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Abstract
Hydrological infrastructure such as pumps, floodgatesl(oce gates), dams, embankments, and flood barriers
are invaluable assetssedfor controlling water in flooepbrone areas suctoastal cities These infrastructure
components are often vulnerabtedamage or failure due to the impact of floodwaters, thus leaving people and
urban property exposed to flood hazards. To minimise the failure of hydrological infrastructure during intense
flooding events, it is important to identify the most vulnerablmmonents and to invest scarce resources in
reducing their vulnerability. Using the concepts of exposure, susceptibility and resilience, this study proposes a
graphbased network approach for measuring the vulnerability of hydrological infrastructuredadéionage in
coastal cities. In thigraphbasedapproach, hydrological infrastructure are represented as network nodes and the
waterways as edges. The proposed vulnerability assessment approach is applied to measure and rank the
vulnerability of floodgate in one of the most exemplary coastal citidakarta, Indonesia. The results show that
the proposed solution is both useful in highlighting the most vulnerable infrastructure components and also
providing clues as to what actions can be taken to méeimifrastructure vulnerabilitiYlore so, the solution was
found to be useful in identifying potential locations withie city of Jakartayhere additional infrastructure are
required to impree resilience to flooding. Thisype of information about infastructure vulnerability and
resilience actionis vital to decisioamaking authorities responsible for planning, flood preparedness and priority

based allocation of resources for the maintenance of #onttolinfrastructure in coastal cities.
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1. Introduction
Flooding in coastal areas is a frequently occurring problem that must be propedgeadto minimise damage
to urban property and loss of human liyas-Sabharet al., 2003) Floods account for approximately %0of all

natural disasterand affec0-300 million people every yedbewan 2013). It is predicted that the annual global



flood losses will hit $1 trillion in 2050 if drastic actions are not takew (Hallegatte et al., 2013). Coastal cities,
particularly those situated in the developing nations of Asia are expected to suffer a higher proportion of these
flood losses because of the rapid processes of population growth, urbanisation, and ldedcibizat increase

their exposure to flood damagéBewan,2013 Dewan and Yamaguchi, 20p8Coastal cities in developing
nations are therefore faced with a greater need to mitigate potential damage caused by fluvial and coastal

inundations.

A common food control strategy involves structural measures or the use of hydrological infrastassetsuch

as pumping stations and floodgatekifiget al., 2009; Ogie et al., 201)7aGenerally, pumping stations are used

to remove accumulating floodwaters from lying areas where gravitied drainage is not possible (Hardoy and
Pandiella, 2009; Tingsanchali, 2012). Floodgates are used to control the flow of water by either thesping
closed or openedjepending on potential flood threats (Sjr8813). Under normal drainage conditions, the
floodgates operate by remaining open. However, as rainfall intensifies and storm surge builds, the floodgates are
closed to prevent rising wate from flowing through and flooding dry lands and populated areas located

downstream (Sim<2013).

One major issue with floodgates is that they require regular maimte during the monsoon seaswithout

which they may fail to operate properly wheeeded to defend the coastal community against severe flooding
events. The need for regular maintenance stems from the fact that floodgates are vulnerable to damages caused
by large impact forces from floodwaters (Ke, 2014). The likelihood of damage isutety higher in cases

where aging and inadequate maintenance have resulted in infrastructure fragility (Turpin et al., 2013). For
instance, aged and poorly maintained floodgates may experience damage to wheels, lower bumpers, and other
hydraulic componets as a result of high velocity flows and debris impact (Grega et al., 2010). Gates may get
stuck or fail to close fully when debris are wedged between the wheels or deposited under the gates (Grega et al.,
2010). Regular maintenance is therefore reguiceensure the floodgates are operable, pédatiguduring the

monsoon seasqiCaljouw et al., 2005).

However, in coastal cities situated in developing nations, the shortage of funding and available resources limit the
scope and frequency of maintenarof the hydrological infrastructure (Lall and Deichmann, 2012). The failure

of poorly maintained hydrological infrastructure has been reported as a major cause of flooding in coastal cities



situated in developing nations (Hardoy and Pandiella, 2009ahdlDeichmann, 2012). Examples of cities that
often experience flooding as a result of the failure of flood control infrastauicttiude Manilla, Jakarta, Nobai,

Dhaka, TokyoandShanghaito name a fewliewanet al., 2007Ke, 2014; Mulyasari et al2011 Staleberg

and Vrijling, 2009 Uitto, 1998. Critically, in cities which are dependent on flooghtrolinfrastructure, fluvial

and coastal inundation may be caused or exacerbated by the faibme of mordnfrastructure components,
potentially resulting in significant damage to urban property and loss of human lives (Dawsp20&t&llt is
therefore crucial that the limited resources available for maintenance and upgrade of the hydrological
infrastrucure be judiciously allocated in a manner that improves resilience and minimises failure during extreme
flooding events (Sadoff et al., 2013). Ideally, such resource allocations should be effectively targeted at the most
vulnerable components in the hydygical infrastructure network, and thus by spending scarce resources on the
most vulnerable components in the flood control network, infrastructure failure resulting in flooding can be

minimised (Hall et al., 2003).

A guantitative assessment of vulner#pitan aid decision makers in identifying the most vulnerable components
within a system, which should be prioritised for preventative actions (Balica et al., 2012). The concept of
vulnerability assessment has been widely discussed in the literatuieulpdst as it relates to people and
community (e.g.Chakraborty and Armstrongl995 Dewan 2013Ciurean et al., 20135reen, 2004Huang et

al., 2012;Jeneliusand Mattsson, 201&han, 2012Masuya et al., 20)5However, physical infrastructure assets

that are crucial to the safety and dayday operation of modern society are also vulnerable to damage associated
with natural hazardsk@wamuraet al., 2013 Hence, similarassessments that focus on the vulnerability of
different types of infrastructernetworks to natural hazards have received significant attention in the research
community (Johnston et al. 2014; Tonmoy andZEin, 2013 Wei et al., 2015). For example, using the
geographical layout of graph models and polynostilaé algorithms, Neumeer et al. (2011) show how to
highlight the areas in a fibaptic communication infrastructure network that are most vulnerable to natural
disasters in terms of maximum disruption to capacity and connectivity. Ezell (2007) proposed Infrastructure
Vulnerabhlity Assessment Model {V{AM) based on the mathematics of mdttribute value theory and show

how the vulnerability for each component in a clean water supply network can be quantified by using the
protection measures of deterrence, detection, deldyesponse. Other infrastructure systems that have benefited
from vulnerability assessments to natural hazards include road transport (Taylor et al., 2006), aviation (Wilkinson

et al., 2012), and electric power (Holmgren, 2006) networks. However, no sisedaprocesses yet exist for



guantitatively assessing and ranking the vulnerability of hydrological infrastructure components to damages
caused by floodwaters. The lack of a standardised gsogkfinding suitable metricsombined with the data

scarcityin developing countries complicate this t¢Blalica et al., 2012; Brecht et al., 2012)

Motivated by this problem, this study proposes a giagded network approach for measuring and ranking the
vulnerability of hydrological infrastructure componettsdamage caused by the impact of floodwaters. The
graphbased network utilised in this study is a directiagraph(digraph)in topological vector format, showing

how elements of thieydrological infrastructure netwodce connected within the cityGraphtheory is considered
appropriate for this problem because it provides a rigorous mathematical basis for computing vulnerability (Dunn
and Wilkinson, 2012; Dunn et al., 2013), using very little data obtainable at the time and allowing for further
improvement from the initial results as additional data becomes available in the future (Bunn et al., 2000). In
exploring this technique, a general equation for computing the vulnerability of floodgate to floodwater damage is
first established, based on tbencepts of exposure, susceptibility and resilience. Using the derived equation, a
case study implementation is then carried out to assess and rank the floodgates in the city of Jakarta, Indonesia,

according to their vulnerability to damage caused bydfleaters.

I n applying the derived equation to Jakartads case ¢
constructed spatibo opol ogi cal net wor k model of the cityds hydro
application ardHydrological Infrastructure Flood Vulnerability Index (HIFVI) values representing the degree to

which each floodgate in the city of Jakarta is vulnerable to damage caused by the impacts of floodwaters. The
computed HIFVI values are stored in a spatial llade table and accessible for visualisation using geographical
information system software. Such detailed analysis results are useful to decision makers in coastal communities
when planning and prioritising infrastructure maintenance and resource alofoatftood preparedness (Odeh,

2002). The remainder of this paper is organised as follows: In the next section the process followed to derive the
equation for computing HIFVI is presented. Section 3
infrastructure. In section 4, the results are presented and their implications discussed. Finally, section 5 concludes

the paper, presents major limitations, and makes suggestion for future studies.

2. Equation derivation for computing hydrological infrastructure flood vulnerability index



The study of vulnerability to natural hazards is a burgeoreagarch arethat cuts across several fields of study
including health, social science, psychology, policy development, climate science, economics, disaster
management, engineering, €Brooks, 2003)This multidisciplinary nature of vulnerability research has resulted

in fragmentation in theonceptualiation of vulnerability and indeed, the methodological approaches for assessing
it (Brooks, 2003; Dewan,®3). There is, in factpo universally accepted definitidar the term, vulnerability
andattemps to provide a unified framewor&reoften constrained bywumerousconceptual linkage® an array

of terms such as resilience, risk, sensitivitlyyd adaptive capacitymost of which are also conceptualised
differently in the literaturg(Cutter et al., 2008; Dewan, 2013) summary ofdefinitions andthe various
conceptual frameworkand methodological approachedated to vulnerabilittassessment ateo extensive to
becovered irthis articlewithout detracting from the focu8 number of studigswith strong focus oneconciling
definitions and conceptual linkages within vulnerability resednelre already contributed significantly in this
regard and thauthorswould like to refer interestedtades to a few of them(Adger, 1999 Cultter et al., 2009;

Brooks, 2003; Dewan, 2013

Neverthelessan important point to emphasis is that vulnergbi only meaningful when its discussed in
relation to afispecifiedhazard or range of hazatdaffecting afispecified system(Brooks, 2003 p.3. In the
literature, it iscommonto find discussion of winerability assessmeitt relation to a specifieazard affecting
people andcommunity Vulnerability assessment at a commurstiale is a broad exercise aiually, the
definition of key indicatorshouldconsiderelements from the physicahvironment (e.g., proximity to hazards,
elevation, geomorphic features, land use practice, ascyell asthe social dimensions(e.g., demographics,
population, povertymarginalistion,inequality, etd. (Dewan, 2013)In the present studythe focuss narrower
as thespecified hazardor which vulnerability assessment is being discussedeésiamaging impact of flood
wateraffectinga specified systenflood control infrastructure such as floodgates or sluice gategher words
the direct objecassessed for vulnerability to flood damage is not people or community, but physical flood control
assets which by themselvedawe little or no social attributes (e.g., poverty, marginaliation, inequality that
directly define their vulnerabilityn a sensdf is notable thathe outcome athis type of vulnerability assessment
focusing on specificcritical infrastructureassets within the urban environmehfs social and economic
implicationsfor the people and communities they serve. Howestghassessments andtcomesshould nobe
viewed fromtheperspective of assessing thdnerability of people ocommunitiesThis has implication for how

we choose the methodology and indicators used for assessing the vulnerability of physicalidhirasés



compared to people or communitidisis also important to note thétte methodological approach and range of
indicators used for vulnerability assessment depend on data availability (Dewan,|20de3)eloping nations,
where the required data is often not available, theeedsnstraint oomethodological approachesdrange of

indicators that can be used for conducting vulnerability asses¢b@ntan, 2013)

In thepresenstudy, winerabilityis defined ashedegree to which a system is susceptible to and unable to recover
from a hazardous condition (Thakur et, &012). Vulnerability can be derived based on three main factors:
exposure, susceptibility (or sensitivity), and resilience (Baktaal, 2012). This can be represented

mathematically using the general flood vulnerability index (FVI) formula (Eq. 1) (Balica 20aR).

z

"Ow O 1)
Exposure is a precondition for a hazardous situation, in the absence of which an object cannot be said to be
vulnerable (Hufschmidt2011). More spéfically, exposure denotes the degree to which a system is in contact
with or subject to perturbation or hazar{fSallopin, 2006) With regard to flood hazards, hydrological
infrastructure components such as floodgates are exposedaogénpact fores from floodwaterg all river

reaches that flow from upstream to the given floodgates (Ding and Wang, B0ft®) context of this study, the
exposure of a given floodgate is determined by the length of all waterways that flow from upstream locations
towards it, weighted by channel classification. In this classificatiopted from Ogie et al. (206)7 channels

with higher flow rates are given greater weighting as follo®) m3/s and more = 1, less than 550 m3/s and
more than 100 m3/s = 0.5, lessntB00 m3/s = 0.33, and all other smaller watercourses and ditches = 0.25. The
channelclassificationas previously proposedly Ogie et al. (2015) derives from arempirical observation of

water flow in the hydrological networksiven that the number of waterways that flow from upstream locations
towards a given floodgate can range from f,tthe product of the lengtlx, and weightingp , for each of these
waterways i, can be summed to determine the exposhreof the foodgate. Mathematically, this can be

represented as shown in Eq. 2.

0 B &z0 )



Susceptibility is a system characteristic, which determines thee¢gmwhich the system is affected by hazard
(Balica et al.2012).In order words, it is that aspect of the system that influences the probability of being affected
by flood hazards. For instance, during intense flood events, a floodgate with lower capacity is considered more
susceptible to failure or breakdown as comgaie one with a greater capacityence, given tha€, is the

capacity of a given floodgate, susceptibilyyould decrease &3 increases. This relationship can be represented

mathematically as shown in Eq. 3.

VA 3)

Resilience can be defined as the ability to absoshatkand still maintain form or state without significant

disruption or damaggCutter et al., 2008 Resilence is a key element of vulnerability that denotes the persistence

of systemgCutter et al., 2008)All things being equal, a resilient system is considered less vulnerable to disasters

than a nosresilient one(Gallopin, 2006). Resilience hasoperties with various dimensionswhich makes it

unclear what actually leads to resilience or what variables should be utilized to meéSutteitet al., 2008).

The properties of resiliene , someti mes r ef er r e dnclude rolustneds fthe stiengtRérs o f r
ability to withstand a given level of stress or load without suffering degradation or loss of function), redundancy

(the availability of substitutable components that can be activated when a disaster occurs), rewmssg i

capacity to mobilise material and human resources in response to a disaster), and rapidity (the capacity to function

in an agile and timely manner in order to minimise losses and prevent reoccurrence of disaster in the future)
(Chang and Shinoka, 2004). Due to this multidimensional nature of resiliendercad model that includes all

four properties of resilience is yet to be empirically tegtedkter et al., 2008). It is ratheommonto measure

resilience based on one or more of theseprapeé es, subject to the ava@0lbjability

Venkittaraman and Banerjee, 2014).

In this study, resilience is derived as a function of redundancy (Chang and ShijziXdKea The resilience of a

given floodgateFG, in the hydrologial infrastructure network is determined based on redundancy provided by
connected upstream floodgates (Chang and Shinp20k&). Factors considered in measuring the redundancy
provided by each connected upstream floodgate include capaggometricéngth,g (i.e., distance along flow
path(s) to=G), and the upstream network configuration. The connected upstream floodgates with higher value of
c and lower value ofj contribute more to the resilience I66. Figure 1 provides a simple illustration tiol ghe

understanding of how this works. In terms of upstream network configuration, a connected upstream floodgate



would contribute maximally to the resilience 66 if its location in the network allows it to divert floodwater
from all the different channels flowing G (as in the case of the resilience provided=®1 to FG in Figure

1la.). However, with additional number of channe]spnnecting the link betweehe two floodgates (as in Figure
1b.), the contribution of the upstream floodg#&t€,1 to the resilience of G reduces accordingly. Hence, given

thatFG hasm number of connected upstream floodgates, its total resiliéhcan be estimated using Eq. 4.

: 4)

'Y is the material resilience of the referent floodgate based on the physical property of its nBaterial— is

the total resilience contributed by the connected upstream floodgates, vgremeelement in the set of connected

upstream flodgates, which may be made up of Ortanembers. 0 member means that there are no connected

upstream floodgates, in which cd8e —— mandyY Y .

It is important to note that in the absence of any defined measures of computing the material resilience of
hydrological infrastructure)Y can be assumed a constant value of 1 for all floodgates in the network. This
approach ensures that in the conditibat n is 1 and redundancy is 0, R will still have a-pero value of 1. By
substituting Eq. 2, 3, and 4 into Eq. 1, a general equation (Eg. 5) is obtained for estimating AMFVB.in

the context of hydrological infrastructure for floodntrol specifically floodgate.

000n e . : (5)

z

Eq. 5is considered ideal for computing HIFVI under rarfiow conditions, assuming that one or more connected
upstream floodgates may be closed during the ftmmdrolprocess, thereby easing the impact of floodwaters on
the downstream floodgate. However, there is possibility of a waase scenario i.ecase in which all upstream

floodgates are opened so that water flows unobstructed to the downstream floodgate, creating maximum impact.

This condition gives rise t®©"0"0Ow ‘O as shown in Eq. 6. In mathematical terms, this imf@lies —  mas

there is no resilience based on redundancy provided by connected upstream floodgates.

B

00000 ——— (6)



While Eq. 5 may apply specifically to floodgates or sluice gates, Eq. 6 can be applied in computing flood

vulnerability index for a wider range of hydrological infrastructure, including floodgates, sluice gates, dams, flood

walls, embankments, dykes, arnther flood barriers.

3.
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Figure 1. lllustration of how upstream network configuration affects resilience
A case study application to compute the

vul

ner abi

The city of Jakarta, Indonesia was chosen forghigdy because it is one of the most representative coastal cities

of developing nations that depend heavily on structural measures or hydrological infrastructure such as floodgates

to mitigate flood risks (Li2003). As a lowlying delta city served by tteen naturally occurring rivers and

hundreds of mamade drainage canals (World Bagk10), Jakarta relies on a network of floodgates to control

water flowing from surrounding hills and mountains, through the city to the Java Sea (Harton®04t0alThe

consistent use of these ageing and poorly maintained hydrological infrastructure components during the annual

monsoonal flooding that occur between November and March exposes them to the damaging impacts of

floodwaters, with frequent breakdown or faduas a consequence (Turpin et 2D13). The failure of the

hydrological infrastructure often result in severe flooding events that have devastating impact on the people,
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property, economy, and environmewith an estimated annual cost of more than U$D million (World Bank,

2010).

The Word Bank (2010) recommends that as a matter of utmost urgency, a good adaptation action for the city of
Jakarta should quantitatively highlight areas of high vulnerability and focus limited resources on the mantenanc
and upgrade of existing hydrological infrastructure.
infrastructure to flood damage is quantitatively assessed using a-tugapti network approach. The study
involves the use of ground survey, GB&ations and aerial imagery analysis to capture and record the names and
locations of the different floodgates and waterways in Jakarta. The resulting waterways vector data is of line

geometry type while the floodgates vector data made up of 30 recafdsomt geometry type.

To reduce locational errors in the survey data, e.g. from aerial imagery tracing, a seriegro€gssing steps

were undertaken prior to analysis. The floodgates dataset contained a number of topological errors where points
did not intersect line geometries in the mapped waterways data. This error was fixed by programmatically
shapping point features to the nearest waterway and further validating the output using actual ground knowledge
of the locations of flood control infrasicture in the waterways network. Similarly, the waterways dataset was
considered to be topologically incorrect because of the presence of undershoots and overshoots arising from
digitisation errors, potentially contributing to erroneous network anatgsislts such as in shortest distance
computation (Ogie et al20173. These errors were fixed using the topology toolset and GRASS plugin within

the QGIS software. Furthermore, edges in the waterways data were programmatically split into separate line
features where they seilitersected or intersected floodgate infrastructure. This is to create junctions that make

the datasets suitable for network construction.

The construction of the gragiased spatib o pol ogi c al net wor k maidf@astrucmre Jakar
was carried out using the PostGIS spatial database schema and coupled Python interface to the NetworkX graph
analysis package developed by Newcastle University (Barr et al., 2012). A-tgpatiogical representation

enables the model tonsider the spatial structure of the network as weitsatopology (Ogie et al., 201Ya

Topology was encoded within the data using a system of unique node and edge primary keys. Owing to the
absence of high resolution and accurate elevation dataKarta, flow direction was inferred by edge orientation

assuming the general condition of water flowing from the mountains of Bogor to the south of Jakarta, and through
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the city to the Java Sea in the north. Subsequent corrective adjustments to floadwece then made based

on actual field observations of water flow in the city of Jakarta. The resulting constructed network is a
mul tidigraph comprising 628 edges representing Jakar
length of 1092km. The network also comprised 520 nodes, with 30 of them representing actual floodgate
infrastructure, and the remainder being network junctions such as river confluiBimeeationale for modelling

the network as a multidigraph is based on the factitiiadrta has waterways that flow from the same sqaoice

and join again at the same end point. A multidigraph is a directed graph which is permitted to have multiple edges
that share the same source and targeti(@Biswas et al., 2013). Fige 2. is ahypothetical multidigraph, where

Edge 1 and Edge 2 depict two waterways originating from the same source (Node A) and flowing to the same

point (Node B).

Edge 1

Figure2. A hypotheticaimultidigraph

On successfully constructing the network, Eq. 5 and6Bgere applied to compute the HIFVI and HIkm

values for all 30 floodgates in the city of Jakarta. This activity was implemented using the mathematical
functionalities provided by the NetworkX Python library. The computed data was organised in tabular form using
the Pandas Python library and therratbin a PostGIS database so that it can be visualised cartographically using

a geographical information system software such as QGIS. The results are presented and discussed in the

following section.

4. Results and discussions
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The results of the HIFVI ahHIFVImaxy computed in the case study application are index values representing the

degree to which each floodgate in the city of Jakarta is vulnerable to failure or damage caused by the impact of
floodwaters. To facilitate comparative assessment oésifucture vulnerability to flood hazards, the values

obtained for HIFVI and HIF\fhax Were normalised to givdimensionlessumbers from O to &s shown in Table

1 (Balica et al., 2012). In the normalised values, 1 indicates the highest vulnerabil@wépresents ¢hlowest

vulnerability.lt is also important to note that computed indicators for susceptibility, exposure and resliewoe

in Table 1 arghe raw figures prior to scaling to dimensionless numbers freb® hs requiredor calculating

HIFVI and HIFVImax. Figure 3is a cartographic visualisation of the results, with the spatial locations of the most

vul nerable infrastructure in the network highlighted
Sunter CO0O ranked as t Hd omoesdt bvyu [finPeirnatbul eAifrl oCa d g amuen,g fLce

Baruo in that order. Such vulnerabil it ybasedaildcationg i nf or

of limited resources for flood preparedness and routine maintenance of the higdtotdgastructure.

Table 1: Computed vulnerability metrics for Jakartads
Floodgate ID | Susceptibility Length of Total Resilience HIFVI HIFVI(max)
#) waterways exposure based on (dimensionless) | (dimensionless)

flowing to (km) redundancy

floodgate provided by

(km) upstream

floodgate
(gates’km)

Pintu Air Sunter C 27 | 1.000 190.490 144.301 0.014 1.0000 1.0000
Pintu Air Ciliwung Lama 5 1.000 133.645 115.680 0.053 0.7715 0.8016
Pintu Air Kebon Baru 17 | 1.000 122.592 108.226 0.000 0.7602 0.7499
Pintu Air Muara Angke 20 | 0.500 429.371 215.771 0.428 0.5309 0.7475
Pintu Air Istiglal 10 | 0.333 160.466 133.039 0.127 0.2763 0.3070
Pintu Air Hailai 8 0.500 169.774 139.295 0.775 0.2757 0.4824
Pintu Air Poglar 23 | 0.333 259.248 116.041 0.000 0.2717 0.2678
Pintu Air Tangki 29 | 0.500 164.020 136.593 0.937 0.2477 0.4731
Pintu Air Pasar lkan 21 | 0.250 307.387 206.455 0.499 0.2418 0.3574
Pintu Air Jembatan Merah | 11 | 0.250 163.090 135.663 0.100 0.2166 0.2347
Pintu Air Karet 2 16 | 0.500 150.296 85.201 0.393 0.2147 0.2949
Pintu Air Cengkareng Drairn 4 0.250 221.565 104.843 0.000 0.1841 0.1813
Pintu Air Honda 9 0.167 191.084 143.963 0.013 0.1663 0.1659
Pintu Air Cakung Drainase| 3 0.333 164.232 64.095 0.000 0.1500 0.1477
Pintu Air Ancol 2 0.200 176.824 141.414 0.515 0.1311 0.1957
Pintu Air Pekapuran 22 | 0.200 170.121 139.700 0.638 0.1198 0.1933
Pintu Air Citra Land 6 0.333 153.771 88.229 0.748 0.1181 0.2035
Pintu Air Pulogadung 24 | 0.167 143.497 52.640 0.000 0.0616 0.0604
Pintu Air KampungGusti 14 | 0.500 259.729 116.281 6.247 0.0563 0.4027
Pintu Air 8 1 0.125 151.231 55.749 0.255 0.0390 0.0479
Pintu Air Sogo 26 | 0.500 36.238 15.640 0.534 0.0358 0.0538
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Pintu Air Warung Pedok 30 | 0.500 12.814 6.407 0.000 0.0225 0.0218
Pintu Air Manggarai 18 | 0.333 21.792 9.700 0.189 0.0191 0.0220
Pintu Air Setia Budi 25 | 0.333 19.697 8.517 0.149 0.0173 0.0193
Pintu Air Minangkabau 19 | 0.500 15.936 7.962 0.641 0.0170 0.0272
Pintu Air Kalimati 13 | 0.500 3.035 1.012 0.000 0.0035 0.0031
Pintu Air Duri 7 0.333 3.092 1.174 0.000 0.0027 0.0023
Pintu Air Karet 15 | 0.250 150.328 85.226 62.261 0.0023 0.1473
Pintu Air Sunter Utara 28 | 0.250 0.917 0.229 0.000 0.0004 0.0000
Pintu Air Kali Cideng 12 | 0.333 150.329 85.227 5524.270 0.0000 0.1966




JAVA SEA

™ .

Floodgate

4 0.0000-0.2000
<> 0.2000-0.4000
> 0.4000 - 0.6000
< 0.6000-0.8000
4 0.8000-1.0000

mmmm Very large waterway
=== | 3rge waterway

Flow direction

025 5 75 10km \ el
e DKI Jakarta
Figure3 Jakartads hydrol ogical i nfr ast rusing theirriewitmtleet wo r k ,

most vulnerable floodgates (based on computed HIFVI) highlighted in red oryall@d-blue colour scale.



15

I n addition, Table 1 shows that the vulnerability of
APintu Air Sunter Co, APintu Air Ciliwung Lamad and 7
high exposure to floodwaters, coméd with high susceptibility. The high susceptibility of these three floodgates

is due to the fact that each of them only have one gate unit compared to very low vulnerability ranking floodgates

|l i ke APintu Air Sunter Ut&radbu APrniB8o mwhicRuhagadung
respectivel y. To minimise the vulnerability of t hese
Ciliwung Lamad and APintu Air Kebon Barud) ,theti mi t ed
capacities by installing additional gate units where possible. These results demonstrate the usefulness of the
proposed vulnerability assessment approach in providing clues as to what actions can be taken to minimise
infrastructure vulnerability. Usoubtedly, this outcome will be beneficial to coastal cities and external funding

bodies who often require transparent and scientifically justified decisions on where limited resources allocated for

flood control should be invested (Odeh, 2002).

Furthe mor e, the results show that APintu Air Kebon Bar
hence its resilience based on redundancy provided by connected upstream floodgates is O (see Table 1). To further
mini mise the vul nemami IBiatryw oqf ifdARi mtessi Aiiren€Ke can be i
floodgates in upstream locations. Given the issue of aging and infrastructure fragility (Turpin et al., 2013), this
approach of identifying potential locations and installing additiinatigates to control flooding ensures that no
singular infrastructure component (e. g. APintu Air K
By applying this approach to other floodgates in the system, potential locations for new instaiatiobe

identified networkwide. This demonstrates the usefulness of the proposed solution in highlighting possible

locations where additional infrastructure may be required.

Moreover, when the computed values for HIFVI and Hlf\M] are canpared (sedable 1 and Figure)4the
results show a strong correlation. This implies thagn in worsecase scenario when all upstream floodgates are
opened so that water flows unobstructed to create maximum impact on downstream floodgates, the vulnerability

of mgority of the floodgates in Jakarta do not change significantly.
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HIFVI Floodgate
| | Pintu Air Sunter C
| | Pintu Air Ciliwung Lama
| | Pintu Air Kebon Baru
[ ]PintuAir MuaraAngke
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[ ]Pintu Air Hailai
[ IPintuAirPoglar
[ 1Pintu Air Tangki
[ ]Pintu Air Pasar Ikan
[ ]Pintu AirJembatan Merah [
[ |PintuAirKaret 2
[ IPintu Air Cengkareng Drain [0
[ ]Pintu AirHonda
[ ]Pintu Air Cakung Drainase [0
[ ]Pintu Air Ancol
[ ]Pintu Air Pekapuran
[__]Pintu Air Citra Land
[] Pintu Air Pulogadung
L] Pintu Air Kampung Gusti
[] Pintu Air 8
[l Pintu Air Sogo
[ Pintu Air Warung Pedok
| Pintu Air Manggarai
| Pintu Air Setia Budi
| Pintu Air Minangkabau
| Pintu Air Kalimati
Pintu Air Duri
Pintu Air Karet
Pintu Air Sunter Utara
Pintu Air Kali Cideng

HIFVI(max)

Figure4. Comparing ranked HIFVI values withlFVImax) values for the same floodgates in the city of Jakarta

The results show that the current network configuration in terms of topalogyyd connecti vity of
floodgates does not significantly contribute to improve their resilience and minimise vulnerability. Hoagever,

shown in Table 1 and Figure there are a few floodgates in the network (igei nt u Ai r Kal i Cide
Air Kareto and APintu Air Kampung Gusti 0) whose vul
floodgates connected to them are opened and water flows unobstructed to create maximum impact. The
vulnerability of these floodgates (il&.Pi nt al Ai Ci Kengo, APintu Air Kareto an
therefore depend strongly on the resilience provided by other connected upstream floodgates. Hence, when most
upstream floodgates are kept opened, it is important to monitor the aforemenibmaggtfes to avoid excessive

exposure to the damaging impacts of floodwaters.
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4.1 Socialeconomt implications of infrastructure vulnerability

Urban infrastructure, including those used for flood control, are fundamental to the safety, productivity-and day
to-day operation of modern society (Ogie et al., 2017c). During intense rainfall events, flood control infrastructure
such as floodgates (olugce gates), dams, embankments, and flood barriers play crucial roles in keeping people
and communities safe from urban floods. In Jakarta, the failure of hydraulic components (e.g., pumps, floodgates,
etc.) within the hydrological infrastructure netwpddten result in severe flooding events that have devastating
impact on the people, property, economy, and environment (World Bank, 2010). The loss associated with floods
in Jakarta is over USD 400 million per year (World Bank, 2010). It is therefori@agrrthat when interpreting

the results of infrastructure vulnerability assessments, the social and economic implications of the failure of such
infrastructureshouldbe considered. For example, a floodgate may rank as having low vulnerability to flood
damage, but its failure may result in flooding that has severe economic and social impact on affected communities.
Narayan et al. (2012) used the SodRahwayReceptoi(SPR)concept to describe how natural hazards such as
floods flow from a source, througfifferent pathways to potentially cause undesirable impact on receptors. These
receptors, describeldere andelsewhere aglements at riskinclude people, households, residential property,
companies, critical infrastructure, etc. (Merz et al., 2010; Meyal., 2009; Wijayanti et al., 2017). Principally,
identifying elements at risk enables the prioritisation of limited resources toward minimising the failure of flood
control infrastructure that protect areas with the highest density of people, uvopantyprand economic activities
(Szlafsztein and Sterr, 2007). This will require an understanding of what is at risk and thecsocimic impact
associated with the materialisation of such risk so that appropriate actions can be taken to minimiaenfiged d

in areas of high risk exposure.

However, the task of accurately identifying the semtmnomic impact of flood damage that may arise from the
failure of a flood control infrastructure requires significant amount of data. Typically, theesmmiomic impact

of flood damage is estimated based on damage functions, which require data about elements at risk, in addition to
flood characteristics such as depth, duration, spatial extent, velocity, and contamination associated with floods
(Merz et al., P10; Wijayanti et al., 2017). Other data inputs that may be relevant for such analysis include digital
elevation model (DEM) and landse information (Dewan et al., 2007). Unfortunately, comprehensive and
accurate records of these data are often not &laila developing nations. In a recent study aimed at estimating

river flood damage in Jakarta coastal megacity situated in a developing nation, the lack of data about flood
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characteristics was identified as a major limitation to the scope and dapthafalysis (Wijayanti et al., 2017).
Thepresenstudy also uses Jakarta as its study area and faces similar drawback due to lack of comprehensive and

accurate data.

Nevertheless, using limited available data, this study presents results (Figures 5, 6, and 7) that show
cartographically, the wvulnerability and | ocations
population living in surrounding neighbourhaodcross the city. Recall that floodgates provide flood protection

to neighbouring communities during intense rainfall events. Neighbourhoods, which are located upstream or
downstream of a floodgate, are considered to be directly at risk of flood hazsedsttve floodgate fails. For
example, if a floodgate fails to close during an intense rainfall event, water may flow unobstructed to inundate
neighbouring communities located downstream. If on the other hand, it was the opening mechanism of the
floodgate hat failed, neighbouring communities located upstream may become inundated, depending on the flood
characteristics. Ultimately, the decision on whether to open or close a floodgate depends on risk exposure in
upstream versus downstream locations, andaiheré of such floodgate will, no doubt, undermine the ability to

protect the neighbourhoods served by the floodgate.

There are currently 267 neighbourhoods or administr at

(Eilander et al., 2016).He average size of a kelurahan is 2.48 km2 and the average human population is 49,709
(Jakarta Open Data, 2013). For each kelurahan, we considered the population density, i.e., the number of human
inhabitants per square kilometre, for the entire populdtbawn in Figure 5) as well as for vulnerable classes of

the population, including children betwee §ears (shown in Figure 6), females, and the elderly aged 70 and
above (shown in Figure 7). According to Dewan (2013), females are considered todfelpapopulation that

are more vulnerable to disasters, but we did not show a specific map for this class becausetthtemale

ratio in Jakarta is 1.03, meaning that the map for the female class is almost the same as that for the entire population

(Dewan, 2013).

The results shown in Figures 5, 6, and 7 indicate

t

h

Sunter C6 with floodgate I D 27 provides flood protec

density of peom, including children and females. Considering ffigintu Air Sunter © ranked as the most

vulnerable floodgate in the network, it is crucial that significant effort (e.g., maintenance activities) be put in place
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to prevent its failure during flooding emes. It is observed from Figures 5, 6, and 7 that neighbourhoods within

Jakarta North West (highlighted in Figure 7 with a brekee polygon) generally have high population density

across all classes of the population compared to other parts of tHeisitlierefore crucial that high vulnerability

floodgates such as those with IDs 29, 2, 20, 23, and 10 which dipeotligde flood protection to #highlighted
neighbourhoods be prioritised for maintenance. This is particularly important as Fepeeifically shows that
Jakartads el derly population (70 years and above) ar e
2 and 28 have relatively low vulnerability due to the redundancy and therefore resilience each provide to one
another.However, these two floodgates must be prevented from failing because of the sende offlood

protection they provide to downstream neighbourhoods with high population density across all classes of the

population.
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Figure 6shows that there are high population densities for childred {f@ars) across many neighbourhoods in

Jakarta. A major concern for this vulnerable class of the population is that many of these neighbourhoods with

high population density of children-®years)are located in slum areas next to very large waterways. In Jakarta

and many other coastal megacities situated in developing nations, there are millions of urban poor, most of whom

can only afford to reside in slums next to the river, making them veryrabligeto flood hazards (Dewan, 2013).

These socially disadvantaged citizens residing in informal settlements are often considered by the government as
Ail 1l egal el ements of societyd and are exclueand from
2013). These results (see Figure 6) haliewn that there is high density of childrerd(§ears) living in slum

areas next to major rivers. In the context of Jakarta, it is therefore crucial that the floodgate that ranked as the third

most vulnerablgi.e., fiPintu Air Kebon Bara with ID 17, be properly maintained and operated to provide flood

protection to vulnerable children and their families crowded in downstream neighbourhoods.

Unfortunately, the way flood control infrastructure suchflasdgates are being managed and operated in
developing nations raiseugstions that bother dairness, equity and justice. This is particularly important for
coastal megacities where most parts of the cities are densely occupied with people, builthngefrastructure,

and economic activities, so much so that there are only few reservoirs and spaces to channel flood water (Li,
2003). This means some communitiesyhave to be allowed to flood in order to safeguard other ameeédered

to beof higher prioritybased orsocioeconomiqrofile. It is a complex situation when decisions have to be made

as to whetheor nota floodgate should be managed to prioritise neighbourhoods occupied by prosperous groups
over a larger population of the urban pomwveded in lowincome neighbourhoods. Sometimes, it comes down

to a decision of whether notto prioritise human lives over urban property and economic activiteth millions

of dollars In 2013, the presidential palace in Jakarta was flooded befiue Air Manggaray, with floodgate

ID 18 was opened to lessen inundation in other parts of the city (Sedlar, d0tt6gonflicting interesbn what

areas shoulbe prioritisedor flood protectionit is not uncommon for neighbowhbds to disagree and fight over
howflood control infrastructurehould be managed during flooding evgi@aljouw et al., 2005)Caljouw et al.

(2005) reports a flooding eveintJakartavhere soldiers were brought in and given orders to shoot any digegrun
resident who tries to interfere with the management of a floodgate (Caljouw et al., 2005). This situation reinforces
the importance of transparent and scientifically justified approa@segroposed in this study, to improve

management decisions ridd to flood control infrastructuie developing nations
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5. Conclusions

This study has proposed a new flood vulnerability inthex can be@ppliedto measure and rank the vulnerability

of hydrological infrastructure assdtsg.,floodgates osluice gates, dams, embankments, flood barriers,ietc.)
coastal cities. The proposed methodolaogles on topological/connectivity analysis afgraphmodel of the
hydrological infrastructure networka this approach, vulnerability is computed using toncepts of exposure,
sensitivity and resilience. An application of the pro
that highlights the most vulnerable floodgates in the network. Two different conditions of flood vulnerability were
consideredthe case in which all connected upstream floodgates were closed (i.e., HIFVI) and the case in which
all connected upstream floodgates were opened so that floodwaters create maximum impact on downstream
floodgates (i.e., HIF\thax). Generally, here was a strong correlation in the results obtained in both cases except
for a few floodgates that were observed to have vulnerability that depeidly on the resilience provided by
connected upstream floodgates. It is envisaged that the resultaciitate transparent and effective allocation

of limited resources for maintenance and upgrades to the flood control infrastructure within coastal cities situated

in developing nations.

More importantly, the results show that the proposed vulnerafdiggssment technique can be useful in providing
clues as to what actions can be taken to minimise infrastructure vulnerability. The technique was also found to be
useful in identifying potential locations where additional infrastructure may be requirgrove resilience to
flooding. No doubt, the vulnerability assessment technique proposed in this study will enable coastal cities in
developing nations plan for more resilient hydrological infrastructure and to improve the outcome of structural
measurego flood mitigation. The application of the proposed technique can be extended to a wide range of
hydrological infrastructure used for flood control in coastal cities, including sluice gates, dams, flood walls,

embankments, dykes, and other flood barriers.

It is important to note that the accuracy and reliability of the results presented are limited by the data available for
this study. One limitation of this study is the absence of additional data about the hydrological infrastructure and
channel conditionso help improve the quality and reliability of the result. Hence, future study will seek to
improve the accuracy of the technique by introducing additional data such as the age, maintenance history, and
failure history of hydrological infrastructure, asivas the actual force of impact from floodwaters on the

infrastructure.ln addition, thepresenstudyonly considers unidirectional floalonga network ofivers, streams,
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canals etcln other words, it focuses aiver orfluvial flooding because tisiis he most common type of flooding
in riverineareasAnother reason for focusing on fluvial flooding is thgtrological interaction with flood control
infrastructure occumainly through the river networlNevertheless, Ipvial floods and coastdloodsalso occur
occasionally and are associated véitireme rainfall runofndsea level riseespectivelyIn future studies, the
proposed methodology can be extentiedonsider multidirectional flowcenarios involving all types of floods
(e.g.fluvial, coastal and pluvial floodingbut this will further introduce complexity into the methodologkis
aspect otonveying complex informatiois where thegraphical system levehodelproposed byNarayan et al.
(2012) for assessingargec o ast al b and tbpokgical retatmsshipsetweenindividual elementss
considerecadvantageousver approaches based tmpographic mapsNonetheless, the progped methodology
remains novel focomparatively assessing the vulnerability of hydgital infrastructure (e.g., floodgate, dams,

flood barriers, et¢.used for flood contrah coastal cities

Furthermore, the study discussed the seconomic implications of infrastructure vulnerability, but relied on
limited available data about population density. If more detpired for assessing potential impacts of flood
hazardsecome available in tHeture, this limitation can be addresseddxyending the study to considether
factors, includindlood characteristicé.g.,depth, duration, spatial extent, velocity, and contamination associated
with floods), land use informationlocations ofmajoreconomic activitiegi.e., industries, tourist sites, fisheries,
agriculture, etg, lifelines or information about critical infrastructure (e.g., electricity network, gas supply
network, water distribution networkairports,road network and evacuationutes, hospitals, etc.A growing

body of knowledge (see for exampkawamuraet al., 2014Montoya2003 Ogie et al., 2017dPobletet al.,

20149 suggests that mobile technology has huge potentials to support the information needs of modern disaster
management initiativeg\pparently,mobile technology can facilitatn inclusive and participatory approach of
data collection and decision makingyolving local knowledgdrom citizensand representativesf affected
neighbourhoodsasrequired to capture a fair and comprehensive listviodt is valuable and what constitutes
elements at risk across different communiti€duch cecreateddetailedinformation about elements at risks
currently unavailable in mangeveloping coastahegacitis, is crugal for makingobjective balancedand fair

decisions on areas that should be prioritised for flood protection.
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