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Abstract

This paper investigates how mangrove foreshores can be
integrated into embankment designs in Bangladesh. The
effect of mangroves on surges has already been studied for
the design conditions of Bangladesh. However, the impact
of wave attenuation by mangroves on embankment designs
is not known. A model is thus developed to estimate the
wave height reduction by a mangrove forest, and how such
wave attenuation would influence the design of a landward
embankment. Model simulations suggest that mangrove
belts with a width between 100 and 1,000 meters (perpen-
dicular to the coast) could provide wave attenuation rates
between 7 and 55 percent (compared to a situation with-
out mangroves) at potential afforestation sites identified in
previous studies. Such wave attenuation rates would reduce
the embankment height by 0.09-0.30 meters, diminish the
slope revetment thickness by 13—46 percent, and decrease

the wave shear stresses at the embankment toe up to 25-70
percent. Relatively wider mangrove belts not only cause a
larger reduction of the embankment design requirements,
but also host larger biodiversity and are more resilient
against pests and extreme events. The model results are
highly sensitive to the mangrove properties, and collect-
ing data on the local mangrove species is recommended
to reduce uncertainty in the predictions. Moreover, the
results also suggest that trees older than 10-20 years might
collapse during storms. Expanding the mangrove stability
model, including other pioneer species in the analysis, and
exploring the option of canopy pruning are thus advised
to ensure the integrity of any future afforestation efforts.
Overall, this paper provides a methodology that could be
applied to design nature-based solutions in Bangladesh.
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1. Introduction

Bangladesh is one of the most vulnerable countries to coastal flooding due to its
exposure to frequent cyclones, massive rainfall events, and due to its large population density
in low-lying areas (Khan, 1992; Jakobsen et al., 2005; Eckstein et al, 2018). To mitigate
flood hazards, the coastal system of Bangladesh is defended by a system of 6,000 km of
peripherical embankments that enclose 139 polders (Figure 1.1). The construction of the
embankment system in the 1960s-1970s had a positive impact on the economy of the
country, as it increased agricultural productivity by 200%-300% at some polders (Nishat,
1988). However, the original structures were not designed to withstand coastal surges (Islam,
2011), and lack of maintenance over time resulted in tidal intrusion, increasing flood risk,

and lower agricultural productivity (Naz and Buisson, 2015; Awal and Islam, 2020).
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Figure 1.1. Coastal system of Bangladesh, from Gijon Mancheiio et al. (2021). Bangladesh is home of 60% of the
Sundarbans, the largest mangrove forest in the world. The mangrove areas in Bangladesh are shown in green for the situation of
2018 (Global Forest Watch, 2020). The coastal area of Bangladesh is protected by a system of 6000 km of embankments that
form 139 polders (in grey).

To increase the resilience of the coastal system, the Coastal Embankment Improvement
Project Phase 1 (CEIP-1) focused on upgrading the safety of 10 polders to a 25-year level of

protection. The CEIP project covered several activities to increase safety against flood



hazards, such as structure reinforcement and afforestation at the seaward side of the
embankments (World Bank, 2013). Afforestation plans included both planting of commercial
species for economic purposes and mangrove planting for coastal protection. Bangladesh has
large mangrove afforestation potential, as it is the home of 60% of the Sundarbans, the
largest mangrove forest in the world, and it has considerable experience in mangrove
afforestation, with 150,000 ha of planted mangroves since the 1960s (Saenger and Siddiqi,
1993). The modeling work of Dasgupta et al. (2017) showed that mangrove afforestation in
Bangladesh would likely have a small effect on surge heights. Nevertheless, mangroves
could significantly reduce the flow velocities and erosion near embankments (Dasgupta et
al., 2017). Mangrove belts could also provide additional protection to coastal structures by
attenuating short waves, and thus reducing the wave loads acting on them and the wave
runup. Potential locations for mangrove afforestation seaward from embankments have been
identified for Bangladesh (Gijon Mancheiio et al., 2021), however, their effect on the wave

loads acting on the structures and on wave runup has not been evaluated.

This paper quantifies the potential wave height reduction by a mangrove belt planted on
the seaside of embankments, and how such wave attenuation would impact embankment
designs. Wave energy attenuation by mangroves is calculated by integrating the energy
dissipation caused by the trees, and by solving the wave energy balance as done by Mendez
and Losada (2004). The wave model is applied using the hydraulic properties of Sonneratia
apetala, which is a mangrove pioneer species in Bangladesh, obtained from the analysis of
field pictures and from a literature study. The potential failure of the trees by either
overturning or trunk breakage is estimated for the design conditions using empirical
expressions developed in agroforestry studies. Finally, the calculated wave heights are used
as an input in the design formulas of embankments to evaluate how the presence of a
mangrove belt would affect their height, slope protection needs, and the shear stresses at their

toe.

2. Theoretical background
2.1.  Coastal protection by mangroves

Mangroves reduce coastal erosion and flooding through several mechanisms. During

storms, strong winds push the sea water towards the coast, causing an increase of water level
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denoted as surge. Mangroves have a limited effect on the surge heights (Figure 2.1), with
observed attenuation rates up to 24 cm per km of forest (Krauss et al., 2009; Dasgupta et al,
2017; Montgomery et al., 2018), as surge generation is a process that occurs over length
scales of hundreds of kilometers. This implies that forest lengths of at least 12-20 km would
be needed to fully attenuate surge heights of 3-5 m. In addition, surge reduction by
mangroves is very much dependent on spatial configuration of the forest and creek structure
within the forest, with channelized areas having an even lower effect on surge heights
(Montgomery et al., 2018).

(a)

Wave run-up wind

Embankment
MSL
(b) Mangroves have Mangroves reduce waves
limited effect and wave run-up
on surges -— D o

Figure 2.1. (a) Design water levels at a profile without mangroves. Wind forcing during extreme events pushes the sea
towards the land, increasing the water level with respect to mean sea level (MSL), an effect denoted as surge. Storm winds also
generate waves that propagate towards the coast, and runup on coastal structures after breaking. (b) Mangrove belts with
lengths below 1 km have small effect on surges, as surges occur on much larger length scales. However, mangroves can
significantly attenuate wind waves, their induced runup, and thus reduce the design water levels of coastal embankments. Wave
reduction by mangroves also decreases the required slope protection and erosion at the embankments. The interaction between
wave radiation stresses and aquatic vegetation can also induce an additional set-up (van Rooijen et al., 2018), however, this

effect has not been quantified for mangroves.

Storm winds also generate swell and wind waves, which can be largely reduced by the
dense branch and root systems of mangroves (Mazda et al., 1997; Massel et al., 1999; Bao,
2011; Horstman et al., 2014). Reported rates of wave attenuation over 100 m of forest vary
between 5%-100% (see Table 1), with increasing attenuation for shorter waves and denser
forests. Extrapolating such attenuation rates to other mangrove sites is not straightforward, as
most studies report the full wave reduction through a transect including the effect of wave
breaking, bottom friction, and wave energy dissipation by the vegetation, and do not separate

the effect of mangroves from the other hydrodynamic processes. Moreover, existing field



measurements were collected during calm conditions in which the water depth through the
forest was very shallow. Larger water levels and relatively longer waves during storms could

cause relatively less wave height reduction compared to situations of calmer weather.

Table 1. Wave attenuation rates by mangroves from the literature, expanded from Horstman et al. (2014). The reported
wave attenuation rates represent the total wave height reduction with respect to the incoming wave height, including wave
breaking and bottom friction. For each study, the incoming wave height (m) and period (s), the dominant vegetation species, and

the mean tree height (m) and tree density (trees per m?), are reported.

Author W._ Attenuation per m {%) | Wawe height {m]) Wave period {s) Species Height {m) | Density {tr/m2)
Mazda et al. {1997) 0,01-0,10 - 58 Kandelia candel 0,2 1
Mazda et al. {1997) 0,08-0,15 - 58 Kandelia candel 04a5 0,85
Mazda et al. {1997) 0,15-0,22 - 58 Kandelia candel 1,1 0,88
Mazda et al. {2006) 0,20-0,60 0,11-0,16 8-10 Sonneratia sp. - 0,08
Quartel et al. {2007) 0,40-1,20 0,15-0,25 46 Kandelia candel 25 -
Bao{2011) 0,55-1,00 0,150,27 - Mixed 111 0,2-1,3
Brinkman {2006) 0,28-0,50 0,01-0,07 2 Mixed - -
Brinkman {2006) 0,38-1,88 0,08-0,15 2 Bruguiera sp. - -
Brinkman {2006) 2,25-2.50 0,04-0,25 6 Mixed - -
Horstman et al. {2014) 0,14-1,20 0,01-0,20 255 Mixed - -
Sanchez-Nufiez et al. {2020) 0,15-045 0,00-0,20 - Rhizophora mangle - -
Bést et al. {2022) 0,20-0,32 0,00-0,70 45 Mixed 0,07-13 007

Wave attenuation seaward from a dike can reduce the wave-induced runup, decreasing
the required height and slope protection needs of coastal structures (Vuik et al, 2016, 2018 &
2019). Moreover, mangroves can increase the resilience of embankments against erosion and
sea level rise. Modeling studies suggest that reduction of current velocities by mangroves can
reach 91% for a mangrove forest length of 100 m (Dasgupta et al., 2017). Current and wave
attenuation by mangroves decreases erosion at the coast and favors sediment accumulation
inside the forest (Trampanya et al., 2006). Sediment deposition at coastal areas in turn
increases the bed level, which can partly or totally counteract rising sea levels (Lovelock et
al., 2015; Sasmito et al., 2016; Woodroffe et al., 2016.; McKee et al., 2018). For instance,
analysis of geological records suggest that mangroves were able to vertically keep up with up
to 6-7 mm of sea level rise per year by inducing sediment accretion and by biomass

accumulation (Saintilan et al., 2020). Higher bed levels reduce the wave loads on the dikes
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even further, as they decrease the maximum waves that can propagate towards the

embankment without breaking.

Although the previous functions result in sheltering of the coast from extreme events,
applying mangroves to reduce the wave loads on dikes requires considering several limiting
factors. Firstly, mangroves have specific habitat requirements, and they may not grow at
every location. Mangroves grow at intertidal areas with low wave action, and sufficient
freshwater and sediment input (Alongi, 2002), and different mangrove species have specific
requirements in terms of temperature, inundation, and salinity levels that they can tolerate.
Potential sites for mangrove establishment have been mapped in Bangladesh (Gijon
Manchefio et al., 2021), indicating locations where mangroves could grow naturally, and
those where erosion mitigation would be necessary for mangrove colonization. However, the
potential wave load reduction by mangroves at such sites has not been investigated, which
hinders accounting for the effect of mangroves on embankment designs in future CEIP

programs.
2.2.  Mangrove geometry

Wave reduction by mangroves is highly dependent on the location of the trees on the
tidal profile and on their geometry. Mangrove species often grow in distinct bands between
mean sea level (MSL) and mean high water (MHW), depending on their relative tolerance to
inundation (Snedaker, 1982). Some species, denoted as pioneers, have a relatively higher
tolerance to salinity and are the first to colonize at locations near MSL. Within the salt-
tolerant species found in Bangladesh, Sonneratia apetala (locally known as Keora) and
Avicennia officinalis (locally known as Baen) are the pioneers with highest planting survival
(Saenger and Siddiqi, 1993). Since S. apetala is the most planted species, for which there is
also most available information about its geometrical and structural properties, this species is

chosen for further analysis.

At sites where mangroves were not present before, such as on newly accreted land,
mangrove trees will need time to colonize and grow. Ecologic studies suggest that
mangroves can reach their full height in 10 years (Wang et al., 2021), and their wave
attenuation capacity will increase as the surface area of the tree enlarges by growth of the

trunk diameter, and by increasing the size and number of branches (Maza et al., 2021).



However, mangrove growth is highly site-specific, as mangrove development is dependent
on several biophysical conditions, such as local temperatures (Simard et al., 2019), salinity
(Rahman et al., 2020), and soil chemistry among other parameters. Existing data of .
apetala growth is shown in Figure 2.2 for planted S. apetala trees in China (Wang et al.,
2021), and for planted and natural trees in Bangladesh (Islam et al., 2016; Uddin and
Hossain, 2013). Planted trees have comparable trunk diameters and heights in China and
Bangladesh until they are 20 years old (Figure 2.2, b-c). Beyond that age, the height of
Chinese specimens stabilizes remains between 5-12 m, whereas Bangladeshi trees of the
same age reach larger heights, between 16-18 m (Figure 2.2 c). This is consistent with S.
apetala being a native species in the Sundarbans, which was introduced for afforestation in
China in the 1980s (Xin et al., 2013), but a wider dataset would be needed to generalize the
previous observations. Field measurements in the Sundarbans show that S. apetala trees
reach mean heights of 17.97 m (+ 5.9 m) and mean trunk diameters at breast height of 29.35
cm (£ 12.84 cm) (Rahman et al., 2021).

Height (h) 30 20
A (b) o Planted trees from China

¢ Planted trees from Bangladesh
» Natural trees from Bangladesh ¢ 16 ¢

(a)
Canopy

Diameter at > — -~

breast height (dBH) 137m
Roots | I waling \

Trunk

0 5 10 15 20 25 30 0 5 10 15 20 25 30
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Figure 2.2. (a) Structure of a Sonneratia apetala tree, consisting of pneumatophore root mat, trunk, and canopy (branches
and leaves). (b-c) Changes in S. apetala properties over time for plantations in China (Wang et al., 2021) and Bangladesh (Islam
etal., 2016, Uddin et al., 2013), and for natural trees at the north of the Sundarbans (Rahman et al., 2020), where (b) shows the
diameter at breast height (dgy) in cm, and (c) the tree height (h,,) in m. The orange fit lines are from Wang et al. (2021).

The structure of S. apetala trees consists of: (1) pneumatophore roots, (2) trunk, (3) a
canopy formed by branches and leaves (Figure 2.2, a). Pneumatophores are vertical roots that
rise from the buried root structure and emerge through the ground. These vertical roots
function as snorkels that supply oxygen to the tree. Pneumatophore height also varies as trees
grow (Table 2) from 0.08 m for 2-year-old specimens (Chen et al., 2021), up to 1.04 m for
very mature trees (Dasgupta et al., 2017).



Table 2. Properties of the pneumatophores of S. apetala trees from the literature. Each row indicates the authors of the study, the
country where the measurements were taken, and the vegetation properties: root height (m), root diameter (m) root density (roots

per m?), trunk diameter at breast height (dpu, in m), tree height (m), tree density (trees per m?), and age (years).

Root Root Root dsn Height Density Age
Study Country height diameter density

[m] [m] [roots/m2] [m] [m] [trees/m2] [year]
Chen et al. (2021) China 0.08 - - 0.07 2.27 0.01 2.08
Mazda et al. (2005) Vietnam 0.14 0.007 131 0.12 - -
Duan et al (2021) China 0.18 0.008 - 0.35 14.8 0.17 -
Zhang et al. (2019) China 0.12 - 253 - 18.3 0.17 -
Dasgupta et al. (2017) Bangladesh 1.04 0.15 - 0.51 - 0.01-0.04 -

Although the data in Figure 2.2 provides an indication of how the trunk diameter and tree
height change as S. apetala trees grow, the evolution of the total frontal tree with age is not
known. In the existing literature the equivalent width for mangrove canopies is defined using
3 approaches, as shown in Figure 2.3.

(@) b, = crown width

(b) b, = total branch width (c) b, = trunk width

INHLE ) INHOE i) IS )

Figure 2.3. Approaches to define the canopy width of a tree for wave modeling. (a) Assuming the total crown width is
representative of the tree width, (b) assuming an equivalent width representative of the total branch area per unit height,

(c) assuming the trunk width as representative of the tree width.

Some authors, such as Zhang et al. (2021), assume that the width of the canopy is given
by the outer contour of the tree crown (Figure 2.3, a). This approach considers the canopy to
be fully solid and neglects the voids and empty areas between branches and leaves. Other
authors such as Mazda et al. (1997) or Quartel et al. (2007) remove the voids and use the
total branch and leaf area to estimate the resistive area of the tree. However, leaves were
found to have a small effect on wave attenuation in flume experiments with willow trees (van

Wesenbeeck et al., 2022), as leaves will streamline during extreme events, or may be pulled



over by wind and/or waves (van Hespen et al., 2021). Including the full leaf area in b,

predictions most likely overpredicts the effect of trees during extreme events.

Conversely, some authors completely neglect the effect of canopy leaves and branches
and assume that the tree area above the root system is given by the area of the trunk (Massel
et al., 1999), as shown in Figure 2.3 (c). This assumption may hold for measurements taken
during calm conditions, where the water levels remain below the canopy, and/or for very tall
trees for which the canopy is never submerged. However, canopies may be the largest
contributor to wave attenuation for relatively higher water levels (van Wesenbeeck et al.,
2022) and for shorter trees. Under such conditions, using the trunk width as the equivalent

width b, would likely underestimate the tree area, and the wave dissipation by a tree.

The effective canopy width for wave attenuation purposes is likely to correspond with an
intermediate situation (Figure 2.3, b). For willow trees, tree trunk and branch models were
developed and successfully used to predict wave attenuation by Kalloe et al. (2022).
However, the vertical distribution of the canopy branch area has not been quantified for

mangroves.

2.3. Mangrove stability against storms

Although mangroves can protect the coast from storm events, they can also be degraded
by the impact of winds and waves. Hurricanes and cyclones can directly damage mangroves
by defoliating them, by breaking their trunk or branches, or by overturning them (Figure 2.4).
Extreme events can also damage mangroves by altering their habitat, for instance, by
changing the local hydrology, topography, sediment conditions, or the forest structure
(Herrera-Silveira et al., 2022). In Bangladesh the cyclone Sidr (2007) damaged between 11%
(Carrol et al., 2019) and 45% (Bhowmik and Cabral, 2011) of the total area of the
Sundarbans. Even though mangrove vegetation can recover over time (Carrol et al., 2019),
its degradation implies that the hinterland is less sheltered by the vegetation (Pendleton et al.,
2012). Several studies have investigated the potential effect of restored mangrove foreshores
on flood risk (Menéndez et al., 2020; van Zelst et al., 2021), but they often assume the

vegetation fully grown and/or neglect vegetation failure.



(a) Root failure (b) Trunk failure (c) Partial damage

(d) Soil failure (e) Erosion

‘

Figure 2.4. Potential mechanical failure modes of mangrove trees, such as (a) root failure leading to tree overturning, (b)

trunk breakage, (c) damage due to loss of branches and leaves, (d) soil failure, and (e) erosion leading to profile scouring and

tree overturning.

Although the extent of mangrove degradation has been quantified for different extreme
events, mechanistic models for mangrove failure are lacking. Nevertheless, the failure
mechanisms of tree breakage and overturning have been extensively studied for terrestrial
trees exposed to wind forces (Gardiner et al., 2016). Models for wind loads and for the

resistance of terrestrial trees against failure are presented in Appendix B.

Wave loads are not relevant for terrestrial trees, but they may also contribute to
mangrove failure. The relative influence of wind and waves likely varies with the water level
and vegetation height. For low water levels compared to the tree height, mangrove trees may
fail due to wind action, whereas as trees are increasingly submerged, wave loads may have
an increasing contribution on the total force acting on the trees. The lower density of the air
compared to water also implies that lower flow velocities (compared to the wind speed) are
needed to reach comparable forces (see Appendix B). However, considering that surge
heights in Bangladesh often reach 3-5 m (Karim and Mimura, 2008; Zaman and Mondal,
2020), and that grown S. apetala trees can reach heights of 24 m, a significant part of the
exposed tree area will be at the canopy. Mature trees will most likely be vulnerable to wind
loads, whereas wave loads will be most important during the first years after mangrove

establishment.



3. Methodology

This section describes the potential mangrove sites (Section 3.1), the method developed
to quantify the effect of mangroves on embankment designs (Section 3.2), and the modeling
scenarios (Section 3.3).

3.1.  Potential mangrove sites in Bangladesh

The coastal system of Bangladesh is located on the north of the Bay of Bengal, on the
Ganges-Brahmaputra-Meghna (GBM) delta. The western side of the coastal area is covered
by 60% of the Sundarbans, the largest continuous mangrove forest in the world (Figure 1.1).
The central part of the system consists of low-lying polder areas, whereas the east coast of
the country is formed by smaller polders located on steeper ground. The climate of
Bangladesh is characterized by several seasons: the hot pre-monsoon between March and
May, the rainy monsoon between June and August, the post-monsoon between October-
November, and the cool and dry winter between November and February. Cyclones occur
yearly in Bangladesh, and severe cyclones with wind speeds varying between 90-119
km/hour hit the coastline on average every 3 years (Dasgupta et al., 2017). Surge heights
often reach 3-5 m (Karim and Mimura, 2008; Zaman and Mondal, 2020), and observations
suggest that 10 m water levels (consisting of surge plus tides) occur with a frequency of once
in every 20 years (Dasgupta et al., 2014).
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Figure 3.1. Potential sites for mangrove afforestation seaward from embankments from Gijon Mancherio et al. (2021)

Several potential sites for mangrove afforestation seaward from dikes have been
identified in the coastal system of Bangladesh (Gijon Manchefio et al., 2021), which are

shown in Figure 3.1. These afforestation sites were selected considering several criteria:

e Distance from existing mangroves, with locations within 10 km of a forest being
considered favorable for colonization.

e (oastline behavior, with expanding coastlines (moving seaward) being suitable
for natural colonization or planting, and eroding coastlines (moving landwards)
requiring erosion-mitigation measures.

e Sites facing polders with low ground elevation are prioritized, as they could

experience larger inundation depths in case of breaching of the embankments.

Out of the 8 potential sites shown in Figure 3.1, this study focuses on sites 1-6, as they
would not require any erosion mitigation measures. The design conditions and associated
embankment height for sites 1-6 are summarized in Table 3 for a target 25-year level of
protection, and an average sea level rise scenario of + 1 m in 2100 with respect to the
situation of 2020 (van Berchum et al., 2020). The design wave heights vary between 2.1-3.7

m, and the design water levels between 4.4-5.1 m for a return period of 25 years (IWM,
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2018). It should be noted that van Berchum et al. (2020) applied one design condition per

polder, whereas different parts of the coastline may have varying wave exposure in terms of

fetch, water depth, and coastline angle with respect to the dominant wave direction.

Table 3. Design conditions (surge levels and incoming significant wave heights, Hmo) from IWM (2018) and associated

embankment crest height from van Berchum et al. (2020) at sites with potential for developing mangrove belts seaward from

embankments.

Site Polder Location Surge [mPWD] Hmo [m] Required crest height [m]

number 2-M 2-M 2-M

1 55/4 Galachipa 4,9 3,7 6,3

2 55/3 Galachipa 51 2,3 5,9

3 56/57 Bhola 5 3,0 6,1

4 73/2 Hatiya South 4,9 3,4 6,2

5 66/3 Khangona 4,8 2,1 55

6 69 Boro Moheshkhali 4,4 2,7 54
3.2. Modeling approach

The method to include the effect of mangroves on embankment designs is schematized in

Figure 3.2, and consists of the following steps:

Propagating waves from the offshore boundary to the toe of the structure
(Equations 4-6 of Appendix B)

Estimating potential vegetation failure (Equations 2 and 11-14 of Appendix B)

Designing embankment using propagated waves as input, specifically:

o The crest height of the embankment (Equation 7 of Appendix B), and

o The size of the blocks of the slope (Equation 8 of Appendix B)

Estimating the shear stresses at the toe of the structure (Equation 9-10 of

Appendix B).
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Figure 3.2 Diagram illustrating the modeling approach used to estimate the effect of a mangrove belt on embankment

designs. Wave height reduction by mangroves is estimated for different hydraulic conditions and vegetation properties. The

effect of wind and waves on tree stability is estimated by comparing the loads acting on the trees with respect to their

resistance. Lastly, the wave reduction by the trees is implemented into the embankment design formulas to estimate their

effect on the embankment height, on the stone size needed as slope protection, and on the wave-driven shear stresses at the

toe of the embankment.

Modeling scenarios for embankment designs in Bangladesh

The design wave heights and water levels for the modeling scenarios are obtained from
the cost-calculation tool of van Berchum et al. (2020) (Table 3). Their study does not specify

the wave period associated to each wave height but assumes a wave steepness of s, = 0.05,

where the steepness s, is defined as the ratio between the wave height H,,,, and the

wavelength L. The corresponding wavelengths are obtained as L = sy, /H,;o, and the wave

periods are derived using the dispersion relation for linear wave theory with the design water

levels. For the bathymetry, schematized linear profiles with slopes between 0.001-0.1 are

considered, and the embankment toe is set at an elevation equal to mean high water (MHW)).

Wave overtopping over the embankments is estimated using the formula of van der Meer

(2018) (Equation 7 in Appendix B). For coastal embankments, we assume slopes of 1:8,

armor layers (corresponding with yy = 0.55), and a berm (with y;, = 0.89). We also assume
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perpendicular wave incidence (so yg = 1), and no vertical walls (y;, = 1). In each scenario,
the crest height of the embankment is adjusted to reach an overtopping rate of 5 I/m/s under
design conditions, which is also used in the CEIP-1 design (Government of Bangladesh,
2012). The size of the slope protection is calculated using Equation 8 of Appendix B. The
shear stresses at the toe of an embankment are calculated assuming a grain size of D,5¢ =
7um in Equations 9-10 of Appendix B.

4. Results

4.1. Wave dissipation by mangroves over time

The wave energy dissipation caused by the different parts of a mangrove tree (canopy,
trunk, and roots) is shown in Figure 4.1 (b) as a function of tree age. The energy dissipation
is calculated for an offshore wave height of H,,; = 2 m, and a water level of h = 5 m. The
drag coefficient and the tree density are set to ¢p,,, = 1 and N,, = 0.1 trees/m?, respectively.
The model results suggest that the canopy has a significant role in wave dissipation until the
trees are 20 years old. Beyond that age, only the trunk and roots contribute wave dissipation,
and wave dissipation increases as the roots become wider and taller with age, and as the

trunk also enlarges as trees grow older.
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Figure 4.1. (a) Height of the different tree sections (canopy, trunk, and roots) as a function of tree age. (b) Wave energy

dissipation by the different tree sections (canopy, trunk, and roots) as a function of tree age.
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4.2. Wave attenuation through a mangrove belt

4.2.1. Effect of wave height on wave attenuation

The effect of the incoming wave height on wave attenuation by a 100 m belt with a slope
of 1/100 is evaluated for different forest ages in Figure 4.2 for c¢p ,,, = 0.7 (Figure 4.2 b) and
for cp,, = 1.3 (Figure 4.2 ¢). Wave attenuation is here defined as the reduction in wave

height at the toe of an embankment with respect to a situation without mangroves:

Hno veg — Hveg (1)

Wave attenuation (%) = 100
Hy, veg

where Hy, 4eq 18 the wave height at the embankment toe without mangrove vegetation, and
Hyeg4 1s the wave height at the same location considering the presence of a mangrove
foreshore. Without mangroves, waves experience dissipation due to breaking across the bare
foreshore. In the presence of mangroves, waves experience additional dissipation due to the
resistance exerted by the trees. As it can be seen in Figure 4.2 (b)-(c), young trees below 5-
years-old induce attenuation rates smaller than 4% in all scenarios, and wave attenuation

increases as trees grow older.

Wave reduction by mangroves also varies with the height of the incoming waves, as the
wave height influences both wave breaking and wave dissipation by the vegetation. Higher
waves experience more dissipation due to breaking both seaward from and inside the forest.
Conversely, smaller waves penetrate further into the forest and experience proportionally
more wave attenuation by the vegetation (compared to how much they decrease due to wave
breaking). Although the model results provide an indication of the potential wave attenuation
provided by the mangroves, the choice of drag coefficient can significantly affect the
predictions. For instance, the maximum wave attenuation by a 50-year-old forests increases
from 16% to 25% when the drag coefficient is increased from ¢p,, = 0.7 to ¢p ,, = 1.3.
Wave reduction by mangroves is also very dependent on the vegetation properties, water

levels, and profile slope; additional sensitivity analyses are provided in Appendix E.
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Figure 4.2. (a) Effect of incoming wave height on wave attenuation by a 100 m mangrove belt with respect to a situation

without mangroves. Plot (b) corresponds with the geometrical tree model presented in Figure A4, cp,, = 0.7 and N,, = 0.1

trees/m?. Plots (c) corresponds with the same tree model and input parameters, except for a larger drag coefficient of cp ,, = 1.3.

4.2.2. Effect of forest length on wave attenuation

The previous section investigated wave attenuation by a 100 m stretch of mangroves, but
wider forests would increase the wave height reduction rates. The effect of the forest length
is evaluated in Figure 4.3 for a slope of 1/1000, and two drag coefficients of ¢p ,, = 0.7
(Figure 4.3, b) and ¢p ,, = 2.0 (Figure 4.3, ¢). Extending the mangrove belt from a width of
100 m to a width of 1000 m increases wave attenuation by a 50-year-old forest from 7% to
30% with cp,, = 0.7, and from 20% to 55% with cp,,, = 2.0.
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Figure 4.3. (a) Wave attenuation as a function of the forest length. Plot (b) corresponds with the geometrical tree model
presented in Figure A4, ¢cp,, = 0.7, N, = 0.1 trees/m’, a slope of 1/1000, Hpo = 2 mand h = 5 m. Plot (c) corresponds with

the same modeling parameters except for a higher drag coefficient of cp ,,, = 2.0.

4.3. Vegetation failure

Mangroves can be exposed to both wind and wave loads, as illustrated in Figure 4.4 (a).
When trees are very young, they can remain below the water surface during storm events and
therefore experience wave loads (Figure 4.4 a). As mangroves grow, they rise above the
water surface and the total forces acting on them are dominated by the effect of the wind. For
trees that are partly submerged, the wind loads are much larger than the wave loads (Figure
4.4, b), since the tree canopy constitutes a large part of the tree area, and because the
modeled wind speed causes relatively larger forces than the wave velocities (even if air has a
lower density, as discussed in Section 2.3).

The bending moment associated to wind and wave forces is shown in Figure 4.4 (c) and

compared with the maximum bending moment for trunk breakage and for tree overturning.
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The bending moment acting on the trees is governed by the contribution of the wind, as both
the force and the arm are relatively larger for wind loads. The resistance for overturning is
exceeded for both trees at the seaside (Figure 4.4, ¢) and land side of the forest (Figure 4.4,
d). Although a tree placed at the landward side of the mangrove belt experiences more wind
attenuation inside the canopy (Equation 13 in Appendix B) it is exposed to a larger bending
moment. This higher vulnerability is caused by the behavior of the empirical gust factor G,
which increases with the distance from the forest edge (Equation 14 in Appendix B).
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Figure 4.4. (a) Schematic representation of the loads acting on mangrove trees, consisting of wave loads (acting on the
submerged area) and wind loads (acting on the emerged area). (b) Modeled forces acting on a mangrove tree placed at the
seaward edge of a mangrove belt during a cyclone with wind speeds of 120 km/h. In the model runs, cp,, =1, cp. =1, ¢y =
1, N, = 0.1 trees/m?, slope = 1/1000, Hppg = 2 m and h = 5 m. The lower plots show the overturning moment acting on a
mangrove tree placed on the (c) seaward side of the mangrove belt, and on the (d) landward side of the mangrove belt. The

brown lines and areas show the vegetation limits against trunk breakage (dark brown) and tree overturning (light brown).
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4.4. Effect of wave attenuation on structure designs
4.4.1. Embankment height

The effect of a mangrove belt on the embankment height is shown as a function of the
forest age in Figure 4.5 (b), and as a function of the forest length in Figure 4.5. (c). Figure
4.5 (b) suggests that the effect of mangroves on the embankment height is only appreciable
after 15 years from initial mangrove establishment. However, the required embankment
height is also lower in the beginning of the structure lifetime (see blue line in Figure 4.5, b),
and it increases over time with rising sea levels. This implies that the vegetation is most
efficient in reducing the design water levels when it is also most necessary. However, for the
modeled conditions (and generally for the boundary conditions of Table 3) the required
embankment height is mostly determined by the surge level. A mangrove belt of 100 m has a
relatively small effect on the structure height, which can be reduced in 0.09 m with respect to
a situation without mangroves (Figure 4.5 c¢). Wider mangrove foreshores increase wave
dissipation by both wave breaking and by the resistance exerted by the vegetation. A
mangrove belt of 1000 m can therefore reduce the embankment height in 30 cm (with respect
to a situation with a bare profile), but this value is also small compared to the total
embankment height. Figure 4.5 (c¢) also suggests that this height reduction is mostly achieved
by the first 500 m of the forest, whereas incrementing the forest width beyond this value has

a relatively smaller effect on the crest height.

52 S 565

(a) Effect of mangroves on embankment height (E,) Effect of malllgrove ag(; (c) Effect of forest length

Lower

/ crest height 49

reduction by
mangrove belt of 100 m:
with 1/100 slope

crest height (m)

4.8

crest height (m)

P
1l T 11!
e [t

Mangrove belt

47

= NO Mmangroves === N0 Mangroves

46 = mangroves 52 === mangroves

L L L " " 5.15
45 0 100 200 300 400 500 600 700 800 900 1000
5 10 15 20 25 30 35 40 45 50

age (years) forest length (m)

Figure 4.5. (a) Schematic picture showing the effect of mangroves on the embankment height. (b) Effect of mangroves on
the embankment crest height as a function of the forest age for a 100 m stretch of mangroves over a profile with a slope of 1/100.
(c) Effect of forest length on the embankment crest height for a slope of 1/1000. The results of (b)-(c) correspond with an offshore
wave height of 2 m. The vegetation properties in plots (b)-(c) correspond with the tree model presented in Figure A4. In the runs

and, c¢p,, = 1.3, N, = 0.1 trees/m’, Hpo = 2mand h = 5 m.
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4.4.2. Slope protection

Wave attenuation by a mangrove belt also decreases the wave loads acting on
embankment slopes, and their protection needs. The effect of mangroves on the required
slope protection (Figure 4.6) is more pronounced than on the crest height (Figure 4.5). At a
coastal profile with a slope of 1/1000, a mangrove stretch with a width of 100 m reduces the
thickness of the slope protection blocks by 13% (Figure 4.6, b), and a wider forest with a size
of 1000 m could decrease their thickness by 46% (Figure 4.6, b) for a wave height of 2 m

and a surge level of 5 m.
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Figure 4.6. (a) Diagram illustrating how wave attenuation by mangroves can reduce the required thickness of the slope
protection blocks. (b) Effect of the forest length on the revetment thickness reduction for a profile with a slope of 1/1000 and a
surge level of 5 m at the toe of the embankment. The mangrove properties of plot (b) correspond with the tree model presented in

Figure A4. In the runs, cp,, = 1.3 and, N,, = 0.1 trees/m’, and the offshore wave height is equal to 2 m.

4.4.3. Shear stresses at the toe of the embankment

Mangroves can also have a significant effect on the shear stresses. At a coastal profile with a
slope of 1/1000, a mangrove stretch with a width of 100 m can already reduce the shear
stresses by 25% (Figure 4.7, b), and a wider forest with a size of 1000 m could decrease them

by 70% (Figure 4.7, b) for a wave height of 2 m and a surge level of 5 m.
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Figure 4.7. (a) Diagram illustrating how wave attenuation by mangroves can reduce the shear stresses at the toe of an
embankment. (b) Effect of the forest length on the shear stresses for a profile with a slope of 1/1000 and a surge level of 5 m at
the toe of the embankment. The mangrove properties of plot (b) correspond with the tree model presented in Figure A4. In the

runs, ¢py = 1.3 and, N, = 0.1 trees/m?, and the offshore wave height is equal to 2 m.

4.5. Potential effect of mangroves at afforestation sites

The effect of developing a mangrove belt of 100 m at the potential afforestation sites of
Table 3 is summarized in Table 4. The presence of the mangrove belt could reduce the wave-
driven shear stresses by 15-23%, which in turn would decrease the erosion rates and scour at
the toe. Such mangrove belt could also reduce the required thickness of the slope protection
by 8%-12%. Lastly, mangroves could decrease the required embankment height in

approximately 0.06-0.09 m for the design conditions of Table 3.
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Table 4. Estimated effect of mangroves at the potential afforestation sites summarized in Table 3. For each case, the effect
of a 100-m wide mangrove belt with a slope of 1/100 is evaluated in terms of (1) embankment height reduction, (2) reduction of
the thickness needed for slope protection, and (3) reduction of the shear stresses at the toe of the embankment. The estimates are

obtained for cp,, = 1.3, N, = 0.1 trees/m?, and a profile slope of 1/100.

Sit Pold Surge Hmo
ie olaer o [mPWD] [m] 100 m of mangroves with slope of 1/100
number ocation 9-M 9-M Crest height Slope protection Stress
u reduction [m] reduction [%] reduction [%]
1 55/4 Galachipa 4,9 3,7 0.08 8 15
2 55/3 Galachipa 5,1 2,3 0.09 11 21
3 56/57 Bhola 5 3 0.08 9 17
4 73/2 | Hatiya South 4,9 3,4 0.08 8 16
5 66/3 Khangona 4,8 2,1 0.09 12 23
Boro
6 69 Moheshkhali 4,4 2,7 0.06 8 16

A wider belt of 500 m over a shallower profile with a slope of 1/1000 would have a more
pronounced effect on embankment designs (Table 5) with a crest height reduction of 0.13-
0.19 m, a slope protection thickness reduction of 23%-32%, and a shear stress reduction of
41%-54%. It should be noted that these predictions are indicative of the potential effect of
afforesting mangrove belts, but they are highly sensitive to the choice of vegetation
properties and drag coefficient. More accurate predictions could be obtained by using the
geometric and mechanical properties of the local mangrove species (see Section 5).

Table 5. Estimated effect of mangroves at the potential afforestation sites summarized in Table 3. For each case, the effect
of a 500-m wide mangrove belt with a slope of 1/1000 is evaluated in terms of (1) embankment height reduction, (2) reduction of
the thickness needed for slope protection, and (3) reduction of the shear stresses at the toe of the embankment. The estimates

were obtained for ¢p,, = 1.3, N, = 0.1 trees/m’, and a profile slope of 1/1000.

Site | Polder Surge 1
Locati [mPWD] [m] 500 m of mangroves with slope of 1/1000
b ocation M M Crest height Slope protection Stress
number reduction [m] reduction [%] reduction [%]
1 55/4 Galachipa 4,9 3,7 0.16 23 41
2 55/3 Galachipa 5,1 2,3 0.19 31 53
3 56/57 Bhola 5 3 0.17 26 45
4 | o732 | e 49 34 0.16 24 )
outh
5 66/3 Khangona 4.8 2,1 0.18 32 54
Boro
6 69 Moheshkhali 4,4 2,7 0.13 24 42
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5. Discussion
Model limitations

The geometric tree model applied in this study is a conservative representation of real
trees, especially regarding the total canopy surface. Since the canopy area is determined from
photographs, overlapping branches are not included in the area estimates. Moreover, small
branches are neglected in Section 4, and the effect of leaves is also disregarded in the
analysis under the assumption that leaves are quite flexible and easily detachable for S.
apetala trees (van Hespen et al., 2021). Despite their flexibility, these elements likely

contribute to some extent to wave dissipation by the trees.

Besides the underestimation of the tree area, in most runs the drag coefficients are not
increased above cp,, = 1.3 even though the drag coefficient estimates of van Hespen et al.
(2021) for S. apetala branches reach values between of cp,, = 2 — 6. As discussed in
Appendix D, cp ,, values above 2.5 exceed the expected drag range for cylindrical elements,
and such overprediction could be due to a combination of scale effects and due to testing
single branches in isolation. The values between cp ,,, = 0.7-1.3 used in most runs are
relatively more conservative and would be representative of situations with sheltering and/or
where plant flexibility reduces wave dissipation by the trees. Values larger than ¢p , = 1.3
would also be possible in the field, and scenarios with ¢p,, = 2 show almost 50% more
wave attenuation than those obtained with cp,, = 0.7 (Figure 4.3 b-c). Such large
differences suggest that good predictions of cp ,, are key for precise assessments of the effect

of mangroves.

With respect to vegetation damage, only two failure mechanisms (overturning and trunk
breakage) are considered in this paper, whereas trees can die due to other causes such as
pests, massive leaf loss, burial, uprooting, and hyper salinity. For tree overturning, maximum
resistance values for terrestrial trees were used, whereas the maximum bending moment is
likely to depend on the local soil and mangrove properties. The wave attenuation predictions
are not updated to account for tree failure, which implies that the wave attenuation rates may

be overpredicted for the most extreme wave conditions.
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Implementing mangroves in embankment designs

Although the present study indicates that 100-m belts of S. apetala could have an
appreciable effect on embankment designs, a narrow forest with a single mangrove species
would be highly vulnerable to pests and have an overall lower resilience against extreme
events. Our modeling work suggests that wind loads could exceed the tree resistance of S.
apetala mangroves for wind speeds of 120 km/h, which on average hit the coast of
Bangladesh every 3 years (Dasgupta et al., 2017). Tree pruning could be a potential method
to reduce the loads acting on the trees, and this option could be investigated in future studies.
Moreover, other pioneer species like A. officinalis could also be relatively more stable than S.

apetala trees for potential afforestation sites.

Since different mangrove species grow at different ground elevations with respect to
MSL, a more biodiverse forest requires a wider extension than a plantation with a single
species. Wider forests would also provide an additional buffer during situations in which part
of the forest is damaged. The choice of the optimal mangrove width is site-specific and
requires balancing several factors such as the ecological requirements for mangrove
establishment and survival, the potential flood risk reduction by the vegetation, and the costs
and benefits of other alternatives (such using the land for other purposes). Climate change
may be another important consideration for species selection, as increasing inundation and
salinity may reduce the long-term survival of some species (Dasgupta et al., 2017b;
Mukhopadhyay et al., 2018).

Another important consideration for design implementations is that mangroves need time
to grow, and their wave attenuation efficiency increases over time. However, embankments
also experience increasing design water levels and wave loads with time due to sea level rise.
The embankment height can also progressively reduce due to processes like subsidence or
compaction of the earth filling. Assuming that maintenance works must be done when the

height of a structure reaches a minimum threshold value (due to ground sinking or
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compaction), the presence of mangroves could reduce the frequency of maintenance works,

as illustrated in Figure 5.1 (a).

Alternatively, embankments could be designed with a lower initial height and a thinner
slope revetment accounting for the presence of mangroves. In both cases, frequent
monitoring would be essential to ensure that mangroves are developing as expected, and to
identify any potential damage by storms or pests. Since the evolution of a mangrove belt is
very sensitive to the local morphodynamics, and to the ecology of the local species, it is
recommended to conduct pilot studies where mangroves planted seaward from
embankments, monitor their evolution, and use the monitoring data to optimize future
designs. For a pilot, the strategy shown in Figure 5.1. (a) could be implemented to explore

the potential of having a mangrove foreshore without compromising the safety of the

hinterland.
embankment embankment
height (a) height (b)
ne mangroves  mangroves reduction of initial height
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Figure 5.1. Effect of mangrove implementation on reinforcement works. (a) Situation where the same embankment height is
implemented with and without mangroves. Over time, the vegetation will grow and the wave attenuation that it produces will
reduce the design water levels on the embankment. As the embankment filling compacts or the ground subsides, the vegetation
could compensate the reduction in structure height, and maintenance works could be done with a lower frequency. (b)
Alternatively, the initial height of the embankment could be reduced, taking into consideration that the mangroves can partly
compensate the height reduction and the effect of sea level rise. In both cases, frequent monitoring would be necessary to ensure

the safety levels are met.

Lastly, this paper focuses on the effect of mangroves on waves, but a mangrove belt
would also influence other physical processes related to embankment designs. For instance,
we analyze how vegetation would reduce wave-driven shear stresses during cyclones, while
current-driven shear stresses are not considered in this study. However, Dasgupta et al.
(2017) reported potential current reduction rates by mangroves during cyclones between

33%-85%, which would mitigate damages on the slope and bank protection of embankments.
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Mangroves could also affect the morphology of the foreshore, further reducing wave attack
on the embankments. Such processes could be investigated with morphodynamic models,

and, as previously suggested, be monitored over the life of the structures.

6. Conclusions

This paper investigates the potential wave load reduction by mangroves on coastal

embankments in Bangladesh. The main conclusions of this study are listed below:

e Mangrove belts with widths between 100-1000 m could attenuate waves up to
7%-55% with respect to the situation without mangroves (for a forest age of 50
years-old).

e Such wave attenuation rates would reduce embankment heights in approximately
0.09-0.30 m, decrease the thickness of the slope protection by 13%-46% and
reduce the shear stresses at the toe of the embankment by 25%-70% for the design
conditions of the embankments.

e Although 100-m belts of S. apetala mangroves already show an appreciable effect
on embankment designs, such narrow belts would be quite vulnerable to extreme
conditions and could be largely damaged by pests. Wider forests with higher
biodiversity are recommended to provide extra safety against extreme events and

to increase their resilience.

7. Recommendations
To reduce the uncertainty in the modeling results, the following steps are recommended:

e (ollecting data of the local mangrove pioneers, particularly of their geometry and
stability as a function of tree age.

e Measuring wave attenuation through mangrove belts in Bangladesh, to collect
validation data for the wave model.

¢ Quantifying morphodynamic effects of the mangrove vegetation on the coastal
profile.

e (Conducting and monitoring pilot studies where mangroves are planted seaward
from embankment and collecting data for the optimization of future designs.
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Appendix A: Mangrove tree geometry
A.1. Methodology for estimating tree area from images

Predicting wave attenuation by mangroves requires describing the frontal tree area,
including roots, trunk, and canopy. A literature study (Section 2) provided information about
the trunk and roots of mangrove trees, but no information was found for the canopy. The
canopy area of S. apetala trees is thus obtained by digitizing images collected by Rosanna
van Hespen in China. The images are scaled assuming a pneumatophore height of 15 cm,
based on personal communication with Rosanna. The contour of the trunk and branches is
digitized in Photoshop and read as a binary image in MATLAB. Over the height of the tree,
the number of pixels corresponding with the tree area are summed to obtain the vertical
distribution of the exposed surface. The total tree area is divided by the tree height to
calculate an equivalent tree width b,,, which is normalized using the dgy of the tree
(b,/dgy). For a given tree age, the height and dgy are obtained from a fit to the data of S.
apetala trees from Bangladesh shown in Figure 2.2. The equivalent tree width is obtained by

multiplying the normalized b,, value by the dgy.
A.2. Results of tree areca

The images provided by Rosanna van Hespen (Figure Al and Figure A2) were taken
from different perspectives and lighting, which hindered programming algorithms to detect
the tree canopy area. Overexposure and shadowing resulted in branches and leaves being
partly colored and partly black and white, which made it difficult to define color thresholds
for the different tree parts. Moreover, due to low resolution in some images, the smallest
branches (with diameters approximately below 1 cm) cannot always be distinguished in the
pictures. The analysis thus focuses on the image with the best resolution and color
homogeneity (Figure A1), and the results are compared with a second specimen

photographed with less quality (Figure A2).
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Figure Al. (Left) Photo of S. apetala tree from Rosanna van Hespen. (Center) Digitized root, trunk, and branch area.

(Right) Digitized trunk and partial branch area, neglecting small branches with diameters approximately below 1 cm.

For the highest quality picture (Figure A1, left), the total tree area (neglecting leaves) is
1.5 m? (Figure A3, left), and it is associated to a diameter at breast height of dgy = 0.13 m
and a tree height of h,, = 3.46 m. The equivalent tree width, obtained by dividing the tree
area by the tree height, is equal to 3 times the diameter at breast height (b, = 3 dgy). The
canopy starts at hcgnopy,min = 1 m from the ground, corresponding with 29% of the tree
height (h¢anopymin = 0.29 hy,), although this value is most likely underpredicted due to the
perspective from which the picture was taken. Removing the smallest branches and the
pneumatophores (Figure A3, center) reduces the total tree area from A = 1.5 m? to A = 0.94

m? and decreases the equivalent tree width from b,, = 3 dgy to b, = 2.1 dgy.

A second S. apetala specimen where the smallest branches are not distinguisible (Figure
A2) is also digitized and results in a diameter at breast height of dgy = 0.08 m, a tree height
of h,, =2.62 m, a total area of A = 0.56 m* (Figure A3, right), and an equivalent width of
b, = 2.6 dgy. For the second specimen, the canopy starts at h¢gpnopymin = 0.32 m above the
ground, corresponding with 12% of the tree height (h¢qnopymin = 0.12 hy,). The vertical
distribution of the tree areas (Figure A3) shows a maximum at the canopy. Despite its
simplifications, this analysis suggests that, even neglecting the leaves, a significant fraction
of the tree surface is located at the canopy.
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Figure A2. (Left) Photo of S. apetala tree from Rosanna van Hespen. (Right) Digitized trunk and partial branch area,

neglecting small branches with diameters approximately below I cm.

A=1.49 m? A=0.94 m? A=0.54 m?
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Figure A3. Vertical distribution of the tree area for (a) the S. apetala tree area of Figure Al (center), (b) the S. apetala tree

area of Figure Al (right), and (c) the S. apetala tree area of Figure A2 (right).

A.3. Modeling of geometrical properties of Sonneratia apetala mangroves

The vertical structure of the mangrove trees is defined by combining information from
the literature (Table 2) and from the analysis of field pictures collected by Rosanna van

Hespen in China (see Section A.1 and Section A.2). Three tree sections are considered: roots,

trunk, and canopy (Figure A4 a). The root height is assumed to correspond with 4% of the
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tree height (hy,o: = 0.04 h,,), and the total root width (adding the width of all the
pneumatophores), is set equal to 10 times the diameter at breast height (b,.por = 10 dgg).
The canopy is assumed to start at 33% of the tree height (hcqnopy,min = 0.33 hy).
Considering a total canopy area equal to Acqnopy = 2.5 dgyhy, (see Section A.2), a
trapezoidal canopy with the same area would have a maximum width of bcgnopymax =

7 dgy. The resulting tree structure as a function of the distance from the ground is shown in

Figure A4 (b). The evolution of the tree structure as a function of age (using the growth
relationships from Figure 2.2) is shown in Figure A4 (c).
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Figure A4. (a) Tree structure. (b) Tree width as a function of the distance from the ground. (c) Height of the different tree
sections (canopy, trunk, and roots) as a function of age.
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Appendix B: Wave and embankment design model
B1. Wave reduction by mangroves

Predicting the effect of mangroves on coastal embankments requires estimating wave
propagation through the forest. Wave attenuation by mangrove trees is directly proportional
to the wave loads acting on the vegetation. Wave-driven forces are often represented using

the Morison equation (Morison et al., 1950):

1 5 du (2)
E, = EpcD,WANUu + pcy VN, I

where F,, is the force acting on the trees per unit area (N/m?), which consists of a drag term
dependent on the flow velocity squared (left term) and an inertial term dependent on the flow
acceleration (right term). p is the water density (kg/m?), ¢p ,, is the (empirical) drag
coefficient for waves (-), 4 is the frontal tree area perpendicular to the wave direction (m?),
N,, is the number of trees per unit m?, and u is the wave-driven water velocity relative to the
tree motion (m/s). If a tree is rigid, the relative velocity will be equal to the velocity of the
water particles, and the exposed tree area will remain constant over time. If a tree moves with
the waves, its relative velocity and area will change. For trees that do not oscillate but bend
to more streamlined shapes, the exposed area reduces under wave loads. In the inertial force
component, ¢, is an empirical inertia coefficient (-), V is the volume of the tree (m?), and

du/dt is the wave-driven flow acceleration (m/s?).

The average wave energy dissipated over a wave cycle €, is equal to the work done by

the drag forces, resulting in Equation 3:

hy (T
€, = %f f (E,u)dzdt ©)
o Jo

where h,, is the vegetation height (m) and T is the wave period (s). Mendez and Losada

(2004) developed an expression for the wave dissipation €, assuming negligible plant
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motion, that the wave-driven flow can be defined using linear wave theory, and that waves

are irregular and follow a Rayleigh distribution, resulting in Equation 4:

k, g>3 sinh3(kyh,) + 3sinh (kyh,) 4)
2Vn

1
=— b, N,
v PEDw Iy (2% 3k, cosh (k,h) rms
where b, is the average plant width (m), k,, is the wave number associated to the peak wave
period (rad/m), g, is the frequency associated to the peak wave period (rad/s), h is the water

depth (m), and H,,, is the root mean square wave height (m).

The wave height reduction across a vegetation field can then be calculated by including
the expression for €, (Equation 3 if the vegetation properties vary over the vertical, or

Equation 4 for depth-uniform vegetation) in the wave energy balance:

dEc, ()
dx v

where Ec, is the wave energy flux, equal to the product of the wave energy E (J/m?) times
the wave group celerity ¢, (m/s), and x is the distance in the cross-shore direction (m).
According to Equation 5, any wave energy losses across the profile are due to dissipation by
the vegetation (€,,) or due to dissipation by wave breaking (€5), as the effect of bottom

friction is assumed negligible in comparison with €,, (Mendez and Losada, 2004).

Energy dissipation due to wave breaking is calculated using the method of Thornton and
Guza (1983):

. _3Vm B3, 47 (6)
b — 16 pg)/{,’rhs rms

where f,, is the peak frequency (s1), and B (-) and y,,. (-) are empirical coefficients that are
set to the default values used by Mendez and Losada (2004): B = 1 and y;, = 0.6.
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B.2. Embankment height design

The height of an embankment is usually chosen in such a way that the overtopping
discharge remains below a critical threshold, which depends on the erosion resistance of the
crest and inner slope of the embankment. Mangroves reduce the value of H,, at the
structure, and thus decrease the overtopping discharge for a given design. The overtopping

discharge over a structure q can be calculated using empirical equations, such as the equation
of van der Meer (2018):

2.5
3 Em—1,0"Hmo Y'Y £V Vv

0026 _( hcrest_h )1.3‘ (7)
q= 9" Hpo '\/ﬁ'yb'fm—m'e

where q is the overtopping discharge per meter (m?/s), g is the gravitational acceleration

(m/s?), and H,y, is the spectral significant wave height (m), which relates to H,,s according

to Hppo = V2H, . o is the angle of the outer slope (-), &,,—1.0 is the breaker parameter (-),

Y» 1s the influence factor for a berm (-), ¥y is the influence factor for roughness elements on
the slope (-), yp 1s the influence factor for oblique wave attack (-), ,, is the influence factor

for vertical wall, h_..q 1s the crest level (m), and h is the water level (m).
B.3. Slope protection design

Wave attenuation by mangroves can also reduce the stone weight required to protect the
embankment slope. The slope protection of the embankment can be calculated with the
expression of Pilarczyk (1990,1998).

M — Fbcosa (8)
AD ’Sm—l.O

where H,,, is the spectral significant wave height at the toe of the structure (m), D is the

thickness of the cover layer (m), A is the relative density of concrete with respect to water (-), F
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is a stability factor equal to 3.5 for a revetment formed by concrete blocks (-), and b is an

exponent equal to 0.66 for semi-permeable block revetments.
B.4. Erosion at the toe

Wave attenuation by mangroves reduces the shear stresses acting at the toe of the
embankment, and hence decreases the erosion rates. The effect of wave attenuation by
mangroves on the shear stresses (7,,) acting on the embankment toe can be calculated
according to Equation 9:

Tw = ipfwu%ms ©)

where f,, is an empirical friction factor (-) and u,.,,5 is the near-bed velocity associated to Hy s
(which decreases in the presence of a mangrove belt) in m/s. The friction factor can be

determined as:

U -0.19 (10)
= mi —6+ 5.2 <$) ,0.3
fw = min <exp ( + 25D, oo,

with D,;5, being the mean grain size (m) and w,,, the mean wave frequency (rad/s).
B.5. Wind loads

Wind loads on trees are often parameterized using a quadratic drag law:

1
Fo = EpaCD,cAGuczl (1)

where p, is the air density (kg/m?), ¢p . is the drag coefficient for wind currents (-), 4 is the
frontal tree area (m?), G is an empirical gust factor (-), and u, is the wind speed relative to
the tree motion (m/s). Above the vegetation, the wind speed is often assumed to follow a

logarithmic velocity profile over the vertical coordinate z (Gardiner et al., 2016):
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*

u,(z) = ch—aln (i) (12)

Zy

where z, is the roughness height (m), which can reach values of the order of 0.02 m for
unvegetated sites and 5 m for forest areas, uy is the friction velocity (m/s), and k is the von
Karman constant (-), equal to 0.4. Between the trees, the wind velocity is often assumed to
follow an exponential decay towards the ground (Kaimal et al., 1994):

ua(Z) = e_ve(l_z/hv) (13)
uq (hy)

with v, being an empirical reduction factor (-), and h,, being the tree height. The empirical

gust factor G is given by Equation 14 (Gardiner et al., 1997):

. (27193 (h%) —0.061) + (1273 (h%) +0.9701) (1.1127 (h%) + 0.0311)x/h” (14)
(Q68(£%)—-&0385)+—(—Q68(%%)+—Q4785)(L7239(£§)+—QO316)Xﬂw

where D is the average separation between trees (m), h,, is the tree height, and

x is the distance from the edge of the forest (m).

B.6. Tree resistance

Trunk breakage (Figure 2.4, b) can be estimated by comparing the bending moment
caused by the forces acting on the tree (Equation 2 for waves, and Equation 11 for wind)
with the maximum bending moment that a tree can withstand without breaking, My, ¢qx
(Quine and Gardiner, 2007):

(15)

T
— 3
Mbreak - 32 fknotau dBH
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where g, is the modulus of rupture of the wood tissue (N/m?), dgy is the trunk diameter at
breast height (m), and f,,.¢ is a factor that reduces the wood strength due to the presence of
knots (-), usually between fi,o¢ = 0.8-1. Van Hespen et al. (2021) measured g,, values 37+7

N/mm? for S. apetala branches.

Overturning, which is often modeled combining mechanisms (a) and (d) of Figure
2.4, can also be estimated by comparing the bending moment acting on the tree with the
critical overturning moment M,,,,.,-, measured in tree pulling experiments (Nicoll et al.,
20006):

Myyer = CGW (16)

where C, is a dimensional regression constant varying between C, = 60-200 m?/s?, and W is

the tree trunk weight in kg.
B.7. Modeling mangrove failure against wind and wave loads

At every grid point the bending moment is calculated and compared with the maximum
threshold for trunk breakage and tree overturning. The bending moment acting on the tree is
calculated for wind loads using Equation 11 and for wave loads using Equation 2, by
multiplying the total force of each segment times its distance to the ground. Vegetation

motion is neglected for both wave and wind loads.

For wind loads, we assume that the input wind speed is measured 10 m above the ground
at a location without vegetation (Figure B1). Since the velocity profile changes between sites
with and without vegetation, we calculate the corresponding velocity 200 m from the ground
using Equation 12 with z; = 0.02 (Gardiner et al., 2016). We assume the wind has the same
speed at 200 m from the ground for vegetated and unvegetated areas, and that the wind
velocity differs between both sites below this elevation. The velocity on top of the forest is
calculated using Equation 12, assuming a rough boundary layer with a roughness height of
zy = h,, /30, where h,, is the tree height. The velocity between the trees is then calculated
using an exponential velocity decay (Equation 13) with a reduction factor of v, = 1. This

decay is applied inside the forest, but not at the seaward edge.
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(a) Location of wind measurement (b) Forest
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Figure Bl. Assumptions for wind velocity profiles. (a) Input wind velocities are assumed to correspond with a wind station
at an unvegetated area, where the velocities are measured 10 m above the ground. The corresponding velocity 200 m from the
ground is calculated assuming a logarithmic boundary layer. The velocity 200 m above the forest is assumed equal to the value

of the unvegetated site. Inside the canopy, an exponential velocity decay is applied.

The resisting moment against breakage (Equation 15) is derived using the o, values from
van Hespen et al. (2021) and assuming fy,,: = 1. For tree overturning (Equation 16), the full
range of C,. values from the literature is considered. The tree weight, used as an input in

Equation 16, is computed using the allometric relationships from Zhu et al. (2021).
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Appendix C: Validation of the wave model

The wave transformation model is validated against field wave measurements collected
at a salt marsh fringe by Vuik et al. (2016). Wave propagation through the salt marshes is
modeled for a significant wave height of Hy,o = 0.6 m and a peak period of T}, = 3.5 s at the
offshore boundary. The bathymetry varies between an offshore water depth of 2 m, and a
nearshore water depth of 0.5 m. The salt marshes extend over a length of 55 m and have
varying vegetation properties across the profile, but uniform properties over the vertical
coordinate. The vegetation properties are summarized in Table C1. A drag coefficient of
cpw = 0.4 is used in the simulations, which is equal to the value calibrated by Vuik et al.
(2016).

Table C1. Salt marsh properties used for the validation from Vuik et al. (2016), consisting of the mean vegetation height hy,

the mean stem density Ny, and the mean stem width by. The location of the sections across the profile is indicated in Vuik et al.

(2016).

Section hv, mean (M) Ny (p|ant5/m2) bv (m)
S1-S2 0,2 944 0,030
S2-S3 0,29 1136 0,034
S3-54 0,27 1520 0,037

The wave propagation model shows good agreement with the model predictions and field
measurements of Vuik et al. (2016), as shown in Figure C1. The agreement is good both for a
situation without vegetation, and with vegetation, which indicates that both wave breaking
and the vegetation module are well implemented.
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Figure Cl. (Top) Comparison between the model presented in Appendix B and the SWAN model and field measurements by
Vuik et al. (2016). The results obtained with an unvegetated profile are shown in brown, and the results obtained with a
vegetated profile in green. The model results of this study are presented in a dashed line, and the results of Vuik et al. (2016) in
solid lines. Measurements are shown by green dots. (Bottom) Bathymetry used in the simulations. The vegetated region is shown

in green.

The wave model is also validated against measurements of wave propagation through
willow trees, collected in large-scale flume experiments (van Wesenbeeck et al., 2022). The
experimental set-up consisted of 32 willow trees that were installed in a concrete platform,
over a length of 40 m (Figure C2, a). Waves were generated at one side of the flume,
propagated through the vegetation, and reached a dike at the opposite side of the flume. The
wave heights were recorded just upstream from and downstream of the trees. The tested
waves varied between offshore significant wave heights of H,;,o = 0.43 — 1.44 m,
associated to peak wave periods ranging between T, = 2.84 — 6.65 s. The water depth was
varied between h = 3 — 4.5 m in the experiments. The surface area of the trees as a function
of height is obtained from Kalloe et al. (2022) (shown in Figure C2, b), and the input drag

coefficients were obtained from van Wesenbeeck et al. (2022).
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Figure C2. (a) Set up of the flume experiments done by Wesenbeeck et al. (2022) with large-scale willow trees. (b)

Measured tree area over the vertical coordinate.

The vegetation module also shows good agreement with laboratory measurements by van
Wesenbeeck et al. (2022) (Figure C3), which were collected for trees with vertically varying

geometry (Figure C2).
0.8 5 H/HO | H/HO
) Experiment | h[m] | Hms[m] | Tp [m] | Cd_canopy "2-; s m{o:el
o8 o 1 3 | 0304 | 284 2,24 | 0715 | 9714
T ool o’ 2 3 | o685 | 392 | 119 [0726| o7
3 o 3 3 | 0332 | 393 | 18 [0780) 0734
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Figure C3. (Left) Comparison between model predictions of wave propagation through a willow forest against laboratory
measurements of van Wesenbeeck et al. (2022), where H is the wave height transmitted through the forest and Ho is the incoming
wave height at the edge of the forest. (Right) Table summarizing the water level (m), incoming wave height (m), wave period (s),
canopy drag coefficient (=), measured wave transmission through the forest (-), and the wave transmission calculated using the
model of Appendix B (-).
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Appendix D: Drag coefficient for mangroves in Bangladesh

Wave attenuation largely depends on the value of the drag coefficient. The drag
coefficient of S. apetala branches was estimated in a set of flume experiments by van Hespen
et al. (2021). In their tests, tree branches were exposed to waves and currents, and forces and
flow velocities were measured to fit cp ,,,. Drag coefficient measurements from experiments
with waves vary between cp,, = 2 — 6, and from experiments with a combination of waves
and currents between cp,, = 2.8 — 4.3. These values exceed the drag coefficient for rigid
single cylinders, which tend to ¢p . = 1 in currents (White, 1991), ¢p,, = 1 — 2.5 in waves
(Keulegan and Carpenter, 1958). Van Hespen et al. (2021) reported that their measurements
probably overpredict the drag coefficients expected in the field, as in reality the branches of a
tree may shelter each other from the flow. Their drag values could also be larger than for
rigid isolated cylinders due to flow acceleration effects between the branches (Tanino and
Nepf, 2008; Etminan et al., 2019), but also due to scaling effects. The latter is a likely
contributing factor as large-scale flume experiments with real-scale willow trees provided
drag coefficients between cp,, = 0.5 — 2.5 (van Wesenbeeck et al., 2022), where the largest
cp w values showed good agreement with Keulegan and Carpenter (1958). The smallest cp ,,
values for willows were obtained for the highest KC values, where KC represents the ratio of
wave excursion to branch diameter. Those wave conditions were associated with the largest
tree motion, which resulted in smaller cp, ,,,, values compared to rigid elements. Drag
reduction due to plant motion will most likely play a role for young mangrove specimens,

with thinner and more flexible branches compared to mature trees.
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Appendix E: Sensitivity analysis

E.1. Sensitivity of wave energy dissipation by mangrove trees to the vegetation
properties

The effect of changing all tree properties (dpy, hy, Cp w, N;,) within +/- 30% on wave
dissipation is shown in Figure E1. For these scenarios, we consider combination of
parameters where all values are kept the same as in a reference situation, except for one
parameter that is either increased or decreased by 30%. The accumulation of uncertainties in
vegetation growth and hydrodynamics has a significant effect on wave dissipation, with the

maximum possible dissipation being 10 times larger than the smallest value.
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Figure El. (a) Tree structure, and variability in the height of the different parts of the tree (d). Wave dissipation by (b) the
full tree, (c) the canopy, (e) the trunk, and (f) the roots.

E.2. Effect of surge height on wave attenuation

The effect of the surge levels on wave attenuation by a 100 m belt is evaluated for
different forest ages in Figure E2 for c¢p ,, = 0.7 (Figure E2, b) and for ¢p,, = 1.3 (Figure
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E2, ¢). Wave attenuation is minimum for intermediate surge levels between 2.5-5 m. For
water levels below 2.5 m, the dense roots of the trees cover a significant part of the water
column and increase wave dissipation by the trees. For water levels above 5 m, larger waves
can reach the vegetation without breaking, which increases wave dissipation by the
mangroves. The wave attenuation predictions are also quite dependent on the vegetation
resistance. For instance, increasing the drag coefficient from ¢p,, = 0.7 to ¢p , = 1.3
increases the wave height reduction by a 50-year-old mangrove belt from 6% (Figure E2, b)
to 10% (Figure E2, c) for a wave height of 2 m and a surge level of 5 m.
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Figure E2. (a) Effect of surge level on wave attenuation by a 100 m mangrove belt with respect to a situation without
mangroves. Plots (b) corresponds with the geometrical tree model presented in Figure A4, cp,, = 0.7 and N,, = 0.1 trees/m’.

Plots (c) corresponds with the same tree model and modeling parameters except for a larger drag coefficient of cp ,, = 1.3.

E.3. Effect of the slope on wave attenuation

The profile slope influences the potential effect of a mangrove belt by (1) limiting its

maximum extension and, (2) by changing the water depth, and thus the wave attenuation
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rates, through the trees. Considering that mangroves grow between MSL and MHW, and
assuming a tidal range of approximately 2 m, slopes of 1/10, 1/100 and 1/1000 result in
maximum mangrove forest lengths of 10, 100 and 1000 m respectively. If the water level at
the landward end of the forest is set to a fixed value, a steeper slope increases the water depth
through the vegetation. When a mangrove belt with a width of 10 m is modeled with slopes
of 1/10, 1/100 and 1/1000, wave attenuation by the forest remains below 3% for all cases
(Figure E3). For a wider belt of 100 m, reducing the slope from 1/100 to 1/1000 increases
wave attenuation from 4-10% to 5-14% for a 50-year-old forest (Figure E4).

(a) Very short forest 1/10 slope (b) Very short forest 1/1000 slope
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Figure E3. Wave attenuation through a 10 m wide mangrove forest. Plot (b) corresponds with the geometrical tree model
presented in Figure A4, cp,, = 1.3, N, = 0.1 trees/m?, and a slope of 1/10. Plot (c) corresponds with the geometrical tree model
and modeling parameters, except for a milder slope of 1/1000.
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(a) Short forest 1/100 slope (b) Short forest 1/1000 slope
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Figure E4. Wave attenuation through a 100 m wide mangrove forest. Plot (b) corresponds with the geometrical tree model
presented in Figure A4, cp,, = 1.3, N, = 0.1 trees/m?, and a slope of 1/100. Plot (b) corresponds with the same geometrical and
modeling parameters except for a milder slope of 1/1000.
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