
Nakata et al. Earth, Planets and Space           (2020) 72:44  
https://doi.org/10.1186/s40623-020-01169-3

FULL PAPER

Submarine landslide source models 
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Abstract 

Previous studies have suggested submarine landslides as sources of the tsunami that damaged coastal areas of Palu 
Bay after the 2018 Sulawesi earthquake. Indeed, tsunami run-up heights as high as 10 m determined by field surveys 
cannot be explained by the earthquake source alone although the earthquake is definitely the primary cause of the 
tsunami. The quantitatively re-examined results using the earthquake fault models reported so far showed that none 
of them could fully explain the observed tsunami data: tsunami waveforms inferred from video footage and the field 
survey run-up tsunami height distribution. Here, we present probable tsunami source models including submarine 
landslides that are consistent with the observed tsunami data. We simulated tsunamis generated by submarine 
landslides using a simplified depth-averaged two-dimensional model. The estimated submarine landslide model 
consisted of two sources in the northern and southern parts of the bay, and it explained the observed tsunami data 
well. Their volumes were 0.02 and 0.07 km3. The radius of the major axis and the maximum thickness of the initial 
paraboloid masses and the maximum horizontal velocity of the masses were 0.8 km, 40 m and 21 m/s in the northern 
bay, and 2.0 km, 15 m and 19 m/s in the southern bay, respectively. The landslide source in the northern bay needed 
to start to move about 70 s after the earthquake to match the calculated and observed arrival times.
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Introduction
The 28 September 2018 Mw 7.5 Sulawesi earthquake that 
occurred 70  km north of Palu, Indonesia (US Geologi-
cal Survey (USGS) 2018; Japan Meteorological Agency 
2018), was a supershear strike-slip earthquake with a 
rupture velocity of 4.1 km/s (Bao et al. 2019). Synthetic-
aperture radar (SAR) analyses revealed that along-track 
horizontal displacement by the crustal deformation was 
about 5 m crossing from north to south in Palu Bay (Geo-
spatial Information Authority of Japan 2018). A devas-
tating tsunami was generated after this earthquake and 
produced damage around Palu Bay.

Field surveys of the impacted areas that began sev-
eral days after the earthquake revealed that the tsunami 
locally reached heights of 10  m above sea level around 
Palu Bay (Muhari et  al. 2018; Pribadi et  al. 2018). Field 
surveys of coastal areas around Palu Bay (Omira et  al. 
2019; Widiyanto et al. 2019) revealed the overall picture 
of the tsunami height distribution in the bay. Figure  1a 
shows coastal tsunami flow depths and run-up heights 
reported by those surveys. Coastal collapses at multi-
ple locations were also reported (International Tsunami 
Survey Team (ITST) 2018; Arikawa et al. 2018; Sassa and 
Takagawa 2019). Seafloor bathymetric surveys after the 
earthquake were also conducted (Frederik et  al. 2019; 
Takagi et al. 2019).

A time-series waveform of the tsunami was recorded 
at the Pantoloan tide gauge station in Palu Bay (Fig. 1b; 
Muhari et  al. 2018). Numerous videos of the tsunami 
arrival were also recorded, and Carvajal et  al. (2019) 
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determined the arrival times and inferred the waveforms 
(wave periods and amplitudes) of the tsunami at each 
location based on those videos (Fig.  1c). Their results 
provided important clues to the source of the tsunami.

Various tsunami sources have been modeled based on 
seismic data [Heidarzadeh et al. (2019), using data from 
USGS (2018), Ulrich et  al. (2019)], Sentinel-2 satellite 
optical data (Jamelot et al. 2019), Sentinel-1 satellite SAR 
images (Gusman et  al. 2019), and hypothetical subma-
rine landslides (Pakoksung et  al. 2019). Although those 
studies compared calculated tsunami waveforms with 
the Pantoloan tide gauge record and tsunami heights 

determined by field surveys, a detailed comparison with 
tsunami heights over the entire bay has not been per-
formed except for Ulrich et  al. (2019), and little quanti-
tative consideration has been given to the video footage. 
Therefore, a source model that can capture the entire 
observed tsunami data needs to be built.

In this study, we modeled the tsunami accounting for 
both fault models and submarine landslides to refine the 
tsunami source. We first simulated the tsunami using 
fault models (USGS 2018; Jamelot et al. 2019) and reas-
sessed how well the calculated heights represent those 
determined by field surveys. We attributed differences 

Fig. 1  Tsunami observations in the Palu Bay area. a Bathymetric (contour interval 100 m) and topographic map of Palu Bay. Field survey points 
shown in the map are tsunami flow depths [blue circles, Pribadi et al. (2018); purple circles, Muhari et al. (2018)] and run-up heights [black triangles, 
Omira et al. (2019); orange triangles, Widiyanto et al. (2019)]. Waveform comparison points are locations where the tsunami waveform was inferred 
from the Pantaloan tide gauge (see b) or from video footage [see c; Carvajal et al. (2019)]. Landslide candidates (LSC1 to LSC6, dashed ellipses; see 
text) are also shown. The left and right graphs show flow depths and run-up heights on the western and eastern coasts, respectively, and black bars 
indicate average run-up heights over intervals of 0.002° latitude. b The observed tsunami waveform at the Pantoloan tide gauge: left, the two-day 
waveform including the earthquake origin time, and right, the waveform (with tidal contributions removed) during the 30 min following the 
earthquake. c Video-inferred tsunami waveforms from Carvajal et al. (2019). The waveform at the Pantaloan tide gauge (gray curve from b) is shown 
for comparison
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between the calculated and observed run-up heights to 
the inability of earthquake faulting alone to explain the 
tsunami source; we therefore extended our modeling 
to include submarine landslides, and explored sources 
that fit the video-inferred waveforms (Carvajal et  al. 
2019) and field survey heights. We prioritized the video-
inferred waveform at Pantoloan in refining the source 
model because the video-inferred waveform appeared as 
an earlier arrival than the tide gauge waveform. Because 
the reported coastal collapses include only areas above 
the sea surface, it is unclear whether they continued to 
the seafloor, and if and by how much they contributed to 
the observed tsunami heights. Therefore, instead of set-
ting multiple coastal and/or submarine landslide sources 
at once, we sequentially added landslide sources as nec-
essary to explain the video-inferred waveforms. The 
purpose of this study is to reproduce the video-inferred 
waveforms and field survey heights as few tsunami wave 
sources as possible.

Methodology
Numerical model of landslide mass and tsunami
A generation of tsunami by submarine landslide is a com-
plex process, and various numerical models have been 
developed to analyze the propagation of the resultant 
tsunamis (see review by Heidarzadeh et al. 2014; Yavari-
Ramshe and Ataie-Ashtiani 2016). Two practical models 
are known for modeling the landslide part of the land-
slide tsunami model: a viscous fluid model and a granular 
material model. The former viscous fluid models include 
Imamura and Imteaz (1995), Yalciner et  al. (2014), and 
Baba et  al. (2019). It has reproduced well the run-up 
heights of tsunamis generated by submarine landslides 
in application to the case of Papua New Guinea earth-
quake in 1998 (Imamura and Hashi 2003). Pakoksung 
et al. (2019) analyzed the 2018 Sulawesi earthquake using 
this type of model. The latter granular material mod-
els include Iverson and George (2014), Ma et al. (2015), 
Grilli et al. (2019) and Paris et al. (2020), whose models’ 
landslide part governed by Coulomb friction is origi-
nated from Savage and Hutter (1989). Grilli et al. (2019) 
and Paris et al. (2020) applied this type of model to the 
case of Krakatau in 2018, demonstrating mass and tsu-
nami behavior well. Grilli et  al. (2019) also showed that 
tsunami waveforms at points far away from the source 
did not show much difference between the two mod-
els, dense Newtonian fluid model and granular material 
model.

In this study, we adopted the latter granular mate-
rial model and the method similar to Paris et al. (2020). 
Titan2D (Pitman et al. 2003; Patra et al. 2005; Titan2D 
2016) was used for the calculation of the granular mass 
material, and JAGURS (Baba et  al. 2017) was used for 

the calculation of the tsunami propagation. Titan2D is 
a depth-averaged model that stably calculates the rhe-
ological motion of a continuum granular mass using 
real topographic data. JAGURS is a tsunami simulation 
model that can solve a depth-averaged nonlinear long-
wave equation.

The equations of the mass model used in this study 
are shown in (1)–(3), adding a buoyancy effect to the 
original Titan2D model:

where t represents time, the x-axis and the y-axis are 
along the slope, and the z-axis is a direction perpendicu-
lar to the x–y plane. h is the mass thickness, vx and vy are 
the mass velocity, and gx , gy , and gz are the components 
of gravitational acceleration to each axis, respectively. φint 
and φbed are the internal and bed friction angles of the 
mass, and rx and rx are the curvature of the local basal 
surface. kap is the coefficient that changes depending on 
the state of the active and the passive mass pressure, and 
is a function of φint and φbed . Note that kap is negative if 
the mass is spreading. The description is omitted here 
[see the references of Savage and Hutter (1989), Pitman 
et  al. (2003)]. The original Titan2D model is a dry ava-
lanche model. We used the calculation code of Titan2D 
after multiplying the gravitational acceleration by the 
coefficient kb in the same way as Paris et  al. (2020) to 
take into account the buoyancy of mass moving in water. 
Here, kb = (ρs − ρw)/ρs . ρs and ρw are the density of soil 
in water and water. kb = 0.5 and ρs

ρw
= 2 in this study with 

reference to debris flow density in Denlinger and Iverson 
(2001).

The equations of the tsunami propagation used in this 
study are shown in (4)–(6), which are depth-averaged 

(1)
∂h

∂t
+

∂hvx

∂x
+

∂hvy

∂y
= 0,

(2)

∂hvx

∂t
+

∂

∂x

(

hv2x +
1

2
kapkbgzh

2

)

+
∂hvxvy

∂y

= kbgxh− hkapsgn

(

∂vx

∂y

)

∂

∂y

(

kbgzh
)

sin φint

−
vx

√

v2x + v2y

max

(

kbgz +
v2x
rx
, 0

)

h tan φbed,

(3)

∂hvy

∂t
+

∂hvxvy

∂x
+

∂

∂y

(

hv2y +
1

2
kapkbgzh

2

)

= kbgyh− hkapsgn

(

∂vy

∂x

)

∂

∂x

(

kbgzh
)

sin φint

−
vy

√

v2x + v2y

max

(

kbgz +
v2y

ry
, 0

)

h tan φbed,



Page 4 of 16Nakata et al. Earth, Planets and Space           (2020) 72:44 

nonlinear long-wave equations. Although the tsunami 
calculations were performed in a latitude and longitude 
spherical coordinate system, equations in a Cartesian 
coordinates system are shown for simplicity:

where t represents time, the x-axis and the y-axis are on 
a horizontal plane. η is the sea level, and M and N are 
flow rates in x and y directions. D is the total depth and 
D = h + η, h is the depth, g is the gravitational accelera-
tion, and n is the Manning roughness coefficient. d is the 
input sea level displacement, which is set to equal to the 
sea bottom displacement in this study. The results of our 
mass motion calculations were given as seabed deforma-
tions of tsunami calculations. For stable calculation, the 
landslide mass motion is calculated in advance, as in Paris 
et al. (2020) and Baba et al. (2019), and it is used as input 
to the tsunami propagation calculation as the temporal 
deformation of the seabed. Figure 2 shows a conceptual 
diagram of the tsunami generation associated with mass 
motion. Here, seabed deformation was converted from 
universal transverse Mercator coordinates to latitude and 
longitude coordinates. The resistance between mass and 
water was ignored. This is because the details of land-
slide such as degree of interaction that is greatly affected 
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by the shape of the mass and the degree of mixing with 
water have been uncertain in this event.

Conditions of landslide mass calculation
The numerical model of mass is discretized using the 
finite volume method and solved by the Godunov solver 
(Pitman et  al. 2003). The initial shape of the flowable 
landslide mass is given as a paraboloid, and the mass 
motion is calculated according to its rheology (here, we 
selected a Coulomb-type rheology) under the driving 
force of gravity. The parameters to be given are limited to 
the radii of the major and minor axes (here, for conveni-
ence, r1 and r2, respectively, in km), the orientation angle 
θ (counter-clockwise rotation from east), the maximum 
thickness h (m), and the horizontal location of the parab-
oloid, and the internal and bed friction angles of the 
mass, φint and φbed , respectively. φint represents the fric-
tional resistance of the mass to collapse; we used a fixed 
value of 30° because this parameter does not strongly 
affect the results (Ogburn and Calder 2017). φbed repre-
sents the mobility of the mass, with smaller values rep-
resenting higher mobility, i.e., faster downslope flow of 
the mass. The flowing mass tends to stop when the slope 
approaches this angle. Figure 3 shows the diagram of the 
calculation procedure of mass motion.

Conditions of tsunami calculation
The numerical model of tsunami propagation is discre-
tized using the finite difference method and solved explic-
itly by the staggered-leaf-frog difference scheme (Baba 
et al. 2017). The spatial grid length for the calculation was 
set to 0.27 arc-seconds (about 10 m), the time interval to 
0.04  s, and the prediction time to 30  min. Calculations 
were performed in the area between 0.52° S and 0.91° S and 
between 119.685° E and 119.91° E. The matrix size of the 

Fig. 2  Conceptual diagram of tsunami generation



Page 5 of 16Nakata et al. Earth, Planets and Space           (2020) 72:44 	

spatial domain for calculation was 3000 × 5200. Sea level 
fluctuations were assumed to reflect the seafloor deforma-
tions without delay at intervals of 10 s for 3 min after the 
mass started to move. The Manning roughness coefficient 
of friction was set to 0.025 in all regions uniformly. Land-
side boundary conditions were set to run-up. On land, the 
friction coefficient generally increases due to structures 
and coastal forests. Therefore, the result obtained may 
slightly be overestimated. Six output points were used to 
compare the calculated waveforms with the video-inferred 
waveforms and the waveform observed at the tide gauge 
station (Additional file 1: Figure S1). For comparison, we 
also used the JAGURS model to simulate the propagation 
of a tsunami generated by the earthquake alone. Vertical 
fluctuations due to horizontal motions on steep slopes 
were not quantitatively large (Heidarzadeh et al. 2019) and 
are omitted here. Because the local sea level was about 
1 m higher than mean sea level at the time of the earth-
quake (Fig. 1b), we lowered the topography and bathym-
etry by 1 m when calculating the tsunami propagation, and 
restored the topography, bathymetry, and sea level after 
the simulation.

Comparison index
Aida’s (1978) correlation values for tsunami amplitudes: 
geometric mean, K, and its variability, κ , were used to 
quantitatively compare the observed and calculated run-up 
heights:

where ki = Ri/Hi , Ri is the field survey height at the ith 
point, Hi is the calculated height at the ith point, and n 
is the number of data. A strong match between observa-
tions and calculations is indicated by a small κ value and 
K close to 1. Calculated run-up heights were evaluated as 
the heights of the farthest west (on the western coast of 
the bay) or east (on the eastern coast) inundated points 
within every 0.002° of latitude, averaging the calculated 
mesh values.

Data
Topographic and bathymetric data
We used DEMNAS topographic and BATNAS bathym-
etric data from Bandan Informasi Geospasial (BIG, the 
Geospatial Information Agency of Indonesia) for our 
calculations, because this dataset represents the bathym-
etry of Palu Bay more precisely than the global bathy-
metric data of the General Bathymetric Chart of the 
Ocean released in 2014 (GEBCO_2014; Weatherall et al. 
2015; Heidarzadeh et al. 2019). We used 0.27 arc-second 
bathymetric data interpolated from the 6 arc-second 
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Fig. 3  Diagram of calculation procedure of mass motion
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BATNAS dataset and 0.27 arc-second topographic data 
from the DEMNAS dataset. Both datasets were com-
bined into a single land-sea topographic dataset (Fig. 1a) 
and cut in advance by paraboloid surfaces to form the 
soil landslide masses used in the landslide simulations. 
Artificial coastal structures in the Wani and Pantoloan 
ports were not considered; calculated waveforms in the 
simulations may therefore have slight errors related to 
this difference.

Video‑inferred waveforms
Carvajal et  al. (2019) inferred tsunami waveforms from 
video footage at six sites: Wani, Pantoloan, Dupa, Talise, 
KN Hotel, and West Palu (Fig. 1c). The arrival time of the 
tsunami is considered reliable at Wani, Pantoloan, KN 
Hotel, and Talise because uninterrupted video records of 
both the ground shaking due to the earthquake and the 
tsunami were obtained at these sites. At Dupa and West 
Palu, there may be a time lag of up to 2  min. Inferred 
amplitudes were minimum values and periods had errors 
of up to 2  s (Carvajal et  al. 2019). The waveforms were 
determined at a tidal height of 1 m.

Tide gauge waveforms
Tide gauge data at the Pantoloan station in Palu Bay 
were also provided by BIG. For analysis, the tidal com-
ponent was removed from the observations by subtract-
ing the theoretical values calculated by superposition 
of trigonometric functions (e.g., Murakami 1981). The 
observed waveform is shown in Fig.  1b. About 5  min 
after the earthquake, a weak upward wave was followed 
by a large downward wave with an amplitude of at least 
2 m and a wave period of 3–4 min (Heidarzadeh et al. 
2019). Since the 1-min sampling interval of the tide 
gauge was long to sufficiently resolve the short period 
of the tsunami wave caused by a landslide, the peak of 
the tsunami wave at that location may have been even 
larger.

Field survey data
Run-up heights (Omira et  al. 2019; Widiyanto et  al. 
2019) and flow depths (Pribadi et al. 2018; Muhari et al. 
2018) were observed during field surveys (Fig. 1a). It is 
difficult to know whether the flow depth data includes 
splash heights. Therefore, we compared our calculated 
run-up heights with run-up heights (Omira et al. 2019; 
Widiyanto et  al. 2019) alone. We used run-up heights 
including the tidal elevation at the time of the earth-
quake from the reports. Field survey data have multi-
ple height values in close proximity at some locations. 
For comparison with calculated values, we averaged the 
observed run-up heights over intervals of 0.002° latitude 
(Fig. 1a).

Earthquake‑only source models
We simulated tsunamis generated by the earthquake 
alone using the fault models of USGS (2018) and Jamelot 
et al. (2019), whose fault parameters were explicitly pre-
sented. USGS (2018) estimated a finite fault model (here, 
‘USGS model’) from seismic wave data considering the 
high rupture velocity. Jamelot et al. (2019) constructed a 
source model (‘Jamelot model’) based on crustal defor-
mation determined from optical data obtained with the 
Sentinel-2 satellite. Both models have large horizontal 
slip values in the southern bay, which are consistent with 
the values suggested by the optical data and the SAR data. 
Figure 4 shows our tsunami simulation results obtained 
with these two models. The results using both models 
show that the simulated waveforms at the Pantoloan sta-
tion are similar to the results of Jamelot et al. (2019), and 
the period of the calculated waveforms is in good agree-
ment with the observed tide gauge waveform. The ampli-
tude of the calculated waveform by the Jamelot model is 
better agreement with the observed tide gauge waveform 
than that by the USGS model, considering the response 
of the tide gauge. The both models show good agreement 
with the arrival time of the video-inferred waveform at 
Wani and Pantoloan. However, the calculated run-up 
heights were low and not consistent with field survey 
heights, especially around the southern part of the bay. 
Even in the northern part of the bay, the results do not 
explain the video-inferred short-period waveform at Pan-
toloan. These results suggest that other sources such as 
submarine landslides contributed to the tsunami.

Submarine landslide source models
In this section, we consider submarine landslides as pos-
sible sources of the tsunami. We searched for hypotheti-
cal landslides that could represent the video-inferred 
waveforms. Because the tsunami arrival times are reli-
able at Wani, Pantoloan, KN Hotel, and Talise, we first 
assumed a tsunami source off Wani to reproduce the tsu-
nami waveforms at Wani and Pantoloan, and a source off 
KN Hotel to reproduce those at KN Hotel and Talise. We 
then considered a tsunami source that would fit the wave-
forms observed at Dupa and West Palu, the sites with less 
reliable arrival times. Six locations were selected as sub-
marine landslide candidates (LSC1 to LSC6, Fig. 1a).

Tsunami sources in northern Palu Bay
Here, we consider a landslide tsunami source that can 
reproduce the video-inferred waveforms at Wani and 
Pantoloan. At Wani port, a ship’s crew reported that the 
polarity of the first wave was down, as the ship bottomed 
out shortly after the earthquake (VOA news 2018), 
and video footage shows that the tsunami wave arrived 
onshore about 3 min and 35 s after the earthquake (ITST 
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2018; Carvajal et al. 2019). At Pantoloan port, the up and 
down motions of a ship visible in the video footage indi-
cated a brief interval of the tsunami waveform (Carvajal 
et  al. 2019). The video-inferred waveforms at Wani and 
Pantoloan reported by Carvajal et al. (2019) were based 
on these phenomena. Assuming that a submarine land-
slide occurred immediately after the earthquake, and 
considering the tsunami propagation time, candidate 
landslide sources should be located to the north (LSC1 in 
Fig. 1a) or south of Wani (LSC3 in Fig. 1a).

We tentatively set a wave source on the slope north of 
Wani at around 0.68° S (model A, LSC1 in Fig. 1a). Model 

parameters are reported in Table  1. The landslide mass 
descends to the west along the westward slope, pushing 
the sea surface up to the west and pulling it down to the 
east. This model can reproduce the rise of the water level 
observed in the video-inferred waveform at Wani, but 
under-predicts that at Pantoloan (Additional file 1: Figure 
S2a). Calculated run-up heights are relatively high around 
0.68° S, where the wave source is closer than at Wani, but 
do not match the field survey heights (Additional file 1: 
Figure S2b). We also tentatively set a wave source on the 
slope south of Wani at around 0.75° S (model B, LSC3 in 
Fig. 1a, Table 1). The result shows the calculated tsunami 

Fig. 4  Calculated tsunamis for fault models as the earthquake source (i.e., without any landslide source). The USGS (2018, left) and Jamelot et al. 
(2019, right) fault models are shown. a Comparison between calculated (red curves) and observed waveforms (black curves, video-inferred 
waveforms from Carvajal et al. (2019); gray curve, waveform at the Pantoloan tide gauge). b Distributions of the maximum calculated tsunami 
amplitude over the entire bay for each fault model. The color scale indicates the tsunami amplitude. Left and right graphs compare the calculated 
tsunami run-up heights (red curves) with those (black bars) determined by field surveys on the western and eastern coasts, respectively
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wave arrives at Pantoloan earlier than Wani, which is not 
consistent with the video-inferred waveform (Additional 
file 1: Figure S2a).

Therefore, we set the wave source off the coast of Wani 
(LSC2 in Fig. 1a), assuming that the submarine landslide 
occurred 70  s after the earthquake (model C, Table  1). 
The volume was set to 0.02 km3; r1 0.8 km; r2 0.4 km; h 
40 m; and Φbed 6. Figure 5 shows the results of model C. 
Figure  6 shows temporal change of spatial distribution 

and a cross-sectional time-series of the mass motion and 
tsunami. As the mass falls to the west, a large amplitude 
negative tsunami wave occurs on the shallow east side. 
After that, the wave spread in all directions. The wave-
form and run-up heights calculated using this submarine 
landslide source are consistent with the video-inferred 
waveforms and field survey heights in the northern part 
of the bay (Fig. 5). Here, the arrival time of the tsunami 
was determined by the position of the landslide, and 

Table 1  Parameters of submarine landslide mass sources

The time that the landslide masses started moving, t0, is reported in seconds after the earthquake. All landslide masses were assumed to have Φint = 30° (see text)
a  Reported latitudes and longitudes are for the centers of the landslide masses

Model name Latitudea (°N) Longitudea (°E) r1 (km) r2 (km) h (m) Φbed (°) θ (°) t0 (s) Volume (km3) Remarks

A − 0.6832 119.8047 0.8 0.4 60 6 60 0 0.03 North of Wani (LSC1)

B − 0.7437 119.8398 0.8 0.4 60 6 0 0 0.03 South of Wani (LSC3)

C − 0.7075 119.8380 0.8 0.4 40 6 0 70 0.02 Off Wani (LSC2)

D − 0.8277 119.8650 2.0 1.5 15 4 90 0 0.07 Off Dupa (LSC4)

E − 0.8476 119.8641 2.0 1.5 15 2 90 0 0.07 Off KN Hotel (LSC5)

F − 0.8566 119.8443 2.0 1.5 15 4 90 0 0.07 Off West Palu (LSC6)

G Fault parameters from USGS (2018) USGS model + Model E

− 0.8476 119.8641 2.0 1.5 15 2 90 0 0.07

H − 0.7075 119.8380 0.8 0.4 40 6 0 70 0.02 Models C + E

− 0.8476 119.8641 2.0 1.5 15 2 90 0 0.07

I − 0.7897 119.8627 0.35 0.1 5 2 150 0 0.0003 Coastal collapse

J Seabed deformation data from Takagi et al. (2019)

Fig. 5  Calculated tsunamis generated by the landslide source in the northern part of the bay (model C). Same as Fig. 4 for source model C
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the period and amplitude were adjusted by the horizon-
tal size, thickness and Φbed of the landslide, respectively. 
This model predicts the maximum horizontal velocity of 
the front of the landslide mass to have been 21  m/s, as 
measured for a 5-m-thick location at the tip of the mass 
(arrows in Fig. 6b). The maximum gradient of the slope in 
Fig. 6b was 16°.

Tsunami sources in southern Palu Bay
Video footage recorded at Talise shows that a bore-like 
upward wave rushed to the shore about 2 min after the 

earthquake. Similarly, although the view of the sea was 
obstructed in the video recorded at KN Hotel, multiple 
cameras captured the tsunami striking the hotel about 
2 min after the earthquake (Carvajal et al. 2019).

Figure  7 and Additional file  1: Figure S3 show results 
for submarine landslide candidates LSC4, LSC5, and 
LSC6 (Fig. 1a) in the southern part of Palu Bay, referred 
to as models D, E, and F, respectively (Table 1). The vol-
ume was set to 0.07  km3; r1 2.0  km; r2 1.5  km; h 15  m; 
and Φbed 2 or 4. Of these three models, model E best fits 
the observations; the calculated waveforms match well 

Fig. 6  Time-series of the calculated landslide mass motion and generated tsunami in model C. a Spatial distribution of mass thickness and tsunami 
amplitude at the sea level. b Cross-section along line A–A′ in a. (bottom) Sliding mass motion. Black arrows indicate the 5-m-thick location taken as 
representative of the front of the sliding mass. (top) Tsunami propagation at the sea level
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the video-inferred waveforms at Talise and KN Hotel, 
and the calculated run-up heights are consistent with 
the field surveys. The arrival times calculated in model 
D and F are not consistent with those observed at Tal-
ise and KN Hotel. Here, the arrival time of the tsunami 
was determined by the position of the landslide, and 
the period and amplitude were adjusted by the horizon-
tal size, thickness and Φbed of the landslide, respectively. 
Although the calculated waveform at West Palu does not 
match the observed arrival time, the difference is within 
2  min of tolerance. The characteristic of the  observed 
waveform that the second wave is larger than the first 
wave is  reproduced. Figure  8 shows temporal change of 
spatial distribution and a cross-sectional time-series of 
the mass motion and tsunami. The maximum horizontal 
velocity of the front of the mass is calculated to have been 
19 m/s and the maximum gradient of the slope in Fig. 8b 
was 10° in model E. 

Combined models
We considered two models that combine sources in the 
northern and southern parts of the bay. Model G com-
bines the earthquake source (USGS model) and model 
E, whereas model H combines models C and E (Table 1); 

Additional file  1: Figure S4 and Fig.  9 show the results 
of both models: K = 1.13 and κ = 1.46 for model G, and 
K = 1.10 and κ = 1.42 for model H. Figure  10 shows the 
snapshots of the mass motion and the tsunami wave 
for model H. Although the calculated height is slightly 
smaller than the field survey height, model H reproduces 
the heights of the field surveys well with no bias between 
the eastern and western coasts. Although model G has 
the same accuracy as model H as a whole, the calculated 
heights on the east coast are small, especially near Wani 
and Pantoloan.

Discussion
Tsunami simulation with dispersion effect
The dispersion effect was not considered in the tsunami 
simulations in previous sections. According to the index 
of Glimsdal et al. (2013):

where τ is the index representing dispersibility, h0 the 
water depth at the source, L the distance from the source, 
and λ the source size. τ = 0.05 when h0 = 200 m, L = 2 km, 

τ =
4h20L

�3
,

Fig. 7  Calculated tsunamis generated by the landslide source in the southern part of the bay (model E). Same as in Fig. 4 for source model E
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λ = 1000  m as typical values of model H. Therefore, the 
dispersion effect is not significant in this case. The water 
depth at the tsunami wave source is shallow, and the dis-
tance from the source to the waveform comparison point 
is short whereas the tsunami associated with the land-
slide has a smaller source size than the earthquake fault, 
and generates short-period waves. In addition, since the 
purpose of this study is to focus on the waveform for 

several minutes after the arrival of the tsunami, it can be 
evaluated without considering the dispersion effect. In 
fact, the tsunami simulation results of model H with dis-
persion effect (using the calculation option of JAGURS) 
had little effect on the tsunami amplitude.

Fig. 8  Time-series of the calculated landslide mass motion and generated tsunami in model E. a Same as Fig. 6a for model E. b Cross-section along 
line B–B′ in a. Same as Fig. 6b for model E
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Comparison with source models and seabed surveys 
of previous studies
To our knowledge, only Ulrich et  al. (2019) compared 
tsunami simulations with the many tsunami run-up 
heights obtained by field surveys over the entire bay. They 
reported that the earthquake was the primary source of 
the tsunami based on a comparison of tsunami mod-
eling results with the Pantoloan tide gauge record and 
field survey heights. However, they did not fully consider 
the video footage of Carvajal et  al. (2019). For example, 
their simulated upward wave of tsunami arrived at Wani 
port about 2 min after the earthquake, whereas the video 

footage shows that the upward wave arrived about 3 min 
after the earthquake.

The model of Ulrich et  al. (2019) includes a crustal 
deformation area near Pantoloan where subsidence of 
1 m or more occurred, as does the Jamelot model (uplift 
of about 1  m). If such crustal deformation occurred, 
the tide gauge record at Pantoloan would not show the 
observed step-like water level change at the time of the 
earthquake because the water around the tide gauge 
would have moved with the gauge. In that case, the 
tide gauge would indicate the average sea level change 
due to crustal deformation after fluctuations due to the 

Fig. 9  Calculated tsunamis for source model H. The most probable source model H (LSC2 and LSC5 in the northern and southern parts of the 
bay, respectively, with no earthquake source; see text) is shown. a Same as Fig. 4a for source model H. b Same as Fig. 4b for source model H. c 
Comparison of calculated and observed run-up heights. The heights on the eastern (blue) and western coasts (green) for model H are shown. Aida’s 
(1978) K and κ were calculated from these data and are reported for each coast as well as for all sites (black). The solid and dashed lines indicate the 
ratio of 1.0 between the calculated and observed run-up heights and the ratios of 2.0 and 0.5, respectively
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tsunami had passed, as observed by offshore buoys dur-
ing the 2011 Tohoku-oki earthquake (Kawai et al. 2011). 
However, no such change as great as 1 m was observed 
(Fig.  1b). Therefore, the crustal deformations indicated 
by these models conflict with the observed tidal change. 
Although the USGS model has a smaller crustal deforma-
tion in Pantoloan than Ulrich et al. (2019) and the Jamelot 
model, it has at least about 50 cm. The calculated wave-
form at Wani by the USGS model only showed the sea 
surface level of 50 cm to 1 m 3 min after the earthquake, 
which is almost same as the level due to initial crustal 
deformation. As a result, the calculated tsunami ampli-
tude at Wani by the model was small and the little run-
up on land was simulated. Therefore, the USGS model 
could not fully represent tsunami heights near Wani and 
Pantoloan whereas it had the reasonable heights of the 
entire bay by complementing submarine landslides in the 
southern Palu Bay as model G.

Although Sassa and Takagawa (2019) suggested that 
primary tsunami was coastal liquefied gravity flow-
induced tsunami, the identification of submarine land-
slides and quantitative evaluation comparing with the 
observed tsunami data were not performed. By their 

report of the satellite images, no coastal collapse was 
reported in the area between Dupa and Talise, where 
field surveys reported run-up heights of about 10  m. 
We simulated a tsunami due to a coastal collapse near 
Dupa (model I, Table 1); the result shows the late arrival 
at Dupa and Talise and a limited area of tsunami run-
up near the source (Additional file  1: Figure S5) that is 
clearly different from the observed tsunami height distri-
bution. Therefore, coastal collapses indicated by the satel-
lite images alone cannot be the primary tsunami source 
explaining the video-inferred waveforms.

Regarding the potential source of the southern part of 
Palu Bay, Heidarzadeh et  al. (2019) suggested the large 
submarine landslides along the submerged slopes in 
their discussion and identified the location of the poten-
tial submarine landslide based on backward tsunami ray 
tracing. Sunny et  al. (2019) analyzed the video contents 
from the airplane and the boat in southwestern Palu 
Bay and estimated the unbroken wave-crest height of 
8.2  m and splash height of 28.4  m. They also suggested 
the occurrence of the large-scale submarine landslides, 
comparing with the features of the tsunami waveform at 
laboratory experiments. Although the observed tsunami 

Fig. 10  Snapshot of tsunami propagation (upper figure) and mass motion (lower figure) for model H
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wave and the suggested submarine landslide in the south-
western do not explain the arrival time of video-inferred 
waveform in the eastern coast of Palu Bay from the hori-
zontal location of sources, they may have a comparable 
impact to the tsunami heights in the western coast with 
that of our model.

Although a comparison of bathymetric data surveyed 
before and after the earthquake over the whole Palu Bay 
was reported, it was concluded that the resolution of 
the pre-earthquake data was not high enough to clearly 
identify the location of the submarine landslide (Frederik 
et al. 2019). The local survey in the southwestern part of 
Palu Bay was done, and the differences between bathym-
etric data before and after the earthquake were reported 
(Takagi et al. 2019). However, in our tsunami simulation 
based on the bathymetric change data (model J, Table 1), 
the result does not explain video-inferred waveforms and 
the distribution of tsunami run-up heights enough (Addi-
tional file 1: Figure S5). Here, the seabed deformation was 
input to the tsunami calculation over 30 s. Therefore, this 
wave source alone cannot explain the observed tsunami 
data.

The earthquake and coastal collapses (alone or 
together) cannot fully represent the observed tsunami 
data, and other wave sources are necessary; the subma-
rine landslide sources based on the observed tsunami 
data are promising candidates as main tsunami sources.

Summary
We used a simplified depth-averaged two-dimensional 
model to simulate the 2018 Palu tsunami, and considered 
submarine landslide sources that could reproduce the 
first few moments of the tsunami as observed in video 
footage and the run-up height distribution determined 
by field surveys.

Although the earthquake is definitely the primary 
cause of the tsunami, the quantitatively re-examined 
tsunami simulation results by the earthquake fault mod-
els reported so far showed that none of them could fully 
explain the observational data. Especially, the earthquake 
source models in previous studies (Ulrich et  al. 2019; 
Jamelot et al. 2019) seemed to have overestimate subsid-
ence or uplift around the Pantoloan tide gauge station 
where considerable average tidal level change was not 
observed. The model by the USGS (2018) had small tsu-
nami amplitudes at Wani and Pantoloan. Therefore, an 
even better model is needed to explain this tsunami with 
seismic faults.

On the other hand, hypothesizing a submarine land-
slide, a source model that can explain both the video 
waveform and the field survey height was determined. 
Of the various source models considered, a model with 
two landslides, one each in the northern and southern 

parts of the bay (model H), reproduces the observational 
data well. Estimated submarine landslide sources in the 
northern and southern parts of the bay had volumes of 
0.02 and 0.07 km3. The radius of the major axis, the maxi-
mum thickness and the maximum horizontal velocity of 
the determined paraboloid landslide masses were 0.8 km, 
40 m and 21 m/s in the northern bay, and 2.0 km, 15 m 
and 19  m/s in the southern bay, respectively. The land-
slide source in the northern bay needed to start to move 
about 70  s after the earthquake to match the calculated 
and observed arrival times.

The location of the landslide in the southern part of 
the bay suggested by Heidarzadeh et al. (2019) could be 
more specifically shown by matching with the observed 
tsunami data in this study. The present analysis showed 
the existence of a submarine landslide source consistent 
with observed tsunami data and the estimate of its size 
and location. As a future task, the impacts on the results 
when a more accurate seismic fault model is combined 
with a submarine landslide or when a submarine land-
slide tsunami generation modeling is improved using 
more accurate dynamic processes need to be investigated.
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tively. Figure S3. Calculated tsunamis generated by landslide sources in 
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