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driven by these activities, jeopardize estuarine species adapted to specific salinity
conditions, potentially causing biodiversity decline and ecosystem collapse. This
research focuses on two cases: Case 1 examines an unaltered estuary, replicating
natural conditions, while Case 2 introduces a constriction pattern mimicking real-world
estuaries influenced by geological or human-made features. Systematic salinity
monitoring along multiple stations, including longitudinal, transverse and vertical
directions, reveals a significant correlation between estuary shape and salinity
distribution. In Case 2, a central constriction substantially impacts saltwater and
freshwater mixing time, resulting in downstream salinity variations. These findings
have broader implications, informing environmental conservation, climate adaptation,

Keywords: resource management and infrastructure design. Additionally, they advance fluid
Salinity intrusion; estuarine salinity- dynamics and environmental science, potentially fostering innovation across
morphology effect characterisation; disciplines. In summary, this research offers practical solutions for the preservation
estuarine system and sustainable development of estuarine ecosystems.

1. Introduction

A coastal water body where freshwater from rivers and streams combines with saltwater from
the ocean is known as an estuary [1,2]. Estuaries and the regions that surround them are places
where land meets the sea. Despite being influenced by the tides, land features such as barrier islands
and peninsulas shield them from the full force of ocean waves, winds and storms [3-8]. Estuaries, as
ecotone areas between marine and freshwater environments, are distinguished by a unique
combination of physical, chemical and biological characteristics, as well as unusually high production.
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All estuaries have a constant or intermittent free connection. Based on salinity distribution and
stratification, highly stratified, partially mixed and well-mixed estuaries are the most common
classifications [9-12]. The distribution of sediments, nutrients and contaminants in a coastal area is
influenced by mixing in an estuary, which can vary depending on tidal variations and river discharge.

In estuarine environments, the lower density of fresh river water compared to denser saltwater
results in the formation of distinct stratification, where the freshwater floats atop the saltwater upon
their confluence. In deep estuaries, this stratification leads to the formation of a salt-wedge estuary,
characterized by a sharp interface where denser, saline water from the sea intrudes beneath the less
dense freshwater layer. This dynamic allows the saline water to extend further inland beneath the
freshwater, while the freshwater flows seaward above the saline layer. The mixing process results in
slow changes in salinity distribution across time and space, influenced by tidal impacts, stream flow,
water density dissimilarity, estuary characteristics, wind effect and the Coriolis effect [13-18].

When fresh and saltwater collide, mixing occurs in estuaries due to density differences between
the two water masses. The density of seawater, determined by salinity and temperature, undergoes
significant changes due to the wide salinity range in an estuary and the narrow temperature range.
These mixing processes have critical implications for environmental engineering, impacting water
quality and ecosystems, including pollution spread, suspended sediment movement, algae blooms
and transportation of suspended mining material [19,20].

Moreover, river discharge and tidal levels significantly influence salinity fluctuations in estuaries
and environmental factors like wave height and river mouth form can also influence these
fluctuations. While research on salinity morphology changes in idealized estuarine systems has been
limited, their understanding is crucial for studying the existence and dispersion of species in
estuaries.

The present study focuses on elucidating the intricate relationship between estuarine
morphology and salinity distribution within estuarine systems. To achieve this, we explore two
distinct cases: Case 1, an examination of an ordinary estuary without any constriction and Case 2, an
investigation of an estuary with a constriction pattern. These cases serve as proxies for natural
estuaries and those influenced by geological or anthropogenic factors, respectively. In Case 1, we
consider a wide and unconstricted channel, mirroring a typical estuarine environment. In contrast,
Case 2 introduces a central constriction within the channel, simulating the hydrodynamic effects
observed in certain real-world estuaries.

Through controlled laboratory experiments, we systematically monitor salinity levels at various
points within the estuarine systems, both longitudinally, transversely and vertically, over time. This
research aims to shed light on how estuarine morphology influences the mixing processes between
saltwater and freshwater, consequently affecting the distribution of salinity. The findings from these
experiments are anticipated to offer valuable insights into the resilience and vulnerability of
estuarine ecosystems in the face of human-induced alterations and environmental changes. By
understanding the dynamic relationship between estuarine morphology and salinity distribution, we
can make informed decisions for the conservation and management of these vital coastal
ecosystems, preserving their ecological integrity and ensuring the well-being of the communities that
rely on them.

2. Methodology
2.1 Experimental Setup

Laboratory tests for this investigation were conducted at the Hydraulics Laboratory in the School
of Civil Engineering, Universiti Teknologi MARA. The experiments were carried out in a horizontal
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flume with a length of 500 cm, width of 30.7 cm and depth of 50 cm, as illustrated schematically in
Figure 1.
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Fig. 1. Front view of the experimental setup

Figures 2(a) and 2(b) depict the top view of the channel for an ordinary estuary (case 1) and an
estuary with a contracting central section (case 2).
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Fig. 2. Plan view (not to scale) of the salinity mixing laboratory investigation for 2 bases; (a) Case 1:
ordinary estuary without constriction (b) Case 2: estuary with constriction

To regulate flow rates and maintain a consistent upstream water level in the flume, a suppressed
rectangular weir, measuring 30.7 cm in width, 20 cm in height and 10 cm in thickness, was installed
at the downstream end. This weir functioned as a flow control barrier, ensuring stable experimental
conditions. The water supply system utilized two Polyvinyl Chloride (PVC) tanks: one providing a
constant freshwater flow rate of 15 litres per minute and the other supplying a constant saltwater
flow rate of 10 litres per minute. The saltwater was prepared by dissolving sodium chloride in tap
water to achieve a salinity of 15 parts per thousand (ppt), a critical parameter maintained throughout
the investigation.

The experiment started with the release of freshwater from one end of the flume channel and it
overflowed at the other end. The water surface elevation along the channel was regularly monitored
until an equilibrium flow depth was achieved. At this point, saltwater was slowly introduced at the
lower part of the weir, flowing horizontally upstream as a gravity current. To visualize the movement
of the saltwater as it mixed with the fresh water in the flume, a red dye tracer was added to the
saltwater.
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Sample stations were set up in the horizontal (x-axis), transverse (y-axis) and vertical (z-axis)
directions for further analysis and discussion. The salinity level at each location was measured using
a conductivity meter as a water quality checker. Table 1, Table 2 and Table 3 provide the positions of
the sample stations based on the x-axis, y-axis and z-axis, respectively. The selected locations and
experimental durations (180 seconds with a 30-second interval) aimed to study the spatial and
temporal distributions of the saltwater-freshwater mixing behaviour.

Table 1
Sampling stations in horizontal (x-axis) direction
Station Distance from weir, x (cm)
X1 65
X2 230
X3 400
Table 2
Sampling stations in transverse (y-axis) direction
Station Distance from channel wall, y (cm)
y1 7.5
V2 16
Table 3
Sampling stations in vertical (z-axis) direction
Station Distance from channel bed, z (cm)
Z1 10
22 15

Water salinity measurements were collected at the surface and the bottom using a siphoning
system. The cross-section of the measurement points for each station along the flume is shown in
Figure 3.
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Fig. 3. The cross-section (not to scale) of measurement
points for each station along the flume based on y- and
z-axis
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2.2 Experimental Parameters

The morphological alteration resulting from the contracting cross-section influenced the mixing
of estuarine salt and fresh water. To investigate the impact of this contraction, a controlled variable
was introduced during the flume test. The first experiment was conducted for the ordinary estuary
(Case 1). In the second experiment (Case 2), the flume was modified by reducing each channel side,
blocking the cross-section. The parameters applied for both cases in this study are detailed in Table
4,

Table 4

The parameters of Case 1 and Case 2

Parameter Values
Freshwater discharge, Qs (I/min) 15
Saltwater discharge, Qs (I/min) 10
Initial Salinity, So (ppt) 15
Total Ambient Flow Depth, H (cm) 18

3. Results and Discussion
3.1 Longitudinal Salinity Profile

Further analysis has identified significant variations in salinity levels between Case 1 and Case 2.
The study confirms a substantial difference in salinity due to morphological changes, as illustrated in
Figure 4, where the salinity level at the constriction section is lower compared to the section without
constriction. This difference is likely due to increased salinity accumulation downstream, where
salinity tends to concentrate. The presence of a constriction in the middle of the channel affects the
mixing of fresh and saltwater in the estuarine system, with higher freshwater flow rates correlating
to lower salinity levels. As a result, the constriction slows the upstream movement of saltwater.

Figure 4 compares salinity profiles along the channel's length at both the bottom and surface
water levels, observed at sections from downstream (x:i) to upstream (x3) with and without
constriction. These observations indicate that saline water faces challenges in moving further
upstream beyond the constricted central section. The narrowing of the channel creates resistance to
upstream flow, leading to salinity accumulation in the downstream section. This phenomenon is well-
documented in real-world estuaries, where a decrease in cross-sectional area at the entrance initially
weakens tidal strength [21].

Similarly, according to McLean et al., [22], the closure or substantial narrowing of entrances leads
to an increase in the water level inside the basin but limits the extent of tidal variation, while open
entrances facilitate a consistent and significant exchange of tides with the ocean.

Additionally, the strong discharge of freshwater accelerates the dilution process in the channel.
As the channel narrows, the flow velocity of water increases, resulting in greater turbulence and
enhanced mixing between saltwater and freshwater, as demonstrated by a study conducted by et
al., [21]; Haron et al., [23-25] without any constriction. The narrowing section significantly affects the
extent of saltwater intrusion further upstream, as the strong force of freshwater discharge pushes
the saltwater downstream. Consequently, in Case 2, the extent of mixing is limited to the contraction
section. The dilution of saltwater is attributed to the substantial influx of freshwater. Additionally,
the vertical and longitudinal mixing processes taking place within the channel also contribute to the
dilution of saltwater.
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Fig. 4. Salinity profiles along the channel starting from station x; (downstream), Xz ang X3
(upstream) near bottom and surface water levels

3.3 Temporal Salinity Profile

The movement and mixing of saltwater with freshwater from the downstream location (x; = 65
cm) to the upstream area (x3 = 400 cm) occur over approximately 180 seconds or about 3 minutes.
This dispersion process is evident through the analysis of salinity changes at each station. Figure 5
illustrates the variations in salinity levels at different stations (x1, x2 and x3) over time.
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Fig. 5. Temporal pattern of salinity at station x;, x> and x3 with and without constriction pattern

During the initial stage (t; = 30 seconds), the downstream area (x:) exhibits elevated salinity due
to its proximity to the saltwater discharge source. As the water progresses toward the upstream
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station (x3), where freshwater discharge dominates, salinity levels gradually decrease. Figure 5 shows
that salinity levels decrease spatially from downstream (x:) to upstream (x3) for both cases, with and
without constriction. However, temporally, salinity levels increase at x; and x3 for both cases, as these
locations are unaffected by any constriction. This phenomenon occurs because saltwater flows
consistently from upstream to downstream from the start of the experiment (t; = 30 seconds) until
the end (t3 = 180 seconds). Meanwhile, in the middle of the channel (x;), there is a significant
reduction in salinity due to mixing with upstream freshwater.

4. Conclusions

In conclusion, our laboratory investigation has provided valuable insights into the dynamics of
estuarine salinity mixing influenced by a contracting section. This study concluded that the
constriction in the estuarine system will have a significant impact on the salinity pattern while mixing
with fresh water. Besides, the findings indicate that salinity levels are typically higher downstream,
decreasing gradually upstream, with equilibrium achieved over time, especially near the estuary
bottom. Importantly, the presence of a contracting section within the channel effectively limits
further upstream intrusion, resulting in elevated salinity levels downstream.

These insights have practical implications across various fields, including environmental
conservation, climate adaptation, sustainable resource management and the design of coastal
infrastructure projects. This research advances scientific knowledge in fluid dynamics and
environmental science, potentially leading to innovative solutions for complex environmental
challenges.

Overall, this study provides practical solutions for environmental preservation and sustainable
development, emphasizing the importance of understanding estuarine dynamics in the context of
human-induced alterations and environmental changes. Future studies may explore specific aspects
of estuarine systems in greater depth, examining the long-term ecological impacts and further
refining strategies for their protection and management.
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