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ABSTRACT

Estuaries, the dynamic transition zones where freshwater from hinterland source areas and
oceanic tidal currents interact, are among Earth's most complex and productive
ecosystems. These coastal environments are characterised by intricate hydrodynamic
processes arising from the interplay of sediment-laden riverine discharge, tidal forces, and
oceanic currents. The resulting mixing of fresh and saltwater creates unique salinity
gradients that vary spatially and temporally, significantly influencing the ecosystem's
physical, chemical, and biological properties. Estuaries serve critical ecological functions

and have historically been focal points for human activity.

The hydrodynamics of estuaries are particularly fascinating due to their multifaceted nature
contributed in no small measure by cycles and epicycles of tidal influences from the ocean
side and coupled with the influences of the annual/seasonal hydrological cycle on river and
sediment inflows from contributing source catchments. Together with anthropogenic and
other influences, these processes, in an integrated sense, encompass a wide range of
overlapping spatial and temporal scales. From microscale turbulence to large-scale
circulation patterns, these dynamics govern the transport and distribution of various
constituents within the estuarine system. The complexity is further amplified by
geomorphology, wind stress, and freshwater inflow variability. Understanding these
intricate multi-scale dynamics is crucial for the effective management of estuarine
resources, water quality prediction, morphological integrity maintenance, and ecological

health assessment.

This study presents a comprehensive analysis of hydrodynamic transport phenomena in the
Vembanad Estuary, utilising various modelling techniques to investigate salinity behaviour,

sediment transport, and anthropogenic impacts. The research aims to provide insights into
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these intricate processes occurring at different scales within the estuary by addressing four
interconnected objectives: modelling salinity behaviour at different scales, quantifying the
presence and influence of dynamic barriers, modelling sediment movement, and

understanding the influence of structural interventions.

A multifaceted approach was employed, centred on a 3D salinity model developed using
Tuflow FV. Once calibrated with data sources, this model simulated salinity movement
over 12 years and was validated against observed values. Results revealed monsoonal
variabilities in salinity, with hourly data demonstrating more significant fluctuations than
daily data, highlighting tidal influence. Vertical salinity profiles illustrated stratification
and mixing effects in various estuary regions. Tidal dynamics analysis further elucidated

their impact on different estuary sections.

While seasonal changes exhibited consistent patterns in most areas, finer-scale analysis
uncovered variations in salinity patterns, particularly during monsoon and dry seasons.
Anomalous salinity structures in certain sections necessitated advanced diagnostic methods

for a more nuanced understanding of these unique patterns.

Building upon this foundation, high-resolution simulations were performed on these
smaller sections to identify coherent structures in the flow domain. Finite-time Lyapunov
Exponent (FTLE), which characterises the rate of separation trajectories, were calculated
to determine Lagrangian coherent structures (LCS), offering insights into the estuary's
dynamic boundaries. Smoothed Particle Hydrodynamics (SPH), a fully lagrangian method,
is employed to validate and further explore these structures, enabling the study of particle
movement and comparison with LCS-predicted stretching and folding patterns. The
congruence between LCS and SPH results confirmed the presence of time-evolving

dynamic barriers, creating distinct zones with varying flow properties. Particle tracking
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and resident analysis were conducted to determine residence times and particle trajectories.
Results demonstrated considerable variability in particle trajectories and flushing times for

particles released in close proximity.

To investigate the influence of these dynamic barriers on inertial particles, a multi year
sediment deposition model was developed using Tuflow FV for the entire estuary. The
results showed a maximum bed elevation change of approximately 1 cm per year in the
various regions of the estuary. Suspended sediment concentration and deposition patterns
also showed coherence with identified LCS in the section and also revealed significantly

different patterns within zones formed by dynamic barriers.

This research further investigated the impact of anthropogenic influence by modelling two
scenarios without the man-made Willingdon Island, reflecting the bathymetry from
approximately a century ago. Comparison with the current salinity model revealed
significantly lower salinity levels (15 to 30%) in upstream regions for both pre-Willingdon
scenarios. Six additional scenarios with varying dredging depths and patterns were

analysed to understand their effect on flow patterns and salinity structure.

Looking forward, this research lays the groundwork for further investigations in estuarine
hydrodynamics, offering a robust methodological framework applicable to other systems.
The integration of 3D modelling, LCS analysis, and particle simulations provides a
comprehensive approach to understanding estuarine hydrodynamics. This has implications
for contaminant fate, sediment management, and sustainable coastal development. The
research not only advances our understanding of the Vembanad Estuary but also serves as a

template for comprehensive studies of estuarine systems worldwide.
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€ . Dissipation term (Reynolds stress equation).

Dj Turbulent diffusion term.

k : Turbulent kinetic energy.

€ > Dissipation rate of turbulent kinetic energy.

Py :  Production of turbulent kinetic energy.

Oy, O¢ : Model constants (k-& model).

Ce1, Cey > Model constants (k-& model).
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1 : Turbulent length scale.

cn . Model constant (GLS model).

p, m, n : Exponents in GLS model definition.

s Cy Constants in stability functions.

bw :  Fluctuating buoyancy flux.

B : Mean buoyancy.

Vy : \Vertical eddy viscosity.

Vi > Full 3D turbulent viscosity tensor.

Kk . Roughness height.
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Drag coefficient due to current.
Slope of the stream.

Threshold current velocity.

Bed roughness length.
Water depth (2D) or bottom cell thickness (3D)
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