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1. Introduction

N@k 0

7/

1.1 Background

Tsunami is a disaster with a relatively low frequency of occurrence, causes extensive

s

damage and loss of life, and results in large financial, social and environmental impacts that S

last for years. A tsunami is generated from a series of long waves caused by the displacement

N

of a large volume of water and occurs rapidly. Tsunami waves are very different from waves
generated by the wind. While winds produce waves that only move near sea level water and S 4)
have small wavelengths measured in meters, in contrast, tsunamis include the seabed water’s

movement which can produce 100 kilometers or more wavelengths. This event is mostly -/L

triggered by underwater earthquakes, but can also be caused by volcanic eruptions, landslides,

\

or by meteor impact (Nahak et al., 2017).

FO/LWWL J&I‘Vt}
lqy

\ Being a country which is located in the area of three active tectonic plates makes
——————

Indonesia very prone to tsunamis. The Indo - Australian plate moves north - northeast at a

€
6011/(

speed of 7 cm/year, the Eurasian plate moves relative to the Southeast at a speed of 0.4

<
g') S cm/year and the Pacific with 2 plates namely, the Philippine Micro plate which moves < (____
— i BQ relative to the west - northwest at a rate of 10.2 cm/year (Simandjuntak & Barber, 1996).
S & As a result, subduction zones were formed. This leads to frequent earthquakes, tsunamis
or volcanic eruptions in Indonesia, including the recent tsunami that happened in Palu,
o> —

2018 (Bock, 2003).

N\

0\

On September 28, 2018, a 7.5 magnitude earthquake in Palu, Indonesia triggered several
disasters, landslides, liquefaction and tsunamis which resulted in various damages,
economic losses and loss of lives (Goda et al., 2019). Preliminary analysis shows shallow
left-lateral, strike-slip faulting mechanism along the Palu-Koro Fault which trends generally
north-south from the subduction zone of North Sulawesi in the Sulawesi Sea to the

Makassar Strait in the west of Sulawesi and to Palu Bay (Paulik et al., 2019).

This particular tsunami has caused a total economic loss of 1.1 billion U.S. dollars (Goda
et al., 2019), which leads to some questions regarding the reliability of tsunami early

warning system in Indonesia. Even though fter the Indian Ocean tsunami that hit
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System - Ina-TEWS)
Technology, and is operated by the Meteorology, Climatology and Geophysics Agency
(BMKG) (Kurniasih et al., 2020), unfortunately, Ina-TEWS failed to detect the tsunami in

2018 in Palu, according to both media coverage and official statements from BMKG.

as built under the coordination of the Ministry of Research and

Built on this incident, it is relatively safe to say that Ina-TEWS is still not able to meet the
desired expectations in minimizing the occurrence of casualties and losses due to the
tsunami. Therefore, improvements are well-needed to prevent similar fatalities, especially

regarding the available tsunami rIy warning yq in Indonesia.

This thesis focuses on the nunyerical modellng of tsunami waves. It is essential to have an

improved model of tsunamis_which\concentrates more towards the tsunami generation

ropose a framework to the phenomenon of the

tsunami wave and will highly be enced by the tsunami in Palu 2018. There are many

available data records and information from various sources which aflow simulation with

numerical modeling. Then, the result of this simulation will be]

with the collected data from t rye event. @@-
ST OGS \)\)\Q \\dJ\ g miIve

MIRONE is the mait\software for this research which uses TINTOL (NSWING) code to
perform numerical tsuna
inundation (Luis, 2007). Th

code written in MATLABs 6.5 and its main purpose is to visualize and operate Generic

y comparing it

i models that results in tsunami modeling of propagation and

software by Dr. Joaquim Luis is an open source

Mapping Tools (GMT) Network Common Data Form (netCDF) grids. The Generic Mapping

Tools (GMT) can be utilized for multiple purposes, such as geophysics, geodynamics,

geodesy, oceanography, and oon (Wessele\ (%/9)()
\A e 4
To realize that, jthis model uses the bathymetry grid taken from Badan Informasi

Geospasial (Geospatial Information Agency) and the initial deformation from United States
Geological Survey (USGS) will be identified by the Okada (1985) model. The calculation
and simulation of the tsunami wave will produce important data such as wave height and
travel time. These data are extremely useful in tsunami hazard evaluation and could

definitely improve the available tsunami early warning system.
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1.2 Researcims and hypotheses C\HB

The core aim forthis study was to analyze the wave propagation of the Palu 2018 tsunami
due to th ecorded wave height of 6 cm |\which then unfortunately caused a

massive destruction with a wave height up to 11 m. Therefore, this would provide

significant data for the government and scientific community which can improve tsunami
early warning system and reduce future losses due to similar events. This can be
elaborated into several methodological steps:

a) Identify and understand the data needed to make a tsunami wave propagation
simulation using NSWING code in MIRONE

b) Identify and analyze the sensitivity of wave propagation simulation in Palu 2018

c¢) Identify and analyze the gap,pf data received from another orgfﬂ?ation and the real

event 6 O
Therefore, the project is focused 92” e main hypothe3|

- H1: Are earthquake properties (bathymetry, fault) sufficient to explain the recorded data
and surveyed data of tsunami Palu 20187
A favorable tsunami generation model can provide appropriate initial conditions for the

following propagation model and the inundation model.

The preparation of the research requires direct and specific data and literature. The project
uses both field data collection and computational modeling. The main data will be taken
from Badan Informasi Geospasial (Geospatial Information Agency), United States
Geological Survey (USGS), Badan Meteorologi, Klimatologi, dan Geofisika (Meteorology,
Climatology, and Geophysics Agency) of Indonesia. Other than that, additional data might

be able to be obtained from other literature. To process the data, MIRONE, ¢pen sg%ce?
software, will be further assessed(@ D Vl/ 0( ;
The result of the numerical computation is the tsunami travel times to many locations
around the impacted area and the estimated maximum amplitude of the tsunami. In short,

a proper tsunami generation model is able to deliver suitable initial conditions for the

following propagation model and the inundation model. In result of the improvement on the

accuracy of the initial condition, the tsunami early warning systems can be improved.
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2. Case Study: Tsunami Palu 2018

2.1. Tsunami

2.1.1. Description and causes

Tsunami comes from a Japanese word which consists of 2 kanji words which are, “Tsu”
which means port and “Nami” which means wave. Therefore, it can be derived as big or
high waves that hit the harbor/beach (Bryant, 2008; Roy, 2014). Tsunamis occur due to a
sudden change or displacement of water masses triggered by changes in the vertical
surface of the earth, tectonic earthquakes that have large strengths, landslides, seabed
volcanic eruptions, and the result of falling meteors in the sea (Parker, 2010). The

distribution of the cause of tsunamis in the Pacific Ocean region can be seen in Table 1

below.
Table 1 Causes of tsunamis in the Pacific Ocean Region (2000 years period)
Cause Number Percentag Number Percentag
of e of events of e of deaths
events deaths
Earthquake 1,172 82.4% 620,796 89,7%
s
Unknown 121 8.5% 5,364 0.8%
Volcanic 65 4.6% 51,643 7.5%
Landslides 65 4.6% 14,661 21%
Total 1,423 100% 692,464 100%

Source: Intergovernmental Oceanographic Commission (1999), United Nations (2006), National
Geophysical Data Center and World Data Center A for Solid Earth Geophysics (200£~ ) in Brygnt,

2008 9,
e dale canv 1
Mo cmyew /
In addition to that, the data from Tlhe National Geophysical Data Center website add mo
complexity to the cause of tsunami because these processes can work in comblnatlon with
each other which further enhance the scales of the tsunamis, for example submarine

landslides are often accompanied by large earthquakes as well as collapses of volcanic

cones (Jinsong Xie, 2007).
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2.1.2. Characteristics and Damages
Tsunamis have specific characteristics that differentiate them from other waves (Jinsong
Xie, 2007):

. Enoll’mous energy \(\,.\ \{\ C \A}\\CQQ

* Rapid propagation

. Mo ile grgat traT{ oceanic distances with little engrgy loss. (\/D
INVALY \A/l\ _

Based on North East Atlantic and MediterrgneanJsunami Warning System (NEAMTWS),

this local tsunami ¢ould reach a distance o In addition, tsunamis of this type are

enerated by local earthquakes (or underwatertarmdslides) which have an impact on a very
limited area. However, this type of tsunami can still cause damage. In contrast, a distant
(or transoceanic/basin) tsunami can reach the coast several hours after the trigger -

occurred at a very remote location. Tsunamis that occur throughout the ocean ¢ t

the entire ocean and are caused by large earthquakes and reache distances >400 km
(Papadopoulos et al., 2014). The tsunami in Aceh was a distant tsunami in the Indian
Ocean and caused damage not only to Indonesia but also to Thailand, Malaysia, Sri

Lanka, India and the coasts of East Africa.

Hy

level

- Shoreline
Continental shelf

source
Continental slope

Open ocean d J

Seabed

Source: Bryant, 2008
Figure 1 Various tsunami wave heights

Each tsunami case has various_and different wave characteristics but in most cases,

tsunami has a period oveK{o arting from initial wave. Each tsunami window
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< tsupami waves. Moreover, t

has different wave velocity based on the depth, as seen in Figure 1, which are (Bryant,

2008):

1. Ho (deepest part of ocean) =600 — 900 km/h
2. Ht (continental shelf) =100 — 300 km/h
3. Hs (shore) = around 36 km/h

Based on those characteristics, the wavelength of a tsunami is between 10 km and 500

" v g

To be considered as a hazardous or significant tsunami, the amplitude of the wave when it

reached the target}(at least 0.5 m (Papadopoulos et al., 2014). Coastal features, namely

€.

reefs, bays, entrances to rivers, undersea features and the slope of the beach help modify

o

) me@c(
QXA %/m

the tsunami shape and energy which therefore can determine the size and impact of

i \ of the earthquake’s fault plays a big role when the
earthquake is close to the eptsentér. Different types of tsunamis can be distinguished
according to their energy and distance before they reach the coast, which will be linked to
their damaging effects as well. The wave-front of tsunami becomes rapid and bigger as it
reaches the coast; can even reach a height of 20 meters or more. Some hydrodynamic

features can increase and/or prolong the tsunami wave height with the right ,Xl

circumstances. The energy of an incident tsunami can be redistributed in t|me and space

with echaracterlstlcswmch er fromethe priginal ( |nC|de "ﬂ\
R \/X A
v

Typically, tsunami waves continue to move inland until the energy is finally degenerate
through bottom friction, influence of obstacles, and/or increasing slope of the land (Xie, (\
2007). When the tsunami reaches land, it remains to push itself onward causing severe X}\/ \L
damage to anything in its path. The height of the generated wave itself is enough to -

destroy objects in its path, even enormous objects such as ships. Those objects could be

carried inland and even for some cases, the harbors can be wiped out, meaning that

tsunamis have abundant potential that would first erode the coastal vegetation and then

crush homes and other coastal structures. These would add debris to the tsunami waves

and act as the added cause of death and damage. The damage caused by previous

tsunami events can be seen in Table 2.
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Table 2 Damage caused by tsunamis
Tsunami Location Method Frame Number
event of
building
Multiple Various Field Wood, concrete -
events (Matsutomi survey block, RC
and Harada,
2010)
Indian Southern Field Wood 20
Ocean Thailand survey RC with brick 120
tsunami, (Suppari, et. wall
2004 al., 2011) Wood 161 from
Banda Field RC with brick fielled
Aceh, survey and wall survey
Indonesia satellite and 2576
(Valencia, imagery from
et. al., 2011) Field satellite
Sri Lanka survey Non solid imagery
(Murao and Solid 1202
Nakazato, 333
2010)
Java South Java, Field Wood/bamboo, -
tsunami, Indonesia survey brick
2006 (Reese, et. (traditional/ with
al., 2007) RC  column),
RC with brick
wall
South American Field Wood 24
Pacific Samoa and survey Masonry 135
tsunami, Samoa RC 16
2009 (Reese, et.
al., 2011)
East Miyagi Field Wood 150
Japan Prefecture, survey
tsunami, Japan
2011 (Suppari, et.
al., 2012¢c)

Source: Suppasri et al., 2013

2.1.3. Generation Mechanism
In general most tsunamis will undergo these stages (André & Conde, 2012; Chenan et al.,
2010):
1. Generation
The first stage happened in the seabed, where it is deformed and caused the water to
be vertically displaced. This is why earthquake tsunamis are the most destructive

compared to volcanic ones. In this stage, period of a tsunami can range from 5
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dnd the wavelength can be as high gs 500 km/and tsunamis will

minutes to
always behave as’shallow water waves due to the ratio between the wavelength

and the depth of the ocean is over 20, which follows the shallow-water equations.

The velocity of a shallow-water wave@
pJg9-h (Eq. 1)
g: gravity (9.8 m/s?) \T
h: depth of the water column 7:_:7
As mentioned in the previous part, in deep sea tsunami will propagate at high speed,
for example in the Pacific Ocean, where the average depth is approximately 40Q0 U\,
m, the velocity of a tsunami in this water mass could reac T{ﬂ b
2. Split \10 oL \’\
Once the wave is generated, the wave will split into two directions, one leads to open
sea and another one leads to the coastal area. The tsunami wave’s speed depends
on its water depth; therefore the open sea (distant) tsunami is faster than the
coastal tsunami.
3. Amplification
For coastal tsunami (local tsunami) the speed decreases fast due to the decrease in depth,
and this leads to a significant increase in wave height. This consequence is also known as
shoaling. The small wave height (which is around 0.3 m in the deep sea) could be

intensified to several meters. This can be seen in the equation where the wave energy J(
N

0(\\/'/\

ExA™\ o 4% o ‘\[ K%\d S(/Ot

density E, the amplitude A, and the wavelength A

if A and E remain constant,

Aoc% (Eq. 3)

From the equation, it can be calculated that a 1 m high wave at 1000 m depth could
reach 5.62 m at 1 m depth. 3(/ )

4. Run-up (could also be drawback) _\\

This stage represents the wave that approachésd the coastal area and is higher than
average wave height. Either run-up or drawbdack could happen depend on where

the first part tsunami reaches. If the tsunami wave reaches the trough fi

the drawback would happen instead of run-up.|It also happen when the coast is on

Wlow is below the other adjacent plate.
\

/\,e\ﬂ\ NVSL
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2.1.4. Tsunamis in Indonesia

Indonesia is a country traversed by three active tectonic plates in the world) namely the

Eurasian plate, the Australian plate and the Pacific plate as seen in Figure 2. This location
therefore makes Indonesia one of the countries with the highest number of volcano
eruptions and earthquakes. Around 25% of the volcanoes are located in the Sunda Banda
arc and there are at least 9 volcano induced tsunamis in Indonesia. In addition to that,
Indonesia has many active faults which are located near the subduction zone or seismic

zone. The subduction zone can be referred as a prone to earthquakes area (Bock, 2003).

150°

\ N aus';]:'f\la-uté- -
GPS, ITRF 2000

AUSTRALIA PLATE

_pp° L& :
Source: Bock, 2003

Figure 2 Topographic and tectonic map of the Indonesian archipelago and surrounding
region

This condition often leads to geological disasters that can trigger tsunami generation.
National Board for Disaster Management (BNPB) recorded about 3810 geological
disasters over the period of 10 years (2005-2015) (Kurniasih et al., 2020). These disasters

include earthquakes, tsunamis, volcanic eruptions, and landslides and represents
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approximately 22% of the total natural disasters. There are around 460 earthquakes every

-
year with the magnitude of B 4.0 which could trigger tsunami /[(HAMZAH et al., 2000). /

There are 246 tsunamis recorded in Indonesia, with 10 tsunami events that caused

causalities of more than 100 people. Dominating with 90%, the trigger of tsunamis in
Indonesia is by earthquakes, followed by around 9% by volcanoes and lastly 1% by
landslide (Triyono et al., 2018). Although based on the number of occurrences, geological
disasters are not as common compared to other natural disasters, however, based on the
resulting impacts, geological disasters would cause more significant impacts (Amri et al.,
2016 in Kurniasih et al., 2020).

Due to tsunami, the average number of economic loss is approximately 71 trillion rupiah
and the average number of threatened people is approximately 4 million (Amri et al., 2016
in Kurniasih et al., 2020). Since the number of population in Indonesia keeps increasing, it
is quite certain that the number of people who are in danger of the tsunami will also
increase. The data shows the high number of casualties in the earthquake and tsunami

that occurred in the waters of the Sunda Strait and Sulawesi in 2018.

2.1.5. Indonesian Tsunami Early Warning System (Ina-TEWS)
One of the biggest tsunami that occurred in Indonesia is the Indian Ocean tsunami 2004.
After the Indian Ocean tsunami, Indonesia has built a tsunami early warning system
(Indonesian Tsunami Early Warning System - Ina-TEWS) under the Ministry of Research
and Technology, and is operated by the Meteorology, Climatology and Geophysics Agency
(BMKG). Ina-TEWS is then being evaluated by the joint rapid assessment team on the
famous tsunami and several other later tsunamis, one of them is Aceh tsunami which
happened on 11 April 2012. According to the team, q;{devices such as sirens didn’t work
properly even though the warning has been issued by the BMKG. Therefore, the sirens
had to be manually activated 10 minutes after the warning; but some of them even couldn’t \L/&}\
be activated. Evaluation of the system shows that the tsunami buoy in Aceh waters K
completely damaged so that |’[/2§Q t detect sea level differences (Kurniasih et al., 2020).
M vQCﬁ A

The tide gauge instrument was delayed by approximately 15 minutes. Although in the end

the earthquake only triggered a small tsunami and it didn't cause casualties, the results of

the evaluation show that the early warning system has not been running well (Joint Rapid

S\’\/\V\O\t C(ﬁu JCH,Q V\/\tf&‘/\()
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Assessment Team, 2012 in Kurniasih et al., 2020). Based on media coverage and BMKG
statements, the tsunami early warning system failed to detect the tsunamiin 2018 in Palu
causing many casualties. In addition, verification of the incident in Palu could not be
carried out because there was no working telephone line in Palu shortly after the

earthquake.

Seeing these incidents, Ina-TEWS is considered unable to meet the desired expec{e;t\lons
\/\ CL’\

in minimizing the incidence of casualties and losses due to the t}:/naml

7‘\“

i was simply the most shocklng tsunami since the 200 dlan

2.2. Event of Interest: Tsunami Palu 2018

The 2018 Sulawesi t
Ocean tsunami. A‘ghocking w 7.5 Sulawesi earthquake occurred in Palu, Indonesia on
Friday, 28 September 2018 at 18:02:44 logal time(GMT + 8). The epicenter was detected
at —0.22° S and 119.85° E at a depth of 10‘ nd 27 km northeast of Donggala City (BMKG,
2018 in Widiyanto et al., 2019). The earthquake was followed by a series of tsunami

waves. The biggest impact of the tsunami hit Palu City and Donggala Regency.

—

Furthermore, low-amplitude tsunami waves were also identified in Mamuju, a city
overlooking the Makassar Strait and outside Palu Bay. The tsunami hit the coast, houses,

various objects and washed out the coastal area of Palu Bay, Central Sulawesi Province

(Widiyanto et al., 2019a). (\

-~

The earthquake was a\supershear gtrike-slip earthquake with a rupture velocity of 4.1 km/s
which was situated in Palu-Koro strikeslip fault, which has been determined by several
sources: CPPT (Centre Polynésien de Prévention des Tsunamis, the French Polynesia
Tsunami Warning Center), USGS (US Geological Survey), GFZ (GeoForschungsZentrum,
German Research Centre for Geosciences), IPGP (Institut de Physique du Globe de
Paris, Institute of Earth Physics of Paris), gCMT (the global Centroid Moment Tensor
catalog) (Fang et al.,, 2018). In addition, the hypocenter depths were shallow,
approximately at 10-22 km (Sotiris Valkaniotis et al., 2018). As seen in Figure 3, Palu-Koro
strike-slip fault goes offshore over the Palu Bay to the north part of Sulawesi, linked with
the North Sulawesi trench and extends to the south direction with the Matano fault in the
southeast. Even though the zone is seismically active, the seismic level of Palu—Koro fault

is relatively low, which has a recurrence interval of around 700 years for Mw ~7-8
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2001). Due to its active structures, Palu—Koro fault potentially
2019),
strong earthquake is expected on this fault. At the location of the earthquake, the Sunda

earthquakes (Bellier et al.,

gives a great seismic hazard in the Sulawesi region (Bao et al., hich therefor:
e —

plate moves south with respect to Molucca Sea plate at a velocity of about 30-40 mm/year
(Sotiris Valkaniotis et al., 2018). Although before the large earthquake, there was a series
of small-to-moderate sized earthquakes over the hours. The USGS identified four other
earthquakes which have a magnitude of M=4.9 and larger around the epicentral area. It
began with an M=6.1 earthquake three hours earlier at the south of the main M=7.5
earthquake. There was also an aftershock sequence in the first five days following this
earthquake which is a total of 40 events with magnitudes of M=4.4 and larger. The largest
aftershock in this time-frame was M=5.8, about 12 minutes after the M=7.5 earthquake

(Sotiris Valkaniotis et al., 2018).

e BOMMIE
':a) Phll|p.ll|.;!lne \
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Source: Fang et al.(2018)

Figure 3 Tectonic setting of the 2018 Mw 7.5 Palu earthquake

o

\



UNIL | Université de Lausanng

Legend:

(a) Dark red arrows: the convergent rates between the Philippine Sea, Australian, and Sunda plates.

Red star: the epicenter of the 2018 Palu earthquake.

Blue triangles: the broadband regional stations used in this study.

(b) Microblock model of Sulawesi with the block boundaries depicted by dark blue dashed lines (modified from Wang et al.
[4]). Red rectangle outlines the bounds of the panel (c). PF, Palu—Koro fault; MF, Matano fault; NST, North Sulawesi trench;
NSB, North Sulawesi block; MAB, Manado block; ESB, East Sulawesi block; MKB, Makassar block.

(c) Close-up of the epicenter region. The white circle shows the location of the city of Palu. The focal mechanism plotted in red
represents the 2018 Mw 7.5 Palu earthquake. The magenta ones denote the 2018 Mw 6.1 foreshock and the 2012 Mw 6.3
earthquake. The black ones denote the Mw > 5.5 historical earthquakes. The yellow dots are the aftershocks within nearly four
months following the 2018 Palu earthquake. All the focal mechanisms are from the global centroid moment tensor (QCMT)
solution. The gray dashed line depicts the fault trace used in the joint

inversion. Black lines denote the regional fault traces, with the fault mechanism shown as well.

The timeline for the event of September 28, 2018 is retrieved from the information
g published in the official website of BMKG and also from UNESCO/IOC (2019):
» 07.00 UTC: First earthquake (fore shock) occurred (M=6.1)

~—§ * 10.02 UTC: First strong earthquake (main shack) occurred (M=7.5)0 - @@r\)
E \g_a,oa-umave during theljrst earthquake q . -

* 10.07 UTC: BMKG issued a potential tsunami statement. BMKG has activated tsunami
early warning with ‘ALERT’ status (high potential tsunami 0.5 - 3 meters) on the western
Donggala coast, and ‘WASPADA'’ status (tsunami potential height of less than 0.5 meters
on northern Donggala coast, northern M Uju and West Palu City.

* 10.10 UTC: Second tsunami wave \A\ Mu\)
* 10.27 UTC: 6 cm change in sea Ievel rise recorded at tide gauge in Mamuju

* 10.36 UTC: Based on the observation of the 6 cm height change from the updated data
and due to earthquake source mechanism with strike type was assumed wouldn’t cause
tsunami, the Tsunami Early Warning (Peringatan Dini Tsunami - PDT) was ended.

Therefore in total, the warning only lasted for half an hour and it didn’t even reach the

residents.

2.2.1. Recorded Data %/

The main recorded data during this event is the tide gauge data. A tide gauge is used to \\k
continuously measure the sea level change in respect to a vertical datum by recording the \Q

water height (Khare et al., 2019). There are two tide gauge stations that could be used as

a reference: Mamuju and Pantoloan tide gauges. Unfortunately, at that timg the is the only -
source of data came from Mamuju tide gauge because the Pantoloan tide gauge was

“\_irffﬁﬁ-base—cron the press release from the Meteorology, Climatology, and Geophysical

| A (\MeM
ate O \Sﬂ

\!\QCX(\
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Agency of Indonesia (BMKG) No: UM.505/9/D3/IX/2018 and statement from BMKG in
Kompas, Tuesday, 02 Oct 2018, p.2.

Mamuju tide gauge is located at Mamuju City, West Sulawesi. To be more exact, the
coordinate for this tide gauge is Lat/Lon: -2.666982 / 118.893349. For the tsunami event,
the tide gauge recorded that the tsunami wave arrived a)tér 18 min after the earthquake.
Makassar Strait, which connects the earthquake epicenter with Mamuju City, has a
@6@‘ depth of approximately 2000 m. Therefore, a tsunami traveling with an
estimated speed of 250 km/h requires at least 1 h to travel the length of Makassar Straight
at a speed of 250 km/h. Together, these facts indicate the tsunami that generated the
signal at Mamuiju tide station was not due to the aforementioned strike-slip earthquake but

had a source close to the Mamuju tidal station inside Palu bay.

Then, the results of the tide gauge observations in Mamuju was also observed, it was
visible that there was a change in sea level rise as high as 6 cm at 17:27 WIB (See Figure
4).

Elevasi Pasang Surut Stasiun Mamuju =
‘oom | 12 Hours 3 Days week
Time

Figure 4 Tide Gauge Mamuju Result

Based on the earthquake source mechanism which is strike slip and the results of

observations of tsunami wave heights in Mamuju tide gauge, also noticing that the
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estimated time of tsunami arrival has passed, the Tsunami Early Warning (PDT) is ended
at 17.36.12 WIB (UNDRR and UNESCO/IOC, 2019).

2.2.2. Survey Data

The result of immediate field surveys of the impacted areas after the earthquake
discovered that the local tsunami reached 10 m wave height above sea level around Palu
Bay (Muhari et al. 2018 in Widiyanto et al., 2019). After that, the Meteorology, Climatology,
and Geophysical Agency (Indonesian: Badan Meteorologi, Klimatologi, dan Geofisika,
abbreviated BMKG) released a survey report which stated that the maximum wave height
was 11.3 m (Pribadi et al., 2018). The main impacted area of the September 2018 tsunami

is Palu Bay on Sulawesi Island, and Central Sulawesi Province. Although the epicenter

was at the further border of Palu Bay- ingly, the most severe damage happened in

Palu City. This area is located apout 70 km f the epicenter which is at the end of the

2.2.3. InitiaJ conclusion
This particular event gurprised the society, especially the scientific community. This type of

fault commonly does not cause significant deformation that could trigger a huge tsunami

Ybecause the plates move horlzontally] This caused two different opinions, on one hand

Ulrich (2019) considers that a cause related to earthquake displacements is probable and
that land sliding maybe not the main source of the tsunami. On the other hand, Takagi et

al. (2019) concludes that landslides produced the tsunami.

Due to that peculiarity, it is quite understandable to see the response of the Meteorology,
Climatology, and Geophysical Agency of Indonesia. During the event, immediately after
the initial earthquake (at 18:02 local time) the BMKG issued a tsunami warning showing
possible wave heights of 0.5 to 3 m for coastal areas, including Sulawesi Island (the

warning was subsequently lifted at 18:39 local time). However, a newspaper article

F

>

S

-
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(Suroyo and Ungku, 2018 in Harnantyari et al., 2019) reported that no one received any
warnings nor heard sirens during the disaster, although, the possibility that the power
transmission lines were damaged due to the earthquake could be considered. Then, the
tsunamis reached coastal areas within several minutes after the earthquake (Takagi et al.,
2019).
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3. Methodology

Page 25

This chapter will first describe the workflow of this research. There are several steps that

need to be carried out due to a realization that the model has to achieve the best fitting

result compared to the recorded data and the real event data. In addition, this chapter will

also elaborate how the model was selected.

3.1. Workflow

START

Propose aresearch idea

v

Study the literature

v

Initial research: Software selection —> MIROMNE

1. Epicenter
2. Bathymetry

3. Seismic deformation

Gather data from various sources:
BMKG, BIG, BNPB, USGS, etc

v

Input data for Palu tsunami 2018

v

Process

v

1. Modify earthquake
2. Modify bathymetry

3. Modify deformation

INITIAL MODEL /

\l/ 1. Recorded real time

Sensitivity analysis =N data

" 2. Survey data

Result and discussion

Figure 5 Workflow
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3.2. Model Selection

There are numerous ways to derive shallow water equations, assuming that the flow is

vertically hydrostatic (vertical acceleration of water particles is insignificant). Maximum

tsunami height, commonly several hours after the first arrival, can result from reflection at

a coast or resonance within a bay, based on to bathymetry and local coastal shape.

To make sure that the results bear a resemblance to the real situation, there are several Q}

safety measures as shown below are used for the shallow water models (Jinsong Xie,

2007): '\\\

1. The wave lepgth for propagatlo as to be 40 t| e\’\longer than the eW}ﬁeep \(/ Q)“’
oo, T A (5 ENYC €00 C

The period for propagatlon can’t be too short. It has o Ionger than 15 minutes.
The slope for flooding has to be bigger than 2%

2
3.
4. The period for flooding can’t be too short. It has to be Ionger than 10 minutes
5

The wave source must have a length that is 10 times its depth.

6. The period for run-up,gan’t be too short. It has to be longer than 15 minut
By ool A

> 60/\(\)’, \/Loé \wbﬁ (/3 wa ke Necks/
For tsunami modeling, the ma atical problems are caused by the various spatial
scales of flows. On one hand, for the deep ocean, tsunami wavelengths are frequently
around several hundred kilometers, which would require a large computational domain. On
the other hand, in the near shore region, tsunami energy is compressed and focused by
bathymetry that could be unpredictable that would require smaller grid spacing that is
orders of magnitude. Due to this problem, mathematical model have to be able to model
global propagation as well as local inundation simultaneously. Based on the above
analysis, and considering the planetary ocean bathymetry and topography as an example,
at least five aspects must be taken into account (Jinsong Xie, 2007):

1. Boundary conditions
Suitable boundary conditions have to be identified in order to obtain solutions of the wave
propagation over a fixed domain. The horizontal velocity normal to the wall is always zero
for a vertical wall that is faultlessly reflective. However for the near shore areas, the
boundaries consist of dry and wet points. The dry points represent the coastal area, where
the normal velocity is set to zero. Then, due to run-up or run-down, the new wet and dry
points is possibly created even with the large space step. Therefore, a mathematical

system for both wetting and drying need to be available. The main parameter to see the
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presence of wet or dry points is the total depth expressed with d = ocean depth (D) + sea
level (C) - bottom displacement (n) (Flather et al. and Heaps et al. (1975); Imamura et al.
(1996) in Jinsong Xie (2007)). The wet and dry points are found by setting the average
undisturbed ocean depth as positive values (wet points) and elevations as the negative
values (dry points). Therefore to simplify, the dry point would equal to total depth of 0 (D +
¢ = 0). With the intention of diminishing the reflective wave in coastal areas, the vertical

movable boundary should be set.

(a) Case 1

: x
N |
\ 4 I
: 1-1 ! QI | Di—l
MWL L 1 l
_________ x________ Y Y
i i i+1/2 i+1 i+3/2
i Di.,
4
i-1 i-1/2
(b) Case 2
Nl
kS X * H;
. i A
v Gi LG ,:
! l ' Di+1
| P .;
! i i+1/2 i+1 1+3/2
5 D,
L |

Source: Jinsong Xie (2007)
Figure 6 Moving boundary example

Moving boundary can be explained by Figure 6. As seen in both cases, the recorded grid
points are: i-1, i-1/2, i, i+1/2, i+1 and lastly i+3/2. Total depths (h) are recorded at i-1, i and
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i+1, meanwhile the flux are recorded at i-1/2, i+1/2, and i+3/2. In Case 1, the i cell is wet
since the depth is negative and the fluxes at i+1/2 are 0. Then, if the same cell (i) is
examined in Case 2, it is clear that the depth in i cell is positive, therefore the fluxes at

i+1/2 can’t be 0. This means that the shoreline is somewhere between i and i+1/2.

In order to create a quick computing process, the areas that characterize permanent dry
(such as land) are excluded from the computation by fixing a limit for the depth.
Furthermore, the connected bottom friction becomes very large when H is very small, so a
lower value of the water depth is applied in order to avoid problems. The estimated

difference is fixed for the continuity equation. This fixed value would later be applied for the

) sonaect
gb (do-'t pmemtal

total depth values that are available on every side of a computational grid. When the total

depth for all sides on a grid cell is observed to be negative or zero, then the grid cell is
considered as dry cell. \/\)W ( N (/\

(;0\}'\—\‘%3 (\O

In addition, there is a problem that could occur since the typical tsunami modeling) cdde

oL o

Vl/l&.}/

carries out a linear extrapolation for a continuous boundary. The conditions for continuous

boundary are built on the conservation of mass, where there is an equal value for the input

¢

i

and output of the boundary. Therefore, this code could be executed when the wave arrives

simultaneously, but unfortunately if the wave that arrives is curved, a false wave could be

£

created, that is known as reflective wave. MIRONE software could minimize this problem
by using cosine curve. Once it's used on arrays, the water depth would be reduced and it \)
would greatly affect the wave speed, since the speed is formulated by Vgh. In result, the — S
wave would have a very slow speed. Based on this fact, MIRON \E

ullds an imaginary
border where depth progressively decreased to zero. Ideally, if this is applied, the wave
never reaches the border and therefore is not reflected. So far, boundary conditions hay,

been successfully constructed in numerical models.

: YVAR
Voo, B Lhsualnd Apot 10w doer M;L

Cyclic boundary condition for E-W velocity as‘well as for the sea level on the meridian is

needed for the computational domain because the globe is spheroid and it’s cut lengthwise ! £

-

.the meridian longitude.

\';he latitude/longitude boundaries of custom grid in degrees and minutes (precision is to L\A'ZZL})

e nearest minute) must be chosen. In addition, there are several conditions that must be \A

T
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taken into account. These conditions require a strong understanding of both geography, &(Q

which focused on topography and bathymetry: C} (‘\
° The value of grid: between 0° and 180°. ‘\ />

d — \AI (9_
e The value of latitudes: from 90° North to 90° South. > \ u\/ L) Q'()

e The value of longitude values: from180° west to 180° east.

e |[f the grid is spanned the entire globe longitudinally (for the case of the ETOP02
Global Topography), the condition is a bound of 180°W to 180°E, or from 0°E to

/] —— ~
— " edly tan be Aoroe
3. Bottom friction and Coriolisfkc?rce C&L’{'@}\O*V\ C’@D/\%\L%\O:/\/eﬁ‘gl

Theoretically, the effect of both bottom friction and Coriolis force are examined by all

numerical codes. However, the calculation domain is small in reality. Therefore, since the
Coriolis force is considered as a secondary effect on tsunami waves, it is most likely to be
ignored. But Kowalik et al. (2005) did a research on the 2004 Indian Ocean tsunami and —
included the Coriolis force to simulate the tsunami. The results showed that the Coriolis ~
force has an important effect on the tsunami wave.

4. Model schemes

Model schemes are based on 3 discretization elements that have some advantages and
disadvantages:

e Finite difference: finite difference algorithms are widely used in contemporary

renc};, [' A
g

tsunami numerical models with upwind and downwind schemes; finite di

are the simplest to work with.
e Finite volume: finite volume offers the best stability@nd efficiency

¢

e Finite element algorithms: these models offer the best geometric flexibility.

(G
"

I o 77 & B PV (891

There are some numerical difficulties related to~Nsimultaneously modeling global

propagation and local inundation due to diverse flow regimed g scale tsunami waves

move throughout the entire area, which need various levels of modifications at different

times and locations. Nested-grid schemes (adaptive mesh refinement) would give a
possibility for a coarse grid to cover parts with no significant waves available on the

_—

domain. Higher level of modification is also possiB‘Ie with nested-grid schemes by the

=
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application of an algorithm that could adjust the appearancg of se

time. This would users to track waves’ motion in deep ocean.
NIV

The capabilities of various tsunami models are listed in Table 3. A good representation of

I\MQ
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ub-grids at any

accurate bathymetry must be spherical coordinate system to accurately project 3-D globe

to 2-D map.

misrepresented. f\

' in WA \A/A.O"'

If the plane coprdinate syst

M/ J(b

the projectio

is, used,
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Table Characterlstlcs of the current tsunami numerical models uk
Model | ,gw [ COMCO | swan | mIRONE | zuni MOST | TSUN2 UAF
Factor T
Generation Y Y Y Y Y Y Y Y
Propagatio Y Y Y Y % Y Y Y
n
Inindation Y Y Y Y Y Y Y Y
Wave . . . . . . .
N\ theory Airy Airy Airy Airy Stokes Airy Airy Airy
onlinear . . Non-line | Nonlinea | Nonlinea | Nonlinea . .
Linear Linear ar r r r Linear Linear
Fint
Differenc Y s Y ,.b\ Y Y Y Y
N N N \ N N
C%c;/gglrite %\\ Plane /Sgh’leﬂ(@_QSph?rlca// Plane Sph(lerlca Sphfsrlca Spherical
Coriolis N N Y N N Y Y Y
Friction Y Y Y Y N Y Y Y
Surface
Stress N /)12\ N (‘—\N = N N N N
Boundary
Condition bad (\ good /l_ilad D bad bad better good better
~— ~———
Nested N Y Y Y Y Y Y Y
Grid
Dispersion N N N N Y Y Y

Source: (Jinsong Xie, 2007)

*'Y' = used; 'N' = not used, 'better' = perform better compared with all other mog7

3.3. Selected Model: MIRONE

Back

oV

The MIRONE software will be used to simulate tsunami propagation in this r@

WSWWG‘

MO Ag ) y’\CO
rch.

MIRONE is a MATLAB-based framework tool that could be accessed with Windows and it

is a set of unified numerical codes intended for simulating tsunami generation, propagation

and subsequent run-up onto the shoreline. It allows the display and manipulation of a huge

number of grids format by its interface with GDAL library. Furthermore, the equations were

expressed in spherical polar coordinates which are great for the purpose of simulating the

tsunami generation and propagation. The main purpose of that is to create a graphical

&M

Qe L

(‘al/\,

@C,
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interface that would be easy to use, However, it also suffers from |mport1r}t\llm|tat|ons /

such a +pead and men l;I\IS/\Z/OO% (/7 \bac,\ \({

MIRONE software embedded numerical code NSWING which stands for Non linear b
Shallow Water Model with Nested Grids to model the tsunami (Miranda et al., 2015) which O{
is_highly motivated by Liu et al., 1998 (Miranda et al., 2015). NSWING works with a system XC\’W
of nested grids which can solve shallow water equations for both linear and nonlinear
expressions. For the nonlinear expressions, it utilizes an upwind scheme and for the linear
expressions, it utilizes an advanced leapfrog numerical scheme. In addition, NSWING
employs a radiating boundary condition which is based on “wet” and “dry” cells, and allows
NSWING to track shoreline movement during inundation. This further allows wave motion

to move from one area to another with minimal reflections (Wronna, 2015). In addition, the

deformation in this model is rendered by Okada, 1985 theory in the seabed (Luis, 2007).

MIRONE implement the TSUNAMI N2 in order to model shoaling, flooding and coastal
amplification of the tsunami waves. While NSWING and TSUNAMI N2 are two completely
separate models, both can simulate tsunami generation, propagation and inundation.

These two models are combined with their own role. NSWING is for the propagation

M /’
( model and TSUNAMI N2 is for the inundation model (Jinsong Xie, 200
J—

Lastly, the steps for this project can be seen below. The steps are encouraged by a +|-w

3”\' [Aau( k A /)MCr
v X% 3 70 SV

research done by Jinsong Xie (2007):

1. Obtain the fault parameters and the bathym
2. Use the MIRONE software, obtain the initi
3. Obtain the initial tsunami simulation

0
4. Do sensitivity analysis with multiple paramegters. \f\e VV(OC‘['( A

5. Compare the results from th¢ calibrated MIRONE models with observations to see

surface dlsplac

whether the model truly represent the event.

> Thinis FALLE . TOMVAMV L

Thtor
o tha wa? ploavidoned
wos o ol dea code \\)W/\lel et )Y\W;)

Nowive dos  NO
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’ V\l 6 ‘
6\/\/)( Source: Jinsong Xie
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Initial surface Travel time
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Figure 7 Flowchart of numerical modeling procedure
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4, Initial Model

In this chapter, | will discuss the initial model of tsunami Palu 2018. The initial model
serves a purpose to see the range of the tsunami wave using the available data that will
be explained below.

4.1. Process %’\ \ C\
The process of cre

are: bathymetry}? and seismic elastic deformation. Then, this data will be processed by

e, MIRONE.

The generation of tsunami because of an earthquake, the commonly applied theory is the

ing initial model involves several data and steps. The data needed
the selected softw

dislocation theory developed by Mansinha and Smylie in 1971.

4.1.1. Bathymetry Map DmmC\r]

The bathymetry a that will be used in thls initial model is the data in Sulawesi, Java,
and some part o?gmeo Island. The reason why a wide area is used in this model is to
see how far the tsunami wave will initially g)z@v There are two bathymetry data that are
taken as consideration for the initial model. Both are open source from different sources
with different resolution which has their own pros and cons. The two data used are:
GEBCO 2020 grid and National bathymetry (Batimetri Nasional — BATNAS).

1. GEBCO 2020 grid

The GEBCO 2020 Grid provided by the General Bathymetric Chart of the Oceans
(GEBCO) and it is labeled as the latest global bathymetric product. This bathymetry data
can be accessed openly and is available at https://download.gebco.net/. It has a total of
3,732,480,000 data points, divided in 43200 rows x 86400 columns. The re jon
delivered by GEBCO_2020 is15 arc-second (GEBCO Bathymetric Comp|Iat|on Group

2020, 2020). TNip (1 "ot e g {y \WV\ wikh (s wveh w /\Ae)

Thin bhe /\\c\ Atep- 4/uzf Mep g nmv@ )[?’(/A‘Q Me

As seen from Figure 8, the GEBCO 2020 bathymetry data can be obtained by s Iectln ] v
area in the map. Therefore, in order to know the initial impact of the initial tsunami model, AL (jj)
there are several tiles that need to be obtained. | decided to focus on the whole Sulawesi

and Java islands including islands around them, and parts of Kalimantan and Papua.
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Once all the GEBCO 2020 bathymetry data for the desired area was selected, the data is
later downloaded as *.tiff and file *.grd and it can be loaded in MIRONE. (Figure 9).

GEBCO 2020 Gridded Bathymetry Data Download

—

ENTER BOUNDARIES

0

SELECT FORMATS

‘GEBCO 2020 Grid TID Grid
2D netCDF |
GeoTIFF |

Esri ASClI |

YOUR DATA SELECTION

Use keyboard CTRL + mouse Left Click and Drag a box to select your region on the map.
On a Mac, use the Command key instead of CTRL.

Bounds
NOWOSOEO

-

Figure 8 Obtaining GEBCO Bathymetry
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Figure 9 Loaded GEBCO Bathymetry in MIRONE

2. National bathymetry (Batimetri Nasional — BATNAS)

Geospatial Information Agency (Indonesian: Badan Informasi Geospasial, abbreviation:
BIG) and can be accessed openly. To access the data, user has to create an account in
http://tides.big.go.id/DEMNAS/login.php. Then, a wide range of Indonesian bathymetry

data can be obtained directly which is easily accessible, as seen in Figure 10.

>CA ]Of/f% MUY Ve
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Figure 10 Obtaining National Bathymetry (BATNAS)
Source: http.//tides.big.go.id/BATNAS/
National bathymetry (Batimetri Nasional — BATNAS) data is created from the results of
inversion of gravity anomaly data from altimetry data processing by adding sounding data
carried out by multiple institutions, such as Geospatial Information Agency (BIG), National
Geophysical Data Center (NGDC), The Agency for the Assessment and Application of

Technology (BPPT), Indonesian Institute of Sciences (LIPI), and others with single or

multibeam surveys. Th@ﬂf“ﬁaﬂ yhe natignal bathymetry data is 6arc-second
[ AT

using the MSL datum.
National bathymetry with a resolufign of 30 s and has a s¢ope of area from 90 to 150 East
Longitude and from 20 South latitude to 20 North latitude.

As seen from Figure 9, the national bathymetry data can be obtained in in small tiles.
Therefore, in order to know the initial impact of the initial tsunami model, there are several
squared areas that need to be obtained. | decided to focus on the whole Sulawesi and

Java islands including islands around them, and parts of Kalimantan and Papua. Once all
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the national bathymetry data from the desired areas were obtained, the data is later
combined in QGIS as one * tiff file and it can be loaded in MIRONE. (Figure 11)

-5

115 120 125

Figure 12 Loaded National Bathymetry in MIRONE

4.1.2. Seismic Elastic Deformation

The second data used is earthquake data that occurred along the Palu-Koro fault. The
data is taken from USGS website (https://earthquake.usgs.gov/earthquakes/eventpage/
us1000h3p4/executive) which stated that this tsunami was triggered by an earthquake with
a magnitude of at least 7.5. USGS provided multipatch data regarding the fault after the
earthquake. Multipatch data is used to represent the surface, in this case the fault, in a
three dimensional area (ESRI, 2008). For MIRONE, the finite fault multipatch in the format
of *.fsp is very suitable. The fsp stands for finite-source parameter, which defines several
modeling and the finite-source rupture parameters. It starts with a header block, followed

with multiple source parameters on the fault plane, as seen in Appendix A.
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Earthquakes W do not only involve one point, but more like fault area where slip
happened where it is significantly related to the magnitude of the event. Then, the
magnitude can be modeled via a “finite fault inversion”, which utilizes the traces of the
earthquake that create a possibility reconstruct its slip. This would result in “finite fault

models” which can either be kinematic or static.

MIRONE can easily visualize this by using the ‘Seismology’ option, then choose ‘Elastic
deformation’ and follows it with ‘Import model slip’, because the data is already provided.
The result can be seen in Figure 13 and it is clear that the rupture model is given in a
column-format that presents a different quantity for each column. Each column has a
specialized color that characterizes one point (subfault) on the rupture plane, which would
begin from the top left corner of the fault and end with the bottom-right of the faults. The
number of columns (source parameters) for this rupture models is 10, and it indicates (in
order, see Appendix A): Lat, Lon, X, Y, Z, SLIP, RAKE, TRUP (rupture onset time), RISE
time, and SF_ MOMENT
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D:\Thesis\data\usgs\fault\fault.fsp @ 82% - O X
File Image Tools Draw Geography Plates Mag/Grav Seismology Met/Oce Projections Help
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Figure 13 Loaded Finite Source Rupture Model in MIRONE

4.1.3 Tsunami Palu 2018 Initial model
As stated earlier in subchapter 2.4, MIRONE is a M@B-bas d software that can be

used to simulate the propagation of a tsunami wave. In order to dreate the tsunami wave

propagation, it only needs a bathymetry grid and the initial condition of water displacement

which can be obtained by €alculating the seismic paraW

event, in this case the tsun\ami Palu 2018. Input initial condition data on MIRONE via its

fault parameters formed from the magnitude of the earthquake strength.

According to the data that has been obtained, the steps are:

1. Bathymetry

The process starts by inserting the seabed topography (bathymetry). In MIRONE, it's quite

simple and once it's loaded, it can be seen previously in Figure 8 and Figure 11. Since

\10 J dowt coll clote g i Y\W et

oy ube hewn b el olate TEWE
it povd{TNewt .
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there are 2 bathymetries available, the best one is selected for this model. For tsunami
modeling, it is important to have the correct location of the shore. Therefore, one way to

see whether the bathymetry is accurate or not is by cross-checking it with Google Earth.

To begin, | selected a coastal area in Google earth as seen in Figure 14.

Coastal Area
To cross-check

Google Earth

Figure 14 Coastal Area in Google Earth

Then, the selected area is imported and compared with both bathymetry data to see
whether it the coastline is accurate or not. The results are as following:

e GEBCO 2020 grid

As seen from Figure 15, GEBCO 2020 grid shows quite an accurate value in the

coastline, which is -3.6 m and indicates that it is water.
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Di\Thesis\data\srtm gbco\reduce bat\GEBCO_2020_23_May_2021_c0a51ee0007f\gebco_2020_n2.967189461916051... —

| O a

O

File Image Tools Draw Geography Plates Mag/Grav Seismology Tsunamis Met/Oce GMT Grid Toels Projections Help
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Figure 15 GEBCO Coastal Area in MIRONE

e National bathymetry (Batimetri Nasional — BATNAS)
As seen from Figure 16, National bathymetry (Batimetri Nasional — BATNAS)

grid shows an inaccurate value in the coastline, which is 9.3 m and indicates that it is

land and not water.

\/\/\/\O\\ 0

>

\Y\w \@Oﬁj \Y \/\W’
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! Di\Thesis\data\BlIG\demnas batnas\merge2.tif @ 5931% — O X

File Image Tools Draw Geography Plates Mag/Grav Seismology Tsunamis Met/Oce GMT Grid Tools Projections Help
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Figure 16 BATNAS Coastal Area in MIRONE

Based on the quick assessment above, | chose to proceed with GEBCO 2020 grid,

because even though the M&f national bathymetry is better, the coastal area is in
national bathyemetry is far fro,

Al ONOW. GR\D

€ em\‘ o

2. Seismic Deformation Computation I
Seismic deformation can be loaded once the bathymetry is loaded. It will be%ID )

accordingly (See Figure 17). Therefore, both the bathymetry and deformation grids must

have the exact same grid steps and cover the exact same area.
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18 120 122 124 128

Figure 17 Loaded Finite Source Rupture Model and Bathymetry in MIRONE

Once the *fsp data is placed in the bathymetry, there are two options that can be chosen to
compute the deformation: Okada and Masinha.
e Okada:
The main idea of Okada deformation computation is to allow the computation of the
vertical seabed deformation (Rashidi et al., 2018) and can later be compared with

GPS measurements, which would be perfect for an initial unca

However, Okada deformation could create a significant bias due to its theory that

he initial wave current (Jinsong Xie, 2007). More differences between

Okada deformation and real tsunami are elaborated in Table 4,
[
C0U O\ &c e cavw)w

H\{ rolid w\m %’m W
\A ) VW\'\‘A\WO do with watel-
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Table 4 Differences between Okada Deformation Model and Real Tsunami

No Okada Deformation Model Real Tsunami
D [
1 Qian;a('vertical deformation of the onlinear deformation of the Earth N
/

2 | No horizontal deformation / CM times more important than the vertical >
C onent.

3 | The earthquake occurs / W )]

simultaneously

4 | The water is incompressible [ The water is compressible

5 | The output is sinusoidal wave \ Real tsunami waves are combination of short waves and
long waves

6 | Noinitial wave current Initial wave current

7 | One wave A;am

8 | Finite fault plane parameters | | bActear

Source: Jinsong Xie (2007)

e Masinha:

~~

The algorithm of Masinha deformation is similar to Okada, tFMnce Masm;a i

ignores the hydrodynamic effect because the horizontal part of the wave is A (\,

adequately greater than the depth of the water at the source (Dao & Tkalich, 2007).

Therefore, the initial surface wave is assumed to be identical to the vertical statlc

coseismic displacement of the sea floor which is given for inclined strike-slip and

dip-slip faults (Masinha and Smylie (1971) in Dao & Tkalich (2007)).

— CfOVL' \;\\/Loka/

For the initial simulation, | chose to use Masinha to compute the deformation due to its

simplicity yet similar result to Okada. With Okada, the \hydrodynamic effect

manually neglected which since the required data is only the vertical component.

as to be

In

addition to the two different computation options, MIRONE also gives the option to modify

the parameters if later the user wish to manipulate the value of a certain or multiple

parameters (See Figure 18). Then, the characteristics of the fault are given in Table 5.

m
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le 5 Characteristics of USGS Fault \‘\/

No Characteristics \ Value
. ")
1 | Magnitude /leomw
2 | coordinates 319.84Fand 0.18S
3 | Depth 33.5km
4 | Fault Length 264 km
5 | Fault Width 36.75 km
6 | Strike (0) 358
7 | Dip (d) 66
8 | Slip (A) 0.0838
Vertical elastic deformation - x
Fault Geometry Dislocation Geometry
Length Width Segments Stike Rake Slip
[ 7,966 [ 175 Segment1 v | 358 343 | 0.0838
Stike Dip Faults
| 358 [ 66 [Faull 01 E‘ [ Hide fault planes
Depth Depthto Top COMFIRM
| 24065 | 08078 m Mw Magnitude = 6.9 Tot=75
Griding Line Geometry Mu (+10710) W
Min Max Spacing  # of lines
X Direction | 114.997916¢ | 126.860416¢ | 0.00416666 | 2843 g
Y Direction | -3.34791666 | 2.96458333. | 0.00416666 | 2716
s | Compute

Figure 18 Characteristics of the Fault in MIRONE

The result of the computation can be seen in Figure 19. Once this is done, save the result

as a new file with a grid format.
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Figure 19 Masinha Fault Computation

With known all these information, the initial tsunami can be created in MIRONE.

3. Wave Computation TINTOL (NSWING)

In order to create the wave propagation model, both data need to be combined. Start the
combination process by loading the bathymetry data, and then choose the ‘TINTOL
option. This would open a new window named the TINTOL (NSWING) that has been

mentioned in Subchapter 2.4 and can be seen in Figure 20.
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NSWING |

RUN

Snumgl D:AThesis\data\srtm gbco'reduce bat\taulk_manisha. EE‘
Nest | g
|[I - level ready to use LI
Bordering ‘
& Output grids " ANUGA, s " MOST .nc
Name| D:\Thesishdata\sitm gbeco\reduce bat\GEBCO_2020_:
& Surface level " Total water [~ Max water
¥ 30 file " Velocity " Momentum
[~ Maregraphs aving step (time = Time step * th 1
In file: g
Ot file: E‘“J
N of cycles| 3000 Jump initial | 0
Time step [sec]| 0.919 Saving step [cycle units]| 10

Figure 20 TINTOL Environment

TINTOL allows the user to choose what kind of output is needed (See Figure 20). In this

case, the water surface level is selected in a 3D netCDF grid because it is needed for the

simulation. Next, decide how many cycles this simulation will run and the time step (in

seconds) increment for this simulation.

For the time step, since this model implements a system of coupled nested grids and

numerical solution

Courant-Frie

~

that discretized Shallow Water Equations (SWES),‘- thus
-Lewy condition (CFL) have to be fulfiled because CFL condition
tability of unstable numerical methods in a wave model. This discretization would

del the problem in a grid with finite cells with a numerical code, NSWING implements

an explicit staggered finite leapfrog numerical scheme CFL condition (Wronna, 2015):

where:
C: Courant number
u: velocity magnitude

At: time step

Rut yov 5\06[

At
C = uxA—SCmax
X

Ax: length between elements

Cmax: maximum Courant number

0 VL@'t \/Vl\/( AN
e

/ \/L%jref[
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Cmax value for NSWING is (0.5, therefore the time step must satisfy the CFL condition.
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MIRONE automatically proposes the time step based on CFL condition and it could be

rounded. Both cycle and time step determine to total time of the simulation. For the initial

model, we used 3000 yesulted in 6000 seconds. Lastly, decide how many saving

step that is desired.
simulation (10 * 1.5s = 30s).

case, the number 10 means saving a step every 15 s of

4. Visualization

MIRONE is able to view the wave propagation by using Aquamoto tool. To do this, load the

*.nc file from the previous step in the netCDF tab (See Figure 21)

Aguamoto X
netCOF | Time Grids | Misc | Shading OR Image‘ Cinema ‘
Input a SWW or NC file  Time steps = 201
[ D:Atsu_time_.nc EI
Primarny quantities
r Absolute Velocity [v) -
Slice n?
al I K
Griding Line Geometry - -
Min Max Spacing # of nes
XDir[11000833  [129.39167  |0.016666EE: 1200
YDir| 99916667 [ 9.9916667 | 0.01666686; | 1200
— 1
Plot Run In ‘ ‘ Show slice ‘
Water transparency 0% ¥ Split DiyAwet
4 Ll |7 Scale color to global min/max

Figure 21 Load *.nc file

After it's loaded, all the ‘Griding Line Geometry’ will be filled automatically based on the
appropriate number from the file. Next, use the ‘Cinema’ tab to create a video of the
propagation. In Figure 22, decide the movie type (in this case, it's AVI), then also decide

the frame/second (in this case, it is 5 fps). Lastly, select the output folder and name the
output file.

Maitrise universitaire és sciences en sciences de I'environnement |
CLEECEEE PR TP P e R R e

Secrétariat du Master MSc | www.unil.ch/masterenvi



/.

UNIL | Université de Lausanng

B Aquamoto - X

netCOF | Time Grids | Misc | Shading OR Image | Cinema |

Movie type

 GF " MPEG [ Dither -
= AVI Frames p.‘s| 5 M

~ Montage

(¢ Multi-layer source (" Time grids list

Shices 1

OQutput movie name
| D:AMaster\dth [thesis)\\tsunami_simu.avi E"'I
oK
Water transparency 0% [ Split DryAwet
4 *| [ Scale color to global min/max

Figure 22 Creating the movie
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Once this process is done, the video can be played and this is the result of the initial simulation:
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4.2. Result

The most significant result of this model that can be used as a validation method is the
maximum wave height produced. MIRONE allows the computation of the wave height
through TINTOL environment (See Figure 20) and also through fault computation. Once
the result is obtained, the grid file containing the wave height can be loaded in QGIS. To
know the exact location of the wave height, load the bathymetry along with the grid file

with wave height. The result can be seen in Figure 24.

0.6

0.5

| |
1180 1182 1184 1136 1188 1180 1182 1194 1196 1198 1200

Figure 24 Maximum Wave Height Initial Model

As seen in Figure 24, the highest wave height is found in the Palu bay, which indicated by

the white highliiht The value obtained is 2 25 meter, and it is located in the Paly bay.

(RN eV AVER \ éeo to with v

There are two maximum wave heights that need to be checked by the initial model:
recorded data and the survey data bot the Meteorology, Cllmatolog and Geophysical 47\‘[\/
Agency of Indonesia (BMKG). K/\ (\(’\)Ww {
J ?[ JC\/W} (L ;4 O,

X(/\f\\ nWA W [‘ 12§ (\‘g

J\O\) mm\ Ix\nw/ r‘W‘XU J[\\( 9 dxm
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4.2.1. Recorded Data

According to Subchapter 2.2.1., the recorded data at Mamuju tide gauge during the event
was 6 cm. In addition, on 28 September 2018, BMKG also created a tsunami model based
on the earthquake events and obtained a maximum 0.58 m wave height in Palu. The
tsunami then resulted in the estimated arrival time at 17:22 WIB, where BMKG issued a

tsunami warning. The model result can be seen in Figure 25.

Fle Settngs Simuation Faces View Edras Help
2018-09-28 10:02:45 M7.4 D 1l1lkm
5a Peninsula, Sulawesi
ap | Taces | Arivals  Forecast Zones | nrwe | Tse | amc |
T
Name o [ Placa Pravince Caourtry Gan code_[rwlati] Aumup 1 value T1 Time =]
+ SULTENG DONGGALA BAGIAN BARAT SULAWESI TENGAH INDONESIA 10195.00 Eas.. 0580 m 0.010 m 2018-09-28 10:22:43
+ SULTENG DONGGALA BAGIAN LITARA SLLAWES| TENGAH INDONESIA  10075.00 Eas... a380m
+ SULTENG KOTA-FALLI BAGIAN BARAT INDDMESIA  10202.00 Eas.. 0360 m
+ SULBAR 10218 MAMLILI BAGIAN LITARA Eas.. 0301m
+ SULTENG 10310 au-Tol Eas g20lm
+ KALTIM 10243 KOTA-BALIKPAPAN Eas 0156 m
+ KALTIM 10285 KUTAITIMUA Eas 0.130m
i SULBAR 10047 MAMUL Eas 0.110 m
¥ SULBAR 10205 MAJENE Eas. 0.110 m
- KALTIM 10305 KLITAI-KARTANE GARA Eas 0.110m b
* SUITENG 10314 BU Eas a101m
- KALTIM 10225 Eas 0101m
+ KALTIM Eas a60 m
+ KALTIM 10217 Ea: 0860 m
+ KALTIM 10328 Ea: 0051 m
+ GORONTALO 10262 Eas 04051m
¥ SULSEL 10144 Eas 0405
+ SULBAR 10182 Eas 0040 m

Figure 25 BMKG Model Result

Based on that information, the value of the wave height in the initial model is checked for
Mamuiju tide gauge to know whether the wave height in that area is indeed 6 cm or not.
The value can be seen below (Figure 26) where the tide gauge is marked by yellow
triangle, which gives a result of around 0.018 m (marked by red box). It means that the
value given by the recorded data is aligned with the initial model given by MIRONE where

the wave height is very low.
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Figure 26 Mamuju Tide Gauge Wave Height
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According to Subchapter 2.2.2., the survey data dufing the event was 10 meter. In addition, there

are additional surveyed data gathered by the Meteorology, Climatology, and Gegphysical ?enc
/)

4.2.2. Survey Data

are displayed below (Table 6). {\/\/
Table 6 Surveyed Data from Meteorology, Climatology, and Geophysical Agency a

Location Latitude | Longitud Wave Height Wave Height Inundatio
e (m) Tide Correction n
(m)

Panggang -0.7189 | 119.7746 5.1 5.1 106.7
6

Lolilondo -0.7471 | 119.7805 4.0 4.0 97.7
5

Lolipesua -0.7697 | 119.7885 7.3 7.3 75.6
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N Location Latitude | Longitud | Wave Height Wave Height Inundatio
o e (m) Tide Correction n
(m)
4 | Lolisaluran -0.8436 | 119.8189 9.6 9.6 101
3
5 | Primkopal -0.8175 | 119.8108 7.1 7.1 74
5
6 | Tipo -0.8607 | 119.8286 6.7 6.7 105
2
7 | Silae -0.8749 | 119.8349 3.8 3.4 101.8
8
8 | Ruko Lere -0.8811 | 119.8401 5.6 5.7 320
1
9 | Grandmall Palu | -0.8822 | 119.8429 5.6 6.1 320
3
10 | Mercure Palu -0.8836 | 119.8495 9.2 10.0 468.8
1
11 | TVRI Palu -0.8858 | 119.8629 10.9 7.6 428.9
3
12 | Kp Nelayan -0.8639 | 119.8781 7.1 7.6 75
13 | Citraland -0.8318 | 119.8798 7.0 6.7 197
14 | Tondo -0.8365 119.881 11.3 10.7 165
8
15 | Pergudangan -0.8235 | 119.8824 8.3 9.1 378.9
4
16 | Kp Mambaro -0.8016 | 119.8766 6.7 7.0 247,1
17 | Poltekes -0.7900 | 119.8645 6.6 6.2 42
2
18 | Resort Taipa -0.7818 | 119.8589 5.8 5.1 145.3
3
19 | PLTU Tawaeli -0.7320 | 119.8551 8.7 9.3 168.8
4
20 | Pantoloan -0.7084 | 119.8518 111 10.2 216
6
21 | Ngada Wani -0.6950 | 119.8403 7.1 7.2 158.4
1
22 | Labuan -0.6625 | 119.8166 4.4 3.9 29.3
1
23 | TPl Lero -0.6291 | 119.8115 6.8 6.0 132.7
2
24 | Pasir Marana -0.5952 | 119.7893 3.9 3.0 41.2
9
25 | Tondo Lendi -0.2492 | 119.7962 2.3 2.3 133.8
4
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N Location Latitude|| Longitud Wave Height Wave Height Inundatio
o e (m) Tide Correction n
(m)
26 | Mapaga -0.2310 \119.8022 2.2 2.2 136.7
Sirenja 5

Based on that information, the valye of the wave height in the surveyed model is checked

for all the sampling points to know Whether the wave heights in those areas are correct or

not. Some of the sampling values afe located on land, which cause MIRONE to not be

able to read the wave height. The valje comparison can also be seen in Table 7, which is

very different. It means that the value

initial model given by MIRONE where the Wave

ight is very low.

iven by the surveyed data is not aligned with the

Table 7 Wave Height Comparison from Simﬁl’a%n\[)ata and Surveyed Data

N Location Latitude | Longitud Wave Height Wave Height Wave Height
o e Recoroded Data Surveyed Data Difference
(m) (m) (m)
1 | Panggang -0.7189 | 119.7746 0.7 5.1 m
6 .
2 | Lolilondo -0.7471 | 119.7805 0.7 4.0 33
5 .
3 | Lolipesua -0.7697 | 119.7885 0.7 7.3 6.6
4 | Lolisaluran -0.8436 | 119.8189 1 9.6
3 8.6
5 | Primkopal -0.8175 | 119.8108 0.9 7.1 6.2
c .
6 | Tipo -0.8607 | 119.8286 0.7 6.7 6
2
7 | Silae -0.8749 | 119.8349 Land 3.4 )
8
8 | Ruko Lere -0.8811 | 119.8401 1.5 5.7 4.2
1 .
9 | Grandmall Palu -0.8822 | 119.8429 1.6 6.1 45
3 .
10 | Mercure Palu -0.8836 | 119.8495 2.2 10.0 78
1 .
11 | TVRI Palu -0.8858 | 119.8629 0.9 7.6 6.7
3 .
12 | Kp Nelayan -0.8639 | 119.8781 1 7.6 6.6
13 | Citraland -0.8318 | 119.8798 1.1 6.7 5.6
14 | Tondo -0.8365 119.881 1.2 10.7
3 9.5
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N Location Latitude | Longitud Wave Height Wave Height Wave Height
o e Recoroded Data Surveyed Data Difference
(m) (m) (m)
15 | Pergudangan -0.8235 | 119.8824 1.5 9.1 76
4 .
16 | Kp Mambaro -0.8016 | 119.8766 0.7 7.0 6.3
17 | Poltekes -0.7900 | 119.8645 0.7 6.2 55
) .
18 | Resort Taipa -0.7818 | 119.8589 0.7 5.1 a4
3 .
19 | PLTU Tawaeli -0.7320 | 119.8551 0.5 9.3 3.8
4 .
20 | Pantoloan -0.7084 | 119.8518 1 10.2 9.2
6 .
21 | Ngada Wani -0.6950 | 119.8403 0.6 7.2 6.6
1 .
22 | Labuan -0.6625 | 119.8166 Land 3.9 i
1
23 | TPl Lero -0.6291 | 119.8115 0.5 6.0 5c
5 .
24 | Pasir Marana -0.5952 | 119.7893 0.5 3.0 )5
9 .
25 | Tondo Lendi -0.2492 | 119.7962 0.2 2.3 21
4 .
26 | Mapaga -0.2310 | 119.8022 0.2 2.2 5
Sirenja 5
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5. Sensitivity analysis

In this chapter, | will discuss the sensitivity analysis of the obtained initial model of tsunami
Palu 2018. This serves a purpose to see whether the recorded data during the event and
the data gathered after the event could be achieved through the initial model by modifying

some parameters through hypothetical scenarios.

During earthquake events, uncertainties usually come from the fault parameters and not
the epicenter location and magnitude. The generation of tsunami because of an
earthquake, the commonly applied theory is the dislocation theory developed by Mansinha
and Smylie in 1971. This theory is based on the linear elastic theory and predicts the
seafloor displacement based on the fault plane characteristics described by several

parameters (Gica et al., 2007).

Tsunami generation is a very complex phenomenon, therefore further sensitivity studies on
more than one tsunami event originated from different value for fault plane parameters can
be challenging to determine and may remain unknown (Gica et al., 2007). Once those
parameters have been modified, it can be seen which parameter plays a more significant
role. The effect of each parameter can be examined by focusing on a specific event and
determining how changes in parameter affect the maximum wave height produced
(Aagaard et al., 2004)

5.1. Process

The sensitivity analysis of tsunami modeling results can be executed by running multiple

simulations with varying several parameters and then e injpg, the relation of the
changes in results based on each parameter's variation. : j (7

The goal of this sensitivity analysis process is to feach the surveyed datg/ through data

manipulation. The alterediariables are bathymetry Seismic elastic deformation.

In this study, variable seisrr‘]ic elastic deformation characteristics include the depth, size of

fault area, slip displacement, strike, dip, and rake angles are taken into account (Gica et

al., 2007). This process is donei;itrhi selected software, MIRONE.

The \%\L\ch %,6\2@ wot MAP/



UNIL | Université de Lausanng

5.1.1. Bathymetry ( x (\ lC

Bathymetry is essential part of the model since it provides the topography of the
desired area. Previously, as seen in subchapter 4.1.1, the initial model uses the GEBCO

bathymetry. Therefore, in this subchapter, | will use other bathymetries to see if it gives a

significant wave height difference. The other bathymetries are:
e ncllen " «d

1. National bathymetry (Batimetri Nasional — BATNAS)

National bathymetry or BATNAS, as described in Subchapter 4.1.1, is produced by
Geospatial Information Agency. It has a r resolHON compared to GEBCO, which is 6
arcsec. Based on the result from the initial model, the bathymetry reached only a certain
part of area. Therefore, | reduced the survey area in BATNAS which could greatly help
minimize the calculation process. The selected area displayed with MIRONE can be seen

in Figure 27.

Aed
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Figure 27 National Bathymetry (Batimetri Nasional —- BATNAS) in MIRONE

2. GEBCO combined with National bathymetry (Batimetri Nasional — BATNAS)
As seen in Subchapter 4.1.1, the main issue with GEBCO is its resolution, meanwhile the
main issue with BATNAS is its inaccurate coastal area. Therefore, in order to have both
good resolution and accurate Coastal area, it might be useful to combine GEBCO and
BATNAS. This can be done by selecting the coastal area in GEBCO and{eplace it with a

higher resolution coastal area from BATNAS§ First, the coastal area was selected with
,/ e ——
Google Earth (Figure). Then the selected area is imported and loaded into MIRONE.

MIRONE allows the combination of two bathymetries and will match the two resolutions.
The result is a more accurate coastal area with high resolution (6 arcsec) that can be seen

in Figure 28.
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Figure 28 GEBCO Combined with National bathymetry (Batimetri Nasional - TNAS) in

e Ty dguls o vot @lger

As mention previously, a significant para eter for this tsunami propagation model

fault, which triggers the earthquake. Then, seafloor deformation caused by the earthquake ea/\ H '

“will then cause the sea level to be restored by gravity force known as tsunami waves
(Sepulveda et al., 2020). The faulting, in this case a strike-slip event, has a certain
geometry that is illustrated by focal mechanism (Kiratzi, 2014).

The role of focal mechanism is to describe the orientation of based on several
angles: strike, dip, and rake angle (Kiratzi, 2014):
a. strike (@): the angle that defines fault-trace direction (0°< ¢ < 360°) relative to North
b. dip (8): the angle of the fault plane relative to the horizontal plane (0° < & < 90°)
c. rake (A):the angle between the direction of slip and the horizontal measured on the

fault plane (0° < A < 360°)

NO. Focol e i Aesc
C/‘Wﬁc\/\ﬁua Rf,\/W% \Wf AV *L-
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In addition to those angles, seafloor displacement caused by a submarine earthquake is
calculated based on several equations by Mansinha and Smylie 1971 which is also used
in MIRONE. These equations take account other parameters:
d. Depth: in this case, it is depth to top, which is the depth between fault’s top to the
surface
Q b ) e/ Slip displacement: on a fault, slip typically is a maximum near the center of the fault
): \/\@ and decreases to zero near the end of a fault.
\D U f. Size of fault area: the area depends on both length and width, meanwhile the
. XC\—\ ( length is not easily manipulated (can only have length variation by creating new
(( fault), therefore width is chosen as the manipulated parameter.
- \/\/\T3 Therefore, all the modifying parameters that will be discussed are:
e Depth e Rake angles

difficult to determine as/ they may not be known from the earthquake recordings directly
(Gica et al.,

0 e Slip displacement e Strike
Vﬁ (7\ e Wrea\of fault e Dip
0 gﬂ/‘ The parameters involved in such as the fault dislocation, dip, and rake angles are also
—

~ The fault deformation itself has several parameters that could be
modified one by one according to different available parameters. The goal is to find out

whether it is actually possible to reproduce the jeal wave height (Fang et al., 2018).

SN0 T wehi J\QMB



/.

UNIL | Université de Lausanng

Page 62

_ ‘ North
latitude, longitude, horizont

and depth

strike @

g slip u
ﬂ W
"\ w

Ug

length L

Source: Gica et al., (2007)

Figure 28 Definition sketch of fault plane dimension and geometry
Since the purpose of sensitivity analysis is to know how a certain parameter affects the
maximum wave height without any impact from neighboring parameters, the fault used in
this section is single dimension and can only accommodate one value of each parameter.
These limitations leads to highlighting the specific behavior in the parameters which can
be easily interpreted.
The fault that is used in the seismic elastic deformation sensitivity analysis will be created
from MIRONE. The initial fault that is being used is provided by USGS in a multipatch
format. Since it would be overly complicated to modify, most of the modification will use
new fault.
The process of creating the new fault can simply be done by choosing the ‘Draw Fault’
option in Seismology tab. The new fault created by MIRONE has characteristics that can
be seen below in Table 8 and displayed in Figure 29.

Table 8 Characteristic of New Fault by MIRONE

No Characteristics Value
1 | Magnitude 7.6 Mw
2 | Coordinates 114.99E and -8.34S
3 | Depth 45.6 km
4 | Fault Length 214, 85 km
5 | Fault Width
6 | Rake

Wb BN

T o b ey
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No Characteristics Value
7 | Dip (©) 25°
8 | Slip (A) 1
9 | Strike (a) 176°
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Figure 30 New Fault by MIRONE

Once the new fault is created, | investigated the maximum wave height produced from the

new fault. Based on Figure 30, @duced is 0.9 m.
tr

a8

(\94 Figure 31 Maximum Wave Height (New Fault)
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5.2. Result

This subchapter will show the result of sensitivity analysis based on the two main

parameters mentioned above. The bathymetry map and seismic elastic deformation.

5.2.1. Bathymetry

1. National bathymetry (Batimetri Nasional — BATNAS)

As seen in Figure 31, the maximum wave height is found in the Palu bay, which indicated
by the white highlight. The value obtained is 3.6 meter.

SO [\J\\

-
C
>
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185 119.0 119.5 1200 a

Figure 32 Maximum Wave Height (BATNAS)

2. GEBCO combined with National bathymetry (Batimetri Nasional — BATNAS)

As seen in Figure 32, the highest wave height is found in the Palu bay, which indicated by
\
the white highlight. The value obtained is 2.35 meter.
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Figure 33 Maximum Wave Height (GEBCO Combined with BATNAS)

Then, the results can be summarized as seen in Table 9.

Table 9 Maximum Wave Heights from Different Bathymetries Ot
Bathymetry Max. Wave Heigh;/(m) \/\
GEBCO (initial model) 2.25 Q/
BATNAS 3.6 Q‘\V\

GEBCO+BATNAS J\f \V ¢/
5.2.2. Fault parameters _Q C m O\/\ j\

(/\) ™~ ‘O\/

1. Depth OC BRVA

The_first modification would be to take the depth to top. The original value of depth is \Sbl%
m and the modification is done by adding the original depth with 5 and 10,

subtracting the original depth with 5 and 10 and finally dividing the depth by 10 and 100.

The result can be seen in Figure 33 and Table 10 below. (~)")
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a. dgpth +10km (32.83 km)

pth -5km (17.83 m)

Figure SEQ Figure \*

ARABIC 34 Maximum Wave Height with Depth Variatio W\ ’&T
Table 10 Maximum Wave Height with r|at|on> \/ 0\“ \Q
/

Page 67

bpth -10km (12.83 km)

Depth to top (km) Max. Wave Height (m)
( 0.23] 0.78
- 0.93
12.83 1.13
17.83 1.00
22.83 (initial model) 0.90
27.83 0.80
32.83 0.72

Hain
wnere Ve
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Io Max. Wave Height (m)

0.40 =¥=DMax. Wave Height (m)

[].C":' T T T T T T 1
0.00 500 10.00 1500 20.00 2500 30.00 35.00

Depth to top (km)

Figure 35 Maximum Wave Teig t VS D@i@) Top
2. slip C

The second modification is slip, which has the orj

of slip was also done by multiplying the original value by different factors, which are: 2, 5,
10, 15, 20, and 25. The results can be seen in both Figure 35 and Table 11.
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Figure SEQ Figure

Page 69

Table 11 Maximum Wave Height with Slip Variation

Slip (m) Max. Wave Height (m)
1 (initial model) 0.9
2 1.52

5 3

10 5.3

15 8

20 10

25 11.7

Max. Wave Height (m)

* ARABIC 36 Maximum Wave Height with Slip Variation

oo VS Ay
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== Max. Wave Height (m)
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Slip (m)
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3. Area (width) \/\ \C

Page 70

Areg_js the third manipulated Jparameter. The original value of the depth is of the fault is

by a’factor of 10.

118.0 118.5 119.0 118.5 120.0 120.5 121.0

Figure 38 Maximum Wave Height with Width Variation

Table 12 Maximum Wave Height with Width Variation

Width (km)=——=] Max. Wave Height (m)

( 05401}/ 0.9
<5401 0.9
54, lef(nltlal model) 0.9

C/> WOW i 60

m. The modification of width was done by dividing and multiplying the original value

The results be seenin Flgure 37 a%ble 12. &L AY L

| e
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_ax. Wave Height (m)
e | .
0.6
0.4 Max. Wave Height
(m)
0.2
0 - T
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0 1000 2000 3000 4000 5000 6000
Width (km)

Figure 39 Maximum Wave Height VS Width

4. Rake (slip angle)
The initial value of rake is 90°. Because rake is angle of slip, the angle is increased or
decreased by 30°.

The result can be seen in Figure 39 and Table 13.

.4I+4.1| i |
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f. Rake : 180°

I AR HE RS "EF D s DF 13HE D

Figure SEQ Figure \* ARABIC 40 Maximum Wave Height with Rake Angle Variation

Table 13 Maximum Wave Height with Rake Angle Variation

Rake (°) Max. Wave Height (m) &h, Mﬁ//
0 0.55%
30 0.55 w /\(z & /
90 (initial) 0.9
120 1 \")6 (&'6
150 1

e
i
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1.2+ B |/ V\A
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0.67 - [hak. Wave Height f l OV
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5. Dip C 00\(3\7\/\){ éDe '\X()//l/\/ﬂt)‘ ﬂfk

The initial value of dip angle is 25°. Because according to a research by Geist, (1998), the U}' g7y
usual value of dip angles are between 10° to 35°, in this study, the angle(_\is i cre['xjed or
A

decreased by 5°. 70’/ *\vjﬂ/
The result can be seen below. A " 14 {"!7 }

Figure 41 Maximum Wave Height VS Rié/ Anyle

Figure 42 Maximum Wave Height with Dip Angle Variation
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Table 14 Maximum Wave Height with Dip Angle Variation

1.2

0.8
0.6
0.4

0.2

6. Strike

Max. Wave Height
Dip(°) | (m)
10 0.9
15 0.9
20 0.9
25 0.9
30 0.9
35 0.9
40 0.9

Max. Wave Height (m)

5 10 15 20 25

30 35

Dip angle (°)

Max. Wave Height

(m)

40 45

Figure 43 Maximum Wave Height VS Dip Angle

The initial value of strike angle is 176°. According to a research by Necmioglu & Ozel,

(2014) where they stated that wide range of strike angle value could cause different

conclusions, therefore the modification of strike angles for this study is by increasing or

decreasing the initial strike value by 10°. The result can be seen below.
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Figure 43 Maximum Wave Height with Strike Angle Variation

Table 14 Maximum Wave Height with Strike Angle Variation

Max. Wave Height

Dip(°) | (m)
156 0.9
166 0.9
176 0.9
186 0.9
196 0.9

Page 75
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6. Discussion

The strike-slip fault where the Palu earthquake happened has raised a discussion due to
its abnormal cause of event. This further leads to an assumption that it is not just a regular
event and perhaps the Palu tsunami was triggered primarily by the deformation beneath
Palu Bay or landslides triggered by the earthquake (Cilia et al., 2021).

The models created here in this report are exclusively the simulating the earthquake on a

strike-slip fault.

6.1. Initial model

Based on the result achieved in subchapter 4.2, we can see that there are two important
results:
1. The result of recorded data at Mamuju tide gauge is 6 cm matches with the
result of initial model created in MIRONE, which is 1.8 cm (See Figure 26).
2. The data collected after the tsunami event don't match any of measurement.
The biggest wave height difference is 9.5 m, and the smallest wave difference is
2 meter, which leads to average wave height difference of 5.8 m (See Table 7).
Therefore, results of the initial simulation agrees with the result from recorded data and not

from the survey data, which means that the earthquake and could lead to two main

ok Limibaboves | Give exanel

6.1.1. Computational limitations

As mentioned previously, tsunami relies on many different parameter which are not only

complex, but also difficult to be accurately determined. One possibility of the wave height

difference is the simulation might be affected by significant uncertainties caused by
‘ computational Iimitaﬂs)since a research done by Ulrich, (2019) emphasized th

possibility that the source of tsunami due to earthquake displacement in the strike-slip. r\)e\/\(\_/\\J\A
= Wit

On one hand, based on a study done by the Pacific Tsunami Warning Center personal ,/\O -
communications in 2005, the scientists in this field are usually capable of determining (OV\\
some fault plane parameters quite fast (around 30 mins after the earthquake event), which

are:

e epicenter location accuracy to £50 km
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magnitude accuracy to 0.2
hypocenter focal depth accuracy to £15 km
—explained that these are estimated numbers, and the uncertainty in these

rs for any particular event may be much larger. On the other hand, according to

~NCo/TED
CQQ/%PXYO«Q

et al., (1997), uncertainties for the fault parameters after the earthquake that is
obtal d ranges from 25 to 50%. However, for parameter strike, slip, length and width, the
rs@ ranges from 75 to 90%.

Therefore, this leads to the sensitivity analysis that is also done in this report.

6.1.2. Landslide induced tsunami
Even though the external trigger of submarine landslides are not always clear, seismicity is
often considered as the main trigger setting off submarine landslides. (Harbitz, 2014). In

this Palu tsunami case, it is very likely that landslide tsunami happened due to several

videos G‘V‘

reason based on two observable occasions during the tsunami event:
1. Survivors of Palu tsunami mentioned that the first tsunami wave arrived
immediately after the earthquake. This could imply that the changes in water

surface which lead to tsunami was very fast (Takagi et al., 2019).

N

Even though it is proven that both historical and recent tsunamis can be caused by

strike-slip earthquakes, their amplitudes were much smaller than Palu tsunami

T\\Q/\o

event (Carvajal et al., 2019).

This leads to a suspicion that the tsunami is not primarily caused by earthquake, but

submarine landslide) Submarine landslides tend generate quite shorter period tsunamis

compared to those caused by earthquakes, but also tend to cause higher wave height

W\’\\i AUt e

(Yavari-Ramshe & Ataie-Ashtiani, 2016). Moreover, in this tsunami case, there are local
tsunamis which can be caused by earthquake that triggers submarine landslides at several

locations around Palu Bay (Muhari et al., 2018).

Those findings lead to many research which stated that Palu tsunami event cannot be only
caused by the earthquake displacement in the strike-slip alone:
1. Carvajal et al., (2019) did an analysis of satellite imagery from Google Earth and

also from several amateur videos collected from people in nearby locations.
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Then, it is clear that the video footage shows tsunami inundation happened only within
1-2 min after the main shock. This is shorter than those recorded by the local tide
gauge, which cannot be explained by the earthquake fault slip alone. Surveys
done after tsunami in the coastline surveys combined with modelled tsunami travel
times supports the dominance of submarine landslides in tsunami generation.

2. Nakata et al., (2020) simulated the 2018 tsunami with submarine landslide sources
and was able to produce the similar result as observed in video footage. The
research stated that the earthquake is positively the main cause of the tsunami,
however in their studies, all the earthquake tsunami models could not produce and
explain the observed/surveyed data.

In addition to that, this research also discussed how the earthquake source models in
previous studies done by Ulrich et al. 2019seemed to have overestimate subsid-
ence or uplift around the Pantoloan tide gauge station where considerable
average tidal level change was not observed.

3. UNESCO-IOC along with Indonesian Meteorology, Climatology, and Geophysical
Agency (BMKG) International Symposium. (2019)., and Widiyanto et al., (2019b)
further reinforced the possibility of landslide induced tsunami based on their
findings through 3D LIDAR, drones, and video footage.

Video footage shows evidence of submar';ge landslides and it is observed along the
east and west coast. The researell also emphasized that the landside acted as
secondary contributions tﬁtsunaml generation.

A generation of tsunami by submarine landslide is a complex process, and various
numerical models have been developed to analyze the propagation of the resultant
tsunamis. This creates more uncertainties and affect the generation of numerical models.
Landslide induced tsunami would need more parameter sources and complex tsunami
propagation models compared to earthquake induced tsunami. Furthermore, the fact that
landslide-induced tsunamis happen less frequent than earthquake induced tsunamis
creates more gap about the knowledge regarding this models. Therefore, it would take

more time to simulate or build a model for this event.

In addition to their complexity, landside induced tsunamis also shows a great variety. Since

most of the landslide induced tsunamis are displaying in more local effects compared to
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earthquake-induced tsunamis, due to different source characteristics. Examples of
landslide induced tsunamis are (Harbitz, 2014):

e 1899 Ceram event caused a 12 m tsunami wave height

e the 1929 Grand Banks event caused a 13 m tsunami wave height

e the 1979 Nice event caused a 3 m tsunami wave height

e the 1992 Flores event caused a 26 m tsunami wave height or 19.6 m based on the

average value of wave height from four nearby measurements

e the 1998 Papua New Guinea event caused a 15 m tsunami wave height

Those examples emphasize the fact submarine landslides may cause larger tsunami

inundation compared to earthquake-induced.

6.2. Sensitivity analysis

The sensitivity analysis is done to quantity and further examine how the different fault
parameters affected the tsunami event, including the maximum wave height. My interest is
to understand how sensitive the predicted tsunami wave height is to the variations or
uncertainties in the fault plane parameters that include epicenter location, rake, dip and
strike angles, fault length and width, slip displacement, and the focal depth.(Gica et al.,
2007)

6.2.1. Bathymetry

Maximum wave jheights in surveys after tsunami is difficult to measure because the value
normally depends on debris lines transported during the inundation process and are
obtained several days after the tsunami. The distribution of wave heights is also very
dependent on the features of the bathymetry, which makes it important to have an

accurate one.

Based on the result achieved in Subchapter 5.2.1., bathymetry does play a role in

changing the maximum wave height, although not reaching the surveyed maximum wave

height. The highest maximum wave height achieved by National Bathymetry (BATNAS)
P EEEEEE—— ] P——————.

which is 3.6 meter, followed by another variation of bathymetry, which is a combination of

GEBCO and BATNAS, which produced a maximum wave height of 2.35 meter. It is

interesting how the different bathymetry coulg~produce 1 meter difference of wave height.
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model can be found in Hsiao et al., (2016), and methods of assimilating generalization

{81

ng surv. sromteC
Tt B

data into bathymetric data is available in Becker et al., (2009).

Altimeter Data

NGDC shipb Assessment . . "
Altimetry-derived gravity

model

PKLP/BIG
A Parameterization
SN Bathymetrlc Model Using
Gravity-Geological Method Satellite-derived
(GGM) bathymetry (sentinel-2)

Assimilatio

P3GL, NGDC, Ifremer,
BODC and others

National Bathymetric Mode
(ATOLL)
Source: http://tides.big.go.id/DEMNAS/
Figure 4 Bathyi(etrlc data proc‘%sm fIKv chart\7\<jl i % t al. a1 )) ()

L me

The assessment of the accuracy of the free air gravity anomaly O (@ tlmeter d ta) |s\l\]0

carried out by comparing the model results against shipborne data. The results of the
accuracy test show that the marine gravity model developed by Geospatial Information
Agency has adequate accuracy, as the basis for estimating the bathymetry model at a
resolution of 1m (1 minute) prior to the iteration of the general data assimilation, from 1m

to 6-arcsecond resolution.

The results of the hydrographic survey on the Digital Marine Resource Mapping (DMRM)
activity were used as data validators for the National Bathymetry gridded model, from 1m,

30-seconds, 15-seconds resolution. Assimilation of general data in shallow waters and
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coastal areas would mean that BATNAS will have the best accuracy in the coastal areas of

the Indonesian archipelago, compared to other bathymetric model data.

Therefore, although the BATNAS data at several points don't match with the real condition

from Google Map, BATNAS st|II R)rowdes t best option as a\bathynfetry for tsunami IIYA
simulation. ,\ ? m \\6 (/

l A\
6.2.2. Fault parameters

Strike-slip faults are vertical faults that have mostly moved horizontally. In thé\case \IV\D

inaccuracies for the fault parameters after the earthquake that is obtained straightaway

ranges from 25 to 50%,/However, for parameter strike, slip, length and width, the errors

can ranges from 75 to 90% (COSM O\)\/ C’C\WdyA?
RL

In this approach the earthquake source is parameterized through its size (depth and width

of the fault), its orientation (strike and dip angles), and two kinemati pture rameters
(the slip and its direction in the fault plane, the rake angle). Z

Based on the result achieved in Subchapter 5 2 he variables vy|II be dlscAsed below:

1. Depth e M \'\ /X{ SW\ ( [ l/) M(ﬂA/DL{
The highest maxim vSlve \g)ht was acljiev 28\24/l§g top, WhICh |s 0 1 /-l

times the original depth of th ew fault. However, once the pt(L is decreased further, it
can be seen that the highest maximum wave height doesn’t |ncrea#, but rather,

VEN acl v\a

at the fault is closer to the water,
making it more impactful due to the distance. Thjs agrees with the equation stated

below: \/\/(\0 AN , YO \J Aerw
&, the (\/ 10\4

maximum wave height decreased, and it is even lower than the original maximum wave d \(

decreased.

The wave height woul

Then, interestingly, once the fault distance got decreased once morg by a factor Jf 1

height. This is because once the depth is too shallow; it ¢gannot produge blgger nergy

even though it is near the water. P/LO U C€ )64

In addition to that, depth can have counter intuitive effect. Wh|Ie deeper depth may cause

smaller wave height due to its distance from the water surface, it can also produces longer
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wavelength deformation, which cause longer surface waves that can carry higher wave
heights to further distance. Therefore, the modification would be both to test shallow and
deep fault depths. With MIRONE, fault can be easily adjusted even though it is multi patch.
By opening it with Notepad, the value of depth can easily be modified

2. Slip
The results show that an increase in the slip displacement cause a significant increase in

the maximum tsunami wave heights even when other parameters are is kept the same.
Slip is also the only parameter that could reproduce the maximum wave height from the
survey data since as seen in Table 11, slip 25 m could produce 11.7 m wave height. From
another research that took a case in Chile, a 100% increase in slip displacement in an
earthquake produced double the wave height in Hawaii’s offshore (Gica et al., 2007).
Therefore, it can also be seen that from the graph that slip creates a constant change in
seismic moment, which can be explained by a following equation:
M, = uDLW (Eq. 4)

Where:

M0 = seismic moment

u = shear modulus/rigidity of earth

D = average slip displacement (m)

W= fault width (m)

As shown in Eq. 4, slip displacement affect seismic moment.

Seismic moment is a measure of the size of an earthquake based on the area of fault
rupture, the average amount of slip, and the force that was required to overcome the
friction sticking the rocks together that were offset by faulting. Seismic moment can also be
calculated from the amplitude spectra of seismic waves.

Then, the seismic moment is linked to the moment magnitude since the log of seismic

moment is a funcion of moment magnitude. It can be seen from the following equation:
M = %log log M, - 10.7 (Eq. 5)

Where:

M  =moment magnitude

M0 = seismic moment
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This implies that slip has a direct relation with the magnitude of earthquake, which links to
amplitude of tsunami. The result is consistent with this equation and confirms that slip has
a strong relation to Mw which leads to a greater amount of maximum wave height.

However, slip value is usually not more than 10 m because slip is linked to moment
magnitude that has the maximum value recorded of 9.5. Therefore, this simulation is

based on a hypothetical situation and could not represent any real event.

3. Area (width)

Following the previous point about slip, area of fault also plays a role in determining the
value of seismic moment. The size of the fault can be changed by increasing or
decreasing the width and length. In this case, the parameter modified is the width of fault,
because the length of fault would require making new fault and could risk affecting other
parameters (and could not isolate the area alone as a parameter).

According to Gica et al., (2007), the fault dimensions include length and width (resulting in
area) are one of the most uncertain fault plane parameters. In addition to that, another
research by Synolakis et al. (1997) in Gica et al., (2007) mentioned that “the deformation
area estimated from aftershocks is often twice that estimated from geodetic data” and that
the errors for length and width can be as high as 75%.

Based on this, | examine how a large variation in fault width affect the wave height. As
shown in Eq. 4, the seismic moment magnitude is a function of both fault dimension and
average slip displacement. However, based on the results obtained, it seems like the width
does not affect the maximum wave height. This implies that fault width have an effect
mostly in the wavelength and waves with larger wavelength are able to propagate further
with less energy decay. So, even though width is a significant factor, it is not directly

impacting on the initial wave height.

This is aligned with a research done by Gica et al., (2007) where they did a study on a
variation in the length/width ration of a fault. They found that an increase in length
combined with decrease in width produces more wave height change compared to the
increase in width combined with decrease in length. In addition to that, another research
by Geist, (1998) identified that for huge earthquakes, the fault area will most likely have an

elongated shape, and the width usually does not exceed 300 km.
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4. Rake (slip angle)
Rake is the angle of slip that gives a direction of where the hanging wall moves over foot
wall (See Figure 28). This also means that the rake angle could indicate the type of
faulting style:

e 0°or 180° is a strike-slip fault, where there is no vertical slip. 0° is left lateral strike

slip and 180° is right lateral strike slip.

e +90° is a reverse thrusting fault, where the hanging wall moves upwards

e 270° or —90° is a normal fault, where the hanging wall moves downwards

e All other values indicate some form of oblique faulting.
Faulting style is important because it controls the ration between vertical and horizontal

coseismic sea floor displacement.

In addition to that, rake also has crucial parts in determining the magnitude and other
characteristics of near-source ground motions. (Aagaard et al., 2004). It is because the
rake angle controls two things that are important to represent tsunamigenic strength which
are (Gibbons et al., 2022): The displaced water volume and its distribution, and the depth
of tsunami generation that influences the relative contribution of shoaling. Even though the
rake angle is difficult to determine accurately immediately after an earthquake occurs, the

uncertainty is usually less than 45°.

The results that | obtained in Table 13 show the changes in the wave height, where the
highest maximum wave height is achieved by both 120° and 150° which is 1 meter, the
lowest maximum wave height is achieved by 0° rake angle, which is 0.5 meter, half the
value of the highest maximum wave height. This result does not agree with a research
done by Gica et al., (2007) where they stated that when the rake angle equals 90°, the
highest waves would be generated (note: other parameters are kept the same). This
happens because of the physics of 90° rake angle that would cause biggest vertical
displacement of the fault plane, and leads to creating higher wave. This small mismatch

might be caused by an error in the data that could be further investigated.

For the lowest maximum wave height value obtained by 0°, which corresponds to left
strike slip fault (similar to the Palu 2018 tsunami case), it is expected the strike slip faulting

cause a small wave heights. Then, as for the other angles result in very similar waveforms
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to the normal and reverse faulting (90° and 270°) but at lower amplitudes (Gibbons et al.,
2022).

5. Dip Angle

Geist, (1998) describes the dip angle that could be obtained based on aftershock
information quite accurately. Dip angle is a permanent attribute and from the present
earthquake data the values of dip angle are usually between 10 and 35°. In this study, the
dip angle is varied from 10° to 40° with the increase of 5°. The results of these simulations
are shown in Figure 42 and Table 14. Based on the result, it can be seen that with the

usual variation of dip angle values does not cause any variation in wave height.

A research by done by Gica et al., (2007) shares a similar result with Titov et al. (1999).
Both agree with the result of this study that realistic variations and uncertainties in dip

angle will not introduce significant changes in the maximum wave height.

6. Strike Angle

Strike angle could be described as the orientation of the fault plane (See Figure 29) since
the strike line is the intersection between an inclined surface and a horizontal plane and
the strike angle is the direction where the strike line points in. This angle can be assessed

based on the impacted area (Gica et al., 2007).

In this study, the strike angle is varied by 10° which is common for most earthquake
induced tsunami cases. The original value of the slip and its maximum wave height is then
compared to the result of each simulation's maximum wave height. The results obtained
by the simulations show no changes with the strike angle variation. This is aligned with a
research done by Gica et al., (2007) where they did a simulation of various strike angle for
far field tsunami waves at the mouth of Hilo where the earthquake is located in Japan.
Based on their research, variation in strike angle will not introduce a significant change to
the resulting wave heights. Interestingly, in the same research, it is stated that for an
earthquake in Chile, a change in the strike angle is seen to cause a large relative change
in wave heights in Hilo Bay. It shows that the sensitivity of the far field wave heights to a

strike angle does not always significant.
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However, for the near field tsunami, strike plays an important role according to (Necmioglu
& Ozel, 2014) where the strike of a fault in an earthquake induced tsunami event is
possibly the best known parameter of those selected in their study. They even stated that
a change in strike strongly affects the tsunami amplitude in the impact zone, suggesting
that it is important to consider an earthquake fault's strike in any tsunami hazard
assessment. A research by Gibbons et al., (2022) also mentioned that strike generate a
maximum inundation area near 0° and 180° meanwhile the minimum inundation area
would be near 90° and 270°.

Therefore, the results obtained from MIRONE might not represent the real effect of strike
in a tsunami event due to the poor quality of the fault, or the MIRONE generates the

difference in inundation area and not the wave height.
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7. Conclusion

This study have executed multiple numerical earthquake-generated tsunami simulations in
Palu, related to the Palu tsunami in 2018 where it was considered as an ambiguous
tsunami event. Meteorology, Climatology, and Geophysical Agency of Indonesia stated
that the tide gauge near this tsunami event recorded only 6 cm in wave height meanwhile
the real event showed around 11 m wave height after a post tsunami survey was done.
This leads to a question on why this fatal error happened. Therefore, a numerical code
which is a Non-linear Shallow Water Model with Nested Grids (NSWING) is used to model

the tsunami which is embedded in a matlab-based software, MIRONE. This m\odel was

L A}
used with a syStem of nested gr@ and also combined with ‘NSUNAMI N2 o model

t $hoaling, flooding and coastal amplification of the tsunami waves:

The first part of this study examines the initial model, where the earthquake data is
obtained through USGS, containing all the information in the fault related to the
earthquake that caused or triggered the tsunami event. Then, the source of bathymetry
used in the initial model is obtained from General Bathymetric Chart of the Oceans
(GEBCO) 2020 grid. The results are:
1. A maximum wave height of 2.25 m, which is far from the tsunami wave height (11
m)
2. The wave height acquired in the simulation at the tide gauge is only 1.8 cm, which
is aligned with the result from the tide gauge recording during the tsunami event (6
cm)
3. Huge gaps on the value of wave heights from the simulation data compared to
survey data in all the survey points. The average difference of wave height value is
5.8 m.
This leads to a conclusion that there are some uncertainties that needs to be checked by
completing a sensitivity analysis, or the tsunami was not caused by only earthquake, but

rather, induced by submarine landslide.

The second part of this study focuses on tackling the uncertainties caused by
computational limitations that might be the reason for the big gap in wave height values.

This is done by performing sensitivity analysis on several parameters related to the
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earthquake event, namely: bathymetry and fault parameters. Fault parameters consist of:
depth, slip, area, rake angle, dip angle and strike angle. It is important to know that the
fault for sensitivity analysis is not the one used for initial simulation, but instead it was
made with MIRONE to simplify the process. The source of bathymetry used for sensitivity
analysis is still from General Bathymetric Chart of the Oceans (GEBCO) 2020 grid. The
results are:
1. The new fault generated a 0.9 m maximum wave height
2. Bathymetry variation models achieved higher wave heights than initial model
where the highest maximum wave height is obtained by National Bathymetry
(Batimetri Nasional — BATNAS) which is 3.6 m.
3. Fault parameters:

a. Depth: The highest maximum wave height was achieved by 12.827 km
depth to top (-10 km the original depth of the new fault), which is 1.13 m,
meanwhile the lowest maximum wave height was achieved by 32.827 km
depth to top (+10 km the original depth of the new fault), which is 0.72 km.

b. Slip: The only parameter that could recreate the tsunami wave height. The
highest maximum wave height was achieved by 25 m slip (25 times the
original slip of the new fault), which is 11.7 m, meanwhile the lowest
maximum wave height was achieved by 1 m slip (the original slip of the new
fault), which is 0.9 m.

c. Area (width): Width is chosen to represent the area since it is much simpler
to manipulate. This parameter does not change the wave height at all.

d. Rake angle: The highest maximum wave height was achieved by 120° and
150° m rake angles (+30° and +60° the original rake angle of the new fault),
which is 1 m, meanwhile the lowest maximum wave height was achieved by
0° rake angle (-90° the original rake angle of the new fault), which is 0.5 m.

e. Dip angle: Dip angle does not change the wave height at all.

f. Strike angle: Strike angle does not change the wave height at all.

Knowing that offshore tsunami height is a complex function of earthquake parameters,
based on the significant differences caused by different parameters, it is confirmed that the
sensitivity of wave height to these parameters is very dependent for some and not as

much for others. Based on the simulation done by MIRONE, slip is the only parameter
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that could reach the survey tsunami wave height, which is 11.7. Then, bathymetry, depth,
and rake are able to generate differences in maximum wave height. However, width, dip
angle and strike angle don't cause any differences. But this does not mean that these
parameters have no impact at all. In several other research, strike is proven to be one of
the most important parameters for earthquake induced tsunami. Therefore, this could be

ed)a difference in inundation

caused by the poor quality of fault data or MIRONE genera
area, and not wave height.

All these results leads to a strong indication o andslide, because the
parameters in sensitivity analysis is not able to recrea eal event based on survey
data, except for slip. However, the value of slip that could recreate the value is not realistic
and only serves a purpose in showing the significance of slip as a parameter. Therefore, it
can be concluded that Palu tsunami 2018 was a landslide induced tsunami that was
triggered by earthquakes. This emphasizes the importance of fully understanding the
bathymetry and geological condition of tsunami prone area to prevent similar event in the

future.
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R oaR R R BE o R aR 58 R 5RO BR R o BE R 5 bR R 5 oF R R BE R R R 5R R of BE of o 5E R o BE R R aR R o 5f R R R aE R o R af

Event : MIMAHASSA PENINSULA, SULAWESI 2015/89/28 [Hayes (MEIC,2814)]
EventTAG: leeoh3pdHAYES

Loc @ LAT -@.1731 LON = 119.5481 DEP = 12.4

Size : LEM = 264 km WID = 36.75 km Mw = 7.52 Mo =
Mech : STRK = 358 DIP = 66 RAKE = 343 Htop = 8 km
Rupt : HypX = 1%6 km Hypz = 11.37% km avTr = 32.12 5 avVWr = 3.93 km/s

2.5479443=+28 Nm

—————————————————————————————————— inversion-related parameters ---------

Invs : Mx = 33 Nz = 21 Fmin = 2.802 Hz Fmax = 1 Hz

Invs : Dx = 8 km Dz = 1.75 km

Invs @ MNtw = & HNsg =1 (# of time-windows,# of fault segments)
Invs @ LEMN = 1.8 5 SHF = 8.9 s (time-window length and time-shift)
SVF @ Asymetriccosine (type of slip-wvelocity function used)

Data : 5GM TELE TRIL LEVEL GPS INSAR SURF OTHER
Deta : @ 57 @ @ @ @ 57 @
Data : @ 76.43 @ 76.43 @

aae
Data : @ 32.59 @ @ @ @ 32.59 @

VELOCITY-DENSITY STRUCTURE
Mo. of layers = 7

DEPTH P-VEL 5-VEL DENS QP Q5
[km] [km/s] [km/s] [g/cm”3]

.88 2.3@ 1.28 2.28 laee Sae
1.5& 3.28 1.8@ 2.38 1l@@6 Sae
3.5 .08 3.49 2.7@ laeo Sae
13.5@ .08 3.7@ 2.9%@ laeo Sae
23,88 7.28 4,909 3.1@ laeag Sae
31.88 2.95 4.47 3.38 1280 Sae
227.86 8.59 4,88 3.45 368 14@

S0URCE MODEL PARAMETERS

Msbfs = 693 subfaults

¥,¥,Z coordinates in km; SLIP in m

if applicable: RAKE in deg, RISE in s, TRUP in s, slip in each TW in m

Coordinates are given for center of each subfault or segment: |'|
Origin of leocal coordinate system at epicenter: X (EW) =@, ¥ (NS) = @
LAT LOM X==EW ¥==N5 Z 5LIP RAKE TRUP RISE SF_MOMEMT

-1.59863 119.362@ 2.a729 -192.1541 2.8878 0.8833 353.6272 43,0082
-1.8343 119.85%% 1.7958 -184.1584 2.8@78 0.3885 375.145%8 4o.0082
-1.7623 119.857@ 1.5172 -176.1528 B.8@78 0.8777 353.9%1% 44,0088

3. 4aee  2.722+15
F.o@e8 1.33e+lo
4.8888 3.44e+15




