 96.11 0.23 7.09 2.22 15.77 26.47 0.60
Shaab 151.05 0.56 2.21 2.03 4.49 28.62 0.16
Yacht 102.26 0.70 12.57 2.03 51.15 173.42 0.15

Marina 107.61 0.79 5.60 2.03 11.36 69.02 0.16
Police 127.45 0.41 9.46 1.66 15.68 79.93 0.20

Fahaheel 159.49 0.63 2.70 1.54 4.17 17.44 0.24
Alkout 109.27 0.23 10.47 1.54 16.09 56.66 0.28
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Figure 13. Variation of the mean ‘a’ (left) and ‘b’ (right) coefficients of Equation (21) with the tidal
prism (P) and the tidal prism to the average discharge through the inlet (P/Q) ratio, respectively.

5. Findings and Conclusions

Maintaining healthy marinas in terms of acceptable water quality is challenging and
requires optimized design, proper management, and community awareness. The results
of this study are instrumental in guiding marinas’ sustainable planning, development,
and management.

Understanding flushing dynamics is crucial to maintaining or designing existing
marinas. The marinas failed to meet established water quality standards due to inefficient
flushing and inadequate environmental management. Notably, even in the absence of
official sewage discharge sources, poorly flushed marinas exhibited significant pollution.
This pollution is closely linked to each marina’s hydrodynamic and geometric character-
istics, as reflected in the variability of parameters like BOD, COD, BOD/COD, DO, and
SO4

2− levels.
Although the tracer concentration in all marinas decayed exponentially with time, the

decay rate differed across marinas due to their unique hydrodynamic and geometric prop-
erties. The decay rate is expressed by the generalized exponential equation (Equation (24)),
which is influenced by the tidal prism (P), the ratio of the tidal prism to mean flow discharge
(P/Q), and flushing time (tf). This equation emerges as a critical tool for assessing marina
flushing capabilities and aids in selecting sites and layouts for new marinas and optimizing
existing layouts.

Design optimization has never been a unique solution to keep marinas clean and safe.
A robust environmental management plan and community awareness are essential. The
plan should include at least the following:

1. Monitoring and Regulation: Enhance the monitoring and regulation of pollutants
contributing to water and sediment quality degradation, such as high BOD and COD
and low DO levels.

2. Numerical Modeling: The numerical model’s accurate prediction of water levels
and tidal currents underscores the significance of precise hydrodynamic modeling in
managing marina environments and flushing characteristics.

3. Design Guidelines: Implement advanced design solutions like engineering-with-
nature systems and slotted vertical and sloped structures to enhance water circulation,
reduce stagnation, and promote natural pollutant cleansing. Incorporating nature-
based solutions into marina management and design offers a promising avenue
toward achieving sustainability.

4. Community Engagement: Encourage marina users and local communities to partici-
pate in sustainable practices and understand their impact on environmental health.

5. Policy and Regulation: Advocate for stricter environmental regulations and standards
for marinas, ensuring accountability for maintaining water quality.

In conclusion, achieving sustainable marina development is a complex task that re-
quires a harmonious combination of rigorous scientific research, innovative design, strict
policy formulation, and active community involvement. This study highlights the impor-
tance of collaborative efforts among scientists, designers, marina authorities, environmental
agencies, and the wider community in promoting the sustainability of coastal marinas.
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Adopting a comprehensive environmental management plan that addresses the numer-
ous challenges marinas face is a significant opportunity to improve the quality of these
vital coastal environments. Such concerted actions promise to protect the health and sus-
tainability of marinas for future generations while preserving their natural beauty and
biodiversity. Moving forward, this synergistic approach will be crucial in achieving the
dual goals of marina sustainability and the preservation of ecological integrity, ensuring
that marinas continue to thrive as bastions of beauty and biodiversity despite evolving
environmental challenges.
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Appendix A

Table A1. Monthly DO concentrations and salinity levels at different marinas from May to October.

Marina

Month Month

5 6 7 8 9 10 5 6 7 8 9 10

DO (mg/L) Salinity

Sharq
Minimum 1.07 1.54 2.62 3.12 4.00 4.13 40.97 40.99 42.25 43.24 42.44 41.04
Average 1.74 2.10 3.51 3.64 4.52 5.11 40.98 41.06 42.37 43.34 43.37 41.70

Maximum 2.05 2.81 4.24 4.14 5.18 6.61 40.99 41.13 42.63 43.37 43.80 42.60

Sha’ab
Minimum 2.90 3.02 4.07 1.10 2.75 3.76 42.70 40.17 40.83 40.91 40.31 40.06
Average 3.89 3.64 4.78 2.66 4.02 4.79 42.78 40.39 41.08 41.96 40.76 40.55

Maximum 4.67 4.23 5.72 4.95 4.74 5.41 42.85 40.47 41.19 42.89 41.17 40.91

Yacht Club
Minimum 2.79 2.86 2.95 2.44 2.45 4.52 43.09 40.04 40.34 42.49 41.87 41.15
Average 3.54 3.14 4.15 3.28 4.28 5.55 43.13 40.26 41.07 42.57 42.26 41.58

Maximum 4.38 3.36 5.21 4.00 5.75 6.42 43.19 40.46 41.29 42.66 42.78 41.93

Marina
Club

Minimum 2.72 2.51 3.17 2.00 4.07 5.15 39.80 39.75 41.00 41.00 40.62 40.13
Average 4.10 3.05 3.86 2.36 4.45 5.52 40.67 40.29 41.30 41.83 41.77 40.74

Maximum 5.22 3.44 4.64 3.03 5.37 6.13 42.48 40.49 41.38 42.70 42.27 41.54

Fahaheel
Club

Minimum 1.26 1.89 4.10 2.75 1.46 2.76 42.57 39.98 40.26 40.30 40.80 40.34
Average 2.40 2.43 4.33 3.63 2.06 3.99 43.11 40.11 40.43 41.68 41.51 40.62

Maximum 2.95 2.93 4.66 4.88 2.55 5.73 43.35 40.21 40.63 42.80 42.29 40.87

Alkout
Minimum 1.90 0.74 2.17 1.37 1.37 0.85 40.22 39.29 39.98 40.29 40.16 40.09
Average 2.43 1.53 2.85 2.04 2.83 1.39 41.22 40.00 40.46 40.85 40.82 40.71

Maximum 2.80 2.00 3.45 3.70 3.94 1.78 42.76 40.25 40.60 41.51 41.46 41.16
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Table A2. Monthly Tw and pH levels at different marinas from May to October.

Marina

Month Month

5 6 7 8 9 10 5 6 7 8 9 10

Tw (◦C) pH

Sharq
Minimum 29.80 31.40 31.20 32.70 31.30 19.80 8.14 8.12 8.44 8.40 8.27 8.28
Average 30.13 31.63 31.48 32.86 32.09 26.01 8.18 8.20 8.48 8.45 8.43 8.47

Maximum 30.30 31.80 31.70 33.10 36.60 32.20 8.21 8.26 8.52 8.48 8.49 8.54

Sha’ab
Minimum 28.50 31.00 29.10 32.20 24.70 24.80 8.29 8.29 8.40 7.79 8.46 8.49
Average 28.58 31.25 29.40 32.39 30.43 26.40 8.30 8.31 8.43 8.30 8.49 8.51

Maximum 28.70 31.50 29.70 32.50 35.40 27.90 8.31 8.32 8.45 8.40 8.51 8.52

Yacht Club
Minimum 28.50 30.90 28.90 32.50 26.30 22.50 8.30 8.27 8.35 8.43 8.44 8.49
Average 28.56 31.26 29.29 32.53 32.61 26.25 8.32 8.31 8.41 8.45 8.48 8.51

Maximum 28.60 31.60 29.60 32.60 38.10 30.80 8.33 8.33 8.45 8.46 8.51 8.54

Marina
Club

Minimum 23.70 31.00 30.20 32.30 21.70 24.80 8.24 8.25 8.39 8.32 8.23 8.29
Average 25.45 32.16 30.31 32.61 27.93 27.94 8.31 8.29 8.41 8.40 8.45 8.43

Maximum 28.30 33.20 30.40 33.10 35.70 30.50 8.34 8.33 8.44 8.47 8.52 8.49

Fahaheel
Club

Minimum 26.20 31.30 29.50 30.30 26.50 22.80 8.16 8.20 8.42 8.33 8.39 8.46
Average 26.50 31.53 29.52 35.80 30.73 27.80 8.23 8.22 8.43 8.40 8.43 8.49

Maximum 27.00 32.00 29.60 38.10 37.50 32.00 8.26 8.23 8.44 8.45 8.46 8.52

Alkout
Minimum 26.20 31.60 29.50 31.10 24.80 21.20 8.18 8.09 8.29 8.23 8.08 8.23
Average 26.64 32.06 29.60 33.84 34.00 27.07 8.21 8.14 8.33 8.28 8.34 8.32

Maximum 27.10 32.90 29.80 36.00 39.20 31.70 8.24 8.20 8.38 8.33 8.40 8.40
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