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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 
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 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: 
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x and y are the horizontal coordinates; Vx and Vy are the depth-averaged velocity components in x and 

y directions respectively; t is the time; d the total water depth (d=h+!); h the local still water depth 

(on land, the negative height of the ground surface); ! the water surface elevation; g the gravitational 

acceleration; " the water density; n the Manning roughness coefficient; # the tree density (number of 

trees/m
2
). CD-all is the depth-averaged equivalent drag coefficient considering the vertical stand 

structure of the trees, which was defined by Tanaka et al. (2007) as:  

 

 

                                                                                                             

 

 

 

where b(zG) and CD(zG) are the projected width and drag coefficient of a tree at height zG from the 

ground surface, and bref  and CD-ref are the reference width of the trunk and the reference drag 

coefficient at breast height, respectively. The eddy viscosity ve 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.  

 

 

                

 

                                                      (10)         

 

                                                                                          (11) 

 

                                                                     (12)              

 

                                                                                             (13)       

 

 

Science of Tsunami Hazards, Vol. 29, No. 2, page 46 (2010) 

(9)        

(8) 



                                                                                         (14)                       

where kD is the kinetic energy and lD= d is the length scale ( : turbulence length scale coefficient). 

For the model parameters, standard values are adopted: cw=0.09, cd=0.17, $k=1.0 and %=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 BF was changed in cases of 

0.2, 0.5, 0.7 and 1.0 m with the fixed density of 2200 trees/m
2
 (0.22 trees/cm

2
). 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 (#=500 tree/m
2
), moderate density (#=1000 

trees/m
2
), and higher density (#=2200 trees/m

2
). In addition to those cases, experiments for cases of no 

forest (BF=#=0) and full vegetation (no gap) were also conducted. Wave condition was fixed as that 

the incident wave height Hi 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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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
1/3

 for 

the relatively rough wooden bottom. For parameters in the turbulence model, standard values as 

indicated in 2.2. were applied. The drag coefficient CD-ref 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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                     Fig. 1. Experimental setup in wave channel. 

  

Fig. 2. Photo of forest model (example of bG=0.15 m). 
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cylinder because the s/D is considerably greater than 2. The drag coefficient CDref  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 Hi 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, Hi =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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     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: 

 

 

                                           

 

Science of Tsunami Hazards, Vol. 29, No. 2, page 49 (2010) 

 

(15) 

Fig. 3. Wave height distributions in wave channel. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

Fig. 5. Distribution of maximum velocity (x=11.4 m). 

 



 Fig. 6 shows the variation of the change of wave crest (!max), maximum velocity at the gap exit 

(VGmax) and maximum velocity at the center behind the vegetation patch (VVPmax) 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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, 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 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 LF and a cross-shore width of BF, 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 bG is perpendicular to the shoreline and located at the 

center of the along-shore forest length. In the present study, the forest length LF and gap width bG 

were fixed as 200 m and 15 m respectively. The forest width BF was changed from 0 m (no forest) to  
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Fig. 6.  Effect of forest width on maximum velocity and wave crest height. 

 



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 (LF=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+BF+1.25 m, y=100 m), B (x=5700+BF+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 n was set as 

0.025 s/m
1/3

 for a relatively rough bare ground, which is widely used in numerical simulations of 

tsunami runup (for example, Harada and Imamura, 2005).  
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(a) 

z(m)  x (m) 

Coastal forest 

Fig. 7. Schematic topography. (a) Cross section, (b) sketch of forest and gap arrangement. 

     

 

 

     (b) 



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(zG)/bref, CD(zG)/CDref, and CD-all of P. 

odoratissimus based on Tanaka et al. (2007) for the conditions of  the tree height HTree=8 m (for a 

mature tree), the reference diameter bref=0.195 m. The reference drag coefficient CD-ref 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 CD-all varied with the total depth d (inundation depth) because the projected width b and 

the drag coefficient CD vary with the height from the ground surface zG as shown in the figure. The 

tree density # was changed from 0 (no forest) to 0.4 trees/m
2
 in numerical simulations.  
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Fig. 8. Characteristics of P. odoratissimus. (a) Photographs of a stand, and (b) vertical 

distribution of , and CD-all. 
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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 T and height Hi 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 (Hi) at the offshore boundary is rather arbitrary because the offshore 

boundary may be set at an arbitrary depth. Therefore, the tsunami height (Hsl0) above the ground 

surface at the shoreline was used instead of Hi and called the ‘incident tsunami height’ for the 

simplicity in the present paper. The range of Hsl0 is from 3.08 to 8.51 m corresponding to Hi=2 to 8 m 

with T=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 V and of the 

first runup wave of T=1200 s and Hi=6 m without forest at the time when the water surface elevation 

at the shoreline is the maximum as Hsl0=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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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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Fig. 9. Spatial distribution of runup tsunami (T=1200 s, Hi=6 m) in the case of no forest 

at the time when the water surface elevation at the shoreline is the maximum. 
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Series BF (m) # ( trees/m
2
) Hsl0 (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 ( ) in the present paper is defined by the following equation: 

 

 

 

 

     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 ( ) on a single tree with a height of HTree can be 

calculated by the following relationship: 
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(17) 

(16) 

                      Table 1. Summary of all simulation cases for combined conditions of forest and tsunami. 
 



Similarly, the total drag force on a human body as an application may be calculated with appropriate 

CD-all and bref 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, #=0.226 trees/m
2
, Hsl0=6.94 m and T=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 dF*max, VF*max .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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
2
 is summarized as an example for the incident tsunami conditions of T=1200 s and Hsl0=6.94 

m. Fig. 11(a) and (b) show the x-y distributions of the maximum inundation depth dmax and the 

representative inundation depth dF*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. 10. Time profiles of inundation depth (d), mean velocity (V) and tsunami force (F*) 

at C. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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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Fig. 11. Distributions of (a) maximum inundation depth (dmax), and (b) representative inundation depth 

(dF*max). 
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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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Fig. 12. Distribution of (a) maximum velocity (Vmax), and (b) representative velocity (VF*max). 
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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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2. Effect of forest conditions  

 

The tsunami force obtained by the incident tsunami condition of T=1200 s and Hsl0=6.94 m for 

different forest conditions were plotted in Fig. 14(a) and (b) against the following forest thickness 

BdNall: 

 

 

 

 

 

where, bref is the reference width per tree and b
*

ref is a logical reference width so that BdNall has a unit 

of meters in the simple form (Note that b
*

ref has the same value as bref , but the unit is m
2
/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 (CD-all) 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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(18) 
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Fig. 13. Distribution of maximum tsunami force (F
*

max). 

 



The forest width was changed with fixed tree density of 0.226 trees/m
2
 and the tree density was 

changed with fixed forest width of 100 m. Tsunami forces F
*

maxB, 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. 
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(a) 

(b) 

Fig. 14. Variation of tsunami force at A, B, C and D with (a) forest width (Series 1), (b) tree 

density (Series 2). 

 



Fig. 15 (a) and (b) shows the variations of the representative velocity (VF*max) and total depth (dF*max) 

at the time of maximum tsunami force together with variations of average maximum discharge fluxes 

( , , and ) against the forest width and the tree density, respectively, where Qinmax and 

Qoutmax are the maximum inflow and outflow at the gap inlet and exit, and Qsidemax is 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. 
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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
*

max0 in the 

case of no forest against the incident tsunami height and period. The conditions are BF=100 m, 

#=0.226 trees/m
2
, T=1200 s (for the change of tsunami height) and Hsl0=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: 

 

 

 

 

 

where Hcf is the threshold incident tsunami height at which the tsunami force becomes 0 and aHf has a 

dimension. In the present study, bHf 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 (Hsl0-Hcf). Hcf 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 aHf is given in Fig.16 (a). 
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(19) 

 

(a) 
(b) 

Fig. 16. Tsunami forces against (a) incident tsunami height (Series 3), and (b) 

tsunami period (Series 4). 

 



 

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: 

 

 

 

 

 

where Trep is the representative tsunami period and was taken as 1200 s in the present study, and aTf 

has a dimension. The determined empirical constants of aTf and bTf 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: 

 

 

 

 

 

 

where                  corresponds to a wavelength of long waves with period of Trep at the depth of Hrep. 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 Hrep is arbitrary as well as the representative tsunami period Trep 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: 

 

 

 

 

 

where "gHsl0
2 
(unit: N/m) corresponds to double the hydrostatic force acting on a virtual high wall per 

unit length by inundation depth of Hsl0, and F
*

maxrep is the representative tsunami force by incident 

tsunami with the representative height Hrep and arbitrary period T. "f,  fHf  and  fTf  are non-dimensional 

and expressed as follows:  
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(20) 

(21) 

(23) 

(22) 



 

 

 

 

 

 

 

 

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

 

   

 

 

 

  

 

 

 

     The empirical constant bTf at A is given as function of forest condition (BF and #), 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 "f 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), fHf 

and fTf   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 Hrep. The "f is 

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:  
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(24) 

(25) 

(26) 

(27) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      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.  
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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). 
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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 "f  at 

A is effective for the condition of BF<200 m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 BF and tree density #) 

and incident tsunami conditions (period T and height at shoreline Hsl0) 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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Fig. 18. Correlation of tsunami force by numerical simulations and by curve-fit equation at A, B, C 

and D (Series 1-12). 

 



      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 (BF<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 (BF<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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1. はじめに

熱帯において砂浜に生育するアダン（P a n d a n u s

odoratissimus）は気根を有し密生することから，感潮帯

に生育するマングローブとともに，津波防御樹林（バイ

オシールド）の樹種として有望視される．しかしながら，

2004年のインド洋大津波や2006年のジャワ津波に際して

折損の例（例えば，Tanaka et al., 2007）が見られたよう

に，津波に対する抵抗に限界があることは明らかであり，

Tanaka et al.（2009）は主としてスリランカにおける現地

試験等によりその破断曲げモーメントの算定法を提案し

ている．

一方，樹林があるときの津波の流速は樹林端部近くや

通路出口において顕著に増幅されることが実験や数値計

算によって明らかにされているが（たとえば，Thuy et al.，

2009），破断に直接関わる曲げモーメントは流速のみな

らず没水深も関係する．谷本ら（2009）は半無限のアダ

ン林を対象として，潜在的津波力やそれによってアダン

に働く曲げモ－メントの樹林幅による変化の特性を検討

している．また，Yanagisawa et al.（2009）は樹木の破壊

を考慮したマングローブ林の津波減災効果に関する事例

研究を行っている．

しかしながら，これら既往研究は樹林密度や津波条件

が固定されているなど特定条件での検討であり，樹林お

よび津波条件が曲げモーメントにどのように影響するか

についてはいまだ十分には明らかにされていない．その

ため，本研究においては，谷本ら（2009）と同様な半無

限樹林を対象として津波遡上に関する二次元数値計算を

行い，アダンに働く津波曲げモーメントに及ぼす樹林お

よび入射津波条件の影響を系統的に検討するものであ

る．特に，結果の無次元表示を試みる．

2. 数値計算の方法と計算条件

（1）基礎方程式と数値計算法

数値計算法はThuy et al.（2009）および谷本ら（2009）

と基本的に同じであるが，基礎方程式は津波力や曲げモ

ーメントの計算の便宜から水深平均流速を用いた非線形

長波方程式に変えている．ただし，平均流速を用いても，

全水深が非常に小さいときの流速を除き，線流量を用い

たときの計算結果と違いはなく，数値計算モデルの実験

的検証と現地スケールへの適用に対する考え方に変わり

はない（Thuyら，2010）．

平均流速を用いたときの樹林による抵抗力ベクトルF
→

（没水深積分値として表示）は次式のとおりである．

……………（1）

ここに，γは樹林密度（単位面積あたりの樹木の本数），

ρは水の密度，CD-all（d）は樹木の水深平均抵抗係数（d

の関数），brefは樹木の基準投影幅（胸高での幹の直径），

V
→

は流速ベクトル，dは全水深（没水深）である．CD-allは

次式で与える（田中・佐々木，2007）．

………（2）
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ここに，CDrefは基準抵抗係数（胸高での幹に対する抗力

係数で与える），bおよびCDは地面からの高さ zGでの幹

と枝の投影幅およびその高さでの樹木の抗力係数であ

る．このように，CD-allは高さ方向における抗力係数の変

化ばかりでなく，投影幅の変化を含んだもので，全水深

（没水深）の関数であるところに特色がある．

数値計算は基礎式を差分式に変換して行うが，本論文

での差分間隔∆x，∆yは5mとする．

（2）対象とする海岸と津波および樹林条件

対象としたのは図-1に示した断面が汀線方向（y軸方

向）に一様に続く海岸であり，そこに津波がまっすぐ

（x軸方向）に来襲する条件である．汀線付近は基準面

（z=0m）までが1/100勾配，基準面上+4.0mまでが1/50勾

配であり，続く陸地の勾配は1/500である．この断面形

状は比較的緩勾配の海岸における砕波帯と浜の典型的地

形を念頭に単純化したもので，特定の地点を対象とした

ものではない．津波来襲時の潮位は+2.0mとし，入射津

波は水深100mの沖側境界で押し波スタートの正弦波で

与えており，周期Tを600～3600s，波高Hiを2～8mの範

囲で変化させる．ただし，沖側境界をどこにとるかは任

意性があるので，本論文では飯村ら（2009）と同様に入

射津波高を樹林なしの場合の汀線（z=2.0m）での津波高

Hsl0で表す．

海岸樹林は1/500斜面の沖側端（x=5700m，z=4.0m）か

ら幅BFにわたってあるものとし，図-2に示しているよう

に計算領域のy方向距離は2000mであり，樹林はその半分

の1000mにわたって配置する．図中のC，D，Eは計算結

果を解析する代表地点を示している．地点 C（ x =

5702.5m，y=997.5m）は樹林帯最前列の端部である．地点

D（x=5702.5m，y=2.5m），E（x=5702.5m，y=1997.5m）は

端部の影響をほとんど受けない十分に離れた地点に設定

しており，それぞれ樹林あり，なしの場合の一次元結果

に対応する地点である．対象とした樹木は熱帯海岸樹の

アダンで気根があり，写真-1に示したように砂浜海岸に

密生して生育するので，津波防御樹林（バイオシールド）

として注目される樹木である．本研究ではほぼ最大に生

長したアダンを考え，樹高HTreeを8m，基準投影幅brefを

0.2mとし，基準抗力係数CD-refは1.0とする．なお，アダ

ンの水深平均抵抗係数CD-all（d）は2004年インド洋大津

波，2006年ジャワ津波に際しての樹木特性や破壊事例の

調査結果（田中・佐々木，2007）に基づき与えている．

3. 数値計算結果と考察

（1）津波曲げモーメントの定義と時間変化および平面

分布の例

本研究では次式で定義するアダンに働く津波曲げモー

メントM
→

Pを議論する．

…（3）

ここに，hcは樹木の破断位置の地面からの高さであり，

アダンの場合気根上端部の高さで与え2mとする．

図-3に代表地点C，Eにおける全水深d，流速Vおよび

津波曲げモーメントMPの時間変化（第1波）を示してい

る（BF=50m，γ=0.2本/m2，Hsl0=6.94m，T=1200sの条件で

の例）．ここに，VおよびMPは流速および津波曲げモー

メントの絶対値に x方向流速成分の符号を付したもので

ある．この場合，地点Eの津波曲げモーメントは樹林帯

の影響をほとんど受けない地点に単独にあるアダンに働

く津波曲げモーメントに相当する．地点Dを含めた代表

3地点における津波曲げモーメントの最大値MPmax（以降，

これを単に津波曲げモーメントと呼ぶ），そのときの全

水深dMPmax，流速VMPmaxを表-1に示している．このように

地点Eでの津波曲げモーメントが大きく，端部コーナー
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図-1 海岸断面と樹林位置

図-2 樹林の配置と代表地点

写真-1 スリランカにおけるアダン林の例



地点Cおよび樹林帯が無限に続く場合に相当する地点D

での津波曲げモーメントは地点Eのそれぞれ55%，48%

と小さい．これは，同表に示してある津波曲げモーメン

ト最大時の全水深と流速からもわかるように，樹林帯に

よる反射によって，最前列での水位は上昇するものの，

流速が大きく減じることによっている．図-4は樹林帯内

の端部付近における津波曲げモーメントMPmaxの平面分

布である．樹林帯の中では最前列端部の地点Cでの津波

曲げモーメントが最大で，そこで破断の危険性が最も高

いことが確認できる．

（2）樹林条件の影響

図-5，6はHsl0=6.94m，T=1200sの津波条件での樹林幅

BF（γ=0.2本/m2に固定），樹林密度γ（BF=50mに固定）に

よる津波曲げモーメントMPmaxの変化である．図中，

MPmaxの後の添字CおよびDはそれぞれ地点CおよびDで

の値であることを示している（BF=0，γ=0は地点Eでの

値）．樹林幅，樹林密度が増大することは樹林抵抗が増

大することを意味しており，いずれの結果においても樹

林抵抗が増大するにつれて津波曲げモーメントは減少

し，一定値に近づく変化を示している．図中，当てはめ

曲線とその式を示しているが，樹林幅による変化では

BF=25m付近まで地点Dの値がわずかに大きくなっている

けれども，これは当てはめ式による結果にすぎない．ま

た，図中のMBPは現地調査の結果得られたTanaka et al.

（2009）によるアダンの破断限界曲げモーメント（単

位：Nm）
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図-3 代表地点における津波曲げモーメントの時間変化等

（BF=50m，γ=0.2本/m2，Hsl0=6.94m，T=1200s）

図-5 樹林幅による津波曲げモーメントの変化

C

D

E

5.08
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4.88
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（m）
MPmax /103
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VMPmax
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表-1 代表地点における津波曲げモーメントの最大値等

（BF=50m，γ=0.2本/m2，Hsl0=6.94m，T=1200s）

図-6 樹林密度による津波曲げモーメントの変化

図-4 樹林帯端部付近における津波曲げモーメントの最大値

の平面分布



…………………………（4）

を示しており，樹林幅が狭い場合や樹林密度が小さい場

合には津波曲げモーメントは破断モーメント（10.7kNm）

を超え，折損の危険性が高いことがわかる．

（3）津波条件の影響

図-7，8はBF=50m，γ=0.2本/m2の樹林条件のもとでの

入射津波高Hsl0（T=1200sに固定），周期T（Hsl0=6.94mに

固定）による津波曲げモーメントの変化を示したもので

ある．図中，MPmaxEは地点Eでの津波曲げモーメントで

ある．津波曲げモーメントはいずれの代表地点において

も入射津波高が大きくなるにつれて増大し，周期が長く

なるにつれて減少する．図中の曲線は

……………………（5）

……………（6）

の関数で当てはめた式による変化である．ここに aHm，

aTmは有次元係数，bHm，bTmは無次元指数，Hcmは遡上津

波がhcに達する限界の入射津波高，Trepは津波の代表周

期である．このうちHcmは厳密に言えば樹林条件および

地点の関数であるが，本研究の範囲ではそれほど変化し

ないので，その平均的な値である3.6mに固定する．また，

bHmは津波曲げモーメントが津波高の3乗に比例すると考

え3としている．代表周期は任意性のあるところである

が，本研究では20分を考え，Trep=1200sとする．そうし

た上での当てはめ曲線であるが，適合度は良好である．

（4）無次元化の試み

Shuto（1987）は樹林条件を表すのに樹林厚を定義し，

田中ら（2005）はそれに樹種による抵抗特性の違いを取

り入れた式を提案した．式（7）は田中ら（2005）の式

をSI単位系に変更して書き換えたものである．

………（7）

ここに，BdNallは樹林厚（単位：m），b*
refは数値は樹木の

基準投影幅brefに同じであるが，表記の簡単のため単位を

m2/本とした便宜的なものである．CD-allを与える没水深と

しては飯村ら（2009）と同様に汀線での津波高を用いる．

本研究では，これを次のように代表津波条件に対する

長さスケールを導入して無次元化する（Thuyら，2010）．

……………（8）

ここに，Hrepは汀線における代表津波高で，任意性があ

るところであるが，本研究では7mと設定する．したが

って，この無次元パラメータは津波条件は入っているも

のの固定条件であり，単に樹林条件を表すにすぎない．

なお，上式の分母は周期Trepの長波の水深Hrepにおける波

長に相当する．

一方，津波曲げモーメントは，入射津波による汀線で

の単位幅あたりの全静水圧に比例した力（ρgHsl0
2）に樹

木の基準幅bref，抵抗特性を表すCD-all（Hsl0）を乗じ，さ

らに腕の長さに比例するものとしてHsl0を乗じてモーメ

ントの単位とした値で割って，次のように無次元化する．

……（9）

ここに，αmは無次元値，fCD-all
は水深平均抵抗係数CD-all，

fHmは入射津波高Hsl0，fTmは津波周期Tに関するそれぞれ

無次元関数であり，次のように与える．

…………………………（10）

…………………………（11）

………………（12）

これについては後で説明を加える．図-9は全データにつ

いて，式（8）の無次元樹林厚を横軸にとり，式（9）の

無次元値αm（地点を表す添字C，Dを付加）をプロット

したものである．無次元関数 fTmに含まれる未定係数bTm

については，地点ごとに次のように与えている．

……………………………（13）

なお，αmは式（9）からわかるように，入射津波による
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図-7 入射津波高による津波曲げモーメントの変化

図-8 周期による津波曲げモーメントの変化



汀線での全静水圧を考えたときのモーメントに比例した

値で無次元化した遡上域での津波曲げモーメントを無次

元関数 fCD-all
，fHm，fTmで除して補正した値であり，本論文

ではこれを単に無次元津波力と呼ぶ．

このように無次元関数 fCD-all
，fHf，fTfは横軸の津波条件

を代表津波条件の値に固定化したことによる津波曲げモ

ーメントの補正関数で，これにより樹林条件が同じであ

れば津波高あるいは周期による変化は横軸の同じ位置に

プロットされ，無次元津波曲げモーメントは代表津波条

件による値とほぼ同じ値をとるように基準化したもので

ある．図-9の曲線はそうした無次元津波力に対する次の

ような当てはめ式による関係を表している．

……………（14）

……………（15）

ただし，式中の数値の有効数字が結果の有効数字を表す

ものではない．図-10は当てはめ式による津波力とシミ

ュレーションによる津波力の相関である．多様な条件で

の結果であるためばらついているが，ほぼ±10％の誤差

に収まっている．

4. おわりに

本研究により，遡上津波によるアダンの折損に関する

津波曲げモーメントに及ぼす樹林および入射津波条件の

影響を明らかにした．津波高が大きいほど破断の危険性

は高いのはもとより，幅や密度といった樹林条件の影響

が大きいことが特筆される．樹林幅が狭いほど，樹林密

度が小さいほど津波曲げモーメントは大きい．そうした

津波曲げモーメントの無次元式を示したが，広範な条件

に対し，誤差はほぼ±10％の範囲に収まっている．今後，

津波力や曲げモーメントに関する実験的検討，さらには

現地事例に対する適用性を明らかにしていく考えである．

謝辞：本研究の一部に，（独）日本学術振興会の「アジ

ア・アフリカ学術基盤形成事業」の助成（コーディネー

タ：田中規夫）を使用した．記して謝意を表します．
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a b s t r a c t

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-

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 (15m) 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�e
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 Qy are the discharge flux in x and y directions

respectively, t is the time, d the total water depth (d ¼ h+z), h the

local still water depth, z the water surface elevation, g the

gravitational acceleration, r the water density, n the Manning

roughness coefficient, g the tree density (number of trees/m2), and

CD-all the depth-averaged equivalent drag coefficient considering

the vertical stand structure of tree, which was defined by Tanaka

et al. (2007) as:

CD�allðdÞ ¼ CD�ref

1

d

Z d

0

aðzGÞbðzGÞdzG ð4Þ

aðzGÞ ¼
bðzGÞ

bref
ð5Þ

bðzGÞ ¼
CDðzGÞ

CD�ref

ð6Þ

where b(zG) and CD(zG) are the projected width and drag

coefficient of a tree at the height zG from the ground surface,

and bref and CD-ref are the reference projected width and reference

drag coefficient of the trunk at zG ¼ 1.2m in principle, respec-

tively. The eddy viscosity coefficient ve 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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eD ¼ cd
k1:5D

lD
ð12Þ

where kD is the kinetic energy, lD ¼ ld the length scale (l:

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: cw ¼ 0.09,

cd ¼ 0.17, and sk ¼ 1.0. The value of l 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

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 40 cm wide and 15m long at Saitama

University. Fig. 1 shows the experimental setup including a 1m

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 5mm mounted

in a staggered arrangement (see Fig. 1(c) and (d)). In the

d

c
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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 (bG) were examined: 0 cm

(full vegetation), 4, 7, 11, 15, 20, 30, and 40 cm (no vegetation,

¼ LF; 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 2 cm 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 5Hz 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 ¼ 20 s 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 0.002 s 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 Hi 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 CD-ref 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 CD-ref is equal to CD-all, 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 l 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

G1.

Fig. 3 shows examples of the time series of flow velocity for the

conditions of bG ¼ 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,

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�e 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�e 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 (zc/z1), normalized maximum velocity (VGmax/V1) at the

gap exit, and normalized run-up height (R/R1) to the normalized

gap width (bG/LF), where z1, V1 and R1 are the height of the wave

crest, the temporal maximum velocity at G6 and the run-up

height, respectively, in the case of bG ¼ LF, 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 (bG/LF ¼ 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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vegetation, and (b) case with full vegetation. Exp. and Num. denote experiment

and numerical simulation, respectively.
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maximum value at bG/LF ¼ 0.175, and then decreases. The

maximum value is 1.8 times that of the case with no vegetation

(bG/LF ¼ 1), and 3.0 times that of the case with full vegetation

(bG/LF ¼ 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

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 a, b, and CD-all of P. odoratissimus modified slightly from

those proposed by Tanaka et al. (2007) to the following

conditions: the tree height HTree ¼ 8m (for adult tree), the

reference diameter bref ¼ 0.2m, the density g ¼ 0.22, and the

reference drag coefficient CD-ref ¼ 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 106) in the actual scale. The value of CD-all varies by the

total depth d (inundated depth) because the projected width b and

the drag coefficient CD vary with the height from the ground

surface zG.

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 ¼ 1/10, 1/100, 1/50, and 1/500. The

offshore water depth at an additional wave generation zone with a

horizontal bottom is 100m below the datum level of z ¼ 0. The

tide level at the attack of a tsunami is considered to be 2m, and

therefore the still water level is located at 2m 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 4m 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 LF, 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

width of the forest is denoted as BF. The width of the open gap is

denoted as bG. In the present study, the forest width BF was fixed

at 200m.

In the numerical simulation, a uniform grid size in x and y

directions was set as 2.5m and the time interval was 0.04 s. 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 (l) 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 1
50 increases due to shoaling. Near the mild slope of

1
500, however, it decreases because the flow velocity on the mild

slope is accelerated. The run-up height above the still water level

is 6.88m, slightly greater than the 6.64m 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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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 5.04m, 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 6.25m, which is slightly less than 80% of the height

of P. odoratissimus.

The inundated depth 6.25m 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 4.64m as shown in

Fig. 8, which is less than 5m. On the other hand, the maximum

flow velocity is 4.51m/s, while it is 2.36m/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 5–6m. The forest

width in this case, however, is narrow as 10m. In the present

paper, the forest width is wide as 200m 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 LF ¼ 200m and bG ¼ 15m 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 ¼ 624 s, when the tip of the first wave reached the

end of the gap to t ¼ 768 s. 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

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 7.19m above the datum level (5.19m

above the still water level), which is 1.7 km from the shoreline at

the tide level of 2m.

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 ve 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 0.51m/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

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 LF fixed as 200m and by varying bG.

The normalized maximum discharge flux (Qmax/Q1), represen-

tative flow velocity (Vrep/Vrep1), representative inundation depth

(drep/drep1) at point B, and run-up height (R/R1) are plotted against

the normalized gap width (bG/LF) in Fig. 12, where the

representative flow velocity Vrep and the representative

inundation depth drep 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/LF ¼ 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/LF ¼ 0.075 in this case, and

then decreases, while the inundation depth increases
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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 (Q̄in at the inlet, Q̄out at the outlet,

and Q̄side at the sides), as shown in Fig. 13(a), where Q̄side 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, Q̄out corresponds to a summation of Q̄in

and Q̄side 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 (Q̄inmax,

Q̄outmax, and Q̄sidemax) 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/LF ¼ 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 LF 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 ¼ 15m by varying LF. Fig. 15(a) shows the

relationship of the normalized representative inundation depth

(drep/drep1) and the normalized representative flow velocity (Vrep/

Vrep1) at point B with the normalized unit length of forest to the

gap width (LF/bG), where drep1 and Vrep1 are the representative

inundation depth and representative flow velocity for the case of

LF/bG ¼ 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 LF/bG ¼ 14,

where drep/drep1 and Vrep/Vrep1 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 Q̄sidemax with LF/bG are shown.

In the figure, the average inflow from both sides varies with the

unit length of forest, similar to the representative velocity shown

in Fig. 15(a). It becomes constant when LF/bG 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 BF. The size of the forest is the same at BF ¼ 200m and

LF ¼ 200m. The gap width bG is also kept constant at 15m.

Consequently, the gap width at both sides in Case 3 is set as 7.5m

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 0.1m (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 0.91m/s

(13.0%) at point B, and it is increased 0.23m/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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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-

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 20min 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

200m 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 200m. 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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……（3）

ここに，x，yは平面座標，tは時間，ζは水位，Qx，Qy

はx，y方向線流量成分，dは全水深（=h+ζ，h：静水深），

ρは水の密度，gは重力加速度である．また，τbx，τbyは水

底摩擦応力，Fx，Fyは単位面積あたりの樹林による抵抗

力，Evx，Evyは渦粘性項のそれぞれx，y方向成分であり，

摩擦応力ベクトルτ
→

bおよび樹林による抵抗力ベクトルF
→
は

次式で与える（田中ら，2006）．

………………………………（4）

………………………（5）

……（6）

ここに，nはManningの粗度係数，Q
→
は線流量ベクトル，

γは単位面積あたりの樹木本数，brefは樹木の基準投影幅

（胸高における幹の直径），CDrefは基準抗力係数（胸高に

おける幹に対する値），b，CDは地面からの高さzGでの樹

木の幹と枝の投影幅とその高さでの抗力係数である．

また，渦粘性項は次式で与える．

…（7）

……（8）

ここに，veは渦動粘性係数であり，灘岡・八木（1993）

のSDS（Sub-Depth Scale）乱流モデルに倣い，次の乱れ

海岸樹林端部付近における津波の流れ－実験と数値計算－

Tsunami Flow around Edge of Coastal Forest -Experiments and Numerical Simulations-

谷本勝利
１
・田中規夫

２
・N. B. THUY

３
・飯村耕介

４
・原田賢治

５

Katsutoshi TANIMOTO, Norio TANAKA, N. B. THUY, Kosuke IIMURA and Kenji HARADA

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

increases. 

1. はじめに

2004年インド洋大津波に際して，珊瑚礁の切れ間や海

岸樹林内の汀線に直角方向の道路背後での被害が大きい

ことが報告され（Fernando et al. 2008；Mascarenhas and

Jayakumar，2008），これまでにも2次元数値計算によって，

海岸樹林切れ間での津波の流れに及ぼす影響等が検討され

ている（谷本ら，2008a）．しかしながら，それらの数値計

算においては，速度勾配の大きい流れに対する渦粘性の効

果が考慮されておらず，また実験的検証も行われていない．

そのため，本研究では，まず切れ間を有する樹林を対象と

した実験を行い，灘岡・八木（1993）によるSub-Depth Scale

乱流モデルに基づく渦粘性項を取り入れた数値計算法を検

証する．次に，まだ十分には解明されていない海岸樹林端

部付近における遡上津波の挙動について現地スケールでの

数値計算を行い，特に津波による力（潜在的津波力や樹木

に働く破断モーメント）に及ぼす樹林幅の影響を検討する．

対象とした樹木はアダン（Pandanus odoratissimus）である．

2. 数値計算の基礎方程式

数値計算は，式（1）～（3）に示している水深積分型

の非線形長波方程式に基づく．

……………………………（1）

…………（2）

１ フェロー 工博 埼玉大学名誉教授
２ 正会員 工博 埼玉大学教授大学院理工学研究科
３ 修（工） 埼玉大学大学院理工学研究科理工学専攻
４ 学生会員 修（工） 埼玉大学大学院理工学研究科理工学専攻
５ 正会員 博（工） 埼玉大学助教大学院理工学研究科



エネルギーkDの輸送方程式を解くことによって与える．

……（9）

渦動粘性係数： ………………（10）

乱れエネルギー消散率： ……（11）

水平せん断変形による乱れエネルギー生産：

…（12）

底面摩擦によるSDSエネルギー生産：

……………………（13）

樹林抵抗によるSDSエネルギー生産：

……………（14）

ここに，Vx，Vyは水深平均流速成分である．また，式

中のモデル係数については標準的な次の値を用いる．

………………（15）

乱れ長さスケールの係数αについては後述する．

実際の計算は基礎式を差分式に変換して行う．差分化

の方法等は基本的には谷本ら(2008b)に同じである．

3. 数値計算モデルの適用性に関する実験的検証

（1）実験条件

実験は幅（LFと表記）40cmの造波水路の斜面上（勾配

1/20.5）汀線から70cm沖側に水路延長方向1mの樹林模型

を設け（図-1参照），図-2に示しているように水路側面か

らの切れ間の幅bGを0cm（切れ間無し）から40cm（樹林

無し）の範囲で8種類に変化させて行った．樹林模型は直

径5mmの木製円柱を中心間隔23mmで千鳥状に配置した

もので，樹林密度は0.22本/cm2であり，イメージとしては

密生したマングローブ林に相当する．波は周期20sの長周

期波で，図-1に示したG1からG6の測点で容量式波高計に

より水位を，また測点G6では水路幅方向に1あるいは2cm

間隔で水平2成分電磁流速計により流速を測定している．

流速測点の高さ位置は静水深中央である．

（2）結果と考察

実験は，多重反射系水路においてほぼ定常状態になる

のを待って測定する手法で行っている．図-3に樹林模型

が無い状態での測点G1～G6における測定波高と数値計算

による水路での波高分布を示している．数値計算におけ

る入射波高は測点G1での実験および数値計算による波高

が一致するように，造波水深0.44mで0.020mを与えてい

る．数値計算による波高分布は実際の水路長と造波水深
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図-1 造波水路における模型と測点

図-2 樹林模型とギャップ

図-3 水路における波高分布（樹林模型なし）

図-4 水路における波高分布（樹林模型あり）



部（線形方程式の領域）を約半波長（21m）延長した水路

での結果を示しているが，無反射性造波境界を採用して

いるため，実際の水路長の範囲で両者はほとんど完全に

一致している．延長の一定水深領域でHealyの方法により

反射率と分離入射波高を求めると0.82，0.020mである．こ

の結果と計算波高分布が測定波高と全体によく合ってい

ることから，数値計算で与えた入射波高は実際の水路に

おける多重反射後の分離入射波高と考えられる．なお，数

値計算における格子間隔は0.05m，時間間隔は0.002sであ

り，マニングの粗度係数nは比較的粗い木製床に対し0.012

としている．

一方，図-4は樹林模型が水路幅一杯（bG=0）の条件で

入射波高を0.020mとしたときの結果である．ここに，抗

力係数は実験スケールでのレイノルズ数102のオーダーで

の単円柱に対する代表値として1.5を用いている．この場

合の反射率は0.53と変化するが，波高分布はよく合って

いる．そのため，本研究においては，樹林がある場合に

おいても入射波高を0.020mとして以下の計算結果を示す

ことにする．

最後に，bG=7cmのケースを対象として，SDSモデルに

おける乱れ長さスケール係数αを検討し，0.08を採用し

た．以上のような値を用いて，全実験ケースに対する数

値計算を行い，実験値との比較を行っているが，以下そ

の主なものを示す．

図-5にbG=7cm，切れ間後端中央および樹林帯後端中央

での流速Vの時間変化を，図-6にそのピーク流速Vp（5波

の平均値）の水路幅方向（y方向）分布を示している．と

もに実験と数値計算の結果を示しており，樹林帯後端で

の流速の負のところでやや違いが目立つものの，全体的

にはよく合っていることが確認できる．また，図-6では

渦粘性項を無視した結果（Excluded EV）とk-ε法（Rodi，

2000）による結果を示しているが，本計算で採用したSDS

モデルの適合性が高いことがわかる．なお，流速Vは次式

で算出している．

………………………（16）

図-7は同じ波の条件で切れ間幅bGを変化させたときの

切れ間の直ぐ背後での波峰高ζ c，切れ間幅内での最大流

速VGmax，および最終遡上高Rをそれぞれ樹林がないとき

の値で割って無次元化してプロットしたものである．谷

本ら（2008a）による既往の数値計算結果と同様に，切れ

間幅が大きくなるにつれて波峰高や遡上高が単調な増加

を示すのに対し，最大流速は極大値を有するような変化

を示している．なお，遡上高は斜面上のスケールによる

目視観測によっており，実験および数値計算による

bG/LF=1での値は表-1に示すとおりである．

4. 現地スケールでの2次元数値計算

（1）計算条件

以上のように，切れ間と樹林の境界で流速が急変し，切

れ間が適当に広いと流速が樹林のないときと比べて顕著

に増大することが大きな特色である．同様なことは有限

363海岸樹林端部付近における津波の流れ－実験と数値計算－

図-5 切れ間および樹林帯後端中央での流速

図-6 切れ間－樹林帯後端でのピーク流速の分布

実験

計算

ζ1（cm）

2.84

2.72

V1（cm/s）

22.5

24.1

R1（cm）

4.1

3.8

表-1 bG/LF=1での波峰高，ピーク流速，遡上高

図-7 切れ間幅による切れ間後端での波峰高，最大流速，およ

び遡上高の変化



長の海岸樹林の端部付近でも生じる．そのため，本研究

では十分に長い延長の海岸樹林（半無限樹林）を対象と

して現地スケールでの数値計算による検討を行った．

図-8は想定した海岸の断面と海岸樹林の位置を示した

ものであり，谷本ら（2008a）と同じである．対象とした

樹種は熱帯性海岸樹のアダン（Pandanus odoratissimus）

で，樹高HTree=8m，bref =0.2m，γ =0.22（間隔4mで千鳥状

配置）であり，基準抗力係数CDrefは高レイノルズ数域で

の表面の粗い円柱と考え1.0とした．式（5），（6）に示し

たように，高さによる投影幅と抗力係数の変化を考慮し

た抗力による樹林抵抗を考えている．なお，アダンの諸

元やその抵抗特性の詳細については，田中ら（2006）お

よび田中・佐々木（2007）を参照されたい．対象とした津

波は周期が20分で，海岸線に直角に入射し，想定樹林沖

側端での樹林がないとしたときの押し波第1波の地盤上津

波高さ（最大没水深）が4.64mという規模のものである．

数値計算における格子間隔は10m，計算時間間隔は0.2s

であり，Manningの粗度係数nは通常よく用いられている

0.025とし，乱れ長さスケールの係数αについては実験条

件に対して得られた0.08をそのまま用いる．

（2）結果と考察

静水面上遡上高は海岸樹林から十分離れたところ

（y=4495m）で6.85m，端部から十分樹林側（y=5m）で

5.40mであり，樹林端部付近背後ではこの範囲で変化する．

図-9は樹林端部付近に限った式（17）で定義した潜在的

津波力F*（抗力係数が1で，単位投影幅で高さ方向に一

様な仮想物体に働く抗力に相当，谷本ら，2007参照）の

ピーク値F*pの分布である．樹林端近傍で津波力が樹林の

ないとき（想定樹林沖側端で38kN/m）と比べて大きくな

っていることがわかる．図-10はそうした分布における潜

在的津波力の空間的最大値F*pmaxの樹林幅BFによる変化

を示している．樹林幅が広くなるにつれて，F*pmaxは大き

くなり，BF=50m付近で極大に達し，その後は緩やかに低

下する変化となる．

………………………（17）

ところで，樹高8mというのはアダンとして最も生長し

た高さに相当する．田中・佐々木（2007）は，アダンに

は気根があり，密集度も高く津波減殺のための海岸林と

して適しているものの，強度は比較的弱く，耐力に限界

があることを指摘している．そのため，Tanakaら（2009）

は主としてスリランカにおける海岸樹を対象として強度・

破壊の現地試験を実施し，アダン等の気根上端での破断

モーメントMGP1（単位はbrefをcm単位にとってN・m）に

ついて次の推定式を提案している（定数は次元を有す）．

……………………………（18）

そこで，以下，本計算条件の下で，気根上端での抗力

によるモーメントベクトルM
→

Dを次式により計算して検討

する．
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図-8 海岸断面と樹林位置

図-9 樹林端部付近における潜在的津波力のピーク値 F* p

（kN/m）の分布

図-10 潜在的津波力の空間的最大値F*pmaxの樹林幅による変化



…（19）

ここに，V
→
は線流量を全水深で割った平均流速ベクト

ル，z1は地盤面からの気根上端の高さであり，d < z1では

モーメントは働かない．

図-11は B F=100mの場合の樹林端部の沖側端付近

（x=5715m，y=2245m）での抗力モーメントベクトルの大

きさMDの時間変化を，全水深d，線流量Q，水深平均流

速V，潜在的津波力F*とともに示したものである．ここ

に，ベクトルの大きさMDやQ，F*は式（16）のVと同様

に定義している．線流量と潜在的津波力のピークがほぼ

同時，それより少し遅れて抗力モーメントと全水深のピ

ークがほぼ同時に現われている．全水深と潜在的津波力

のピークの起時がそれほど違わないのは，谷本ら（2007）

の結果と大きく異なっているが，これは主として陸上の

勾配を1/100から1/500へと緩くしたことによっている．

図-12は樹林幅を変化させたときの抗力モーメントのピ

ーク値MDpとそのときの全水深dMDpおよび流速VMDpを示

したものである．BF=0の結果は，樹林が無いときの流れ

の中にアダンが単独であるときの結果であり，Tanakaら

（2009）による破断モーメントを上回っている．抗力モー

メントは樹木が群生し帯状となることによって急減し，樹

林幅が広くなるにつれて減少することがかわかる．これ

は樹林内で流速が減じることと樹林帯によって津波が一

部反射されることによっている．なお，樹林幅20m程度

で抗力モーメントがほぼ落ち着く傾向は，本論文の条件

で，樹林密度を半分にしても，また津波周期を15～30分

の範囲で変化させても変わらない．

5. おわりに

本研究により，流速が急変する条件において，SDSモ

デルの適用性が高いこと，樹林切れ間において流速が増

大することを実験的に検証し，延長の十分に長い樹林端

部付近における津波流れの特性を検討した．樹林端部付

近では流速が増大し，したがって潜在的津波力が増大す

る．また，樹木に働く抗力モーメントは樹林幅に大きく

依存し，樹林幅が広くなるにつれて小さくなる．ただし，

本研究では計算条件が限られており，今後地形や樹林特

性など幅広い条件での検討が必要である．
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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 empirical parameter of breaking term

B correction factor of the dispersion term

BS ship beam

C wave celerity

C1 reference wave celerity

d ship draft

D total depth

Fh depth Froude number

g gravitational acceleration

h still water depth

H0 deep water wave height

H1 reference maximum wave height at yZ100 m

Hb limited breaking wave height

Hmax maximum wave height

K 0
d relative damping coefficient

K 0
r relative refraction coefficient

Ks shoaling coefficient

K 0
s relative shoaling coefficient

Ks1 shoaling coefficient at yZ100 m

L wave length

L0 deep water wave length

LS ship length

n damping coefficient

Qx, Qy depth-integrated velocity components in x and y direction

Rbx, Rby eddy viscosity terms in x and y direction

S transverse section area of the ship below still water level

S0 mid-ship section area

t time

T1 reference wave period at yZ100 m

Tmax maximum wave period

U ship speed

x distance in x-direction

xS distance from the mid-ship

y distance from the sailing line

a mid-ship section coefficient

b wave angle

b1 reference wave angle at yZ100 m

d mixing length coefficient

z water surface elevation

n eddy viscosity

p 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 nZ0.33. 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 nZ0.55 can be used.

Furthermore, based on experimental result, Whittaker et al. (2001) proposed the lowest

value of nZ0.2 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 Sørensen, 1992;

Nwogu, 1993; Wei et al., 1995; Beji and Nadaoka, 1996; Madsen and Schäffer, 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 Sørensen, 1992) with a moving ship boundary (Chen and Sharma, 1995).

K.T. Dam et al. / Ocean Engineering 33 (2006) 350–364352



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, z(x, y, t) is the water surface elevation, Qx(x, y, t) and Qy(x, y, t) are the depth-

integrated velocity components in x and y directions, t is the time, h(x, y) the still water

depth, D(x, y, t) is the total depth (DZzCh), g is the gravitational acceleration, and B is

the correction factor of the dispersion term (BZ1/15). Rbx and Rby 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 (Rbx and Rby) into the

momentum equations (Eqs. (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:

Rbx Z
v

vx
n
vQx

vx

� �

C
1

2

v

vy
n
vQx

vy

� �

C
v

vy
n
vQy

vx

� �� �

(4)

Rby Z
v

vy
n
vQy

vy

� �

C
1

2

v

vx
n
vQx

vy

� �

C
v

vx
n
vQy

vx

� �� �

(5)

The eddy viscosity n, 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).

nZAd
2ðhCzÞ

vz

vt
(6)

where d 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 b relative to the x direction can be written as:

bZ tanK1 zy

zx

� �

(7)

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:

Qy ZG
1

2
U
dS

dx
(8)

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:

SðxSÞZ S0 1K
2xS
LS

� �2� �

; K1%
2xS
LS
%1 (9)
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where S0 is the mid-ship section area, xS is the distance from the mid-ship, and LS is the

ship length. The mid-ship section area is given in the following expression:

S0 ZaBSd (10)

in which, a is the mid-ship section coefficient, BS is the ship beam, and d is the ship draft.

In the present study, the ship conditions are: LSZ82 m, BSZ14.6 m, dZ5.88 m, and

aZ0.62.

The most important parameter for the characterization of ship waves in shallow water is

depth Froude number. The depth Froude number (Fh) is defined as:

Fh Z
U
ffiffiffiffiffiffiffi

ghS
p (11)

where hS 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 (Fh) 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 domainwas of 48.8 ship lengths long and 25.6

ship lengths wide. The grid size was 2.5 m!2.5 m, yielding a total of 1,432,200 grid points.

Figs. 2–4 show top views of wave crests for three cases: FhZ0.6; FhZ1.0; and FhZ

1.4, respectively. In theses figures, the darker (bigger) spot the higher elevation of wave

Fig. 1. Cross-section of computational channel.
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crest. At a sub-critical speed (FhZ0.6) 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 (FhZ1.0) in Fig. 3, the wave

system is characterized by significant divergent waves, with only one leading wave. At a

super-critical speed (FhZ1.4) 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.

Fig. 2. Top view of wave crests at sub-critical speed (FhZ0.6).

Fig. 3. Top view of wave crests at critical speed (FhZ1.0).
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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 xZ2000 m, and yZ

200 m), and definition of maximumwave height (Hmax) and maximum wave period (Tmax).

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 FhZ0.95. Wave heights are sharply increased when Fh 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

Fig. 4. Top view of wave crests at super-critical speed (FhZ1.4).

Fig. 5. Definition of Hmax and Tmax.
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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 (FhZ1.0). 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 b) 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 b) 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 yZ100 m value as a reference level, based on the Snell’s

law, the value of tan b at a certain position is given by:

tan bZ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðC=C1!sin b1Þ2

1KðC=C1!sin b1Þ2

s

(12)

Fig. 6. Hmax against depth Froude number.

Fig. 7. Hmax against distance from the sailing line.
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in which, C is wave celerity at the optional position of y, C1 and b1 are the reference wave

celerity and wave angle at the reference location of yZ100 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 0
r given by:

K
0
r Z 1C 1K

C

C1

� �2� �

tan2b1

� �K1=4

(13)

7. Empirical formula for maximum wave height

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

follows:

Hmax Zmin½ðK 0
s!K

0
r!K

0
d!H1Þ;Hb� (14)

Fig. 8. Motion time history of water particles (FhZ1.0).

Fig. 9. Inclination of wave direction on slope.
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Herein, K 0
s, K

0
r, K

0
d are the relative shoaling, refraction, and damping coefficients,

respectively. H1 is reference maximum wave height at yZ100 m, and Hb is the limiting

wave height in the surf zone due to wave breaking, which is proposed by Goda (1985) as

follows:

Hb Z 0:17!L0! 1Kexp K1:5
ph

L0

�

1C15!i
4=3

�� �� �

(15)

in which L0 is the deep water wave length, and i is tangent of bottom slope.

The relative refraction coefficient K 0
r can be obtained from Eq. (13), on the basis of the

Snell’s law. To compute the relative shoaling coefficient K 0
s, the finite amplitude wave

theory is used, as follows:

K
0
s ZKs=Ks1 (16)

where

Ks ZKsi C0:0015!ðh=L0ÞK2:9
!ðH0=L0Þ1:3 (17)

Ksi Z
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tanh 2ph
L

C 2ph
L

1C tanh2 2ph
L

	 


q (18)

H0 ZH1=Ks1 (19)

L0 Z gT
2
1 =2p (20)

LZ

gT2
1

2p
tanh

2ph

L
(21)

Fig. 10. Wave rays on sloping coast (FhZ1.0).
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in which, H0 is deep water wave height and T1, H1 are reference wave period and

reference maximum wave height at yZ100 m.

Finally, the relative damping coefficient K 0
d can be obtained from the following

formula:

K
0
d Z ðy=100ÞKn (22)

In the present study, we found that the value of nZ0.2 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: FhZ0.8, FhZ1.0 and FhZ1.2. 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 (Hb).

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 H1, maximum wave period T1, and incidence angle b1 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 xZ2000 m, yZ100 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 H1:

Fh%0:89 : H1 Z 0:0004 e9:871Fh

FhR0:89 : H1 Z 6:4636 eK1:0531Fh

(23)

Reference wave period T1:

Fh%0:95 : T1 Z 0:7264 e2:697Fh

FhR0:95 : T1 Z 18:022 eK0:6729Fh

(24)

Reference wave angle b1:

Fh%0:80 : b1 Z 48:003 e0:473Fh

FhR0:80 : b1 Z 256:9 eK1:6108Fh

(25)

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 nZ0.2 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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Nghien cU'u va.trao,d6i 

TS. Trdn H6ng Lam: Hai mu'oi nam xay dlfng va 

phat trien Trung tam Khi tuc;ing Thuy van Bien 

KS. Bui Dinh Khuoe: M9t s6 ke't qua diSu tra 

khao sat hai du'dng phvc Y\I thie't ke' du'ong 6ng diin 

khi cong trlnh Khi - Bi~n - Bl).m Ca Mau 

TS. Triln H6ng Lam vii nnk: MQt s6 ke't qua dlf 

bao nghi~p vv nu'oc dang do bao nam 2006 

ThS. Hoang Trung Thanh, CN. Nguyen Thanh 

Trang: Quy trlnh dlf bao song trong bao tl).i Trung 

tam Khi tu'c;lng Thuy van Bien 

TS. Ph!;tm Van Huiln, TS. Nguyen Tai Ht!i: Dao 

d9ng mlfc nu'oc bien ven bo Vi~t Nam 

CN. Nguyen Thanh Trang, ThS. Hoang Trung 

Thanh: Nghien cuu, U:ng dvng mo hl.nh SWAN dlf 

bao tru'ong song ven bo bien Vi~t Nam 

ThS. Triln Due Tru: Thll' nghi~m tinh toan mtoc 

dang do bao bling phu'ong phap CIP 

CN. Trjnh Tuiln D1.1t: Tinh toan song clfc tri tU cac 

chu6i du li~u do dl).c phvc vv thie't ke' cac cong 

trlnh ven bien 

T6ng ke't tlnh hlnh Khi tu(jng Thuy van 

Tom tilt tl.nh hl.nh khi tu'c;lng, khi tu'c;lng nong nghi~p, 

thuy van va hai van thang 3 - 2007 

Trung tam Dlf bao KTTV Trung tfdng, Trung 

tam KTTV Bi~n (Trung tam KTI'V Quffc gia) vii 

Trung tam Nghien euu KTNN (Vi?n Khoa h9c 

Khi tU{Jng Thuy win va Moi truiJng) 

Thong bao ke't qua quan trite moi tru'ong khong klll 

tl).i m9t s6 tlnh thanh ph6 thang 3 - 2007 

Trung tam M!;lng h:loi Khl ttft!ng Thuy van vii 

MOi trtf(lng 



..... ......, ..._; ., 
MQT SO KJET QUA 

Dl[j BAO NGHil1tP vu Nude DANG DO BAO NAM 2006 

TS. Triin H6ng Lam 

ThS. Nguy@n Ba Thuy, CN. Bui M~nh Ha 

Trung tiim Khi tu\Jng Thuy van Bi€n 

M
6'c dang do biio la hi¢n tU(fng thii!n tai rdt nguy hiim. Ttfng thi¢t ht;ii do biio n6i 

hung va nude dang do biio n6i rieng hang ndm la rdt ldn. EJ6 khong chi la mt'fi de 

9a dt'fi vdi m{jt Qut'fc gia ma con la slj ednh bdo eho c{jng d6ng quo'c te' v~ hiim h9a 

thien tai bao lu c6 thi gay ra trong thiJi gian tdi. 

Vdi nhi¢m V{l dU<;!C giao va tfnh cap bdch cua vi¢e dlj bdo va cdnh bdo nude dang do bao, 

Trung tam Khf tuqng Thuy van Biin da xay dljng "Quy trinh d¥ bdo nghi¢p V{l nude dang do bao 

eho vung ven btin Vi¢t Nam dlja tri!n mo hlnh Delji3D - FLOW". Bai bdo nay tdc gid gidi thi¢u 

khdi qudt v~ quy trlnh dlj bdo va m{jt st'f ki!'t qud d¥ bdo nude dang cho m{jt st'f con bao diin hlnh 

trong mua bao ndm 2006. 

1. Tom tiit quy trl.nh dtf bao nude dang do 

biio 

Tren eel si'J mil hlnh Delft3D - FLOW Trung 

tam Khf tu'qng Thuy van Bi€n da xay dl}ng 

mc)t quy trl.nh dlf baa nu'oc dang do baa g6m 

cac bu'dc chinh sau: 

*Bude 1: LT,ta eh9n khu vT,te di lfiy ede kit 

qua dT,t bdo va phdt ban tin 

Bay la khau mi'J dilu trong quy trlnh dlfbao, 

si'J dI c6 cilng dol}n nay vl mil hlnh du'qc chl}y 

tren mi)t lu'oi tinh ra't !On, phl}m vi baa phu ra't 

ri)ng. Do v~y. ne'u khilng hl}n che' s6 di€m cffn 

la' y ke't qua tinh toan thl se ma't nhiSu thoi gian 

d€ chl}y mil hlnh va dung lu'qng file ke't qua ra 

cfing ra't Ion. Chinh vi v~ y, khi bie't du'qc kha 

nang baa se d6 be) vao khu vvc nao thl cac dlf 

baa vien phai Iva chQn file chili! cac di€m 

trong khu vl}c d6 du'a vao tinh toan va phat ban 

tin. Slf Iva ch9n nay c6 th6 thay d6i khi baa 

bfft ngo thay d6i quy dl}O Ya d6 bi) Yao Yung 

Nguoi phan bien: TS. Nguy@n Tai Hqi 

khac. 

*Bude 2. Cong tdc ehudn bi ede so' li¢u khi 

tU(fng 

- Thu th~p cac tham s6 baa (bu'oc thoi gian 

la 06h, !a'y tu cac ban tin dlf baa cua Trung 

tam dlf baa Khi tu'qng Thuy van (KTTV) 

Trung u'Clng phat tren ml}ng Internet va c6 

tham kham khao cac ban tin di} baa baa cua 

Nh~t Ban, H6ng K6ng, My va Philippin), tie'p 

theo la nc)i suy cac s6 lieu dlf baa tl}i cac buoc 

thoi gian chu'a c6 trong dlf baa baa va chuy6n 

cac s6 Iieu baa theo format chua'.n cua mil hlnh 

gi6 baa .. 

- Thu th~p tru'ong gi6 va tru'ong ap nSn tl}i 

cac bu'ck thoi gian di} baa (la'y tu ke't qua di} 

baa cua m6 hlnh MM5 dang chl}y dlf baa thu 

nghiem tl}i Phong Khi tu'qng bi6n - Trung tam 

KTTV bi6n) va chuy6n theo format chua'.n cua 

m6 hlnh. 
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- T6ng h<;Jp tntong gi6 bao ( du'<;Jc mo p_hong 

theo mo hlnh gi6 bao) va tru'ong gi6 nen va 

chuyifo vb lu'oi tlnh cua Delft3D - Flow bang 

mo hlnh WES (Win Enhancement Scheme). 

* Bu!Jc 3. Mo phong thuy tri€u trong thiJi 

doq_n di/ bdo 

Vi¢c mo phong thuy tri6u trong thoi do?n 

dlf bao g6m hai tfnh toan: 

- Thu nhilt: Xac djnh thuy trieu thlfc d& lil.m 

dieu ki¢n ban dffu cho mo hlnh. Cac tfnh toan 

thu nghii;\m tru'oc d6 da cho thily dlf tinh thuy 

trieu tntoc thoi gian ba ngay la du d& cho ra 

m(lt tntong thuy trieu thlfc trong khu vlfc Bi&n 

Dong d& lam dieu kii;\n ban dilu cho mo hlnh; 

- Thu hai: Tlnh toan thuy trieu trong khoang 

thoi gian dlf bao se xac djnh du'<;Jc gia trj nu'oc 

dang t?i ciic di&m khi so sanh voi ke't qua 

trong tru'ong h<;Jp mo hlnh tlnh ca nu'oc dang 

va thuy trieu, d6ng thoi cfing danh gia du'<;ic 

nu'oc dang roi vao cac pha nao cua thuy trieu. 

* Bu!Jc 4. Tfnh todn di! bdo nu!Jc dang do 

biio 

Day la bu'oc chu ye'u trong dlf bao nghii;\p 

v9 nu'oc dang do bao. Thong thu'ong thl thoi 

h?n dlf bao la 72h, tuy nhien, thoi gian tinh 

toan c6 th& du'c;Jc thlfc hi¢n dai hon. 

Sau k:hi nhan du'<;Jc thong tin dlf bao bao thl 

mo hlnh se cap nhat cho ke't qua dlf bao theo 

kjch ban dlf bao bao moi. Do vay, bao cang 

gffn vao bo thl d9 chfnh xac cua dlf bao se 

cang cao vl cac s6 li¢u du'a vil.o mo hlnh c6 

nhieu gia trj thlj'c va nhung s6 li¢u dlf bao gffn 

ciing se sat voi !hlfc te' hon. 

* Bu!Jc 5. Thdo lugn, phdn tfch cdc kit qud 

di/ bdo va thie't lgp cdc bdn tin di! bdo 

San phfim cila mo hlnh lil. ke't qua dao d(lng 

ml)'.c nu'oc, mo dun vii huong dong chay t?i ciic 

vi tri ciln tinh toan va canh bao, phan b6 

t;u'iJng mlj'c nu'oc, tntong dong chay theo 

khong gian t?i cac thoi di&m. M9t vi¢c ra't 

quan tr9ng trong canh bao nu'oc dang do bao la 

xac djnh gia trj nu'oc dang !On nhilt c6 t?6 x~y 

ra tai cac vi tri bi anh hu'dng va thoi diem xiiy 

ra ~u'oc da~g lo~ nhilt. Do Vay chung toi da 

xay dl)'.ng m(lt chu'ong trlnh phan tich trong 

vi¢c xay dlfng quy trlnh dlf bao nghi¢p VlJ 

nu'oc dang do bao. 

2. M(H s6 ke't qua def bao m:t6'c dilng do bao 

nam2006 

Nam 2006 lil. nam d~&n hlnh ve tffn suilt bao 

d6 b9 vao Vi¢t Nam. C6 nhieu con bao xuilt 

hii;\n voi cu'iJng d(\ m?nh va c6 hu'ong di 

chuy&n tu'ong d6i phuc t?P· Rut kinh nghi¢m tu 

cong tac dl)'. bao nu'oc dang bao nam 2005, 

cong tac dl)'. bao nuoc dang bao nam 2006 duqc 

thl)'.c hii;\n nghiem tile, nhii'ng ke't qua cua dl)'. 

bao da g6p phffn giam thi&u thi¢t h?i ve ngu'oi 

vii tai san do bao gay ra. 

Quy trlnh dlf bao nu'oc dang do bao du'<;Jc 

v(tn hanh khi c6 thong tin ve bao va ap thilp 

nhi¢t doi xua't hii;\n tren khu vlfc Bi&n Dong 

va c6 xu the' d6 b9 vao Vi¢t Nam. Cong vi¢c 

du' bao nu'oc dang cho m(lt con bao du'<;Jc hoan 

tilt khi bao d6 b9 vao bo ho(lc khi bao tan ho(lc 

di chuy&n ra ngoai lanh th6 Vi¢t Nam. Du'oi 

day la m9t s6 ke't qua dl)'. bao nu'oc dang cho 

m(\t s6 con bao di&n hlnh nam 2006. 

a. DI/ btio nTi8c dang do biio slf 1 (Typhoon · 

Chanchu) 

Bao Chanchu d6 b9 vao khu vlfc mien dong 

Trung Qu6c. Trang mua bao Thai B'inh Duong 

nam 2006, con bao nay con du'<;Jc gQi la "sieu 

bao Chanchu ". Day lil. con bao m?nh nhilt tfnh 

de'n thoi di&m thang 5 nam 2006 t?i khu vl)'.c 

Bi&n Dong va la sieu bao thu hai da du'c;Jc ghi 

nh(tn t?i Bi&n Dong, tran sieu bao thu nhilt 

trong khu VlfC nay la "sieu bao Ryan .. trong 

nam 1995. Mac du, khong de dQa khu vlfc dilt 

lien cua nu'oc ta nhu'ng da gay thii;\L h?i rilt Ion 

va cfing d& l?i dilu iln rii't kh6 quen cho nhung 

nguoi lil.m dlf bao khi tu'<;Jng thily van. 
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Bdngl. Kft qud di/ bdo nlibc dang do biio Chanchu (cm) 

Thl!i gian <li;t bao 
HongKong 

36h 110 

12h 60 

06h 80 

b. Dlj bdo nztuc dang do biio sf/ 5 

Bao s6 5 dU'<Jc hlnh thiinh ngoai Bi€n £>6ng 

va c6 hU'dng di chuy€n it bie'n deli Ia Tay - Tay 

Bile. Khi bao s6 5 each bi'! bi€n Thua Thrnn 

Hue' - Ha Tinh khoang 320km v6 phia £>6ng 

Nam, sue gi6 i'J gil.n tam bao m:;mh cilp 8, gi~t 

tren cifp 8, tuc la khoang 62 de'n 74km/h. M6i 

gii'i di dU'<jc tu 10 de'n 15km, anh hU'iJng tn.rc 

tie'p de'n cac tlnh tu Nghi) An de'n Quang tri. 

Khu vi;tc 

NI N2 

180 210 

120 160 

130 190 

_ Nh~ chung, theo tinh toan thl nU'dc dang 

bao so 5 khong ldn. NU'dc dang do bao ldn 

nhift c6 th€ xii y ra theo tinh toan Iii 70cm tai 

Tinh Gia - Thanh Hoa, tinh theo mo hl~h 
Delft3D vii 72cm Hon NgU' - Nghi) An, tinh 

theo m6 hlnh CTS. Theo ke't qua tinh toan du" 

bao cho thify, kh6ng c6 sv khac biet ldn v6 tri 

s6 nU'dc dang tinh toan giil'a h~i m6 hlnh 

Delft3D vii CTS (bang 2). 

Bang 2. Kft qud di/ bdo nlibc dang biio srf 5 t(li m9t srf khu vljc 

Tinh Khu Vl{c 

Hai PhOng Hon Da°u 

Thai Blnh DiemBi~n 

Thanh II6a . Tinh Gia 

Nghi;\An Citu Giat 

Ngh¢ An Hon Nglt 

Ha Tinh Ctla Nh1t<:1ng 

b. Dit bao nztuc dang ·do biio srf 6 (Typhoon 

Xangsane) 

C6 th€ n6i, bao Xangsane c6 hU'dng di 

chuy€n kh6ng phuc t:;ip nhU'ng cU'Cing d(l cua 

con bao nay rilt m:;inh. Trung tam da phan 

c6ng cac can bQ d\l' bao tie'n hiinh theo d6i SU' 

di chuy€n cua bao Xangsane ngay tu khi n6 

c6 xu the' c16 b(l vao Philippines. ThU'Cing 

xuyen theo d6i cac ban tin cua Trung tam Dv 

bao KTTV Trung U'Cing. 

Theo s6 lii)u chung t6i thu th~p dU'<Jc, vao 

Nude dang ldn nha°t di! Mo (cm) 

Delft3D - Flow CTS Model 

50 53 

50 47 

70 67 

70 
.• 

69 

69 72 

60 62 

thi'ii di€m bao Xangsane d6 b9 vao E>a Nang, 

t6c d9 gi6 dao dt)ng trong khoang tu 18m/s de'n 

22m/s, t6c d9 gi6 gi~t la 38m/s (do dU'<Jc t:;ii 

Tr:;im Sein Trii) va 44m/s (do dU'<Jc t:;ii Thanh 

Ph6£>a Nang). Theo nhU' d\l' bao cua chung t6i 

thl con bao Xangsane se gay nU'dc dang ldn 

tren dii)n rt)ng d9C khu vi.re ven bi€n tu Quang 

Blnh de'n Ba Nang, d(ic bii)t la i'J khu vi.re ven 

bi€n tinh Thua Thi en Hue', nU'dc dang ldn nhilt 

c6 th€ tren 2,0m. Khu vi.re tu Quang Nam de'n 

Blnh Bjnh m(ic du nU'dc dang kh6ng ldn, 

nhU'ng c6 th€ xiiy ra vil.o Ilic trieu cU'ong, 
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day Ia tntong h<:Jp rift nghiem tr9ng. Cung theo dlf bao, thoi giah mtoc dang c6 thil di~n ra kha 

!iiu, khoang 4 gio. Nu'oc dang do bao Ion nhiit se xay ra som hein thoi gian bao d6 b(l khoang 2 

gio. 

H(cm) 

120~~~~~~~~~~~~~~~~~~~~~~~~~~~~--. 

80 

40 

: UTCT:i:me 
o+-~~~-"-'---'~~~~~~~~~~~.~~~~~~~~~~~~~--1 

Oh3JB Ohlll09 OhZ/10 

ffinh 1. Bifn trinh nlluc dling biio Xangsane ttJi Tam Ky -Quang Nam 

Bilng 3. Ktt qua dlf btio nlluc dling biio Xangsane 

T!nh Khu V\(C D\(Mo Th\(cdo Sai s6% 

Ngh~An CUaH(\i 150 130 13 

HaTiuh CifmNhU'.<jug 170 144 15 

QuangBlnh L~ Thiiy 200 178 11 

Quang Tri Tri~uPhong 200 178 11 

Hue'. VfohTu 210 218 4 

. Ba Ni!'ng S<in Tra 160 145 9 

Quang Nam Tam Ky 110 120 9 

Sai s6 tuy~t deli (tfuh trung blnh) 10% 

ffiuh 2. Bien trinh m{tc mtuc trong biio Xangsane ttJi TriJm Ng(Jc Tra - Thanh Hoa 

.·.·· 

Qua so sanh giUa ke't qua tinh toan dlf bao nuoc dang bao Xangsane va thlfc do cho thiiy, sai 

s6 dlf bao c6 thil chiip nhan du<Jc (sai s6 tu'Clng d6i trung blnh Ia 10%, tlfelng dueing voi sai s6 tuyi;lt 

d6i khoang 20cm, bang 3). 

20 T<;1p chi Khi bI<;5n8 Thuy vi'in * Than8 4/2007 



H(cm) 

220 

180 

140 . 

100 .. 

40. ·- --· -- ·- ... ~-· ~-- ~ 

llg9c Tri!. Cit.a ~i. C1Lm Jih.ll'q113 LJ,! Th.Uy Tri.~ u Phong V'fn.h Tu Son. Tdt 

Hinh 3. Dlli'/ng bao mtfJc dang biio Xangsane 

Hinh 4. Bien trinlt mlfc n!lfJc quan trifc l«i Sdn Tra vao thi'/i diim biio Xangsane dlf bi) 

M(\t viln 08 ly thti ma m6 hlnh Delft3D da 

phan anh du<;1c trong tfnh toan dao d(\ng ml)'c 

nuoc trong bao d6 la hii;\n tu<;1ng nuoc rtit traoc 

khi bao d6 b9 vao bd. Bay Ia m(\t va'n d8 ra't 

kh6 ma m(\t s6 m6 hlnh dt;i' bao nuoc dang hii;\n 

nay chua phan anh du<;1c. Bie'n thien theo thdi 

gian clia dao d(\ng mt;i'c nuoc t:;ti Sein Tra cho 

thily truoc !Uc bao d6 b(\ vao bd ml)'c nuoc da 

bi rtit xu6ng khoang 0,5m so voi thuy tri8u t:;ti 

thdi di€m d6. Tuy nhien, khi khao sat thl t<)i 

Sein Tra ml)'c nuoc da rtit xu6ng khoang lm, 

nhtfng di8u dij.c bii;\t la n6 di~n ra chi trong thdi 

gian fa lh (hlnh 4). Bay ciing la c6ng vii;\c ma 

m6 hlnh ciln phai hii;\u chlnh trong thdi gian 

toi. 

d. Dl/ btio n!lfJc dang do biio sif 9 (Typhoon 

Durian) 

Bao s6 9 hay con gqi fa bao Durian, day fa 

cein bao c6 cudng d(\ tueing d6i m:;rnh, l<)i xuilt 

hii;\n vao cu6i mi:la bao. Chfnh vl v~y, c6 th€ 

c6 nhung di~n bie"n ra't phuc t<)p. Theo ban tin. 

clia Trung tam DI)'. bao KTTVTrung ueing, h6i 

7h ngay 02112, sue gi6 m<)nh nhilt Ci gfin tam 

bao m<)nh cilp 11, cilp 12 vii gi~t tren cilp 12. 
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Bang 4. Ket qua di/ b<io nu(Jc dang do biio Durian t(li m9t slf khu vl/c 

Nuoc dang !On nhilt c6 th€ 

Tinh Khu vl)'c xay ra (m) 

Ninh Thu~n ca Na 0,3 

Blnh Thu~n Phan Thie't 0,4 

Tp.HCM Ciln GiO 0,7 

DB Song Ctru Long Ctl'a Djnh An 0,5 

Kien Giang Vjnh R(lch Gia 0,5 

Theo ke't qua tinh toan dlf brio, nuoc dang 

do bao Durian gay ra nhln chung la khong !On, 

dao d(lng trong khoang tu 0,3 - 0,7m. Tri s6 

nude dang !On nhilt c6 th€ xay ra theo dl)' bao 

la 0,7m, bang 4. 

3. Ke't lu~n va kie'n nghi 

- Qua vi¢c ap dt,mg quy trlnh a€ dl)' bao 

nuoc dang do bao trong mua bao nam 2005 va 

2006, CQng voi phan tfch, SO sanh ke't qua dlf 

bao V(~i s6 li()u thl)'c do cho thily mo hlnh 

Delft3D - FLOW c6 kha nang dlf bao nuoc 

dang do bao voi d9 tin c~y cao, sai s6 dlf bao 

c6 th€ chilp nh?n duCjc; 

- Vi¢c triSn khai dlf bao nghi()p V\J dlf bao 

nuoc dang do bao bang mo hlnh Delft3D trong 

mila bao nam 2006 la rilt kip thoi, nhung ke't 

· qna cila dlf bao mQt philn nao d6 da g6p philn 

giam thi€u thi¢t h(li v& nglfoi va cua do bao 

gay ra; 

Ciln tie'p t\)c ,tri€n khai dl)' bao nghi()p V\J 

nuoc dang do bao bang mo hlnh Delft3D. Ll)'a 

chQn, ph6i ht;ip voi Delft Hydraulics dS bao 

hanh va c?p nh?t phien ban moi nhilt cila mo 

hlnh nham hoan thi()n mo hlnh cho phil ht;ip 

voi thl)'c te' nhlf vi¢c chinh xac hon v& pha cua 

bie'n trlnh nuoc dang bao theo thoi gian, chinh 

xac v& gia trj nlfoc dang d6i voi cac con bao c6 

clfong d9 mi)nh vii huong di chuySn phuc ti)p. 

- Ph6i ht;ip voi Trung tilm Dl)' bao KTTV 

Trung uong thie't l?p m9t "kenh rieng" nham 

thu~n lc;ii cho vi¢c thu nh?n cac tham s6 dlf bao 

bao; 

-. Cac ban tin dlf bao eiin duCJc phat bao tai 

cong chting m9t each sau r(lng hon, ke't hc;ip 

VOi giao d\)C nham phcl thong h6a cac thu~t 

ngu dl)' bao d6i voi c(lng acing; 

Nen xily dl)'ng nhung kjch ban ng?p l\lt do 

111.fOC dang do bao gay ra Va tie'p t\)C phai duy 

trl vi¢c di&u tra, khao sat nuoc dang do bao 

g6p philn hi()u chlnh mo hlnh dlf bao ngay 

cang hoan thi()n hon. 
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N·Gm:EN CUU QUA TRINH PHA T TRrEN 
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VA LAN TRUYEN 
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CUA SONG TAU TRONG VUNG VEN BO· 

ThS. Nguy~n Ba Thuy, CN. Trdn Due Tru 

CN. Bui M~nh Ha, KS. D~ng Minh Tua'n . 

Trung tam Khi tu'c;1ng Thuy van Bi€n 

N
hien cuu CClc hi?n tu<Jng trong qua trznh phcit triin va Zan truy€n cua 

ong nhu hi?u ung nu<Jc nong, khuc Xf;l, nhilu X<;l, phan X<;L, song dd Va 

ong leo b(J cua song gio Va song_ lung tit tru(/c dln nay dii. du<JC thl;(c 

hi?n khci Icy luiJng. Tuy nhien, song sinh ra do tdu chuyin d9ng bie'n ddi nhu the' new 

v3.n con la van d€ ft du<Jc nghien cuu. Trang bai bao nay qua trznh lan truy€n cua song 

tdu trong vung ba thodi d€u v(Ji ccic duang ddng sau song song se du<Jc dua ra thiw 

luQ.n tren C(J s?J mo ~znh Zan truy€n Boussinesq 2D ke't h<Jp v(/i vi?c sil df:lng bien song 

tdu cua Tanimoto (2000). 

1. MO' ddu 

Song sinh ra do S\l' di chuy€n cua tfiu 

t~i vung ven bi€n ciing nhU' trong cang, 

song tac d<)ng Ien cac cong trlnh ven bo, 

gay nguy hi~m cho cac tfiu nho, cho sv 

6n dinh du'ong bo. Tren quan di~m ve 

bao v~ moi truong, song tfiu co th€ gay 

ra S\f xao d<)ng m~nh, anh hU'ong de'n 

vi~c nuoi tr6ng hai san nhU' rong, tao 

bi€n. Nhung nam gfin day song tfiu da 

dµ'<JC cac nha thie't ke' Va dong tfr U quan 

tam nhieu vl tac d<)ng cua no toi cac tfiu 

Ian c?n. Do v?y, mot v~fo de quan trQng 

dll'c;1c d~t ra la lam sao giam t6i thi€u tac 

d<)ng nguy hi€m cua song tfiu thong qua 

vi~c hi€u cd che' phat sinh va nhung d~c 

di~m trong qua trlnh Ian truyen cua song 

tfiu. 

Nhung nghien cti'u trll'oc (Havelock 

(1908), Tanimoto (2000) [5]) cho tha'y 

rang song do tfiu sinh ra va Ian truyen 

phl,l thu()c vao hlnh d~ng VO tfiu, t6c 

dQ di chuy€n cua tfiu, d9 sau va khoang 

each de'n duong tfiu ch~y. Cac tinh cha't 

cua hi~n tU'<Jng nU'oc nong, khuc x~. 

nhi~u x~. phan x~. song d6 va song leo 

cua song gio va song bi€n sau da du'<Jc 

nghien cti'u kha Icy luong. Tuy nhien 

trong song tfiu, di6u nay vftn con moi 

me. Do v?y, va'n de d~t ra la phai tlm 

hi€u xem co che' phat sinh va d~c tntng 

cua qua trlnh song khi Ian truyen vao bo 

Cl,! th€ Ia d9 cao song IOn nha't, gia ttj c\fc 

d~i cua song leo bo va nang lu'qng cua 

song tfiu tu do dU'a ra sd d6 thich h<Jp 

trong vi~c h~n che' tac d<)ng cua song 

tftu. 

2. Co sd ly thuye't ctia mo hinh tinh 

song tdu 

. Mo hlnh t!nh song t~u du'<;1c thie't l~p 

tren cd so giai phu'dng trlnh Bousinessq 2 

chieu cua Madsen va Sorensen (1992 [4]). 

Day la phu'dng trlnh da duqc cai tie'n 

nhung d~c tru'ng v6 bie'n d6i song tuye'n · 

Tf!,p chi Khi tzt(lng Thuy van * Thang 512006 
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tinh a vung mtoc sau tU phuong trlnh 

Boussinesq nguyen thuy cua Penegrine 

(1967). Mo hlnh da sti' d\mg di~u kil$n 

bien s6ng tff u cua Tanimoto (2000, [5]). 

Trang truong hcJp. 2 chi~u, hi$ phuong 

trlnh du9c di8n ta: 

(a). Phuong trlnh lien t1;1c: 

as + aQX + BQY = 0 
at ax ay 

(b ).Phuong trlnh d()ng lu9ng: 

- Theo phuong x: 

(1) 

8Qx +i(~)+i(QxQyJ+gDa, =(/3+!Jh2[&Qx + &QY J+fJ.. h3(&' +KJ 
at . ax n ay n ax 3 · atax2 ataxay g. ax3 axay2· 

(2) 

+hrn(! a2Qx +! a2QYJ+hrn(_!_ a2QYJ+f3gh2{8h(2a2' + a2'J+ ah a2(}+~ 
ax 3 atax 6 atay ay 6 atax ax ax2 ay2 ay axay · 

- Theo phuong y 

Trang do: 

( - Ia dao d()ng ml;t'c nuoc, Qx, QY la tich 

phan cua v~n to'c theo huong x va y, h fa 

d9 sau thoi diem ban dffu 

d - la d9 sau tile thoid = h+' 

g - la gia to'c tr9ng tru'ong 

t; - la hi$ so' phan tan (( = o, 15). 

Tfnh song d6 ven bo ducJc thl;t'c hil$n 

qua ke't hcJp voi mo hlnh ro'i nhd't ~oi 

vi~c them vao phuong trlnh d()ng lu9ng 

thanh phffn np.ot ro'i (Rbx• Rby): 

Than Ji phffn gay song_ d6 du9c di8n ta 

theo phuong trlnh (4), (S): 

(3) 

E>() nhot ro'i du9c tfnh: 

Trang do 'ob la hi$ so' k.ich thuoc pha 

tr9n, thuong ducJc lffy theo gia ttj thl;t'c 

nghil$m bang 1,2; hi$ so' B la d?i luc;1ng 

kiem soat qua trlnh phan tan nang luc;1ng 

khi song d6 xufft hil$n, d?i luc;1ng nay 

bie'n d6i m9t each nhuffn nhuy~n trong 

khoang tli o tdi 1, d~ tranh qua trlnh d6 

bi so'c. 

Truong hc;1p mo hlnh ke't hQp voi tinh 

song leo bo, kY thu~t bien khe hyp cua 

Tao&Kennedy_ (2000, [3]) da du9c sti' 

di,mg voi b~ r()ng khe truy~n song va 

dil$n tich tuong d6i ciia kenh khi co song 

leo OUQC xac dinh: . 

T<J,p chr Khi tlt<Jng Thuy van * Thang 512006 
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i >z* 

b( () = b' + (l -b)e-A.(17-z*)I ho S < Z * 

A((;)= 

Gia ttj z* dli<JC tinh theo cong thuc: 

z*= +ho--+--h ( · 8 1) 
(1-8) 1-8 2 (10) 

Trang do: 8 Ia d<) r<)ng cua khe h¥p, 

la h~ s6 di~u khi~n qua trlnh bie'n d6i 

cua di~n tich kenh truy6n song, ho Ia d<) 

sau, z* Ia gia ttj ml,l'c ml'oc ma tl;li do b = 1. 

* Phudng trlnh d<)ng htc;1ng 

- Phudng trlnh theo phu'dng x: 

- Phu'dng trlnh theo phu'dng y: 

Trang do, Rbx• Rby la .thanh ph~n gay 

song d6 theo phlidng X Va y da du'QC mo 

ta a tren. Ex va Ey la tha~h ph~n gay 

hft p tht;r song d~ tranh hi~n tu'cjng phan 

Xl;l tU bi en. b va A la .b6 r<)ng va di~n tich 

tu'dng . d6i cua kenh truy6n song. H~ 

phu'dng trlnh tren du'Qc sai phan hoa 

NGHJEN cuu & TRAD Bo1 

(7) A(x,y,t) = A(s) = I b(z)dz (8) 

(9) 

Ke't hc;1p phu'dng trlnh Bousinesq 2 

chi6u voi mo hlnh song d6 va sli' dt;mg Icy 

thu~t bien khe h¥p, h~ phu'dng trlnh cu6i 

cling cua mo hlnh tinh nhu' sau: 

* Phudng trlnh lien tt;tc 

b ac;; + 8Qx + aQY = 0 (11) 

at ax ay 

trung tam theo thoi gian va sai phan tie'n 

theo khong gian VOi CllC di~m tinh du'QC 

xac dinh theo o luoi hlnh chil' nh~t. 

Phu'drig phap ADI (Alternating Direction 

Implicit) Ia phu'dng phap troy du6i luan 

hu'ong da du'cjc ap dt;rng cho vi~c giai h~ 

phu'd?g trlnh sai phan. 

T<J,p chi Khi ht(Jng Thuy van * Thang 512006 
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3. Cac di~u ki~n bien cua mo hinh 

- Bi€u ki~n v€ bien tftu chuy€n dt?ng 

Bay la d<;mg bien di dt?ng, song duqc 
sinh tren cac di€m bien nay hlc tftu di 

qua. B€ xac dinh do cao (hay nang luqng 

song) t(;lo ra do tftu, Chen va Sharma 

(1995) [2} gi~_ thuy€t rang b~ rt?ng tfiu Ia 

manh va coi do nhu 1 do(;ln thfi ng ma t(;li 

do song duqc sinh ra d hai ben khi tff u di . 

qua. Voi gia thi€t nay nang luqng song 

do tffu di qua duqc xac diph: 

Q =±!._UdS 
y 2 dx 

Trang do U Ia to'c do di chuy€n cua 

tffu, S la di~n tich tfiu chi€m tren b€ m~t 
nu'oc t(;li cac thoi di€m, cac di€m tren 

hanh trinh CUa tffu, du'QC tfnh: 

S ( x s) = So [i -( 2x s )] ' - 1 ~ 2x s ~ 1 
Ls Ls 

Trong d6 S0 Ia di~n tich ph~n n6i tren 

b€ m~t nu'oc cua tftu. 

v oi a Ia h~ so', B
8 

la · kich thuoc b~ 

ngang cu.a tftu, d Ia nga'n nu'oc cua tftu. 

Khi tft u di chuy€n, nhii'ng nhi€u dt?ng 

duqc sinh ra g6m 2 phftn: Nfra phia tru'qc 

cua tfiu se la ngu6n phat song trong khi 

do ml'a phfa sau song co . huong di ngu9c 

! 

l~i. 

Trang nghien cuu song tfiu, khai ni~m 

v~ h~ so' Fraude duqc dua ra: 

. u 
Fh=--

fih: 
, v oi hs Ia dQ sau t~i di€m tffu di qua. 

f)~i luqng ~ghs d day du'QC xac djnh la 

v~n t6c truy~n s6ng. Trong nghien cuu 

song tff u thl tinh toan VOi Slf thay d6i cua 

h~ so' Fh cho cac truong hqp nho hdn 1, 

bang 1 va ldn hdn 1 Ia ra't y nghia vl di~u 

nay cho ta thffy Slf thay d6i GQ cao CUa 

song nhu' th€ nao khi v~n to'c tftu thay 

d6i. 

4. Ke't qua tfnh toan 

B€ tinh toan thfr nghi~m mo hlnh, mQt 

kenh tfnh voi duong bo th~ng, cac duong 

d£ng sau song song. Tffu di chuy€n t~i 

d(, sau h = 15m, d<) do'c cua day kenh 

tinh tU vi tri tftu tOi dQ sau h = lm Ia 1/50. 

Trang tinh toan, mt?t mi~n voi dQ sau 

d6ng nhfft du'QC md rong tU phftn day do'c 

VOi ID\f C dich fa tranh dUQC S\( phan X(;l 

song cua duong bo d€ cho vi~c phan tich 

Va danh gia k€t qua du'QC thu~n ti~n hdn. 

Tren hlnh 1 bi€u di€n m~t cat ngang cua · 

mi~n tinh. 

~ 
~ h ,=l .llm 

i i 
·--E············· .. ·········· .. ································· .. ··········::l>- --E···· .. ·································-····::l>-

700,0m 425.Clm 

Hlnh 1. Sd d6 m~t cat ngang cua mi~n tinh song tffu 
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Cac chi s6 cua t~u dung trong mo 

hlnh voi: Chi~u dai Ia 41m, b5 r()ng la 

14,6m, nga'n nude tftu Ia 5,58m h~ s6 la 

o,62. Cac thong s6 nay se du'CJc dung tinh 

toan cho ta't ca cac tru'ong hc;1p trong bao 

cao nay. 

T6c do tft u du'CJc ch9n cho mo phong 

s6ng tftu voi 3 tru'ong hc;1p; Uo = 9,7; 

12,13; 14,45m/s, tu'dng ling voi h~ s6 
Fraud la 0,8; 1,0 va 1,2. Vi~c ch9n cac 

gia ttj v€ v~n t6c tftu nhu' tren nhfim d~ 

danh gia xem sl,f khac bi~t cua de) cao 

song tftu nhU' the' nao khi v~n t6c tff u thay 

d6i. 

Tren cac hlnh tU 2 - 5 bi~u dien ke't 

qua tinh toan trong tru'ong hc;1p mo hlnh 

co tinh tOi hi~n tu'c;fng song d6 (wave 

breaking). 

Tren cac hlnh 4 bi€u <lien dao dong 

ml,fc nu'oc theo thoi gian tq.i cac vt tri 

(x=2000rn, y=200m), (x=2000rn,y=600m), 

(x=2000m, y=650m) va (x=2000m, y=700m) 

trong tru'ong hc;1p Fh=l. Chung ta tha'y 

dng tc:;i.i mot di€m quan trac s6ng tftu 

luon quan trac dU'CJc nhi€u song c6 de) 

cao va chu k)r khac nhau. Ke't qua tinh 

toan cho tha'y, song thu 2 trong nh6m 

song la song co bien do IOn nha't. Cac 

thong s6 cua song nay thu'ong dltCJC du'a 

ra d€ danh gia mile de) anh httong cua 

s6ng do tftu gay nen. Ke't qua tinh toan 

ciing cho tha'y chi c6 nhfi'ng song co bien 

do lOn trong chu6i nh6m song la bi d6, 

day fa mot trang nhfi'ng d?c trttng du'CJc 

phat hi~n cua song Hiu. 

Tc:;i.i hlnh 2, gia ttj do cao song c\fc dq.i 

dQC theo cac duong cat ngang d Vi tri 

x=lOOOm, 1500m va 2000m vdi truong 

hc;1p Fh = 1 du'c;1c dien ta. Co th€ c6 mot 

s6 nhan xet nhu' sau v€ su' bie'n d6i cua 

do ca~ lOn nha't cua so~g tftu khi Ian 

tr~y€n vao ho, h1c dftu do cao song giam 

boihi~n tu'<Jng tilt ciftn (damping) va khuc x~ , 
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sau d6 de) cao s6ng tang dftn do hi~u ung 

nude nong va cu6i cling giam do s6ng bi 

d6 tq.i vung nude nong g~n bo. Ke't qua 

tinh toan ciing cho tha'y, trdng khu vl,fc 

gftn ho, gia ttj de) cao song c\fc dc:;i..i d9c 

theo m?t c~t x=2000m la Ian nha't va nho 

hdn ca la tq.i m~it cat x=lOOOm. E>ieu nay 

cho tha'y rfing khi tfiu di chuy€n, d9 cao 

song theo cac m?t cat ngang Ia bie'n d6i 

Va CO XU hu'ong tang dftn, tuy nhien trong 

ke't qua tinh toan cua mo hlnh cling cho 

tha'y rfing do cao song IOn nha't se tang 

tdi gia ·ttj 6n dinh a m()t khoang each ma 

tu do khi tfiu tie'p t1,ic chuy€n d()ng nhu'ng 

gia ttj do cao song khong thay d6i, trong 

dj€u ki~n dang tinh a day thl gia ttj do la 

2000m. Trang qua trlnh Ian truyen vao 

bo, ne'u g~p phai vung nu'oc nong, song 

se bi d6. Vi tri cac di~m song d6 theo 

cac m?t cat la tuy thuoc vao do Cao song 

tq.i do. v oi cac m? t cat nhu' tren, song d6 

sua't hi~n tq.i cac do sau h=2,65m; 2,45m 

va 1,55m tu'dng ling tq.i x=2000m, 1500m 

va lOOOm. 

E>€ xac dinh su' bie'n dBi do cao s6ng 

tfiu theo to~ de) di chuy€n cda tfiu nhu' 

the' nao, mo hlnh da tinh thll' nghi~m 

cho 3 tru'ong hc;1p vdi h~ so Proud khac 

nhau la Fh=0,8; 1,0 va 1,2. Tren hlnh 3 

bi€u <lien ke't qua tinh toan do cao song 

cu'c dai doc mat cat c6 toq. de) x = 
2000~ cho. 3 tntong hc;1p nhu' tren. Ke't 

qua tinh toan cho. tha'y v€ xu the' bie'n 

dBi de) cao song trong 3 tru'ong hc;1p Ia 
giong nhau, tuy nhien vdi trttong hc;1p Fh 

= 0,8 khong co hi~n t11c;1ng song dB xua't 

hi~n o rn?t cat nay. MC)t di€u ly thu 

du'QC phat hi~n trang ke'°t qua tinh CUa 

mo hlnh la khi so sanh do cao song tq.i 

·1 di€rn thl khong phai khi v~n t6c tftu 

ldn thl dQ cao song se tang.Trang 

tru'ong ·hqp nay de) cao song lon .hdn ca 

khi so sanh la tru'ong hc;1p Fh = 1. Chung 

TlJ,p chi Khi ttt{Jng Thuy van * Thang 512006 f12911 
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t6i da thU' nghi~m tinh toan nhi~u voi 

cac h~ s6 Fh khac nhau va nh~n thay 

ding gia tri d9 cao song IOn n~~t khi 11:~ 
s6 Fh gftn bang 1 co nghia Ia khi v~n t6c 
cua t~u xap xi v~n t6c truy~n song. 

Hi~n t().i chung ta chu'a co s6 li~u quan 

trac song tftu d€ ki€m chung d9 chinh 

xac va hi~u chinh mo h1nh. Bao cao da 

dung ke't qua phan tich giai tich cua 

Tanimoto (2004) [4] d€ so sanh. 

Tren hlnh 5 la so sanh giua ke't qua 

tfnh toan d9 cao song eve d£J.i cua mo 

hlnh va ke't qua phan tich trong cling 1 

di€u ki~n cho tru'ong h<;1p t().i m~t cat x = 

2000m va voi 3 h~ s6 Proud Ia Fh=0,8; 

1,0 va 1,2. Co th€ nh~n xet rang co sv 

kha · phu h<;1p giua 2 tfnh to~n tren tru 

tru'ong h\:fp . trong vung gtirt bo. v oi 

tru'ong h<;1p Fh = 1,0 ke't qua so sanh la 

phu h<;1p hon ca. 

x =2000m 
F,=O.S 

Fb=IO 
fh= l2 

F11 = 0,8111 kh6ng c6 s6ng d6 
F11 = 1,0 song do h~i h=2,65m 

x = 1,2 song d6 t~i h= l,85m 
3 .-~~~L.::.-=-::.::.:::=-==-::-=-.:=.:.:::_~J----===========-i 

.::. 2 
x 
<1l 

E 
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Khoang deb tit lu6ng tau ch~y vao bo (m) 

ffinh 2. Sl,t bie'n dBi gia ttj IOn nhat cua song tftu d9c theo m~t cat (Fh=l) 

X=1000m,s6ng 06 ti)i h=l,55111 

X=l500m, song a6 tC).i h=2,.+5m 

X=2000m. song iJ6 tC).i h=2,65m 

3 ~~~ -t_-'--~~~~~~~~-' 

E'2 ........... 

x 
cu 
E 1 
I 

l
·-x=1000m 

--x=1500m 

1--x=2000m 
i 

I 

I 

Q -i-~~~ ~~ ~~~ -r-~~ ~ -,-,~ ~~~,-r- ~~~-.-~ ~~ --i 

100 600 700 
Khm'ing each ttr ln6ng tan ch<:tY vao ho (ml 

Hlnh 3. Sl,t bie'n dBi gia ttj Ion nhat cua song tfiu d9c theo m?t c~t (x=2000m) 
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x=2000m, y=600n1 
1.5 ~---------

Fh=1.0 

1 ............ .................................................................. ............................................... ., 

0.5 

v 0-1--~--.-~--~----~~.-A-4!-.l-l-A-A-A..-.-A~......_, 

L:_j ··:t'~ ~ 4Q : 1~ : "' • ~9 ~ 9 ~ ::: ~' : "" : '! 
' -1.5 . . 

I Thoi ginn( s) I 

x=2000m, y=600m 
1.5 ~ ---- --- - ------- ----

Fh=1.0 

1 ........................... .. ..................................... , ........... ················································! 

' ! 
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:::: 
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-1 

'---,--~ -1.5 .L- ---- ~=======;-- ----- ---' 
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,__.__~ 1.5 ~-------=--------------- , 

1 ···················································································· ················-·························j 
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Thai gi.au < s > 

x::2000m, y=700m Fh=1.0 
1.5 ~- -- - ~ ------ - -------

0.5 
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-1 ................................................................................................................................. , 
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H1nh 4. Daod()ng mvc nude theo thoi gian ciia ·song tfiu (x =2000,Fh = ·1,0) 
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Hlnh 5. So sanh giua ke't qua tinh toan cua mo hlnh va ke't qua phan tich giai tich 
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6. Ke't lu~n 

MO hlnh tfnh song do tftu sinh ra Ian 

truy~n vao vung ven bo dt!a tren phuong 

trlnh Bousinesq 2D va SU di;mg di~u ki~n 

bi en song tft u cua Tanimoto (2000) da 

duc;fc phat tri~n: Mo hlnh da mo phong 

d11c;1C m(H s6 hi~n t11c;1ng khi I song Ian 

truy€n vao bo cfing nhu d~c di~m cua 

truong song khi tftu chl;ly tren m9t kenh 
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ph~ng, co day thoai. Hi~n Wc;fng song 

leo bo ding nhu xac dinh m6i quan. h~ 

giua do cao song ct!c dq.i vdi hlnh dang, 

tr9ng 111c;1ng va v~n t6c cua tft1:J cling nhu. 

se duc;f c nghien cuu them. Nhung nghien 

cuu sau v€ song tftu se ra't co y nghia 

trong cac nganh giao thong, dong tftu, 

quy J1oq.ch xay ciing va nuoi trong thuy 

san. 
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Tai Hqi , ThS. Nguyen Ba Thuy 

Truog tam Khf wqng Thuy van Bien 

Nliac dang do biio dLt<Jc xem nhit \f bie'n 

d6i ml/c nllac c6 chu /..')• dai duai tac dwig cua 

gi6 va khi dp Len khu V~(C biio xuift hi?n. a day 

khdi ni?m nllac dang do biio dU<Jc coi ta \f 

chenh l?ch ml!c nirac biin khi c6 va khOn ~ co 
bao dnh huang. Cac tham so' bao, dfa hmli 

dir&ng M, s~t quay dla qud deft wl tinh chtit r uy 
triiu la nhilng ye'u trf quye'r dfnh di} dang < ,Ja 

m~tc nliac biin. Hi?n tLf<Jng mtac dting do I io. 

dii gay thi?t ht;1i fan vi ngu(Ji \'Q rai sci11. e 
giclm thiiu thiet hai rhl l'iec xth dimg m<?t , uy 

trlnh di/ bdo nghi?~ V(t mr~c da1;g d~ biio la 111~ir 
trong nhilng nhi?m V(t ctip bach hang dti11 10 

nganh khf MJng rlw.v w'i11. Trang ba i brio h 

nh6m tac gia giai thi?u mo h/nh d!f bdo 11gl ~ r 
V(t Delft3D-Flo•v dii l1Lf<JC 1( d(t11g tQi Trung ·,n 

Khf TLl<Jng Thuy van Biin di bt;111 dqc tfwm kfl,ltl. 

TAP ctti KHi TUONG TH6Y v"AN *THANG 312006 



1. Tim quan trQng ciia nghi~n CUu va du 
b8o mtltc ding do bio · 

Tren th€ giC:Ji nhftng nc:Ji bi anh huC1ng 

n~ng cua nu'C:Jc dang do bao nhu' vung viflh 

Bengal, d~c bi~t la Bangladet (nu'C:Jc dang 

trong nam 1990 len cao tC:Ji hdn 7m da lam 

h?~ 400:000 ngu'Cli thi~t m<;tng) t<;ti vung 

b1en Canbe, nu'C:Jc dang cao nhff t ghi du'<;Jc la 

8m trong cdn bao Floria (My) lam 5000 

ngucsi ch€t; cdn bao Katrina d6 b(> vao bang 

New Orleans da gay nuac dang 6m, lam 

10.000 ngu(Ji ch€t va 30.000 ngu(Ji mat nha 

cira, thi~t he.ti nhi~u cy do la. Tai khu vu'c 

Dong B~c A., cac nuac Nh~t Ban, Tri~u 
Tien va Truog Qu6c ding chiu nhi~u thi~t 

he.ti do nuac dang, trong d6 mlfc nuac dang 

cao nhat do du<;Jc t<;ti Tri~u Tien tai 5,2m. 0 
Vi~t Nam, nuac dang do bao ding gay thi~t 

h<;ti lan v~ ngucsi va ciia, mlfc nude dang lCJn 

nhatghi du<Jc trong con bao DAN nam 1989 

fa 3,6m. C6 thong tin cho rhg trong qch sil' 

aa ghi nh~n mlfc nude dang do baa nam 

1881 t<;ti Hai Phong farn thi~t m<;tng khoang 

300.000 ngu'CJi (?). Gh day nhat fa thang 9 

nam 2005, bao Damrey gay mtoc dang Ion 

toi 2,05m t<;ti Nam Dinh gay VO de va thi~t 

h<;ti lon m~c du Chinh phii cung toan dan da 

chufin bi d6i ph6 rat kY voi con baa nay. 

Ngoai bao thl gi6 mua ding gay ra hi~n 

tuc;1ng nude dang, t<;ti Vi~t Nam trong nhftng 

dc;1t gi6 mua m<;tnh (cap 6, 7) va keo dai 2 

d€n 3 ngay mlfc mtoc dang len khoang 30 -

40cm. Nude dang do bao d~c bi~t nguy 

hi€m khi xuat hi~n vao dung thoi ky tri~u 

cuong, mlfc mtac t6ng c<;>ng dang cao, k€t 

h<Jp vai song to da tran qua de vao d6ng 

ru~ng, day , c~ la nguyen nhan gay thi~t 

h<;t1 n~ng ne ve nguoi va ciia. Tai Viet Nam . . ' 
trong nlim 2005 c6 4 con baa gay nude dang 

cao thl 2 con (baa s6 2 - Washi va baa s6 7 

- Damrey) nuac dang x~y ra dung vao luc 

tri~u cu'Clng nen thi~t he.ti do 2 cdn bao nay 
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t<.ti cac tlnh Hai Phong va Nam Dinh fa rat 
lC:Jn. · 

' Nh~n thuc du<jc tftm quan tr9ng cua van 

de nay, Vi~C nghien CUu Va du baa nude 

dang do bao da va dang du<jc qu.an tam mot 

each h~t sue dac biet . . . . 

2. Cac phtidng pbap dlf bao nu& dang do 

000 

Trong nhung nam g ~ n day do anh huC1ng 

ciia bi~n d6ikhi h~u toan c ~ u . thien tai ngay 

m(>t gia rang, d~c bi~t Ia baa, kern theo lii 

h,1t va nude dang do bao. Vl v~y . va'n d~ tinh 

toan va dlf baa nude dang do baa c6 th ~ xay 

ra cho titng khu vlfc fa rn(>t trong nhftng bi~n 

phap tlch clfc d~ dua ra bi~n phap phong 

tranh va nhftng giai phap dn thi€t nham 

giam thi~u thi~t h<;ti. Tren th€ gidi c6 rat 

nhi~u mo hlnh dlf baa nude dang do bao (1 

cac quy mo khac nhau my thu(>c vao kha 

nang ciia cac may m6c, thi€t bi kha nana 
.... ·' b 

ve Cd sd du li~u va nguoi slt dt,mg v. v .... Mf>i 

cong ngh~ dlf baa nude dang do baa lai c6 

muc dQ hi~n d<;ti, baa quat, C\l th~ khac 

nhau. 

Hi~n nay chung ta da va dang SU d\lng 3 

phudng phap chinh d~ tinh toan va du baa 

nude dang do baa: · 

Phu<1ng phap th6ng ke kha don gian v.a 

cha k€t qua tuong d6i kha quan. Nhll'ng 

nhuc;1c di~m ciia phuong phap nay fa phai 

dlfa vao chuf>i s6 li~u nude dang va bao da 

c6 cha nhii'ng khu vlfc C\l th~, do vh ph<;tm 

vi ap d\lng thu'ong bi h<;tn ch€. 

Phuong phap du'a ra toan d6 tren cd si11 

cac cdn bao chu~n d~ d\f baa (phu<1ng phap 

SPLASH) da kh~c ph\lC du'c;1c nhftng khi€m 

khuy€t ciia phu'<1ng phap th6ng ke, tuy 

nhien ~ftng tham s6 boa khi xay dl!llg bQ 
biEu do luon luon bi gidi h<;tn. Vl vh, d(> 

chf!ili xac khong cao. 
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Phuong phap dung mo hlnh s6 tri thuj 

d(:mg hai, ba chi~u U'U di~m la luon cho ~et 

qua <liy du v~ tntC1ng mlfc mtoc theo khong 

!ti.an va thoi !ti.an. Phuong phap nay dang 

dude dlino ph6 bi€n nha't tren th€ gioi va da 
. 0 

ap dt,mg vao Vi~t Nam. 

Tai cac nll'oc emu nhi~u thi~t h~i bCJi 

nuoc. dang do bao nhu: My, Nh~t , N~a, 
Trung Qu6c ... aa tlf xay dlfng cac pha~ 

m~m tinh toan dlf bao nuoc dang. M9t so 

nuoc nhu An DC), Bangiadet, Phillipin da 

mua cac ph~n m~m dlf bao cua cac trunJ. 

tam nohien c(tu v~ nll'oc dang do bao nm 

ti€ng rtltu Delft Hydraulics cua Ha Lan. 

Hi~n ~i, ph~n m~m 3 chi~u dlf bao nuoc 

dang do bao Delft3D-Flow cua l;Ia Lan da 

du<Jc sit d1,mg vao dlf bao nghi~p Vl,l, nuoc 

dang do bao (J Vi~t Nam. Nhftng ket qua 

tinh toan va dlf bao nghi~p Vl,l nll'oc dang do 

bao nam 2005 da g6p phh giam thi~u 

nhU'ng thi~t h~i v~ ngu'oi va ciia, d~c bi~t Ia 

trong bao s6 7. 

3. Lua ch9n mo hinh dt,i bao nghi~p V\l 

nuoc dang do bao lJ Vi~t Nam , 

Cling voi cac chuy€n di~u tra khao sat de 

xac dinh muc d9 thi~t h~i ciing nhu'trj s6 nu'Oc 

cmng . ·~i cac khu V\fC bao anh httCJng thl vi~~ 
lU'a chon mot mo hlnh di,{ bao t6t la va'n de 

clrp ba~ h hii~g cffiu va c6 y nghia thl,i'c ti~n . 
Hi~n nay, Trung tam Khi tu'(1ng Thuy 

van Bi~n dang Slt d1;mg mo hlnh Delft3D-

Flow dl,l bao nghi~p V1,1 nu'oc dang do bao Ci 

Vi~t Nam. Mo hlnh Delft3D da du'<Jc tri~n 

khai ap dt,mg trong thl,lc ti~n voi tinh toan 

thuy tri~u va di,{ bao mtoc dang cho nhi~u 
mtoc tren the' gioi nhu' Indonesia, 

H6ngkong, An D9. Nhung ke't qua tinh 

toan, dµ bao ~ i Vi~t Nam cho tha'y day la 

m9t mo hlnh tien tie'n, c6 d9 tin c~y va ung 
d1,mg th\fc ti~n cao. 

Mo hlnh Delft3D-Flow do Vi~n Thuy 11,fc 

Delft Ha Lan thi€t l~p va aa du<;Jc c huy ~n ~ 
giao cho Vi~t Nam trong khuon kh5 dlf an 
he;1p tac gifta 2 chinh phu Vi~t Nam va Na Uy 

v~ " H~ th6ng tr~m phao va canh bao bao". 

Deift3D-Flow Ia mo hlnh 3 chi~u tinh 

toan cac qua trlnh khong 6n Cijnh cua hoan 

lU'U, cac qua trinh v~n chuy~n dU'<;Jc ~o ra 

bCJi thuy tri~u va tac di)ng cua cac y€u t6 khi 

tu'dng. M1,1c dich Cd ban cua mo hlnh 2 chi~u 

(2D - depth - averaged) va 3 c hi ~u (3D) la 

mo phong qua trlnh Ian truy~n thuy tri~u va 

dong chay gi6 bao g6m Slf anh httCJng cua 

mat do do tac d(:mg khong 6n dinh cua phan 

bci nhi~t d() va d() mu6i trong vling bi~n 
nong, vung ven bo, vilng cita song, vl!ng 

song va h6. Mo hlnh hu'ong toi m9t quan 

di~m Ia quy mo ngang dU'e;1c xac dinh c6 <; 

nghia hon quy mo thitng dung. 

Nhftng ung d1,1ng Cd ban CUa mo hlnh 2 

chi~u Ia mo phong thuy tri~u. nttoc dang do 

bao, song do d()ng da't, dao d()ng ml,{c mroc 

tai cac cong trlnh, Ian truy~n o nhi~m. cac 

ciua trlnh nay du'<Jc coi Ia d6ng nha't theo 

phu'ong th~ng d(tng. Nhftng (tng d1,1ng th~c 

te' cua mo hlnh tren the' gioi dn phai k~ den 

Ia cac d\f an ap d1,1ng mo hlnh vao d\f ~ 

thuy tri~u va nu'oc dang do bao (j m9t so 
nu'oc tren the' gioi. 

Mo hlnh Delft3D-Flow du'<Jc thie't I~ p 

dl,la tren vi~c giai h~ phu'dng trlnh nuoc 

nong khong 6n difih. H~ phu'dng trlnh bao 

g6m: cac phu'dng trinh d()ng lu'<Jng ' ~ o 

phu'dng ngang, phu'dng trlnh lien t1,1c va '. c 

phu'dng trinh v~n chuy~n . Cac phu'dng tr~ 

du'<Jc giai tren h~ to<;t d() d~ cac va h~ to ~ , Q 

' ' tffih ' va dt! •aO cau. De ap dt,mg cho toan . 

thuy tri~u . nude dang do bao Ci Vi~t Nci m, 

mo hlnh da Slt d1,mg 2 lu'oi tinh; l lu'Oi,:u· ng 

c6 d() phan giai tho ( 27 ,7km) v~ 1 l~Ol ~i nf 
voi do phan giai cao khi vao gan bo <4 ; 

. , uy 
Tren cac bien long ciia lu'di tinh, 8 song lt 

tri~u chinh du'<JC thi~t l~p Va mo hloh S 
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dung s5 li~u quan trac mlfc m.tdc cac 

tram. ven bo Vi~t Nam d~ hi~u chlnh. 

. Mot s6 u\l di~m n6i b~t cua mo hlnh 

DeOOD-Flow trong dlf bao nu'& dang do bao: 

- - ~ 
NGHIEN ClJU & TRAO DOI 

Mo hlnh slt d\lng ngu6n so li~u chinh dt!<Jc 

lily tl.tTrung ram Dlf bao Khi tu'<Jng Thuy van 

Trung uong (KTTYTlJ) phat dlf bao bao cho 

24 gio, du'<;1c c~p nh~t thttong xuyen tren 

Internet vdi hftu het cac tham so bao quan 

tr9ng, d6ng thoi d€ c6 nhung dlf bao xa hon 

(72 gio), cac so li~u v~ dlf bao cua cac Trung 

ram dlf bao Bao tren the gioi nht! JMA, 

Vua tinh d6ng thoi ca thuy tri€u va nude 

dang. Mo hlnh tinh ch~p cac song tri€u chu 

khong tinh song le, u'U di€m nay rilt c6 <; 

nghla vl nu'oc ta nhi~u khu vlfc thuy tri~u c6 

bi en do dao d(mg ldn do v~ y mo hlnh se 

khac ph1,1c dtt<;1c hi~u ling tu'ong tac phi 

tuyen giua nude dang va thuy tri~u. 

· H&ngkong ding dt!<Jc c~p nh~t va b6 xung. 

Trong tinh toan va dlf bao nude dang do 

bao, mo hlnh da ket h<;1p tru'ong gi6 n~n vdi 

tru'ong gi6 bao d~ tinh toan do v~ y da giai 

quyet du'<;1c trong tru'C1ng h<;1p c6 nhi~u hlnh 

the thC1i tiet tren khu vlfc dlf bao. 

4. Quy trinh d\i bao nghi~p V\l mfoc dang 

do bao 

Vi~t Nam fa qu5c gia chiu nhieu thi~t h~i 

do mtoc dang, vl v~ y khong th€ khong c6 

m9t quy trlnh dlf bao nghi~p v1,1 hi~n tu'<Jng 

nay. Trong quy trlnh nghi~p Vl,l dlf bao nu'oc 

dang do bao, cac cong do~n nhU th~;11~~ 
thong tin bao, tinh toan nuoc dang, thiet ke 

va phat ban tin dUQC thlfC hi~n trlnh tlf, lien 

ho~rn sao cho cac thong tin dtt<Jc c~p nh~t 

Som nhfft den ngUoi dan. 

Trong nam 2005, k€ tu sau con bao s5 2, 

viec tri€n khai dlf bao nghi~p Vl,I nlfoC dang 

d~ bao da duoc thlfc hi~n d Trung tam Khi 

tlf<Jng Thuy v~n Bi€n. Quy r:1-nh se du<Jc ~~n 
hanh khi c6 cac thong tin ve bao hlnh thanh 

tren Bi€n Dong va c6 XU the di chuy€n vao 

ven bo Viet Nam thl vi~c tinh toan, dlf bao 

va phftt ba~ tin Se QUQC thlfC hi~n, trong mQt 

ngay c6 4 dlf bao vao cac thoi di€m sau khi 

nh~n dtt\jc cac thong tin dlf bao ve bao moi 

nhff t d thoi di€m 01 h, 06h, 13h va 19h gio 

Vi~t Nam. Qua trlnh dlf bao du9c tien hanh 

cho tdi khi bao d6 b9 vao bC1 ho~c bao tan 

ho~c di chuy€n ra ngoai lanh th6 Vi~t Nam. 

Tuy nhien, c6 m9t so kh6 khan trong dlf bao 

nude dang nam 2005 nhtt sau: 

Ban tin dlf bao bao cua Trung ram Dt! 

bao KTTVTV c6 thoi h~n fa 24 gio, nhttv~y 

d€ c6 nhung dlf bao dai hon chung toi khac 

ph1,1c b~ng vi~c c~p nh~t cac thong tin dlf 

bao 72 gio cua JMA, tuy nhien giua 2 ban 

tin dlf bao nay c6 luc khong khop nhau do 

v~ y se kh6 khan cho fam dlf bao nude dang. 

Con m9t s6 tham s6 dlf bao bao theo yeu 

du cua mo hlnh khong c6 trong cac ban tin 

du bao cua Trung ram Dt! bao KTIVTV nhu 

b~n kinh gi6 voi t6c d9 gi6 55m/s, 9lm/s va 

182m/s, trong qua trlnh tinh toan va dlf bao, 

cac thong s6 nay ding du9c Iffy b6 xung tit 

JMA. 

Cac ban tin dlf bao bao thuong du<Jc c~p 

nh~t mu(>n, tht!ong sau 1,5 gio so voi thoi 

di€m phan tich, k€ ca thoi gian xlt ly va tinh 

cua mo hlnh (khoang 2,0 gio) thl se ch~m 

khoang 3,0 gio so voi thoi di€m cftn dlf bao. 

Do v~y, dn phai nang cffp toe d9 tinh toan 

cua may tinh ding nhu giam thoi gian 

truyen tai cac thong tin ve bao. 

Ban tin dlfbao nude dang dU<;1C l~p va phat 

len cac phuong ti~n thong tin d~i chung ngay 

sau khi c6 ket qua tinh toan. Tuy thu9c vao v1 
tri bao d6 b9 va cuong d9 bao ma v1 tri cac 

khu vlfc phat ban tin dfty hay thua khac nhau, 

thong thuong ~i m6i tlnh phia bac c6 tl.t 2 - 4 

di€m du'<;1c phat tin, tu'ong ling voi khoang 20 

km dt!ong bi~n, khoang each nay dU<;1C danh 

gia fa Ga mo ra dU<;1C chi tiet slf khac bi~t mtoc 

dang trong bao theo khong gian. 
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06 

Tern b ao 

Trung tam DI! bao Khf tm;mg Thuy vAn Trung uong ~ 
National Center for Hydro-Meteorologi.cal Forecasting'V 

NCH MF 

VICEl\'l"E 0516 

Tiopblhic(lond a1): "'JI 17..,115 

Npy _po 
(Dale _ ti..) 
16J09 l3h 
16J09-19h 
17/09-0lh 

1 7/09)~ 

VU1 Kill .. Ap nat.Clo 

(Lal.) (IA"") (Pilla_ V_b) 
12 113 6 om_35 (cep&) 
I 15 114.3 0992 _)l (cepl) 
123 114.4 om_-0 (cep9) 
13.S 114.1 om_-0 (cep9) 

O.ho (Fomut): 

17/09 19h 153 112.0 0987)0(ceplll) 
,.,,:..;.--+ - -=-""'~..----T---;--r-.-1 18/09-0'lh 169 110.0 09ll ll (ceplll) 

I-+-

ISN 

U-. 
11 0E 115E · 

V ung tam baa di qua Vung c 6 gi6 baa 

~ Typhoon center 
Possible passing area of Area of gale force winds 

typhooncener.- ~~~~ (V> ~ 1 _ Z _ ln!. _ s ~ ) ~~~~ -t= ~ 

ffinh l. M¢t thi d1,1 v~ ban tin di,! bao bao cua Trung tam DI,! bfo Khi tuqng Thuy van 
Trung mmg phat bao con bao s6 6 tren m~n g Internet ngay 17 /IX/2005 

Trong cac ban tin d!f bao mroc dang do 

bao, hi¢n da c6 cac thong tin ve diem phat 

tin di,! bao, d¢ cao mr6'c dang. Trong thm 

gian t6i, vi¢c truyen h1nh <inh ban d6 phan 

b , _ nh A dl111a k.ich ban 
6 nu6'c dang, cung u xay . 1:> • , hJ(P 

. , ' g cta.t t (I 

ng~p h;lt do mr6'c dang t ~ 1 ca~ _vun, khW 
co the xAy ra can duqc uen hanh 

• b ' ' ca' nh bao. tnrong de dua vao dlf ao va 

rw CHi Kttf TUQNc THUY v XN • THANc 312006 
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Bang 1. M('>t thi dl;l ve ban tin dl;l bao nuac d~ng do bao dugc thl!C ru~n tlt Trung tam 

Khi tugng Thuy van Bien glri ten Trung ~m DI! bao KTrV Tif 

Trungtam 

Khi tuQng Thuy van Bien 

C,Qng hOa xa h('>i chu nghia Vi~ Nam 

D¢c ~ -Tl! do - Hiµ1h pink 

Ha N9i, ngiiy 1 thfmg 11 nlim 2005 

BAN TIN Dl/BAO NUJc DANG 00 B.AO s6 8 LUC 16H30 NGAY 111112005 

(Theo s6 li~u Dl! bao bOO clia Trung tam Dl! bao Khf n«;ng Thuy van Tnmg uoog phat loc 14h30 

ngay 1/11/2005 tren rruµig Internet va s6 li~ dl! bao 72 gio cUa JMA tren Internet) 

Ban tin s6: 13 

Mµc nu6c ci.rc d~ 
Nu:crc clan~ lcm 

c6 th~ xay ra theo 
Ten tinh Vi tri (m) (thuy tri6u + 

nhat c6 the xay Th!'ri gian 

nu6c dang) 
ra(m) 

Thanh Hoa 1fah Gia 2.6- 3.0m 0.6 - 1.0m 23h 1/11 - 4h 2/11 

Ngh~An Di€n Chau 2.9- 3.2m 0.8 - l .2m 23h 1/11 - 4h 2/11 

Cira Sot 3.0- 3.4m 1.0- l.4m 23h 1/11 - 4h 2/11 

Ha Tinh 
Cira Kb§u 2.9- 3.2m 1.1 - l.5m 23h 1/11 - 4h 2/ 11 

QuangBinh D6ng Hai 2.5 - 2.8m 1.0 - l.3m 22h 1/11 - 2h 2/ 11 

Quang Tri Cira Tung 2.2 - 2.7m 0.8 - l.3m 20h 1/11 - lb 2/11 

HuB Thu~An 2.1 - 2.6m 0.8 - l .3m 20h 1/11 - lh 2/11 

HoiAn 2.1 - 2.5m 0.7 - l.lm l 8h - 23h 1/11 

Quang Nam 
Tarn Ky 2.1 - 2.5m 0.7 - l.lm l 8h - 23h 1/11 

QuangNgai Dung Quat 2.0- 2.3m 0.4- 0.7m l 7h - 23h 1/11 

Luuy: 

cac tinh ven bien t1tThanh Hoo d€n Quang Ngfil, de phOng m.tt dang k€t bW vOi tri61 Jen cao 

tlt 2 d€n 3,4 m (ttong dem nay 1/11 va sang mai 2/11). 

Biin tin di! bao tiep thoo se d~ pMt bao sau khi nl$l d~ s6 li¢u di! 00.o b3o clia Tnmg tam °'! 

b,ao Khi tl.R;tlg thuy vl\Jl Trung uong. 

Trung tam Khi nn:mg ThuY van Bibi 

TAD all KHi WONG THiJy YAN • MG 3!1J)Q6 
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ANALYSIS 

PSTN 302100lJTC 14.4N 111.BE GOOD 

MOVE NW SLOWLY 

PRES 950HPA 

MXWD OBOKT 

SOKT 75NM 

30KT 180NM 

FORECAST 

24HF 312100lJTC 15.7N 110.6E BONM 
70% 

MOVE NW SLOWLY 

PRES 950HPA 

MXWD OBOKT 

4SHF 011800lJTC 18.2N 108.0E 150 M 
70% 

I 
MOVE NW 09KT 

PRES 965HPA 

I ¢1i!Q¢1 OtOl !¢ 

Hinh 2. M¢t thf dy cua ban tin dl,l' bao bao et'ta JMA trong bao 6 

phat tren m ~ n g Internet ngay 30/X/2005 

5. Ket qua tinh toan, di! bao mroc dang 

do bao nam 2005 

N am 2005 c6 th ~ n6i la nam di ~ n hlnh 
v€ t~ n suat bao anh hudng vao Vi ~ t Nam 
ci1ng nhu' cuong de) va sue tan pha cua n6. 
Nhung con bao gay nuoc dang Ion dang 
k ~ nhat trong nam 2005: bao 6 2 c6 tri s6 
nuoc da ng Ion n ~a' t t~ i Do Son-Hai Phbng 
la 1,85m, bao so 6 gay nuoc dang Ion nhat 
la 1,8m t~ i S ~ m Son-Thanh Hoa va 2,0 lm 
la trj s6 nuoc dang Ion nha't do bao 6 7 

gay ra t ~ i Hai H ~ u - Nam Dinh. Giffa ke't 
qua tinh toan dlf bao b ~ n g mo hlnh va ke't 
qua di€u tra khao at c6 ai s6 cha'p nh?n 
duoc. 

i<i tu sau bao con 6 2, phan co no true 
dlf bao va phat ban tin d~( bao nu'oc 

0

d a ~ g 
da c1Ltc;1c Trung tam Bi ~ n rh~f c hie n ra't 
nghie m tUc va khfln truong d ~c bi ~ t la 

trono bao 6 7 con bao c6 ten qu6c k la b , , 

Damrey du'c;1c coi la m ~ nh nhat trl 1g 

. vong 9 nam qua voi khi ap (j tam 6 J ~ 

toi 955mb t6c do oi6 oiat 1-l6m/ . Ba ~ 0 

7 da duc;1c 'theo ciof th~ o ~ g uyen a : ~ t 
cac ban tin dt( bao nu'oc dang xa (7'2 c 10) 
tren Cd d C~C ke'°t qua dlf bfo cua C ~~ 
trun!! tam dt( bao bao tron,g a nglial 

~ . - 1:>'0 
nuoc. Do c6 duoc nhuno thornr tin dlf J 

. o - , ... a 

Xa v€ Slf nguy hi ~m cua biio 0 7, U~ c 

voi cac nganh lie n quan, cong i~c chua~ 

bi d6i ph6 voi bao 6 7 ra't khff n tn J~g ~~ 
lqp thoi. Dung nhu phan tfch, ~ ~o 0 7 ~t 
m ~ nh . nh~ g c6 duong, di ?on ~1 . a n ; do.' c16 
cac ban tm dlf bao rat k1p thot _a ~o d~ 
chinh xac kha cao dac bie t la kh1 bao ~ 

• ,;> ;, , • , • A : , h, nh 'a 
di chuye n gan ao bo. Tre n .lL 1 • h 

:! ' A' , ' th (Ill 
birng dLfo i day trlnh bay ke t qua c • b·- , 

toan dlf baa va ket qua dif u r_ru cua .·~\ 
,.., 2 6 , .:! hA ~ 1 1 1 •' "t: o , , 7va 6 . C thet ay i. ~ 1 l 

qu<l dt( bao b ~ no mo hlnh J..h•i phu l~ 
• I:' 
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vdi thlfc te' va da phan, anh du'<;1c dQ tin c~y cua mo runh Delf3D-Flow. Trong dlf 
bfo nude-dang do bao, chat luc;fng dlf bao phi;! thUQC rfft nh i~ u vao ke't qua dlf bao bao. 
do v ~y slf phcSi hc;fp gifi'a cac eel quan dlf bao vdi nhau la d i~u ra't dn thie't. 

Bang 2. Sai s6 g~p phai trong tinh toan nude bao tc;i.i cac trc;i.m hai van trong 

bao s6 2, s6 6, s6 7 va s6 8 

Tram 
Hon Dt\u 

(trong ce111 bao s6 2) 

Hon Dt(u 
(trong ce111 bao s6 6) 

Hon Dt(u 
(trong ce111 bao s6 7) 

Dc)ng H& 
(trong ce111 bao s6 8) 

Thuc do (m) Tfnh toan (m) 

1,4 1,1 

1,0 0,7 

1,2 1,5 

0,8 1,0 

----

WL-Observed 

.. . .. - . WL-Calculated 

Sai s6 (%) 

15 

30 

25 

20 

1.5 ...--------"~'-----= . = .. =:~::' . ~---------, 

0 .5 

& 

. 
~ 

:Cl I/ /05 

-0 .50:)0 

-I 

- 1.5 

5 t.s 
.._, 
Oil 

1ii I 
-0 

g 
::I 

Z Q5 

...... , .. ' \ 

', ... "" ... \ .... , 
• .I \ • . .· \ ' .. ... . ~ -r - • ... _,,.. ,_. 

11 /1/05 

6:00 
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Hlnh 5. So sanh ml;l'C thl;!C do va tinh toan trong bao s6 7 t(,li Hon Dau (a); So 
sanh giii'a ket qua tinh toan va do d<,iC tr! s6 mr6'c dang Ian nhat t(,li cac khu Vl;l'C 

bao anh httcmg (b). 

6. Ke't l~n va kien nghi 
Nude dang do bao ta hi~n tu'<;fng 

thien tai ra't nguy hi€m, do v~y d n 

phai c6 m<?t h~ thO'ng dt,t blio va d.nh 

bao kip thC1i va chinh xac. 

_ c~ _ n h!a chc;>n dfo tu' trang bi m<?t 

m_o hmh dt! bao c6 chat h.t<;fng cao va 

xay dl:fng m<)t quy trlnh du' bao nuoc 

dang hoan chinh cho Vie~ Nam. C6 
th ~ 2 • 

e khang dinh r~ng mo hlnh 
D ~e lft3D-F iow da dap U'ng duoc ye u 
cau • · 

C ~ cua dg bao trong thoi di€m nay. 
an c6 su h""' ca · p OJ h<;fp Va h<;fp tac giG'a 

ngco~? quan dtf bao khi tu'on J trong va 
a1nudc · 

Nhung k"" 
va Phat baet ~ua dlf bao , ck dang 
trong n tin nude da' do bao 

nam 2005 l' k' chinh -< a ~P tli vdi do 
Xac ht<1 d ~'· , . 

Phat hu ng oi cao. D vay ca n 
y v' . /I • ' 

Ctfc nay. a tnen khai theo htt(I g tich 

Tuy nhien, d~ nang cao d<? chinh 

xac cua dt,t bao dn chu y xem xet 

m<?t so' van d€ lien quan nhtf: chat 

ltf<;fng dt,t bao bao, cong tac hi~u chinh 

mo hlnh tinh cho tung khu vt,tc, tung 

con bao d ~c thu va cu6i cung Ia cfrn 

b6 xung cac mo hlnh dlf baa ven bo 

c6 dQ phan giai chi tiet hon. 
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MO HINH SONG LAN TRUYEN V Ao VUNG VEN BO 

THEO PHUONG TRINH BOUSSINESQ HAI CHIEU 

ThS. Nguyen Ba Thuy 

Trung tam Khf tuqng Thuy van Bi~n 

ThS. Vii Hai Dang 

Phan vi¢n Hai duang h9c Ha N¢i 

Mo hinh tinh song ven bi! dzca tren phuong trinh Boussinesq 2 chie'u CLta 

Madsen va Sorensen (1992) da dur;c zrng d{tng va phdt triln cao hon. Mo hinh da 

nuJ n?ng tinh cho song d6 (wave breaking) thong qua vi¢c ket hqp·v6'i mo hinh ndng 

lur;ng roz ciia czia Kenedy va Chen (2000). Vi¢c tinh song leo ba(wave runup) dur;c 

szl: dzmg kJ thwJt bien khe·hfip ciia Tao (1983) va Kenedy (2000). Mo hinh da dur;c 

kilm clurng va ti1~h toan thzl: nr;hi¢m cho 3 truang hr;p: khong co song d6, co song d6 

va ket h9p tinh song d6 va song leo. Ke} qud tinh todn thil: nghi¢m dur;c so s{mh v6'i 

cdc so' li¢u thi nghi¢m czia Kirby va Chawla (1996) va Bowen (1968) mo hinh dur;c ' 

danh gid c6 ct<? tin cgy cao. 

1. Ma dau 

S6ng bi~n la m(>t nhan to quan tr9ng trong vi¢c xac d!nh hlnh thai vung ven 
ba plwc v1:1 cho quy hm.1ch, thiet ke cac cong trlnh ven ba. Hi¢n nay, da c6 m¢t so 

mo .hlnh thong d1:1ng duqc sir d1:1ng vao tfnh toan truang s6ng ven ba nhu mo hlnh 
RCPW A VE, mo hlnh SW AN. Cac mo hlnh nay d1:fa tren :vi¢c giai phuang trlnh doc 
thoai (mild slope) va cho ket qua rat tot trong dieu ki¢n d!a hlnh doc thoai va khong 

phuc t~p. Tuy. nhien, m(>t trong nhfrng h~n che cua cac mo hlnh tren la khong tfnh 
den hi¢n tuqng phan x~ s6ng, d(> cao s6ng leo va khong mo ta dtrqc ban chat th~t ciia 
qua trlnh song d6. Phuong trlnh Boussinesq da duqc sir d1:1ng r(>ng rai cho vi¢c tfnh 
toan song Ian truyen tu vung nuac sau vao vung ven ba va cho ket qua tfnh toan co 

d(> tin c~y cao. Phuong trlnh mo ta duqc S1:f ket hqp cac hi¢n tuqng trong qua trlnh 
song phat tri~n va Ian truyen nhu hi¢n tuqng nuac nong, khuc xc;i., nhi~u xc;i. va phan 

X~, dieu nay chung to m(>t SO mo hlnh tfnh toan trUOC do da CO nhilng hc;tn che nhat 
d!nh. Tuy nhien, ban than phuong trlnh Bousinesq khong th~ tfnh duqc cho truang 
hqp song d6 khi Ian truyen vao vung nu6c nong ciing nhu song leo ba. Vi¢c ket hqp 

vai mo hlnh nh6t, r6i va sir d1:1ng ky thu~t bien khe hyp da giup cho mo hlnh giai 
quyet duqc van de phuc tc;i.p tren. 

2. Phuang tr.Inh Boussinesq hai chieu 

Mo hlnh tfnh song 2 chieu duqc d1:fa tren vi~c giai phuong trlnh Boussinesq 2 
chieu cua Madsen va Sorensen (1992). Day Ia phuang trlnh da duqc cai tien nhfrng 

d~c trung ve bien d6i song tuyen tfnh a vung nu6c sau tu phuang trlnh Bousinesq 
nguyen thiiy ciia Penegrine (1967). Trong truang hqp tfnh s6ng 2 chieu, h¢ phuong 
trlnh: 

(a) Phuong trlnh lien tl;lc 
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a(+ aQ_,. + aQ-" =O 

at ax ay 
(1) 

(b) Phuong trlnh d¢ng luqng 

- Theo phuang x 

aQ'" a [Q;) a (QP") Da( -(fJ 1),2(a
3Q,.. a

3
Qy J /3 13 (a

3

( a
3

() -+- - +- -- +g -- +- z --+-- + gz -+--
at ax D . ay D ax 3 arax2 araxay · ax3 axay2 

I a1z(1 a2Qr 1 a
2

Q,.l , a1z(1 a
2

Q,.l fJ 1"t"a1z(?a2
( a2() a1z a2(l + 1- --· +---· + z- ---· + gc - -+- +-- +R 

ax 3 arax 6 aray ay 6 arax ax - ax2 a/ ay axay bx 

(2) 

- Theo phuang y 

aQ_" a (Q·~J a (.Q'"Q_,.J Das -(/J 1),2(a
3

Q-" a
3

Q'" J fJ 13(a
3

s a
3
() -+- - +- -- +g -- +- l --+-- + g1 -+--

at ay D ax . D ay 3 atay2 araxay ay3 ax2ay 

1a1z(1a
2

Q_,. ia
2

Q-"] 1 a1z(1a
2Q-"]·/J, 2 {a1z(a2s; 2a2s;) a1za

2s;) 
+ lay 3 aray +6 a1ax +lay 6 a1ay + g l ayl, ax2 + a/ +ax a,~ay (3) 

Trang do: 

~ - dao d<)ng m1:fC nUOC, Qx, Qy ~ tfch phan CUa V~n t6c theo h.Uong X Vay, h -

d¢ sau thai diem ban dau, d - d<? sau tuc thai ( d=h+~), g - gia toe t:<;mg truO'ng, ~ -

h¢ so phan tan (~=0,15). 

3. Mo hlnh song d6 hai chieu 

M¢t trang nhfrng hc_ln che cua phuang trlnh Boussinesq la ban than no khong 
the tfnh duqc s6ng d6 va song leo ba. Do v~y, phuang trlnh;Boussinesq can ket hgp 

vai cac mo hlnh tfnh toan khac. Trang mo hlnh nay, qua trln~ song d-5 ·dugc mo 
phong bang mo hlnh nhat, roi. Qua trlnh nay dien ra rat mc_lnh a{ran phfa truac cua 

' s6ng. Trang mo hlnh nay, nang lugng tieu tan do d<? nhat, roi duqc Slr ci\mg the6 
phuang phap cua Kennedy va Chen (2000). Khi do 2 thanh phan nhat, roi theo 

phuang x va y (Rbx• Rby) dugc c<)ng vao thanh phan ve phai cua phuang trlr .. h d¢ng 
luqng, trang khi d6 phuong trlnh lien we dugc giil' nguyen. 

Thanh phan gay song d6 dugc dientatheo phuong trlnh: 

R _ a c aQ'") i [ a c . aQX) a c aQ.l' )] 
br-- V- +- - V- +- V-
. ax ax . 2 ay ay ay ax 

a aQ-" 1 [ a aQx a . aQY ] 
R"" =-(v-)+- -(v-)+-(.1-) 

. ay ay 2 ax ay ax ax 

D9 nh0t roi duqc tfnh: 

v=Bc5b(h+()a( 
at 

(4) 

(5) 

(6) 

Trang do: 8b - h¢ so kfch thuac pha tr¢n, thuang duqc lay theo gia 'tri th1:fc 
nghi¢m bang 1,2, h¢ so B - d'.li ·1ugng kiem soat qua trinh phan tan nang luqng khi 

song d6 xuat hi¢n, dc_li lugng nay bien d6i m¢t each nhuan nhuyen trang khoang tu 0 

t6'i 1, de tranh qua trlnh d6 b! soc. 
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4. Mo hlnh bien di dc)ng9 song leo 

Truong hqp tinh s6ng leo ba, m¢t trong nhfrng nhi~m v9 phuc t?p Ia vi~c xac 
dinh bien di d¢ng khi s6ng truyen th!ng vao ba. ·vi~c xac dinh vi tri duang bien ven 
b~ cho mo hlnh tinh, toan b¢ mien tinh toan duqc ma r¢ng cho den vi tri ma t?i d6 
gia tri "16'n nhat cua s6ng leo c6 the d~t t6'i. Phuang phap nay da. duqc Kennedy 
(2000) da cai tien tu phuang phap cua Tao (19&3) va mo hlnh da v~n d9ng phua~g 

phap nay. y tuang cua phuang phap nay: phan bien cfuig Ia r6ng ho~c chua nhieu 
khe hyp, nha d6 nu6'c do s6ng chuyen d¢ng c6 the dang H~n ba. D¢ r¢ng cua khe hyp 
cang be, tinh bao toan d¢ng luqng cang cao va mo hlnh c6 d¢ chinh xac cao han. Si'.r 
d9ng phuang phap nay, d¢ r¢ng cua kenh truyen s6ng duqc tinh theo cong thuc: 

{ 

1, 

b(() = 5 + (l-5)e-J.(TJ-z*)lll0 

;:::: z* 

( <z* 
(7) 

Trong d6: 8 - d¢ r¢ng cua khc; hyp, A - h~ so dieu khien qua trlnh bien d6i cua 
di~n tich kenh truyen s6ng, h0 - d¢ ·_;au, z* - gia tri m1Jc nu6'c ma t?i d6 b= 1. 

Di~n tfch m~t cat duqc duqc xac dinh theo cong thuc cai tien cua Kenedy ~ 

(2000): 

A(x, y,t) =A(()= r' b(z)dz 
J,' 

Hay: A(()= /l 
{

((-z*)+5(z*+/za)+ (l-5)ha (l-e-J.o+z*ll11Jl) 

5(( +ho)+ (1- ~)/zo e-J.(TJ-z*)ll/IJ (l-e-J.(I+z*//11J)) 

Gia tri z* duqc tint theo cong thuc: 

. -h ( 5 l) 
z>-' = (1- 5) + ho 1 - 5 + /l 

(8) 

(9) 

( < z* 

(10) 

Ket hqp phuang trlnh Bousinesq 2 chieu v6'i mo hlnh s6ng d6 va si'.r d9ng ky 
thu~t bien khe hyp, hf; phuang trlnh cu6i cling cua mo hlnh tinh nhu sau: 

(a) Phuang trlnh lien t9c 

bas-+ aQX + aQ-" = 0 
at ax ay 

(11) 

(b) Phuang trlnh dqng luqng 
- Phuang trlnh theo phuang x 

aQx +j_(Qx2J+j_(QxQyJ+gA a(_Rbx+Ex+ ... =0 
at ax A · ay A ax 

(12) 

- Phuang trlnh.theo phuang y 

aQY a(QxQ::.J -a(Q/J Aa( R E. -o --+- --- +- -- +g -- b+ + ... -
at ax A ay A ay y Y_ 

(13) 
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Trang d6: Rbx• Rby - thanh phan gay s6ng d6 theo phuang x va y da duqc mo 

ta trang m\JC 3. Ex va Ey - thanh phan gay hap thl;l s6ng de tranh hi¢n tUQ'ng phan xc;t 

tu bien. b va A - be r¢ng va. di¢n t.fch tuang doi cua kenh truyen s6ng. H¢ phuang 

trlnh tren dUQ'C sai phan hoa trung tam theo thai gian va sai phan tien theo khong 

gian v6'i cac diem tinh dUQ'C xac dinh theo 0 lu6'i hinh chfr nh~t. Phuong phap ~n 
hu6'ng luan phien ADI (Alternating Direction Implicit) da duqc ap d\lflg cho vi¢c 

giai f!.¢ phuang trlnh sai phan. 
. -· 

5. Kicim chll'ng d<) tin c*y cua mo hlnh 

be c6 the danh gia d<? tin c~y cua mo hinh, tac gia da thi'.r nghi¢m mo hinh 
cho truang hqp s6ng Ian truyen qua 1 dao ngam, hinh tron xoay tron QC va so sanh 

v6'i ket qua Clla thi nghi¢m. Trang thi nghi¢m nay, ca hai tnrang hqp; khong c6 s6ng 

d6 va c6 song d6, se duqc kiem chung. Vi¢c si'.r dl;lng be thi nghi¢m nhu tren de kiem 

chling d<? chinh xac cua mo hlnh fa SlJ Iva ch9n chinh xac va khat khe nhat de danh 

gia d<? tin c~y cua mo hinh. Thf nghi¢m dUQ'C thlJC hi¢n boi Chawla va Kirby(1996). 

Hinh 1 mo ta be thf nghi¢m, tc;ti d6 cac may thu s6 li¢u ve d9 cao s6ng dUQ'C d~t theo 
cac m~t cat A-A den G-0; Be s6ng c6 chieu dai fa 20m, chieu r¢ng fa 18,2m .. Tam 

cua dao dUQ'C d~t tc;ti vi tri x=5m, y=8,98m. S6ng dUQ'C truy6n tu bien phfa ben trai 
cua be, phfa phai cua be dUQ'C dc;tt m<?t 16'p hap thl;l 'S6ng c6 be day 3m. Ban kinh cua 

dao dUQ'C xac d!nh theo phUOng trlnh: 

(x-5)2 + (y-8,98)2 = (2,57)2 (14) 

Trang d6 h0 fa d9 sau cua be thi nghi¢m 

16.00-~ 
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Hinh 1. Sa do be thi nghi¢m cua Chawla & Kirby (ben trai) 

va Bowen (ben phai) 

D9 sau cua cac diem tren dao dUQ'C xac dinh theo phuang trlnh: 

h = h0 + 8.73- ~82.81- (x :-5) 2 
- (y -8.98) 2 

a. Tru&ng h<!JJ kh6ng co song d6 (~ion-breaking wave) 

Brrh 

(15) 

Trang truang hqp nay d<? cao s6ng dau vao tc;ti bien fa 1,18cm, chu ky fa 1,0 

giay, mvc nu6'c ttong be c6 d<? sau fa-45cm, tuang ling IUc nay tc;ti tam cua dao nai 
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c6 mvc nu6'c thap nhat fa 8cm. Buac Iu6'i tfnh theo khong gian duqc ch9n fa 0,05, 

0, Im theo hu6'ng x, y tuang ung va 0, 1 giay fa bu6'c thai gian tfnh toan. Mo hlnh 

duqc ch~y 6n d!nh trong 40 giay. Ket qua tfnh toan va so li¢u thvc nghi¢m tren cac 

milit cat duqc bi~u dien tren hlnh 2.a. D9c theo milit cat A - A, tac gia nh~n thay rang: 

mo hlnh da dV bao rat tot truang song phfa tru6'c va sau dao. sv h¢i 19 phfa milit sati 

cua dao xuat hi¢n la do hi¢n tuqng khuc x;;i. s6ng khi Ian truyen qua dao. D(> cao 

s6ng 16'n nhat duqc quan trac d;;i.t gap 2,68 Ian d¢ cao s6ng dau vao. D9c theo cac 

milit cat ngang B - B den G - G, mo hlnh da phan anh rat tot qua trlnh bien d6i theo 

phuang ngang cua truang s6ng, cac gia tr! thf nghi¢m va ket qua tfnh toan hau nhu 

fa trung kh6'p. 
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(b). Truong hqp c6 s6ngd6 

Hinh 2. So sanh gifra ket qua tfnh toan va so Ii¢u thvc nghi~m truang hqp s6ng Ian 

truyen qua dao ngam 
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b. T1:uimg lu1p co song diJ xudt lzi¢n (breaking wave) 

TrtrO'ng hQ'p thlr nghi¢m mo hlnh co song d6, d(> sau cua b~ thf nghi~m dU'Q'C 
giam xuong con 39,5cm, d(> cao va elm ky song ti;li bien tLWng U'ng fa 2cm va 1,0 
giay. Do bO'i m(lt phfa sau cua fron song trong trtrO'ng hqp song d6 Et rat doc, nen 
yeu cfiu ch9n bu6'c 1Lr6'i co d(> m!n han la can thiet d~ co th~ xac d!nh duqc chinh xac 
v! trf song bftt dau d6, t:k gia da ch9n lu6'i khong gian theo hu6'ng x, y Ia 0,025cm 
va bu6'c thai gian Ia 0,1 gi:1y duqc dung cho tfnh toan. Tren hlnh 2.b bi~u dien ket 
qua tfnh toan cua mo hlnh va so sanh v6'i so li¢u tht.Jc do. Truong hQ'p nay m(>t vai 
hi¢n tuqng bf tin dU'Q'C kh:.lm phi. Th(r nhflt, tac gia thay rang: cl(> cao song khong di;lt 
c1;rc d<.li t~li dinh dilO khi thay vao do la gia tr! qrc di;li 1~1i xuat hi¢n 6 phfa sau diio, 
clay la d:;tc tfnh do hi¢n tuqng khuc X~l gf1y nen. Thu hai, hi¢n tuqng song ct6 va ph:1n 
ky da lam giitm d(> Cao song, Sl.J giam OQ cao song trong trUO'ng hQ'p CO song a6 
nhanh han tnrO'ng hQ'p khong co song ct6 xuat hi¢n. Mo hlnh tfnh toan ci:ing eta cho 
ket quii tll'O'ng doi tot Sil bien ct6i ci'.1a tnrO'ng cl(> cao song theo phuang ngang. Ket 
qu~l tfnh toan trong 2 tnrO'ng hQ'p, dong thO'i dlfQ'C SO sanh VCTi ket qua tfnh toan cua 
Chen va Kirby (2000) khi h9 si'.r d1;111g phuang tdnh Bousinesq phi tuyen tinh cho 
cling dieu ki¢n thf nghi¢m tren. 

c. Song diJ vci song lea biJ' (breaking and run-up waves) 

D~ co the kiem trn cl(> chfnh x:.lc cua mo hlnh cho tnrO'ng hqp song ct6 va song 
lco b0 ci:mg xuClt hi¢n, tac giii da si'.r d~mg ket qua thi nghi¢m cua Bowen (1968) de 
ki0m chu·ng ct(> tin C~lY ci'.ta 1110 hlnh. Trong thf nghi¢m cua Bowen, b~ song c1Lrqc 
thiet kc v6'i cl(> doc fa 0,082, d(> S[lll cua b~ la 50cm. Mo hlnh da si'.r d1:1ng CUC tham so 
song c1Ciu vao de kiem ch(rng d¢ tin c~y v6'i ct(> cao fa 0,065m, chu ky Ia 1, 14 gif1y. 

Cic tham so ve mo hlnh song 1.eo duqc si'.r d~mg trong truong hQ'p nay Ia 8 = 0,005 va 

I.= 100. Tac gii1 ci:\ng nh~n thfty rang: ct~ mo hlnh co the chi;ly ciuqc 6n ci!nh thl vi¢c 
It/a ch911 bu6'c thai gian cho tfnh toan ngan fa rat can thiet, 6 day bu6'c thO'i gian 
dt=0,002 giay. Ket qua tfnh toan va tlwc do ciuqc bi~u <lien tren hlnh 3. Tren hlnh 

' 3.a bi~u dien sv bien ct6i theo khong gian ci'.1a dinh song, b1;111g song va ciuong mvc·. 
mr6'c trung blnh, cac ctuO'ng hlnh tron be Ia ket qua cua so li¢u thf nghi¢m. Tren hlnh 
3.b, s~r so sanh giva ket qu{1 tfnh toan va so li¢u thtfc do cua d(> cao song. Tac gia 
nh~ll1 thfty ding: mo hlnh c1a dien ta ciuqc cac hi¢n tuqng ve song nu6'c nong, song 
L16, Song leO VU ChO ket qua VOi OQ tin C~y CllO, illi;\C du gia tr! Ve CTQ CaO Song h0i nhO 
khi so sanh v6'i tlwc nghi¢m t~li diem song ct6 xuat hi¢n va duang ct(> cao song sau 
khi ct6 khong ctuqc doc nhu ctuang thvc nghi¢m. 
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6. Ket Iu~n 

Mo hlnh tfnh s6ng Ian truyen vao ven ba dJ!a tren phuang trlnh Boussinesq 2 . 

chieu da dUQ'C ling d1:mg phat trien. Mo hlnh da dUQ'C hoan thi¢n bang vi¢c ket hgp 

vai mo hlnh s6ng d6 v3: s6ng leo. Ket qua tfnh toan thu nghi¢m va so sanh vai gia tri 

thf nghi¢m da phan anh dUQ'C d9 tin c~y cua mo hlnh. M<)t trong nhung uu diem cua 

mo hlnh khi so sanh vai cac mo hlnh khac da dugc su d1:1ng tru6'c day, mo hlnh da 

tlnh dugc hi~u ling do phan x~, tfnh s6ng leo va da mo ta dugc qua trlnh s6ng d6 c6 

d9 tin c~y cao. Tuy nhien, m<)t so h~n che cua mo hlnh ci1ng can duqc neu ra, 

d6 Ia thai gian tfnh toan lau, d9 6n dinh cua mo hlnh df!a tren phuang trlnh 

Bousinessq khong cao. Vi~c ling d1:1ng mo hlnh vao tfnh toan cac dieu ki~n thf!c te 

g~p nhieu phlic t~p va d6 c[ing la van de cac bao bao tiep theo st3 de c~p. 
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TSUNAMI FLOW VELOCITY BEHIND THE COASTAL FOREST WITH AN OPEN GAP– 

EFFECTS OF TSUNAMI AND TREE CONDITION  

 
 

Nguyen Ba Thuy1, Norio Tanaka2, Katsutoshi Tanimoto3, Kenji Harada4 and Kosuke Iimura5 

 

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 

vegetation1 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. 1 s07de059@mail.saitama-u.ac.jp, 2tanaka01@mail.saitama-u.ac.jp, 3tanimotok@coda.ocn.ne.jp,  
4
 haradak@mail.saitama-u.ac.jp, 5 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: 

 

                                                                                                                                                                       (1) 
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where x and y are the streamwise and transverse directions, respectively, Qx and Qy 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,  the water density, n the Manning roughness 

coefficient,  the tree density (number of trees/m2), and CD-all 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 CD(zG) are the projected width and drag coefficient of a tree at the height zG from the 

ground surface, and bref  and CD-ref are the reference width of the trunk and the reference drag coefficient at 

zG=1.2 m, respectively. The eddy viscosity ve 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 kD is the kinetic energy, lD=  d is the length scale (  : 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: cw=0.09, cd=0.17, and k=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 =2183 cylinders/m2 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 T=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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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  , , 

Fig. 2. Model validation for time series of flow velocity. (a) At center of gap exit, and (b) at center of vegetation end. 
 

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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and CD-all of P. odoratissimus modified slightly from those proposed by Tanaka et al. (2007) to the 

following conditions: the tree height HTree=8 m, the reference diameter bref=0.2 m, the density =0.2 

trees/m2, and the reference drag coefficient CD-ref=1.0. In the figure, zG indicates the height from the ground 

surface. 

 
 

 

 

 

 

 

 

 

  

 

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 LF, 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 LF 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 BF  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. 
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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, BF  and LF. 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 (  ) 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, HI=6m and 

tsunami period, T=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 (
in

Q  at the inlet, outQ at the outlet, and sideQ  at the sides), where sideQ  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, outQ  corresponds to a summation of inQ  and sideQ  with consideration of 

their phase differences and is strongly dependent on the inflow coming from both sides.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
 
 
 
 
 
 
 
 

  
 

 
 
 
 

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

flux. in
Q  at the inlet, out

Q at the outlet, and sideQ  at the sides. 

Fig. 7. (a) Flow pattern at 664 s, (b) variation of normalized representative velocity (Thuy et al. 2009). 
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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 HI=6 m, and T= 20 
minutes, a gap width of 15 m  causes the highest velocity. Fig. 7(b) shows the normalized representative 
flow velocity (Vrep/V1) at location A against the normalized gap width (bG/LF), where the representative 
flow velocity Vrep is the velocity at the time when the discharge flux reaches the maximum in the time 
variation, and V0 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 (Vmax/V1) at locations A and B by the 

tsunami height, HI=2, 3, 4, 5, 6 m, where Vmax is the temporal maximum flow velocity at A or B, and V1 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/m2 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 HI =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 HI = 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 HI =3 m, while, the opposite direction is dominant 

when HI =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 (dmax/d1) by the tsunami height is also shown in Fig. 

9(a), where dmax is the maximum inundation depth at location A, and d1 is the maximum inundation depth 

for the case of without vegetation. It is almost same to the normalized maximum velocity at location B.  

Fig. 8.  Time profile of water surface elevation in three cases of vegetation arrangement. 
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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,2 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 V1 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 V1 becomes smaller, 

while the difference between the velocity at point A and V1 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))  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 HI=2 m. V1 denoted the case of without vegetation.  

Fig. 10. (a) Time profile of average discharge flux, (b) time series plots of cross sections water surface elevation at C. 

Fig. 11. (a) Variation of maximum velocity by tsunami period, (b) variation of normalized maximum velocity(Vmax/V1)  
and normalized maximum inundation depth  (dmax/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/m2. 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 

([Vmax(A)-Vmax(B)]/ [VmaxB]) against the tsunami height for the forest densities of 0.1 and 0.4 trees/m2. 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)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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/m2 respectively.  The forest width BF 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). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. (a) Cross section of velocity in three cases of forest density ( is the tree density (number of trees/m2)), (b) variation 

of normalized maximum velocity (Vmax/V1) and maximum inundation depth (dmax/d1) by  forest density. 

Fig. 13. Variation of normalized exit velocity by wave height. 

   is the tree density (number of trees/m2) 

Fig. 14. Variation of normalized maximum velocity (Vmax/V1) and 
 maximum inundation depth (dmax/d1) 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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土木学会, 226- 230

津波の河川遡上へ及ぼす海岸および河道内樹林の影響
Effect of Coastal and River Forests on Tsunami Run-up in River

谷本勝 利1・ 田中規 夫2・N. B. THUY3・ 飯 村耕 介4

Katsutoshi TANIMOTO, Norio TANAKA, N. B. THUY and Kosuke IIMURA

The effect of coastal and river forests on tsunami run-up in a river has been investigated by numerical simulations based

on two-dimensional non-linear long wave equations. A simple coastal and river topography is considered where the

river course is straight and perpendicular to the shore line. The coastal forest zone consists of Rhizophora apiculata

woods of 200m wide in the offshore side from the shore line at high tide and Pandanus odoratissimus woods of 100m

wide on the backshore. In the river, Rhizophora apiculata woods of 1000m long are placed on the high water channel

near the river mouth. The results of numerical simulations with and without forests suggest the possibility that the coastal

and river forests can reduce the run-up not only on the coast but also in the river.

1. 　は じめ に

海岸林 の津波減災効果 につ いては, 1998年 パプアニュー

ギニ ア津波, さ らには2004年 イ ン ド洋大 津波 に際 して再

認 識 され, 熱 帯の開発途上 国 における有 力な津波対策 の
一 つ と して注 目されて いる.そ のため, 多 くの研究(た

とえば, 原 田 ・今村, 2003; 田 中 ・佐 々木, 2007; 柳 澤

ほか, 2007な ど)が 行 われてい るが, そ うした樹林が津

波 の河川遡上 に どの よ うに影 響す るか について はあま り

検討 されて いない.本 研究 にお いて は, 津 波の河川遡上
へ及 ぼす海岸 および河道 内樹林 の影響 につ いて基礎的知

見 を得 ることを 目的 と し, 河 川 を有す る単純 な モデル海

岸 を対 象 と した平面2次 元 の数値計 算を行 い考 察す る.

2. 　数 値 計 算 の方 法 と計 算 条 件

( 1)　基礎方程 式

計算 は, 式( 1)～( 3)に 示 して いる水 深積 分型 の非線 形

長波方程 式 に基づ く.

( 1)

( 2)

( 3)

こ こに, x, yは 平 面 座 標, tは 時 間, ζ は水 位, Qx, Qy

はx, y方 向 線 流 量 成 分, dは 全 水 深( =h+ζ , h: 静 水

深) , ρ は水 の 密 度, gは 重 力 の 加 速 度 で あ る.ま た,

τ bx, τ byは 水 底 摩 擦 応 力, Fx, Fyは 単 位 面 積 あ た りの

樹 林 に よ る抵 抗 力, Evx, Evyは 渦 粘 性 力 の そ れ ぞ れx, y

方 向 成 分 で あ り, 摩 擦 応 力 ベ ク トルτ bお よ び樹 林 に よ

る抵 抗 力 ベ ク トルFは 次 式 で 与 え る(田 中 ・佐 々 木,

2007) .

( 4)

( 5)

( 6)

ここに, nはManni ngの 粗度係 数, Qは 線 流量 ベ ク ト

ル, γ は単位面積 あた りの樹木 本数, brefは 樹木 の基準

投影 幅(胸 高 での幹 の直径) , CDrefは 基準抗 力係数(本

論 で は1. 0) , b, CDは 地 面 か らの高 さzで の樹 木 の幹 と

枝 の投影 幅, そ の高 さでの抗力係数 で ある.な お, 粗 度

係数 は樹 林 による抵抗 を別途考慮 す ることによ り, 計 算

領域 全体 に0. 025を 与 えて い る。樹 林 の抵抗 モデ ルにつ

いては, 田 中 ・佐 々木( 2007)が 現地 にお ける樹木 の破

断 ・な ぎ倒 しの限界 によ りその適用性 を検証 してい る.

また, 渦 粘性項 は次式 で与え る.

1フ エロー 工博 埼玉大学名誉教授

2正 会 員 工博 埼玉大学教授大学院理工学研究科

3修(工)埼 玉大学大学院理工学研究科理工学専攻
4学 生会員 埼玉大学大学院理工学研究科環境 シス

テム工学系専攻
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( 7)

( 8)

こ こ に, veは 渦 動 粘 性 係 数 で あ り, 灘 岡 ・八 木( 1993)

のSDS( Sub Dept h Scal e)乱 流 モ デ ル に 倣 い, 次 の 乱 れ

エ ネ ル ギ ーkDの 輸 送 方 程 式 を解 く こ と に よ って 与 え る.

( 9)

渦動粘性係数: ( 10)

乱れエネル ギー 消散率: ( 11)

水平 せん断変形 によ る乱れ エネルギ ー生産:

( 12)

底面摩 擦に よるSDSエ ネルギ ー生産:

( 13)

樹林抵 抗に よるSDSエ ネルギ ー生産:

( 14)

こ こに, Ux, Uyは 水深平 均流速 成分 であ る.ま た, 式

中 におけ るモ デル係数 は次の よ うに与 え る.

( 15)

実際 の計算 は基礎式 を差分式 に変 換 して行 う.差 分化

の方 法等 は基 本 的 には谷 本 ほか( 2007)を2次 元 に拡大

した もの(谷 本 ほか, 2008)で あ るが, 渦 粘性項 を取 り

入 れてい ること, お よび次項で述 べ る河川流 を取 り入れ

て いる ことが異 なる.

( 2)　計算条件

対象 とす る海岸 は, 図- 1に 縦 断面 を示 して い るように,

基準面( D. L. )を ± 0と して- 100～- 5mの 領 域が1/10,

1/100, 1/500の 複合勾 配, - 5～+12. 8mの 汀線付 近の領

域 が1/100勾 配, 以 降 勾配i Rが1/1000の 一様 な地 形 で あ

る.河 川 は中心 軸 に対称 な一 定 断面 で かつ 河床 勾配1/

1000で 汀線 に直角 にま っす ぐ海 に流れ る条件 を考 え, 数

値計算 は河川 中心軸 を対称軸 と して半分 の領域 で行 う.

図. 2に 潮位 の影 響 を受 けない地点で の河川 の横断面 を示

して いる.中 心軸 での水深 は5mで ある.ｘ 軸 を1/10勾 配

の始点 を原点 と し河川 軸上流 方向 に, y軸 を河 川中心軸

を原点 と し横 断方向 に とる.沖 側 に造波領 域 と して2000

mの 一 定水 深領域 を設 け, 上 流端 のｘ座標 は22000m, y

方 向 に は1600mを と って い る.格 子 間 隔 はx, y方 向 と

も10mで あ る.な お, こ れ らの地形 条件 は特 定 の現地

を対象 と した もので はな く, 津 波 の河川遡上 に及 ぼす樹

林 の影響 を調 べ るための単純 な仮想 モデルであ る。

樹林 はD. L. 上0～2mを 干 満帯 と し, 図- 3に 示 して い

るよ うに, フ タバ ナ ヒル ギ(樹 高8m)を 海 岸 およ び河

川 高水敷 の干満 帯 に配 置す る.た だ し, 河 川 内は潮位2

mの ときの高 水敷 没水 上流 端 を 目安 と し, 少 し多 いけ

れ ど も1000mと して いる.図 中 の+2. 00mと 記 した曲線

は河川中心軸 での初期水位 であ るが, 樹 林上 流端で の高

水 敷底面 の高 さは+2. 50mで, 河 川 水面 か ら0. 26m高 い

にす ぎな い.一 方, 海 岸 に おいて は地盤高+2. 5m地 点

か ら幅100mに わた って アダ ン(樹 高6m)を 配 置す る.

樹 林の その他 の諸元や抵抗特性 は谷本 ほか( 2007)に 同

じで あ る.な お, 図 に示 して いるよ うに, 潮 位 がOmの

ときの汀線 を基 準汀線 と定義 す る.

図- 1　河川軸に沿 う縦断面

図-2　河川横断面(中 心軸に対 して対称)

図- 3　樹林の配置

河川流 について は上流端 の各 メ ッシュで次式 によ る線

流量 を与え, そ の総 量 を沖側 境界( x=- 2000m地 点)



228 海 岸 工 学 論 文 集　 第55巻( 2008)

で一 様 に流 出させ る.

( 16)

こ こ に, i eは 上 流 端 で の メ ッ シ ュ番 号, j は 横 断 方 向 の

メ ッ シ ュ番 号 で, j Rs=0, j Re=11で あ る.河 床 勾 配 が

( a)  t =1038( s)

( b)  t =1210( s)

( c)  t =1379( s)

( d)  t =1996( s)

図-4　 流 れのパ ター ン(樹 林 あ り)

1/1000の 場合 の河 川流量 は半 分の領域 で692m3/sと な る.

津波 の数値計算 は河川流が定常 とな るのを待 って, 沖

側境 界 におい て周 期15分, 振 幅2mの 正弦津 波 を入 射 さ

せ る ことによ って行 う.津 波 来襲時 の潮位 は+2mと す

る.

3. 　結 果 と考察

まず, 津 波 の第1波 来襲時 におけ る河 口付近 での流況

を示す.図- 4の( a)は 津波 が海岸 に近 づ いて きた と きの

流 況で, 河 川内 で は下 流 向 きの流 れ で ある. ( b)は 津波

が河川 内 に流入 し遡上 が高水敷 に広が り始 めた ときで,

下流側 で は津波 の進 入 によ り上流 向 きの流 れに転 じて い

るが, 上 流 側 の低水 路で は まだ下流 向 きで あ る. ( c)は

河道 内樹 林 の終端 で上流側へ 向か う流量が最大 の ときの

流況 で, 全 体 に上 流 向 き とな って いる. ( d)は 逆 に全体

が下流 向 きとな った ときの流況 で, 河 川流 と津波の引 き

によ る流れが 同 じ方 向 に重 な った流れで ある.本 数値計

算 は河 川内で このよ うに河川流 と津波 による流れが干渉

し合 って いる状態 での計算 であ る.な お, 図- 4中 で, 四

角 で囲 った領 域 が樹林 帯 の位置 を示 してお り, ( c)に 示

してい るQi nHW等 につ いて は後 で説 明す る.

次 に, 樹 林 な しの場合 の計算 も行 って, 樹 林 の効果 を

考察 す る.図- 5は 河川の影響 をほ とん ど受 けない海岸 に

おけ る代 表地点(河 口か ら最遠 点でD. L. 上6m, す なわ

ち基 準汀線 か らの水平距 離が600m地 点)と 河川 中心軸

上 で基 準汀 線 か ら3500m上 流地 点(津 波来 襲 以前 の河

川水 位が4mの 地 点)に つ いて, 樹 林 な しとあ りの場合

の水位 を示 した もので ある.こ の場合, 海 岸上, 河 川 内

と もに樹 林 による低 減効果 が認 め られ る.図 に は示 して

いな いけれ ど も, 基 準汀 線 にお ける第1波 の海面( D. L.

上2m)上 津 波高 は海岸 軸上 で4. 70m, 河 川軸 上 で4. 18m

で あ り, 河 川へ流入 す るので, 河 川軸上 での値 が小 さい.

図- 6に 樹林 な しの場合 の河 口付 近 における第1波 遡上

時 の流速 の分 布 を示 す. ( a)は=1210( s)で 図- 4の( b)に,

( b)はx=14500m地 点 での上 流側 へ向 か う流量 が最 大 の

図-5　海岸および河川内代表地点での津波水位(D. L. 基 準)
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( a)  t =1210( s)

( b)  t =1328( s)

図-6　 流れ のパ ター ン(樹 林 な し)

と きの流 況で, 図- 4の( c)に そ れぞ れ対 応 して い る.こ

れ によ り樹林 な しの場 合, 海 岸 か ら河川へ の流 れ込み の

大 きい ことがわか る.こ れ らを定量 的 にみるため に河道

内樹林 帯 とそれ に接 す る低水路 の領域 を検査域 と し, 図
- 4の( c)に 示 して い るよ うに, 下 流端 におけ る低 水路,

高 水敷 で の流 入流 量Qi nLW, Qi nHW, 上 流 端 にお けるそ れ

ぞれの流 出流 量Qout LW, QoutHW, 低 水路 か ら高水敷 へ の流

出流量Qsi deLW, 高 水 敷か ら海岸域 へ の流 出流量Qsi deHWの

時間変 化 を図-7に 示 して いる.上 段( a)お よび中段( b)の

図は低水路 および高水敷 におけ る下流端 での流入流量 と

上 流端で の流 出流量で あるが, 樹 林 の有無 に よって特 に

高 水敷で の流 出量 が大 き く異 な って お り, 樹 林が ある こ

とによ って流 出流量が大 きく減少す る ことがわか る.こ

れ は下流端 か らの流入流量 が減 じる ことに もよるが, 下

段( c)の図 に示 され てい るよ うに, 海 岸 か ら河川 高水 敷
への流入流量 が顕著 に減 じることの効 果が大 きい と考え

られ る.こ れ は海岸 陸上 部 と河川高水 敷の高低差 が大 き

いことによ る結果 といえ るが, 高 低差 が緩やか な場 合で

あって も, 河 道が低 ければ傾向 と して は同様 であ ると推

測 され る.

図- 8は 検査域上 ・下 流端で の全流 出入流量 の時間変化

を示 した もので ある.上 流端か らさらに上流 に向か う全

流量 の ピーク値 は, 樹 林 な しの場合4984m3/s, 樹 林 あ り

の場 合2876m3/sで あ り, 樹 林 によ って全流量 ピー ク値 は

58%に 減 じて い る.

( a)　低水路流出入流量

( b)　高水敷流出入流量

( c)　横断方向流出入流量

図-7　検査域への流出入流量の時間変化

図-8　検査域上 ・下流端での全流出入流量

この上流端 で の全 流量(Qout LW+QoutHW)が ピー ク時 の

水位, 線 流量 の河 川軸方向成分, 水 深平均流 速の河川軸

方 向成分 および横 断方 向成分 の上流端 での横 断方向分布

を図-9に 示 してい る.水 位 は樹 林 あ りのほ うが低 く, と

もに河川 中心軸 か ら河岸 に向 けてやや増大 して いる.そ

の増大 量 は樹林 な しの場合0. 02m, あ りの場合0. 22mで

あ る.こ れ に対 し, 線 流量 の河川軸方 向成分(図 で は1/

10の 値 をプ ロッ トして い る)は 河川軸 か ら河岸 に向けて

減少 し, 特 に樹林 あ りの場 合の樹林帯 で は非常 に小 さく,

河岸で はわずかで あるが逆 向 き(下 流 向 き)と な ってい

る.河 川軸方 向 の流速 もこれ に対応 した変化 を示 してお
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( a)　樹林 な し

( b)　樹林 あ り

図-9　 水位, 流 速等 の横 断方 向分布( x=14500m)

り, 樹 林帯域 で急減 してい るのが認 め られ る.横 断方 向

流速 成分(図 では10倍 の値 をプ ロ ッ トしてい る)は 境界

条 件か ら両端 で0(河 岸側 は堤防 があ る ときに対応)の

分布 を示すが, 樹 林の有無 によ って分布 が大 き く異 な り,

樹林 あ りの場合 は樹 林帯域 で低水路向 きの流れ にな って

い る.こ れ は図- 4( c)か らわか るよ うに, 樹 林 上流 端外

側 にか けて反 時計方 向 の渦 が形成 され てい ることに対応

してい る.そ の低水路 に向か う流速成分 の最大値 は0. 65

m/sで あ る.

表- 1は, さ らに考 察 を深 めるため に実施 した海岸樹林

のみの場合お よび河 道内樹林 のみの場合 の結 果を含 めて,

河川 にお ける海面上 遡上高 や基準 汀線か らの遡上 距離 を

まとめて示 した ものであ る.表 中最 高水位 は津波 遡上 の

上流 端 で のD. L. 上 水 位 で, 津 波 に よ る水 位上 昇 が2cm

以上 の ところで と ってい る.ま た, 表 には海岸 での海面

上遡上高 も示 して ある.い ず れ も計算 時間 内での最 大値

で あ るが, ほ ぼ第1波 によ る値 と見 な して よい.こ の場

合, 樹 林(海 岸樹林+河 道内樹林)が あ ることによ って,

海岸で の遡上 高 は34%, 河 川遡上高 は10%減 じる ことが

わか る.ま た, 海 岸 での低 減効果 は海岸 樹林 によ って,

河川で の低 減効果 は河道 内樹林 によ って主 と して もた ら

されて いる こともわか る.な お, 海 岸 での遡上高 は河 口

か ら最 も離 れた地点で とって いるが, 河 川 の影響 を受 け

てい るよ うであ るものの, そ の程度 は小 さい.

4. 　む す び

津 波の河川遡上 に及 ぼす海岸 お よび河道 内樹林の影響

について, 2次 元数 値計算 に基 づ き考察 した.そ の結果,

表- 1　 遡上高と遡上距離(単 位: m)

海 岸樹林 は海 岸へ遡上 した津波の河川 への流入 を減 じ,

津波遡上 を減 じるの に寄与 す るものの, 河 道内樹林 の効

果 が大 きい ことが明 らか とな った.本 計算 条件 の場合,

海 岸林 によ って海岸で の遡上 高 は34%減 にな り, 河 川 で

の遡上高 は主 として河道 内樹 林 によ り10%減 じる.こ れ

らの結果 は, 海 岸 ・河川 の条 件, 来 襲津波 の条件, お よ

び樹 林条件 によ り異な るので, 今 後 さ らな る検討が必要

であ る.ま た, 本 研究で用 いた計算 モデル は個々 の現象

に対 して は通常 よ く用 い られてい るものであ るが, 今 後

さ らに実験等 によ る検証が必要 と考えて い る.

なお, 樹 林 あ り(海 岸樹林+河 道内樹林)に つ いて,

渦粘性 項の有無 によ る計算 を行 ったが, 本 条 件の場合,

渦粘性 項 は水位 には ほとん ど影響 せず, 流 速 が若干変化

す る程 度で あ った.こ れ につ いて も, モ デル定 数の与 え

方等今 後 さ らに検討 しな けれ ばな らな い課題 であ る.
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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 (Hobserved) is

the sum of astronomical tide (Htide) and surges (Hsurge) due to other factors, mainly typhoons, low

pressure zones, or strong monsoons (Hobserved = Htide + 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; doi:10.3390/geosciences9020072 www.mdpi.com/journal/geosciences



Geosciences 2019, 9, 72 2 of 13

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].
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storm surges

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 6–7 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).
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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 Hsurge is the surge height, Hobservation is the total water level height, and Htide 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):

zt = A0 +
r

∑
i=1

fi Hi cos[qit + (V0 + u)i − gi] (2)

where A0 is the average water level, fi is the coefficient of variation of the tidal component i, Hi is the

harmonic constant of the tidal component i, qi is the constant angle of the tidal component i, (V0 + u)i

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, gi is the harmonic constant of angle of component i, and r is the number

of components. fi and (V0 + u)i are time dependent (t). When we have the observed water level zt,

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 × 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 × 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 of0.125◦ × 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 τS is usually estimated by the following equation:

τS = ρaCD

→

U10

∣

∣

∣

∣

→

U10

∣

∣

∣

∣

(3)

where ρa is the density of air, CD is the drag coefficient, and
→

U10 is the wind speed (m/s) at 10 m height.

For monsoon-induced surge simulations, the formula for CD from Large and Pond [16] is as follows:

CD =

{

1.2 × 10−3 for 4 < U10 < 11 ms−1

10−3(0.49 + 0.065U10) for 11 < U10 < 25 ms−1 (4)

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 III 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.
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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.

6 14 

(a) (b) 

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.

7 14 
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(a) January (b) February

(c) October
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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 (%)

HND < 20 159 42.7

20 ≤ HND < 30 147 39.5

30 ≤ HND < 40 52 13.9

HND > 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.
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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 −

Htide. Finally, the surge was computed at the mean sea level.
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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 2010.11 14 
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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 14. Wind and pressure re-analyzed on (a) 16 October 2013 and (b) 22 October 2013.
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Figure 15. Maximum surge during 16–26 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.

2. 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:

where Qx is the discharge, � the water surface elevation measured from a datum, d the 

water depth, z the bed elevation measured from the datum, �
x
 the bed resistance (given by 

Manning’s equation), 
∑k

i=1
fxi the total resistance on fluid generated by trees, g the gravita-

tional acceleration, � the density of sea water, �
d
 the depth-averaged porosity between trees 

at water depth d, �
b
 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)

where γ is the tree density (number of trees/m2), CM the inertia coefficient (= 2.0) (Ima-

mura et  al. 2008; Nandasena et  al. 2008), and CD-all 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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