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1. Introduction

1.1.Background

Tsunami events in recegkear @004 in Sumatra and 2011 in Japaffectedlarge areas andauseddeath of
thousands opeople while alsodestroying infrastructuri the impactedregions Several studie€Chidambaram
et al. 20109 and (Violette et al. 200p dealt with groundwater salinization ioastalaquifers caused by
inundation due the tsunami wave. Despite a genesdilyrt time of inundtion, the latter still resultén
contamination of groundwer (Violette et al. 2009

Coastal areas provide a source of fresh groundwater for more than one billion people resulting in large
groundwater extraction rates in the densely populated greaguson et al. 20)2Damagecaused by a tsunami

in these areasan have darge influence on groundwater systems, wheretbeess of recovering from such an
event can be very sloyKaren G. Villholth et al. 201)1 The coastal population often relies groundwater
extraction based on a system of shallowlsyghesecan be severely impacted lbsunami wave (Karen G.
Villholth et al. 201).

A study by(G.H.P. Oude Essink et al. 200dcused on numerical modelling of salt water intrusion (SWI) into

the coastal aquifers and its potential effects on the water quality. The process of SWI depends on multiple
parameters which can be hard to estimate aylobal scale due to data unavailability (e.g. for hydraulic
conductivities).

A global coastal dataka (DIVA) assessing vulnerability to sea level rise was developed in preg@atsunder

the DINAS COAST project(Hinkel et al. 2003 Vafeidis et al. 2008 Covering the whol@lobe, it provides

access to various data in areas where detailed information are still not yet available. Due to the rather coarse
resolution of the data used it is not suitable for analysis on local scales but can serve as a tool for depicting the
most vulnerable arsao sea level rise where further detailed analysis should be con@/afelis et al. 2008

First global tsunami hazard and population exposure study was perfornheaVigit et al. (201pfocusing on
development of a method for obtaining reasonable estimates ofmuomaxivater levels inflicted by a tsunami
event. This is achieved by a thorough literature study and scenario simuld@tenterm tsunami hazard at a
specific location is defined as annual probability of exceeding a specifiogprwalue(Lgvholt et al. 201
Vulnerability is not included in the analysis dfiis study due tdts geograpical exteh and scenario based
methodology. On the contrary, our study is focused on determining aerial coastal vulnerability on global scale to
assess tsunami impacts from groundwater point of view, as explained in following section.

1.2. Aim of the study

Tsunami evats can have severe impacts on the groundwater resources in the rather densely populated coastal
areas. Highlighting potentially vulnerable areas to these negative impacts on a global scale could provide a
valuable tool for coastal management, risk assessrand evacuation planning. This studyfésused on
developing a globalatabaseletermining vulnerability to tsunami impacts on the coastal areas. Once these areas
are located a numericahodelling of SWI into coastal aquifers is performed. The resalsild be useful in

coastal management or evacuation planning.

1.3.Vulnerability definition

Thet erm Avulnerabilityo is | argely wused in various r1es
a betterunderstanding of this study. A study Byissel (200y describes the use of this term and suggests a

generally applicable framework that can be used in climate change research. The term \tymeratlg to be

used with reference to a particular situation and should be described using four dim@fiseas200) Using

this method theéerm vulnerability inthis study isdefined assulnerability of fresh groundwater supplies in the

coastal areas of theorld tothe tsunaminundationimpacts.



2. Available global datasets

2.1.SRTM

Digital elevation mode(DEM) data arehe core of thistudy as the topographical paraters such as elevation,
topographic slope and distance to coast are very important for the vulnerability asseSem&RTM Shuttle

Radar Topography Missipndataset was obtained from CGIAESI server lfttp://stm.csi.cgiar.ory This

version includes interpolation of the voids that are present in the original SRTM dataset. The pixel size of the
SRTM is 90m and covers the latitudes betweeiN&ind 54S latitudes (seBigure2-1). (Reuter et al2007)

Disadvantagef this dataset is a vertical error whichGsL 6 m of absolute vertical acc
vertical high accuracfNASA 20095, still, for assessment on a globebk it is a useful tool.
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Figure 2-1 SRTM dataset divided into til@sttp://srtm.csi.cgiar.org).

2.2.Population density

Population density global dataset is providedSmgioeconomic Data and Applications Centre (SEDAGSted

by CIESIN at Columbia University(Center for International Earth Science Information Network
(CIESIN)/Columbia University 2005 Pixel resolution of this dataset is 2.5 -anmute, which corresponds on
approximately to 4.6kmnformation about population estimates in years 2010 and 2015 are also available on the
website, but for this study a dataset of gridded population in the year 2000 was cho&&yufee:2).

Map Layer » Population Density 2000
] Nabonal Boundaries

Population Densty Grid

Figure 2-2 Gridded population density in 20@Center for International Earth Sciencefémmation Networ
(CIESIN)/Columbia University 2005
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2.3.Grossdomestic product (GDP)

Dataset created by the UNEP (Unitecthdns EnvironmentaProgrammg has a grid cell of 30 arc seconds
(app.1km) andit is a compilation of data fromarioussources (e.g. thWorld Bank, national GDP data etc.).
The unit is estimated value of production per cethousand®f constant US dollar (from year 200Q)nk to
the website with the dataset freely available i§able2-1.

2.4.Geology and soil map

Unfortunately no global geological dataset exists yet in a digital form. Only one fvavital.onegeology.coin

offers a global lithologicamap (1:50 000 000), however no data are available for download. These data would
be of very great importance as it could help to estimate hydraulic conductivity values. The database
comprises around 1@00 soil types and is available through servewshin Table2-1.

2.5.Historical tsunami occurrence

Database of historical tsunami events was created by NOAA and includes information aboutughdeights
and (see Chapt&.5) the epicentres of ediquakes causing the tsunami. This data is used as a sort of verification
of the estimated vulnerable areas€ Chaptes).

2.6.Meteorological data

A free accessible meteorological data are available through erdested inTable 2-1, not only precipitation

data are available, but also mean, minimal and maximal temperature (not of use in this study). Three main
datasets are provided, giving estimates for the future and past conditthg;ugent (interpolations of
measurements in period 192000).

2.7.Summary

Table4-1 gives a listof freely accessiblglobal datasetsised in this studyThe last two datasets (witt) are
likely to be implemented in thefuture to better estimate the vulnerability on global sc@leey we r e n 6 t
implemented in this study due to time limitations.

Table2-1 Surmary of available data sourcegossible implementation in future with *

Name Type Pixel size Link
SRTM raster 90 m http://www.cgiar-csi.org/data/srtm-90m-digital-elevation-database-v4-1
Population density raster f n @ c|htip:¥sedac.ciesin.columbia.edu/data/collection/gpw-v3
GDP raster F ~m J|http://preview.grid.unep.ch/index.php?preview=data&events=socec&evcat=1&lang]
Soil map raster f wm ]|http://webarchive.iiasa.ac.at/Research/LUC/External-World-soil-database/HTML/
Precipitation raster F ~m {http://www.worldclim.org/current
Tsunami occurrencg point shp file - http://www.ngdc.noaa.gov/hazard/tsu_db.shtml
Bathymetry* raster f w~m Jhttp://www.gebco.net/
Land use* raster 300 m http://due.esrin.esa.int/globcover/
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3. Methodology

3.1General approach

In a study bySinaga et al. (20)1a case study of GIS mapping of tsunami vulnerability in Bali is carried out.
Five variables were used to determine the vulnerability such as the tppicge&evation, topographic slopend
topographicelation to tsunami direction, coastal proximity and coastal stizifferent weights are assigned to
these variableanda vulnerability index was calculated.

Similar approach is used in thigudy; howe\er two of those variables are not included in the index calculation.
The topographic relation to tsunami is omitted becanfsa global and general focus of this study and not a
regional as in the study I8inaga et al. (20)1Also the coastal shape is neglected so far because of the global
extentand difficulties in its determination for the coasts of the whole world.

3.2Tools

Raster data are processed (resampled, translated into different extensiptisaigh scripts written inyihon
2.7 (Appendix 2) and byusing the GDAL library Ifttp://www.gdal.org). GDAL stands forGeospatial Data
Abstraction Libraryand provides tools for manipulation with raster and vector data.

3.3.Topographical data

Several studies focused on coastal vulnerghilit means of GIS analigsof topographical datased the SRTM
however these studies are on regional s¢&lbandrasekar et al. 200WicAdoo et al. 2007Rao et al. 2008
Inaccuracies of the SRTM database might have an effect on a local to regional sssEmassbut are suitable
for development of a global database with a godligHight the most vulnerable areas around the worldwide
coasts.

3.3.1. Topographical slope

Topographical slopes defined agnaximum rate of change in value from a central cell to its neighlf@adell

2002. In this study thevalue is calculated usingan utility (gdal_dem) from the GDAL library
(http://www.gdal.org/gdaldem.htimlIt enablesto specify the output unitpér cent sloper degrees), in this

study theslope is expressed in degrees. The GDAL function to calculate the slope us¢sthen 6s al gor i t |
which is explained ifrigure3-1.

Figure 3-1 Schematization of the Horn's algorithm, fr@@adell (2002
The samalgorithm is used in the study I8naga et al. (20)1where fope for every grid cell is given as:

T w7 [3-1]
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First term in Eudion 3-1 representangle in eastvest diredbn and the second teranglein north-south
direction(Sinaga et al. 2011

3.3.2. Distance to coast

Another important variable fasunamivulnerability assessment dstance to coast for each pixel oBtiSRTM
dataset. Prcess of calculating the distancedisscribed inFigure 3-2. Neighbouring tiles have to be also taken

into account when calculating a distance to coast for all pixels in a specific SRTM tilese the neighlowing

tiles are not included in thdistance calculation the coastline in adjacent cells might be closer to a pixel form the
central cell than the closest coastline of the central cell. This leads to a wrondsesfeilgure 3-2b andFigure

3-2c). The script with detailed explanations of the whole distance calculation process is located in a directory
specified inAppendix 2

35_01

(13
36_01 - 37_01 i
& ®

37_02

35_02

35_03

Figure 3-2 Calculation of distance to coast for the SRTM tile 36_02 (a), the necessity to include neighbouring tiles it
calculation of the distance is clear when comparing the outcdnmelading the other tiles (b) or not (c).



3.4.Socioeconomic data

Apart from topographical data also seeiconomic infomation is valuable to assess the tsunami vulnerability of
coastal areas. In this study however, these data can be used for modé&@Ntyasf parameter values.

3.4.1. Population density

Information about population density can lead to estimates of groundexrgstion rates in coastal areas which

were highlighted as the most vulnerable zones. As mentioned in CRahteopulation density raster file has a

lower resolution than the SRTM. It is also widtided into tiles bugives valuegor the whole world in only one

file. Therefore, cutting and resampling this raster is necessary in order to assign a population density value for
each pixel of a SRTM tile. A schematization of this process is showigime3-3 and a python script used for it

is located in a directory specified Appendix 2 Other necessary data are or can be processed using the same
method.No interpolation of values is applied during the resampling process.

Figure 3-3 Population density raster cut to extent of the SRTM tile 36_0ZF{gaee 3-2), original file (a) and resampled file (b)

3.4.2. GrossDomestic Product

The GDP dataset with a resolution1dfikm provides global information of income per area ($ pef)ki®ame
procedure as explained in the paragr@phlabove is appliedDividing the values of GDP by values tife
popuation density for each pixel (resampled datasets) leads to a GDP value in $ per capita. Having this
information, the poorest areas around the world can be selected, with gmeediyosen to b&$/capita per day

The poorest places around the world are targetedta@aémost no possibilities to find alternative freshwater
resources (import from inland, bottled water) after a tsunami event. The procedure of zooming into the most
vulnerable areas is defimed in more detail in paragragh6.2

3.5.Vulnerability index

Seweral studieslealing withcoastal vulnerabilityo both sea level risgDiez et al. 2007/Rao et al. 2008andto
naural hazards such as tsuna@isandrasekar et al. (2005zlafsztein et al. (20Q7sed GIS as an assessment
tool.

In the study ofRaoetal. 2008 fi ve physical variables are used to cr
are namely coastal geomorphology, shoreline change, coastal slope, mean spring tide range and significant wave
height. Howeverpur study is focused on tsunami vulnerability and therefore the parameters concerning waves

and tidal information are not essahtndareomitted.



Table3-2 Variable values ranges and IDs for the initial vulnerability index

Initial index Variable ID values and ranges
Variable /1D 1 2 3 4 5 15
Topographical elevation (m above sea leyel)min - 10 10- 20 20- 30 30 - 40 40 - 50 > 50
Topographical slope)X 0-5 5-10 10- 15 15-20 20 -25 > 25
Distance to coast (pixels) 0-10 10- 25 25-45 45- 80 80 - 150 > 150
Distance to coast (m) 0- 900 900 - 2250 | 2250 - 4050] 4050 - 7200| 7200 - 13509 > 13 500

Table 3-1 Final vulnerability indexes calculated as
sum of ID numbers from Table 1.

Vulnerability level|Sum of IDs |Vuln. ID
Very high 3-4 1
High 5-7 2
Medium 8- 10 3
Low 11-13 4
Very low 14-15 5
None > 15 6

Another factor which is hard tdefine on a global scale is coasglomorphology due to its complexion a
global scale In this study the vulnerability index is calculated using only three variables, elevation,
topographical slop and distance to coast. Ranges are created within values of each variable according to

Table3-2 and are asgned a value ranging from 1 to(fsom very high to very low vulnerability) describing the
vulnerability of a speific pixel for each variableWhen the variable value is out of range (e.g. too far from
coast) a valuef 15 is assigned. is helps to discard the areas such as moderately elevated plateaus near coasts
which might be situated close to the see and halesvaopographic slope, but theslevation is higher than
potential rurup of atsunami wave (definitioin a paragraptbelow). These values are then summed for each
pixel and a range of values is again implemented,Tséke 3-1. By using this procedureghe most vulnerable
coastal areas can be highlighted.

Tsunami

Legend
I/ly Topographic profile
@ A,B Run-up height

(Inland limit of tsunami)
B C  Splash-up height of seawater

Datum: Sea level prior to the tsunami
(or mean sea level)

Figure 3-4 Google Earth image of Minarsianriku bay area showing two csasections (a) andchematization of a ruap
in a bay area (band on a cliff (c), fronkin et al. (2012
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Table 3-1 shows only testalues to check the functionality of thhosemmethod Subsequentlyanges of values
are varied according to literaturadhprevious studies(Diez et al. 200), (Rao et al. 2008 (Sinaga et al. 201

Two main designs of the vulnerability index equation geeerallyapplied, sum of weighted variable values
((Rao et al. 2008and(Sinaga et al. 2031 or square root of the product of all variable values divided by the
count of all variable typefiez et al. 200y Rao et al. (2008suggests that the sum of rank numbers is more
responsive to environmental diversity, which is important for our study. Therefore the apprdaab ef al.
(2008 is used in this study (sum and multiplication of variables).

To furtherunderstand which areas might be more vulnerable to tsunami impacts and howtfameamwave

reach inland, information from recent tsunami events is useful. Previously rmemte d t-lep dn ifig uchef i ned
the inland reach in terms of elevation above sea gelet al. 2012. Figure 3-4 gives an example of rump

and inundation extent of the Minass@nriku bay area from the study bin et al. (2012

Study ofLin et al. (2012 also suggests that the coastline shape has a large influence-op hemghts and
inundation extent and makes a difference betveesaw tooth shaped coastline (known as Ria coast) with higher
runtrup heights and a relatively linear flatter coast with loweruprheightsLin et al. (2012 also states that the
final run-up height isinfluenced by bathymetry anaimountof co-sesmic slip on the source faulthdgse two
parameters aneot included in this study.

Other studiesNicAdoo et al. (200y, Mori et al. (201}, Shimozono et al. (20)Pfocused on measurement and
simulation of rupup values and inundation extent for recent tsunami events (Indonesia 2004 and Japan 2011).
These studies suggest that the-mmin the flat coastal areas vary beem 10i 15m but can reach more than

30m in the V shaped bays (in the Ria coasts). However these are only approximate values agptheigins

vary from bay to bayShimozono et al. The study byMcAdoo et al. (200Y states that inundation limit on
coastal flood plains can reach up to 5km and comdutiat tsunami waves rarely transcend areas with slopes
greater than-3°. Mori et al. (201} confirms the maximal inundation limit of 5km inland during the tsunami in
Japan 2011. This value however depends on the distance from the earthquake epicentre.

Adjusted ranges of variable values according to the information gathered from the studiesedesitove are
listed inTable3-3. Also a new equatio(B-2) for the coastal vulnerability index is proposed putting more weight
on the topogragh elevation is proposed below, as in studySihaga et al. 2011

Table3-3 Ranges of the updatendex values and assigned IDs

Final index Variable ID values and ranges
Variable /1D 1 2 3 4 5 30
Topographical elevation (m above sea leyel) min - 8 8- 16 16- 24 24 - 32 32-40 > 40
Topographical slope€) 0-1 1-2 2-3 3-4 4-5 >5
Distance to coast (pixels) 0-7 7-15 15- 25 25-40 40 - 55 > 55
Distance to coast (m) 0-540 540 - 1350 | 1350 - 2250] 2250 - 3600] 3600 - 4950| > 4950
06 a¢ QI DOONDSOO 00 00 [3-2]

By giving more weight to topographic elevation adnle in calculation of the updatedinerability index, range
of index values is larger than for titial index (seeTabe 3-1). A higher value (30) was assigned to variable
values that define areas with no vulnerability at all (see last colurhalile3-3 and last line in  Table3-4).
Ranges inTable3-4 were divided into five equal parts, as in the studiefz et al. (200).

Table3-4 Vulnerability levels and inde
values ranges for the updated index

Vulnerability level|Sum of IDs |Vuln. ID
Very high 6-9 1
High 10- 14 2
Medium 15-19 3
Low 20-24 4
Very low 25-29 5
None > 30 6
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3.6.Selection of the met vulnerable areas worldwide

3.6.1. Global tsunami hazard

A study by {Finn} assesses a tsunami hazards on a global scale in terms of tsunami event probability and
estimates of maximum water level during tsunami inundationKsgee 3-5). OverlayingFigure 3-5 on top of
Figure2-1 and choosing only areas with estimated water during tsunami inundation level higher tlath@m

first step in narrowing down the most vulnerable areasupnamis around the worl@his consists in selecting

the appropriate tile numbers.

Figure 3-5 Global tsunami hazard map, with estimates of maximum water level during tsunami inufBeiign

3.6.2. Raster masking (overlay)

The procedure described RaragraphError! Reference source not found.1 above is a coarse selection of
worldwide areas where the risk of teumis ancpotential damage is high total 14Qtiles were chosen. The next
step is to choose the most vulnerable areas in terms of the vulnerability index (see &Bpptet the poverty
rate (see Chapt&t.4). Areas with vulnerability index of 1 (very high vulnerability) and below the poverty line
were selected as the most vulnerable overall to tsunami impacts.

A schematization of raster masking is showirigure3-6 and consists in overlaying a number of raster files on

top of each other in order to narrow down the areas of interest. The areas in this study are selected according to
their vulnerability index value (=1) and GDP (< 1 $/capita per.day)combining theséwo norms a mask is

created (for each tile separately) and is then used to extract parameter value statistics such as soil types,
population density and precipitation (see Paraggagh

Raster masking can be applied tarsh for different types of areas simply by changing the criteria values or by
adding more datasets (increasing the criteria number).
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Vuln. Index =1 -

GDP ($/capita) < 1$/day

Parameter raster file

Figure 3-6 Schematization of raster masking, a method used to select the most vulnerable ar:

12































































