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Abstract

Mangrove forests are one of the most prominent vegetated coastal habits in
tropical and subtropical areas. These wetland ecosystems typically inhabit
estuaries and tidally influenced river banks. The presence of trees helps to
protect coastal regions through the dissipation of tidal currents and wave en-
ergy, forming an essential barrier against coastal erosion. River plumes are the
primary mechanism of sediment delivery to these vegetated coastlines. As the
buoyant freshwater merges with saline ocean waters, horizontal advection of
the freshwater establishes the shape of the river plume and influences the dis-
tribution of sediments along the coast. In this thesis, I investigate the principal
dynamics associated with the interaction of buoyant river plumes with vegeta-
tion. In particular, we investigate the interplay between mangrove vegetation,
hydrodynamics, and sediment dynamics, specifically: (1) the principal drivers
of sediment deposition within a mangrove-lined river delta, (2) the influence of
river forcing and winds on the sediment transport, and (3) sediment dynamics

of two adjacent and interacting coastal river plumes.

Understanding the hydro-morphodynamics of a river plume in a
mangrove environment

We developed a 3-D idealized Delft3D morphological model to explore the
effects of vegetation on the river plumes and associated sediment transport
patterns. Using an idealized model based on the Firth of Thames (FoT) man-
grove forest located on the North Island of Aotearoa-New Zealand, we observed
that, while sediment deposition occurred in the forest and tidal flats region of

the model domain, the fringe region (between the vegetation and mudflat) ex-
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perienced erosion. Compared to the eastern side, sediment deposition in the
western side of the model domain was more prominent owing to the influence
of Coriolis (Southern hemisphere). By examining the momentum balances on
the surface and bottom layers in different regions of the river plume, we found
that the principal balance between the bottom shear stress (enhanced by the
presence of vegetation) and baroclinic pressure gradient largely controlled the
sediment deposition in the riverine sections of the domain. Additionally, we
found that vertical advection and diffusion during flood tide enhanced erosion
in the fringe region of the mangrove forest. The advection of suspended sedi-
ment into the forest was controlled by factors including longer duration of high
water slack at the forest fringe region, pressure gradients, and inertial accel-
eration. In the near-field region (close to the river mouth) of the river plume,
during ebb tide, the barotropic and baroclinic pressure gradients coupled with
Coriolis accelerations deliver sediments into the forest and mudflat regions. In
the mid-field regions of the river plume, the magnitude of changes in the bed
elevation was smaller due to larger Coriolis acceleration which arrested the
spreading of the river plume. Furthermore, the far-field region (away from the
river mouth) of the river plume experienced erosion due to more substantial
tidal influence. Conversely, in the shallow forested regions, reduced movement

of sediment in the offshore direction leads to an overall flood dominance.

Linking sediment transport within river plumes to varying river
flows and winds

Subsequent modeling experiments were carried out to investigate how the forc-
ing factors of riverine discharge and wind velocities influence sediment trans-
port within an idealized moderate-sized freshwater river plume. We assessed
total sediment transport along with the relative contributions of riverine and
bed-sourced sediment into a mangrove forest. Instantaneous and tidally aver-
aged sediment fluxes were evaluated to investigate the critical linkages between

the riverine flows, tidal influence, and winds in the presence of vegetation. In



the near-field region of the river plume, riverine and bed-sourced sediment were
dominant and found to be directed into the forest, indicative of an accretionary
environment. In the mid- and far-field regions of the river plume, bed-sourced
sediment was found to be the dominant contributor to total sediment trans-
port and was directed out of the forest, indicative of sediment erosion. While
the mass loads (directed into the mangrove forest) increased with an increase
in riverine discharge, mass loads were relatively similar for large flow events.
The river sediment delivered into the mangrove-forested regions was found to
push into and through the forest front for large river discharges. The pres-

ence of 5m.s™!

wind velocities could alter the sediment deposition patterns
in the mid- and far-field regions of the river plume. Despite the significant
river momentum, strong winds (10 m.s™!) were also able to alter the sediment
transport in the near-field region of the river plume. Moreover, results showed
that in the far-field region of the river plume, strong winds combined with the
effects of riverine discharge, Coriolis, and bed-shear stress affected the overall
mass movement of sediment. In the case of easterly winds, a combination of
tidal effects and wind stress controlled the sediment deposition into the forest.

In the case of westerly winds, as the plume was pushed away from the forest,

tidal effects controlled the total sediment transport.

Understanding the effects of coalescing buoyant river plumes on sed-
iment transport

We investigated how the interaction between plumes from two mangrove-lined
rivers in close proximity affected coastal sediment transport patterns. In par-
ticular, I examined the links between the river plume coalescence and the trap-
ping of sediment by mangroves, using an idealized 3-dimensional numerical.
Sediment fluxes and relative contributions of riverine- and bed-sourced sedi-
ments were quantified along the western, central (located between the rivers),
and eastern mangrove forests. The two river plumes coalesced into a single

river plume that flowed along the edge of the central mangrove forest. As the
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river plumes were deflected to the left by Coriolis (Southern hemisphere), the
total sediment fluxes were largest for the central and the western forest, with
only modest sediment deposition along the eastern mangrove forest. Also,
modeled transport fluxes along the central mangrove forest were the largest
close to the rivers, consistent with the satellite imagery of the FoT field site.
Flow variations through either river resulted in changes to the sediment trans-
port patterns into the mangrove forests. In particular, an increase in flow
discharge through the western river resulted in reduced contributions of the
eastern river towards the total sediment transport fluxes. Conversely, an in-
crease in flow discharge through the eastern river inhibited the contribution
of western river-associated sediment towards the total sediment transport flux
through the central, eastern, and western mangrove forests. Furthermore, this

! wind velocities altered the expansion, coalescence,

study revealed that 5m.s™
and overall sediment transport fluxes of the river plumes. The total sediment
fluxes through the central and western mangrove forests were greatest for east-
erly winds. However, the total transport into the eastern mangrove forest was

largest for the southerly winds, as the bulge of the eastern river plume was

pushed into mangrove forests.

These modeling experiments help elucidate the interaction of river plumes with
mangrove vegetation. The work presented in this thesis highlights the com-
plex non-linear interactions of hydro-morphodynamics, sediment transport,
the effects of river flows and winds within mangrove environments, and the
fate of riverine sediments in the bay of the Firth of Thames. Finally, the re-
sults presented here provide insights into the sediment trapping capabilities
of mangroves under variable conditions and thus may help to predict their
ability to function as a coastal defense mechanism under future sea-level rise

and sediment supply scenarios.
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Chapter 1

Introduction

Waihou river meeting mangrove vegetation in the Firth of Thames
(Source: New Zealand Geographic)



1.1 Background and introduction

Freshwater systems such as rivers are interdependent with the landscapes they
are a part of and play an essential role in shaping the development of human
civilizations (Everard and Powell, 2002). Over the globe, approximately one-
third of land precipitation is transported into the ocean via rivers (Trenberth
et al., 2007). Due to high nutrient input, rivers form biologically produc-
tive systems by shaping the adjacent shelves into essential fishing grounds.
However, river systems worldwide are compromised due to external pressures
such as the human population and the patterns of human influence on the cli-
mate (Walling, 2006). As regions of river interactions with oceans are highly
dynamic and involve complex mixing and transport processes, understand-
ing these interactions is pivotal for maintaining coastal ecosystems and their
resources. The fundamental driver of continental sedimentation is the trans-
port of sediments from rivers to the ocean, which has consequences for land
use planning, carbon burial, and unraveling global climate change (Nittrouer,
1999; Paola, 2000). River mouths form a critical source-to-sink transfer zone
where fluvial sediment is transported offshore. Previous studies such as Bates
(1953) and Rajaratnam (1976) have found that the boundary conditions at a
river’s mouth significantly impact the fluid dynamics and sedimentation pat-
terns of river plumes far offshore. Frontal zones trap sediment in estuaries
and on the inner shelf, leading to significantly larger sediment concentrations
relative to the riverine source. At large concentrations, the sediment density
anomaly aids in vertical flow stability and, in many cases, improves the ca-
pacity of the frontal zone to capture particles (Geyer et al., 2001). It has also
been proposed that, as rivers remain in a perpetual state of morphodynamic
adjustment (Chatanantavet and Lamb, 2014), it is essential to consider river
plumes under various flow outputs to understand the fluvio-deltaic morpho-

dynamics.



Aquatic vegetation often thrives at the land-sea interface, forming essential
habitats for fish and animal species and contributing to biodiversity. One such
vegetative environment is salt-tolerant mangroves, which have a wide range of
uses for humans, such as providing raw building materials, sources of medicine,
and food for local communities (Saenger, 2002). Furthermore, by creating a
buffer zone along coastlines, mangroves also serve as filters to terrestrial runoff
by reducing the amount of material and chemical waste that would otherwise
end up in the coastal ocean (Temmerman et al., 2013), stabilizing sediments to
prevent erosion (Mazda et al., 2005), and protecting communities from coastal

hazards (Lin and Dushoff, 2004).

Mangrove forests are mainly found in lower latitude temperate, tropical,
and subtropical regions of the world (between 30°N and 30°S) limited by a sea-
water isotherm of 20°C. Across the world, mangrove forests account for 0.7%
of tropical forests in the area (~ 1.3 x 10° km? in 118 countries), with the
largest extents in Asia covering nearly 42% (Giri et al., 2011). Studies such as
Richards and Friess (2016) previously used high-resolution datasets to provide
information on the mangrove loss in South East Asia, attributing the decline to
anthropogenic land conversion and aquaculture. It is thought that nearly 35%
of the world’s mangrove coverage was lost between 1980 - 2000 (Valiela et al.,
2001). Mangrove forest degradation is primarily a result of coastal regions be-
ing converted to agriculture, aquaculture, and urban expansion (Alongi, 2002;
Giri et al., 2008). As a result, mangrove vegetation worldwide has been in a
steep decline (1% - 2% per year) owing to human pressures such as urban-
ization and industrial developments along the coastal regions (Duke et al.,
2007). Climate change directly affects mangroves’ structure and function by
impacting the physical, chemical, biological, and geomorphological features of

the ecosystem (Gilman et al., 2008).

A direct consequence of climate change on mangrove ecosystems is the ris-



ing sea levels. Within mangrove environments, the relative sea level change
is more influential than the absolute sea-level rise (Woodroffe, 1990). Man-
grove forest development and zonation are influenced by long-term changes in
net surface elevation caused by the interplay of surface and sub-surface pro-
cesses (Fagherazzi et al., 2017). Subsurface processes, such as mangrove root
development and decomposition, can be the primary regulator of mangrove
sediment surface elevation (Saintilan et al., 2022) and, by extension, local-
scale changes in relative sea-level rise (SLR) within a given mangrove site in
specific areas and situations. The current and projected SLR rates are likely
to significantly influence mangrove forests, raising concerns that wetlands are
prone to drowning and coastal squeeze (Phan et al., 2015). These long-term
processes influence the short-term processes by changing the bio-geomorphic
landscape, which in turn influences the inundation period, sediment supply,
and sediment transport capability of mangroves (Mclvor et al., 2013). The
morphology in mangrove environments is controlled by non-linear feedbacks
between the hydrodynamics and sediment transport, with sediment transport
and deposition patterns (Mullarney and Henderson, 2018). The study of these
non-linear feedbacks between tides, vegetation, river flow, and sediment sup-

ply, along with the morphology, forms the central theme of this thesis.

One of the principal governing mechanisms through which the shape and
extent of a river plume are the river discharge and the geometry of the river
mouth (Hetland, 2010). Discharge in a river system can vary by at least
one order of magnitude seasonally (Allison et al., 2014). For instance, in the
case of small plume systems such as the River Teign (located in England,
average annual discharge of nearly 5m3.s7!), the plume, which extends a few
hundred meters, disappears after each ebb tide and forms a new one after
each tide (Pritchard and Huntley, 2006). However, large river systems such
as the Columbia river (Hickey et al., 1998) form a buoyant layer near the

river mouth, creating a spatially and temporally complex region and a strong



gravity current propagating seaward during each ebb tide. In the case of very
large river plume systems such as the Mississippi river, which has an annual

! the freshwater discharge forms a

average discharge of nearly 30,000 m3.s~
persistent plume near the river mouth with very little influence by the tides

(Zhang et al., 2012).

1.2 River plume dynamics

A typical river plume system can be classified into three distinct dynamic
regions as shown in Figure 1.1: (1) Near-field region, (2) Mid-field region, and
(3) Far-field region.

Near-field region When river water enters a coastal water body, a
plume is formed with dynamics controlled by the strong offshore momentum
at the river mouth. This jet-like region, termed the near-field region of the
plume, is a region of intense mixing and significant changes in densities caused
by the horizontal barotropic and baroclinic pressure gradients (Jones et al.,
2007). The presence of barotropic and baroclinic pressure gradients, interfa-
cial stresses, and accelerations dominate momentum in the near-field region of
the river plume, with minimal to the modest influence of wind stress, Earth’s
rotation, and ambient shelf conditions (McCabe et al., 2009). With the pres-
ence of high energy in the near-field zone, the shear-mixing of the region is
enhanced and leads to entrainment of the high-density ambient waters into the
buoyant river plume. The lateral spreading of the river plume is sensitive to
the tidal discharge and is often characterized by the outflow Froude number

(Horner-Devine et al., 2009; Kilcher et al., 2012).

Mid-field region The plume volume increases as it spreads due to the
entrainment of the ambient water. The resulting deceleration of the plume
leads to sub-critical conditions, and the plume forms a re-circulating bulge (due

to Earth’s rotation). This bulge region, termed the mid-field region, forms the



transition zone between the near-field and far-field region of the river plume
and is highly sensitive to external factors such as the wind. The presence of
Coriolis renders a two-part structure in the mid-field region of the river plume,
wherein the river plume forms an anti-cyclonic bulge near the river mouth and
a coastal current propagating downstream. Notable examples of such a bulge
circulation include the Pearl River plume (e.g Chen et al., 2017), Columbia
River plume (e.g Kilcher and Nash, 2010), and Mississippi River plumes (e.g.
Schiller et al., 2011). Within the mid-field region, the effect of wind becomes
important in response to longer time-scale Ekman dynamics (Horner-Devine,

2009).

Far-field region Farther in the downstream direction, the river plume
enters the far-field region, in which the plume transport is primarily alongshore
(Horner-Devine et al., 2015), and the dynamics become controlled by external
factors such as winds (e.g. Choi and Wilkin, 2007), tides (e.g. Wu et al., 2011),
Coriolis (e.g. Kasai et al., 2000), and slope of the shelf (e.g. Avicola and Hug,
2002).

Multiple previous studies have explored the influence of external forces on
river plume dynamics. For example, Chao and Boicourt (1986) investigated
the effects of bathymetry and wind on plume circulation. Using a model con-
sisting of an estuary and shelf, they found that the response of a plume highly
depends on the wind direction, in that upwelling-favorable winds parallel to
the coast would result in plume transport towards the direction of the Ekman
drift. Alternatively, a downwelling favorable wind would enhance the plume
transport in the alongshore direction due to the build-up of a downwind coastal
jet. Mixing within the mid- and far-field regions of the river plume is primar-
ily driven by enhanced mixing of plume waters from the surface to depth due
to external effects such as winds. Using dye release experiments in the far-

field region, Houghton et al. (2004) showed that wind stress, while acting over
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Figure 1.1: Conceptual model showing the dynamical regions of an idealized
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river plume in the Southern Hemisphere. Figure modified from Horner-Devine
et al. (2015).

large spatial scales, produces lower dissipation rates of turbulent kinetic energy
(TKE) in the far-field regions in comparison to the strongly energetic regions
such as the near-field region or the plume front. Tides play a crucial role in the
mixing processes within a river plume. In particular, tides can alter the frontal
propagation speeds and direction, thus modifying frontal mixing (Rijnsburger

et al., 2018).

Within estuaries, tidal influence is governed by factors such as estuarine
morphology, tide range, water and sediment discharge, winds, and shelf pro-
cesses, resulting in tide-dominated and river-dominated estuaries. In the case
of tide-dominant estuaries, tidal currents play a dominant role in controlling
the fate of riverine sediment: Marine water extends farther upstream, often
resulting in the formation of subaqueous flood deltas (Wells, 1995). The in-
teraction between tides and the river flow results in the upstream transport of

bedload sediment and inhibition of density-driven circulation. Alternatively,



when the river discharge becomes sufficiently large, the tidal effects become
negligible, resulting in a transition to river-dominant estuaries, wherein the
flow becomes unidirectional. This unidirectional flow during ebb tides aids in
establishing seaward-directed Eulerian residual currents at the river mouth,

often amplifying tidal velocities (Leonardi et al., 2015).

1.3 Hydrodynamics and sediment transport
within mangrove environments

Flow within mangrove environments is influenced at different scales by the
drag induced by the vegetation. Mangrove environments typically constitute
wide intertidal zones, terrestrial at low tides, and aquatic at high tides, wherein
the ecological processes interact with hydrodynamic and morphodynamic pro-
cesses. In mangrove forests, the vegetative drag slows the ebb tide and im-
proves channel flow via creeks (Mazda et al., 1995; Wolanski et al., 1980).
Due to these tidal asymmetries, sediment is imported into the mangrove forest
(Wolanski et al., 1980). In contrast, due to the delayed discharge of water
from the hydraulically rough vegetated regions, flow inside channels within
forests is frequently ebb-dominant (Mazda et al., 2007). These channels allow
for substantial exchange of materials between the forest and the ocean and are

maintained through self-scouring (Wolanski et al., 1980).

Within mangrove vegetation, flow routing is controlled by the balance of
drag forces, turbulence generated by the vegetated drag, bottom friction, and
wind stress (Mazda and Wolanski, 2009). However, due to negligible bot-
tom friction (compared to vegetative drag; Nepf 1999) and inhibition of wind
stress due to mangrove trees (Mazda et al., 2005) flow routing in mangroves is
predominantly dependent on the force balance between the drag force and veg-
etation density. Patterns of flow rotation have been observed in field studies

(e.g. Mullarney et al., 2017) and numerical experiments (e.g. Horstman et al.,



2015). In forests with incised creeks, due to the difference in friction between
un-vegetated and vegetated areas, two varying flow regimes arise (Horstman
et al., 2013). “Creek flow,” characterized by strong currents in the creeks,
and little exchange across the forest occurs during times of low water. The
alternative regime called “sheet flow,” allows direct exchange with the forest
and only occurs when the water level rises above the threshold depth. Fur-
thermore, mangroves can be effective buffers against storm surges and coastal
flooding (associated with tsunamis) by dissipating tidal currents and waves
through the vegetative drag generated within the aerial roots and canopy sys-

tems (Temmerman et al., 2023).

Previous studies (e.g. Masse and Murthy, 1992) have established that man-
groves play an essential role in the dissipation of wind and swell waves and
the protection of coasts against storm surges (Zhang et al., 2012). The wa-
ter depth, which depends on bathymetry and tidal stage, the incident wave
height, and vegetation features (density, size, and spatial distribution) are all
known to impact wave attenuation in mangroves (Mclvor et al., 2012). Wave
dissipation is most significant at water depths below the bottom root or above
the upper leaf canopies of mangrove trees (e.g. Mazda et al., 2006; Brinkman
et al., 1997) and diminishes for intermediate water depths due to fewer obsta-

cles causing drag.

Sediment dynamics in mangrove environments have been studied previ-
ously using field studies (e.g. Norris et al., 2019), numerical modeling studies
(e.g. Horstman et al., 2015) and laboratory studies (e.g. Nepf, 2012a). Sus-
pended terrigenous material is delivered into mangrove forests by rivers (Thom,
1967), the combined action of tides and waves (Ellison, 2009) or by storm or
tsunami occurrences (Bouma et al., 2014). Over time, accretion occurs in man-
grove forests when the deposition rate exceeds the erosion rate. Conversely,

in a mangrove environment, erosion occurs when the hydrodynamic forces of
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tidal currents and waves exceed the shear stress of the substrate. Nepf and
Vivoni (2000), in their experimental study in open channel flumes, established
two flow regions within a canopy. Firstly, an upper zone where turbulence
exchange is the dominant contributor to the momentum is termed “vertical
exchange zone,” and a lower zone where the longitudinal advection is pre-
dominant is termed “longitudinal exchange zone.” They further substantiated
that factors such as canopy morphology, density, and flexibility determine the
vertical extent of these zones. Mangrove sedimentation is also aided by floccu-
lation/deflocculation processes and by the creation of turbulence in the wake
of mangrove roots (Furukawa and Wolanski, 1996). Within sufficiently thick
vegetation, wake turbulence can generate eddies and stagnation zones that aid

in the capture of suspended sediments.

dense pneumatophores sparse pneumatophores
| |

low near-bed turbulence high near-bed turbulence
strong canopy shear layer weak canopy shear layer

wave
dissipation
flow
dissipation

Figure 1.2: Schematic representing physical processes and biophysical interac-

tions within a typical mangrove forest. Figure from Horstman et al. (2018).

At the various temporal and spatial scales, hydrodynamic and morpho-
dynamic processes are interlinked within a mangrove environment (Bullock
et al., 2017). Over time long-term processes in mangroves feed back into the
short-term processes by altering the biogeomorphic landscape that affects the
mangroves’ inundation time, sediment supply, and sediment transport capac-

ity (Mclvor et al., 2013). Small-scale processes within mangroves, particularly
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occurring in the transition zones between the forest and the tidal flats, may in-
fluence the sediment erosion/deposition balance (Figure 1.2), thereby playing
a crucial role in the overall morphological evolution of the forest (Mullarney
et al., 2017). In particular, attenuation of hydrodynamic forces and small-scale
interactions between the water and vegetation elements can create a suitable
environment for sediment deposition within the forest, as illustrated in Figure
1.2. In other cases however, the presence of vegetation aids in the generation
of wake turbulence at small length scales, which corresponds to the width and
the spacing between the obstacles to the flow, thereby leading to resuspension

and local scour (Mullarney et al., 2017).

The previous sections have outlined studies concerning the large-scale mor-
phological processes in mangrove environments and sediment dynamics within
a river plume system; however, the underlying complex interactions between

river plumes and mangroves are relatively understudied.

1.4 Research questions

The overarching aim of this thesis is to examine how the interplay between tidal
processes, river flows, and winds influences the sediment transport patterns
resulting from a mangrove-lined river debouching into a coastal bay. 1 will

answer the following research questions:

e How does the presence of vegetation affect river plume dynamics and
associated sediment transport patterns within a mangrove environment?
Specifically, what principal momentum contributors influence sediment

transport within the forest, fringe, and the tidal flat of a mangrove forest?

e How does the change in freshwater discharge and the presence of winds

influence these sediment transport patterns?

e How does the presence and coalescence of multiple nearby river plumes
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alter the sediment transport and deposition patterns within a coastal

mangrove environment?

1.4.1 Approach used in this thesis

To answer the aforementioned research questions and to understand the un-
derlying hydro-morphodynamics of river plume interactions with mangrove
vegetation, we used a numerical model, which was a highly idealized version of
a real system (the Firth of Thames in New Zealand), yet nonetheless retained
sufficient complexity to replicate key elements of the system adequately. This
reductive approach allows for easier comprehension of the underlying dynamics
of a complex heterogeneous environment and provides enhanced computational

efficiency. For this thesis, an idealized numerical model was created in Delft3D.

1.4.2 The Firth of Thames

Of all the 73 countries in the world with the presence of mangroves (Giri et al.,
2008), New Zealand sits at the southernmost extent. The monospecific man-
groves in New Zealand are Avicennia marina. In contrast to the global trends,
mangroves in New Zealand have expanded substantially over the past 60 years
(Figure 1.3b) due to sediment input associated with deforestation and land-use

changes (Horstman et al., 2018).

One of the principal sites of mangrove habitat in New Zealand that has
been experienced particularly rapid growth is the Firth of Thames, located on
the east coast of the North Island (S37°12" E175°30") of New Zealand (Figure
1.3). Bounded by the Coromandel and Hunia Ranges to the east and west, re-
spectively, the Firth of Thames estuarine embayment occupies the Hauraki De-
pression (Swales et al., 2007). Historical aerial photography has revealed that
the Firth of Thames was a sandy tidal flat in the 1950s with some mangroves
solely at river mouths; however, by 2007, mangroves comprised of Avicennia

marina occupied a ~ 800 m wide zone on an upper-intertidal platform (Love-
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Figure 1.3: Inset (a) shows the map of New Zealand and the location of the
Firth of Thames (thick black box). Panel (b) displays the broader Firth of
Thames field site and the location of the Waihou and Piako rivers. Panel (c)
shows the progradation of the mangrove forest based on the Landsat imagery
(1971 - thick purple line, 2011 - thick orange line, and 2021 - thick black
line) obtained from the U.S. Geological survey. Panel (d) displays LiDAR
measurements of the Firth of Thames with elevation data. Green arrows in

Panel (¢) show the direction of mangrove expansion.

lock et al., 2010). The Firth of Thames has a shelf-slope bathymetry wherein

the southern region shoals southwards from 10 m water depth to broad mud-
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flats (Naish, 1990).

The Firth of Thames has a temperate climate with monthly mean air tem-
perature ranging from 10.3°C in July to 19.8°C in February. The mean an-
nual rainfall in the Firth of Thames recorded by the New Zealand Meteo-
rological Service is 1211 mm, and mean monthly rainfall varies from 73 mm
(January) to 145mm (July). The two largest rivers, Waihou and Piako,
enter the Firth of Thames from the south and deliver combined freshwater
runoff from ~ 3600km? of catchment. The eastern Waihou river delivers
nearly 160,000t.yr~!, and the centrally located Piako river delivers nearly
30,000 t.yr~! of suspended sediment into the Firth of Thames (Hicks et al.,
2011). The tidal influence on the Waihou River is extensive, with tides during
low flow conditions typically affecting the river level as far as Te Aroha mon-
itoring station of the Waikato Regional Council located ~ 8 km upstream of
the river mouth (Webster, 1995). The mean flow for the Waihou River at Te

Aroha ranges from 25.7m3.s7! to 91.8 m*.s7! (Hill, 2011).

The Firth of Thames is mesotidal with average spring and neap tidal
ranges of 2.9m, and 2.2m, respectively. Throughout the Hauraki Gulf, the
tide is characterized as a standing wave wherein the high tide occurs nearly
simultaneously throughout the region with a weak residual circulation (Bow-
man and Chiswell, 1982). Tidal-current speeds are < 0.3m.s~! on an average
tide. Within the Firth of Thames, northwesterly (35.8%), westerly (24.7%),
and northerly (18.5%) winds constitute the dominant wind directions (Naish,
1990). A wind rose recorded by the Firth of Thames weather station for the

years 2019-2020 is show in the Figure 1.4c.

The presence of southerly and westerly winds produces a large-scale anti-
clockwise circulation that can trap the river-borne suspended sediments within

the southern Firth of Thames (Healy, 2002), while northerly and westerly
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winds generate a clockwise residual circulation of currents. In the central re-
gion of the Firth of Thames, predominant northwesterly and northerly wind
directions generate small and short-period waves with mean significant wave
heights of 0.41 m and a maximum average wave period of 8.6s (Swales et al.,

2007).

Mangrove habitat in the Firth of Thames currently and occupies a ~
800 m wide forest with a mean high water spring tide (MHWS) elevation of
1.6 m above the mean sea level (MSL). The characteristics of mangroves vary
throughout the forest. In particular, trees are characterized by open spreading
forms along the forest fringe. The forest trees tend to have straight vertical
trucks with heights ranging from 0.5m and 3.5m. Pneumatophores in the
region emerge up to 25cm in height from the bed and are nearly 1cm in di-
ameter (Horstman et al., 2018). Due to elevation with respect to tides, the
hydroperiod on the mangrove forest is less than 3% yearly (Swales et al., 2015).
However, owing to a small tidal prism, tidal creeks are not developed within

the forest (Montgomery et al., 2018).

Within mangrove environments, sediment transport and deposition pat-
terns contribute towards the vertical accretion of intertidal mudflats, which
acts as a precursor to mangrove seedling establishment. This seedling estab-
lishment also helps further spread the forest (Roskoden et al., 2020). To effi-
ciently manage these ecosystems, an understanding of key processes controlling
hydrodynamics, sediment transport and deposition patterns, and morphody-

namics is of key importance.

1.4.3 Thesis outline

This thesis consists of three major scientific chapters, which form the main
body and are focused on the idealized numerical simulations with cohesive

sediments. Each chapter in this thesis was intended as a stand-alone document
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for submission to a peer-reviewed journal.

e In Chapter 2 of this thesis, I examine the interactions between mangrove
vegetation and a single river plume system using an idealized numer-
ical model. The 3-dimensional morphological model was developed in
Delft3D and was designed as an idealized version of the Firth of Thames
mangrove forest in the North Island of New Zealand. This study exam-
ined river plume dynamics and how the associated sediment transport
patterns change due to the presence of mangrove vegetation. This work
was published in Continental Shelf Research in 2021, with me as the first

author.

e In Chapter 3, I explore the influence of forcing factors of river discharge
and winds on the dynamics of the river plume along with the resultant
sediment deposition patterns in a mangrove environment. The numerical
model grid was the same as in Chapter 2 under different forcing regimes.
The model scenarios were chosen based on the climatic data recorded for
the Firth of Thames averaged over a year. For each numerical simula-
tion, total, riverine, and bed-sourced sediment fluxes along the edge of
the mangrove forest were evaluated and compared. This work has been

submitted to Estuaries and Coasts, with me as the first author.

e In Chapter 4, the links are explored between the coalescence of two
nearby river plumes and the corresponding sediment transport patterns
in a mangrove environment. The idealized numerical model used in
Chapters 2 and 3 was modified to include an additional river, and sedi-
ment transport fluxes along the edges of three mangrove forests (central,
western, and eastern) were analyzed. Additionally, the influence of wind
on plume coalescence and the consequences to sediment transport were

investigated. This work has been submitted to FEstuarine, Coastal and
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Shelf Science, with me as the first author.

Chapter 5 summarizes the main findings of this thesis and ends with sugges-

tions for future work.






Chapter 2

The interaction of buoyant
coastal river plumes with
mangrove vegetation and
consequences for sediment
deposition and erosion in a tidal

environment
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Contribution of authors

Chapter 2 duplicates a paper of the title “The interactions of the buoyant
river plumes with vegetation and consequences for sediment transport in a
mangrove environment” by Hemanth Vundavilli, Julia C. Mullarney, lain T.
MacDonald, and Karin R. Bryan, which was published in Continental Shelf
Research in 2021. The majority of text and figures are identical to the pub-
lished version with the exception of the relabeling of figures, tables, equation
numbers, and a few changes as suggested by the examiners of this thesis.
Along with development of the idealized numerical model using Delft3D, I
wrote MATLAB scripts to process and analyze the model data. Along with
the preparation of initial and subsequent drafts, I prepared all the figures for
this manuscript. My co-authors, Julia C. Mullarney, Tain T. MacDonald, and
Karin R. Bryan edited my drafts along with providing helpful comments, di-

rection, and editorial help responding to reviewers’ comments.



Abstract

To identify the drivers of sediment deposition within a mangrove-lined river
delta, we developed a three-dimensional numerical model in an idealized do-
main. Our model system is based on the Firth of Thames, a modern flat-
fronted, bay-head deltaic system, in the Hauraki Gulf, in the North Island
of New Zealand. The interactions of the buoyant river plume with man-
groves are examined, including sediment deposition and erosion patterns. The
morphological study presented here is restricted to cohesive sediments, whose
patterns are observed after 4 months of morphological evolution. For the
non-vegetated case, represented by a spatially uniform roughness, sediment
deposited throughout the central model domain with a formation of a cuspate
delta at the river mouth. However, in the vegetated case (with vegetated ar-
eas represented by an enhanced and spatially varying roughness coefficient),
sediment deposition occurred in the regions of forests and flats, whereas the
fringe areas experienced erosion. The sediment deposition patterns along cross-
sections were qualitatively consistent with field observations from the Firth of
Thames. Analysis of the across-transect and along-transect momentum bal-
ances demonstrates that the predominant balance between the bottom shear
stress and baroclinic pressure gradient largely controls the sediment deposi-
tion in the riverine sections of the domain. However, close to the center of the
plume, vertical advection promotes suspension of the sediments in the fringe

region during the flood tide.
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2.1 Introduction

Freshwater river systems are the primary mechanism of transporting sediments
to the coast. Understanding the transport and deposition of this sediment is
essential for predicting the morphological evolution of coastal regions. As the
buoyant freshwater merges with deeper and saline ocean waters, the horizon-
tal advection of the freshwater establishes the shape and characteristics of the
river plume, and thus also influences the distribution of sediments (both sus-

pended and bed sediments) along the coast.

Field observations, laboratory flume experiments, and numerical models
have been used to investigate the effects of the external influence of wind
stresses, tidal forcing, storms, and discharges on plume dynamics. Numerical
models have been shown to accurately reproduce observations from large river
systems such as the Eel, Delaware, and Amazon Rivers (Pullen and Allen,
2000; Whitney and Garvine, 2006; Nikiema et al., 2007, respectively). Other
studies (Chao and Boicourt, 1986; Fong and Geyer, 2001; Garcia Berdeal et al.,
2002; Hetland, 2005) used idealized numerical simulations formulated with sin-
gle river inputs and straight coastlines to investigate how river plumes respond
to wind stresses. The processes that control the dynamics of the downstream
expansion of plumes are found to be: (1) buoyancy forces; (2) mixing due to
turbulence and bottom friction; and (3) a balance between the Coriolis accel-

eration and the across-shore pressure gradient (Ikeda, 1984).

Within aquatic environments, the interaction of flows with vegetation sub-
stantially modifies the velocity fields and circulation patterns (e.g. Nepf, 2012a;
Mullarney and Henderson, 2018). The additional drag due to vegetation slows
flows and creates small-scale turbulent eddies shown in laboratory experiments
(Kothyari et al., 2009; Lee et al., 2004), numerical studies (Hickey et al., 2010;

Yang and Choi, 2010; Léopez and Garcia, 2001) and field observations (Norris



24

et al., 2017, 2019). Studies in mangrove environments (Wolanski et al., 1992;
Iftekhar and Takama, 2008) have concluded that the flow resistance due to
vegetative drag can be parameterized by a drag coefficient which in turn de-
pends on the Reynolds number R, and with vegetation width. Multiple studies
have explored bulk parameterizations for the drag coefficient (e.g. Furukawa
and Wolanski, 1996; Wolanski et al., 1980; Mazda et al., 1997; Suzuki et al.,

2012) with forces quantified as

Vegetative Drag

1 2
= _ 2.1
Volume 2pC’DaU ’ (21)

where p is the density of water, a is the canopy frontal area density (in m™'), U
is an average velocity, and Cp is the vegetation drag coefficient (Mazda et al.,

1997).

The modification in drag induced vegetation has been shown to alter the
sediment transport and deposition patterns (Nepf, 2012b). In a small-scale
laboratory study, Zong and Nepf (2010) identified three zones of deposition.
The first zone occurs as the flow diverges at the leading edge of the vegetation,
where there is a rapid decrease in flow speeds and the associated increase in
the deposition in the streamwise direction. The second zone is associated with
the near-uniform velocity within the vegetation, suspended sediment load, and
deposition rate gradually decrease in the streamwise direction. Along the sides
of the vegetation, a shear layer characterized by high turbulence restricts de-

position.

At fresh and saltwater transition zones, waves, tides, and winds play a
significant role in controlling sediment accumulation patterns inside the vege-
tative environments (Zhou et al., 2016; Talke and Stacey, 2008; Carniello et al.,
2011). The role of asymmetric tidal cycles and the implications for the trans-
port of sediment has been studied extensively (Postma, 1967; Boothroyd and
Hubbard, 1975; Boon III and Byrne, 1981; Pethick, 1994; Wang et al., 2002;



25

Fortunato and Oliveira, 2005; Brown and Davies, 2010). Tidal asymmetry can
influence sediment transport by creating an imbalance in the maximum flow
speeds, thereby causing either flood dominance or ebb dominance (Friedrichs,
2011). Regions with faster flood velocities (flood dominant) lead to sediment
import and deposition, and conversely, regions with faster ebb velocities (ebb
dominant) move the sediment seaward (Speer et al., 1991). However, net sedi-
ment transport in the case of inter-tidal regions with minimal spatial variations
of velocity or stresses over a tidal cycle occurs in response to time-dependent

asymmetries (Friedrichs and Aubrey, 1988; van Maanen et al., 2013).

Dronkers (1986) established that sediment transport patterns, particularly
the potential directions of fine suspended sediments (small grain sizes), can be
evaluated using the slack tide duration. The longer slack water lasts at high
tide; the more time is available for fine sediments to settle from suspension.
The presence of decreased tidal range and shorter duration of high water on
the tidal flats results in net seaward sediment transport (increased erosion),
thereby favoring a concave-up tidal flat profile. In contrast, in regions with
increased tidal range and longer duration high water periods, net shoreward
transport occurs (increased deposition) and favors a convex-up tidal flat profile

(Friedrichs, 2011).

Sediment transport dependencies on tidal asymmetry change with sediment
grain sizes. In particular, while local asymmetries in maximum velocities af-
fect the coarser sediments, fine sediments are dependent on the duration of
slack tides (Friedrichs, 2011; Hunt et al., 2016). Slack tidal asymmetry as-
sumes that sediment suspension and transport increase with the magnitude of
bed shear stress above the critical stress (7.). Longer slack water durations
around high tide compared to low tides favor landward sediment transport as
the time required for sediment to settle after the flood is increased and vice-

versa (Dronkers, 1986).
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While the above studies have helped understand the dynamics of flow in
vegetated regions and the dynamics of buoyant river plumes in isolation, the
interactions of buoyant plumes with vegetation are still relatively less explored.
The aim of this study is not to provide a comprehensive review of sediment
transport dependencies on various physical parameters as provided in previous
literature (e.g., Fong and Geyer, 2002; Schiller et al., 2011; Kourafalou et al.,
1996; Garvine and Monk, 1974), but instead to examine how plume dynamics
and associated sediment transport differ between cases with a spatially varying

(vegetated) and uniform (non-vegetated) bottom roughness.

The model we present here is designed as an idealized version of the Firth
of Thames mangrove forest in New Zealand. Although the key dimensions
are similar to those of the real system, for our study, multiple simplifications
have been made to allow us to explore the fundamental underlying dynamics
of the system without the additional complexities arising from the asymmetric
geometry. Chao and Boicourt (1986) applied a 3D primitive equation model
consisting of an estuarine channel connected normal to a straight coastline
filled with saline water to investigate the development of a plume by a fresh-
water discharge. They established that a fully developed plume consisting of
features such as an anticyclonic turning region could be produced over a shelf
with a discharge of 10 days. Our study uses their result as a motivation to avoid
simulations over long time scales, which increase the computational loads sig-
nificantly. To analyze the major momentum contributors in the forest, fringe,
and tidal flats, we performed a series of numerical simulations for two cases:
(1) a domain with uniform bed roughness and (2) using a spatially varying
bed roughness in the model to mimic the presence of vegetation in Delft3D.
Horstman et al. (2013), successfully applied and validated this usage, which
is more computationally effective than other methods such as implementing

a directional point model (DPM) to account for the vegetation (Temmerman
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et al., 2005, 2007). In our study, we use a three-dimensional idealized model to
explore how sediment deposition and erosion processes are influenced by the
interaction of a buoyant river plume with vegetation. In particular, we use this
model to explore slack water asymmetry patterns and momentum balances to

identify dominant controls on sediments’ distribution and transport.

Section 2.2 of this paper describes the model, governing equations, and
the solution procedure. Section 2.3 describes the numerical model setup and
initialization of our model simulations. In Section 2.4, we explore the tidal
asymmetry patterns and momentum balances in across-transect and along-
transect directions for both the flood and peak ebb phases of the tidal cycle.
As the flow is strongly vertically stratified, we present the momentum balances
within both the surface and bottom layers. Additionally, in Section 2.4, we
present the changes in deposition patterns due to vegetation across two tran-
sects from the forest interior to intertidal mudflats at different locations within
the river plume. Lastly, discussion and conclusions are presented in Section

2.5 and Section 2.6, respectively.

2.2 Model setup

2.2.1 Governing equations

For this study, we used the Delft3D software package, which has been suc-
cessfully applied for simulating hydrodynamics, sediment dynamics, and mor-
phological processes across a wide range of modeling studies (e.g., Elias et al.,
2001; Lesser et al., 2004; Hibma et al., 2003; Hu et al., 2009; Temmerman et al.,
2005). The flow module of Delft3D determines the flow characteristics by solv-
ing the three-dimensional (3D) or two-dimensional (2DH, depth-averaged) un-
steady shallow-water equations using the Boussinesq assumptions along with
continuity equations (Lesser et al., 2001). The flow module is coupled to a

sediment transport morphological model, which updates the evolution of the
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bed simultaneously with the hydrodynamics. We briefly summarize the equa-
tions here. However, for a complete description, refer to Deltares (2021) and

Roelvink and Van Banning (1995).

2.2.1.1 Momentum equations

In the vertical direction, we chose a boundary-fitted (o - coordinate system),
where the number of layers over the computational area are constant at any

given water depth. The o-coordinate system is defined as:

g =

, (2.2)

>

+¢
where z is the vertical coordinate in physical space, ( is the free surface eleva-

tion above the reference (z = 0), h is the water depth.

In the horizontal direction, Delft 3D-FLOW uses orthogonal curvilinear
coordinates in spherical or Cartesian coordinates. The horizontal momentum

equations in z and y directions are:

aU (9U ou w@U 1 1 (9 8u
8V 8‘/ oV wE)V 1 (9 ov

where U, V denote the flow velocities in the x and y directions, respectively, w
denotes the vertical velocity in the o direction, f is the Coriolis parameter, h
is the water depth, p is the density of water, pg is the reference density of water
taken as 1000 kg.m™3, vy is the horizontal eddy viscosity, vy is the vertical
eddy viscosity, Dy is the horizontal eddy diffusivity, and Dy is the vertical

eddy diffusivity. M, represents the contributions due to wind stress on the
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surface layer and bed shear stress in the bottom layer in the x direction. M,
represents the contributions due to wind stress on the surface layer and bed

shear stress in the bottom layer in the y direction.

The horizontal pressure terms P, and P,, are solved using the Boussinesq

approximations as,

1 0 h [°(0p 0o Op ,

%Px —ga—x—f-g%/a <%+8_x% do’, (25)
1 ¢ h [°/0p 0d Op ,

P =gS g (LT gy 9.
po "’ 90y+gpo/o- (3y+ oy 90’ ) (26)

The horizontal viscous stresses F, and F,, are evaluated through the com-

monly adopted eddy viscosity approach. The forces are of the form,

0’U  0*U
oV PV
Fy = UH (W + 6_312) . (28)

In order to evaluate the vertical velocity for each layer in the ¢ direction

(w), the continuity equation is used:

ou oV oW
B T 2.
Ox + oy * 0z 0 (2.9)

where W denotes the velocity in the z direction.

Three-dimensional transport of suspended sediment is evaluated by solving

the 3-D (advection-diffusion) transport equation in Delft3D which reads:
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(2.10)
where ¢ is the mass concentration, w, is the particle settling velocity in a

mixture, and S is a source or sink term.

2.3 Study area

Our model domain is loosely based on the Firth of Thames (FoT), located in
the North Island [S37°12" E175°30']) of New Zealand (Figure 2.1a and b). The
Waihou, Piako, and Waikataruru rivers enter the Firth of Thames, which is
located in the southern region of the Hauraki Gulf. Avicennia marina man-
groves were originally found only at the river mouths but over the last 60 years
have rapidly colonized the whole of the southern Firth region (Figure 2.1c).
The forest is now ~1km in width. This expansion has been attributed to
sediment input associated with deforestation and land-use changes (Lovelock
et al., 2010). The buoyant inflow from the largest river, Waihou, generates a

large persistent freshwater and sediment plume (Figure 2.1c).

2.3.1 Model grid and bathymetry

We used a domain-decomposed curvilinear grid composed of three smaller
model domains. The outer domain includes the tidal boundary and has a
varying grid resolution of 500m x 900m to 200m x 475m. The central do-
main, which encompasses the mangrove forest and the intertidal mudflat, is
made up of a highly refined grid with a varying resolution of 15m x 6 m in the
mangrove region to a maximum of 218 m x 140 m. The lower domain includes
the river and river boundary with resolution varying from 25m x 17m at the
river mouth to 15m x 10 m at the river boundary (Figure 2.1d). All transitions

between the grid domains follow the guidelines provided in Delft3D manual
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(Deltares, 2021). We conducted a sensitivity analysis in both the horizontal
and vertical directions, and as the further refinement did not change the re-
sults substantially, we chose the above horizontal and vertical resolutions to

minimize the computational time of our simulations.

The idealized model bathymetry was developed from the depth contours
extracted from the region’s hydrographic chart and hence represented a similar
bathymetry to the Firth of Thames, but ensuring symmetry along the longi-
tudinal axis (Figure 2.1e). Near land boundaries, the depth was gradually
decreased in the shallow areas to suppress any artificial reflections from the
boundaries. The model has five sigma layers in the vertical direction of equal

layer thicknesses (20% of the water depth).

2.3.2 Initial boundary conditions and parameter set-
tings

For simulations with river flow and tidal forcing, we imposed a water level
condition at the northern seaward boundary, which was forced with an M2
astronomic tide of the amplitude of 1.3 m with a phase of 0°, while the south-
ern river boundary was forced by a constant freshwater discharge of 35 m3s™!
across the whole boundary. This discharge value was based on the seasonal
average flow recorded at an upstream monitoring station by the Waikato Re-
gional Council over July 2019 to September 2019. Salinity and sediment were
set to uniform across the boundaries (horizontally and vertically). The model
simulations throughout this paper are initialized with no flow and a uniform
Delft3D salinity of 31 ppt. As the primary goal of this study is to investigate
the interaction of a river plume with vegetation and to explore the sediment
deposition, we neglect the effects of winds or any other external forcing pa-
rameters. The Coriolis parameter was set at -37° latitude in the model. The

wetting and drying threshold depth in the model was set at the default value

of 0.1m.
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Figure 2.1: (a) Location of Firth of Thames in New Zealand (white box).
(b) Firth of Thames and key dimensions. (c) Satellite image of the Waihou
River sediment plume and mangroves. (d) Idealized symmetric model grid
with open boundaries at the northern and southern ends of the domain. (e)
Idealized symmetric bathymetry in (m), (f) shows the latitudinal profile along
the center of the domain from the river mouth (dashed line in (e)) of bed
elevation in (m) with vertical mesh grids of 5 equal thickness o layers; note

that the colorbar for panels (b) and (e) is the same.
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A cyclic advection scheme for momentum and transport was used, and
forester filters in the horizontal and vertical direction were applied (Lesser
et al., 2004). The k-e scheme with default parameters was the chosen 3-D
model for turbulence. Scenarios were undertaken with different roughness to
examine the effects on plume propagation and deposition of the sediments.
We used a spatially uniform Chézy friction coefficient of 65 m'/?.s~* through-
out the model for the no-vegetation scenario, which corresponds to a bottom
friction coefficient of Cp = 0.0023. To investigate the impacts of vegetation,
the central domain was divided into three roughness zones, where roughness
is specified as a Chézy value. In the along-transect direction from forests to
flats, the Chézy roughness varied from a minimum value of 15m'/2.s7* (across
~ 1km of the forest) to 45m'/?.s~! (~200-m of forest fringe) to a maximum
value of 65m'/2.s7! (in the flats) over 2km, corresponding to bottom friction
coefficients of 0.132, 0.044 and 0.0023, respectively (Figure 2.2). These Chézy
and bottom friction coefficients were chosen based on literature values (Zhang

et al., 2012; Mazda et al., 1997).

Delft3D allows evaluation of sediment transport, bed evolution (erosion
and deposition) of both cohesive and non-cohesive sediments by solving the
3-D advection-diffusion equation for the suspended sediment (Equation 2.10).
Throughout this study, the sediment type was set to cohesive (mud) sediments
with a riverine mud input of 0.1kg.m™3 (representative of sediment concentra-
tion through the Waihou river during low flows), critical bed shear for erosion
(7.) and deposition (74) were set at 0.50 N.m~2 and 1000 N.m~2, respectively

while the fresh and saline settling velocities were 0.25 mm.s™!.

For cohesive
sediments, the exchange of sediment fluxes between water and bed are eval-
uated using the Partheniades-Krone approach (Partheniades, 1965). In this

study, sediment parameters such as erosion parameter, dry bed density, etc.,

were set to the default values.



34

To reduce computational loads, morphological evolution in Delft3D models
can be accelerated using the Morphological Acceleration Factor or MORFAC
without having a significant impact on the hydrodynamic flows (Roelvink,
2006; Lesser et al., 2004). The MORFAC value can be simply applied in the
model to multiply the bed level changes by a non-unity factor after each hydro-
dynamic timestep to compute sediment transport and morphological change
simultaneously with the hydrodynamics. In our model simulations, the ini-
tial sediment layer bed thickness was set at 2m, and a MORFAC of 12 was
used to simulate a morphological evolution after 4 months (~ 240 tidal cycles).
The model was run for 10 days with a timestep of 0.01 minutes to satisfy the

Courant-Friedrichs-Lewy condition.

2.4 Results

2.4.1 Hydrodynamic model output and plume develop-

ment

We consider two transects: transect 1 extends from the forest to the inter-
tidal mudflat, and transect 2, located closer to the river mouth (Figure 2.2).
The across-transect position (x) of the different regions along the transect
are identified in Table 2.1. At the transition between the forest and the in-
tertidal mudflats, both transects are perpendicular to the forest edge. The
comparison of water levels, depth-averaged velocities, and their magnitudes
in across-transect and along-transect directions in different environments at
3 model observation points (OP) for transect 1 are shown in the Figure 2.3.
Predicted along-transect velocities (Figure 2.3d) reached up to 0.1 m.s™! on

the mudflat model observation point 4 (OP 4) and 0.05m.s™! deep inside the

forest model observation point 2 (OP 2).
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Figure 2.2: Panel (a) shows the spatially varying Chézy friction coefficient
(colorbar) used in the model. Panels (b) and (c) show the depth profiles and
regions of varying roughness used for transect 1 and transect 2, respectively.
“F” in panel (b) and “TZ” in panel (¢) denote Fringe and Transition Zone,
respectively. See text for the individual Chézy and bottom friction coefficients
used for each region. Locations of transect 1 and 2 (red dashed lines) and

model observation points 1 to 7 (red circles).

2.4.2 Plume development

Model simulations without tidal forcing showed a large portion of plume ex-

pansion spreading into the central domain due to the absence of opposing
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Figure 2.3: Time series (smoothed with 5-point (10-minutes) running mean
of predicted water levels, across-transect, along-transect velocities and their
magnitudes for different environments along transect 1 (grey thick line) and
transect 2 (black thin line). Deep inside the forest (a-d, model observation
point 2 in Figure 2a), fringe (e-h, model observation point 4 in Figure 2a),
and the deep end of the transects (i-1, model observation point 7 in Figure 2a).
Black and blue thick dashed lines show times corresponding to peak flood and

peak ebb velocities at the forest edge (model observation point 2), respectively.

currents. The freshwater plume had a surface signature extending over 4 km
from the river mouth during the peak ebb. While the plume was deflected
slightly to the west throughout the tidal cycle, in an otherwise symmetric do-
main due to the Coriolis effect (Southern Hemisphere), this effect of rotation
was more predominant during the peak flood stage (Figure 2.4b). Further, due
to the incoming tidal currents, the plume remained trapped within the river

for both the surface and bottom layers (Figure 2.4).

Tidal residual currents were evaluated for the surface and bottom layers of
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Figure 2.4: Plume expansion observed at different tidal stages. Salinity in (a)
the surface layer at peak ebb, (b) surface layer at peak flood, (c¢) bottom layer
at peak ebb, and (d) the bottom layer at peak flood. Red dashed lines indicate
transects 1 and 2, and red circles show the model observation points from 1
to 7. Black contour lines show the isohalines for their respective tidal stages

(Contour interval: 2 ppt).

the central domain (Figure 2.5a and b). Tidal residual currents for the deeper

I near the river mouth

regions in the model showed a net mean speed of 0.2m.s™
and 0.08 m.s~2 away from the river mouth, resulting in a net-offshore transport
on the surface layer (Figure 2.5a). In the bottom layer, mean speeds close to
the river mouth were close to 0.06 m.s~! while away from the river mouth it

was just 0.04m.s™!

resulting in a net-onshore transport (Figure 2.5b). In the
shallow regions, residual velocities were close to 0.08m.s~! and 0.02m.s~! for

surface and bottom layers, respectively.

The baroclinic deformation radius describes the length scale at which the
rotational effects of the plume become more critical compared to the effects of
buoyancy (Yankovsky and Chapman, 1997). Baroclinic deformation radii were
evaluated both inside and outside the plume. Baroclinic deformation radius is

given by Equation 2.11,



38

31
0.15 m/s

30
£

8 29
g
Z

E 128
S|
B=

3 127

126

125

Bl 124
=
8

g 23
2z
=
=

'g 22
k=
=

21

20

Longitudinal distance (km)
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R, = 9h, (2.11)
f
where,
A
g == (2.12)
Po

where R, is the baroclinic deformation radius, A is the depth at river mouth,

reduced density and p, is the initial water density and ¢ is the reduced gravity
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and f is the Coriolis frequency (0.875 x 107*s~! at —37° latitude). For sim-
ulations involving tide, the evaluated baroclinic deformation radii inside and
outside of the river plume were 10.96 km, and 29.7 km, respectively. However,
while the deformation radius remained the same outside the plume for no-tide

simulations, the radius decreased to 9.47 km inside the plume.

Table 2.1: Description of coordinates and different regions along transect 1

and transect 2 in the case of vegetated simulations.

Transect number Along-transect Region of Model observation
position along the vegetation points in region as
transect (z) in m shown in Figure

(positive 2.6¢
eastward )
-1250 < z < -250 Forest OP1-2
Transect 1 250 < z < 0 Forest Fringe OP 3
0 <z <1000 Tidal Flat orP4-7
-250 < x < -150 Forest OP1-3
150 <2 <0 Transition zone OP 4
Transect 2 (over a ~
20 m-wide fringe
region)
0 <z < 100 Center of the river ObP5-7
mouth

2.4.3 Slack water asymmetry and sediment deposition

patterns

Figure 2.6a shows that sediment deposition at the end of the model run for
the case of spatially uniform bottom roughness resulted in an increase in the
bed layer thickness (deposition) throughout transect 1 while the regions close

to the river mouth experienced a decrease in the sediment bed layer thickness
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(erosion). To investigate these patterns, we evaluated the tidal asymmetry
(Table 2.2) for 7 model observation points along two transects at different dis-

tances from the river mouth in the model domain (Figure 2.6a).

In our study, to quantify the duration of high and low water slack tide,
the magnitudes of bed shear stresses (|7|) were evaluated for two transects
(near and away from the river mouth), and compared to the critical bed shear
stress (7.). The slack duration asymmetry was then evaluated using the ra-
tios of durations of high water and low water slack tide (T}, /1) for |7| > 7,
where ratios greater than 1 indicate a flood-directed asymmetry and ratios less
than 1 indicated an ebb-directed asymmetry. Results displayed in Table 2.2
show that in the non-vegetated simulations, high water slack durations were
longer than low water slack duration of tide throughout transect 1 (away from
the river mouth), indicating flood dominance. However, near the river mouth
(Transect 2), shallow inter-tidal regions (OP 1, 2) remained flood dominant
(Table 2.2), whereas deeper regions (OP 3, 4, 5, 6, and 7) were ebb-dominant
for both vegetated and non-vegetated simulations. The inter-tidal slack dura-
tion asymmetries evaluated for transect 1 in the vegetated simulations showed
ebb-directed asymmetry in the fringe region (OP 3) while the forest and flats
regions were flood dominant (Table 2.2). Also, slack water ratios in the vege-
tated simulations were higher (both flood and ebb-directed) in comparison to

the non-vegetated simulations across both transects.

In the vegetated run, there was an increased level of bed layer thickness
(sediment accretion) in the forests and over the mudflats; whereas the fringe
area experienced a decrease in the thickness (sediment erosion) for a morpho-
logical bed evolution observed after four months (Figure 2.6¢). These patterns
of erosion and deposition observed are qualitatively consistent with field ob-

servations collected in the Firth of Thames (Lovett, 2017).
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Figure 2.6: Predicted sediment deposition patterns for Non-vegetated (a) and
Vegetated simulations (¢). Along-transect sediment thickness along transect
1 (b) and transect 2 (d) for both the vegetated (thick red line) and non-
vegetated (thin black line) simulations, respectively. In panels (b) and (d),
blue thin dashed line shows the bed shear stress recorded for the vegetated
simulation for transect 1 and transect 2, respectively. Thin black dashed lines
show the initial sediment thickness in the model. Locations of transects 1 and
2 (red dashed lines) and model observation points 1 to 7 (red circles). z and
y represent the along-transect and across-transect directions relative to the

transect lines.

2.4.4 Momentum balances - Vegetated case

To analyze the major momentum contributors that influence the transport of
sediment in the case of vegetated and non-vegetated simulations, momentum
balances were evaluated in the across-transect and along-transect directions at
two phases of the tidal cycle: (1) peak flood tide and (2) peak ebb tide inside
the forest (at model observation point 2). Along the transects considered in
this study, the dominant contributors towards the momentum balance were
similar, with modest changes to the magnitudes across various stages of the
tidal cycle. As the sediment plume attains maximum and minimum expansion
during peak ebb and flood stages of the tidal cycle, respectively; hence balances
during these tidal stages are presented. At this model observation point, water

depths during peak flood and ebb flows were 0.65 m, and 0.5 m, respectively. To



Table 2.2: Tidal dominance evaluated in the case of vegetated simulations and non-vegetated simulations for model observations points (OP

1-7) along the transects 1 and 2. Ratios greater than 1 indicate flood dominance.

Location Non-Vegetated simulations Vegetated simulations
Slack water ratio (Thy/T1w) Slack water asymmetry Slack water ratio (Th,/Ty,) Slack water asymmetry
Model OP 1 1.011 Flood 1.6 Flood
Model OP 2 1.024 Flood 1.4 Flood
_ Model OP 3 1.006 Flood 0.89 Ebb
S Model OP 4 1.01 Flood 1.01 Flood
§ Model OP 5 1.02 Flood 1.10 Flood
3 Model OP 6 1.146 Flood 1.13 Flood
Model OP 7 1.175 Flood 1.20 Flood
Model OP 1 1.026 Flood 1.89 Flood
Model OP 2 1.007 Flood 1.84 Flood
% Model OP 3 0.93 Ebb 0.99 Ebb
§ Model OP 4 0.85 Ebb 0.98 Ebb
= Model OP 5 0.93 Ebb 0.97 Ebb
Model OP 6 0.98 Ebb 0.98 Ebb

Model OP 7 0.87 Ebb 0.87 Ebb

4
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account for both the vertical transport of sediment and to consider the realistic
hydro-morphodynamic phenomena, we evaluated momentum balances in the
surface and bottom layers. The different terms in the momentum equation are
shown in Table 2.3. As the focus of the present work is the interaction of the
plume with vegetation, we presented the balances for the vegetated simulations
here; however, the corresponding momentum balances for the non-vegetated

simulations are included in Appendix A.

Table 2.3: Momentum components and their description (7,4, 7, are the bed

shear stress in x and y directions, respectively).

stress

Along-transect momentum Across-transect momentum Textual Legend
components components description
ou ov
o e Inertial A
’ ’ Acceleration
ou oV
U— U— Acceleration due B
oz ox .
to the streamwise
momentum
ou ov
o Va— Acceleration due C
Y Yy to lateral
momentum
transport
w U wV . .
. —— Vertical advection D
h Oo h 0o
of momentum
-fVv fU Coriolis E
Acceleration
0 17)
[ 0—< g[ﬂ)—C Acceleration due F1
r Y to the barotropic
pressure gradient
h [°70 oo’ 0, 079 oo’ 0,
g— <0—p 8—0 OP’ (ZTP O—U OP’ Acceleration due F2
poJs \OT v 0o Yy y oo to the baroclinic
pressure gradient
F, F, Acceleration due G
to viscosity
10 ou 10 v
—— (vy=— —— vy — Vertical diffusion H
h? 0o ( Voo h? 0o ( v 60)
of momentum
Th,x T,y
— : Bottom shear 11
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2.4.4.1 Dominant dynamics - Transect 1

Shallow regions inside the forest (z ~ -1000m to x ~ -750m) remained dry

throughout the model simulations for this transect.

Surface layer Deep inside the forest (z ~ -750m to z ~ -250m) in the
along-transect direction, the inertial acceleration (term A) and vertical diffu-
sion of momentum (term H) balanced the barotropic pressure gradient (term
F1) on the surface layer for transect 1 during the peak ebb tide (Figure 2.7a).
In the along-transect direction, further away on the regions corresponding to
fringe and mudflat (z ~ -250m to = &~ 4+1000m), the magnitudes of the ac-
celerations significantly reduced (decreasing almost 10% of their magnitudes
to that observed inside the forest), indicating a weak along-transect transport
during the peak ebb tide. During the peak flood, the dominant balance in
the regions corresponding to x ~ -750m to x ~ +1000 m in along-transect di-
rection, was between the barotropic pressure gradient (~-1.5x107° m.s~2) and
inertial acceleration (~ 1.25x107° m.s~2, Figure 2.7c) in the along-transect di-
rection with a modest contribution from the vertical diffusion of momentum

(~0.25x107° m.s2).

During the peak ebb tide, the dominant balance deep inside the forest (x ~
-750m to x ~ -250 m) in the across-transect direction, was between the inertial
acceleration, the Coriolis acceleration balancing the barotropic pressure gradi-
ent and lateral momentum exchange. Across the fringe region (x =~ -250m to
x ~ 0m), while the magnitudes of these components significantly reduced (al-
most halved to that observed deep inside the forest), additional contributions
from terms such as streamwise momentum exchange, and vertical advection in-
dicated the highly complex nature of dynamics in the fringe region. From = >
250 m, the momentum balance existed between the streamwise momentum ex-
change (~0.25x107° m.s?), lateral momentum exchange (~ 0.25x107° m.s~2),

baroclinic pressure gradient (~0.25x107° m.s~2), and the inertial acceleration
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Figure 2.7: Along-transect momentum balance for transect 1 for vegetated
simulations (spatially varying roughness). Panels (a) and (b) show the balances
at the peak ebb of the tidal cycle in the surface and bottom layers, respectively.
Panels (¢) and (d) show the balances recorded for peak flood in the surface
and bottom layers, respectively. The cumulative sum of positive and negative
momentum components (colors show the individual momentum components

represented in Table 2.3).

(~-0.5x10"° m.s~2) and the Coriolis acceleration (~-0.25x107° m.s~2, Figure
2.8a). During the peak flood tide, the dominant balances deep inside the forest
and across the fringe region (z ~ -750m to z ~ Om) in the across-transect
direction were between the inertial acceleration (term A) and the barotropic
pressure gradient (term F1, Figure 2.8c) with modest contributions from the
lateral momentum exchange and vertical diffusion in the +x and —z directions,
respectively. Further out on the mudflat (x ~ 0m to z ~ 1000 m), momentum
balance was between the barotropic pressure gradient (~-0.5x107° m.s~%) and

the inertial acceleration (~ 0.5x107° m.s™2).

Bottom layer Deep inside the forest (z ~ -750m to z ~ -250m), during
the peak ebb tide, bed shear stress (~5x107%m.s™2) balanced the barotropic
pressure gradient (~-2.5x107*m.s72) and the vertical diffusion of momentum

(~-2.5x10"*m.s72). Across the fringe region (r &~ -250m to z ~ Om), the
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Figure 2.8: Across-transect momentum balance for transect 1 for vegetated
simulations (spatially varying roughness). Peak ebb of tidal cycle (a) surface
layer and (b) bottom layer. Peak flood of tidal cycle (c) surface layer, and
(d) bottom layer. The cumulative sum of positive and negative momentum

components (colors show the individual momentum components represented
in Table 2.3).

barotropic and baroclinic pressure gradients, balanced vertical advection of
momentum and the bed shear stress. Momentum balances evaluated during
the peak flood stage of the tidal cycle were similar to those evaluated for the
peak ebb stage inside the forest on the bottom layer. Throughout the tran-
sect (x &~ -750m to x ~ +250m), the bed shear stress (term I1, Figure 2.7d)
balanced the baroclinic pressure gradient (term F2, Figure 2.7d), inertial ac-
celeration (term A) with modest contribution from the vertical diffusion of the

momentum (term H).

In the across-transect direction, during the peak ebb tide (Figure 2.8b), bed
shear stress (~ 3x107° m.s~2) balanced the inertial acceleration (~-1.5x107" m.s~?%)
and the barotropic pressure gradient (~-1.5x10"°m.s™?). Across the fringe
region (z & -250m to z ~ 0m), bed shear stress (~ 1.5x107° m.s~2), the Cori-
olis acceleration (~0.25x107°m.s™?) balanced the inertial acceleration (~ -

0.5x107° m.s~?) and the barotropic pressure gradient (~-0.5x107° m.s™2) with
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an additional contribution of the baroclinic pressure gradient (~-0.75x107° m.s~2).
These contributions remained the same until the mudflat (x ~ +250m) where
the magnitudes almost halved (Figure 2.8d). On the mudflat (z ~ +250m),
while the dominant balances remained the same, the magnitudes of each com-

ponent were approximately halved.

2.4.4.2 Dominant dynamics - Transect 2

Surface layer In the along-transect direction, deep inside the forest,
lateral momentum exchange (term C) and the barotropic pressure gradient
(term F1) balanced the inertial acceleration (term A), streamwise momentum
exchange (term B), and the Coriolis acceleration (term E, Figure 2.9a) dur-
ing the peak ebb stage of the tidal cycle for this transect. However, near
the transition region (from z =~ -50m to x ~ Om), the barotropic pressure
gradient (~-1.5x10"%m.s™2), balanced the vertical diffusion of momentum
(~0.75x10~*m.s2), Coriolis acceleration (~0.25x10~* m.s~2), lateral momen-
tum exchange (~ 0.25x10~% m.s72), and vertical advection of momentum (~ 0.25x10~% m.s 2,
Figure 2.9a). However, near the transition region (from x ~ -50m to = =
Om), there were two dynamic balances. In particular, from the region z =
-50m to x =~ -25m, the barotropic pressure gradient (~-1.5x10"*m.s72), bal-
anced the vertical diffusion of momentum (~ 0.75x10~% m.s72), Coriolis accel-
eration (~0.25x107% m.s~2), lateral momentum exchange (~ 0.25x10~4m.s72),
and vertical advection of momentum (~ 0.25x107* m.s72, Figure 2.9a). Along
the transition zone (from z ~ -25m to z ~ 0m), acceleration due to viscosity
(term G, ~-1.5x10~* m.s~2), Coriolis acceleration (term E, ~-0.1x10"* m.s7?)
balanced the barotropic pressure gradient (term G, ~1.5x107*m.s™2) with
modest contributions from the inertial acceleration, streamwise and lateral
momentum exchanges (Figure 2.9a). Further along this transect (z > Om),
the magnitudes of all the terms significantly reduced in this region (to almost
one-third to that observed in the forest interior) where the dominant balance

was between the Coriolis acceleration and the lateral momentum exchange with
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a small contribution from the inertial acceleration. This presence of Coriolis
acceleration in this area (especially around the region designated as center of
the river mouth) caused the westward deflection of the river plume as observed
in the Figure 2.4. During the peak flood tide, deep inside the forest region
(from z ~ -250m to = ~ -175m), both the barotropic (term F1) and baro-
clinic pressure gradients (term F2) balanced the inertial acceleration (term A,
Figure 2.9¢). In the regions corresponding to z ~ -175m to = ~ +100m of
this transect, the balances remained same as observed in the case of the peak

ebb tide.

During the peak ebb tide, in the across-transect direction, inside the for-
est interior (from z &~ -250m to xz ~ -50m), the acceleration due to viscosity
(~1.7x107*m.s72) and the inertial acceleration (~ 0.4x107%m.s~%) balanced
the lateral momentum exchange (~-1x107*m.s72) and the barotropic pres-
sure gradient (~-1x10"%m.s™?) with a small contribution from the stream-
wise momentum exchange (~-0.1x10"*m.s2). This trend remained the same
throughout this transect with an additional contribution by the vertical ad-
vection (term D) and the streamwise momentum exchange (term B) near the
transition zone (from z ~ -50m to &~ +100m). Throughout transect 2 (from
xr ~-250m to x &~ +100m), the barotropic pressure gradient balanced the in-
ertial acceleration during the peak flood tide in the across-transect direction
(Figure 2.10c). However, in the transition zone (from x &~ -50m to = ~ -15m),
additional contributions from the acceleration due to viscosity and the vertical
advection of momentum in +y and —y directions respectively, completed the

balance.

Bottom layer During the peak ebb tide (Figure 2.9b), the baroclinic
pressure gradient (~3x107*m.s72) and the vertical advection of momentum
(~0.5x107* m.s7?) balanced bed shear stress (~-3.35x10~* m.s~2) with a small

contribution of acceleration due to viscosity (~-0.15x10"*m.s™?) inside the
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Figure 2.9: Along-transect momentum balance for transect 2 for vegetated
simulations (spatially varying roughness). Peak ebb of tidal cycle (a) surface
layer and (b) bottom layer. Peak flood of tidal cycle (c) surface layer, and
(d) bottom layer. The cumulative sum of positive and negative momentum

components (colors show the individual momentum components represented
in Table 2.3).

forest interior (z ~ -250m to x &~ -150m). Further along this transect (from
r ~ -150m to x =~ -50m), acceleration due to viscosity (~0.1x107*m.s~2)
and baroclinic pressure gradient (~ 0.5x107* m.s™2), balanced the bed shear
stress (~-0.6x107* m.s~2). Near the transition zone (z ~-50m to x ~ +50m),
the Coriolis acceleration (~0.5x107*m.s™2) and the acceleration due to vis-

cosity of the order ~ 0.5x10~% m.s~2 along with the baroclinic pressure gradient

2

’

(~0.5x107% m.s~?) balanced the barotropic pressure gradient (~-1.5x10"* m.s~
Figure 2.9b). In the along-transect direction of transect 2, the baroclinic pres-
sure gradient (~2.5x107* m.s™2) and the vertical advection due to momentum
(~1x10~*m.s~2) balanced the bed shear stress (~-3.5x10"*m.s~2) during the
peak flood (Figure 2.9d). The contribution of the vertical advection due to
momentum (term D, Figure 2.9d) was seen for a few 100 meters of the forest
interior (from x &~ -250 m to x &~ -180 m) but eventually it became insignificant
near the transition zone, where instead there existed a non-zero contribution

from the barotropic pressure gradient. Near the center of the river mouth
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(x > 0), the balance remained between the barotropic and baroclinic pressure
gradients (Figure 2.9d).
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Figure 2.10: Across-transect momentum balance for transect 2 for vegetated
simulations (spatially varying roughness). Peak ebb of tidal cycle (a) surface
layer and (b) bottom layer. Peak flood of tidal cycle (c) surface layer, and
(d) bottom layer. The cumulative sum of positive and negative momentum
components (colors show the individual momentum components represented
in Table 2.3).

The across-transect momentum balance evaluated for the peak ebb (Fig-
ure 2.10b) was distributed between the baroclinic pressure gradient (term F2,
~-3.75x107*m.s72) and viscous term (term G, ~-0.25x10"*m.s™?) in the neg-
ative y-direction, and bed shear stress (I1, ~4x10~*m.s™2) in the positive y
direction, inside the forest interior (from z ~ -250m to x ~ -70m). In the
transition zone, the principal balance was achieved by the same terms except
that viscous term was now replaced by vertical advection of momentum in-
stead. This balance existed throughout the transition zone and center of the
river mouth (Figure 2.10b). During the peak flood, in the across-transect di-
rection, barotropic pressure gradient and the Coriolis acceleration balanced
the bed shear stress throughout the forest interior (z ~ -250m to x ~ -150m).

In the regions (z ~ -150m to x &~ -50m), the dominant balance was be-
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tween the baroclinic pressure gradient (~0.5x107% m.s™2), inertial acceleration
(~0.5x107*m.s72) and the barotropic pressure gradient (~-1x10"%m.s72).
Near the transition zone (z ~ -50m to x ~ +50m), the dominant balance
remained between the baroclinic pressure gradient (~2.4x107* m.s2) and bed

shear stress (~-2.4x10"*m.s~2, Figure 2.10d).

2.5 Discussion

We presented idealized model simulations to elucidate the sediment transport

and deposition resulting from the interaction of river plumes with vegetation.

2.5.1 Plume development (without and with tides)

2.5.1.1 River flow only (without tides)

Model simulations forced by river flow only (without tides) showed a large
portion of plume expansion spreading northward into the central domain due
to the absence of opposing currents. These results are in agreement with Wu
et al. (2011) who evaluated the influence of tide on the Changjiang River plume
and found that when forced by river flow alone, the associated outflow exhibits

eddies and grows with time.

Horner-Devine et al. (2015) describes the plume’s initial plume expansion
region and boundaries as the near-field region and frontal region, respectively.
In our plume, similar to (Horner-Devine, 2009; Fong and Geyer, 2002; Hetland,
2005), the effect of Coriolis on the plume in the near-field region (rotation to
the left) and expansion of frontal region over time was evident in an other-
wise symmetric domain. In our model simulations without tides, the vertical
structure of the plume in the absence of tides resembles geostrophically bal-
anced Margulus front (Fong and Geyer, 2002; Yao et al., 2016; Schiller and

Kourafalou, 2010; Mazzini and Chant, 2016; Mestres et al., 2010).
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2.5.1.2 River flow and tidal forcing

As the plume exits from the river mouth, near the mouth, an anticyclonic
eddy (bulge) is formed owing to different density and current speeds inside
and outside the river (Figure 2.4a). This non-linear anti-cyclonic circulation
near the mouth of rivers has been seen in many plume studies (Chant et al.,
2008; Horner-Devine, 2009; Marsaleix et al., 1998; Ruddick et al., 1994; Rong
and Li, 2012). The extent of this freshwater plume was strongly modified by
the tides. In particular, during the ebbing tide, the plume extends up to 4 km
into the model domain. During the flooding tide, the plume is pushed com-
pletely into the river, in a similar manner to numerical model observations of

Kourafalou et al. (1996).

The tidal effects observed in our model simulations were evident in the
extent of the freshwater plume and its rotation. Baroclinic deformation radii
evaluated inside the plume were significantly different for model simulations
with and without tides. In particular, the radius evaluated inside the plume
increased compared to the model run in the absence of tides. This anticyclonic
bulge was previously reported in Chant et al. (2008) who attributed this dif-
ference to the augmentation of the bulge region often caused by tidally driven
eddies. Cole and Hetland (2016) previously studied the effects of rotation
and river discharge on the mixing in plumes and established that increased
rotation of plumes limits lateral expansion and suppresses its shear mixing.
Results such as these as observed in our study can be attributed to the in-

creased sediment in the vicinity of the river.

The residual tidal currents showed that the plume reverses its direction
with depth (Figure 2.5). Closer to the river mouth, in the surface and bottom
layers, residual currents (Figure 2.5a) were directed towards the forest, which
can explain the deposition of sediment in this region (2.6a and c¢). Near the

transition zone, while the residual vectors were directed towards the shallow
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region in the surface layer of the domain, these were directed offshore in the
bottom layer. Furthermore, residual velocity magnitudes were higher on the
bottom layer than the surface layer in this region for both the non-vegetated
and vegetated model simulations. These model observations along with the
presence of barotropic pressure gradients directed offshore (Figure 2.9 and
A.3) can explain the modeled sediment deposition patterns in this region.
Such reversal of currents on the surface and bottom layers, attributed to tidal

rectification, has been seen in previous plume studies such as Xuan et al.

(2016); Chao (1990).

2.5.2 Non-vegetated run

In the non-vegetated simulation, there was an increase in sediment bed layer
thickness in both the upper and central domain. However, the lower domain,
which includes both river and river boundary, recorded erosion at the edges
of the domain in the latitudinal direction and deposition at the center. This
result is similar to that observed by Fagherazzi et al. (2015) who, in their 1-D
modeling of the river jet, which attributes this deposition to a change in the
flow speed at the river mouth, which leads to sediment suspension and hence

erosion.

Tidal asymmetry patterns evaluated for non-vegetated simulations showed
stronger flood dominance away from the river mouth (Transect 1) than near
the river mouth (Transect 2). This result is consistent with Cheng et al. (2010)
who showed using an analytical model that asymmetric tidal mixing decreases
towards the river mouth and the large asymmetry leads to residual currents
landward direction if the tide is flood dominant. The changes observed in
our model study related to tidal dominance indicate that the net flux of sedi-
ment varies across the domain, thereby causing sediment deposition or erosion.
Transect 2 (near the river mouth) exhibited ebb dominance throughout the ma-

jority of the transect except for shallow regions, thus indicating that the flux
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of suspended sediment was directed landward, which increased the sediment

bed level thickness in the shallower regions (Figure 2.6d).

2.5.3 Vegetated run

The presence of vegetation substantially altered the sediment deposition pat-
terns observed in our model simulations. The drag induced by simulated veg-
etation slowed currents and altered shear stresses. Along with the changes
in the magnitude of bed shear stress, the momentum balances for the forest
fringe area showed more complexity than that of the forest and flat regions.
Mullarney et al. (2017), in their field study conducted in a Sonneratia caseo-
laris, dominated mangrove forest in the Mekong Delta, Vietnam reported the
highly dynamic nature of fringe region relative to inside the forest. They ob-
served that incident tidal currents on the forest region modify the momentum
balance inside the fringe due to the strong advection of momentum in this re-
gion. This result was also reflected in our study: momentum balances at both
peak ebb and flood cases were considerably more complex in both across and
along-transect balances inside the fringe than inside the forest or the mudflat,

both on the east and west side of the domain (Figure 2.9).

The influence of friction on tides can often cause the tide to distort and
create asymmetric tides (Friedrichs and Aubrey, 1994). This impact of friction
is evident in the momentum balances close to the river (Transect 2, Figures
A.3 and A.4). Along-transect momentum balances were largely dominated by
the balance between the pressure gradient and the inertial accelerations dur-
ing the flood on the surface layer and between the barotropic and baroclinic
terms in the bottom layer. During the peak ebb, a dominance of the verti-
cal advection and diffusion of momentum terms in the central region of the
plume indicated the sediment would remain in suspension. However, due to
the locally lengthened high water slack period in this region, the suspended

sediment is advected in the along-transect direction (—x and +z directions),
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thereby creating a delta near the river mouth.

The deposition patterns in the vegetated run were different from that of the
non-vegetated simulation. Here, deposition occurs inside the forest and flat
regions while fringe regions observed erosion of sediment (Figure 2.6). This
result is consistent with Bryan et al. (2017) who, in their modeling study of
mangroves in the Mekong Delta, Vietnam, established that changes in the
depth profile of transects alter the tidal asymmetry observed. This change is
attributed to the progressive nature of the tidal currents and their interaction

with the vegetation.

2.5.4 Momentum balances

The momentum balances for both transects showed a dominance of the barotropic
pressure gradient, streamwise momentum exchange, and inertial acceleration
inside the forest interior. These observations are similar to Mossa et al. (2017)
who investigated the influences of vegetation on a turbulent jet through theo-
retical and experimental methods. They found that the presence of the cylin-
drical arrays of vegetation greatly reduces the diffusive and advective capabil-
ities of the jets in the longitudinal direction due to the presence of streamwise
flow around the vegetation. In our study, the presence of significant vertical
advection and diffusion components of momentum in the fringe region further
indicate a mechanism through which the sediment present in this region is
distributed. In particular, sediment is lifted into suspension by the vertical
advection and diffusion components, while the across-transect pressure gra-
dient helped distribute a major part of this sediment in the across-transect
direction (-y and +y in Figure 2.6). The Coriolis acceleration also promoted
the transfer of sediments in the along-transect directions (-z and +z), thereby
leading to sediment erosion in the fringe region. The dominant balances in
the along-transect directions (-z and +x) remained similar for both the tran-

sects. However, the individual terms in the momentum balances were around
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10 times higher in terms of magnitude for transect 2 compared to that of tran-
sect 1. This increase could explain the relatively higher deflection of the plume
near the river mouth than that of the far-field zone of the plume (Figure 2.4a
and b).

2.5.4.1 Differences between surface and bottom flows

In the surface layer, modeled momentum balances in our study showed a bal-
ance between barotropic pressure gradient, baroclinic pressure gradient, and
the Coriolis acceleration during peak ebb and flood stages tidal cycle. In the
bottom layer, the dominant balance is again between the Coriolis acceleration,
which is balanced by bed shear stress. This result is similar to that of Ren
and Wu (2014), who using a numerical model of the Pearl River plume, who
found that the Earth’s rotation drives the transport in the mid-field region of
the plume. According to Horner-Devine et al. (2015), the mid-field region of
a plume is a transition zone into a far-field plume from a high-speed near-field
zone, and hence forms the region where the momentum dynamics transition
into a balance between the inertial acceleration and the barotropic pressure

gradient in the far-field region.

In the mid-field region of the plume (the region between transect 1 and
2), magnitudes of the evaluated balances were found to be lower compared to
those of transect 1 and transect 2. Horner-Devine et al. (2015), previously
explained this reduced momentum in the mid-field regions to the dominance
of the Coriolis acceleration in this region in comparison to other momentum
components, thereby arresting the spreading of the plume. These reduced
magnitudes in the momentum balance can explain the reduced sediment ero-
sion in the regions between transects 1 and 2 (Figure 2.6¢). Additionally, away
from the river mouth in the plume’s far-field region (Transect 1), the magni-
tudes of momentum balance and the sediment erosion in the fringe region are

larger again due to increased tidal influence in this region. These increased
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magnitudes have been previously observed in various studies such as Chen

et al. (2009); Horner-Devine (2009); Chant et al. (2008).

Closer to the river mouth (Transect 2), the presence of the inertial accel-
eration term along with the barotropic pressure gradient term at the center of
the river mouth in the surface layer indicated the sediment distribution from
the plume into the domain. This sediment is imported to the west side of the
domain due to Coriolis acceleration in the along-transect direction (-x direc-
tion). In the bottom layer, drag coupled with the tide’s ebb dominance plays a
significant role in trapping most of this sediment near the river mouth (Figure
2.6a and c). The presence of vertical advection and the diffusion components
indicate a mechanism through which the sediment from the bed is uprooted
throughout the tidal cycle closer to the river, and surface layer balances such as
barotropic pressure gradient and inertial accelerations help transport the ma-
jority of this sediment into the across-transect directions of the domain. Also,
during the ebb tide, when the plume is at its maximum expansion, barotropic
and baroclinic pressure gradients and the Coriolis acceleration helped deliver
a significant part of river sediment to the forest and mudflat regions on the
east-west sides of the domain. These dynamics hold for both the uniform and

spatially varying roughness near the river mouth.

In the far-field region of the river plume, modeled momentum balances
showed a dominance of the inertial acceleration and barotropic pressure gra-
dients throughout the tidal cycle in the surface layer. Despite the reduction
in the Coriolis acceleration in this region, the inertial and barotropic pressure
gradients help transport this sediment into the forest and mudflat regions.
These effects in salt marshes have been previously observed in Zhang et al.
(2019). Analysis of bottom layer dynamics showed a different mechanism of
sediment transport in the far-field region altogether. In particular, bed shear

stress and barotropic pressure gradient, coupled with flood dominance in this
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region due to reduced water depths and velocities, helped transport this sedi-

ment into the domain’s shallow regions.

2.5.4.2 Differences in dynamics from east to west and their impact

on the sediment transport

Momentum balances on the east side of the domain showed that within the
forest, the principal balance was between the barotropic pressure gradient and
inertial acceleration in the surface layer, while the balance was between iner-
tial acceleration and the bed shear stress in the bottom layer. As expected,
Coriolis acceleration was not a dominant contributor to the momentum bal-
ance evaluated for the east side of the mangroves. On the west side, balances
are similar, but the contribution from the Coriolis acceleration is larger, which
contributes to enhanced sediment deposition and erosion on the west side com-
pared to the east side. These results are similar to Van Leeuwen and De Swart
(2002) who found that advective fluxes become relatively more important with

decreasing contributions of the Coriolis acceleration.

2.5.5 Summary

Figure 2.11 summarizes the modeled momentum balances and tidal asymme-
tries in each of the domain’s distinct regions. The balances, coupled with the
asymmetric tidal patterns, alter these regions’ deposition and erosion patterns.
In particular, the flood dominant forest increases the time sediment stays in
suspension, and further delayed drainage inside this region due to vegetation
drag results in sediment deposition inside the forest. Inside the fringe region,
momentum balances indicate a process by which the vertical advection and
diffusion components suspend the sediment present in this region into sus-
pension. The across-shore pressure gradients and inertial acceleration help

distribute this sediment in the 4z directions of the domain.
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Figure 2.11: Schematic showing momentum balances and tidal asymmetry
patterns recorded in the different regions. Panel (a) shows the dominant bal-
ances within the model domain, (b) tidal asymmetry patterns, and (c) shows
the conceptual diagram of various momentum contributors in different envi-
ronments of a mangrove forest and their effects on the net transport of the
sediment. Colorbars in panels (a) and (b) show the Chézy friction coefficient
used in the model and modeled deposition patterns in the vegetated run, re-
spectively. Contour lines (thick dashed yellow lines) in Panel (a) show modeled
surface layer salinities with a contour interval of 2 ppt at the peak flood and

ebb stages of the tidal cycle, respectively.

2.6 Conclusions

We use a 3-D idealized morphological model to explore the sediment patterns
resulting from the interaction of buoyant river plumes with uniform vegeta-
tion. The modeled river plume, forced by a steady river discharge, showed
that vegetated areas influence the sediment patterns as the underlying dy-
namics are altered due to the drag produced by the vegetation. Comparing

the momentum balance on the surface layer for each of the model runs (non-
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vegetated and vegetated run) showed that force balance between barotropic
pressure gradient and inertial acceleration remains dominant in plume regions.
However, the importance of inertial term was substituted by bed shear stress
in the cases of the vegetated run in the bottom layer, indicating that vegeta-
tive drag essentially helped to slow the movement of sediment offshore. This
result is similar to that reported by Fagherazzi et al. (2015) who observed the
changes in hydro-morphodynamics of a jet of water exiting a river mouth, and
our study can be seen as an extension to their 1-D modeling study. Results
also show that the fringe environment is critical to sediment deposition and,
eventually, the seaward extension of mangroves (Balke et al., 2013; Mullarney

et al., 2017).

The results described in this paper are highly relevant to our understanding
of how vegetation influences sediment deposition patterns. In some locations,
mangrove forests have shown to help mitigate coastal erosion by attenuating
the waves and trapping sediment to keep pace with sea-level rise (Kumara
et al., 2010; Walsh and Nittrouer, 2004; Krauss et al., 2014). These ecosys-
tems have also shown to be in rapid decline across the world due to various
reasons such as climate change, population growth, and urbanization (Giri
et al., 2011). In contrast to other locations, mangroves in New Zealand have
increased over the early 1940s, which is attributed to increased sediment depo-
sition (Horstman et al., 2018). Understanding the buoyant river plumes with
vegetation, and tidal currents due to their ability to change the flow dynamics,
are pivotal in investigating sediment patterns. In addition, spatially varying
open coast effects such as winds and waves play a role in further controlling
sediment patterns in the presence of vegetation. These dependencies and ef-

fects will be explored in future work.
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Contribution of authors

Chapter 3 duplicates a paper of the title “The influence of river plume
discharge and winds on sediment transport into a coastal mangrove environ-
ment” by Hemanth Vundavilli, Julia C. Mullarney, and Iain T. MacDonald,
which was submitted to Estuaries and Coasts in 2022. The majority of text
and figures are identical to the initially submitted version, except for the re-
labeling of figures, tables, equation numbers, and changes as suggested by the
examiners of this thesis and the ongoing peer-review process. Along with de-
velopment of the idealized numerical model using Delft3D, I wrote MATLAB
scripts to process and analyze the model data. Along with the preparation
of initial and subsequent drafts, I prepared all the figures for this manuscript.
My co-authors, Julia C. Mullarney and Iain T. MacDonald edited my drafts

along with providing helpful comments and direction.



Abstract

We investigated the influence of wind and river discharge on sediment trans-
port from a river plume into a vegetated coastal environment. Flows and
sediment transport patterns are explored using an idealized Delft3D numeri-
cal model. Total sediment transport and the relative contributions of riverine
and bed-sourced sediment into the forest are assessed using a transect along
the edge of the forest region, which was represented with an enhanced rough-
ness coefficient. When the river discharge was varied, the dominant contrib-
utors to the total sediment transport changed along the regions of the river
plume. In particular, the total sediment transport in the near-field region has
equal contributions by both the riverine and bed-sourced sediments. However,
farther away in the mid- and far-field region of the plume, bed-sourced sedi-
ment remains the dominant contributor towards total sediment transport. As
the freshwater and sediment-laden plume spread out at the river mouth (the
near field region), across-transect sediment loads were directed into the man-
grove forest, indicating an accretionary environment consistent with satellite
observations. The mass loads increased with the river discharge for small to
medium discharges (0 - 280 m?.s71); however, increasing the discharge further
did not substantially alter the sediment mass loads deposited in the forest
region. For the large discharge events, owing to the high riverine momentum
carried within the near-field region, the sediment plume was sufficient to push
sediment through and out of the forest front. Total transport fluxes revealed
that 5m.s~! wind velocities could alter the sediment patterns in the far and
mid-field region of the river plume. However, larger wind velocities 10 m.s~*

were able to modify the sediment transport in the near-field region of the river
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plume despite strong river momentum. The model results further reveal that
in the presence of strong winds, a combined effect of the riverine discharge,
Coriolis, bed-shear stress, and winds influence the total sediment mass trans-
port. In the presence of strong winds, sediment transport in the far-field region
is controlled by a combination of tidal effects and wind stress in case of easterly
winds. Alternatively, in the case of westerly wind directions, when the river

plume is pushed away from the forest, tidal effects control the total transport.

3.1 Introduction

Mangroves are often the predominant vegetation growing along the coastlines
in tropical and subtropical regions. In addition to providing valuable ecosystem
services (e.g. Barbier et al., 2011; Sheaves et al., 2015), these salt-tolerant trees
play a critical role in the morphological evolution of rivers, estuaries, and tidal
environments. With extensive growth in the intertidal zones, mangroves can
influence hydrodynamics within the aquatic environments by altering velocity
fields (Nepf, 2012a; Mullarney et al., 2017), generating small-scale turbulence
(Furukawa and Wolanski, 1996; Norris et al., 2019), attenuating wave energy
(Furukawa and Wolanski, 1996; Mazda et al., 2006; Henderson et al., 2017),
and reducing storm surges (Montgomery et al., 2019). Interactions between
flows and mangroves’ aerial root systems have been shown to facilitate both
the deposition and erosion of sediment (Woodroffe, 1992; Norris et al., 2021;
Temmerman et al., 2007) depending on environmental conditions and vegeta-
tion parameters such as stem spacing, densities and geometries (Nepf, 2004;

Li et al., 2014).

The small (sub-meter) scale spatial heterogeneity of the vegetation-induced
turbulence and associated variability in sediment resuspension (Temmerman
et al., 2007; Zong and Nepf, 2012; Chen et al., 2012) has been shown to influ-

ence morphological characteristics at the estuary scale. Mangrove roots (pneu-
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matophores) generate stem-scale turbulence through the processes of vortex
shedding and generation of eddies (Norris et al., 2019). Using field observa-
tions from a wave-influenced mangrove coastline in the Mekong Delta, Norris
et al. (2017) explored the relationships between the density of mangrove roots
(pneumatophores), and enhanced turbulence at the forest fringe (the transition
between mudflat and vegetated area), which were found to act as a control on
sediment size distributions, and erosion and accretion regimes (Fricke et al.,

2017; Mullarney et al., 2017).

Tidal asymmetry is one of the principal mechanisms that transport sed-
iment through mangrove environments (Furukawa and Wolanski, 1996) by
creating an imbalance in maximum flow speeds owing to friction caused by
vegetative drag. Mazda et al. (1995) previously explored the tidal asymmetry
patterns observed and noted that greater ebb flow speeds in the vegetated
fringe led to ebb dominance of the region. Numerical modeling also revealed
that vegetation changes the tidal asymmetry and the shape of the cross-shore
bottom profile, with denser vegetation developing a more convex profile (Bryan
et al., 2017). Some vegetated coastal systems have shown the ability to trap
sufficient sediment to keep pace with sea-level rise (Lovelock et al., 2015; Ku-
mara et al., 2010; Walsh and Nittrouer, 2004). However, this capability de-
pends strongly on the amount of sediment delivered to the system. As rivers
form the primary mechanism of sediment input to coastlines (Nittrouer et al.,
1995), it is critical to elucidate how factors such as variable discharge and
winds influence the interaction of river plumes with vegetation, and hence also

affect the sediment transport and deposition patterns.

Chapter 2 used an idealized numerical model of a mangrove-lined river
debouching into a coastal bay to examine momentum balances and sediment
fluxes into the forest from the different plume regions. They found that the

principal balance between the bottom shear stress (enhanced by the presence
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of vegetation) and baroclinic pressure gradient largely controlled the sediment
deposition in the riverine sections of the domain. During flood tide, vertical
advection and diffusion enhanced erosion in the fringe region. The longer du-
ration of high water slack at the forest fringe region, pressure gradients, and
inertial acceleration led to the advection of the suspended sediment into the
forest, where deposition occurred. Sediment deposition was more prominent on
the western than the eastern side of the model domain owing to the influence of
Coriolis (Southern Hemisphere). During ebb tide, when the freshwater plume
was at its maximum extent, the barotropic and baroclinic pressure gradients
and the Coriolis acceleration resulted in the riverine sediment being delivered
to the forest and mudflat regions. In the mid-field region, the magnitude of
acceleration terms and changes in bed elevations were smaller. Away from
the river mouth, in the far-field region of the plume, a stronger tidal influence
led to sediment erosion in the mangrove fringe region (also observed in Chen
et al., 2009). In the shallow forested regions, the presence of vegetative drag
slows down the movement of sediment offshore and leads to an overall flood

dominance (also noted in Fagherazzi et al., 2015).

In the above study, momentum balances were evaluated for a single river
discharge, and the effects of wind forcing were not considered. Chao (1988a,b)
explored the effects of bathymetry and wind forcing on river plume circulation,
with a model encompassing both the estuary and the shelf. They highlighted
that the plume response to wind forcing was strongly dependent on the orien-
tation of the wind stress: upwelling wind events cause the plume to become
more expansive as the seaward front is advected offshore (e.g. Hallock and
Marmorino, 2002; Lentz and Chapman, 2004). In contrast, in the presence of
downwelling winds, the plume is confined against the coast due to the onshore
surface currents of the Ekman flow fields, which results in a narrower plume

with less area exposed to the wind.
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Here, we explore the influence of forcing factors of river discharge and
wind (both speed and direction) on a sediment-laden freshwater river plume
in a mangrove-fringed coastal region, and in particular, how these factors affect
the resulting sediment deposition patterns. Section 3.2 describes the idealized
numerical model scenarios, including model parameters and boundary con-
ditions. In Section 3.3, we show the dependence of sediment fluxes into the
forest on varying river flows and wind speeds, and directions. The implications
for the morphological evolution are discussed in Section 3.4. Conclusions are

presented in Section 3.5.

3.2 Methods

3.2.1 Numerical model

The idealized numerical model used in this study was developed in Delft3D
(Deltares, 2021). The Delft3D software package solves both the continuity and
the three-dimensional shallow-water equations under the Boussinesq assump-
tion and has been successfully applied across many modeling studies to study

hydro-morphodynamics (Roelvink and Van Banning, 1995; Lesser et al., 2004).

3.2.1.1 Study area, model grid, and bathymetry

The idealized model is based on the dimensions and bathymetry of the Firth
of Thames (FoT, [S37°12" E175°30']) located to the south of the Hauraki Gulf,
New Zealand as described in the prior study by Vundavilli et al. (2021). Awvi-
cennia marina mangrove habitat lines the river mouths and southern coast of
the Firth. Mangrove coverage has expanded rapidly since the 1960s owing to
sediment input from three rivers Waihou, Piako, and Waikataruru (Horstman
et al., 2018). A 3-D curvilinear and symmetric (along the longitudinal axis)
grid of 25km in the longitudinal direction and 35km in the latitudinal di-
rection was decomposed into three model domains: The outer domain had a

varying grid resolution of 500 m x 900 m near the tidal boundary to a finer grid
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size of 200m x 475m. The central domain covered the vegetated region and
the tidal flats with grid cells of sizes ~ 218 m x 140 m in the deeper regions to
15m x 6m in the mangrove areas. Grid sizes in the lower domain consisting
of the river varied from 25m x 17m at the river mouth to 15m x 10 m at the
upstream boundary. In the vertical direction, there were five sigma layers of

equal thickness (20% of the water depth).
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Figure 3.1: Panel (a) shows the idealized symmetric bathymetry, transect
along the forest edge (black dashed line), (b) spatially varying Chézy roughness
coefficient used in the model central domain to represent vegetation, and (c)
shows the depth profile along the transect. Thick blue lines in Panel (a)
represent tidal (top) and river (bottom) boundaries. The transect is shown by
thick yellow and black lines in panels (b) and (c), respectively. Blue circles are
shown every 1000 m. In panel (b), the white arrows depict the across-transect

directions.

In our vegetated simulations, a spatially varying Chézy value (Figure 3.1b)
was employed to represent vegetation based on literature values (Zhang et al.,
2012; Mazda et al., 1997). In particular, the forest was represented with a
Chézy value of 15m'/2.s7! (corresponding to a friction coefficient of Cp =
0.044) and the intertidal zone with a Chézy value of 65 m'/2.s~! (Cp = 0.0023).
The thin transition zone (~ 200 m fringe area) between the forest and intertidal

flats was represented with a value of 45m'/2.s™' (Cp = 0.0048).
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3.2.1.2 Model parameters and boundary conditions

The model was forced along the northern boundary with an M2 astronomic
tide of amplitude 1.3 m and a constant salinity of 31 ppt. The southern river
boundary was forced with a freshwater discharge with a riverine sediment in-

put of 1kg.m=3.

The Coriolis parameter was defined for -37° latitude. The
horizontal eddy viscosity and diffusivity, were set to 1m?.s7!, and 0.1m?.s7 !,
respectively. The settling velocity, critical bed shear stress, and erosion pa-

L respectively,

rameters were set at 0.1 m.s™, 0.1 N.m~2, and 0.0001 kg.m=2 .s~
based on literature values (Mehta and Partheniades, 1982). In our model runs
with winds, spatially uniform wind speeds and directions were specified over
the entire domain. All the wind parameters such as air density, and drag coef-
ficients were set to Delft3D defaults (Deltares, 2021). These models were run

with a threshold depth of 0.1 m, and a cyclic advection scheme was chosen for

the spatial discretization of momentum.

To satisfy the Courant—Friedrichs—-Lewy condition, a time step of 0.01 min
was used. The model simulation was forced at the river boundary with a
freshwater discharge (no sediment input) for an initial spin-up period of 7
days (flow time) to achieve a quasi-steady state. Subsequently, the model
simulations were conducted for another seven days with a sediment concen-
tration input of 1kg.m™3 through the river boundary. While the sediment
class was restricted to cohesive sediments in our model simulations, we label
the sediments to distinguish between the riverine (new sediments input at the
boundary) and bed-sourced sediments (legacy sediments). This approach al-
lowed us to track the delivery of sediment to the mangrove forest. An initial
sediment bed level thickness of 2m was used throughout the model domain.
For a detailed sensitivity analysis conducted to understand the influence of
the initial bed sediment thickness on the overall total sediment fluxes, see
Appendix B. Morphological evolution in Delft3D can be accelerated using a
Morphological Acceleration Factor (MORFAC) which is multiplied to the bed
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level after each timestep to enable faster computational times (Lesser et al.,
2004; Roelvink and Van Banning, 1995). In our model simulations, a MOR-

FAC of 12 was used to simulate ~ 3 months of morphological evolution.

3.2.1.3 Modeled scenarios

A total of 114 model simulations (57 runs each for vegetated and non-vegetated
simulations) were performed to understand the effects of varying discharges
and winds on the sediment transect fluxes (Table 3.1). River discharges varied
from 0m?®.s7! to 455m3.s7!, with an increment of 35m?.s~!. Additionally, a
high discharge event of 480 m?.s™! was also modeled (Table 3.1). Winds were

applied for three different discharges (35m3.s7% 175 m3.s7!, and 480m?.s7!).

1 1

Simulations with no wind and wind speeds of 5m.s™", and 10m.s™ were se-
lected based on the climate data recorded for the Firth of Thames station
averaged over a year (2019 - 2020). For each wind speed, model simulations
were conducted with wind directions ranging from 0° - 315° with an increment
of 45°. The model scenarios employed in this study encompass the most com-

monly occurring conditions in the Firth of Thames region, while also covering

the full parameter space.

3.2.2 Analysis of model results

To quantify the sediment transport into the vegetation, we define a transect
which separates the forest from the mudflat along the edge of the west-side
mangrove forest (Figure 3.1¢). The transect begins from the raised river bank
located in the river mouth, incorporates a slightly deeper section of the mudfiat
around the bend, and extends along the edge of the western mangrove forest.
The depth profile along the transect is shown in Figure 3.1c, and the along-
transect position = 0 m corresponds to the beginning of the transect. Regions
close to the river mouth (0 < x < 100m) and shallow regions away from the

river mouth (z 2 6000 m) remained dry throughout the model simulations.
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Table 3.1: Model simulations undertaken in our study for the vegetated sim-
ulations. Simulations 58-114 used a uniform Chezy roughness coefficient of
65m'/2.s7! (Cp = 0.0023) throughout the domains, but were otherwise iden-
tical to 1-57.

River Wind Increment in
Varying Model Wind
discharge speed wind
parameters runs ‘ direction (°)
(m3.s71) (m.s™) direction

0, 35, 70, 105, 140,
River discharge 1-15 175, 210, 245, 280, 315, 0 - -
350, 385, 420, 455, 480

16 - 22 35 ) 0-315 45°
23-29 35 10 0-315 45°
Winds 30 - 36 175 ) 0-315 45°
37 -43 175 10 0-315 45°
44 - 50 480 ) 0-315 45°
51 - 57 480 10 0-315 45°

3.2.2.1 Sediment flux calculations

In order to investigate the critical linkages between the riverine flows, tidal
influence, and the wind in the presence of vegetation, we evaluate the sediment
fluxes for sediment types (riverine and bed-sourced) separately. Instantaneous
sediment fluxes for each type of sediment type (@Q, ke.m~'.s71) at time t, in the
across-transect direction, are obtained by integrating the product of sediment
concentration and the horizontal across-transect velocity over the height of

water column:

h(t)
Qt) = /0 c(t,z) - v(t, 2).dz, (3.1)

where, c(t, z) is the instantaneous sediment concentration (kg.m=2), v(t, z) in-
dicates the horizontal across-transect velocity at height z and time t, and h is
the height of the water column. The fluxes are integrated over the ebb, flood,

and the full tidal cycle to provide the net sediment transport into and out of
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the forest region (Equation 3.2). In the intertidal zones, only the timesteps

when the grid cell was fully inundated were used in the flux calculations.

Q:/O Q(t).dt, (3.2)

where, () is the time-integrated sediment transport flux.

The time-integrated fluxes (kg.m™!) were further integrated along the en-

tire length of the transect (Equation 3.3) to estimate the net mass transfer

(ke),

M= /0 Q.dz. (3.3)

where, X is the total length of transect in the along-transect direction.

In our evaluations, positive fluxes correspond to an offshore flux directed
out of the mangrove forest, and negative fluxes correspond to sediment move-

ment into the mangrove forest (Figure 3.1b).

3.3 Results

As this study aims to understand the morphological response to sediment
transported in the buoyant river plume under the influence of varying river
flows and winds, we briefly describe the plume hydrodynamics but predomi-
nantly focus on the sediment transport results. A detailed description of the
model output from a single discharge scenario without winds, including an
analysis of surface and bottom layer momentum balances within various re-

gions of the river plume can be found in Vundavilli et al. (2021).
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3.3.1 Plume dynamics

An example of along-transect distributions of residual across-transect veloci-
ties, riverine sediment concentrations, and horizontal sediment fluxes is shown
in Figure 3.2 for the simulation with a river flow of 175m3.s7!. We divide
the transect into three zones to highlight the different sections of the river
plume which interact with the vegetation at these locations. Following Het-
land (2005), these distinct dynamical regions of the river plume in our model
simulations are: the near-field mixing zone, which is localized at lower salinity
values (5-15 ppt), mid-field region, which encapsulates the anti-cyclonic bulge
(16-25 ppt), and the far-field which has a lower rate of mixing with a salinity

range of 26-29 ppt.

Mean across-transect horizontal velocities along the transect over ebb ranged

Lin the near-field zone close to the river mouth (100m < z <

from ~-0.12m.s™
2100 m) to about ~ 0.03m.s™! in the bottom of the mid-field region (2100 m <
z < 3500m) and far-field zones (x 2 3500 m). While across-transect velocities
were directed into the forest zone in the near-field region (negative), in the
mid and far-field regions, velocities were oriented out of the forest (positive).
Over ebb, as the plume debouched from the river mouth, riverine sediment
remained on the surface layer and underwent rapid mixing in the near-field
zone. The sediment concentrations ranged from ~ 0.25kg.m ™2 on the surface

to ~ 0.15kg.m ™2 in the bottom. In the mid-field and far-field zones, riverine

sediment concentrations were close to zero.

Over the flood tide, as the plume is pushed back into the river mouth due
to the incoming tidal currents, the near-field zone extends just over ~1000m
of the transect (100m < x < 1100m), and the section of the transect inter-
acting with the re-circulating mid-field region is also narrower 1100m < x <

1600m. In the mid- and far-field regions of the river plume (z 2 1100m),
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as the plume loses its momentum, tidal currents dictate the transport of the
sediment in this region, and the across-transect velocities are directed into the
forest (Figure 3.2b).

Magnitudes of the across-transect mean velocities ranged from ~ 0.02 m.s !
on the surface to ~ 0.004m.s™! in the bottom layer. While the surface layer
velocities were directed out of the forest, the bottom layer velocities, however,
were directed into the forest region (Figure 3.2b). In the near-field region
(100m < z < 1100 m), modeled riverine sediment concentrations in the bottom
were ~ 5 times greater than in the surface layer (Figure 3.2d). Away from the
river mouth in the far-field region of the river plume, river-sourced sediment
concentrations were negligible. Along the transect, over the flood stage of the
tidal cycle, in the near-field zone (100m < z < 1100m), sediment fluxes were
directed into the forest region on the surface layer and away from the forest in

the bottom layer (Figure 3.2f).

3.3.1.1 Tidally integrated fluxes

Figure 3.3 shows the depth-integrated across-transect fluxes of riverine, bed-
sourced and the total sediment for the 175m?.s™! discharge scenario. For
along-transect distances of x = 2500, fluxes were O(0), so only the regions
close to the river mouth are shown in subsequent figures. Over the ebb stage
(Figure 3.3b), in the regions closer to the river mouth (100m < z < 500m),
both the riverine and bed-sourced sediment fluxes were found to be directed
into the forest region with magnitudes of the riverine sediment fluxes nearly
double that of the bed-sourced sediment fluxes. Farther along the transect
(500m < x < 1100m), as the river pushed through the transect owing to the
near-field circulation, the direction of the fluxes was now reversed and sedi-
ment was directed out of the forest region (Figure 3.3b). Riverine sediment
transport remained the dominant contributor to sediment transport in this

part of the transect. In the far-field region (z 2 1100 m), owing to the loss of
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momentum carried by the river in this region, tidal currents remain the major
drivers of the sediment and both the riverine and bed-sourced sediment are di-
rected out of the forest (Figure 3.3b). As expected, contributions towards the
total transport was dominated by the bed-sourced sediment with only modest

contributions from the riverine sediment.

Over the flood tide, sediment fluxes were directed into the forest region
over close to the entirety of the transect; however, the dominant contributors
to the fluxes varied along the transect (Figure 3.3c). Riverine and bed-sourced
sediments were of similar magnitudes contributions in the near-field region
of the river plume (0 < z < 500m); however, as the freshwater plume is
pushed back into the river mouth due to the oncoming tidal currents, the
plume spread is restricted and bed-sourced forms the largest contributor to
the fluxes elsewhere along the transect (Figure 3.3c). Over the full tidal cycle,
sediment is transported into the forest close to the river mouth (100m < x
< 500m), with greater riverine sediment contributions over that of the bed-
sourced sediment by nearly ~ 45%. Farther along the transect (500m < z <
1000m), the total sediment transport is directed out of the forest facilitated
through as the freshwater plume is pushed through the forest close to the river

mouth, and fluxes of bed-sourced sediments are minimal (Figure 3.3a).

3.3.2 Tidally integrated fluxes and total sediment mass

loads under varying river flows

To examine the effects of varying discharges, we consider the sediment fluxes
with position on the transect (Figure 3.4) and the total sediment mass loads
integrated along the full length of the transect (Figure 3.5). Close to the river
mouth, sediment was transported into the forest lining the river banks, and
total sediment flux magnitudes increased with discharge. The relative impor-
tance of the sediment type varied across river discharges. In particular, for

low to medium river flows (35m?.s7! - 210m?3.s7!), the contributions of river-
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Figure 3.3: Across-transect total, riverine, and bed-sourced sediment fluxes
(Q) along the transect were evaluated for the 175 m3.s™! discharge scenario in-
tegrated over: (a) the full tidal cycle, (b) the ebb stage, and (c) the flood stage.
Thick brown lines represent the total sediment fluxes, blue lines represent the
riverine sediment fluxes, and thick grey lines represent the corresponding fluxes
for the bed-sourced sediment. In our evaluations, positive and negative fluxes
indicate sediment transport out of the forest and into the forest region, respec-

tively.

ine and bed-sourced sediment were similar in the near-field region of the river
plume. For higher river flows, the riverine sediment was the major contributor

towards the total sediment into the forest in the region (0 < z < 500 m, Figure
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Figure 3.4: Comparison of the tidal integrated across-transect (a) total sed-
iment fluxes (brown lines), (b) riverine sediment fluxes (blue lines), and (c)
bed-sourced sediment fluxes (black lines) for each of the discharge scenarios
(Table 3.1, row 1) undertaken in the study. Colors show individual discharge
scenarios from low discharge (lighter shades) to high discharge (darker shades).
In our evaluations, positive and negative fluxes indicate sediment transport out

of the forest and into the forest region, respectively.

3.4a). In the region (500m < x < 1000m), the riverine sediment transport
was directed out of the forest irrespective of the discharge employed in our
model simulations. Farther away from the river mouth, in the region, © 2
1500 m, the total sediment transport was directed out of the forest region for
all except the highest discharges. For the very large discharges (> 210m?.s71),
the anti-cyclonic bulge of the river plume extends into this region and moves

suspended bed-sourced sediment (lifted off during flood) into the forest (Fig-

ure 3.5a and c).

Figure 3.5 shows the total, riverine and bed-sourced sediment mass loads
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integrated along the full transect for the different discharges. The transport
over the flood stage of the tidal cycle is around an order of magnitude larger
than that during ebb, and hence dominates the contributions to the total
transport. The total sediment mass load was directed into the forest for all
discharges, indicating an accretionary environment. Mass loads were found to
increase approximately linearly with discharge across the range 70m?.s™! to
280m3.s7!, at which point, further increases in discharge only resulted in small
amounts of additional sediment being delivered to the forest. For these larger
discharges, a greater portion of the sediment delivered to the mangroves is
pushed through and out of the forest (Figure 3.4b). The relative contributions
towards the total sediment were found to be similar for both the bed-sourced
and riverine sediment for river discharges up to 210m3.s™!, beyond which
the relative contribution of the riverine sediment increased (to approximately

double that of the bed-sourced sediment).

3.3.3 Response of the river plume and sediment trans-

port to varying wind velocities

3.3.3.1 Influence of winds on the plume structure

The influence of wind direction on the sediment transport can be seen in the
tidal residual of the riverine sediment concentrations and horizontal velocities
in the surface layer (Figure 3.6, gives an example for wind speeds of 5m.s™!
and a discharge of 175m®.s7!). Compared with the no-wind scenario (Figure
3.6a), northerly winds push the plume back into the river mouth leading to an
accumulation of the riverine sediment in this region. While the surface current
residuals remain unaltered in this region (0 < y < 2km in the latitudinal di-

rection), residual currents in the region away from the river mouth (z > 2km

in the longitudinal direction) are altered due to the surface winds.

Across all of the model simulations, easterly winds (90°) were found to
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Figure 3.5: Comparison of the sediment mass loads (in kg) of total (brown
lines), riverine (blue lines), and bed-sourced sediment (grey lines) through
the transect as a function of each discharge scenario undertaken in the study.
Panels (a), (b), and (c) show the mass loads integrated over the entire tide, ebb
stage, and flood stages of the tidal cycle, respectively. Positive and negative
mass loads indicate sediment transport out of the forest and into the forest

region, respectively.

maximize the sediment transport into the transect (Figure 3.6d). Southerly
winds (180°) effectively increase the overall plume extent in our simulations
and increase the sediment concentration observed close to the river mouth (~

0.2kg.m~3). Westerly, southwesterly, and northwesterly winds were sufficient
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to dominate over Coriolis and generated a strong wind-driven eastward flow

in the regions away from the river mouth (Figure 3.6g, h, and 1).

3.3.3.2 Tidally integrated fluxes under varying winds

Figure 3.7 shows the total sediment flux, riverine sediment flux, and bed-
sourced sediment fluxes along the transect evaluated over a tidal cycle for a
175 m3.s7! discharge with varying wind directions and two wind speeds (Model

runs 16-57, Table 3.1).

The response of the plume to the winds changed between the different re-

! were not sufficient enough

gions of the sediment plume. Wind speeds of 5m.s™
to alter the direction of the sediment transfer closer to the river mouth. In the
region close to the river mouth (0 < = < 500 m), total sediment transport was
found to be directed into the forest irrespective of the direction of the wind
with both riverine and bed-sourced sediments contributing towards the total
sediment transport (Figure 3.7a). Farther along the transect (z 2 500m),
total sediment transport in this region was dictated by the wind direction.
In particular, in the case of easterly, wind directions (0° - 180°), the total
sediment transport was into the forest; however, in the case of westerly wind
directions (225° - 315°), the sediment transport was instead directed out of the
forest. The fluxes of bed-sourced sediment were more strongly influenced by
wind directions than those of riverine sediment. In particular, the maximum
fluxes or river sediments into the forest in the region 0 < x < 500m varied
between ~ 500 kg.m~! and ~ 750kg.m~! for all the wind directions, while the

1

maximum fluxes of bed-sourced sediments ranged from ~ 200kg.m™" and ~

650 kg.m™1.

In our model simulations, the presence of strong winds (10 m.s™!, Figure
3.7b, d, and f) significantly altered the total transport fluxes along the tran-

sect. Close to the river mouth (0 < = < 500m), while the total sediment

Y
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transport was directed into the forest irrespective of the wind direction, the
magnitudes increased by nearly 75% in the case of easterly wind, and re-
duced by 42% in the case of westerly directions (225°, 270°, 315°, Figure 3.7b)

! wind speeds. In the region defined by the

in comparison to that of 5m.s™
along-transect distance of 500m < z < 1500 m, as the wind altered the plume
structure, magnitudes of the total sediment fluxes were largest (due to larger
riverine and bed-sourced sediment contributions) in the case of easterly wind
directions, while conversely, fluxes were smaller for westerly wind directions.
Similarly, in the far-field region of the plume where the influence of river mo-
mentum was minimal, winds controlled the direction of the total sediment
transport flux (Figure 3.7a). In the case of westerly winds, the entirety of

the sediment plume was pushed away from the transect, and hence contribu-

tions of the riverine sediment fluxes towards the total transport were negligible.

Interestingly, along the forest in the region x = 1500 m, the bed-sourced

! winds were insignificant; however,

sediment fluxes in the presence of 5m.s™
strong winds of 10 m.s™! significantly altered the bed-sourced sediment fluxes
(lower left inset (Figures 3.7e and f)). In particular, while the bed-sourced
sediments were ~ 10% of that observed in the near-field region in the case

of light winds of 5m.s™!, bed-sourced sediments were ~ 33% in the case of

10m.s~! wind speeds.

3.3.3.3 The combined influences of discharge and winds on tidally

integrated sediment mass loads

The combined effects of discharge and winds on the mass loads into the forest

I wind

over a tidal cycle are summarized in Figure 3.8. In the presence of 5m.s™
speeds, total sediment mass loads were found to be directed into the forest ir-
respective of the wind direction. However, in the case of low - medium river

flow events (35m®.s™! and 175m®.s7!), total sediment mass loads were larger

for all the easterly wind directions (45° - 135°). On the contrary, northerly,
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I were sufficient to alter the total

southerly, and westerly wind speeds of 5m.s™
sediment transport mass loads in the case of both the 35m?.s7! and 175m3.s~!
discharge scenarios. While the largest magnitudes were observed in the south-

easterly wind scenario, the lowest mass loads were found to be in the case of

0° for both cases of river discharge.

Mass loads varied substantially with wind direction for the high riverine
discharge (480 m3.s71) scenario. Interestingly, the highest sediment mass load
was recorded in the case of the southwesterly wind scenario (225°, a westerly
wind direction that directs the sediment plume away from the transect). This
anomaly can be attributed to the decreased river sediment transport outflow
(compared to remaining wind directions) in the mid-field region of the sedi-
ment plume (Figure 3.8¢, 1500m < = < 2100m), which consequentially leads

! wind speeds,

to higher mass loads into the forest. In the presence of 5m.s™
both the riverine and bed-sediment loads were directed into the transect for
all the discharge scenarios irrespective of the wind direction, except the model
run with 480 m?.s™! in the case of northerly winds where the total sediment
transport was instead directed out of the forest (Figure 3.8c). The reversal of
the plume into the river due to wind can explain this reversal of the sediment
transport direction. However, as the contributions of bed sediment transport

were significantly lower than that of the riverine sediment, the sediment trans-

port was found to be directed into the forest.

In the presence of strong winds (10m.s™!), the sediment mass loads were

1

approximately double those in the 5m.s™ wind speed cases. Total mass loads

increased non-linearly with discharge: In comparison to the 35 m?.s~! discharge

I and

scenario, mass loads were ~ 10 and 15 times larger for the 175m3.s~
480 m?.s~! discharge scenarios, respectively. The dependence on wind direction
was more pronounced and similar for the larger discharges, with the notable

result that irrespective of discharge, for northerly winds, sediment transport
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was directed out of the forest. For larger river flows, the maximum mass loads
were directed into the forest under south-easterly winds. Additionally, while
the riverine sediment transport dominated the total sediment transport in the

Land 480m3.s! discharges, bed-sourced sediment remained

case of 175m3.s~
the major contributor towards the total sediment transport for all the wind

directions employed in the case of 35m3.s™! discharge.

3.4 Discussion

In this paper, we studied the sediment transport patterns resulting from the
interaction of a buoyant river plume with mangrove vegetation. We addressed
the impact of various forcings (discharges and wind velocities) on the river
plume by quantifying sediment fluxes into the forest using an idealized 3-D
model. Our numerical model demonstrates that as the river debouches into the
coastal waters, the plume undergoes various dynamical changes in the along-
shore direction, in a similar manner to the observations of Horner-Devine et al.
(2015). Consequently, fluxes of riverine sediments into the forest were highly
dependent on the individual regions of the river plume in our simulations, and

the distance over which they extended.

Closer to the river mouth, results indicate the river expanded laterally and
pushed riverine sediment into the forest region irrespective of the discharge
applied in our model simulations. The lateral spreading of sediments and for-
mation of residual currents has been observed in locations without vegetation
(see Leonardi et al. (2013), who studied the effects of tides on the evolution
of mouth bars); however, drag from vegetation further enhances the deposi-
tion of sediment in this near-field forested region, which occurred across all
stages of the tidal cycle. While the directional trends remained similar in the
case of non-vegetated simulations (not shown), the magnitudes of the riverine

sediment mass loads increased significantly in the absence of vegetative drag
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(increased velocity). In the mid-field region (transition region between the
near- and far-field region of the river plume), a small portion (~ 15%) of the

sediment delivered by the river exited the forest.

The impact of vegetation varied on the bed-sourced sediment based on
the river discharge employed in our model simulations. In particular, while
the total sediment deposition was higher in the presence of vegetation for low
discharge runs (0 - 105m3.s7!), however in the cases of higher discharge (>
140 m3.s71), the bed-sourced sediment deposition was found to be larger in the
case of non-vegetated runs. This difference in trends can be attributed to the
coupled impact of the high bottom shear stresses (generated by vegetation)
and high near-field turbulence (see MacDonald et al., 2007). In the case of low
discharge events (0 - 105 m3.s7!), during the flood stage, a major part of the
bed-sourced sediment is lifted off the bed due to enhanced bed-shear stresses
(generated by the vegetative drag), and consequently, during the ebb stage,
as the tide recedes, the sediment lifted off the bed now settles. Interestingly,
in the case of high discharge events, while the mechanism of bed-sourced sed-
iment transport remains similar during the flood stage, during the ebb stage;
however, the presence of high-intensity turbulent eddies generated within the
river plume keeps the sediment in suspension until the next flood stage. This
result is consistent with Norris et al. (2019) who using field techniques with the
mangrove forest in the lower Mekong Delta, Vietnam, found that the presence

of mangrove pneumatophores enhances the net turbulent mixing near the bed.

Furthermore, in the case of large river flow events, the riverine dynamics
dominate the transport along the entirety of the transect with a only mod-
est tidal impact on the sediment transport. The reduced relative influence of
tides can be seen in our study wherein the flood-averaged sediment mass load
magnitudes were significantly lower in comparison to that of the ebb-averaged

sediment mass loads. These results are consistent with field results from the
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Apalachicola Delta, Florida, USA, by Leonardi et al. (2015) who established
that, in the presence of high riverine discharge, reduction in tidal flow leads to
a unidirectional outflow and an entirely river-dominated system. Similarly, re-
sults from laboratory experiments show periodic variations in the width of the
plume structure under oscillatory discharge conditions leads to altered riverine

transport either in the across-shore or along-shore transport directions (Yuan

et al., 2018).

Horizontal advection in a river plume is controlled by plume buoyancy,
mixing, and transport (Horner-Devine et al., 2015). Garvine (1995) previ-
ously identified limiting cases of offshore plume behavior based on the Kelvin
number at the river mouth, defined as the ratio of the source width and the

baroclinic deformation radius: K = %, where W is the width of the river
]

mouth g’ is the reduced gravity, h is the depth at the river mouth, and f

is the Coriolis frequency (0.875 x 107%s™! at -37° latitude). They suggested
that plumes with K > 1 indicate linear dynamics, coupled with high flows,
and exhibit a geostrophic balance in the across-shore directions. Conversely,
plumes with K < 1 demonstrate sharp frontal boundaries and non-linear flow

dynamics, while plumes with K ~ 1 were classified as intermediate cases.

We evaluated the tidal mean Kelvin numbers inside the river plume at a lat-
itudinal distance of ~ 1km (Figure 3.1a) for our simulations, which indicated
a change in plume behavior regimes from small to large discharges. For river

1_245m?.s7! Kelvin numbers ranged from ~ 0.20 to ~ 0.78,

plumes of 35m3.s~
while for discharges 280 m?.s7! - 350m3.s~! could be considered intermediate-
sized plumes (0.85 < K < 1.05). For flows greater than > 385 m3.s™!, Kelvin
numbers range from ~ 1.2 - ~ 1.35 corresponding to different dynamics in
the region. Cole and Hetland (2016) using numerical experiments found that

increase in freshwater discharge alters the net mixing response within a river

plume due to enhanced shear mixing in the near-field region in a rotating envi-
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ronment. This increased mixing in the near-field region can explain the similar
sediment loads recorded in the case of model runs with large discharges owing

to reduced mixing in the near-field region.

In the geostrophic far-field region, both the riverine and bed-sourced sed-
iment transport in our study were found to be directed out of the forest,
indicating an ebb-dominant asymmetry. This ebb dominance of the mangrove
fringe regions (transition zones between the forest and mudflat) has been pre-
viously seen in many studies and has been attributed to friction caused by the
vegetation (Mazda et al., 1995; Bryan et al., 2017).

I were sufficient to change the structure of the far-

Wind speeds of 5m.s™
field and mid-field regions of the plume. This change in the plume structure
due to winds has been studied extensively (e.g. Kourafalou et al., 1996; War-
rick et al., 2007). The majority of the sediment transport away from the river
mouth (in the mid- and far-field region) was dominated by the direction of the
wind, while closer to the river mouth, the plume retained its structure and was
less sensitive to winds. This result is consistent with various previous studies

conducted to study the influence of wind on the river plumes (e.g. Masse and

Murthy, 1992; Miinchow and Garvine, 1993).

Upon doubling the wind velocity (10m.s™!), in addition to increased total
sediment transport mass loads, the dynamics of the river plume were signif-

! wind velocities, the river

icantly altered. Relative to the cases with 5m.s™
plume became more elongated. The presence of an elongated bulge region
within a river plume under strong winds is consistent with the previous river
plume studies such as Hickey et al. (1998). Within the river plume, the direc-
tion between the bottom and surface layer currents is reversed in the presence

of strong winds. This result is consistent with Alekseenko and Roux (2019),

who, using numerical methods, concluded that in shallow regions, strong winds
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lead to enhanced stress differential and generation of bidirectional exchange of

flows.

In our model simulations, wind stress was found to be one of the major con-

! river discharge

trolling factors of sediment deposition in the case of 35m3.s~
scenario. This result is similar to Marques et al. (2009), who studied the dy-
namics of the Patos Lagoon coastal plume using 3-D numerical experiments
and found that while winds become a primary contributor of the transport,
the Coriolis force and bed shear stress become secondary influences in the case
of low discharge plumes and vice versa. On the other hand, in our model sim-
ulations with river flows of 175m?.s™! and 480 m?.s~!, a combined influence
of Coriolis, bed shear stress (impacted by vegetation), and turbulence (in the

near-field region of the river plume) formed the principal dynamical processes

controlling the sediment transport.

Analysis of total sediment fluxes along the edge of the eastern mangrove
forest (not shown) revealed that while the direction of sediment fluxes re-
mained the same, the magnitudes decreased. This decrease in sediment flux
magnitudes in the eastern mangrove forest can be attributed to the reduced
contribution of the riverine sediment as expected due to Coriolis (Southern
Hemisphere). Interestingly, in model simulations with westerly winds, as the
sediment plume was now pushed into the eastern forest (Figure 3.6), the magni-
tudes were only slightly increased. This modest increase to the total sediment
fluxes can be explained by an increase in riverine sediment (as expected due
to the surface layer wind stress); however, the presence of vertical advective
fluxes during the absence of Coriolis (see Van Leeuwen and De Swart, 2002)

inhibits the transport of bed-sourced sediment into the forest.

The results from this idealized model study provide insight into the ef-

fects of discharge and winds on sediment transport within a river plume in
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a mangrove environment. Representing the presence of mangrove trees and
roots using bottom drag enables us to capture the critical feedback mecha-
nisms within the mangroves with higher computational efficiency (Horstman
et al., 2015); however, detailed understanding of the modifications to the tur-
bulent fields obtained using vegetative stems is neglected. The present study
also neglects flocculation processes, noting that floc size has been shown to
vary substantially along tidal rivers (MacDonald and Mullarney, 2015). Fur-
ther work could incorporate the turbulence-induced aggregation and/or break
up of flocs, which will thus affect settling velocity and transport of particles.
Additionally, the effect of wind waves on the total sediment transport patterns

is not incorporated.

3.5 Conclusions

We examined the response of a sediment river plume to variation in discharges
and surface winds using an idealized 3-D model. Owing to elevated sediment
inputs, mangrove vegetation in the Firth of Thames, New Zealand (Figure
3.9b) has rapidly expanded over recent decades in contrast to the global trend
of mangrove decline. Results from this idealized study are consistent with
the satellite images of this rapid progradation of mangroves closer to the river
mouth (Figure 3.9b), in that sediment deposition primarily occurs in the highly
dynamic near-field region close to the river mouth. The modeled river plume
showed that vegetation significantly altered the riverine and bed-sourced sed-
iment as the underlying drag influenced the net sediment transport through
the transect. For very high discharge events, turbulence at the edge of the
forest retains sediments in suspension, longer ebb duration, and strong plume
momentum drives sediment through the forest onto the tidal flat offshore (Fig-

ure 3.9d).

This study revealed the contrasting impacts of easterly and westerly wind
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directions on the dynamical properties within the river plume and found that
major alterations to the wind magnitudes and direction can reverse the di-
rection of the sediment transport. Understanding hydro-morphodynamics is
crucial to restoring these ecosystems and influencing their growth. Within a
mangrove forest, the interactions between the fluvial and marine processes in
river flows and winds play a crucial role in controlling sediment deposition and
erosion patterns. Results presented in this study can help enhance our ability
to predict the evolution of mangrove vegetation by the influence of river flows

and winds on the sediment supply.
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Figure 3.9: Inset (a) Firth of Thames shows the Waihou river’s location (yel-
low rectangle). Panel (b) shows the mangrove progradation traced based on
the Landsat imagery (2001 - 2021) obtained from the U.S. Geological Survey.
Thick lines represent the extent of mangroves in 2001 (thick red line), 2011
(thick orange line), and 2021 (thick black line). Thick green arrows represent
the direction of mangrove progradation over time. Panels (c¢) and (e) show
the plume extent of the riverine sediment plume during the ebb and the flood
stages of the tidal cycle. Panels (d) and (f) show the conceptual diagram along
the transect considered in this study and the various dynamics and contribu-
tions from the external forces towards sediment transport mechanisms within

the different environments of a river plume.
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Contribution of authors

Chapter 4 duplicates a paper of the title “Coalescence of buoyant river
plumes and the implications for sediment transport into a coastal mangrove
environment” by Hemanth Vundavilli, Julia C. Mullarney, and Iain T. Mac-
Donald, which was submitted to FEstuarine, Coastal and Shelf Science in 2022.
The majority of text and figures are identical to the initially submitted version,
except for the relabeling of figures, tables, equation numbers, and changes as
suggested by the examiners of this thesis and the ongoing peer-review pro-
cess. Along with modifying the idealized numerical model using Delft3D, I
wrote MATLAB scripts to process and analyze the model data. Along with
the preparation of initial and subsequent drafts, I prepared all the figures for
this manuscript. My co-authors, Julia C. Mullarney and Iain T. MacDonald

edited my drafts along with providing helpful comments and direction.



Abstract

We used idealized numerical experiments to investigate how the interactions of
coalescing buoyant river plumes with mangrove vegetation affected sediment
transport and deposition in the coastal zone. Our model system based on the
Firth of Thames (FoT) in the North Island of New Zealand was designed to
represent two mangrove-lined rivers debouching into a coastal bay. Sediment
transport patterns into the three adjacent mangrove forest regions (central,
western, and eastern) are assessed. The interactions between the buoyant river
plumes resulted in a coalesced river plume mass that flowed along the central
mangrove forest between the rivers. Both the rivers affect each other, and,
consequently, the dominant contributors to the total sediment transport into
the mangrove forests varied as a function of both the total and the relative
flows through the two rivers. Aided by the Coriolis and river momentum,
the eastern river dominates sediment transport and dynamics in the system
for small and medium flows through the western river. Conversely, as the
spatial extent of the western river plume extended for large flows, sediment
associated with the western river dominated the total sediment fluxes into the
mangroves. Analysis of sediment transport fluxes along the central mangrove
forest revealed significant sediment accretion into the mangrove forests lining
the river mouth, with modest deposition in the intermediate regions along
the central forest, consistent with the satellite imagery of the FoT. Additional
analysis investigating the influence of winds revealed that within the coalesced
mass, as the along-shore transport of the dominant eastern river increased
during easterly winds, the magnitude of total sediment fluxes into the central

and eastern forest was the largest.
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4.1 Introduction

Buoyant river plumes, which form when the riverine freshwater meets saline
coastal waters, are a region of enhanced transfer of momentum, nutrients,
and sediments (Jickells, 1998). The shape and propagation of a buoyant river
plume are influenced by a river’s interaction with coastal currents (e.g. Fong
and Geyer, 2002), Earth’s rotation (e.g. Garvine and Monk, 1974), and ex-
ternal factors such as the winds (e.g Fong and Geyer, 2001). Wright (1977)
compared multiple river plume systems across the world and concluded that
that sediment dispersal within a river plume is controlled by: (1) turbulence
generated by the shear stresses within a water column, (2) buoyancy owing to
the density differences; and (3) the physical properties of sediment particles.
As the sediment eventually settles, these processes directly contribute to the

long-term morphological evolution of coastlines and deltas (Paola, 2000).

Aquatic vegetation such as mangroves (which often line tidally influenced
river banks in tropical and subtropical environments) have been found to mod-
ify velocity fields substantially (Nepf, 2012b), generate small-scale turbulence
within the aquatic environments (Norris et al., 2021), and subsequently influ-
ence the overall hydrodynamics of the region. Previous studies in mangrove
environments have found that the presence of mangroves can lead to both ero-

sion and accretion in close proximity (Mullarney et al., 2017).

The width of the vegetative cover and geometry of mangroves strongly dic-
tate the drag within the vegetation (Mazda et al., 1997) and this vegetative
drag alters the tidal asymmetry within their environments by creating an im-
balance in the maximum flow speeds. In particular, the forest and mudflat
regions turn into flood-dominant zones owing to low ebb speeds induced by
the vegetative drag; conversely, the highly turbulent fringe region (the tran-

sition zone between the forest and the intertidal flat) becomes ebb-dominant
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(Mazda et al., 1995).

Using a 3-D numerical model of a mangrove-lined river debouching into a
coastal bay, Vundavilli et al. (2021) explored the influence of mangrove veg-
etation (represented by a Chézy coefficient) on river plumes and associated
sediment transport patterns. In their model, which was an idealized version
of the Firth of Thames mangrove forest located in the North Island of New
Zealand, they observed that while sediment deposition occurred in the forest
and tidal flats region of the model domain, the fringe regions experienced ero-
sion. In the model simulations conducted with no winds, sediment deposition
in the western side of the model domain was larger than the eastern side, ow-
ing to the influence of Coriolis (Southern Hemisphere). Principal momentum
balances were between the bottom shear stress (enhanced by the presence of
vegetation) and baroclinic pressure gradient which largely controlled the sed-
iment deposition in the riverine sections of the domain. Close to the river
mouth, during ebb tide, the barotropic and baroclinic pressure gradients cou-
pled with Coriolis acceleration help deliver sediment to the forest and mudflat
regions. In the mid-field regions of the river plume, the magnitudes of bed
elevation changes were smaller due to increased Coriolis acceleration which
arrested the spreading of the river plume. In the shallow forested regions,

stronger tidal influence helped deposit sediments into the forest.

In a subsequent modeling study (Chapter 3), we investigated how varying
the forcing factors of riverine discharge and wind velocities influenced sediment
transport in the system and consequently assessed total sediment transport
and, in particular, how the relative contributions of riverine and bed-sourced
(legacy) sediment varied over different sections of the mangrove forest. In their
study, they found that the dominant contributors to the total sediment trans-
port changed along the regions of the river plume: Equal contributions from

the riverine and bed-sourced sediment dominated the total sediment trans-
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port in the near-field region of the plume, and the sediment transport was
found to be directed into the forest region, indicative of an accretionary en-
vironment. Furthermore, while the mass loads (directed into the mangrove
forest) increased with an increase in riverine discharge, for the very large flow
events, sediment mass loads were relatively similar as the river sediment plume
carried sufficient momentum to push sediment through and out of the forest
front. The presence of strong winds were able to modify sediment transport in
the near-field region by overcoming the momentum carried by the river in the
far-field region; however, sediment transport was controlled by both the tidal
effects and wind stress. Additionally, the transport direction of the sediment

plume was influenced by the strong winds.

The aforementioned studies help explain the principal underlying dynam-
ics and quantitative estimation of sediment deposition patterns for a single
riverine plume. However, river plumes in nature may often occur in close
proximity. Despite observations of coalescing river plumes through remotely
sensed imagery (Warrick and Fong, 2004), studies concerning the physics of
river plume-to-plume interactions within specific coastal regions and the conse-
quences of these interactions for sediment transport mechanisms are relatively
less explored. As rivers form the primary mechanism through which sediment
is transported to the coasts (Syvitski, 2003), it is critical to understand how
plume-to-plume interactions influence sediment transport in the presence of

mangrove vegetation.

In this study, using an idealized 3D numerical model, we aim to understand
how the coalescence of two river plumes alters the morphological evolution
of a mangrove system. In particular, we aim to investigate how coalescence
alters the dynamics and the corresponding sediment deposition patterns within
the adjacent mangrove forests. Section 4.2 of this manuscript describes the

numerical model and the corresponding model scenarios undertaken in this
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study. The dependence of sediment fluxes on the relative plume fluxes and
winds is described in Section 4.3, and the implications of the results in this

study are presented in Section 4.4. Lastly, conclusions are presented in Section

4.5.

4.2 Methods

4.2.1 Numerical model development

The numerical model used in this study was developed using the Delft3D
modeling suite (Deltares, 2017). The Delft3D software package has been
successfully applied for simulating hydrodynamics, sediment dynamics, and
morphological processes (e.g. Lesser et al., 2004). The Delft3D flow mod-
ule, which determines the flow characteristics by solving three-dimensional
unsteady shallow-water equations under the Boussinesq assumption, is cou-
pled to the sediment transport morphological model, which updates the bed

simultaneously with the hydrodynamics (Roelvink and Van Banning, 1995).

4.2.1.1 Model setup

Numerical simulations in this study were undertaken in a model domain de-
signed as an idealized version of the Firth of Thames located in the North
Island (FoT, [S37°12" E175°30]) of New Zealand. The Waihou, Piako, and
Waitakaruru rivers enter the FoT from the southern region and have experi-
enced rapid colonization of mangrove vegetation (Avicennia marina) over the
last 60 years due to sediment input associated with deforestation and land-use
changes (Lovelock et al., 2010). This study focuses on the two rivers, the large
river Waihou (hereafter referred to as the eastern river) and a smaller river
representing the Piako (hereafter referred to as the western river), which exist

in close proximity and generate persistent freshwater and sediment plumes.
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Figure 4.1: Panel (a) shows the location of the Firth of Thames (thick black
box) field site on the map of New Zealand (inset), (b) satellite image of the
Waihou and Piako river sediment plumes and mangroves. Panel (c) shows
the idealized symmetric bathymetry, transects along the western, central, and
eastern forest edge (thick black line), and (d) spatially varying Chézy coeffi-
cient used in the model central domain to represent vegetation. Thick blue
lines in Panel (c) represent tidal (top) and river (bottom) boundaries. The
transects are shown by thick black lines in panel (d). In panel (d), the black
arrows and yellow crosses depict the across-transect directions and origin for

the along-transect distances, respectively.

4.2.1.2 Model grid and bathymetry

The model used in this study retains the same outer domain as the model
described in Chapter 3. However, two rivers are introduced at the eastern side
of the southern end of the domain. The 3-D curvilinear grid is now decomposed
into four domains to incorporate the additional river: The outer domain, which
includes the tidal boundary with grid sizes varying from ~ 500m x 900 m
near the tidal boundary to ~ 218 m x 140 m near the domain decomposition
boundary. The central domain, which encompasses the mangrove vegetation,
was resolved into a grid resolution of ~ 218 m x 140 m in the deeper sections
of the domain to a refined resolution of ~ 20 m x 15m in the mangrove region.

Lastly, the two lower domains, each encompassing the rivers, had a varying
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resolution of ~ 30m x 30m at the river boundary to ~ 20m x 15m near
the river mouth. The model was vertically resolved into five sigma layers of
equal thickness (20% of the water depth). The vertical resolution of 5 sigma
layers was deemed adequate to model plume coalescence following sensitivity
analysis (Appendix B.1). To represent vegetation in our model simulations, a
spatially varying Chézy coefficient was employed based on the literature values
(Mazda et al., 1997). In the latitudinal direction from the forest to tidal flats,
the Chézy coefficient varied from 15m'/2.s~1 (corresponding to a Cp = 0.044)
to 65m'/2.s7! (Cp = 0.0023) in the intertidal zone. A Chézy coefficient of
45m'/2.s7! (Cp = 0.0048) was used to represent the forest fringe (a ~ 200-m

thin transition zone between forest and intertidal zone).

4.2.2 Model parameters and boundary conditions

The Coriolis parameter in the model was set at -37° latitude in the model. The
threshold depth in the model was set to 0.1 m, and the spatial discretization of
momentum was set to a cyclic advection scheme. The background eddy viscos-
ity and diffusivity were set to 1 m? and 0.1 m?, respectively. All the remaining
numerical parameters in this study were set to their respective Delft3D default
values. To distinguish sediments (restricted to the Cohesive sediment class)
and to have a detailed understanding of the sediment transport within each
of the model domains, we label both the riverine (new sediments introduced
at the river boundaries) and bed-sourced sediments (legacy sediments). An
initial bed sediment thickness of 2m was used. To reduce the computational
time of each simulation, a Morphological Acceleration Factor (see Roelvink
and Van Banning, 1995; Lesser et al., 2004) or MORFAC of 12 was used to
simulate ~ 3 months of morphological changes. In each of the simulations
undertaken in this study, the northern tidal boundary was forced with an M2
astronomic tide of 1.3 m amplitude and a constant salinity of 31 ppt. FEach of
the rivers was forced with a freshwater discharge and riverine sediment. To

achieve a quasi-steady state, model simulations were run for an initial spin-up
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period of 7 days with freshwater input but no sediment. The model simulations
were conducted for another 7-day period with the sediment input through each
river boundary. A model timestep of 0.01 min was used to satisfy the Courant-

Friedrichs-Lewy condition.

4.2.3 Modeled scenarios

A total of 19 modeled scenarios were undertaken for this study (Table 4.1).
These were selected to encompass the range of observed river flow conditions
for the western and eastern rivers in the Firth of Thames and explore how
the ratio of river fluxes controls the plume and deposition patterns. For both
rivers, a relationship between discharge and suspended sediment concentration
was constructed based on environmental data recorded at their respective up-
stream boundaries at ~ 4km by the Waikato Regional Council for the period
1981 - 2022, and simulations were conducted using the 50, 90", and 99.99t"
percentiles of the frequency distribution. An additional four simulations, with
forcing equivalent to Run 11 (Table 4.1) and a continuous wind of speed of
5m.s~! (based on the climate data recorded for the Firth of Thames averaged
over a year) were carried out for northerly, easterly, westerly, and southerly
wind directions to provide an indication of how sensitive the results are to

wind forcing. Modeled scenarios are listed in Table 4.1.

4.3 Results

In order to examine how the coalescence of river plumes affects sediment trans-
port into the vegetation, we consider fluxes across three transects along the
west, central, and east sides of the model domain (Figure 4.1d). The western
and eastern transects defined in this study begin from the raised river banks
in the river mouth and extend along the edges of the western and the eastern
mangrove forests, respectively, while the central transect starts at the raised

eastern river bank and extends along the edge of the central mangrove forest
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Table 4.1: Model simulations undertaken in our study. Qw, Cw, Qg, and
Cg are western riverine discharge, sediment concentration through the western
river boundary, eastern riverine discharge, sediment concentration through the

eastern river boundary, respectively.

Western river Eastern river Winds
Qw Cw Qr Cg Wind speed Wind direction
Run no.
(mds) (kgm™) (mis) (kgm™)  (ms) (¢ from)
1 7 0.4 0 0 0 -
2 20 0.6 0 0 0 -
3 100 1.6 0 0 0 -
4 0 0 35 0.4 0 -
5 0 0 60 0.5 0 -
6 0 0 250 1.8 0 -
7 7 0.4 35 0.4 0 -
8 7 0.4 60 0.5 0 -
No wind
9 7 0.4 250 1.8 0 -
10 20 0.6 35 0.4 0 -
11 20 0.6 60 0.5 0 -
12 20 0.6 250 1.8 0 -
13 100 1.6 35 0.4 0 -
14 100 1.6 60 0.5 0 -
15 100 1.6 250 1.8 0 -
16 20 0.6 60 0.5 5 0
17 20 0.6 60 0.5 5 90
Winds 18 20 0.6 60 0.5 5 180

19 20 0.6 60 0.5 ) 270
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for the eastern river. Following the methodology applied in Chapter 3, we
analyse the sediment fluxes for each sediment type (riverine and bed-sourced)
independently in order to study the links between riverine flows, wind stress,
and sediment transport in the presence of vegetation and tidal effects. We
evaluate the instantaneous, time-integrated sediment transport fluxes (@)) and
net mass transfer loads (M) along the western, eastern, and central transects

as:

h(t)
Qt) = /0 c(t,z) - v(t, 2).dz, (4.1)

where, c(t,z) is the instantaneous sediment concentration (kg.m™2), v(, z)
indicates the horizontal across-transect velocity at height z and time t, and h

is the height of the water column.

Q= /0 Q(t).dt, (4.2)

where, () is the time-integrated sediment transport flux.

An integration of () along the total length of the transect yields:

X
M:/O Q.dxr, (4.3)

where, X is the total length of the transect in the along-transect direction.
Throughout this study, positive fluxes (@) and mass loads (M) correspond to
sediment directed out of the forest, while negative magnitudes correspond to

sediment directed into the forest region.

4.3.1 Sediment plume coalescence

The effect of plume interactions on the surface layer salinity, river sediment
concentration, and velocities at the peak ebb and peak flood taken inside the
eastern river mouth (defined by longitudinal distance of ~ 9 km and latitudinal

distance of ~ -11km, Figure 4.1¢) are shown in Figure 4.2 for the model runs
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for Run 2 and Run 11 (Table 4.1). In our numerical model, in the cases with
no flow through the eastern river (single river flow, Run 2, Table 4.1), during
the peak ebb stage of the tidal cycle, the western river plume was found to
be radial in shape, expanding ~ 2km into the central domain with a salinity
range of 15 - 20ppt. As the plume debouched into the model domain, the
flow vectors were oriented towards the northern tidal boundary near the river
mouth and spread into the river mouth of the second river boundary (Figure
4.2a). This intrusion of river plume into the river mouth in its proximity has
been seen in Gong et al. (2019), who attributed the intrusion of one river
plume into the other river to the baroclinic component, which aids in intru-
sion and downstream transport of one river into the other. Surface flow speeds

Lin the deeper

ranged from ~ 0.6m.s™! close to the river mouth to ~ 0.3m.s™~
sections of the model domain. When two rivers are considered, the spreading
patterns of both the sediment plumes were altered in our model simulations.
In particular, as the strongly flowing eastern river plume interacted with the
western river plume, both the plumes radially spread into the coastal domain
creating a region of lower salinity along the central mangrove forest, with the
eastern river expanding for over ~ 4km (Figure 4.2b). As a result of this col-
lision of salinity fronts, the lateral sediment plume expansion for both plumes

was severely inhibited along the collision boundary (also seen previously by

Warrick and Farnsworth 2017).

During peak flood, plume expansion is limited by the presence of oncoming
tidal currents. In the case of a single river plume system (Run 2, Table 4.1),
the western river plume spreads laterally. However, in the two river case, as
the lateral expansion is halted under medium flows (Run 11, Table 4.1), the
two plumes no longer maintain their initial structure but instead coalesced
into a single water mass with a low salinity range of 10-16 ppt resulting in
accumulation of river sediment along the central forest with high sediment

concentration near the edges (Figure 4.2d). The coalesced plume mass was
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mostly composed of the eastern river due to the larger river flow, angled river
geometry, and deflection to the left due to Coriolis (Southern Hemisphere).
Analysis of river sediment concentration in the water column (not shown)
across the centers of each river plume showed that the large eastern river plume
occupied the surface region of the water column while the smaller western river

plume was pushed to the bottom.
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Figure 4.2: Model snapshots of surface layer riverine sediment concentration
(contours), salinity (colorbar), and velocity (arrows) at different tidal stages.
The single river scenario (Run 2, Table 4.1) is shown in panels (a) at peak
ebb and (c) at peak flood stages of the tidal cycle. A multiple river scenario
(Run 11, Table 4.1) is shown in panels (b) at peak ebb and (d) at peak flood
stages. Thick yellow contour lines (contour interval: 0.02 kg.m™3) and white
contour lines (contour interval: 0.1 kg.m™3) show the western and the angled
eastern riverine sediment concentrations, respectively. The thick red lines show

locations of the transects.

4.3.2 Dependence of plume coalescence on the relative
river inputs

To quantify the nature of plume interactions for the model runs undertaken in
this study, we introduce the tidally averaged non-dimensional plume collision

index (Rp) defined as:
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0, lfAW OI'AE:O

Rp AWATIAE, if plumes coalesce (4.4)

1, if one plume overlaps the other
where Ay, Ag correspond to surface area of the polygon defined by the sedi-
ment plumes formed the western and the eastern river, respectively. Aj is the
surface area of the polygon defined by the intersection of the plume boundaries
with sediment concentrations in the surface layer greater than 0.01kg.m=3.
The non-dimensional number Rp represents the degree of plume coalescence
with values ranging from 0 (no coalescence) to 1 (complete overlap of one
plume over the other). An overview of the plume coalescence and correspond-

ing plume collision indices for the surface layer is shown in Figure 4.3 for the

model runs when flow rates through the rivers were greater than zero.

A comparison of plume collision indices (Rp) for low, medium, and large
flows through the western river yielded positive linear relationships for flow
increases through the eastern river (Figure 4.3a-g). However, in the cases with
low and medium flows through the western river, the prominent bulge of the
eastern river plume completely envelops the western river (i.e. Rp = 1; Figure
4.3f and i). Conversely, when the western river was forced with a large flow
(Run 15, Table 4.1), the plume collision index (Rp, Figure 4.3c) was found to
be 0.23 (decreased from 1 as noted for Runs 6 and 12), indicating influence
of both plumes within the coalesced mass due to greater spatial extent of
plume formed by the western river. The influence of eastern river flow on the
plume coalescence was stronger than for the western river flow. For example,
increasing the flow through the western river, when low (Runs 7, 10, and 13,
Table 4.1) and medium flows (Runs 8, 11, and 14, Table 4.1) were forced
through the eastern river led to a decrease in the plume collision indices (Rp)

in comparison to those obtained when eastern river was varied (Figure 4.3a

and b).
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4.3.3 Tidally integrated sediment fluxes

The tidally integrated sediment fluxes of the river, bed sediment, and the total
sediment fluxes through the central, western, and eastern mangrove forests for

the Run 11 scenario (Table 4.1) are shown in Figure 4.4.

4.3.3.1 Flux through the central mangrove forest

For Run 11 (medium flows through both the rivers, Table 4.1), the relative
importance of the sediment type varied along the central mangrove forest. In
particular, bed sediment from the western river was the dominant contributor
close to the river mouth (0 < z < 1000m, Figure 4.4b) with contributions
greater than the river sediment by nearly ~ 90%. Farther along the central
forest closer to the eastern river (z 2 3800m), bed sediment from the eastern
river and the Firth of Thames outer bay were the dominant contributors to
the total sediment transport and were directed into the forest lining the river
banks (Figure 4.4b). The directional trends along the central mangrove forest
remained similar near the rivers. In particular, as the plumes debouched into
the central domain, the rivers pushed sediment into the forest close to their
respective river mouths, resulting in negative fluxes (Figure 4.4b). In the region
between the rivers (1000m < z < 3800m), sediment transport was directed
into the forest region, although the magnitudes significantly decreased (Figure
4.4b inset). For distances between 1000m < x < 2000m, bed sediment from
the outer bay (Firth of Thames) contributed nearly 80% of the total flux, with a
further 20% resulting from central bed sediments, with negligible contributions
by the river sediment carried by either rivers. In the region defined by (2000 m
< 2 < 3800m), total sediment transport was entirely dominated by the bed

sediment from the Firth (Figure 4.4b inset).
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4.3.3.2 Flux through the western and eastern mangrove forests

Shallow regions inside the forest represented by along-transect distances x 2
2000 m remained dry throughout the model simulations for the western and
eastern mangrove regions (Figure 4.4a and c¢). Over a tidal cycle, sediment
transport close to the river mouth for western (0 < = < 500m, Figure 4.4a)
and eastern mangrove forests (0 < z < 1000m, Figure 4.4c) was primarily
directed into the forest with dominant contributions by the sediment associated
with the western river and eastern river, respectively. The bed sediment was
found to be the dominant contributor to the total sediment transport along the
western and eastern mangrove forests. While bed sediment from the western
river dominated the sediment flux along the western mangrove forest (Figure
4.4a), bed sediment from the Firth along with modest contributions from the
eastern river sediment dominated the fluxes along the eastern mangrove forest
(Figure 4.4c). This change of principal contributors can be attributed to the
deflection of the river plumes to the left of the model domain owing to Coriolis.
Due to this deflection, the magnitude of river sediment fluxes was nearly ~ 10

times larger in the western river compared to the eastern river (Figure 4.4a

and c).

4.3.4 The influence of flow variations on sediment trans-

port

A comparison of model results with varying flows through the eastern river
while medium flows through the western river were forced (Runs 10, 11, and

12, Table 4.1) are presented in Figure 4.5.

Along the central mangrove forest (located between the rivers), closer to
the western river mouth (0 < 2 < 500m), total sediment transport decreased
with an increase in flow through the eastern river in our model simulations

(Figure 4.5a). Conversely, in the region closer to the eastern river mouth (z
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Figure 4.4: Across-transect sediment fluxes (Q) along (a) the western man-
grove forest, (b) the central mangrove forest, and (c) the eastern mangrove
forest for eastern river discharge and the western river discharges of 60 m3.s~*
and 20m?.s™! (Run 11, Table 4.1), respectively. Thick brown lines represent
the total sediment flux, thick blue lines represent the corresponding fluxes
for riverine sediment types, and thick grey lines represent the correspond-
ing fluxes for bed sediment types. In our evaluations, positive and negative
fluxes indicate sediment transport out and into the forest region, respectively.
Along-transect distance of zero for the western and eastern mangrove forests
correspond to the river mouth of the western river and eastern river, respec-
tively. The along-transect distance of zero for the central mangrove forest
corresponds to the river mouth of the western river. In our evaluations, posi-
tive and negative fluxes indicate sediment transport out of the forest and into
the forest region, respectively. Inset shows the close-up of the modeled fluxes

along the central mangrove forest for distances of 1000m < z < 3500 m.

2 3800m), the total sediment flux magnitudes increased by nearly 60% as the

flow was increased from its 50" percentile (low flow) to 90" percentile (medium
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flow). Furthermore, as the flow through the eastern river was now increased to
its 99.99'" percentile (large flow), total sediment fluxes increased by an order
of magnitude (Figure 4.5a). Total sediment fluxes were directed into the forest
regions lining the river banks irrespective of the flow (Figure 4.5a). Farther
away from the river mouths, sediment transport fluxes were instead found to
be directed out of the forest. While the sediment transport direction out of
the forest in the case of the eastern river (3800m < z < 4400 m, Figure 4.5a)
was due to the momentum carried by the eastern river, which helped push the
sediment out of the forest front; on the other hand, in the case of the smaller
western river (500m < x < 650m, Figure 4.5a), the sediment outflow can be

also explained by the enhanced ebb dominance in the region.

Along the central mangrove forest, the relative importance of sediment
source varied. In particular, closer to the western river (0 < z < 500m), bed
sediment from the western river and the outer bay of the Firth were dominant
contributors to the total sediment (Figure 4.5b and c¢). Interestingly, as the
flow through the eastern river increased, while the river sediment contributions
from the western river towards the total sediment flux decreased, whereas the
bed sediment carried by the western river increased (Figure 4.5a). The contri-
bution of bed sediment from the Firth, was found to be inversely proportional
to the flow through the eastern river (Figure 4.5¢). In the region midway
along the central forest (1000m < z < 3500m), total sediment fluxes were
directed into the forest for low and medium flows through the eastern river;
however, overall magnitudes significantly decreased. For the low and medium
flows through the eastern river, bed sediment from the Firth remained the
dominant contributor to the total sediment transport (Figure 4.5a). Further
increases in the flow through the eastern river (Run 8, Table 4.1), total sedi-

ment transport along the forest did not have a definitive direction.

Total sediment mass loads were integrated along the entirety of the cen-
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Figure 4.5: The comparison of the tidal integrated fluxes across the central
mangrove forest (a) total sediment fluxes (brown lines), (b) riverine sediment
fluxes (blue lines), and (c¢) bed sediment fluxes (gray lines) for eastern river
discharge of 35m3.s™* (Run 10, Table 4.1), 60m?.s™" (Run 11, Table 4.1),
and 250m?.s™! (Run 12, Table 4.1). Triangles, circles, and stars represent
sediment associated with eastern river, Firth, and western river, respectively.
Along-transect distance of zero corresponds to river mouth of the western river.
In our evaluations, positive and negative fluxes indicate sediment transport out
of the forest and into the forest region, respectively. Colors show individual
discharge scenarios from Run 10 (lighter shades) to Run 12 (darker shades).
Inset in Panel (b) shows the close-up of the modeled fluxes along the central
mangrove forest for distances of 1000m < z < 3500m. Note different y-axis

scale in panel (c).

tral mangrove forest for Runs 10, 11, and 12 (not shown). Irrespective of
the flow variations through the eastern river (Table 4.1), total sediment mass
loads were directed into the mangrove forest, indicative of sediment deposi-

tion. As the flow through the eastern river increased from low to medium,
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the magnitude of the total sediment mass loads through the central mangrove
forest decreased by nearly ~ 50%. As the flow was further increased (Run 12,
Table 4.1), total mass loads increased by nearly ~ 4 times compared to that
observed in the case of the medium flow rate (Run 11, Table 4.1). For small
to medium discharges through the eastern river, bed-sediment from the Firth
and western river were the dominant contributors to the total sediment mass
loads; however, in the case of the large discharge scenario (Run 12, Table 4.1),
river sediment from the eastern river dominated the total sediment mass loads
with modest contributions from the remaining sediment sources employed in

this study.

Tidally integrated fluxes along the western and eastern mangrove forests
were directionally similar, irrespective of the flow variations employed through
the eastern river (Figure 4.6a-f). The magnitude of total sediment fluxes in-
creased for both the western (Figure 4.6a) and eastern mangrove forests (Fig-
ure 4.6b) as the flow through the eastern river increased. The magnitudes of
total sediment flux were larger through the western mangrove forest than the
eastern mangrove forest for low and medium river flows employed through the
eastern river. The dominant sediment source contributors varied through both
the western and eastern mangrove forests as the flows through the eastern river
varied. In particular, bed sediment from the western river (~ 20% of the total
sediment transport) and the Firth (~ 80% of the total sediment transport)
were the major contributors to the total sediment along the western mangrove
forest (Figure 4.6e). Furthermore, bed sediment from the Firth (~ 50% of
the total sediment transport) dominated total sediment transport with near
similar contribution from the bed sediment transport by the eastern river (~
50% of the total sediment transport) along the eastern mangrove forest (Figure
4.6f). The influence of sediment from the western river on total sediment flux
through the eastern mangrove forest was negligible (O(1072) kg.m™3) as the

large eastern river plume arrests any movement of sediment from the western
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Figure 4.6: The comparison of the tidal integrated fluxes across the eastern
and western mangrove forest (a) and (b) total sediment fluxes (brown lines),
(c) and (d) riverine sediment fluxes (blue lines), and (e) and (f) bed sediment
fluxes (grey lines) for eastern river discharge of 35m3.s™! (Run 10, Table 4.1),
60m?.s™' (Run 11, Table 4.1), and 250m?.s~! (Run 12, Table 4.1). Triangles,
circles, and stars represent sediment associated with eastern river, the outer
Firth, and the western river, respectively. Along-transect distance of zero for
the western and eastern transects correspond to river mouth of the western
river and eastern river, respectively. In our evaluations, positive and negative
fluxes indicate sediment transport out of the forest and into the forest region,
respectively. Colors show individual discharge scenarios from Run 10 (lighter
shades) to Run 12 (darker shades). Note the change in y-axis scale between

the panels.

river.

In the case of the large flow through the eastern river (Run 12, Table 4.1),
river sediment carried by the eastern river dominated the river sediment flux

along both the western and eastern mangrove forests (Figure 4.6¢ and d). The
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magnitude of the river sediment through western and eastern mangrove forests
increased by nearly ~ 85% and nearly 100 times, respectively. However, despite
large flows through the eastern river, bed sediment from the western river and
the Firth remained the dominant contributor to the total sediment transport
through the western mangrove forest. Through the eastern mangrove forest,
as expected, river sediment from the eastern river dominated total sediment

transport (Figure 4.6b).

As the flows through the eastern river increased, total sediment mass loads
(not shown) exhibited increased non-linearly. Total sediment mass loads along
the western forest decreased by nearly ~ 38% when flow through the eastern
river was increased from low to medium. With additional increases in the
flow through the eastern river (Run 12, Table 4.1), the total sediment mass
loads increased by ~ 15%. Alternatively, as the flow through the eastern
river increased, total sediment mass loads through the eastern mangrove forest
increased, with dominant contributions from the river sediment carried by the
eastern river and bed sediment carried by the Firth and river. This increase
in total sediment mass loads can be explained by the increase in the plume
collision indices (Rp) evaluated for runs 10, 11, and 12, indicating an increase

of the eastern river’s influence on the overall sediment dynamics of the system.

4.3.5 Plume coalescence under the influence of wind

! winds had varying effects on the river plumes in our

The presence of 5m.s™
model simulations (Figure 4.7). In particular, compared to the eastern river,
the western river plume no longer retained its near-field structure as winds
influenced the plume outflow (Figure 4.7a-e¢). On the other hand, as the mo-
mentum carried by the eastern river was sufficiently large, the wind had a
minimal effect in the near-field region of the eastern river. Along the mid- and

the far-field regions (1km < y < 2km in the latitudinal direction), winds of

5m.s~! altered the structure of both plumes.
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Compared to the no-wind scenario, northerly winds arrested the movement
of the river plumes (Figure 4.7a and b). The surface current residuals in the
regions away from the river mouths were primarily directed into the central
forest (Figure 4.7b). Easterly (90°) and westerly (270°) winds were dominant
in enhancing the plume coalescence in our model simulations (Figure 4.7¢ and
e). In particular, as winds blow from the east, the eastern river was further
pushed towards the left (previously aided by Coriolis), enhancing the sediment
plume interactions in the central domain while eclipsing the weaker western
river plume (Figure 4.7c). Winds blowing from the west (270°, Figure 4.7¢)

I were sufficient to overcome the influence of Coriolis and deflect

of 5m.s™
the far-field regions of both the river plumes towards the right compared to
the no-wind scenario (Figure 4.7e). Lastly, southerly winds (180°, Figure 4.7d)
pushed both plumes towards the northern tidal boundary with residual velocity

vectors (specifically in the far-field region of the river plumes) oriented almost

perpendicular to the longitudinal axis (Figure 4.7d).

4.3.6 The influence of wind on sediment transport

To understand the influence of wind on sediment transport, the total, river,
and bed sediment transport fluxes are analyzed across the central mangrove
forest (Figure 4.8). A detailed description of the influence of wind on sediment
transport fluxes in the case of a single river scenario can be found in Chapter 3.

I wind velocities

Along the central mangrove forest, the presence of 5m.s™
had varying effects. In particular, in the regions closer to the river mouth,
while the directions of sediment transport remained, modest changes in mag-
nitudes were observed. The impact of wind on the smaller western river plume
was larger in comparison to that of the large angled river plume (Figure 4.8a~

¢). Closer to the river mouth of the smaller western river (0 < z < 500m),

southerly winds (270°) resulted in the largest sediment flux, with the magni-
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Figure 4.8: Tidally integrated across-transect fluxes for simulations involving
winds (Runs 16-19, Table 4.1) along the central mangrove forest. Panels (a)
total sediment flux, (b) riverine sediment flux, and (c¢) bed-sourced sediments.
Triangles, circles, and stars represent sediment associated with eastern river,
from outer Firth, and the western river, respectively. Along-transect distance
of zero corresponds to river mouth of the western river. In our evaluations,
positive and negative fluxes indicate sediment transport out of the forest and
into the forest region, respectively. Insets show the close-up of the modeled
fluxes along the central mangrove forest for distances of 1000m < x < 3500 m.

Note different y-axis scale in panel (b).

tude of the total sediment flux greater by nearly ~ 16% compared to the no
wind scenario. On the other hand, a dominant easterly wind direction (90°)

wind produced the largest fluxes.

A significant effect of wind direction on total sediment transport was noted

in the region between the river plumes along the central forest (Figure 4.8a,
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inset). In particular, in the region 1000m < x < 1500m, while the easterly
and northerly winds enhanced sediment transport into the forest similar rel-
ative to the no-wind scenario, on the contrary, southerly and westerly winds
resulted in sediment transport out of the forest (Figure 4.8¢c, inset). The mag-
nitude of sediment fluxes in the case of easterly winds was found to be the
highest, with an increase in sediment flux by nearly ~ 80% compared to the
no-wind scenario. In the region defined by = = 3800 m, closer to the eastern
river mouth (Figure 4.8a), owing to higher riverine momentum, wind driven
sediment transport was negligible.

! wind velocities, the total sediment transport

In the presence of 5m.s™
fluxes closer to western and eastern river mouths were directed into the forest
along the western and eastern mangrove forests, irrespective of the wind di-
rection (Figure 4.9a-f). Total sediment fluxes along the western (Figure 4.9a)
and eastern mangrove forests (Figure 4.9b) were largest in the case of easterly
(90°, magnitudes larger by nearly ~ 40% in comparison to the no-wind sce-
nario) and southerly (180°, magnitudes larger by nearly ~ 65% in comparison
to the no-wind scenario) wind directions, respectively. While the bed sediment
contributions dominated total sediment transport along both the western and
eastern mangrove forests, the sediment types varied. In particular, along the
western mangrove forest, while sediment transport was primarily dominated
by bed sediment carried by the western river (nearly ~ 80% of total sedi-
ment). On the other hand, bed sediment carried by the eastern river (nearly
~ 40% of total sediment) and from the Firth (~ 60% of total sediment) were
the dominant sediment contributors along the eastern forest, with the highest
magnitudes during southerly winds (270°, Figure 4.9b, d, and f). Farther along
the eastern mangrove forest (z 2 400m), total sediment fluxes were directed
out of the forest for all the wind directions except for northerly, where instead,

sediment fluxes were directed into the forest.
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Figure 4.9: Tidally integrated across-transect fluxes for simulations involving
winds (Runs 16-19) along the western and eastern mangrove forest. Panels (a)
and (b) are total sediment fluxes, (c) and (d) are fluxes of riverine sediments,
and (e) and (f) show bed-sourced sediments. Triangles, circles, and stars
represent sediment associated with the eastern river, Firth, and western river,
respectively. The along-transect distance of zero for the western and eastern
transects correspond to river mouth of the western river and eastern river,
respectively. In our evaluations, positive and negative fluxes indicate sediment

transport out of the forest and into the forest region, respectively.

4.4 Discussion

We investigated how the interactions of two buoyant river plumes in a man-
grove environment affected sediment transport and deposition into adjacent
mangrove forests. Using numerical experiments conducted over an idealized
domain, we address the impact varying riverine flows have on a nearby man-

grove forested region by quantifying sediment fluxes into the edge of the forest.
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Model simulations with a single river flow showed the formation of a typical
radially shaped bulge around the river mouth with a slight deflection towards
the right side of the model domain during peak ebb (also seen in Chant et al.
2008; Horner-Devine 2009). During peak flood, the presence of oncoming tidal
currents thins the plume expansion along with an acquired westward velocity
due to Coriolis (also noted in Kourafalou et al. 1996), establishing a strong
alongshore jet along the western mangrove forest (Figure 4.2c). The presence
of an adjacent river plume altered the spreading patterns of both plumes. In
particular, during low flow events, one river plume’s expansion impeded the
expansion of the other. This result is similar to Gong et al. (2019) who using
numerical studies in the Pearl River Estuary, found that the presence of sec-
ondary river plumes in the vicinity of a primary river plume can significantly
impact the transport dynamics in the region. They attributed this impact on
transport to the barotropic component, which helps limit the spatial extent
of the river plume, and the baroclinic component, which aids in decreasing
the plume stratification. Furthermore, the plumes coalesced, forming a single
plume entity that flowed along the central forest (Figure 4.3). The evidence
of river plume coalescence closer to the river mouths in the vicinity has been
previously reported in multiple remote sensing studies such as Mertes and

Warrick (2001).

For the low flow scenarios, the river-associated sediment fluxes were the
largest closer to the river mouths. In the region between the rivers (midway
along the forest), bed sediment from the Firth was the major contributor to
the sediment transport. In the central forest between the two rivers, sedi-
ment fluxes were primarily directed into the forest. The magnitudes of fluxes
were highest for eastern river-associated sediment, followed by the western
river-associated sediment and, bed sediment from the Firth of Thames outer
bay. This variable deposition pattern is consistent with the satellite imagery

of the Firth of Thames field site (Figure 1.3). In our study, as the flows
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through a river were kept constant and varied through the other, the corre-
sponding spreading patterns altered the sediment fluxes, particularly in the
central forested region between the two rivers. As the flow through one river
increased, fluxes associated with the second river decreased, and vice versa.
This result is similar to that presented by Mendes et al. (2016), who using nu-
merical studies, studied the interactions of the Douro and Minho river plumes
in the Western Iberian Peninsula and noted that the spreading of a large river
plume adjacent to a smaller plume suppresses the offshore spreading of the

small river plumes.

The plume patterns and the corresponding dominant contributors to the
total sediment transport changed due to the presence of Coriolis (Southern
Hemisphere). For example, the induced turning and rotation of the river
plumes due to Coriolis aided the transport into the western mangrove forest;
however, the river plumes deflected away from the eastern mangrove forest, and
the transport flux magnitudes were reduced. This effect of Coriolis on river
plume transport has been recorded in multiple studies (e.g. Wells, 2009). In
our study, the rivers in their vicinity dominated sediment deposition along the
mangrove forests that lined the shoreline. In particular, for low and medium
flow rates through each river, sediment transport was primarily dominated by
the angled eastern river along the eastern forest and the western river along
the western forest. For each river, as the plumes debouched into the central
domain, the lateral expansion within the near-field region of the plumes helped
push sediments brought in by the river into the nearby forest region, while the
drag associated with vegetation helped deposit this sediment. This sediment
deposition close to the river mouth has been seen previously in many studies

(e.g. Van Maren, 2007; Fagherazzi et al., 2015; Vundavilli et al., 2022).

In this study, along the eastern and western forested regions, variation of

flows through either river altered the sediment transport fluxes. In particular,
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the plume waters from the larger eastern river dominated sediment transport
through the central and eastern mangrove forests when the discharge through
the western river remained equal to or below its medium flow rate. This result
agrees with previous studies (e.g. Gong et al., 2019; Mendes et al., 2016), who
noted that the presence of a large river plume suppresses the offshore spreading
of small river plumes in the vicinity while enhancing the downstream transport
of the former. However, in the case of large flow discharge through the western
river, owing to the larger plume extent, sediment from the western river dom-
inated sediment transport across the central, western, and eastern forests. In
the regions away from the river mouth, sediment transport along the western
and eastern forest was dominated by the bed sediment from the coastal bay
and was directed out of the forest for all the model runs employed. This sed-
iment outflow along the edge of the mangrove forest can be attributed to the

ebb-tidal asymmetry (previously seen in many studies; e.g., Bryan et al. 2017).

The effect of 5m.s~! winds modified the coalesced river plume mass in our
model simulations (also seen in Warrick and Farnsworth 2017). In our study,
sediment transport fluxes were largest through the central and western man-
grove forests in the case of easterly winds. The easterly winds, in combination
with the Coriolis, helped transport a significant part of sediment from the
eastern river into the central forested region. These plume deflections and the
corresponding enhanced transport in the presence of winds are consistent with
various river plume studies (Masse and Murthy, 1992). In the case of eastern
mangrove forests, total sediment flux magnitudes were largest in the case of
southerly winds. This increase in the total sediment flux can be attributed to
the suppression of the plume bulge, which helped push the plume bulge into
the eastern mangrove forest. This reversal of plume transport due to winds

has been previously reported in many studies (e.g. Schiller et al., 2011).
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Figure 4.10: Schematic representation of the dominant sediment dynamics

within the Firth of Thames (FoT). Panel (a) shows the plume interactions
and Panel (b) shows the dominant contributors towards the total sediment

transport fluxes within the FoT system.

4.5 Conclusions

This study examines the influence of two river plumes on sediment dynamics
and the morphological evolution of a mangrove system. A three-dimensional
Delft3D morphological model based on the Firth of Thames mangrove forest is
used to conduct a series of numerical experiments. The results obtained in this

study are summarized in Figure 4.10 have yielded the following insights into
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sediment transport patterns owing to interactions between two river plumes:

1. The sediment plumes formed from each river are well developed and
coalesced to a varying degree for each model run. Due to intense mixing
within the coalesced sediment plume mass, deposition between the river

mouths decreased (midway along the central forest).

2. When large flows were forced through either river, sediment from the
river was transported into the other river suppressing the downstream
transport of the latter plume (Figure 4.10b). The presence of Coriolis
(Southern-hemisphere) helped transport a significant amount of sediment
into the western side of the model domain. Along the central mangrove
forest, sediment from the large river (located to the east, Figure 4.10a)

was deflected due to Coriolis resulting in higher sediment fluxes.

3. Coalescence of the plumes increased with northerly and easterly winds
leading to higher transport fluxes through the central and the western
mangrove forests (Figure 4.10a). Alternatively, as southerly winds push
the mid-field and far-field regions of the eastern river into the eastern
mangrove forest, sediment transport fluxes were largest, compared to
other wind directions. As the rivers carried sufficient momentum to
overcome wind speeds or sediment was advected away from the forests,
the directions of sediment transport in the near-field region of the rivers

remained unaltered (Figure 4.10Db).

While our study captures many dominant sediment transport processes
within riverine and coastal mangrove environments, other critical processes
such as waves are not included in the present study. Nevertheless, the numeri-
cal experiments revealed insights into sediment transport and depositional pat-
terns within mangroves forests upon interactions with coalescing river plumes,
which has received insufficient attention. The results in this study demon-

strate that even modest changes to the forcing parameters change the overall
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sediment deposition characteristics. The deposition patterns observed in our
study suggest that over longer-timescales, an on-shore directed supply of sed-
iment from rivers exists, which can help in seaward extension of mangroves
(Woodroffe et al., 2016). Furthermore, as Coriolis, flow, and the river mouth
geometry aid in transporting large amounts of the eastern river sediment,
mangrove progradation may be closer to the eastern river, which may induce

sediment feedback and changes to circulation in the lower Firth of Thames.






Chapter 5

(General conclusions

5.1 Review of major concepts

This thesis addresses the interactions of river plumes with mangroves and the
consequences for the resultant hydro-morphodynamics and sediment transport
patterns. Idealized numerical simulations are used to address the research
questions stated in Section 1.4 and the main conclusions are given below. Ad-

ditionally, a visual summary of the findings is presented in Figure 5.1.

1. How does the presence of vegetation alter the river plume dynamics and
associated sediment transport patterns within various regions of the man-
grove forest? Specifically, what are the principal momentum contributors
that influence the transport of sediment within the forest, fringe, and the

tidal flat of a mangrove forest?

Chapter 2 of this thesis explored the sediment transport patterns resultant
from the interaction of buoyant river plumes with vegetation using idealized
three-dimensional numerical experiments. The model of a single river debouch-
ing into a mangrove-lined coastal bay was designed as an idealized version of
the Firth of Thames mangrove forest, located in the North Island of New
Zealand. Results from the numerical model showed that vegetative drag influ-

enced sediment patterns as the underlying dynamics were substantially altered
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relative to model simulations without vegetation. The analysis of sediment de-
position in the model runs with spatially varying roughness (vegetated runs)
in the along-shore direction showed that while sediment deposition occurred
inside the forest and tidal flats, sediment erosion occurred in the fringe re-
gion. Alternatively, for the non-vegetated runs, sediment deposition occurred
throughout the model domain. Within the vegetated regions, the influence of
friction enhanced the slack water tidal asymmetry. In particular, in the shal-
low forested and the tidal flat regions, slack water tidal asymmetry patterns
were found to flood dominant, while the fringe regions were found to be ebb-
dominant. The evaluation of momentum balances across various regions of the
river plume (near-, mid-, and far-field regions) showed that vegetation altered
the underlying dynamics due to vegetative drag. Closer to the river mouth
(near-field region), the principal balance between the baroclinic pressure gra-
dient and the enhanced bottom shear stress due to vegetation controlled the
sediment transport into the forest. Evaluations of momentum balances in the
far-field region of the river plume showed that the force balance between the
barotropic pressure gradient and inertial acceleration remained on the surface
layer. In the bottom layer, the bottom shear stress in the across and alongshore
momentum balances indicated that vegetative drag was pivotal in inhibiting
sediment movement in the offshore direction. Coriolis acceleration momentum
components in the mid- and far-field regions deflected the river plume to the
left (Southern Hemisphere), which helped explain the increased sediment de-
position in the western side of the model domain relative to the eastern side.
The across and alongshore force balances in the fringe region of the mangroves
exhibited more complexities than the forest and flat regions. The presence
of vertical diffusion and advection components in the momentum balances in
the fringe indicated a mechanism through which the bed-sourced sediment was
uprooted into the water column during the flood stage of the tidal cycle and

distributed into the forest and flat region during the ebb.
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2. How does the change in freshwater discharge and the presence of winds

influence the sediment transport patterns?

Dynamics within a river plume system are altered under varying river flows
(e.g. Horner-Devine et al., 2015) and winds (e.g. Fong and Geyer, 2001), which
can modify the overall sediment transport patterns. Using the idealized model
employed in Chapter 2, Chapter 3 of this thesis focused on the influences of
river discharges and wind velocities on sediment transport patterns and the
relative contributions of the river- and bed-sourced sediment along the edge
of the western mangrove forest. The results from the idealized numerical ex-
periments revealed that riverine sediment fluxes into the forest depended on
the individual regions of the river plumes and the distance over which the
zones extended. Furthermore, the numerical experiments revealed two zones
of sediment transport directional trends: (i) a near-field depositional zone
close to the river mouth and (ii) a far-field sediment erosion zone. In the de-
positional zone, as the plume entered the coastal waters, irrespective of the
river discharge employed, total sediment was directed into the forest, indicat-
ing an accretionary environment. The results further revealed that riverine
sediment remained the major contributor to bed-sourced sediment in the de-
positional zone towards the total sediment transport. On the other hand, in
the far-field sediment erosion zone, tidal effects and winds dominated sedi-
ment transport with little river influence. In particular, the ebb-dominance
of the region assisted in transporting sediment out of the region. The in-
vestigation of sediment transport patterns under winds revealed that weak
winds only modified the total sediment transport fluxes in the mid- and far-
field region, as the momentum carried by the river discharge was sufficient to
overcome the wind stress. However, the presence of strong winds was able to
alter the sediment transport patterns within the entire plume structure. The
total sediment transport patterns were most prominent, and more sediment
was deposited into the forest in the case of easterly winds; alternatively, as

the plume was deflected away from the forest in the case of westerly winds,
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total sediment transport input into the forest was smallest. Compared to the
vegetated and non-vegetated runs (represented with a spatially uniform rough-
ness), riverine sediment fluxes yielded similar directional trends; however, the
magnitudes increased in the non-vegetated case due to lack of vegetative drag.
The magnitude of bed-sourced sediment fluxes was larger in the case of veg-
etated runs than the non-vegetated runs due to enhanced bed-shear stresses
from the mangrove vegetation. The mass loads into the forest increased with
an increase in river discharge for small to medium discharges employed in this
study. However, these mass loads were similar to the large riverine discharges,
as the sediment plume was pushed through and out of the forest front onto

the adjacent mudflat due to enhanced momentum carried by the river.

This work indicates that irrespective of the river flows, vegetative drag due
to mangrove vegetation helps sediment deposition closer to the river mouth,
which can help explain the mangrove progradation observed through the satel-
lite imagery of the Firth of Thames (in contrast to the decline seen in the global
trends; Giri et al. 2011). Additionally, this study reveals the effect of wind of
both weak and strong winds on riverine sediment transport patterns, in that
strong winds, are capable of reversing sediment transport directions within a
mangrove forest and consequently changing the overall depositional patterns

in the vegetative environments.

3. How does the presence and coalescence of multiple nearby river plumes
alter the sediment transport and deposition patterns within a coastal

mangrove environment?

Warrick and Farnsworth (2017) previously proposed that for coastal re-
gions with multiple rivers in close proximity, the spreading patterns and the
fate of freshwater transport from the rivers are influenced by plume-to-plume
interactions. Chapter 4 investigated the interaction of two coalescing buoyant

river plumes and their effects on sediment transport and deposition patterns
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in a mangrove environment. The idealized model used in Chapters 2 and 3
was modified to include two mangrove-lined rivers, and sediment transport
and deposition patterns were assessed across the central (located between the
two rivers), western, and eastern mangrove forests. In this investigation, the
river plumes for all the numerical experiments coalesced into a single river
plume mass deflected to the left due to Coriolis (Southern Hemisphere) and
flowed along the edge of the central mangrove forest. As a result, sediment
dynamics across each of the mangrove forests varied. In particular, the east-
ern river dominated the sediment dynamics along a significant portion of the
central and the eastern mangrove forests. On the other hand, the western
river plume dictated sediment dynamics along a small portion of the central
mangrove forest and a significant part of the western mangrove forest. Addi-
tionally, along the central mangrove forest, a variable deposition pattern was
noted, in that the total sediment fluxes were the largest closer to the river
mouths, with smaller amounts of sediment deposited midway along the cen-
tral forest, consistent with the satellite imagery of the Firth of Thames. When
the flow through either river was increased, sediment fluxes into the forest as-
sociated with the nearby river decreased as the expansion of the plume bulge
of the nearby river was suppressed. However, owing to the large eastern river,
changes in total sediment input were relatively modest in the case of eastern
mangrove forest in comparison to the central and western mangrove forests.
The presence of winds enhanced the plume coalescence, thereby increasing the
total sediment transport into and deposition within the mangrove forests. As
the easterly winds deflected the plumes to the left, sediment deposition in the
eastern and central mangrove forests was enhanced. On the other hand, in the
case of southerly winds, the plume of the large eastern river was pushed into
the eastern mangrove forest, resulting in increased sediment deposition in the

eastern mangrove forest.

This work indicates that sediment deposition characteristics within man-
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grove environments are susceptible to modest changes to hydrodynamic and
meteorological changes. The presence of an additional river in the proxim-
ity of a mangrove-lined river debouching into the coastal bay can alter the
resultant spreading and sediment deposition patterns. Furthermore, results
suggest that the presence of winds influences sediment deposition near the
river mouths and the outer bay as the dynamics within the mid- and far-field
regions of the plumes are altered. Lastly, our results suggest that over longer
timescales, the sediment supply from rivers can be transported into the forests,
which can help explain the seaward extension of mangroves as observed in the

Firth of Thames.

5.2 Recommendations for future work

The research presented in this thesis demonstrates that the presence of man-
grove vegetation alters sediment transport patterns in coastal regions by pro-
viding additional flow resistance. The distribution of mangroves around the
tropical and sub-tropical environments (expected to face the worst impacts
of climate change) makes mangrove ecosystems highly susceptible to climate
change (Gilman et al., 2008), especially sea-level rise changes in sediment and
water supply. Based on the findings of this thesis, suggestions for future re-
search focus on (a) sea level rise and (b) coastal mangrove defense and man-

grove conservation.

Previous studies on the response of mangrove environments at sea level
have found that sediment trapping mechanisms of mangroves aid in natural
resilience (e.g. McKee, 2011). However, the potential impacts of changes in
sea-level rise on mangrove environments are relatively less understood. Nu-
merical simulations presented in Chapters 3 and 4 have shown that sediment
accumulation due to sediment trapping can lead to the seaward extension of

mangroves. This sediment deposition within mangroves assists these ecosys-



140

tems to overcome deeper inundation that arises due to the sea-level rise (SLR).
For example, previous studies conducted to understand the response of man-
groves to sea-level rise have found that the resilience of mangroves to sea-level
rise needs to incorporate plant productivity and elevation changes (Woodroffe
et al., 2016). While simpler models (Krauss et al., 2014) have previously in-
vestigated the response of salt marshes to SLR, there remains an insufficient
understanding of the ecological dynamics and the morphodynamic behavior
within different types of mangrove environments, especially with regard to
subsurface processes. Hence, further research focused on coupling the ecologi-
cal processes to the physical and sediment transport processes, would aid in a

realistic prediction of mangrove response to SLR.

Various previous studies have highlighted the importance of mangroves and
their role in mitigating storm-induced coastal hazards (e.g. Temmerman et al.,
2013). Conceptually, mangrove efficiency depends on their ability to reduce
storm surges and associated flood and erosion risks and recover from storm
damage (Temmerman et al., 2023). In the recent past, nature-based solutions
for mitigation of impacts of storms have been proposed (Morris et al., 2018) as
a cost-effective strategy. However, mangrove functioning and persistence are
determined by intrinsically site-specific processes, dynamics, and thresholds
that must be defined and monitored in flood risk reduction projects (Gijsman
et al., 2021). Therefore, additional investigations across a wider parameter
space would promote a more complete understanding of the underlying dy-
namics, which would help to predict the efficacy of site-specific nature-based
solutions, and the response of mangrove ecosystems to natural hazards such

as storm surges.

The idealized numerical models presented in this thesis addressed the sedi-
ment transport and deposition patterns of river plume interactions with man-

grove environments. However, as with all the numerical modeling studies, a
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few limitations can be improved to enhance our understanding of sediment

dynamics within mangrove environments.

The primary shoreward transport mechanism within the Firth of Thames
mangrove system is sheet flow through the vegetation (Montgomery et al.,
2018). Hence, the dynamics presented in this thesis do not apply to the broader
array of coastal vegetation (e.g., seagrass), wherein creek flow dynamics dom-
inate. Furthermore, past work suggests that vegetation changes the overall
cross-shore bottom profiles within a mangrove system over longer time scales,
forming concave and convex profiles (Bryan et al., 2017). In our study, as
the model simulations were run for short-time scales, the sediment deposition
was not large enough to substantially alter the original profiles. Numerical
modeling experiments conducted over longer time-scales can help improve the

prediction of cross-shore changes within the mangrove environments.

In this thesis, vegetation was represented by a spatially varying Chézy coef-
ficient; however, variations in stem density and height are significant in natural
mangrove systems. Furthermore, within mangroves, the pneumatophore den-
sity and height within the existing systems have been found to considerably
alter the water levels and velocities (Horstman et al., 2018). As a result, the
incorporation of vegetation characteristics may increase model accuracy. Ad-
ditionally, critical processes such as waves and flocculation, which control the
sediment settling velocities and movement of fine sediments in aquatic envi-
ronments, have not been captured in this study but nonetheless have been
shown to vary substantially along tidally influenced rivers (MacDonald and
Mullarney, 2015). Thus, incorporating parameterizations of these processes
into numerical and theoretical models of the system may improve our predic-

tions for the ecogeomorphic evolution of coastal regions.
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5.3 Summary

This thesis explored the dynamics of freshwater and sediment plumes interact-
ing with vegetation. The presence of mangroves lining a river and intertidal
regions strongly altered the sediment transport and deposition patterns as the
river debouched into the coastal ocean. Moreover, these patterns were fur-
ther modulated by variations in discharge, winds, or coalescence with a second
nearby river. Furthermore, the idealized numerical experiments show that the
interplay between the tides, riverine flows, and winds alter the biophysical in-
teractions in mangrove ecosystems. The results presented in this thesis have
elucidated the underlying dynamics of mangrove-lined rivers and coastal zones,
and in particular, the fate of sediments. These insights will help to predict the
future geomorphic evolution of these threatened coastal regions under varying

climatic conditions.






Appendices



Chapter A

Non-vegetated case: Momentum

balances

This appendix includes the momentum balances for the model simulations
with spatially uniform roughness (non-vegetated runs) previously described in
Chapter 2. Description of regions with respect to the along-transect position

x for each of the transect 1 and transect 2 are summarized in Table A.1.

A.1 Dominant dynamics - Transect 1

Surface layer During the peak ebb tide, inertial acceleration (term A)
and the Coriolis acceleration (term E) balanced the lateral momentum ex-
change (term C) and the barotropic pressure gradient (term F1) on the surface
layer for this transect (Figure A.la). Farther out on the regions correspond-
ing to * > 0m, streamwise momentum exchange (~ 0.5x107° m.s~2), Corio-
lis acceleration (~1x107°m.s™2) and inertial acceleration (~ 0.5x107° m.s™?2)
balanced the barotropic pressure gradient (~-2x10"°m.s™2). In the along-
transect direction (from z ~ -1000m to x ~ 1000 m), the barotropic pressure
gradient term is balanced by the inertial acceleration throughout transect 1
during the peak flood (Figure A.1c). There was however a small contribution
of Coriolis acceleration and the vertical diffusion of momentum in the region

from (z &~ -500m to = ~ -400m). In the across-transect direction, dominant
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Table A.1: Description of coordinates and different regions along transect 1

and transect 2 in the case of non-vegetated simulations.

Transect number

Along-transect
position along the
transect () in m

Region of plume

Model observation
points in region as
shown in Figure

(positive 2.6a
eastward )
-1250 < z < -100  Beginning of the OP 1-3
transect
Transect 1 100 <z < 0 Center of the OP 4-5
transect
0 <z < 1000 Deep end of the OP 6-7
transect
-250 <z < -150 Beginning of the OP 1-3
transect
Transect 2 150 <2 <0 Center of the OP 4-5
transect
0<x <100 Deep end of the OP 6-7

transect

balance during both peak ebb and flood stages of the tidal cycles remained
between the barotropic pressure gradient and the inertial acceleration through-

out this transect (Figure A.2a and c).

Bottom layer During the peak ebb tide, bed shear stress (term I1) and
lateral momentum exchange (term C) were balanced by the contributions from
the inertial acceleration (term A), baroclinic pressure gradient (term F2), ac-
celeration due to viscosity (term G, Figure A.1b) throughout transect 2 in
the bottom layer. In the along-transect direction throughout transect 2 in the
bottom layer, bed shear stress (term I1, ~ 10x107° m.s~2) balanced the inertial
acceleration (term A, ~-5x107°m.s™2?) and the barotropic pressure gradient

(term F1, ~-5x107° m.s72) during the peak flood (Figure A.1d).
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Figure A.1: Along-transect momentum balance for transect 1 observed with
uniform roughness in the domain. Peak ebb of tidal cycle (a) surface layer and
(b) bottom layer. Peak flood of tidal cycle (c) surface layer, and (d) bottom
layer. The cumulative sum of positive and negative momentum components
(colors show the individual momentum components represented in Table A.1).
x = 0 indicates the center of this transect which corresponds to the forest

fringe transition zone in the vegetated model run.

In the across-transect direction from regions x ~ -1000m to x = -500m,
during both the peak ebb and flood tides (Figure A.2b and d), bed shear stress
(~1.5x107*m.s7?) and the inertial acceleration (~0.5x107*m.s72) balanced
the barotropic pressure gradient (~-1.9x10"%m.s72) with a small contribution

from vertical diffusion of momentum (~-0.1x10"% m.s72).

A.2 Dominant dynamics - Transect 2

Surface layer In the along-transect direction, at the beginning of this
transect (from z /&~ -250m to z &~ -50m), the barotropic pressure gradient bal-
anced the inertial acceleration, lateral momentum exchange, the Coriolis ac-
celerations during the peak ebb tide (Figure A.3a). At the center of the plume

(from x &~ -50m to z ~ +100m), the Coriolis acceleration (~ 0.5x107* m.s~2)
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Figure A.2: Across-transect momentum balance for transect 1 observed with
uniform roughness in the domain. Peak ebb of tidal cycle (a) surface layer and
(b) bottom layer. Peak flood of tidal cycle (c) surface layer, and (d) bottom
layer. The cumulative sum of positive and negative momentum components
(colors show the individual momentum components represented in Table A.1).
x = 0 indicates the center of this transect which corresponds to the forest

fringe transition zone in the vegetated model run.

was balanced by the inertial acceleration (~-0.25x10"*m.s™2), the barotropic
pressure gradient (~-0.10x107* m.s~2), and streamwise momentum exchange(~ -
0.15x10~*m.s~2) in the surface layer. A dominant balance between the inertial
and the barotropic pressure gradient was observed during the peak flood tide
throughout the transect 2 (from z ~ -100m to =z ~ +100m) with modest
contributions from streamwise momentum exchange and vertical advection of

momentum near center of the plume (Figure A.3c).

During both the flood and ebb stages of the tidal cycle, the dominant
across-transect momentum components were the baroclinic pressure gradient,
lateral momentum exchange, and vertical advection in the 4y direction and
the inertial acceleration, streamwise momentum exchange, and the barotropic
pressure gradient in the —y direction throughout the transect 2 (Figure A.4a

and c).
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Figure A.3: Along-transect momentum balance for transect 2 observed with
uniform roughness in the domain. Peak ebb of tidal cycle (a) surface layer and
(b) bottom layer. Peak flood of tidal cycle (c) surface layer, and (d) bottom
layer. The cumulative sum of positive and negative momentum components
(colors show the individual momentum components represented in Table A.1).
x = 0 indicates the center of this transect which corresponds to the forest

fringe transition zone in the vegetated model run.

Bottom layer The dominant balances in the along-transect direction
during both the peak flood and ebb stages of the tidal cycle remained the same
differing only in terms of their respective magnitudes. During the peak ebb
tide at the beginning of transect 2 (from = &~ -250m to z &~ -50m), bed shear
stress (~2.5x107% m.s72), the baroclinic pressure gradient (~ 0.25x107* m.s~?2)
and vertical diffusion of momentum (~ 0.25x107% m.s~?) was balanced by the
barotropic pressure gradient (~-2.5x10"%m.s™?) and the Coriolis acceleration

(~-0.5x10"*m.s72 Figure A.3Db).

During the peak flood tide at the beginning of transect 2 (from x ~ -250 m
to x &~ -50m), the inertial acceleration, bed shear stress and the Coriolis ac-
celeration balanced the barotropic pressure gradient. Farther away (from x
~ -50m to r &~ +100m), baroclinic pressure gradient (~0.5x107* m.s~2) and

the inertial acceleration (~ 0.5x107*m.s™2) balanced the barotropic pressure
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gradient (~-0.75x10"*m.s72) and the bed shear stress (~-0.25x107*m.s™2,

Figure A.3d).
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Figure A.4: Across-transect momentum balance for transect 2 observed with
uniform roughness in the domain. Peak ebb of tidal cycle (a) surface layer and
(b) bottom layer. Peak flood of tidal cycle (c) surface layer, and (d) bottom
layer. The cumulative sum of positive and negative momentum components
(colors show the individual momentum components represented in Table A.1).
x = 0 indicates the center of this transect which corresponds to the forest

fringe transition zone in the vegetated model run.

During both the peak ebb and the peak flood stages of the tidal cycles
at the beginning of transect 2 (from z &~ -250m to z ~ -50m), bed shear
stress (term I1), the inertial acceleration (term A) and the baroclinic pressure
gradient (term F2) balanced the barotropic pressure gradient (term F1) and
acceleration due to viscosity (term G, Figure A.4a) in the bottom layer. This
trend continued until center of the plume (z =~ -50m), where the barotropic

pressure gradient balanced the baroclinic pressure gradient (Figure A.4a).



Chapter B
Sensitivity analyses

The model results presented in this thesis are based on a single set of morpho-
logical parameters. Therefore, a rigorous sensitivity analysis was performed
to analyze the effects of the most critical hydro-morphodynamic parameters:
the vertical resolution of the model grid, Chézy roughness coefficient, settling

velocities, and the initial bed sediment thickness employed.

B.1 Vertical resolution of the model

To investigate whether the model used in Chapter 4 of this thesis can ade-
quately model plume coalescence, numerical model simulations with 10 and 15
o-layers were conducted and compared with the 5 o-layers case. In addition,
each model was forced with morpho-hydrodynamics conditions as per Run 11

in Table 4.1 presented in Chapter 4.

During the peak ebb stage of the tidal cycle, as both the eastern and west-
ern rivers are at their maximum expansion, salinity plumes formed by both
rivers are well formed for all the model scenarios undertaken (Figure B.1).
Furthermore, the plume coalescence is well captured by all model runs, with
modest changes observed as the vertical resolution of the model grid was in-

creased. However, compared to 10 and 15 o-layers models, the 5 o-layers
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Figure B.1: Comparison of vertical salinity profiles along the central mangrove
forest during the peak ebb stage of the tidal cycle with respect to (a) 5 o-layers,
(b) 10 o-layers, and (c) 15 o-layers. The along-transect distance of z = Om

corresponds to the river mouth of the western river.

model slightly underpredicts salinity along the central region of the transect

(-1000m < z < 500m, Figure B.1a).

In the case of our model, compared to the simulation time of the 5 o-layer
model, simulation times were nearly double and quadrupled in the case of 10
o-layers and 15 o-layer models. As the results do not change substantially
between these vertical resolutions considered, we chose the 5 o-layer model to
investigate the plume coalescence and sediment transport patterns to minimize

the computational time of our simulations.
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B.2 The influence of Chézy roughness
coefficient and settling velocities

Various Chézy roughness coefficients were employed to test the model per-
formance and the influence on sediment transport and deposition patterns.
In particular, we employed two additional model simulations with Chézy co-
efficients of 5 and 10 within the forest to evaluate the influence of Chézy
roughness on the predicted sediment thickness. An additional analysis was

also conducted to test the influence of sediment settling velocities of 1 mm.s™,

1 1

3mm.s™!, 5mm.s™!, and 7Tmm.s™!. To test the model sensitivity to Chézy
roughness and the settling velocities, predicted sediment thickness was plotted
for a transect considered away from the river mouth (Table 2.2). Transect
1 extends from the forest to intertidal mudflats away from the river mouth

(Figure 2.2).

With a smaller Chézy coefficient (corresponding to rougher forest) in the
forest region, sediment transport along the transect increased substantially, as
expected (Rickenmann, 1999). In particular, relative to the model simulations
with a Chézy value of 15 in the forest region, deposition in the forest region in-
creased by nearly ~ 80% and ~ 30% for model simulations with Chézy values
of 5 and 10, respectively (Figure B.2a). This trend continued along the tran-
sect, with enhanced erosion and deposition, within the forest fringe and the
mudflat regions, respectively. In our model simulations, sediment transport
along the transect from forest to mudflats was found to decrease substantially
with an increase in sediment settling velocities (Figure B.2b). Within the for-
est, the most prominent deposition was noted for 0.25 mm.s™!, the smallest

1

was noted in the case of 7mm.s™ model scenario. Furthermore, the magni-

tudes were the largest in the fringe region (Figure B.2b).

As the qualitative sediment deposition and erosion patterns across the for-
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Figure B.2: Comparison of sediment deposition patterns across the forest for
(a) varying Chézy bottom roughness coefficients and (b) settling velocities.
x = 0 corresponds to the forest fringe transition zone in the vegetated model

run.

est region do not change, the Chézy values and settling velocities were set to 15

1

and 0.01 mm.s™', respectively, based on literature values (Zhang et al., 2012;

Mazda et al., 1997).

B.3 The influence of the initial bed sediment
thickness

The implementation of morphology in Delft3D can be carried out using a

uniformly well-mixed bed composition and a mixed bed stratigraphy (Lesser
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et al., 2001). In the model simulations presented in this thesis, we used the
uniformly well-mixed bed (without bed stratigraphy). In this approach, when
sediment settles to the bed, the deposited sediment is assumed to uniformly
integrate into bed sediment thickness, influencing the dominant contributors

towards the total sediment fluxes noted in this thesis.
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Figure B.3: Comparison of the tidal integrated across-transect (a) total sed-
iment fluxes (brown lines), (b) riverine sediment fluxes (blue lines), and (c)
bed-sourced sediment fluxes (black lines) for each of the discharge scenarios
(Table 3.1, row 1) undertaken in the study. Colors show individual initial bed
sediment thicknesses from low bed sediment thickness (lighter shades) to high
bed sediment thickness (darker shades). In our evaluations, positive and neg-
ative fluxes indicate sediment transport out of the forest and into the forest
region, respectively. Along-transect distance of x = Om corresponds to river

bank located inside the river mouth.
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A sensitivity analysis was conducted to understand the influence of the
initial bed sediment thickness on the overall total sediment fluxes across the

! river discharge scenario. Using

eastern mangrove forest region with 175m?3.s~
the model run with initial bed sediment thickness of 200 cm as the baseline,
total, riverine, and bed-sediment fluxes were compared with model runs with
initial bed sediment thickness of 2cm, 5cm, 10 cm, 20 cm, 50 cm, 100 cm, and
500 cm (Figure B.3). In the case of model runs with initial bed sediment thick-
ness less than 200 cm, the riverine sediment concentrations were the dominant
contributors towards the total sediment fluxes (Figure B.3b). On the other
hand, for the model simulations with bed sediment thicknesses of 200 cm and
500 cm, the contribution of riverine sediment nearly halved, while the bed sed-
iment contributions doubled (Figure B.3c). For model simulations conducted

in this sensitivity analysis, total sediment transport did not show substantial

differences (Figure B.3a).

Sensitivity analysis | Bed sediment thickness
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Figure B.4: Ratio of the tidally integrated riverine and bed sediment fluxes
corresponding to x = 250 m in Figure B.3 plotted as a function of initial bed

sediment thickness.

The ratio of riverine and bed sediment fluxes corresponding to the along-
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transect distance of x = 250 m (Figure B.3) was plotted against varying initial
bed sediment thickness used in this sensitivity analysis (Figure B.4). As ex-
pected, the ratios were found to be significantly high in the case of model
simulations with initial bed sediment thickness up until 20 cm. However, for
simulations with sizeable initial bed sediment thickness (> 50 cm), the ratios
nearly halved and substantially decreased as the sediment thickness was in-

creased (Figure B.4).

While the total sediment fluxes (Figure B.3a) were similar for model sce-
narios with initial bed sediment thickness of 200 cm and 500 cm, the ratio of
the riverine and bed-sourced sediment fluxes was found to be 1.775 and 0.9533,
respectively (Figure B.4). While using a 200 cm initial bed sediment thickness
in this modeling study is realistic in the real-world scenario, the uniform mix-
ing throughout the bed layer is not. Thus, this representation of the mixing
process leads to an underprediction of the relative contributions of riverine
sediment to bed sediment, particularly in cases or locations where there are
substantial amounts of deposition and resuspension of riverine sediments across
the tidal cycle. However, given both riverine and bed-sourced sediment sedi-
ments have identical properties (e.g., specific density, fresh and saline settling
velocities, bed shear, critical erosion and sedimentation thresholds), the total
fluxes are not affected by the representation of sediment mixing in the bed

layers.
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