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Abstract This research proposes a holistic approach to flood risk assessment that com-
bines quantitative and qualitative aspects. This approach was developed and applied in the
Ayutthaya region in Thailand, which is a UNESCO World Heritage Site. First, flood risk
was assessed traditionally as a product of hazard and vulnerability. Both qualitative and
quantitative data were gathered from publicly available sources and through interviews,
questionnaires, and focus group discussions to assess the vulnerability, using various
weights for the different vulnerability dimensions. The hazard was assessed using a cou-
pled 1D-2D flood model, and the resulting vulnerability and risk were mapped. Second, an
alternative flood risk map was produced based on group mapping exercises with local
residents, which captures the level of perceived risk. The traditional flood risk map was
adjusted by varying the vulnerability weights to better match the perceived risk map. The
analysis of these two maps revealed that two approaches to flood risk assessment can be
used effectively in gaining different insights of the phenomena, and as such, they both
should be used in flood risk management planning.
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1 Introduction

Managing the risk of flooding is a significant challenge for many cities, and the magnitude
of such challenge is expected to grow even further with an ever-continuing urbanisation,
population growth, climate change, and economic growth (Huong and Pathirana 2013).
Urban and economic growth results in more people, with more assets, living in concen-
trated areas, potentially exposed to flooding. Urbanisation and the development of
impermeable areas also reduce the capacity for rainwater to infiltrate into the ground,
leading to more run-off in less time (Kumar et al. 2013). Finally, climate change could
bring more frequent extreme rainfall and increased extreme river flows (Arnbjerg-Nielsen
et al. 2013; Pelling 2011). As a result, flood defence and urban drainage systems are often
unable to cope with these added stresses (Price and Vojinovic 2008).

Flood risk can be defined as the likelihood of an extreme event combined with its
negative consequences or impacts, calculated over a number of events with different
probabilities. Expressed in a different way, risk can be defined as the combination of
hazard and vulnerability (Apel et al. 2009; IPCC 2014; Vojinovic and Abbott 2012). We
refer to this as the traditional (quantitative or analytical) approach to flood risk assess-
ment. This approach relies upon the quantification of factors such as the value of exposed
assets and the probability of extreme floods.

An alternative way of considering risk derives from a school of thought that suggests
that the notion of risk is related to a pure or a priori conception of the understanding
(Vojinovic and Abbott 2012) and the ability to sense and avoid harm (Slovic 1987).
Although the results are conflicting, factors such as perceived probability and the perceived
consequences of flooding have been shown to affect behaviour in some studies (Bubeck
et al. 2012). We refer to this as the risk perception (qualitative or perceptive) approach to
flood risk assessment, which uses more qualitative assessment techniques (Vojinovic and
Abbott 2012).

Flood risk assessment (FRA) is a key tool in the traditional approach to understanding
and managing flood risk. FRA can be used as a rational basis for decision-making and
policy analysis (Hall et al. 2003). Flood risk assessed with this approach typically relies on
the quantification of risk through computational flood modelling (see, for example, Voji-
novic and Tutulic 2009), and the enumeration of assets at risk and their value. To obtain
the most complete understanding of flood risk, all the dimensions of impacts or damage
should be included (Merz et al. 2010). However, FRAs commonly focus on those impacts
that can be quantified in financial terms, such as the cost of damage to property and
business disruption. These readily quantifiable impacts do not reflect the entire effects of
flooding, and those impacts that are difficult (or impossible) to express in non-monetary
terms, such as the loss of life or the loss of cultural heritage, are often neglected (ten
Veldhuis 2011). There is a limited yet growing literature into the vulnerability of cultural
heritage to natural hazards and climate change (Colette 2007; Kincey et al. 2008; Marzeion
and Levermann 2014). The use of maps has been shown to be a valuable tool in the risk
assessment of cultural heritage (Wang 2015).

Vojinovic and Abbott (2012) argue that a holistic approach to flood risk management
should be adopted, rather than a narrow techno-centric approach. Such a holistic approach
should incorporate the views and perceptions of stakeholders, rather than merely the views
of technical experts (Vojinovic 2014). We argue that a significant benefit of this per-
spective is the ability to combine the strengths of the two approaches to risk described
above. Birkholz et al. (2014) argue that despite the growing awareness of holistic con-
ceptions such as vulnerability, the role of risk perception is underdeveloped. As a result,
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there is a need to reinvigorate research into risk perception and its role in flood risk
management.

The aim of this paper is to present a holistic approach to flood risk management by
combining the traditional and risk perception approaches to an urban case study where
invaluable sites of cultural heritage are threatened by floods. We argue that perceptions of
flood hazard and flood risk provide a richer understanding of the problems and should be
incorporated into strategies to manage flood risk. The development of such a holistic
approach provides challenges. We discuss these challenges, and how they have been
tackled; finally, we provide directions for how this research could be extended.

2 Flood hazard and vulnerability assessment

As described, flood risk is commonly defined as the product of hazard, (the physical and
statistical characteristics of the floods) and the vulnerability of exposed environment
(Wisner et al. 2004; Apel et al. 2009; Muller et al. 2011). The flood risk assessment process
involves hydrological and hydraulic modelling to estimate the hazard, and socioeconomic
studies to estimate the vulnerability to flooding (Cunha et al. 2011; Mynett and Vojinovic
2009). The following sections describe an overview of flood hazard and vulnerability
assessment.

2.1 Hazard assessment

Urban flood hazard assessment typically relies upon the results from computational
models. These models have progressed rapidly in recent years (Price and Vojinovic 2011;
Abbott and Vojinovic 2009; Vojinovic et al. 2012; Seyoum et al. 2012). The simplest
computational flood hazard models are based on hydrological models which represent the
processes by which rainfall is converted into run-off. These models have progressed
through one-dimensional models that represent flow in channels or subsurface sewers, to
the state of the art, which is represented by coupled one-dimensional-two-dimensional
hydraulic models. These models can simulate the behaviour of flow in sewers and chan-
nels, and on the surface around buildings (Henonin et al. 2013; Vojinovic et al. 2011).
These models have significant data requirements; these include data on extreme rainfall,
information on surface properties including permeability, roughness, and topography, and
data on the layouts and geometry of channel networks including elevations, diameters, and
the properties of any control structures. Flood hazard models are able to simulate the
characteristics of flooding, which may include flooded extents, depths and velocities, flood
durations, and water quality.

2.2 Vulnerability assessment

Vulnerability is commonly defined as referring to the conditions and capacities that make a
system or an individual susceptible to harm as a result of a hazard (UNISDR 2009; Muller
et al. 2011; Vojinovic and Abbott 2012). An understanding of flood vulnerability typically
requires knowledge of the possible impacts of flooding. There is an extensive literature on
flood damage or impact assessment (Messner et al. 2007; Merz et al. 2010; Hammond et al.
2015). Flooding has the potential to cause harm in many different ways, and these impacts
can be considered as consisting of physical, social, institutional, economic, and
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environmental dimensions. Alternatively, the impacts can be divided into tangible (easily
expressed in monetary terms) and intangible impacts on one hand, and direct (as a result
with direct contact with floodwater) and indirect impacts on the other.

Vulnerability is often assessed using sets of site-specific indicators or measurements
(Cutter et al. 2000; Birkmann 2007; Muller et al. 2011; Wilhelmi and Morss 2013;
Vojinovic 2014). Multiple aspects can be combined using multicriteria methods (Meyer
et al. 2009). For example, Kubal et al. (2009) implemented multicriteria vulnerability
assessments in urban areas and investigated the physical, social, and ecological dimensions
of vulnerability.

2.3 Risk perception

An alternative way of considering risk derives from a school of thought in that suggests
that the notion of risk is related to one’s ability to sense and avoid harm (Slovic 1987).
Proponents of this approach argue that a number of factors affect the perception of risk.
These factors include direct (and to a lesser extent indirect) experience of the hazard,
perception of the probability and consequences of the realisation of the hazard, and the
level of trust in science and public authorities (Slovic 1987; Wachinger et al. 2013).
Additionally, social context and cultural cognition play a role in identifying the level of
risk (Kahan 2012; Vojinovic and Abbott 2012). In order to analyse flood risk from the
social perspective, it is necessary to exploit knowledge of those communities at risk
(Kenyon 2007; Haase 2011; Peters-Guarin et al. 2012).

2.4 Holistic approach

As introduced earlier, the world is being overwhelmed by increasingly disastrous hydro-
meteorological events and these events cannot be considered in isolation. They are due to
an ever-increasing extent directly attributable to various social, economic, historical,
political, and even cultural causes. Therefore, we argue that for an in-depth understanding
of the aspects that cannot be easily (or not at all) expressed in numerical and/or monetary
terms and which are based on cultural values, opinions, judgements, feelings, and per-
ceptions, a holistic approach which combines a range of quantitative and qualitative data
and methods should be adopted. The next section describes a case study where such an
approach has been developed and applied.

3 Approach

Here we describe a holistic approach to flood risk assessment, which integrates physical,
economic, social, and cultural vulnerabilities, along with perceived risk. This approach
relies on the combination of two separate approaches. The first is a multicriteria flood risk
assessment which quantifies flood risk in terms of the city’s physical, social, economic, and
cultural vulnerabilities. The environmental dimension of vulnerability was neglected, since
Ayutthaya represents an urban area without developed ecosystems or significant natural
resources. The second approach rests on stakeholder participation to ascertain the per-
ception of risk by local residents. These two approaches provide two alternative flood risk
maps (i.e. quantitative and qualitative). The schematisation of the two approaches and their
main components are shown in Fig. 1. Consequently, the two different but complementary
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approaches for flood risk assessment provide insights into the characteristics of a disaster
that have different underlying factors.

Ayutthaya City in Thailand was chosen as the study site. Ayutthaya Island is located
approximately 70 km north of Bangkok and has an area of 7.2 km?. The population of the
island is over 40,000. The island is located at the confluence of three rivers: the Chao
Phraya River, the Lopburi River, and the Pa Sak River; 289 ha are protected by the World
Heritage Convection (Fig. 2). The Historic City of Ayutthaya covers 40 % of the island
and was inscribed on UNESCO’s World Heritage List.

The area is susceptible to fluvial flooding generated in the upstream catchment, as well
as pluvial flooding that can result from intense rainfall. The city recently experienced a
devastating flood in 2011 when the entire island was inundated for over 4 weeks, and water
depths exceeded 4 m in some locations.

The concept of community is central to the approach adopted in this study to assess
flood risk holistically. The term “community” has many different meanings and inter-
pretations, and communities can be defined in terms of geography, social class, gender,
religious belief, and so on. In this study, geography is the determining factor. Through
consultation with the Director of the Department of Public works, 33 unique communities
were identified. These communities are formal voluntary organisations created by the
residents of the island mainly for the purpose of cooperating with the local government to
receive support or assistance. Households with higher incomes might not participate in
community organisations since they do not require such external support, and so this bias is
recognised.

RISK PERCEPTION APPROACH
Risk as a potential harm to a

TRADITIONAL APPROACH
Risk = Hazard = Vulnerability

DEFINITION OF person’s life and what this
RISK person values
Level of knowledge
FACTORS Hydrometeorological conditions  Land use of exposed areas Beliefs and values
UNDERLYING ~ Catchmentland use Demaographics Media

LEVEL OF RISK Social and political institutions Trust in experts

Governance Cultural institutions
Past experience
Familiarity
DISASTER  Flood magnitude Direct/indirect damages Controllability
CHARACTERISTIC  Flood frequency Tangible/intangible damages Voluntariness of exposure
Uncertainties Catastrophic potential
Risk source
ASSESSMENT  Hydrological modelling Depth-damage curves Heuristics
TECHNIQUES = Hydraulic modelling Expected annual damage Cognition
Vulnerability indices Intuition
QUTPUT Hazard map Vulnerability map Risk perception

Flood Risk map

Risk acceptance
Risk behaviour

Fig. 1 Comparison of the two approaches to flood risk assessment (traditional or quantitative, and risk
perception or qualitative, approach)
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THAILAND

Ayutthaya
.)_’ y

Fig. 2 Ayutthaya Island is located in Thailand and represents an urban area. Approximately one-third of the
island is protected by UNESCO as a World Heritage Site (WHS)

3.1 Overview of data collection methods

Data for all the analyses were collected during 3 months of field work. An overview of
these methods is given here. More specific details on how these were used to assess flood
risk are provided in subsequent subsections.

3.1.1 Initial meetings with project partners

A series of meetings were held throughout the study to allow the collection of general
background data. These included meetings with UNESCO Bangkok, the Asian Disaster
Preparedness Center, the Ministry of Culture’s Fine Arts Department, the Department of
Public Works, and staff from the Municipality. These meetings were face to face and
generated several outputs. For example, the Fine Arts Department was used to identify
buildings of cultural heritage and both their significance and susceptibility (see
Sect. 3.2.2.4).

3.1.2 Two community workshops
Two one-day workshops were held in order to collect data from the 33 identified com-
munities, using focus group discussions and individual questionnaires. The first workshop

was held on 29 April 2014 with over 300 representatives from 20 communities. The second
workshop was held on 22 May and representatives of the remaining 13 communities were
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invited. In this instance, there were 32 participants from ten communities. Invitation letters
had been sent door to door to the communities, inviting 3—5 members of each community,
to include a community leader, a young man, a young woman, an elderly member, and a
child under the age of 18.

Each workshop used a focus group discussion approach, where each community was
asked to identify critical community facilities (see Sect. 3.2.2.1), to complete a ques-
tionnaire to ascertain social vulnerability (see Sect. 3.2.2.2), and to provide information on
perceived risk (see Sect. 3.3). The focus group discussions were conducted in the Thai
language, and the responses were translated into English. These focus group discussion
sessions were undertaken by a team of student volunteer researchers directed by a pro-
fessional researcher. Finally, individual questionnaires were given to 150 participants in
Thai to complete to provide information on the weighting of different categories of social
vulnerability as well as other aspects of flood risk (not described in this article).

3.1.3 Field survey work

The same team of semi-professional student researchers led by a professional researcher
conducted a door-to-door survey of the businesses that exist on the island, and categorised
them into 20 classes. Twenty businesses, one from each category, were selected for an in-
depth semi-structured interview, which was conducted to estimate economic vulnerability
to flooding (see Sect. 3.2.2.3).

3.1.4 Four-day stakeholder consultation workshop

A four-day stakeholder workshop was held from 27 to 30 May 2014 inclusive. Invitations
were sent to 16 government and non-government organisations and representatives of the
communities. Representatives from only eight organisations and five communities attended
the workshop. However, this can be partly explained by the enactment of Martial Law in
Thailand on 20 May which depressed attendance. This 4-day consultation workshop was
part of a larger project and covered a number of topics, such as the selection of possible
mitigation options, not reported in this article. One output of the stakeholder consultation
was the identification of weightings for four dimensions of vulnerability (see Sect. 3.2.2.5).

3.2 Traditional approach to flood risk assessment
3.2.1 Hazard analysis

The hazard component of the risk equation is determined from a simulation of the 2011
flood event using combined 1D and 2D computational models. The focus of this paper is on
the methodology for combining the risk models, and so the description of the hazard
modelling is summarised. A 1D model of a 52-km stretch of the Chao Phraya River is
developed, which consists of the channel data for the Chao Phraya River and a number of
tributaries that include the Lopburi and Pasak Rivers which meet at Ayutthaya. Rainfall
data from four raingauges and observed river stages are used as initial conditions. Second,
a shorter section of this 1D model is coupled with a 2D model of the urban area, to
investigate the propagation of excess floodwater from the 1D river system of the Pasak,
Lopburi, and Chao Phraya Rivers into the urban area, using the DHI MIKE FLOOD
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software. Calibration was undertaken by means of adjusting Manning’s n roughness of the
river channels and surfaces.

The 2D component of the model consisted of the topographic data of the island and its
immediate surrounding area. Figure 3 shows the digital elevation model (DEM) of
Ayutthaya Island. Aerial LiDAR data at a 2-m grid scale is used to generate the DEM of
the island, which was used as the topography data for the 2D flood modelling.

Hazard is defined on the depth of inundation. Floodwater velocities are known to be low
and can be neglected. A body of research is available about the relationship between flood
characteristics and flood hazard (Penning-Rowsell et al. 2005; Jonkman et al. 2008; Peters-
Guarin et al. 2012). In this research, threshold depths of <0.5, 0.5-1.5, and >1.5 m were
used to define the flood hazard as low, medium, and high, respectively.

3.2.2 Vulnerability assessment

Four dimensions of vulnerability are differentiated to represent flood effects on different
aspects of the urban environment: physical, social, economic, and cultural dimensions. The
vulnerability assessment relied on data collected from GIS maps with information on
buildings and land use types, interviews with key stakeholders, and focus group discus-
sions. Each dimension was assessed in isolation and combined into a single vulnerability
map using multicriteria techniques.

. Legend
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Fig. 3 Contour topography of Ayutthaya Island derived from 2-m grid scale resolution data
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3.2.2.1 Physical vulnerability To assess physical vulnerability, four different classes of
the built environment are identified: residential buildings, cultural properties, critical
infrastructure, and roads. Within each group, individual asset types are categorised as
exhibiting low, medium, or high vulnerabilities (Fig. 4).

Research conducted after the 2011 flood demonstrated that the damages associated with
three types of residential building varied significantly (Mongkonkerd et al. 2012). Single-
storey buildings are the most vulnerable, since there is no flood-free storey. In two-storey
houses, valuable assets, such as furniture and household appliances, can be temporarily
moved upstairs reducing the overall damage. Pillar houses are the least vulnerable, since
these houses are elevated and are rarely affected by floodwater (Fig. 5).

The cultural properties are divided into three classes following advice from experts from
the Ministry of Culture’s Fine Arts Department. Restored or reinforced properties are
assigned low level of vulnerability since new materials can withstand flood waters.
Archaeological properties with only a few remains are assigned a medium level of vul-
nerability, since such structures can be affected by mechanical and chemical erosion due to
flooding, but structural collapse is unlikely. The most vulnerable cultural properties are
non-restored properties where structural collapse may occur due to destabilised founda-
tions or soil subsidence caused by flooding, as well as due to prolonged saturation of
weight-bearing elements.

Critical facilities are identified from group mapping exercises involving local residents
and the key stakeholders. Participants are asked to identify the following critical infras-
tructures: hospitals, schools, the university (used as potential evacuation centres), and some
active temples. All critical facilities are considered to be highly vulnerable. Furthermore,
roads are classified into three types: asphalt road (low vulnerability), gravel roads (medium
vulnerability), and unpaved roads (high vulnerability).

3.2.2.2 Social vulnerability The community was chosen as the appropriate scale for
assessing social vulnerability, and it is assessed using a framework published by Turner
et al. (2003), which consists of analysing the exposure, susceptibility, and capacities of
each community. Exposure captures the extent to which social subsystems might be
affected by flooding, and it can be measured by the percentage of households that could
potentially be flooded (Damm 2010). Susceptibility aims to describe the state of com-
munities and to determine their rate of deterioration (Damm 2010; Turner et al. 2003).
Capacity, or capacities, represents the strengths and resources available in the communities
(Damm 2010). Coping and adaptive capacity can be identified as subcomponents of these
capacities. Coping capacity is the way people and organisations use available resources and
abilities to face adverse consequences (UN/ISDR 2004). Adaptive capacity reflects the
learning aspects of system behaviour in response to floods (Gunderson 2000).

BUILT ENVIRONMENT
VULNERABILITY

o Residential buildings Cultural properties Critical infrastructure Roads
Low Pillar house Restored Asphalt roads
Medium Two-storey house Archeological remains 2 5 Gravel roads
Hospitals, police
stations, water supply,
High One-storey house Not restored ATM Unpaved roads

Fig. 4 Categorisation of build environment into three vulnerability classes
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Fig. 5 Three types of residential buildings differentiated for physical vulnerability assessment on
Ayutthaya Island: a pillar house, b two-storey building, and ¢ single-storey building (after Mongkonkerd
et al. 2012)

Precautionary measures such as spatial planning, land use management, and financial
resources are examples of factors affecting adaptive capacity (Damm 2010).

A methodology was applied that identified indicators that can measure the qualities of
the community of interest and their relationship with vulnerability. Eight indicators of
social vulnerability were identified, and these are listed in Table 1. Four of these indicators
relate to susceptibility and four to capacities. There is naturally some vagueness in
determining these capacities as susceptibility might derive from a lack of capacity. A
questionnaire was developed with 42 questions grouped into these eight indicators. These
questions either used a binary (yes/no) scale or on a three-point scale (majority/all,
approximately even, minority/none). These scores were translated into either O or 1 for the
binary scale, or 0, 0.5, or 1 for the three-point scale. The arithmetic mean was calculated
for the questions under each category, for each community.

Trained facilitators completed the questionnaire on behalf of the community repre-
sentatives. FGDs have been widely used to study vulnerability at the community level in
other case studies (ADPC 2009). In such an environment, it is possible that the focus
groups are influenced by the facilitator, or by dominant members of the group. The
facilitators had undergone basic training and were aware of these possible effects, and their
removal cannot be guaranteed.

To obtain a composite score for community social vulnerability workshop, participants
were individually asked to rank the importance of the four susceptibility and four capacity
parameters. These results are used to weight the indicators, with the susceptibility and
capacity parameters split 50:50.

3.2.2.3 Economic vulnerability The economic dimension of vulnerability was assessed
by analysing the response of businesses to flooding during the event and afterwards, in the
recovery period. Business continuity management theory was used to assess economic
vulnerability. Here, a business is considered resilient to flooding if it implements a business

Table 1 Categories and indica-
tors for the assessment of the
social dimension of vulnerability
at a community level

Category Indicators

. Health risks caused by floods

. Vulnerable groups

. Flood effect on income/livelihood
. Flood effect on property

Susceptibility

. Flood awareness

. Flood preparedness

. External support

. Community cohesiveness

Capacities

0NN AW
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continuity plan (PACE 1998). The vulnerability of a given economic activity was assessed
by considering the following parameters:

e Duration of complete shutdown of the business due to a flood event;
Duration of reduced business activity caused by a flood event; and
e Operational capacity during reduced activity.

The area of the island was divided into eight areas, and a team of 24 students conducted
a door-to-door survey to identify the different businesses which were categorised into 20
groups. One business owner from each of these groups was selected to be the subject of an
in-depth interview. Twenty semi-structured interviews were completed with representa-
tives of business owners in order to evaluate a set of parameters for economic vulnerability.
Interviewees were asked to answer questions based on their experience from the 2011 flood
event. The economic vulnerability score was calculated using the following equation:

VS:[XTSdﬁ»[XTdXCd,

where VS denotes vulnerability score, I denotes income level before the 2011 flood event,
Tsqa denotes the duration of complete shutdown (months), 74 denotes the duration of
reduced activity (months), and Cy4 denotes operational capacity during downsizing phase
(portion in comparison with normality). The results of this analysis will permit a classi-
fication of appropriate thresholds for low, medium, and high vulnerabilities.

3.2.2.4 Cultural vulnerability The cultural dimension of vulnerability captures the effect
of flooding on cultural values embodied in various properties. These values include the
historical, spiritual, aesthetic, and social values that constitute the cultural significance of a
property (Daly 2011; Vecvagars 2006). These can be associated with different property
attributes, such as its location and setting, materials, form, and shape (UNESCO World
Heritage Centre 2012). The level of cultural vulnerability was assessed by considering the
significance and sensitivity of the cultural assets in areas exposed to flooding.

The significance of each property was assessed on a scale of 1-5, where 1 indicates that
a property is not culturally significant and 5 represents very high cultural significance.
Properties were ranked as very high cultural significance (5) if they lie within the World
Heritage Site. At the community workshops, individuals were asked which properties from
a list were significant. The number of responses will be used to assign low, medium, and
high cultural significance. Those not mentioned will be assigned very low significance.

The sensitivity of each property was assessed on a scale of 1-4, where 1 indicates low
sensitivity to floodwaters and 4 represents high sensitivity. For instance, low sensitivity
could be assigned to properties whose cultural significance would not be diminished by
changes to its physical structure, such as those sites granted significance by virtue of their
location alone. In contrast, archaeological remains that are considered significant because
of the nature of the materials used in the structure, and where those materials could be
damaged or compromised by floodwaters, were assessed as being highly sensitive to
flooding. The sensitivity for properties was assessed working with experts at the Fine Arts
Department.

The overall vulnerability of a cultural property was assessed by combining the results
from the sensitivity and significance, using the matrix shown in Table 2.

3.2.2.5 Combined vulnerability assessment Each of the four dimensions of vulnerability
is given a value of 1, 2, or 3, depending on whether their vulnerability is classified as low,
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Table 2 Matrix to define a level of vulnerability for cultural properties

Level of property significance Score of property sensitivity

Low Medium Medium-high High
Very low Low Low Low Medium
Low Low Low Medium Medium
Medium Low Medium Medium High
High Medium Medium High High
Very high Medium High High High

medium, or high. At the consultation workshop, a questionnaire was distributed to each
stakeholder organisation or community to estimate a percentage weight of each dimension
of vulnerability. The arithmetic mean of all returned questionnaires would be used to
calculate the overall vulnerability weights. The resulting vulnerability score was then
normalised between 0 and 1. Because the buildings, assets, and communities assessed have
different spatial extents and resolution, they were converted from vector formats to a raster
format with a 1-m resolution.

3.2.3 Combined risk assessment

The combined risk assessment is made by multiplying the vulnerability (normalised
between 0 and 1) and the hazard score (normalised as 0.33, 0.66 and 1) to produce a risk
score from O to 1. The three classes of low, medium, and high risk were calculated by using
Jenks Natural Break Optimisation, a way of identifying classes and reducing variance
within each class. Scores <0.25 were considered low risk, from 0.25 to 0.45 were con-
sidered medium risk, and greater than 0.45 were considered high risk.

3.3 Risk perception approach to flood risk assessment

During the community workshops, a group mapping exercise was used to assess the
phenomena and perception of risk by communities threatened by flood hazards. Partici-
pants of the communities’ workshop were organised into eight groups based on the location
of their homes, Fig. 6. Each group consisted of 12-15 people representing four or five
communities. The group work was conducted in the Thai language, and a native Thai
speaker facilitated the workshop to ensure that communication was natural for participants.

The facilitator of the exercise first provided an introduction to the concept of risk. The
introduction was based on the fact that as human beings we can naturally assess risk for our
lives and for what we value (e.g. health, family, and possessions) in activities such as
transport choices, the food we eat, and social activities. However, perceived risk may not
equate with the risk calculated from statistics. It is well documented that people use a
number of heuristics or mental shortcuts to estimate risks, and they can have particular
biases. For example, people tend to estimate risks to be lower than in reality if they
perceive the activity to be beneficial. If the hazard can be recalled through recent direct or
indirect experience, people tend to overestimate the risk, known as the availability bias
(Slovic and Peters 2006; Tversky and Kahneman 1974).

After the introduction, participants were invited to think about Ayutthaya Island as a
human body and about the potential negative effects that flooding might cause. This is a
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Fig. 6 Residential territory of the island was divided into eight sectors. Community representatives from
each sectors formed a group to accomplish group mapping exercise

form of phenomenological research which aims to gather “deep” information and per-
ceptions of the phenomena, representing it from the perspective of people who experienced
it directly. Thus, people could think of the relative importance of different parts of the
town, the level of exposure, the existing coping capacities, etc. Participants were then
encouraged to share their feelings regarding flood risk in the area of their residence and to
voice their thought processes. Afterwards, a group of 12—-15 people worked together to
create a map of perceived risk for a given area. Participants were encouraged to express an
agreed level of risk by colouring in a blank map provided to them. Three different colours
were used to indicate areas of low, medium, or high perceived risk. It was noticed that
group mapping exercises created a playful and interactive environment, making them an
attractive exercise for participants, which increases its suitability for the investigation of
risk perception.

It is important to stress that residents were introduced to risk using a social definition of
risk as the potential harm to a person’s life and to what this person values. As a result, the
results of group mapping exercise represent the combined assessment of risk, not only
hazard. It would have been interesting to have investigated how the group dynamics
affected the perception of risk, in comparison with perceptions residents might have prior
to the workshop.

3.4 Holistic approach to flood risk assessment—combining the two maps

Two alternative maps of the flood risk will have been produced from the two methods. The
first map will combine information from flood models and hazard maps, along with field
survey data and questionnaires to assess the vulnerability (i.e. quantitative or analytical
approach). The second map will rely on the perception of risk from local residents (i.e.
qualitative or perceptive approach). To assess flood risk holistically, it is necessary to go
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beyond merely producing these alternative maps, but to gain a richer understanding of
flood risk by transcending the information provided in these two maps. We aim to achieve
this in two ways: first by identifying the similarities and differences between the two maps
and second by adjusting the weights attached to the vulnerability dimensions in the tra-
ditional flood risk map to achieve a closer match with the perceived risk map. The purpose
is not to do a rigorous calibration of the traditional flood risk map against the risk per-
ception map, but rather to use the information from one to learn about another. We argue
this is possible because the perceived risk from the 2011 event is likely to be representative
of the true risk because it was so fresh in the mind of the respondents. This process is
necessarily explorative in its methodology.

A difficulty arises in comparing the two maps because of their spatial data format. The
traditional flood risk map uses 1-m raster grid cells, while the risk perception map is based
upon polygons of varying sizes. To enable comparison between the two maps, the raster
representation is converted to a polygon representation. Each raster cell in the traditional
flood risk assessment has a score between 0 and 1. The arithmetic mean of these raster
values is calculated over each polygon (excluding cells without a numerical value). The
areas where residents did not comment on the risk are excluded from this conversion.

An alternative way of converting the raster representation of flood risk to the polygon
representation will be assessed. A polygon in the traditional flood risk map will be clas-
sified as being in a state of high risk if a certain fraction of the raster cells within the
polygon is calculated as high risk. Four methods are tested

a. Designating a polygon as high risk if 10 % of the raster cells are high risk. If the 10 %
threshold is not exceeded, calculate the mean value of cells over the polygon.

b. Designating a polygon as high risk if 10 % of the raster cells are high risk. If the 10 %
threshold is not exceeded, calculate the modal value of cells over the polygon.

c. Designating a polygon as high risk if 6 % of the raster cells are high risk. If the 10 %
threshold is not exceeded, calculate the mean value of cells over the polygon.

d. Designating a polygon as high risk if 13 % of the raster cells are high risk. If the 10 %
threshold is not exceeded, calculate the mean value of cells over the polygon.

Once the most effective method of converting the raster to the polygon format is
selected, the weights of the four vulnerability classes were systemically varied so as to see
whether the agreement between the two maps can be improved. Thirty runs are conducted
which are grouped as follows.

a. Equal weight to all classes (Scenario 1)

b. One class removed completely, and remaining three given equal weight (Scenarios
2-5)

c. One class given 50 % weighting, and remaining three given equal weight from
remaining share (Scenarios 6-9)

d. Two classes given weights of 40 % each, and two classes given weight of 20 % each
(Scenarios 10-15)

e. Two classes removed completely, and remaining two given equal weight (Scenarios
16-21)

f. Three classes given 30 % weight each, and one given 10 % (Scenarios 22-25)

g. One class given 70 % weight, and remaining classes given 10 % each (Scenarios
26-29)

h. The weighting from the original survey results selected as untrustworthy (Scenarios
30)
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Visual inspection and a simple metric are adopted to assess the agreement between the
two maps. Agreement is quantified as the number of polygons with the same risk classi-
fication (low, medium, or high) as a proportion of the total number of polygons.

4 Results
4.1 Traditional approach to flood risk assessment

The first part of the traditional (or quantitative) approach to flood risk assessment is the
calculation of flood hazard. This was estimated from the MIKE FLOOD model described
earlier. The resulting hazard map is shown in Fig. 7, with areas denoted as low, medium, or
high risk, using depth thresholds of <0.5 m, between 0.5 and 1.5 m, and greater than
1.5 m. Much of the island is inundated during the 2011 event to depths greater than 0.5 m,
signifying at least medium hazard. Much of the World Heritage Site, which lies on the west
of the island, is inundated to depths greater than 1.5 m, signifying high risk.

The second component of the traditional approach to flood risk assessment is the
estimation of vulnerability. Each of the four dimensions of vulnerability is given a value of
1, 2, or 3, depending on whether their vulnerability is low, medium, or high. The four
dimensions of vulnerability were combined into a single score using the results of the
stakeholder questionnaire presented at the stakeholder/consultation workshop as described
earlier.

Physical vulnerability was mapped by selecting the maximum vulnerability within any
1-m raster cell. For example, if a 1-m cell contains both elements of a highly vulnerable
critical facility, and part of a low vulnerability asphalt road, the highly vulnerable element
dominates and that cell is marked as highly vulnerable.

Legend
Flood Hazard
Low,h<0.5m

Medium,
0.5m=<h<1.5m

B High, h>1.5m

1,200

0 200400

800 1,600

Meters

Fig. 7 Flood hazard map of the extreme flood event in 2011. The levels of hazard are identified based on
threshold values of 0.5, and 1.5 m depth of inundation
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Social vulnerability was calculated for 30 communities, by combining the scores from
eight variables, using the weights shown in Table 3.

Economic vulnerability was assessed by identifying seven business sectors (non-tourist
accommodation, non-tourist goods and foods, non-tourist transportation, tourist accom-
modation, tourist food and drink, tourist services, and tourist transportation). Based on
threshold scores of 0-1.99, 2-3.99, and 4-6, economic vulnerability was assessed as low,
medium, or high. The results are shown in Table 4.

Cultural vulnerability was based on the results of 78 completed questionnaires and
consultation with the Fine Arts Department. Outside of the World Heritage Site, the
property considered the most significant was the Chantharakasem National Museum,
selected by 59 respondents. Properties with more than 40 responses were considered highly
significant. The threshold for low and medium were 1 and 20, respectively.

During the final consultation meeting, respondents were asked to weight the relative
importance of the four different vulnerability dimensions, so as to create the combined
vulnerability map. The results from this survey are shown in Table 5. However, political
instability led to only eight respondents attending the workshop, and the results were
considered unreliable. As a result, default values of equal weighting were applied. The
polygons of various sizes were converted into a raster format using 1-m grids to allow
aggregation.

The individual vulnerability maps for the physical, social, economic, and cultural
vulnerabilities are shown in Figs. 8, 9, 10, and 11, and the combined map is shown in
Fig. 12.

Following the procedure established in Sect. 4, the combined flood risk map is produced
and is shown in Fig. 13.

4.2 Risk perception approach to flood risk assessment

Data gathered through group mapping exercises were converted into a GIS format, and a
single risk perception map was created for Ayutthaya Island. The territory of the World
Heritage Site is not covered, since the community members did not consider themselves to
have the required knowledge, but rather commented that it was the responsibility of
appropriate experts to judge the risk for that area. Communities’ representatives said that
they were not aware of heritage’s vulnerability and condition, as well as the possible

Table 3 Set of eight parameters

R . . Parameter Parameter weight (%)

to assess social dimension of

vulnerability at the community .

level Capacity
Flood awareness 14
Flood preparedness 16
External support 9
Community cohesiveness and education 11

Susceptibility

Health 14
Property 15
Income/livelihood 12

The percentage indicates the Vulnerable groups 9

weight of each parameter into Total 100

overall vulnerability score
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Table 4 Scores of economic vulnerability for each type of business

Type of Shutdown  Reduced Operational capacity Vulnerability ~ Vulnerability
businesses phase business during reduced activity score
(months) activity (portion in comparison to
(months) normality)

Non-tourist: 1 2 0.9 2.8 Medium
accommodation

Non-tourist: 1 3.5 0.2 1.7 Low
goods stores
and food

Non-tourist: 1.5 2.5 0.2 2.0 Medium
transportation

Tourist-oriented: 2.0 3.7 0.7 4.6 High
accommodation

Tourist-oriented: 3.7 4.0 0.2 4.6 High
food and
beverage

Tourist-oriented: 2.0 1.5 0.4 2.6 Medium
services

Tourist-oriented: 2.5 3.0 0.8 4.9 High
transportation

Table 5 Weights of vulnerability dimensions from questionnaire and default value

Vulnerability dimension Weight from questionnaire Weights used in study
Physical 0.22 0.25
Social 0.19 0.25
Economic 0.21 0.25
Cultural 0.38 0.25

effects of flooding on the properties. The resulting perceived flood risk map is shown in
Fig. 14.

The map shows how elevated risk around the fringe of the island, with lower risk in the
centre. In general, the central eastern part of the island is perceived by residents as having a
low level of flood risk, where people mentioned that they are prepared for flooding and can
withstand the disaster. It is suggested that this confidence is because the local residents
witness flooding of the areas adjacent to the island almost annually and they see how
people cope with a disaster. This experience may give the residents the sense that flooding
is not a big disaster and can be coped with. However, analysis of social vulnerability
revealed a lack of flood preparedness, and so this confidence may be misplaced. Inter-
estingly, during the flood of 2011, residents in this area suffered significantly from flooding
and had to evacuate and rely completely on external support, and were therefore not well
prepared to a disaster.
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Fig. 8 Physical vulnerability
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Fig. 9 Social vulnerability

4.3 Holistic approach to flood risk assessment: combining the two maps

Two different flood maps have been developed and are presented in Sects. 4.1 and 4.2.
Figure 13 shows the flood map calculated quantitatively by combining hazard, exposure,
and vulnerability information. Figure 14 shows the perceived flood risk. Visual inspection
determines that there are a number of agreements and disagreements between these two
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Fig. 10 Economic vulnerability
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Fig. 11 Cultural vulnerability

maps. The flood risk is high in both maps in the southern edge of the island near the
hospital areas. There is also agreement abut high flood risk in the east and north-east of the
island. Lower risk in the central western area is observed in both maps. Along the north
side of the island, there is general agreement on the level of risk. In the middle and west of
the northern side of the island, the risk is perceived to be high. People mentioned very high
flood depths during the 2011 flood event in this area. There are also several significant
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Fig. 12 Combined vulnerability
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Fig. 13 Combined flood risk map by traditional approach

structures, which include the university (which serves as an evacuation centre), a temple,
and a school. These buildings are reflected on the “traditional risk map” as isolated pixels
with high or medium level of risk. In the north-eastern part of the island, both maps show
significant areas of high and medium level of risk based which reflects the presence of
high-density commercial area. However, some residents mentioned that commercial
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Fig. 14 Perceived flood risk map (qualitative or perceptive approach)

buildings mostly have at least two storeys, and therefore, people could move to the upper
floors, thereby adapting to flooding.

In the south-west corner of the island, there is a noticeable disagreement between the
risk which is perceived to be high by the local residents, and the generally low or medium
risk calculated by the traditional approach. Even though that there are no vulnerable
structures or residential areas, people consider this areas to be at high risk, since during the
2011 flood, water entered the island through the canal above this area. It was mentioned
that the canals in this area are highly polluted and there is a bad smell. Thus, in the case of
flooding this polluted water would spread out and could cause health risks through contact
with contaminated water. This suggests that the traditional approach to flood risk assess-
ment has omitted an important factor.

The next step was to convert the raster representation of the traditional flood risk map
into a polygon representation, as described in Sect. 3.3. Figure 15 shows the polygon
representation of the traditional flood risk assessment following this conversion.

Visual inspection and a simple metric were adopted to assess the agreement between the
two maps as described in Sect. 3.4. The agreement of these two maps was calculated as
48 %.

Next, we hypothesised that an area would be considered as being in a state of high risk if
a certain fraction of the polygon was deemed in the traditional approach to be high risk.
This was tested by designating a polygon as high risk if 10 % of the cells were high risk. If
not, the mean values from the risk values over the polygon were calculated. An improved
agreement of 52 % was found with this method. A second approach of selecting a 10 %
threshold with the modal value within each polygon selected otherwise. A reduced
agreement of 40 % was found. Next, the threshold value of 10 % was varied, with values
of 6 and 13 % selected. Agreements of 36 and 44 % were found. We decided that the 10 %
threshold was selected as an effective way to identify high risk cells, and calculating the
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Fig. 15 Polygon representation of traditional (quantitative or analytical) flood risk map
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Fig. 16 Polygon representation of traditional (quantitative or analytical) flood risk map using 10 %
threshold (with mean of cell values otherwise)

mean value of the other cells within each polygon if this threshold was not exceeded. This
adjusted flood risk map is shown in Fig. 16.

The next stage was to evaluate the agreement between the two maps by varying the
weights of the four factors in the traditional flood risk map. Thirty scenarios, as described
in Sect. 3.3, were evaluated. The results are shown in Table 6.
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Table 6 Agreement between
risk perception and polygon rep-
resentation of traditional flood

Scenario Economic Social Cultural Physical Agreement (%)

risk map for 30 scenarios 1 0.25 0.25 025 0.25 52
2 0.33 0.33 0.33 0 48
3 0.33 0.33 0 0.33 36
4 0.33 0 0.33 0.33 36
5 0 0.33 0.33 0.33 40
6 0.5 0.16 0.16 0.16 36
7 0.16 0.5 0.16 0.16 44
8 0.16 0.16 0.5 0.16 28
9 0.16 0.16 0.16 0.5 28
10 0.4 0.4 0.2 0.2 40
11 0.4 0.2 0.4 0.2 36
12 0.4 0.2 0.2 04 44
13 0.2 0.4 0.4 0.2 52
14 0.2 0.4 0.2 0.4 32
15 0.2 0.2 0.4 0.4 32
16 0.5 0.5 0 0 48
17 0.5 0 0.5 0 32
18 0.5 0 0 0.5 36
19 0 0.5 0.5 0 44
20 0 0.5 0 0.5 40
21 0 0 0.5 0.5 36
22 0.3 0.3 0.3 0.1 60
23 0.3 0.3 0.1 0.3 36
24 0.3 0.1 0.3 0.3 40
25 0.1 0.3 0.3 0.3 32
26 0.7 0.1 0.1 0.1 32
27 0.1 0.7 0.1 0.1 44
28 0.1 0.1 0.7 0.1 24
29 0.1 0.1 0.1 0.7 28

Significant scenario results are 30 021 0.19 0.38 0.22 52

highlighted

During the adjustment process, several interesting points were observed, especially in
Scenarios 26-29, where one factor was given a dominant weight (70 %). When social and
physical vulnerabilities dominate (see Fig. 17), most cells became high risk, whereas when
cultural dominates, most cells become low risk (see Fig. 18). It is also interesting that good
agreement was found using the weights from the consultation that were deemed too
unreliable because of the small sample size (Scenario 30).

The best match between the traditional and perceived flood risk map was Scenario 22,
where as well as selecting a threshold of 10 %, economic, social, and cultural vulnera-
bilities were given equal weights of 30 % and the physical vulnerability was granted 10 %
weight. The total area of polygons where agreement was found was 492.4 ha. The residents
assessed the risk to an area of 631.7 ha. The agreement of 60 % of the polygons represents
77.9 % of the assessed area. This flood map is shown in Fig. 19.
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Fig. 18 Low risk when cultural vulnerability dominates (Scenario 28)

5 Discussion and conclusions

Two different approaches for flood risk assessment have been applied in the Ayutthaya
case study, namely the traditional (quantitative or analytical) and risk perception (quali-
tative or perceptive) approaches. These approaches differ in many ways, including the
definition of the term “risk”, the characteristics of the disaster concerned, and the
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Fig. 19 Polygon representation of traditional flood risk map from Scenario 22 (best fit)

techniques for data analysis. Attempting to encounter risk from the holistic perspective,
which is promoted throughout this paper, requires looking at risk from both approaches:
the analytical approach (i.e. quantitative) and also the perceptive approach (i.e. intuitions,
feelings and other forms of subjective experience).

The quantitative approach is dominated by analytical thinking (i.e. a form of thinking
which is rooted in modern science) which attempts to calculate the phenomena with the
intention of expressing it in a precise way.

The qualitative approach looks into phenomena from an intuitive perspective and the
nature of the senses which we already carry in ourselves, but which can be further stim-
ulated and enhanced by engaging in the process of seeing and experiencing the phe-
nomenon with the sensuous-intuitive mind and with the sensorial-imaginative mind, and as
such, it cannot be understood by the analytical and intellectual mind alone. It focuses on
the root causes of flood risk related to human mental processes and the human scale. The
present work demonstrates that flood risk is inherently a social process with social roots,
and as such, it requires the holistic perspective which combines the two worlds. The
differences in the derived flood risk maps demonstrate that two different approaches for
flood risk assessment reveal different insights of the phenomena, and as such, they both
should be used in the process of flood risk management.

Both approaches reveal valuable insights into the phenomena, and as such, they both
should be used in the process of flood risk management. We argue in this paper that they
are complementary, rather than oppositional, even if the results differ, and they should be
used as such. As Slovic (1987) argued, risk managers should not discount the views of
residents, but take their views into account.

The two approaches described here produce results that are not easily compatible, and
the challenge of combining quantitative and qualitative data is not easy. In this study, the
aim of the adjustment of one map by comparing it to the other is not intended to be a
strictly mechanical rigorous process. Rather we have demonstrated an attempt to combine
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quantitative and qualitative data, and this process is explorative and relies on judgement
and skill. In this study, we showed that the spatial resolutions of the two flood risk maps are
very different. The traditional (quantitative or analytical) approach provides a raster flood
risk map with a fixed cell size of a few metres, whereas people tend to assess risk on a large
scale. This raises interesting questions over the best way to communicate flood risk. An
over-reliance on the results of computational models may not be the most appropriate to
relate to the spatial scale that people use to assess and communicate risk.

There are several benefits to the approach taken in this study. First, the traditional
approach provides the possibility of testing potential flood risk reduction measures. It has
been shown in some studies that the success of certain measure is at least partially
dependent on the perception of risk, although this is still debated (Bubeck et al. 2012;
Vojinovic and Abbott 2012; Grothmann and Reusswig 2006). Precautionary measures that
rely on residents perceiving the risk will fail, if residents are unaware of the risk they face.
Flood risk managers can identify areas of the highest risk based on the map derived with
the traditional approach. However, both the legitimacy of flood risk reduction plan and risk
behaviour of local residents rely heavily on the level of perceived risk.

The holistic risk assessment approach advocated in this study emphasises the need for a
combination of quantitative and qualitative data and methods which can range from
observations, measurements, model simulations, and economic analysis to signs, state-
ments, experiences, feelings, and perceptions. It places a strong emphasis on social and
ethical aspects and assessment of community’s attitudes towards risk and risk—benefit
trade-offs. It also applies social justice principles (e.g., maximising welfare, fairness,
respecting individual rights and equality and promoting virtue) in combination with sharp
analysis of social, ethical, and wider ecological considerations, while remaining techno-
logically and economically efficient.
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