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[1] Eastern Indonesia and the southern Philippines comprise a huge and seismically highly
active region that has received less than the deserved attention in tsunami research
compared with the surrounding areas exposed to the major subduction zones. In an effort
to redress the balance the tsunami hazard in this region is studied by establishing a tsunami
event database which, in combination with seismological and tectonic information from the
region, has allowed us to define and justify a number of ‘credible worst-case’ tsunami
scenarios. These scenarios have been used in numerical simulations of tsunami generation
and propagation to study maximum water level along potentially affected shorelines.
The scenarios have in turn been combined to provide regional tsunami hazard maps. In
many cases the simulations indicate that the maximum water level may exceed 10 m locally
and even reach above 20 m in the vicinity of the source, which is of the same order as what
is forecasted along the Sumatra and Java trenches for comparable return periods. For
sections of coastlines close to a source, a tsunami may strike only a few minutes after it is
generated, providing little time for warning. Moreover, several of the affected areas are
highly populated and are therefore also high risk areas. The combination of high maximum
water levels, short warning times, dense populations, and relatively short return periods
suggests strongly that the tsunami hazard and risk in these regions are alarmingly high.

Citation: Løvholt, F., D. Kühn, H. Bungum, C. B. Harbitz, and S. Glimsdal (2012), Historical tsunamis and present tsunami
hazard in eastern Indonesia and the southern Philippines, J. Geophys. Res., 117, B09310, doi:10.1029/2012JB009425.

1. Introduction

[2] Even though tsunami disasters are part of human his-
tory, the December 26, 2004, Indian Ocean tsunami repre-
sents a landmark in several ways, with more than 220,000
fatalities (http:/www.emdat.be). This tsunami was followed
by an earthquake and tsunami of similar strength hitting
Japan 11 March 2011, but the latter claimed fatalities of
about an order of magnitude less than the 2004 event, most
likely due to better warning systems and tsunami awareness.
The 2004 earthquake had a moment magnitude of 9.1–9.3
and a rupture length of about 1200 km [Lay et al., 2005;
Ammon et al., 2005; Titov et al., 2005]. With an estimated
return period of at least several hundred years [Løvholt et al.,
2006], the tsunami struck a population that was without any
societal memory of such disasters, and therefore largely
unprepared. Every year following the disaster there have
been large earthquakes in several regions in Indonesia
ranging from Sumatra in the West to Sulawesi, Buru Island,
and New Guinea in the East. The USGS has reported more
than 30 ‘significant earthquakes’ (mostly above magnitude

6) for Indonesia during the four years following this mega-
thrust event, providing repeating evidence of the persisting
significant earthquake potential within this region [e.g.,
McCloskey et al., 2010].
[3] Since then, major efforts have been invested into

developing Tsunami Early Warning Systems (TEWS) [e.g.,
Bernard et al., 2006; Rudloff et al., 2009; Behrens et al.,
2010; Lauterjung et al., 2010; Falck et al., 2010; Roessler
et al., 2010], but also into physical mitigation structures, as
well as into extensive scientific studies and practical efforts
ranging from international to local levels. A significant
amount of work has been put into tsunami modeling as well
as hazard and risk assessment, in particular toward western
Sumatra and Java [e.g., Borrero et al., 2006; Sengara et al.,
2008; Okal and Synolakis, 2008; McCloskey et al.; 2008;
Post et al., 2009; Brune et al., 2010; Spahn et al., 2010;
Gayer et al., 2010; Okal et al., 2011; Blaser et al., 2012] and
the western coast of Thailand [e.g., Løvholt et al., 2006;
Römer et al., 2010; Kaiser et al., 2011]. Paleotsunami field
investigations have further indicated evidence of prehistoric
disasters [e.g., Jankaew et al., 2008; Monecke et al., 2008].
[4] However, less attention has been given earlier to the

large regions of South East Asia where tsunami hazard and
risk are also high, as is easily seen from simple overviews of
past disasters [e.g., Hamzah et al., 2000; Okal et al., 2011].
Hence, the present study is concentrated on the large and
heavily populated region shown in Figure 1. Due to the
complexity of the region, tsunami hazard from non-seismic
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sources is not addressed. To identify and define representa-
tive scenarios, the regional seismicity is analyzed first,
including focal mechanisms and magnitude distributions,
as well as regional tectonics (Section 2.1 as well as
Sections 3.2–3.3). Subsequently, a regional historic tsunami
catalog is established (Section 2.2). Five sub-regions that
represent the largest tsunamigenic potentials in the region
are selected. The sub-regions are introduced in Section 2,
and are selected based on the review of historical earth-
quakes and tsunamis in Sections 2 and 3. The applied hazard
methodology is discussed in Section 3. Furthermore, fault
dimensions and slip values are defined in the same section,
with scenario moment magnitudes guided by historical
events. For these scenarios, tsunami propagation is computed
and the maximum water level is estimated by combining
tsunami propagation simulations with a wave amplification
factor depending on wave and bathymetry characteristics
(Section 4.1). Results are presented in Section 4.2 and sub-
sequently summarized into a regional overview that can be
interpreted as a first order tsunami hazard map (Section 4.3),
demonstrating the tsunamigenic power of the scenarios in the
study region.

2. Seismological and Tsunami Background
and Data

[5] In this section a brief overview on seismicity and tec-
tonics of the study region as well as a tsunami database are

presented, both limited to what is required to support the
subsequent determination and delineation of the tsunami
scenarios, which is the main purpose of this paper.

2.1. Seismicity and Tectonics of the Study Region

[6] A large-scale overview of the tectonic settings of the
study region is shown in Figure 1, while the seismicity in the
different sub-regions is shown in Figure 2. A more detailed
overview of geographical names can be found in Figure 7.
Kreemer et al. [2000] and The Plates Project (http://www.ig.
utexas.edu/research/prjects/plates/) are followed for dis-
playing tectonic features.
[7] The main feature of this tectonically complicated region

is the interaction between four tectonic plates that are, in
counter-clockwise direction, the Sunda block, the Australian
plate, the Pacific plate, and the Philippine Sea plate. In the
section of the Sunda-Banda arc from Java to Wetar separat-
ing the Sunda block from the Australian plate, the subduction
style changes from subduction of old oceanic crust (Indian
Ocean) beneath continental margin (Sunda shelf) to subduc-
tion of continental crust (Australia) beneath an island arc
(Banda arc) built on oceanic crust [McCaffrey and Nábĕlek,
1987]. Although slab dip, convergence rate, lithospheric
age, and maximum earthquake size would place the Java
trench in the category of subduction zones with back arc
spreading,McCaffrey and Nábĕlek [1987] argue for back arc
compression in this region. Active back arc thrusting occurs

Figure 1. Large-scale overview of the tectonics of eastern Indonesia and the southern Philippines;
straight black lines represent transform faults, black lines with triangles indicate trenches (subduction
zones), and dashed lines mark ridges; CT: Cotabato trench; MKS: Makassar Strait; MS: Molucca Sea;
MT: Manokwari trench; NT: Negros Trench; SF: Sorong fault; SI: Sulu Islands.
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north of Flores [McCaffrey and Nábĕlek, 1984]. Both the
Flores and Wetar back arc thrusts are seismically much more
active than the subduction thrust fault near the Timor trough,
which indicates a jump in the locus of convergence from the
Java trench to the back arc east of 118� [Kreemer et al., 2000;
Nugroho et al., 2009] and which may result in a subduction
polarity reversal [Hamilton, 1979; Nugroho et al., 2009].
[8] The Timor trough bends NE into the Aru trough and

subsequently west into the Seram trough. The structural
continuity is controversial [Cardwell and Isacks, 1978;
McCaffrey, 1988; Katili, 1989]. Also within the broad area
between Timor and Seram troughs, the upper plate is
shortened beneath fore and back arc basin due to the colli-
sion of the Australian continent with the Banda arc
[McCaffrey, 1988]. Moreover, there is no sign for back arc
spreading within the Banda basin. Earthquakes suggest the
presence of an additional thrust fault south of Ambon and
Seram similar to the Flores and Wetar thrust, but with N-NE
directed thrusting [McCaffrey, 1988]. New Guinea accom-
modates the highly oblique convergence between the Pacific
and the Australian plates by strain partitioning [Kreemer
et al., 2000]. A high level of seismicity is associated with
the subduction at the Molucca Sea double subduction zone
and with the North Sulawesi trench [Kreemer et al., 2000].
The oblique convergence between Pacific plate and Sunda
block in the Philippine region is accommodated by strain
partitioning between the near-trench-normal subduction at
the Philippine trench and left-lateral-shear motion at the
Philippine fault.
[9] The study region as shown in Figure 1 is covering the

eastern parts of Indonesia and the southern Philippines. Sub-

regional study areas applied in the hazard evaluations below
are shown as red boxes in Figure 2, namely Banda Sea, Bali/
Flores, northern Sulawesi, New Guinea, and southern Phi-
lippines. The applied earthquake catalog essentially consists
of merged hypocenter reports from the International Seismo-
logical Centre (ISC) and Preliminary Determination of Epi-
centers (PDEs) from the U.S. Geological Survey (USGS), both
with a good global coverage since the early 1960s. Figure 2
depicts the high level of seismicity recorded from 1963 to
2006, which illustrates that earthquakes above moment
magnitude Mw 7.0 occur commonly and that Mw�8.0 occur
in all sub-regions. Since magnitudes are indicated only
qualitatively in terms of symbol sizes and colors, an overview
of the magnitude (Mw) distribution for each sub-region is
presented in Figure 3. Magnitudes not originally reported in
Mw are converted to Mw [Okal and Romanowicz, 1994], and
a maximum likelihood procedure is employed to compute
activity rates and b-values [Musson, 2011; Musson et al.,
2011]. To this end, the catalog has been subdivided not
only into sub-regions, but also into time periods according to
assessed levels (magnitudes) of reporting completeness.
Regression of the magnitude distribution in each of the sub-
regions is stable and leads to b-values close to 1, as expected.

2.2. A Regional Catalog of Historical Tsunamis

[10] The process of developing a tsunami hazard model is
essentially based on understanding past events, and to this
end a tsunami catalog for Indonesia and the Philippines is
established. The database covers a larger geographical area
than the hazard study area displayed in Figure 1, with the
source information depicted in Figure 4. This catalog is

Figure 2. Seismicity in the study region 1963–2006, with symbol colors and sizes corresponding to mag-
nitudes: red dots represent earthquakes above magnitude 8, orange dots earthquakes with magnitudes 7–8,
green dots earthquakes with magnitudes 6–7 and blue dots depict smaller events down to magnitude 5.
Red boxes depict sub-regional study areas.
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mainly based on databases of the National Geophysical Data
Center (subsequently referred to as NGDC) and the Tsunami
Laboratory Novosibirsk (subsequently referred to as TLN),
supplemented with papers describing certain events
[Imamura et al., 1995; Natawidjaja et al., 2006; Ortiz and
Bilham, 2003; Satake and Atwater, 2007]. Compared with
an earlier review by Hamzah et al. [2000], the present
database is updated, covers a larger geographical area, and
includes more events.
[11] For many of these events, the source information is

based on recent re-evaluations of locations, focal depths, and
magnitudes [Engdahl and Villaseñor, 2002; Engdahl et al.,
2007; Villaseñor and Engdahl, 2007; also Engdahl, per-
sonal communication, 2007]. The source information is
critically reviewed and updated, and obviously erroneous
data are removed. This reassessment has led to significant
revision of the metadata from the NGDC and TLN databases
in some cases, particularly with respect to focal depths.
Parameters for recent events were largely reliable, but dis-
crepancies are expected to be prominent for the older events.
Except for one incidence (a tsunami occurring in the year
416), all recorded tsunamis occurred in the 17th century or
later. Up to 1825, the reporting rate was about 7.5 years
between each event in average, but from 1825 and up to the

present, the rate increased to about 0.85 years between each
reported event.
[12] The tsunami data are collated by conducting database

queries based on both regional keywords and by specifying
that the coordinates of the tsunami sources are located within
15�S–25�N and 85�–140�E. Using the database reliability
index, tsunamis categorized as erroneous or very doubtful
were removed from the queries, whereas data being cate-
gorized as questionable, probable, or definite were included,
covering 27%, 28% and 45% of the 249 reports, respec-
tively. The tsunamigenic categories include a number of
different sources, e.g., NGDC operates with 12 different
categories including among others earthquakes, landslides,
and volcanoes, as well as combinations thereof. If sources
are categorized as earthquake or probable earthquake they
are referred to as earthquakes in the visualization and the
statistics. Where combinations of sources are reported,
sources are grouped into one of the main categories (land-
slides or volcanoes) to simplify the visualization. The dis-
tribution of reported tsunamis with respect to sources shows
that 115 of the reports are related to M ≤ 7.5 events, 36 to
7.5 < M ≤ 8.0, 13 to 8.0 < M ≤ 8.5 and 8 to M > 8.5 events.
In comparison, 21 reports are related to volcanoes and 9 to
landslides. Figure 4 shows the locations of sources indicat-
ing the source type as described above.

Figure 3. Magnitude distributions 1963–2006 for the five sub-regions shown by red boxes in Figure 2:
(a) Banda Sea, (b) Bali/Flores, (c) northern Sulawesi and northern Moluccas, (d) New Guinea, (e) southern
Philippines; table gives a- and b-values resulting from maximum likelihood computations [Musson, 2011;
Musson et al., 2011].
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[13] In both the NGDC and the TLN databases, the num-
ber of fatalities for each tsunami is reported. The regional
distribution of these reports shows that devastating tsunamis
have been generated along most of the Sunda arc, in eastern
Indonesia and in the Philippines, which gives an important
focus on this region, knowing that most efforts on tsunami
simulation and warning nowadays focus on western Sumatra
and the Java trench. In Table 1, all reported events with 100
and more fatalities are listed. For earthquake-generated
tsunamis with magnitudes smaller than magnitude 8.0, it is
found that few or no fatalities dominate. A similar trend of
the recorded maximum wave heights is seen in Figure 5,
indicating that a larger portion of wave heights above 10 m
are generated by large earthquakes.

3. Tsunami Hazard Methodology
and Scenario Descriptions

3.1. Methodology

[14] Tsunami hazard analysis has traditionally been sce-
nario-based [Tinti and Armigliato, 2003; Løvholt et al.,
2006; Okal et al., 2006; Okal and Synolakis, 2008; Lorito
et al., 2008; Tinti et al., 2008; Tang et al., 2009; Okal et al.,
2011]. More recently, however, a Probabilistic Tsunami
Hazard Analysis (PTHA) approach has been developed and
put to practical use [Annaka et al., 2007; Geist and Parsons,
2006; Thio et al., 2007; González et al., 2009; Blaser et al.,
2012]. For earthquakes, the highest tsunami risks are
related to large low-probability events that generally carry
large uncertainties [Nadim and Glade, 2006; Løvholt et al.,
2012a]. The eastern Indonesia and southern Philippines
regions are less well studied than the Sunda arc subduction
zone, and are simultaneously more complex tectonically
(Bird [2003] states that “the region of the Molucca Sea, the
Banda Sea, and Irian Jaya […] has the most complex

neotectonics on Earth”). Hence, for the present study region
it may still be advisable to use the more robust scenario-based
approach, as applying PTHA would imply large epistemic
uncertainties related to location, parameterization, and return
periods of the scenarios entering the analysis. The ‘credible
worst-case scenario approach’ applied here is adopted from
Løvholt et al. [2006] and Harbitz et al. [2012], and scenarios
are restricted to earthquake sources only. Tsunamis origi-
nating from the Indian Ocean south of Java and west of
Sumatra are not included in the present analysis and neither
are far field sources as they are expected to contribute less to
the total risk [see, e.g., Titov et al., 2001; González et al.,
2009]. The five sub-regions selected for hazard evaluations
shown in Figure 2 cover a large part of the full study region.
Figure 4b shows that the areas with the highest frequency of
historical tsunamis in the whole region are included in the
sub-regions.
[15] The scenario earthquakes have been located in

regions where historical tsunamis of tectonic origin have
occurred in the past, and at places where independent seis-
motectonic criteria have revealed potentials for strong
earthquakes. The historical events in Figure 4b are used to
interpret both the location and size of the tsunamigenic
earthquakes. The earthquake models used in this study are
simple, justified by the fact that the tsunami generation is
sensitive mostly to first order effects on the source side. In
this sense there is an important difference between the levels
of detail required for sources used for tsunami hazard as
compared to those required for earthquake hazard, where
considerably more sophistication is needed.
[16] For each tsunami scenario, the slip on the fault plane

is assumed to be piecewise rectangular and also pure dip-
slip, with rigidity (shear strength) acting as key scaling fac-
tor to obtain seismic moment and moment magnitude
[Hanks and Kanamori, 1979]. For all shallow scenarios

Figure 4. Locations for recorded historical tsunamis in South East Asia including source information.
Year of occurrence is indicated for some events. Yellow markers indicate non-seismic or unknown
sources, red markers indicate seismic sources. Large stars display magnitudes M ≥ 8.5, small stars 8.5 >
M ≥ 8.0, squares 8.0 > M ≥ 7.5, circles M < 7.5, an asterisk means that no magnitude is reported.
Upward-pointing triangles indicate volcanoes or combinations of volcanoes and other sources, and
downward-pointing triangles indicate landslides or combined landslides/earthquakes. Diamonds indicate
unknown sources. (a) Whole database; (b) study area.
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Table 1. Historical Tsunamis in Indonesia and the Philippines With More Than 100 Reported Fatalities

Year Source Validity Region Fatalities

2004 M9.3 Earthquake Definite NICOBAR ANDAMAN 297248
1883 Volcano Definite S. JAVA SEA 36500
1976 M8.1 Earthquake Definite SW. MINDANAO 4000
1899 Landslides Definite BANDA SEA 3730
1674 M8 Earthquake Definite BANDA SEA 2970
1992 Landslides and M7.8 Earthquake Definite FLORES SEA 2200
1815 Landslide and M7.5 Earthquake Probable BALI SEA 1200
1861 M8.5 Earthquake Definite SUMATRA 1105
1815 Volcano Definite FLORES SEA 1000
1861 M7 Earthquake Definite SUMATRA TRENCH 750
2006 M7.7 Earthquake Definite S. JAVA SEA 664
1969 M6.9 Earthquake Definite MAKASSAR STRAIT 600
1930 M7.2 Earthquake Definite MYANMAR COAST 550
1979 Landslide Definite FLORES SEA 539
1820 M7.5 Earthquake Definite FLORES SEA 500
1925 M6.8 Earthquake Questionable W. LUZON ISLAND 428
1871 Volcano, Earthquake, and Landslide Definite CELEBES SEA 400
1907 M7.5 Earthquake Definite SUMATRA 400
1968 M7.3 Earthquake Definite MAKASSAR STRAIT 392
1797 M8.6 Earthquake Definite SUMATRA TRENCH 300
1863 M6.5 Earthquake Probable W. LUZON ISLAND 300
1864 M7.8 Earthquake Probable IRIAN JAYA 250
1994 M7.8 Earthquake Definite S. JAVA SEA 250
1909 M7.2 Earthquake Questionable SUMATRA TRENCH 200
1977 M8.3 Earthquake Definite S. JAVA SEA 189
1928 Volcano and Landslide Definite FLORES SEA 128
1996 M8.2 Earthquake Definite IRIAN JAYA 110
1918 M8.2 Earthquake Definite SW. MINDANAO 102
1856 Volcano Definite CELEBES SEA 100
1897 M8.5 Earthquake Definite SULU SEA 100
1979 M7.5 Earthquake Definite IRIAN JAYA 100
416 Volcano Questionable S.JAVA 101–1000
1858 M7.4 Earthquake Probable N. MOLUCCAS 101–1000

Figure 5. Distribution of tsunamigenic earthquake magnitudes (scaled with the total number of events
within each magnitude) combined with reported numbers for the maximum or deduced maximum wave
heights.
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along the eastern Sunda arc, relatively low shear stiffness is
applied consistent with the findings of Tsuji et al. [1995],
Fujii and Satake [2006], Ammon et al. [2006], and Bilek
and Engdahl, [2007]. For the scenarios, fault dimensions
and slip values were selected such that the resulting earth-
quake magnitude (roughly complying with scaling relations
such as Wells and Coppersmith [1994], Blaser et al. [2010],
and Leonard [2010]) is of the same order as the largest
historical events (see, e.g., Figure 3), deviating by no more
than 0.1 from the largest observed moment magnitude for
tsunamigenic earthquakes in each sub-region (neglecting
very deep earthquakes). It is noted that although the areas
mostly are dominated by smaller fault zones, there are two
major subduction zones present in the study area (the New
Guinea and Philippine trenches). On the basis of the recent
events in 2004 and 2011, the possibility of megathrust
events in these subduction zones should not be completely
ruled out (see, e.g., Stein and Okal [2007] for a discussion).
However, in order to derive scenarios with regionally similar
occurrence rates, such extreme low-probability events are
not considered in this paper.
[17] The procedure for defining the fault planes is exem-

plified in Figure 6 for the Banda Sea study region; the sub-
region with the highest number of historical tsunamis.
Figure 6a shows focal solutions from the CMT catalog
color-coded according to magnitude. Focal mechanisms
vary strongly, also within short distances. Figure 6b indi-
cates source locations of the historical tsunamis, using filled
circles to visualize the maximum water levels. Although the
tsunami catalog contains a variety of events for this region,
only four could be identified in the CMT catalog (focal
solutions are shown for those events). Figures 6c and 6d
present an overview on the seismicity for a depth scale up
to 700 km and 60 km, respectively. The subduction zone is
clearly recognizable at greater depths (Figure 6c) whereas
seismicity at shallower depths is more diffuse (Figure 6d).
Figure 6d displays regional fault lines (green lines on top)
and the chosen fault planes in addition. Since it proved dif-
ficult to find stable regional trends in the dip of fault planes
inferred from the Harvard CMT catalog, the fault planes are
instead aligned to patterns discernible from the regional
seismicity. The large variation in focal mechanisms is likely
to be caused by the tectonic complexity. If not mentioned
otherwise, faults were assumed to reach the seafloor.
Figure 6e finally shows the initial water displacement
resulting from the chosen fault parameters. By inspecting the
source locations from the scenarios in Figure 6e, we see that
they overlap with the main part of the source positions of the
historical events in Figure 6b. A similar procedure is adopted
for the other sub-regions, and the choices of earthquake
scenarios for each of the selected sub-regions are justified
further below. Table 2 summarizes the scenario para-
meterizations. Figure 7 displays tectonic features and place
names and Figure 8 shows an overview of the scenario dis-
tribution in terms of initial surface elevation.

3.2. Scenario Return Periods

[18] The few plate motion rates in the review of Bird
[2003] are of the order of 10 to 30 mm/year, and are com-
pared with scenario displacements of the order of 3 to 10 m,
which indicates return periods of 100 to 1000 years. Extreme

lower-bound values of return periods derived from regional
Gutenberg-Richter relations (Figure 3) range from about 20
to 120 years. The individual scenarios given below how-
ever, are expected to have return periods significantly longer
than these lower bound values and to be more consistent
with those inferred from plate motion rates, since each of the
areas covers more than one scenario and contains additional
seismicity not associated with the faults on which the sce-
narios are located. The independent estimates of return per-
iods from seismicity and plate motions are therefore quite
consistent, indicating values of the order of 100 years or
more for each of the modeled fault zones. By choosing the
moment magnitude close to the maximum historical earth-
quake, a relatively coherent approach in terms of return
periods is obtained, particularly given the large uncertainty.
Finally, it is noted that inferring return periods from seis-
micity is challenging since historic seismic catalogs are too
short. Ideally, they should be several times longer than the
typical scenario return period.

3.3. Scenario Description for Each Sub-region

3.3.1. Banda Sea
[19] The Banda Sea region (Figure 7a) is characterized by

two different subduction systems: the Java trench – Timor
trough – Aru trough system in the south and southeast and
the Seram trough subduction zone to the north (Figure 1).
The Java trench and Timor trough, as well as the Aru Islands
further east, are largely aseismic [Cardwell and Isacks,
1978; Hamilton, 1979], while the Aru Basin shows shal-
low seismicity. Within the Weber Basin (Figure 7a), deeper
hypocenters are interpreted by McCaffrey [1988] as expres-
sing both northward subduction under the Timor-Tanimbar
arc in the south, and southward subduction under Seram and
Ambon arc to the north. The great Banda Sea earthquake on
1st February 1938 took place on the eastern boundary of the
Weber Basin and has one of the 10 largest seismic moments
ever computed [Okal and Reymond, 2003], but at the same
time had a large focal depth and thus did not produce a
significant tsunami. The Wetar back arc thrust north of
Wetar and Alor is separated in an eastern and a western part
by the northeast trending left-lateral Wetar-Atauro fault
[Breen and Silver, 1989] and is associated with seismicity
[Cardwell et al., 1981; McCaffrey and Nábĕlek, 1984] and
thrust earthquakes [McCaffrey et al., 1985; Kreemer et al.,
2000].
[20] The scenarios for the Banda Sea region are shown in

Figures 6 and 8. One scenario is placed north of Buru Island
at the Seram trough in an area with several historical
tsunamis (reported events in 1657, 1708, 1876, and 1965).
Similarly, the second one is located along the thrust fault
south of Ambon; historical events constitute among others a
major event in 1674 as well as events in 1950 and 1983. A
third scenario composited of three fault planes (to represent a
curved rupture) is located in the Weber Basin nearby the
origin of the historic 1852 tsunami. The fourth scenario is
located along the eastern Wetar thrust south in the Banda
Sea with a magnitude similar to a reported event in 2004. A
comparison of Figures 6b and 6e reveal that the locations of
the four scenarios overlap with previous sources found in the
tsunami catalog. The scenario magnitudes are slightly larger
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Figure 6. Construction of tsunami scenarios for the Banda Sea region: (a) focal mechanisms for earth-
quakes in the CMT catalog within time range 1963–2006 (color coding lower left); (b) filled circles: tsu-
nami maximum runup heights (color coding lower left), earthquakes from CMT catalog identified as
source for these tsunamis indicated by their focal mechanism; (c) earthquakes from combined catalog, sub-
duction zone clearly visible (color coding according to depth); (d) earthquakes from combined catalog up
to depth of 60 km (color coding according to depth), including location of faults; (e) initial surface
elevation.

LØVHOLT ET AL.: TSUNAMI HAZARD IN EASTERN INDONESIA B09310B09310

8 of 19



than the largest observed magnitudes from the seismic and
tsunami catalogs.
3.3.2. Bali/Flores
[21] The prominent tectonic features of the Bali/Flores

region (Figure 7b) are the Java trench as well as the Flores
thrust. The Flores thrust is much more active seismically
than the subduction thrust fault near the Timor trough
[Kreemer et al., 2000]. The Flores earthquake December 23,
1970, showed active back arc thrusting behind the eastern
Sunda arc north of Flores [McCaffrey and Nábĕlek, 1984].
McCaffrey and Nábĕlek [1987] analyze source mechanisms
of eight large earthquakes north of Bali and find mainly
thrust mechanisms. The depths of those earthquakes are
between 9 and 18 km and the fault plane dip of six of those
earthquakes varies between 25� and 35�.
[22] The strongest of the historical tsunami events in this

region are reported to be caused by combinations of land-
slides and earthquakes. The earthquake scenarios defined for
this region are partly based on the location of historical
events, and partly on regional seismicity (Figure 8). For the
modeling, two shallow fault planes both belonging to the
Flores thrust were chosen, one situated north of Bali and
Lombok and the other one located north of Flores (Table 2).
The dips of the fault planes are about 30�, matching the 1992
Flores earthquake. The moment magnitude of both scenario
earthquakes is 7.8, the same as the 1992 event [Yeh et al.,
1995].
3.3.3. Northern Sulawesi and Northern Moluccas
[23] The South East Asia triple junction (of trench-trench-

fault type) is a primary example of collision accommodated
by crustal block rotation instead of mountain building
[Socquet et al., 2006]. A number of crustal blocks take part
in this rotation, the Makassar block in SW Sulawesi, the
North Sula block, the Manado block and the East Sula block
in NE Sulawesi (Figure 7c). Walpersdorf et al. [1998] indi-
cate a location of plate intersection in the southern Molucca
Sea (represented by a star in Figure 7c), although the con-
vergence area has a 500 km diameter in total [Vigny et al.,
2002].
[24] As scenarios, two fault planes at the North Sulawesi

trench are chosen, the first one northeast of the Minahassa

peninsula and the second one northwest of Gorontalo, both
located in areas with high local seismicity (see Table 2 and
Figure 8). Since the seismicity is low at shallow depths
north of Gorontalo, the fault plane is placed at a depth of
20–54 km. It was found that a Mw 7.9 earthquake represents
a ‘credible worst-case scenario’ for the area north of the
Minahassa peninsula to equal the magnitude of the 1996
event [Pelinovsky et al., 1997], which is the largest tsuna-
migenic event at the North Sulawesi trench. A third scenario
is located in a region of high local seismicity between the
East Sangihe fault and the West Halmahera trough, having a
moment magnitude of 7.8. From Figures 2 and 4 it is clearly
seen that the seismicity is high in this region, and that there is
an apparent clustering of past events at the scenario location.
Although intermediate depth earthquakes are observed
beneath Sangihe and Halmahera arc, the majority of earth-
quakes occurs at shallow depth (less than 60 km) beneath the
central part of the collision zone suggesting that convergence
between arcs is obtained by shortening within the basement
of the Molucca Sea plate leading to high-angle reverse
faulting rather than by slip along shallow dipping planes
between arcs and subducting slabs [McCaffrey, 1982].
3.3.4. New Guinea
[25] Recent tsunamigenic events in this region include the

Mw 8.2 1996 Biak Island tsunami [Matsutomi et al., 2001],
the 1998 Papua New Guinea (PNG) tsunami [Heinrich et al.,
2000; Bardet et al., 2003; Imamura and Hashi, 2003], and
the smaller 2002 [Okal and Synolakis, 2004] and 2010 PNG
tsunamis. Whereas the 1996 and 2002 events were of purely
seismic origin, the destructive effect of the 1998 PNG tsu-
nami was due to slumping [Tappin et al., 2008]. Only a few
earthquakes within this region have a focal depth larger than
150 km.
[26] Three scenarios at the New Guinea trench shifted

along the coastline (Figure 8) are proposed, the westernmost
scenario being situated near Biak Island, the middle and
easternmost ones located north of Irian Jaya (the Indonesian
part of New Guinea, see Figure 7d for place names). It was
found that an Mw 8.3 earthquake represents a ‘credible
worst-case scenario’ for this area. This magnitude is slightly

Table 2. Earthquake Scenario Parametersa

Location Region L (km) W (km) D (m) m (GPa) Hmin (km) q (deg) Mw

Bali/Lombok Bali / Flores Seas 155 80 5.5 10 0 30 7.8
Flores 153 80 5.5 10 0 30 7.8
Buru and Ceram 202 80 8 20 0 20 8.2
Weber Basin Banda Sea 303 80 5.6* 15 0 20 8.1
Ambon Island 179 80 7 15 0 40 8.1
Wetar Island 105 55 4 10 0 30 7.5
Eastern Minahassa Northern Sulawesi and

northern Moluccas
184 80 6.5 10 0 25 7.9

Western Minahassa 179 80 6.5 10 20 25 7.9
Sangihe double subduction 178 70 6 10 0 80 7.8
Biak Island New Guinea 193 75 8.2 30 0 20 8.3
Eastern Irian Jaya 193 75 8.2 30 0 20 8.3
Papua New Guinea 193 75 8.2 30 0 20 8.3
Cotabato Trench Southern Philippines 170 80 3.4* 30 0 22 8.2
Philippine Trench S 176 100 10 30 0 20 8.4
Philippine Trench N 166 100 10 30 0 20 8.4

aL, W and D are fault length, width and slip, respectively; m is rigidity (shear modulus); Hmin is the minimum fault depth (* indicates a segmented fault,
with the mean value of the slip reported); q is dip angle; Mw is moment magnitude.
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larger than the largest historical event recorded in this region
(1996 Biak Island).
3.3.5. Southern Philippines
[27] The Philippine earthquake on 16 August 1976 was,

although very large (Mw 8.1), not associated with the dom-
inant tectonic feature of the Philippine trench, but with a less
prominent trench system in the Moro Gulf (North Celebes
Sea), the Cotabato trench. Since this event caused a locally
destructive tsunami in 1976, this location was chosen for a
scenario hindcasting this event (Figure 8). Due to the very
diffuse seismicity in this region, the dip angle of the moment

tensor for this special event was assumed representative for
the area. The earthquake parameters are based on Stewart and
Cohn [1979] and discussions with Emile Okal (personal
communication, 2009), and tuned to match the tsunami runup
distribution [Badillo and Astilla, 1978] in an iterative process
including tsunami simulations and re-parameterization of
the source. The upper edge of the fault planes follows the
Cotabato trench as given by The Plates Project (http://www.
ig.utexas.edu/research/prjects/plates/). On the east coast of
Mindanao along the Philippine Trench subduction zone,
several strong earthquakes of magnitudes up to Mw 8.3 are

Figure 7. Detailed overview of tectonics and place names for the five sub-regions: (a) Banda Sea, (b)
Bali/Flores, (c) northern Sulawesi and northern Moluccas (SAI: Sangihe Islands; star: location of the
South East Asia triple junction as indicated by Walpersdorf et al. [1998]), (d) New Guinea, (e) southern
Philippines (IL: Illana Bay).
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present in historical catalogs such that the two Mw 8.4 sce-
narios provide worst-case scenarios for the eastern Mindanao
coastlines (see Figure 7e for place names).

4. Tsunami Simulations

4.1. Models for Tsunami Propagation
and Wave Amplification

[28] As already stated, the earthquake ruptures are con-
sidered as purely dip-slip faulting along a subduction zone
with constant slip in dip direction, and the fault plane is
extended to the surface (with some exceptions). The analyt-
ical formula of Okada [1985] is applied for computing the
displacement of the seafloor, and the initial elevation of the
seabed is copied to the sea surface and smoothed using a low-
pass filter based on linear full potential theory along transects
parallel to the dip [see Pedersen, 2001; Løvholt et al., 2012b].
[29] To compute tsunami propagation, a ‘depth averaged

three-dimensional model’ (denoted a 2HD model, a model
with two horizontal dimensions) is applied. The finite dif-
ference tsunami propagation model is based on the Boussi-
nesq equations including higher order dispersion terms,
Coriolis terms, and numerical hydrostatic correction terms.
Boussinesq models capture both the effect of nonlinearity

(steepening of the wavefront in shallower water) and dis-
persion (wavelength dependent wave speed). The opera-
tional Boussinesq tsunami model is labeled GloBouss and is
formulated in both Cartesian and geographical coordinates
[Pedersen and Løvholt, 2008; Løvholt et al., 2008, 2010].
For the open ocean tsunami propagation the public domain
ETOPO 1 and 2 bathymetries (http://www.ngdc.noaa.gov/
mgg/fliers/01mgg04.html) are used with refinement for
desired accuracy.
[30] For a regional study including hundreds of locations

of interest, it is too time-consuming to perform refined
numerical runup calculations for all scenarios and all loca-
tions. Moreover, required high resolution bathymetric and
topographic data is lacking. In principle, data such as Shuttle
Radar Topography Mission, SRTM (http://srtm.csi.cgiar.
org) may be used, but they are inaccurate due artificially
elevated land [see, e.g., Römer et al., 2012]. Therefore a
faster, but still reliable procedure is used to transform off-
shore tsunami wave heights to maximum water levels by
applying amplification factors. The amplification factors are
obtained from lookup tables based on parameters describing
the characteristics of the incident wave, the bathymetric
slope, etc. The basis for the procedure is a large set of pre-
computed plane wave numerical simulations in idealized

Figure 8. Location of scenarios in South East Asia with corresponding initial surface elevation (see color
scale in meters). Black lines indicate major trenches, transform faults, and troughs. Note that several sce-
narios with different fault scaling have been computed for the eastern Philippines, though only one of
those is visualized here.
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two dimensional (2D) transects with an incident sine shaped
N-wave as input. Parameters such as bathymetric profile,
leading trough or leading peak, and wave period are varied.
From the pre-computed numerical simulations, the amplifi-
cation factors that relate the surface elevation at water depths
of 50 m to the maximum water level are found (for further
details, see Løvholt et al. [2012a]). Although the model does
not include dry land inundation, the surface elevation on the
boundary close to the shoreline (at 0.5 m water depth) with a
no-flux condition yields a good approximation. For long
non-breaking non-viscous waves, the linear solution for the

maximum water level at the shoreline and the nonlinear
solution for the maximum runup height on land are identical
[Carrier and Greenspan, 1958]. Pedersen [2011] found that
the linear solution works well also for oblique waves with
incidence angles up to 70�, and that the occurrence of
moderate angles of incidence (�45�) reduces the runup only
slightly. It is stressed that the maximum water level based on
the method of amplification factors only gives a rough
indication of the distribution of the maximum water level.
For scenarios comparable with those addressed here, Løvholt
et al. [2012a] found that the amplification factor method was

Figure 9. Tsunami simulation results for the Mw 8.1 Ambon scenario, Banda Sea. (a) Initial surface ele-
vation; (b–e) snapshots of the surface elevation after 10, 20, 30, and 40 min of propagation; (f) maximum
water levels computed from amplification factors.
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slightly conservative compared to the operational inundation
model ComMIT [Titov et al., 2011], typically yielding
maximum water levels up to 20% higher than ComMIT. As
the methodology is based on the plane wave assumption,

three-dimensional (3D) effects such as refraction and
focusing in e.g., bays and head lands are not captured.
[31] The procedure for calculating the maximum water

levels is exemplified in Figure 9 for the Mw 8.1 Banda Sea
scenario with source location south of Ambon Island. The

Figure 10. Maximum simulated tsunami surface elevation and water level for the (a, b) Bali and Flores
and (c–f) Banda Sea scenarios illustrating the tsunami directivity.
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initial water surface shown in the upper left panel displays a
surface elevation in excess of 2 m. The following snapshots
show that all southern coastlines of the nearby islands of
Buru, Seram, and Ambon are impacted within 20 min after

rupture. After 40 min, the wave has crossed the Banda Sea;
the coastlines of Flores, New Guinea, and Sulawesi are
reached after one hour of propagation (not shown). Pro-
nounced south-north directivity is displayed. Finally,

Figure 11. Maximum simulated tsunami surface elevation and water level for the (a) Cotabato scenario,
(b, c) the eastern Philippines scenarios, (d) the northern Moluccas scenario, and (e, f) the Northern Sula-
wesi scenarios.
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Figure 9f displays the maximum water levels along the
shoreline for this scenario, which are computed applying the
pre-computed amplification factors to the maximum surface
elevations at water depths of 50 m taken from the tsunami
propagation model.

4.2. Summary of Regional Tsunami
Propagation Results

4.2.1. Banda Sea
[32] The Banda Sea scenarios are examples of earthquakes

that generate large tsunami runup in the near field, and still
several meters of maximum water levels in the far field
(Figure 10). The composite scenario situated in the eastern
Weber Basin generates maximum water levels up to 10 m
southeast of Seram, and 7–8 m along southwestern Seram
(Figure 10d). This scenario has a pronounced east-west
radiation pattern and will hence generate larger waves
toward The Birds Head (Papua) and Sulawesi compared to
the three other scenarios. Waves propagating eastward are
subject to diffraction, which may increase maximum water
levels locally on Papua. The scenario located south of
Ambon gives maximum water levels ranging from 12–17 m
at Ambon Island and Western Seram (Figure 10c). Even
along the southern coastlines in the Banda Sea, the

maximum water level may reach up to 7 m, and 5 m as far
west as Flores. Maximum water levels up to 5 m are also
found north of Seram, and along the southwestern coastlines
of Sulawesi. The scenario situated north of Buru and Seram
Islands (Figure 10e) gives maximum water levels of 17 m at
Obi and Sula Islands north of the source, and up to 10 m
along the northern coastlines of the islands of Buru and
Seram south of the source. The radiation is directed pre-
dominantly north-south, and hence the maximum water level
is moderate in Sulawesi and Papua. With its smaller moment
magnitude of 7.5, the Wetar thrust scenario displays more
moderate water elevations than the other scenarios in this
region (Figure 10f). Still, it may cause runup in the excess of
3–4 m in the near field. In the far-field, recognizable water
levels up to 2–3 m are found.
4.2.2. Bali and Flores Seas
[33] The two Mw 7.8 tsunami scenarios both have a pro-

nounced north-south directivity (see Figures 10a and 10b),
and the simulations show that they may cause maximum
water levels of 10–15 m most notably along the islands of
Lombok, Sumbawa, and Flores. In addition, there are several
smaller islands to the north that are severely affected with
estimated maximum water levels in excess of 10 m. Even
further north, maximum water levels of 6 m are found along
the Selayar Islands south of Sulawesi, whereas maximum
water levels do not exceed 3 m along Sulawesi. Due to the
extent and orientation of these scenarios, impact in westward
and eastward directions is limited.
4.2.3. Northern Sulawesi and Northern Moluccas
[34] For both scenarios defined for northern Sulawesi,

large maximum water levels ranging from 10–18 m are
found immediately south of the source along the northern
coastline of Sulawesi (Figures 11e and 11f). Moreover, both
scenarios have the potential to generate significant runup on
the opposite coastlines of the Celebes Sea. For the scenario
situated northeast of the Minahassa peninsula, maximum
water levels of 2–7 m arise in Borneo both along the Indo-
nesian and Malaysian coastlines, whereas 2–3 m maximum
water levels are found in the Makassar Strait south of Palu
and on the Sulu Islands. For the scenario located north of
Gorontalo, maximum water levels ranging from 2–4 m are
found on the Sangihe Islands northeast of Sulawesi, and
along the southern coastlines of Mindanao, the Philippines.
For both scenarios, propagation eastward from the Sangihe
Islands is limited due to the orientation of the sources,
whereas propagation northward from the Sulu Islands is
limited due to island reflections. The northern Moluccas
scenario (Figure 11d) provides maximum water levels up to
and above 15 m at certain points in the near field, i.e., along
the coastlines of Halmahera and Sulawesi Islands facing the
source. Due to the orientation of the source and its con-
finement between the surrounding islands, far field effects
are moderate.
4.2.4. New Guinea Region
[35] For all three scenarios, large maximum water levels of

up to 5–10 m are found along the northern coastline of New
Guinea facing the New Guinea trench (Figure 12). The
spatial extension of the largest maximum surface elevation is
constrained locally for both the easterly scenarios, since the
shoreline is more or less parallel to the source orientation.
For the westernmost source, Biak, Yapen, and smaller

Figure 12. Maximum simulated tsunami surface elevation
and water level for the New Guinea scenarios illustrating
the tsunami directivity and maximum water levels.
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islands are partly shielding the coastlines of the Cender-
awasih Bay east of The Birds Head.
4.2.5. Southern Philippines
[36] For the western Cotabato source, simulated maximum

water levels of 3–5 m are found in Illana Bay (northeast of
the source) and up to 8 m near Lebak south of Illana Bay
(Figure 11a). Beyond the Moro Gulf, the simulated maxi-
mum water levels are lower than 2 m. Both the maximum
value and the distribution of the simulated maximum water
levels are roughly consistent with reported runup heights
from field surveys after the 1976 Moro Gulf tsunami
[Badillo and Astilla, 1978] reporting a maximum runup of 9
m in the Lebak area and 3–6 m in Illana Bay. It is noted that
preliminary simulations using the earthquake parameters of
Stewart and Cohn [1979] provided smaller maximum water
levels, and that a reduction in shear strength and
corresponding increase in fault extensions and slip were
necessary to fit the field observations better.
[37] The eastern Philippines scenarios (Figures 11b and

11c) both provide large maximum water elevations exceed-
ing 10 m locally. For the northerly scenario, the area close to
the source has water levels ranging from 5–10 m. For the
southerly scenario, maximum water levels up to 10 m are
found only at the south tip of Mindanao Island, due to the
source orientation toward southwest. On the other hand, the
islands south of Mindanao are more influenced than the
mainland as a consequence of the source directivity. The far-
field effects of both scenarios are limited.

4.3. Merged Hazard Results on a Regional Scale

[38] In the following, the results presented for each region
are merged in a manner suitable for a subsequent estimation
of regional tsunami hazard. Using this approach, a single
tsunami hazard map is obtained through a compilation of all
maximum water levels for each of the individual tsunami
scenarios (Figure 13).
[39] Simulated tsunami maximum water levels exceeding

2–4 m along the shorelines cover substantial parts of eastern
Indonesia and the southern Philippines. Only a few areas
seem to be effectively shielded from potential tsunamis.
Moreover, it is stressed that in some areas, like eastern
Halmahera and the Makassar Strait, the merged hazard map
likely underestimates the hazard as our model there contains
no local sources. In many regions, simulations indicate that

shoreline maximum water levels may exceed 10 m locally
and even reach above 20 m in the immediate vicinity of the
tsunamigenic source. This indicates shoreline maximum
water levels within the same order of magnitude as simu-
lated forecasts [e.g., Gayer et al., 2010] for worst-case sce-
narios along the Sumatra trench toward the much studied
cities of Padang and Cilacap. For sections of coastlines close
to the sources, a tsunami may strike only a few minutes after
it is generated, providing little time for warning and putting
numerous densely populated areas at high risk.

5. Concluding Remarks

[40] The tsunami hazard in eastern Indonesia and the
southern Philippines is analyzed through ‘credible worst-
case scenarios’ covering the major tsunamigenic fault zones
of the study region. To a large extent, the scenario locations
mimic those of the historical events in the region, and in this
sense the weight is on ‘credible’ more than on ‘worst-case’.
Possible events of smaller probability of occurrence are not
considered, but the results clearly demonstrate that the sce-
narios here are sufficiently alarming. The simulations show
that large parts of the coastlines are exposed to maximum
water levels in the excess of 2–4 m, sometimes even
exceeding 10 m. It must be noted that although the simulated
maximum water levels indicate a severe threat, the tsunami
metric (maximum water level) must be combined with the
temporal probability of the scenario to quantify the hazard.
To this end, the scenario magnitudes were compared with
documented regional seismicity as well as activity rates
inferred from tectonic convergence rates to obtain an order
of magnitude estimate for earthquake return periods giving a
range of roughly 100 to 1000 years. The hazard evaluations
given here are admittedly of first order, particularly given
the tectonic complexity of this region.
[41] Most likely only the Sumatra and Java trenches pro-

vide the potential for generating megathrust earthquakes and
associated major (transoceanic) tsunamis in this region. Still,
the frequency of reported historical tsunamis of destructive
power is equally high in the less studied areas north of the
Java trench. Similarly, order of magnitude estimates of
return periods resulting from this study roughly compare
with similar estimates along the Sumatra Trench [e.g.,
Borrero et al., 2006; Sengara et al., 2008]. The propagation

Figure 13. Merged tsunami hazard maps for eastern Indonesia and southern Philippines.
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times for the coastlines in question are rarely more than one
hour even in the far-field. Moreover, several of the affected
areas are highly populated. The combination of large inun-
dation potential, short warning times, and relatively short
return periods strongly suggest that the tsunami hazard in
these regions is alarming; this may also indicate that the risk
is unacceptably high. This calls for immediate and concerted
actions aimed at mitigating the tsunami risk.
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