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Abstract. An important part within the German-Indonesian 1 Introduction

Tsunami Early Warning System (GITEWS) project was the

detailed numerical investigation of the impact of tsunamis in The Sumatra earthquake of 26 December 2004 was one of
densely populated coastal areas of Indonesia. This work, cathe largest ever detected rupture in the Earth’s crust. Only a
ried out by the German Research Centre Geesthacht (GKSSigw minutes after the earthquake the first tsunami waves hit
in co-operation with DHI-WASY, also provides the basis for the coastline of Northern Sumatra.

the preparation of high resolution hazard and risk maps by Shortly after the tsunami disaster, Germany offered tech-
the German Aerospace Center (DLR). nical support for the installation and implementation of a

In this paper a method is described of how to pre-tsunami early warning system in the Indian Ocean. In a joint
pare very detailed roughness maps for scenario computacooperation between Germany and Indonesia a tsunami early
tions performed with the MIKE 21 Flow Model FM in warning system has been established in Indonesia. The im-
three highly resolved~10 m) priority regions, namely Kuta plementation was mostly completed in 2009. Optimization
(Bali), Padang (West-Sumatra), and Cilacap (southern coad¥ill be necessary, operation and maintenance will continue.
of Java). Roughness values are assigned to 43 land usEhe German-Indonesian activities are fully integrated into
classes, e.g. different types of bui|dings, rural and urban Subthe overall UN plans and Strategies for the establishment of
areas, by using equivalent coefficients found in literature orglobal and regional early warning systems (Rudloff et al.,
by performing numerical experiments. 2009).

Comparisons of simulations using differentiated rough- The German-Indonesian Tsunami Early Warning System
ness maps with simulations using constant values (a widelfGITEWS) consists of a variety of components. It includes
used approach) are presented and it is demonstrated thatseismological network consisting of broadband seismome-
roughness takes considerable influence on run-up and inuriers which rapldly localizes the earthquake and determines its
dation. strength, as well as GPS stations monitoring the deformation

Out of all simulations, the results of the worst case scenarof the ground. It also contains a network of GPS buoys ad-
ios for each of the three priority areas are discussed. Earthditionally equipped with ocean bottom pressure sensors and
quakes with magnitudes afy=8.5 or higher lead to consid- @ tide gauge network to detect sea level changes. The re-
erable inundation in all study sites. A spatially distinguished spective sensors are connected by satellite communication

consideration of roughness has been found to be necessal§ the Early Warning and Mitigation Center operated by the
for detailed modelling onshore. Indonesian Meteorological Climatological and Geophysical

Agency (BMKG) in Jakarta.

The main scientific and technological challenge for the set-
up of an Early-Warning System in Indonesia is the tectonic
setting of the so-called Sunda-Arc-Structure, an active conti-
nental margin almost parallel and close to the Indian Ocean
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Table 1. Mesh characteristics of study areas.

Cilacap Kuta Padang
Averaged onshore terrain height (standard deviation) 6.55m (12.27m) 10.01m (43.05m) 12.41m (49.85)
Max. Water depth 3624 m 1420m 233m
Mesh area 6587 kfn 10217 kn? 1110kn?
Number of elements 327, 804 393, 294 439, 969
Number of nodes 164, 100 196, 957 220, 095
Mean mesh element size fo-d00m 5112571 665 666 Nt 182252 m
Mean mesh element size for 1004t<30 m 1712144 79007 n? 20749 n?
Mean mesh element size for 304d<0m 3397t 11788n? 997 n?
Mean mesh element size for Od<20 m 1010 M 1593 n? 903 n?

Therefore complete new technologies and scientific concepts In MIKE 21 FM the depth integrated non-linear shallow
have been developed to reduce early-warning times down tavater (NLSW) equations are used including lateral stresses.
5-10 min (Rudloff et al., 2009). These depend on viscous friction, turbulent friction and dif-

Because such short early-warning times do not allow nu-ferential advection and are estimated using an eddy viscosity
merical computations if required, a data base of thousandformulation based on depth averaged velocity gradients. The
of pre-computed Indian Ocean Tsunami scenarios was edottom shear stress is determined by a quadratic friction law,
tablished and substantially compiled from simulations per-where the friction coefficient can be expressed with the Man-
formed by the Alfred-Wegener Institute of Polar and Marine ning number or the G&zy number (see Sect. 4).

Research (AWI) and the German Research Centre for Geo- The spatial discretization of the NLSW equations is per-
sciences in Potsdam (GFZ2). formed using a cell-centred finite volume method. The spa-
In the GITEWS project, the task of GKSS and its partner tial domain is discretized by subdivision of the continuum
institution DHI-WASY was to calculate the detailed tsunami into non-overlapping triangles. An approximate Riemann
run-up and inundation — for all of those scenarios with wavesolver is used for the computation of convective fluxes, which
heights higher than 1 m at the coast — in three priority areasallows handling of discontinuous solutions. For the time in-
namely Padang (Sumatra), Cilacap (Java), and Kuta (Bali) taegration an explicit scheme is used. For the majority of all
provide an analogues basis (300 scenarios for Cilacap, 91 fascenarios, a time step out of the range of 0.01-10 s was suf-
Padang, and 137 for Kuta) for the preparation of high resoluficient. In cases of numerical problems (especially, when
tion hazard and risk maps by the German Aerospace Centétigh gradients of wave heights or flow velocities occurred)

(DLR). the time step range was reduced to 0.001-1s.

A general model description is out-lined in Sect. 2. The
model set-up, bathymetry and mesh characteristics, bounds  \jode| set-up, boundary values and initial fields
ary and initial conditions, are described in Sect. 3. Because
of the importance of bottom roughness, a method to establist variety of data was used to establish the general model
detailed roughness maps is presented in Sect. 4. In Sect. 5 thmthymetries/topographies. The bathymetries in shallow ar-
impact of variable roughness on run-up and inundation is diseas were derived from echo sounder measurements by the
cussed. Finally, in Sect. 6 results of the worst case scenaridgency for the Assessment and Application of Technology,

for each of the three priority areas are shown. Indonesia (BPPT), DHI-WASY, and University of Hanover.
Furthermore, navigational charts (C-Map) and the General
2 Hydrodynamical model Bathymetric Chart of the Ocean (GEBCO) were used. The

topographies were based on digital surface or terrain maps,
The model used for the calculation of the tsunami WaVestreet maps and bu||d|ng mapS, provided by DLR, and diﬁer-
propagation and subsequent run-up in coastal areas wagtial GPS measurements performed by DHI-WASY.
MIKE 21 FM (flexible mesh module) developed by  Taple 1 gives an overview of the priority areas with re-

DHI (2008a,b). Based on the numerical solution of the gpect to size of the computational domain, numbers of mesh
nonlinear formulation of the two-dimensional shallow wa- gjements/nodes and mean mesh element sizes.

ter equations (the depth-integr_ated incompressible_ReynoId_s For the model area of Padang (Sumatra), the mean onshore
averaged Navier-Stokes equations) the model considers mairain height is 12.41 m, but most parts of the city between

factors important for the calculation of tsunamis such aspeach and eastern mountain range have lower elevations in
bottom shear stress, Coriolis forces, momentum dispersionye order of 5m. Just at the foot of the mountains there is a
flooding and falling dry. sharper increase of elevations to 20 m.
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The city of Cilacap (Java) is sheltered in the south by abottom and the water columns above had moved vertically
peninsula with steep coasts. In between, a shipping chanfthereby changing the distance to the mean sea level ref-
nel (~30m deep in the eastern waters and up to 19 m neaerence line). Both can be derived most easily from the
the southern harbour) allows the tsunami waves to intrude tanitial bottom displacements (also taken from the tsunami
the west and after a sharp turn to the north (here, the chanscenario data base) (Babeyko, 2008). Interpolated to our
nel has water depths less than 5m). The general structure ahesh, the bottom displacements were added to the general
the city ground (mean onshore terrain height=6.55m) con-bathymetry/topography, resulting in an adjusted new one,
sists of ridges (up to 8 m—9 m high) and valleys in betweenspecific for a certain scenario. According to the bottom dis-
(2m-3m), parallel to the curved eastern coast. The first ridgeolacements, the water columns above were shifted simulta-
along this coast has an average elevation of 4 m-5m. neously. With respect to mean sea level, the initial field of

Kuta (Bali) is characterized by an airport area of low eleva- sea surface heights was formed. These displacements are not
tion (3 m—4 m). At the western coast and north of the airportrestricted to the area of the epicentre. The movement of the
area the terrain rises sharply up to 5m-6m, followed by abottom plate at the source might also trigger the movement of
landscape with small hills (12 m high) and valleys some of adjacent plates. In some cases, this also has influence on dis-
them only 4 m-5ma.m.s.l., allowing tsunami waves (highertant coastal areas. For example, the impact of an earthquake
than 6 m) to intrude far inland. Greater parts of the peninsulaof magnitude 9 with its epicentre 150 km to the south of
in the South-East might also get flooded from easterly direc-Bali was still noticeable at the coast of Southern Bali. Bot-
tions but, together with a very shallow basin covered partlytom and sea surface were lowered by up to 0.9 m, instanta-
by mangroves this peninsula reduces the impact on Kuta. neously generating a wave trough.

In order to identify minimum requirements for mesh res-
olutions from a physical point of view, preliminary inves- 4 Roughness coefficient maps
tigations have been done. Offshore mesh resolutions have
been determined with the help of inverse solutions from tideBecause of high mesh resolution and physical effects (e.g.
gauge records for the 17 July 2006 Java Earthquake tsunandyave attenuation) the bottom roughness (in terms of Man-
(Fujii and Satake, 2006), presented in Kongko et al. (2008)_ning coefficients) was of main interest. For example shallow
Onshore this topic is considered in Leschka et al. (2009a,byeefs, dykes, shoreline stabilisations, forests, or buildings
based on the same event. The size of each of the compuDight change the propagation of waves considerably due to
tational domain reflects differences between the study area®®ing solid obstacles or due to roughness induced energy dis-
For examp|e’ the model for Kuta included areas of North Ba'isipation and therefore should be included in the final model
as well as part of the coast of Java in order to take into ac/mesh either as features with appropriate elevation heights or
count possible wave reflections. These areas have been reprds adequate roughness elements mapped to the ground.
sented with a coarser mesh resolution than the area of interest Generally, in case of 3-D features (e.g. buildings, trees),
itself. several options are available how to take them into account:

In less sensitive parts (e.g. deep ocean or higher grounds
never getting flooded), the mesh resolution of the model was
approximately 1 km, which was sufficient for our purpose.
The resolution was refined as approaching the area of inter-
est. There, mesh element lengths down to 10 m enabled the
mapping of finer structures such as sand banks, streets and
buildings. 2. According to their height, features are included as land

At open boundaries the models are driven by time series  elevations. This would make sense in cases where fea-
of sea surface elevations, which were extracted from the  tures are overtopped.

Indian Ocean tsunami scenario data base. The time series ) ) )

(delta = 1 min) were interpolated from mesh nodes of Awr's 3. Substituted by ground elements with a certain rough-
numerical mesh to straight lines with spatial resolutions of €SS (e.g. a mangrove forest, disregarding the heights of
100 m. During a model run, these input time series were in-  the trees).

terpolated to our mesh nodes and time steps, respectively. 4

Depending on the direction of the approaching tsunami
wave, the time series of sea surface heights are taken as driv-
ing force at appropriate open boundaries. At all other bound-After careful inspection it has been decided for option 3, be-
aries, the condition is set to zero velocity gradients acrossause this allowed taking into account material structures.
these boundaries, enabling outflows but no inflows. For example, a differentiation was made for the roughness

In addition to boundary values, each scenario needs aelements representing different types of buildings by assign-
initial field of the sea surface heights (ssh) and a newing appropriate roughness coefficients to buildings capable
bathymetry/topography, because due to the earthquake the withstand a wave and to buildings which probably would

1. As obstacles, forcing the water to flow around. In this
case, mesh elements covered by these obstacles would
simply be declared non-calculation elements, disregard-
ing any effects caused by the roughness at the sides of
the obstacle.

. As a combination of 2 and 3 (e.g. a harbour wall with a
roughness element placed on top of it).
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Table 2. Land use classification of Kuta, Bali.

Group 1: Areas

Airport asphalt, Airport meadow, Airport settlement, Airport terminal, Campus, Cropland, Estate property, Forest jungle, Forest swamp,
Garden, Graveyard, Hotel, Industry, Mangrove, Market, Open area, Paddy field, Paddy field rain, Port, Sand, Savannah, School,
Settlement, Shops, Shrubs, Sports ground, Streets, undefined in Bakosurtanal's maps, Other vegetation, Wild vegetation.

Group 2: Buildings

Bank, Hospital, Meeting Hall, Mosque, Office, Temple, Terminal.

Group 3: Water
Pond, River, Saline, Sea, Swamp.

Group 4: Streets

collapse. This differentiation would not be possible with op- 297000 299000 301000
tion 1, when buildings are excluded from the modeling pro-
cess. Also it has been distinguished between different vege
tation forms: for example, a dense mangrove forest exerts ¢
much higher roughness than palm trees in a park. Option 4
was chosen only for single solid objects like dykes and chan-o
nels. In this case it has been ensured that the shapes of the:§
objects were preserved by specifying the grid elements anc&3
their elevations manually. s

For each of the priority areas, roughness maps (Manning
values at each node of the computational mesh) were estak
lished in three steps:

9033000

297000 299000 301000

Fig. 1. Quickbird satellite image of airport area of Kuta, Bali. Yel-
low lines indicate areas with specific land use classes. Coordinate
system WGS 1984 UTM 50 S.

1. Localising areas with a specific land use.

2. ldentifying typical roughness elements and land cover
characteristics for each land use, and

3. assigning a Manning coefficient for each land use. For example, an area with land use class “airport meadow”

Areas of land use classes were localised with the helpV@S uniformly covered to 100% with only one type of rough-

of maps provided by Bakosurtanal (National Coordinating ness e_lements, namely (r‘nead?w, yvhereas for non-uniform ar-
Agency for Surveys and Mapping of Indonesia), Lapan (In- €8S with Ia!’]d use type “hotel” (Fig. 2) the average percent-
donesian National Institute of Aeronautics and Space) and@9€s Of main roughness elements were estimated as 40% cov-
DLR. Since the land use classification of these maps wa&rage with buildings, 403% coverage with meadows, using a
quite general in some cases (e.g. airport area), satellite jmvanning valuei=40 mi/3/s (Kouwen, 199/23?’ and 20% cov-
ages (Quickbird), street maps, and building maps were usefif@g¢ With trees, represented k=14.3 m/%/s (Latief and
for refined subdivisions (e.g. airport asphalt, airport meadow,Had" 2007).
airport settlement, airport terminal). Figure 1 presents the Manning values for such non-uniform land use classes
airport area of Kuta, Bali. There, yellow lines mark areas then have been calculated as the coverage weighted average
with specified land use classes. of values specific for each of the roughness element fractions.
Typical roughness elements are for example buildings, Not all types of roughness elements (and their Manning
shrub, lakes, mangroves, forest. Typical land cover charvalues) occurring in the land use classes could be found and
acteristics are meadow, paddy fields, garden, sand (beach)ad to be determined otherwise. In case of blocks of houses
bare soil or asphalt. Representative Manning values can bwith streets in between, an appropriate value was determined
found in literature, e.g. Acrement et al. (1989), Latif and by performing a series of nhumerical scenarios for an artifi-
Hadi (2007) or Weichel et al. (2007). With the help of satel- cial city as shown in Fig. 3. Inundation results of a run with
lite images, roughness coefficients were assigned to delimstable houses, represented by non-calculation mesh elements
ited areas depending on averaged fractions of roughness elewere compared with inundation results where houses were
ments contained in the land use areas as classified in Table Bepresented by roughness elements.
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the difference (and the importance to take roughness into ac-
count) to the other cases, of case b, the reference run with
houses as non-calculation cells (solid objects), and of cases
¢ and d, derived after a series of simulations, varying the
| \\ ' Manning value until the same inundation line was reached
‘ 1 I as in case b. Case ¢ was included to estimate a Manning
M! !!%\ E%@%%& value M=7.7 mt/3/s for areas for which only general infor-
mation like “covered with stable houses” would be available,
M|EsEs BB but no detailed information about the spatial distribution and
Fig. 3. 3-D view of the artificial “roughness city”, consisting of ~Size of houses. Case d resulted in a very high roughness of
stable houses and streets. M=2.5m"3/s for the elements representing houses.
Furthermore, during a tsunami event, water might cause

According to typical slopes and buildings found in the @ building to collapse, depending on water level, current
study areas the set-up of the numerical grid (covering an are§P€€d; floating objects on one hand and building stability
of 4 kmx0.8 km) was as follows: a spatial resolution of 10 m, " the other hand. Presently, the model does not take these

a bathymetry slope from a water depth of —40m to Om (Overcriteria int_o account expli_citly. For simplified application
a distance of 2km), an adjacent beach elevation of 1 m, afUrP0Ses it has been estimated that 50% of normal houses
elevation slope in the city from 2m to 7 m (over a distance of Would partly collapse during a big tsunami event. Since the
1km), and from 7 m to 12 m behind the city (over a distance™Manning coefficient for collapsed buildings was unknown,
of 1km). this type was repressented b_y an eqw_valent Mannl_ng-StrlckIer
The city itself started at the beach side with a row of bigger V3u€ 0fks=20 m/%/s for big rocks in a mountain torrent
houses (representing hotels), followed by blocks of smalletVith supercrll}écal flow (Schneider, 1992). Using the relation
houses (width 10 m) and single bigger houses (width 20 m)1/M =n =k /254 (DHI, 2008a) led to a Manning value
All the larger streets were parallel or perpendicular to theof M=15.2nt/3/s. Finally the coefficient for buildings was
beach, some of the smaller streets could cross in an arbitrargetermined ag/=11.1 nt/3/s.
manner. No distinction was made concerning the quality of In case of land use class "hotel areas” (buildings are taken
the houses and streets. Generally, the Manning value was s@tto account to 40%) the weighted average of all roughness
to M=32m/3/s (coarse sand) on the sea side and in mestvalues resulted in the final Manning value &f=25 m'/3/s.
cells not covered by houses. This kind of evaluation resulted in roughness maps of Man-
Figure 4 shows four final results of (from top to bottom) ning values for each of the priority areas. As an example,
case a, a scenario without any city, included only to showFig. 5 shows the final roughness map of Kuta.

A |
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B depths (in Kuta) of a simulation using the detailed rough-
S0 o ness map shown in Fig. 5. On the right hand side a constant
@0 - 0 roughness with a Manning coefficient 87=32 m-/3/s for
p— o= 81 the whole model area is assumed. This value represents land
2o - e covered with coarse sand and is used in many applications
S when no detailed roughness information is available. In both
i simulations the wave heights at the western shore are almost
n : S i identical. With the exception of the airport area, the colour
patterns suggest that differences in water depths in flooded

areas seem to be low. Locally, differences of 0.5m or less
occur (see red circles in Fig. 6). In general, in the first sim-
ulation the inundated area is smaller, suggesting on average
a higher roughness and slowed down water flows as shown
in Fig. 7. In the airport area, the roughness used in the first
scenario is much lower than in the second one, enabling very
. high flow velocities of about 10 m/s.

In the previous chapter it has been shown that the Man-
ning value for areas for which only a general information like
“covered with stable houses” is available (numerical experi-
ment case c) i8/=7.7 m/3/s, a roughness value comparable
to that of Mangrove forests. Figures 8 and 9 show the in-
undation results and comparisons for the same scenario as

discussed above, indifferently applying this high roughness

Fig. 6. Sea surface height (seaside) and total water depth (upon . }
land) for a scenario of earthquake magnitude 9 (285nw9.0). value everywhere on land. Expectedly, the differences (com

Left: with detailed roughness map, right: with constant Manning pared to the model run using a differentiated roughness map)
value M =32 m-/3/s everywhere. are huge.
Of course the inundation not only depends on rough-

Blue colours depict high roughness (e.g. mangroves”ess but also on local topographical conditions. Therefore

shrub), yellow colours represent mean roughness (e.g. san{f}iS kind of comparison is repeated for a scenario affect-
ing the city of Cilacap on Java. Again, differences are

rice fields) and red colours represent low roughness (e.g. ) )
lakes, streets, and airport). Mangrove swamps (blue colour)0St prongunced for the case of using a Manning value of
=7.7 m/3/s everywhere. Here, only the comparison of ve-

along the eastern coast help to protect the land from high” ~* . )
flooding. Further information on roughness map generation©cities (Fig. 10) is shown. As can be seen, not only that
there are big differences in inundation but also that flow velo-

with the focus on the area of Cilacap is given in Leschka et” == = ~¥ ; > )

al. (2009c). c!ty dlst.rlbutlpns differ significantly. Wherga}s in case of the
simulation with constant roughness coefficient (right panel)

the velocities are rather low~2 m/s at the eastern coast, de-

creasing gradually further in land), the velocities of the simu-

In Fig. 6 two model runs of the same scenario but differ- lation using a detailed roughness map show a high variability

ent roughness are compared. The picture to the left showd€ft Panel, red stripes-10m/s, yellow stripes-7 m/s, dark

the maximum sea surface heights (sea side) and total wat&'€en areas-4m/s), in agreement with topographical fea-
tures and high variability of roughness.

Fig. 5. Roughness map (Manning vala¢ at mesh nodes) of Kuta,
Bali.
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with roughness map constant coefficient 32

5 The importance of roughness: comparisons
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Fig. 8. Sea surface height (seaside) and total water depth (UpOTkig 10, Cilacap, Java. Maximum flow velocities for a scenario
land) for a scenario of earthquake magnitude 9 (285nw9.0). of earthquake magnitude 9 (082 mw9.0). Left: with detailed

Left: with detailed roughness map, right: with constant Manning roughness map, right: with constant Manning valde7.7 m/3)s
value M=7.7 m/3/s everywhere. everywhere.
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Fig. 9. Maximum velocities for the same scenario as in Fig. 8.

. 0° 55’
6 Worst case scenarios

Using highly resolved bathymetries/topographies (Sect. 3)
and differentiated roughness maps as described in Sect. ¢
the run-up and inundation was modeled in the priority ar-
eas Padang, Cilacap, and Kuta. The results of 91 scenario
for Padang, 300 for Cilacap, and 137 for Kuta provided in- 1° 00’
put data for high resolution hazard and risk maps (preparec
by DLR). All scenarios were selected from the Indian Ocean
tsunami scenario data base and fulfilled the condition of wave
heights higher than 1 m at the coast of the respective area.
In this chapter inundation results of worst case scenarios
are shown to give an impression of the hazard in each of
the priority areas. Probabilities of occurrence of such severe
events and relations to goods like human beings and buildFig. 11. Worst case scenarios for Padang. Coloured area: sea sur-
ings are not discussed here. They are taken into account (e&ce heights of scenario 092 mw9.0, thick black line: inunda-
timated from historical records) and described in the proces&on of scenario 093.4 mw8.5, white line: inundation of scenario
of establishing hazard and risk maps. Here, the worst cas895-14-mw8.0, thin black line: coast.
scenarios are presented to contribute high resolution compu-
tations when the accuracy of various tsunami model resultsf all scenarios of magnitude 8.5 (black lines) and of magni-
will be discussed and validated. tude 8.0 (white lines) for each of the priority areas Padang,
Figures 11, 12, and 13 show the maxima of sea surCilacap, and Kuta, respectively. The scenarios are named ac-
face heights (maximum water elevation during a 3-hourly cording to their epicentres. The first digits give the location
simulation) of the worst of all scenarios of earthquake along the Sunda Trench (starting with 1 at the south-eastern
magnitude 9.0, overlaid with inundation lines of the worst end), the following digits give the location with respect to the

640 km 650
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Fig. 12. Worst case scenarios for Cilacap. Coloured area: sea
surface heights of scenario 089_mw?9.0, black line: inunda-
tion of scenario 058.2. mw8.5, white line: inundation of scenario
055.12 mw8.0, thin line: coast.
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13. Worst case scenarios for Kuta. Coloured area: sea
distance to the coast (increasing number = shorter dlstance)mrface heights of scenario 039 mw9.0, black line: inunda-

For further information please see corresponding articles byion of scenario 0412 mw8.5, white line: inundation of sce-
Behrens et al. (2010) and Babeyko et al. (2010), also pubnarios 04114 mw8.0 (tsunami approaching from the south) and
lished in this volume. Out of all scenarios computed, the039.12 8.0 (from south-easterly direction), red line: coast.

worst cases (9.0 magnitude scenarios) shown here were those

with epicentres~120 km south of Padangy;220 km south-
east of Cilacap, and 180 km south-east of Kuta.

As expected, the inundation increases with earthquakerhe great number of simulations of different tsunami scenar-
magnitude. Tsunamis generated by earthquakes of magnjos enabled us to get a detailed insight of possible hazards
tude 8.0 are not high enough to cause remarkable inundaguring flood events in the priority regions Padang, Cilacap,
tion. Only lower grounds are flooded as in the case of theand Kuta which were investigated by GKSS and DHI-WASY
eastern coast of Kuta, an area mainly covered by mangrovegithin the GITEWS project. Prerequisite for a successful
(Fig. 13). In the case of Padang (Fig. 11), very local inunda-simulation of tsunami run-up and inundation was the careful
tions are visible at river deltas and along rivers and Channe'@reparation of bathymetries/topographies of high resolution
(please note that river banks are not overtopped). and detailed roughness maps to take into account the influ-

With increasing incoming tsunami heights as in magni- ence of structures smaller than features considered in the to-
tude 8.5 scenarios, the situation gets much worse as can hgography by using spatially varying Manning coefficients.
seen from the flooded areas indicated by black lines. In case In this paper a method for detailed roughness map prepa-
of Padang, this line roughly corresponds to the 5m elevatiorration has been described. Implications of using such dif-
contour line. In Cilacap (Fig. 12), the water intrude8km  ferentiated roughness information were shown by comparing
inland. inundations with results of simulations using constant Man-

During worst case events of magnitude 9.0, almost entirening coefficients likeM =32 m"/3/s (a value commonly used
cities are flooded. In Padang, the inundation reaches the 8 rim many applications) oM=7.7 m"3/s (a value representing
contour line at the foot of the mountain range. In Cilacap anda settlement, derived from numerical experiments). Other
in Kuta, only a few spots (city areas on higher grounds, ele-Manning coefficients have been chosen based on literature.
vations can be estimated from adjacent ssh values) are sparedIt has to be noted, that in the pilot regions no data is avail-
from being flooded. able for validation purposes. A validation with the help of

7 Conclusions
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data from other sites, e.g. Banda Aceh, could not been fullyBabeyko, A. Y.: Process Simulator: An interactive modeling tool in
performed due to the lack of highly detailed input data dated support of TEWS — Personnel training and system verification,
to the period before the 2004 Indian Ocean tsunami. In ad- in: E-Proc. of the International Conference on Tsunami Warning,
ditional studies, an estimation of uncertainty for flux simula-  DSM17DE, Nusa Dua/Indonesia, 12-14 November, 2008).
tions due to different roughness representations for the are§aPeyko, A. Y., Hoechner, A., and Sobolev, S. V.: Source modeling
of Cilacap has shown that maximum water levels onshore 2nd inversion with near real-time GPS: a GITEWS perspective
vary considerably, but the difference regarding velocities is for Indonesia, Nat. Hazards Earth Syst. Sci, In press, 2010.

. ! Behrens, J., Androsov, A., Babeyko, A. Y., Harig, S., Klaschka,
much higher (Leschka et_ al., 20090). AS One would eXpe.Ct F., and Mentrup, L.: A new multi-sensor approach to simulation
from mean onshore terrain heights and their standard devia- agsisted tsunami early warning, Nat. Hazards Earth Syst. Sci., 10,
tions in Table 1, a comparison of uncertainties for settlement 1085-1100, doi:10.5194/nhess-10-1085-2010, 2010.
areas in all study areas confirms, that flow depths uncertainbHI Software: MIKE 21 FM Scientific Documentation, 2008a.
ties differ among the areas, depending on the slope of th®HI Software: MIKE 21 HD Scientific Documentation, 2008b.
terrain (Leschka et al., 2010). When interpreting the resultsFujii, Y. and Satake, K.: Source of the 2006 West Java tsunami esti-
it has to be mentioned, that other energy loss such as inertia mated from tide gauge records, Geophys. Res. Let., 33, L24317,
and important effects such as debris flow to date are not fully d0i:10.1029/2006GL028049, 2006. )
understood and cannot be considered adequately for appll<ongko. W., Leschka, S., Larsen, O., Gayer, Gghken, I., and
cation purposes. It should also be noted that discretization .Gumzer' H'(::A Sens:;'v'_ty tce.Tt of tslugam' ”.‘Od.e'_"“g ;S'ng Vfarr']
technique and solution algorithm of the non-linear shallow :Sl?es'rn;tiihal acssn?:iezég O:]a?:l?n:m?rxz'ri’ir:n'(Ic;T\r,S;:' ﬁutsae
water model has an influence on the results, which lies in the Dua/lndonesia, DMS07ID, 12—14 November 2308_ '
same order like the differences in roughness consideratiofgywen, N.: Modern approach to design grassed channels, J. Irrig.
onshore. Furthermore, temporal changes of the roughness prain. E.-ASCE, 118(5), 733743, 1992.
during a tsunami event are not considered adequately withatief, H. and Hadi, S.: The role of forest and trees in protecting
respect to real forces acting on structures. However, using coastal areas against tsunami, in: Proc. of the Workshop Coastal
detailed roughness maps for tsunami inundation modelling Protection in the Aftermath of the Indian Ocean Tsunami: What
has been shown to be applicable to relatively large areas such role for forests and trees?, Khao Lak 2007, United Nations Food
as cities. Especially in terms of computed velocities onshore, and Agriculture organization, 2007. _
the method increases the degree of detail within the result§€Schka, S., Kongko, W., and Larsen, O.: On the influence of
remarkably, which is required for hazard and risk mapping. nearshore bathymetry data quality on tsunami runup modeling,
Extensive work is still required in order to achieve a physi- part I: Bathymetry, in: Proc. of the 5th International Conference

v full lidated hod to d . . dati on Asian and Pacific Coasts (APAC2009), Singapore, edited by:
cally fully validated method to determine tsunami inundation Tan, S. K. and Huang, Z., 1, 151156, 13-18 October 2009a.

in large areas. Leschka, S., Kongko, W., and Larsen, O.: On the influence of
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