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Assessments of vulnerability to flooding can generate useful data for planners and policy makers. To the best of
the authors knowledge, no flood-vulnerability study has combined geophysical modelling of floods with socioeconomic assessments of vulnerability at finer municipal or household scale. In addition, the extent to which
vulnerability assessments actually feed into flood adaptation policies remains largely unknown.
A new flood vulnerability index, and associated methodology, is proposed, combining high-resolution hy
drological-hydraulic modelling with built-environment and socio-economic indicators at the smallest spatial
scale at which socio-economic data is available. The main advantage of the methodology is its ability to
incorporate place-specific data, hence yielding more refined simulations of floods and the capacity to make
projections into climate futures at local scale. The index is built and applied to the inter-city suburb of Mar
rickville in Sydney and used to assess the effects of future climate change on vulnerability mapping in the suburb.
Finally, the results of the assessment are presented to, and discussed with, the local government authority
responsible for implementing flood adaptation policies for Marrickville.
Locally specific modelling of floods, combined with socio-economic and built-environment mapping, has
yielded a rich set of information on flood vulnerability and significant variability within a single suburb. Flood
duration is projected to increase by more than 100% under some climate change scenarios, as a result of reduced
drainage caused by sea level rise. Feedback from municipal council has highlighted the potential usefulness of
the knowledge generated by the assessment, especially for emergency services.

1. Introduction
Climate change is expected to increase weather-related hazards
including floods (Jongman, 2015). Considering only projected popula
tion growth, urbanization and growth in economic activity, but without
accounting for increases in flood frequency and intensity, the average
annual global flood losses are set to increase by a factor of nine from
2005 to 2050. If the effects of climate change are included, losses in
crease by a factor of more than 17 (Hallegatte et al., 2013).
In recent years, a body of literature has enhanced our understanding
of the physical behavior of floods, including predictions of future
flooding scenarios (Zhou et al., 2016; Domingo et al., 2010; Patro et al.,
2009; Sole et al., 2008; Overton, 2005; Hallegatte et al., 2013). In
addition, several studies have proposed and/or analysed flood

management strategies aimed at reducing economic damage and
assisting communities in adapting to flooding events (Muis et al., 2015;
Tavares et al., 2015; Garbutt et al., 2015; Hunt and Watkiss, 2011).
Flood assessments in the peer-reviewed and grey literature have
typically focused on the geophysical and geomorphological de
terminants of floods (Mucerino, et al., 2018), deriving depth-damage
relationships, usually based on physical damage to property, or devel
oping estimates of frequency and areal extent of flooding (Reid et al.,
2014; Shakrabarty, 2017; Rehan, 2018). These studies often make rec
ommendations for improving drainage paths and upgrading storm water
infrastructure. On the other hand, several authors have shown that so
cial vulnerabilities may limit access by individuals and communities to
resources during floods, hence increasing their susceptibility to flood
impacts and reducing their capacity to cope and/or recover. They
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argued for an approach to flood management that goes beyond
geophysical assessments of vulnerability and economic valuations of its
impacts, to include factors such as social disadvantage, built environ
ment and institutional capacity, amongst others (Tapsell et al., 2002;
Kammerbauer and Wamsler, 2018). This was emphasised by the Inter
national Panel on Climate Change (IPCC), starting from its third
assessment report, which proposed a concept of vulnerability that in
cludes three components or dimensions, namely exposure, sensitivity
and coping capacity.
Flood vulnerability mapping has been conducted at city- or townscale (Connor and Hiroki, 2005; Balica and Wright, 2012; Yang et al.,
2018; Szewrański et al., 2018; Lee and Il Choi, 2018), municipal scale
(Fernandez et al., 2016; Zachos et al., 2016) or a finer household level
(Brouwer et al., 2007; Bhattacharjee and Behera, 2018; Rana and Rou
tray, 2018; Solín, 2017). Studies conducted at larger scales can generate
valuable data at the upstream end of a top-down planning process,
helping authorities to identify priority regions and actions. However,
given its usually poor spatial resolution, it has limited use for local
councils hoping to develop place-specific flood mitigation policies.
Municipalities require local data and strategies that can identify pop
ulations and assets at risk, and help develop specific measures to reduce
vulnerability and increase resilience (Queste et al., 2013; Török, 2018).
Such measures are often inscribed within, and informed by, larger-scale
policies but are not entirely determined by them.
Several flood-assessment studies, incorporating social vulnerability,
have been conducted at a finer-scale resolution. Koks et al. (2015) built a
flood vulnerability index for the city of Rotterdam in the Netherlands,
based on flood-hazard zones, exposed assets and spatially detailed de
mographic and socio-economic data from the Census. They highlighted
the heterogeneity of the population and the multiple sources of
vulnerability to flooding. Both Fernandez et al. (2016) and Zachos et al.
(2016) developed flood vulnerability indices based on social, economic,
environmental and built-environment indicators. The former applied
the index to a municipality in Portugal while the latter used it to study
flooding in the lower Mississippi. Török (2018) assessed vulnerability to
flooding at the lowest administrative scale in Romania, incorporating
demographic structure, the built environment and socio-economic sta
tus as three sets of indicators reflecting vulnerability. None of the four,
above-mentioned studies have incorporated their own place-specific
simulations of flooding in the assessment.
To the best of the author’s knowledge, no composite index of
vulnerability to flooding, incorporating both geophysical and socioeconomic dimensions of risk and using hydrologic simulations of
floods, was developed at a local municipal scale. One of the advantages
of incorporating hydraulic modelling of floods in indicator-based
vulnerability assessments is that the tool thus developed can be used
to study the effects of climate change (e.g., changes in rainfall patterns;
rise in sea level) on vulnerability. Furthermore, an underlying assump
tion is found in the body of literature discussed above that vulnerability
assessments are useful for the development of adaptation action and
policy. However, there is very little evidence of this. In fact, the extent to
which vulnerability assessments actually feed into flood adaptation
policies remains largely unknown (Ford et al., 2018).
The goal of this paper is threefold. A new flood vulnerability index is
proposed, combining high-resolution hydrological-hydraulic modelling
of floods with built environment and socio-economic indicators at the
smallest spatial scale for which socio-economic data is available. The
new index is built and applied to the inter-city suburb of Marrickville in
Sydney. The value of overlaying detailed geophysical and socioeconomic flood data at local scale is hence evaluated. Next, the new
index is used to assess the effects of future climate change on vulnera
bility mapping in the municipality. Finally, the results of the assessment
are presented to the local government council responsible for imple
menting flood adaptation policies for Marrickville. Hence, the reception
of the vulnerability assessment by a policy-development agency is
evaluated.

The remainder of the paper is structured as follows. First, the concept
of vulnerability to flooding is defined, the literature on social vulnera
bility is reviewed and challenges posed by flood vulnerability assess
ments are discussed. Second, key characteristics of the study area are
described, and the methodologies followed in this study are presented –
including flood modelling, indicator selection for built-environment and
social vulnerabilities, and climate change scenarios. Results of analyses
are then presented, including the outcomes of the focus group at the
Marrickville council, followed by a discussion of the implications of our
findings.
2. Vulnerability to flooding
2.1. Vulnerability concept
Vulnerability can be defined as the degree to which a socioecological system is likely to experience harm due to exposure to a
hazard (Turner, et al., 2003). While this definition appears to be widely
accepted, how to operationalise it with a view of quantifying vulnera
bility remains an open question. To start with, the words “harm”,
“exposure” and “hazard” are each open to wide interpretation, and the
relationships between them equally so. In addition, the task is made
more challenging by the multidisciplinary content of the literature on
vulnerability since the concept has been employed in geography, eco
nomics, sociology, disaster management, environmental science and
health.
Rygel et al. (2006) points to two major perspectives in vulnerability
research. The first approach focuses on the potential exposure to haz
ards. Studies conducted by following this theme, aim to assess the
impact of hazards and the degree of loss of life and property resulting
from a particular event (Muis et al., 2015; Van Manen and Brinkhuis,
2005; Tapsell et al., 2002). The second major perspective highlights
differential impacts from hazards and attempts to explain why two
different communities exposed to the same magnitude of hazard may
experience its impacts in different ways and to different extents (Cutter
et al., 2013; Sarewitz et al., 2003). This is referred to as social vulner
ability which is defined by Sarewitz et al. (2003) as those intrinsic
characteristics of individuals, households and communities that increase
their potential to be harmed.
Empirical evidence from historical flood analysis has indeed shown
that particular social groups tend to carry a higher burden of death,
injury and economic impact from floods (Solangaarachchi et al., 2012).
For example, populations with low income and ethnically diverse mix in
Texas, USA experienced a higher number of casualties from floods
(Zahran et al., 2008). Individuals and communities with low incomes
have higher dependence on welfare while low-skilled workers may lose
their sources of income during or after the disaster, all of which may
slow down and obstruct recovery from disasters (Cutter et al., 2003).
Those who have pre-existing medical conditions, are physically
impaired, physically dependent, live alone in a household, or are a
primary carer in a single-parent household with dependent children,
may require extra attention in times of hazard and may sometimes be
overlooked during the recovery phase due to their low visibility (O’Brien
and Mileti, 1993; Cutter et al., 2000; Blaikie et al., 2014). Women may
be disadvantaged during recovery from a natural hazard because of
lower earnings and extra family care responsibilities and household
tasks (Cutter et al., 2003; Fekete, 2009). Individuals with higher edu
cation levels may be better able to access, interpret and act upon in
formation and evacuation plans in times of disaster (Morrow, 1999;
Solangaarachchi et al., 2012). Race, ethnicity and migration status are
also important factors that may partly determine vulnerability to a
hazard (Watts et al., 2009). For example, Pulido (Pulido, 2000) has
shown how racial spatialization in Los Angeles has led Latinos and
African-American communities to occupy environmentally marginal
land with higher exposure to hazards. Poor familiarity of new migrants
with place of residence, language barriers as well as lack of social
2
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network, could make it harder for them to access emergency services.
Other factors contributing to vulnerability include lack of access to
motorised transport and to the internet (Watts et al., 2009).
All in all, the socio-economic, demographic and racial factors dis
cussed above make it harder for communities to cope with, adapt to and
recover from disasters (Cutter et al., 2013). In addition, aspects of the
built environment such as high settlement density, poor quality of
infrastructure, poor availability of medical facilities, that may or may
not be correlated to socio-economic factors, can lead to worse impacts
from natural hazards (Borden et al., 2007; Holand et al., 2011). An
obvious example relevant to flooding is poor drainage infrastructure.

should be applied with a majority of studies appears to have assigned
equal weights, partly because of lack of viable alternatives (Cutter et al.,
2003; Schmidtlein et al., 2008; Solangaarachchi et al., 2012; Tavares
et al., 2015). For an extensive discussion of this question the reader is
referred to references (Tonmoy et al., 2014; El-Zein and Tonmoy, 2015,
2017).
3. Methodology
3.1. Conceptual framework
A widely used conceptual framework of vulnerability represents the
impacts of floods as the outcome of interactions between the three di
mensions of hazard, exposure and social vulnerability (Crichton, 2002;
Dwyer et al., 2004; Lindley et al., 2006; Dang et al., 2011; Kaźmierczak
and Cavan, 2011). The framework has been depicted as a pyramid
whereby an increase in any one of the three dimensions increases the
volume of the pyramid, reflecting higher vulnerability (Dwyer et al.,
2004).
The “hazard” dimension is traditionally used in risk assessments and
characterized by the probability of occurrence of the hazard in question
(Dwyer et al., 2004). However, when outcomes of detailed flood simu
lations are available for different climate change scenarios, the areal
extent, depth and duration of flooding as well as the water velocity
during flood events, can be taken as “hazard” indicators instead (Plate,
2002; Schanze et al., 2006). In our methodology, these four variables are
extracted from detailed hydrological-hydraulic modelling and combined
into a flood hazard index.
“Exposure” is the extent to which valued aspects of a community’s
life (e.g., health, prosperity, security) are likely to be affected by the
hazard in question (Dwyer et al., 2004; Koks et al., 2015). In the case of
floods, a key mediator of impacts is the quality of the built environment,
including population density, quality of building stock and quality of
water drainage infrastructure. In this paper, water drainage infrastruc
ture is incorporated by the spatially detailed hydrological-hydraulic
simulations and will hence by reflected in the “hazard” rather than the
“exposure” dimension. Therefore, “exposure” was characterised based
on the demographic density and quality of the building stock only.
Finally, for “social vulnerability”, we followed the work of Cutter et al.
(Cutter et al., 2003) and built a social vulnerability index using data
obtained from the Australian Bureau of Statistics (ABS) as will be
detailed later.

2.2. Assessment of social vulnerability
Indicator-based assessments of social vulnerability are widely used
in the literature owing to the relative ease with which such indicators
can be built or accessed. Assessments have been conducted at household
(Dwyer et al., 2004), municipal (Solangaarachchi et al., 2012; Koks
et al., 2015; Tavares et al., 2015; Apotsos, 2019), district (Holand et al.,
2011; Garbutt et al., 2015; Kirby et al., 2019), regional (Cutter et al.,
2003) and national (Vincent, 2004) scales1. The choice of spatial scale
and geographical extent depends on the purpose of the study and the
availability of information, usually taken from census data. The main
advantage of finer scales is that they produce a richer set of information
albeit at the cost of more intensive data gathering and analysis efforts.
On the other hand, smaller geographical extent allows place-specific
information and indicator selection to be made, but have relevance,
by and large, only to the area under study.
The most common types of social vulnerability indicators used in the
above-mentioned studies are i) dependency on others due to age or
disability, ii) gender iii) economic disadvantage iv) occupation category
v) limited access to resources including technology and transportation v)
quality of accommodation vi) immigration status vii) language barriers
and vii) race and ethnicity (Cutter et al., 2003, 2013; Borden et al., 2007;
Schmidtlein et al., 2008; Fekete, 2009; Holand et al., 2011; Solangaar
achchi et al., 2012; Garbutt et al., 2015; Koks et al., 2015; Tavares et al.,
2015; Frigerio and De Amicis, 2016; Fatemi et al., 2016). Indicators are
sometimes aggregated into an index such as the Social Vulnerability
Index SoVI (Cutter et al., 2003).
Selecting the right indicators and the right aggregation approaches is
far from trivial (Holand et al., 2011; Tonmoy et al., 2014; El-Zein and
Tonmoy, 2017). Vulnerability is usually conceived of as constant in time
and yet communities may move in and out of vulnerability which re
quires a more dynamic framing of the concept. Indicators acting as
proxies for vulnerability may have different significance at different
stages of a disaster (Rufat et al., 2015). For example, a relatively high
percentage of children in a community may render it vulnerable during
the disaster but might play a positive role in recovery. At the dataanalysis stage, some indicators used for constructing vulnerability
indices may be correlated and researchers typically apply statistical
techniques, such as the principal component analysis (PCA), to remove
correlations by reducing the variables into a number of algebraically
independent components which capture most of the variability (Fekete,
2009; Tavares et al., 2015).
Additive or multiplicative aggregation is commonly used in
combining multiple vulnerability indicators into a single vulnerability
index and the choice of aggregation method has generated some debate
in the literature (Ebert and Welsch, 2004; El-Zein and Tonmoy, 2015,
2017). Another important question is whether equal or different weights

3.2. Study area
The Marrickville valley is an inner-city region of Sydney and part of
the Inner West local government area (LGA) in the state of New South
Wales (NSW) (see Fig. 1a and 1b). It has experienced significant flooding
in the past, including as recently as 2012 (Mckenny, 2009). Its land use
is medium-density residential housing (63%) and low-density, light in
dustries, mainly automotive repair, building supplies and food pro
cessing (21%) (Fig. 1c). The remaining land use is parkland, commercial
precincts, schools and roads. From the 2016 census data, Marrickville’s
total population was 26,592 with a median age of 36. 63.4% of the total
population engaged in full-time employment with a median weekly
household income of A$1,814 and median weekly rent of A$450. At
census time, 29.4% of people were attending an educational institution,
16.2% of which were tertiary.
The topography of the area has been extracted from an Airborne
Laser Survey (ALS), and found to vary from 5.5 to 50.8 mAHD (Fig. 1b).
The Marrickville valley consists of 9 sub-catchments (see Fig. 1d) with
the stormwater flowing south towards the Cooks River (Fig. 1e) via two
sets of drainage systems. Property drainage systems (pipe/gutter) are
linked with the pits/pipe systems whereupon water is conveyed to four
major trunks, shown in Fig. 1f, before discharging to the Cooks River
(Shakrabarty, 2017). The Marrickville Oval functions as a flood

1

We take “spatial scale” to mean “spatial resolution”, that is the smallest
spatial unit ascribed an indicator value (e.g., household, street block, neigh
bourhood, district up to a whole nation), rather than the size of the total
geographical area covered by the study; we refer to the latter as “geographical
extent” of the study.
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Fig. 1. Key characteristics of study area.

retarding basin (see Fig. 1c). The Sydenham storage pit serves the same
purpose, but two pumps are installed in this pit to divert high flood
water to the eastern channel. One pump is used to divert flood water to
the Cooks River from the low lying area of the central channel catch
ment, and another one transfers water from the central channel to the
eastern channel. Under flood conditions, drainage capacity is exceeded.
Except under extreme flood events, overland flow towards the Cooks
River is not possible due to urban barriers (Shakrabarty, 2017).
The specific region covered by the present study is referred to
henceforth as the Marrickville Study Region (MSR) and was determined
by the availability of data for flood modelling. It consisted of the Mar
rickville valley except for a small portion in the North-East. MSR in
cludes 74% of the administrative Marrickville suburb, while 65% of MSR
overlaps with it, with the rest coming from the suburbs of Tempe (8%),
Petersham (7%), Dulwich Hill (5%), St Peters (4%), Sydenham (4%),
Stanmore (3%), Enmore (2%) and Lewisham (2%).

Table 1
Scope and Boundaries of Vulnerability Study.
Key Variable

Question

Definition

Geographical
Scope

Whose vulnerability and
over what geographical
area?
The vulnerability of which
valued attribute of the socioecological system?

Residents of Marrickville Study
Region (MSR)

Valued Attribute

Hazard

Vulnerability to which
hazard?

Dimensions of
Vulnerability

Which dimensions of
vulnerability are included?

Quantification

How will each dimension be
quantified?

Temporal Scale

Under what scenarios of
climatic, institutional and
socio-economic change?

Spatial Scale

What is the basic spatial unit
of the analyses?

3.3. Study scope
Following Tonmoy et al. (Tonmoy et al., 2014) and El-Zein & Ton
moy (El-Zein and Tonmoy, 2015), the scope of the vulnerability study
was defined at the outset by providing answers to a set of questions,
shown in table 1. The aim of the study was to assess the vulnerability of
the well-being of Marrickville residents to flooding. Future projections
of vulnerability were made for various climate change scenarios under
current socio-economic and built-environment conditions. This was
clearly an approximation of the future; however, attempting to project
land use, demographic and socio-economic trends in Marrickville de
cades into the future would be highly challenging, riven with uncer
tainty and well beyond the scope of this study.
The smallest spatial unit of the study was determined by the
4

Well-being, including safety,
health and economic
prosperity, of MSR and BSR
residents
Flooding as a result of extreme
rainfall events (with or without
climate change and sea level
rise)
Geophysical (hazard);
Exposure (built environment);
Socio-economic (social
vulnerability)
Geophysical: indicators
extracted from fine-scale
hydrological-hydraulic
modelling;
Built environment and socioeconomic: indicators extracted
from existing databases
Current social vulnerability and
built environment + current
and future climate (present,
2060 and 2080).
Statistical Area Level 1 (SA1)
(200–800 households per SA1;
a total of 84 SA1s in the study
area)
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publically available socio-economic data from the ABS, namely the
Statistical Area 1 (SA1). The whole of Australia is covered by a total of
54,805 SA1s and, typically, each SA1 contains between 200 and 800
capita with an average population of about 400. The areal extent of SA1
varies between regional and metropolitan zones. Note that hydrological
modelling and data were initially generated at scales finer than SA1,
then upscaled to SA1 level.
A structure of indicators was built based on the conceptual frame
work developed earlier. The structure, shown in Fig. 2a, was made of
three indices corresponding to the three dimensions of risk: i) the flood
hazard index (FH), ii) the flood exposure index (FE) and iii) the social

vulnerability index (SoVI). The three indices were finally combined to
build a Flood Social Vulnerability Index (FSVI) which provided a mea
sure of relative vulnerability to flooding among different spatial units of
the flood-prone region.
As Fig. 2b shows, the dataset for each indicator is first standardised
relative to the mean and standard deviation and then the set of nor
malised indicators is aggregated additively to generate an index. Each
index is rescaled to a value between 1 and 10 and then the three indices
are combined, using summative or multiplicative aggregations, to pro
duce FSVI. As discussed earlier, it is difficult to generate a rationale for
unequal weights and therefore, after consultation with the Inner West

Fig. 2. Flooding Social Vulnerability Index construction.
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Council stakeholders, equal weights were used in this study. The
methods used in developing/selecting indicators for FH, FE and SoVI are
described next.

change in tailwater levels due to sea level rise. This is because the Cook
River that flows through the Marrickville valley is connected to the
Botany Bay coast (see Fig. 1e). A rise in sea level coupled with tidal
influence can reduce the runoff from the upper catchment. To include
this effect in our simulations, projections of sea level rise for Botany Bay
were compiled (Jean Palutikofet al., 2017; New South Wales Govern
ment, 2005). Hence, four combinations of sea-level rise and rainfall
increase were used in the simulations, as shown in Table 2, to estimate
the 1% AEP design event.

3.4. Flood modelling
In 2012, the local municipal authority responsible for the MSR
(previously Marrickville Council now part of the Inner West Council)
built a hydrological-hydraulic simulation, using software DRAINS and
TUFLOW (described below) (O’Loughlin et al., 2018). The outcomes of
the Council’s simulations had not been combined with any socioeconomic or built-environment assessment of vulnerability. The Coun
cil’s models were used as starting points for our study to generate
flooding simulations from extreme rainfall for a base case and climate
change scenarios.
To build the base case, we updated the Council’s 2012 flood models
with new sets of temporal rainfall patterns, known as ensemble storms
based on the Australian Rainfall-Runoff (ARR) 2016 Intensity Frequency
Duration (IFD) curves/charts (Ball, 2016). These are probabilistic esti
mations of average rainfall depth at a particular location over a given
duration, developed by the Australian Bureau of Meteorology (BOM). A
1% Annual Exceedance Probability (AEP) which fell into the category of
Rare Design Rainfall and had a 1% chance of occurring in a given year
was selected from the median of the storm ensemble as the design storm
event (Ball, 2016). A total of 1035 hydrological sub-catchments were
generated based on the Airborne Laser Survey (ALS) with the assump
tion that runoff discharged from those sub-catchments would flow to
wards pits.
To conduct the simulations, we first used the DRAINS code (hydro
logical modelling) to generate surface stream flows arriving at each pit.
The DRAINS model solved the Mannings equation to convert rainfall
from the design storm event into stormwater hydrographs of water
arriving into the pits from each sub-catchment, after accounting for
losses to ground infiltration. Next, we entered the hydrographs into
TUFLOW (hydraulic modelling) in order to simulate flooding while ac
counting for topography, roads, levees, infrastructures, including the
stormwater drainage systems. TUFLOW solved the unsteady depthaveraged momentum and continuity equations (i.e., Navier-Stokes
equations) for free-surface flow. TUFLOW was also dynamically
coupled with ESTRY, which solved the 1D free-surface St Venant flow
equations and was hence suitable for modelling flow in narrow open
channels, stormwater pipes, culverts, bridges, weirs, trunks and pumps.
The TUFLOW simulations were conducted on a 3mx3m grid, which is a
much finer spatial resolution than the SA1 scale of socio-economic data.
No historical gauge water level and discharge data were available for
the study area and results of the original 2012 model were therefore
verified based on the council knowledge of drainage hot spots, com
munity questionnaire results and comparison of results with previous
studies.

3.6. Flood hazard index FH
The Flood Hazard Index (FH) was constructed for each SA1, for the
base case and climate change scenarios, using four indicators generated
from the TUFLOW flood simulations:
i.
ii.
iii.
iv.

Extent of flooding as the ratio of flooded area to total area;
Average maximum flood depth;
Average maximum velocity;
Average flood duration.

Any increase in any of the above-mentioned indicators increased the
hazard index for the SA1. FH was then used to classify each SA1 into one
of five categories based on a subdivision of the index value into five
equal intervals: a) lowest; b) lower; c) moderate; d) higher and e)
highest. Any SA1 that is unflooded is allocated to the “lowest” category.
In addition to FH, a flood categorisation adopted by the NSW gov
ernment was generated from the results (New South Wales Government,
2005). It classifies each geographical unit of analysis as high hazard
(“possible danger to personal safety; evacuation by truck difficult; ablebodied adults would have difficulty in wading to safety; potential for
significant structural damage to buildings”) or low hazard (“should it be
necessary, truck could evacuate people and their possessions; ablebodied adults would have little difficulty in wading to safety”). Since
the classification is based on flood depth and velocity only, its ability to
predict impacts of flood is limited and is therefore referred to as “pro
visional hazard” by the New South Wales Floodplain Manual 2005 (New
South Wales Government, 2005).
3.7. Exposure index FE and social vulnerability index SoVI
Data about population density, overall building density and density
of buildings constructed before 1980, was extracted for each SA1 from
the National Exposure Information System (NEXIS), designed by Geo
science Australia (2019). The three indicators were used to build FE.
The most comprehensive source of socioeconomic and demographic
data in Australia is the Census data from the Australian Bureau of Sta
tistics (ABS), collected and updated every five years. The Census data
provides information on income, education, employment, occupation
and housing, amongst others. The data was generated using information
from persons, families or dwellings, at different spatial scales designed
by the Australian Statistical Geography Standard (ASGS). The present
study used data from the latest census (2011) available at the time of
study.
The construction of SoVI involved a large number of socioeconomic

3.5. Climate change scenarios
Climate change scenarios were constructed as variations on the base
case, as described next. Potential variations of flooding patterns in
Marrickville due to future climate change were simulated by following
the guidelines provided by ARR 2016 (Ball, 2016). Future rainfall pro
jections were obtained from the Representative Climate Futures
Framework (CSIRO and Bureau of Meteorology, 2015). The changes in
future rainfall intensity were derived by downscaling the results of a
Global Circulation Model (GCM) for regional clusters of Australia. These
projections were available for four Representative Concentration Path
ways (RCPs) of future greenhouse gas and aerosol concentrations.
Among the four RCPs, a low-emission scenario, RCP4.5 and a highemission scenario RCP8.5 were used to test the impacts of future
climate change on flooding in Marrickville.
Another factor that could affect patterns of flooding of MSR was the

Table 2
Increase in Rainfall and Sea Level Rise Relative to 1985–2005 under Climate
Change Scenarios.

6

Combination

RCPs and projected
year

% of rainfall
increase

Sea-level rise in Botany
Bay (m)

1
2
3
4

RCP 4.5
RCP 4.5
RCP 8.5
RCP 8.5

12
12
18
18

0.3
0.42
0.36
0.56

(2060)
(2080)
(2060)
(2080)
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and demographic variables. To reduce the number of variables to a
manageable size, a multivariate statistical technique, the Principal
Component Analysis (PCA) was applied. The reliability of the PCA de
creases with decreasing sample size. Given the relatively small number
of SA1s in MSR (84 SA1s), the PCA was conducted over a much larger
study area (incorporating, but greater than, MSR), referred to here as the
Broader Study Region (BSR). The BSR included the Inner West, Sydney
City, Inner South and Sydney Inner South West and was made up of 2575
SA1s. Both MSR and BSR are shown in Fig. 1a.
Thirty-seven socioeconomic and demographic indicators (see Ap
pendix A) were initially selected for the construction of SoVI based on a
careful reading of existing literature, as discussed earlier in the section
on social vulnerability. The indicators were compiled for the SA1s
within BSR. Indicators that had high correlation (multicollinearity) or
did not have any correlation with other indicators were then excluded
from the analysis, with 16 indicators removed and 21 retained. Three
tests were conducted on the retained indicators. First, the determinant of
the correlation coefficient matrix was found to be 2.57 × 10− 5, greater
than the minimum recommended value of 10− 5, confirming an accept
able level of multicollinearity (Field, 2009). Next, the Bartlett’s test of
sphericity was found to be highly significant (p < 0.001) implying that
the correlation matrix of indicators was significantly different from the
identity matrix and clusters could be identified. Finally, the KaiserMeyer-Olkin measure of sampling adequacy (KMO) was found to be
0.815, hence indicating that the PCA is likely to yield distinct and reli
able components (Kaiser, 1970).
A cluster analysis was then conducted to identify major subgroups or
components with eigenvalues greater than 1 using Kaiser’s criteria
(Kaiser, 1960). The scree plot was found to have a significant change of
slope at component five. Hence, five components, which explained 66%
of the variance, were selected. All 21 variables presented commonality
extraction values greater than 0.5, which indicated that in all the vari
ables, at least 50% of the variance was explained by the resulting
principal component. The factor rotation technique (varimax orthogonal
rotation) was applied to ensure that variables were loaded maximally to
only one factor (Field, 2009). The index value of each social vulnera
bility component was determined by weighted summation of the
standardised indicators values, with the weight taken as the absolute
value of the rotated factor loading divided by the square root of the
eigenvalue for a given indicator (Pink, 2013). Where indicators
decreased with increasing vulnerability, the inverse of the indicator was
used to ensure consistency in the direction of the relationship.
Two data analyses were then conducted. In data analysis 1, the
indices of each component for each SA1 in MSR were converted to a 1 to
10 scale (from lowest to highest vulnerability), by normalising them
relative to the minimum and maximum values of the index within MSR.
In data analysis 2, the same procedure was followed but normalising
relative to the range of values within the bigger region BSR. Hence, the first
data analysis yielded an assessment of vulnerability of SA1s within MSR,
relative to each other. The second data analysis provided an assessment
of the vulnerability of MSR relative to the broader Inner-West and InnerSouth region of Sydney. In both analyses, SoVI was calculated as the
arithmetical sum of component scores, as described in Fig. 2b, and
converted to a 1 to 10 scale, then five categories of vulnerability were
extracted by subdividing SoVI into 5 equal intervals from “lowest
vulnerability” to “highest vulnerability” (similar to the approach
described for FH earlier).
Finally, the sensitivity of the PCA to the choice of geographical re
gion was assessed by generating a third region called MSR + . This was
formed by expanding MSR to include a 2500 m buffer beyond all its
boundaries. Hence, MSR + included 548 SA1s, compared to the 2575
SA1s in BSR. The PCA was then repeated, using MSR + instead of BSR,
and the outcomes compared to the original analysis. Results were found
to have relatively low sensitivity to this change in the size of the
geographical area. In both analyses (BSR and MSR + ), 21 indicators
were retained, 19 of which were the same and had comparable

explanatory power.
The “Statistical Package for the Social Sciences” (SPSS) was used to
analyse demographic and socioeconomic data, perform the PCA and
construct the social vulnerability index (Field, 2009). The GIS tools
ArcGIS and QGIS were used for processing, analysing and mapping
model data.
4. Results
4.1. Flood simulation under base case
The DRAINS model was used to simulate ensemble storms (storm
pattern 1 to 10, discussed earlier under flood modelling) with different
storm durations, from 1 to 24 h for the 1% AEP. The aim was to identify
the critical duration producing the highest flow. The maximum median
peak flow (44.8 m3/s) occurred for a 1-hour storm duration and a storm
scenario with equal peak flow was taken as the design storm for 1% AEP,
for the base case. Flood simulation results for the base case are shown in
Fig. 3.
According to simulations, a total of 17.6% of the MSR surface area is
flooded under a 1% AEP design storm event. Approximately 10% of the
surface area of the MSR is under 0.1 to 1 m of flood depth, with low
water velocity (<= 0.4 m/s). A small surface area (0.6%), made mostly
of the Marrickville Oval Stadium, is highly flooded (depth greater than 1
m). On the other hand, areas falling under high velocity (>= 2 m/s) are
mostly roads. The maximum flood duration due to 1% AEP for this re
gion is 3 h. Unsurprisingly, the areas that are more deeply flooded (see
Fig. 3a) are also found to be flooded for longer (see Fig. 3c).
The provisional hazard map (Fig. 3d) for the MSR represents the
combined effects of flood depth and velocity. Most of the MSR (82.4%) is
safe from flooding. Most flooded areas fall in a low-hazard category
(15.8% of MSR or 90% of flooded area). The remaining part (1.8% of
MSR or 10% of flooded area) is a high-hazard zone and includes, as
expected, the Marrickville Oval Stadium and several roads towards the
south of MSR.
Table 3a summarises the flood characteristics under the base case
and Fig. 4a shows the distribution of FH. Among the 84 SA1s experi
encing flooding, thirty-four fall into categories of higher to highest
vulnerability. The outcome is consistent with the findings, discussed
above, about the four individual variables of depth, velocity, duration
and extent. For example, SA1 identified as number 1 in Fig. 4, includes
the Marrickville Oval and experiences flood depths higher than 1 m, and
flood durations between 2.5 and 3 h. These values are close to the
maximum values for the base condition. Though the average flood ve
locity in this SA1 seems low (0 and 0.4 m/s), 49% of the surface area of
this SA1 is flooded, a proportion close to the maximum of 56%. Hence,
the comparatively large values of at least three of the four indicators
point to high levels of hazard for this SA1 as reflected by FH. A similar
reasoning can be applied to SA1s marked as 2 and 3 in Fig. 4a.
4.2. Flood simulations under climate change
Flood simulations under climate change were conducted as varia
tions on the base case, as shown by the combinations of rainfall and
tailwater rise in Table 2. Contours of peak flood depth, peak velocity and
flood duration under the more severe climate change scenario
(RCP8.5–2080) are shown in Fig. 5, both in absolute value and relative
to the base case scenario. Results for the other climate scenarios were
found to differ from RCP 8.5, 2080, in values but not in overall patterns.
Consequently, they are not shown here but can be found in (Ahmed,
2018). Fig. 6 shows the provisional hazard categories under climate
change scenario RCP8.5, as well as the change in these categories rela
tive to the base case. A comparison of the percentages of area flooded
under different flood indicators due to the base case and the more severe
CC scenario (RCP 8.5–2080) is shown in Table 3a. Statistics of flood
hazard zone classification for base case and CC scenario are compared in
7
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Fig. 3. Flooding patterns for base case (1% AEP design storm event for 1-hour duration).
Table 3
Percentage of area flooded under different flood depths, velocities and durations for base case and climate change (CC) scenario RCP8.5–2080.
a. Flood depth, velocity and duration
Area Flooded Under Different Flood Depth Zones

Area Flooded Under Different Velocity Zones

Area Flooded Under Different Flood Durations

Flood Depth (m)

Flood Velocity (m/s)

Flood Duration (h)

0–0.1
0.1–0.2
0.2–0.4
0.4–1
greater than1
–
–

Area Flooded as % of MSR
Base

CC

7.3
3.2
3.6
2.8
0.6
–
–

7.4
3.2
3.9
4.0
0.9
–
–

0–0.4
0.4–0.8
0.8–1.2
1.2–2.0
greater than2
–
–

Area Flooded as % of MSR
Base

CC

9.8
4.0
2.0
1.4
0.3
–
–

10.4
4.5
2.3
1.8
0.5
–
–

0–0.5
0.5–1
1–1.5
1.5–2
2–2.5
2.5–3
greater than 3

Area Flooded as % of MSR
Base

CC

3.9
2.5
2.3
2.2
2.8
3.8
0

3.9
2.2
1.2
0.7
0.5
1.2
9.6

b. Provisional flood hazard categorisation
Scenario

Area flooded as % of total
MSR area

Low-hazard zone as % of total MSR area (as % of flooded
part of MSR)

Transition- and high-hazard zone as % of total MSR area (as % of
flooded part of MSR)

Base
RCP 4.5
(2060)
RCP 4.5
(2080)
RCP 8.5
(2060)
RCP 8.5
(2080)

17.6%
19.3%

15.8% (90%)
16.4% (85%)

1.8% (10%)
2.9% (15%)

19.3%

16.4% (85%)

2.9% (15%)

19.3%

16.4% (85%)

2.9% (15%)

19.4%

16.4% (85%)

2.9% (15%)
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Fig. 4. Flood Hazard Index under Base Case and Climate Change Scenario RCP 8.5 (2080).

Table 3b.
Under RCP 8.5, 2080, extent of flooding increases from 17.6% (base
condition) to 19.4%. No significant differences are observed between
the various RCP’s for years 2060 and 2080, i.e. the percentages of
flooding area are stable at around 19.4% (Table 3b). Fig. 5a and 6b
reveal that an additional area of around 2% of MSR is flooded as a result
of climate change, mostly in the vicinity of Cooks River due to the
tailwater effect. In comparison to the base condition, flooding depth
increases by up to 0.2 m and mostly within the area where flooding
extent has increased (Fig. 5a and 5b). In addition, an increase in velocity
by 0.2 m/s is seen in some areas (Fig. 5c and 5d). Nowhere in MSR is

flood depth reduced, but velocity is projected to decline in around 2% of
the MSR, under RCP 8.5, 2080. The change in water velocity under
climate change scenarios is the net outcome of two counteracting effects:
a) the increase in rainfall which increases water pressures, hydraulic
gradients and hence water velocities and b) the rise in sea levels which
reduces hydraulic gradients and hence water velocities.
The maximum flood duration is projected to increase to up to 7 h,
compared to 3 h under the base case (Fig. 5e). Even more significantly,
the percentage of land in MSR experiencing flooding for more than 3 h
rises from nil under base case to close to 10% under climate change RCP
8.5, 2080 (Fig. 5e and Table 3a). This is mainly due to sea level rise in
9
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Fig. 5. Flooding patterns for climate change scenario, RCP 8.5, 2080 (1% AEP design storm for 1-hour duration).

the Cook River which slows down drainage of runoff water.
For most of the MSR, there is no change in provisional hazard cate
gories due to CC (Fig. 6a and 6b). The additional 2% of flooded areas
under climate change falls in the low-hazard category. However, as
shown in table 3, the percentage of total MSR area falling in the tran
sitional and high-hazard categories has increased to 15%, from 10%

under base-case scenario. Fig. 4b shows the new spatial distribution of
FH under RCP 8.5, 2080. The hazard in only 7 SA1s (marked with a red
dot in Fig. 4b) increases to the next higher level, under RCP8.5
compared to the base case. This does not necessarily mean that
vulnerability of other SA1s hasn’t increased, just not severely enough to
move to the next hazard category.
10
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Fig. 6. Provisional hazard categories under climate change RCP 8.5–2080.

4.3. Population and building densities

well as individual components. It indicates that higher social vulnera
bility occurs mostly within the western part of the MSR, due to several
factors. For example, the SA1s marked as 1 and 2 in Fig. 8 are classified
as socially vulnerable as a result of scores for component 1 (household
structure, English proficiency and schooling) and 4 (age structure) but
NOT components 2 (immigration status and income), 3 (property rental/
ownership and unemployment) and 5 (education). Specifically, in these
two SA1s, there is a relatively large proportion of dwellings occupied by
more than 5 individuals or more than 1 family, single and/or aged in
dividuals and/or individuals with low English proficiency. On the other
hand, the social vulnerability of SA1 marked as 3 in Fig. 8 is due to high
proportions of migrants, low-income households and individuals with
lower educational levels. Conversely, the SA1s in the eastern part of the
MSR, marked as 4 and 5, rank low on social vulnerability mainly because
of the predominantly industrial land use and the low number of resi
dential dwellings in those parts of MSR.

Fig. 7 shows the variation of FE, discretised into five categories of
exposure, from “lowest” to “highest”. The region of reference is the MSR
itself in Fig. 7a, and BSR in Fig. 7b. In Fig. 7a, several SA1s in and around
Enmore, Lewisham, Dulwich Hill and Marrickville have high exposure,
on account of high residential density. SA1s between Marrickville and
Sydenham have very low exposure because of the predominantly in
dustrial nature of the area. When the larger BSR is taken as a reference,
Fig. 7b reveals high or very high exposure in around twenty SA1s, none
of which is in MSR.
4.4. Social vulnerability
The five extracted principal components for MSR from SoVI analysis
1 are detailed in Table 4. Fig. 8 shows the spatial distribution of SoVI, as
11
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Fig. 7. Exposure index within Marrickville valley.

Fig. 9 shows social vulnerability of MSR (84 SA1s) as it emerges from
data analysis 2 with the larger BSR taken as a reference, i.e., relative to
MSR’s larger Inner-City context. The figure indicates that although some
SA1s in the western part of Marrickville have relatively high social

vulnerability, the most socially disadvantaged SA1s fall in the InnerWest around Bankstown and Canterbury, rather than Marrickville.
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selected SA1s have High or Very High FH, indicating geophysical sus
ceptibility to flooding. A1 has high population density, and high
buildings density, a relatively large proportion of which is old building
stock. This leads to a high value of FE. In addition, A1 has relatively high
scores for principal components of social vulnerability. In A2, densities
of population, buildings and old buildings are comparatively low and
SoVI is one level lower, leading to an FSVI that is one level lower than
A1. Area A3 is located in a largely industrial zone with no old buildings,
and only a small proportion of residential properties. This leads to low FE
and SoVI and, therefore, despite the high FH, low overall vulnerability
reflected by a low FSVI. Finally, the vulnerability level of A4 is moder
ate, with high social vulnerability but low exposure index.

Table 4
Extracted Principal Components of Social Vulnerability Indicators from SoVI
Analysis 1 for MSR (66% of variance explained; determinant of correlation
matrix = 2.57 × 10− 5; Bartlett’s test of sphericity: p < 0.001; KMO = 0.815).
Principal Component

Eigen
Values

Indicators

1 Household structure,
English proficiency
and schooling

5.157

Number of dwellings
occupied by 5 individuals or
more
Number of household with 2
or more families
Number of dwellings
occupied by single
individuals
Number of people with low
speaking proficiency in
English
Number of couple families
with more than 2 dependent
children
Number of people who never
went to school
Number of non-citizens
Number of households with
negative or nil income
Number of recent migrants
(previous 8 months)
Number of people with
weekly negative or nil
income
Number of houses with
weekly rent over the median
household rent
Number of houses with
weekly rent below $150
Number of single-parent
families with children under
15
Number of unemployed
families
Number of dwellings owned
with mortgage
Number of dwelling owned
outright or being purchased
Number of people over 65
years of age
Number of people between
35 and 39 years
Number of children below 5
years of age
Number of people whose
highest level of education is
year 11
Number of people whose
highest level of education is
Certificate Level (Certificate
1, 2, 3 or 4)

2 Immigration status
and income

3 Property rental/
ownership and
unemployment

4 Age Structure

5 Education

3.536

2.425

1.724

1.013

Factor
Loading
after
rotation
0.773
0.726
-0.655

4.6. Focus group with municipal council stakeholders
0.630

The research project was conducted in collaboration with the InnerWest Council, which is the municipal authority responsible for the MSR,
including land use and flood management. At the beginning of the
project, a meeting was conducted at the Council’s Office to discuss the
project brief (27th July 2016). The Council provided part of the data
required for flood simulations. A 90-minute meeting was then organised
(24th August 2017) at the Council’s Office attended by, in addition to
the first and second authors, three Council staff, namely the Coordinator
of Asset Planning, a Development and Planning Engineer and a Design
and Planning Engineer. The researchers presented the project’s objec
tives, methodology and outcomes followed by extensive discussions and
responses by Council staff.
The meeting yielded two important insights by Council staff about
the usefulness of the study. First, Council staff saw a good potential for
the findings of the research project to inform existing Council’s flood
management process. The study findings were considered especially
useful for the flood emergency response services. Combining geophys
ical, built environment and social vulnerability data was deemed to
provide information not usually available to emergency services, and to
help in developing better contingency plans. This is particularly perti
nent in light of the marked increase in flood duration under RCP 8.5 –
2080. Second, one of the limitations of the social vulnerability index,
noted by Council staff, is that it is based on household survey data by the
Australian Bureau of Statistics, which does not capture the vulnerability
of employees of workplaces located in Marrickville. Different kind of
data would be required to develop a map of workplace vulnerability,
including, amongst others, number of employees, firm assets and re
sources, and the adequacy of emergency procedures in place at the firms.
This was beyond the scope of this project.

0.623
0.605
0.843
0.747
0.743
0.706
0.542
0.812
0.633
0.575
-0.562
-0.500
-0.741
0.685
0.531
0.814

5. Discussion
0.508

5.1. Vulnerability to flooding
Analysis of vulnerability to climate stressors combines two ap
proaches to environmental risk, one of which is much more recent than
the other. Space-time heterogeneities have long been recognized as
fundamental for understanding ecological dynamics and the resilience
of socio-ecological systems to environmental stressors (Levin and Levin,
1989; Convertino and Valverde, 2019). From this perspective, compu
tational modelling can unveil key dynamics underlying hazards and
exposure to them. In particular, the spatial downscaling of predictions of
global circulation models of climate change, when combined with hy
drological accounts of flood patterns at neighbourhood scale, can pro
duce a more refined, place-specific understanding of floods and their
variabilities in space and time (Willems et al., 2012; Loaiciga et al.,
1996). On the other hand, socio-economic disadvantage underlying
differential exposure to risk is increasingly recognised as a key driver of
vulnerability to ecological stress (Adger, 2000; Berkes et al., 1998;
Satterthwaite, 2003). The spatial mapping of social inequalities has
hence become a key element in understanding environmental risks,

4.5. FSVI mapping
The three indices FH, FE and SoVI were combined additively and
multiplicatively to construct FSVI as described earlier. No correlation
was found to exist between the three indices hence confirming that
useful information on hotspots can be elicited by overlaying them
through aggregation. As expected, Fig. 10 shows that, under multipli
cative aggregation, only SA1s with high values on all 3 indices are given
high FSVI values.
To examine how different indices contribute to the FSVI, four SA1s
(A1, A2, A3 and A4 shown Fig. 10) with different FSVI categories (low,
medium, high and very high, respectively) are selected from the results
generated with additive aggregation. The individual indicator/compo
nent score producing of FH, FE and SoVI are shown in Table 5. All
13

A. El-Zein et al.

Ecological Indicators 121 (2021) 106988

Fig. 8. Spatial distribution of SoVI in MSR, including distribution of individual components.

Fig. 9. SoVI for Larger Geographical Area of BSR (data analysis 2).
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Fig. 10. Distribution of FSVI by Additive and Multiplicative Aggregations.
Table 5
Comparison of Indicators for Four Selected SA1s (the location of the four SA1s, A1, A2, A3 and A4, are shown in Fig. 10).
Indices

FSVI category
Indicators

A1 (Residential)
Highest

A2 (Residential & parkland)
Higher

A3 (Industrial)
Lower

A4 (Residential)
Moderate

Flood Hazard Index

Mean Flood Depth (m)
% of Flooded Area
Flood Duration (h)
Flood Velocity (m/s)
Population density (/km2)
Building density (/km2)
Old building density/sq km
Component 1
Component 2
Component 3
Component 4
Component 5

0.31
0.56
1.53
0.78
7954
1525
449
5.8
9.0
8.9
5.0
8.9

0.37
0.49
1.62
0.45
3395
1039
64
6.9
4.1
6.2
6.8
8.2

0.35
0.16
1.99
0.38
57
97
0
1.0
1.5
4.6
3.4
1.0

0.12
0.04
1.51
1.10
5149
1418
73
7.6
4.0
5.4
4.7
5.6

Flood Exposure Index
Social Vulnerability Index

Highest

Highest
Highest

including those generated by floods (Fielding and Burningham, 2005).
Vulnerability assessments is a semi-quantitative means of combining the
above two approaches to generate refined knowledge-based data that
can assist in policy making on reduction of vulnerability to floods.

Highest

Lower
Higher

Highest

Lowest
Lowest

Highest

Lower
Higher

Our modelling showed worsening of flooding in the study area,
which is broadly consistent with findings in the literature (Ahmed, 2018;
Zhu et al., 2007; Zhou et al., 2016; Chang et al., 2009; Ahmed et al.,
2018). Specifically, a significant increase in the duration of floods under
climate change was predicted, but only limited change in other flood
hazard indicators such as flood depth and velocity. The increase in flood
duration is due to sea level rise which slows down discharges by the
urban drainage system of MSR into the Cooks River. More protracted
floods have been found to cause more damage (Kelman and Spence,
2004; Soetanto and Proverbs, 2004). During the last few decades, the
average annual flood duration along the U.S. East Coast has been
increasing due to sea level rise (Ezer and Atkinson, 2014). Longer flood
durations can lead to higher dependency on emergency services, higher
costs of emergency and longer recovery times for the community.
Another implication of this finding is that, if the bottleneck to drainage
occurs downstream, increasing the drainage capacity through infra
structural change may not address the problem and resources may be
better directed at improvement of flood warning and better access to

5.2. Change in flood patterns under climate change
Two different greenhouse gas emission scenarios (low and high
emission scenario RCP4.5 & RCP8.5) were used to predict future phys
ical characteristics of floods in MSR for the years 2060 and 2080. The
aim of the study was to predict the effects of climate change on
vulnerability to flooding in MSR, under current socio-economic, de
mographic and built-environment conditions. While this approach has
been followed in several other studies (Ahmed, 2018; Schreider et al.,
2000; Ashley et al., 2005; Zhou et al., 2016), its main drawback is that
urban expansion, which has been identified as an important driver of
future flood risk in a number of climate change studies, was not taken
into account here (Berggren et al., 2011; Muis et al., 2015).
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flood-affected communities. This is clearly an open question which de
serves more research.
Significantly, the NSW Flood Plain Manual (FPM) categorises flood
hazards based on flood depth and velocity, but not flood duration. This
was reflected in our analyses when, 85% of flooded areas of MSR under
CC was categorised as low hazard, compared to 90% under the base
case, despite the increase in flood duration under CC. This is due to
lower velocities under CC. Although flood duration is likely correlated to
flood depth, the latter is unlikely to capture the full effects of the former.
Hence, our findings suggests that there may be a case for revising this
categorisation in order to include flood duration, as well as placespecific vulnerability assessments.

and flood evacuation plans can hence be tailored and prioritised, tar
geting those with low mobility and low access to resources. Cutter et al.
(Cutter et al., 2003) pointed out that resource prioritisation for flood
mitigation may be vulnerable to politics of vested interests. Data, such as
those developed in this study, can help in providing an objective basis
for discussions between stakeholders attempting to develop collective
action on flooding.
A question remains, nevertheless, as to whether vulnerability studies
actually feed into policy processes for flood mitigation. Critiques from
political science literature have argued that vulnerability studies do not
consider policy context and are not action-oriented, which limits their
usefulness (Wellstead et al., 2013; Wise, 2014). Examining studies of
vulnerability to heat waves, Wolf et al. (Wolf et al., 2015) concluded that
they have not had “a substantive influence on policy-making or pre
ventive action”. In a review of the literature on vulnerability, Ford et al.
(Ford et al., 2018) found that, although 44 studies raised this question,
there was a dearth of papers providing empirical evidence in addressing
it.
The policy context of our own study is partly determined by the state
government of New South Wales which requires local councils to
develop their own sea level rise planning and to adopt their own, placespecific sea level rise projections. The NSW Flood Pain Manual (FPM)
recommends that any flood mitigation measure consider, in addition to
cost-benefit aspects, criteria of social feasibility and impacts. However,
no mention is made of socio-economically differentiated impacts and
vulnerabilities. This manual is prepared to assist the local government in
formulating flood management plans through the flood risk manage
ment process. The first step of this process is to set up a Floodplain Risk
Management Committee whose objective is to assist the local authority
in the development and implementation of a flood plain risk manage
ment plan. A Flood Management Advisory Committee (FMAC) advises
the Inner West Council (which oversees flood management in MSR).
This is a discussion forum which includes technical, social, economic
and environmental matters and whose recommendations are usually
adopted by the Council. Hence, discussion, adoption and/or dissemi
nation of (parts of) the study’s findings by the FMAC would be the most
effective route by which the vulnerability assessment reported here may
have an impact in actual flood policy. Preliminary feedback by Council
stakeholders, as mentioned earlier, is encouraging and appears to sug
gest that data generated by the locally specific assessments may feed into
adaptation measures and policies. However, whether such an adoption
will take place in the future remains to be seen.

5.3. Flood indices
Planning for urban flooding has been traditionally based on
geophysical assessment of flooding patterns at city scale (Muis et al.,
2015; Jongman, 2015). The literature on vulnerability and environ
mental risk emphasises that impacts of extreme weather events are
experienced differently by different segments of the population,
depending on socio-economic, demographic, institutional and
built–environment factors (Zahran et al., 2008; Cutter et al., 2013;
Jongman, 2015). Several attempts at combining socio-economic and
geophysical elements of flooding have been attempted in the literature
(Tavares et al., 2015; Garbutt et al., 2015; Koks et al., 2015) including
construction of composite indices (Connor and Hiroki, 2005; Balica and
Wright, 2012; Zachos et al., 2016). However, very few attempts have
been made at building such indices using fine-scaled hydrological-hy
draulic modelling and municipal data and aiming to compare units
within one municipality rather than between different municipalities.
Hence, the modalities and usefulness of such an exercise remain an open
question.
The three components of FSVI developed here were found to be
poorly correlated when applied to the Marrickville Study Region (MSR),
hence lending support to the hypothesis that such an index may yield
additional information, not provided by its individual components. The
possibility of a strong correlation between the three components arises
from the fact that the economically and/or politically disenfranchised
often occupy environmentally marginal land and are hence more
exposed to the impacts of pollution and extreme weather events (Pulido,
2000; Satterthwaite, 2003; Adger, Aug., 2006). However, this is not
always the case, as Cutter et al. (Cutter et al., 2000) have argued, and the
most vulnerable places from the biophysical viewpoint do not always
overlap with the most vulnerable populations. In the case of MSR
studied here, no consistent pattern relating the three components of risk
has been found, with some areas of MSR identified as susceptible to
flooding, scoring low on social vulnerability, while other socially
vulnerable areas are found to be at low risk of flooding. Indeed, the study
has found that the FSVI exhibits significant spatial variations within
MSR especially in relation to its hazard and social vulnerability com
ponents. This is aligned with previous research on social vulnerability
(Cutter et al., 2003; Holand et al., 2011; Tavares et al., 2015; Garbutt
et al., 2015; Koks et al., 2015).

6. Conclusions
The paper has proposed and implemented a methodology for
combining hydrological-hydraulic modelling and social vulnerability
assessment at local municipal scale in order to evaluate vulnerability to
flooding under climate change. The exercise has yielded a richer set of
data that appears to be useful for planning purposes of municipal
government.
Several lines of investigation can be pursued as extension of this
research. First, the hydraulic/hydrological analyses can be incorporated
within a more complete probabilistic framework in order to generate
probability distribution functions of flood indicators. The shape of these
functions can help in understanding the modalities and persistence of
flood risk and, through global uncertainty and sensitivity analyses
(GSUA), in better characterising global sensitivities of vulnerability to
floods (Saltelli et al., 2004; Convertino et al., 2018).
Second, refining future projections of vulnerability so as to incor
porate the effects of urban change, including economic growth and
population dynamics, and not just climate change, is vital for a better
understanding of future floods.
Third, observing how this vulnerability assessment, and others, are
received by policy-making agencies and how this reception evolves over
time would yield valuable information about critical research-policy

5.4. Role of vulnerability studies in flood policy making
Our findings suggest that combining information about the physical
characteristics of flood with local-scale data on social vulnerability and
built environment allows flood mitigation efforts to be targeted at the
most vulnerable segments of the population. It can bring to the portfolio
of flood adaptation actions a set of targeted, non-infrastructural mea
sures that are often low-cost. Examples include increasing flood
awareness amongst migrants, new residents and/or those with low
levels of education and minor retrofitting to waterproof old buildings
(Cutter et al., 2003; Koks et al., 2015). The data can further be used by
emergency services to predict the recovery capacity of various localities
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Szewrański, S., Świąder, M., Kazak, J.K., Tokarczyk-Dorociak, K., van Hoof, J., 2018.
Socio-Environmental Vulnerability Mapping for Environmental and Flood Resilience
Assessment: The Case of Ageing and Poverty in the City of Wrocław, Poland. Integr.
Environ. Assess. Manag. 14 (5), 592–597.
J. S. Lee and H. Il Choi, “Comparison of flood vulnerability assessments to climate change
by construction frameworks for a composite indicator,” Sustain., vol. 10, no. 3, 2018.
Fernandez, P., Mourato, S., Moreira, M., Pereira, L., 2016. A new approach for computing
a flood vulnerability index using cluster analysis. Phys. Chem. Earth. 94, 47–55.
Zachos, L.G., Swann, C.T., Altinakar, M.S., McGrath, M.Z., Thomas, D., 2016. Flood
vulnerability indices and emergency management planning in the Yazoo Basin,
Mississippi. Int. J. Disaster Risk Reduct. 18, 89–99.
Brouwer, R., Akter, S., Brander, L., Haque, E., 2007. Socioeconomic vulnerability and
adaptation to environmental risk: A case study of climate change and flooding in
Bangladesh. Risk Anal. 27 (2), 313–326.
Bhattacharjee, K., Behera, B., 2018. Determinants of household vulnerability and
adaptation to floods: Empirical evidence from the Indian State of West Bengal. Int. J.
Disaster Risk Reduct. 31 (July), 758–769.
Rana, I.A., Routray, J.K., 2018. Multidimensional Model for Vulnerability Assessment of
Urban Flooding: An Empirical Study in Pakistan. Int. J. Disaster Risk Sci. 9 (3),
359–375.
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