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Abstract. Tsunami attenuation by coastal vegetation was ex-1 Introduction

amined under laboratory conditions for mature mangroves

Rhizophorasp. The developed novel tree parameterization

concept, accounting for both bio-mechanical and structurafollowing the observations made during the recent extreme
tree properties, allowed to substitute the complex tree structSunami events, controversial opinions were published on
ture by a simplified tree model of identical hydraulic re- the performance of the coastal forests subject to extreme
sistance. The most representative parameterized mangroJgéunami. Coastal ecosystems may indeed act as a buffer
model was selected among the tested models with differen@g@inst tsunami through a reduction of water flow velocity
frontal area and root density, based on hydraulic test results2nd inundation depth, debris blockage, their life saving role
The selected parameterized tree models were arranged inf@" People washed away by waves, and formation of sand
forest model of different width and further tested system-dunes resulting from sand accumulation in front of the forest
atically under varying incident tsunami conditions (solitary (Shuto, 1987; Harada and Imamura, 2005). A number of pub-
waves and tsunami bores). The damping performance of thdcations and reports confirming the positive role of coastal
forest models under these two flow regimes was compareyegetation in tsunami attenuation, and based predominantly
in terms of wave height and force envelopes, wave trans©n the qualitative evaluation of the pre- and post-tsunami sit-
mission coefficient as well as drag and inertia coefficients.uation in the affected areas, reached the public after the 2004
Unlike the previous studies, the results indicate a significantndian Ocean tsunami event (e.g. Dahdouh-Guebas et al.,
contribution of the foreshore topography to solitary wave 2005; UNEP Report, 2005; EJF Report, 2006). The very low
energy reduction through wave breaking in comparison tonumber of casualties as well as minimal damage suffered by
that attributed to the forest itself. A similar rate of tsunami Villages located behind green belts, which have been reported
transmission (ca. 20 %) was achieved for both flow condi-in comparison to non-vegetated areas, were attributed to the
tions (solitary waves and tsunami bores) and the widest forhealt_hy conditions the local vegetation of sufficient width and
est (75m in prototype) investigated. Drag coefficiegtat-  density.

tributed to the solitary waves tends to be constat £ 1.5) On the other hand, there were clear evidences of severe de-

over the investigated range of the Reynolds number. 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 a)
tree survived the tsunami attack, out of 70000 mature trees
whose trunks were broken at heights of 1-2m 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-h
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 tre
dimensions, tree health state, forest density, forest width, ef-
fect of shrubs), local bathymetrical and geographical features | ‘ O

[+ | ubmerged root volume ratio V, /V [-]

as We” as SO” properties (riSK Of uprOOting) . Prototype tree dimensions adopted in this study (according to the stiff structure assumption, i.e.
A num ber Of Stud ies ha.Ve been performed ai m|ng at the tree canopy not considered): d,=0.125 m, d,=0.2 m, h;=0.5, 1.0, 1.5, 2.5m, h=5.0 m, h,=2.5m,

w,=3.75m.

improvement of the prediction of wave attenuation by coastal , - branches diameter [m], d, - roots diameter [mi, d, - trunk diameter [m], h, - canopy height [m],

vegetation and at the determination of the correSpONdiNg e by o tal oo oo ek Retaht e canopy width fml. w, -widh of area

hydraulic resistance, including experimental investigations

(e.g. Imai and Matsutomi, 2005; Irtem et al., 2009) as well asF9- 1. Geometry of a five-year olthizophora apiculatéa) and re-

numerical modelling (e.g. Harada and Imamura, 2005; Ohirgationship between root density and water depth, c_)btalned for_man-

et al., 2012). The results of most of these investigations ardove moqels from mo.del group A (l.OW root density), B (med'”m

representative for the mangroRhizophorasp., as its com- root density) and C (high root density) in reference to field mea-

. . L . surements by Mazda et al. (1991).

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 arttbn approach (i.e. that accounts for both structural and bio-

most incomplete part. Although the parameterization proce-mechanical properties of the considered vegetation species),

dure is determinant for the accuracy of the outcomes on the prototype tree can be replaced by a model tree of a simpli-

damping performance of the tested forest model, it seems téied structure having the same hydraulic resistance.

be of secondary importance and is either neglected (i.e. artifi- The selection of a representative mangrove species for the

cial plastic tree models are used) or based solely on the strug@urposes of this study was conditioned by the criterion of

tural properties of the considered tree species (e.g. Kongkanaximum resistance of a tree subject to wave-induced flow,

2004; Irtem et al., 2009). which in case of a single tree is determined predominantly

Motivated by the lack of models to reliably predict by tree species and tree age (i.e. tree structural parts and

the damping performance of coastal vegetation, the TAP+their dimensions). A much higher rate of flow attenuation

FOR project (“Tsunami Attenuation Performance of Coastalis expected in the case of a complex and denser root system,

Forests”) was established to primarily provide a deep insightsuch as prop roots typical for red mangrov&higophora

into the processes governing wave attenuation by mangrovep.), than for other mangrove species (Fig. 1a). The canopy

and beach forests. Among the results of this project, onlywould however contribute to flow attenuation only in the case

those related to the mangrove forests are addressed in this paf large inundation depths reaching even the tree tops.

per, including tree parameterization and the processes asso- The parameterization method in this study was applied to a

ciated with wave and bore propagation and subsequent transnatureRhizophorasp. under the stiff tree structure assump-

mission behind the forest, as well the hydraulic resistance ofion, in which the contribution of the flexible canopy to wave

mangroves subjected to both tsunami-like solitary waves andlamping was first neglected and the trunk was considered as

tsunami bores. More results and details can be found in Husstiff. In the first step, the typical dimensions of a five-year old

rin (2012). 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

b)

—e—Model group A

-m-Model group B
—&Model group C

—Nakama-Gawa (Japan).
Mazda et al. (1997):
-e-Coral Creek (Australia),

Mazda et al.(1997)/

Water depth h [cm]

2 Parameterization of mangrove trees between submerged root volume ratio and water depth, ob-
tained by Mazda et al. (1997) for different mangrove species
2.1 Parameterization method in Japan and Australia, was used as a reference to deter-

mine the root density of the prototype tree (termed hereafter
A simplification of the very complex three-dimensional tree “real mangrove model”). Since the highest root density is at-
structure with randomly distributed roots and branches wadributed to the bottom part of the root system, a clear de-
necessary for consistent modelling. Moreover, it allows onecrease of the submerged root volume ratio (defined as a vol-
to reduce the efforts of constructing the tree models for theume of submerged mangrove rodtg divided by water con-
laboratory experiments. By applying a proper parameterizatrol volume V) 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 models2@8ré&ed also
Fig. 2).

Model group A (low root density)

h/hmdi -] Vi [em®] | Al A2 A3 A4

| Af[em?]  Aplem?] | Af[em?]  Aplem?] | Af[em?]  Ap[em?] | Af[em?]  Ap[em?]

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 84.1 295 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 1151 361.2 142.9 95.5 148.2 92.7 1711 80.9

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

(Fig. 1b). Overall, three real mangrove models of different hydrodynamic properties of the parameterized and the refer-
root density were constructed to investigate the influence oence models was made. For this purpose, laboratory experi-
the submerged root volume ratio on the hydraulic resistancenents were performed at a scale of20 under quasi-steady
of the models: model Al with low root density, model B1 flow conditions in a flume, which is ca. 26.6 m long, 0.6 m
with medium root density and model C1 with high root den- wide and 0.7 m high. A single tree model was installed on
sity (Fig. 2). The structure of the real mangrove models wasa 0.18 m high platform in the middle of the flume width. A
shaped by means of wires covered by a clay layer and hardwide range of Reynolds numbeR¢ ~ 2.9 x 10* — 9 x 10P)
ened in an oven. was obtained by varying the flow depthover the platform

In the second step, a simplification of the considered struc{0.05, 0.1, 0.125 and 0.15 m) and the flow velocity (0.2, 0.5,
tural tree parts was introduced to the “real mangrove mod-0.75, 1.0 and 1.42 nt$). The flow velocity corresponded to
els”. The trunk was constructed as a single cylinder of iden-the tsunami onshore velocity of the order of 2-5Th & the
tical height and diameter for all mangrove models (Fig. 2 andfield, as estimated by Fritz et al. (2006).
Figs. A1-A3 in Appendix A). The complex root systemwas The flow-induced forces exerted on a single mangrove
replaced by a group of cylinders of different height, diametermodel, water free surface elevation and flow velocity were
and spacing in order to account for different frontal ardas measured at a distance of 0.35m in front of and behind
(i.e. the areas perpendicular to flow direction) and projectedhe tree model by means of force transducers (FTS), wave
areasAp (i.e. the areas seen from the bird view) as showngauges (WG) and acoustic Doppler velocimeters (ADV), re-
in Tables 1 and 2. The frontal and the projected areas of thepectively. The flow velocity was generally measured at three
tree model were determined by means of AutoCAD softwaredifferent heights (0.03, 0.05 and 0.08 m) except for the low-
from photos taken perpendicularly and parallel to the flow est flow depth, for which the measurement was performed at
direction, respectively. More details of the tree parameteriza-one height of 0.03 m. Based on these measurements, depth-
tion method can be found in Husrin et al. (2012) and Husrinaveraged flow velocity (calculated at a height of 0.4 h above

(2012). the platform according to Ward and Trimble, 2004) was in-
troduced (see Husrin, 2012).
2.2 Hydrodynamic properties of real and The measured parameters were used for the calculation of
parameterized mangrove models drag coefficient, the reduction of flow velocity and the hy-

draulic gradient (i.e. flow depth reduction over a given dis-
In order to select the most appropriate representation of théance). A more detailed discussion of the experimental re-
“real” mangrove model among the parameterized models fosults is provided by Husrin (2012). A comparison of the
further testing in the wave flume (Sects. 4-6), comparison ofdrag coefficients of the parameterized mangrove models,
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Increasing root density (V,,/V)

“Real mangrove
models
A
N/

Decreasing frontal area (A;)

Parameterized mangrove models
(different frontal and projected areas)
AL

N

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 mangrovewith Le denoting the effective length of the mangrove model
models” was however particularly important for the selec-[m], Re the Reynolds number [-] and the kinematic vis-
tion of the parameterized model for further investigation in cosity [ s~1]. The effective model length was specified as:
the wave flume. Drag coefficieiity was calculated accord-

ing to Morison’s equation, assuming that inertia force can be V=V
neglected due to quasi-constant flow velocity, d/dt ~ 0: Le= A (4)
1 2 ou whereV represents the control water volume3[|r,ndefined
Fmeas= P Co-At-u"+p-Cm-Vm- EYR 1) as product of the tree model base area (0.12501.75m at
a scale of 1 20) and the flow depth.
2Fmeas A further analysis of the relationship between drag coef-
Cp= o Al (2)  ficient Cp and effective lengthLe of the models indicated

that largerCp values were obtained for mangrove models of

where Ay is the frontal area of the mangrove modeIm  higher root density (i.e. smaller valueskaf), which enabled
listed in Table 1Cp the drag coefficient [-]Cm the inertia  the flow to pass through the root system. Instead, the flow
coefficient [-] Cwm = 0.0), Fmeasthe measured flow-induced around the tree model dominated the flow through the root
forces [N], Vim the volume of the submerged mangrove model system, thus generating vortices. In case of mangrove models
[m?], listed in Table 14 the depth-averaged horizontal flow ith sparser roots (i.e. larger values o), the undisturbed
velocity [ms™], p the water density [kg m*] anddu/dz the  fiow through the root system was dominating, thus resulting
horizontal flow acceleration [nT$]. in a weaker hydraulic resistance. A clear tendency of the drag

The behaviour of the calculated drag coefficient for the in- coefficient to decrease, frofip = 10 to Cp = 1.0, with the
vestigated range of Reynolds numbiaris shown in Fig. 3. increasing Reynolds number can be noticed in Fig. 3. Empir-
The latter was redefined according to Mazda et al. (1997) inca relationships to predict the drag coefficient for the given
order to account for the physical properties of the tree modphysical properties of the parameterized mangrove models
els: and flow conditions are proposed:

Re — , ()  Cp=169x10°Re 0%, ®)
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Table 2. Influence of model submergence depth on the parameters of “real” and parameterized mangrove models2@ré&ed 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)
| AL A2 A3 A4| B1L B2 B3 B4| CI C2 C3 cC4
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 )  No. 9 12 4 2] 12 20 8 4] 16 96 24 12
Hght. - 125 125 12.5 - 125 125 125 - 125 125 125
Diam. 0.6 0.5 1.0 15 0.6 0.5 1.0 15 0.6 0.5 1.0 15
Roots (type Il)  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 15 04 0.5 1.0 15 04 0.5 1.0 15
Roots (type Ill)  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 15
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 15 03 0.5 1.0 15 03 0.5 1.0 15
Roots (type V)  No. - 74 18 4/ - 46 20 10| -— 474 66 20
Hght. - 2.5 2.5 2.5 - 2.5 2.5 25 - 2.5 2.5 2.5
Diam. - 0.5 1.0 15 - 0.5 1.0 1.5 - 0.5 1.0 15

Roots (all types) Area occupied by rootsqhi7.5x 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: (Leichtweil3-Institute for Hydraulic Engineering and Water
Resources). It consists of two bore gates installed in the
Cp=10. (6) 2m- and 1 m-wide flumes at a distance of 20 m from a wave

maker. The bore gates can be operated synchronically or in-

The lower envelope of the data set is consistent with thedividually by means of a pneumatic system shown in Fig. 4a.
values of the drag coefficient obtained from tests with a sin-The bore gate in the 1 m-wide flume is equipped with three
gle cylinder subjected to steady flow, performed by Husrinpneumatic cylinders (with maximum operating pressure of
(2012). A comparison of the obtained resistance from the pa40 bar), while two larger cylinders (with maximum operating
rameterized mangrove models with the results from previouspressure of 12 bar) were required for operating the heavier
studies is provided in Sect. 6 below. bore gate in the 2 m-wide flume. The non-moveable frames

Based on the measurement of the flow-induced forces omf the gates are fixed to the flume bottom and flume walls
the single tree models, it was found that the parameterizegnd allow for opening of the movable parts of the gates by
models with cylinder diameter of 0.5 cm (i.e. models A2, B2 swinging around a horizontal axis. The moveable parts of the
and C2) had comparable hydraulic resistance to the “real’hore gates are covered by plywood plates and are equipped
counterparts (Husrin, 2012). 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.

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

www.nat-hazards-earth-syst-sci.net/13/483/2013/ Nat. Hazards Earth Syst. Sci., 13, 4833- 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 als
Fig. 6).

Experiments with solitary waves

FTS1 FTS2 FTS3 FTS4 FTS5 FTS6 FTS7 FTS8 FTS9 FTS10
B=0.75m T10 T35 T60 T6 T31 T56 T3 T28 T53 -

B=15m T6 T7 T31 T56 T68 T69 T81 T106 T118 T119
B=225m T6 T7 T31 TS6 T106 T118 T119 T168 T169 T161
B=3.0m 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=0.75m T6 T7 T19 T31 T44 T56 T57 T119 Ti181 T244

B=15m T6 T7 T31 T56 T8l T106 T118 T119 TI181  T244
B=2.25m - - - - - - - - - -
B=3.0m T6 T7 T56 T81 T119 T156 T181 T206 T243 T244

100

Models with low root density
(Models A1 and A2)
O Models with medium root density
(Models B1 and B2)
LN - v
o N A Models with high root density
a 10 (Models C1 and C2)
O u] <
€ a o’ <0 |
(0] ~~ i
kS ‘Bagud o O i :
= £ 00 D " H
o © @ A Pl o o T e i
Q CUN P Y —_——
° 0.8 o S ERTE—— O o
2 4 o lp AD A O —
— o s O H
a ul,
Lower envelope Cp=1.69x10%R, 05 R, = —
1%
Cp=1.0 :
L VT
4,
0

2.2x10% 2.2x10° 4.2x10° 6.2x10° 8.2x10°
Reynolds number R, [-]

Fig. 3. Drag coefficient versus Reynolds number for the tests in
guasi-steady flow flume (data corresponding to the “real mangrove
models” A1, B1, C1 and the parameterized mangrove models A2,
B2, C2is considered only). :

3.2 Experimental set-up and programme

The experiments on tsunami attenuation by mangrove forFig. 4. Bore gates installed in the twin-wave flume of the L),

est were performed at a scale of 25 (according to the force transducer connected to a single mangrove tree model, mea-

Froude similitude law) in the 2 m-wide wave flume of the ;uring wave-induced force(b),_force transducer measuring wave-

LWI, which is approximately 1.25m high and 90m long nduced forces exerted on entire forest ma@}!

(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. 8.3m and The forest model was composed of the parameterized

a slope of ca. 120, evolving into a horizontal platform mangrove models A2, arranged in shifted rows with 12 and

of height of 0.415m (Fig. 5a). This elevation of the forest 13 single trees, respectively, as shown in Fig. 6. Only one for-

model at a certain level above the flume bottom was necesest density (ca. 44 treest), corresponding to the highest

sary for the installation of the force transducers to measurdorest density possible by considering the tree model dimen-

the forces exerted on single tree models and the entire forestions, was tested for different forest widths. This resulted in

(see Sect. 3.3). a total of 62 tree models for forest widih=0.75m, 125
tree models forB =1.5m, 187 tree models faB =2.25m

Nat. Hazards Earth Syst. Sci., 13, 48303 2013 www.nat-hazards-earth-syst-sci.net/13/483/2013/
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y Yy v N in=0.0m o beachmodel gy J
20.0m 3.64m 8.33m 2.01m B=3.0m
ke " " e )

c) Construction of beach model

fixed part moveable part fixed part
< - - -

I B=0.75-3.0m " upper plywood plate
forest model /force transducers for single tree model (FTS)
D% s —] )

y
o ! \
23.64m force transducer for entire } \ lower plywood plate

forest model (FT) steel frame
8.33m 2.0m 3.76m 6.25m

- * "p " -

Fig. 5. A schematic view of exemplary experimental model set-up with forest model of width=68.0 m:(a) in experiments with solitary

waves(b) in experiments with tsunami borgs) 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 2503.3 Applied measuring and observation techniques
tree models foB = 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 frare 0.415 m (tree
models fully emerged) th = 0.615 m (tree models fully sub-

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
merged, i.e. up to the top of the trunk) with an interval of the bottom part of the mangrove models and distributed over

0.05m. The lowest water level was however excluded fromthe entire forest width to provide the pattern of force reduc-

the experimental programme in further tests, since no wavdiOn (€€ Figs. 4b, 5¢ and Table 3). The wave-induced forces
transmission through the forest model was observed. exerted on the entire forest model were measured by means

In order to account for a wide range of initial bore condi- ©f @ Sécond type of the force transducer (FT), developed in
tions, different water levels behind the bore gatg 0.6 a collaboration with Hottinger Baldwin Messtechnik GmbH

0.7, 0.8 and 0.9 m) were used in the tests, corresponding t&F19. 4c). The transducer is capable of measuring hori_zontal
the volume of the stored water &, = 24, 28, 32 and 36 f lateral forces up to 5kN, under submergence of maximum

For each water level behind the bore gate, bore propagatiog ™ In water temperature range from“ID to 40°C. More-
over a wet bed (with water level in front of the bore gate over, it can also measure axial force up to 5kN and torsion

h1=0.1,0.2 and 0.3m) and a dry bed (with= 0.0 m) was moment up to 2kNm. The bottom part of the tran;ducer was

investigated (see Fig. 5b). fixed to the bottom of the 2m-w|de flum_e, 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
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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 Wave propagation through the forest was recorded by
the forest model to the force transducer as shown in Fig. 5cvideo cameras installed at the beginning and at the end of
Gaps between flume walls and the moveable part of the beacthe forest model (Fig. 5a, b).
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 e :

) . . . 4.1 Classification of observed propagation modes of
behind the forest (i.e. over a distance equal the maximum ex- solitary waves and tsunami bores
amined forest width o8B =3.0m), as indicated in Fig. 12

and Table 3. The latter arrangement allowed to compare thes|agsification of the observed wave and bore propagation
force envelope irrespective (_)f the examined for_est width. _ modes enabled to identify the source of wave and bore damp-
Water_ free surface elevation was measured in front of, 'ning (i.e. by the forest model or by the combination of the fore-
and behind the forest model, by 21 and 16 wave gauges (WG3pqre topography and the forest model), and thus, to prop-
in the tests with solitary waves and tsunami bores, respecay getermine the effectiveness of the mangroves to attenu-
tively (Fig. 5a, b). ate tsunami. The wave and bore evolution modes were clas-

Flow velocity under a solitary wave was recorded by tWo g hy means of the water surface elevation measured by
acoustic Doppler velocimeters installed at the beginning and, 5,e gauges as well as by video analysis.
the end of the forest model (ADV1 and ADV2, respectively).

The bottom of all sensors was at a height of 0.1 m above they.1.1  Solitary wave evolution modes

beach model. Bore velocity was measured by two propeller-

type current meters, installed at a height of 5cm above theSeveral aspects, such as the location of the incipient wave

beach platform, ca. 0.04 m in front of and behind the forestbreaking and the generation of wave fission, were considered

model (PR1 and PR2, respectively) (Fig. 5b). in the determination of the following five solitary wave evo-
lution modes.

Tsunami propagation through the forest model
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Non-breaking waves (contribution of the forest model to that of the evolution mode EM4 (Fig. 7e). It occurred,
wave attenuation) however, for waves of height ofH; nom=0.08m,
generated at a water depth 6=0.565m, as well
Non-breaking incident waves disintegrating into solitons as Hjnom=0.12m generated at a water depth of
(evolution mode EM1)A solitary wave train, consisting of h =0.615m, propagating through the forest of the nar-

waves of decreasing height (solitons), was generated as are- rowest widthB =0.75m.

sult of the wave fission process due to the change of the water

depth, fromi = 0.465-0.615 min front of the beach modelto  The solitary wave evolution modes were found to be de-

dr =0.05-0.20 m over the beach model (Fig. 7a). This modependent predominantly on the incident wave height and the

was typical of waves of smaller nominal incident heights: water depth. The forest width plays an important role when

H; nom=0.04 m generated at water depth- 0.515-0.615m  distinguishing between wave breaking in and behind the for-

and H; nom=0.08 m forh =0.615m. est model. For instance, waves, which broke behind the nar-
rowest forest modelK = 0.75 m), broke in the forest model

for larger forest widths = 1.25-3.0 m).
Breaking waves (contribution of the forest model and the

foreshore topography to wave attenuation) 4.1.2 Tsunami bore evolution modes

— Waves breaking over the beach slope (region 1) andA bore with a turbulent front was generated in each test, irre-
disintegrating into solitons (evolution mode EM2) spective of the water depth conditions in front of and behind
as shown in Fig. 7b. This evolution mode was the bore gate. The bore height, as well as the intensity of the
observed for waves of medium and largest heightturbulence at the bore front, varied however with the water
(Hi, nom= 0.12-0.20 m), propagating in the smallest ex- levels h, andz;. The weakest bores, not reaching the end
amined water depth df =0.465m. of a forest model, were generally observed for the smallest

water depth behind the bore gate, &0.6 m) and the two

— Waves breaking between the end of the beach slope angidest forest widths § = 1.5 and 3.0m). In contrast to the
the beginning of the forest model (region 2) and disin- experiments with the solitary waves, the profile of the bore
tegrating into solitons (evolution mode EM3vo sub-  approaching the forest model was strongly modified by the
modes can be further distinguished depending on the orwater accumulation within the first three tree rows (Fig. 8),
der of generation of the breaking and fission processesglescribed in more detail in Sect. 4.2.2.

(Fig. 7c¢): (i) generation of wave breaking followed by

wave disintegration into solitons (observed in cases, 4.2 Wave and bore height envelopes

where the inception point of the breaking event was lo-

cated very close to the end of the beach slope), (i) gen#-2.1  Envelope of solitary wave height

eration of wave fission followed by wave breaking and , ) )

a further development of wave disintegration (observed! € Nneights of the solitary waves, generated in the deeper

in cases, where the inception point of the breaking evenf"’ater in front of the beach model, wefg, gen= O,'04’ 0.082,
was located close to the beginning of the forest model)_o.lzs, 0.168, and 0.21 m. The latter were obtained by averag-

This evolution mode was the most common pattern ofing the maximum wave heights in all tests with the same inci-
wave behaviour observed in this study. dent wave conditions. The generated wave heights are almost
identical to the incident nominal wave heigl{gnom = 0.04,

— Waves breaking in the forest model (region 3) and disin_0.08, 0.12, 0.16 and 0.2 m. The wave heights remained con-
tegrating into solitons (evolution mode EM#s a re-  stant during wave propagation over the horizontal part of the
sult of the fission process, induced in front of the forest wave flume, which preceded the beach model with the in-
model, the height of the leading solitary wave increasedtegrated forest model. Once the waves ran onto the beach
till the wave became unstable and broke in the forestmodel, their height was modified by the combined processes
model. A further development of the solitary wave train Of wave shoaling, wave breaking, wave reflection and wave
was clearly seen once the process of wave breaking wafission, according to the corresponding evolution mode.
accomplished (Fig. 7d). This evolution mode occurred The height of the non-breaking waves (EM1) increased
for waves of medium height off; hom=0.08-0.16m, slightly in front of the forest model to less than 0.05m and
generated at the highest water levelshef 0.565 and ~ 0.10 m for Hi nom=0.04 and 0.08 m, respectively. This was

0.615m and propagating through the forest model ofPrimarily due to wave shoaling occurring over the foreshore
width B =1.50-3.0m. beach slope and further due to the generation of the fission

process, resulting from the water depth reduction over the

— Waves breaking behind the forest model (in region 4)horizontal part of the beach model (Figs. 7a and 9a). The
and disintegrating into solitons (evolution mode EM5) amplification of the height of the leading wave (i.e. the first

The characteristic of this evolution mode is similar to 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 foresBwidtident wave
heightsH; nom and water depths andd; in the far field and just in front of the forest, respectively.
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Fig. 9. Selected envelopes of solitary wave heidhy:in case of for-
est widthB =1.5m and water depth= 0.615 m,b) in case of for-
est widthB =2.25m and water depth=0.465m (see also Fig. 7
for wave evolution modes and Fig. 5a for wave gauge locations).

Sashi s

d) Quasi-constant flow depth conditions
roots was stronger due to the partial root emergence and the

longer propagation distance over the region of higher rough-
ness. Exemplarily, waves affj nom=0.04m, propagating
in water depth of: =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/in= 0.515 m through the forest
il s of B=3.0m became ca. 0.02m high. A successive increase
B of the height of waves offj nom=0.08 m up to ca. 0.10m,
Fig. 8. Selected snapshots of tsunami bore propagation througf?s a result of the fission process, was observed behind the
forest model of widthB =3.0m (water depth behind bore gate WO narrowest forest model$3(=0.75 and 1.5m) and wa-
ho=0.8m, water depth in front of bore gafie = 0.3 m). ter depthh =0.615m (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
which humps, representing the successive solitons, emerggatopagation over wider forest modelB £ 2.25 and 3.0 m).
at the rear part of the leading wave. As the wave disintegra- The height of waves classified as evolution mode EM2 was
tion into solitons developed, the height of the leading solitonreduced significantly already over the beach slope due to the
decreased. In the forest model, the wave height decreased asraluced wave breaking process (Figs. 7b and 9b). Due to the
result of higher wave energy losses due to the presence of thamited number of deployed wave gauges, it was not possible
tree models (mangrove roots). The rate of this wave height reto record wave heights over the foreshore beach slope. There-
duction was clearly higher for lower water depths and widerfore, the wave height envelope for this evolution mode is not
forests; under these conditions the wave interaction with thecomplete between wave gauges WG8 and WG9 in Fig. 14b.
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However, it is assumed that the wave shoaled over the fore4.2.2 Envelope of tsunami bore height
shore slope until it became unstable and broke. At the end
of the beach slope, the wave heights decreased to ca. 0.1Zhe bore, generated after a sudden opening of the bore
0.16 and 0.18 m foH; hom=0.12, 0.16 and 0.2m at water gate, rushed onto the sloping part of the beach, reaching a
depthi = 0.465 m, respectively. They diminished further to maximum height ofHp max~0.09, 0.13, 0.17, 0.22m for
ca. 0.03, 0.04 and 0.05 m, respectively, as the broken wavewater depth behind the bore galig= 0.6—0.9 m, respec-
propagated through the forest model. tively (independent of water depth in front of the bore gate
Generally, waves of evolution mode EM3 reached theiri; =0.0-0.3 m), at wave gauge WG2 placed at the end of the
maximum height, at breaking, in front of the forest model, slope. The incident bore height was then reduced by the ac-
where they eventually broke. Further wave height amplifi- companying turbulence effects f#, max~ 0.04, 0.08, 0.12,
cation was caused by the generation of the solitons in thisand 0.15m at wave gauge WGA4. Due to the presence of the
region (Figs. 7c and 9a, b). Only in few cases, the maxi-mangrove models, the incident bore front increased in height
mum wave height occurred at the transition point between theapproximately in the first three rows of the forest, resulting
beach slope and the horizontal part of the beach (i.e. at wavan a water impoundment reaching the top of the mangrove
gauge WG9). The wave height, at breaking, was primarilytrunks (20 cm) and more. This was accompanied by very
determined by the water depth and it increased with the instrong turbulent processes as shown in Fig. 8a and b. The
creasing submergence of the mangrove models. Exemplabore front behind the first three tree rows was first signifi-
ily, the height at breaking of waves &f; rom=0.12m was cantly reduced to a thin water layer reaching approximately
ca. 0.17 m for = 0.515m, while it increased up to ca. 0.2m up to half of the trunk height. Once the bore front reached
for h=0.565m. A strong reduction of the wave height ac- the middle of the forest model, the water level in the forest
companied the propagation of the broken wave through thenodel increased and a wave reflected from the frontal forest
forest, exemplarily to ca. 0.01 m fdfi hom=0.04m and to  row was generated (Fig. 8c). Finally, the flow depth over the
ca. 0.02m forHj nom=0.08 m (Figs. 9a, b). A further de- entire forest model became constant, equal to the height of
velopment of the fission was not suppressed by the breakinthe mangrove trunks (Fig. 8d).
event and thus a slight increase of the height of the leading The bore height envelope was found to be predominantly
wave was noticeable. dependent on the water depth behind the bore gate — the bore
For waves breaking within the forest (EM4), the wave height along the entire beach model became largéy, as-
height increased in front of the forest model and partly in creased (Brstner, 2010; Geiling, 2011a, b). In contrast, the
the forest, irrespective of the generated wave height: wavemfluence of the water depth in front of the bore gate on the
reached ca. 0.11, 0.13 and 0.18 m at the end of the beadbore evolution is almost negligible.
slope forHj nom=0.08 m ath = 0.565 m andHj nom=0.12, The spatial distribution of the maximum incident bore
0.16 m ath =0.615m, respectively (Figs. 5d and 9a). A fur- height is plotted exemplarily fot, = 0.8 m andi; =0.0m
ther wave amplification up to the maximum wave height, atin Fig. 10a. The bore height in front of the forest (at wave
breaking, in the forest up to ca. 0.13, 0.17 and 0.23 m, regauges WG2-WG4) was of the same order for all considered
spectively, resulted from the development of the fission pro-forest widths. This indicates a very good repeatability of the
cess. The wave height reduction within the measured propincident bore conditions in the performed experiments. Due
agation distance, associated with the breaking event, wa® the turbulent nature of the generated bore, the bore height
weaker forH; nom=0.08 and 0.12 m — the wave heights be- decreased within the distance between WG2 and WG4. A
hind the forest model approached approximately the valuevery strong and sudden amplification of the bore height (up
of the nominal incident wave height${(nom). Only for to a factor of 2.5) took place at the beginning of the forest
Hi nom=0.16 m, the reduction rate was much higher, and(wave gauge WG5) and was the strongest for the widest for-
in this case the wave height behind the forest decreased best (i.e.B = 3.0 m). This was caused by a partial blockage of
low the value of the nominal incident wave height (up to the bore by the very dense mangrove root system, leading to
ca.0.11m). the above mentioned water accumulation (set-up) in front of
A similar pattern of the wave height envelope was ob- and within the forest model (up to the three first tree rows).
served for waves breaking behind the forest (EM5) as illus- The amplified bore height was significantly decreased
trated in Fig. 5e. Exemplarily, foH; nom=0.08 m the wave along the forest model as a result of the turbulent bore in-
height at the end of the beach slope was ca. 0.12m and iteraction with the mangrove roots. The bore height at the end
was amplified through the phenomenon of wave disintegra-of the forest (i.e. at WG7 foB =0.75m, WG9 forB =1.5m
tion into solitons up to ca. 0.14m at the end of the forestand WG13 forB = 3.0 m) tended to be of approximately the
model. The wave became unstable and broke behind the folsame order for the two smallest forest widths=0.75 and
est with the minimum measured height of ca. 0.09 m. 1.5m: ca. 0.07m foy=0.7m, ca. 0.1 m fo,=0.8m
and ca. 0.14m foko, = 0.9 m (see Fig. 10a). In contrast, the
bore height at the end of the forest of widsh=3.0 m was
lower by about 2-3cm and yielded 0.03m fog=0.7 m,
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Fig. 11.Exemplary envelope of forces exerted by solitary waves on
single mangrove tree model&) in case of forest widttB =3.0m
and water depthh = 0.465 m,(b) in case of forest widttB =1.5m

and water depth = 0.465 m (see Fig. 6 and Table 3 for force trans-
ducer locations).

ca. 0.07m forhy=0.8m and ca. 0.12m fdr, =0.9m. The

di_fference between the bore heights at the forest end becamg,ye height conditions). The highest forces were always
slightly larger for the tests witho =0.6 m, where the bore  ecorded in the first tree row and their magnitude was in-
height was ca. 0.04m faB =0.75m, 0.02m foB=1.5m  gependent of the forest width. For a given evolution mode,
and 0m (no transmission) far = 3.0 m (Fig. 10b). these forces became larger with the increasing incident nom-

A further bore height reduction, however not as large asing| wave height. For identical evolution modes and inci-
along the forest model, took place behind the forest un-yeni wave heights, the increase of the tree model submer-
til reaching a constant value irrespective of forest width: gence resulted in a weaker wave impact on the mangrove
ca. 0.03m forho =0.7m, 0.04m foro =0.8m and 0.07M  msdels. This pattern can be particularly well observed for
for ho=0.9m. In the case of the lowest water depth be-non_preaking waves (EM1). In case of non-breaking waves
hind the bore gateho =0.6 m), transmitted bore height of (g\1), the forces exerted by waves on single mangrove tree
ca. 0.01 m was measured solely for the shortest forest widthy,qqels 0fH; nom= 0.04 m on the first tree row were ca. 1.2 N
of B=0.75m. for water depthi =0.515m, ca. 0.6 N foh =0.565m and

. . ca. 0.4N forh =0.615m. For these conditions, the forces
43 .Forces induced by waves and bores on single trees were reduced at the last tree row to ca. 0.8 Nifer0.515 m,
in the mangrove forest ca. 0.5N forh =0.565m and ca. 0.3N fdr=0.615m, irre-

spective of the forest width (see Fig. 11a). In comparison to
higher non-breaking waves @f; nom=0.08 m propagating
in water depth ofi = 0.615 m, the exerted forces were much

The magnitude of the forces exerted by waves on single mani&rger — ca. 1.7N and 1.4N at the beginning and at the end
grove models was influenced primarily by the wave evolu- ©f the forest model, respectively.
tion modes (governed by the water depth and the incident

4.3.1 Envelope of forces exerted by solitary waves on
single mangrove models
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Waves breaking over the beach slope (EM2) at wa- s 2Pe=06m, h=0.3m
ter depth h=0.465m exerted forces of ca. 2.8N for I e - —— ?h R
Hi nom=0.12m, ca. 4.7 N fof; nom=0.16 m and ca. 5.5N Slogme BRH e 8 ggEBOcE g
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 thi
broken waves and the associated energy dissipation. Exen
plarily, these forces were ca. 3.6 N in the case of waves o
Hi nom=0.16 m andB=0.75m, ca. 2.3N forB=1.5m,
ca.2.0NforB=2.25mand ca. 1.5N faB =3.0m.

Similarly to the waves classified as EM2, the magnitude
of the forces exerted by waves breaking in front of the for-

T

FTS
18 ! 10,

FTS2 gs
16 E EE m mEm

B=3.0m

B=0.75m
B=1.5m

B=3.0m

Max. forces exerted on a single tree Fg ., [N]

0.00 0.75 1.50 225 3.00

est model (EM3) was strongly conditioned by the location Distance form the front face of forest model x' [m]
qf the incipient wave br'eaklng and the rate of the addi- b} b0 By ol
tional energy losses achieved before the waves reached tt % (———— == o .
) . . . FTS2 FTS7 Frss FTs9  FTs10| |FTS2 FTss 9 FTS10
first tree row. The effect of the incident wave height on the 5 * | -e- &1 o © mpEoodf

. . —mh-— Bs3.0m B=0.75m =1.5m
magnitude of the forces exerted on the frontal tree row car & * — -

18 FTs2 gs
E XX p ooOo

B=3.0m

10,

be clearly seen in Fig. 11b. For the constant water deptt
h=0.465m, the forces at the beginning of the forest in-
creased from ca. 1.4 N faHj nom=0.04 m to ca. 2.3N for
Hi nom= 0.08 m. Depending on the forest width, these forces
were reduced at the end of the forest model to ca. 0.8N
and 0.2 N forH; nom=0.04 m, while forHj nom=0.08 m to

ca. 1.5N and 0.5N foB = 1.5 and 3.0 m, respectively. The
increase of the water depth caused a shifting of the locatior
of the incipient wave breaking with respect to the front face .00 o7 15 28 200
of the forest model. Therefore, the tendency of the forces tc Distance from the front face of forest model x’ [m]

decrease with the increasing tree submergence depth for no

break'r!g waves cannot be clearly observed in th|§ C‘_'jlse' Exéingle mangrove tree mode(g) in case of water depth behind bore
emplarily for Hi nom=0.2m, the forces at the beginning of gate, 0 —0.6m and water depth in front of bore gate=0.3m,
the forest yielded ca. 5.2N far=0.515m, forh =0.565m  (b) in case of water depth behind bore gate=0.8m and water
were smaller (ca. 3.4N) and increased up to ca. 6.5N fordepth in front of bore gaté; =0.3m (see Fig. 6 and Table 3 for
h =0.615m, since the breaking was induced much closer tdorce transducer locations).

the first tree row. For these wave conditions, the maximum

reduction of the wave-induced forces was achieved for the

widest forest width (i.eB =3.0m): ca. 2.0-2.2 N forallcon- 4.3.2 Envelope of forces exerted by tsunami bores on
sidered water depths (Fig. 11a). single mangrove models

For waves classified as EM4, the forces decreased first u
F'f'he bore approaching the forest model as a turbulent water

to the location of the inception point of wave breaking. The
breaking waves exerted additional load on the tree models/Vall exerted much greater load on the frontal tree row (even

which is indicated by a slight local increase of the forcesUP 0 @ factor of 4) in comparison to the solitary waves. The

in the forest model (Fig. 11a). For example the forces eX_bore—mduced forces ranged within ca. 8.0-24.0 N, while only

erted by wave off; nom=0.12 m at water depth=0.615m & 0.4-6.0 N for solitary waves. These results clearly indi-

were reduced from ca. 4.1 N at force transducers FTS1/FTSS2te the appropriateness of the application of a bore for the
to ca. 2.5N at FTS8. At transducer FTS9 the force reached€construction of the destructive nature of a tsunami under
4.2 N due to the induced wave breaking and decreased witfPoratory conditions. _

the wave propagation up to ca. 1.8 N at FTS10. Exemplary envelopes of the bore-induced forces are plot-

Waves breaking behind the forest model (EM5) experi-ted in Fig. 12a and b for all examined forest widths (in this

enced a very similar behaviour as waves classified as EM4. 12568 = 0.75, 1.5 and 3.0 m). The experimental data show a

this case, however, the slight force amplification can be ob-Lclear tendency of the forces recorded at the first forest row
served at the last tree row of the forest of widtk=0.75m, [0 Increase with the rising water levb behind the bore
Exemplarily, the forces exerted by wavesiifnom=0.08 m gate, with a negligible effect of water levie in front of the

at water depthh=0.565m were 3.0N at transducers 9at€ atthe same time: ca. 8.0 N was measuretifer0.6m,
FTS1/FTS4/FTS7, 2.1N at transducers FTS2/FTS5/FTSEa 12.0N forko=0.7m, ca. 17.0N foh, =0.8m and the
and 3.3N at transducers FTS3/FTS6/FTS9. largest forces of ca. 24.0N fép =0.9m.

SNE—— A
- - . Ao

forces exerted on a single tree Fg .,
=

B=0.75m : B=1.5m

B=3.0m

Max.

rIl_ig. 12. Selected envelopes of forces exerted by tsunami bores on
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Similar to the experiments with the solitary waves, the The detailed force measurements, particularly at the be-
widest forest model (i.eB =3.0m) was found to be most ginning of the forest model, show that the first four tree rows
effective in tsunami bore attenuation. For water depthare already capable of reducing the bore impact. Despite the
ho=0.6m, the forces in the last tree row were reducedforce reduction within the forest belB(=18.75m in pro-
for B=0.75, 1.5 and 3.0m to ca. 4.0, 2.3 and 0.05N; for totype), the area behind such a short forest would however
ho=0.7mtoca.6.0,5.0and 3.5N; fag=0.8mtoca. 8.5, suffer great damage as the bore forces increase when exit-
6.5, 5.0N and finally forho =0.9m to ca. 10.0, 8.0 and ing the forest. In order to maintain the force reduction rate,
6.2 N. A complete bore damping was observed for the weakwhich was already achieved within the first few tree rows, a
est bore generated with the water level behind the boravider forest is required — minimum 3.0 B & 75 m in pro-
gate of 0.6 m, propagating over the forest model of widthtotype) as indicated by the experimental results. However,
B =3.0m (Fig. 12a). further investigations would be required to obtain the actual

The improved arrangement of the force transducers inforce pattern behind the forest.
the experiments with the tsunami bores allowed to deter-
mine the force envelope within as well as behind the forest o , .
model. The most detailed force pattern in the mangrove for> Determination of tsunami transmission through the
est was obtained solely for the smallest tested forest width of mangrove forest
B =0.75m, for which each tree along the for_est width was g 4 Solitary wave transmission
connected to a force transducer. Such detailed force mea-

surements were not possible in the tests with greater foresf, the engineering practice, the effectiveness of an arbitrary
widths. The_refo_re, no force pattern in the five first tree_ FOWS protective structure is usually described by wave transmis-
are shown in Fig. 12 foB =1.5 and 3.0m. However, itis  gjon coefficients, expressed as a ratio of the transmitted wave
expected that the force trend is similar for all forest widths height to the incident wave height. As indicated by the anal-
within the first five tree rows and the first discrepancy ap-ysis of the wave height envelope in Sect. 4.2.1, the height of
pears at the end of the narrowest forest, where the forces gefine transmitted solitary wave very often exceeded that of the
erally increased as the bore exited the forest model. Duringncigent wave as a result of the wave fission process (Fig. 7).
further bore propagation through the forest of widths: 1.5 |4 thjs case, the value of the so-defined transmission coeffi-
and 3.0 m, the magnitude of the exerted forces was also thgjent would be unrealistic, i.eK; > 1.0. Using the analogy
same until the end of the forest of width=1.5m, where the {4 the aforementioned method of the determination of wave
force became generally larger as the bore entered the regiopsnsmission coefficienks, a ratio of the forces exerted on

behind the forest model. The forces of the bore travelling f”r'single tree models located at the end and at the beginning of
ther over the widest forest decreased until reaching the enghq forest model was used:

of the forest.
As indicated by the results obtained fBr=0.75m, the Kt = Fe/Fp, (7)

Iarge_st bor(_a attenuation occurred in the first t\_/vo forest rowswherer represents the maximum wave-exerted force on a
and it continued up to the fourth tree row (Fig. 12). From

. jngle mangrove model located at the beginning of a forest
there, a sudden increase of the forces can be observed (for éjrlwodel [N] andFe the maximum wave-exerted force on a sin-

investigated forest widths and water depths behind the bore le mangrove model located at the end of a forest model [N].

gate) as the bore entered the forest-free region. The forceg?rforest widthB = 0.75 m, forces measured by force trans-

recorded behind the forest tended to decrease for the weakeaucers FTS7 and FTS9 represent the forces exerted at the
bores (generated at the smallest water depth behind the bo??ontal and rear forest rows, respectively: f8r=1.5 and

?;t:):g%t(?) r?wa. 2.0N fafo = 0.6 m and slightly below 6.0N 2.25m an average of the forces at transducers FTS1/FTS2
O . and FTS10, respectively; faB = 3.0 m the forces at trans-
e e CIe 0 gpcers TS1 and FTS10, respectvely (F. 6 and Table 3
forthe | rhy h'W 6.0N for _(') 7‘ 1'1 ON The solitary wave transmission coefficients are plotted in
orthe fargern,, reaching ca. o. o=0.rm,ca. L. Fig. 13a versus relative forest widBy L gen (WhereB is the

for ho=0.8m and ca. 14.0 N fdr, = 0.9 m (Fig. 12). ' _ 9%
The forces decreased over the entire forest width in the di_forest width andL,gen the generated incident wave length),

rection of bore propagation in case of the widest forest mode}NhiCh was found to be the most important parameter affect-
B—=3.0m (Fig. 12). The difference in the magnitude of the ing the forest damping performance. The generated incident

Fiolitary wave length, which is theoretically infinite, was ap-

oces everte nneseconatar e row and a e e o Y VT L OIS eveiealy T e
- y ' Dean and Dalrymple (1991):

2.12h ®)
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a) Solitary wave 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

0.00 0.10 020 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 110 120 H
. i Fig. 13a.
Relative forest width BIL; g, [-]

1.00

o
Q
8

°
3

Transmission coefficient (forces) K, [-]
°
8

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, arrangementy,/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: Ky =0.4-0.5 forCp =1.7-3.3 (model width
0.545m,Vin/ V =0.175). For this data set, the following fit-
ting curve was proposed by Huang et al. (2011):

b) Tsunami bore

1.0

o o o
ES =) ©

Transmission coefficient K, [-]

°
N

Kt =0.579— 0.069Cp. 9)

0.0

o5 o7 o8 0o 1o Equation (9) is however valid for the following range of the

Water depth behind bore gate h, [m] drag coefficient:.Cp = 1.0-3.5. The influence of the forest
_ o o _ width on the rate of wave transmission was discussed by
F'?- 13. Trarf‘s”l“s,s'or; Coeﬁ'c,'gnmt; fol@) S(;"taéyﬁwave’ plotted as  {yang et al. (2011) on an example of a staggered model with
a function of relative forest widt8/ L;, gen for different wave evo- 4 4o pled distance among the cylinders, resulting in a smaller
lution modes EM1-EM5(b) tsunami bore, plotted as a function of . . S .
) .~ vegetation density. For incident wave height of 0.04m at
water depth behind bore gatg =0.6-0.9m (for water depth in depth of 2 f d
front of bore gatei; = 0.0-0.3m). water depth of 0.15m, ca&;=0.8 or B= 0.545_ m an
ca.K;=0.6 for B=1.635m were obtained. A similar trans-
mission coefficient Ky =0.86) was obtained in this study
i for the smallest forest width & =0.75m and: =0.515m,
where/ is the tﬁt"fll xvater depth [m] anl gen the generated hich would correspond to vegetation width Bf= 0.545 m
incident wave height [m]. _ _and tree submergence depth of 0.15m in the experiments by
The range of the relative forest Wldth corresponding Huang et al. (2011). Unlike Huang et al. (2011), a much
to non-breaking waves (wave evolution mode EM1) wasyigher transmission; = 0.81) was however observed in
B/Li,gen=0.14-0.4 and wave transmission coefficient var- yis sy, dy for same vegetation submergence depth of 0.15m

ied from Ky=0.53 to K{=0.992, depending on water n the forest of widthB = 1.5m (B = 1.635m in the tests
depth and forest width. Slightly lower values of the trans- by Huang et al., 2011).

mission coefficient K;=0.34-0.75) were obtained for
waves breaking over the beach slope (EM2) for relatives 2 Tsunami bore transmission
forest width B/Lj gen=0.21-1.0. Transmission coefficient
for waves classified as EM3 reachdf] =0.43-0.94 for  Selected time histories of tsunami bore height and bore-
B/Lj gen=0.12-0.88. Waves breaking in the forest model induced forces, on single mangrove models in front of and
(EM4) were characterized by a similar rate of wave trans-behind the forest models of varying width, are exemplar-
mission to that of EM2 Ky =0.43-0.77), which was how- ily shown in Fig. 14. As already mentioned in Sect. 4.1.2,
ever attributed to a narrower range of the relative foresttsunami bores approaching the forest model were blocked by
width (B/Lj gen=0.23-0.52). For waves breaking behind the first three tree rows. The strong water accumulation (set
the forest model (EM5), the wave transmission reachedup) at the front face of the forest model led to a strong ampli-
Ky=0.69-0.77 forB /L gen=0.12-0.13. fication of the bore height in comparison to the bore height
The significant contribution of the local foreshore topog- measured in front of the forest model. The increase of the
raphy to wave attenuation, through wave breaking, becomebore height at wave gauge WG5 became larger with widen-
very clear when comparing the damping performance of theng of the forest model (Fig. 14a). Such amplification of the

o
o
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Bore parameters measured in front of forest model Bore parameters measured behind forest model
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Fig. 14. Selected time histories of bore parameters (water depth behind bork.gat@® 8 m, water depth in front of bore gatg¢ = 0.3 m):
(a, b) bore height in front of and behind forest model, respectivi@yd) 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 observeda. Ky =0.1 for 1o =0.6 m andh; =0.2, 0.3 m (there was
(see Fig. 14c) and therefore the same approach for the deteno bore transmission fdr; = 0.0, 0.1 m), while it increased
mination of the transmission coefficient was used as in cas¢o ca. K;=0.25 for o =0.7-0.9 m. A different pattern of
of solitary waves (Brstner, 2010; Geiling, 2011a, b). the bore transmission was identified for the narrowest for-

Forces exerted at the front face of the forest moBlgl est model ofB =0.75m. In this case the transmission coef-
were determined from the measurements of force transficient remained approximately constait; & 0.59) for the
ducers FTS1/FTS2, irrespective of the forest width. Thewater level behind the bore galig=0.6—-0.8 m. The further
forces measured by transducers FTS6/FTS7 for forest widtlincrease of the water depth behind the bore gatg t6 0.9 m
B=0.75m, transducers FTS7/FTS8 f&t=1.5m, and was accompanied by a significant reduction of the bore trans-
transducers FTS9/FTS10 f&= 3.0 m were used to repre- mission to cak;=0.41, which is not so clear for the other
sent forces exerted at the end of the forest médéTable 3).  forest widths.

The pattern of the bore transmission coefficient is shown Unlike the tests with the solitary waves, it is not possible
in Fig. 13b as a function of water level behind the bore to distinguish between the effect of the forest and the fore-
gateh, and forest widthB. As expected, the transmission of shore topography on the wave attenuation. Due to the turbu-
the tsunami bore became smaller when increasing the widtlhent nature of the generated bores, the additional source of
of the forest model fromB =0.75m toB =3.0m. For the the bore energy dissipation was already included in the mea-
two largest forest widths examined, a significant increase ofsured data.
the transmission coefficient can be observed at the transition
from the water deptlhy,=0.6 m tohy=0.7 m. In addition,
the effect of the water level in front of the bore gate on theg Flow resistance of single mangrove models under
rate of the bore transmission can be rather neglected. In case solitary wave conditions
of forest width B =1.5m, the transmission coefficient was
ca.K;=0.24 forho =0.6 m, and it reached an approximately The resistance of a single mangrove tree in the forest model,
constant value oK;=0.5 for 1o =0.7-0.9m. The largest subjected to solitary wave impact, was determined in terms
reduction of the bore energy was attributed to the widestof drag and inertia coefficients by means of the least square
forest of B=3.0m — the transmission coefficient was only method. Given total measured forcEgeas predicted total
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forces Fpreq result from Morison’s equation: a) Drag coefficient
100.0
ou
2
Fpred=)»D'M +Aim—, (10)
ot o

with Ap andi, defined as: S§ 1004 Cp=8.02x10°R, %

T 3
Ap=05p- Af-Cp, (12) ;;:i o

8 P

% 1.0 4 OOOO %géo ®¢] O% ég@ D
)\,mz,OVmCM (12) a 3 " R :L

1 |° ;olitalry \gqves | ‘ v
The total quadratic error between the measured and th 1 10 Cofrentonly oomr waves e
predicted forces is determined as follows: w A
9 2 2.2x10% 2.2x10° 4.2x10° 6.2x10° 8.2x10°
2 u
82 = Z [Fpred_ Fmea:; = Z |:)\D . MZ + )\mg — Fmeas:| , (13) Reynolds number R, [-]
b) Inertia coefficient

where As is the frontal area of the tree model{nCp the 10.0 5

drag coefficient [-]Cw the inertia coefficientfpreq the pre-
dicted forces [N],Fimeasthe measured forces [N] exerted on
a single tree model located in the first tree row (measurecxT
by force transducer FTS4 fa8 =0.75m and by FTS1 for
B =1.5, 2.25 and 3.0 m), the flow velocity [m s1] in front
of the forest (see Sect. 3.3)y, the volume of a submerged
part of a tree model [A], p the water density [kg m®] and
du /91 the flow acceleration [mT]. ;
Since the quadratic total error is required to be kept at min- 1 v

imum, the first derivation of the quadratic error should be { [P Selitanpwaves 1=
o f

equal to zero:

ul,
——

Inertia coefficient Cy,

01 +———————————
2.2x10* 2.2x10° 4.2x10° 6.2x10° 8.2x10°
962/93p =0, (14) ' ' : X '
Reynolds number R, [-]
852/8)LM =0. (15) Fig. 15. Flow resistance of mangrove models subject to solitary

wave impact in comparison to other investigated flow regimes:
By inserting Eq. (13) into Egs. (14) and (15), one obtains two(a) drag coefficient(b) inertia coefficient.
equations that can be re-arranged in the following matrix:

>t Z“‘Z%Z { AD } = { ZngmeaS}. (16) The drag coefficient ranges betweafip =0.8 and
Zuz% (3—?) AM Za_bemeaS Cp=1.9, and tends to remain constant over the entire in-
] ] N ] vestigated range of the Reynolds number obtained for soli-
The drag and inertia .coeff!uents were determined fromtary waves Re = 1.24x 10° — 1.2x 10°). Such a behaviour
Egs. (10) and (11) by inserting the computed values®f o the drag coefficient was also found by e.g. Imai and

andim, obtained by solving Eq. (16) with the flow velocity patsutomi (2005), Yanagisawa et al. (2009) and Huang et

and total force data provided from the experiments. al. (2011). The resistance of the mangrove models subject to
Due to the required 5 cm-freeboard below the ADV SensOlgqlitary wave impact was compared in Fig. 15a to that ob-

reliable flow velocity measurements were possible solely forizined under the quasi-steady flow (Fig. 3 in Sect. 2.2) and
the two highest water depths (i/e=0.515 and 0.615m). In  eqyar/irregular wave conditions (Husrin, 2012). Lower val-
case of water depth df =0.565m, the frontal area of the es of the drag coefficient attributed to the solitary waves
single model wasts = 73.84 cnf and the corresponding vol- resulted from a lower ratio o¥/n/V and lower flow ve-
ume of the submerged tree model wés=97.3 C”?- For  |ocities as compared to the other considered flow regimes.
water depth of: =0.615m, these two parameters increasedrhe solitary waves-related drag coefficient represents the
o Ar=76.24 cn% and'szgg.gcrﬁ. lower boundary of the mangrove resistance for all consid-
_The drag and inertia coefficients are plotted for these convyreq flow regimes, oscillating around the value attributed to
d|t|ons_ in Fig. 15 as a function of_the Reynolds numier a single cylinder ¢p = 1.2). The latter is very often applied
as defined by Egs. (3) and (4), in order to account for they, yepresent vegetation resistance subject to tsunami impact
physical properties of the tree models. (e.g. Dekker, 2006; Teo, 2008; Yanagisawa et al., 2009). The
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following formula for the drag coefficient, valid for regu- interms of the submerged volume ratio:
lar/irregular waves, solitary waves and current is proposed:

Vin/ V
Cp = 1.24+ 4.59 m/

P— (19)
1—Vm/V
Cp =8.02x 10°Re 065, (17)

The value ofCp = 1.24 obtained fo¥,/ Vequal zero (i.e. no
with the Reynolds numbeRe determined according to vegetation) is similar to that for a single cylinder and cannot
Egs. (3) and (4). be satisfactorily explained. Equation (19) is therefore, like in

A similar relationship between drag coefficient and the case of Eq. (18), physically questionable.
Reynolds number was also determined by Mazda et The inertia coefficient attributed to solitary and regu-
al. (1997) for mangrove swamps in Japan (dominated bylar/irregular waves is plotted in Fig. 15b. Unlike Huang
Bruguiera gymnorrhizeand Rhizophora stylogaand Aus- et al. (2011), the contribution of the inertia coefficient
tralia (dominated byRhizophora styloga subject to tidal to the total vegetation resistance was found to be impor-
flow. Under these conditions, a relatively small range tant, particularly under breaking wave conditions, causing
of the Reynolds number was however obtained (up tomore significant flow acceleration than in case of non-
Re=9x 10% in comparison to the present study. Maxi- breaking waves. The inertia coefficient varied in this study
mum drag coefficient reachefp =10 for a much smaller from Cy =0.7 to Cy =4.6 for a Reynolds number range
Reynolds number oRe = 10, which is consistent with the Re =1.24x 10° — 1.2x 1%, with the averaged value of
present results, and it decreased ugtpo= 0.4 as the flow  1.81, which is identical to that obtained for regular/irregular
became more turbulenRe¢ > 5 x 10%). Such a low value of ~ waves (Husrin, 2012).
the drag coefficient can result from the additional flow reduc- In the study of Harada and Imamura (2001), a very simi-
tion due to bottom friction and presence of shrubs. lar value of the inertia coefficientCyy =1.7) was obtained.

The following function of drag coefficient in terms of Latief and Hadi (2006) proposed on the other hand a smaller
volume of submerged mangrovés,/V was provided by value of the inertia coefficient of'yy > 1.0, valid however

Harada and Imamura (2001): for the ratioVy/ V > 0.06, which is much smaller than that
in the current studyYy/V = 0.02-0.2).
Cp =8.4Vm/V +0.66, (18) The hydraulic resistance of the mangrove forest under

for the case of a broken, long wave propagating throughtsunarnl bore conditions is being investigated.

a forest model. The models drhizophora spwere de-
signed under the consideration of the dimensions of treey Concluding remarks and outlook
in nature and consisted of a porous root system, cylindrical
trunk and porous canopy. In case of no vegetation (i.e. forThe reliability of the performance of coastal forest damping
Vm/V =0), Eq. (18) predicts however very high drag co- obtained from hydraulic scale modelling is very much depen-
efficient (Cp = 0.66), which makes this equation physically dent on the parameterization method applied to the tree mod-
guestionable. els constituting the forest. Both physical and bio-mechanical
Imai and Matsutomi (2005) suggested a drag coefficient invegetation properties should be taken into account when de-
a range ofCp =0.9-1.5 for a case of tsunami bore interac- veloping a parameterization approach, since tree age, dimen-
tion with a forest of varying density (0.5-1.5 %), consisting sions and stiffness of each trees’ structural parts determine
of plastic pine tree models arranged in staggered and tandethe flow resistance of the tree. Unlike in previous studies,
rows on a sand spit. For a simplification of the calculationsthis aspect has been thoroughly considered in this study.
of the exerted forces, the volume and the projection area of While a single cylinder might be sufficient to represent
the considered tree models were replaced by an equivalerihe trunk of a pine tree, more sophisticated parameterization
volume and an equivalent projection area of cylinders. Themethods are essential to simplify exemplarily the chaotic root
values of the drag coefficient were found to be strongly de-structure of mangroves é&thizophorasp. The application of
pendent on the vegetation density and weakly dependent othe submerged root volume ratio, which varies with the flow
the relative bore height. However, the lack of a parameteri-depth, represents the primary feature and advantage of the
zation method for a representative pine tree model makes thmangrove parameterization approach developed in this study.
applicability of these results indeed questionable. The comparative analysis of the attenuation performance
Huang et al. (2011) determined drag coefficient on a basi©f the mangrove forest, under the two investigated tsunami
of own experiments with a solitary wave propagating over aflow conditions (solitary wave and tsunami bore), indicates
vegetation model made of rigid cylinders of varying aligned a similar minimum wave transmission despite much larger
and staggered arrangement. The results were completed bgrces exerted by the tsunami bores at the first tree row
experimental data by Tanino and Nepf (2008), obtained forthan by solitary waves (with transmission coefficients ex-
randomly arranged cylinders. Similar to the work by Haradapressed in terms of forceX;=20% for solitary waves
and Imamura (2001), the drag coefficient was also expressednd K;=10% for tsunami bore, achieved for the widest
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considered forest modd = 3.0—-75m in prototype). Thisis Appendix A

due to the fact that the rate of tsunami damping by the for-

est is also strongly governed by the forest submergence corf=onstruction details of parameterized mangrove models
ditions. The interaction of the tsunami bore with the fully Under stiff structure assumption

exposed mangrove root system (achieved for all performed Model A2 Model B2 Model C2
tests) was much stronger as compared to the solitary waves,
propagating over a submerged root system in all conducted aem §§§2
experiments. 9 ﬂl M mﬁ

For the first, time the contribution of a foreshore topogra- |IIW HIMZScm IW WI ¢§§§:

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 conFig. Al. Construction details of parameterized models of highest
ditions (with the minimum ofk; = 0.53), which indicates a frontal area (models A2_, B2, C2) at a scale _onD. Diame_ter of
relatively poor forest damping performance. thg cylinders reprfesentlng mangrove roots is 0.5cm, diameter of
The most important advantages of the current study ovefY!inder representing a trunk is 1.0 cm.
the previous investigations are: (i) the use of a physically

17.5cm

17.5cm 17.5cm

sound parameterization of the mangrove tree models, (ii) the Model A3 Model 83 Model 3

wider range of the Reynolds number covered in the tests, and % 250m $z.5cm

(iii) the incorporation of the most important physical proper- & 25am $aeom

ties of the tree models (i.e. frontal argg effective lengthLe - IHIH HIH. %g: IHI IHI %;;g:

and vegetation occupancy volurirg/ V) into the Reynolds '

number for the determination of drag and inertia coefficients. ve FEewE AR AIAkd
In order to provide a complete resistance of mangrove _|[° °.° ° °| Poo o0 00 SRR

forests to the two tsunami flow conditions examined in this o | L ¢ o%c o P e AR EEIL

study, the drag and inertia coefficients will be determined ~||c o o o e beceoed Yo 00800

for tsunami bore conditions. Additionally, the damping per- S S

formance of the mangrove forest will also be determined in 17.5cm 17.5cm 17.5em

terms of flow velocity attenuation. Moreover, in this paper, gig a2 Construction details of parameterized models of medium
only the mangrove root system and the trunk (stiff structurefrontal area (models A3, B3, C3) at a scale af2D. Diameter of
assumption) are exposed to the tsunami induced flow. Furthese cylinders representing mangrove roots is 1.0cm, diameter of
scale model tests with an exposed canopy are in progressylinder representing a trunk is 1.0 cm.

The mangrove models of thHehizophorasp. are parameter-

ized according to the flexible structure assumption, in which Model A4 Model 84 Model c4

the trunk with the canopy is considered as flexible and scaled
accordingly. The results will be published in a forthcoming

H! @25cm $25cm

25cm 25cm
paper. @zz.ffm IH II @zz.:f:
Numerical modelling of the tsunami attenuation by man- lD Hl d25em W DH $25cm

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

15cm

17.5cm

damping performance measured in the experiments reported 7.5 cm 175 cm 17,5 cm
in this paper. The results will be published in a forthcoming
paper. Fig. A3. Construction details of parameterized models of lowest

frontal area (models A4, B4, C4) at a scale af2D. Diameter of
the cylinders representing mangrove roots is 1.5cm, diameter of
cylinder representing a trunk is 1.0 cm.
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