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ABSTRACT

In the present study, laboratory experiments were conducted to validate the applicability of
numerical model based on two-dimensional nonlinear long-wave equations including drag resistance
of trees and turbulence induced shear forces to tsunami flow around a simplified forest with a gap in a
wave channel. It was confirmed that the water surface elevation and flow velocity by the numerical
simulations agree well with the experimental results for various forest conditions of width and tree
density. Then the numerical model was applied to a prototype scale condition of a coastal forest of
Pandanus odoratissimus with a gap to investigate the effects of forest conditions (width and tree
density) and incident tsunami conditions (period and height) on a potential tsunami force. The
potential tsunami force at the gap exit is greatly enhanced and the maximum in the spatial distribution
around and inside the forest. The potential tsunami forces at four representative points at front and
back of forest including the center of gap exit were analyzed for various conditions and formulated as
function of forest and tsunami conditions in the non-dimensional form. The potential tsunami forces
calculated by the curve-fit formula agree well with the simulated potential tsunami forces within
+10% error.

Key words: Runup tsunami, Coastal forest, Gap, Pandanus odoratissimus, Tsunami force

Science of Tsunami Hazards, Vol. 29, No. 2, page 43 (2010)



1. INTRODUCTION

Since the Indian Ocean tsunami in 2004, numerous studies have elucidated the effects of coastal
vegetation in reducing tsunami forces and the damage to humans and property based on post-tsunami
surveys (for example, Danielsen et al. 2005; Kathiresan and Rajendran, 2005; Tanaka et al., 2007).
Currently, coastal forests are widely considered to be effective for mitigating tsunami damage from
both economic and environmental points of view, although their role is still questioned due to the
absence of adequate studies (Kerr and Baird, 2007). In fact, several projects to plant vegetation on
coasts as a bioshield against tsunamis have been started in South and Southeast Asian countries
(Tanaka et al., 2009; Tanaka, 2009).

The reduction in tsunami damage behind a coastal forest depends on the vegetation species and
their dimensions (tree height, diameter, and density), scale and arrangement of the forest (along-shore
length and cross-shore width), and tsunami conditions. In relation to forest arrangement, Mascarenhas
and Jayakumar (2008) pointed out that roads perpendicular to the beach in a coastal forest served as a
passages for a tsunami to travel inland in many places in Tamil Nadu-India on the occasion of the
2004 Indian Ocean tsunami. Fernando et al. (2008) reported that the destruction of coral by the
tsunami was remarkable in some places in Hikkaduwa and Akuralla in Sri Lanka, and that the
inundation depth behind the destroyed coral reefs was much larger than that behind unbroken coral
reefs. Fernando et al. (2008) also conducted a laboratory experiment to verify the effect of an open
gap in submerged porous barriers and found that the flow velocity at the gap exit was significantly
higher than the case with no gap. Although the latter case was not a coastal forest, those indicate a
negative effect of a gap in tsunami runup.

Tanaka et al. (2007) pointed out that Pandanus odoratissimus, which is dominant coastal
vegetation in South and Southeast Asia, is especially effective in providing protection from tsunami
damage due to its density and complex aerial root structure. To study the effect of a gap in a coastal
forest of P. odoratissimus, Nandasena et al. (2008) performed a numerical simulation including
resistance by the forest for limited conditions and found that a narrow gap has a significant effect on
the exit flow, but an insignificant effect on the runup height. Thuy et al. (2009a) conducted
experiments on a costal forest with a gap by using a simplified model in a 0.4-m-wide wave channel
and validated that the numerical results, including the turbulence-induced shear force in addition to
the forest resistance, agreed well with experimental results for both runup height and velocity at the
gap exit. They also applied the numerical model to a coastal forest of P. odoratissimus with a gap and
found that a 15-m-wide gap caused the highest velocity under their calculated conditions of a fixed
condition of incident tsunami. Based on the discussions in experiment and prototype scale, they
confirmed that the turbulence induced shear force gives a significant effect on the flow velocity at the
gap exit. Furthermore, Thuy et al. (2009b) discussed the effects of forest and incident tsunami
conditions on inundation depth and flow velocity at the gap exit and behind the vegetation patch
based on the numerical results.

The tsunami forces are directly related with the damage of trees and other obstacles; however,
tsunami forces were not discussed in previous studies using numerical simulations mentioned above.
In the present paper, potential tsunami forces due to runup tsunami around a coastal forest of P.
odoratissimus with a gap are studied by numerical simulations. The potential tsunami force is defined
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as the total drag force on a virtual high column with unit width and unit drag coefficient. The
numerical model is based on two-dimensional nonlinear long-wave equations incorporating drag
resistance of trees and the sub-depth scale (SDS) turbulence model by Nadaoka and Yagi (1998).
Laboratory experiments on tsunami flow around a simplified forest model with various width and tree
density are conducted in a wave channel to validate the applicability of numerical model. The
numerical model is then applied to a prototype scale condition of coastal forest of P. odoratissimus
with a gap to investigate the effects of forest conditions (width and tree density) and incident tsunami
conditions (height and period) on the potential tsunami forces. The potential tsunami forces at four
representative points at front and back of forest including the center of gap exit are analyzed and
formulated in the non-dimensional form.

2. MATHEMATICAL MODEL AND NUMERICAL METHOD
2.1. Governing equations
The governing equations are two-dimensional nonlinear long-wave equations that include drag and

eddy viscosity forces due to interaction with vegetation. The continuity and the momentum equations
are respectively:

adv,
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ot ox Y
aV"+VXaV"+VaV"+gaC L F _ L —=0 (2)
ot ox 7 dy ox pd pd d
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x and y are the horizontal coordinates; V, and V), are the depth-averaged velocity components in x and
y directions respectively; ¢ is the time; d the total water depth (d=h+C); h the local still water depth
(on land, the negative height of the ground surface); £ the water surface elevation; g the gravitational
acceleration; p the water density; n the Manning roughness coefficient; y the tree density (number of
trees/m”). Cp.a is the depth-averaged equivalent drag coefficient considering the vertical stand
structure of the trees, which was defined by Tanaka et al. (2007) as:

1 b C
Cp_u(d) = CD—ref g b %%ZG) 2 ®)
ref

Dref

where b(zg) and Cp(zg) are the projected width and drag coefficient of a tree at height zs from the
ground surface, and b,; and Cp..s are the reference width of the trunk and the reference drag
coefficient at breast height, respectively. The eddy viscosity v, is given by the SDS turbulence model
as described below.

2.2. Turbulence model

The SDS turbulence model of Nadaoka and Yagi (1998) was applied to evaluate the eddy viscosity
with modifications related to the bottom friction and vegetation resistance.
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(14)

where kp is the kinetic energy and /p=A d is the length scale (4 : turbulence length scale coefficient).
For the model parameters, standard values are adopted: ¢,,=0.09, ¢,=0.17, 0,=1.0 and A=0.08.

2.3. Method of numerical simulations

A set of the above equations is solved by the finite-difference method of a staggered leap-frog
scheme, which is widely used in numerical simulations of tsunami (for example, Liu et al., 1994;
Titov and Synolakis, 1997; Imamura et al., 1998; Koh et al., 2009). An upwind scheme was used for
nonlinear convective terms in order to maintain numerical stability. A semi-Crank—Nicholson scheme
was used for the terms of bed friction, drag, and turbulence-induced shear force. On the offshore sides,
a wave generation zone with a constant water depth in which the governing equations were reduced to
linear long-wave equations was introduced to achieve non-reflective wave generation by using the
method of characteristics. A sinusoidal incident tsunami was given as a time-dependent boundary
condition at the most offshore side of the wave-generation zone. For a moving boundary treatment, a
number of algorithms were necessary so that the flow occurring when the water surface elevation is
high enough can flow to the neighboring dry cells. The initial conditions were given for a waveless
state in the computational domain including the wave-generation zone.

3. EXPERIMENTS AND VALIDATION OF NUMERICAL MODEL
3.1. Experimental setup and conditions

The present experiments are follow-up from Thuy et al. (2009a) in which the effect of gap width
on flow around a simplified forest model of vertical cylinders with a fixed width and tree density was
investigated by a fixed condition of long waves in a wave channel with 0.4 m wide. It was found that
a 0.07 m-wide gap causes the largest velocity at the gap exit under their conditions. In this study, the
effects of forest conditions on the flow velocity and water surface elevation at the gap exit and behind
the vegetation patch are mainly investigated.

Fig. 1 shows the experimental setup in the wave channel where the forest model was set in the
water area for the convenience of velocity measurements. Trees were simply modeled by wooden
cylinders with a diameter of 0.005 m mounted in a staggered arrangement as seen in Fig. 2. The gap
width bg was fixed as 0.07 m in the present experiments. The forest width Br was changed in cases of
0.2, 0.5, 0.7 and 1.0 m with the fixed density of 2200 trees/m” (0.22 trees/cm?). The end of forest was
fixed at x=11.36 m (see Fig. 1), where the still water depth is 0.037 m. Three cases of tree density for
the fixed forest width of 1.0 m were tested; lower density (y=500 tree/m?), moderate density (y=1000
trees/m”), and higher density (y=2200 trees/m”). In addition to those cases, experiments for cases of no
forest (B/~y=0) and full vegetation (no gap) were also conducted. Wave condition was fixed as that
the incident wave height H; at still water depth of 0.44 m is 0.02 m and the wave period T'is 20 s as
same as the previous experiments (Thuy et al., 2009a).
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Fig. 1. Experimental setup in wave channel.

Fig. 2. Photo of forest model (example of bG=0.15 m).

3.2. Conditions of numerical simulation for laboratory scale

For numerical simulations of the experimental conditions, the uniform grid size of 0.005 m and
time step of 0.002 s were selected. The Manning roughness coefficient n was given as 0.012 s/m"? for
the relatively rough wooden bottom. For parameters in the turbulence model, standard values as
indicated in 2.2. were applied. The drag coefficient Cp..; depends on both the Reynolds number and
relative spacing of vegetation (s/D), where s is the distance between cylinders and D is the diameter of
cylinder. However, Chakrabati (1991) showed that the interaction between multiple cylinders becomes
small when s/D is larger than 2, and the drag coefficient of multiple cylinders approaches to a single
cylinder. In the present experimental conditions, the drag coefficient may be assumed as a single
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cylinder because the s/D is considerably greater than 2. The drag coefficient Cp,.,; was determined to
be 1.5 after some trial calculations, which is consistent with the drag coefficient of a circular cylinder
in the laboratory scale corresponding to the Reynolds number of 300.

The measurements of water surface elevation and horizontal velocity in the experiments were
made in a steady state in multi-reflection system of wave channel between reflective wave paddle and
coastal model with forest. Consequently, the incident wave height in the numerical simulations must
be given with consideration of the effect of reflected waves. Fig. 3 shows examples of wave height
measured at six locations in cases of no vegetation and full vegetation. In the figure, two distributions
simulated with the incident wave height H; of 0.02 m are plotted for the actual channel length and for
the channel length extended by 21 m, which corresponds to a half of wavelength at the still water
depth of 0.44 m. Both results coincide well as the difference is not observed in the figure, because of
non-reflective wave generation in the numerical simulations. The simulated distributions also agree
well with measured wave heights and the separated incident wave heights on the basis of small
amplitude theory at the extended channel are about 0.02 m. Therefore, H; =0.02 m can be considered
as the incident wave height at the still water depth of 0.44 m in the multi-reflection system of wave
channel in the present experimental conditions.

0.08 e Extended wave channel _____ . Actual wave channel __,|
A Exp. - No vegetation
— Num.- No vegetation (actual channel length)
0.06 | -~-Num.- No vegetation (actual channgl length +21m)
O Exp. - Full vegetation
— — Num.- Full vegetation (actual channel length)
\%0.0 4 4 - -Num. -Full vegetation (actual channel length +21m)
T SN
27T TS TN
\ , Ve ~ N
2 s,
002 7 N
N7 S
0 T T T T T T T T T T
21 -18 -15 -12 9 -6 -3 0 3 6 9 12 15
x (m)

Fig. 3. Wave height distributions in wave channel.

Fig. 4 shows examples of time variation of velocity at the center of vegetation end (y=0.235 m)
and the center of gap exit (y=0.035 m) at x=11.4 m during the analyzed time interval of measurements.
It is confirmed that the flow velocity is almost steady and the simulated maximum value in particular
agrees well with the measured maximum values as already shown in the previous study (Thuy et al.,
2009a). The velocity is defined by the following equation because the tsunami flow dominated in the
direction of the x-axis in the present study:

V =sign(V, 1I7| (15)
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e Exp. ---Num. atcenter of vegetation end

o Exp. —Num. at center of gap exit

Fig. 4. Time variations of flow velocity (bG=0.07 m).

3.3. Validation of numerical model with respect to forest conditions

Fig. 5 shows the distribution of maximum velocity in y-direction at the forest end (x=11.4m) for
three cases of tree density. The change of velocity gradient around the edge of gap is remarkable,
which suggests the importance of turbulence induced shear force at the gap as already discussed by
Thuy et al. (2009a). It is also noted that the increase in tree density reduces the velocity behind the
vegetation patch, whereas it increases in the velocity at the gap exit. Those are fairly well realized in
the present numerical model simulations.
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Fig. 5. Distribution of maximum velocity (x=11.4 m).
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Fig. 6 shows the variation of the change of wave crest ({max), maximum velocity at the gap exit
(Vemax) and maximum velocity at the center behind the vegetation patch (Vypmax) against the forest
width. The wave crest and velocity behind the vegetation patch decreases and the maximum velocity
at the gap exit increases as forest width increases. The numerical results agree fairly well with the
experimental results.

A Exp. —Num. for VGmaX

A Exp.  ---Num. for Vyp ..
= 0.5 o Exp. — -Num. for Cmax [ 004
E o041 |
> - 0.03 g
203 - %
G -0.02 5
£ 021 2
g <
£l +0.01 2
é .
S | | ‘ ‘ 0

0 0.2 0.4 0.6 0.8 1

Fig. 6. Effect of forest width on maximum velocity and wave crest height.

4. EFFECT OF FOREST AND TSUNAMI CONDITIONS ON POTENTIAL TSUNAMI
FORCES IN ACTUAL SCALE

4.1. Topography, forest and tsunami conditions, and definitions of potential tsunami force
4.1.1. Topography and forest conditions

A uniform coastal topography with the cross-shore section perpendicular (x-axis) to a straight
shoreline, as shown in Fig.7 (a), was selected as a model case. The bed profile of the domain consists
of four slopes, $=1/10, 1/100, 1/50, and 1/500. The offshore water depth at an additional wave-
generation zone with a horizontal bottom is 100 m below the datum level of z=0. The tide level at the
attack of the tsunami was considered to be 2 m, and therefore the still water level is 2 m above the
datum level. The direction of the incident tsunami is perpendicular to the shoreline.

The coastal forest starts at the starting point of the 1/500 slope on the land (x=5700 m), where the
ground is 4 m above the datum level (2 m above the tide level at the tsunami event). The forest was
assumed to extend in the direction of the shoreline (y-axis) with the arrangement of a gap and
vegetation patches with an along-shore unit length of L and a cross-shore width of Br, as shown in
Fig. 7(b). Both side boundaries, shown by dot-and-dash lines in the figure, are mirror image axes in
which no cross flow exists. A gap with a width b is perpendicular to the shoreline and located at the
center of the along-shore forest length. In the present study, the forest length Ly and gap width bg
were fixed as 200 m and 15 m respectively. The forest width Br was changed from 0 m (no forest) to
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200 m for selected cases, and the forest width of 1000 m was additionally considered in order to
investigate an extreme condition. According to Thuy et al. (2009a), the forest (L=200 m) is long
enough to avoid the effect of a gap around the mirror image boundary, so that tsunami flow becomes
one-dimensional there as in the case of coastal forest without a gap. In the numerical simulations, the
uniform grid size of 2.5 m was applied. In Fig. 7(b), representative checkpoints of simulated results
are shown as A (x=5700+Bz+1.25 m, y=100 m), B (x=5700+Bz+1.25 m, y=156.25 m), C (x=5701.25
m, y=108.75 m) and D (x=5701.25 m, y=156.25 m). The Manning roughness coefficient » was set as
0.025 s/m'” for a relatively rough bare ground, which is widely used in numerical simulations of
tsunami runup (for example, Harada and Imamura, 2005).

Coastal forest
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Fig. 7. Schematic topography. (a) Cross section, (b) sketch of forest and gap arrangement.
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In the present study, a coastal forest consisting of P. odoratissimus was considered. As shown in Fig.
8(a), P odoratissimus has a complex aerial root structure that provides additional stiffness and
increases the drag coefficient. Fig. 8(b) shows the b(z6)/b.s, Cp(z6)/Cprs, and Cp.uy of P
odoratissimus based on Tanaka et al. (2007) for the conditions of the tree height Hz..~8 m (for a
mature tree), the reference diameter b,,~=0.195 m. The reference drag coefficient Cp...; of 1.0 was
adopted for a trunk with a circular section and a rough surface in the region of high Reynolds number.
The value of Cp.,; varied with the total depth d (inundation depth) because the projected width b and
the drag coefficient Cp vary with the height from the ground surface zg as shown in the figure. The
tree density y was changed from 0 (no forest) to 0.4 trees/m” in numerical simulations.

Tree

T

Tree

Fig. 8. Characteristics of P. odoratissimus. (a) Photographs of a stand, and (b) vertical
distribution of «, B .and Cp.a.
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4.1.2. Tsunami conditions

As already described, the tsunami attack on the coast is perpendicular to the shoreline at a tide
level of 2 m. An incident tsunami at the offshore boundary is a sinusoidal wave starting positive with
period 7 and height H; from 600 to 3600 s and from 2 to 8 m, respectively. In the present paper, the
runup of only the first wave was analyzed because it has the largest runup height among continuous
waves.

The incident tsunami height (/) at the offshore boundary is rather arbitrary because the offshore
boundary may be set at an arbitrary depth. Therefore, the tsunami height (H;) above the ground
surface at the shoreline was used instead of H; and called the ‘incident tsunami height’ for the
simplicity in the present paper. The range of Hyy is from 3.08 to 8.51 m corresponding to H=2 to 8 m
with 7=1200 s. Note that the suffix 0 in the present paper indicates the absence of a coastal forest.

Fig. 9 shows the spatial distributions of water surface elevation {, mean velocity /" and 4/gd of the

first runup wave of 7=1200 s and H,=6 m without forest at the time when the water surface elevation
at the shoreline is the maximum as Hp=6.94 m. It is apparent that the runup tsunami is no more like
a sinusoidal wave but a bore-like wave and the front is a super-critical flow.

10 Wed (s

124 / Em)  V(mis)
/

...............

-3600 5500 6000 6500 7000

-6 - Bed profile (m) x (m) Supei=critical flow

Fig. 9. Spatial distribution of runup tsunami (7=1200 s, H~=6 m) in the case of no forest
at the time when the water surface elevation at the shoreline is the maximum.

4.1.3. Summary of combined conditions of forest and tsunami

Table 1 summarizes combined condition of forest and tsunami in the numerical simulations.
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Table 1. Summary of all simulation cases for combined conditions of forest and tsunami.

Series Br (m) y ( trees/m’) Hgo (m) T (s)
Change of forest conditions
1 0-200, 1000 0.226 6.94 1200
2 100 0-0.4 6.94 1200
Change of tsunami conditions

3 100 0.226 3.08-8.51 1200

4 100 0.226 6.94 600-3600
Change of tree density and tsunami conditions

5 100 0.05 4.21-7.73 1200

6 100 0.05 6.94 600-3600

7 100 0.1 4.21-7.73 1200

8 100 0.1 6.94 600-3600
Change of forest width and tsunami conditions

9 20 0.226 4.21-7.73 1200

10 20 0.226 6.94 600-3600

11 50 0.226 4.21-7.73 1200

12 50 0.226 6.94 600-3600

4.1.4. Definition of a potential tsunami force and the time variation

The tsunami force vector (f? ") in the present paper is defined by the following equation:
F* = par}] (16)

This is a potential tsunami force integrated over the inundation depth and corresponds to the total
drag force due to the tsunami acting on a virtual tall column of unit width and a unit drag coefficient.

For an example, the integrated drag force vector (FT

ree

) on a single tree with a height of Hy.. can be
calculated by the following relationship:

ﬁTree = CD—allb ﬁ*’ HTree z d
by (17)

mef g, <d
d
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Similarly, the total drag force on a human body as an application may be calculated with appropriate
Cp-anand b, specified to the human body.

Fig. 10 shows the time variations of inundation depth d, mean velocity V, tsunami force F for the
condition of BF=100 m, y=0.226 trees/mz, H0=6.94 m and 7=1200 s at the representative checkpoint
C. As observed in the figure, the temporal maxima appear at different times. In particular, the
maximum of V appeared early in the tsunami arrival when the inundation depth is low, and
consequently, the tsunami force was not maximal. Therefore, the representative inundation depth and
velocity are defined as values at the time of the temporal maxima of tsunami force (F "max; hereafter,
simply called ‘tsunami force’). They are denoted as dr+max, Vr+max -

10 - Fmax —  F* (kKN/m)

8 - — d(m)

P S I

4-

0 ‘ ~ ‘
,500 800 900 N 1100

t(s)

Fig. 10. Time profiles of inundation depth (d), mean velocity (¥) and tsunami force (F*)
at C.

4.2. Results and discussions
4.2.1. Overview of tsunami runup around forest

In this section, the tsunami runup around a forest with a width of 100 m and a density of 0.226
trees/m” is summarized as an example for the incident tsunami conditions of 7=1200 s and Hy=6.94
m. Fig. 11(a) and (b) show the x-y distributions of the maximum inundation depth dm.x and the
representative inundation depth dp+max, respectively. The distribution of the maximum inundation
depth decreases monotonously from about 6 m at the front of the forest to about 3.5 m at the back of
the forest. The distribution of the representative inundation depths for the maximum tsunami force is
different from that of the maximum inundation depth. In particular, the representative inundation
depth in front of the forest is small as 2-3 m. This is because the maximum tsunami force occurred
early in the tsunami’s arrival and the velocity at the time of the maximum inundation depth was
reduced by reflected waves from the forest.
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Fig. 11. Distributions of (a) maximum inundation depth (dma.x), and (b) representative inundation depth
(dF *max)-

Fig. 12 (a) and (b) show the distributions of the maximum and representative velocity, respectively. As
already pointed out by Thuy et al. (2009a), the velocity increased in the gap and became large around
the gap exit. The spatial maximum appears behind the gap exit and exceeds 7.5 m/s in the temporal
maximum velocity and 7.0 m/s in the representative velocity for the maximum tsunami force. Fig. 13
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shows the distributions of the maximum tsunami force. The spatial maximum tsunami force appears at
the gap exit (checkpoint A) and exceeds 75 kN/m.
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Figs. 11-13 show that the contour line tends to become straight and parallel to the y-axis as the
distance from the gap increases. This implies that the tsunami runup near the side boundaries is one-
dimensional like the case with no gap. In the present paper, the representative checkpoints D and B
were selected as corresponding to the case with no gap, although only a slight difference was apparent.
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Fig. 13. Distribution of maximum tsunami force (F *max).

4.2.2. Effect of forest conditions

The tsunami force obtained by the incident tsunami condition of 7=1200 s and H,;=6.94 m for
different forest conditions were plotted in Fig. 14(a) and (b) against the following forest thickness
Bavar:

By =7 (1 X B )brefCD—azz
= VBFb*ref Cop_a

(18)

where, b,.sis the reference width per tree and b ,.s is a logical reference width so that By, has a unit
of meters in the simple form (Note that 5", has the same value as b, , but the unit is m*/tree). The
original form of forest thickness was proposed by Shuto (1987) for the combined effect of forest
width and tree density. Tanaka et al. (2009) improved it to include resistance characteristic (Cp-4) due
to the tree species as the upper expression in the right hand side of Eq.(18). In the present paper, the
lower expression is used to make brief.
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The forest width was changed with fixed tree density of 0.226 trees/m” and the tree density was
changed with fixed forest width of 100 m. Tsunami forces F' *maxg, F *maxc and F/ *maxD at points B, C and
D decrease as the forest width and tree density increase due to mainly decrement of velocity with
increase of forest resistance. On the other hand, the tsunami force F*maxA at point A is enhanced
greatly but behaves in different ways by the forest width or tree density. This difference could be
understood by the fact that the tsunami force with the increase of tree density increases to an extreme
value corresponding to a rigid forest with the infinite density at the fixed point, while the tsunami
force with the increase of forest width increases at first and then decreases to 0 finally because of the
moving point. The enhancement of tsunami force at point A with the increase of density and width is

due to the increase of velocity at the gap exit in spite of decrease of inundation depth as explained as
the followings.

100 ¥=0.226 trees/m” F*
maxA
80 -
= 60
Z _
% BFb ref CD—uIl
*E 40 L F*maXB
9
20
O maxD‘ ‘ T T !
0 5 10 15 20 25

100 4 B,=100m

B.b'.C

D-all

F ax (KN/m)

LB 40
20
%
0 maxD) T T T |
0 5 10 15 20 25
(b)

Fig. 14. Variation of tsunami force at A, B, C and D with (a) forest width (Series 1), (b) tree
density (Series 2).
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Fig. 15 (a) and (b) shows the variations of the representative velocity (Vr+max) and total depth (dr+max)
at the time of maximum tsunami force together with variations of average maximum discharge fluxes
(0,05 Qoume» and o) against the forest width and the tree density, respectively, where Qimax and

Qoumax are the maximum inflow and outflow at the gap inlet and exit, and QOjigzemax 1S the total inflow
from both sides to the gap. The over-bar indicates the average discharge flux divided by the gap width.
As the width and density increase, the inflow at the gap inlet decreases because of the increase of
resistance of forest (in other word, the increase of reflection). In contrast, the outflow at the gap exit is
increased slightly at first and does not decrease so much due to the increasing inflow from sides. On
the other hand, the inundation depth behind the forest decreases due to the increase of forest resistance.
Consequently, the representative velocity at the gap exit increases to result in the increase of tsunami
force there. For the change of forest width, however, the point A moves as the forest width increases,
while it is fixed in the change of density. Therefore the tsunami force decreases as the forest width

becomes considerably wide and reduces to 0 as the forest width reaches to about 1000 m in the
present condition.

257 y=@226 trees/m? ris

out

Average flow discharge (mz/s)
dF *max (m)a VF *max (m/s)

(a)

Average flow discharge (mz/ s)
dF *max (m)v VF *max (m/s)

(b)

Fig. 15. Variation of representative water depth, representative velocity and maximum
average discharge fluxes against (a) forest width (Series 1), (b) tree density (Series 2).
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4.2.3. Effects of incident tsunami conditions

Fig. 16 (a) and (b) shows tsunami forces at four check points and the tsunami force F maxo in the
case of no forest against the incident tsunami height and period. The conditions are B/=100 m,
y=0.226 trees/m”, T=1200 s (for the change of tsunami height) and H0=6.94 m (for the change of
tsunami period). The tsunami force in the case with no forest was taken at D, but it is almost the same
with the tsunami force at B in the present forest condition. The tsunami force increases as the incident
tsunami height increases. The relationship between the tsunami force and incident tsunami height can
be expressed in the form of the following equation:

F*max = aHf(Hle - Hcf Hf’ Hle = Hcf (19)

where H.1s the threshold incident tsunami height at which the tsunami force becomes 0 and ayyhas a
dimension. In the present study, by was fixed as 2, because it may be reasonable to assume that
tsunami force is proportional to the second power of the inundation depth and that the inundation
depth is proportional to (Ho-H.y). H.r was also fixed as 2.5 m in the present study after considering
the effect on the result and simplicity although, strictly speaking, it is a function of forest condition
and tsunami period. The empirical constant of ayyis given in Fig.16 (a).
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Fig. 16. Tsunami forces against (a) incident tsunami height (Series 3), and (b)
tsunami period (Series 4).
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On the other hand, the tsunami force decreases as the tsunami period increases in case of the fixed
incident tsunami height. The relationship of the tsunami force and the tsunami period can be
expressed in the form of the following equation:

rep

F*max = an eXp —bT/(L—IJ (20)

where T, 1s the representative tsunami period and was taken as 1200 s in the present study, and azy
has a dimension. The determined empirical constants of azr and b7y are given in Fig.16 (b). Both
curve-fit relations against the incident tsunami height and period agree well with numerical results.

4.2.4. Non-dimensional tsunami forces for all simulation results

In the present paper, the following non-dimensional forest thickness combining forest and tsunami
conditions is considered:

B v _ YBpb *’ef Coa (H rep )
T.p\eH., T.p\J€H.., o)

where 7,,,,/gH,,, corresponds to a wavelength of long waves with period of T,., at the depth of H,,. It
should be noted, however, that the non-dimensional forest thickness represents the forest condition
only, since the tsunami condition is fixed to the representative tsunami condition in Eq.(21). The
representative tsunami height H,., is arbitrary as well as the representative tsunami period 7., and
was taken as 7 m in the present study.

On the other hand, the tsunami force F' max is made dimensionless by the following relationship in

consideration of the curve-fit equations in 4.2.3 as:

Fun _at,~H,) exobb, O/ T, <) Fluu )
ngvl()2 ngszoz af (Hrep - chf )H/
= affyffr/

where /ogHS;O2 (unit: N/m) corresponds to double the hydrostatic force acting on a virtual high wall per
unit length by inundation depth of Hyy, and F *maxrep is the representative tsunami force by incident
tsunami with the representative height H,., and arbitrary period T oy, fuy and f7r are non-dimensional
and expressed as follows:

o, = F maxrep F max (23)

/ -
ngrep2 f‘H_/’.fopgll—]xlo2
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2

b,
1-H,/H,\" 2.5
cf sl0 .
Y it MeieULI R, 1T, S
fo (1 _ HLf /H ) ( HS/O ) (24)

} (25)

The empirical constant of b7y at A, B, C and D was determined based on the numerical results as:

rep

rep

T
f,f = exp{— be(T— -1

B.b C
b, =0.307+0.279exp| -3.13x10° il D"’”(H””) , atA
7-;6;7 gHVep
(26)
=0.526, at B
=0.400, atCand D

The empirical constant b7y at A is given as function of forest condition (Br and y), because the
relation of tsunami force and forest condition is complex as shown in Fig.14 (a) and (b). The meaning

of modification factors will be explained later.

All simulated results of non-dimensional value of oy in Eq. (22) are plotted against the non-
dimensional forest thickness of Eq. (21) in Fig. 17 (a) and (b). As being apprehensible by Eq. (23), fur
and f7r are modification factors so that the non-dimensional tsunami force is normalized to the non-
dimensional tsunami force due to the incident tsunami with the representative height of H,.,. The ar1s
called the normalized tsunami force. Due to the changes in tsunami conditions, many data were

plotted at the same point on the abscissa, and some data are superimposed.
In Fig. 17(a) and (b), relationships calculated by the following curve-fit equations are shown:

B b*re C .
o, = 0.164 - 0.0824 exp| - 4.09x 10" 22 ”(H) at A )
]-;ep gHrep
0.492
N B b*re C "
—0.079%exp| —0.0311x10° | 222 =0 Xy : at B

27)

Trep V& H rep >

B b*re C
=0.0186 + 0.0633exp| —4.22x10’ Y22 D’“”(fl’ep) , atC

7:/C’p gHVep
B.b" . C
=0.0139+0.0678exp| —4.05x10° Y2rD o o (H”) , at D
r\gH,, J
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Fig. 17. Normalized tsunami force against non-dimensional forest thickness, (a) at A and B, (b)
at C and D (Series 1-12).

In the figure, the relationships are indicated with the subscript A, B, C and D. Those curve-fit
equations represent the average relationship of the non-dimensional tsunami force against non-
dimensional forest thickness fairly well although the data are considerably scattered due to variety of
conditions.

Fig. 18 shows the correlation of tsunami force at A, B, C and D estimated from the normalized
tsunami force by Eq. (27) and tsunami force obtained by a numerical simulation with the absolute
values. The agreement is fairly good. In the figure, the relations for y=1.1x and y=0.9x are also shown.

Science of Tsunami Hazards, Vol. 29, No. 2, page 65 (2010)



The error was within 10%. Eq. (27) can be applied to calculate tsunami force at A, B, C and D
respectively if all information of forest and tsunami conditions are available. Note, however, that a, at
A 1s effective for the condition of Br<200 m.
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Fig. 18. Correlation of tsunami force by numerical simulations and by curve-fit equation at A, B, C
and D (Series 1-12).

5. SUMMARY AND CONCLUSIONS
The summary and conclusions of the present study are as follows:

1. Laboratory experiments were carried out to validate the applicability of numerical model based
on two-dimensional nonlinear long-wave equations including drag resistance of trees and turbulence
induced shear forces to flow around a simplified forest model with a gap. It was confirmed that the
water surface elevation and flow velocity by the numerical simulations agree well with the
experimental results for various forest conditions of width and tree density.

2. The numerical model was applied to a prototype scale condition of a coastal forest of Pandanus
odoratissimus with a gap to investigate the effects of forest conditions (width Br and tree density y)
and incident tsunami conditions (period 7 and height at shoreline Hy;) on a potential tsunami force
which is defined as the total drag force on a virtual high column with unit width and unit drag
coefficient. The potential tsunami force at the gap exit is greatly enhanced due to mainly the inflow to
the gap through sides of vegetation patch and the maximum in the spatial distribution around and
inside the forest, which reaches to twice of the potential tsunami force in the case of no forest in
unfavorable conditions.
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3. The potential tsunami forces at four representative points at front and back of forest including
the center of gap exit were analyzed for various conditions and formulated as function of forest and
tsunami conditions in the non-dimensional form. The potential tsunami forces at the gap exit increases
as the increase of forest resistance due to the increase of forest width (B7<100 m) and tree density, as
the incident tsunami height increases and as the tsunami period decreases. The potential tsunami force
at other points behind the vegetation patch and the front of forest decreases as the forest resistance
increases. The potential tsunami forces calculated by the curve-fit formula in the non-dimensional
form agree well with the simulated potential tsunami forces within £10% error (B7<200 m).

In the present paper, mature P. odoratissimus trees distributed uniformly in a forest were
considered. However, tree conditions are not uniform in the actual forest and differ in the growth
stage. To investigate the effects of non-uniform distribution of the various growth stages on tsunami
forces is an exciting subject to be studied. Further, including the breaking of trees in numerical
simulations is another subject of future study, as well as verification of the method of numerical
simulations including tree breaking by field data.
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Bending Moment on a Tree (Pandanus odoratissimus) due to Tsunami Flow
around Edge of Coastal Forest

N.B. THUY '« A BF1 - HrhHe® - REER" - Su#ia°
N. B. THUY, Katsutoshi TANIMOTO, Norio TANAKA, Kenji HARADA and Kosuke IMURA

Pandanus odoratissimus grown on sandy beach is considered as effective tree species providing tsunami mitigation
due to its density and complex aerial root structure, but it is not strong enough to preclude the risk of breaking by
action of high tsunami. In the present paper, the bending moment acting at a critical position (top of aerial root) of
mature P. odoratissimus around edge of coastal forest has been investigated by numerical simulations. The bending
moment is greatly influenced by forest condition (forest width and tree density) as well as tsunami conditions (period
and height) and was formulated in the non-dimensional form for three representative points including the front corner
of forest. The bending moment calculated by the curve-fit formula agrees with the simulated bending moment within

10% error.
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ABSTRACT

The objective of this study is to investigate the effects of an open gap, such as a road, in a coastal forest
on tsunami run-up. A numerical model based on two-dimensional nonlinear long-wave equations was
developed to account for the effects of drag and turbulence induced shear forces due to the presence of
vegetation. Experiments were conducted on a forest simulated with vertical cylinders by changing the
gap width. The numerical model was validated in good agreement with the experimental results. The
numerical model was then applied to a wide forest of Pandanus odoratissimus, a tree species that is a
dominant coastal vegetation on a sand dune in South and Southeast Asia. The effect of vertical stand
characteristics of P. odoratissimus with aerial roots was considered on the drag resistance. A straight
open gap perpendicular to the shoreline was used to investigate the effect of gap width. As the gap
width increases, the flow velocity at the end of the open gap first increases, reaches a maximum, and
then decreases, while the run-up height increases monotonously. The maximum velocity in the present
condition is 1.7 times the maximum velocity without a coastal forest. The effects of different gap
arrangements in the forest on tsunami run-up were also investigated in this paper. The flow velocity at

the end of an open gap can be reduced by a staggered arrangement.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The effect of a coastal forest on tsunami mitigation has long
been a topic of interest. Shuto (1987) pointed out various aspects
of the effects of coastal forests in the mitigation of tsunami
damage. Many field observations, particularly after the 2004
Indian Ocean tsunami, have elucidated the effects of coastal
vegetation on tsunami energy reduction (Danielsen et al., 2005;
Kathiresan and Rajendran, 2005; Tanaka et al., 2007; Mascarenhas
and Jayakumar, 2008). Currently, coastal forests are widely
considered to be an effective measure to mitigate tsunami damage
from both economic and environmental points of view. In fact,
several projects to plant vegetation on coasts as a bioshield
against tsunamis have been started in South and Southeast Asian
countries (Tanaka et al., 2009a; Tanaka, 2009b). The effect of
coastal forest on tsunami mitigation, however, is still questioning.
Kerr and Baird (2007) pointed out that the significance of coastal
vegetation in tsunami mitigation remains an open question due to
the absence of adequate studies, and more data and more
powerful approaches may well find an association.

Related to the capacity of coastal forests to mitigate tsunami
damage, many studies have been done using laboratory experi-

* Corresponding author. Tel./fax: +8148 858 3564.
E-mail address: tanaka01@mail.saitama-u.ac.jp (N. Tanaka).

0029-8018/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.0ceaneng.2009.07.006

ments and numerical simulations as well as field investigations.
Among these, the numerical simulation is very effective, and
various numerical models based on nonlinear long-wave equa-
tions have been proposed. Harada and Imamura (2005) proposed
a model of a numerical simulation in which the resistance of
vegetation was evaluated by drag forces on trees and the drag
coefficients of pines were estimated on the basis of field
observations and laboratory experiments. Tanaka et al. (2007)
improved the expression of drag force so that the vertical stand
characteristics of tree were considered more realistically, and
proposed the depth-averaged equivalent drag coefficients for
various tropical trees on the basis of field investigations in Sri
Lanka, Thailand, and Indonesia. Tanaka et al. (2007) also pointed
out that Pandanus odoratissimus grown on beach sand is especially
effective in providing protection from tsunami damage due to its
density and complex aerial root structure for a less than 5m
tsunami.

The capacity of coastal forests to mitigate a tsunami run-up is
primarily dependent on the streamwise length of the forest in the
direction of the tsunami flow (for example, Tanaka et al., 2009a).
In the present paper, the streamwise length is called the cross-
shore width of the forest (or simply, the forest width) because a
coastal forest extending like an along-shore green belt proposed
by Hiraishi and Harada (2003) is considered. Tanimoto et al.
(2007) investigated the effects of forest width on the run-up
height and flow velocity behind the forest for several species of
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tropical trees, and confirmed that the flow velocity, and conse-
quently, the tsunami force, was significantly reduced by a coastal
forest of P. odoratissimus with the increase of the forest width.

On the other hand, on the basis of field investigations on the
Indian coast after the 2004 tsunami, Mascarenhas and Jayakumar
(2008) pointed out that roads perpendicular to the coast serve as
pathways for a tsunami to travel inland. Fernando et al. (2008)
demonstrated by laboratory experiments that the exit flow
velocity from a coastal perpendicular gap in submerged porous
barriers simulated corals was significantly higher compared to the
case with no gap. These results suggest that an open gap, like a
road, in a coastal forest has a negative effect on tsunami run-up
behind the forest.

Nandasena et al. (2008) investigated the effect of an open gap
in a forest of P. odoratissimus on tsunami run-up by numerical
simulations and found that a narrow gap has an insignificant
effect on the run-up height, but that it significantly affects the exit
flow velocity. Because the investigation by Nandasena et al.
(2008) was restricted to two-gap widths, Tanimoto et al. (2008)
systematically investigated it by changing the gap width and
found that a specific gap width (15 m) causes the highest velocity
in their simulated conditions.

Water flowing within vegetation and an open gap is not only
resisted by drag force and bottom friction, but also by the
turbulence induced shear force. In the gap, the flow is fast, while
inside the vegetation the drag due to the vegetation slows it.
Mazda et al. (2005) revealed that both drag force and turbulence
induced shear force play dominant roles in the tidal scale
hydrodynamics of mangrove swamps. The drag force in tsunamis
has been evaluated in the numerical simulations as already
described. However, the role of turbulence induced shear force
was not discussed in previous studies. According to Mazda et al.
(2007), the turbulence induced shear force along a creek might
reduce the tsunami energy going up the creek.

Turbulent flow in an open channel with a vegetation bank was
investigated numerically by Nadaoka and Yagi (1998) and Su and
Li (2002). The sub-depth scale (SDS) turbulence model developed
by Nadaoka and Yagi (1998) which includes the turbulence
generated by the vegetation performs with high accuracy on
experimental results and is better than the depth-integrated k—¢
model. In a numerical model of a tsunami run-up, Thuy et al.
(2008) included the turbulence induced shear force based on the
SDS turbulence model of Nadaoka and Yagi (1998). The numerical
model, however, was not validated for long waves like tsunamis.

In the present paper, the effect of an open gap in coastal forests
on tsunami run-up was investigated on the basis of experiments
and numerical simulations. The numerical model is based on two-
dimensional nonlinear long-wave equations and incorporates the
SDS turbulence model. Experiments were conducted in a wave
channel by changing the gap width in a simplified forest model of
vertical cylinders. The numerical model then was applied to a
coastal forest of P. odoratissimus, which is a dominant coastal
vegetation in South and Southeast Asia. The effect of vertical stand
characteristics of P. odoratissimus on the drag resistance is
considered on the basis of Tanaka et al. (2007, 2009a). This study
will provide basic information for designing and establishing a
vegetation bioshield against tsunamis.

2. Mathematical model and numerical method
2.1. Governing equations
The governing equations are two-dimensional nonlinear long-

wave equations that include drag and turbulence induced shear
forces due to interaction with vegetation. The continuity and the

momentum equations are respectively:
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where Qx and Q, are the discharge flux in x and y directions
respectively, t is the time, d the total water depth (d = h+{), h the
local still water depth, { the water surface elevation, g the
gravitational acceleration, p the water density, n the Manning
roughness coefficient, y the tree density (number of trees/m?), and
Cp-ay the depth-averaged equivalent drag coefficient considering
the vertical stand structure of tree, which was defined by Tanaka

et al. (2007) as
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where b(zg) and Cp(zg) are the projected width and drag
coefficient of a tree at the height z; from the ground surface,
and b,.rand Cp_r are the reference projected width and reference
drag coefficient of the trunk at z; = 1.2 m in principle, respec-
tively. The eddy viscosity coefficient v, is expressed in the SDS
turbulence model as described below.

2.2. Turbulence model

The SDS turbulence model given by Nadaoka and Yagi (1998)
was applied to evaluate the eddy viscosity coefficient with
modifications related to the bottom friction and vegetation
resistance.
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op = D" (12)

where kp is the kinetic energy, Ip = Ad the length scale (A:
turbulence length scale coefficient), and u and v are the depth-
averaged velocity components in x and y directions, respectively.
For the model parameters, standard values are adopted: c,, = 0.09,
cq = 0.17, and o = 1.0. The value of 4 will be discussed later.

2.3. Numerical method

A set of the above equations is solved by the finite-difference
method of a staggered leap-frog scheme. An upwind scheme is
used for nonlinear convective terms in order to maintain
numerical stability. A semi-Crank-Nicholson scheme was used
for the terms of bed friction, drag, and turbulence induced shear
force.

On the offshore sides, a wave generation zone with a constant
water depth in which governing equations are reduced to linear
long-wave equations was introduced to achieve the non-reflective
wave generation by using the method of characteristics. The

Vegetation model (1m)

11.41m

10.32m 9.87m  8.87m

incident sinusoidal tsunami was given as a time-dependent
boundary condition at the most offshore side of the wave
generation zone. For a moving boundary treatment, a number of
algorithms are necessary so that the flow occurring when the
water surface elevation is high enough can flow to the neighbor-
ing dry cells. The initial conditions were given for a state of no
wave in the computational domain including the wave generation
zone.

3. Experiments and validation of numerical model
3.1. Experimental setup and conditions

The laboratory experiments for long waves were carried out in
a wave channel of 40cm wide and 15m long at Saitama
University. Fig. 1 shows the experimental setup including a 1 m
wide vegetation model which was set in the water area for the
convenience of velocity measurements. The vegetation is simply
modeled by wooden cylinders with a diameter of 5 mm mounted
in a staggered arrangement (see Fig. 1(c) and (d)). In the
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Fig. 1. Experimental setup of wave channel. (a) Longitudinal section. (b) Plan in vicinity of vegetation model and measuring points. (c) Details of vegetation arrangement.

(d) Photo of vegetation model with a gap.
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experiments, 8 widths of the open gap (bs) were examined: 0 cm
(full vegetation), 4, 7, 11, 15, 20, 30, and 40cm (no vegetation,
= Lg; the width of the channel here. Later, it is redefined.). In the
cases of full vegetation and no vegetation, flow velocity and water
surface elevation were measured at six positions (G1-G6) along
the center of the flume (see Fig. 1(a)). In other cases, flow velocity
and water surface elevation were measured at locations in the
cross section just behind the vegetation (on the line passing G6).
The flow velocity was measured at 1 cm intervals in the vicinity of
the gap and 2cm intervals in the vegetation region, while the
water surface elevation was measured at the centers of the two
regions (see Fig. 1(b)). Water surface elevations were measured
using capacitance wave gauges, while flow velocities were
measured using electromagnetic current meters for two
horizontal components at the middle of the still water depth.
The final run-up height above the still water level (hereafter,
simply run-up height) was measured by tracing the water front
moving by eyes with a scale on the slope. In the data analysis, five
waves in a steady state and digitalized at 5 Hz were used. Several
wave conditions were tested in the experiments. In the present
paper, however, the results of relatively low waves with the period
of T = 20s are presented.

3.2. Validation of numerical model with experimental results

For the numerical simulations of the experimental conditions,
the uniform grid size of 0.05m and time step of 0.002s were
selected. The Manning’s roughness coefficient n was given as
0.012 for the relatively rough wooden bottom. Other computa-
tional parameters were determined by trial simulations as
follows. First, the incident wave height H; at the offshore boundary
was determined for the case without vegetation so that the best fit
between the measured and calculated results at G1 was obtained.
The determined incident wave height is 2.0 cm. Second, the best
fit value of the drag coefficient Cp_.f was investigated for the case
of full vegetation and was determined to be 1.5, which is
consistent with the drag coefficient for a circular cylinder in the
laboratory scale corresponding to the Reynolds number of 300.
This Cp.rer is equal to Cp.q, because the vegetation model is
composed of vertical cylinders with a constant diameter in the
experiments. Third, the best fit value of the turbulence length
scale coefficient 1 was investigated for a representative case with
a 7-cm wide gap and was determined to be 0.08. Finally,
numerical simulations for all cases were carried out using the
determined values, and comparisons of measured and simulated
results were made to confirm the agreement. Some of the
comparisons are shown below.

Fig. 2 shows the crest and trough elevations and the wave
height in cases of (a) no vegetation and (b) full vegetation. Results
of both experiments (Exp. in the figure) and numerical
simulations (Num. in the figure) are plotted against the distance
from the wave paddle (wave source), where the black circles are
the measured run-up height. As already shown by Tanaka et al.
(2009a), the wave height increases due to shoaling as waves
propagate to the shore. In the case of full vegetation, however, the
increase of wave height is damped by the effect of vegetation
resistance. It is confirmed that the experimental and numerical
results agree well over the whole range, although the incident
wave height was determined for the results at the deepest gage
Gl

Fig. 3 shows examples of the time series of flow velocity for the
conditions of bg = 7 cm. Both experimental and numerical results
of flow velocities at (a) the center of the gap width, and (b) the
center of the vegetation region on the cross line at G6 are plotted.
Here, the flow velocity is a resultant velocity of two components,
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Fig. 2. Changes of wave crest, wave trough, and wave height. (a) Case with no
vegetation, and (b) case with full vegetation. Exp. and Num. denote experiment
and numerical simulation, respectively.

although the transverse component is very small. The numerical
results agree fairly well with the experimental results. The
average of five peak values of flow velocity obtained from the
time series is plotted in Fig. 4 for all measuring points on the cross
line at G6, where the distance y is defined in Fig. 1(b). In the figure,
numerical results from the model without turbulence terms
(excluded TT in the figure) and the depth averaged k—& model
with standard values of parameters (Rodi, 2000) are also shown
for comparison. Compared with the results from the model
without turbulence terms and the depth averaged k—¢ model, the
result from the present SDS turbulence model is closer to the
experimental data. These results indicate that turbulence has a
significant effect on reducing the velocity slightly in the open gap,
but an insignificant effect inside a vegetation region.

Fig. 5 shows the relationships of the normalized height of a
wave crest ({./{;), normalized maximum velocity (Vgmax/V1) at the
gap exit, and normalized run-up height (R/R;) to the normalized
gap width (bg/Lg), where {4, V; and R; are the height of the wave
crest, the temporal maximum velocity at G6 and the run-up
height, respectively, in the case of bg=Lp namely without
vegetation, and the maximum velocity Vgmax is the largest
spatial velocity in the gap width. The run-up height R observed
in the experiment was almost uniform in the y-direction, and it
was uniform in the numerical result. In the figure, it is noted that
the results of experiments and numerical simulations agree well.
According to the results, the height of the wave crest and run-up
height increase monotonously as the gap width increases. The
reduction due to the full vegetation (bs/Lr = 0) is 30% and 26%
from the case of no vegetation for the wave crest and run-up
height, respectively. In contrast, the change of flow velocity is
different from that of the height. It first increases, reaching the
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Fig. 4. Transverse profiles of maximum velocity behind the gap (bc = 7 cm).

maximum value at bg/Lr=0.175, and then decreases. The
maximum value is 1.8 times that of the case with no vegetation
(bg/Lr=1), and 3.0 times that of the case with full vegetation
(bg/Lr = 0). The enhancement of flow velocity behind the gap was
also observed in the experimental results for porous barriers by
Fernando et al. (2008). The increase of velocity behind the gap is
mainly due to the inflow from the vegetation region to the gap,
which is generated by large scale eddies at the interface of the gap
and vegetation. The generation of these eddies is due to the
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24 maax/V]
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0 02 0.4 0.6 0.8 1
bo/Ly

Fig. 5. Variation of normalized wave crest ({./{;), maximum velocity behind the
gap (Vomax/V1) and normalized run-up height (R/R;).

difference in velocities between the gap and vegetation region. As
the gap width increases the inflow averaged by the gap width is
decreased, and consequently the magnitude of the jetting flow in
the gap decreases. In the case of a relatively narrow gap (on the
order of the distance between cylinders), however, the flow
velocity is reduced due to the drag of vegetation.

4. Effect of open gap in forest on tsunami run-up in actual
scale

4.1. Topography, tsunami and vegetation conditions

4.1.1. Vegetation species

In the present study, P. odoratissimus, a dominant coastal
vegetation in South and Southeast Asia, was considered as a tree
species consistent with a coastal forest. As shown in Fig. 6(a),
P. odoratissimus has a complex aerial root structure that provides
additional stiffness and increases the drag coefficient. Fig. 6(b)
shows the o, f3, and Cp_q of P. odoratissimus modified slightly from
those proposed by Tanaka et al. (2007) to the following
conditions: the tree height Hpe.=8m (for adult tree), the
reference diameter b,,;=0.2m, the density y =0.22, and the
reference drag coefficient Cp.=1.0. The reference drag
coefficient of 1.0 was adopted for the trunk with a circular
section and a rough surface in the region of high Reynolds number
(order of 10°) in the actual scale. The value of Cp_q; varies by the
total depth d (inundated depth) because the projected width b and
the drag coefficient Cp vary with the height from the ground
surface zc.

4.1.2. Topography and tsunami conditions

A uniform coastal topography with a straight shoreline with
the cross section perpendicular (x-axis) to the shoreline, as shown
in Fig. 7(a), was selected as a test case. The bed profile of the
domain consists of 4 slopes S = 1/10, 1/100, 1/50, and 1/500. The
offshore water depth at an additional wave generation zone with a
horizontal bottom is 100 m below the datum level of z = 0. The
tide level at the attack of a tsunami is considered to be 2 m, and
therefore the still water level is located at 2 m above the datum
level. The incident tsunami is assumed to be a sinusoidal wave of
3m in amplitude and 20min in period. The direction of the
incident tsunami is perpendicular to the shoreline. In the present
paper, the run-up of the first wave only is discussed.

The coastal forest starts at the starting point of the slope of
1/500 on the land, where the height of the ground is 4 m above
the datum level (2m above the tide level at tsunami attack).
The forest is assumed to extend in the direction of the shoreline
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(y-axis) with the same arrangement of gaps and vegetation
patches with an along-shore unit length of Lp as shown in
Fig. 7(b), where three different gap arrangements are shown. Both
side boundaries, shown by dot-and-dash lines in the figure, are
mirror image axes in which no cross flow exists. The cross-shore

a

Pandanus odoratissimus
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width of the forest is denoted as Br. The width of the open gap is
denoted as bg. In the present study, the forest width Br was fixed
at 200 m.

In the numerical simulation, a uniform grid size in x and y
directions was set as 2.5m and the time interval was 0.04s. The
Manning’s roughness coefficient (n) was set as 0.025 for a
relatively rough bare ground, which is widely used in numerical
simulations of tsunami run-up (for example, Harada and Im-
amura, 2005). The turbulence length scale coefficient (1) was set
as 0.08, the same value obtained from the experimental results.

Fig. 8 shows the spatial variation of temporal maximum water
surface elevations of the first wave for the two extreme cases of no
vegetation (bare ground) and full vegetation (no gap). In the case
of no vegetation, the maximum water surface elevation on the
steep slope of ; increases due to shoaling. Near the mild slope of
51%, however, it decreases because the flow velocity on the mild
slope is accelerated. The run-up height above the still water level
is 6.88 m, slightly greater than the 6.64 m at the beginning of the
mild slope. In the case of full vegetation, the maximum water
surface elevation is increased at the front of vegetation due to a
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Fig. 6. Characteristics of Pandanus odoratissimus. (a) Photographs of a stand, and
(b) vertical distribution of o, 8, and Cp_q. Fig. 8. Maximum water surface elevation of the first wave.
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Fig. 7. Schematic of topography for numerical simulation. (a) Cross-section of topography, and (b) sketch of gap arrangement.
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back up in the flow, decreases remarkably in the vegetation zone,
and becomes almost constant behind the vegetation. The run-up
height above the still water level is 5.04 m, which is 73% of that in
the case of no vegetation. The maximum water surface elevation
above the ground surface (inundated depth) at the front of
vegetation is 6.25 m, which is slightly less than 80% of the height
of P. odoratissimus.

The inundated depth 6.25 m exceeds a critical tsunami height
of 5m which is suggested for the breaking and collapse of
P. odoratissimus species by Tanaka et al. (2007, 2009a). The
inundated depth, however, includes the increase of water surface
elevation due to the back up by the vegetation, in other word,
reflection from the coastal forest. The reflection from the coastal
forest is greatly effected by the forest width and reduces the flow
velocity at the front of coastal forest. In an extreme state of no
vegetation, the inundated depth reduces to 4.64 m as shown in
Fig. 8, which is less than 5m. On the other hand, the maximum
flow velocity is 4.51 m/s, while it is 2.36 m/s in the case of full
vegetation.

Tanaka et al. (2007) reported on the basis of field investiga-
tions for the 2004 Indian Ocean tsunami that some trees of
P. odoratissimus at Medilla, Sri Lanka were broken in the front
region of 2-5m under the tsunami height by 5-6 m. The forest
width in this case, however, is narrow as 10m. In the present
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paper, the forest width is wide as 200 m which may be enough
width to reduce tsunami forces on trees and scouring risk so as to
avoid the tree breaking and collapse. The present condition of the
incident tsunami height was selected under above-mentioned
considerations. For the higher tsunami, the risk of tree breaking
and collapse increases the more, and a new simulation model
included the effect of tree breaking and scouring on tsunami run-
up is necessary to be developed.

4.2. Flow patterns and effect of turbulence induced shear force

First, flow patterns and the effect of turbulence induced shear
force on the tsunami run-up in the coastal forest with a gap are
discussed. The gap arrangement of Case 1 was selected with
the conditions of Lr = 200 m and b; = 15 m for the examination.
Fig. 9(a)-(d) shows the distribution of the flow velocity vector. The
time t in these figures indicates the time after the start of
calculations. These figures show the change of flow pattern for
144 s from t = 624 s, when the tip of the first wave reached the
end of the gap to t= 768s. Because there is no resistance by
vegetation at the gap, the flow is fast there and reaches the end
quickly to spread out from the exit. As time passes, however, the
flow behind the vegetation gradually becomes uniform, except in
the neighborhood of the gap exit. Finally, the first wave runs up to
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Fig. 9. Flow pattern in Case 1. (a) t=624 s; (b) t=664 s; (c) t=696 s; (d) t=768 s.
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the ground elevation of 719 m above the datum level (5.19m
above the still water level), which is 1.7 km from the shoreline at
the tide level of 2 m.

Fig. 10(a) and (b) shows the time profiles of water surface
elevations measured from the datum level and flow velocity at
point B (the middle at the end of the open gap) and point C (the
middle behind the vegetation patch) as shown in Fig. 7(b). It is
noticed that the turbulence induced shear force has little effect on
water surface elevations behind the gap and vegetation patch. The
maximum inundation depths at B and C are almost the same. This
was also observed in the experiments, although the results are not
shown in the present paper. On the other hand, the modification
in flow velocity due to the turbulence induced shear force is
visible at point B, where the peak magnitude of the eddy viscosity
coefficient v, is increased greatly, as shown in Fig. 11(a). The
maximum decrease of flow velocity due to the turbulence induced
shear force at point B is about 0.51 m/s (7.0%). This reduction is
due to the energy dissipation by the eddy viscosity, which is
strongly dependent on the transverse shear of the flow. The total
discharge flux that passed through the open gap is decreased
to 6.5% due to the turbulence induced shear force, as shown in
Fig. 11(b). It can be concluded that the turbulence induced shear
force slows the water flow in the gap, and therefore, it is better to
include these effects appropriately in the numerical model.

In actual scale, the reduction of maximum velocity due to the
turbulence induced shear force was observed similarly in the
laboratory scale, despite their large difference of Reynolds
number. The effect of turbulence induced shear force, however,
depends on the turbulence length scale coefficient. Trial numer-
ical results show that the reduction rate of maximum velocity at

a

E
=
2
s
5 64
© — Excluded TT
Q
é —— Excluded TT
Z 5 -~ - SDS
2
S R/ o
B SDS
4 T T T T T 1
500 600 700 800 900 1000 1100
Time (s)
b
8 AtB — Excluded TT
________ —— Excluded TT
6 -
g
= 4
S
i)
o
>
24
0 T T T T T 1
500 600 700 800 900 1000 1100

Time (s)

Fig. 10. Time profile of (a) water surface elevation, and (b) flow velocity.
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Fig. 11. (a) Along-shore distribution of maximum eddy viscosity coefficient, and
(b) time profile of total flow discharge passing the exit of the gap section.

point B is increased as the turbulence length scale coefficient
increases. Therefore, an appropriate value of the turbulence length
scale coefficient in the actual scale as well as other turbulence
parameters is a further subject to be investigated with field
observation data.

4.3. Effects of open gap and arrangement of vegetation patch

4.3.1. Effect of gap width

To investigate the effect of the gap width in a forest on a
tsunami run-up, numerical simulations for Case 1 were carried
out with Lr fixed as 200 m and by varying be.

The normalized maximum discharge flux (Qmax/Q1), represen-
tative flow velocity (Viep/Viep1), representative inundation depth
(drep/drep1) at point B, and run-up height (R/R,) are plotted against
the normalized gap width (bg/Lf) in Fig. 12, where the
representative flow velocity V,, and the representative
inundation depth d,,, are the flow velocity and inundation
depth (total water depth) at the time when the discharge flux
reaches the maximum in the time variation. Suffix 1 indicates the
corresponding values in the case of bg/Lr=1, namely no
vegetation. The representative values are not always the
temporal maximum but are close to the temporal maximum.
The run-up height R above the still water level is uniform
along the direction parallel to the shoreline because the flow far
from the forest becomes like a one-dimensional. These results are
consistent with the experimental results: as the gap is widened,
the flow velocity at the end of the open gap increases first, reaches
the maximum at the open ratio bg/Lr = 0.075 in this case, and
then decreases, while the inundation depth increases
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Fig. 12. Variation of normalized maximum discharge flux (Qmax/Q1), representa-
tive of velocity (Viep/Viep1), representative of inundation depth (dyep/dep1) at point B
and run-up height (R/R;).

monotonously. The run-up height has the same tendency as the
inundation depth at the gap exit. The maximum velocity is 2.5
times in comparison with the case with full vegetation and 1.7
times in the case with no vegetation. These values of discharge
flux and representative flow velocity are slightly smaller than the
results of Tanimoto et al. (2008) due to the effect of turbulence
induced shear force.

The increases of discharge flux and velocity at the end of the
gap are related to the inflow from both sides of the open gap, as
the physical explanation was already given in Section 3.2. Here,
the time variation of the discharge flux can be examined by
averaging with the gap width (Q;, at the inlet, Q. at the outlet,
and Qg at the sides), as shown in Fig. 13(a), where Qsjqe is defined
as the value of total inflow (positive) from both sides to the gap
divided by the gap width and called the average inflow from
(both) sides. Consequently, Q. corresponds to a summation of Q;,
and Qe With consideration of their phase differences and
is strongly dependent on the inflow coming from both sides.
Fig. 13(b) shows the variation of maximum values of the average
discharge fluxes and the average inflows from the sides (Qinmax.
Qoutmax» and Qsigemax) against the normalized gap width. It can be
seen that the average inflows from both sides vary with the gap
width, similar to the representative velocity in Fig. 12, and the
largest value appears at the open ratio bg/Lr = 0.075, being the
same as the case of the representative velocity. Fig. 14 shows the
distribution of the representative x component of flow velocity
(Vxrep) along the end line of the forest for four gap widths. The
results very clearly show the effect of gap width on the velocity
distribution on the along-shore section. Based on these numerical
results, it can be concluded that the effect of gap width is
particularly significant on flow in the open gap.

4.3.2. Effect of along-shore unit length of forest

The along-shore unit length of forest of 200m is rather
arbitrary, and the opening ratio depends on it. Therefore, in order
to examine the effect of the unit length of the forest Lr on
inundation depth and flow velocity at the gap exit, numerical
simulations for the gap arrangement of Case 1 were conducted
with conditions of bg = 15m by varying L. Fig. 15(a) shows the
relationship of the normalized representative inundation depth
(drep/drep1) and the normalized representative flow velocity (Vrep/
Viep1) at point B with the normalized unit length of forest to the
gap width (Lg/bg), where dy.p1 and V., are the representative
inundation depth and representative flow velocity for the case of
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Fig. 13. (a) Time profile of average discharge flux (Q;, at the inlet, Q. at the outlet,
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Fig. 14. Along-shore distribution of V., at end of the forest.

Le/bc = 1, namely no vegetation. The inundation depth decreases
and the flow velocity increases with the increasing unit length of
forest. However, the change rate decreases as the unit length of
forest increases and becomes almost zero around Lg/bg = 14,
where dyep/drepr and Viep/Viepr are about 0.6 and 1.7, respectively.
The enhancements of velocity at the end of the gap depend on the
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magnitude of the average inflow from both sides. This is examined
in Fig. 15(b), where the variations of Qsjgemax With Lg/b¢ are shown.
In the figure, the average inflow from both sides varies with the
unit length of forest, similar to the representative velocity shown
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Fig. 15. The effect of unit forest length. (a) Variation of normalized representative
inundation depth (dyep/dyep1) and representative velocity (Viep/Viep1) at point B, and
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in Fig. 15(a). It becomes constant when Lg/b; exceeds 14, being
same as the case of representative velocity.

4.3.3. Effect of gap arrangement (arrangement of vegetation
patches)

In addition to the gap arrangement of Case 1 (a single open
gap), the two-gap arrangements of Case 2 (cross open gaps) and
Case 3 (staggered open gaps) shown in Fig. 7(b) were examined to
elucidate the effect of gap arrangement. In both cases, the open
gap parallel to the shoreline was set at the middle of the forest
width Br. The size of the forest is the same at Br=200m and
Lr=200m. The gap width bg is also kept constant at 15m.
Consequently, the gap width at both sides in Case 3 is set as 7.5 m
in the numerical simulation due to the mirror image, so that the
total gap width is kept as a constant at the inlet and outlet for all
cases. Fig. 16 illustrates the effect of gap arrangement on the flow
patterns in the two cases. The difference in flow patterns due to
the gap arrangement is clear.

Fig. 17(a) and (b) shows the time profiles of water surface
elevation at points B and C for the two cases. The difference in the
water surface elevation is not large in either case, and the
maximum difference is only 0.1 m (1.5%) at point B. The run-up
heights are plotted in Fig. 18, including cases of no forest and full
vegetation and Case 1. In consequence, the effect of the gap
arrangement on the run-up height is small. On the other hand,
the gap arrangement has considerable effect on the flow velocity.
Fig. 19(a) and (b) shows the time profiles of flow velocities at
points B and C for Cases 2 and 3. Compared with Case 2, the
maximum flow velocity of Case 3 is decreased by about 0.91 m/s
(13.0%) at point B, and it is increased 0.23 m/s (7.0%) at point C.
The reduction of flow velocity at the gap exit in Case 3 is caused by
the resistance of vegetation before water enters the gap in the
landside vegetation patch, while in Case 2, the flow comes directly
to the gap and is increased by inflow from both sides in the
process of propagation.

It is concluded that, in the conditions of the present study, the
gap arrangement has a significant effect on flow velocity in the
gap, particularly flow velocity at the exit, while it has an
insignificant influence on the run-up height. The gap arrangement
of Case 3 exhibits a considerably reduced maximum velocity at
the gap exit.
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Fig. 16. Flow patterns at 680s, (a) Case 2, and (b) Case 3.
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5. Conclusions

Laboratory experiments using a wave channel and numerical
simulations were carried out to investigate the effects of an open
gap in a coastal forest on tsunami run-up. The effects of gap
width, forest length, and gap arrangement were discussed based
on the results. The present study can be summarized as follows:

1. A two-dimensional numerical model of nonlinear long waves
including resistance due to vegetation and turbulence induced
shear force was developed, and the applicability was con-

a

— Case 2

AtB

Velocity (m/s)
S
1

T T T T T 1
500 600 700 800 900 1000 1100
Time (s)

— Case 2
---Case3

AtC

Velocity (m/s)
~
1

500 600 700 800 900 1000 1100
Time (s)

Fig. 19. Time profiles of flow velocity. (a) At point B, and (b) at point C.

firmed by good agreement with experimental results. In the
numerical model, the eddy viscosity coefficient is evaluated by
a sub-depth scale turbulence model by Nadaoka and Yagi
(1998) with a modification related to the bottom friction and
vegetation drag. The evaluation of the resistance due to
vegetation is based on drag forces on trees proposed by Tanaka
et al. (2007) with due consideration of the vertical character-
istics.

2. In general, the turbulence induced shear force plays a

significant role in slowing the water flow slightly in the open
gap. The flow velocity in the gap is reduced by the effect of
turbulence induced shear force, while the turbulence induced
shear force has little effect on the inundation depth and
consequently the run-up height. These results were confirmed
by experiments and numerical simulations.

3. A coastal topography with an along-shore forest which is

uniform in the direction of a straight shoreline was used to
investigate the effect of an open gap on tsunami run-up. Three
types of gap arrangements were considered: a straight gap
perpendicular to the shoreline, cross gaps with a gap parallel to
the shoreline, and staggered gaps in the direction perpendi-
cular to the shoreline with the straight parallel gap.
P. odoratissimus of 8m in height was considered as the tree
species consisting the forest. A sinusoidal tsunami with a
period of 20 min was considered to attack the coast perpendi-
cularly to the shoreline. The maximum tsunami height was set
so that the inundation depth in the forest due to the tsunami
run-up is about 80% of the tree height at the front of the forest
to avoid over-wash.
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The gap width affects primarily flow velocity and inundation
depth. The flow velocity in the gap, however, is different from
the tendency in the inundation depth and the run-up height.
As the gap width increases, the flow velocity at the gap exit
increases at first, reaches the maximum value, and then
decreases. This variation is caused by the difference in total
inflow averaged with the gap width from the vegetation
patches to the gap in the forest. When the forest width is
200 m in the direction perpendicular to the shoreline and the
along-shore forest is long enough to avoid the effect of flow
from the ends of the forest in the direction parallel to the
shoreline, the flow velocity at the end of the 15m wide gap
located in the middle of the forest length reaches the
maximum value of 2.5 times in comparison with the case of
no gap and 1.7 times the case of no vegetation belt.

4. The flow velocity in the gap can be reduced by the appropriate
gap arrangement. In the case of a staggered arrangement in a
200-m-wide forest, the flow velocity at the gap exit is reduced
about 13% in comparison with the case of a cross arrangement,
while the arrangement of the gap(s) has little effect on the
inundation depth and consequently the run-up height.

In the present paper, the forest width was fixed as 200 m. The
mitigation of tsunami run-up behind a forest strongly depends on
the forest width. The effect of forest width on tsunami run-up
with the presence of open gap will be investigated for various
vegetation species in future work.

In particular, this study considered a single layer of
P. odoratissimus in the vertical direction of vegetation. Tanaka et
al. (2007) pointed out that the application of P. odoratissimus as a
vegetation bioshield has a limitation due to the relatively weak
strength for high incoming tsunamis and two layers of vegetation
by P. odoratissimus and Casuarina equisetifolia have a strong
potential as an effective vegetation bioshield. Also, the flow
velocity was discussed mainly in the present paper, however the
tsunami forces and breaking moments which are related with
square of velocity are more directly related with possible
damages. Those are subjects of follow-up studies.

Another important problem is scouring around the vegetation.
This problem as well as validation of the numerical model against
field measurements is the subject of future studies.
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In the present study, laboratory experiments have been carried out to confirm the applicability of numerical method
based on two-dimensional non-linear long wave equations incorporated with drag resistance of trees and eddy
viscosity forces to tsunami flow around the edge of coastal forest. Then the method has been applied to a prototype
scale condition to investigate tsunami flow around edge of coastal forest of Pandanus odoratissimus. The flow
velocity outside and around the edge of coastal forest is increased, consequently the potential tsunami force is
considerably increased there. On the other hand, the moment due to drag force at the top of aerial root of
P.odoratissimus near the edge of the forest is decreased significantly to reduce the risk of breaking as the forest width
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Abstract

The aim of this paper is to investigate the propagation of ship waves on a sloping coast on the basis
of results simulated by a 2D model. The governing equations used for the present model are the
improved Boussinesq-type equations. The wave breaking process is parameterized by adding a
dissipation term to the depth-integrated momentum equation. To give the boundary conditions at the
ship location, the slender-ship approximation is used. It was verified that, although ship waves are
essentially transient, the Snell’s law can be applied to predict crest orientation of the wake system on
a sloping coast. Based on simulated results, an applicable empirical formula to predict the maximum
wave height on the slope is introduced. The maximum wave height estimated by the proposed
method agrees well with numerical simulation results.
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Nomenclature

A
B

qvﬂ@}bmg%ﬁkg

empirical parameter of breaking term
correction factor of the dispersion term
ship beam

wave celerity

reference wave celerity

ship draft

total depth

depth Froude number

gravitational acceleration

still water depth

deep water wave height

reference maximum wave height at y=100 m
limited breaking wave height

maximum wave height

relative damping coefficient

relative refraction coefficient

shoaling coefficient

relative shoaling coefficient

shoaling coefficient at y=100 m

wave length

deep water wave length

ship length

damping coefficient

depth-integrated velocity components in x and y direction
eddy viscosity terms in x and y direction
transverse section area of the ship below still water level
mid-ship section area

time

reference wave period at y=100 m
maximum wave period

ship speed

distance in x-direction

distance from the mid-ship

distance from the sailing line

mid-ship section coefficient

wave angle

reference wave angle at y=100 m
mixing length coefficient

water surface elevation

eddy viscosity

the ratio of the circumference to the diameter of a circle
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1. Introduction

Waves generated by navigating ships contain a massive amount of energy that can
seriously damage the marine environment, degradation of coastal structures, and being
responsible for nuisance or damage to beach users as well as other floating bodies. Since
the middle of the 19th century, many investigations have been done with the aim to predict
the characteristics of these waves as a function of ship hull geometry, ship speed, water
depth, and the distance from the sailing line.

Havelock (1908) shows the wave height decreases exponentially with distance from the
sailing line. He predicted that in sub-critical speed, the decay of divergent waves has an
exponent of n=0.33. Sorensen (1969) used model test to show that the bow waves are
generally similar to this predicted rate of decay. For super-critical ship speed,
Kofoed-Hansen et al. (1999) suggested that the value of n=0.55 can be used.
Furthermore, based on experimental result, Whittaker et al. (2001) proposed the lowest
value of n=0.2 for shallow water. Although their studies were carried out in constant
water depth only, these approaches are more practical for coastal engineering purposes and
result only in an additional constant in the equation.

However, transformation due to shoaling, refraction, and breaking must be considered
in addition to damping by the distance, when ship waves propagate on a sloping coast.
Especially, the wakes generated by ships operating at near-critical and critical speeds, with
wave heights noticeable higher, wave periods longer, and associated with shoaling and
breaking, are being much more complicated.

In computation of ship waves, the wave generation by ship moving in constant water
depth can be predicted using Kadomtsev—Petviashvili (KP) type equations, see e.g. Chen
and Sharma (1995), where the near ship flow is approximated by a slender-ship theory.
Recent advances in dispersive, nonlinear long-wave theory (Madsen and Sgrensen, 1992;
Nwogu, 1993; Wei et al., 1995; Beji and Nadaoka, 1996; Madsen and Schiffer, 1998) now
permit the use of Boussinesq model for large computational domain. Since the basic
restriction of the KP equation is not valid for unsteady cases, a set of modified Boussinesq
equations, which are valid not only for long waves but also for waves of moderate length,
was applied to compute ship waves in shallow water, see e.g. Tanimoto et al. (2000) and
Jiang et al. (2002). Recently, Dam et al. (2004) investigated the transformation of ship
waves on sloping bottom by a Boussinesq model and suggested that the refraction on slope
of ship waves are similar to the ordinary wind waves.

However, none of these models described the breaking effect, which is an essential
phenomenon occurred usually when waves propagate on a natural coast. In the present
model, transformation of ship waves are simulated by solution of 2D depth integrated
Boussinesq equations, including wave energy loss due to wave breaking. Based on
simulated results, the effect of shoaling, refraction, and breaking is evaluated to estimate
the travel direction and the maximum height of ship waves on slope.

2. Governing equations

The simulation method is used to solve numerically Boussinesq-type equations
(Madsen and Sgrensen, 1992) with a moving ship boundary (Chen and Sharma, 1995).
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In the coordinate system Oxy, where the origin O lies on the calm water-plane, the x-axis

points in the direction of ship’s forward motion, the y-axis pointing toward the shore, the
governing equations are written as:
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Herein, {(x, y, 1) is the water surface elevation, Q.(x, y, f) and Q,(x, y, t) are the depth-
integrated velocity components in x and y directions, ¢ is the time, A(x, y) the still water
depth, D(x, y, 1) is the total depth (D={+h), g is the gravitational acceleration, and B is

the correction factor of the dispersion term (B=1/15). R, and Ry, are eddy viscosity term
in x and y direction, respectively.

3. Breaking model

To simulate surf zone hydrodynamics, energy dissipation due to wave breaking is
modeled by introducing two additional eddy viscosity terms (R;, and R;,) into the
momentum equations (Egs. (2) and (3)). These momentum mixing terms are modified
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and improved by Kennedy et al. (2000) and Chen et al. (2000), as follows:

9 [ 00, 1[d [ 00, a [ 90,
Roe = 5% (” ax) T3 [@ (”W) W(Wﬂ @

_ 9 (99 1[0 (90 6 9 ( 90
R”"_ay<y0y)+2[GX<yay)+(9X<V0X>] ©)

The eddy viscosity », which is a function of both space and time localized on the
front face of breaksing wave, is determined in a similar formula proposed by Zelt
(1991).

v = A8+ 0% (6)
ot

where 0 is a mixing length coefficient with an empirical value of 1.2. The quantity A
that controls the occurrence of energy dissipation is smoothly varied from 0 to 1.0 to
avoid an impulsive start of breaking. Detailed formulation of the quantity A can be
found in Kennedy et al. (2000).

In the case of 2D wave breaking, implementation of the breaking model requires
determination of wave directions in order to estimate the age of a breaking event. The
incident wave angle § relative to the x direction can be written as:

8= tan”! (?x) @)

In the present model, we used four points around the calculation point for estimating the
wave angle, once the wave direction is determined, the model can estimate the age of a
breaking event at a given location by tracking the breaking history at the grid points along
the wave ray.

4. Ship boundary conditions

Since the main interest in the present study is the wave propagation far from the ship,
therefore, a slender ship theory (Chen and Sharma, 1995) is assumed to give the boundary
conditions at the ship location, as follows:

0 =+5U" (®)

In which U is the ship speed, S is the transverse section area of the ship below still water
level. The transverse section area is approximated by the following equation:

256\ 2 2
S(xs)=50{1—<%”, —13%31 ©)

S S
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where Sy is the mid-ship section area, xg is the distance from the mid-ship, and Lg is the
ship length. The mid-ship section area is given in the following expression:

S() = (XBsd (10)

in which, « is the mid-ship section coefficient, By is the ship beam, and d is the ship draft.
In the present study, the ship conditions are: Lg=82 m, Bg=14.6 m, d=5.88 m, and
a=0.62.
The most important parameter for the characterization of ship waves in shallow water is
depth Froude number. The depth Froude number (F,) is defined as:
U
Fy=—= 11
ghs
where hg is the water depth at the sailing line. In the present study, ship speed is ranged
from 7.28 to 16.98 m/s, the corresponding depth Froude numbers (F},) from 0.6 to 1.4,
respectively.

5. Numerical solution technique

The equations are solved by implicit finite difference techniques with the variables
defined on a space staggered rectangular grid. The Alternating Direction Implicit (ADI)
algorithm is used in the solution to avoid the necessity for iteration.

The ADI algorithm implies that at each time step a solution is first made in the
x-momentum equations followed by a similar solution in the y-direction. By using this
method, the system of implicit finite difference equations is reduced to a tridiagonal
system of equations for each grid line in the model, and then will be solved by the Double
Sweep algorithms, a very fast and accurate form of Gauss elimination.

6. Results and discussions

The ship, as shown in Fig. 1, is steadily traveling on an open coast with straight and parallel
contours. Computational grid size in both x and y-direction is 2.5 m. The channel length is
4000 m from the ship start position. The ship is assumed to start from rest and accelerate
uniformly to a final velocity. The computation domain was of 48.8 ship lengths long and 25.6
ship lengths wide. The grid size was 2.5 m X 2.5 m, yielding a total of 1,432,200 grid points.

Figs. 2—4 show top views of wave crests for three cases: F;,=0.6; F;,=1.0; and F;,=
1.4, respectively. In theses figures, the darker (bigger) spot the higher elevation of wave

Tin 400m

= -

15m 1751 Im

Fig. 1. Cross-section of computational channel.
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Fig. 2. Top view of wave crests at sub-critical speed (F,=0.6).

crest. At a sub-critical speed (F;,=0.6) in Fig. 2, the wave pattern is close to a Kelvin—
Havelock wave pattern, and number of leading waves ahead of the ship increase
correspondingly with the sailing time. At a critical speed (F,=1.0) in Fig. 3, the wave
system is characterized by significant divergent waves, with only one leading wave. At a
super-critical speed (F,= 1.4) in Fig. 4, the wave system comprises only divergent waves,
the transverse waves are almost disappear. They simply cannot keep up with the ship since
the water depth limits their speed.

In constant water depth, the distance between wave crests increases with distance from
the sailing line. In the slope side, however, this tendency is not occurred due to shoaling
and refraction effects. In both constant side and slope side, the directions of travel of the
subsequent waves are different with the direction of propagation of the leading wave.

M x(m)

30060

Constant Slope

L2500

L 2000

1 5000
y{m)
b

700 7

Fig. 3. Top view of wave crests at critical speed (F),=1.0).
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Fig. 4. Top view of wave crests at super-critical speed (F;,=1.4).

On sloping coast, the effect of wave refraction is clearly observed in the wave pattern. It
may cause the decrease in the wave height as the water depth becomes shallow. Besides,
the effect of wave shoaling increases the wave height.

Fig. 5 illustrates a time profile of water surface elevation (at x=2000 m, and y=
200 m), and definition of maximum wave height (H,,,,,) and maximum wave period (7,,,..)-
In the case of depth Froude number less than 0.95, the wave period increases as the depth
Froude number increases. However, in the case of the depth Froude number larger than
0.95, the wave period gradually decreases as the depth Froude number increases. The
remarkable increase in wave period at near-critical and critical speeds is of particular
concern as the long-periodic wave can build up to considerable height on reaching a
sloping shoreline.

Fig. 6 shows the maximum wave height at a range of depth Froude numbers. It is
obvious from this figure that the largest and most energetic waves are produced at
approximately F;,=0.95. Wave heights are sharply increased when F, from 0.8 to 0.95.
However, the decay rate of near-critical wave (with distance from the sailing line) differs
greatly from the decay rate of super-critical wave. This point is illustrated in Fig. 7
where the decay of the maximum wave height is plotted for a range of near-critical

15 tm)

LA f e

PN
LY 1

.1: 0 175 lﬁ"U 225 2_:7[:' 274
-3t .
Time ()
- 1 ' i ﬁl Tl}fr].'f

Fig. 5. Definition of H,,,, and T,,,.
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Fig. 6. H,,,,x against depth Froude number.

and super-critical Froude number. It can be seen from these results that the maximum
wave height on the sloping coast is not only dependent upon its transverse distance from
the sailing line (due to wave decay) and interaction between the divergent and transverse
waves, but also due to shoaling and refraction.

Fig. 8 illustrates a plan view of plotted tracks of the pointed end of velocity vector at
different locations in the case the ship travels at critical speed (F;,=1.0). On the left-hand
side (constant water depth), the dominant directions of propagation are mostly alike.
Meanwhile, on the right-hand side (slope), these dominant directions (indicated the
direction of propagation for ship waves on slope, or tan ) are apparently changed
according to the distance from the sailing line. The dark curves in the figure are the wave
rays that constructed from the flow vectors of water particles.

Fig. 9 shows the inclination of wave direction (tan 8) on the slope, which can be
formulated as a function of the distance from the sailing line (y). The approximate
functions are shown in the figure. These functions are also strongly influenced by the value
of depth Froude number. With y=100 m value as a reference level, based on the Snell’s
law, the value of tan § at a certain position is given by:

_ (C/C] X sin 51)2
tan § = \/1 —(CIC, Xsin §;)? (12)

{m)

LTS

H

Fig. 7. H,,, against distance from the sailing line.
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Fig. 8. Motion time history of water particles (F;,=1.0).

in which, C is wave celerity at the optional position of y, C; and 3, are the reference wave
celerity and wave angle at the reference location of y=100 m.

Fig. 10 illustrates the plotted wave rays on the slope that obtained from three
different methods. The dash—dot curve is the wave ray obtained from the Snell’s law.
The continuously dark curved line is the wave ray created from flow vectors. And the
dashed curve is the wave ray that constructed from wave crest lines. As shown in the
figure, these methods give almost the same result. In other words, on a gently sloping
coast, ship waves refracted as same as the way the ordinary wind waves did. Therefore,
the Snell’s law can be applied for ship waves and the relative refraction coefficient is
K! given by:

1/4

) _
K. = {1 + {1— (é) }tanzﬁl} (13)

7. Empirical formula for maximum wave height

To predict the maximum wave height on slope, an empirical formula is proposed as
follows:

Hppax = min[(K{ X K; X Kj X Hy), Hp) (14)

O& W8, (bt 2 s dteily
& F=14 tan =1 e Ay
& | L fan =1 o1
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Fig. 9. Inclination of wave direction on slope.
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g. 10. Wave rays on sloping coast (F,=1.0).

Herein, K], K/, K, are the relative shoaling, refraction, and damping coefficients,
respectively. H; is reference maximum wave height at y=100 m, and H,, is the limiting
wave height in the surf zone due to wave breaking, which is proposed by Goda (1985) as
follows:

h
H, =0.17 XLOX{I—exp{—l.SZ—<1+15 ><i4’3>” (15)
0
in which Ly is the deep water wave length, and i is tangent of bottom slope.
The relative refraction coefficient K| can be obtained from Eq. (13), on the basis of the
Snell’s law. To compute the relative shoaling coefficient K], the finite amplitude wave
theory is used, as follows:

K. =KJK, (16)
where
K, = K, +0.0015 X (h/Lo)>° X (Ho/Lo)"* A7)
1
K, = (18)

-
/tanh 222 4 228 (1 + tanh? 251)

H, = H,/K, (19)

Ly = gTi 2w (20)
T} 27th

=80 g 2 Q1)

27 L
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in which, H, is deep water wave height and T, H; are reference wave period and
reference maximum wave height at y=100 m.

Finally, the relative damping coefficient K; can be obtained from the following
formula:

K}, = (y/100)™" (22)

In the present study, we found that the value of n=0.2 gives best agreement of the
model evaluated based on analytical results.

8. Comparison between empirical formula and simulation results

Fig. 11 presents the comparison between results by numerical simulation and empirical
formula for three cases: F;,=0.8, F;,=1.0 and F,=1.2. At sub-critical speed, the
maximum wave height gradually decreases until slope end, due to combined interaction
between shoaling and damping effects. On the other hand, in critical and super-critical
regimes, the maximum wave height on slope reduces by the damping and refraction at
first, then increases by shoaling, and finally markedly decreases after broken.

The relative maximum wave height from simulated result (circle mark) agrees well
with the result calculated by empirical formula (thickly solid line), except in very shallow
water depth. In the figure, the straight thin line indicated limited breaking wave height due
to limitation of water depth (H,).
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. f, IR
4'_: 1k |—
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Fig. 11. Results of simulation and empirical formula.
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9. Reference value of maximum wave height, wave period, and angle
of wave direction

As mentioned before, at a certain datum point, if reference values of maximum wave
height H;, maximum wave period T}, and incidence angle (; are given, maximum wave
height at any optional position on the slope can be obtained by using empirical formula
in Eq. (14).

Based on numerical simulation, these reference values of maximum wave height
(at x=2000 m, y=100 m) are illustrated in Fig. 12. These approximate functions, which
are displayed as the solid line in the figure can be formulated as follows:

Reference wave height H;:

F,<0.89: H, =0.0004¢’81F

(23)
F,>089: H, = 6.4636¢ 1031
Reference wave period T7:
F,<095: T, =0.7264 > N
F,>0.95: T, = 18.022 ¢ %6729F
Reference wave angle (;:
F,<080: B, =48.003 e*473F y
(25)
F,>080: B, =256.9¢ 06108
a Shuwlied =Bt 1 line
in
= 20 P"B...__
= _
it cf
= 1n
an L Q"P/ .
m
s 7 g
‘T f /
S .
2n
= &l g o
L gy M‘Q
m L L
o .8 [ 1.5

Fig. 12. Reference components of maximum wave height.
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10. Conclusions

To predict the characteristics of waves generated by a ship, the present model with
improved Boussinesq type equations for the far-field flow and the slender-ship
approximation for the near-field flow provided satisfactory results. To estimate the
maximum wave height on a sloping coast at a given distance from the sailing line, the
proposed analytical solution can be applied. For shallow water depth, to compute
the relative damping coefficient, the value of n=0.2 is suggested. The relative shoaling
coefficient is calculated by using the finite amplitude wave theory, and to calculate the
relative refraction coefficient, the Snell’s law can be used.

The reference values of maximum wave components, such as maximum wave height,
maximum wave period, and wave angle can be formulated as a function of depth Froude
number. However, to generalize the proposed formula, further investigations including lab
data and field data for various slopes and various ships geometric conditions (e.g. ship
length, ship draft) are essentially needed.
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CONG HOA XA HOI CHU NGHIA VIET NAM
Doe lip - Ty do — Hanh phic

GIAY XAC NHAN LA TAC GIA CHINH CUA BA BAO KHOA HOC
Tap chi: Khi trong thuy vin

Tén bai bao: Mot so két qua du bao nghiép vu nudc dang do bio nam 2006
(2007). Tap chi Khi twong Thuy vin, s6 556, trang 17-22

Tic gia: Tran Hong Lam, Nguyén B4 Thuy, Bii Manh Ha
Ching t6i cong nhan TS. Nguyén Ba Thuy la ngudi dong gop chinh trong cic néi

dung cua bai bdo nay va xac nhin TS. Nguyén Ba Thuy la tac gia chinh cua bai
bao.

Ho va tén tic gia Chir ky - Ngay/thang/nim
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TONG BIEN TAP
_ TS, Biii ¥an biic
PHO FONG BIRN TAP
TS. Nguyén Pai Khiinh
TS. Duidng Viin Khénh
UY VIEN BHOI BONG BIFEN TAP

38 ISKH NenyérBhic Ngg 9. 1S NguyEr Vin Mdi
PGS.TS. NoguyEn Van Tovén 10, TS, B Minh Tang
*(35.T8, Ngd Tegpng Thubn 1%, TS. Trin Bénp Lam

*38.T5. Tedin Thyc © 12.'TS. Npnyén Ngoe Hudn
M38.TS. L& Bilc Huinh 13, TE. MpuyEn Kign Ding
MSKIL. NaayEn Doy Chich 14, TS, Ng.u].-'én Thi 140 Thanh.
35 TS. ¥ Thanh Ca 15, ThS. Nagmydn Vin Tué.

IS NeuyEn Thal Lar 16, ThS. L& Céng Thiuh

Thit k¥ tod soan
TS. Pao Thanh Thiy

Trink biy
CN. Pham Ngoc Ha
Gify phép xudt bin:

S&: 2S/GP-BYHTT - B6 Vin hod Théng tin

¢Hp nedy 5/4/2004
In tai: Céng ty in Khoa hoc K¥ thuit

Fad soan
56 4 Ping Thdi Thin - 144 Noi
Bién thoai: 04.8241405
Fax: (04.8260779
Email: duchy @1fpt.vn

Gid bdn: 10.000d3ng

17:

3

50

55.

64

86 556 * Thing 4 nidm 2007

S Nghién oty vadtrdedSi

TS. Tran Héng Lam: Hal mudi ndim xdy dung v4
phat trién Trung tim Khi trgng Thud vin Bién
KS. Biti Pinh Klnide: Mot s& k€L qui didu tea
khao sdt hdi dwdng phue vy thiét k€ duting dng din
ki céng trinh Ehi - Bigén - Pam Ci Mau

TS, Trin Béng Lam vA nnk: M6t s§ k€t qui dy
bdo nghiép vu mide ding do bio nim 2006

Th$. Hoang Trung Thank, CN. Nguyén Thanh
Trang: Quy tiinh dy bdo séng wong bio tal Trung
tim Khi twgng Thuy vin Bién

TS. Pham Viin Hudin, TS. Nguyén Tiij Hoi: Dao
didng muc midc bidn ven bt Vidt Nam

CN. Nguyén Thanb Trang, ThS. Hoang Trung
Thanh: Nghigén oiu, dng dung mé inh SWAN du
bio iruding sting ven hit bién Viét Nam

ThS. Trin Defe Tri: Thit nghiém tinh todn nudc
déng do bio bing phitdng phip CIP

CN. Trinh Tufin B:;it: Tinh todn séng cyc tri tif cde
chudi dif liéu do dac phuc vy thiét k&€ cdc cong
trinh ven bién

- Téng k&t tinh hinh Kb tigng Thuy vin

Tom 1t tinh Winh khi tugng, khi (wigng ning nghiép,
thity van vi hai viin thdng 3 - 2007

Trung tim Dv bao KTTV Trung vonyg, Treng
tam KTTV Bién (Trung tdm KTV Quéc gia) va
Trung tdm Nghién ety KTNN (Vién Khoa hoc
Ehi fuong Thiy vda va Mat mrudng)

Théng bio két qud quan tric mdi bwdng khdng khi
fai mdt 88 tinh thinh ph thing 3 - 2007

Trung tim Mang Wwdi Khi tugng Thiy vén va
Mi# truting



MOT 80 KET QUA
DU BAG NGHIEP vU NUGC DANG DO BAO NAM 2006

"

TS. Trin Hong Lam
ThS. Nguyén Bé Thily, CN. B Manh Ha
Trung tim Khi tigng Thily vén Bién

HOC didng do bdo 10 hién nigng thidn ol rdt nguy hiém. Tdng thiét hai do bdo noi
| chung vi wudc ding do bdo ndi rigng hang ndm 1 rf l1dn, Do khiong chi la méi de

A % doaddivei mén Qudtc gia md con 1 sif ednh bido che ¢ éna dong qusc 1& vé hiém hoa
thiéwn fof baa Ui cd the gdy ra rrong thid gian i,

V.:ﬁ‘.s ithidm v dugre gian va tinh cdp bdch cila vide dy bdo v ednh bdo niede ding do bio,
Trang idm Khi twomg Thud van Bién 03 x8y dung “Ouy ikt elid Bedor nghidp vy mede ding do bdo
cho vitng ven bifn Vidt Nam dua trén md hink Delfi3D - FLOW?. Béd bdo nay tde pid oldi thidu
kheti gudt vé guey trink die bde vit mit 5§ k8t qud dy bdo nude ding eho mit 6 con bio dién hink

trong mia bio adm 2006,

1. Tém tit quy trinh dy bdo nude ding do
bilo

Trén co 5§ md hinh Delft3D - FLOW Trung
t3m Khi twgng Thud vin Bién di xdv dung
mét quy winh dyf bio nude dang do bio gbm
cic bude chinh sau:

* Butde 1: Lita chon kiw wiee € 18y cde két
qud dit bdo va phdt bdn Ha

Py 14 khiu md ddu rong quy tinh du bio,
5 df €6 cong doan niy vi md hinh duge chay
te&n mét 1wl tnh rdt 1dn, pham vi bao phi it
rong. Do vy, n€u khéng han ché s6 didm cin
}y két qud tinh todn thi $& mdl nhiéu thiti gian
G€ chay md hinh vi dung lmjng file k&t quéd ra
cling it 15n. Chinh vi vy, khi bi&t duge khi
ning bio s& dd bd vao khu vie ndo thi cde dy
bio vién phii lua chon file chita cdc diém
tromg khu vife d6 difa vao tinh todn v phdt ban
tin. Su lwa chon ndy ¢6 thé thay a8 khi bio
bl ngdt thay ddi qu¥ dac va di bd vio ving

Ngutti phan bién: TS. Nguyén Tai Hyi

khic.

* Budie 2, Céng tde chudn bi cdc sé'liéu khi
Hong

- Thu thp cdc tham 8 bio (bude thei gian
13 06h, ldy tif cdc bdn tin di bdo cda Trung
tim dy bdo Khi wigng Thay vin (KTTV)
Trung fong phat rén mang Internet va 4
tharn kham khio cdc ban tin dy bio bio clia
Nhit Bin, Héng Kéng, M¥ vi Philippin), tiép
theo 13001 suy cdc s li&u dy bdo tai ede bude
thiii gian chifa ¢ trong dif bdo bio vi chuyén
cic s8 lidu bio theo formal chifn olta md hinh
gid biio..

- Thu thip tning gié vA wudng dp nén gl
céc bude thdi gian di bde (1 i k&t qua dy
bdo cita mé hinh MMS5 dang chay dy bdo thi
nghiém tai Phing Khi oigng Bién - Trung tim
KTTV bidn) vi chuyén theo format chudn cia
md Hinh.

Tep chi ¥ h1 Lucings Thu viin * Théng 4 /2001 17



_'Féng hop ruding gis bio (duge md phing
theo md hinh gid bio) vi oudng gié nén v
chuyén v& hidi tinh cita Delft3D - Flow bing
mé hinh WES (Win Enhancement Schome).

* Rucke 3. ME phdng thud tridu frong thoi
doan dy bdo

Vide md phong thiy widu vong i doan
dy béo gdm hai tinb todn:

- Thit nhit: Xdc dink thod tridu thye dé lam
didu kign ban ddu cho mo Wink. Céc tinh togn
th! nghiém trede @6 di cho thay dif tdnh thuy
triéu trivde thifi gian ba nghy Ja & dE cho ra
mé ming thuy trigu thyc troag khu vife Bién
Dong A€ am dicu kign ban ddu cho mf hinh;

- Thit hai: Tinh todn thuy ridu trong khodng
thisi gian & bdo s& xdc dinh dukdc gid i nudc
ding 1ai cdc diém khi so sdnh vdi k&t guj
rong treidng hdp mnd hink gl cd nude ding
vi thu$ triéu, déng thisi cfing ddnh gid duge
nitie diing rdi vao cdc pha nao cia thuf rjdu,

* Biuede 4. Tinh todn dy bdo nitde ding do
B

Piy K bude ¢hi yéu wrong dy bio nghiép

vit nitde dang do bio, Thiéng thirdng thi thii

“han dv bdo 13 72h, luy nhién, thdl gian tinh
todn ¢d thé drge thure hign dai han.

Sau khi nhin dude thing tin df bio bio thi
mé hink s& cdp nhit cho &t qud &y bdo theo
kich bdn dy bio bio mdi. Do vdy, bio cing
giin vao by thi d4 chinh xde ciia do bdo &8
cing cao vi cde s8 1iéu dua vio md hinh ¢d
nhidu gi# tri thute vi nhitng & liéu dy bdo gin
cling & sat vai thire t8 homn,

# Butde 5. Thdw tudn, phén tich cde k8 qud
dy bido va thidt Idp ede bdn tin dit bdo

San phdm ciia mé-hinh 12 k€t qua dao dbng
mufc hrde, 1116_ dun vi hudng dhing chiy 131 cde
vi trf cdn tinh Win va cdnh bdo, phin hd
tregng myc nude, wrdng dong chiy theo
khong gian tai cdc theH didm. Mot vide rit
quan trong FONE cinh bio nuse dﬁng dobhicla

x4c dinh gi4 tri nudc dang 16n nhit o the xdy
ra tai cdc vi trf bi dnh g v this diém x8y
ra nude ding 1dn nhitt. Do vay chiing i d3
%y dyng mdt chudng trinh phin ich trong
viée xdy dung quy trinh dy bdo nghidp vu
nude ding do bio.

2. Mt sd kit gqui dif bio nude ding do bido
niim 2006 '

Nim 2006 12 nim difn hinh v& tho sudt bao
Ad bo vao Viér Nam. €6 ghidu con bao yudt
hi€n v cuing A9 manh v cé huadng O
chuyén hwong doi phite tap. Ritt kinh nghiém tir
cong tdc du bdo nude ding bio nim 2003,
cdng i dy bav mide ding bao ndm 2006 duge
thiye hién nghiém tic, nhiteg k&t qua cia dy
bio d3 gop phan gidm thidu thiét hai v& noudi
vi 141 san do bio giy ra.

Quy trinhk dy bdo nude déng do bio duge
van hanh khi c6 théng tin vé biio v dp thip
nhigt dd xudt hi€n trén khu vac Bién bdng
va o6 xu th 48 bo vao Vidt Nam. Cong vide
dif bao nde ding cho médt odn bio diige hoan
ti1 ki biio &3 bd vao bif hoie khi bio tan hoiic
di chuyén ra ngodi Hnh thd Vigt Nam, Do
dav 1a mbt s8 k&t qud dit bdo nude dang cho
mdt 58 cdn bio dién hinh nim 2006,

a. Dy bido nubc ding do bie 56 1 (Typhoon
Chanchu) f

Béo Chanchu 48 bd vio khu vire inién déng
Trung Quikc. Trong miia bio Thii Bink Doy
nam 20606, con bio niy con duge gol la “sién
bdo Chanchu”. 24y 14 cdn bio manh nhiltink
d&n thert diém thang 5 nim 2006 tai khu vie
Bién Pong vi 1a siéu bio thy hai 43 duge ghi
nh4n tai Bifn Dang, trin siéu bio tlut nhit
trong khu vife nay i “siéu bio Ryan™ frong
nim 1995, Mic dit, khéng de dosa khu vue g4t
lién cfia nuse ta phung d& gy thiéi hai £8t 160
vi cling d¢ lai ddu 81 £t khé quén cho nhitng
ngutti 1am dy bdo khi tegng thiy vin.

18 fap ot Khi tuong Thug van * Thang 4/2007



Bdngl. Két qud du bdo nuide ding de bdo Chanchu (cm)

b. Dt bio nitde ding do biio 6 5

Bio s8 5 duge binh thinh ngoil Bién Péng
vi o6 hitdng di chuyén 1t bidn d6i 12 Tay - Tay
Bic. Khi bdo s& 5 cdch b bidn Thirta Thién
Hu€ - Hi Tinh kKhodng 320kin vé& phis Déng
Nam, siic gid & gin thm bio manh cip &, gift
trén cAp 8, nic 1& khodng 62 3&n 74km/h. M
oiit di dude 1y 10 d€n 15km, dnh hudng tryc
{i&p d€n cde dnh tir Nghé An d€n Quing tri.

Khu wvye
Thc-‘i giﬂn LI’II bau - —_— e e —_—
Hong¥Eong, N1 N2
36h 110 180 210
12h o0 120 166
08h 80 130 18K

INhin chumg, theo tinh todn thi nude ding
bio 58 5 khing 1én. Nuse dang do bio Idn
nht cd thé Xdy ra theo tinh todn B 70cm iai
Tinh Gia - Thanh Hoa, tinkt theo md hinh
Del3D va 72em Hon New - Nghé An, tinh
theo md hinh CTS. Theo k&t qua tinh todn dy
bdo cho thily, khdng cd st khdc bidt ldn vé tri
3§ nude dine tinh tdn gitta hai 1né hmh
Dellt30 va CTS (bang 2).

Bdng 2. K&t quit dy bdo nutde ding béo 65 tai mbi 56 khu vie

P Nusc ding ida nh&t dy hdo (em)
‘1'ink Khua iy - R
| DAt - Flow CTS Model
Hii Phong Hon Diu 50 53
Thdi Binh Diém Bién 50 47
Thanh 11t Tinh Gia 70 af
Nghé An Céu Gidi 70 69
Neghé An CHom Mo 69 72
. HaTmh | Cita Nhuong 60 62 N

b. Dy bin mide ding-do béie 56 6 (Typhoon
Xangsane) '

Cd thé ndi, bio Xangsane ¢d hudng di
chuyén khéng phific tap nhing cudng 46 cia
con bAo niy rét manh, Trung tim d3 phin
cfmyg cae cdn b du bdo ti€n hanh theo déi sy
di chuyén cia bio Xangsane ngay tit khi né
cé xu thé d6 bd vao Philippines. Thudng
xuyén theo ddi cdc ban tin ctia Trung tim Dy
bic KTTV Trung udng.

Theo s& lidu chiing téi thu thip dude, vao

Tap bl Khi tuotg Thof vin *

thiti difm biio Xangsanc d8 b8 vio Ba Ning,
tc d6 gi6 dao déng trong khodng tir 18m/s dén
22mfs, toc d6 gid gidt 13 38mss (do dude gl
Tram Son Trd) vi 4d4mfs (do duge tat Thinh
Phd Ba Ning). Theo nhy dy bie cita chiing toi
thi con bdo Xangsane s& gdy nudc ding ldn
trén dign réng doc kba vuie ven bidn tir Quing
Binh d&€n Pa Ning, dac bidt 12 & khu vifc ven
bién dnh Thita Thién Hué, nede ding Idn abal
¢6 (hé wén 2,0m. Khu vye tif Quing Nam dén
Binh Binh mic do nwde ding khéng 1n,
nhirng ¢d the xdy ra vio Lic tién codng,

Fhing 4/2007 19



diy la truting hop it pehidém trong. Ciing theo d hdo, thi gian nude ding ¢6 thé difnra khd
lidu, khodng 4 git, Nudce ding do bdo 1dn nhit s& x4y 1a séfm hon theéi glan bio 48 b khodag 2
o o8

H (oxey
120 - -
n - Fa— i: H — . T
OL30e it 1LA0z s 22710
Fdi:l- ! i '
Hinht 1. Bién trink nude ding bio Xangsane tgi Tam K3 - Qudng Nam
Bing 3. Két qué dyt bdo miide ding biio Xangsane
Tinh Ehu vy Dy bdo Thye do Saist B
Mzhe An Cirs HoHi 150 130 13
HaTinh Céor Nhgng 170 144 15
Quing Bivh 1.2 Thiy 200 178 1
Quang Tri Trién Phone 200 178 11
Hué. Vinh Tu 210 . ZIB 4
. Di Ning Sca 113 160 143 3
i Onang Nam Tam K¥ 110 120 9
———— e aaa TR cmramed e rrrrr - roernrms]
Saj =& mydt A8 (tinh trong biak) 10%
H{on
200
1_ --------- Thots do —mmem Fimh to@n ST
150 7. - - Co T ‘f""“‘\\\
. . T .-o-".{j T
ten o~ .. - oo T . 2 ™
. . 1 g x
q ’ . f_ ‘NH-:\\.\_ i : :\5?\ :."{I:: T T
13 9 ”-‘-‘x._,a fa308 R ENEles 120340
-5g b oo _— e sttt et

Hiuh 2. Bfgﬁ iristh myc nude trong bie Xangsane tai Tram Ngoc Trd - Thanh Hod

Qua so sanh giia K€L qud tinh 1oin dy bio nuse ding bio Xangsane v thife do cho thiy, sai

s§ da bdo ¢6 thE chap nhﬁn UG (sai s trong & ung binh 13 10%, toong dng v3 sal s ayét
dét khodng 20cm, bing 3).

20 Tap chi Khi bdng, Thiaf van * pheng 4 /2007



Mgee Taa  Cis Tmi

Chm ¥hrong 1# Thiy ToduFhosg VmhTu

SenTm

Hink 3. udng bao niide dang bio Xongsane

i

Hinh 4. Bign trinke mygc nitde quan tric tgi Son Tra vao thii didm bio Xangsane 46 b

Mt vAn ¢€ 1§ tht mit md hinh Delft3D da
phin dnh ddde trong tinh tedn dao dbng muyc
nutde trong bie dd 1a hign tidng nude it aude
khi bdo 46 bo vio bd. Piy 13 mdt vin a8 rat
kho mi mot s& md hinh dy bdo nutde ding hign
nay chua phin dnh dudge. Bién thidn theo thai
cian clia dao ddng e nude 131 Son Trd cho
thi'y trirde lic bio 8 bd vio by muc nude 43
bi riit xufing khodng 0,5m so v thuf tridu tai

thsi didm da. Tuy nhién, khi khio sdt thi tai |

Sun Tra muge nude d3 nil xudng khodng L,
nhung didu dic biét 1& nd dién ra chi troig thii

Tap chi Khi tugng Thuy van * Thaag 4/2007

gian & 1h (hinh 4}, Diy cling 14 céng viéc mi
mé hinh cin phii hiéu chinh trong thi gian
tidl.

d. Dy bio niide ding do bio 569 (Typhoon
Durian) '

B0 58 9 hay con goi 1 bdo Darian, déy 14
con bio ¢6 cuting 36 tidng dB1 manh, lai xudt
hién vao cubi miia bio. Chinh vi viy, cd thé

6 nhiftng dién hi€n vt phiic tap. Thoo ban tin .

cta Trung tm D¢ bdo KTTV Trung wing, héi
Th nghy 02712, sife gié manh nhit ¢ gdn 1Am
bio manh cip 11, c8p 12 vi gifit trén cdp 12,

21



Bing 4. Két qud di bdo nide déng do bio Durian tai mit s0 khu vie

Nitdc ding Idn nhit e thé
Tinh Kl vige Xav ra (o
Ninh Thuin Ca Nj : 0,3
Binh Thuin Phan Thiél 0,4
Tp. AICM Can Gid 0,7
BB Sang Ciu Long - Cita Pinh An (1.5
Kizn Giang Vinh Rach Gia 0,5

Thee k& qud tinh todn dy bio, nude ding
do bido Durian gly ra nbin chung B khing Idn,
dag déing trong khodng iy 0,3 - 0,7m. Tri s
nude dinge idn nhit ¢d 15€ xdv ta theo dy bdo
1& 0,%m, bang 4. :

3. K& iufin va kign nghi

- Qua viée 4p dyng quy trinh &€ dy bdo
mde ddng do bio trong mia bio niim 2005 va
2006, céing vdi phin tich, so sanh k&t qud dy
bio vdi s Hén thee do cho thiy md hinh
Deift3ld - FLOW c¢ khi ndng dy bdo nudc
dang do biao voi d6 tin cdy cao, sai s& Ay bio
¢ thé chip nhén dudc,

- ViGe trién khai dy bao nghiép vi du hdo
nde ding do bio bing md hinh Delfi3D rong

mita bEo nidm 2006 i rat kip thé, nhitng két
".qud clia di hdo mét phiin nao d6 43 gop phin
gidm thidy thigt bai v& ngudi vi cda do bao
gay

Cén 4iép tuc trién khai dy bdo nghigp vu

nude ding do biio bing mé hinh Delft3D. Lua
chon, phdi hgp vai Dellt Bydrauiics dé bio
hanh vi cdp nhit phién bdn mdi nhat cda md
hinh nlfim hodn thién m6 hinh cho phit hap
vidi thue 1€ nhe vige chinh xdc hon vEé pha clia
Bi€n tfinh nudc ding bio theo thiil gian, chinh
xde vE gid tri mide ding dd v ¢dc odn bio ¢b
cudng d6 manh vA hudng di chuyén pinte tap.

- Phéi hap vdi Trung tdm Dy bdo KTTV
Trung wung 1hiét lp mot “kénh riéng” nhim
thudn Ui cho vidge th nhin cde tham s8 dy bdo
bao;

- Cdc bin tin dy bdo cdn duve phdt bdo 15
cong cluing mdt cdch siu rong han, k€t hap
¥t gido dyc nhim phd thong hda cde thujt
ngit dy bdo doi vai ¢dnyg dong;

Nén xév dung nhiftng Kich bin ng:’,ip'b' lut da

- nude ding do bio gdy re va 1idp tuc phdi duy

i vige didu tra, khdo sdt nude dang do bdo
gdp phin higu chinh md hinh du bdo nudy

cing hoin thién hon.

Tai liéu tham khio

1. Bdng thiiy tridu nam. Tgp I va Tap 1. Trung tdm Khi fitgng Thity vin Bién phdr hanh. 2006
2. Bdo cdo dy bdo va didy tra khdo sit mide déng bio rdm 2005. Trang tém Khi tugng Thity

viin Bién, 2005. -

3 Tr ﬁn'Héfr.:g E‘“’.na_'?fguye“"n Tai Hui, Nguvén Bd Thity. Nude ding do béo, cdng tde trién khai
ey bdo nghsépvu:m Viét Nam. Tapchi KTTV 56 543, thdng 372006,
4. The SCM reg;_r;.:r_{a.c;_i. Model and VOM detail model, Report March 2001, WL/Delft Hydraulies.

22 Top ohf Kai tfong Thug van = hang 4/2007
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NGHIEN CUU & TRAO POI

NGHIEN CUU QUA TRINH PHAT TRIEN
VA LAN TRUYEN
CUA SONG TAU TRONG VUNG VEN B
ThS. Nguyén Ba Thily, CN. Trin Pidc Trd

CN. Biii Manh Ha, KS. Piang Minh Tuin

Trung tim Khi twdng Thiy vin Bién

hién citu cde hién tuong trong qud trinh phdt trién va lan truyén cia
Méng nhw hiéu tng nude néng, khiic xa, nhiéu xa, phdn xa, séng dé va
song leo by cia song gid va song ling ti tride dén nay da duge thuc

hién khd kj ludng. Tuy nhién, song sinh ra do tdu chuyén djng bién di nhu thé nao
vdn con la vén dé it duge nghién citw. Trong bai bdo nay qud trinh lan truyén ciia séng

tdu trong viing bé thodi déu vdi cdc dudng ddng sdu song song sé dugc dua ra thdo

lugn trén co sd mé hinh lan truyén Boussinesq 2D két hop vdi viéc sit dung bién song

tdau ciia Tanimoto (2000).

1. M@ diun

Séng sinh ra do sy di chuyén cia tiu
tai viing ven bién ciing nhy trong cing,
song tdc dfng 1€n cdc cong trinh ven bd,
gdy nguy hi€ém cho cdc tdu nhd, cho sy
6n dinh dudng bd. Trén quan diém vé
bdo vé mdi trudng, séng tiu cé thé gay
ra st xdo ddng manh, dnh hudng dén
viéc nudi tréng hdi sdn nhu rong, tdo
bién. Nhitng nim gin diy s6ng tdu da
dugc céc nha thi€t k€ va déng tiu quan
tdm nhiéu vi tdc d6ng clia no tdi cdc tdu
lin céin. Do vy, mdt vin dé quan trong
dugc dit ra 13 1dm sao gidm t&i thiéu tdc
ddng nguy hiém ciia séng tiu théng qua
viéc hi€u cd ch€ phit sinh va nhitng dic
diém trong qud trinh lan truyén clia séng
tau.

Nhitng nghién cifu trude (Havelock
(1908), Tanimoto (2000) [5]) cho thdy
ring séng do tdu sinh ra vi lan truyén
phu thugc vio hinh dang vé tdu, t6c

dé di chuyén clia tdu, d6 sdu va khodng
cdch dén dudng tdu chay. Cdc tinh chal
cia hién trgng nudc ndng, khidc xa,
nhi&u xa, phdn xa, séng dd va séng leo
cla séng gié va séng bién sdu da dudc
nghién ciu khd k§ lu@ng. Tuy nhién
trong séng tiu, diu ndy vin con mdi
mé. Do viy, vin dé dit ra 12 phdi tim
hi€u xem cd ch& phdt sinh v dic trung
clia qué trinh s6ng khi lan truyén vio bd
cu thé 1a d3 cao séng 16n nhat, gi4 tri cuc
dai cla séng leo bd vi ning lugng cla
séng tdu tir d6 difa ra sd dd thich hop
trong viéc han ch€ tic déng cila séng
tau.

2. Co sd 1y thuy€t cia mé hinh tinh
séng tdu

M5 hinh tinh séng tdu dugc thi€t ldp
trén ¢d sd giai phudng trinh Bousinessq 2
chiéu clia Madsen va Sorensen (1992 [4]).
Piy 1a phuong tinh di duge cdi tién
nhitng dic trung vé bi€n ddi séng tuyén

Tap chi Khi tugng Thuy vian * Thdng 5/2006
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NGHIEN CUU & TRAO POI

—

tinh ¢ ving nudc sdu t¥ phudng trinh
Boussinesq nguyén thuy ciia Penegrine
(1967). Md hinh di sir dung diéu kién
bién séng tiu clia Tanimoto (2000, [5]).
Trong trudng hop 2 chiéu, hé phuong
trinh dudc dién ta :

(a). Phudng trinh lién tuc:

9 an =0 (1)
o o ay

(b).Phudng trinh ddng lugng:

- Theo phudng x:

. 8(0), o00), o 1) {:; 2L %25

20, 179, 18°0, ¢, 0
+hax[3aax 5&@} ay[ﬁarax wghz axz @F

0.0, I
[ D ] gﬂay [‘mi}h

an[ 18°0,

- Theo phudng y

rﬂQJ,,aQ2
&5}1

[ 18°0, 180,
fifp— 3
3oy 6o

Trong dé:

¢ - 1a dao dong myrc nudc, Qy, Qy la tich
phén clia vén tdc theo hudng x va y,hla
dd sdu thdfi diém ban din

d - 12 d6 sdu nic thaid =h+4

g - 14 gia tdc trong trudng

¢ - 12 hé s8 phin tin ¢ = 0,15).

Tinh s6ng dd ven b dude thuc hién
qua k&t hop véi mo6 hinh rdi nhét véi
viéc thém vao phuong trinh déng Iugng
thanh phin nh6t 181 (Ryy, Ryy):

Thanh phiin gy séng dd dudc dién ta
theo phudng trinh (4), (5): -

a BQ: R IEaIQ.s: a aQJ’
o 0,00, la 80, 9, 80
R@-%}[V—“av}*'z ax( ay) ax( Bx)

oh &L
E’ya@}”“

(79, , 70, [63: a’c:}
oy “’&‘a}’] o ¥ &y

h( ¢, 76, ¢,
[ax’ @F}@rm} %
El-fs nhdt rdi dude tinh:

v = B, (h +§') ag (6)

Trong d6'0, 1a hé s6 kich thudc pha
trdn, thudng duge 14y theo gid tri thuc
nghiém biing 1,2; hé sd B 1a dai lugng
ki€m sodt qud trinh phin tdn ning lugng
khi séng d6 xudt hién, dai ludng nay
bién d8i mdt cdch nhudn nhuyén trong
khodng tir 0 tdi 1, d€ trdnh qué trinh dd
bi séc.

Trutng hgp mod hinh k€t hdp vdi tinh
song leo bd, k¥ thudt bién khe hep ciia
Tao&Kennedy (2000, [3]) di dugc st
dung vdi bé rong khe truyén séng va
dién tich twong d6i clia kénh khi c¢6 séng
leo dutge xdé dinh: '

===,

26 Tap chi Khi tugng Thuy vin * Thding 5/2006
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1 | =z*

“9:{5+(1_a)e-ﬂw—m <zt M Awyn)=4()=

(& —z%)+0(z*+ho) +

AQ)=

Gid tri z* dudc tinh theo cdng thife:

—h S 1

z¥ = +-ho| ——+—
(1-6) [1—5 ..1] (10)
Trong d6: 6 1a dd rong cia khe hep,
la hé s& diéu khién quéd trinh bién ddi

5(¢ +ha)+ 0] _?hﬂ' E—A{q—z"}fﬁaﬂu g Hietlho)y

(bt ®

fﬁhﬂ( _ g M2*1ho) )
(9)

Két hgp phudng trinh Bousinesq 2
chiéu vdi mé hinh séng dd va sit dung k¥
thuét bién khe hep, hé phudng trinh cudi
cung ctia md hinh tinh nhir sau:

* Phudng trinh lién tuc

o 60, 09 (11)
ciia dién tich kénh truyén séng, hola do & ;’. + a?c X =0
s, z* I gid tri myc nudc ma tai A6 b= 1. 4 Oy
* Phudng trinh d6ng lugng
- Phuong trinh theo phudng x:
2
00, + 9| L + ° (909, +g:4£-—be+Ex+...=O (12)
ot x| A oyl 4 o
- Phudng trinh theo phudng y:
a 2
Qy + 'a QxQ)" PE a Q}' +gA__a__§:_Rby +Ey+---= U (13}
ot ox\ A oy| A oy

Trong d6, Ry, Rh}r 14 thanh phin gay
séng dd theo phudng x va y di duge md
t § trén, By va Ey 1 thanh phin gay
hip thu séng dé trdnh hién tugng phin
xa tif bién. b v A 12 bé réng va dién tich
twong déi cla kénh truyén séng. Hé
phucng trinh trén dugc sai phén hod

trung tAm theo thdji gian va sai phén tién
theo khéng gian vdi cdc di€m tinh dudc
xdc dinh theo 6 ludi hinh chir nhit. .
Phudng phidp ADI (Alternating Direction
Implicit) 12 phudng phédp truy dudi ludn
hudng di duge dp dung cho viéc gidi hé
phuong trinh sai phan.

Tap chi Khi tugng Thuy van * Thdng 5/2006 ET"_
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NGHIEN CUU & TRAO POI

3. Cic diéu kién bién ciia md hinh

- Piéu kién vé bién tiu chuyén d6ng

Piy la dang bién di d§ng, song dugc
sinh trén cdc diém bién nay lic tdu di
qua. D€ xdc dinh d6 cao (hay niing lugng
séng) tao ra do tdu, Chen va Sharma
(1995) [2] gid thuy&t ring bé rong tiu 1a
ménh va coi d6 nhit 1 doan thing ma tai
d6 séng dudce sinh ra & hai bén khi tau di
qua. V@i gid thi€t nay ning ludng song
do tdu di qua dudge xédc dinh:

1
Ol panch
2 2 dx
Trong d6 U 1a t8c d6 di chuyén ciia
tdu, S 1a dién tich tdu chiém trén bé mit
nude tai cdc thdi diém, cdc diém trén
hanh trinh clia tdu, dude tinh:

¢ )}, 1P o

x-l
L

5

L

F

S(x,) = S,,[l i,

Trong d6 Sy 1 dién tich phin ndi trén
bé mit nudc cla tiu.

S,=aBd

Véi @ 1a hé s6, B, 1a kich thudc bé
ngang cla tdu, d 1a ngdn nudc cia tdu.
Khi tdu di chuyén, nhitng nhiéu djng
dugce sinh ra gdm 2 phén: Nita phia trude
clia tdu s& 1 ngudn phét séng trong khi
d6 nita phia sau song cé hudng di ngude

lai.
Trong nghién cifu séng tdu, khdi niém
vé hé s8 Froude dugc dia ra:
U

.=
" Jeh

"Vdi hg 1d d0 séu tai di€m tdu di qua.
Pai lugng /gh, & ddy dugc xdc dinh 12
vin toc truyén séng. Trong nghién cifu
séng tdu thi tinh todn vdi sy thay ddi ciia
hé sd F, cho cdc trudng hgp nhd hon 1,
biing 1 vi 16n han 1 1a rdt ¥ nghia vi diéu
nay cho ta thdy su thay déi d§ cao cia

s6ng nhu thé ndo khi vén téc tu thay

doi.
4. K&t qué tinh todn

P& tinh todn thit nghiém md hinh, mot
kénh tinh vdi dudng by thing, cdc dudng
ding sdu song song. Tiu di chuyén tai
dé, sdu h = 15m, d6 dfc cla ddy kénh
tinh tir vi tri tAu tdi d6 sdu h= 1m 1a 1/50.
Trong tinh todn, mdt mién vdi do siu
ddng nhi't duge md réng tif phin ddy déc
vdi muc dich Ia trdnh dugc sy phdn xa
song clia duding b dé cho viéc phén tich
va ddnh gid k&t qud dude thudn tién hon.
Trén hinh 1 bi€u di&n mit cit ngang clia
mién tinh.

hy=]%v-,
L]

Blope =150

fin
zip  fu=iim

> >
425.0m

Hinh 1. Sd 48 mit cit ngang clia mién tinh séng tiu

.

28|  Tap chi Khi tugng Thuy van *
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Cédc chi s6 cla tiu ding trong mé
hinh vdi: Chiéu dai 1a 41m, bé réng 12
14,6m, ngin nudc tiu 14 5,58m hé s6 1a
0,62. Cdc théng s6 ndy sé& dudc dung tinh
todn cho tit ¢ cdc trudng hgp trong bdo
cdo nay.

T6e do tdu duge chon cho md phdng
séng tiu vdi 3 trudng hop; Uy = 9,7;
12,13; 14,45m/s, tudng dng véi hé sb
Froud 14 0,8; 1,0 va 1,2. Viéc chon cidc
gid tri vé viin tdc tAu nhy trén nhim dé
ddnh gid xem sy khdc biét clia df cao
séng tAu nh th€ nao khi vin tdc tiu thay
déi.

Trén cdc hinh tit 2 - 5 biéu dién két
qui tinh todn trong truding hgp md hinh
c6 tinh tdi hién tugng séng A8 (wave
breaking).

Trén céc hinh 4 biéu dién dao dong
muc nudc theo thdi gian tai cdc vi tri
(x=2000m, y= 200m), (x =2000m, y=600m),
(x=2000m, y=650m) va (x=2000m, y=700m)
trong trudng hdp F,=1. Chiing ta thdy
ring tai mot di€m quan tric séng tdu
lubn quan tric duge nhiéu séng cé db
cao va chu ky khdc nhau. K&t qud tinh
todn cho thdy, séng thi 2 trong nhém
séng 1a séng ¢6 bién 46 1dn nhdt. Cic
théng s6 clia séng ndy thudng dude dua
ra dé ddnh gid mitc A6 dnh hudng cia
song do tiu gdy nén. K&t qud tinh todn
ciing cho thiy chi ¢6 nhifng séng c6 bién
dd 16n trong chudi nhém séng 1a bi do,
diy la mét rong nhitng dic tning dudc
phdt hién cla séng téu.

Tai hinh 2, gid tri db cao séng cuc dai
doc theo cdc duting cdt ngang & vi tri
x=1000m, 1500m va 2000m vdi trudng
hop F, = 1 duge dién td. C6 thé cé mdt
s6 nhén xét nhy sau vé sy bi€n ddi cla
dd cao 16n nhét cla séng tdu khi lan
truyén vao bd, lic ddu d6 cao séng gidm
b hién tugng tit din (damping) va khiic xa,

sau d6 d§ cao séng ting dén do hidu tng
nude ndng va cudi ciing gidm do séng bj
d6 tai ving nudc ndéng gin bd. K&t qui
tinh todn ciing cho thdy, trong khu vue
gin bd, gid tri d6 cao séng cuc dai doc
theo mit cit x=2000m 14 16n nhét vi nhd
hon cd 14 tai mit cit x=1000m. Diéu nay
cho thdy riing khi tdu di chuyén, do cao
song theo c4¢ mit cit ngang 12 bi€n ddi
va ¢6 xu huéng ting dén, tuy nhién trong
k&t qud tinh todn clia md hinh cling cho
thdy riing d6 cao séng 16n nhit s& ting
tGi gid tri &n dinh & mot khodng cdch ma
tiY d6 khi tdu ti€p tuc chuyén dong nhing
gid tri do cao séng khéng thay ddi, rong
diéu kién dang tinh d ddy thi gid trj d6 1a
2000m. Trong qué irinh lan truyén vio
b, n€u gip phdi viing nude ndng, séng
s& bi d8. Vi tri cdc diém séng d6 theo
cdc mit cdt 12 my thufe vio dd cao séng
tai d6. V&i cdc mat cdt nhy trén, séng dé
suit hién tai cdc dd siu h=2,65m; 2,45m
va 1,55m trong dng tai x=2000m, 1500m
via 1000m.

Dé€ xdc dinh sy bi€n d6i A6 cao séng
tdu theo tc d6 di chuyén cla tiu nhu
th€ nio, mé hinh di tinh thit nghiém
cho 3 truding hdp vdi hé s& Froud khéc
nhau 14 F,=0,8; 1,0 va 1,2. Trén hinh 3
bi€u dién k&t qua tinh todn dé cao séng
cuc dai doc mit cdt c6 toa dd x =
2000m cho 3 truding hdp nhu trén. Két
qui tinh todn cho. thiy vé xu thé& bién
doi d6 cao séng trong 3 trudng hgp 1a
gifng nhau, tuy nhién vdi truting hdp Fy,
= 0,8 khéng ¢6 hién tugng séng A8 xuit
hién & mat cdt nay. M6t diéu 1y thd
duge phédt hién trong k€t qud tinh ciia
m& hinh 14 khi so sdnh df cao sdng tai
1 di€ém thl khéng phdi khi vin t6c tdu
ldn thi dd cao séng sé ting.Trong
trudng hgp nay dd cao séng 16n hdn cd
khi so sdnh 14 trudng hdp F, = 1. Chiing
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t6i di th¥ nghiém tinh todn nhiéu véi
cdc hé sd F, khdc nhau v nhén thdy
ring gid tri 4§ cao s6ng 16n nhit khi hé
56 F,, gdn bing 1 c¢6 nghia 14 khi vén toc
ciia tdu x4p xi vén téc truyén séng.
Hién tai chiing ta chua c6 s& liéu quan
tric song tiu dé kiém ching d6 chinh
x4c va hiéu chinh m& hinh. Bdo cdo da
diing k&t qua phin tich gidi tich cla
Tanimoto (2004) [4] d€ so sdnh.

Trén hinh 5 14 so sdnh gita két qua
tinh todn d6 cao séng cuc dai clia md
hinh va két quad phén tich trong ciing 1
diéu kién cho truting hdp tai mat cit x =
2000m va véi 3 hé s6 Froud 1a F,=0,8;
1,0 va 1,2. C6 thé nhin xét ring c6 su
khd phi hgp gilta 2 tinh todn trén i
tritng hgp trong viing gin bd. Vi
tritng hdp F, = 1,0 k€t qua so sdnh la
phil hdp hdn cad.

F, = 0,8m khong cé séng df i —=
Xx=2000m F, = 1,0 s6ng dd tai h=2,65m S pead
. X = 1,2 séng d8 tai h= 1,85m | il EHE |
§ — —
= - - _— = — i O A 4. B e 0 0 5 0 1
1] ' T . - :
100 200 300 400 500 600

Khodng cdch tir ludng tiu chay viio bif (m)

700

Hinh 2. Sy bi€n déi gid tri 16n nhét clia séng tdu doc theo mit cit (Fh=1)

F.=1.0 X=1000m,s6ng d6 tai h=1,55m x=1000m
X=1500m. séng d8 tai h=2,45m ¥=1500m
X=2000m. séng d8 tai h=2,65m ——— %x=2000m
3 I
%
£
E N N —
U T L] T T L]
| 100 20 300 400, 500 600 700
= Khodng cich nf ludng thn chay vio hdf (m)

Hinh 3. Su bi€n ddi gid tri 16n nhét ciia séng tu doc theo mit cit (x=2000m)

30}
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6. K&t ludn

M5 hinh tinh séng do tdu sinh ra lan
truyén vao viing ven bd dya trén phudng
trinh Bousinesq 2D va sit dung diéu kién
bién séng tiu cia Tanimoto (2000) di
duge phat trién: M6 hinh dd md phong
duge mot sd hién tugng khi'séng lan
truyén vao by ciing nh dic diém cia
trrdsing séng khi tdu chay trén mét kénh

phing, c6 ddy thodi. Hién tugng séng
leo b& cling nhu xdc dinh mai quan-hé
gilta d) cao s6ng cuc dai vdi hinh ding,
trong lugng va vin tdc cla tdu cling nhu
s€ dugc nghién cifu thém. Nhitng nghién
cttu sAu vé séng tdu s& rdt ¢6 ¥ nghia
trong cdc nganh giao théng, déng tdu,
quy hoach xdy cdng va nudi wdng thuy
sén.
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1. Tim quan trong cua nghién ciu va dy
héo nuidc ding do bao

Trén thé gidi nhimg ndi bi dnh hudng
ning cla nuic ding do bio nhi viing vinh
Bengal, dic biét la Bangladet (nude ding
rong nidm 1990 1€n cao i hon Tm da lam
hdn 400:000 ngudh thi¢t mang) tai ving
bién Caribe, nutic diing cao nhit ghi duoc 1
8m trong con bio Floria (M¥) lam 5000
nguifi chit; cdn bio Katrina d8 bd vio bang
New Orleans di giy nudc ding 6m, lam
10.000 ngutsi chét vi 30.000 ngutsi mit nha
cifa, thiét hai nhiéu ty d6 la. Tai khu vuc
Bong Bic A, cic nudc Nhat Bin, Triéu
Tién vt Trung Qudc cling chiu nhiéu thiét
hai do nutdie ding, trong d6 myc nudc ding
cao nhilt do dude tai Tridu Tién di 5,2m, O
Viét Nam, nudc ding do bio ciing gy thift
hai Idn vé nguisi va cia, muc nudc ding 16n
nhit ghi duge trong con bio DAN nim 1989
la 3.6m. C6 thdng tin cho ring trong lich sir
di ghi nhin myc mide ding do bio nam

1881 tai Hii Phong lam thiét mang khodng
300,000 ngut (7). Gén diy nhat 1a thing 9
nim 2005, bio Damrey giy nudc ding ldn
6 2,05m tai Nam Dinh gy va dé va thiét
hai Ién mic dit Chinh phi cing toian din di
chudin bi d&i pho rat ky v6i cdn bio nay.
Ngoii biio thi gié mia cling giy ra hién
widng nufGe ding, tai Viét Nam trong nhifng
dot gié mia manh (cip 6, 7) vit kéo di 2
dén 3 ngay muc nuc ding 1én khodng 30 -
40cm. Nudc ding do bdo dic bigt nguy
hiém khi xudt hién vao ding thii ky wiéu
cuting, myc mude Wng chng ding cao, két
hgp voi song to da trin qua dé vao dong
rufng, diy chinh 13 nguyén nhin giy thigt
hai niing né vé& nguifi v cla. Tai Viét Nam,
trong ndm 2005 ¢ 4 con bio giy nude ding
cao thi 2 con (biio 56 2 - Washi va biio 8 7
- Damrey) nudc ding xdy ra ding vio lic
triéu cuting nén thiét hai do 2 con bio nay

tai cic tinh Hai Phong vi Nam Binh 13 rit
Idn.

Nhiin thitc dude tim quan trong cla vin
dé nay, viéc nghién citu v du bio nudc
diing do bio di va dang dugc guan tdm md
cich hét sitc dic biét.

2, Cic phuong phip dy héo nuidc ding do
bdo

Trong nhifng niim gin diy do dnh hudng
clia bién ddi khi hau todn ciu, thién tai ngay
miit gia ting, dic biét 1a bio, kém theo li
lut vis nuidc diing do biio. Vi vy, viin dé tinh
todn va du bdo nude ding do bio oo the xay
ra cho timg khu vire 18 mdt trong nhifng bién
phép tich cic d& dua ra bién phip phong
trdnh v nhimg gidi phip cin thi€t nhim
gidm thi€u thiét hai. Trén thé gidi c6 it
nhiéu md hinh dy bio nude ding do bio &
cic quy md khic nhau thy thude vao khi
ning ciia cic miy moc, thiét bi, khi nang
v cd s di lifu vi nguii sif dung v.v... Mbi
cong nghé du bio nutc ding do bao lai cd
mic d6 hién dai, bao quit, cu thé khic
nhau.

Hién nay ching ta di vi dang sit dung 3
phugng phap chinh d€ tinh todn va dy bio
nuiic ding do bio:

Phuting phip thing k& khd don gidn vi
cho k&t qui tong d6i khd quan. Nhmg
nhue diém cla phudng phip nay 1a phii
difa vio chudi s6 lidu nude ding vi bao di
c6 cho nhimg khu vuc cu thé, do viy pham
vi dp dung thuting bj han ché,

Phudng phéip dua ra todn db trén co s
cdc con bio chufin d€ dy béo (phuong phép
SPLASH) di khiic phuc dvdc nhitng khi€m
khuyét cla phuong phip théng ké, wy
nhién nhimg tham s& hod khi xay dyng b0
bidu db ludn ludn bi gidi han. Vi vay, dd
chinh xdc khdng cao.
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Phudng phép ding mo hinh s5 tri thuy
dbng hai, ba chiéu vu diém 1a ludn cho ket
qui diy di vé& tniding muc nudc theo khong
gian va thiti gian. Phuong phip nay dang
duce ding phd bién nhat trén thé gidi va da
dp dung vio Viét Nam.

Tai cic nude chiu nhiéu thiét hai bdi
nudc ding do bdo nhi: M§, Nhit, Nga,
Trung Qudc... di wr xdy dung cic phén
mém tinh todn du bdo nudc ding. Mot sO
nuGe nhy An P, Bangladet, Phillipin da
mua céic phin mém dy bdo clia cdc trung
tim nghién ciu vé nude ding do bao ndi
tiéng nhu Delft Hydraulics ctia Ha Lan.

Hién tai, phdn mém 3 chiéu du bdo nudc
ding do bao Delft3D-Flow cia Ha Lan di
ducic sir dung vito du bio nghiép vu mude
ding do bdo & Viét Nam. Nhimg két qua
tinh todn va du bio nghiép vu nudc ding do
bio nim 2005 da gép phin gidm thiéu
nhifng thiét hai vé ngudi va clia, dic biét 1
trong bao s6 7.

3. Lua chon md hinh du biao nghiép vu
nuiic ding do bdo ¢ Viét Nam

Ciing vdi céic chuyén diéu tra khio sit dé
xic dinh mitc 4o thiét hai ciing nhutri s& nutic
ding tai cic khu vue bio dnh huding thi viée
Ita chon mdt md hinh du bdo it 1a vin dé
cip bich hang ddu va c6 ¥ nghia thuc tién.

Hién nay, Trung tim Khi twdng Thuy
van Bién dang sif dung md hinh Delft3D-
Flow dir bao nghi¢p vu nudc ding do biao &
Vigt Nam. Mo hinh Delft3D da dudc trién
khai dp dung trong thue tién vdi tinh todn
thuy triéu va dy bdo nudc ding cho nhiéy
nde tén thé gidi nhy Indonesia,
Héngkong, An D%, Nhimg ké qui tinh
todn, dyf bdo tai Viét Nam cho thily diy la

mot mo hinh tién tién, ¢ @6 tin ciy va (g

dung thitc tien
MG hinh Delf GD-Flow do Vién Thuy Iue

Delft Ha Lan thiét ldp va da duidic —J\\

Chuyin
giao cho Viét Nam trong khubn khd dif dn

hep téc gitta 2 chinh phi Viét Nam va Ny Uy
vé “Hé thong tram phao va cinh bio big™

Delft3D-Flow la md hinh 3 chiéy i)
todn cdc qué trinh khong Sn dinh ciia hoy,
lwu, cdic qui trinh van chuyén due o
bdti thuy triéu va tic dong clia cc y&u 1 ki
tugng. Muc dich cd bin ctia md hinh 2 chidy
(2D - depth - averaged) va 3 chidu (3D) |3
mé phong qud trinh lan truyén thuy iy v;
dong chiy gi6 bao gém sy dnh huding ciia
mit dd do tic ding khing on dinh ciia phiin
b nhiét db va dd mudi rong ving bién
nong, ving ven bd, ving cifa sng, ving
song vh hé. Md hinh hudng 16 mot quan
diém 12 quy md ngang dude xdc dinh c6 §
nghia hon quy md thing dimg.

Nhimg (g dung cd bdn cia md hinh 2
chiéu 14 md phong thuy triéu, nude ding do
bio, song do dbng dit, dao ddng mc nude
tai ¢éic cong trinh, lan truyén 6 nhiém, cic
qud trinh niy duge coi [a dbng nhat theo
phudng thing ditng. Nhitng ing dung thc
1€ clia md hinh trén the gidi ciin phii ké dén
la cdc du dn dp dung md hinh vio duf tinh
thuy triéu va nuée dang do bio & mdt s
nurdic trén thé gidi.

M hinh Delft3D-Flow dudge thiét 1ip
dva trén viéc gidi hé phuong trinh nude
nong khong &n dinh. H¢ phudng trinh hao
gbm: cic phuong trinh dong lugng theo
phuong ngang, phudng trinh lién tuc va 1
phitiing trinh vin chuyén. Céc phudng U 15"-
dure gidi trén hé toa 4 dé cdc vii hé e 10
chu. P& dp dung cho tinh todn va du 0
thuy triéu, nude ding do bio & Viét Nem.
md hinh da sir dung 2 ludi tinh; | luti vo 08
c6 d phiin gidi thd ( 27,7km) va 1 ludic 18
vdi 4O phin gidi cao khi vao gin bl (4 ).
Trén cdc bién 16ng ciia Iwdi tinh, § song w§
triéu chinh duge thiét 1ap va md hir’
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/'— dung s0 liéu quan tric muc nude cic

tram ven b Viét Nam d& hiéu chinh.

Mot s6 wu diém ndi bit cla md hinh
Delft3D-Flow trong du bio nutc déing do bao:

Vifa tinh dong thiti ¢d thuy tridu va nude
ding. Mo hinh tinh chip cdc song triéu chir
khong tinh séng 1€, wu diém nay rit c6 §
nghia vi nude ta nhiéu khu vie thuy triéu c6
bién 40 dao dong ldn do viy md hinh sé
khic phue dude hiéu ing tidng tic phi
tuyén gitfa nude ding va thuy triéu.

Trong tinh todn va du bao nude ding do
bao, md hinh di k&t hop tubing gi6 nén vai
tniting gié bao A€ tinh todn do viy da gidi
quyét duge trong tnfling hdp c6 nhiéu hinh
thé thisi 1€t rén khu vue dy bdo.

4. Quy trinh dy béo nghi¢p vy midc ding
do hio

Viét Nam la quée gia chiu nhiéu thiét hai
do nuc dang, vi viy khong thé khong co
mét quy trinh dif bio nghi¢p vu hién tidng
nity. Trong quy trinh nghié&p vu dy bio mudc
ding do bio, cic cong doan nhu thu thip
thémg tin bao, tinh todn nudc ding, thiét ké
v phét ban tin dugc thuc hién rinh tf, lién
hoan sao cho cic thong tin dugc cp nhat
sOm nhit d&€n ngudsi din.

Trong nim 2005, k€ tif sau con bio 02,
viée trién khai du bdo nghiép vu nudc ding
do bio da dude thue hién & Trung thm Khi
nigng Thuy vin Bién. Quy trinh s& duc vin
hanh khi ¢6 cic thong tin vé bio hinh thanh
trén Bién Pong va c6 xu thé di chuyén vio
ven bt Viét Nam thi viée tinh todn, du bio
vi phdt biin tin s& due thyc hién, trong mot
ngay ¢6 4 dut bao vio cic thii diém sau khi
nhiin dude cic théng tin dy bio vé bio mdi
nhiit & thdi di€ém 01h, 06h, 13h v 19h gids
Viét Nam. Qud trinh du bio dutic tién hinh
cho 16 khi bio dd bd vao bif hodc bao tan
hodc di chuyén ra ngodi linh thd Viét Nam.

MG hinh sir dung ngudn 6 li¢u chinh duts
Iy tit Trung tdm Dy bdo Khi nong Thuy vin
Trung wong (KTTVTU) phét duf bio bio cho
24 g, duge cip nhit thubing xuyén tén
Intemnet vi hiu hét cac tham s bio quan
trong, dong thisi d€ 6 nhimg du bio xa hon
(72 gids), céc 50 liéu vé du bio ciia cic Trung
tm dy bdo Bio trén thé gidi nhu IMA,
Hongkdng ciing dutic ciip nhit va b xung,
Tuy nhién, cd mot s6 kho khan trong du bio
nude dang nim 2005 nhu sau:

Bin tin dy bio bio cla Trung tim Dy
bdo KTTVTU ¢6 thisi han la 24 gid, nhu vy
A€ 6 nhitng dif bio dai hon ching toi khic
phuc biing viéc ciip nhit cic thong tin dy
bdo 72 giif clia IMA, tuy nhién giifa 2 bin
tin dut béo nay c6 lic khong khidp nhau do
vily sé khd khan cho lam dif bao msc ding.

Cion mdt s tham s0 du bdo bio theo yéu
ciu ctia md hinh khing c6 trong céc ban tin
dir biio ciia Trung tim Dy bdo KTTVTU nhu
bén kinh gi6 vai toc do gi6 55m/s, 91m/s va
182m/s, trong qud trinh tinh todn va du bio,
céic thong sd nay cling dude 13y bd xung tir
IMA.

Ciic ban tin dy bdo bio thuting dudc cip
nhit mudn, thuiing sau 1,5 gid so vdi thisi
diém phin tich, k€ ci thdi gian xit 1y va tinh
ctia md hinh (khodng 2,0 gitf) thi s& chim
khoang 3,0 gits so vai thisi didm cin du bio.
Do vy, ¢iin phii niing ciip e d tinh odn
cha mdy tinh cling nhy gidm thdi gian
truyén tii cic thong tin vé bio.

Bén tin du bdo nude ding dude 1p via phit
1én cic phuong tién thong tin dai ching ngay
sau khi c6 k&t qua tinh todn. Ty thude vio vi
tri bio dd b va cuting dd bao ma vi tr cic
khu vie phét ban tin dity hay thuta khéc nhau,
thong thubing tai mdi tinh phia biic c6 tif 2 - 4
diém duge pht tin, twong img véi khoing 20
km dubing bién, khoang cich nay ditse dénh
gid 1 di md ta dugic chi Gt sy khic bigt nudc
diing trong bio theo khong gian.




NGHIEN cUU & TRAO DOI

9

Trung tam Du bdo Khi wrong Thuy van Trung uong
National Center for Hydro-Meteorological Forecasting
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Hinh 1. Mot thi du vé ban tin du bido bio cla Trung tdm Du bio Khi tuong Thuy Ve
Trung vong phdt bdo con bio 56 6 trén mang Internet ngay | 7/1X/2005

Trong cic ban tin di bio nude dang do
bdo, hién da ¢6 cdc thong tin vé diém phat
tin du bdo, do cao nuédc ding, Trong thii
glan 161, viec truyén hinh anh ban d6 phan

@36 1o il ki TUONG Ty VAN « THANG 3/2006

b6 nudc dang, ciing nhu xay dung Kich h'l_l;
ngap lut do nude ding tai cic ving Ml:;]ju
¢6 thé xdy ra cdn dugc tién hanh
truong dé dua vio dy bdo vi canh b0

.




Bing 1. Mot thi du vé ban tin du bdo nude dang do bdo duoc thuc hién tir Trung tam
Khi tueng Thuy vin Bién gin Ién Trung tam Du bdo KTTV TU

Trung tam Cong hoa xa hoi chu nghia Viét Nam
Khi nong Thity vin Bién Doc lap - Tu do - Hanh phic
Ha Noi, ngay I thang 11 ndm 2005

BAN TIN DUBAO NUSC DANG DO BAO SO 8 LUC 16H30 NGAY 1/1122005
(Theo s6 liéu Du béo bo ciia Trung tam Dy béo Khi iuong Thuy van Trung wong pht luc 14h30
ngy 1/11/2005 trén mang Intemet va s6 liéu dur bdo 72 gits ciia IMA. trén Intermet)

Bén tin so: 13
| Muge nude cye 8! | Nuge ding lon
Tén tinh Vi tri ‘j;m ; m":: S | ohit :"{ﬁf xdy Théri gian :
nude ding) .
Thanh Hod | Tinh Gia 2.6- 3.0m 0.6-10m | 23h1/11-4h2/11
Nghé An | DiénChau |  29-32m 08- 12m | 23h I/11-4h 2/1]
Cira Sot 3.0 - 3.4m 1.0 - 1.4m 23h 1/11-4h2/11 |
Hatmh = Khiu 29-32m 1.1- L5m 23h 1/11 - 4h 2/11 |
Quing Binh | PangHoi | 2.5 - 2.8m 1.0-13m | 22h 1/11-2h2/11
Quang Tri | Cira Ting 22- 27m 08-13m | 20h 1/11—lh2/11
Hué | ThuinAn 2.1 - 2.6m 08- 1.3m 200 1/11 — 1h 2/11
Hoi An 2.1- 25m 0.7-1.1m 18h — 23h 1/11
Quang Nam ™ m Ky 21- 25m 0.7- Lim 18h —23h 1/11
Quang Ngai | Dung Quét | 2:0-23m 0.4-07m 17h - 23h 1/11

Lin

Ciic tinh ven bién tir Thanh Hod dén Quing Nggii, dé phong nudc dang két hop vii niéu kén cao
tir 2 dén 3.4 m (trong dém nay 1/11 va sfing mai 2/11).

Béin tin du bdo tiép theo s& duoe phit bio sau khi nhan duoe 6 liéu du bio bao cia Trung tam Du
Ixho Khi nang thuy viin Trung uong.

Trung tam Khi twong Thuy van Bién

TAD il kil TUONG Tty VAN « TiANG 32006 (BT
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Hinh 2. Mot thi du cla bin tin dir bio bio cia IMA trong bio so6 8
phat trén mang Internet ngay 30/X/2005

5. Két qua tinh todn, du bao nude dang
do biao nam 2005

N;irn 2005 ¢ thé ndi la nam dién hinh
v€ 1dn sudt bio dnh hudng viio Viét Nam
ciing nhy cuiing 06 va sidc tin phd clia n.
Nhimg con bdo giy nude ding ldn ding
k€ nhét trong ndm 2005: bio s6 2 ¢6 tri siv
nude dang [dn nhit tai BS Son-Hii Phong
la 1,85m, h.‘]{_ﬁ 50 f giy nude diang ldn nhit
la |.8m tai Sam Son-Thanh Hod vi 2.00m
la tri 50 nude ding 1dn nhit do bio < 7
gy ra Jl?i Hii Hiu - Nam Binh. Giita k&t
qua tinh todn du bdo bing mé hinh vii ke
qui diéu ra khio sit ¢6 f—.ai s0 L;E}::I:;
duic, '

K& tif sau bdo cdn 56 2, phip cong e
def bdo vii phit bin tin du bido musde ding
di dufe Trung tim Bidp thie hién rit
nghiém tic vi khin tniong dge bié1 ].1

trong bio 58 7, con bio ¢o én quoc |
Damrey duntc coi la manh nhdt U
vong 9 nim qua vdi khi dp d tm co
tdi 955mb, toc do gio giat 146m/s. Ba
7 di dutge theo doi thudng xuyén va | it
cic bdn tin dy bio nudc ding xa (72 £
trén cd sd cic két qua dy bdo cia
trung tim du bdo bio trong va ng
nude, Do 6 duge nhing thong tn dhf b
xi vé s nguy hi€m cua bio so 7. €unE
vdi cdc nganh lién quan, cong viée chud?
bi dai pho vdi bilo so 7 rit khin I!’lfﬂ_ﬂf "_:1
kip thasi. Ding nhu phin tich, bio s0 7 ™
manh nhing c6 duting di don gidn, do ¥4}
cic bin tin dy bdo rat kip thii va &0 &
chinh xdc khd cao ddc biét 1a khi bao &
di chuyén giin vao bi. Trén cic h:lﬂh ¥e
bing dudi ddy trinh biy két qud cua U

IC
il

o

bao

todn di bdo vi k&t qud dicu tra cud 8
50 2,6, 7 vi s 8 C6 thé thay fing

quii dy bio bing md hinh khi phd P

A
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vdi thuc t€ va di phin dnh dude do tin cdy cliia mé hinh Delf3D-Flow. Trong du
bio nude ding do bio, chit lugng di bdo phu thude rit nhiéu vao két qui du bdo bio.
do vdy su phoi hdp giffa cdc cd quan du bdo vdi nhau 13 diéu rit cin thiét,

Bdng 2. Sai s8 gdp phdi trong tinh todn nudc bio tai cdc tram hdi vin trong
biio s8 2,58 6, 58 7 va sd 8

Tram Thuc do (m) | Tinh todn (m) ~Sai s6 (%)
Hon Diu
q‘
(trong com bao s0 2) 1.4 b 13
Hon Diu
3
(trong con bio 50 6) 1,0 O y
th Dﬁu ']J.:-.
(trong con bao 56 7) 1.2 13 -3
Péng Hai
1.0 20
{trong con bdo s6 8) 08 -
WL-Observed
....... WL-Calculated
1.5 |
aF Ty &
I o, &
0.5 s o
Eﬂ e T 05 11208 ?tmm L1
2es 1R 3e 403
ﬁ_;:;:ﬁﬁ 'H:LT I:f_;f l:::uﬂf I I|:|:|:|-u 6:00 1200 18460 0:p0
-1 {a)
1.5 Fiame
2
E 1.5
= s . 3 — Tihdeonshish
5 ] i"‘-——-__ [ ]
3 e » Indc
Z 05
0
[ chrh

Hinh 6. So sanh muc thue do vi tinh todn trong bao s6 8 tai Bong Hdi (a); So
sdnh giita két qua tinh todn va do dac tri s6 nudc ding lén nhat tai cic khu vue
bdo danh huomg (b).




~ WL-Observed |
WL Calculated

N ey W bl
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1 Ddu (a), So
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SimSon. Binh Minh HaiHau  Tién Hai  Diém Dién - Hon D
Dua danh (b

Hinh 5. So sanh muc thue do va tinh todn trong bio s6 7 tai Hon Déu (a); So

‘sénh giita két qua tinh todn va do dac tr s6 nudc dang In nhat tai cic khu vue
- bio anh huong (b).

6. Két luin va ki&n nghj

Nude ding do bio la hién wigng
thién tai rdt nguy hi€ém, do viy cin
phii 6 mat hé théng dy bdo va cinh
Biéo kip thisi vii chinh xdc.

Ciin lta chon ddu ne trang bi mot
md hinh dif béo ¢6 chit Iugng cao v
My dung mdt quy trinh dy bio mrde
ding hoiin chinh cho Viét Nam. C6

]ﬁ;ﬂ“E dinh ring mé hinh

ucﬁn-ﬂuw di dip ing duge yéu

4du bdo trong thati di€m nay.
L hdp va hop tic gita

ceq

ki :;;:’ di bio khi e trong va
ﬂn:h?g KEl qu dy bdo ¢ ding
= in tin nude di. do bao
d‘ﬁhmm 2005 12 kip 1 voi do
Phéy T“"ﬂr_lg d6i cao, D /iy, cin
ﬁ;' 4 trién khaj theo hu'ng tich

Tuy nhién, dé ning cao do chinh
xdc cla du bdo cin chi v xem xél
mét s6 vin dé lién quan nhu: chil
lugng du bio bdo, cong tic hiéu chinh
mé& hinh tinh cho tirng khu vue, timg
codn biio dic thii va cudi cing 1i cin
b& xung cdc md hinh du bio ven b
¢6 06 phin gidi chi tiEt hon,

Tai li¢u tham khao

1. Pham Vian Ninh - Nude ding do
bdo va gié mia. Nhd xuit bin Pai
hoc Quoc gia Ha Noi.

2. Bédo cdo du bio va diéu tra khio
sdt nude ding bio nam 2005, Trung
tim Khi ttgng Thuy viin Bién ~2005.

3. The SCM Regional Model and
VCM detailed Model — Report WL/
Delft Hydraulics.
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MO HINH SONG LAN TRUYEN VAO VUNG VEN BG
THEQ PITUONG TRINH BOUSSINESQ HAI CHIED

- ThS. Neuyén Ba Thaiy
Trung tém Khi teong Thity van Bign

ThS. Vii Hai Pang
Phan vién Hai duong hoc Hi Noi

Md hinh tinh song ven b elifer frén phisong frink Boussinesg 2 chién cia
Maclsen ve Sorensen (1992) dd didc img dung va phdt rién cao hon. Mé hink dd
md réng tinh cho sdng 48 (wave breaking) thing qua vide Lét hop vai mé hinh ndng
higng ¥6i cila cha Kenedy va Chen (2000). Vide tink song leo be (wave runup) duoce
st dung k¥ thudgt bién kie hep oita Tao (1983) va Kenedy (2000). Mo hink dd dwoc
kiéht chiing va tinh todn thit nghiém cho 3 tridmg hop: khing o6 séng 45, cd séng dd
vet két hop tink séng dd va séng leo. K 67 quad tinh fodn thit nghiém dirge so sdnh véi
tde sd Hén thi nghiém cia Kirky va Chawla {{996) vé Bowen {1968) mé hink dutce
ddnh gid ¢d d¢ tin cdv cao.
L. Mé& déu

Song bign 13 mot nhan t6 quan trong trong vide xdc dinh hinh thii viing ven
bd phuc vu cho quy hoach, thigt k& cdc cong trinh ven bo. Hign nay, 81 cd mot sa
md hinh théng dung duge st dung vio tinh todn rudng song ven bé nhwe mo hinh
RCPWAVE, ma hinh SWAN. Cdc md hioh nay dua trén vigc gidd phuong trinh déc
thodi {mild slope) va cho k&t qua it (61 trong diév kién dia hinh doc thodl vi khong
phtc tap. Tuy nhién, mdt rong nhing han ché cua cide md hinh trén (3 khéng tinh
d&n hién tugng phan xa sdng, dd cao song leo va khong ma ta dugic ban chit thit ciia
qué trinh séng dd. Phuong trinh Boussinesq di duge st dung réng 8] cho vige tinh
[odn s6ng lan trayén tlr viing nude sau vao viing ven by vii cho k&L qud tinh todn ¢b
do tin ciy cao. Phuong wrinh mé ta duoc su k& hop cde hign tuong trong qud trinh
s6ng phdl trién vA lan truyén nhe hién wong nuwde néng, khiic xa, nhidu xa vi phin
xa, dién ndy chitag & mot 6 mo hinh tnh todn tudc d6 di cd nhitng han ché nhat
dinh. Tuy nhién, bin (hin phueng trinh Bousinesq khong thé tinh duge cho trudng
hgp sdng do khi lan I_luj,fﬁﬂ viio vliing nude nong cfing nhir adng leo b, Vide kel hop
v md hinh nhét, 18l va sk dung k§ thuat hl&n khe hep 43 gitp cho mé hinh giai
quyét duce vin d& phic tap trén, : g . '

2. Phuony trinh Boussinesg hai chiéu

Mo hinh tinh s6ng 2 chicu duge dua trén viée gidi phuong rinh Boussinesq 2
chidu clia Madsen va Sorcusen (1992), Pay 14 phuung trinh d8 duge cfii ti€n nhiing
dac trung vé bign ddi song tuyén tinh & ving nude siu tir phuong trinh Bousinesg
ngyén Lhuy cia Penegrine (1967). Trong fruding hﬂp tinh sdng 2 chién, hé phuong
trinh:

(@) Phuong irinh hén tye

[
£y
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Trong dé:

{ - dao dong muc nwde, Q,, Q, L ifch phan cha van réc theo hudng X va v, h -
dg sin thol digm ban diu, d - d6 sau tie thed (d=h+D), g - @a (Oc trong rubng, B -
hé s& phin tdn (3=0,15).

3. Mo hinh song dd hai chiéu

Mot trong nhiing han ¢hé cla phitong trinh Boussinesq 12 ban thin nd khong
thé tinh duge séng do va séng leo biv, Do vy, phuong trinh Boussinesg ¢dn ket hop
vii cde md binh tinh todn khic. Treng md hinh niy, qud trinh séng 69 duge mo
phémg bing mo hink nhdt, rdi. Qud trinh niy difn ra rdt manh &fron phia mude cha
" stng. Trong mé hinh nay, ning lugng Gén An do 46 nhét, 18l dJuge sit dung thed
phitong phap cliz Kennedy vad Chen (20000, Khi d6 2 thanh phédn nhdt, éi theo
phuong x vi y (R, Ry,) duoe cong vao thinh phim v phia cia phuong trirh déng
luong, rong khi 46 phuong trinh- liﬁ'n e duge giff nguyen, :

Thanh phin 'TLL}f séng dé duge didn i T.hﬂi_l pherdng trinh:

=_". 3_{” Lo e EJQ ':‘QJ_ )
= II e [ { " -+ ay {u 3 }l | )
0. 1o 30,
: T - = _IE, 5
_|I'.|'.|_-. -1. {V 1_]};! :I 1 [31 I: a}‘ ar{f ;:]x :']i| { )
D6 nhét o1 duge tinh:

Trong da: 8, - hé s& kich thude pha tron, thudng duge 18y theo gid i thuc
ﬂghiém bing 1,2, ke 50 B - dai lugng kiém sodl qud tinh phin tin ning lugng khi
song d¢ xudt hién, dai lugng rmy bign déi mot cdeh nhuén nhuyén trong khoang tir
(i 1, d€ tranh ané oinh da bi sde.
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4, Mé hinh bién di dong, somg leo

Trutmg hop tinh sdng leo bd, mdt rong nhing nhiém vu phife tap I vige xic
dginh bién di dong khi séng truyén thing vio b Vige xdc dinh vi trf dudng bign ven
¥ cho mé hink tinh, todn b mién tinh todn duge md rdng cho dén vi tri ma tai dé
gid trf 16n nhél clia séng leo c¢d thé dat 161 Phuong phip nay di duge Kennedy
(2000) d8 cii 1i€n tir phucng php cia Tuo {1983) vA md hinh d vén dung phuong
phip nay. ¥ wong ciia phlmncr phip ndy: phin bién cing 1a réng hogdc chiia nhiéu
khe hep, nhéy 6 nuée do sdng chuyén dong 6 thd dang lén b, DO rong cha khe hep
ciing hé, tinh bio todn dong Tugng ciing cao vi md hinh ¢d do chinh xdc cao hon. Si
dung phuong phap nay, d6 rong cla kénh truyén séng duge tinh theo cong thie:

.

L _ -
b{":} = {5 + (] _ §)€ A== : é" < Z ES {:?J

Trong dé: § - 46 rong cla khe hep, A - he 54 didu khién qud tinh bign ddi cha
dién tich kénh truvén sdng, hy - d6 siu, 2% - gid il muc nude ma tai 46 b=1,

Dién tich mit cét duge duge xac dinh theo cong thite cdi tién cia Kenedy _

(2000): - |
Alx, 3. ) = M) = J.I'Ilb(z}nfz (8)
{({ -z +dz¥+o)+ -ﬂ—iﬂﬂ fl— ff"'{“"";w'a]} E-F:—’ z
HEI}': A{{,‘} - {t 5””’ a f A=z (9}
F(L+ ho) 4 P I (L TR g
Gid i 2% duge tinh theo cdng dnic:
-~k & 1
't e 10, — 1
ST mu—ﬁJF/‘J (10)

K&t hap phetony trinh Bousinesq 2 chign véi mé hinh séng dé va sir dung k§
thudt hign khe hep, it phuonyg thinh cudl cling chia mé hish tinh nhur saw

{a) Phaong think én tuc
3 80, 90,

2+ =L
e dx oy

{b) Phuong trinky dong lugng
- Phuemg trinh theo phuong x

=0 (1)

ag, a2’ 2.0, 14

= | = reit | g AP R I+, =) 12
A +Hx[ *a}s[ A ] T 42
- Phuong trinh theo phuong y

90, 2[00 2(2°) o

Hr 0| Fa=y A2 R tE+.. =0 : 13
o +8x[ n j-{ a}?{ }I 3y ety (13)
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Trong dé: Ry, Ry, - thanh phin gay séng d6 theo phuong x va y di duge méo
ta trong muc 3. Ex vil E, - thanh phén gay hip thu séng dé trdnh hién tugng phin xa
fir bién. b vh A - bé rong va.dién tich twong 46 cha kénh truyén séng. HE phwong
trinh trén duge sai phin hod trung tam theo thoi gian va sai phan tién theo khong
gian véi cic diém tinh duge xéc dinh theo 6 Tudi hinh chif nhat. Phuong phép dn
huéng luan phién AD] (Allemmating Direction Implicit) 43 dvoe dp dung cho vige
gidi hé phuong trinh sai phan.

5. Kiém chiing d¢ tin eiy cia md hinh
' Dé cé thé ddnh pid 46 tin ciy efla mo hinh, tic gid di thlt nghigm mo high
cho truding hop s6ng kan truyén gua 1 d&o ngdm, hinh trdn xody trén G v so sinh
vii két qua cia thi nghigm. Trong thi nghitm nay, ca hai treéing hap; khong cd song
dd v ¢ séng 46, s& dudc kidm chiing. Viéce sif dung bé thi nghiém nhur trén dé kidm
ching do chinh xdc clta mo hinh 13 sit lua chon ehinh xdc va khit khe nhat dé déanh
gid &6 tin cay clia mo hinh. Thi nghigm duge thue hién bdi Chawla v Kirby(1996).
Minh 1 md ta hé thi nghiém, tai 46 cic mdy thu s& licu vé da cao séng duge dit theo
cac mat cit A-A dén G-G. B séng cd chiéu daj la 20m, chido ong 1h 18,2m. Tam
ctia dao duge d#t tal vi of x=5m, y=8,98m. Sdng duge truyén 1 bién phia bén rdl

cha b, phia phai clia bé duwe dat mot [dp hip thuséng ¢é bé diy Fra. Bin kinh cla
ddo duge xde dinh theo phuong trinh:

(x-50" 4 (y-8,98)° = (2,57 {14)

Trong d6 hy, 1& 40 siu cta e thi nghiém
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inh [. 8¢ dd bé (hi nghiém ciia Chawla & Kirhy (bén (ri1)
vi Bowen {(bén phai)

D0 sau cia céc diém trén dao duge xdc dink theo phuong trinh:

hs by +8.73—B2.81— (x—5)% — (y —8.98)° (15)

a. Truong hop thong c6 séng doé (non-breaking wave)
Trong wudng hop nay 4o cao séng diu vio tai bign 14 1,18cm, chu k¥ 14 1,0
gify, muyc nudc trong bé cé 4o sau 13-45cm, tuong tng kic niy tai 1dm cla ddo na
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¢§ muc nude thdp nhit 14 Scm. Bude ud tinh theo khong gian dwge chon 1a 0,05
(,lm theo hmj‘ng X, ¥ Wong fing va §,1 giﬁy la budc thti gian Lok todn. Mo hinh
duie cha}r dn dich trong 40 giay. Két qua tinh toin v s6 litu thye nghigm rén cde
miit ¢t duge bidu dién trén hinh 2.2, Doc theo mat cit A - A, tdc gid nhin thdy rine:
mo hinb di du bio rét t6t truding séng phia trede vA sau dio. Sy hod ty phia mat san
cira ddo xudt hién 1A do hién tugng khie xa sdng khi lan truyén qua dio. Do cao
séng 1én nhit duge quan tric dat gfp 2,68 1an d¢ cao séng diu vio. Doc theo cic
mat cat ngana B - B dén G - G, md hinh 48 phan dnh vt t6t qud trinh bign dai theo
phigng ngang cha wudng song, cic gld tri thi nghiém va két qua tinh todn hiu nhu
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(4). Truting hop khong xudt hién song d6

(b). Truemg hop cé sénadd

Hinh 2. 3o s&nh giita k&t qua tinh todn vi 54 ligu thue nghiém truding hop séng lan

trayen qua $ao noim
YOI {] it
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b, Truomg hop ed song do xudt hién (breaking wave)

Trutmg hop thir nghiém mod hinli ¢6 séng 43, do san cla bé thi nghigm duge
gidm xudng cdn 39,3cm, dd cao vi chia k¥ song tai bign lwong ving k¥ 2em v 1,0
sidy, Do bdi mil phia sau cta fron s6ng trong trusng hop song dé 15 vt dde, nén
y&u ciu chon bude Idt o6 dd min hon 13 cdn thigt dé cd the xde dinh duge chinh xdc
vi trf séng r didu d6, tic gid a8 chon udi khong gian theo hidng x, v 13 0,025em
vi buGe thot gian 12 0,1 gidy duge diing cho tinh todn. Trén hinh 2.bh bicu dién két
qud tinh todn cua mé hinh vi so sinh véi s6 Héu thye do. Trudng hop niy mol vai
hign tegnyg bl an duge khiam phid. Thit nhil, tde pd thdy ring: do coo song khong dat
cuire dai gl dinh dio khi thay vao 46 18 zid tef cue dai 1gd xudi higén & phia sau dao,
day 1 dac ifnh do hién trong khic xg gay nén. Thir hiai, Dién tuong séng dé va phan
ky did lam eidm do cao sdng, s gidm dd cao sdng rrong treimg hop ¢ sényg aé
nhanl hen wrutmg hop kbong cd sdng dd xuar hién., Mo hinb tinh todn ciing da cho
kél qud twong ddi 66t su bign dai cla tradng 49 cao sdng theo phuong ngang. KEt
qud tinh todn trong 2 tudnye hop, dong thai duge so sdnh vai k&t qua tinh todn cia
Chen vi Kirby {2000} khi ho sit dung phudng trinh Bousinesq phi tuy€n tinh cho
cing dido kién Lhi nehigm rén.

¢ hdng dd vé sdng leo bo ( breaking and FIUN-HP Wares)

D¢ oo hé kiém tra d§ chinh xdc cla mo hinh cho truting hop sdug do vi sdng
Joar Liy clting xudly hién, tdc aid d3 sl dung k6 qud i nghiém cla Bowen (1968) dé
Lidm clking do tho oy cia mo hinh. Trong thi nghigm cla Bowen, bé song duge
gt k& vii do dac 14 0,082, do sau cha bé 13 30cm. Ma hinh d& siy dyng cic tham s
song ddu vio de kidém ching d6 Lin cdy véi do cao [a 0,065m, chu k¥ 13 1,14 gify,
e o s6 vé mé hinli song 'eo duge sir dung trong trudng hop niy 12 8 = 0,005 va
F=100. Tic gid clng nhan thay ring: dé€ mo hioh ¢6 thé chay duoc dn dinh thi viee
lwa chon bude thol glan cho tinh todn ngdn 18 it ¢in thict, & day bude hdl sian
1=0,002 gidy, K& qui tinh (odn v thue do duoe biéu difn trén hinh 3. Trén linh
3.4 bidu dién sy bign déi theo khong gian cla dinh séng, bung séng vi dudng muc
nude trung hinh, cde duding hinh rdn hé 1a kér qua cia 6 liéu thi nghiém. Trén hinh
3.b, sy s0 sdnh piifa ket quad tinh todn vi 6 Lidu thuo do cha d¢ cac sdng. Tic gid
nhian thiy ring: mo hinh 43 dién a duge cic bign tugng vé sdng mude nong, song
J, s6ng leo vi cho ket qud vil do tin cdy cao, méc di gid tri vé 46 cao sdng hai nhé
khi 50 sdnh vai thuc nghiém tai diém song ¢ xudr hién vi dudmg d6 cao sdng sau
khi dé khong duge dac nhw duting the nghigm.
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() Dinli song, bung song vi muc hude trung binh {12}, 26 cao sdng
Hink 3. So sidnh giifa k&1 qua tnh 10dn va s6 1iéu thi nghiém ez Bowen
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6. Két ludn :

Mo hinh tinh s6ng lan truyén vao ven bd dua irén phuong tinh Boussinesq 2
chidu di duge tng dung phdl trién. M6 hinh dé duge boan thién bing vidc két hop
vt mo hinh séng 46 vi s6ng leo. K&t qud tinh todn thiy nghiem va so sdnh vai gid i
thf nghiém da phin dnh duge 46 tin ¢fy cha md hinh. Mét rong nhung wn didm cfa
ma Hinh khi so sinh vl cde md hink khdc d8 duge st dung trude day, mod hioh d3
tinh duge hige dng do phan xa, tinh séng leo vk d8 mé 14 duoc qud winh sdng 46 cd
#6 tin cay cao, Tuy nhién, mdi s8 han ché cla mé hinh ciing cin duge néu ra,
do la thivi gian ink todn lau. d6 6n dinh cla mo hinh dua tén phuong rinh
Bousinessq khong cao. Viée Gng dung mé hinh viio tinh todn cdc didu kién thuc &
gap nhiu phife tap v 46 ciing 14 vin dé cdc bdo bdo GEp theo s dE cap.
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INTRODUCTION

slrongcmughtoprecludetheriskofbtukhgdutolhc-aclimohﬁdl reshold
breaking point is at the top of aerial root. Tanaka et al. (2009) proposed rmula for breaking
moments of various tropical trees including P. adoratissimus. The tsunami force s directly related to the
damage of trees, however, the tsunami force and bending moment on (rees were not discussed in previous
studies in detail. The present study therefore to develop the numerical model consider
effect. The objective of this study is to clucidate the damage length, reduction of

behind the coastal forest of P. adoratissimus.

MATERIAL AND METHODS
4 i Eaand IR S - ,.!

vegetation {Tanaka et al. 2009). For more details of the numerical model, and its val ing experiment
data, refer to Thuy et al, (2009), i -~ - |
Lsunami force and tsunami bending moment Ve

. s T SRR LY g

The tsunami force vector ( F* )hmmmﬁ&m th




ater depth; p the water density;
Where 7 is the depth-averaged velogity veclor d the total “:“:i:c lﬂm"' :: 25=1.2 m from the
the reference projected width and reference drag coefficient °r ulative width and effect o e
a and ff are the additional coefficient that express the effect of cum

roots on the drag in cach height, respectively.

Topography and vegelation condifions 500
The bed profile is shown in Fig I(a), which is varied by 4 slopes (5’”“:_- mm/som !
direction. The water depth at wave gencraling boundary 2 100 m. The c:'h“ aristion of
in the direction perpendicular to the tsunami direction. Fig. 1(b) shows the ¥ 155
odoratissimuy (Tanaka et al. (2009) for tree height Hpw=6 m, where _b"r.?'
reference drag coefficient of 1.0 was adopted for a trunk Wi¢ a cucqlar section for Mghd'_
value of drag coefficient Cp.qq varied with the total depth d (inundation depth) because i
the drag coefficient vary with the height from the ground surface. In the present paper, the run
first wave was analyzed because it has the largest runup height among CONLNLOUS WAVES,

C e e

- ’7,‘3

Waster depeh (m)
AR E L TR R N

(a)

RESULTS AND DISCUSSI(

1. Tsunami bending moment on a tree,
Fig 2(a) shows the time variations of inundation depth d, mean
moment My i front of the forest by the numerical sim

10 oo dim) 2%
e ¥ {rV3)
¥ M, (KNm) 2
— F" (KN'm)
¥ 6 SO
:.. ‘
b}
0 . v —
%0 600 700 KO 900 1000 | s

1(s)
(a)

Fig. 2. (a) Time profiles of inundation
moment (Afy) at front of h




As observed in this figure, the temporal maxima of hydraulic property appear at different times. In particular,
the maximum of 1 appears carly in the tsunami arrival while the inundation depth is low, and consequently, the
tsunami force and moment were not maximum. Fig. 2(b) shows spatial distribution of the maximum tsunami
moment (M) representative velocity (Fupa) and representative water depth (dumon) along the forest,
where the representative velocity and water depth are defined as values at the temporal maximum of the
sunami moment. The breaking moment of the P odoratissimus (Myp=5.85 kNm) is indicated by a dotted line,
According to the result, tsunamt moment is decreased from the front to the behind due to the decrease in water
depth mside the vegetation. Therefore, the vegetation at the front region has higher probability to

the tsunami force than the other locations in the belt. The damage length of forest is about 57.5m (57.5%).

2. Damage length of vegetation-numerical model for tree breaking.

In this section, the numerical model for tree breaking was preliminary considered for the same conditions in
section 1. In the numerical model, the tree will be broken when the tsunami bending moment on a tree exceed
the threshold value, where the threshold breaking moment was estimated based on the empirical formula
(Tanaka et al. 2009}, and 585 kNm for the condition of H,,,=6 m and b,,~0,155 m. The procedure was done at
cach tme step dunng the runup of a tsunami. After tree breaking, the remaining part of the tree is the acrial
root. and the depth averaged drag coefficient was considered for this part (Fig. 1(b)). In the model, the impact
from broken pan of the tree (already destroyed by tsunami) to the surviving trees not be considered, However,
trees destroyed by tsunamis become floating debris, that can damage standing tree. The drafted tree effect
would be discussed in future study. Figs. 3 (a) and (b) show the comparison of time profile of water depth and
velocty m front and behind the forest for two models: with breaking (B.M.) and without breaking (N.B.M.).
The velocity, water depth behind the forest is increased after tree breaking owing to the reduction in drag
resistance. However, i front of vegetation, the water depth decreases while the velocity increases due to the
reduction of the reflection from vegetation. In relation with water depth and velocity, the tsunami force and
bending moment on & tree behind the forest are increased in the model of tree breaking (Fig. 4 (a) and (b)),

' — Wl SepNBM.
- Wter depth-N B M L] I
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- : ‘ <« Vebociry-BM L8
g .| 7 \ i
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Fig. 3. Time profile of water depth and velocity, (4) in front of forest, (b) behind the forest,

Fig. showsspuu'ldtsuitmimo(memximmmimnmm(uwamlhcfmfmm_o
modclf :(o::xdmgwdwmmll.thedlmaplcnglh of forest by B.M. is about 77.5m (77.5%) and increased n
companison with N.B.M. due 1o the decrease in vegetation resistance in the front ares where vegetation is
beoken. Fig. S(b) shows the relationship between the tsunami water depth in front of vegetation in the case of
1o forest and the reduction of water depth (dne/dueso), tsunami force (F'wal/F weo) behind the forest and
-mlvdunorkabmhuun(mbadmmualm).wm_wm;uomdmuneas;orno
forest. The results show that trees start breaking at water depth of 4.8m (Fig. 5(b), 1.B.). When tsunami water
depth reaches to 5.5 m all the trees are broken. The reduction rate in water depth and tsunami force increase
en the tsunami water depth exceeds the initial breaking of water depth.
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Fig. 4. Time pmmcof(a)mu&fom.md ending
T

- Mo (NELM )
=

Fig 5. (a) Damage length for two numerical model, (b
lrom of vegetation) and reduction of water depth
rate (number of broken trees Motal tree) of 2

vegetation.

was dcwlnped, and then the damage lelmb of

the forest are discussed. This study elucidated 1
behind due to the decrease in water depth inside the s
tsunami force increases when the incident tsunami wa
effect of drafted tree should be considered in o
experiment and filed data is needed. |
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TSUNAMI FLOW VELOCITY BEHIND THE COASTAL FOREST WITH AN OPEN GAP-
EFFECTS OF TSUNAMI AND TREE CONDITION

Nguyen Ba Thuy', Norio Tanaka®, Katsutoshi Tanimoto®, Kenji Harada* and Kosuke limura®

Abstract

In this paper, the effects of tsunami condition, forest density and forest width on tsunami flow velocity behind the
coastal forest with an open gap were investigated by numerical simulations. A numerical model based on two-
dimensional nonlinear long-wave equations was developed to account for the effects of drag and eddy viscosity forces
due to the presence of vegetation. The numerical model was validated with good agreement by the experimental results.
The numerical model was then applied to the coastal forest of Pandanus odoratissimus with a straight open gap (gap
width=15m) perpendicular to the shoreline. It is found that the normalized maximum velocity behind the gap and
vegetation' patch are greatly different. When tsunami period becomes large, the increase of velocity at the gap exit
becomes large. Both forest width and forest density primarily influence on the velocity; as those increase, the
normalized maximum velocity at the gap exit increases, while it decreases at the behind the vegetation patch. The
enhancement of velocity at the gap exit is strongly dependent on the forest density but it is weakly influenced by the
tsunami height.

Key words: Gap, tsunami velocity, Pandanus odoratissimus, forest density, forest width, tsunami period

1. Introduction

Many field observations, particularly after the 2004 Indian Ocean tsunami, have elucidated the effects of
coastal vegetation on tsunami energy reduction (Danielsen et al. 2005, Kathiresan and Rajendran 2005,
Tanaka et al. 2007, Mascarenhas and Jayakumar 2008). Currently, coastal forests are widely considered as
an effective measure to mitigate tsunami damage from both economic and environmental points of view. In
fact, several projects to plant vegetation on coasts as a bioshield against tsunamis have been started in
Southeast Asian countries (Tanaka et al., 2008, 2009).

Related to the capacity of coastal forests to mitigate tsunami damage, many studies have been done by
laboratory experiments and numerical simulations as well as field investigations. Among these, the
numerical simulation is very effective, and various numerical models based on nonlinear long-wave
equations have been proposed. Harada and Imamura (2005) proposed a model of the numerical simulation,
in which the resistance of vegetation was evaluated by drag forces on trees and the drag coefficients of
pines were estimated based on field observations and laboratory experiments. Tanaka et al. (2007)
improved the expression of drag force so that the vertical stand characteristics of tree were considered more
realistically, and proposed the equivalent drag coefficients for various tropical trees on the basis of field
investigations in Sri Lanka, Thailand, and Indonesia. Tanaka et al. (2007) also demonstrated that Pandanus
odoratissimus grown on beach sand is especially effective in providing protection from tsunami damage
due to its density and complex aerial root structure. Tanimoto et al. (2007, 2008), Tanaka et al. (2008), and
Thuy et al. (2008) used Pandanus odoratissimus species investigated by Tanaka et al. (2007) in their
simulations.

To protect the human lives and properties from the disastrous amount of energy by tsunamis, it is
important to make clear the inundation characteristics in different areas and in various conditions (i.e.,
tsunami condition, forest condition, coastal topography etc.). The behavior of tsunami needs to be

Graduate School of Science and Engineering, Saitama University, 255 Shimo-okubo, Sakura-ku, Saitama, 338-8570,
Japan. ! s07de059@mail.saitama-u.ac.jp, “tanaka01 @ mail.saitama-u.ac.jp, *tanimotok @coda.ocn.ne.jp,
* haradak @ mail.saitama-u.ac.jp, > s09de001 @mail.saitama-u.ac.jp
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elucidated clearly for evaluating the quantitative effect of vegetation on tsunami reduction and damage.

The presence of an open gap in a forest (for example a road, river etc.) may change flow pattern and
amplify the current in the gap. This means that an open gap in a coastal forest has a negative effect on
tsunami run-up behind the forest. On the basis of field investigations on the Indian coast after the 2004
tsunami, Mascarenhas and Jayakumar (2008) pointed out that roads perpendicular to the coast served as
pathways for a tsunami to travel inland. Fernando et al. (2008) demonstrated by laboratory experiments
that the exit flow velocity from a coastal perpendicular gap in submerged porous barriers simulated corals
was significantly higher compared to the case with no gap.

The effect of an open gap in a coastal forest on tsunami run-up has been studied by numerical
simulations and laboratory experiments. Thuy et al. (2009) conducted the experiments of a costal forest
like mangrove in a wave channel of 40cm wide, and showed that the exit flow velocity in the case with a
gap width of 7 cm is 1.8 times in comparison to the flow velocity without vegetation. Tanimoto et al.
(2008) and Thuy et al. (2009) systematically investigated the effect of an open gap in a forest of Pandanus
odoratissimus on tsunami run-up by numerical simulations and found that a 15 m gap width causes the
highest velocity under their calculated conditions. On the other hand, both experimental and numerical
results with a narrow gap showed that tsunami height behind the gap and vegetation patch is not so much
different. The reduction rate of tsunami height behind the coastal forest without gap is already shown by
numbers of researchers (for example, Harada et al., 2005; Tanimoto et al., 2007 etc.).

Therefore, this study focuses on the effect of tsunami height, tsunami period, forest density and forest
width on flow velocity behind the vegetation patch and at the gap exit by numerical simulations. The
numerical model is based on two-dimensional nonlinear long-wave equations and incorporates the Sub-
Depth Scale turbulence model. The numerical model has been validated for the capability of numerical
model. A coastal forest of Pandanus odoratissimus is selected for the simulation, because it is a
representative coastal vegetation in South Asia and reported especially effective in providing protection
from tsunami damage (Tanaka et al., 2007).

This paper introduces the most recent results of our studies at Saitama university on the effect of open
gap in coastal forest to tsunami run-up, particularly including results of laboratory experiments.

2. Mathematical model and numerical method
2.1. Governing equations
The governing equations are two-dimensional nonlinear long-wave equations that include drag and eddy

viscosity forces due to interaction with vegetation. The continuity and the momentum equations are
respectively:
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where x and y are the streamwise and transverse directions, respectively, O, and Q, are the discharge flux in
x and y directions respectively, ¢ is the time, d the total water depth (d=h+¢), h the local still water depth, &
the water surface elevation, g the gravitational acceleration, p the water density, n the Manning roughness
coefficient, y the tree density (number of trees/m’), and Cp.,; the depth-averaged equivalent drag
coefficient considering the vertical stand structure of tree, which was defined by Tanaka et al. (2007) as:
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where b(zg) and Cp(zg) are the projected width and drag coefficient of a tree at the height z¢ from the
ground surface, and b, and Cp...s are the reference width of the trunk and the reference drag coefficient at
z6=1.2 m, respectively. The eddy viscosity v, is expressed in the SDS turbulence model as described below.

2.2. Turbulence model

The SDS turbulence model given by Nadaoka and Yagi (1998) is applied to evaluate the eddy viscosity
with modifications related to the bottom friction and vegetation resistance.
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where kj, is the kinetic energy, Ip= A d is the length scale (A : turbulence length scale coefficient), and u
and v are the depth-averaged velocity components in x and y directions, respectively. For the model
parameters, standard values are adopted: ¢,=0.09, ¢,=0.17, and ¢;=1.0.

A set of the above equations is solved by the finite-difference method of a staggered leap-frog scheme.
An upwind scheme is used for nonlinear convective terms in order to maintain numerical stability. A semi—
Crank-Nicholson scheme is used for bed friction, drag, and eddy viscosity terms. On the offshore sides, a
wave generation zone with a constant water depth in which governing equations are reduced to linear long-
wave equations is introduced to achieve the non-reflective wave generation by using the method of
characteristics. For a moving boundary treatment, a number of algorithms are necessary so that the flow
occurring when the water surface elevation is high enough can flow to the neighboring dry cells.

3. Experimental results and model validation

The laboratory experiments for long waves were carried out in a wave channel of 40 cm wide, 15 m long
and 1 m wide vegetation model setting in the water, at Saitama University. The vegetation is simply
modeled by wooden cylinders with a diameter of 5 mm mounted in a staggered arrangement with the
density y=2183 cylinders/m” and an open gap is set on the side (for more details refer to Thuy et al., 2009).
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Several wave and gap width conditions were tested in the experiments. In the present paper, however, the
results of relatively low waves with the period of 7=20 s for the cases of without vegetation, full vegetation
and with a gap width of 7 cm are presented.

Fig. 1 shows the records of flow velocity in three cases; without vegetation, full vegetation and with
the presence of gap, where the record in the case of the presence of gap is the velocity at the center of gap
exit. Reduction of velocity in the case of full vegetation and the enhancement of velocity in the presence of
gap are clearly noticed.

Figs. 2(a) and (b) show examples of the time series of flow velocity for the case of gap presence.
Both experimental and numerical results of flow velocities at (a) the center of the gap exit, and (b) the
center of the end of vegetation patch are plotted. The numerical results agree fairly well with the
experimental results. Experimental and numerical results show a large difference of flow velocities at the
gap exit and vegetation region

The average of peak values of flow velocity obtained from the time series at all measuring points on
the cross line behind the vegetation in the case of gap presence are plotted in Fig. 3. It is confirmed that the
agreement between experimental and numerical results is fairly good.

— Without vegetation

50 - — Gap-7cm 30 7
— Full vegetation —
g = 40 1 2 o Exp. —Num.
~ E
Z S
£ > 30 -
S =
~ Q
2 S
C X S o
- & 10
0 T T T 1
60 80 100 120 140 160 0 10 20 30 40
Time (s) y (m)
Fig. 1 Experimental records of current velocity in 3 cases. Fig. 3. Model validation for transverse distribution of
peak velocity behind the vegetation.
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Fig. 2. Model validation for time series of flow velocity. (a) At center of gap exit, and (b) at center of vegetation end.
4. Application of numerical model- tsunami flow velocity behind coastal forest
4.1. Topography, tsunami and vegetation conditions
4.1.1. Vegetation species
In the present study, P. odoratissimus, a dominant coastal vegetation in South Asia, was considered as a

tree species consisting of a coastal forest. As shown in Fig. 4(a), P. odoratissimus has a complex aerial root
structure that provides additional stiffness and increases the drag coefficient. Fig. 4(b) shows the o, [,
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and Cp.ay of P. odoratissimus modified slightly from those proposed by Tanaka et al. (2007) to the
following conditions: the tree height Hr..=8 m, the reference diameter b,=0.2 m, the density y=0.2
trees/m’, and the reference drag coefficient Cp.,=1.0. In the figure, z¢ indicates the height from the ground
surface.

o

10 12

4 6 8
o, B, Cp_
(a) Pandanus odoratissimus. P ;’l

(b)

Fig. 4. Characteristics of P. odoratissimus. (a) Photographs of a stand, and (b) vertical distribution of ¢, ﬂ cand Cp_a

4.1.2. Topography and coastal forest conditions

A uniform coastal topography with the cross section perpendicular (x-axis) to a straight shoreline, as shown
in Fig. 5(a), was selected as a model case. The bed profile of the domain consists of 4 slopes S=1/10, 1/100,
1/50, and 1/500. The offshore water depth at an additional wave generation zone with a horizontal bottom
is 100 m below the datum level of z=0. The tide level at the attack of a tsunami is considered to be 2 m, and
therefore the still water level is located at 2 m above the datum level. The direction of the incident tsunami
is perpendicular to the shoreline. In the present paper, the tsunami height and velocity of the first wave only
are discussed.

Coastal forest starts at the starting point of the slope of 1/500 on the land, where the height of the
ground is 4 m above the datum level (2 m above the tide level at tsunami attack). The forest is assumed to
extend in the direction of the shoreline (y-axis) with the same arrangement of gaps and vegetation patches
with an along-shore unit length of Ly, as shown in Fig. 5(b). Both side boundaries, shown by dot-and-dash
lines in the figure, are mirror image axes in which no cross flow exists. The coastal forest length L is fixed
as 200m. According to Thuy et al. 2009, this length is long enough to avoid the effect of flow from the
other ends of the vegetation patch in the direction parallel to the shoreline. The gap width bg is 15m at the
middle of the forest length. The coastal forest width By is fixed as 200 m, except for the cases considering
the effect of forest width. In the present study, velocities at point A (the middle at the end of open gap) and
at point B (the middle at the end of vegetation patch) are discussed.

Coastal forest |
v v

20 — 500
50 L//
v T Nl L L I}
&
-2000 2000 6000 8000 10000
z(m) X (m)
-40
-60
-80 b)
— =t (a)

Fig. 5. Schematic of the topography for numerical simulation. (a) Cross section of topography, (b) sketch of forest and gap
arrangement, and definition of important parameters bg, Br and Lr. A, B and C show location for the output of numerical simulation.
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In the numerical calculation, a uniform grid size in x and y directions was set as 2.5 m and the time interval
was 0.04 s. The Manning roughness coefficient (n) was set as 0.025, which is widely used in numerical
simulations of tsunami run-up (for example, Harada and Imamura 2005). The turbulence length scale
coefficient (4 ) was set as 0.08, the same value obtained from the experimental calibration.

4.2. Tsunami behind the coastal forest

Fig. 6(a) shows the time profile of flow velocity in three cases; without vegetation, full vegetation and the
presence of gap at point A for the case of incident wave height at the offshore boundary, H;=6m and
tsunami period, 7=20 minutes. These results are consistent with the experimental results. The maximum
velocity is 2.5 times in comparison with the case with full vegetation and 1.7 times in the case with no
vegetation. The increases of velocity at the end of the gap are related to the inflow from both sides of the
open gap. It can be examined in Fig. 6(b), where the time variation of the discharge flux averaging with the
gap width (¢, at the inlet, é{,mat the outlet, and éside at the sides), where Q. is defined as the value of
total in-flow (positive) from both sides to the gap divided by the gap width and called the average inflow
from (both) sides. Consequently, Qs corresponds to a summation of 5,-,, and O, with consideration of
their phase differences and is strongly dependent on the inflow coming from both sides.

Velocity (m/s)

— Without vegetation 20 -
8 - At A — Full vegetation
— Gap-15m 3
E 15
6 1 o
50
3
4 {j 10 A
Z
ES
2 1 =
9]
50
5 o
0 T T T T T 1 f T T T T !
o I < 500 600 700 800 900 000 00
Sj)O 600 700 800 900 1 1100
-2 Time (s) -5- Time (s)
()

Fig. 6. (a) Time profile of velocity in three cases of vegetation arrangement at location A, and (b) time profile of average discharge

flux. Q, atthe inlet, Q,, at the outlet, and Qgjge at the sides.
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Fig. 7. (a) Flow pattern at 664 s, (b) variation of normalized representative velocity (Thuy et al. 2009).



Coastal Dynamics 2009
Paper No. 384223

9 -
E
= 81
g
=
£7-
)
8 .
& 6 - — Full vegetation
2 — Without vegetation
g 5 A — Gap-at A
=z ---Gap-at B
4 T T T T T 1
500 600 700 800 900 1000 1100
Time (s)

Fig. 8. Time profile of water surface elevation in three cases of vegetation arrangement.

Fig. 7(a) illustrates the flow patterns at t=664 s. The flow in the gap is fast and reaches the end
quickly to spread out from the exit. However, the enhancement of velocity behind the gap is dependent on
the width of the open gap. Tanimoto et al. (2008) and Thuy et al. (2009) systematically investigated and
found that in the same conditions of topography and tree as Section 4.1 and with H;=6 m, and 7= 20
minutes, a gap width of 15 m causes the highest velocity. Fig. 7(b) shows the normalized representative
flow velocity (V,.,/V1) at location A against the normalized gap width (b¢/Lr), where the representative
flow velocity V,,, is the velocity at the time when the discharge flux reaches the maximum in the time
variation, and Vj is the representative flow velocity for the case of without vegetation. (Thuy et al., 2009).
Fig. 8 shows the time profiles of water surface elevation above the datum level at point A in three cases;
without vegetation, full vegetation and the presence of gap (locations A and B in Fig. 5(b)). It confirmed
that the presence of 15 m of open gap width in coastal forest has small influence on tsunami height behind
the vegetation in comparison with the case of full vegetation, and the tsunami heights behind the gap and
behind the vegetation patch are almost same. Therefore, for later discussion, the inundated depths at point
A only are shown.

4.3. Effect of tsunami height and tsunami period

Fig. 9(a) shows the change of normalized maximum flow velocity (Vp./V1) at locations A and B by the
tsunami height, H,=2, 3, 4, 5, 6 m, where V,,,, is the temporal maximum flow velocity at A or B, and V, is
the maximum flow velocity for the case of without vegetation. In this figure, the forest density and tsunami
period are fixed as 0.2 trees/m” and 20 minutes, respectively. The velocity at location B decreases due to
the drag of vegetation, while at location A, it increases due to the enhancement of inflow from vegetation
sides to the gap, except for the case H; =2 m. However, the change rate is not large as the tsunami height
exceeds 3 m. The decrease of velocity in comparison with the case without vegetation in the case H; =2 m
(see Fig. 9(b)) is due to the prevalent out flow (negative value) from gap to vegetation sides. It can be
confirmed in Fig. 10(a), where the time profile of average flow discharge passing to the gap from both
vegetation sides is shown. In Fig. 10(a), a dominant flow with direction from vegetation sides to the gap
occurring in process of tsunami propagation for the case H; =3 m, while, the opposite direction is dominant
when H; =2 m. The occurrence of dominant flow from gap to vegetation sides is due to a large value of the
depth average drag coefficient generated by complex aerial root structure of P. odoratissimus when the
inundation depth becomes small (see Fig. 9(b) and 4(b)), that slows the flow in the vegetation patch.
Consequently, the outflow from the gap to vegetation patches dominates as a whole to reduce the flow
velocity at the exit. These flows are corresponding to considerable slope of water surface elevation
occurred in the process of tsunami propagation as confirmed in Fig. 10(b), where the time series plots of
water surface elevation at cross sections at the middle of forest width (location C in Fig.5(b)) are shown.
The change of normalized maximum inundation depth (dp,/d;) by the tsunami height is also shown in Fig.
9(a), where d,x is the maximum inundation depth at location A, and d; is the maximum inundation depth
for the case of without vegetation. It is almost same to the normalized maximum velocity at location B.
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Fig. 9. (a) Variation of normalized maximum velocity and maximum inundation depth by tsunami height,
(b) time profile of velocity and water depth for the case of H/=2 m. V, denoted the case of without vegetation.
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Fig. 10. (a) Time profile of average discharge flux, (b) time series plots of cross sections water surface elevation at C.

In order to examine the effect of tsunami period to velocity reduction behind the coastal forest, the
conditions of tsunami height and forest density are selected as 6 m and 0.2 trees/m,” and the tsunami period
is varied as 10, 20, 30, 40, 50 and 60 minutes. Fig. 11(a) shows the variation of maximum velocity at point
A, point B and V; by the tsunami period. The velocities decrease as the tsunami period becomes large. As
the tsunami period becomes large, the difference between the velocity at point B and V; becomes smaller,
while the difference between the velocity at point A and V; becomes larger. In Fig. 11(b), consequently, the
change of normalized velocity at point B is small, and the normalized velocity at point A increases as the
tsunami period increases. The flow velocity at point A becomes a double of velocity in the case of no
vegetation when tsunami period exceeds 50 minutes. Numerical results also show that, the effect of
tsunami period on the change of normalized maximum inundation depth is very small (see Fig. 11(b))
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Fig. 11. (a) Variation of maximum velocity by tsunami period, (b) variation of normalized maximum velocity(Viax/V1)

and normalized maximum inundation depth (d,,/d1) by tsunami period.
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4.4. Effect of forest density and forest width

The effect of forest density is discussed in the conditions that the tsunami height and tsunami period are
fixed as 6 m and 20 minutes, and the forest density varies as 0.05, 0.1, 0.2, 0.3 and 0.4 trees/m’. Fig. 12(a)
shows the distribution of maximum velocity along the end line of forest width in three cases of forest
density. It can be seen that the increase of forest density reduces velocity behind the vegetation patch, but it
increases the velocity at the gap exit. Fig. 12(b) shows the change of normalized maximum flow velocity at
points A and B against the forest density. As the forest density increases, the velocity at point B decreases
and increases at point A. Fig. 13 shows the normalized increase of velocity at point A relative to point B
([Vinaxay-Vmax®))/ [Vmaxs]) against the tsunami height for the forest densities of 0.1 and 0.4 trees/m>. The
amplification of flow through the gap is quite clear, and is strongly dependent on the forest density and
weakly on the wave height. The change of normalized maximum inundation depth has the same tendency
to the case of the change of normalized maximum velocity at point B; it decreases as forest density
increases (see Fig. 12(b)).
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y (m) Forest density (trees/m2)

Fig. 12. (a) Cross section of velocity in three cases of forest density (yis the tree density (number of trees/mz)), (b) variation
of normalized maximum velocity (Vi,,x/V1) and maximum inundation depth (d,,.,/d;) by forest density.

To investigate the effect of forest width on velocity reduction, the tsunami height, tsunami period and
forest density are fixed as 6 m, 20 minutes and 0.2 trees/m’ respectively. The forest width By is changed as
0, 20, 50, 100, 150 and 200 m. Fig. 13 shows the normalized increase of velocities at point A and point B
( now, the positions of point A and B change as the forest width changes) just behind the coastal forest.
From Fig. 14, the normalized maximum velocity at point B decreases from 1.0 to 0.5 corresponding from
no forest to a forest with of 200 m. However, at point A, contrary to point B, the normalized maximum
velocity increases as the forest width increases, and gets to the maximum value of 1.6 at forest width of
200 m. Numerical results also show that, the change of normalized maximum inundation depth has the
same tendency as the case of the change of normalized maximum velocity at point B; it decreases from 1.0
to 0.6 corresponding from no forest to a forest with of 200 m (see Fig. 14).

3 -
+vy=0.1 -=y=04 ViV 1 (at A)

% 251 l/-\-\.\-
& 1.5
2 2 3
E <
é 1.5 1 = 14 dmald |
N /‘\A\‘\‘ Ex \
= 1 H
z >~ 054
505 Vi V1 (at B)
0 T T T T T 1 0 T T T |
1 2 3 4 5 6 7 0 50 100 150 200
Wave height (m) Forest width (m)
Fig. 13. Variation of normalized exit velocity by wave height. Fig. 14. Variation of normalized maximum velocity (Vpma/V1) and
7 is the tree density (number of trees/m?) maximum inundation depth (dy,/d,) by forest width.

For the definition of A and B, see Fig.5(b)
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5. Conclusions

The effects of tsunami height, tsunami period, forest density and forest width on the tsunami flow velocity
behind the coastal forest with the presence of an open gap were discussed in this study. It is found that the
normalized maximum velocity behind the gap and vegetation patch are greatly different. The changes of
normalized maximum velocity at the gap exit and vegetation patch are not large as the tsunami height
exceeds 3 m. When tsunami period becomes large, the normalized maximum velocity at the gap exit
becomes large but behind the vegetation patch it does not so vary. The forest density and forest width
primarily influence on the tsunami velocity behind the vegetation patch and at gap exit; as those increase,
the normalized maximum velocity at the gap exit increases, while it decreases behind the vegetation patch.
The enhancement of velocity at the gap exit is strongly dependent on the forest density but it is weakly
influenced by the tsunami height. In all investigated cases, the change of normalized maximum inundation
depth has the same tendency to the change of normalized maximum velocity at behind the vegetation patch.
In the present paper, only Pandanus odoratissimus species is selected for investigation. The
mitigation of tsunami run-up behind a forest strongly depends on the vegetation species. The effect of
vegetation species on tsunami run-up with the presence of open gap will be investigated in future work.
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Abstract: In this study, monsoon-induced surge during high tides at the Southeast coast of Vietnam
was analyzed based on the observed tide data at the Vung Tau station in the period between
1997—2016. Specifically, the surge was determined by removing the astronomical tide from the
observed total water level. The two-dimensional Regional Ocean Model System (ROMS 2D) was
applied to simulate the surge induced by monsoons during spring tide. The surge observations
showed that the change of peak surge did not follow a clear trend, of either an increase or decrease,
over time. A peak surge of over 40 cm appeared mainly in October and November, although the peak
of the astronomical tide was higher in December. ROMS 2D was validated with the observational data,
and the model could sufficiently reproduce the wind-induced surge during high tides. This study
therefor ere commends for ROMS 2D to be used in operational forecasts in this area.

Keywords: spring tide; surge; monsoon; ROMS 2D

1. Introduction

Compared with other coastal areas in Vietnam, the Southeast coast is less affected by natural
hazards coming from the sea such as storms and tropical low pressure systems. However, the region
has certain geographical characteristics such as low plains and a large estuary system which make
this area vulnerable to increased sea levels during spring tide (Tuan, 2000) [1]. This phenomenon has
become more and more intense as the weather has become more variable in recent years; the maximum
daily rainfall trend is increasing and the frequency of monsoons is rising on the South coast of Vietnam
(e.g., Tan and Thanh, 2013) [2].

Seawater intrusion is dependent on the thetidal regime in coastal estuarine areas and the surge
due to winds caused by tropical depressions and typhoons. The observed sea level (Hgpserved) is
the sum of astronomical tide (Hyge) and surges (Hsurge) due to other factors, mainly typhoons, low
pressure zones, or strong monsoons (Hopserved = Hiide + Hsurge). In the coastal areas of the Southeast,
the phenomenon of flooding during high tide (spring tide) occurs frequently from October to February;
these are months with high tide amplitudes. In addition, these are the months when the activities
of storms, tropical low pressure systems, and strong monsoon sareat the highest (Du et al., 2016) [3].
In recent years, the spring tides in Ho Chi Minh City have caused serious flooding in many parts of
the city, affecting life and productivity. In November 2010, the high tide samplified, causing the entire
252 km east and west coastal line of Ca Mau province to be flooded up to 0.5m in depth for periods of
about 2-3 h per day, as shown in Figure 1a (Minh and Lan, 2012) [4]. The spring tide in October 2013

Geosciences 2019, 9, 72; d0i:10.3390/ geosciences9020072 www.mdpi.com/journal/geosciences
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caused a historic rise in water level at Vung Tau station (420 cm). Seawater intruded into Ho Chi Minh
City, causing serious flooding for several days (Figure 1b) (Minh and Lan, 2012) [4].

() (b)

Figure 1. Flooding due to spring tides in the South province of Vietnam. (a) The center of Ca Mau
province at the spring tide in 31 October 2010. (b) Ho Chi Minh City during the historic spring tide in
26 October 2011.

In addition to the astronomical tide and the flooding caused by rain, it is possible that the flooding
in Ho Chi Minh City had a significant contribution from the monsoon-induced surge. Consequently,
there is significant motivation to study the monsoon-induced surge in combination with the spring
tide in this area.

For several decades, climate change impact studies have focused on storm surge studies in
Vietnam (e.g., Sao, 2008; Thang, 1999; Thuy, 2003; Chien et al., 2015; Thuy et al., 2014) [5-9].
Conventional two-or three-dimensional nonlinear shallow water equations have been used. However,
the monsoon-induced surge has not been subject to much study, especially not in terms of numerical
modeling. According to research by Ninh et al., in addition to typhoons, the monsoons also caused
significant storm surges and, during strong monsoons (winds of force 67 on the Beaufort scale) with a
duration of 2 to 3 days, significant surge heights of about 30-40 cm, sometimes higher, occurred [10].
Based on the analysis of water levels for many years at the tidal stations in Vietnam, Thanh [11] showed
that in addition to astronomical tide fluctuations, there are fluctuations of sea levels in coastal areas
and islands where the duration of the rise and fall is mainly influenced by the wind regime, especially
in the Northeast monsoon season. The majority of the observed fluctuations have an amplitude
of less than 50 cm; however, the magnitude of the rise due to monsoon winds can reach 30-40 cm
(Thanh, 2011) [11]. When assessing the after-runner storm surge due to typhoon Kalmaegi (2014)
which landed on coastal Hai Phong (Northern Vietnam), Thuy et al. [12] concluded that the strong
Southwest monsoon is the main cause for this phenomenon. Analyzing two historic spring tide phases
in Ho Chi Minh City in October 2010 and November 2011, Minh and Lan [4] concluded that the spring
tide in Ho Chi Minh city was related to the strong Northeast monsoon. The main cause of the high sea
levels, was due to high waves generated by strong winds that pushed water into the river mouths on
the high tide days, resulting in an abnormal sea level rise.

In this study, the monsoon-induced surge in the spring tide phases at the Southeastern coast of
Vietnam was analyzed based on water level observations at the Vung Tau station. Next, wind-induced
surge in two spring tide phases was simulated by a numerical model. A harmonic analysis method
was applied to remove the astronomical tide from the observed water level in order to determine the
surge. The Regional Ocean Model System in 2D (ROMS 2D) was applied to simulate monsoon-induced
surge on the coast in order to evaluate the model’s ability to forecast surges in the area.
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2. Materials and Methods

2.1. Study Area and Data

In the study area, tidal cycles are semidiurnal, and tidal amplitudes tend to decrease from the
northern coast of the Province of Binh Thuan to the southern coast of the Province of Ca Mau, as shown
in Figure 2. The largest tidal amplitudes from Binh Thuan to Ca Mau are approximately 300-400 cm.
There is only one tide station setup at Vung Tau. The location of the station is at longitude 107°04’
and latitude 10°20" (Figure 2). The datum of tide observation is at the lowest tide in one tide circle
(18.6 years).

Figure 2. The study area and location of Vung Tau station.

To analyze the water level and surge height in the study area, the observed water levels at Vung
Tau station over 30 years (1987-2016) were collected. To evaluate the capability of ROMS 2D to predict
surges generated by monsoons, the wind and pressure re-analyses from the European Centre for
Medium-Range Weather Forecasts (ECMWF) were used as inputs for the monsoon-induced surge
prediction model.

2.2. Research Method

2.2.1. Harmonic Analysis of Astronomical Tide

The surge height was determined by subtracting the astronomical tide from the observed water
level (total water level) according to the following formula:

Hsurge = Hobservation - Htide (1)

where Hgyrge is the surge height, Hopservation i the total water level height, and Hyq, is the astronomical
tide height.

The harmonic analysis method was used to estimate the astronomical tide. In this method, the tide
height z at any time t is the sum of the tidal oscillations of the component (called tidal waves):

T

zt = Ao+ )_ fiH;cos[git + (Vo + u); — &i] )
i=1

where Ay is the average water level, f; is the coefficient of variation of the tidal component i, H; is the

harmonic constant of the tidal component i, g; is the constant angle of the tidal component i, (V + u);

shows astronomical parts of angle of component i which represents the time angle of the assumed
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astronomical object at time t, g; is the harmonic constant of angle of component 7, and r is the number
of components. f; and (V + u); are time dependent (t). When we have the observed water level z,
the task of tide analysis is to determine the set consisting of harmonic constants H and g for each tidal
component of the station.

To analyze the tide components, one year of tide gauge data from Vung Tau station was used to
obtain the amplitude and phase of 68 tidal constituents.

2.2.2. The ROMS 2D Ocean Model

ROMS is a regional ocean model and was developed by Rutgers University, the University
of California (USA) and contributors worldwide [13]. As an open source model, ROMS is widely
used for a diverse range of applications over a variety of spatial regions and time periods, from the
coastal strip to the world’s oceans on multiple time scales. ROMS is based on the latest advanced
numerical methods and is best applied to mesoscale systems or those systems that can be mapped at
high resolution such as at 1 km to 100 km grid spacing. The model solves hydrodynamic equations
for free-surface waters with complex bottom terrain on a horizontal orthogonal curve system and
integrated topography in the vertical direction. Tides are introduced in the model by prescribing,
in all grid cells, the elevation induced by the harmonic constituents. The harmonic constituents are
taken from the model TPXO 7.2 [14], provided by Oregon State University, that predicts tidal levels for
thirteen constituents of eight primary (M2, S2, N2, K2, K1, O1, P1, Q1), two long period (Mf, Mm), and
three non-linear (M4, MS4, MN4) harmonic constituents on a 1440 x 721, 1/4 degree resolution full
global grid. To focus on the monsoon-induced surge in this study and for calculation speed, the 2D
version of ROMS was chosen.

Our numerical simulation domain covers the whole South China Sea: —2.5-26° N, 97.0-125.0°
E (Figure 3a). The curved grid is constructed with 498 x 498 gridlines with a resolution that varies
in the direction of longitude from 2.6 to 6.6 km and in the direction of latitude from 3.7 to 8.0 km,
following the detailed trend of the coast (Figure 3b). The General Bathymetry Chart of the Ocean
(GEBCO) of the British Ocean Data Center was used to extract the bathymetry for offshore domains.
Coastal topography maps with scales of 1/100,000 published by the Vietnam Administration of Seas
and Islands were used for the domain details near the coast (Thuy et al., 2017) [9]. A time step of
10 s was selected for simulations in the case of both the tide-only and for the case of combined surge
and tide.

The wind and pressure used in ROMS 2D were retrieved from there-analysis product ERA Interim
as provided by the European Centre for Medium-range Weather Forecasts (ECMWF) with wind at
10m and atmospheric pressure at the sea surface in Network Common Data Form (NetCDF) format,
with a global resolution 0f0.125° x 0.125° at 6-hourly intervals [15]. ROMS 2D interpolates the wind
and pressure data to the orthogonal congruent coordinate system corresponding to the time step of the
modeling time.

The wind stress g is usually estimated by the following equation:

—

Uio 3)

.
Ts = p.CplUyg

N
where p, is the density of air, Cp is the drag coefficient, and U is the wind speed (m/s) at 10 m height.
For monsoon-induced surge simulations, the formula for Cp from Large and Pond [16] is as follows:

12 x 1073 for4 < Ujp < 11 ms™~!
Cp = -3 1 4)
107°(0.49 4 0.065U7p) for 11 < Uy < 25 ms
This algorithm has been used in many studies, such as in Dorman et al. [17], Samelson et al. [18],
and Koracin et al. [19], and in particular for studies of storm surge in the South China Sea
(Penget et al. [20] and Biet et al. [21]).
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Figure 3. (a) The domain of the grid and bathymetry. (b) Grid for the South China Sea and coastal
areas of Vietnam.

3. Results and Discussion

3.1. Astronomical Tide and Total Water Level at the Southeast Coast of Vietnam

Figure 4 shows the peak astronomical tide of the months in 2016 and the peak of observed water
levels at Vung Tau station in the period of 1987-2016. The highest of peak astronomical tides are in
the months of January, February, March, October, November, and December. In this region, the main
activities of typhoons, tropical depressions, and Northeast monsoons are also concentrated in these
months. Therefore, in the first and last months of the year, the total water level will be high due to a
combination of astronomical tides and the surges, as also shown in Figure 4. Figure 4 also shows that
even though the peak of astronomical tide was smaller in October and November than in December,
the total water level was higher. The Southeast coast consists of low land regions with a very gentle
slope where a rise of only tens of centimeters of water level can significantly increase the risk of
flooding and salt water intrusion. Note that the inundation height (Figure 5) corresponding to warning
level I1I in this area is 400 cm. Because of the potentially serious impact of monsoon-induced surge,
this study will therefore focus on the months from October to February.

450

440 -©-Total water level T~
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J 400 \e/ﬁ\““
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Figure 4. The peak astronomical tide of month in 2016 and maximum observed water level in the
period 1987-2016.
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Figure 5. Time profile of water level variation at Vung Tau station in December 2016.

In general, at Vung Tau station, there are two spring tide phases in a month. This is illustrated
in Figure 5, where the time profile of observed water levels in December 2016 is shown. Therefore,
this study mainly focuses on the analysis of the surge during the spring tide days.

3.2. Surge Induced by Monsoon and Tropical Cyclones in the Southeast Coast of Vietnam

The surge height induced by monsoons and tropical cyclones was determined by subtracting
the astronomical tide from the observed water level on all days of high tide. Figure 6a shows a time
series of the observed water levels, astronomical tides, and surges in the last days of October and early
November 2010. This is the time when the highest water was recorded at Vung Tau station. Changes
in observed water level and surge show that even on days that were not high tide days, wind-induced
surge contributed a considerable part of the rise in total water level extremes. The observed water
levels, astronomical tides, and surge heights in the case of typhoon Linda’s landfall in November 1997
are shown in Figure 6b. Although the typhoon did not make landfall on the days with the highest
astronomical tides, the storm surge height of about 45 cm contributed to a peak of total water reaching
up to 420 cm.
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Figure 6. Time series of observed water levels, astronomical tides and surges in Vung Tau
(a) during spring tide phase in late October and early November 2010 and (b) during typhoon Linda
(November 1997).
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Figure 7a—e shows the highest of the peak surges at Vung Tau station during the spring tide
days in January, February, October, November, and December in the period of 1987-2016.A frequency
analysis of the surge levels over 30 years was carried out as shown in Table 1. Based on the results of
the analysis, some comments on the surge height at Vung Tau station during this period are as follows:

1. The surge heights do not follow a clear trend with regards to the time of increasing or
decreasing heights.

2. Surge levels of 20 to 30 cm are predominant on the coasts, comprising 39.5% of the total number,
followed by surge heights of less than 20 cm. Surge heights of over 40 cm occurred mainly in
October and November in which the highest surge of 54 cm occurred in November 1995. This is
the reason why, in October and November, although the peak tide was smaller than in December,
the total water level was higher than in December.
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Figure 7. Surge heights at Vung Tau station in 1987-2016. (a) January, (b) February, (c¢) October,
(d) November and (e) December.
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Table 1. Frequency of surge levels in Vung Tau station in 1987-2016.

Surge Height (cm) Frequency Percentage (%)
Hyp <20 159 42.7
20 < Hnp <30 147 39.5
30 < Hyp <40 52 13.9
Hyp > 40 14 3.7

The analysis of astronomical tide, total water level, and surge at Vung Tau station shows that
in the Southeast coast of Vietnam, the largest surges occur between October and February. This area
is less affected by typhoons and tropical low pressure systems, so the monsoon-induced surges are
very significant. The contribution of the monsoon-induced surge will increase the total water level
and consequently increase the impact of total water level on the low-lying terrain. Since the terrain
is low and flat, it means that only a small increase in water level will have the potential to increase
the inundation and salt intrusion in the area. Therefore, being able to predict the monsoon-induced
surge in the spring tide phases in this coastal area becomes very important. The forecasting of
monsoon-induced surges needs to be implemented in a numerical prediction model, and the model
needs to be validated prior to use for operational forecasting. The validation of the numerical model
for predicting monsoon-induced surges is presented in the section below.

3.3. Results of Simulations of Monsoon-Induced Surgeduring Spring Tides in the Southeast Coast of Vietnam

3.3.1. Validation of the Numerical Model for Tide

First, the model needs to be verified and validated for tide in the study area. Figure 8 shows
the comparison of the tides calculated by ROMS 2D for three values of the Manning coefficient
(n =0.02, 0.023, and 0.028) with harmonic analysis data at Vung Tau station in July 2016. Note that
in this case, the datum is at the mean sea level, and the two methods used the same thirteen tide
constituents. A roughness coefficient of 0.023 gives the smallest error between numerical results and
the harmonic analysis data. By using this coefficient, the numerical model was validated for April
and November 2016. The results in Figure 9a,b shows that the model simulates both the phases and
the tide amplitudes quite well, with maximum errors of around 44 cm (37 cm).Typical values for
Root Mean Square Error (RMSE) are 19 cm (17 cm), and the correlation index is 0.93 (0.95) for April
(November).Therefore, the roughness coefficient obtained from the tidal validation will be used in the
simulation of monsoon-induced surge below.

200 —©-Harmonic analysis — n-0.02
150 = -n-0.023 —n-0.028
100
50
0

-50

Astronomical tide (cm)

-100

-150
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Figure 8. Comparison of tides predicted by two-dimensional Regional Ocean Model System (ROMS
2D) for three values of the Manning coefficient (1) with harmonic analysis at Vung Tau station in
July 2016.
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Figure 9. Comparison of tides predicted by ROMS 2D with harmonic analysis at Vung Tau in (a) April
2016 and (b) November 2016.

3.3.2. Validation of the Numerical Model for Surge Induced by Monsoon

In order to evaluate the capability of ROMS 2D in predicting monsoon-induced surge in the
Southeast coast of Vietnam, we selected the days of two recorded spring tide phases, one at the end
of October and early November 2010 and one at the end of October 2013. We conducted two sets of
numerical simulations: one of tide-only and one of surge with tide. As shown in Figure 10, firstly,
the case of surge with tide was simulated. Secondly, the tide-only simulation was conducted to extract
the surge level, taking into account the surge and tide interaction as follows: Hsurge = Hsurge-tide —
Hyiige. Finally, the surge was computed at the mean sea level.
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|
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Figure 10. Time series of calculated only tides (“Tide”), surges coupled with tides (“Surge + Tide”), and
surges with "Tide" extracted from “Surge + Tide” at Vung Tau station during the period of 25 October
to 4 November 2010.

Monsoon-Induced Surges during the Spring Tide in Late October and Early November 2010

During this spring tide phase, the sea level started to rise from 29 October to end on 1 November
2010. There were several times when the surge height was over 40 cm; the highest was 47 cm at 08:00
on 30 October 2010. Figure 11a,b shows the wind and pressure re-analysis field at 07:00 on 27 October
(Figure 11a) and at 07:00 on 31 October 2010 (Figure 11b). During this time, the Northeast monsoon
came far to the south and the wind speed increased to level 6-7 on the Beaufort scale (10-18 m/s) on
31 October. The high wind speed and long duration led to the generation of large and persistent water
rises in this high tide period, which resulted in the inundation of many areas along the Southeast coast,
including Ho Chi Minh City, located 40 km from the coast.

The simulation of surge induced by strong winds from 25 October to 3 November 2010, shows
that the maximum surge height in this area is up to 70 cm on the Southeastern coast of Vung Tau
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(Figure 12). In order to establish a comparison, the frequency of the simulated data was changed
from 10 s (time step of the model) to one hour (period between two measurements). The comparison
of surge heights calculated by model and observations at Vung Tau station are shown in Figure 13.
The maximum errors were around 28 cm, and typical values for RMSE were 10 cm with a peak surge
of 7 cm.
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Figure 11. Wind and pressure re-analyzed on (a) 27 October 2010 and (b) 29 October 2010.
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Figure 12. Maximum surge height due to monsoon during 25 October to 3 November 2010.
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Figure 13. Comparison between numerical and observed surge heights at Vung Tau station during
25 October to 3 November 2010.
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Monsoon-Induced Surges during the Spring Tide in October 2013

The second spring tide phase used for the numerical validation was on the dates at the end of
October 2013. A historic high tide was recorded in Ho Chi Minh City, with a maximum water level at
Vung Tau station of 420 cm, which was over the threshold inundation depth at the area. At that time,
the Northeast monsoon came far to the South, as illustrated by the re-analysis of wind and pressure
(Figure 14a,b). Strong winds and high tide combined with heavy rain were the cause of record flooding
in the Southeast coast of Vietnam. Figure 15 shows the spatial distribution of the peak surge levels
simulated by the ROMS 2D model. The maximum surge level reached up to 0.7 m on the coastal areas.
The results of the series of simulations are shown in Figure 16, which presents comparisons between
observations (OBS-Surge) and calculations (Model-Surge) at Vung Tau station. From the results, a
similar tendency was found between model and observation, although the values for RMSE were
18 cm and errors of peak surge were 17 cm.

The errors of surge simulation may come from two sources: (1) insufficient resolution of wind
field re-analysis; and (2) the surge height, in the case of monsoon, was not high, and there was noise
from analyzed surge observation data. Despite this fact, the model can be used for forecasting the
surge height during the monsoon.
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Figure 15. Maximum surge during 1626 October 2013.
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Figure 16. Comparison between numerical and observed surge heights at Vung Tau station during
16-28 October 2013.

4. Conclusions

The Southeast coast of Vietnam has a dense population and many important economic facilities
along its coastline, which are vulnerable to storm surges due to the low plains and a large estuary
system. High sea levels are possible during the strong Northeast monsoon surges (October-February)
if they coincide with spring tides. This would usually lead to floods in the coastal areas. In this study,
the monsoon-induced surge during spring tides in the Southeast coast of Vietnam was analyzed based
on observed tides at the Vung Tau station. In particular, the surge was determined by removing
the astronomical tidal oscillations from the observed water level. A harmonic analysis was used to
calculate the astronomical tide. The observed water level data over 30 years (1987-2016) was collected
for analysis. Next, ROMS 2D was used to simulate the surge heights in two spring tide phases in
order to assess the capacity of the model to simulate surge height. The main results are summarized
as follows:

1. The change of peak surges does not show a clear trend.
Surge levels of 20 to 30 cm are predominant on the coasts, comprising 39.5% of the total number.
Peak surge heights over 40 cm occurred mainly in October and November. This is a reason why
most of the high spring tide in this area occurred in October and November even though the
peak tide was smaller than in December.

ROMS 2D implemented for the South Coast of Vietnam has reproduced relatively well the
wind-induced surge during high tides. Therefore, we conclude that it is possible to apply this model
for the operational forecast of monsoon-induced surges in this area.

In this study, monsoon-induced surge at the shore line has been considered. A very interesting
subject to be considered for future research would be to use a coupled river and ocean model in order
to investigate the effect of river conditions on surges in addition to the coastal and river site inundation.
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Abstract In the present study, laboratory experiments were conducted to validate the
applicability of a numerical model based on one-dimensional nonlinear long-wave equa-
tions. The model includes drag and inertia resistance of trees to tsunami flow and porosity
between trees and a simplified forest in a wave channel. It was confirmed that the water
surface elevation and flow velocity by the numerical simulations agree well with the exper-
imental results for various forest conditions of width and tree density. Further, the numeri-
cal model was applied to prototype conditions of a coastal forest of Pandanus odoratis-
simus to investigate the effects of forest conditions (width and tree density) and incident
tsunami conditions (period and height) on run-up height and potential tsunami force. The
modeling results were represented in curve-fit equations with the aim of providing simpli-
fied formulae for designing coastal forest against tsunamis. The run-up height and potential
tsunami forces calculated by the curve-fit formulae and the numerical model agreed within
+ 10% error.
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1 Introduction

After the Indian Ocean tsunami in 2004, a number of studies have explained effects of
coastal forests in reducing the tsunami run-up and the damage to humans and property
based on post-tsunami surveys (for example, Danielsen et al. 2005; Kathiresan and Rajen-
dran 2005; Tanaka et al. 2007). Nandasena et al. (2012) reported that coastal forests con-
sisting of pine trees on the northeast coast of Japan played an important role not only to
reduce in tsunami energy but also to trap solid objects like concrete slabs detached from
sea walls, and boats from marinas during the 2011 Great East Japan (Tohoku-Oki) tsu-
nami. They investigated hypothetical arrangements of coastal forests with other mitigating
methods for tsunami energy reduction in advanced numerical modeling. Currently, coastal
forests are increasingly considered to be an effective measure to mitigate tsunami damage
from both economic and environmental points of view, despite there is still debating on its
effective role due to the absence of adequate studies (Kerr and Baird 2007). In fact, several
projects to plant vegetation on coasts as a bio-shield against tsunamis have been started in
South and Southeast Asian countries (Tanaka et al. 2009; Tanaka 2009).

The reduction of tsunami damage behind a coastal forest depends on the vegetation spe-
cies and their properties (tree height, diameter, density, and vertical configuration), extent
(along-shore length and cross-shore) and arrangement of forest (uniform or staggered),
local tsunami conditions (flow depth and flow velocity) and local topography (Nandasena
et al. 2008; Tanaka et al. 2009). Related to the forest arrangement, Mascarenhas and Jaya-
kumar (2008) pointed out that roads perpendicular to beaches in a coastal forest served as
a passage for the tsunami to travel inland for example in many places in Tamil Nadu, India,
during the of 2004 Indian Ocean tsunami. Nandasena et al. (2012) also pointed out the dif-
ference between straight and crooked roads in coastal forests, perpendicular to the beach,
in terms of tsunami energy reduction in numerical modeling for the case of the 2011 Great
East Japan tsunami. In their simulation, the maximum flow velocity was increased 1.37 and
1.79 times behind the straight road when the tsunami moved inland and the tsunami moved
seaward, respectively, compared to that of the bare land. However, the flow velocity did not
increase through the crooked road, and the maximum flow velocity behind it was roughly
equal to that of the bare land (Nandasena et al. 2012).

Tanaka et al. (2007) pointed out that Pandanus odoratissimus is especially effective in
providing protection from tsunami damage due to its density and complex aerial root struc-
ture, but its strength is not so strong above the exposed root system and hence it has a risk
of breaking due to the action of high tsunamis. In previous studies by numerical simula-
tions, however, tsunami forces acting on each tree are not discussed. The tsunami forces are
directly related on the damage of the trees. Therefore, when designing a coastal forest to
reduce tsunami energy, the magnitude of the tsunami force on trees becomes a key param-
eter to be considered. Advanced numerical models may calculate these forces, with some
assumptions. However, these numerical models are not readily available for stake holders.

In this paper, therefore, we introduce simple formulae derived from advanced one-
dimensional numerical modeling to calculate tsunami force on forests and reduction in run-
up due to forests on uniform slopes for different tsunami conditions. The numerical model
is based on a one-dimensional nonlinear long-wave equations (Nandasena et al. 2008).
Laboratory experiments on long-period sinusoidal waves around a simplified forest model
with various width and tree density were conducted in a wave channel in order to validate
the applicability of the numerical model. Then, the model was applied to a coastal forest
of P. odoratissimus with effects of forest conditions (width and tree density) and incident
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tsunami conditions (height and period) to discuss the tsunami force and reduction in run-up
on a typical ground slope. Finally, simple equations were proposed based on the modeling
results to predict tsunami run-up reduction due to coastal forest, forces on the trees and
forces behind the forest. An application of these simple equations in a real case is also
presented.

2 Mathematical model and numerical method
2.1 Governing equations
The governing equations are modified one-dimensional nonlinear long-wave equations that

include drag and inertia forces due to interaction with trees, and porosity between trees
(Nandasena et al. 2008). The continuity and the momentum equations are, respectively:

oy 00,
0,—= =0 1
19 T ox M
00, (%) ad 9 o, 073
0,—= + +0,8d% +070dZ 10,0, =+ Y f,=0 @)
d=5; ox a8 o 4 8 o b dp P g}fxl

where Q, is the discharge, { the water surface elevation measured from a datum, d the
water depth, z the bed elevation measured from the datum, 7, the bed resistance (given by
Manning’s equation), Zle f.; the total resistance on fluid generated by trees, g the gravita-
tional acceleration, p the density of sea water, 8, the depth-averaged porosity between trees
at water depth d, 6, the bed porosity between trees. Total resistance by trees is assumed to
be equal to sum of the drag and inertia forces as follows (For more details, refer to Nanda-
sena et al. 2008)

1 02
Fp=vy 3 Cp-anbrerd dz_;d 3)

D(Q./dV5,) "

F, =ypCy\,V
1= VP Dt

where y is the tree density (number of trees/m?), Cy the inertia coefficient (= 2.0) (Ima-
mura et al. 2008; Nandasena et al. 2008), and Cp_,, the depth-averaged equivalent drag
coefficient considering the vertical stand structure of tree, which was defined by Tanaka
et al. (2007) as:
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