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C auses of Earthquake starts tsunami
Tsunami

* Any impulse that causes large —
scale displacement of the sea
surface.
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* Landslide Submarine landslide-generated tsunami

e Vclcanic eru ptions Rapid response of sea level

to changing depth of sea
floor = tsunami

* Meteoroids Impact A
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change in sea floor
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Layered structure
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Types of Faults

Faults Are Classified According to the
Kind of Motion That Occurs on Them

* Joints - No Movement
e Strike-Slip - Horizontal Motion
* Dip-Slip - Vertical Motion

Faults Are Classified According to
the Kind of Motion That Occurs
on Them

* Joints - No Movement
* Strike-Slip - Horizontal Motion
* Dip-Slip - Vertical Motion

Before Fault Movement

Fault line

(a) Fig. 18.12a
Thrust (reverse) Fault
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forces
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Fig. 18.12¢
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Types of Seismic waves

® Body waves

(2) Undisturbed material P waves (Primary, Longitudinal or
' ' Compressional waves)

&
& Undisturbed
< material
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S waves (Secondary, transverse or
shear waves)

(b) Primary wave Direction of wﬂ_

® Surface waves

[~Wavelength>| Focus .
(c) Secondary wave ‘ (d) ° Raylelgh Waves
Seismic waves are generated in a broad - Love waves

frequency range from at least 0.1s to 1 hour
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Seismographs

Seismometer

* Modern digital broadband seismographs
are capable of recording almost the whole
seismological spectrum (50 Hz — 300 s).

e Their resolution of 24 bits (high dynamic
range) allows for precise recording of
small quakes, as well as unsaturated
registration of the largest ones.

Tsunami Inundation Modelling and Mapping, INCOIS, Hyderabad, 16-21 March 2026

Seismographs are devices that record ground motion during
earthquakes.

The first seismographs were constructed at the very end of the 19th
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Ground vibrations are

detected by a broadband
sensor, digitally recorded,
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Earthquake Record (Seismogram)
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Locating Earthquakes
(Travel-tl me) * Knowing the difference in arrival times of the two waves,

and knowing their velocity, we may calculate the distance of
the epicentre.

Statpn G
'|f * This is done using the travel-time curves which show how
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Magnitude determination |

Moment Magnitude

Mw = 2/3 log Mo — 10.7

Where the seismic moment, MO is determined from the low
frequency ground displacement Q, obtained from the S wave
spectrum

Seismic Moment, MO =4 T p v3 R Q, dynes —cm
FRO®
Where, p = density (2.7 gm/cm3)
v = Velocity of Shear wave (3.8 x 103 cm/seconds)
R = Epicentral distance
RO¢ = Radiation Pattern factor
F = free surface correction factor
Q, = Ground displacement from S wave spectrum

* Formula:
= log(A) + ¢, log (D) + c,

where A is amplitude of ground motion, D is epicentral
distance, and c,, ¢, are constants.

* There are many types of magnitude in seismological
practice, depending which waves are used to measure the
amplltude

Ml_, Mp, Mc, Ms, Mw, ees

* Increase of 1 magnitude unit means ~32 times more
released seismic energy!
My,

Body wave magnitude m, = log(A/T) + Q(h,A)

= log(A/T)+ 1.66log A+ 3.3
Amplitude

T Period 0.3- 3s

A = amplitude,

T = period,

A = distance in degrees

Q = empirical term based on distance
and depth

kmpfizudmi crons)
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M -

o
surface wave magnitude

Period 18 -22 s Amplitude

@ (R)ESCAP e INCIS

Tsunami Inundation Modelling and Mapping, INCOIS, Hyderabad, 16-21 March 2026 o~ Prana



Global Seismicity
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Seismic and Tsunami Waves

tsunami generation tsunami amplification
by earthquake near coast

tsunami propagation velocity / gd
0.2 km/s (water depth 4000 m) P il %

e

earthquake

S source
\__ seismic wave velocity

~ 8 km/s
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Indian Ocean Seismicity an Historical Tsunamis
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2004 — off Sumatra Earthquake and Tsunami

> The worst tsunami in history recorded on
December 26, 2004

> Magnitude 9.2 (second strongest
earthquake ever recorded on a
seismograph)

>Lasted 10 minutes (longest lasting
earthquake in history)

> 229,866 confirmed dead, which includes
42,883 missing and never accounted for

> More than $7 billion dollars damage
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Travel Times and Energy amplitude map of 2004 Tsunami
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Satellite image
before and after
Tsunami Aceh
(Sumatra) 26
December 2004
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Potential Tsunamigenic Zones in Indian Ocean
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Tsunamis are primarily caused due to large undersea
Earthquakes.

For a tsunami to hit Indian coast, it is necessary that a
tsunamigenic earthquake occurs and its magnitude
should be larger than M 6.5

Earthquakes with Slow Rupture Velocities are most
efficient Tsunami Generators

75% of earthquake energy is released in the circum-
Pacific belt — 900 Tsunamis in 20" Century

20% in the Alpine-Himalayan belt — 6 Tsunamis in 20th
Century

Historical Tsunami in India

12 Apr, 1762 (BoB EQ) — 1.8 M

31 Dec, 1881 (Car Nicobar EQ)

27 Aug, 1883 (Krakatoa) —2 M

26 Jun, 1941 (Andaman EQ)

27 Nov, 1945 (Makran EQ)—12 M

26 Dec, 2004 (Sumatra EQ)
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* Historical Earthquakes M >7.5
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Earthquakes
in Andaman & Sumatra
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Subduction Zone Geometry
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Historical Earthquakes in Makran Subduction Zone
o , 969 mav o

| |
.,' :|RAN 1927* : PAKISTAN : A
[ |

| |
o Bes®3%\ Jask | e 1929 L
26° Mefyy o Jask _ [ N e e .
. i Chabahar Pasni | oo
| > Gv)pda S = @Y Table 1
| | | * 2 * B | .@ 1668 List of large earthquakes and tsunamis around the Makran subduction zone as attested
| * i 008 (CF=2) i 1947, 1765 ; in historical records.
&
u 1483 11 - 11851 n .
240 Lo\ e 591 E 13:5.!0-'::3}- _ 326BC_% _ Ll I_N_D! Year Location Remarks References
| [ (CF=1), | (CF=1) g 326 BC Eastern Destruction of a Murty and Bapat, 1999
I e\ | | N I I R Makran near Macedonian fleet in Pararas-Carayannis,
I Muscat Makran Subduction Zone | the Indus Western India by huge 2006b; Rastogi and Jais-
| | | I * ? | Delta waves is described in wal, 2006.
| OMAN | I | jsjﬂql 11— ot Greek and Indian historical
L |
20 N ——————— L — T ———— L T — - — — L O — — t — records-.
| | | | 1008 AD Western An earthquake and Ambraseys and Melville,
| | | Makran, near tsunamion the southern 1982,
| Hu km AMB'AN SEA * Large Quakes | the strait of  coast of Iran.
| | :THMEM | Hormoz
| 4” Toctonic Teuneml | 1483 AD Western Destructve earthquake in Quitmeyer and Jacob,
20N _ Makran, near the strait of Hormag, 1979; Ambraseys and
0 [+] 0 the strait of northwestern Oman was Melville, 1982.
S6E 59 62 65 68E Hormoz affected by the earthquake.
Ref: Mohammad Heidarzadeh et al 2008 1765 AD  Eastern A strong earthquake in the Quittmeyer and Jacob,
Makran eastern Makran. 1979; Byrne et al, 1992
1851~ Middle part Two great earthquakes in Quitmeyer and Jacob,

1864 AD of Makran, the middle part of Makran 1979; Byrne et al, 1992,
Near Gwadar affeaed the town of Gwadar

1945 AD Offshore Magnitude 8 to 8.3 sunami Quittmeyer and Jacob,
Pakistani wave run-up was 11 to 1979; Ambraseys and
coast near 13 min the near coast, Melville, 1982 Pararas-
Pasni claimed about 4000 lives. Carayannis, 2006a.

Tsunami Inundation Modelling and Mapping, INCOIS, Hyderabad, 16-21 March 2026 oo

rrrrr



' : .5 Agy .Ew .IGM Jr ¢ ; o Subduction zone,
Makran Subduction Zone B ltoromn = O 7 PO i
- o 2 N .+ Main fault
’ / +=" Plate boundary
The convergence between the Eurasian and Arabian o
plates resulted nearly ~ 900 km — long Makran s
subduction zone. /" Country boundary
This subduction zone has a thick sediment pile P
estimated ~7km as reported by earlier studies in this
region (Kopp et al. 2000; Kukowski et al. 2000). hidi Oy
The exposure of a sedimentary wedge about 500 km
in wide in onshore parts of Pakistan and Iran also
reported (Schluter et al. 2002, Kukoeski et al. 2001).
The offshore Makran accretionary complex with five - -
major structural provinces and elements (Mokhtari M " = s — == = =0
et al. 2008), consists of largely unconsolidated s "| Earthauake M 7.8 1
sediments. - 600km to Muscat i) Earthquake M 7.7
. - 5 ,, Sept.24, 2013 g
Byrne et al. (1992) showed that a large quantity of — : ’ @ | 200kmiocoast | 7]
unconsolidated sediment does not necessarily indicate ’ | chahn;m Oww
a low potential for great thrust earthquakes. '  weni _Fos, Ormam MAKRAN
Subduction
. Zone
: 30 min : S, o
il - 1 hour
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Makran Subduction Zone — Minor tsunami on 24 Sep 2013
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Parameterizing Earthquakes

* Determine location and depth of the epicenter from arrival times of
first seismic wave on nearby stations.

* Estimate the earthquake moment magnitude from the amplitude of
the first seismic waves on nearby stations (Mwp).

* Compute the location and depth of the centroid of the earthquake
along with a focal mechanism (strike, dip, rake, slip) and a moment
magnitude with a W-phase Centroid Moment Tensor analysis.

* Estimate the rupture area along with the spatial distribution and
timing of slip along the fault using a
finite fault analysis

Y - | @ &) e
- @ E;l}ESCAp ((\E Flanders INC@'S

unesco =

Tsunami Inundation Modelling and Mapping, INCOIS, Hyderabad, 16-21 March 2026



Selection of Extreme events Location

)
Ay
Arabian \Jg - f‘“ ‘
Bl Sea
‘-‘_ Y Bayof
‘ * 4 Bengal

Indian| Ocean

0° 80° 90° 100° 110°

= (Careful consideration is to be given to
the subduction zone geometry as well as

1881119411 20041 Ortiz and Bilham (2003)
Moneke ef al. (2009,

B return periods of extreme events while

14002%,2004!

0] 250 62 | 1843%1861°,1907%,2005!
South b ! (1987), DBriggs et al
China ,ﬁ 85] 250 | 2 [ 125 1861,2005 (2005) . . .
Sea 7|1 — finalizing fault parameters for the
ore 7.5 250 6 42 1770%,1797% 1818%,18334| Newcomb & McCann
s 2007a',2007h’ (1987), Natawidjaja et

al (2006)

50 250 [ 3| s3 17974,1833% 2007a' HEXtreme event” tO be COﬂSidEfEd.

w P,
- N R.L
Bornes \‘jﬂc o 5 3 1 nar?
4, yd 85| 650 | 7 | 93 | 14507,1380%,1606% 16857 Sieh ef al. (2008)
F‘ 1797%,1833" 20072’
]

wer | T ) | ®  Based on available literature (Moneke et
LIFull-width megathrust (@] Major Earthuake T Uﬁﬁﬁl—l 15408 1850° 1213 Neweomb & McCamn
[ 1Half—width Megathrust Rupture Areas | ‘Jru(;up S| o |6 | e " oot ong (157).  Abererombic a I . (2008 )’ J an ka ew et a I . (2008 )’ th e

CINormal Faulting ==Segment Boundary \ | et al (2001), Ammon
1 1 80| 250 | 2 | 125 1994' 20061 et al (2007)

1 I 5 TN I ) recurrence interval for M 8.0 event in

44ss Subduction Zone

the A&N subduction zone is 67 years
while the recurrence interval fora M 9.0
event is 300 years (as shown in Table).

" The selection of “extreme event” needs
careful consideration.
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Submarine landslide and generated tsunamis around India

 Nearshore sources that
have short travel time

* Impact on life, submarine
and offshore
infrastructure

 Some evidence but not a
lot of direct data to build
on

* Need to adopt datasets
and assumptions from
other regions

* Compliment with
numerical modelling of
landslide + tsunami

Courtesy: PCTWIN Project: Naveen

» | 4’ k . anders
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Inventory of past events/potential sites

10.4°

S, o

10.2°

9.8°

9.6°

-1000

-1400

Depth (m)

- -1800

-2200

-2600

Large-scale submarine landslide in
the Cochin offshore region,
southwestern continental margin of
India: a preliminary geophysical
understanding (Bijesh et al 2023)

75.4° 75.6°E

Factor of Safety (FS)

0 5000 10000 15000 20000 25000 30000 35000 40000

Tsunami scenario triggered by a submarine
landslide offshore of northern Sumatra Island
and its hazard assem. (Haridhi et al 2023)

Bathymetry (m)

N
o
(=]
o

Controls on the evolution of submarine canyons in steep (Dewangan et al
continental slopes: geomorphological insights from Palar 2025)
Basin, southeastern margin of India (Sushanth et al 2021)

Godavari Slide

-800 |

A recent
catastrophic
submarine
slope failure in
the Krishna-
Godavari basin,
Bay of Bengal,
India

2015 (Dec) + 2016 (May

- -

e

__Laxmi Basin

ARABIAN SEA

Giant fossil mass wasting off the coast of West India: The

Nataraja submarine slide (Calves et al 2015)

Tsunami Inundation Modelling and Mapping, INCOIS, Hyderabad, 16-21 March 2026
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Eg_lnventory of_ past events/potential sites
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A Review of Tsunami Hazatds in the Makran

Subduction Zone (Rashidi et al 2020)

Owen Ridge
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for tsunami
hazard along
the Oman
coast
(Rodriguez et
al 2013)
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Tsunamis Generated by Volcanoes
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About 1350 volcanoes are
considered active in the past
12,000 years worldwide
About 50-85 erupting
volcanoes each year

About 70 in the Indian Ocean



Monitoring Tsunamis Generated by Volcanoes

Volcanoes in the Indian Ocean
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