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Important Questions

Which of your coastal communities face a threat from tsunamis significant
enough to call for inundation modelling, and which tsunami scenarios would
you choose for such modelling?

e Where is the tsunami hazard along your coast significant?
e What are the important source zones in the Indian Ocean?
e Sumatra & Makran
e Near Source: India (A&N), Indonesia, Oman, Malaysia
e Far Source: India (Mainland), Maldives, Seychelles
e DTHA or PTHA
e Source Locations & Magnitudes ?

e Was the 2004 10T the “worst case”, or does the potential for even
higher impacts exist?

e Can the results of I0 PTHA guide your decision on a credible scenario
e Understanding uncertainty?
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Historical earthquakes in Makran

Ref: Mohammad Heidarzadeh et al 2008
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Table 1

List of large earthquakes and tsunamis around the Makran subduction zone as attested

in historical records.

Year Location

Remarks

References

326 BC Eastern
Makran near
the Indus

Delta

1008 AD  Western
Makram, near
the strait of
Hormoz
Western
Makran, near
the strait of
Hormoz
Eastern
Makran
Middle part
of Makran,
Near Gwadar
Offshore
Pakistani
coast near
Pasni

1483 AD

1765 AD

1851-
1864 AD

1945 AD

Destruction of a
Macedonian fleet in
Western India by huge
waves is described in
Greek and Indian historical
records.

An earthquake and
tsunami on the southern
coast of [ran.

Destructive earthgquake in
the strait of Hormaz,
northwestern Oman was
affected by the earthquake.
A strong earthquake in the
eastern Makran.

Two great earthquakes in
the middle part of Makran
affected the town of Gwadar
Magnitude 8 to &3 sunami
wave run-up was 11 to

13 min the near coast,
claimed about 4000 lives.

Murty and Bapat, 1999;
Pararas-Carayannis,
2006b; Rastogi and Jais-
wal, 2006,

Ambraseys and Melville,

1982,

Quittmeyer and Jacob,
1979; Ambraseys and
Melville, 1982.

Quittmeyer and Jacob,

1979; Byrne et al, 1952,

Quittmeyer and Jacob,

1979; Byrne et al, 1952,

Quittmeyer and Jacob,
1979; Ambraseys and
Melville, 1982 ; Pararas-
Carayannis, 2006a.

unesco

@,’*}ESCAP NCQ IS

)

1
i

i

[}
=
@




Tsunami Sources (NGDC/NOAA)
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|O Hazard Assessment Resources

- Hazard assessment: STEPS & LEVELS workflow -

o definition of ol the possble representotive seiemic
J GDB |5: sourees thot moy generole tsanamis in the fulue:
+ quentificotion of their lorg-term mean orowol rate.

Probabilistic
earthquake model

STEP1

This analysis is performed with an Feenl Tree thal decomposes the problem into a chain of discrete

Professional Opinion conditional probabilities for aleatory variables describing the carthguakes.

Le ls: Kegionalization Magnitude-Freguency Varlability of earthquakes for eath source [rupture position,
vels: & Seismic DB Distribution (MFD) mechanizm, size, shp) and for each magnitwde of the MELD

A Probabilistic Tsunami

Tsunami generation & + simuiotion of the seo-floor displacement;

183 + simulotion of the tsunomi fon ond progagatio
Hazard Assessment of STEP 2 modeling in deep water J Goals: + smulation of the tsunomt generation ond progogotion
the Indian Ocean Nations from source to target areo, ot 0 ghven bathymetnc deoth,
YR Burbidge, PR Cammins, K Miecskn, H. Latel, M. Mokhiar The output of this step are tsunami waveforms, modeled on 2 chosen isobath along the coasts of interest at
. Nataveidaja, C.F: Rajpendoan, £ Thomas,

chosen points of interest in front of them.

Crustal model (elastic parameters, E =T Taunami Tsunami
LEV’&'S: friction), topo-bathymetric datasets, SaeiEE funa propagationmodel

Record 201641 | eCat 122783

| ] cnerat odel :
and digital edevation rodels et generation mod n desp water

The 2018 Australian probabilistic
tsunami hazard assessment

Hazard from earthquake generated tsunamis

= simulation ofthe lnst pheses af the tsunamiimpocs
STEP 3 Shoaling and inundation Goals: - stochestic simulation of the asecated encertainty
[ircheding both souree gnd tsnami modeling),

The output of this step is the maximum inundation distance {the chosen hazard metrics) and its distribution
at the chosen paints of interest along the coast,

H H H S . Unesrtainty modefing for lagard metics
I n u n d atlo n PTH A l n weste rn Au Stral Ia LEVE'S: ;::gl;lﬁ’l‘;:’;:at’:;:it\‘é;:; J .-’;Tf:;ltclzt-:?-:;]:: J [including stochastic modeling of non-modeled

elfects rom STEPS 1-3)
r

» omlewlotion of the hozard cwrves of the torget sites for
Goals: different percentifes of the epistemic uncertointy:
= sensitivity ond disaggregotion on oy ses.

* Collaboration with Geoscience Australian & local STEP4  ,ocertainty quantification
emergencv services (DFES) Each considersd alternative produces a hazard curve, Weights assigned to altermatives are critical. The

ensemble of the hazard curves is analyzed for uncertainty estimation. Statistics {guantiles) of the ensemble

characterize resulls and Lheir uncerlainly. Hasard cumves are wsed Lo produce hazand and probatility maps.
* June 2021 - June 2024

.. . Levels: Elicitation of experts
« Tsunami inundation hazard maps for Western
Australia

lmen e onCosris  abeie  Sebeis  Fucme  Amir

Hazard aggregation & J

Combination of STEPS from 1-3 Ouantification of uncertainty J

* PTHA18 + Large-scale inundation model == o Makran PTHA
* Methodology from this paper »

IEmer 2022« Design of onshore evacuation maps
* Strong involvement of DFES staff

PCTWIN PTHA

' * Derived from models & DFES expertise Gareth Davies g —
=* JESCAP =
\/ * Consider practicalities of communication / action %Q_E_g/ o INCSIS BMKG

* As well as model results A
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Sources used for 2009 PTHA

Maximum Magnitude (Mw)
il= 5 | &
Subduction Zone % “%‘ :EI; %
@ | £ P
i = B
Sl =
A | unknown (1762') 0.0
B | 9.2 (18812, 2004%) 9.2
C | 8.7 (1861,20051) 8.7
Andaman-Sunda Arc | D | 9.1 (1797,1833,2007%) | 9.1 | 9.5
E | 7.6 (2000%) 7.6
F | 7.8 (19047 2006%) 7.8
G | none 0.0
H | unknown (1483%) 0.0
Makran ' 9.1
I |81 (10457 8.2
South
none 0.0 ] 9.0
Sandwich

Table 2: Summary of megthrust earthquake tsunami source zones used in the low-hazard
and high-hazard maps. The three subduction zones considered are shown, along with the
segmentation that was used for the low-hazard maps (see Fig. 5a). The maximum mag-
nitude of the historical earthquakes listed in brackexts is listed in the third column. The
maximum magnitudes used to generate the low-hazard and high-hazard assessments are
shown in columns four and five. Where the maximum magnitude for historical earthquakes
is listed as ‘unknown’ that indicates that a large (possibly megathrust) earthquake oc-
curred, but its magnitude is unknown. By contrast ‘none’ indicates that there is no known
historical ocenrrence of a megathrust earthquake large enough to generate a destructive
tsunami. The years of historical earthquakes are indicatod in parentheses with superscripts
to indicate the following references: ! Cummins (2007}, 2 Ortiz and Bilham (2003), # Stein
and Okal (2005), * Briggs et al (2005), *Natawidjaja et al (2006), 8 Abercrombie et al (2003),

* Abercrombie ef al (2001}, S Ammon et al (2007), ®Abraseys and Melville (1982), “Byrne
et al (1992). These studies were used to infer the width of the megathrust seismogenic
zone used in the low-hazard map, indicated as (full) or (half).

70° 80" . 90° 100° 110° L20° 20

[Jé?
— [

=k . N
H' 1 L I
Arabian - f“ aZOC
r‘ Sea f;
Bay of %
Bengal P

+110°

1.

Indian|Ocean

O

s Subduction Zone
[JFull-width megathrust © Major Earthuake -
CIHalf—width Megmhlusr O Rupture Areas ) F saaafa
[ONormal Faulting m=Segment Boundary

Arabian Lﬁ - ‘3“

i /7T
A

Sea
-_ Bay af
' " 1  Bengal
Ve
Indian|Ocean
=50 T
Atlanti¢c Ocean
e,
i S outh| Sandnﬁ
=607 == Frland =

e 30 330° 3407

Figure 5: Map of megathrust earthgquake sources of tsunami in the Indian Ocean, illustrating the
source characterisation used for the low-hazard and the high-hazard maps. (a) The megathrust
segment: ation for the low hazard map. Also shown are the megathrust selsmogenie zones charac-
terized as “full-width” and “half-width”. (b) The segmentation for the high-hazard assessment.
This figure alsoincludes the South Sandwich Are, which is a source of tsunami for the high-hazard
map but not for the low-hazard one. The Puysegur subduction zone south of New Zealand was
included, but made no significant contribution to the hazard along the coastlines coinsidered here.
Plate boundaries from Bird (2002).
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Results of Indian Ocean PTHA

Indian Ocean | 1/2000yr tsunami | Most Important
nation amplitude (m) Subduction Zone Segments
low high
Bangladesh ; 0.6 Andaman
BntlSh. Ocean 1.7 Andaman, Sumatra
Territory
Burma 1.1 L5 Andaman, Sumatra
Comoros ; Makran, Andaman, Sumatra
Djibouti 2 Makran
India 1.9 3.1 Makran, Andaman, Sumatra
Indonesia h.6 7.1 Andaman, Sumatra, Java and Sumba
Iran 2.7 Makran
Keny ; : Andaman, Sumatra
Madagascar 1.0 2.2 Andaman, Sumatra, Java, Sth Sandwich
Maldives 2.2 3.0 Andaman, Sumatra, Makran
Mauritius 1.2 1.7 Andaman, Sumatra, Makran
Mayotte Andaman, Sumatra, Makran
Mozambique ' 1.4 Andaman, Sumatra, Sth Sandwich
Oman 3.8 Andaman, Sumatra, Makran
Pakistan 2.8 Malkran
Reunion i 1.4 Andaman, Sumatra, Sth Sandwich
Seychelles : 1.2 Andaman, Sumatra, Makran
Somalia 7 1.1 Andaman, Sumatra, Makran
South Africa 1.6 Andaman, Sumatra, S Sandwich
Sri Lanka 2.0 3.7 Andaman, Sumatra
Tanzania ; Andaman, Sumatra, Makran
Thailand 1.9 2.6 Andaman, Sumatra
Umte.d Arab Makran
Emirates
Yemen : 1.3 Makran, Andaman, Sumatra

Table 1: Summary of results for all the nations considered in the study for one particular
measure of the offshore tsunami hazard, the name of country is listed in the first column.
The second and third columns show the maximum tsunami amplitude with a 1 in 2000
year chance of being exceeded for any point off the Indian Ocean nation shown in the first
column for the low hazard and high hazard assessments, respectively. The nations shown
in red have the highest (greater than 2m maximum tsunami amplitude in the high hazard
map) hazard at this return period. The nations shown in ¢ have the lowest (tsunami
amplitude is less than 1m in the high hazard map) at the 2000 year return period. The
fourth column lists the subduction zones which make the greatest contribution to the 1 in
2000 year hazard for that particular nation.

A 2000 year return period is
typically the upper limit used
for emergency planning
because it is normally
associated with a large, but still
reasonably probable, event.
Tsunami height at 100m water
depth
— Less than 25 cmiis likely
insignificant
— 25to 75 cm could cause
significant localized run-up
— Greaterthan 75cm, a
significant threat
You may need to modify these
as you learn more from
inundation modelling
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5.27 Oman (low hazard) 5.28 Oman (high hazard)

Figure 42(a) shows that the maximum amplitudes increase from south to north across the In the high hazard assessment the hazard off northeast Oman which directly faces the west-

points offshore Oman. Values range from about 0.1m in the north to 0.6m in the south at ern Makran is significantly larger than any other section of the Omani coast (Figure 43(c)).
One isolated point has a maximum exceedence amplitude at 2000 years of 5m, however

since that point is isolated it should be treated with caution (Figure 43(c)). The hazard
for the rest of the Omani coast ranges from (.5m to 3.8m (Figure 43(a)). In this high
hazard assessment the hazard at the 2000 vear return period is dominated by the Western
Makran, with a relatively small contribution from Sumatra (Figure 43(h)).

the 2000 year return period (Figure 42(a)). Tha main source of the hazard to Oman is the
Makran and Andaman zones with some contributions from central Sumatra (Figure 42(b})
for this return period.
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5.11 India
5.11.1 Indian Mainland (low hazard)

The large 2000 year maximum amplitude has a very large spread of values for
India. It is far higher on the east coast than on the west coast (Figure 18(c)).
the 2000 year return period range from 0.1m (west coast) to 1.9m (east coast). TI
here is dominated by the southern and central Andaman zone (Figure 18(b))

THh P B W
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Mean Retwm Period (years) Percentage Weighted Contritastion
(a) (b)

7o 75 80° 857 90

00 05 10 15 20 25 30 35

Maximum Amplitude (metres)
(&)

Figure 18: India:- {a) Hazard curves for all model output points. (h) National weighte
gated hazard. (¢) Maximum amplitude at a 2000 year return period for all model outpu

5.11.2 Indian Mainland (high hazard)

The large 2000 year maximum amplitude in the high hazard again is much higher on the
east coast than the west (Figure 19(c)). The hazard ranges from over 3m (east coast) to
0.3m (west coast). The single high hazard value for the east coast in both the low and high
hazard maps should be interpreted with caution as this could be due to a local bathymetric
anomaly in the global bathymetry dataset used in this assessment. The deaggregated haz-
ard map (Figure 19(b) shows that the most important zone is the Andaman, but significant
contributions also come from the Arakan (east coast) and Makran (west coast).
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Figure 19: India:- (a) Hazard curves for all model output points. (b) National weighted deagere-
gated hazard. (¢) Maximum amplitude at a 2000 year return period for all model output points.
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5.11.3 Andaman and Nicobar Islands (low hazard) 5.11.4 Andaman and Nicobar Islands (high hazard)

The 2000 year maximum amplitude ranges from 0.5m to over 4m along the An The large 2000 year maximum amplitude for the Andaman Islands in the high hazard
of islands (Figure 20(a)). The hazard naturally mostly comes from the cent model ranges from over 0.7Tm to just over 5m (Figure 21(a)). The hazard again mostly
Andaman zone itself (Figure 20(b)). The hazard is significantly lower offshore originates from the southern and central Andaman, with only a very small contribution

Andaman islands which lie to the north of the end of the Andaman zone (Fig from the Arakan zone (Figure 21(b)). The hazard again is again higher in the north than
the south (Figure 21(c))
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Guidance for Selection of Scenarios

e Selection of appropriate scenarios and magnitude may be based on the results of
PTHA which provides a range of maximum tsunami amplitude with a 1 in 2000-
year chance of being exceeded for each country for a low and high hazard source.
The table also provides information on the subduction zone segments that contribute
to tsunami hazard for each country.

Indian Ocean | 1/2000yr tsunami | Most Important
nation amplitude (m) | Subduction Zone Segments
low high
Bangladesh i 0.6 Andaman
Bn“Sh. Ocean 1.7 Andaman, Sumatra
Territory
Burma 1.1 1.5 Andaman, Sumatra
Comoros ; Makran, Andaman, Sumatra
Djibouti 2 Makran
India 1.9 3.1 Makran, Andaman, Sumatra
Indonesia 5.6 7.1 Andaman, Sumatra, Java and Sumba
Iran 2.7 Makran
Keny ; Andaman, Sumatra
Madagascar 1.0 2.2 Andaman, Sumatra, Java, Sth Sandwich
Maldives 2.2 3.0 Andaman, Sumatra, Makran
Mauritius 1.2 1.7 Andaman, Sumatra, Makran
Mayotte Andaman, Sumatra, Makran
Mozambigque ; 1.4 Andaman, Sumatra, Sth Sandwich
Oman 3.8 Andaman, Sumatra, Makran
Pakistan 2.8 Makran
Reunion 7 1.4 Andaman, Sumatra, Sth Sandwich
Seychelles - 1.2 Andaman, Sumatra, Makran
Somalia 7 1.1 Andaman, Sumatra, Makran
South Africa 1.6 Andaman, Sumatra, § Sandwich
Sri Lanka 2.9 3.7 Andaman, Sumatra
Tanzania ; Andaman, Sumatra, Makran
Thailand 1.9 2.6 Andaman, Sumatra
Umte.cl Arab Makran
Emirates
Yemen : 1.3 Makran, Andaman, Sumatra

Table 1: Summary of results for all the nations considered in the study for one particular
measure of the offshore tsunami hazard, the name of country is listed in the first column.
TEMPP 2025 The second and third columns show the maximum tsunami amplitude with a 1 in 2000
year chance of being exceeded for any point off the Indian Ocean nation shown in the first
column for the low hazard and high hazard assessments, respectively. The nations shown
in red have the highest (greater than 2m maximum tsunami amplitude in the high hazard

map) hazard at this return period. The nations shown in ¢ have the lowest (tsunami —_—

i : : . . b -

: amplitude is less than 1m in the high hazard map) at the 2000 year return period. The E SCAP —_—
fourth column lists the subduction zones which make the greatest contribution to the 1 in EEE?CO . INC Is —
2000 year hazard for that particular nation. i o BMKG



Guidance for Selection of Scenarios

e FEach country may consider selecting 4 scenarios from the table below run
inundation model using ComMIT. Based on the results of the model runs, a
composite inundation line may be generated for further hazard assessment

I I I

S0 248N 62.2 E Off Coast of Pakistan
24.8 N 58.2 E 9.2 Off Coast of Iran IOWave 18 Scenario ???

12.65 N 935E 9.0t0 9.2 Andaman Islands
7.2N 929E 9.0t09.2 Nicobar Islands
3.3N 96.0 E 9.3 Banda Aceh / Off North Dec 26, 2004 Event
Sumatra IOWavel8 Scenario???
1.93S 99.22 E 9.2 South of Sumatra
6.94 S 104.7 E 9.0to 9.2 Sunda Strait
104S 112.8E 9.1 South of Java
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ComMIT Unit Sources for PTHA Suggested Scenarios

cut and paste into "Model->Sources from Solution/Combination"

. Off Coast of Pakistan
Mw 9.0, mk2-7, rows a-b, alpha=14.7839
14.7839*mk2b+14.7839*mk2a+14.7839*mk3b+14.7839*mk3a+14.7839*mk4b+14.7839*mk4a+14.7839*mk5b+14.7839*mk5a+14.7839*mkbb+14.7839*mk6a+14.7839*mk7b+14.7
839*mk7a

. Off Coast of Iran
Mw 9.2, mk4-10, rows a-b, alpha=25.284
25.284*mk4a+25.284*mk4b+25.284*mk5a+25.284*mk5b+25.284*mk6a+25.284*mkbb+25.284*mk7a+
25.284*mk7b+25.284*mk8a+25.284*mk8b+25.284*mk9a+25.284*mk9b+25.284*mk10a+25.284*mk10b

. Andaman Islands
Mw 9.2, i05-12, rows a-b, alpha=22.123
22.123%i05a+22.123%i05b+22.123*i06a+22.123*i06b+22.123*i07a+22.123*i07b+ 22.123*i08a+22.123%i08b+22.123*i09a+22.123*i09b+22.123*i010a+22.123*i010b+
22.123%i011a+22.123*i011b+22.123*i012a+22.123*%i012b

. Nicobar Islands
Mw 9.2,i011-18, rows a-b, alpha=22.123
22.123%i011a+22.123*i011b+22.123%i012a+22.123%i012b+22.123*i013a+22.123%i013b+22.123*i014a+22.123*i014b+22.123*i015a+22.123*i015b+22.123*i016a+22.123*i016b+22.
123*j017a+22.123*%i017b+22.123*i018a+22.123*i018b

. Banda Aceh, North Sumatra
Mw 9.3, i017-24, rows a-b, alpha=31.250
31.250*i017a+31.250*i017b+31.250*i018a+31.250*i018b+31.250*i019a+31.250*i019b+31.250*i020a+31.250*i020b+31.250*i021a+31.250*i021b+31.250*i022a+31.250%i022b+31.
250%*i023a+31.250*i023b+31.250*%i024a+31.250*i024b

. South of Sumatra
Mw 9.2, i024-31, rows a-b, alpha=22.123
22.123%i024a+22.123*i024b+22.123*i025a+22.123%i025b+22.123*i026a+22.123*i026b+22.123*i027a+22.123*i027b+22.123*i028a+22.123*i028b+22.123*i029a+22.123*i029b+22.
123*j030a+22.123*i030b+22.123*j031a+22.123*i031b

. Sunda Strait
Mw 9.2, i033-40, rows a-b, alpha=22.123
22.123*i033a+22.123*i033b+22.123*i034a+22.123*i034b+22.123*i035a+22.123*i035b+22.123*i036a+22.123*i036b+22.123*i037a+22.123*i037b+22.123*i038a+22.123*i038b+22.
123*j039a+22.123*i039b+22.123*i040a+22.123*i040b

TEMPP 2025 . South of Java

Mw 9.1, i044-49, rows a-b, alpha=14.7839

14.7839*i044b+14.7839*i044a+14.7839*i045b+14.7839*i045a+14.7839*i046b+14.7839*i046a+14.7839*i047b+14.7839*i047a+14.7839*i048b+14.7839*i048a+14.7839*%i049b+14.7
839*i049a

)
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