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Abstract. Tsunami attenuation by coastal vegetation was ex-
amined under laboratory conditions for mature mangroves
Rhizophorasp. The developed novel tree parameterization
concept, accounting for both bio-mechanical and structural
tree properties, allowed to substitute the complex tree struc-
ture by a simplified tree model of identical hydraulic re-
sistance. The most representative parameterized mangrove
model was selected among the tested models with different
frontal area and root density, based on hydraulic test results.
The selected parameterized tree models were arranged in a
forest model of different width and further tested system-
atically under varying incident tsunami conditions (solitary
waves and tsunami bores). The damping performance of the
forest models under these two flow regimes was compared
in terms of wave height and force envelopes, wave trans-
mission coefficient as well as drag and inertia coefficients.
Unlike the previous studies, the results indicate a significant
contribution of the foreshore topography to solitary wave
energy reduction through wave breaking in comparison to
that attributed to the forest itself. A similar rate of tsunami
transmission (ca. 20 %) was achieved for both flow condi-
tions (solitary waves and tsunami bores) and the widest for-
est (75 m in prototype) investigated. Drag coefficientCD at-
tributed to the solitary waves tends to be constant (CD = 1.5)
over the investigated range of the Reynolds number.

1 Introduction

Following the observations made during the recent extreme
tsunami events, controversial opinions were published on
the performance of the coastal forests subject to extreme
tsunami. Coastal ecosystems may indeed act as a buffer
against tsunami through a reduction of water flow velocity
and inundation depth, debris blockage, their life saving role
for people washed away by waves, and formation of sand
dunes resulting from sand accumulation in front of the forest
(Shuto, 1987; Harada and Imamura, 2005). A number of pub-
lications and reports confirming the positive role of coastal
vegetation in tsunami attenuation, and based predominantly
on the qualitative evaluation of the pre- and post-tsunami sit-
uation in the affected areas, reached the public after the 2004
Indian Ocean tsunami event (e.g. Dahdouh-Guebas et al.,
2005; UNEP Report, 2005; EJF Report, 2006). The very low
number of casualties as well as minimal damage suffered by
villages located behind green belts, which have been reported
in comparison to non-vegetated areas, were attributed to the
healthy conditions the local vegetation of sufficient width and
density.

On the other hand, there were clear evidences of severe de-
struction of single trees or even entire forests through uproot-
ing, bending or trunk breaking during past tsunami events
(e.g. Shuto, 1987; Yanagisawa et al., 2009). The damage en-
compassed predominantly the first few tree rows facing an
open sea, growing in estuaries or along channels as well as
regions experiencing the maximum tsunami intensity. An ex-
treme example is the damage of the forest in Rikuzentakata
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City (Japan) by the Tohoku 2011 tsunami. Only a single pine
tree survived the tsunami attack, out of 70 000 mature trees
whose trunks were broken at heights of 1–2 m above the
ground (EERI Report, 2011).

In spite of these contradictory opinions, it may be con-
cluded that coastal forests might indeed provide an effec-
tive protection against tsunami up to a certain magnitude.
The level of this protection is however conditioned by for-
est characteristics (i.e. tree species, tree age determining tree
dimensions, tree health state, forest density, forest width, ef-
fect of shrubs), local bathymetrical and geographical features
as well as soil properties (risk of uprooting).

A number of studies have been performed, aiming at the
improvement of the prediction of wave attenuation by coastal
vegetation and at the determination of the corresponding
hydraulic resistance, including experimental investigations
(e.g. Imai and Matsutomi, 2005; Irtem et al., 2009) as well as
numerical modelling (e.g. Harada and Imamura, 2005; Ohira
et al., 2012). The results of most of these investigations are
representative for the mangroveRhizophorasp., as its com-
plex root system is believed to significantly contribute to the
reduction of tsunami-induced flow. Among these, the exper-
imental studies are of particular interest, since the existing
methods of tree parameterization represent their weakest and
most incomplete part. Although the parameterization proce-
dure is determinant for the accuracy of the outcomes on the
damping performance of the tested forest model, it seems to
be of secondary importance and is either neglected (i.e. artifi-
cial plastic tree models are used) or based solely on the struc-
tural properties of the considered tree species (e.g. Kongko,
2004; Irtem et al., 2009).

Motivated by the lack of models to reliably predict
the damping performance of coastal vegetation, the TAP-
FOR project (“Tsunami Attenuation Performance of Coastal
Forests”) was established to primarily provide a deep insight
into the processes governing wave attenuation by mangrove
and beach forests. Among the results of this project, only
those related to the mangrove forests are addressed in this pa-
per, including tree parameterization and the processes asso-
ciated with wave and bore propagation and subsequent trans-
mission behind the forest, as well the hydraulic resistance of
mangroves subjected to both tsunami-like solitary waves and
tsunami bores. More results and details can be found in Hus-
rin (2012).

2 Parameterization of mangrove trees

2.1 Parameterization method

A simplification of the very complex three-dimensional tree
structure with randomly distributed roots and branches was
necessary for consistent modelling. Moreover, it allows one
to reduce the efforts of constructing the tree models for the
laboratory experiments. By applying a proper parameteriza-

Fig. 1.Geometry of a five-year oldRhizophora apiculata(a) and re-
lationship between root density and water depth, obtained for man-
grove models from model group A (low root density), B (medium
root density) and C (high root density) in reference to field mea-
surements by Mazda et al. (1997)(b).

tion approach (i.e. that accounts for both structural and bio-
mechanical properties of the considered vegetation species),
a prototype tree can be replaced by a model tree of a simpli-
fied structure having the same hydraulic resistance.

The selection of a representative mangrove species for the
purposes of this study was conditioned by the criterion of
maximum resistance of a tree subject to wave-induced flow,
which in case of a single tree is determined predominantly
by tree species and tree age (i.e. tree structural parts and
their dimensions). A much higher rate of flow attenuation
is expected in the case of a complex and denser root system,
such as prop roots typical for red mangroves (Rhizophora
sp.), than for other mangrove species (Fig. 1a). The canopy
would however contribute to flow attenuation only in the case
of large inundation depths reaching even the tree tops.

The parameterization method in this study was applied to a
matureRhizophorasp. under the stiff tree structure assump-
tion, in which the contribution of the flexible canopy to wave
damping was first neglected and the trunk was considered as
stiff. In the first step, the typical dimensions of a five-year old
red mangrove, provided by Mazda et al. (1997), Istiyanto et
al. (2003) and Kongko (2004), were scaled down according
to the Froude similitude law (see Fig. 1a). The relationship
between submerged root volume ratio and water depth, ob-
tained by Mazda et al. (1997) for different mangrove species
in Japan and Australia, was used as a reference to deter-
mine the root density of the prototype tree (termed hereafter
“real mangrove model”). Since the highest root density is at-
tributed to the bottom part of the root system, a clear de-
crease of the submerged root volume ratio (defined as a vol-
ume of submerged mangrove rootsVm divided by water con-
trol volumeV ) with increasing water depth can be noticed
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Table 1. Influence of model submergence depth on the parameters of “real” and parameterized mangrove models (scale 1: 20) (see also
Fig. 2).

Model group A (low root density)

h/hmdl [–] Vm [cm3] A1 A2 A3 A4

Af [cm2] Ap [cm2] Af [cm2] Ap [cm2] Af [cm2] Ap [cm2] Af [cm2] Ap [cm2]

0.05 98.4 30.6 164.6 50.1 29.5 47.5 29.9 41.3 27.9
0.10 124.6 52.1 164.6 75.3 29.5 65.0 29.9 56.3 27.9

0.125 131.2 59.5 164.6 84.1 29.5 72.5 29.9 63.8 27.9
0.15 133.2 61.8 164.6 86.6 29.5 75.0 29.9 66.3 27.9

Model group B (medium root density)

0.05 164.0 34.7 248.1 65.1 39.7 47.5 40.0 45.0 42.0
0.10 196.8 59.1 248.1 102.8 39.7 87.5 40.0 70.0 42.0

0.125 229.6 67.4 248.1 116.6 39.7 122.5 40.0 107.5 42.0
0.15 231.5 70.1 248.1 119.1 39.7 125.0 40.0 110.0 42.0

Model group C (high root density)
0.05 328.0 56.9 361.2 72.6 95.5 74.3 92.7 84.0 80.9
0.10 452.6 97.0 361.2 119.1 95.5 124.6 92.7 166.1 80.9

0.125 505.1 110.6 361.2 140.4 95.5 145.7 92.7 167.3 80.9
0.15 507.1 115.1 361.2 142.9 95.5 148.2 92.7 171.1 80.9

wherehmdl is the total height of mangrove model [m].

(Fig. 1b). Overall, three real mangrove models of different
root density were constructed to investigate the influence of
the submerged root volume ratio on the hydraulic resistance
of the models: model A1 with low root density, model B1
with medium root density and model C1 with high root den-
sity (Fig. 2). The structure of the real mangrove models was
shaped by means of wires covered by a clay layer and hard-
ened in an oven.

In the second step, a simplification of the considered struc-
tural tree parts was introduced to the “real mangrove mod-
els”. The trunk was constructed as a single cylinder of iden-
tical height and diameter for all mangrove models (Fig. 2 and
Figs. A1–A3 in Appendix A). The complex root system was
replaced by a group of cylinders of different height, diameter
and spacing in order to account for different frontal areasAf
(i.e. the areas perpendicular to flow direction) and projected
areasAp (i.e. the areas seen from the bird view) as shown
in Tables 1 and 2. The frontal and the projected areas of the
tree model were determined by means of AutoCAD software
from photos taken perpendicularly and parallel to the flow
direction, respectively. More details of the tree parameteriza-
tion method can be found in Husrin et al. (2012) and Husrin
(2012).

2.2 Hydrodynamic properties of real and
parameterized mangrove models

In order to select the most appropriate representation of the
“real” mangrove model among the parameterized models for
further testing in the wave flume (Sects. 4–6), comparison of

hydrodynamic properties of the parameterized and the refer-
ence models was made. For this purpose, laboratory experi-
ments were performed at a scale of 1: 20 under quasi-steady
flow conditions in a flume, which is ca. 26.6 m long, 0.6 m
wide and 0.7 m high. A single tree model was installed on
a 0.18 m high platform in the middle of the flume width. A
wide range of Reynolds number (Re ∼ 2.9× 104

− 9× 105)
was obtained by varying the flow depthh over the platform
(0.05, 0.1, 0.125 and 0.15 m) and the flow velocity (0.2, 0.5,
0.75, 1.0 and 1.42 m s−1). The flow velocity corresponded to
the tsunami onshore velocity of the order of 2–5 m s−1 in the
field, as estimated by Fritz et al. (2006).

The flow-induced forces exerted on a single mangrove
model, water free surface elevation and flow velocity were
measured at a distance of 0.35 m in front of and behind
the tree model by means of force transducers (FTS), wave
gauges (WG) and acoustic Doppler velocimeters (ADV), re-
spectively. The flow velocity was generally measured at three
different heights (0.03, 0.05 and 0.08 m) except for the low-
est flow depth, for which the measurement was performed at
one height of 0.03 m. Based on these measurements, depth-
averaged flow velocity (calculated at a height of 0.4 h above
the platform according to Ward and Trimble, 2004) was in-
troduced (see Husrin, 2012).

The measured parameters were used for the calculation of
drag coefficient, the reduction of flow velocity and the hy-
draulic gradient (i.e. flow depth reduction over a given dis-
tance). A more detailed discussion of the experimental re-
sults is provided by Husrin (2012). A comparison of the
drag coefficients of the parameterized mangrove models,

www.nat-hazards-earth-syst-sci.net/13/483/2013/ Nat. Hazards Earth Syst. Sci., 13, 483–503, 2013
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Fig. 2.“Real mangrove models” of different root density with corresponding parameterized mangrove models of varying frontal and projected
areas. Root density in model groups A, B and C is constant.

with the reference values obtained for the “real mangrove
models” was however particularly important for the selec-
tion of the parameterized model for further investigation in
the wave flume. Drag coefficientCD was calculated accord-
ing to Morison’s equation, assuming that inertia force can be
neglected due to quasi-constant flow velocity, i.e.∂u/∂t ∼ 0:

Fmeas=
1

2
ρ · CD · Af · u2

+ ρ · CM · Vm ·
∂u

∂t
, (1)

CD =
2Fmeas

ρ · Af · u2
, (2)

whereAf is the frontal area of the mangrove model [m2],
listed in Table 1,CD the drag coefficient [–],CM the inertia
coefficient [–] (CM = 0.0),Fmeasthe measured flow-induced
forces [N],Vm the volume of the submerged mangrove model
[m3], listed in Table 1,u the depth-averaged horizontal flow
velocity [m s−1], ρ the water density [kg m−3] and∂u/∂t the
horizontal flow acceleration [m s−2].

The behaviour of the calculated drag coefficient for the in-
vestigated range of Reynolds numberRe is shown in Fig. 3.
The latter was redefined according to Mazda et al. (1997) in
order to account for the physical properties of the tree mod-
els:

Re =
u · Le

ν
, (3)

with Le denoting the effective length of the mangrove model
[m], Re the Reynolds number [–] andν the kinematic vis-
cosity [m2 s−1]. The effective model length was specified as:

Le =
V − Vm

Af
, (4)

whereV represents the control water volume [m3], defined
as product of the tree model base area (0.175 m× 0.175 m at
a scale of 1: 20) and the flow depth.

A further analysis of the relationship between drag coef-
ficient CD and effective lengthLe of the models indicated
that largerCD values were obtained for mangrove models of
higher root density (i.e. smaller values ofLe), which enabled
the flow to pass through the root system. Instead, the flow
around the tree model dominated the flow through the root
system, thus generating vortices. In case of mangrove models
with sparser roots (i.e. larger values ofLe), the undisturbed
flow through the root system was dominating, thus resulting
in a weaker hydraulic resistance. A clear tendency of the drag
coefficient to decrease, fromCD = 10 toCD = 1.0, with the
increasing Reynolds number can be noticed in Fig. 3. Empir-
ical relationships to predict the drag coefficient for the given
physical properties of the parameterized mangrove models
and flow conditions are proposed:

CD = 1.69× 103Re−0.54, (5)

Nat. Hazards Earth Syst. Sci., 13, 483–503, 2013 www.nat-hazards-earth-syst-sci.net/13/483/2013/
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Table 2. Influence of model submergence depth on the parameters of “real” and parameterized mangrove models (scale 1: 20) (see also
Fig. 2 and Figs. A1–A3 in Appendix A).

Structural tree part Model group A Model group B Model group C
(low root density) (medium root density) (high root density)

A1 A2 A3 A4 B1 B2 B3 B4 C1 C2 C3 C4

Trunk No. 1 1 1 1 1 1 1 1 1 1 1 1
Hght. 15 15 15 15 15 15 15 15 15 15 15 15
Diam. 1 1 1 1 1 1 1 1 1 1 1 1

Roots (type I) No. 9 12 4 2 12 20 8 4 16 96 24 12
Hght. – 12.5 12.5 12.5 – 12.5 12.5 12.5 – 12.5 12.5 12.5
Diam. 0.6 0.5 1.0 1.5 0.6 0.5 1.0 1.5 0.6 0.5 1.0 1.5

Roots (type II) No. 26 0 0 0 40 12 0 0 40 0 0 0
Hght. – 10 10 10 – 10 10 10 – 10 10 10
Diam. 0.4 0.5 1.0 1.5 0.4 0.5 1.0 1.5 0.4 0.5 1.0 1.5

Roots (type III) No. 20 20 4 2 40 28 8 0 40 44 12 0
Hght. – 7.5 7.5 7.5 – 7.5 7.5 7.5 – 7.5 7.5 7.5
Diam. 0.35 0.5 1.0 1.5 0.35 0.5 1.0 1.5 0.35 0.5 1.0 1.5

Roots (type IV) No. 25 28 8 4 63 80 8 8 150 52 12 12
Hght. – 5.0 5.0 5.0 – 5.0 5.0 5.0 – 5.0 5.0 5.0
Diam. 0.3 0.5 1.0 1.5 0.3 0.5 1.0 1.5 0.3 0.5 1.0 1.5

Roots (type V) No. – 74 18 4 – 46 20 10 – 474 66 20
Hght. – 2.5 2.5 2.5 – 2.5 2.5 2.5 – 2.5 2.5 2.5
Diam. – 0.5 1.0 1.5 – 0.5 1.0 1.5 – 0.5 1.0 1.5

Roots (all types) Area occupied by roots [m2] 17.5× 17.5

where “No.” is the number of structural tree parts [–], “Hght.” the height of the structural tree parts [cm] and “Diam.” the diameter of the structural tree parts
[cm].

with a lower envelope of the data set given as:

CD = 1.0. (6)

The lower envelope of the data set is consistent with the
values of the drag coefficient obtained from tests with a sin-
gle cylinder subjected to steady flow, performed by Husrin
(2012). A comparison of the obtained resistance from the pa-
rameterized mangrove models with the results from previous
studies is provided in Sect. 6 below.

Based on the measurement of the flow-induced forces on
the single tree models, it was found that the parameterized
models with cylinder diameter of 0.5 cm (i.e. models A2, B2
and C2) had comparable hydraulic resistance to the “real”
counterparts (Husrin, 2012).

3 Laboratory experiments on tsunami attenuation by
mangrove forest

3.1 Bore generation system in a twin-wave flume

In order to reproduce more realistically the flooding condi-
tions of a vegetated area by a tsunami in the laboratory, a bore
generator was constructed in the twin-wave flume of the LWI

(Leichtweiß-Institute for Hydraulic Engineering and Water
Resources). It consists of two bore gates installed in the
2 m- and 1 m-wide flumes at a distance of 20 m from a wave
maker. The bore gates can be operated synchronically or in-
dividually by means of a pneumatic system shown in Fig. 4a.
The bore gate in the 1 m-wide flume is equipped with three
pneumatic cylinders (with maximum operating pressure of
10 bar), while two larger cylinders (with maximum operating
pressure of 12 bar) were required for operating the heavier
bore gate in the 2 m-wide flume. The non-moveable frames
of the gates are fixed to the flume bottom and flume walls
and allow for opening of the movable parts of the gates by
swinging around a horizontal axis. The moveable parts of the
bore gates are covered by plywood plates and are equipped
with additional weight to increase the swinging moment. A
weight control is installed at the seaward side of the bore gen-
erators to provide a support for the gates after their opening,
so that the stored water can flow out undisturbed. Isolation
of the gate frames by means of rubber stripes and silicon lay-
ers was required to prevent from water leakage towards the
lee-side of the gates.

www.nat-hazards-earth-syst-sci.net/13/483/2013/ Nat. Hazards Earth Syst. Sci., 13, 483–503, 2013
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Table 3.Locations of force transducers measuring forces exerted on single mangrove models (FTS1–FTS10) within forest models of different
widths (symbols T6–T244 denote the number of the parameterized mangrove model, to which the force transducer was connected – see also
Fig. 6).

Experiments with solitary waves

FTS1 FTS2 FTS3 FTS4 FTS5 FTS6 FTS7 FTS8 FTS9 FTS10
B = 0.75 m T10 T35 T60 T6 T31 T56 T3 T28 T53 –
B = 1.5 m T6 T7 T31 T56 T68 T69 T81 T106 T118 T119
B = 2.25 m T6 T7 T31 T56 T106 T118 T119 T168 T169 T161
B = 3.0 m T6 T56 T106 T118 T119 T168 T169 T181 T206 T243

Experiments with tsunami bores

FTS1 FTS2 FTS3 FTS4 FTS5 FTS6 FTS7 FTS8 FTS9 FTS10
B = 0.75 m T6 T7 T19 T31 T44 T56 T57 T119 T181 T244
B = 1.5 m T6 T7 T31 T56 T81 T106 T118 T119 T181 T244
B = 2.25 m – – – – – – – – – –
B = 3.0 m T6 T7 T56 T81 T119 T156 T181 T206 T243 T244

Fig. 3. Drag coefficient versus Reynolds number for the tests in
quasi-steady flow flume (data corresponding to the “real mangrove
models” A1, B1, C1 and the parameterized mangrove models A2,
B2, C2 is considered only).

3.2 Experimental set-up and programme

The experiments on tsunami attenuation by mangrove for-
est were performed at a scale of 1: 25 (according to the
Froude similitude law) in the 2 m-wide wave flume of the
LWI, which is approximately 1.25 m high and 90 m long
(Fig. 5). The mangrove forest model was integrated into
a beach model made of plywood. The beach model con-
sisted of a foreshore part with a length of ca. 8.3 m and
a slope of ca. 1: 20, evolving into a horizontal platform
of height of 0.415 m (Fig. 5a). This elevation of the forest
model at a certain level above the flume bottom was neces-
sary for the installation of the force transducers to measure
the forces exerted on single tree models and the entire forest
(see Sect. 3.3).

Fig. 4. Bore gates installed in the twin-wave flume of the LWI(a),
force transducer connected to a single mangrove tree model, mea-
suring wave-induced forces(b), force transducer measuring wave-
induced forces exerted on entire forest model(c).

The forest model was composed of the parameterized
mangrove models A2, arranged in shifted rows with 12 and
13 single trees, respectively, as shown in Fig. 6. Only one for-
est density (ca. 44 trees m−2), corresponding to the highest
forest density possible by considering the tree model dimen-
sions, was tested for different forest widths. This resulted in
a total of 62 tree models for forest widthB = 0.75 m, 125
tree models forB = 1.5 m, 187 tree models forB = 2.25 m

Nat. Hazards Earth Syst. Sci., 13, 483–503, 2013 www.nat-hazards-earth-syst-sci.net/13/483/2013/
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Fig. 5. A schematic view of exemplary experimental model set-up with forest model of width ofB = 3.0 m:(a) in experiments with solitary
waves,(b) in experiments with tsunami bores,(c) construction details of beach model (ADV – acoustic Doppler velocimeter, FT – transducer
measuring forces exerted on entire forest, FTS – transducer measuring forces exerted on single mangrove model, PR – micro-propeller-type
current meter, WG – wave gauge). Arrangement of force transducers measuring forces exerted on single tree models is provided in Fig. 6
and Table 3.

(investigated solely in the tests with solitary waves) and 250
tree models forB = 3.0 m.

Solitary waves of different incident nominal wave height
Hi, nom= 0.04–0.2 m (with an interval of 0.04 m) were gener-
ated at different water depths, ranging fromh = 0.415 m (tree
models fully emerged) toh = 0.615 m (tree models fully sub-
merged, i.e. up to the top of the trunk) with an interval of
0.05 m. The lowest water level was however excluded from
the experimental programme in further tests, since no wave
transmission through the forest model was observed.

In order to account for a wide range of initial bore condi-
tions, different water levels behind the bore gate (ho = 0.6,
0.7, 0.8 and 0.9 m) were used in the tests, corresponding to
the volume of the stored water ofVw = 24, 28, 32 and 36 m3.
For each water level behind the bore gate, bore propagation
over a wet bed (with water level in front of the bore gate
h1 = 0.1, 0.2 and 0.3 m) and a dry bed (withh1 = 0.0 m) was
investigated (see Fig. 5b).

3.3 Applied measuring and observation techniques

Forces resulting from the tsunami interaction with the sin-
gle tree models were measured by 10 FTS transducers of
maximum load of 60 N. The transducers were mounted to
the bottom part of the mangrove models and distributed over
the entire forest width to provide the pattern of force reduc-
tion (see Figs. 4b, 5c and Table 3). The wave-induced forces
exerted on the entire forest model were measured by means
of a second type of the force transducer (FT), developed in
a collaboration with Hottinger Baldwin Messtechnik GmbH
(Fig. 4c). The transducer is capable of measuring horizontal
lateral forces up to 5 kN, under submergence of maximum
5 m in water temperature range from 10◦C to 40◦C. More-
over, it can also measure axial force up to 5 kN and torsion
moment up to 2 kNm. The bottom part of the transducer was
fixed to the bottom of the 2 m-wide flume, at a distance of
35.86 m from the wave maker, in the middle of the flume
width. A special construction of the horizontal part of the

www.nat-hazards-earth-syst-sci.net/13/483/2013/ Nat. Hazards Earth Syst. Sci., 13, 483–503, 2013
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Fig. 6. Arrangement of force transducers measuring forces exerted on single tree models (FTS1–FTS10), exemplarily for tests with a bore
and forest widthB = 1.5 m (symbols T1–T250 denote the number of the parameterized mangrove tree models, light grey colour indicates
mangrove models constituting forest model of a given width, dark grey colour indicates tree models connected to force transducers FTS).

beach model was required to transfer the forces exerted on
the forest model to the force transducer as shown in Fig. 5c.
Gaps between flume walls and the moveable part of the beach
model allowed for free motion of the entire measuring plat-
form. In the tests with solitary waves, the force transducers
were arranged solely along the forest model (Fig. 11 and Ta-
ble 3), while in the tests with tsunami bores both along and
behind the forest (i.e. over a distance equal the maximum ex-
amined forest width ofB = 3.0 m), as indicated in Fig. 12
and Table 3. The latter arrangement allowed to compare the
force envelope irrespective of the examined forest width.

Water free surface elevation was measured in front of, in
and behind the forest model, by 21 and 16 wave gauges (WG)
in the tests with solitary waves and tsunami bores, respec-
tively (Fig. 5a, b).

Flow velocity under a solitary wave was recorded by two
acoustic Doppler velocimeters installed at the beginning and
the end of the forest model (ADV1 and ADV2, respectively).
The bottom of all sensors was at a height of 0.1 m above the
beach model. Bore velocity was measured by two propeller-
type current meters, installed at a height of 5 cm above the
beach platform, ca. 0.04 m in front of and behind the forest
model (PR1 and PR2, respectively) (Fig. 5b).

Wave propagation through the forest was recorded by
video cameras installed at the beginning and at the end of
the forest model (Fig. 5a, b).

4 Tsunami propagation through the forest model

4.1 Classification of observed propagation modes of
solitary waves and tsunami bores

Classification of the observed wave and bore propagation
modes enabled to identify the source of wave and bore damp-
ing (i.e. by the forest model or by the combination of the fore-
shore topography and the forest model), and thus, to prop-
erly determine the effectiveness of the mangroves to attenu-
ate tsunami. The wave and bore evolution modes were clas-
sified by means of the water surface elevation measured by
wave gauges as well as by video analysis.

4.1.1 Solitary wave evolution modes

Several aspects, such as the location of the incipient wave
breaking and the generation of wave fission, were considered
in the determination of the following five solitary wave evo-
lution modes.
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Non-breaking waves (contribution of the forest model to
wave attenuation)

Non-breaking incident waves disintegrating into solitons
(evolution mode EM1). A solitary wave train, consisting of
waves of decreasing height (solitons), was generated as a re-
sult of the wave fission process due to the change of the water
depth, fromh = 0.465–0.615 m in front of the beach model to
dr = 0.05–0.20 m over the beach model (Fig. 7a). This mode
was typical of waves of smaller nominal incident heights:
Hi, nom= 0.04 m generated at water depthh = 0.515–0.615 m
andHi, nom= 0.08 m forh = 0.615 m.

Breaking waves (contribution of the forest model and the
foreshore topography to wave attenuation)

– Waves breaking over the beach slope (region 1) and
disintegrating into solitons (evolution mode EM2),
as shown in Fig. 7b. This evolution mode was
observed for waves of medium and largest height
(Hi, nom= 0.12–0.20 m), propagating in the smallest ex-
amined water depth ofh = 0.465 m.

– Waves breaking between the end of the beach slope and
the beginning of the forest model (region 2) and disin-
tegrating into solitons (evolution mode EM3). Two sub-
modes can be further distinguished depending on the or-
der of generation of the breaking and fission processes
(Fig. 7c): (i) generation of wave breaking followed by
wave disintegration into solitons (observed in cases,
where the inception point of the breaking event was lo-
cated very close to the end of the beach slope), (ii) gen-
eration of wave fission followed by wave breaking and
a further development of wave disintegration (observed
in cases, where the inception point of the breaking event
was located close to the beginning of the forest model).
This evolution mode was the most common pattern of
wave behaviour observed in this study.

– Waves breaking in the forest model (region 3) and disin-
tegrating into solitons (evolution mode EM4). As a re-
sult of the fission process, induced in front of the forest
model, the height of the leading solitary wave increased
till the wave became unstable and broke in the forest
model. A further development of the solitary wave train
was clearly seen once the process of wave breaking was
accomplished (Fig. 7d). This evolution mode occurred
for waves of medium height ofHi, nom= 0.08–0.16 m,
generated at the highest water levels ofh = 0.565 and
0.615 m and propagating through the forest model of
width B = 1.50–3.0 m.

– Waves breaking behind the forest model (in region 4)
and disintegrating into solitons (evolution mode EM5).
The characteristic of this evolution mode is similar to

that of the evolution mode EM4 (Fig. 7e). It occurred,
however, for waves of height ofHi, nom= 0.08 m,
generated at a water depth ofh = 0.565 m, as well
as Hi, nom= 0.12 m generated at a water depth of
h = 0.615 m, propagating through the forest of the nar-
rowest widthB = 0.75 m.

The solitary wave evolution modes were found to be de-
pendent predominantly on the incident wave height and the
water depth. The forest width plays an important role when
distinguishing between wave breaking in and behind the for-
est model. For instance, waves, which broke behind the nar-
rowest forest model (B = 0.75 m), broke in the forest model
for larger forest widths (B = 1.25–3.0 m).

4.1.2 Tsunami bore evolution modes

A bore with a turbulent front was generated in each test, irre-
spective of the water depth conditions in front of and behind
the bore gate. The bore height, as well as the intensity of the
turbulence at the bore front, varied however with the water
levelsho andh1. The weakest bores, not reaching the end
of a forest model, were generally observed for the smallest
water depth behind the bore gate (ho = 0.6 m) and the two
widest forest widths (B = 1.5 and 3.0 m). In contrast to the
experiments with the solitary waves, the profile of the bore
approaching the forest model was strongly modified by the
water accumulation within the first three tree rows (Fig. 8),
described in more detail in Sect. 4.2.2.

4.2 Wave and bore height envelopes

4.2.1 Envelope of solitary wave height

The heights of the solitary waves, generated in the deeper
water in front of the beach model, wereHi, gen= 0.04, 0.082,
0.125, 0.168, and 0.21 m. The latter were obtained by averag-
ing the maximum wave heights in all tests with the same inci-
dent wave conditions. The generated wave heights are almost
identical to the incident nominal wave heightsHi, nom= 0.04,
0.08, 0.12, 0.16 and 0.2 m. The wave heights remained con-
stant during wave propagation over the horizontal part of the
wave flume, which preceded the beach model with the in-
tegrated forest model. Once the waves ran onto the beach
model, their height was modified by the combined processes
of wave shoaling, wave breaking, wave reflection and wave
fission, according to the corresponding evolution mode.

The height of the non-breaking waves (EM1) increased
slightly in front of the forest model to less than 0.05 m and
0.10 m forHi, nom= 0.04 and 0.08 m, respectively. This was
primarily due to wave shoaling occurring over the foreshore
beach slope and further due to the generation of the fission
process, resulting from the water depth reduction over the
horizontal part of the beach model (Figs. 7a and 9a). The
amplification of the height of the leading wave (i.e. the first
soliton) accompanied the first stage of the fission process, in
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Fig. 7. Observed modes of solitary wave evolution in the foreshore and in the mangrove forest for different forest widthsB, incident wave
heightsHi, nom and water depthsh anddr in the far field and just in front of the forest, respectively.
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Fig. 8. Selected snapshots of tsunami bore propagation through
forest model of widthB = 3.0 m (water depth behind bore gate
ho = 0.8 m, water depth in front of bore gateh1 = 0.3 m).

which humps, representing the successive solitons, emerged
at the rear part of the leading wave. As the wave disintegra-
tion into solitons developed, the height of the leading soliton
decreased. In the forest model, the wave height decreased as a
result of higher wave energy losses due to the presence of the
tree models (mangrove roots). The rate of this wave height re-
duction was clearly higher for lower water depths and wider
forests; under these conditions the wave interaction with the

Fig. 9.Selected envelopes of solitary wave height:(a) in case of for-
est widthB = 1.5 m and water depthh = 0.615 m,(b) in case of for-
est widthB = 2.25 m and water depthh = 0.465 m (see also Fig. 7
for wave evolution modes and Fig. 5a for wave gauge locations).

roots was stronger due to the partial root emergence and the
longer propagation distance over the region of higher rough-
ness. Exemplarily, waves ofHi, nom= 0.04 m, propagating
in water depth ofh = 0.565 and 0.615 m through the forest
model of widthB = 0.75 and 1.5 m, became slightly smaller
than 0.04 m behind the forest (Fig. 9a), while the height of
the same wave propagating inh = 0.515 m through the forest
of B = 3.0 m became ca. 0.02 m high. A successive increase
of the height of waves ofHi, nom= 0.08 m up to ca. 0.10 m,
as a result of the fission process, was observed behind the
two narrowest forest models (B = 0.75 and 1.5 m) and wa-
ter depthh = 0.615 m (Fig. 9a). In contrast, the height of the
same incident waves was reduced approximately to the value
of the wave height reached in front of the forest model during
propagation over wider forest models (B = 2.25 and 3.0 m).

The height of waves classified as evolution mode EM2 was
reduced significantly already over the beach slope due to the
induced wave breaking process (Figs. 7b and 9b). Due to the
limited number of deployed wave gauges, it was not possible
to record wave heights over the foreshore beach slope. There-
fore, the wave height envelope for this evolution mode is not
complete between wave gauges WG8 and WG9 in Fig. 14b.
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494 A. Strusińska-Correia et al.: Tsunami damping by mangrove forest

However, it is assumed that the wave shoaled over the fore-
shore slope until it became unstable and broke. At the end
of the beach slope, the wave heights decreased to ca. 0.12,
0.16 and 0.18 m forHi, nom= 0.12, 0.16 and 0.2 m at water
depthh = 0.465 m, respectively. They diminished further to
ca. 0.03, 0.04 and 0.05 m, respectively, as the broken waves
propagated through the forest model.

Generally, waves of evolution mode EM3 reached their
maximum height, at breaking, in front of the forest model,
where they eventually broke. Further wave height amplifi-
cation was caused by the generation of the solitons in this
region (Figs. 7c and 9a, b). Only in few cases, the maxi-
mum wave height occurred at the transition point between the
beach slope and the horizontal part of the beach (i.e. at wave
gauge WG9). The wave height, at breaking, was primarily
determined by the water depth and it increased with the in-
creasing submergence of the mangrove models. Exemplar-
ily, the height at breaking of waves ofHi, nom= 0.12 m was
ca. 0.17 m forh = 0.515 m, while it increased up to ca. 0.2 m
for h = 0.565 m. A strong reduction of the wave height ac-
companied the propagation of the broken wave through the
forest, exemplarily to ca. 0.01 m forHi, nom= 0.04 m and to
ca. 0.02 m forHi, nom= 0.08 m (Figs. 9a, b). A further de-
velopment of the fission was not suppressed by the breaking
event and thus a slight increase of the height of the leading
wave was noticeable.

For waves breaking within the forest (EM4), the wave
height increased in front of the forest model and partly in
the forest, irrespective of the generated wave height: waves
reached ca. 0.11, 0.13 and 0.18 m at the end of the beach
slope forHi, nom= 0.08 m ath = 0.565 m andHi, nom= 0.12,
0.16 m ath = 0.615 m, respectively (Figs. 5d and 9a). A fur-
ther wave amplification up to the maximum wave height, at
breaking, in the forest up to ca. 0.13, 0.17 and 0.23 m, re-
spectively, resulted from the development of the fission pro-
cess. The wave height reduction within the measured prop-
agation distance, associated with the breaking event, was
weaker forHi, nom= 0.08 and 0.12 m – the wave heights be-
hind the forest model approached approximately the value
of the nominal incident wave heights (Hi, nom). Only for
Hi, nom= 0.16 m, the reduction rate was much higher, and
in this case the wave height behind the forest decreased be-
low the value of the nominal incident wave height (up to
ca. 0.11 m).

A similar pattern of the wave height envelope was ob-
served for waves breaking behind the forest (EM5) as illus-
trated in Fig. 5e. Exemplarily, forHi, nom= 0.08 m the wave
height at the end of the beach slope was ca. 0.12 m and it
was amplified through the phenomenon of wave disintegra-
tion into solitons up to ca. 0.14 m at the end of the forest
model. The wave became unstable and broke behind the for-
est with the minimum measured height of ca. 0.09 m.

4.2.2 Envelope of tsunami bore height

The bore, generated after a sudden opening of the bore
gate, rushed onto the sloping part of the beach, reaching a
maximum height ofHb, max∼ 0.09, 0.13, 0.17, 0.22 m for
water depth behind the bore gateho = 0.6–0.9 m, respec-
tively (independent of water depth in front of the bore gate
h1 = 0.0–0.3 m), at wave gauge WG2 placed at the end of the
slope. The incident bore height was then reduced by the ac-
companying turbulence effects toHb, max∼ 0.04, 0.08, 0.12,
and 0.15 m at wave gauge WG4. Due to the presence of the
mangrove models, the incident bore front increased in height
approximately in the first three rows of the forest, resulting
in a water impoundment reaching the top of the mangrove
trunks (20 cm) and more. This was accompanied by very
strong turbulent processes as shown in Fig. 8a and b. The
bore front behind the first three tree rows was first signifi-
cantly reduced to a thin water layer reaching approximately
up to half of the trunk height. Once the bore front reached
the middle of the forest model, the water level in the forest
model increased and a wave reflected from the frontal forest
row was generated (Fig. 8c). Finally, the flow depth over the
entire forest model became constant, equal to the height of
the mangrove trunks (Fig. 8d).

The bore height envelope was found to be predominantly
dependent on the water depth behind the bore gate – the bore
height along the entire beach model became larger asho in-
creased (F̈orstner, 2010; Geiling, 2011a, b). In contrast, the
influence of the water depth in front of the bore gate on the
bore evolution is almost negligible.

The spatial distribution of the maximum incident bore
height is plotted exemplarily forho = 0.8 m andh1 = 0.0 m
in Fig. 10a. The bore height in front of the forest (at wave
gauges WG2–WG4) was of the same order for all considered
forest widths. This indicates a very good repeatability of the
incident bore conditions in the performed experiments. Due
to the turbulent nature of the generated bore, the bore height
decreased within the distance between WG2 and WG4. A
very strong and sudden amplification of the bore height (up
to a factor of 2.5) took place at the beginning of the forest
(wave gauge WG5) and was the strongest for the widest for-
est (i.e.B = 3.0 m). This was caused by a partial blockage of
the bore by the very dense mangrove root system, leading to
the above mentioned water accumulation (set-up) in front of
and within the forest model (up to the three first tree rows).

The amplified bore height was significantly decreased
along the forest model as a result of the turbulent bore in-
teraction with the mangrove roots. The bore height at the end
of the forest (i.e. at WG7 forB = 0.75 m, WG9 forB = 1.5 m
and WG13 forB = 3.0 m) tended to be of approximately the
same order for the two smallest forest widthsB = 0.75 and
1.5 m: ca. 0.07 m forho = 0.7 m, ca. 0.1 m forho = 0.8 m
and ca. 0.14 m forho = 0.9 m (see Fig. 10a). In contrast, the
bore height at the end of the forest of widthB = 3.0 m was
lower by about 2–3 cm and yielded 0.03 m forho = 0.7 m,
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Fig. 10.Selected envelopes of bore height:(a) water depth behind
bore gateho = 0.8 m and water depth in front of bore gateh1 = 0 m,
(b) water depth behind bore gateho = 0.6 m and water depth in front
of bore gateh1 = 0.3 m.

ca. 0.07 m forho = 0.8 m and ca. 0.12 m forho = 0.9 m. The
difference between the bore heights at the forest end became
slightly larger for the tests withho = 0.6 m, where the bore
height was ca. 0.04 m forB = 0.75 m, 0.02 m forB = 1.5 m
and 0 m (no transmission) forB = 3.0 m (Fig. 10b).

A further bore height reduction, however not as large as
along the forest model, took place behind the forest un-
til reaching a constant value irrespective of forest width:
ca. 0.03 m forho = 0.7 m, 0.04 m forho = 0.8 m and 0.07 m
for ho = 0.9 m. In the case of the lowest water depth be-
hind the bore gate (ho = 0.6 m), transmitted bore height of
ca. 0.01 m was measured solely for the shortest forest width
of B = 0.75 m.

4.3 Forces induced by waves and bores on single trees
in the mangrove forest

4.3.1 Envelope of forces exerted by solitary waves on
single mangrove models

The magnitude of the forces exerted by waves on single man-
grove models was influenced primarily by the wave evolu-
tion modes (governed by the water depth and the incident

Fig. 11.Exemplary envelope of forces exerted by solitary waves on
single mangrove tree models:(a) in case of forest widthB = 3.0 m
and water depthh = 0.465 m,(b) in case of forest widthB = 1.5 m
and water depthh = 0.465 m (see Fig. 6 and Table 3 for force trans-
ducer locations).

wave height conditions). The highest forces were always
recorded in the first tree row and their magnitude was in-
dependent of the forest width. For a given evolution mode,
these forces became larger with the increasing incident nom-
inal wave height. For identical evolution modes and inci-
dent wave heights, the increase of the tree model submer-
gence resulted in a weaker wave impact on the mangrove
models. This pattern can be particularly well observed for
non-breaking waves (EM1). In case of non-breaking waves
(EM1), the forces exerted by waves on single mangrove tree
models ofHi, nom= 0.04 m on the first tree row were ca. 1.2 N
for water depthh = 0.515 m, ca. 0.6 N forh = 0.565 m and
ca. 0.4 N forh = 0.615 m. For these conditions, the forces
were reduced at the last tree row to ca. 0.8 N forh = 0.515 m,
ca. 0.5 N forh = 0.565 m and ca. 0.3 N forh = 0.615 m, irre-
spective of the forest width (see Fig. 11a). In comparison to
higher non-breaking waves ofHi, nom= 0.08 m propagating
in water depth ofh = 0.615 m, the exerted forces were much
larger – ca. 1.7 N and 1.4 N at the beginning and at the end
of the forest model, respectively.
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Waves breaking over the beach slope (EM2) at wa-
ter depth h = 0.465 m exerted forces of ca. 2.8 N for
Hi, nom= 0.12 m, ca. 4.7 N forHi, nom= 0.16 m and ca. 5.5 N
for Hi, nom= 0.20 m at the beginning of the forest (Fig. 11b).
The magnitude of the forces exerted at the last tree row
was clearly dependent on the propagation distance of the
broken waves and the associated energy dissipation. Exem-
plarily, these forces were ca. 3.6 N in the case of waves of
Hi, nom= 0.16 m andB = 0.75 m, ca. 2.3 N forB = 1.5 m,
ca. 2.0 N forB = 2.25 m and ca. 1.5 N forB = 3.0 m.

Similarly to the waves classified as EM2, the magnitude
of the forces exerted by waves breaking in front of the for-
est model (EM3) was strongly conditioned by the location
of the incipient wave breaking and the rate of the addi-
tional energy losses achieved before the waves reached the
first tree row. The effect of the incident wave height on the
magnitude of the forces exerted on the frontal tree row can
be clearly seen in Fig. 11b. For the constant water depth
h = 0.465 m, the forces at the beginning of the forest in-
creased from ca. 1.4 N forHi, nom= 0.04 m to ca. 2.3 N for
Hi, nom= 0.08 m. Depending on the forest width, these forces
were reduced at the end of the forest model to ca. 0.8 N
and 0.2 N forHi, nom= 0.04 m, while forHi, nom= 0.08 m to
ca. 1.5 N and 0.5 N forB = 1.5 and 3.0 m, respectively. The
increase of the water depth caused a shifting of the location
of the incipient wave breaking with respect to the front face
of the forest model. Therefore, the tendency of the forces to
decrease with the increasing tree submergence depth for non-
breaking waves cannot be clearly observed in this case. Ex-
emplarily forHi, nom= 0.2 m, the forces at the beginning of
the forest yielded ca. 5.2 N forh = 0.515 m, forh = 0.565 m
were smaller (ca. 3.4 N) and increased up to ca. 6.5 N for
h = 0.615 m, since the breaking was induced much closer to
the first tree row. For these wave conditions, the maximum
reduction of the wave-induced forces was achieved for the
widest forest width (i.e.B = 3.0 m): ca. 2.0–2.2 N for all con-
sidered water depths (Fig. 11a).

For waves classified as EM4, the forces decreased first up
to the location of the inception point of wave breaking. The
breaking waves exerted additional load on the tree models,
which is indicated by a slight local increase of the forces
in the forest model (Fig. 11a). For example the forces ex-
erted by wave ofHi, nom= 0.12 m at water depthh = 0.615 m
were reduced from ca. 4.1 N at force transducers FTS1/FTS2
to ca. 2.5 N at FTS8. At transducer FTS9 the force reached
4.2 N due to the induced wave breaking and decreased with
the wave propagation up to ca. 1.8 N at FTS10.

Waves breaking behind the forest model (EM5) experi-
enced a very similar behaviour as waves classified as EM4. In
this case, however, the slight force amplification can be ob-
served at the last tree row of the forest of widthB = 0.75 m.
Exemplarily, the forces exerted by waves ofHi, nom= 0.08 m
at water depthh = 0.565 m were 3.0 N at transducers
FTS1/FTS4/FTS7, 2.1 N at transducers FTS2/FTS5/FTS8
and 3.3 N at transducers FTS3/FTS6/FTS9.

Fig. 12. Selected envelopes of forces exerted by tsunami bores on
single mangrove tree models:(a) in case of water depth behind bore
gateho = 0.6 m and water depth in front of bore gateh1 =0.3 m,
(b) in case of water depth behind bore gateho = 0.8 m and water
depth in front of bore gateh1 =0.3 m (see Fig. 6 and Table 3 for
force transducer locations).

4.3.2 Envelope of forces exerted by tsunami bores on
single mangrove models

The bore approaching the forest model as a turbulent water
wall exerted much greater load on the frontal tree row (even
up to a factor of 4) in comparison to the solitary waves. The
bore-induced forces ranged within ca. 8.0–24.0 N, while only
ca. 0.4–6.0 N for solitary waves. These results clearly indi-
cate the appropriateness of the application of a bore for the
reconstruction of the destructive nature of a tsunami under
laboratory conditions.

Exemplary envelopes of the bore-induced forces are plot-
ted in Fig. 12a and b for all examined forest widths (in this
caseB = 0.75, 1.5 and 3.0 m). The experimental data show a
clear tendency of the forces recorded at the first forest row
to increase with the rising water levelho behind the bore
gate, with a negligible effect of water levelh1 in front of the
gate at the same time: ca. 8.0 N was measured forho = 0.6 m,
ca. 12.0 N forho = 0.7 m, ca. 17.0 N forho = 0.8 m and the
largest forces of ca. 24.0 N forho = 0.9 m.
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Similar to the experiments with the solitary waves, the
widest forest model (i.e.B = 3.0 m) was found to be most
effective in tsunami bore attenuation. For water depth
ho = 0.6 m, the forces in the last tree row were reduced
for B = 0.75, 1.5 and 3.0 m to ca. 4.0, 2.3 and 0.05 N; for
ho =0.7 m to ca. 6.0, 5.0 and 3.5 N; forho = 0.8 m to ca. 8.5,
6.5, 5.0 N and finally forho = 0.9 m to ca. 10.0, 8.0 and
6.2 N. A complete bore damping was observed for the weak-
est bore generated with the water level behind the bore
gate of 0.6 m, propagating over the forest model of width
B = 3.0 m (Fig. 12a).

The improved arrangement of the force transducers in
the experiments with the tsunami bores allowed to deter-
mine the force envelope within as well as behind the forest
model. The most detailed force pattern in the mangrove for-
est was obtained solely for the smallest tested forest width of
B = 0.75 m, for which each tree along the forest width was
connected to a force transducer. Such detailed force mea-
surements were not possible in the tests with greater forest
widths. Therefore, no force pattern in the five first tree rows
are shown in Fig. 12 forB = 1.5 and 3.0 m. However, it is
expected that the force trend is similar for all forest widths
within the first five tree rows and the first discrepancy ap-
pears at the end of the narrowest forest, where the forces gen-
erally increased as the bore exited the forest model. During
further bore propagation through the forest of widthsB = 1.5
and 3.0 m, the magnitude of the exerted forces was also the
same until the end of the forest of widthB = 1.5 m, where the
force became generally larger as the bore entered the region
behind the forest model. The forces of the bore travelling fur-
ther over the widest forest decreased until reaching the end
of the forest.

As indicated by the results obtained forB = 0.75 m, the
largest bore attenuation occurred in the first two forest rows
and it continued up to the fourth tree row (Fig. 12). From
there, a sudden increase of the forces can be observed (for all
investigated forest widths and water depths behind the bore
gate) as the bore entered the forest-free region. The forces
recorded behind the forest tended to decrease for the weakest
bores (generated at the smallest water depth behind the bore
gate): up to ca. 2.0 N forho = 0.6 m and slightly below 6.0 N
for ho = 0.7 m.

For forest widthB = 1.5 m, the forces behind the forest de-
creased solely for the weakest bore to ca. 2.0 N and increased
for the largerho, reaching ca. 6.0 N forho = 0.7 m, ca. 11.0 N
for ho = 0.8 m and ca. 14.0 N forho = 0.9 m (Fig. 12).

The forces decreased over the entire forest width in the di-
rection of bore propagation in case of the widest forest model
B = 3.0 m (Fig. 12). The difference in the magnitude of the
forces exerted in the second/third tree row and at the end of
the forest ofB = 3.0 m is relatively small.

The detailed force measurements, particularly at the be-
ginning of the forest model, show that the first four tree rows
are already capable of reducing the bore impact. Despite the
force reduction within the forest belt (B = 18.75 m in pro-
totype), the area behind such a short forest would however
suffer great damage as the bore forces increase when exit-
ing the forest. In order to maintain the force reduction rate,
which was already achieved within the first few tree rows, a
wider forest is required – minimum 3.0 m (B = 75 m in pro-
totype) as indicated by the experimental results. However,
further investigations would be required to obtain the actual
force pattern behind the forest.

5 Determination of tsunami transmission through the
mangrove forest

5.1 Solitary wave transmission

In the engineering practice, the effectiveness of an arbitrary
protective structure is usually described by wave transmis-
sion coefficients, expressed as a ratio of the transmitted wave
height to the incident wave height. As indicated by the anal-
ysis of the wave height envelope in Sect. 4.2.1, the height of
the transmitted solitary wave very often exceeded that of the
incident wave as a result of the wave fission process (Fig. 7).
In this case, the value of the so-defined transmission coeffi-
cient would be unrealistic, i.e.Kt > 1.0. Using the analogy
to the aforementioned method of the determination of wave
transmission coefficientKt, a ratio of the forces exerted on
single tree models located at the end and at the beginning of
the forest model was used:

Kt = Fe/Fb, (7)

whereFb represents the maximum wave-exerted force on a
single mangrove model located at the beginning of a forest
model [N] andFe the maximum wave-exerted force on a sin-
gle mangrove model located at the end of a forest model [N].
For forest widthB = 0.75 m, forces measured by force trans-
ducers FTS7 and FTS9 represent the forces exerted at the
frontal and rear forest rows, respectively; forB = 1.5 and
2.25 m an average of the forces at transducers FTS1/FTS2
and FTS10, respectively; forB = 3.0 m the forces at trans-
ducers FTS1 and FTS10, respectively (Fig. 6 and Table 3).

The solitary wave transmission coefficients are plotted in
Fig. 13a versus relative forest widthB/Li, gen (whereB is the
forest width andLi, gen the generated incident wave length),
which was found to be the most important parameter affect-
ing the forest damping performance. The generated incident
solitary wave length, which is theoretically infinite, was ap-
proximated by means of the following formula proposed by
Dean and Dalrymple (1991):

Li, gen= 2
2.12h√
Hi, gen/h

, (8)
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Fig. 13. Transmission coefficient for:(a) solitary wave, plotted as
a function of relative forest widthB/Li, gen for different wave evo-
lution modes EM1-EM5,(b) tsunami bore, plotted as a function of
water depth behind bore gateho = 0.6–0.9 m (for water depth in
front of bore gateh1 = 0.0–0.3 m).

whereh is the total water depth [m] andHi, gen the generated
incident wave height [m].

The range of the relative forest width corresponding
to non-breaking waves (wave evolution mode EM1) was
B/Li, gen= 0.14–0.4 and wave transmission coefficient var-
ied from Kt = 0.53 to Kt = 0.992, depending on water
depth and forest width. Slightly lower values of the trans-
mission coefficient (Kt = 0.34–0.75) were obtained for
waves breaking over the beach slope (EM2) for relative
forest widthB/Li, gen= 0.21–1.0. Transmission coefficient
for waves classified as EM3 reachedKt = 0.43–0.94 for
B/Li, gen= 0.12–0.88. Waves breaking in the forest model
(EM4) were characterized by a similar rate of wave trans-
mission to that of EM2 (Kt = 0.43–0.77), which was how-
ever attributed to a narrower range of the relative forest
width (B/Li, gen= 0.23–0.52). For waves breaking behind
the forest model (EM5), the wave transmission reached
Kt = 0.69–0.77 forB/Li, gen= 0.12–0.13.

The significant contribution of the local foreshore topog-
raphy to wave attenuation, through wave breaking, becomes
very clear when comparing the damping performance of the

forest model under non-breaking and breaking wave condi-
tions. In fact, the highest rate of wave transmission was ob-
served for non-breaking waves, indicating a much lower ef-
fectiveness of the investigated mangrove model than reported
from field surveys (e.g. Dahdoh-Guebas et al., 2005; UNEP
Report, 2005; EJF Report, 2006). The highest reduction of
wave energy can be achieved solely by the combined ef-
fects of the forest and the foreshore topography. Depending
on the local water depth and incident conditions, the trans-
mission coefficient may vary significantly for different evo-
lution modes within the lower and upper envelops shown in
Fig. 13a.

Huang et al. (2011) investigated experimentally and nu-
merically, predominantly, the effect of drag coefficient on
solitary wave transmission over a group of cylinders of
varying width, arrangement,Vm/V ratio and density, in-
stalled on a horizontal flume bottom. The smallest wave
transmission (calculated in terms of incident and transmit-
ted wave heights) was achieved for the aligned vegeta-
tion model: Kt = 0.4–0.5 for CD = 1.7–3.3 (model width
0.545 m,Vm/V = 0.175). For this data set, the following fit-
ting curve was proposed by Huang et al. (2011):

Kt = 0.579− 0.069CD. (9)

Equation (9) is however valid for the following range of the
drag coefficient:CD = 1.0–3.5. The influence of the forest
width on the rate of wave transmission was discussed by
Huang et al. (2011) on an example of a staggered model with
a doubled distance among the cylinders, resulting in a smaller
vegetation density. For incident wave height of 0.04 m at
water depth of 0.15 m, ca.Kt = 0.82 for B = 0.545 m and
ca.Kt = 0.6 forB = 1.635 m were obtained. A similar trans-
mission coefficient (Kt = 0.86) was obtained in this study
for the smallest forest width ofB = 0.75 m andh = 0.515 m,
which would correspond to vegetation width ofB = 0.545 m
and tree submergence depth of 0.15 m in the experiments by
Huang et al. (2011). Unlike Huang et al. (2011), a much
higher transmission (Kt = 0.81) was however observed in
this study for same vegetation submergence depth of 0.15 m
and the forest of widthB = 1.5 m (B = 1.635 m in the tests
by Huang et al., 2011).

5.2 Tsunami bore transmission

Selected time histories of tsunami bore height and bore-
induced forces, on single mangrove models in front of and
behind the forest models of varying width, are exemplar-
ily shown in Fig. 14. As already mentioned in Sect. 4.1.2,
tsunami bores approaching the forest model were blocked by
the first three tree rows. The strong water accumulation (set
up) at the front face of the forest model led to a strong ampli-
fication of the bore height in comparison to the bore height
measured in front of the forest model. The increase of the
bore height at wave gauge WG5 became larger with widen-
ing of the forest model (Fig. 14a). Such amplification of the

Nat. Hazards Earth Syst. Sci., 13, 483–503, 2013 www.nat-hazards-earth-syst-sci.net/13/483/2013/
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Fig. 14.Selected time histories of bore parameters (water depth behind bore gateho = 0.8 m, water depth in front of bore gateh1 = 0.3 m):
(a, b) bore height in front of and behind forest model, respectively;(c, d) bore-induced forces exerted on single tree models in front of and
behind forest model, respectively (see also Fig. 5b for wave gauge locations; Fig. 6 and Table 1 for force transducer locations).

forces exerted on single mangrove trees was not observed
(see Fig. 14c) and therefore the same approach for the deter-
mination of the transmission coefficient was used as in case
of solitary waves (F̈orstner, 2010; Geiling, 2011a, b).

Forces exerted at the front face of the forest modelFb
were determined from the measurements of force trans-
ducers FTS1/FTS2, irrespective of the forest width. The
forces measured by transducers FTS6/FTS7 for forest width
B = 0.75 m, transducers FTS7/FTS8 forB = 1.5 m, and
transducers FTS9/FTS10 forB = 3.0 m were used to repre-
sent forces exerted at the end of the forest modelFe (Table 3).

The pattern of the bore transmission coefficient is shown
in Fig. 13b as a function of water level behind the bore
gateho and forest widthB. As expected, the transmission of
the tsunami bore became smaller when increasing the width
of the forest model fromB = 0.75 m toB = 3.0 m. For the
two largest forest widths examined, a significant increase of
the transmission coefficient can be observed at the transition
from the water depthho = 0.6 m toho = 0.7 m. In addition,
the effect of the water level in front of the bore gate on the
rate of the bore transmission can be rather neglected. In case
of forest widthB = 1.5 m, the transmission coefficient was
ca.Kt = 0.24 forho = 0.6 m, and it reached an approximately
constant value ofKt = 0.5 for ho = 0.7–0.9 m. The largest
reduction of the bore energy was attributed to the widest
forest ofB = 3.0 m – the transmission coefficient was only

ca. Kt = 0.1 for ho = 0.6 m andh1 =0.2, 0.3 m (there was
no bore transmission forh1 = 0.0, 0.1 m), while it increased
to ca.Kt = 0.25 for ho = 0.7–0.9 m. A different pattern of
the bore transmission was identified for the narrowest for-
est model ofB = 0.75 m. In this case the transmission coef-
ficient remained approximately constant (Kt = 0.59) for the
water level behind the bore gateho = 0.6–0.8 m. The further
increase of the water depth behind the bore gate toho = 0.9 m
was accompanied by a significant reduction of the bore trans-
mission to ca.Kt = 0.41, which is not so clear for the other
forest widths.

Unlike the tests with the solitary waves, it is not possible
to distinguish between the effect of the forest and the fore-
shore topography on the wave attenuation. Due to the turbu-
lent nature of the generated bores, the additional source of
the bore energy dissipation was already included in the mea-
sured data.

6 Flow resistance of single mangrove models under
solitary wave conditions

The resistance of a single mangrove tree in the forest model,
subjected to solitary wave impact, was determined in terms
of drag and inertia coefficients by means of the least square
method. Given total measured forcesFmeas, predicted total
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forcesFpred result from Morison’s equation:

Fpred= λD · u2
+ λm

∂u

∂t
, (10)

with λD andλm defined as:

λD = 0.5ρ · Af · CD, (11)

λm = ρ · Vm · CM . (12)

The total quadratic error between the measured and the
predicted forces is determined as follows:

ε2
=

∑[
Fpred− Fmeas

]2
=

∑[
λD · u2

+ λm
∂u

∂t
− Fmeas

]2

, (13)

whereAf is the frontal area of the tree model [m2], CD the
drag coefficient [–],CM the inertia coefficient,Fpred the pre-
dicted forces [N],Fmeasthe measured forces [N] exerted on
a single tree model located in the first tree row (measured
by force transducer FTS4 forB = 0.75 m and by FTS1 for
B = 1.5, 2.25 and 3.0 m),u the flow velocity [m s−1] in front
of the forest (see Sect. 3.3),Vm the volume of a submerged
part of a tree model [m3], ρ the water density [kg m−3] and
∂u/∂t the flow acceleration [m s−2].

Since the quadratic total error is required to be kept at min-
imum, the first derivation of the quadratic error should be
equal to zero:

∂ε2/∂λD = 0, (14)

∂ε2/∂λM = 0. (15)

By inserting Eq. (13) into Eqs. (14) and (15), one obtains two
equations that can be re-arranged in the following matrix:[ ∑

u4 ∑
u2 ∂u

∂t∑
u2 ∂u

∂t

∑(
∂u
∂t

)2

]{
λD
λM

}
=

{ ∑
u2Fmeas∑
∂u
∂t

Fmeas

}
. (16)

The drag and inertia coefficients were determined from
Eqs. (10) and (11) by inserting the computed values ofλD
andλm, obtained by solving Eq. (16) with the flow velocity
and total force data provided from the experiments.

Due to the required 5 cm-freeboard below the ADV sensor,
reliable flow velocity measurements were possible solely for
the two highest water depths (i.e.h = 0.515 and 0.615 m). In
case of water depth ofh = 0.565 m, the frontal area of the
single model wasAf = 73.84 cm2 and the corresponding vol-
ume of the submerged tree model wasVm = 97.3 cm3. For
water depth ofh = 0.615 m, these two parameters increased
to Af = 76.24 cm2 andVm = 98.8 cm3.

The drag and inertia coefficients are plotted for these con-
ditions in Fig. 15 as a function of the Reynolds numberRe,
as defined by Eqs. (3) and (4), in order to account for the
physical properties of the tree models.

Fig. 15. Flow resistance of mangrove models subject to solitary
wave impact in comparison to other investigated flow regimes:
(a) drag coefficient,(b) inertia coefficient.

The drag coefficient ranges betweenCD = 0.8 and
CD = 1.9, and tends to remain constant over the entire in-
vestigated range of the Reynolds number obtained for soli-
tary waves (Re = 1.24× 105

− 1.2× 106). Such a behaviour
of the drag coefficient was also found by e.g. Imai and
Matsutomi (2005), Yanagisawa et al. (2009) and Huang et
al. (2011). The resistance of the mangrove models subject to
solitary wave impact was compared in Fig. 15a to that ob-
tained under the quasi-steady flow (Fig. 3 in Sect. 2.2) and
regular/irregular wave conditions (Husrin, 2012). Lower val-
ues of the drag coefficient attributed to the solitary waves
resulted from a lower ratio ofVm/V and lower flow ve-
locities as compared to the other considered flow regimes.
The solitary waves-related drag coefficient represents the
lower boundary of the mangrove resistance for all consid-
ered flow regimes, oscillating around the value attributed to
a single cylinder (CD = 1.2). The latter is very often applied
to represent vegetation resistance subject to tsunami impact
(e.g. Dekker, 2006; Teo, 2008; Yanagisawa et al., 2009). The
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following formula for the drag coefficient, valid for regu-
lar/irregular waves, solitary waves and current is proposed:

CD = 8.02× 103Re−0.65, (17)

with the Reynolds numberRe determined according to
Eqs. (3) and (4).

A similar relationship between drag coefficient and
Reynolds number was also determined by Mazda et
al. (1997) for mangrove swamps in Japan (dominated by
Bruguiera gymnorrhizaand Rhizophora stylosa) and Aus-
tralia (dominated byRhizophora stylosa), subject to tidal
flow. Under these conditions, a relatively small range
of the Reynolds number was however obtained (up to
Re = 9× 104) in comparison to the present study. Maxi-
mum drag coefficient reachedCD = 10 for a much smaller
Reynolds number ofRe = 104, which is consistent with the
present results, and it decreased up toCD = 0.4 as the flow
became more turbulent (Re > 5× 104). Such a low value of
the drag coefficient can result from the additional flow reduc-
tion due to bottom friction and presence of shrubs.

The following function of drag coefficient in terms of
volume of submerged mangrovesVm/V was provided by
Harada and Imamura (2001):

CD = 8.4Vm/V + 0.66, (18)

for the case of a broken, long wave propagating through
a forest model. The models ofRhizophora sp. were de-
signed under the consideration of the dimensions of trees
in nature and consisted of a porous root system, cylindrical
trunk and porous canopy. In case of no vegetation (i.e. for
Vm/V = 0), Eq. (18) predicts however very high drag co-
efficient (CD = 0.66), which makes this equation physically
questionable.

Imai and Matsutomi (2005) suggested a drag coefficient in
a range ofCD = 0.9–1.5 for a case of tsunami bore interac-
tion with a forest of varying density (0.5–1.5 %), consisting
of plastic pine tree models arranged in staggered and tandem
rows on a sand spit. For a simplification of the calculations
of the exerted forces, the volume and the projection area of
the considered tree models were replaced by an equivalent
volume and an equivalent projection area of cylinders. The
values of the drag coefficient were found to be strongly de-
pendent on the vegetation density and weakly dependent on
the relative bore height. However, the lack of a parameteri-
zation method for a representative pine tree model makes the
applicability of these results indeed questionable.

Huang et al. (2011) determined drag coefficient on a basis
of own experiments with a solitary wave propagating over a
vegetation model made of rigid cylinders of varying aligned
and staggered arrangement. The results were completed by
experimental data by Tanino and Nepf (2008), obtained for
randomly arranged cylinders. Similar to the work by Harada
and Imamura (2001), the drag coefficient was also expressed

in terms of the submerged volume ratio:

CD = 1.24+ 4.59
Vm/V

1− Vm/V
. (19)

The value ofCD = 1.24 obtained forVm/V equal zero (i.e. no
vegetation) is similar to that for a single cylinder and cannot
be satisfactorily explained. Equation (19) is therefore, like in
the case of Eq. (18), physically questionable.

The inertia coefficient attributed to solitary and regu-
lar/irregular waves is plotted in Fig. 15b. Unlike Huang
et al. (2011), the contribution of the inertia coefficient
to the total vegetation resistance was found to be impor-
tant, particularly under breaking wave conditions, causing
more significant flow acceleration than in case of non-
breaking waves. The inertia coefficient varied in this study
from CM = 0.7 to CM = 4.6 for a Reynolds number range
Re = 1.24× 105

− 1.2× 106, with the averaged value of
1.81, which is identical to that obtained for regular/irregular
waves (Husrin, 2012).

In the study of Harada and Imamura (2001), a very simi-
lar value of the inertia coefficient (CM = 1.7) was obtained.
Latief and Hadi (2006) proposed on the other hand a smaller
value of the inertia coefficient ofCM > 1.0, valid however
for the ratioVm/V > 0.06, which is much smaller than that
in the current study (Vm/V = 0.02–0.2).

The hydraulic resistance of the mangrove forest under
tsunami bore conditions is being investigated.

7 Concluding remarks and outlook

The reliability of the performance of coastal forest damping
obtained from hydraulic scale modelling is very much depen-
dent on the parameterization method applied to the tree mod-
els constituting the forest. Both physical and bio-mechanical
vegetation properties should be taken into account when de-
veloping a parameterization approach, since tree age, dimen-
sions and stiffness of each trees’ structural parts determine
the flow resistance of the tree. Unlike in previous studies,
this aspect has been thoroughly considered in this study.

While a single cylinder might be sufficient to represent
the trunk of a pine tree, more sophisticated parameterization
methods are essential to simplify exemplarily the chaotic root
structure of mangroves ofRhizophorasp. The application of
the submerged root volume ratio, which varies with the flow
depth, represents the primary feature and advantage of the
mangrove parameterization approach developed in this study.

The comparative analysis of the attenuation performance
of the mangrove forest, under the two investigated tsunami
flow conditions (solitary wave and tsunami bore), indicates
a similar minimum wave transmission despite much larger
forces exerted by the tsunami bores at the first tree row
than by solitary waves (with transmission coefficients ex-
pressed in terms of forces:Kt = 20 % for solitary waves
and Kt = 10 % for tsunami bore, achieved for the widest
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considered forest modelB = 3.0–75 m in prototype). This is
due to the fact that the rate of tsunami damping by the for-
est is also strongly governed by the forest submergence con-
ditions. The interaction of the tsunami bore with the fully
exposed mangrove root system (achieved for all performed
tests) was much stronger as compared to the solitary waves,
propagating over a submerged root system in all conducted
experiments.

For the first, time the contribution of a foreshore topogra-
phy to the damping of wave energy by the forest was deter-
mined for a tsunami-like solitary wave. The distinction be-
tween non-breaking and breaking wave conditions (here ad-
ditionally the location of the incipient wave breaking) is cru-
cial for the evaluation of the forest effectiveness in the flow
reduction due to the additional source of wave energy dissi-
pation caused by the breaking event. The lowest wave trans-
mission rate was attributed to the non-breaking wave con-
ditions (with the minimum ofKt = 0.53), which indicates a
relatively poor forest damping performance.

The most important advantages of the current study over
the previous investigations are: (i) the use of a physically
sound parameterization of the mangrove tree models, (ii) the
wider range of the Reynolds number covered in the tests, and
(iii) the incorporation of the most important physical proper-
ties of the tree models (i.e. frontal areaAf , effective lengthLe
and vegetation occupancy volumeVm/V ) into the Reynolds
number for the determination of drag and inertia coefficients.

In order to provide a complete resistance of mangrove
forests to the two tsunami flow conditions examined in this
study, the drag and inertia coefficients will be determined
for tsunami bore conditions. Additionally, the damping per-
formance of the mangrove forest will also be determined in
terms of flow velocity attenuation. Moreover, in this paper,
only the mangrove root system and the trunk (stiff structure
assumption) are exposed to the tsunami induced flow. Further
scale model tests with an exposed canopy are in progress.
The mangrove models of theRhizophorasp. are parameter-
ized according to the flexible structure assumption, in which
the trunk with the canopy is considered as flexible and scaled
accordingly. The results will be published in a forthcoming
paper.

Numerical modelling of the tsunami attenuation by man-
grove forests has also been performed (Husrin, 2012). The
drag and inertia coefficients, obtained from the laboratory ex-
periments, have been implemented in the NLSW (nonlinear
shallow water) model “COMCOT” (Cornell Multi-grid Cou-
pled Tsunami Model). The model was used to reproduce the
damping performance measured in the experiments reported
in this paper. The results will be published in a forthcoming
paper.

Appendix A

Construction details of parameterized mangrove models
under stiff structure assumption

Fig. A1. Construction details of parameterized models of highest
frontal area (models A2, B2, C2) at a scale of 1: 20. Diameter of
the cylinders representing mangrove roots is 0.5 cm, diameter of
cylinder representing a trunk is 1.0 cm.

Fig. A2. Construction details of parameterized models of medium
frontal area (models A3, B3, C3) at a scale of 1: 20. Diameter of
the cylinders representing mangrove roots is 1.0 cm, diameter of
cylinder representing a trunk is 1.0 cm.

Fig. A3. Construction details of parameterized models of lowest
frontal area (models A4, B4, C4) at a scale of 1: 20. Diameter of
the cylinders representing mangrove roots is 1.5 cm, diameter of
cylinder representing a trunk is 1.0 cm.
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Tsunamibelastung in Form einer Bore – WaldbreiteB = 0.75 m,
Student thesis, Dept. Hydromechanics and Coastal Engineering,
TU Braunschweig, 2011a (in German).

Geiling, C.: Ausbreitung von Tsunamibore auf einem waldfreien
Strand, Master thesis, Dept. Hydromechanics and Coastal Engi-
neering, TU Braunschweig, 2011b (in German).

Harada, K. and Imamura, F.: Experimental study on the resistance
by mangrove under the steady flow, Proceedings of the 1st Asian
and Pacific Coastal Engineering Conference, Dalian, China, 2,
975–984, 2001.

Harada, K. and Imamura, F.: Effects of coastal forest on tsunami
hazard mitigation – a preliminary investigation, Advances in Nat-
ural and Technological Hazard Research, 23, 279–292, 2005.

Huang, Z., Yao, Y., Sim, S. Y., and Yao, Y.: Interaction of solitary
waves with emergent rigid vegetation, Ocean Eng., 38, 1080–
1088, 2011.

Husrin, S.: Tsunami and storm wave attenuation by coastal forests,
Ph.D. Thesis, Leichtweiß-Institute for Hydraulic Engineering
and Water Resources, TU Braunschweig, Germany, submitted,
2012.
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