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ABSTRACT

Modelling the hydro-morphodynamics of mangrove environments is key for implementing successful protection
and restoration projects in a climatically vulnerable region. Nevertheless, simulating such dynamics is faced
with computational and time complexities, given the nonlinear and complex nature of the problem, which could
become a bottleneck for large-scale applications. This study investigates the effect of mangrove environments
on the hydro-morphodynamics of its region. A depth-averaged model was built using a novel finite element
model for simulating coastal models, within Thetis. The Sundarbans, the largest mangrove forest in the world
located between India and Bangladesh, is taken as a case study. The Sundarbans is regularly subjected to
tropical cyclones, the impacts of which endanger the lives of the region’s four million people. This is a
first-time application of a coupled hydro-morphodynamic model using discontinuous Galerkin finite element
discretisation for modelling mangrove environments in a real-world application. A wetting drying scheme was
implemented in the models in order to avoid numerical instabilities. The effect of mangrove environments is
demonstrated, by imposing periodic tidal boundary conditions using TPXO tidal solver, using experiments with
and without mangroves. The model is validated against the results of another study on the same region and
tidal gauge data. Mangrove environments are able to decrease water elevations and velocities by more than

97%, and prevent almost any sediment erosion when compared with the experiment with no mangroves.

1. Introduction

According to the World Meteorological Society (WMO) Secretary
General Professor Petteri Taalas, at the current rate of greenhouse gas
emissions, the increase in temperature will far exceed 1.5 °C to 2 °C
above pre-industrial levels (World Meteorological Organization, 2021).
Such rise in temperature has increased the loss of ice glaciers, which in
turn increased sea-level rise from 3.3 mm per year, between 2006 and
2015, to 4.4 mm in recent years (World Meteorological Organization,
2021). As the sea level rises, it is predicted that 268-286 million people
could be at risk of coastal flooding by 2030, with the number increasing
to up to 411 million people by 2060. In addition to flooding, the rise
in sea level is also increasing erosion rates, thus imposing threats to
people living at the coast. However, in areas where natural wetlands
are present, such as mangrove trees, it has been noticed that erosion
rates are negligible and surge levels have decreased. This makes the
protection and restoration projects of mangroves a vital strategy for cli-
mate change mitigation as was specified in the Second Working Group
contribution to the Sixth Assessment Report (AR6) of the Intergov-
ernmental Panel on Climate Change (IPCC_AR6_WGII) Climate Change
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2022: Impacts, Adaptation and Vulnerability” (Masson-Delmote et al.,
2022).

The implementation of a proper restoration or protection project
requires a robust numerical model to simulate responses to different
climatic stressors i.e. high waves, sea level rise, cyclones. Nonetheless,
with the importance of such projects, there are several challenges,
related to the numerical models, that could hinder their success. Put
simply, the model should be accurate enough to properly simulate the
given settings, continuously monitor change, and quantify mangroves
capacity in attenuating waves and preventing erosion.

Building such a model requires solving the hydro-morphodynamics,
which is computationally expensive, and such complexity can grow
exponentially for large-scale problems. Nonetheless, solving those com-
plex nonlinear relationships in the model is essential to properly im-
plement climate change mitigation strategies. If these issues were not
properly tackled, the ability to provide future predictions, about the
success and sustainability of protection and restoration projects, would
be less reliable and with high uncertainty.
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Table 1

Software summary for different dimensions and discretisation methods.
Model Dimension  Discretisation  Reference
MIKE 11 1D FDM Sholichin et al. (2017)
Cliffs 1D/2D FDM Tolkova (2014)
XBeach 1D/2D FDM Bolle et al. (2010)
COULWAVE 1D/2D FDM Lynett et al. (2004)
HEC-RAS 1D/2D FDM/FVM Alvarez et al. (2016)
FUNWAVE 1D/2D FDM/FVM Kennedy et al. (2000)
Celeris Base 2D FDM/FVM Tavakkol and Lynett (2020)
SWAN 2D FDM Ou et al. (2002)
MIKE 21 2D FVM Warren and Bach (1992)
ADCIRC 2D FEM/FVM Luettich and Westerink (2004)
NHWAVE Q3D FDM/FVM Ma et al. (2012)
COMSIM Q3D FDM/FVM Erduran and Kutija (2003)
Delft3D 2D/3D FDM Waldman et al. (2017)
TELEMAC 3D 2D/3D FEM/FVM Villaret et al. (2013)
ROMS 3D FDM Warner et al. (2008)
ECOMSED 3D FDM Harris et al. (2005)
MPAS-Ocean 3D FVM Ringler et al. (2013)

In terms of hydrodynamic and sediment transport applications,
numerical modelling has been extensively applied because of its ability
to simulate different conditions and its lower cost when compared with
flume and in-situ experiments (Brand et al., 2020). Such models can be
classified as 1D and usually utilised when time is the key element, al-
though it does not capture all complex features present in a flow; 2D (or
2Dh), uses the nonlinear shallow water equations (NSWE) to capture
more interactions between the waves and shoreline by averaging the
main variables over the vertical; Boussinesq models that use Boussinesq
equations to incorporate frequency dispersion; quasi-3D models that
model velocity in vertical layers; 3D models which can capture more
complex flow interactions than the 2D ones; and oceanographic-type
models which simulate the physical state and dynamic properties of
oceans (Sholichin et al., 2017; Warren and Bach, 1992; Tavakkol and
Lynett, 2020; Ma et al., 2012; Waldman et al., 2017; Harris et al.,
2005).

For these kind of problems, different discretisation methods could
be applied, such as the finite difference method (FDM), finite volume
method (FVM), and finite element method (FEM) (Prastica, 2018;
Purohit et al.,, 2015; Peng, 2012). In addition, there exists a range
of commercially available software that can solve hydrodynamic and
sediment transport problems using the aforementioned discretisation
methods and with different dimensions.

Table 1 provides examples of different software that solves hydrody-
namic and sediment transport problems for different dimensions using
different discretisation methods.

Although the capabilities and accuracy of these modelling ap-
proaches have been greatly improved when implemented in the soft-
ware mentioned above, the main issue among such numerical models
is their computational cost. In fact, there is always a trade-off between
highly accurate, yet computationally expensive, models such as 3D
models, and models that are not so accurate but are much faster
such as the 1D models. Such issues become more prevalent when
performing climate modelling analysis due to the large-scale spatial
domains required to properly assess the region of study.

In addition, the discretisation method plays an important role in the
accuracy-computational complexity dilemma. To explain, FDM-based
discretisation methods are computationally the cheapest, however they
face issues and difficulties when modelling complex geometries and
meshes between imposing accurate boundary conditions and main-
taining stability (Shu and Tan, 2017). The FVMs, on the other hand,
have better accuracy and are often used for advection-dominated prob-
lems, although they are nominally only first-order accurate (Kdrna
et al., 2018). Similar to FDM, FVM faces issues estimating the solu-
tions around complex corners (Shchepetkin and McWilliams, 2003).
Furthermore, the finite element methods for unstructured grid mod-
els, are based on the continuous Galerkin finite element (also known
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as hybrid FE-FV) method like the Advanced Circulation Model (AD-
CIRC) (Luettich and Westerink, 2004). Although these models provide
better accuracy than FV models, they require stabilisation for advec-
tion problems and solving using a fully coupled system, which is less
efficient in parallel computing applications (Kérni et al., 2018). Other
models have applied a discontinuous Galerkin (DG) finite element
discretisation that is locally fully conservative, similar to FVM, but with
a higher-order accuracy (Castillo and Gémez, 2021). This also helps in
decreasing computational time by allowing for parallel computations.

Several research studies have been conducted in the field of mod-
elling hydrodynamics and sediment transport in mangrove environ-
ments using numerical models (Wahid et al., 2007; Cannon et al., 2020;
Le Minor et al., 2019). However, several limitations were present in
such studies, such as using one-dimensional modelling (Wahid et al.,
2007), using finite difference method (Cannon et al., 2020), and using a
restricted or simplified spatial domain or region (Le Minor et al., 2019).

The aim of this work is to present a novel 2D depth-averaged model
for both hydrodynamic and sediment transport processes for mangrove
environments. This model is developed by appropriately adopting a FE-
DG method for simulating coastal and estuarine flows (Kirna et al.,
2018); and is built on top of Firedrake, to create an automated system
for solving partial differential equations (PDEs) using the FEM. To
demonstrate its potential, we apply our approach to analyse the man-
grove environments of the Sundarbans region, the largest mangrove
ecosystem in the world. This work represents the first application of
a hydro-morphodynamic model for a large and complex problem using
the FE-DG method, to simulate the effect of vegetation on waves and
sediment transport in both of its modes: bedload and suspended. We
compare our model with Sindhu and Unnikrishnan (2013) based on the
hydrodynamic performance of the models when compared with Paradip
tidal gauge data. Our model achieved better accuracy especially in
estimating peak tidal heights. We implement the proposed approach
and related computations within Thetis.

This paper is organised as follows. In Section 2, we introduce
the hydro-morphodynamic equations and some corrections done to
avoid model instabilities and inaccuracies. In Section 3, we discuss the
discontinuous Galerkin method in details and its form when solving for
sediment transport and Exner equation. In Section 4, we present our
case study with the constructed domain, mesh, and applied conditions.
In Section 5, we discuss the results and demonstrate the effectiveness
of mangrove environments in attenuating waves and preventing erosion
through different experiments. Additionally, we performed a sensitivity
analysis test on use of different values of the friction factors. In Sec-
tion 6, we compare our results with another paper and with tidal data
to validate our model’s accuracy and robustness. Finally, in Section 7,
we conclude our work and discuss present limitations and possible
solutions.

2. Hydro-morphodynamic model

As stated above, the aim of this study is to introduce a novel 2D
depth-averaged model for both hydrodynamic and sediment transport
processes, or simply the hydro-morphodynamic model, for mangrove
environments. Therefore, it is necessary to outline the set of equations
required to model the hydro-morphodynamic process. The advantage
of hydro-morphodynamic model is that it can simulate both suspended
and bedload transport coupled with hydrodynamic movements. No-
tably, we used a 2D (2D depth-averaged model) instead of a 3D model
due to the fact that the depth scale is much smaller than the horizontal
in the Sundarbans region studied (less than 2.5 km deep and more
than 1000 km wide). Furthermore, we have included a slope effect
magnitude and angle corrections to account for any slope changes
for the morphodynamics. With respect to the hydrodynamics, wave
velocities in this region are very slow. Given that the Sundarbans region
has an average of 80 km length (distance between the land and sea
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extents of the mangroves), vertical gradients would not influence on
the hydrodynamics.

We construct the aforementioned hydro-morphodynamic model for
the large scale and complex problem (i.e., mangrove forest) by further
developing the work of Clare et al. (2021) who developed a hydro-
morphodynamic for a lab-based curved channel. By depth-averaging
from the bed, z,, to the water surface, #, the hydrodynamic equations
of the 2D model are developed (Clare et al., 2021). With respect to the
boundary conditions, a kinematic boundary condition is applied to the
water surface as a free moving boundary, where the bed is assumed to
be impermeable, i.e water does not pass through the bed. Therefore,
the nonlinear shallow water equations used in this model are:

P
=L+ (k) =0, m
M VE— Wi+ ST 4V = =2, )
ot ph

T ulu

D g lul ®3)

h3
where h = -z, is the depth, v is the turbulent kinematic eddy viscosity,
and u is the depth-averaged velocity vector where its components, u;
and u,, represent flow in the x and y direction, respectively. The term
fu* is the Coriolis “force”, where u' is the velocity vector rotated
counter-clockwise over 90° and f = 2Qsin({), in which Q is the angular
frequency of the Earth’s rotation and ¢ is latitude.

In Eq. (3), the seabed roughness is represented using the Manning’s
equation for bed shear stress 7, using the Manning’s coefficient n.
A “wetting and drying” term is added to prevent the model from
instability, when water depth becomes negative at the shore near the
mangrove trees, according to the formulation of Kirnd et al. (2011).
It should be noted that the wind effects were not included in the
proposed model, since we are mainly concerned with tide effects on
mangrove environments. Nonetheless, given access to the atmospheric
forcing data of the selected region, the proposed model can be further
developed to include wind effects, which is important to evaluate the
impact of the extreme climatic events (e.g., cyclones) on the mangrove
environments.

We take a Eulerian approach for solving the sediment equations
instead of the Lagrangian approach. This is to reduce the computational
complexity in solving the individual particles by taking the concentra-
tion of sediment particles and calculating sediment dynamics using an
advection—diffusion equation. We split the model domain into bedload
and suspended sediment zones with an interface z = z;, + 6* where 6*
is the height of the bedload zone.

Applying the boundary condition, combining diffusion and disper-
sion effects, having a long sedimentation process, the depth-averaged
sediment concentration becomes:

ﬁ(hc‘) + i (hul_c) + ai (hiye)

[h( ke h(ésgi)]“fb D, @

where ¢ is the sediment concentration, e, is the sediment turbulent
diffusivity coefficient given by e; = v" /o, in which v/ is the horizontal
viscosity and o, is the turbulent Schmidt number. E, is the erosion flux,
defined by the sediment gradient boundary condition as

dc
Eb = - esa

= w,cps, 5)

z=z)

where w; is the settling velocity of the sediment particles, and ¢ is the
equilibrium near-bed sediment concentration; and the deposition flux,
denoted by D,, defined by the concentration boundary condition as

Dy = wey, = wycl,_, . (6)

where ¢, is the actual sediment concentration at the bed.

Coastal Engineering 182 (2023) 104303

It should be noted that the above equation is derived following
standard practice, by assuming 6* to be small, and the boundary
condition is applied at the bed .

The main challenge in solving Eq. (4) is calculating uc due to the
coupled nature of the hydrodynamic and sediment transport model. A
solution for that would be to rewrite Eq. (4) as an advection-diffusion
equation for ¢ following (Huybrechts et al., 2010):

d _
(huadvl ) + 0_y (huadvzc)

=%[h( gi)]+§y[h<esg—i>]+Eb—Db @

with the advection velocity:

(hc) + —

®

Wygy =

o §|

A correction factor is then applied F,,,, = u,q,/u to convert u into u,g,.
More details on calculating the correction factor can be found in Clare
et al. (2021). The final form of the sediment concentration equation
would then be:
A
—(hc) + o (hFLO,ru o)+ (

A a¢
h ] h E,- D 9
[ ( ) ay (c“6y>]+ p ©
More in details about calculating the erosion and deposition terms can
be found in Clare et al. (2021).

hFcorl uZE)

2.1. Bedload transport

For the bedload transport, we follow the equations developed
in Tassi and Villaret (2014), where the bedload transport flux is
calculated using the following equation:

Q,=d,1/8 <5—S - 1) d530(cos &,sin &) (10)
f

and siné = —2
u 2 il \/u2+u

We choose 'the Meyer—Peter—Muller formula to define the non-
dimensional sediment rate ¢,

where cos & =

! Tt an
b, =
] avpm (0' = 9cr)3/2 ,  otherwise,

where ds, is the median sediment diameter, 6,, is the critical shields
parameter, aypy i @ coefficient equal to 8 (Tassi and Villaret, 2014),
and 6’ the non-dimensional shields parameter having the following
equation:
¥,

(Ps —-P f) gds
where ¥ is the skin friction correction and 7, is the bed shear stress
acting against the velocity flow and equal in magnitude in both direc-
tions. For more details about the derivation of the former parameters,
see Clare et al. (2021), Tassi and Villaret (2014).

0 = (12)

2.1.1. Slope effect

In order to properly reflect the change in the magnitude and angle
of water flow as the bed level changes, i.e gradient of the bed, we added
a magnitude correction factor and an angle correction factor since they
are not reflected in Eq. (10). Briefly, the effect of a downslope direction
is to increase the bedload flux, while it reduces the transport flux in an
upslope bedload direction.

1. Magnitude correction of bedload transport:
The magnitude correction method is based on the Koch and
Flokstra’s formula (Koch and Flokstra, 1980) given by:
0z,

Qp = Qp ( Yg) 13)
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where s is the direction tangential to the current and Y is an
empirical factor having a default value of 1.3 (Tassi and Vil-
laret, 2014). This correction tends to smooth results and reduce
instabilities.

2. Angle correction of bedload transport:
The angle correction is taken into account by the following
formula:
tana:tané—T% (14

on

where « is the direction of solid transport with respect to the
flow direction, § is the direction of bottom shear stress with
respect to the flow direction, and » is the coordinate along the
axis perpendicular to the flow direction.
According to Talmon et al. (1995), the coefficient T is calculated
as given below:

1

b0

where g, is an empirical coefficient, and 0 is the Shields param-
eter (see Clare et al. (2021) for more details on the calculation
of the Shields parameter).

T =

(15)

2.2. New bed level

The final step in the model setup is to compute the new bed level,
which is affected both suspended sediment and bedload transport, using
Exner equation as follow:

dz
(l—p’)d—lb+Vh-Qb:Db—Eb (16)
where p’ is the bed sediment porosity.

2.3. Wet-dry domain

In a coastal simulation, there are three main domain types: (1)
fully wet deep in the ocean, (2) wet-dry where water wets the do-
main over time, i.e at the beach, and (3) dry where water does not
reach. However, since we are solving the nonlinear shallow water
equations, the model might crash when simulating dry regions due
to non-differentiability issues, like in very tall trees, which is why we
decided to not include such regions in our simulations. Regarding the
wet-dry domain, we decided to use a moving bathymetry, by including
a wetting and drying parameter, that maintains a positive water depth
without affecting the accuracy of the model (Kirné et al., 2011; Don-
nelly et al., 2022). The modified total water depth is calculated in the
following equation:

hi=n—zy+ f(h), a7
where

f(h) :=%<\/h2+62—h), (18)

with 6 being the wetting and drying parameter discussed in Kdrna et al.
(2011) who recommended to set it equal to

d||Vh||

where d is the length scale of the mesh. As a result of applying this
modification, the hydrodynamic equations will become:

MLy (Fw) =0, 19
ot

a—“+ﬁ-Vﬁ—vvzﬁ+frﬁ+gvn=—T—’3. (20)
ot ph

In order to avoid non-differentiable functions, a numerical parameter
¢ is added to the depth-averaged velocity:

lull ~ Vilull? +¢2, (2D
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where the value of ¢ should be chosen adequately to avoid model
crashes but not too large since this could leave to massive dissipation of
the velocity due to friction. In our models, we have chosen a minimal
value of 0.1 for the norm smoothing operator ¢. This ensures model
differentiability and prevents model crashing while the effect on the
friction term was kept minimal in such a way that it does not affect the
velocity.
Furthermore, the sediment equation will be modified as follows:

A, 0 iy o0 pn o
5 o+ — (AF ot ) + % (AF o 15€) (22)

J [s ac Jd |5 ac
=2 [n(c,2€ ] 9 i (e,
ox (Cj 6x) * 0y[ (CA ()y)]

+E,— D,
2.4. Hydro-morphodynamic application

2.4.1. Hydrodynamic spin-up

When simulating hydro-morphodynamics within Thetis, some insta-
bilities could occur early on in the simulation since the water elevations
might not have reached a stable state. To explain, when the simulation
starts, the elevation and velocity fields are initially set to 0. Therefore,
the transition to a quasi-steady state solution for elevation and velocity
fields could trigger unrealistic bedlevel changes. Thus, as a common
practice, we have initialised the simulation by first spinning-up the hy-
drodynamics (Gerritsen et al., 2008). Then, when these fields stabilise,
morphodynamic equations will be introduced.

2.4.2. Morphological acceleration factor

Additionally, to decrease computational time, since changes in sed-
iment morphology take a long time, a morphological acceleration
factor is usually introduced (Morgan et al., 2020) to amplify those
changes and save computational time. Applying that factor, m, to Exner
equation:

1_ /

( mp)%+vhvob:1),,-15,,. 23)

The above equation means that at every time-step dt, the hydrodynamic
and sediment change are equivalent to mdt.

3. Finite element discretisation

After defining the equations to be solved for the hydro-morphody-
namic model, as discussed in Section 2, a discontinuous Galerkin-
based (DG) finite element discretisation will be first developed for the
aforementioned hydro-morphodynamic model and then implemented
in Thetis, a finite element coastal ocean model built using the Firedrake
code generating framework (Karna et al., 2018). The DG method was
first proposed, for mathematical properties of the neutron transport
equation, by Lesaint and Raviart in 1979 (Zienkiewicz et al., 2013).
This method is proven to be robust for solving Navier Stokes prob-
lems (Fehn et al., 2018). In DG, an unstructured mesh is used where it
is tessellated by triangular elements, and a finite element space is then
defined on the mesh. The definition of the variables on a discontinuous
space requires solving the variables on element edges with the union
of the edges denoted by I'. Thus, the average operator {{.}} and jump
operator [[.]] across the interior on scalar and vector fields are defined
below:

1

{{X}}=§(X++X‘) 24)
[Lx1ln = 20" + y "~ (25)
[ [X]l,=X"-n*+X -n~ (26)
where n = (nx,ny,O) is the horizontal projection of the outward

pointing unit normal on the element edge, and “+ ” and “-” denote
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Fig. 1. Geographical location of the Sundarbans.

either side of the interior edge (Clare et al., 2021). The DG discreti-
sation is actually similar to the finite volume method since it is local
and fully conservative, yet with higher accuracy (Kdrni et al., 2018).
Furthermore, this method has received lots of attention recently in
hydro-morphodynamic applications since it is well suited for advection
dominated problems and facilitates the use of unstructured meshes
which are important for irregular geometries in coastal areas (Weinberg
and Wieners, 2021)

A semi-implicit Crank-Nicolson time-stepping approach is applied
since it is second order accurate and fast to run as it only needs one non-
linear solve per time-step. In addition, this time integrator approach
does not dissipate tidal waves too much, and thus avoids having very
smooth solutions (unlike the fully implicit backward Euler).

3.1. Sediment transport

In Thetis, an upwinding scheme is used in advection for sediment
concentration ¢ where at each edge, ¢ is equal to the upstream value
with respect to its velocity, ¢*?. Thus, the weak form of the advection
term u- V,¢ in Eq. (9) can be given by:

/l//ﬁ-V,fdx:—/ c'Vh‘ﬁy/)dx+/c'“p[[y/ﬁ]]nds
Q Q r

Where Q is the tessellated domain.

Regarding the weak form of the diffusivity term, —V,. (c,V,é),
the Symmetric Interior Penalty Galerkin (SIPG) stabilisation method is
applied to ensure stability with a penalty parameter, o (see Kdrna et al.
(2018) for more details). Hence, the weak form of the diffusivity term
is:

—/ u/Vh-(ethE) dx
Q

27)

= /Q e (Viw) - (V46) dx — /r[[u/]]., {{e,Vpe}}ds (28)
- /r el - {{e;Vaw}}ds + /r o {{e,}} ey - [lw]lndss
Finally, the weak form of the erosion and deposition term, E, — D,, is
given as:
/Q (Source Term) wdx = /Q (Ey — Dy) wdx (29)

Applying Crank-Nicolson time integrator, the final equation would be:

~(n+1) _ —(n)

S _ (n+1) n

—y/dx 1- @)(F + F") (30)
where Fi”*l is the sum of the weak forms given in Egs. (27),(28),(29)
and © = 0.5. Note that for forward Euler, ® = 0 and for a backward
Euler, © = 1. This is commonly known as the “Theta scheme” (Mbehou,
2018).

3.2. Exner equation

According to Clare et al. (2021), to avoid unstable solutions when
solving the Exner equation, as discussed in Section 2.2, the bedlevel,
z;,, is defined on a continuous grid, and a continuous Galerkin (CG)
discretisation space is used to project the hydrodynamic and sediment
transport variables from the DG space. The weak form of the divergence
term, V, - Qy, in Eq. (16) is then given below:

/ th'deX=—/ (Qp - m) y/ds+/ (Qb'vh) wdx (€29)]
Q dQ Q
Applying Crank-Nicolson, Eq. (16) is solved as follow:
Z(bn+1) _ Z;rf)
/ (1-p) 22— |ydx = (1 —)G"" + G 32)
Q At 1 1

where Gf"“) is the sum of Egs. (29) and (33).
4. Case study location: Sundarbans

The Sundarbans is the largest single tract mangrove forest in the
world with an area covering 10,000 km? distributed between Bangladesh
(60%) and India (40%). The water elevation at the Sundarbans varies
between 0.5 m and 3 m with 70% of the region under 1 m (Mukul et al.,
2019). The Sundarbans region is adversely affected by extreme climatic
events, particularly tropical cyclones, the frequency and intensity of
which is increasing in a warming world. This has added pressure on
the mangrove environments where a recent study showed that the
mangrove extent decreased from 2307 km?2 in 1968 to 1851 km? in



M. Fanous et al.

85.0

90.0

Coastal Engineering 182 (2023) 104303

95.0

%
sl

20.0

Eastern

Ghats

BANGLADESH

MYANMA

Andaman
Sea

85.0

90.0

95.0

Fig. 2. Mesh generated using Gmsh with varying resolution from 1.5 km to 8 km.

2016, and linear extrapolation of the current trends suggests that the
extent could further reduce to 1376-1470 km? by 2066 (Sievers et al.,
2020).

4.1. Computational domain

The modelled region covers the entire shelf of the Bay of Bengal in
addition to the entire Sundarbans mangrove forest spanning both India
and Bangladesh, as shown in Fig. 1.

A mesh generation domain, gmesh (Avdis et al., 2018), and the mesh
generation tool, Gmsh (Geuzaine and Remacle, 2009) were employed
to produce an unstructured mesh covering the area of interest with
varying mesh resolution from 1.5 km at the Sundarbans to 8 km at the
southern boundary of the Bay of Bengal. The generated mesh is shown
in Fig. 2.

The bathymetry of the region was obtained from satellite imagery
data from the General Bathymetric Chart of the Oceans (GEBCO)
(Lemenkova, 2020) which has a resolution of about 15 arc seconds
and is suitable for our region, which has a maximum length of about
570 km and a maximum width of about 1070 km. The maximum
depth reached at the modelled region of the Bay of Bengal is about
2685 m while the maximum elevation of modelled mangrove trees is
about 8 m. Note that some trees have a height of more than 20 m,
however, since the maximum tidal elevation reached at the bay of
Bengal is about 4 m, the model would reach some instabilities when
modelling these dry regions. To further explain our reasoning behind
this idea, modelling dry regions is not trivial, especially, for hydro-
morphodynamics. To remedy this issue, one could set a very large
wetting and drying parameter so that the model accounts for any
dry region. However, this would lead to too much wave inundation
thus neglecting the effect of the mangroves in dissipating waves and
resulting in inaccurate results. As a result, we chose a smaller value for
the wetting and drying parameter, 2, in order to consider the full effect
of mangrove environments on incoming waves which is the main aim
of our study. This will not affect the numerical simulation results in any
way as the unreached wave heights are considered a fully dry region
which is not affected by the waves. Thus, a maximum elevation of 8 m
was selected in this model to ensure that this height is well enough to

Table 2

Classification of land use type and their respective Manning’s coefficient.

Land use type

Manning’s coefficient

Open water/sand

Scattered brush/shrub/scrub
Forest/estuarine forested wetland
Dense woods (e.g. dense willows)

0.02

0.05(0.035 to 0.07)
0.10(0.08 to 0.12)
0.15(0.11 to 0.20)

cover any incoming wave extent and height, but at the same time will
avoid the model to unnecessarily to crash. Fig. 3 shows the bathymetry
of the region.

The major tidal harmonic constituents at the Bay of Bengal are M,,
S,, N,, K|, and O; (Sindhu and Unnikrishnan, 2013). However, to
improve the accuracy of the numerical model, additional tidal con-
stituents were added such as My, M,, P;, Q,, K,, and 2N,. These
harmonic constituents were used to generate tidal waves at the sea
boundary of the region from the TPXO tidal harmonic database (Egbert
and Erofeeva, 2002). No boundary conditions were imposed at the
mangrove land boundary in order to examine the full effect of the
incoming waves in terms of inundation and wave height reach.

The simulated periods followed those by Sindhu and Unnikrishnan
(2013), which will be used as a validation for the results presented in
this paper, that were from 20 June 1981 to 30 September 1981. The
spin-up period was ten days for the model with mangrove trees and
the model without mangrove trees; and the time-step was 12 s. More
details will be found in Section 5.

In order to simulate the complex bathymetry and interactions be-
tween the waves and mangrove environments, several spatially vary-
ing parameters were introduced such as the Manning coefficient, bed
height, and viscosity. In Mclvor et al. (2012), Manning’s coefficient for
mangrove environments was determined as 0.15 which represents a
dense forest. Table 2 shows the difference between Manning’s coeffi-
cient for different forest environments.

As the water depth increases, Manning’s coefficient was set to be the
same as seabed. To determine Manning’s coefficient for seabed, a fine
sand bed was assumed which gives a Manning’s value of about 0.012
according to the British Geological Survey bed classification (Mackie
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Fig. 3. Bathymetry of the modelled region.

Table 3
British Geological Survey bed classification and associated grain size observations
subsequently applied in calculating roughness length and Manning coefficient.

Bed classification ds, (mm) z, (mm) n (sm™1/3)

Bedrock 768<d5,<2048 64.00<z,<170.7 0.045<n<0.053
Boulder 256<d5,<768 21.33<z2,<64.00 0.037<n<0.045
Cobble 64<d5,< 256 5.333<z,< 21.33 0.029<n<0.037
Very coarse gravel 32<d5,<64 2.667<z,<5.333 0.026<n<0.029
Coarse gravel 16<ds,<32 1.333<z,<2.667 0.023<n<0.026
Medium gravel 8<ds<16 0.667<z,<1.333 0.021<1<0.023
Fine gravel 4<ds,<8 0.333<z,<0.667 0.019<n<0.021
Very coarse sand 2<ds <4 0.167<z,<0.333 0.017<n<0.019
Coarse sand 1<d5y<2 0.083<z,<0.167 0.015<1<0.017
Medium sand 0.5<d5,<1 0.042<z,<0.083 0.013<n<0.015
Fine sand 0.25<d5,<0.5 0.021<z,<0.042 0.012<n<0.013
Very fine sand 0.125<d5,<0.25 0.010<z,<0.021 0.010<n<0.012

Silt, clay, mud 0.0625<d5,<0.125 0.005<z,<0.010 0.009<1<0.010

et al.,, 2021). For very deep water levels, friction becomes negligible
and tidal elevations are insensitive to the friction coefficient (Sindhu
and Unnikrishnan, 2013). Table 3 shows the distribution of Manning’s
coefficient according to different sediment sizes.

The effect of changing viscosity is minimal in such large regions
(Sindhu and Unnikrishnan, 2013), and they are mostly used for cali-
bration purposes (Li and Huang, 2013), where suitable values for these
parameters follow this equation:

v=25, % U, 33)

where §, is the mesh element size and U is a suitable velocity metric
(typically tidal current). Finally, bed height was adjusted to reflect the
depth of the region where at the coast, bed height was minimal and
increased with increasing depth. In Sindhu and Unnikrishnan (2013),
the same mesh element size of 9.5 km x 9.5 km was used, and after
sensitivity analysis, the horizontal eddy viscosity was set at 1500 m?/s
as it achieved the best agreement between observed and simulated
elevations.

Bathymetry (m)
10
0
-100
-250
-500
-750
-1000
-1250
-1500
-1750
-2000
-2300
-2700
91.0
Table 4
Parameter values distribution according to varying depth.
y-coordinate Manning’s Bed height Horizontal
coefficient m viscosity
n(sm’]/S) v (m2 Sil)
2.5 x 100<y<2.4 x 10° 0.15 0.25 1500
2.4 x 100<y<2.35 x 10° 0.012 0.5 500
2.35 x 10°<y<2.25 x 10° 0.002 3 80
2.25 x 10°<y<2 x 10° 0.0015 20 300
y>2x10° 0.001 30 48
5. Results

After building the hydro-morphodynamic model using the equations
discussed in Sections 2 and 3, we demonstrate the effectiveness and
accuracy of the proposed model on quantifying the ability of mangrove
environments to attenuate waves and prevent erosion. To address that
subject, two different experiments were conducted: one with mangrove
environments and the other without them. Note that in all cases, the
morphological acceleration factor was set at 50.

5.1. Experiment 1: With mangroves

As discussed in Section 4, some spatially varying parameters were
introduced to properly simulate the effect of mangrove environments
on wave attenuation and sediment stabilisation. Table 4 shows the
variation of Manning’s coefficient, bed height, and horizontal viscosity
as a function of increasing depth using y-coordinate values. Note that
viscosity values varied, unlike in Sindhu and Unnikrishnan (2013),
since in the mesh resolution in this paper varied from 1.5 km to 8 km
as was mentioned previously in 4.1.

The time step was set at 12 s, and the mesh resolution increased
from 8 km at the sea boundary to 1.5 km at the Sundarbans, which
is suitable for such large domain used in this study. The boundary
conditions used were already mentioned in details in Section 4. Fig. 4
shows the state of the region after the hydrodynamic spin-up. It can be
noticed that the Sundarbans region had almost no water elevation.
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Fig. 4. Initial elevation of the region after hydrodynamic spin-up.

Fig. 5 shows the change in water elevation, velocity, and seabed
evolution across the modelled domain at peak (left-hand column) and
end of tide (right-hand column). From Figs. 5(a) and 5(b), the tidal
waves propagate from the Bay of Bengal at the southern boundary to
reach the Sundarbans mangrove forest at the northern boundary. At
the peak of the tide, wave heights reached a maximum value of about
1.2 m, which is just before hitting the mangrove environments. Once
entered the Sundarbans, Fig. 5(b) shows how water elevation quickly
dissipates and the waves are attenuated. At the end of the cycle, most
water elevation had been attenuated, and water goes back to 0.03 m
representing a 97.5% wave attenuation caused by the friction generated
from mangrove environments. As a result, water propagation deep
in the mangrove environment is minimal, where Figs. 5(c) and 5(d)
show how the depth-averaged velocity magnitude decreases from about
0.45 m/s before hitting the mangroves to 0.01 m/s after hitting the
mangroves, which is equivalent to a 97.7% decrease in water velocity.

Regarding sediment erosion, negligible sediment change was ob-
served from Figs. 5(e) and 5(f), especially at the Sundarbans region, due
to the low water velocity at that region which is not significant enough
to move sediment particles and the complex root structure of mangrove
environments which stabilises the bed and prevent any erosion.

5.2. Experiment 2: Without mangroves

In the other experiment, mangrove trees were removed by replacing
the height of those trees with 0 m and decreasing Manning’s coefficient
in this region to a value of 0.0025 sm~1/3 similar to Sindhu and
Unnikrishnan (2013). The bed reference height and horizontal viscosity
were kept the same as the previous experiment.

Fig. 6 shows the change in elevation, velocity, and seabed for this
case study at peak (left-hand column) and end of tide (right-hand
column). Here, the changes in all fields are much more significant than
the previous experiment. Figs. 6(a) and 6(b) show that tidal heights
reached a maximum height of more than 2 m at peak tide and 1.55 m
at the land boundary of the region at the end of the tide.

From Fig. 6(d), the depth-averaged velocity magnitude reached
2.7 m/s at the land boundary which indicates the capability of water to
go beyond the modelled region and further inundate more land regions,
which could endanger human lives in the immediate vicinity.

Most significantly, sediment erosion is now clearly visible in this
region, especially where the mangrove environment was previously

present, which is evident as shown in Figs. 6(e) and 6(f). Such results
show the dangers this region could be in without the presence of
mangrove environments, and particularly if faced with an extreme
climate event such as a cyclone.

For comparing the results obtained from the two experiments dis-
cussed above, we subtracted the elevation, velocity, and seabed fields
for the peak and end of tide simulations. Fig. 7 shows the results of the
differences between the previous experiments for all fields.

Figs. 7(a) and 7(b) show how significant the wave heights differ-
ences are between the experiments with and without mangroves. The
height difference reached around 0.7 m at peak tide and more than
1 m at end of tide due to the absence of mangrove environments. This
observation is also similar for both velocity and bedlevel changes.

From these results, we can conclude that mangrove environments
are able to attenuate waves heights and velocities by more than 98%,
and prevent almost entirely any sediment erosion when compared to
the same region without mangroves. This highlights the effectiveness
of mangrove environments in protecting the coast and preventing any
further inundation of water coming from the sea.

We have also included results of one full tidal cycle for the elevation
(Figs. A.12 & A.14) and bedlevel changes (Figs. A.13 & A.15) for the
experiments with and without mangroves in Appendix.

5.3. Experiment 3: Comparing with experiment 1 - sensitivity analysis

In this section, we performed a sensitivity analysis test to evaluate
the impact of different values of the friction factors on the model’s
performance with the similar conditions and parameters used in Sindhu
and Unnikrishnan (2013). The main difference between this experiment
and the previous ones is mostly in changing horizontal viscosity to
be constant at 1500 m?/s and Manning’s friction according to the
following criteria:

n=0.12 fory <2.5x10°
n=0.002 for 2.5x10° <y <2.42x 10° (34
n = 0.0015 for y < 2.42 x 10°.

Note that the main purpose of decreasing Manning’s friction factor
at the mangrove environments was also to investigate the effect of
decreasing the friction factor under the assumption that the mangrove
environments would follow a forest/estuarine forested wetland land
type instead of dense woods as shown in Table 2.
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Fig. 5. Simulation results for mangrove experiment.

Fig. 8 shows the change in elevation, velocity, and bedlevel for this in Figs. 8(c) and 8(d). Finally, the profile of the seabed at peak tide and

experiment. From Figs. 8(a) and 8(b), it can be noticed that water at the end of the tide, shown in Figs. 8(a) and 8(e) is very similar to
elevation reached similar heights, about 1 m, when compared with that in experiment 1.

experiment 1 before decreasing to 0.03 m after encountered man- This experiment shows the effect of having such a large horizontal
grove environments. Similarly, the depth-average velocity magnitude viscosity value on water elevation since the former acts as a sponge that
decreased from 0.45 m/s to 0.002 m/s beyond the mangroves as shown leads to the dissipation of wave heights. This effect is visible mainly
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Fig. 6. Simulation results for the experiment without mangroves.
at the mangrove environments where water velocity was much less due to the large area of mangrove environments in this region (about
than that in experiment 1; however, in very deep regions, the effect of 76 km in length and 145 km in width) that will dissipate most of the
viscosity is negligible. In addition, the effect of decreasing Manning’s wave energy reaching to the end of the region.
friction was not observed (since it would have been expected to see Fig. 9 compares elevation, velocity, and bedlevel differences be-
increase in water elevations after decreasing friction) which could be tween Experiments 3 and 1 at both peak and end of tide cycles. The
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Fig. 7. Difference between experiments with and without mangroves at peak tide and at end of tide.
differences shown in this figure confirm the previous analysis of chang- Thus, it is concluded that our model obtained similar results between
ing the Manning’s parameter as the differences are almost negligible. the defined conditions and the conditions from the other experiment.
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Fig. 8. Simulation results for sensitivity experiment.
6. Model validation: Comparing with Sindhu and Unnikrishnan since none of these stations are included in our domain, we decided

(2013) and tidal gauge data to increase the domain in order to cover Paradip tidal station. Fig. 10

shows the newly created domain which covers Paradip tidal station,

In Sindhu and Unnikrishnan (2013), the authors compared the and thus it will be used for validating our model’s performance with
performance of their developed model with some data available from the model from Sindhu and Unnikrishnan (2013) and the tidal data
tidal stations, namely Paradip, Visakhapatnam, and Chennai. However, from that station. On a side note, the main reason behind not selecting
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Fig. 10. New domain created to extend towards Paradip tidal station.

this domain for all above experiments was to avoid very long simulation
times as the current benchmarking experiment took about two weeks to
complete. In addition, the wetting and drying parameter was removed
as this experiment is not modelling mangroves anymore but just the
tidal elevations at Paradip.

Due to the lack of data available from both the other experiment
and Paradip for 1981, it was decided to choose another year with
climatically similar conditions to 1981. To achieve this criteria, the
Dipole Mode Index (DMI) was selected as a reference for climatically
similar years. The DMI is an indicator for temperature change from
East to West across the tropical Indian Ocean (McPhaden and Nagura,
2013). It measures the strength of the Indian Ocean Dipole (IOD) which
is an indicator of climate variability in the Indian Ocean. Both 1981 and
2013 had negative DMI values for August with 1981 having 6 consecu-
tive months with negative DMI values (June-November) while 2013
had eight consecutive months with negative DMI values (February—
September) according to the NOAA extended reconstructed sea surface
temperature V5 dataset. In addition, the 6-month running mean DMI of
1981 was —0.2 and the 8-month running mean for 2013 was —0.182.
As a result, 2013 was chosen as a reference for a climatically similar
year to 1981. In addition, the tidal data for Paradip for August 2013
is available, thus we ran the simulation for the whole month of August
2013 and plotted the results against the tidal data of that station.

Fig. 11 shows the simulated water elevations at the selected region
after adjusting the data to mean-sea level which is 1.66 m (Sindhu and
Unnikrishnan, 2013).

The obtained results show that our model is capable at simulating
the modelled region accurately where very similar wave structures and
wave heights were obtained in comparison with the tidal station. The
maximum achieved tidal heights of the numerical model was 1.16 m vs
1.2 m for the observed data for a total error of 3.3%, whereas both the
simulated and observed minimum tidal data were 1 m. On the other
hand, the model in Sindhu and Unnikrishnan (2013) overestimated the
peak tide height by over 10 cm (7.2% error). It is important to note
the slight differences between the simulated and observed data at the
beginning of the simulation. Although the model had a 10 day spin-
up period to stabilise its hydrodynamics, more time should have been
given for the spinning period due to the large domain modelled in this

14

experiment. Other reasons to justify the differences between the ob-
served and simulated could be the presence of complex geometry near
the station which is not properly modelled in the numerical simulation.
The sensitivity of the global tidal model to the bathymetry, especially
to steep depth change where diffusivity is maximum, could be another
reason. Finally, increasing mesh resolution would also improve the
accuracy of the model but at the expense of time.

Nonetheless, we believe that our model is suitable and produces
valuable results since it uses a more accurate numerical scheme (finite
element discontinuous Galerkin vs finite difference scheme), a better
global tidal solver, TPXO, which solves for both elevation and velocity
with more tidal harmonics unlike the used model, FES2004, that just
solves for elevation, and has a higher mesh resolution than the other
model.

7. Conclusions and outlook

This study is a first-time application of a coupled hydro-
morphodynamic model using discontinuous Galerkin finite element
discretisation for a real-world case using next-generation coastal ocean
models like Thetis. The Sundarbans, the largest mangrove forest in the
world, was taken as a case study, as it is one of the most threatened
mangrove environments due to the threat of multiple severe climate
events across the region. By presenting magnitude and angle correction
factors for bedload transport, adding a wet-dry parameter/domain
to avoid numerical instabilities, using spatially varying parameters,
and spinning-up the hydrodynamics, the developed model showed
the importance of mangrove environments in attenuating waves and
preventing erosion. These environments reduced wave heights by more
than 97% and prevented any erosion when compared with the same
region but without mangroves.

We validated the performance of our model by comparing its simu-
lation results with another model i.e., Sindhu and Unnikrishnan (2013)
in accurately estimating water elevation at a specific tidal gauge. Our
model showed better accuracy with an error of 3.3% in comparison to
7.2% when estimating peak tidal heights. However, this region lacked
multiple in-situ hourly data of water levels over the Bay of Bengal.
Nonetheless, it would be beneficial to check and refine the findings
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Fig. A.12. Tidal height changes for the experiment with mangroves.

reported in the present study, when data from more tidal stations
become available for the simulated years.

On the other hand, and since this model is developed by solving
the depth-averaged Navier Stokes, two main limitations arise. First,
the assumptions made in this model are not translated to quantified
uncertainty in the output, which is due to the nature of Navier Stokes’
solution as it is just a mathematical model. Second, the time taken to
spin-up the hydrodynamics and then to model the morphodynamics is
quite significant as the former accounts to 25 h and the later to about
10 h, with the morphological acceleration factor of 50, rising to 20 days
without the acceleration. This high computational time would limit the
benefits of using such numerical models, especially when continuous
monitoring of the environment is required as in a mangrove restoration
project.
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A possible solution to the aforementioned limitations would be to
use machine learning models in two possible scenarios: (a) as a full
surrogate where the results of the numerical model would be used as
an input and output data to the machine learning model, and the latter
would have to figure a relationship between the input and the output;
(b) as a physics-informed model which requires much less amounts
of data from the numerical model since prior knowledge, in the form
of boundary and initial conditions, would be used as a penalty/loss
term to help the model converge accurately to the output. In either
way, such models would possibly have much faster predictions than the
numerical model solutions, and an uncertainty quantification method
could be added to better understand the confidence of the model with
unobserved data.
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Appendix
The figures in this section show a full tidal cycle evolution for the el-

evation and bedlevel for the experiments with and without mangroves.
For each figure, the cycle goes from top to bottom and from left to right.
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