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Abstract: In December 2004, an extreme earthquake and tsunami event had a devastating effect on surrounding countries in the Indian Ocean. Indonesia, and especially the province of Aceh located in the north of the Indonesian island Sumatra, was affected most severely. The Sea Defence Project, a Dutch/ Indonesian consultancy consortium lead by DHV, was set up to assist in the rehabilitation and reconstruction of Aceh. To fulfill the project’s objectives, more insight is required in tsunami flood risk for potential earthquake events in the future. Therefore, tsunami inundation models were set up. With these models a database of flood hazard maps has been produced for different earthquake scenarios. The flood hazard maps provide more insight in vulnerable areas prone to flooding, and thus provide valuable information for detailed risk assessment and spatial planning purposes. In this paper, the set up of tsunami inundation models is described as well as the preparation of flood hazard maps with these models. Furthermore, a stepwise methodology is presented for the translation of computed flood hazard maps to detailed escape and refuge planning and design. This methodology is supported by an example of application in a case study area in Banda Aceh, which is the main capital of the province of Aceh. 
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1. Introduction

In December 2004 an extreme earthquake event, with its source in the seismically active Sunda Trench located west of the Indonesian island Sumatra, caused a tsunami wave that propagated through the entire Indian Ocean in different directions. The earthquake had a strength of Mw=9.2 and had a devastating impact on the coastal areas of surrounding countries such as Indonesia, Thailand, Sri Lanka, India and even Somalia and Kenya at the east coast of Africa (see figure 1). 
The 2004 tsunami event had a major impact in Indonesia, causing more than 160,000 people deceased or missing (International Federation of Red Cross and Red Crescent Societies, 2005) and more than 500,000 people loosing their houses, livelihoods, schools, etc. Within Indonesia, the province of Aceh, located at the northern tip of Sumatra within a short distance from the earthquake’s epicenter (see Figure 1), was affected most severely. The Sea Defence Project (SDC project), a Dutch/ Indonesian consultancy consortium lead by DHV, was set up to assist in the rehabilitation and reconstruction of Aceh. The project’s primary development objective is to put in place an appropriate strategy for sea defence, flood protection, refuge facilities and a regional early warning system and to provide design guidelines for such systems.
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Figure 1: Project area location Aceh province and tsunami 2004 event impact (source: UNEP, 2005)
These objectives require more insight in tsunami flood risk for potential earthquake events in the future. Therefore, tsunami inundation models were set up. With these models a database of flood hazard maps has been produced for different earthquake scenarios. The flood hazard maps provide more insight in vulnerable areas prone to flooding, and thus provide the basis for proper planning of escape and refuge facilities in the province of Aceh. 

In this paper the set up of the tsunami inundation models and flood hazard maps is described first, followed by the application of these flood hazard maps for the planning of escape and refuge facilities. The description in this paper is supported by a case study example for Banda Aceh (the capital city of Aceh province) and followed by conclusions on the general application of the method used. 
2. tsunami inundation modelling

2.1 Initial tsunami wave
The basis of the hydrodynamic tsunami inundation models is the input of the initial tsunami wave field at the earthquake source. The hydrodynamic model then computes the propagation of the initial tsunami wave field through the ocean and the resulting flooding when reaching the coastal areas. The input of the initial tsunami wave field at the earthquake source can be determined i) with a fault model, which translates different earthquake scenarios to the generation of an initial tsunami wave field or ii) based on known data for actual events such as the December 2004 tsunami (see the illustration in figure 2). 
The computation of the initial tsunami wave field by a fault model is based on input data containing a number of earthquake characteristics: earthquake magnitude Mw, earthquake epicenter location and the earthquake parameters (focal depth and dip angle). Variations of all parameters have been computed, creating input for a database of flood hazard maps (SDC, 2007 for a more detailed description).
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Figure 2: Fault model Sunda Trench and illustration of initial tsunami wave field
2.2 Hydrodynamic model set up 

Executed modelling efforts with the existing Indian Ocean Tsunami Model and North Aceh flooding Model (Vatvani et al, 2005a and b) have shown that tsunami induced flooding can be simulated quite accurately  with the Delft3D software. The results of the 300 m resolution North Aceh flooding Model indicated that the detailed inundation patterns could still be significantly improved, especially in view of detailed risk assessment and spatial planning objectives. 
A review of the performance of the existing models was executed with respect to the following aspects: model resolution, integration time step and coupling/ nesting. Following the review results, it was decided to further increase the resolution of the tsunami propagation and coastal flooding models to 1000 m and 200 m respectively. The set of propagation and flooding models was coupled online (online nesting) to ensure proper transfer of wave information between the models. For detailed planning purposes, for Banda Aceh (the case study example in this paper) further refinement of the model to a resolution of 50 m was carried out. Further refinement was also carried out for the bathymetry and topography data in the models, which proved to increase the accuracy of computed inundation in the coastal flooding models. 
2.3 Validation of model results

The refined set of coupled models was validated for the 2004 Indian Ocean tsunami case, using two parameters: wave heights at sea and tsunami inundation patterns. 

Wave heights at sea
The simulated wave heights were compared to water level observations recorded by satellites during the December 2004 tsunami event (Vatvani et al, 2005a and b). The comparison showed that the model was able to reproduce the recorded tsunami wave heights at sea quite well. 

Tsunami inundation patterns

The performance and the accuracy of the refined set of models were judged on their capability to reproduce the flooding caused by the 2004 tsunami in Aceh. The computed inundation with the refined models (200 m and 50 m grid resolution), pattern as well as depth, turns out also in detail to agree very well with the actual inundation patterns. Actual inundation patterns were based on analyses of satellite images, aerial photography after tsunami, eyewitness reports and measurements on houses and infrastructure by survey teams after the tsunami.

Based on the validation, it can be concluded that the created set of coupled models can be regarded as reliable and suitable for the objectives proposed in this project.

3. Flood hazard mapping

Probability of occurrence

For the translation to flood risk it is important to understand the probability of occurrence for different earthquake/ tsunami events. Accurate data on tsunami occurrences over a sufficiently long period in history is not available. Based on an analysis of various studies, rough estimates for the recurrence interval for different earthquake magnitudes were set up, see table 1. From table 1 we can estimate the recurrence interval of the 2004 tsunami (Mw = 9.2) to occur anywhere along the Sumatra–Andaman fault segment to be in the range of 300 to 500 years. 

Table 1: Estimated recurrence interval along the Sumatra-Andaman fault line

	Magnitude (Mw)
	Anywhere along fault line
	At one specific spot

	7.5
	50 years
	100 years

	8
	75 years
	150 years

	8.5
	100 years
	200 years

	9
	250 years
	500 years

	9.5
	500 years
	1000 years


Flood hazard maps
In total about 300 runs (for different values of earthquake parameters such as focal depth, earthquake strength and earthquake location) have been executed using the initial tsunami wave generated by a fault model. This resulted in a complete database of flood hazard maps, which can be used for detailed risk assessment purposes and as input for the warning system. For a further description of the database of flood hazard maps, reference is made to Van Veen et al, 2008. 

Furthermore, flood hazard maps were produced for the 2004 tsunami event using the initial tsunami wave based on known data. For refuge and evacuation planning purposes, this event was chosen as initial design condition for the case study Banda Aceh. The flood hazard map for the tsunami 2004 event for Banda Aceh, computed with the refined 50 m model, is presented in figure 3. 
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Figure 3: Flood hazard map Banda Aceh, computed with detailmodel Banda Aceh (50 m resolution)
Case study Banda Aceh

In figure 4, the computed inundation for the case study area is shown (Kec. Syiah Kuala in Banda Aceh). To illustrate the range of tsunami wave heights in the case study area, the computed heights have been plotted along the cross section indicated by the red line in figure 4. It can be clearly seen that the reduction of the tsunami wave height is slow, from 6 m at the coast to 2 m at 3 kilometers landwards.
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Figure 4: Enlarged flood hazard map and cross section inundation depth for Kec. Syiah Kuala in Banda Aceh (vertical axis= inundation depth in cm, horizontal axis= distance from shoreline in m).
4. escape and refuge planning aceh and nias

4.1 Zoning plan
Based on the flood hazard map generated by the model for the December 2004 tsunami event, different impact areas can be defined for planning of escape and refuge infrastructure. The zones defined for escape and refuge planning are:

Direct Impact Zone: Forces generated by the incoming tsunami waves are so severe that normal buildings collapse and survival rate is minimal. Only specifically designed facilities like refuge buildings remain standing. It is assumed that wave heights over 9 m constitute the direct impact zone.  
Evacuation Zone: The incoming waves have lost their peak force. Solid engineered structures remain standing, though more normal structures like houses will suffer significant damage. Inundation depths over 1 meter are life threatening and horizontal and vertical evacuation is required. 
Wet Feet Zone: Water depth and velocity have decreased to acceptable levels. Inundation depth is less than 1m. Most normal structures will remain standing and residents will be able to evacuate. Debris in flowing water remains a threat. 
Safe Zone: No impact of the tsunami is to be expected in the “safe zone”. The zone has a significant distance (4 – 5 km) to the shoreline or is higher then 22 m above average sea water level
.  
Case study Banda Aceh

Escape and refuge planning in Banda Aceh is conducted at sub-district or kecamatan level. In this paper we present the kecamatan Syiah Kuala as an example. Kecamatan Syiah Kuala is located in the north west of Banda Aceh and consists of 7 villages. About 25.500 people live in the area. Syiah Kuala is one of the areas severely affected by the tsunami in 2004. About 8,986 victims were registered or about 14 % from the total number of victims in Banda Aceh (Ministry of Public Works, 2005).

The villages Deah Raya and Alue Naga are located near the coastline. The village Tibang is located 1500 meters land inwards and surrounded by fishponds. These three villages are considered most vulnerable. Government buildings (including the Office of the Governor of NAD) are located in the village Jeulingke, mixed with residential areas. The campus of the largest university of the province is located in the area of Kopelma Darussalam. The villages are indicated in figure 4.

A cross sectional analysis of inundation depths in combination with the flood hazard map is shown in Figure 4. Based on this data, the zoning plan for the kecamatan Syiah Kuala was prepared, see figure 5.
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Figure 5: Zoning plan for kec. Syiah Kuala (Banda Aceh)
4.2 Escape and Refuge Plans

Based on the zoning plan and additional data like population figures, road maps and inventory of buildings in the sub-district, a more detailed escape and refuge plan can be identified. The following plans are set up as the basis for escape and refuge planning: 

Escape Capacity Plan: prepared based on the following steps: i) inventory of potential escape and refuge facilities, ii) inventory population at risk and present escape modalities, horizontal or vertical and iii) determination of required escape capacity.  

Refuge Facility Plan: prepared based on the following steps: i) analysis suitability of buildings with respect to location, height and capacity, ii) evaluation of structural engineering aspects and iii) determination required location(s) of new refuge buildings. 

Escape Route Plan: prepared based on the following steps: i) evaluation current condition and situation, ii) identification of traffic bottlenecks, iii) identification and design escape - access routes with arteries and iv) mapping of escape route plan.

Warning Plan: prepared based on the following steps: i) inventory of existing sirens location, ii) identification sirens footprint lay out and iii) identification of new locations.

Case study Banda Aceh

The above approach results in a series of maps, for which figure 6a and 6b provide a few examples for the pilot area kec. Syiah Kuala in Banda Aceh. A short explanation for these examples is given below:

· The Escape Route Plan (figure 6a) was based on the existing road network (indicated in black). The capacity translated in width of the roads was evaluated and an expansion of existing roads was proposed including the construction of new roads (indicated in brown).
· For the Refuge Facility Plan (figure 6b) estimates were made on the present vertical and horizontal evacuation capacity, combined with population estimates and trends. This resulted in a refuge capacity estimate for the village. It was proposed to reinforce an existing school, thus providing refuge capacity for all schoolchildren, and secondly to construct a new multipurpose refuge building.  

· The multipurpose design refuge building (figure 6b) offers refuge capacity for 500 persons. The building is quite large; the lower floors remain open and can be used for community activities and markets.
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 Figure 6a. Escape Route Plan  


      Figure 6b. Refuge Building Plan and Design 

4.3 Current status in Aceh
Four years after the tsunami, about 120.000 persons are resettling in high-risk areas in Banda Aceh. Different studies show that in a worst-case scenario, casualties would amount to 60 to 70 % in this zone. Refuge and escape plans have been prepared for all sub-districts in the high-risk area. A preliminary cost estimate shows that about $ 60 million budget (status 2008) is required to implement the refuge and escape plans. Currently, first detailed designs for the Syiah Kuala sub-district are being worked out. At the same time the concepts as developed are presented to Provincial Government and international donors for funding. 
The city planning, which is executed and coordinated by the local Planning Board needs to be updated. In the remaining project period (till April 2009) the Provincial Government and the Municipality are supported in integrating the risk mapping and escape planning exercises in the city planning. 

5. follow-up and conclusions
SDC is collaborating with different universities in Sumatra, by providing training and support in the further development of the tsunami model as presented in this paper. A major objective is to expand the geographical area covered by the set of models to the entire Sunda Strait (located between Java and Sumatra). By 2009 the model will cover the complete West Sumatra coast, which includes a major city like Padang (350.000 inhabitants) and the province of Bengkulu. For these high-risk areas, based on the expanded set of models, detailed escape and warning plans can be developed using the methodology developed for Banda Aceh. More in general, it can be concluded that:

· The created set of coupled models for Aceh (propagation model and coastal flooding models) can be regarded as a reliable tool, suitable for spatial planning and risk assessment objectives. Similar models can be set up for other tsunami risk areas world-wide.

· The presented stepwise methodology, translating computed flood hazard maps to detailed escape and refuge plans, has proven to be practical in application and can very well be applied in other tsunami risk areas world-wide.
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� The height of 22 meter is relevant for coastal areas with hills. The effect of run-up of the waves was observed along the west coast up till 20 meters.   
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