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Abstract

We investigate how the physical forcing factors of river discharge and winds affect sediment delivery to, and retention
within, mangrove-lined coastal regions. We use an idealized numerical model, broadly similar to the Firth of Thames
deltaic system in New Zealand, to isolate and explore the underlying processes without some of the complexities of
the real system. 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. The model results demonstrate that both river
discharge and winds alter the distribution of sediment transport, and that the spatial patterns relate to different regions
of the river plume. At the river mouth (the near-field region), irrespective of the discharge employed, sediment fluxes
are directed into the mangrove forest, indicating an accretionary environment consistent with satellite observations.
Here, contributions from the riverine and bed-sourced sediments are similar. For small to medium discharge scenarios
(up to ~ 280 m> s~', flow speeds ~ 0.6 m s~'), mass loads increase with river discharge. However, in the case of large
discharge events, the high momentum in the near-field region allows the river plume to effectively transport sediment
through the full width of forested region and out of the forest front. In the mid- and far-field regions of the plume, tidal
influences also play a stronger role. Suspended sediment is primarily composed of bed-sourced material and transported
out of the forest. Weaker winds are found to affect the far- and mid-field regions of the river plume. Stronger winds are
able to reshape the entire plume structure, also including the near-field, such that sediment deposition is enhanced when
winds are directed towards the forest.

Keywords River plumes - Mangrove vegetation - Delft3D - Discharge - Winds - Sediment transport - Sediment fluxes -
Firth of Thames

Introduction

Mangroves are often the predominant vegetation growing
Communicated by David K. Ralston 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 2012; Mullarney et al. 2017), generating
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(Woodroffe 1992; Norris et al. 2021; Temmerman et al.
2007) depending on environmental conditions and vegetation
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 influence
morphological characteristics at the estuary scale. Mangrove
roots (pneumatophores) generate stem-scale turbulence
through the processes of vortex shedding and generation of
eddies (Norris et al. 2019). Using field observations from a
wave-influenced mangrove coastline in the Mekong Delta,
Norris et al. (2017) explored the relationships between the
density of mangrove roots and enhanced turbulence at the
forest fringe (the transition between mudflat and vegetated
area). These relationships were found to act as a control on
sediment size distributions, and larger-scale erosion and
accretion regimes (Fricke et al. 2017; Mullarney et al. 2017).

Tidal asymmetry is one of the principal mechanisms
that transport sediment 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
observed tidal asymmetry patterns 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; Kumara et al. 2010; Walsh and Nittrouer 2004).
However, this capability depends 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.

Vundavilli et al. (2021) 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 vegetation) and baroclinic pressure gradient largely con-
trolled 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 duration 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. In the ide-
alized setup with a river boundary located to the south of the
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domain, sediment deposition was more prominent on the west-
ern than the eastern side of the model 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 accelera-
tion resulted in large portions of the riverine sediment being
delivered to the forest and mudflat regions. The magnitude of
acceleration terms and changes in bed elevations were smaller
in the mid-field region. Away from the river mouth, in the far-
field region of the plume, a more substantial tidal influence
led to sediment erosion (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. In this previous study, momentum
balances were evaluated for a single river discharge, and the
effects of wind forcing were not considered. While much pre-
vious work has demonstrated significant dynamical responses
of plumes to wind stress (e.g., Chao 1988a, b), the associated
effects on sediment transport are not yet fully explored.

Our study was motivated by observations from the Firth of
Thames located to the south of the Hauraki Gulf, New Zealand,
as described in the prior study by Vundavilli et al. (2021). Aerial
photography from the 1950s revealed that the Firth of Thames
was a sandy tidal flat with mangrove vegetation near the Waihou
and Piako river mouths. However, contrary to the global decline
in the mangrove extent from the 1970s (Giri et al. 2011), the
mangrove coverage in the Firth of Thames has been expand-
ing rapidly (Fig. 1c). This expansion of mangrove vegetation
has been attributed to the sediment input associated with defor-
estation and land-use changes (Horstman et al. 2018). We use
a highly idealized model of this system to isolate the influence
of forcing factors of river discharge and wind (both speed and
direction) on a sediment-laden freshwater river plume in a man-
grove-fringed coastal region. We undertake a large number of
model simulations (57 runs each for vegetated and non-vegetated
simulations) to explore how varying river discharges and winds
affect the resulting sediment deposition patterns.

The “Methods” section describes the numerical model
scenarios, including model parameters and boundary con-
ditions. In the “Results” section, we show the dependence
of sediment fluxes into the forest on varying river flows
and wind speeds and directions. Process dynamics and the
implications for the morphological evolution are discussed
in the “Discussion” section. Conclusions are presented in
the “Conclusions” section.

Methods
Model Grid and Bathymetry

The idealized model was designed to have similar overall
dimensions and bathymetry profile to the Firth of Thames
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Fig.1 Inset a Map of New Zealand and the location of Firth of Thames
(thick black box). Panel b displays the location of the Waihou River (yel-
low rectangle). Panel ¢ shows the mangrove progradation traced based on
the Landsat imagery (1971-2021) obtained from the U.S. Geological Sur-

(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). However, a number of
simplifications were made to the geometry and forcing of
the real system. A 3-D curvilinear and symmetric (along the
longitudinal axis) grid of 25 km in the longitudinal direction
and 35 km in the latitudinal direction was decomposed into
three model domains (Fig. 2a). The outer domain had a
varying grid resolution of 500 m X 900 m near the tidal
boundary to a finer grid size of 200 m X 475 m. 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
15 m X 6 m in the mangrove areas. Grid sizes in the lower
domain consisting of the river varied from 25 m X 17 m at
the river mouth to 15 m X 10 m at the upstream boundary. In
the vertical direction, there were five sigma layers of equal
thickness (20% of the water depth). A sensitivity analysis
revealed that further refining the grid in either horizontal
or vertical directions did not substantially alter results,
and thus the above resolutions were used to minimize the
computational time of simulations.

Firth of Thames

Mangrove
progradation
(1971 - 2021)

vey. Thick lines represent the extent of mangroves in 1971 (thick purple
line), 1981 (thick light yellow), 1991 (thick white line), 2001 (thick red
line), 2011 (thick orange line), and 2021 (thick black line). Thick green
arrows represent the direction of mangrove progradation over time

Numerical Model

The idealized numerical model used in this study was devel-
oped in Delft3D (Deltares 2021). The Delft3D software
package solves both the continuity and the three-dimensional
shallow-water equations under the Boussinesq assumption
and has been successfully applied across many modeling
studies to study morpho-hydrodynamics (Roelvink and Van
Banning 1995; Lesser et al. 2004).

The presence of vegetation alters the flow fields and sedi-
ment balance through hydraulic resistance. Parameters such
as stem density, thickness, and flexibility help determine
this hydraulic resistance (Oorschot et al. 2016). In Delft3D-
FLOW (Lesser et al. 2004), the directional point model
(DPM) extends the one-dimensional vertical momentum
equation and includes turbulent closures. The DPM repre-
sents vegetation as rigid vertical cylinders, accounting for
stem height and density, to simulate vertical vegetative drag
(Baptist 2005). Following reasoning by Horstman et al.
(2013), we use a spatially varying bed roughness coeffi-
cient to reduce the computational time of our simulations.
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Fig.2 Panel a shows the idealized symmetric bathymetry, transect
along the forest edge (black dashed line), and the domain decom-
posed grid boundaries (thin black dashed lines), b spatially vary-
ing Chézy coefficient used in the model central domain to represent
vegetation, and ¢ shows the depth profile along the transect shown

In our vegetated simulations, a spatially varying Chézy value
(Fig. 2b) 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 15 m!/? 5! (corresponding to a friction coefficient of
Cp = 0.044) and the intertidal zone with a Chézy value of
65m'/2s1(C » =0.0023). The thin transition zone between
the forest and intertidal flats (~ 200 m fringe region) was
represented with a value of 45 m'/2 s™! (C, = 0.0048).

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
input of 1 kg m™3. The Coriolis parameter was defined
for —37° latitude. The horizontal eddy viscosity and dif-
fusivity were set to 1 m>s™!, and 0.1 m? s™!, respectively.
The settling velocity, critical bed shear stress, and ero-
sion parameters were set at 0.5 mm s, 0.1 Nm™2, and
0.0001 kg m~2 s, respectively, based on literature val-
ues (Mehta and Partheniades 1982) representative of a
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in panel (b). Thick blue lines in panel (a) represent tidal (top) and
river (bottom) boundaries. The transect is shown by dashed black and
dashed yellow lines in panels (a) and (b), respectively. Blue circles
are shown every 1000 m. In panel (b), the white arrows depict the
across-transect directions

cohesive sedimentary environment. In our model runs
with winds, spatially uniform wind speeds and directions
were specified over the entire domain. All the wind param-
eters, such as air density and drag coefficients, were set to
Delft3D defaults (Deltares 2021). Models used 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 dis-
charge (no sediment input) for an initial spin-up period of
7 days (flow time) to achieve a quasi-steady state. Subse-
quently, the model simulations were conducted for another
seven days with a sediment concentration input of 1 kg m=3
through the river boundary. This approach allowed us to
track the delivery of sediment to the mangrove forest.
While the sediment class was restricted to cohesive sedi-
ments in our model simulations, we labeled the sediments
to distinguish between the riverine (new sediments input
at the boundary) and bed-sourced sediments (legacy sedi-
ments). Following sensitivity analysis, a layered bed stra-
tigraphy was incorporated into the model with 100 layers
of 2.5 cm thickness.
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Modeled Scenarios

River discharges were selected to encompass the range
observed over a 40-year time series (1981-2022) recorded for
the Waihou River at an upstream station. The discharge was
varied from 0 m> s™! to 480 m? s~! (largest observed), with
an increment of 35 m3 s~! (Table 1). Additional runs with
winds were applied for three different discharges (35 m? s~!
175 m? 57!, and 480 m? s~!). Winds directions varied from
0 to 360° with increments of 45°, and speeds of 5 m s land
10 m s~!, noting that 5 m s~! was the mean wind speed recorded
by a nearby climate station over the period (2019-2020).

s

Analysis of Model Results

Previous studies have extensively reported the edge of
the forest (mangrove fringe) as a highly dynamic region
(Mullarney et al. 2017). Within mangrove environments,
feedback between sediment transport and mangroves at a
small scale plays a crucial role in altering the large-scale
dynamics of the region (Balke et al. 2011, 2013; Wolanski
et al. 2002). In our model, 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 (Fig. 2c). Note that depth varies along the
transect. The transect begins from the raised river bank
located in the river mouth, incorporates a slightly deeper
section of the mudflat around the bend, and extends along
the edge of the western mangrove forest. The depth profile
along the transect is shown in Fig. 2¢, and the along-
transect position x = 0 m corresponds to the beginning of
the transect. A few regions close to the river mouth (0 S x
< 100 m) and shallow regions away from the river mouth (x
2 6000 m) remained dry throughout the model simulations.

Sediment Flux Calculations

In order to investigate the critical linkages between the riv-
erine flows, tidal influence, and the wind in the presence of

vegetation, we evaluate the sediment fluxes for sediment
sources (riverine and bed-sourced) separately. Instantane-
ous sediment fluxes for each type of sediment source (Q,
kg m~! s7!) at time ¢, in the across-transect direction, are
obtained by integrating the product of sediment concen-
tration and the horizontal across-transect velocity over the
height of water column:

()
Q(t)=/ c(t,z) - (1, 2).dz, (1)
0

where c(#, z) is the instantaneous sediment concentration
(kg m™3), v(¢, z) indicates 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 the forest region. In the intertidal zones, only
the timesteps when the grid cell was fully inundated were
used in the flux calculations.

The time-integrated fluxes (kg m~!) were further inte-
grated along the entire length of the transect (Eq. 2) to esti-
mate the net mass transfer (kg),

X
M= / 0.dx, 2
0

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

In our evaluations, positive fluxes correspond to an off-
shore flux directed out of the mangrove forest, and negative
fluxes correspond to sediment movement into the mangrove
forest (Fig. 2b).

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 predominantly focus

Table 1 Model simulations undertaken in our study for the vegetated simulations. Simulations 58—114 used a uniform CheZy roughness coef-
ficient of 65 m'/? s~(Cp,= 0.0023) throughout the domains, but were otherwise identical to 1-57

Varying parameters Model runs~ River discharge (m? s™") Wind speed Wind direction (°)  Increment in
(ms™h wind direction
River discharge 1-15 0, 35, 70, 105, 140, 175, 210, 245, 280, 0 - -
315, 350, 385, 420, 455, 480

Winds 16-22 35 5 0-315 45°

23-29 35 10 0-315 45°

30-36 175 5 0-315 45°

3743 175 10 0-315 45°

44-50 480 5 0-315 45°

51-57 480 10 0-315 45°
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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 regions of the river
plume, can be found in Vundavilli et al. (2021).

Plume Dynamics

Tidal residual velocities were evaluated at the river mouth
(latitudinal distance of ~1 km, Fig. 2a) for each discharge
scenario undertaken in our study. In the 35 m? s~! discharge
scenario, tidal residual velocities ranged from 0.2 m s~! on
the surface layer to 0.06 m s~! on the bottom layer. In the
large discharge scenario (480 m? s7!), these velocities were
1.2 m s~ and 0.45 m s~' on the surface and bottom layers,
respectively.

An example of along-transect distributions of residual
across-transect velocities, riverine sediment concentrations,
and across-transect horizontal sediment fluxes is shown in
Fig. 3 for the simulation with a river flow of 175 m?s~!. We
divide the transect into three zones to highlight the different
sections of the river plume which interact with the vegeta-
tion at these locations. Following Hetland (2005), these dis-
tinct dynamical regions of the river plume in our model sim-
ulations are the near-field mixing zone, which was localized

Ebb
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Fig.3 Across-transect velocity (a, b), riverine sediment concentra-
tion (c, d), and across-transect horizontal sediment flux (e, f) along
the transect for the 175 m™ s~ discharge scenario (Run 6, Table 1).
Panels a, ¢, and e are mean over ebb and panels b, d, and f are mean
over the flood tide. The across-transect distance of zero corresponds
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at lower salinity values (5—15 ppt), mid-field region, which
encapsulated the anticyclonic bulge (16-25 ppt), and the
far-field which had a lower rate of mixing with a salinity
range of 26-31 ppt.

While these salinity ranges are approximate, the isoha-
line-based approach offers a convenient method to catego-
rize the results into regions with distinct dynamics. These
areas align closely with findings from (Horner-Devine et al.
2015, their Fig. 2), and different regions evaluated from the
momentum balances (Vundavilli et al. 2021). In the near-
field, dynamics are primarily driven by advection and shear
mixing (McCabe et al. 2008), contrasting with the far-field
where flows are heavily influenced by tidal currents, winds,
and Coriolis effects (Horner-Devine et al. 2015; Mazzini
and Chant 2016). Additionally, the transitional mid-field
region marks the point where the river plume enters coastal
waters, undergoing a shift from an inertial near-field jet to a
geostrophic or wind-dominated far-field plume, with Earth’s
rotation playing a significant role in the plume dynamics
(Garvine 1987).

For example, in the model scenario with 175 m?> s~! dis-
charge, mean across-transect horizontal velocities along the
transect over ebb ranged from ~—0.12 m s~!in the near-field
zone close to the river mouth (100 m <x <2100 m) to about
~0.03 m s~! in the near-bed region of the mid-field zone
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to the shallow river bank. Dashed black lines delineate the differ-
ent regions relative to the sediment plume. Thin black lines show
0.02 m s7!, 0.05 kg m™3, and 0.002 kg m~2 s~! contours in panels a
and b, ¢ and d, and e and f, respectively
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(2100 m < x <3500 m) and far-field zones (x 2 3500 m).
While across-transect velocities were directed into the for-
est 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 in the surface layer and
underwent rapid mixing in the near-field zone. The sediment
concentrations ranged from ~ 0.25 kg m™> at the surface to
~ 0.15 kg m~3 at the bottom. In the mid-field and far-field
zones, riverine sediment concentrations were close to zero.

Over the flood tide, as the plume was pushed back into
the river mouth due to the incoming tidal currents, the
near-field zone extended just over ~1000 m of the transect
(100 m S x < 1100 m), and the mid-field region was also
narrower (1100 m < x < 1600 m). In the far-field region of
the river plume (x > 1100 m), as the plume lost its momen-
tum, tidal currents dictated the transport of the sediment, and
the across-transect velocities were directed into the forest
(Fig. 3b).

In general, during the flood stage, the maximum con-
tribution of the riverine sediment occurred within ~ 0.5 m
from the bed (Fig. 3d). Magnitudes of the across-transect
mean velocities ranged from ~ 0.02 m s~! in the surface to
~ 0.004 m s~!in the bottom layer. While the surface layer
velocities were directed out of the forest, the bottom layer
velocities were directed into the forest region (Fig. 3b). In
the near-field region (100 m < x < 1100 m), modeled river-
ine sediment concentrations in the bottom were ~ 5 times
greater than in the surface layer (Fig. 3d). 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 (100 m $x < 1100 m), the vertical sediment
fluxes were directed into the forest region in the surface
layer and away from the forest in the bottom layer (Fig. 3f).

Tidally Integrated Fluxes

The depth-integrated across-transect fluxes of riverine, bed-
sourced and the total sediment for the 175 m? s~! discharge
scenario are shown in Fig. 4. 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 (Fig. 4b), in the regions closer to the river mouth
(100 m $x <500 m), both the riverine and bed-sourced sedi-
ment fluxes were found to be directed into the forest region
with magnitudes of the riverine sediment fluxes nearly dou-
ble that of the bed-sourced sediment fluxes. Farther along
the transect (500 m < x < 1100 m), as the river pushed
through the transect owing to the near-field circulation,
the direction of the fluxes was reversed, and sediment was
directed out of the forest region (Fig. 4b). Riverine sediment

transport remained the dominant contributor to sediment
transport in this part of the transect. In the far-field region
(x =2 1100 m), owing to the loss of momentum carried by the
river in this region, tidal currents remained the major drivers
of the sediment, and both the riverine and bed-sourced sedi-
ment were directed out of the forest (Fig. 4b). As expected,
the bed-sourced sediment dominated contributions towards
the total transport, with only modest contributions from the
riverine sediment.

Over the flood tide, sediment fluxes were directed into
the forest region close to the entirety of the transect; how-
ever, the dominant contributors to the fluxes varied along
the transect (Fig. 4c). Riverine and bed-sourced sediments
were of similar magnitudes contributions in the near-field
region of the river plume (0 m < x < 500 m); however, as
the freshwater plume was pushed back into the river mouth
due to the oncoming tidal currents, the plume spread was
restricted, and bed-sourced forms the largest contributor
to the fluxes elsewhere along the transect (Fig. 4c). Over
the full tidal cycle, sediment was transported into the for-
est close to the river mouth (100 m < x < 500 m), with
greater riverine sediment contributions over that of the
bed-sourced sediment by nearly ~ 45%. Farther along the
transect (500 m < x < 1000 m), the total sediment trans-
port was directed out of the forest as the river sediment
entered the forest in the near-field zone, and the presence
of strong river momentum helped transport/advect this
sediment through the forest front onto the mudflat region
close to the river mouth (Fig. 4b). While directional trends
remained similar for both the vegetated and non-vegetated
runs, the total, river, and bed-sourced sediment flux mag-
nitudes were larger in the case of non-vegetated due to lack
of vegetative drag and faster flow velocities in both the
near- and mid-field regions of the river plume. However,
in the far-field region, bed-sourced sediment fluxes were
found to be larger in the case of vegetated simulations, in
comparison to non-vegetated simulations as a result of the
vegetation drag reducing flow velocities.

Tidally Integrated Fluxes and Total Sediment Mass
Loads Under Varying River Flows

To explore the impact of different discharges, we analyzed
sediment fluxes along the transect (Fig. 5a) and total sedi-
ment mass loads integrated across the entire length of the
transect (Fig. 6). 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 importance of the sediment source varied across
river discharges. In particular, for low to medium river
flows (35 m3 s~'=210 m3 s™"), the contributions of riverine
and bed-sourced sediment were similar in the near-field
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region of the river plume. For higher river flows, the riv-
erine sediment was the major contributor towards the total
sediment into the forest in the region (0 < x < 500 m,
Fig. 5a). In the region (500 m < x < 1000 m), the riverine
sediment transport was directed out of the forest irrespec-
tive of the discharge employed in our model simulations.
Farther away from the river mouth, in the region, x >
1500 m, the total sediment transport was directed out of
the forest region for all except the highest discharges. For
the very large discharges (> 210 m? s™!), the anticyclonic
bulge of the river plume extended into this region and
moved suspended bed-sourced sediment (lifted off during
flood) into the forest (Fig. 6a and c).

The total, riverine, and bed-sourced sediment mass loads
integrated along the entire transect for the different discharges
are shown in Fig. 6. The transport over the flood stage of the
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tidal cycle was an order of magnitude larger than that during
the ebb and hence dominated the contributions to the total
transport. The total sediment mass load was directed into the
forest for all discharges, indicating an accretionary environ-
ment. Mass loads were found to increase approximately lin-
early with discharge across the range 70 m?® s~ to 280 m3 s™/,
at which point, further increases in discharge only resulted in
small amounts of additional sediment being delivered to the
forest. For these larger discharges, sediment delivered to the
mangroves was pushed through and out of the forest owing
to high river momentum (Fig. 5b). The relative contributions
towards the total sediment mass loads were found to be simi-
lar for both the bed-sourced and riverine sediment for river
discharges up to 210 m? s~!, beyond which the relative con-
tribution of the riverine sediment increased (to approximately
double that of the bed-sourced sediment).
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Response of the River Plume and Sediment
Transport to Varying Wind Velocities

Influence of Winds on the Plume Structure

The influence of wind direction on the sediment transport
could be seen in the tidal residual of the riverine sediment
concentrations and horizontal velocities in the surface layer
(Fig. 7 provides an example for wind speeds of 5 m s~ and
a discharge of 175 m? s~!). Compared with the no-wind
scenario (Fig. 7a), northerly winds pushed the plume back
into the river mouth, accumulating the riverine sediment in
the near-field region. While the surface current residuals
remained unaltered in this region (0 <y < 2 km in the lati-
tudinal direction), residual currents in the region away from
the river mouth (x > 2 km in the longitudinal direction) were
altered due to the surface winds.

Along-transect distance (m)

Across all of the model simulations, easterly winds
(90°) were found to have maximized the sediment trans-
port into the transect (Fig. 7d). Southerly winds (180°)
effectively increased the overall plume extent in our simu-
lations and increased the sediment concentration observed
close to the river mouth (~ 0.2 kg m~3). Westerly, south-
westerly, and northwesterly winds were sufficient to
dominate over Coriolis and generate a strong wind-driven
eastward flow in the regions away from the river mouth
(Fig. 7g, h, and 1).

Tidally Integrated Fluxes Under Varying Winds
The total sediment flux, riverine sediment flux, and bed-

sourced sediment fluxes along the transect evaluated over
a tidal cycle for a 175 m? s~! discharge with varying wind
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directions and two wind speeds (model runs 1657, Table 1)
are shown in Fig. 8.

The response of the plume to the winds differed between
the regions of the sediment plume along the transect. Wind
speeds of 5 m s~! were insufficient to alter the sediment
transport direction closer to the river mouth. In the region
close to the river mouth (0 < x < 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 to the total sediment trans-
port (Fig. 8a). Farther along the transect (x 2 500 m), total
sediment transport in this region was dictated by the wind
direction. In particular, in the case of easterly wind direc-
tions (0°~180°), the total sediment transport was directed
into the forest; however, in the case of westerly wind direc-
tions (225°-315°), the sediment transport was instead
directed out of the forest.

In our model simulations, the presence of strong winds
(10 m s~!, Fig. 8b, d, and f) significantly altered the total
transport fluxes along the transect. Close to the river mouth
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(0 £ x £500 m), while the total sediment transport was
directed into the forest irrespective of the wind direction, the
magnitudes increased by nearly 75% in the case of easterly
winds and reduced by 42% in the case of westerly directions
(225°, 270°, 315°, Fig. 8b) in comparison to that of 5 m g1
wind speeds. In the region defined by the along-transect
distance of 500 m < x < 1500 m, as the wind altered the
plume structure, magnitudes of the total sediment fluxes
were largest (due to larger riverine and bed-sourced sedi-
ment 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 momentum was minimal, winds
controlled the direction of the total sediment transport flux
(Fig. 8a). In the case of westerly winds, the entirety of the
sediment plume was pushed away from the western man-
grove forest, and hence contributions of the riverine sedi-
ment fluxes towards the total transport were negligible.
Interestingly, along the forest in the region (x 2 1500 m),
the bed-sourced sediment fluxes in the presence of 5 m s!
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with discharge forcing of 175 m? s~! and 5 m s~! wind speeds com-
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Fig.8 Integrated across-transect fluxes for the river discharge sce-
nario of 175 m? s~!, for wind speeds of 5 m s~' (left-hand panels),
and 10 m s~! (right-hand panels) for different wind directions. Panels

a and b are total sediment fluxes, panels ¢ and d are fluxes of river-
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(225°), h westerly wind direction (270°), and i northwesterly wind
direction (315°). Yellow arrows represent the surface layer resid-
ual velocities. The thick red line shows the location of the transect.
Colorbar represents riverine sediment concentration in kg m=. Con-
tour intervals are 0.02 kg m™>
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ine sediments, and panels e and f are bed-sourced sediments. In our
evaluations, positive and negative fluxes indicate sediment transport
out of the forest and into the forest region, respectively
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winds were insignificant; however, strong winds of 10 m 5!

significantly altered the bed-sourced sediment fluxes (lower
left inset (Fig. 8e 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 5 m s~!. bed-sourced
sediments were ~ 33% in the case of 10 m s~! wind speeds.

During flood, magnitudes of bed-shear stress were larger
in the case of stronger winds (10 m s™!) for all wind directions
except the northerly wind direction. This enhanced bed-shear
stress during the flood stage of the tidal cycle can explain the
dominant contribution of bed-sourced sediment to the total
sediment transport, as the sediment is lifted into suspension
due to the winds as well as the oncoming tidal currents. In
the case of the northerly wind direction, the reduced bed shear
stress (in the case of 10 m s™") can be explained by the reduced
water depth as the plume is pushed back into the river strongly
in the presence of oncoming tidal currents and the strong winds.

During ebb, as the plume debouches into the model
domain, the magnitudes of bed shear stress were well
below the critical bed-shear stress in the case of 5 m s™!
wind velocities. These low magnitudes can help explain the
low contributions of bed-sourced sediment towards the total
sediment mass loads modeled in our study. Conversely, in
the case of strong winds during ebb, wind stress is sufficient
to enhance the bed shear stress in the region, which in turn,
increases the contribution of bed-source sediment towards
the total mass loads modeled.

In our model simulations, the extent of the wind influ-
ence on the type of sediment source varied with distance
from the river mouth. Closer to the river mouth (near-field
region), maximum fluxes of riverine sediments into the for-
est varied between ~ 500 kg m~! and ~ 750 kg m™! for all the
wind directions; however, the bed-sourced sediment ranged
from ~ 200 kg m~! and ~ 650 kg m~!. In the scenarios with
stronger wind speeds (10 m s7!), this variability is further
enhanced (Fig. 8d and f). Interestingly, farther away from
the river mouth in the mid-field region of the river plume,
while the weaker winds (speeds of 5 m s~ introduced simi-
lar variabilities within riverine and bed-sourced sediment,
stronger winds increased the variability for the bed-sourced
sediment. This anomaly can be attributed to enhanced bed-
shear stresses within the mid-field region due to stronger
winds and shallower water depths.

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 over a tidal cycle are summarized
in Fig. 9. In the presence of 5 m s~! wind speeds, total
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sediment mass loads were found to be directed into the
forest irrespective of the wind direction. However, in
the case of low-medium river flow events (35 m> s~! and
175 m3 s7"), total sediment mass loads were larger for all
the easterly wind directions (45°~135°). On the contrary,
northerly, southerly, and westerly wind speeds of 10 m s™!
were sufficient to alter the total sediment transport mass
loads in the case of both the 35 m® s~ and 175 m? s™!
discharge scenarios. While the largest magnitudes were
observed in the southeasterly wind scenario, the lowest
mass loads were found to be in the case of 0° for both
cases of river discharge.

In the presence of 5 m s~! wind speeds, mass loads
varied substantially with wind direction for the high riv-
erine discharge (480 m> s™') scenario. Interestingly, the
largest sediment mass load was recorded in the south-
westerly wind scenario (225°, a westerly wind direction
that directed 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 sediment plume
(Fig. 8c, 1500 m < x <2100 m), which consequently led
to higher mass loads into the forest. In the presence of
5 m s~! wind speeds, both the riverine and bed-sediment
mass loads were directed into the transect for all the dis-
charge scenarios irrespective of the wind direction, except
the model run with 480 m® s=! in the case of northerly
winds where the total sediment mass loads were instead
directed out of the forest (Fig. 9c). The reversal of the
plume into the river due to wind can explain this reversal
of the sediment transport direction. However, as the con-
tribution of bed sediment transport was significantly lower
than that of the riverine sediment, the sediment transport
was found to be directed into the forest.

In the presence of strong winds (10 m s™!), the sediment
mass loads were approximately double those in the 5 m s™!
wind speed cases. Total mass loads increased non-linearly
with discharge: Compared to the 35 m? s~! discharge sce-
nario, mass loads were ~ 10 and 15 times larger for the
175 m? s~ and 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 was directed out of the forest. The maximum mass
loads were directed into the forest under southeasterly winds
for larger river flows. Additionally, while the riverine sedi-
ment transport dominated the total sediment transport in the
case of 175 m? s™! and 480 m? s~! discharges, bed-sourced
sediment remained the major contributor towards the total
sediment transport for all the wind directions employed in
the case of 35 m? s~! discharge.
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Fig.9 Comparison of the total (a and b), riverine (¢ and d), and
bed-sourced sediment mass loads in kg (e and f) over the full tran-
sect for 35 m3 s~! (lighter shade, circles), 175 m? s~! (triangles), and
480 m? 57! (darker shades, squares) discharge scenarios with wind

Discussion

In this paper, we used an idealized 3D numerical model to
examine the sediment transport patterns resulting from the
interaction of a buoyant river plume with mangrove vegeta-
tion. In particular, we explored the impact of various forcings
(discharges and wind velocities) on the river plume by quan-
tifying sediment fluxes into the forest. The key patterns into
and out of the forest are described in terms of the different
regions of the river plume (Horner-Devine et al. 2015), and
are summarized in Fig. 10. The near-field region of a river
plume is defined as an area where estuarine flow is super-
critical, and the dynamics are dominated by advection and
shear mixing. This region is distinct from the far-field region,
where controls are influenced by the earth’s rotation, wind,
and background flow. It is important to note that the chosen
salinity ranges in this study are based on a prior investigation
by Vundavilli et al. (2021). The salinity values, in relation to
the momentum balances evaluated across different regions of
the river plume, aided in classifying its structure.

135°  180° 225° 270° 315°

135°  180° 225° 270° 315°

Wind direction

I;JO wind ° 45° 90°

speeds of 5 m s~! (a, ¢, and e) and 10 m s~! (b, d, and f). Positive and
negative mass loads indicate sediment transport out of the forest and
into the forest region, respectively. Arrows in square boxes represent
the wind direction

Sediment Transport within the Different Sections
of the River Plume

Near-Field Region

Irrespective of the discharge employed, sediment was depos-
ited inside the forest in the near-field region of the river
plume at the river mouth (Figs. 5 and 10a and b). The lat-
eral spreading of sediments and formation of residual cur-
rents has been observed in locations without vegetation (see
Leonardi et al. (2013), who studied the effects of tides on
the evolution of mouth bars). While the directional trends
remained similar in the case of non-vegetated simulations,
drag from vegetation (particularly during the ebb stage of the
tidal cycle), further enhances the deposition of sediment in
this near-field forested region.) This deposition is consistent
with the satellite images of this rapid progradation of man-
groves closer to the river mouth (Fig. 1c). This deposition of
sediment near the river mouth was also noted in real-world
scenarios, including large rivers like the Amazon (Allison
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Fig. 10 Panels a and b depict the extent of the riverine sediment
plume during the ebb and flood stages of the tidal cycle, illustrating
the diverse dynamics and contributions from external forces to sedi-
ment transport mechanisms within different environments of a river
plume. Panels ¢ and d present surface snapshots of an example river

et al. 1995) and the Yangtze (McKee et al. 1983), where the
near-field region spans many kilometers (e.g., approximately
140-200 km for the Amazon River; Lentz (1995)). Similar
patterns are also noted in smaller river plumes such as the
river Teign (Van Lancker et al. 2004) and the Tseng-wen
River (Liu et al. 2002). Along the transect considered in
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plume during the ebb and flood stages of the tidal cycle under the
influence of strong easterly winds. The black arrows in panels a and
b indicate the dominant dynamics within various regions of the river
plume during the ebb and flood stages of the tidal cycle, respectively

our study, while flux was landward in the deeper section of
the transect, the flux was found to be seaward in the case
of shallow regions of the transect (consistent with previous
studies such as Ralston et al. (2012) that investigated the
effects of bathymetry on sediment transport in the Hudson
River estuary).
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The relative influences of tides and river varied across
our simulations. In low discharge scenarios, the near-field
region extended over a few hundred meters out of the river
mouth during the ebb stage of the tidal cycle, and this zone
disappeared during flood due to the oncoming tidal currents.
This formation of the river plume after each tidal cycle has
previously been reported in the case of tidally modulated
outflow plumes such as River Teign (Pritchard 2000). In
the case of large discharges, a persistent plume bulge exists
over the entire tidal cycle (Horner-Devine 2009; Jurisa and
Chant 2012).

The presence of vegetative drag altered the modeled sedi-
ment fluxes in our study. Closer to the river mouth, in the
near-field region, as the river debouched into the coastal
region, presence of vegetative drag led to reduced veloci-
ties, thereby leading to reduced deposition in comparison to
non-vegetated simulations. 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 fluxes were higher in the presence of vegeta-
tion for low discharge runs (0-105 m3 s7!), in the cases of
higher discharge (> 140 m? s™!), the bed-sourced sediment
flux was found to be larger in the case of non-vegetated runs.
This difference in trends can be attributed to the impact of
the high bottom shear stresses generated by vegetation (see
Norris et al. 2021).

Mid-field Region

In the mid-field region (transition region between the near- and
far-field region of river plume), a small portion (~ 15%) of the
total sediment delivered by the river in the near-field exited
the forest in the case of both the vegetated and non-vegetated
model simulations. Additionally, the total sediment fluxes
were significantly lower than the magnitudes in the near-field
region. Previous studies conducted by Horner-Devine et al.
(2015) explained that within the mid-field region, the domi-
nance of Coriolis forces arrests any lateral transport, thereby
leading to reduced sediment transport into the mangrove forest.

Dronkers (1986) previously established that concave-up
tidal flat profile reduces tidal ranges along with a shorter
duration of high water, leading to decreased external sedi-
ment supply. In our study, the offshore direction of sediment
fluxes noted in the mid-field zone of the river plume can also
be explained by the concave-up depth profile in the mid-field
region. Furthermore, the tidal asymmetry patterns evaluated
in the mid-field region exhibited ebb dominance of the tide.
This ebb dominance indicated a mechanism through which
the bed-sourced sediment in the shallow regions of the tran-
sect was lifted off the bed during the flood stage of the tidal
cycle. During the subsequent ebb stage, this bed-sourced
sediment was directed away from the forest.

Far-field Region

In the far-field region of the river plume, a comparison
of total sediment fluxes between the vegetated and non-
vegetated model simulations yielded a reversal of flux
direction (directed out of the forest). In particular, while
sediment fluxes were found to be directed into the forest
in the case of non-vegetated simulation, sediment fluxes
in the case of vegetated simulations were instead directed
out of the forest (Fig. 10a). This change in flux direction
along the edge of the mangrove forest can be attributed to
the changes in tidal asymmetry induced by the presence of
vegetation (see Bryan et al. 2017; Vundavilli et al. 2021). In
the mid- and far-field regions, as the flow is predominantly
directed out of the forest, vegetative drag aids in reducing
resuspension of sediments.

In our study, when the model is forced with river dis-
charges of 35 m? s7'-105 m? s7!, the riverine momentum
is not sufficiently large enough to transfer sediment in the
regions away from the river mouth. This reduced riverine
sediment in the far-field region was noted in our results
(see Figs. 5b and 10a and b), wherein bed-sourced sedi-
ment remained the major contributor towards the total sedi-
ment transport. The enhanced bed-sourced sediment con-
tribution to the total sediment flux can be attributed to the
increased vertical mixing (induced by advective and fron-
togenetic processes) aided by tides (Ayouche et al. 2020).
Furthermore, as expected, the influence of tides reduced as
the river discharge increased (Fig. 5b). This result was also
reflected in our study: bed-sediment sediment fluxes over
the tidal cycle (Fig. 5¢) were nearly the same, while the
riverine sediment fluxes (Fig. 5b) increased with an increase
in river discharge. However, total sediment mass transport
in the mid-field region of the plume was reduced for larger
river discharges (> 385 m?® s~!, Fig. 6a). This reduction was
previously explained by Chao (1990), who using modeling
techniques found that the presence of tides in an estuarine
plume system leads to restriction of plume advection in the
cross-shelf direction.

The Influence of Plume Behavior on Sediment Transport

Horizontal advection in a river plume is controlled by plume
buoyancy, mixing, and transport (Horner-Devine et al. 2015).
Garvine (1995) previously 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 = W/ ( @ ) where W is the width of

the river mouth g’ is the reduced gravity, h is the depth at the
river mouth, and fis the Coriolis frequency (0.875 x 107*s7!
at —37° latitude). Plumes with K >> 1 indicate linear dynamics
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and exhibit a geostrophic balance in the across-shore direc-
tions. Conversely, plumes with K < 1 demonstrate sharp fron-
tal 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 fixed latitudinal distance of ~ 1 km (Fig. 2a) for
our simulations. For flows greater than 385 m? s™!, the “large”
plumes drive enhanced vertical mixing, resulting in smaller
g’ and Kelvin numbers from ~ 1.2 to ~ 1.35. In these cases,
Coriolis acceleration becomes crucial, and large riverine sedi-
ment transport into the forest in the mid- and far-field regions is
driven by both plume spreading and rotation dynamics. For the
low discharge scenarios ranging from 35 m®s™' to 245 m3 s/,
lateral plume spread is restricted, Kelvin numbers were ~ 0.20
to ~ 0.78 (owing to the larger g’), outflow momentum and
non-linear terms are more important than rotation, and con-
tributions from riverine sediments to the mangrove forest are
smaller than the compared to bed-sourced sediment. Discharges
of 280 m? s7'-350 m? s~! in our study could be considered
intermediate-sized plumes (0.85 < K < 1.05).

Furthermore, results from our study align with those from
real-world river plumes with similar Kelvin numbers (esti-
mated from the inverse of non-dimensional values given in
Crawford 2017), noting that values of K from the discharge
scenarios of 35 m? s~! and 140 m? s~ closely match values
estimated for the Rhine River (K = 0.2) and the Elbe River
(K ~0.5), respectively. Additionally, Garvine (1995) noted
a Kelvin number ~ 1 for the Niagara River plume in Lake
Ontario, which dynamically compares to our model simula-
tion with a discharge of 350 m? s~

The Influence of Tides

The spatial extent of the river plume was longer during
ebb in comparison to the flood stage due to the oncoming
tidal currents. However, the difference between the mod-
eled extents reduced as the discharge employed increased,
indicating the reduced impact of tidal modulation of the
river plume. Interestingly, the relative tidal modulation and
therefore the river plume expansion, was greater in the case
of river plumes with the largest discharges (455 m? s~! and
480 m3 s7!) relative to the medium discharges (280 m3 s™!
—420 m? s7!). This enhanced tidal modulation in the case
of high discharge regimes was previously observed for the
lower Apalachicola River in the Gulf of Mexico, and the
effect attributed to the phase change between water level and
velocity fluctuations (Leonardi et al. 2015).

The Impact of Wind
The majority of the sediment transport away from the river

mouth (in the mid- and far-field region) was dominated by
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the direction of the wind, while closer to the river mouth,
the plume retained its structure and was less sensitive to
winds. For 5 m s~ winds, irrespective of the river discharge,
sediment transport was directed into the forest as winds had
little to no effect on the near-field region and retained the
plume structure in the near-field while forming a bulge. This
retention of the plume structure under the influence of weak
winds was observed in the case of Changjiang River plume
(see Ge et al. 2015). While the dominant sediment loads in
the case of smaller and medium discharges were found in the
case of easterly winds (perpendicular to the plume), for the
large discharges, dominant loads were noted for the west-
erly winds (particularly southwesterly, 225°) which pushed
the plume away from the forest. These enhanced loads in
the case of westerly winds can be explained by the reduced
sediment outflow in the mid-field region compared to sedi-
ment inflow in the near-field region of the river plume. Upon
doubling the wind velocities (10 m s~!), plume waters are
strongly advected in the downwind direction, and tidal vari-
ability within the plume structure is diminished (Fig. 10c
and d).

In our model simulations, wind stress was one of the
major controlling factors of sediment deposition in the case
of small to medium discharge scenarios (Fig. 9). This result
is similar to Marques et al. (2009), who studied the dynam-
ics 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 dis-
charge plumes and vice versa. On the other hand, in our
model simulations with stronger river flows, a combined
influence of Coriolis and bed shear stress (impacted by veg-
etation) formed the principal dynamical processes control-
ling the sediment transport.

The presence of winds also played a significant role in
altering the Kelvin numbers observed in our study. When
winds aligned with the plume direction (135°-225°), we
observed a reduction in Kelvin numbers for both 5 m s~!
and 10 m s~! wind speeds. The enhanced lateral dispersion
and spreading of the river plume along the mangrove forest
resulted in a thinner surface plume and larger g, which in
turn resulted in smaller K values, which were consistent with
findings reported by Huq (2009). Conversely, when winds
opposed the plume direction, we observed larger Kelvin
numbers, indicative of a more concentrated plume with
reduced lateral spreading, enhanced mixing, and smaller g’
(as noted in (Garvine 1995). For example, for the scenario
with a riverine discharge of 175 m® s~' and 10 m s~! winds,
Kelvin numbers range from ~ 0.2 to 0.8 for wind directions
of 225° and 45°, respectively.

In the case of large discharge scenarios, the presence
of strong winds led to the formation of a bidirectional and
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thicker plume front in the near-field region of the river
plume. This bidirectional plume in our study is evident
under the influence of the onshore winds, wherein sedi-
ment loads were primarily directed into the forest in the
near-field region of the plume. In contrast, sediment trans-
port was directed out of the forest away from the river
plume (Fig. 9b). Additionally, under the ebb conditions, as
the plume was pushed back into the forest, stronger winds
and tides led to enhanced shear stresses on the bottom
layer, leading to enhanced bed-sourced sediment transport
mass loads in the case of 10 m s~! winds. This alteration
to shear stresses in the presence of strong winds is con-
sistent with many studies, such as the Rhine River mouth
(Rijnsburger et al. 2018). They attributed this enhanced
bed-shear stresses to the increase in strong-return currents
in the near-bed layer, which results from the fast and thick
plume fronts.

Lastly, within the river plume, wind-induced shear at the
surface layer altered the flow patterns in the vertical water
column in the case of low discharge scenarios (35 m? s
—140 m? s7!). However, in the case of large discharge sce-
narios, flow reversal occurred only in the presence of strong
winds (speeds > 5 m s~/ also noted by Garcia Berdeal et al.
2002) as the induced wind stress is not sufficiently large to
overcome the ambient flow closer to the river mouth.

Conclusions

Sediment transport patterns within a mangrove forest are
altered by the interaction of fluvial, estuarine, and marine
processes. This idealized model study offers insights into
how discharge and winds influence sediment transport
in a mangrove river plume. However, our study does not
incorporate the impact of wind waves on overall sediment
transport patterns. Representing the presence of mangrove
trees and roots using bottom drag enables us to capture
these critical feedback mechanisms within the mangroves
with higher computational efficiency (Horstman et al.
2015); however, a detailed understanding of the modifica-
tions to the turbulent 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). Future research could address these aspects for a
more comprehensive understanding.
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