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Abstract 

 
In this paper, we study a dissipation of solitary wave due to mangrove forest by using numerical simulation. Here, 

the solitary wave is chosen to represent tsunami wave form.  To simulate the wave dynamic, we use the non-

dispersive Nonlinear Shallow Water Equations (NSWE). The model is implemented numerically by using finite 

volume method in a momentum conservative staggered grid. By using the proposed numerical scheme, the 

numerical code is able to simulate solitary wave breaking phenomenon. Wave dissipation due to mangrove forest 

is modelled as bottom roughness with an approximate value of manning roughness, which is derived from the 

classical Morisson’s formula. To test the modelled dissipation by mangrove forest, we reconstruct a physical 

experiment in hydrodynamic laboratory where a solitary wave propagates above a sloping bottom, which has a 

parameterized mangrove in the shallower part.  Two cases are performed to test the performance of the 

numerical implementation, i.e. the non-breaking and breaking solitary waves. Results of simulation agree quite 

well with the measurement data. The results of simulation are also analyzed quantitatively by calculating errors as 

well as correlation with the measurement data. Moreover, to investigate effects of wave steepness on solitary 

wave, to the reduction of wave energy, we perform numerical investigation. Various solitary waves with different 

wave steepness are simulated to see their effects on amplitude and energy reduction due to mangrove forest.  
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Introduction 
 

Tsunami events can be triggered by 

earthquakes, underwater volcanos, submarine 

landslide (Harbitz et al., 2014) and meteorites 

impact (Hills and Goda, 1998). Impact of tsunami 

can be very devastating especially to the coastal 

communities who live in areas that prone to possible 

tsunami hazards.  To reduce possible tsunami 

impact for the coastal communities, some tsunami 

mitigation can be implemented by local authorities 

such as the building of tsunami breakwater and sea 

wall as in Japan. Such structural measure can be 

effective for mitigation, but can relatively be very 

costly. Alternatively, coastal forest such as mangrove 

and coastal pines, can be considered as natural 

barrier to dissipate tsunami wave energy (Dahdouh-

Guebas et al., 2005; Kathiresan and Rajendran, 

2005; Wolanski, 2006).  However, effectiveness of 

coastal forest to dissipate tsunami wave energy 

raises many research questions, such as effective 

width of the coastal forest that needed to dissipate 

certain tsunami wave, effects of bathymetry and 

topography in the coastal forest to dissipate wave 

energy, relation between wave steepness with 

respect to energy dissipation by mangrove forest, 

and optimal age of the mangrove forest that 

withstand with tsunami wave.  

 

Physical experiments and numerical 

approaches have been done to model the 

dissipation of the wave due to coastal forest.  Ismail 

et al. (2012) investigated the dissipation of wave 

due to coastal vegetation by using laboratory 

experiment. They found that the width of vegetation 

greatly influences the dissipation of wave, whereas 

density of the vegetation is less significant in 

dissipating wave. For engineering practice, 

investigating effects of wave dissipation due to 

coastal forest such as mangrove by using physical 

experiment, can be impractical, therefore approach 

via numerical simulation is preferred.  Tang et al. 
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(2013) uses the Nonlinear Shallow Water Equations 

(NSWE) to model effects of solitary wave dissipation 

due to coastal forest in a sloping bottom. Yao et al. 

(2018) study the dissipation of wave due to 

vegetation in a sloping beach by using extended 

Boussinesq. Huang et al. (2011) performed physical 

experiments to investigate dissipation of solitary 

wave due rigid vegetation in a flume with a flat 

bottom and followed numerical simulation by using 

Boussinesq type of model.  

 

Not only the vegetation width, beach 

topography below the coastal vegetation also affects 

the incident wave directly, especially its wave 

steepness that eventually leads to wave breaking. 

Hiraishi and Harada (2003), use beaches with slope 

of of  0, 1/3, 1/50, while Istiyanto et al. (2003) uses 

slope with 5˚, 10˚, and 15˚ or equivalent with slope 

of 1/11, 1/5.8, and 1/3.9. In this paper, we 

investigate numerically relation between wave 

steepness of solitary wave with energy and 

amplitude dissipation by the presence of mangrove 

forest. To that end, we use the Nonlinear Shallow 

Water Equations (NSWE) with finite volume 

staggered grid scheme to represent the dynamic of 

wave motion. The dissipation by mangrove forest is 

modelled by using equivalent manning roughness 

that is derived by using obtained drag coefficient    

based on laboratory experiment by Husrin (2013).  

The numerical implementation of NSWE is firstly 

validated against available experiment of solitary 

wave above a sloping bottom from a hydrodynamic 

laboratory (Husrin et al., 2012) for both non-

breaking and breaking solitary wave. The validated 

numerical implementation is then used for 

simulating solitary waves with various wave 

steepness. The simulations are aimed to investigate 

the effectiveness of mangrove forest for dissipating 

wave energy in term of the width of mangrove forest.   

 

The content of this paper is as follows. In the 

next section, we describe the Material and Methods 

that are used in this paper, i.e. firstly the Nonlinear 

Shallow Water Equations (NSWE) and its numerical 

implementation by using finite volume with 

momentum conservative staggered grid and the 

physical experiment of solitary wave dissipation by 

parameterized mangrove forest by Husrin et al. 

(2012), for validating our numerical simulation It is 

then followed by section of Results and Discussion 

where we validate the wave model numerical 

implementation with experimental data, and then, 

we modify the amplitude of the solitary wave to 

obtain various wave steepness, then performing 

wave simulations to see the effects of amplitude and 

energy reduction. Finally, we conclude the paper in 

the last section. 

Material and Methods   
 
Nonlinear Shallow Water Equations 

 

The Nonlinear Shallow Water Equations 

(NSWE) is the most preferable wave model for 

representing propagation of long wave such as 

tsunami since it has a relatively simple form and is 

fully nonlinear. In this paper, we restrict the problem 

into 1 horizontal dimension (1HD) problem. Let   

and   denote the horizontal coordinate and the time, 

respectively. We recall the NSWE in conservative 

form as follows 

 
       (  )                          (2.1) 

  (  )    (  
  

 

 
   )           | |       (2.2) 

 

Here  (   ),  (   ) and  (   ) denote the total 

fluid depth, fluid depth from still water level and the 

horizontal velocity, respectively, see Figure 1. The 

gravity acceleration is denoted by            . 
Here, the coefficient of bottom roughness is notated 

as   , that can be expressed in Manning’s 

coefficient   as     
       . The conservative 

form (2.1) and (2.2) are for non-moving bottom, i.e. 

     , which can be rewritten in a familiar form as 

 

       (  )                             (2.3) 

                  | |                   (2.4) 

 

where  (   ) denotes the surface elevation such 

that      , as illustrated in Figure 1. In this 

paper, the NSWE (2.3-2.4) is implemented 

numerically by using finite volume with momentum 

conservative staggered grid. The idea of the 

implementation is proposed by Stelling and 

Duinmeijer (2003), later on is used by Adytia et al. 

(2018), Tarwidi and Adytia (2018), where 

discretization grid of the horizontal velocity   is 

placed in between discretization grid of other 

variables such as      and  .   

 

We define   
   (    

 ) and       
  

 (        
 ) as approximations for   and   at full-

grid   ,           , and half-grid           
         , respectively, in a domain   [   ], 
at time  .    and    denote the length of spatial 

discretization in   and time  , respectively. A control 

volume in this staggered grid scheme is illustration 

in Figure 1, in the left part, where the cross sign 

denotes the half-grid, while the circle the full-grid. 

 

Following Stelling and Duinmeije (2003), the 

discretized forms of the continuity eq. (2.3) is as 

follows 

  
      

    (
       
       

           
       

 

  
)       (2.5) 
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where        
  should be computed by using upwind 

method as  

 
  
 

 

    {
  
                            

   

    
                        

    
  (2.6) 

 

The definition (2.6) states that when the flow is 

propagating rightward, the value of   in the left is 

chosen as the value of        
 , similarly for the 

opposite direction. The condition guarantees non-

negative value for the total depth  . The momentum 

eq. (2.2) is computed in the half-grid similarly as 

(2.5) as follows: 
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Here, the so-called advection term is calculated by 

using horizontal momentum     , by using 

relation      [  (  )      ]  , such that the 

term (    )     
  can be calculated as follows 
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where the values of  ̅ 
         

  and  ̅     
  are given 

by the following formula: 
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and the value of   
   is calculated analogous with  

      
    by using upwind method as  

 

   
 {
      
               if   ̅ 

   

      
              otherwise 

   (2.9) 

 

The bottom friction is calculated as follows: 

 

  
 
 | ||

     

 
   

|      
 |      
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As stated in Stelling and Duinmeijer, 2003, 

the Courant-Friedrichs-Lewy (CFL) condition for the 

system (2.5) and (2.7) is given by      , where 

  √        .  

 
Damping by vegetation 

 
The wave dissipation by coastal vegetation is 

commonly computed by using the classical formula 

of Morisson, 1958, in term of drag and inertia losses 

as given by the following formula 

     
 

 
        

           (2.10) 

 

where      is the total forces by drag and inertia 

forces. The first term in (2.9) is the force due to drag, 

with   ,  ,    are drag coefficient due to coastal 

vegetation, water density, and area of the coastal 

vegetation, respectively. The other term in (2.10) is 

the force due to inertia, with    and   are the inertia 

coefficient and the volume of submerged body of 

coastal vegetation, respectively. The approximate 

value of    and    are usually derived from physical 

experiment from hydrodynamic laboratory. Another 

approach is to approximate the dissipation by 

coastal vegetation by using bottom roughness by 

mean of approximate manning number for given 

value of   . This approach is proposed by 

Yanagisawa et al., 2009 as follows 

   √
    

   
(     )        (2.11) 

 

 
 

Figure 1. Illustration of variable descriptions and staggered grid scheme 
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where    and    are manning roughness coefficient 

due to coastal vegetation and bottom, respectively. 

In this paper, the dissipation by mangrove forest is 

approximated by using manning roughness 

approach, by prescribing value of    based on 

derived value of    from physical experiment. 

 
Laboratory Experiment  

 
Husrin et al. (2012) perform a series of 

physical experiment in a hydrodynamic laboratory to 

investigate dissipation of many types of wave, i.e. 

solitary wave, regular and irregular wave, due to 

mangrove forest. The solitary wave is chosen for 

representing tsunami wave, whereas the regular and 

irregular waves are for storm waves. The 

experiments are aimed to construct standard 

procedure for parameterizing mangrove forest, as 

well as to derive drag coefficient    and inertia 

coefficient    that correspond to the parameterized 

mangrove forest, see Husrin (2013). In the 

experiment, ‘real’ shape of root and trunk of 

mangrove is parameterized as series of vertical solid 

cylinders as shown in Figure 2.  

 

The experiments are performed in a twin 

flume basin; consisting of     and     wide flume, 

which are without and with parameterized mangrove 

installed, respectively, see Husrin (2013). The length 

of the basin in      and is       high. The facility is 

located in Leichtweiss - Institute (LWI), TU 

Braunschweig, Germany. In the twin flume, a sloping 

bottom with slope of      is installed the right part 

of the flume while the wave flap for wave generation 

is placed in the left boundary of flume, see Figure 2. 

The experiments here, in a scale of     , are to 

represent realistic tsunami wave condition. 

 
In total there are 50 wave gauges are 

installed in the twin flume to measure wave height 

as well as flow velocity. In this paper, we reconstruct 

two type of solitary wave propagation with 

experiment number EM1-2009070309 and EM3-

2009072202. The first experiment number is for the 

non-breaking case, and the other one is for the 

breaking case.In the experiment, solitary waves are 

generated by using wave flap at      . For the 

case EM1-2009070309, the wave propagating 

above an initial depth            to the shallower 

depth          , as shown in Figure 2. Whereas 

for the case EM3-2009072202,             and 

         are used.  

 

 In the experiment of Husrin et al. 2012, 

several scenarios with various width of mangrove 

forest, denoted as  , i.e.       ,     and    . In 

the experiment EM1-2009070309 and EM3-

2009072202, the width of the mangrove forest is 

     , or in the real dimension, it represents 

      long  of  mangrove  forest.  The parameterized 

mangrove forest is placed in   [         ] as 

shown in Figure 3. The sloping bottom is at   
[               ]. From the experiments of Husrin 

(2013), drag coefficient is derived for the solitary 

wave, i.e.       . This value is then used for 

computing equivalent manning roughness to 

represent dissipation by mangrove forest by using 

formula (2.11), we obtained        . The obtained 

   is then used for simulating effects of mangrove 

forest in the NSWE. Except at the mangrove forest, 

in the domain of computation, a uniform manning 

roughness is used, i.e.        , as suggested in 

Husrin (2013). 

 

 

Results and Discussion 
 
Numerical simulation 

 

The numerical simulation is performed by 

using the numerical scheme that has been derived 

in the previous section. We consider a domain of 

simulation   [          ], that is discretized 

with          and in time          . 

 

 

 
 

Figure 2. The ‘real’ shape of mangrove root and trunk (a), parameterized mangrove forest (b) and installed parameterized 

mangrove forest in hydrodynamic flume (c). 
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Figure 3. Layout of the physical experiment.  
 

 
 

 
 

Figure 4.  Snapshots of simulation for the non-breaking case (a-c) at           and     , and for the breaking case (d-f) at 

         and     , where red dashed lines indicate maximum wave height , while green box mangrove forest. 

 

 
For generating wave to the domain of simulation, we 

use a signal information at wave gauge         

as the influx signal. We use the so-called embedded 

influx method (Liam et al., 2014) for influxing signal 

at    to the domain of simulation. At both end of the 

domain of computation, we use a sponge layer to 

damp outgoing waves, with damping length of     . 

For the experiment EM1-2009070309 and EM3-

2009072202, the simulations are run for      and 

    , respectively.  

Snapshot of the numerical simulation at 

          and      are shown in Figure 4. It is 

clearly seen that when the solitary wave passing 

mangrove area, significant amplitude reduction is 

detected via the plot maximum wave (indicated by 

dashed red lines in Figure 4). Results of simulation 

are compared with available experimental data at 

several wave gauges, i.e.            ,    
        ,            ,           ,     
    , and         . Signal comparisons between 

results of simulation with measurement data are 

shown in Figure 5. Qualitatively, the results of 

simulation show a good agreement with 

experimental data at all positions.  
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To get a quantitative comparison between 

results of the simulation and the experimental data, 

we compare the Relative Mean Square Error (RMSE) 

value and Correlation Coefficient (CorrCoef) between 

two signals that are defined as follows: 

 

     √
∑ (    ̂ )

  
   

 
  and         (   ̂)  

    ̂ 

| || ̂|
 

Here   and  ̂ denote the experimental signal 

and signal from simulation, respectively. The 

notation | | and       represent    norm and inner-

product, respectively. Results of the comparison are 

shown in Table 1. From the table, from both RMSE 

and correlation coefficient values show relatively 

very small error, i.e. RMSE         , and Corr 

       for the non-breaking case and RMSE 

        , and Corr       , for the breaking case.  

 

 
 

 
Figure 5. Comparison of signals between results of simulation (dashed red lines)  and measurement (solid blue lines) at 

various positions for the non-breaking case ( from (a) to (g) ) and the breaking case (from (h) to (m)). 
 

 

Table 1. Correlation values and RMSE and at various positions for the non-breaking and breaking case. 

 

Wave Gauge (WG) 4 5 8 9 13 17 

Position (m) 12.225 21.415 23.650 31.980 34.000 37.000 

RMSE 
Non-breaking 0.00090 0.00109 0.00126 0.00187 0.00194 0.00185 

Breaking 0.00480 0.00817 0.00906 0.00857 0.00770 0.00757 

CorrCoef 
Non-breaking 0.992 0.988 0.985 0.977 0.979 0.951 

Breaking 0.969 0.900 0.876 0.901 0.913 0.798 
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The RMSE and correlation coefficient values 

show a good agreement between results of 

simulation by using staggered grid implementation 

of NSWE with the experimental data from 

hydrodynamic laboratory. Note that the NSWE is a 

non-dispersive wave model, but fully nonlinear 

model, that valid only for relatively long waves, i.e. 

where the ratio between wavelength   and water 

depth   are larger than 20, or       . 

Nevertheless, by using an appropriate numerical 

implementation as proposed in this paper, i.e. 

momentum conservative staggered grid scheme, the 

breaking phenomenon can be well simulated, as in 

the breaking case EM3-2009072202. Based on 

these validation results, we use the numerical model 

for simulating solitary waves with various wave 

steepness. 

 

Wave dissipation by mangrove forest  

 
It has been shown that the numerical 

implementation as described in the previous section 

can reconstruct the experiments of solitary wave 

dissipation due to the presence of mangrove forest, 

for both non-breaking and breaking cases. In Figure 

7, maximum surface elevation      for various 

mangrove forest length  , i.e.          and     , 

are shown for the non-breaking case  EM1-

2009070309. 

 

In this section, by using the same setting as 

the non-breaking experiment EM1-2009070309 as 

in the previous section, we investigate numerically 

length of mangrove forest that is needed for 

dissipating the amplitude and energy of the solitary 

wave. To that end, we modify the signal of 

experiment EM1-2009070309 at wave gauge    by 

multiplying with amplification factors               
and  . The multiplication by these amplification 

factors leads to corresponding to wave steepness 

                      , and     , at position    
or before the mangrove forest, see Figure 6. Here,   

and   denote the wave number and amplitude, 

respectively, such that    indicates wave steepness, 

i.e. the larger the value of    the wave is steeper.  

 

In order to investigate dissipation of 

amplitude and energy due to mangrove forest, for 

each wave steepness   , we simulate the solitary 

waves with different mangrove forest width  , i.e. B 

= 0, 0.5, 0.75, 1.5, 3, 4.5, 6, 7.5, 9, 10.5, 12, and 

24 m. The mangrove is placed started from     
    , as illustrated in Figure 6. To measure the 

dissipation of amplitude and energy of the solitary 

wave, we define the amplitude and the energy 

reduction  as follows 

    
|      |

   
                          (4.1) 

    
|      |

   
                          (4.2) 

 

where    and    denote the amplitude and energy 

reduction, respectively,    and    denote the 

amplitude and energy at the end of the mangrove 

forest   ,     and     denote the amplitude and 

energy at wave gauge     or at the beginning of the 

mangrove forest, respectively, illustrated Figure 6. In 

Figure 8, the amplitude and energy reduction,    
and   , are shown for various wave steepness    as 

function of mangrove forest width   that is 

normalized with incoming solitary wavelength 

       . As the energy is proportional to the 

quadratic of amplitude, the characteristic of    is 

similar with   . For lower    value, or non-steep 

wave, the amplitude and energy reduction are 

relatively low, or require wider mangrove forest  . In 

opposite, steeper wave or wave with higher    

value, require relatively shorter mangrove forest  . 

 

 

 
 

Figure. 6. Width of mangrove forest  , started at    .  
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Figure. 7. Maximum surface elevation for various mangrove forest lengths B for the non-breaking case EM1-2009070309. 

 

 
Figure. 8. Amplitude reduction (left plot) and energy reduction (right plot)  as function of     for various wave steepness   . 

 

 

In this section, simulation of solitary waves 

with various wave steepness have been performed 

especially for investigating sensitivity of wave 

steepness of solitary waves with respect to 

amplitude and energy wave dissipation by mangrove 

forest. Based on the simulation as shown in Figure 

8, for a wave with wave steepness of        , to 

reduce wave energy as much as    , it requires a 

length of mangrove forest as long as the incoming 

wave length. Whereas for a steeper wave, i.e. 

       , for a given length mangrove forest as 

long as the incoming wave, it may reduce the wave 

energy up to    . These results conclude that the 

efficiency of mangrove forest for dissipating wave 

energy is highly depending on the incoming wave 

steepness, i.e. less steep wave requires longer 

mangrove forest to dissipate the incoming solitary 

wave. 

 

 

Conclusion  
 

In this paper, we have performed numerical 

simulations by using Nonlinear Shallow Water 

Equations (NSWE) with finite volume staggered grid 

scheme implementation for simulating dissipation of 

solitary wave due to mangrove forest. The presence 

of the mangrove is modelled as bottom roughness 
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with equivalent manning roughness’ coefficient, i e  

       , whereas in other location, it is assumed 

to have a uniform manning roughness        . 

The derived numerical implementation is validated 

against available measurement data from 

hydrodynamic laboratory, for both breaking and non-

breaking solitary waves. Comparison with 

measurement data show a good agreement between 

results of simulation with measured data at 6 wave 

gauge positions. Least good results is for the 

breaking case EM3-2009072202, at wave gauge 

         or after the mangrove forest, i.e. 

              and RMSE = 0.00757. This is due 

to the breaking process in the numerical simulation 

occurred earlier than the measurement data. Since 

the NSWE is a fully nonlinear and non-dispersive 

model, therefore effects of dispersion that balanced 

the nonlinearity effects are missing, such that the 

breaking process occurred earlier. An improvement 

is only possible when dispersive wave model is 

utilized. Nevertheless, for two cases of wave 

validation, obtained values of  CorrCoef        and  

RMSE = 0.00757 are considered relatively good fit 

model for engineering purpose. By using the 

validated model, we perform various scenarios to 

investigate the dependence of wave steepness with 

respect to the amplitude reduction and the energy 

reduction. To that end, we modify the amplitude of 

the experiment EM1-2009070309, with 

multiplication with amplification factor    
               and  , such that we obtain 

corresponding wave steepness of          
                and     . For these various wave 

steepness, it is concluded that less steep solitary 

wave requires longer mangrove forest to dissipate 

the amplitude as well as the energy of the wave. 

Whereas the steeper waves lead require less shorter 

mangrove forest to dissipate the amplitude and 

energy of the solitary wave.  
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