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Caribbean Tsunami DatabaseCaribbean Tsunami Database --Caribbean Tsunami Database  Caribbean Tsunami Database  
Compilation of recorded eventsCompilation of recorded eventspp
Critical assessment of two tsunami Critical assessment of two tsunami 
catalogues and one earthquake cataloguecatalogues and one earthquake catalogue

National Geophysical Data Centre (NGDC)National Geophysical Data Centre (NGDC)National Geophysical Data Centre (NGDC)National Geophysical Data Centre (NGDC)
Tsunami Laboratory Novosibirsk (TLN)Tsunami Laboratory Novosibirsk (TLN)
RR EngdahlEngdahlR. R. EngdahlEngdahl



Source location for all recorded tsunamis in the databases –
first data from year 1498

~ 120 events

y

 120 events



Tsunamis in the Caribbean SeaTsunamis in the Caribbean Sea
-- example scenario criteriaexample scenario criteria

Sound choices based on the historical recordsSound choices based on the historical recordsSound choices based on the historical recordsSound choices based on the historical records
Examples of various kinds of sourcesExamples of various kinds of sources
Regional distribution to serve as an example of regional exposure Regional distribution to serve as an example of regional exposure g p g pg p g p
assessmentassessment
Avoid reproduction of previous studiesAvoid reproduction of previous studies
Relevant for partners in this projectRelevant for partners in this projectRelevant for partners in this projectRelevant for partners in this project
Relevant as input for Bridgetown tsunami risk demonstration projectRelevant as input for Bridgetown tsunami risk demonstration project
We will present:We will present:We will present:We will present:

2 earthquake tsunami scenarios2 earthquake tsunami scenarios
2 2 subaerialsubaerial volcano debris flow tsunami scenariovolcano debris flow tsunami scenario
1 submarine landslide tsunami scenario1 submarine landslide tsunami scenario
1 trans1 trans--oceanic tsunamioceanic tsunami
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Regional seismic hazardRegional seismic hazard

NE Caribbean more NE Caribbean more 
exposed thanexposed thanexposed than exposed than 
Lesser AntillesLesser Antilles
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Tsunamis generated by earthquakesTsunamis generated by earthquakes ––Tsunamis generated by earthquakes Tsunamis generated by earthquakes 
suggested scenariossuggested scenarios

M i i dM i i dMaximum magnitude:Maximum magnitude:
Largest credible earthquake around M 8.0,Largest credible earthquake around M 8.0,Largest credible earthquake around M 8.0, Largest credible earthquake around M 8.0, 
no potential for tsunamis similar to 2004 no potential for tsunamis similar to 2004 
Sumatra/Indian Ocean tsunamiSumatra/Indian Ocean tsunamiSumatra/Indian Ocean tsunamiSumatra/Indian Ocean tsunami

Locations:Locations:
Sources based on combination ofSources based on combination of

historicalhistorical eqeq and tsunami occurrenceand tsunami occurrencehistorical historical eqeq and tsunami occurrence and tsunami occurrence 

large scale tectonicslarge scale tectonics
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Tsunamis generated by volcanoesTsunamis generated by volcanoesTsunamis generated by volcanoes Tsunamis generated by volcanoes 
and landslidesand landslides

Information on Information on volcanologicalvolcanological sources provided sources provided gg pp

by Dr. R. Robertson, SRC, and compiled by NGIby Dr. R. Robertson, SRC, and compiled by NGI

2 eruptive volcanoes: 2 eruptive volcanoes: 

S b i lS b i l t M t tt M t tSubaerialSubaerial at Montserratat Montserrat

SubmarineSubmarine Kick’emKick’em JennyJennySubmarine  Submarine  Kick emKick em JennyJenny

St. Lucia debris flowSt. Lucia debris flow
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The scenariosThe scenarios
Totally five scenariosTotally five scenariosTotally five scenariosTotally five scenarios
Due to different return periods we divide our study into two groups, Due to different return periods we divide our study into two groups, 
one for earthquakes and one for slides.one for earthquakes and one for slides.

Earthquakes Mw 8.0 (Lesser Antilles and north of Hispaniola)Earthquakes Mw 8.0 (Lesser Antilles and north of Hispaniola)
Slides (Slides (MonserratMonserrat, St. Lucia, and Grenada), St. Lucia, and Grenada)



Example study III: Example study III: 
SubaerialSubaerial landslide fromlandslide fromSubaerialSubaerial landslide from landslide from 
SoufrièreSoufrière Hills volcano, MontserratHills volcano, Montserrat

SoufrièreSoufrière Hills: eruptive volcano, much focusHills: eruptive volcano, much focus

4000 BP event not modelled before (?), “worst case scenario” (?)4000 BP event not modelled before (?), “worst case scenario” (?)4000 BP event not modelled before (?), worst case scenario  (?)4000 BP event not modelled before (?), worst case scenario  (?)

English’s Crater flank collapseEnglish’s Crater flank collapse

Deposit 1 formed by 1 event (LeDeposit 1 formed by 1 event (Le FriantFriant et al 2004)et al 2004)Deposit 1 formed by 1 event  (Le Deposit 1 formed by 1 event  (Le FriantFriant et al. 2004)et al. 2004)

Volume: L x W x H = 1.6 x 1 x 0.1 kmVolume: L x W x H = 1.6 x 1 x 0.1 km33 = 1.6·10= 1.6·1088 mm33

Submerged runSubmerged run--out: 5.4 km (from deposits)out: 5.4 km (from deposits)Sub e ged uSub e ged u out 5 ( o depos ts)out 5 ( o depos ts)

Impact velocity: 30 m/sImpact velocity: 30 m/s

1997: 2 5·101997: 2 5·1077 mm3 3 1997: 2.5 101997: 2.5 10 mm

2003: 2·102003: 2·1088 mm3 3 (as smaller volumes, limited velocities)(as smaller volumes, limited velocities)

L F i t t l 2004
9
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Example study IV: SubmarineExample study IV: SubmarineExample study IV: Submarine Example study IV: Submarine 
landslide landslide –– close to close to Kick’emKick’em JennyJenny

Most active volcanic centre in Lesser Antilles arcMost active volcanic centre in Lesser Antilles arc
8 km north of Grenada8 km north of Grenada8 km north of Grenada8 km north of Grenada
First observed in active eruption 1939, small tsunamiFirst observed in active eruption 1939, small tsunami
Since then erupted at about 5Since then erupted at about 5 year intervalsyear intervalsSince then erupted at about 5Since then erupted at about 5--year intervalsyear intervals
Summit of the volcano is now > 130 m below surface Summit of the volcano is now > 130 m below surface 
MultibeamMultibeam surveys suggest flank collapse east of the surveys suggest flank collapse east of the 
active cone and debris flows running 15active cone and debris flows running 15--30 km to the 30 km to the 
west with thickness of tens to hundreds of meterswest with thickness of tens to hundreds of meterswest with thickness of tens to hundreds of meters, west with thickness of tens to hundreds of meters, 
smaller has a volume of 10 kmsmaller has a volume of 10 km33

((SigurdssonSigurdsson et al 2006)et al 2006)
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Kick’emKick’em Jenny andJenny and Kick’emKick’em JackJackKick emKick em Jenny and Jenny and Kick emKick em JackJack
Not to the eastNot to the east
Kick’emKick’em Jack not to be considered in terms Jack not to be considered in terms 
of flank collapseof flank collapseof flank collapseof flank collapse

Source: http://www.uwiseismic.com/KeJ/kejhome.html
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GislerGisler et al. 2006et al. 2006
D th f it 190D th f it 190Depth of summit now 190 m, Depth of summit now 190 m, 
not significantly diminishing, not significantly diminishing, 
water pressure confines the explosive effectswater pressure confines the explosive effects
SAGE SAGE hydrocodehydrocode simulations: simulations: 
Coupling of explosive energy Coupling of explosive energy 
to wave energy is inefficient to wave energy is inefficient 

d t l h id t l h icompared to slower mechanisms compared to slower mechanisms 
(only a few percent of source (only a few percent of source 
energy transferred)energy transferred)
Conclusion: Conclusion: 

no danger no danger 
(except for gases and missiles (except for gases and missiles 
th t i hi i )th t i hi i )threatening shipping)threatening shipping)
Efficient production of tsunami Efficient production of tsunami 
requires earthquakes or landslidesrequires earthquakes or landslides
T i d f l i ti l th f l f il tT i d f l i ti l th f l f il tTsunami danger from explosive eruptions less than from slope failure at Tsunami danger from explosive eruptions less than from slope failure at 
that volcano (similar to that which caused the horsethat volcano (similar to that which caused the horse--shoe shaped cleft shoe shaped cleft 
in which the volcano currently nestles)in which the volcano currently nestles)
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From these reasonsFrom these reasonsFrom these reasons…From these reasons…
0 6 km0 6 km3 3 western flank collapse onwestern flank collapse on Kick’emKick’em JennyJenny0.6 km0.6 km western flank collapse on western flank collapse on Kick emKick em JennyJenny

RunRun--out 10 km to the westout 10 km to the west

(from statistics, H/L = 1.5 km/ 10 km = 0.15)(from statistics, H/L = 1.5 km/ 10 km = 0.15)

UUmaxmax = 45 m/s (from analytical calc)= 45 m/s (from analytical calc)
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Example study V: St LuciaExample study V: St LuciaExample study V: St. LuciaExample study V: St. Lucia
R t 18 kRun-out 18 km

Max. vel. 40m/s

W x H x L = 1.32x800x200x1200 = 250 Mm3

Lindsay et al. 2002: 

Sulphur springs within Qualibou caldera is a susceptible area 

(but not the “worst case” large explosive magmatic eruption)

Lack of age data makes it impossible to develop an eruptionLack of age data makes it impossible to develop an eruption 

frequency

Major activity 35-20 000 years BP

Deposits easily eroded, possible that more eruptions have 

occurred over the last 20 000 years and that products have 

not been preserved.
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Probability of earthquake scenariosProbability of earthquake scenariosProbability of earthquake scenariosProbability of earthquake scenarios

From convergence rates, records, and literatureFrom convergence rates, records, and literature

Hence the proposed M8 earthquake scenarios have a returnHence the proposed M8 earthquake scenarios have a returnHence, the proposed M8 earthquake scenarios have a return Hence, the proposed M8 earthquake scenarios have a return 

period of approximately 500 years period of approximately 500 years 

(i.e. a probability of 10 % of an event occurring in 50 years)(i.e. a probability of 10 % of an event occurring in 50 years)

Somewhat larger thanSomewhat larger than ZahiboZahibo et al (2007):et al (2007):Somewhat larger than Somewhat larger than ZahiboZahibo et al. (2007): et al. (2007): 

M8 earthquake return periods of ~200 yearsM8 earthquake return periods of ~200 years

15



ProbabilitiesProbabilities –– summing upsumming upProbabilities Probabilities summing upsumming up
ZahiboZahibo & & PelinovskyPelinovsky 2001:2001:

RunRun--up exceeding 2up exceeding 2--3 m: 3 m: 
Return period 100 yearsReturn period 100 years
ll ( l ) ll k d fll ( l ) ll k d fAll events (cumulative), all kinds of tsunamisAll events (cumulative), all kinds of tsunamis

Earthquakes M8: return period 500 yearsEarthquakes M8: return period 500 yearsq p yq p y
NonNon--seismic :seismic :

Return period of smaller events in the northernReturn period of smaller events in the northernReturn period of smaller events in the northern Return period of smaller events in the northern 
part of the arc: order of 1000 yearspart of the arc: order of 1000 years

d f l h hd f l h hReturn period of larger events in the southern Return period of larger events in the southern 
part of the arc: order of 10 000 yearspart of the arc: order of 10 000 years
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Approach for the regional Approach for the regional 
tsunami exposure assessmenttsunami exposure assessment
Defining a set of tsunami sourcesDefining a set of tsunami sourcesDefining a set of tsunami sourcesDefining a set of tsunami sources
Simulate the tsunami propagation (GEBCO 1min grid)Simulate the tsunami propagation (GEBCO 1min grid)
Extracting data at gauges at depths of 50 mExtracting data at gauges at depths of 50 mExtracting data at gauges at depths of 50 mExtracting data at gauges at depths of 50 m

High number of gaugesHigh number of gauges
At each gauge we want to relate the surface elevationAt each gauge we want to relate the surface elevationAt each gauge we want to relate the surface elevation At each gauge we want to relate the surface elevation 
measured at the gauge to onmeasured at the gauge to on--shore runshore run--upup



ConsiderationsConsiderations

Combined effects:Combined effects:
Sea level rise 0.2Sea level rise 0.2--0.5  m (In 2100, IPCC)0.5  m (In 2100, IPCC)
High tide, daily: 0.5High tide, daily: 0.5--0.7 m0.7 mHigh tide, daily: 0.5High tide, daily: 0.5 0.7 m0.7 m

a a waterdepthwaterdepth of 0.7 m is of 0.7 m is added added 

N t t k i t t ( t )N t t k i t t ( t )Not taken into account (rare events):Not taken into account (rare events):
Spring tideSpring tidep gp g
Storm surgesStorm surges
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Life Life ofof a a tsunamitsunami

GenerationGeneration phasephase ((earthqearthq. or slide). or slide)GenerationGeneration phasephase ((earthqearthq. or slide). or slide)
TsunamiTsunami propagationpropagation
RR d l dd l dRunRun--upup onon dry land dry land 
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Tsunami modeling; generationTsunami modeling; generation

EarthquakeEarthquake
prescribed initial condition using analytical prescribed initial condition using analytical 
formula of Okada (1992)formula of Okada (1992)( )( )

SlideSlide
runoutrunout length velocity progression slidelength velocity progression sliderunoutrunout length, velocity progression, slide length, velocity progression, slide 
dimensionsdimensions
compute sink/source distribution (time compute sink/source distribution (time 
dependent bottom deformations)dependent bottom deformations)
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Tsunami modeling; propagationTsunami modeling; propagation
““GloboussGlobouss”” depth averageddepth averaged BoussinesqBoussinesq model developed atmodel developed atGloboussGlobouss   –– depth averaged depth averaged BoussinesqBoussinesq model developed at model developed at 
ICG/ICG/UiOUiO/NGI/NGI

Improved model compared to previous models applied in Improved model compared to previous models applied in p p p ppp p p pp
this projectthis project
Dispersive effects Dispersive effects (may be important for tsunamis (may be important for tsunamis 

l d d )l d d )propagating over long distances in deep water)propagating over long distances in deep water)
NonNon--linear effects linear effects (most important (most important nearshorenearshore))
Ca tesian o geog aphical coo dinatesCa tesian o geog aphical coo dinatesCartesian or geographical coordinatesCartesian or geographical coordinates
CoriolisCoriolis forces and open boundariesforces and open boundaries
No possibility for calculating runNo possibility for calculating run--upupNo possibility for calculating runNo possibility for calculating run--upup

NofluxNoflux condition at shoreline, doubling of the surface condition at shoreline, doubling of the surface 
elevation elevation 
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Tsunami simulation;Tsunami simulation;Tsunami simulation; Tsunami simulation; 
St. Lucia slideSt. Lucia slide



Tsunami simulation;Tsunami simulation;Tsunami simulation; Tsunami simulation; 
Grenada slideGrenada slide



Tsunami simulation;Tsunami simulation;Tsunami simulation; Tsunami simulation; 
Montserrat slideMontserrat slide



Tsunami simulation;Tsunami simulation;Tsunami simulation; Tsunami simulation; 
Lesser eq.Lesser eq.qq



Tsunami simulation;Tsunami simulation;Tsunami simulation; Tsunami simulation; 
Hispaniola eq.Hispaniola eq.p qp q



MethodMethod for for runrun--upup estimationestimation

WeWe wantwant to to evaluateevaluate thethe surfacesurface elevationelevation at at 
severalseveral hundredhundred locationslocationsseveralseveral hundredhundred locationslocations
TooToo timetime--consumingconsuming to do to do refinedrefined studystudy withwith
runrun upup modelsmodels atat eacheach locationlocationrunrun--upup modelsmodels at at eacheach locationlocation
InsteadInstead wewe applyapply amplificationamplification factorsfactors onon thethe
ffff hh dd l til ti tt fi dfi d ththoffoff--shoreshore measuredmeasured elevationelevation to to findfind thethe

apporximateapporximate onon--shoreshore runrun--upup



Amplification factorsAmplification factors
SimulationsSimulations alongalong 1D 1D profilesprofiles::

DifferentDifferent idealizedidealized bathymetricbathymetric
filfil (( fifi ))profilesprofiles ((seesee figurefigure))

Linear hydrostatic wave model Linear hydrostatic wave model 
((runuprunup measured at shoreline)measured at shoreline)((runuprunup measured at shoreline)measured at shoreline)
NN--wavewave (sinus (sinus shapedshaped))

LeadingLeading depressiondepression oror leadingleadingLeadingLeading depressiondepression or or leadingleading
elevationelevation

DifferentDifferent wavewave periodesperiodes
EstablishEstablish a a setset ofof amplificationamplification
factorsfactors for for differentdifferent combinations combinations 
ofof terrainterrain andand wavewave parametersparametersofof terrainterrain and and wavewave parametersparameters



RunRun--up estimationup estimation
At h d t iAt h d t iAt each gauge we determineAt each gauge we determine

The scenario with highest maximum elevationThe scenario with highest maximum elevation
The period of incident wave (set manually)The period of incident wave (set manually)
The shape of the incident wave: LeadingThe shape of the incident wave: LeadingThe shape of the incident wave: Leading The shape of the incident wave: Leading 
elevation or leading depressionelevation or leading depression
Find the amplification factor based on theFind the amplification factor based on theFind the amplification factor based on the Find the amplification factor based on the 
period, shape and the bathymetric profileperiod, shape and the bathymetric profile
RUNRUN UP l ti f tUP l ti f tRUNRUN--UP = max. elevation x amp. factorUP = max. elevation x amp. factor
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Summary regionalSummary regionalSummary regional Summary regional 
tsunami modelingtsunami modelinggg

A method for regional tsunami hazard assessment is A method for regional tsunami hazard assessment is 
presentedpresented
OffOff--shore surface elevation is transformed into onshore surface elevation is transformed into on--shore shore 
runrun--up by applying amplification factorsup by applying amplification factors
Amplification factors Amplification factors 

Based on bathymetric slopeBased on bathymetric slope
Wave characteristics (shape and period)Wave characteristics (shape and period)

Method to be further improved and refinedMethod to be further improved and refined
RR h i hth i ht f ll df ll d t fi dt fi dRunRun--up heights up heights are successfully compared are successfully compared to refined to refined 
numerical runnumerical run--up modelingup modeling
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Regional tsunami exposureRegional tsunami exposureRegional tsunami exposureRegional tsunami exposure
””Risk = hazard x exposureRisk = hazard x exposure x vulnerability”x vulnerability”Risk  hazard x exposure Risk  hazard x exposure x vulnerabilityx vulnerability
Separate evaluations for seismic and nonSeparate evaluations for seismic and non--

i i d t diff t d fi i d t diff t d fseismic sources due to different orders of  seismic sources due to different orders of  
return period magnitudesreturn period magnitudes
TransTrans--oceanic tsunamis not includedoceanic tsunamis not included

Extreme events have even longer return periodExtreme events have even longer return periodExtreme events have even longer return periodExtreme events have even longer return period
Longer warning timeLonger warning time

Adding 0.7 m for mean high tideAdding 0.7 m for mean high tide
(and a little climatic sea level rise)(and a little climatic sea level rise)(and a little climatic sea level rise)(and a little climatic sea level rise)
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Regional exposure to seismic tsunamisRegional exposure to seismic tsunamisRegional exposure to seismic tsunamisRegional exposure to seismic tsunamis

Mean highMean high 
tide included
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Regional exposure to nonRegional exposure to non--seismic tsunamisseismic tsunamisRegional exposure to nonRegional exposure to non seismic tsunamisseismic tsunamis

Mean highMean high 
tide included
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Regional exposure to tsunamis,Regional exposure to tsunamis,
l i il i i P t RiP t Riexample seismic sources example seismic sources –– Puerto RicoPuerto Rico
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Regional Regional exposureexposure to to tsunamistsunamis,,gg
exampleexample nonnon--seismicseismic sourcessources -- St. LuciaSt. Lucia
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Local tsunami runLocal tsunami run--upup modellingmodelling;;Local tsunami runLocal tsunami run up up modellingmodelling; ; 
ComMITComMIT/MOST/MOST

NLSW equationsNLSW equations
Geographical coordinatesGeographical coordinates
Most common model for inundation/runMost common model for inundation/runMost common model for inundation/runMost common model for inundation/run--
up modelingup modeling
Require highRequire high--resolution gridresolution grid

NestingNesting ogog grids three levelsgrids three levelsNesting Nesting ogog grids, three levelsgrids, three levels
RunRun--up calculated on the finest gridup calculated on the finest grid
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Coupling of modelsCoupling of models

Own software established for producing Own software established for producing 
inputfilesinputfiles forfor ComMITComMIT from tsunamifrom tsunamiinputfilesinputfiles for for ComMITComMIT from tsunami from tsunami 
propagation modelspropagation models

f f lf f lPropagation matrices for surface elevations Propagation matrices for surface elevations 
and velocityand velocity
Whole fields stored at each Whole fields stored at each timelevelstimelevels (can be (can be 
coarser both in time and space)coarser both in time and space)
May now couple any tsunami model at NGI May now couple any tsunami model at NGI 
with with ComMITComMIT/MOST/MOSToo / O/ O
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RunRun--up at Bridgetown;up at Bridgetown;RunRun up at Bridgetown; up at Bridgetown; 
the tsunami scenariothe tsunami scenario

Mw 8.0 at Lesser Antilles Mw 8.0 at Lesser Antilles 
(highest run(highest run up at Bridgetownup at Bridgetown(highest run(highest run--up at Bridgetown up at Bridgetown 
of the five scenarios)of the five scenarios)
3 segments L=65 km W=553 segments L=65 km W=553 segments, L=65 km, W=55 3 segments, L=65 km, W=55 
km, km, 
Slip = 6 m for Slip = 6 m for centralcentral, 0, 0--6 m for 6 m for pp ,,
end segmentsend segments
AnalyticalAnalytical OkadaOkada modelmodel (1992) (1992) 
appliedapplied to to convertconvert slip slip motionsmotions
to to seabedseabed displacementsdisplacements
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Tsunami simulation;Tsunami simulation;Tsunami simulation; Tsunami simulation; 
Lesser earthquake Lesser earthquake qq

•• Computational domain for the tsunami propagation phaseComputational domain for the tsunami propagation phase
•• Amplification of wavesAmplification of waves nearshorenearshoreAmplification of waves Amplification of waves nearshorenearshore
•• Minor effect of Minor effect of disperiondisperion



Input to Input to ComMITComMIT/MOST/MOST

Values for surface elevation Values for surface elevation 
and velocities extracted and velocities extracted 
from the tsunami from the tsunami 
propagation modelpropagation model
Stored inStored in netcdfnetcdf formatformatStored in Stored in netcdfnetcdf--formatformat
HighHigh--resolution grid of resolution grid of gg gg
BridgetownBridgetown
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Maximum surface elevationMaximum surface elevation

RunRun--up 2up 2--3 m3 m
hhHeighestHeighest runrun--up up 

about 3 mabout 3 m
Large local variationsLarge local variations
At the shorelineAt the shorelineAt the shoreline, At the shoreline, 
maximum elevation maximum elevation 
1 5 to 2 5 m1 5 to 2 5 m1.5 to 2.5 m1.5 to 2.5 m
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Maximum Maximum flowdepthflowdepth

Height of water Height of water 
above groundabove ground
22--2 5 m2 5 m22 2.5 m 2.5 m 
maximum maximum 
flowdepthflowdepth ononflowdepthflowdepth on on 
shorelineshoreline
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Summary;Summary;Summary; Summary; 
local runlocal run--up calculationsup calculationspp

The tsunami runThe tsunami run--up from the Lesser up from the Lesser 
earthquake scenario is evaluatedearthquake scenario is evaluated
Max runMax run--up was calculated to approx 3 mup was calculated to approx 3 mMax runMax run up was calculated to approx. 3 m up was calculated to approx. 3 m 
(high tide and sea(high tide and sea--level rise; totally 0.7m level rise; totally 0.7m 
above “Mean Lower Low Water”above “Mean Lower Low Water” MLLW)MLLW)above Mean Lower Low Water  above Mean Lower Low Water  -- MLLW)MLLW)
Large local variationsLarge local variationsgg
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Local tsunami risk demonstration
project for Bridgetown, Barbados



Tsunami hazard and risk mapsTsunami hazard and risk maps
For warning:For warning:gg

Inundation heightInundation height
Highly populated / vulnerable areasHighly populated / vulnerable areas
Critical facilitiesCritical facilitiesCritical facilitiesCritical facilities
Areas to be evacuatedAreas to be evacuated
Escape routesEscape routes
Elevated / safe areasElevated / safe areasElevated / safe areasElevated / safe areas
Personnel to be warnedPersonnel to be warned

For coping capacity (short term / long term)For coping capacity (short term / long term)
d h hd h hInundation heightInundation height

Critical facilitiesCritical facilities
For area planning:For area planning:p gp g

Inundation height or momentum flux (loads Inundation height or momentum flux (loads –– for design)for design)
Previous eventsPrevious events
Highly populated / vulnerable areasHighly populated / vulnerable areasHighly populated / vulnerable areasHighly populated / vulnerable areas

For risk comparison and preferencesFor risk comparison and preferences
DetailedDetailed
QuantitativeQuantitativeQuantitativeQuantitative
Preferably also economic lossesPreferably also economic losses



Bridgetown tsunami risk Bridgetown tsunami risk assessmentassessment

Risk = Hazard * ConsequenceRisk = Hazard * Consequenceqq

Hazard = maximum tsunami flow height Hazard = maximum tsunami flow height 

related to a certain probability of occurrencerelated to a certain probability of occurrence

Consequence described by vulnerability and Consequence described by vulnerability and 

by density of population (exposure)by density of population (exposure)

V lne abilit 4 facto s desc ibing the b ildingsV lne abilit 4 facto s desc ibing the b ildingsVulnerability = 4 factors describing the buildings:Vulnerability = 4 factors describing the buildings:

Height Height –– material material –– barrier barrier -- useusegg



Input data to produceInput data to produceInput data to produce Input data to produce 
consequence mapconsequence mapq pq p

Dataset Datatype Description Origin

Buildings Polygon Outline of all buildings Official

BuildPoint Point Building centerpoins, derived from ”Buildings” Derived

EnumDist Polygon Statistics for each enumeration district Official

Study_Area Polygon Outline of the defined study area, below 10 meter a.s.l. Digitized

BuildVul Point Vulnerability information of 1211 buildings within study area Field work

Score Table Mapping table, giving the vulnerability score (1-4) for each of the four Nadia
building factors: height, barrier, material, use



HeightCode HeightVulnerabilityScore Description

1 4 O l fl1 4 Only one floor

2 2 2 floors

3 1 3 or more floors BarrierCode BarrierVulnerabilityScore Description

1 4 No barrier

Mapping tables with Mapping tables with 
vulnerability scoresvulnerability scores

2 3 Low/narrow earth embankment

3 2 Low concrete wall

4 1 High concrete wall

5 2 Low stone wallyy 5 2 Low stone wall

6 1 High stone wall
MaterialCode MaterialVulnerabilityScore Description

1 2 Stone

2 4 W d i b2 4 Wood or timber

3 3 Wood + concrete

4 1 Concrete

5 2 Metal

6 3 stone and wood

7 2 concrete/metal

8 3 concrete/stone/glass

UseCode UseVulnerabilityScore Description

1 1 Residential/community service

2 3 Business/Commercial

3 4 Tourism

4 10 Government Services (Health, Education, Fisheries, transport

5 10 Emergency Services (Police, Fire,Coast Guard, EMS, medical

6 5 Community facilities (e.g. churches, community centers, recre

ili i ( l i i l i i f l7 10 Utilities (water, electricity, sewage, telecommunications,fuel, 

8 2 Heritage Sites

9 5 Banking and finance

10 0 Abandoned



MappingMapping
UtilMatCode UtilMatVulnerabilityScore Description

2 3 Wood or timber

5 2 M t lMapping Mapping 
””subtablessubtables” ” 

5 2 Metal

7 2 Concrete and Metal

4 1 Concrete

for for 
b ilding seb ilding se

Mapping table for building material for utilities

UtilLocCode UtilLocVulnerabilityScore Description

1 3 Above groundbuilding use building use 
’utilities’’utilities’

1 3 Above ground

2 2 Both above ground and below

3 1 Underground

Mapping table for building location for utilitiesutilitiesutilities Mapping table for building location for utilities

UtilBarCode UtilBarVulnerabilityScore Description

1 4 No barrier

2 3 Low/narrow earth embankment

3 2 Low concrete wall

4 1 High concrete wall

5 2 Low stone wall

6 1 High stone wall

Mapping table for building barrier for utilities



Problems encounteredProblems encounteredProblems encounteredProblems encountered

Buildings neither randomly selected norBuildings neither randomly selected norBuildings neither randomly selected nor Buildings neither randomly selected nor 

randomly distributedrandomly distributedrandomly distributedrandomly distributed

distribution of buildings not ”statistically correct”distribution of buildings not ”statistically correct”distribution of buildings not statistically correctdistribution of buildings not statistically correct

Need to “extrapolate” informationNeed to “extrapolate” informationNeed to extrapolate  informationNeed to extrapolate  information

No link between surveyed buildings (GPSNo link between surveyed buildings (GPSNo link between surveyed buildings (GPS No link between surveyed buildings (GPS 

positioned) and ”officialpositioned) and ”official building outlinesbuilding outlines””positioned) and official positioned) and official building outlinesbuilding outlines



Generation of population density mapGeneration of population density map

- Only buildings with 
15 m2 < A < 1000 m2

-This can be adjusted 
for use in other cities

- Buildings converted g
to points



Generation of population density mapGeneration of population density map

Number ofNumber of 
’population per 
enumeration district’e u e at o d st ct



Generation of population density mapGeneration of population density map

’Building outlines’Building outlines  
converted to 
’building points’

Average population 
b ildi i tper building point

Population densityPopulation density 
map in vector 
format (points)



Final product: population density mapFinal product: population density map

’B ildi i t ’ t d-’Building points’ converted 
into raster information, e.g. 25 
m resolution (can be altered)m resolution (can be altered)
-’Average population per 25 
sqm’
-NB: Everyone is at home, 
refinements later



Population density map (zoom-in)Population density map (zoom in)

Same as before, but ,
zoomed in around the 
cemetery (?). 



Generation of coping capacity mapGeneration of coping capacity map

-1211 buildings surveyed by Nadia Gour, among others: ’use’
-10 ’ use categories’
- and recreational areas (beaches, parks) are category 11



Side-product: critical facility map 
(for 1211 surveyed buildings)(for 1211 surveyed buildings)

-’Building use can be more refined, e.g. 
hospitals/universities (Gov)hospitals/universities (Gov)
- Here: not combined with information 
from cadastral data (to avoid that 1211 (
buildings appear twice)
- combine with tsunami flow depth



“Final side product”: coping capacity mapFinal side product : coping capacity map



“Final side product”: coping capacity map (zoom-in)Final side product : coping capacity map (zoom in)



“Final side product”: coping capacity mapFinal side product : coping capacity map

Result for scenario “HighResult for scenario “High--water plus Tsunami wave”:water plus Tsunami wave”:
Banking & finance sector would be considerably affectedBanking & finance sector would be considerably affectedBanking & finance sector would be considerably affected Banking & finance sector would be considerably affected 
(8 out of 8 surveyed banking & finance buildings would be affected)(8 out of 8 surveyed banking & finance buildings would be affected)
Emergency services would be considerably affected Emergency services would be considerably affected 
(4 out of 7 surveyed emergency services would be affected)(4 out of 7 surveyed emergency services would be affected)(4 out of 7 surveyed emergency services would be affected)(4 out of 7 surveyed emergency services would be affected)
This does, however, not include hospital and clinics, as they are treated This does, however, not include hospital and clinics, as they are treated 
as an own subclass in this exampleas an own subclass in this example
Commercial sector in city centre (around river mouth) would beCommercial sector in city centre (around river mouth) would beCommercial sector in city centre (around river mouth) would be Commercial sector in city centre (around river mouth) would be 
considerably affectedconsiderably affected
Coastal road would be unserviceable within almost entire study areaCoastal road would be unserviceable within almost entire study area
Tourism would be considerably affected, because harbour, beaches, Tourism would be considerably affected, because harbour, beaches, 
and many heritage sites would be affectedand many heritage sites would be affected



Coping capacity map: possible refinementsCoping capacity map: possible refinements



Generation of vulnerability mapGeneration of vulnerability map



Generation of vulnerability mapGeneration of vulnerability map



Generation of vulnerability mapGeneration of vulnerability map

- How to transfer the vulnerabilities of 
the 1211 buildings to a greater area?g g
-Divide the city into areas of largest 
possible homogeneity.
- Local expert knowledge needed
- Mean vulnerability score of the 
surveyed buildings in each region issurveyed buildings in each region is 
assigned to each building point in the 
same regiong
- Can be changed, e.g. can mean value 
be replaced by mode value



Generation of vulnerability mapGeneration of vulnerability map

Average height vulnerability 
per region assigned to each 
building point within region 
(vector map)



Generation of vulnerability mapGeneration of vulnerability map

R i h ‘A- Raster map with ‘Average 
vulnerability per region 
assigned to each buildingassigned to each building 
point within region’, 
raster resolution: 25 m
- Repeat for all factors, obtain
total normalized vulnerability 



Last workstepsLast worksteps

Combination of mortality with vulnerabilityCombination of mortality with vulnerability
Inclusion of day/night exposureInclusion of day/night exposure
Consideration of recreational areasConsideration of recreational areasConsideration of recreational areasConsideration of recreational areas



Other considerations:Other considerations:
Need to normalise vulnerabilities?Need to normalise vulnerabilities?
We may lose higher risk scenarios 

Smaller, but more frequent
Vulnerability also depends on:Vulnerability also depends on:

Education, knowledge, awareness
TEWS
Oth iti tiOther mitigation measures

evacuation plans and routes
safe elevated areas
b ibarriers, …

Age of population
Differences in night and day use of buildings, etc.
….

Other risk than mortality not considered
Economic loss
Ecological
Reputation

Perceived risk
….



Lessons learnedLessons learned
Use ’building ID’ rather than GPS positionUse ’building ID’ rather than GPS position

Avoid all complicated transfer of information from Avoid all complicated transfer of information from 

surveyed buildings to mapped buildingssurveyed buildings to mapped buildings

N hi i ibl !N hi i ibl !Nothing impossible!Nothing impossible!

Local institutions / contacts (Cave Hill CZMU SRU)Local institutions / contacts (Cave Hill CZMU SRU)Local institutions / contacts (Cave Hill, CZMU, SRU)Local institutions / contacts (Cave Hill, CZMU, SRU)

A skilled student (or 10)A skilled student (or 10)A skilled student (or 10)A skilled student (or 10)

External (?) tsunami and GIS expertiseExternal (?) tsunami and GIS expertise
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