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ENGINEERING FUNCTIONAL
EVALUATION OF MANGROVE
FORESTS FOR COASTAL DISASTER
REDUCTION

BY CHE-WEI CHANG & NOBUHITO MORI

Mangrove forests are widely considered as the major type of green infrastructures or Ecosystem-based solutions
to Disaster Risk Reduction (Eco-DRR) in Southeast Asia, South Asia and the Pacific Islands. Historical records
show clearly the capability of mangrove forests as a natural barrier, but their mechanism in reducing energy of
tsunamis, storm surges and waves is still not well understood. Recent studies have contributed to progress in
quantifying the engineering effects of mangrove forests against coastal hazards, and have identified future
research needs.

Introduction

Green infrastructure, or Ecosystem-based
Disaster Risk Reduction (Eco-DRR) has
become popular after the Sendai Framework for
Disaster Risk Reduction 2015-2030!", Likewise,
the Intergovernmental Panel on Climate Change
Fifth Assessment Report®?) pointed out the
importance of green infrastructure for coastal
flooding mitigation. The cost efficiency of this
approach and its capability of adapting to the
changing climate have drawn a lot of attentions
around the world® (4],

The green infrastructures that function as
natural protective barriers for coastal hazards
mainly include coastal dunes, sandy beaches,
coastal forests, mangroves, coral reefs and salt
marshes. Dunes and sandy beaches are
popular due to their ease of maintenance by
nourishment or restoration. Coastal forests and
mangroves are widely recognized for their
protective function through wave or S S R T —
hydrodynamic energy reduction, e.g. storm
waves, surges and tsunamis. Coral reefs and
salt marshes are also capable of attenuating i
wave energy, but they are both difficult to install ]
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debris. Their engineering function has also &

been well studied due to the simple structure of Sea level rise
their trunks and branches. Another major ‘ A
coastal tree species, mangroves have been
identified as natural buffers in tropics and
subtropics since the 2004 Indian Ocean
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Earthquake Tsunamil®: [} Additionally, with large
capacity for carbon storage, mangroves are
valuable to climate change mitigation. In fact,
the plantation of mangroves is becoming
prioritized in Southeast Asia and the Pacific
Islands to combat extreme disasters and
mitigate the effects of climate change. Figure 1
shows a planted mangrove afforestation in
South Tarawa, Kiribati. Furthermore, by
dissipating the energy of incoming waves/flows,
mangroves can stabilize shorelines by reducing
erosion and accumulating sediments, which can
counteract sea level rise. A sketch of the
protective function of mangroves against
coastal waves and climate change is in Figure 2.

Current scientific studies of these aspects of
coastal protection are relatively limited. Because
the structural complexity, physical properties
and botanical characteristics of mangroves are
not sufficiently addressed, the engineering
function of mangrove forests for coastal
protection has not been well investigated and
requires further study. In the following, some of
the representative works on mangroves and
coastal vegetation for Eco-DRR are reviewed.
The unsolved challenges and potential future
research directions are also presented.

A lesson from nature

In the 2004 Indian Ocean tsunami, reduced
mortality and loss of property were observed in
regions with dense mangrove forests, unveiling
the potential of mangroves as protective
infrastructure against extreme coastal disasters.
Similar findings after Typhoon Haiyan in 2013
further proved the buffering function of
mangroves. In the aftermath of these events,
abundant field studies identified the effects of
mangroves on disaster mitigation, and therefore
drew increasing attention from both the public
and researchers.

Some of the very first reports after the Indian
Ocean Earthquake Tsunami pointed out the
critical role of coastal vegetation in reducing
tsunami damage!®. According to these reports,
the villages behind mangrove forests
experienced less damage than other regions
without natural barriers. Kathiresan and
Rajendran® conducted a field survey in several
coastal hamlets along the southeastern coast of
India and suggested planting mangroves and
other species for future tsunami hazard
protection. Similarly, a field survey along the
coast of Sri Lanka and Thailand showed that
mangrove-type vegetation was one of the most
effective species in tsunami wave dissipation
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due to their complex root structures!”. The role
of mangroves in reducing tsunami damage has

also been identified in other tsunami events, e.g.

the Indonesia Sulawesi Earthquake Tsunamil®).

The effects of mangroves on reducing storm
waves and surges were relatively well
recognized in the past. Das and Vincent!'®!
presented a correlation of mangrove shields
with the reduction of deaths during a super
cyclone in 1999. More recently, several villages
were saved by mangrove shields during the
super typhoon Haiyan in 2013 while the
destruction of mangroves also triggered a
heated discussion on the effectiveness of
different mangrove species, the assessment of
mangrove forests recovery and future planting
of mangroves!'".

Despite general agreement in their capability of
reducing wave energy, the effectiveness of
mangrove forests during extreme events like
tsunamis or storm surges is still unclear
quantitatively. As it is unlikely that they can stop
the destructive power of extreme waves, “what
is the protection level that mangrove forests can
provide?” becomes a must-answer question to
scientists.

Scientific research progress

Historical events and field studies demonstrated
the protective function of mangrove forests
against extreme tsunamis, storm waves and
storm surges. An improved understanding of
wave-mangroves interaction will benefit coastal

protection design and management. To better
quantify the effectiveness of mangrove forests,
enormous efforts have been made via
numerical and physical modeling to address
different aspects of the issue, e.g. physical
processes in wave-vegetation interactions and
wave attenuation by vegetation. Some of the
representative studies and research progress
are discussed next.

Numerical modeling

Numerical or mathematical modeling has long
been conducted to study the interaction
between waves and vegetation since the
1980s. In the early stage of this work, several
macro-scale models were introduced, which
used an additional drag term to account for the
dissipation by vegetation!'?: '3l 4] These
pioneering studies provided a conceptual
methodology to address vegetation effects,
while the prescription of wave profiles and the
calibration of empirical coefficients restrained
their application. Detailed flow fields were not
available using these models.

With growing requests for a better
understanding of vegetation-induced
dissipation, another type of numerical models
based on the Navier-Stokes (N-S) equations
were developed in recent years. These models
simulate the flow in detail using appropriate
numerical approaches and turbulence closure
schemes. By resolving each individual tree in
numerical discretization, N-S models detail the
flow features and turbulent interactions among
vegetation, providing more insight into the
energy dissipation process. Representative
studies of this type can be found in the work of
several investigators!'® '8 who developed
models based on the Reynolds-averaged
Navier-Stokes (RANS) equations. In addition,
Large eddy simulation (LES), another type of N-
S models, has also been applied to study
flow/wave-cylinder interaction problems, where
detailed information of wave forces on cylinder
arrays can be obtained!'”). Despite detailed
flow fields and physical mechanisms provided
in these direct numerical approaches, both
RANS and LES models demand considerable
computational resources for a large forest
region including complex tree shapes, which
may limit their engineering application.

Another type of intermediate semi-analytical
model was developed recently based on the
multi-scale homogenization theory in which the
linearized RANS equations were applied!"®!.
This model was later extended numerically to
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three-dimensional problems for multiple forest
patches of arbitrary shapes!'® P This type of
models simulates micro-scale flow motions
surrounding trees which are then used to solve
macro-scale wave dynamics. However, the use
of linearized governing equations and the
requirements of simplified vegetation conditions
limit the application of this model in mangrove
environments.

Depth-integrated wave models, based on
nonlinear shallow water equations or
Boussinesg-type equations, have become
popular due to the balance between physical
approximations and computational efficiency,
which makes possible their application to larger
areas. Similar to the macro-scale approach, the
vegetation effects are modeled as an additional
dissipation term in the momentum equations,
which relies on precise prescription or
calibration of empirical coefficients. In some of
these models?' 22 the vegetation effects were
integrated as enhanced bottom friction which
cannot well represent vegetation-induced
resistances. On the other hand, the Morison-
type formulal®! has been considered more
appropriate for parameterizing vegetation
effects and has been widely used®¥. In addition
to depth-integrated models, a nearshore
spectral wave model has been developed?® by
employing a layer approach to account for
vertical variation for mangrove-type vegetation.
Similarly, calibrations of certain empirical
coefficients were required.

Despite the remarkable progress of
computational models, it should be noted that
simplified vegetation conditions have been
mostly applied in these models. The structural
complexity of mangrove trees has not been well
addressed and needs to be taken into account
in future model development.

Physical modeling

In addition to the development of numerical
tools, physical tests have been conducted for
years to better assess the energy dissipation
capacity of vegetation and complement
numerical simulations in accounting for different
interaction processes. Using simplified tree
models, such as uniformly-distributed cylinders,
wave propagation through coastal forests were
investigated in some studies?'! P81 Similarly,
vertical cylinders were used to study the impact
of an open gap in coastal forests on tsunami
runup®”!. These simplified tree models have
been well applied to study coastal trees without
complicated structures, e.g. pine trees.
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On the other hand, as a particular feature of
mangroves, their complex root system has
been widely considered effective in reducing
wave energy. Simplified tree models may
underestimate mangrove effects on wave
attenuation and limit their application to
mangrove environments without considering
the effects of the root system. Thus, in the past
decade, several studies started to address the
complex structures of mangroves using artificial
tree models. Some investigators proposed a
parameterized tree model®®!, which consisted
of a group of cylinders with different heights, to
represent prop roots on the basis of identical
hydraulic resistance. In these studies,
mangroves were represented by simplified
structures based on certain equivalent physical
characteristics of tree models and prototype
mangroves. Thereafter, several studies made
an improvement by reconstructing artificial
mangrove models with prop roots based on

field measurements!??: 301,

All the physical models discussed above
proved the importance of vegetation on
reducing wave energy. The different
experimental findings in simplified tree models
and artificial mangrove models necessitated the
inclusion of the prop roots in both numerical
and physical modeling. The recent artificial
mangrove model studies greatly improved the
understanding of the root system in dissipation
processes. The roots can reduce flow speed,
increase friction, and enhance wave dissipation
by means of turbulent interactions. The vertical
variation of porosity due to the root system
enables mangroves to have higher potential for
wave attenuation.

Figure 3. The 3D image of a mangrove

Until today, however, there is still a lack of a
consensus on the effectiveness of mangrove
forests on disaster mitigation, quantitatively.
Field studies have demonstrated the complexity
of mangrove structures and their large regional
variation depending on the environments, which
cannot be represented by the artificial/idealized
tree models. Therefore, a proper representation
of realistic mangrove characteristics should be
a priority in future modeling.

Recent advances in laboratory
experiments

Wave force measurements

As mentioned above, the Morison-type formula
has been widely applied to simulate wave
forces and parameterize vegetation-induced
dissipation in most macro-scale or depth-
integrated numerical models. Calibration is
usually required to determine the force (drag
and inertia) coefficients based on wave
amplitude measurements in laboratory
experiments. Thus, the determination of force
coefficients and the resulting wave dissipation
depends on the accuracy and reliability of
experimental data. The proposed drag/inertia
formulas became unique for each study and
cannot be generalized. On the other hand,
direct measurements of wave forces on tree
models were applied to several recent studies,
in which the force coefficients were computed
by the Morison-type equation with the
measured velocity and forces'! 2. Without
calibrations of force coefficients with wave
measurements, their proposed formulas in
terms of flow parameters (Reynolds /Keulegan-
Carpenter numbers) are applicable to a certain
range of wave/flow conditions.

A new 3D real tree model

As presented in field studies, real mangrove
structures are more complicated than
artificial/idealized tree models. A recent step
forward is a set of model-scale experiments
using 3D-printed mangrove models®®?. Based
on 3D scanned images from the field, the
detailed structure of prop roots was scaled
down and was reproduced at a scale of 1/7 as
shown in Figure 3. Wave-induced forces on tree
models were directly measured such that the
force coefficients in the Morison-type formula
were obtained based on the experimental data.
Comparing with previous work using rigid
cylinders with the same trunk diameter®"l, it
was observed that force coefficients become
more scattered but within the same range due
to the impacts of prop roots. The fluctuating
velocity profiles, which were different from those
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in cylinder experiments, also indicated the non-
negligible effects of prop roots, which should
be taken into account for more precise
parameterization of mangrove effects in
numerical models. Such 3D scanned tree data
can be used potentially in the direct numerical
approach as well. Another set of laboratory
experiments was also conducted by using real
trees, which allowed further investigation of the
flexibility and breaking conditions of real
mangroves. Some of the experimental analyses
are ongoing and will be discussed in future
publications.

Conclusions and future directions
Mangrove forests, as one of the most well-
known Eco-DRR in the tropics and subtropics,
have been seen as one option against coastal
hazards and climate change in the near future.
To maximize the potential of mangroves in
coastal protection, better quantification of the
effectiveness of mangrove forests will be
required. The first priority of the future studies
should well address the incorporation of
complex mangrove structures in both numerical
and physical modeling. A latest technology, 3D
laser scanner, can be useful to capture the
detailed structures of mangrove roots in fields,
which make it possible to rebuild more realistic
tree models in laboratory experiments. The
anticipated advantages include a precise
determination of parameters based on
experimental findings, which will be desirable
for depth-integrated models. The scanned data
can also be used in numerical computations to

resolve detailed flow fields by using RANS/LES
model. Furthermore, a comprehensive dataset,
combing botanical and physical characteristics
of mangroves such as age, size, root structure
and rate of growth, will be required for
integrated assessment of afforestation. This will
make a breakthrough in quantitative evaluation
of mangrove effects against extreme waves
(short-term) and climate change (long-term). l
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