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INTRODUCTION 
Recent development of numerical modeling of tsunami and remote sensing technologies enable us to 
determine the detailed features of tsunami damage. Numerical model with high-accuracy and high-resolution 
bathymetry/topography grid predicts the local hydrodynamic features of tsunami, such as inundation depth 
and current velocity. Also, high-resolution satellite imagery provides detailed information of 
tsunami-affected area1). In recent years, we have been expanding capabilities to comprehend the impact of 
major tsunami disaster by integration of numerical modeling and remote sensing technologies 2), 3). 

In the present study, we propose an integrated approach of numerical model of tsunami inundation and 
post-tsunami disaster information obtained from satellite imagery, to determine the relationship between 
hydrodynamic features of tsunami inundation flow and damage levels or damage probabilities, so called 
fragility functions. Here, developing fragility functions are focused on two cases. One is the fragility function 
of house damage which is important to estimate the impact of the tsunami in a quantitative sense, and another 
is of mangrove forest which is also important to determine the limitation of the effect coastal forest as one of 
the countermeasures against tsunami disaster. 
 

METHODS AND STUDY AREAS 
What we integrate to develop fragility functions is shown in Figure 1. Firstly, we perform the numerical 
model of tsunami propagation and coastal inundation with high-resolution bathymetry/topography data to 
determine the hydrodynamic features of tsunami inundation on the land. Secondly, by visual interpretation or 
analysis of satellite imagery, the tsunami damage is detected in terms of house damage or destruction of 
mangrove forest. In the present study, high-resolution satellite imageries (pan-sharpened version of IKONOS 
and QuickBird) are used for damage detection. Thirdly, the model results are combined with the detected 
damage to explore the relationship between the hydrodynamic features of tsunami and damage levels. 

We focus on the city of Banda Aceh for developing fragility function of house damage due to tsunami 
inundation flow. According to JICA (2005), the house damage due to the 2004 Indian Ocean tsunami was 
detected for 48910 houses in the city of Banda Aceh, by the visual interpretation of IKONOS pre and post 
tsunami disaster imageries (as of 18 June 2004, 29 December 2004 and 29 January 2005) as shown in Figure 
24). We combine this data with our updated numerical model results shown in Figure 3, considering the 
resistance low of houses in the densely populated region. Within the tsunami inundation zone, we count the 
number of damaged and not-damaged houses according to the designated inundation or velocity levels so that 
each level includes approximately 1000 houses. Figure 4 denotes the histogram of damaged and not-damaged 
houses obtained for the designated inundation levels. Then, the fragility function of house damage is 
developed as a function of modeled inundation depth or current velocity, by calculating the damage 
probability according to each inundation or velocity level. 

For developing fragility function of mangrove forest, we focus on the coast of Nam Kem, Thailand. As 
indicated in Figure 5, we surveyed 9 points in the study area and classified the damage level of mangroves, 
such as destroyed, inclined and survived. The survey results are used for the ground truth data during the 
analysis of satellite imagery. Using the QuickBird post-tsunami imagery acquired on 2 January 2005, we 



calculate Normalized Difference Vegetation Index (NDVI). Under the assumption that the NDVI values are 
reduced according to the damage level of mangrove forest, we explore the modulation of NDVI values in the 
surveyed area to detect that the mangrove was damaged or not. The surveyed results shown in Figure 5 are 
used as the ground truth to identify the threshold values of NDVI. Figure 6 is the distribution of NDVI values 
calculated along the surveyed points shown in Figure 5. The modulation of NDVI value can be seen between 
damaged and survived mangroves (point 1 and 2 corresponds to destroyed mangrove, 3 and 4 are inclined, 
and 5 to 9 are survived), and NDVI=0.36 is determined from the figure as the threshold value to distinguish 
‘damaged’ and ‘survived’. Figure 7 indicates the results of damage detection of mangrove forest by using the 
above NDVI analysis. The grid in the figure is the computational grid in the numerical model (dx=dy=17m), 
and each grid includes approximately 800 pixels of QuickBird imagery. This result is combined with the 
numerical models shown in Figure 8 as an example, to calculate the damage probability by counting the pixels 
of ‘damaged’ and ‘survived’ in each computational grid. The calculated damage probability is related with the 
modeled hydrodynamic features of tsunami inundation in each computational grid, to develop the fragility 
function of mangrove forest. 

 
RESULTS 

 
Figure 9 is the obtained fragility function of house damage in the city of Banda Aceh due to the 2004 Indian 
Ocean Tsunami, which is expressed as a function of inundation depth. Damage probability increases rapidly 
when the local inundation depth exceeds 2 m and almost all the houses are destroyed against the 5 m tsunami. 
Also, the fragility function for mangrove forests expressed as a function of current velocity is shown in Figure 
10. As the results, we found that the significance of damage to the mangrove forest rather depends on the 
current velocity than simply inundation depth. 

These fragility functions are useful for tsunami damage estimation for the structures or measuring the 
limitation of the effect of coastal vegetation as one of the tsunami countermeasures in quantitative sense. 
However, the careful consideration is required for its use. It is straightforward that the results reflect the local 
effects of the 2004 Indian Ocean tsunami and of the objects exposed against it, such as building type/age and 
mangroves' condition in geobotanical point of view. And still we do not know how significant these local 
effects are. 
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Figure 1 Integrated approach to develop fragility functions. 

 

 
Figure 2 Tsunami damage detected by the visual interpretation of IKONOS pre and post tsunami imageries 
(JICA, 2005). The red dot indicates totally damaged houses and the blue not-damaged. 

 

 
Figure 3 Modeled tsunami inundation in the city of Banda Aceh. The result is validated by measured 
flowdepth by Borrero (2005) shown with the squares in the figure. 



 
Figure 4 Histogram of damaged and not-damaged houses to calculate the damage probability. 

 

 
Figure 5 Study area for the analysis of damage on mangrove forest and classified damage levels of 

mangroves. 
 

 
Figure 6 Modulation of NDVI values calculated along the survey points using QuickBird post tsunami 
imagery. 



 
Figure 7 Damaged area detected by NDVI analysis using the threshold value of NDVI=0.36. 

 

 
Figure 8 Modeled tsunami on the coast of Nam Kem, Thailand (left : before tsunami, right : after tsunami 
arrived). 

 

 
Figure 9 Fragility function of house damage in terms modeled inundation depth. 

 



 
Figure 10 Fragility function of mangrove forest in terms of modeled current velocity. 

 


