Tsunami simulations for Karachi and Bombay:
Sensitivity to source parameters of the 1945 Makran earthquake
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Conclusions Objective and Methodology

« A sensitivity analysis for the source parameters was carried out.

« The wave amplitudes and arrival times at Karachi compared well with observations, however unlike
within the observations, the first wave is the highest and not the fourth.

« Moreover, the observations at Bombay harbour did not match the simulated results.

« These discrepancies may be because of a number of factors:

1. Some of this may be sloshing in the harbour and since the fourth wave is the largest, it may be
that edge waves were trapped on the continental shelf that propagate back and forth and one of
these later waves is interacting with the sloshing in the harbour or reflections from other
coastlines to give a larger resulting wave.

« The Markan earthquake was widely recorded worldwide and the tsunami registered on tide gauges at
Karachi and Bombay, however, compared to modern standards the quality of earthquake source data was
of poor standards, which lead to the calculations of source parameters in the early 90°s.!

« Subsequent studies have utilised this data to model tsunamis® and have tried to interpret results with

available scant historical and eyewitness records together with uplifts of 2m reported at Ormara and

none at Pasni.

More recently, studies have tried to reanalyse the source? after publishing of the 1945 tide gauge data®.

« Because so much is unknown about the 1945 earthquake and tsunami, we use an open-source code,
Geoclaw, for a sensitivity analysis of alternatives to the source parameters.
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Numerical Model

« Geoclaw® uses finite-volume methods to solve the two-dimensional nonlinear shallow water equations

that are standard in modeling tsunami propagation and inundation. Some of the key features are:
Adaptive mesh refinement (AMR) which allows for efficient solution of modeling problems.
The code allows parallel processing to attain additional speed.
Digital elevation models (DEMSs) for bathymetry and topography can be provided arbitrarily at different
resolutions.
Arbitrarily complex topography and shorelines can be incorporated without the need for mesh generation.
Time-dependent sea-floor motion can also be incorporated in the model.

Location and Type of Tide Gauge

« Afloat-type tide gauge at Karachi Port Harbour was installed before
2nd January 1924 within the channel along the shore of Manora Island
malfunctioned due to the tsunami but was repaired thus kept on
recording the surface elevation during the event.®

« Asimilar tide gauge was located in Bombay Harbour with its location
offshore of Apollo Bunder according to PSMSL (Permanent Service
for Mean Sea Level)

Department yysiocrislyre

FHENO. 7.4 Copve, Self rpzistoring nod5 (Ftat T/

(A2d Divd

Woter Zit ” .
Sys!em: Lon 8 Proscrve 7Y€ ole Gaecges

Subject: 7000 )07/

Observed and modelled
gauge data

1st wave arrival times
and heights

1st wave arrival times Observed and modelled

and heights gauge data Results

Karachi Harbour Bombay Harbour

Fault width Scenarios Fault width . Fault width Scenarios Fault width
P B 05 &) - s 04— 0.4-
4 NUIE N 02 o/ ° ENCENIR e ey S B 024
oal ity A .3 7 | Results for the original 1945 source Rtk | i o SR A -oi- -
1 ( 1 [ 2= ke - -, = WAL 3“'\ .ll‘(“ “""‘i‘///fw L . _é____'___'___'.--- o E
g S 33 parameters, shows the initial wave at il o‘7"1“;:?:;5}‘;2‘\5;NMR‘;/?/ ol P} M LEE
19 20 21 22 23 ) Karachi having an amp“tUde and | Fae) b wadw 2 ,FP : / 47 48 48 § &1 012345878 010
Fault length : l - - - Fault length Fault length
R e wavelength similar to observations - P P— 0.4+
nil S B % though later do not seem to be well 1 M S
0184 - q--9--1- i 01F--1-- -yt
') 03 captured by the model. s 0 ot 02
19 20 21 22 23 . . . . . s e 47 45 49 5 &1 ]
- -~ = This behaviour is also evident in the o e
L) —— 98 ; sensitivity analysis of the source L O 0.4
ol NN 0.2 - i . - - S D . o0z
R moesoe i B Y £ == parameters with wave heights having 5 s B O
0 L rrrdrererbereet L e o8 - . P oz
i o8 < the most effect due to variations in et B i
Bewis dislocation | o |
Dip angle . ; Dip angle Dip angle
— : : | A
S 00423 D 03 | * Observations show the fourth wave is g s 1, | S CHR IO
= v I N 325 - "« # the highest, which is not the case for the e map,scale 1:25,000, updated trough 1932 ,é\ ”.j'ﬁZ;IIjIIIiII;*;EZZZ D
0 Sfrrrrrfrerrrfreeerfeerm 0.8 " Map ySurvyuofIn ia:KarachiGuiel\i/Iiai,VZn e.,1940,_77 0 frerrrfrrrrrrrrret
.% 19 20 21 22 23 i tlorrectecc|11936—1939,pu?>lishegscalc:a1%21,120 mOdEI runS. N—" 47 48 48 5§ &1
> Strike direction c Strike direction
O O
e 06 ——T— 0.G : " — 045 .
O | gl 03 Tide gauge Sl ek ]
g| gleid BB . . (72.833333,18.916667) = | %1 E 0 G
N 0%  The last wave, which was the highest, ref: PSMSL < | ol 02
19 20 21 22 23 - 7 4 . . 7
C?) Dislocation generated Strong Ebblng Currents Of 4-5 8 4 4§islnijtinn5 ) e 3u:IiiIu:n:ﬁati-:'?in S
P — 0 knots (2-2.6 ms)8 S| v
DA 4 -edl ool 931 _ _ SN T CHN R
e . F ik * The receding wave is reported to have A il F
[} - 0 thi : T : S
’ AR o8 caused damage within the Karachi e Limitations in the DEM does D” e
7 ] ]
Lttt harbour. | © ot allow placing the tide i
02451.5:.5:.5:}&: 03 e The model sho_ws the maximum current - : gauge at Mumbai exactly at S5 NE—— 0z
e B % speed for the first wave In the harbour to 1" the same location. STTn] 6 ST
19 20 2.1 22 23 ' be in the V|C|n|ty of 1 m/s. - EEEESSS 10 ° The amp“tudes and the 47 43 40 5 i 012345878910
- Ll°"g"l“"°l . « Even though, the model does not predICt ‘ Wave|ength do not compare at y Longitude i Longitude
s S e R ® R & the f(_)urt_h wave to be the Iargest_but | . all well with the tide gauge 3;3:?::&::5:::&::: H DE - oo
I3 S 53° considering the result from the first wave - a1 " data of Bombay O M IS NN b
prerefreererreepeee 06 - ) il . s : e 0.2 Smfremrfrrrergrrrrerrede
012348587 60m the estimated speed for the lastwave "0 0 00 0 LTSNS0 "« However, if the oscillations in 745 40 5 5 c1234587800
ksl N Focal deph observation would have been the same. : Tk the observed tide data is S S
s s I 2 - These estimates are important and more it smoothed out, there might i) 023 -k forerakor-
] Ba—— 83 work Is needed on causes of death and | : - also be a component at the g B 023
19 20 21 22 23 = - i 7 7
damaae in the harbour. g — M. . ]l . _ AT 48 48 5 ad ortz234sa78eam
Observation g fl:equlen_cy Observed In the > Observation
low simulation. low

Byrne et al (1992)
high

Byrne et al (1992)
— high

hours (hrs) hours (hrs)

References
Byrne, D. E., L. R. Sykes and D. M. Davis, Great thrust earthquakes and aseismic slip along the plate boundary of the
Makran subduction zone, Journal of geophysical research 97 (B1), 449-478 (1992).
Bombay, Kurrachee Harbour Works: Correspondence, from November 1856 to June 1866 : Selected from the Records of
Government. (Government at the Education Society's Press, 1866).
Heidarzadeh, M. and K. Satake, New Insights into the Source of the Makran Tsunami of 27 November 1945 from Tsunami
Waveforms and Coastal Deformation Data, Pure and Applied Geophysics, 1-20 (2014).
Kakar, D. M., G. Naeem, A. Usman, H. Hasan, H. A. Lodhi, S. Srinivasalu, V. Andrade, C. P. Rajendran, A. N. Beni, M. A.
Hamzeh, G. Hoffmann, N. A. Balushi, N. Gale, A. M. Kodijat, H. M. Fritz and B. F. Atwater, Elders Recall an Earlier
Tsunami on Indian Ocean Shores, Eos, Transactions American Geophysical Union 95 (51), 485-486 (2014).
LeVeque, R. J., D. L. George and M. J. Berger, Tsunami modelling with adaptively refined finite volume methods, Acta
Numerica 20, 211-289 (2011).
Neetu, S., I. Suresh, R. Shankar, B. Nagarajan, R. Sharma, S. Shenoi, A. Unnikrishnan and D. Sundar, Trapped waves of the
27 November 1945 Makran tsunami: observations and numerical modeling, Natural hazards 59 (3), 1609-1618 (2011).
Page, W. D., J. N. Alt, L. S. Cluff and G. Plafker, Evidence for the recurrence of large-magnitude earthquakes along the
Makran coast of Iran and Pakistan, Tectonophysics 52 (1-4), 533-547 (1979).
Pendse, C.G., The Mekran earthquake of the 28th November 1945: India Meteorological Department, Scientific Notes, v. 10,
no. 125, p. 141-145 (1946)
Rajendran, C., M. Ramanamurthy, N. Reddy and K. Rajendran, Hazard implications of the late arrival of the 1945 Makran
tsunami, Current Science 95 (12), 1739-1743 (2008).

Background

Pakistan's tsunami threat, like Japan's, is posted by near-field waves.

The Makran Subduction Zone, where Eurasia overrides the floor of Arabian Sea, produced a
magnitude-8 earthquake offshore Pasni on 28" November 19451,

The ensuing tsunami took hundreds to probably thousand of lives in what is now Pakistan with large
populated cities like Karachi and Bombay (Now Mumbai) were not spared either.

The Bombay Chronicle reported certain adjoining compounds of the oil installations at Keamari being
flooded with the wave damaging the 400 ft. in length which was constructed of 177,591 tons of stone
and built 1861-1863.% Several deaths were also reported along the Bombay coast.
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