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Synopsis

In order to utilize coastal forest as tsunami countermeasures, quantitative
evaluation for hydrodynamic effect of coastal forest was examined in this paper.
Relation between the forest density and the diameter of trunk is obtained through the
field measurement data of control forest and some previous researches, which is useful
information for the evaluation of effects. Numerical simulation including the model of
control forest effect is performed for evaluating the quantitative effect for tsunami
reduction and damage. By using simulation results, effects of reducing tsunamis can be
quantitatively evaluated in a relation to the tsunami and forest conditions.
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1. Introduction

In recent years, demand to coast management is
expanded not only for disaster prevention but also for
environment and utilization by a rise of the
environmental consciousness and the citizen
participation in Japan. On the other hand, artificial
coastal barriers such as seawalls and breakwaters
have been constructed along the Japanese coast and
have played an important role in protecting the
coastal area from natural hazards such as tsunamis,
tidal waves and high waves. The artificial coastal
barriers have some problems, such as high cost of the
construction and maintenance, modification of the
present environment and inconvenience in utilizing
the coastal area. Therefore, the countermeasures
against tsunamis by only using the artificial coastal
barriers are not recommended for all coastal areas
and in future coast of management. For more
appropriate management to reduce natural disaster
and to keep good environment, it is required that a
new countermeasure method corresponding to each
coastal area including the combination of artificial
and natural functions. One of new ways is to utilize a

control forest along coast, which is traditional
countermeasure for long time. However, quantitative
and concrete functions of coastal forest to reduce a
tsunami are not established and formulated, so that no
guidance to use control forest is available. In order to
use a coastal control forests more effectively as
countermeasures against tsunamis, it is important to
evaluate the hydrodynamic effect of tsunami control
forest, and to further discuss a disaster prevention
function. Therefore the present study aims to provide
the quantitative guidance of tsunami reduction effect
from numerical simulation including the resistance of
tsunami control forest.

2. Evaluation to the effect of tsunami reduction by
using of numerical simulation

2.1 Conditions of coastal control forest in Japan

In order to evaluate the tsunami reduction effect
by the numerical simulation, some conditions of
coastal forest, based on using actual forest conditions,
should be selected. Harada and Imamura (2003)
summarized the relation between forest density and
trunk diameter from the field survey data of pine tree



forest in Japan. In general, the diameter of trunk is
related to the amount of leaves, because the trunk
takes the role of pipe between the leaf and root.
Therefore, they control themselves and so the forest
density becomes small when the diameter of trunk
becomes large (Tanaka, 1998). By using this relation,
the diameter of trunk can be estimated from the forest
density. From Figure 1, the trunk diameter
corresponding to the forest density are selected to 0.3
m and 10 trees /100m?, 0.15m and 30 trees /100m>,
and 0.1 m and 50 trees /100m?. Forest width is an
important parameter for tsunami reduction and it
varies from place to place. To examine the forest
width effect, forest width is selected to be 50, 100,
200, and 400m and the forest is put at a distances of
100m from shoreline. The tree height and the brunch
height are selected 10, 2m and the projected area rate
of leaves is given to be 0.65 from field survey data
(Harada and Imamura, 2003). These conditions are
used for the evaluation of tsunami reduction effect by
using tsunami numerical simulation. The conditions
of forest are shown in Table 1.
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trunk (Harada et al, 2003)

Table 1 Conditions of coastal forest for numerical

simulation
Forest density 10, 30, 50 trees/100m>
Trunk diameter 0.3,0.15,0.1 m

Forest width 50, 100, 200, 400 m

Tree height 10 m
Brunch height 2m
Projected area rate 0.65

2.2 Resistance of coastal forest in numerical
simulation

In the numerical simulation, the effect of coastal
forest is included as the resistance force in
momentum equation. Harada and Imamura (2000)
modeled the resistance force as drag and inertia
forces based on Morison’s equation and modeled the
resistance coefficients of coastal forest against
tsunamis by using the results of hydraulic experiment.
Equations (1) are the resistance coefficients used by
them, where C, is the drag coefficient; Vo is the

volume of tree under water surface; V is the volume
of water; C,, is the inertia coefficient. The relation of
the inundation depth and the vertical structure of
trunk and leaf change this drag coefficient. These
resistance coefficients include the effect of tree
structure. In the numerical simulation, these
resistance coefficients used to calculate the forest
effect quantitatively.
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2.3 Numerical simulation including coastal forests

In order to evaluate the effect of tsunami
reduction quantitatively,  tsunami numerical
simulation of run up including the resistance of the
control forest is carried out and the change of
hydraulic values on the land are examined. The
coastal landform for Sendai Bay is selected as an
example to discuss the effect of the control forest
(Fig.2). To evaluate the tsunami reduction effects by
coastal forest, the tsunami height is selected to 1, 2
and 3 m and wave period is 10, 20, 30, 40, 50, 60 min.
When tsunami heights exceed 4 m, tree would start to
be broken (Shuto, 1987). In this simulation, trees
breaking can not be properly modeled. Therefore,
tsunami height is selected smaller than 4 m.
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Fig. 2. Conditions for tsunami numerical simulation

Table 2 Conditions of tsunami and landform for
numerical simulation

Tsunami height 1,2,3m
Tsunami period 10, 20, 30, 40, 50, 60 min
Gradient of sea floor 1/200
Gradient of land 1/500
surface

The governing equation used for the numerical
simulation is the momentum equation (2) with the
hydraulic resistance force by coastal forest (Harada
and Imamura, 2003).
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where: M is the flux discharge; D ,the total depth, A,
the water level; n, the Manning roughness coefficient.
Ay, the projected area of trees under the water; Ax, Ay,
the grid spatial size; and g, the gravitational
acceleration. The grid spatial size are selected as Ax
= Ay =50 m, and time step is At =1 sec.

2.4 Results of numerical simulation

Figure 3 shows the calculated waveforms
without and with the coastal forest. From Figure 3,
tsunami is reflected at the coastal forest and reduced
the inundation depth and the run-up distance behind
coastal forest. In particular, when the inundation
depth is over the leaf and brunch height, the
reflection effect on seaside and the reduction effect
on inland side become large. The large resistance
force of the leaf and brunch, which is calculated from
equations, causes these tsunami reduction effects.
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2.5 Effect of Forest Width to Tsunami Reduction

The spatial distribution of the maximum
inundation depth, current and hydraulic forces are
shown quantitatively from the calculated results.
Hydraulic force is expressed by the product of fluid
density, the inundation depth and the square of
current, and used for the estimation of house damage
(Hatori, 1984). Figures 4 show the spatial distribution
of the rate of maximum inundation depth, current and
hydraulic force in the case of forest width of 0, 50,
100, 200, and 400m, fixed the wave height 3m, the
wave period 10 min and the forest density 30
trees/100m2, and the reduction rate of maximum
values are defined by equation (3).
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The front of the coastal forest is set to be at
100m distances from shoreline and the back is varied
with its width. Figures 5 show the relation with forest
width and reduction rate just behind forest. From
Figures 4 and 5, the reduction rates of inundation
depth just behind the forest are decreased from r
=0.86 with forest width 50m to 0.18 with forest width
400m. These inundation depths are decreasing with a
function of the forest width (see Figure 5). This
means that the increasing of forest width can reduce
the inundation damage at the back of coastal forest,
which related to inundation depth. The reduction
rates of current just behind the forest are decreased
from r =0.54 with forest width 50m to 0.24 with
forest width 400m. The current at the front is
decreased due to the reflection at front side of forest,
and the current at the back is reduced by the
reflection and the energy loss passing throw forest.
As the hydraulic force is defined by the products of
the square of current and the inundation depth,
hydraulic force is influenced by the current strongly
rather than the inundation depth. Its spatial
distribution inside the forest in Figure 4 is
independent of each forest width, dependent of the
forest resistance force. The increasing of forest width
can reduce the house damage, which related to
current and hydraulic force. From these results of
numerical simulation, it can be shown that the effects
of forest width increasing are large to reduce tsunami
inundation depth, current and hydraulic force. By
using these numerical simulation results, the effect of
coastal forest to tsunami reduction can be evaluated



quantitatively. The quantitative evaluation of tsunami
reduction would be done in the later section.
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2.6 Effect of forest density to tsunami reduction

In this section, the effect of forest density to
reduce tsunami is discussed. Figure 4 shows the
spatial distribution of maximum inundation depth,
current and hydraulic force with forest density 10,
30,and 50 trees/100m2, fixed tsunami height 3m, and
the fixed forest width 50m. The values of them are
made non-dimension by the case without the forest
(Equation 3). The reduction rates of inundation depth
just behind of forest (x=150m) are about r =0.8 in
each forest density case of 50m forest width.
Therefore it can be said that the effect of forest
density to reduce inundation depth is small. The
reduction rate of current is decreasing with the
increase of forest density and this rates are r=0.6,
0.54, 0.51 in the case of 10, 30, 50 trees/100m2 at
just behind of forest. However the effect of forest
density to reduce current is not large. As same as
inundation depth and current, the hydraulic force at
just behind of forest is decreasing with the increase of
forest density. Figures 7 show the relation with forest
density and reduction rate.  The fluctuation of
reduction rate due to forest density in same forest
width is smaller than the effect of forest width.
From these results of numerical simulation, it can be
shown that the effects of forest density based on
actual forest condition are not large to reduce tsunami.
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2.7 Effect of tsunami period to tsunami reduction
In order to examine the effect of tsunami period
to tsunami reduction, the relation with tsunami period
and reduction rate are shown in Figure 8. When the
tsunami period become long, the tsunami reduction
effects become small. In the short period; 10 min, the



reduction effect becomes small caused by the
inundation depth, which smaller than leaf and brunch
height. From these results, it can be shown that the
tsunami reduction effect by coastal forest become
small to long period tsunami.
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2.8 Quantitative evaluation of forest to tsunami
reduction

The relationship of the coastal forest damage and
the tsunami intensity or the tsunami height is
summarized in Table 3 from the old tsunami disaster
reports by Shuto (1992). This table shows that the
coastal forest can stop drifts in the case of the
inundation depth smaller than 4 m, or tsunami
intensity is smaller than 2. However, Table 3 does not
include the quantitative information for the design of
the control forest and the effect of forest condition to
tsunami reduction. In this section, the quantitative
effects to tsunami reduction by coastal forest are
discussed by using the results of tsunami numerical
simulation. Table.4 shows the reduction rates of
maximum run up distance, inundation depth, current
and hydraulic force just behind the forest. In order to
evaluate the effect against tsunami damage, these
hydraulic values are evaluated for 10 min tsunami
period. From the Section 2.5, the effect to tsunami
reduction is influenced strongly by the forest width.
So the effects are evaluated for the forest width and
the tsunami height. As the mature forest conditions,
forest density and diameter of trunk are selected 30
trees/100m2 and 0.15m.

Table 3 Relation between tsunami intensity and
tsunami damage (Shuto, 1992)

Tsunami 0 1 2 3 4 5

intensity

Tsunami 1 2 4 8§ 16 32

height (m)

Coastal Mitigate Partial Complete

control damage, damage | damage,

forest Stop drafts, Stop No reduction
Mitigate drifts effect
tsunami

From Table 4, the run up distance is decreased
from 0.86 to 0.57 by the increase of forest width and
tsunami height. And the inundation depth is also
decreased from 0.86 to 0.50 by the increase of forest
width and tsunami height. These results are the same
results of Aburaya (2000). For further understanding
of the effect of damage reduction by tsunami flow,
current and hydraulic force would be evaluated from
calculated result. The current is decreased from 0.71
to 0.34 and the hydraulic force is decreased from 0.53
to 0.01 by the increase of forest width and tsunami
height. However the reduction rates of currents and
hydraulic force are larger than run up distance and
inundation depth. Additionally, the reduction effects
of hydraulic force are larger than the inundation
depth and the current, which indicate the most
effective mitigation to the tsunami. This means that
the reduction effect of coastal forest is larger on
house damage than on inundation damage. Table 4
could compensate quantitatively the effect of coastal
forest to tsunami reduction of Table 3 (Shuto, 1992).
Additionally Table 4 could evaluate the effect of
coastal forest to reduction tsunami damage by the
current. Moreover, Table 4 can be used for a
quantitative standard of the tsunami reduction effects
by coastal forest for the coastal forest planning.

Table 5 shows the evaluation table of forest
effect, which is converted from Table 4. The
reduction rates are categorized by three stages, 0.99-
0.7 as “a little effective”, 0.69-0.4 as “effective” and
0.39- as “much effective”. The run-up distance and
the inundation depth are considered as the tsunami
reduction, and the current and the hydraulic force are
considered as the damage mitigation. From Table 5,
it can be said that the forest width is required to be
200 m or more in order to reduce tsunami, the run-up
distance and the inundation depth to less than 70%.
And the forest width is required to bel00 m or more
in order to mitigate tsunami damage and current to
less than 40%. By using these calculated results of
tsunami reduction, the effects can be evaluated
quantitatively related to the tsunami and forest
conditions. However, the numerical simulation
results in this section are calculated in the limited
conditions of the tsunami period and the landform. In
order to plan the costal forest for tsunami
countermeasure, it is needed to further understand the
costal forest effect related to the tsunami period and
the landform.



Table 4 Tsunami reduction effect by coastal forest

Tsunami height (m) 1 ‘ 2 ‘ 3
Coastal control forest Mitigate damage,
(Shuto, 1987) Stop drafts, Reduce
tsunami

Runup | Forest | 50m | 0.98 | 0.86 | 0.81
distance width | 100m | 0.83 | 0.80 | 0.71
200m | 0.79 | 0.71 | 0.64
400m | 0.78 | 0.65 | 0.57
Inundation | Forest 50 0.86 | 0.86 | 0.82
depth width | 100 | 0.76 | 0.74 | 0.66
200 | 0.46 | 0.55 | 0.50

400 0.11 | 0.18
Current | Forest 50 0.71 | 0.58 | 0.54
width | 100 | 0.57 | 047 | 0.44
200 | 0.56 | 0.39 | 0.34
400 0.31 | 0.24

Hydraulic | Forest 50 0.53 | 048 ]0.39
force width | 100 | 0.33 | 0.32 | 0.17
200 | 0.01 | 0.13 | 0.08

400 0.02 | 0.01

Table 5 Forest effect to tsunami reduction

Tsunami height (m)
1 2 3
Tsunami Forest A little effective (run-up,
reduction width | inundation depth: 90-70%)
<200 m
200 m< Effective(run-up,
Forest | inundation depth: 70-40%)
width
Tsunami Forest Effective (current: 70 -
damage width 40%)
mitigation | <100m | Much effective (hydraulic
force: 70 - 40%)
100m < Much effective (current,
Forest | hydraulic force: 70 - 40%)
width

3. Conclusions

The coastal forest conditions in the actual field
are complied to obtain the relation between the forest
density and diameter of trunk. Its diameter can be
estimated from the forest density by using of this
correlation, which is useful for the plan to coastal
forest condition. The numerical simulation with
forest model is carried out to evaluate the quantitative

effect of tsunami reduction, and the results are
summarized in some tables. This can give some
quantitative information for the reduction effects of
coastal forests. However, the results in this study are
calculated in the limited conditions of the tsunami
period and the landform. In order to plan the costal
forest for tsunami countermeasure, it is needed to
further understand the costal forest effect related to
the tsunami period and the landform.
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Reduction rate of max. inundation depth:
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