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Abstract The significance of coastal regions to the infrastructure and the need to protect

such assets are crucial to the economy of countries. Therefore, there is a real need to

enhance the understanding of coastal infrastructure susceptibility as well as to develop

methodologies to estimate vulnerability. A review of the literature regarding coastal vul-

nerability reveals that the focus has been on geomorphological and physical parameters but

not infrastructure and the associated fiscal factors. In order to address this knowledge gap,

an innovative model is developed, i.e., the Coastal Infrastructure Vulnerability Index

(CIVI). Then the model is applied to the case of the Aberystwyth coast demonstrating how

the model estimates the vulnerability of the coastal infrastructure (comprising population,

commercial and residential properties). Subsequently, the CIVI scores were used to rank

coastal sections into five classes, ranging from extremely low to extremely high, based on

the relative magnitude of the vulnerability. The rankings for each parameter were com-

bined, and then an index value was calculated. Results revealed that Aberystwyth contains

more than £40 billion of coastal infrastructure vulnerability and more than 10,000

inhabitants are at the high coastal risk posed by flooding, erosion, storm surges, and strong

winds.
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1 Introduction

Several coastal regions across the world are endangered to both natural and anthropogenic

hazards, which are expected to increase in the near future (Nicholls et al. 2007; Kron 2008;

Weisse et al. 2012). The construction of a variety of infrastructures such as properties

(commercial and residential), roads, ports, and breakwaters completely dominates the

natural habitats and leads to further rapid coastal damage. Humans have changed coastal

regions by introducing artificial constructions in 2580 BCE on the Red Sea shores in the

Egypt (Tallet and Marouard 2014), and these structures affect geomorphology and coastal

systems (Bulleri and Chapman 2010) in a negative way; however, this impact severity

depends on the particular geographical area. Climate change induced elements such as sea-

level rise, coastal flooding, erosion, and storm surge are the main reasons for coastal

infrastructure damage as well as vulnerability (Dolan and Walker 2006; Phillips and Jones

2006; Bosello and De Cian 2014). Increased weather events also affect the socio-economic

circumstances of coastal regions significantly (Hinkel et al. 2010). Therefore, coastal

infrastructure vulnerability needs assessment to a greater degree to ameliorate existing

problems and to prevent further decline.

1.1 Coastal vulnerability appraisal methods

Since three decades several works have been made to establish strategies and procedures

for evaluating coastal vulnerability to climate change and other related aspects, accom-

panied with economics (Cutter et al. 2003; Lewsey et al. 2004; Vincent 2004; Rygel et al.

2006; Phillips and Jones 2006; Hinkel et al. 2009; Torresan et al. 2012; Addo 2013; Tang

et al. 2013; Wolters and Kuenzer 2015; Denner et al. 2015; Wu et al. 2016). A summary of

several methodologies established and applied globally is provided here. The four primary

methods (Ramieri et al. 2011) to evaluate coastal vulnerability to climate change are as

follows:

1. Index-based methodology

2. Indicator-based methodology

3. GIS (geographical information systems) based decision support systems

4. Dynamic computer models

1.1.1 Index-based methodology

Index-based methods evaluate coastal vulnerability by a single magnitude and are normally

unit less. This method measures by the quantitative or semi-quantitative assessment as well

as an amalgamation of diverse variables. These methods are not directly transparent since

the final index does not allow for the understanding of the expectations and combinations

that led to its measurement. The CVI outcomes can be shown on vulnerability maps at

various scales to identify regions where the elements that add to coastal changes make

greatest contributions to coastline retreat (Harvey and Woodroffe 2008; Pendleton et al.

2010). First coastal vulnerability index was developed by Gornitz (1990) followed by

several researchers developing diverse CVI indices across the globe (McLaughlin and

Cooper 2010; Palmer et al. 2011; Yin et al. 2012; Denner et al. 2015).
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1.1.2 Indicator-based methodology

An indicator-based index is a popular tool for measuring the intensity of exposure of

communities to hazards and coastal vulnerability. The index comprises several indicators,

which are interlinked with the specific formula. In recent decades, some researchers have

established several vulnerability indicators within the socio-economic and ecological

system context (King and MacGregor 2000; Brooks et al. 2005; Barnett et al. 2008;

Torresan et al. 2008; Abson et al. 2012; Balica et al. 2012).

1.1.3 GIS-based decision support systems (GIS-DSS)

GIS-based methodologies are useful for evaluating the physical condition of a particular

system and the development of risk maps. It is useful to acquire further information about

the physical geography of particular region through computerisation to transmute vast

databases into thematic maps. The GIS-DSS is two types; development of an information

technology tool for the management of Southern European lagoons under the influence of

river-basin runoff (DITTY-DSS) (Agnetis et al. 2006; Mocenni et al. 2009; Casini et al.

2015) and decision support system for coastal climate change impact assessment

(DESYCO-DSS) (Santoro et al. 2013; Zanuttigh et al. 2014).

1.1.4 Dynamic computer models

Dynamic computer simulations are useful for analysing and mapping susceptibility and

risks of coastal systems (Cowell et al. 1995; Brown et al. 2006). Available methods for this

procedure can be divided into two parts; sector models and integrated assessment models.

Sector models focus on the examination of coastal vulnerability linked to a specific coastal

system, and integrated assessment models appraise the coastal vulnerability systems to

multiple climate change impacts (Mcleod et al. 2010).

1.2 Common framework for evaluation of coastal vulnerability

In 1990, IPCC published a standard methodology for assessing the vulnerability of coastal

areas to sea-level rise; it contains seven systematic stages (seven indicators) (Table 1) that

permit for the identification of population, natural and physical resources at risk and costs

and possibility of potential responses to adverse impacts (Nicholls 1995).

Though several other methods have been developed for coastal vulnerability assess-

ment, most of the researchers focused their interest on the index- and indicator-based

methods. However, there is no standard evaluation method on town/city scale to estimate

the current infrastructure vulnerability of the Aberystwyth at current scenarios. Therefore,

this study developed an integrated CIVI and subsequently analysed the infrastructure

vulnerability of the population, commercial and residential properties of Aberystwyth, UK.

2 Description of study area

Aberystwyth (52�250N 4�050W) is a small sea-side (Irish Sea) town in the county of

Ceredigion in the Wales, UK (Aberystwyth Guide 2014) (Fig. 1), located towards the

centre of the falcate of Cardigan Bay and also positioned between three hills. Aberystwyth
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is the main touristic spot and administrative region of the west coast of Wales; though it

has a small coastline ([2 km) (Aberystwyth Guide 2014), it has a high socio-economic

value because the town’s economy is based mainly on tourism, education, and retail

sectors.

2.1 Coastal infrastructure damage

Frequent storm strikes in Aberystwyth are not unusual phenomena. Starting several dec-

ades ago, repeated storms ravaged this region and damaged several £million to £billion

worth of infrastructure (Fig. 2a–d as evidenced in 1927, 2008, 2013 and 2014 (major

events). In particular, the 2014 massive tides ([20 feet) damaged[2 km of railway track

Table 1 Indicators of the Coastal vulnerability—IPCC common approach (Gilbert and Vellinga 1990)

Indicator Explanation

Affected
Population

Number of people living in the hazard region affected by sea-level rise

Population at risk The average annual number of people inundated by storm surge

Investment value at
loss

Current market value of infrastructure which could be lost due to sea-level rise

Land at loss Size of land that would be lost due to rise of sea-level rise

Wetland at loss Size of area of wetland that would be lost due to sea-level rise

Adaptation costs Adaptation costs to sea-level rise, with an overwhelming importance on defence

Population at risk The average number of people flooded by storm surge per year, supposing the cost of
adaptation to be in residence

Fig. 1 Map of the study area
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between Aberystwyth and Machynlleth severely, and nearly 2 weeks were needed for

repairs. In addition, the widespread destruction of the seawall and walking path and the

flooding of more than ten houses occurred (Welsh Government 2014). Future climatic

conditions and levels of damage due to various coastal hazards (Table 2) will worsen the

situation if strict adaptation and coastal defence procedures are not implemented in the

near future (Slingo et al. 2014).

3 Data

Population, commercial and residential properties data were obtained from ONS (Office

for National Statistics), local and sub-local Councils of Wales and Aberystwyth; fiscal data

of commercial and residential properties obtained from HM Revenue and Customs

(HMRC) offices of Wales and the Agricultural Mortgage Corporation (AMC). Along with

the information as mentioned above, this study also utilised the data obtained by multiple

observations of the coastal site of the Aberystwyth over 3 years (2012–2015) period.

Parameter’s statistics of each coastal cell (at 0.5 km resolution) was determined by using

orthophotographs of Ordnance Survey, Welsh Assembly Government—Aerial Pho-

tographs and Google Earth maps. However, current study only used the data of rateable

properties and did not take into consideration some heritage properties such as church and

museums or massive structures like bridges and other constructions. While SPSS (statis-

tical package for social sciences) (21st version) was used for analysis and exploration of

Fig. 2 Decadal Infrastructure Damage in Aberystwyth. a Residential property damage in 1927 (British
Geological Survey 2014), b residential property damage in 1938 (British Geological Survey 2014),
c commercial property damage in 2012 (Morris 2012), d commercial and residential property damage in
2014 (The Times 2014)
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CIVI values and furtherer construction of CIVI. ArcGIS (10.3 version) and Welsh

Assembly Government Arial and Google (Open Street) maps were used in the development

of coastal vulnerability maps in various scales.

4 Methodology

4.1 Development of an integrated model

There is a real need to evaluate and compare the intensity of vulnerability of different sites,

zones, and nations across the globe. The familiarity of coastal vulnerability will allow the

researchers, policy, as well as decision makers to predict and perform on the adverse

scenarios of existing and upcoming vicissitudes ensuing from global and regional sea-level

rise and other impacts of climate change. A generalised and simple framework is required

to illuminate explicit communication regarding coastal vulnerability and expressive

comparison among susceptibility appraisals. Several kinds of technical, natural and social

methods have already been employed (mentioned in the introduction section), but the

process of applying the framework regionally and globally (from a fiscal perspective) is

still in the embryonic stage. A definite procedure is then required to categorise the vul-

nerability of the coastal infrastructure; accordingly, a novel integrated model has been

developed for the evaluation of coastal infrastructure vulnerability of the Aberystwyth

coast, i.e., CIVI.

Two coastal vulnerability index (CVI) approaches were adopted for this study, based on

an adaptation of the work of Balica et al. (2012) and Palmer et al. (2011). Accordingly, an

integrated model (Fig. 3) was established to evaluate the vulnerability of the Aberystwyth

coast by amalgamating indicator and index-based methods. The fiscal parameters were

selected using the indicator-based method of Balica et al. (2012), and the concept of

development of CIVI was taken from the index-based approach of Palmer et al. (2011).

The fiscal values threshold for parameters was inspired by Aberystwyth fiscal

consequences.

4.2 Fiscal parameters selection

Current study scrutinised various events in relation to a coastal vulnerability in the UK,

such as population, commercial and residential properties, storm conditions, rainfall trends,

Table 2 Coastal hazards of the Aberystwyth (Adopted from Ramieri et al. 2011)

Principal
Marine regions

Coastal hazards Vulnerability/impacts

Celtic Sea Coastal flooding
Various storm events
Coastal erosion
Storm surge
High waves, tides and winds

Infrastructure damage
Community loss
Land degradation
Damage to the coastline
Damage to infrastructure

Irish Sea Coastal flooding
Various storm events
Coastal erosion
Storm surge
High waves

Infrastructure damage
Community loss
Land degradation
Damage to infrastructure
Damage to coastal wall and infrastructure
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coastal erosion, etc. Based on the analysis of various conditions, which are presented in

Table 3, twelve parameters were selected, taking into account the UK coastal regions and

their susceptibility and exposure to the coastal vulnerability events.

4.2.1 Reduction of parameters

Reduction of parameters for an evaluation of fiscal coastal vulnerability at city or town

scale is necessary. A large number of parameters (12) does not offer factual results in this

particular scenario, so to simplify the methodological process, they are reduced and

restricted to 3, based on the potentiality of the parameters (Table 4). Parameter reduction is

not a new procedure in coastal vulnerability assessment studies, and several researchers

have already implemented this technique successfully. Balica et al. (2012) initially con-

sidered 71 indicators and then reduced their number to 12, and the Canadian Council of

Ministries of Environment (2003) selected nearly 100 indicators, which were reduced to 12

as well.

Fig. 3 Flow chart of development of integrated model
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4.2.2 Parameters description

The population is widely accepted imperative parameter in both physical and socio-eco-

nomic sections of coastal research, and it also considers as one of the vital infrastructures

(Simone 2004). Current study measures the population in monetary terms and sets a cost to

the human life based on US—2011—Environment Protection Agency estimations, i.e.,

£6.9 million (adjusted for 2015 inflation £rates) (Appelbaum 2011). However, Aberyst-

wyth population has diverse age groups and communities with different economic status;

Table 3 Parameters selection procedure

Number Parameter Selection process and reason

1 Population in coastal
vulnerability zones

More than 50 % of population is living near the coastline (Small
and Nicholls 2003)

2 Infrastructure (properties,
roads, etc.)

Nearly 6 million properties (one in six) are at risk of coastal
flooding and erosion (Ramsbottom et al. 2012)

3 Land use Around 60 % of the best agricultural land is 5 m or less above sea
level (Zsamboky et al. 2011)

4 Rainfall Heavy rainfall trends across the country in recent decades (Osborn
and Hulme 2002; Maraun et al. 2008)

5 Flood/storm impact Increased severity of flood/storm impact in recent periods
(Reynard et al. 2001; Woodworth et al. 2007; Stevens et al. 2014)

6 Fiscal value of the place The economic value of the area plays a vital role in fiscal studies,
as well as disaster management studies (Swarbrooke 1999; Haigh
and Amaratunga 2010)

7 Coastal erosion High coastal erosion at some regions of the UK (Phillips and Jones
2006; Kantamaneni and Phillips 2016)

8 High growth of population
alongside coasts

High growth of population expected alongside coasts (Small and
Nicholls 2003).

9 Drainage system A poor drainage system causes severe problems particularly when
flooding strikes (Coulthard and Frostick 2010; Butler and Davies
2004)

10 Warning system The robustness of the UK’s warning system for natural disasters,
e.g. no warning system during tornado strikes (Kantamaneni
et al. 2015)

11 Marine Industry Growth Maritime industries and the service sector annually contributes
[£17 billion to the UK economy and it will be £25 billion by
2020 (Marine Industries Leadership Council 2011)

12 Politics and Policies Changing the political situation also plays a vital role in the
assessment of coastal vulnerability (White and Howe 2002; Patt
et al. 2009)

Table 4 Fiscal (coastal infrastructure vulnerability) parameters

No. Parameter Designated symbol for CIVI Measurable units (£)

1 Population a1 Million–billion (economic)

2 Residential property b2 Million–billion (economic)

3 Commercial property c3 Million–billion (economic)
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therefore, this study offers on average £4 m to the life of the UK (Aberystwyth) people at

current scenarios.1

Residential and commercial properties are also important parameters in the coastal

vulnerability studies. Using these structures as parameters in coastal vulnerability studies is

not new; several researchers used in their studies to evaluate vulnerability in both physical

and socio-economic studies throughout the world (Klein et al. 2003; Jacob et al. 2007;

Kubal et al. 2009; Thatcher et al. 2013; Arkema et al. 2013; Wu et al. 2016; Mazumdar and

Paul 2016). The Economic threshold was offered by identifying a number of properties in

0.5 km cells and then estimated the commercial value of those properties and then pro-

vided the range of values from extremely low to extremely high.

4.3 Technical description and calculation of CIVI

A certain length of transect line was drawn on the Aberystwyth coastline, and then a

0.5 km square measurement was placed on the transect line from the coast point to outside

of coast, i.e., towards the civilisation/communities (Fig. 4) to appraise coastal infrastruc-

ture vulnerability within the economic perspective, while, as shown in Fig. 4, second and

third cells are overlapped. Therefore, these overlapped properties did not take into con-

sideration for an evaluation. However, uncovered properties which are located in-between

the cells of first and second as well as third and fourth are taken into account for an

assessment. This consideration helps to attain factual fiscal figures.

Besides that, fiscal parameter ranking was (Table 5) used to measure the coastal vul-

nerability and subsequently each cell was assigned a CIVI score and then all the cells of the

parameters were calculated.

This study categorised the CIVI scores into five categories: extremely low (1), low

(2), moderate (3), high (4) and extremely high (5). The scores of all cells of three

parameters aggregated to rank the coastal infrastructure vulnerability. With rankings

applied these values were then put into a simple equation (Eq. 1) to analyse CIVI

score for each coastal section. Simple summation of individual rankings provided a

total relative vulnerability score. The minimum possible score was 3, and the maxi-

mum was 15.

Relative CIVI ¼ a1 þ b2 þ c3 ð1Þ

a1��Population 5 maxð Þ
b2��Residential property 5 maxð Þ
c3��Commercial Property 5 maxð Þ

Maximum CIVI score 15

Minimum CIVI score 3

1 It is not possible to give same fiscal consequences to all age groups of population of Aberystwyth and,
accordingly this study offer the costs on average £4 m to the life of the human.
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Coastal sections scoring within the mid-range (7–9) were ranked as moderate vulner-

ability, and coastal sections scoring in between 13 and 15 were categorised as an extremely

high vulnerability. However, the ranking system as follows (Table 6);

5 Results and discussion

More than two km transect line was drawn on Aberystwyth coast and accordingly, four

0.5 km cells placed and then measured. Currently, this town has thousands of coastal

population and very expensive properties (commercial and residential) (Table 7).

Moreover, Aberystwyth is critically vulnerable to wave attacks and high tides (Fig. 5).

For several decades, it has been affected severely by a series of storms with high waves,

tides, and storm surges, particularly in 2008, 2010, 2013, and 2014. Specifically, 2014

storm ravaged this region and caused an astonishing [£1.5 m worth of damage to the

Fig. 4 Coastal cell (0.5 km) on transect line

Table 5 CIVI Parameter Ranking

Fiscal
Parameter

1
Extremely Low
£

2
Low
£

3
Moderate
£

4
High
£

5
Extremely High
£

Population \1 bn 1 bn–6 bn [6 bn–12 bn [12 bn–20 bn [20 bn–28 bn

Residential property \30 m 30 m–80 m [80n–30 m [130 m–180 m [180 m–1 bn

Commercial property \2 m 2 m–10 m [10 m–30 m [30 m–70 m [70–300 m

(m million, bn billion)
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infrastructure (Ceredigion County Council 2014). The tidal range in the area is always

greater than on other sites, with the largest increase of waves coming from the south-west,

which is also the direction of the most frequent storms.

Though Aberystwyth has a shorter coastline, it has a high coastal infrastructure vul-

nerability and comparatively uneven across the coast. Some coastal cells are extremely

high, and some are high to moderate vulnerability. Extremely high CIVI scores were

recorded at the second and third cells, high at the fourth cell, and moderate at the first cell

(Fig. 6). Currently, Aberystwyth has[40 bn worth of CIV (Fig. 7) with 4613 residential

properties, 530 commercial properties, and[10,017 people are at high coastal risk.

6 Limitations

Due to the lack of recent literature (most of the research information is more than 10 years

old) on Aberystwyth coastal vulnerability in both physical and fiscal aspects, there is not

much scope to compare with other similar existing studies, especially at regional and

Table 6 Vulnerability level rat-
ings classified by total relative
vulnerability score

Relative vulnerability score Rating of vulnerability

Extremely high vulnerability 13–15

High vulnerability 10–12

Moderate vulnerability 7–9

Low vulnerability 4–6

Extremely low vulnerability 1–3

Table 7 Infrastructure details of
Aberystwyth

Infrastructure name Number

Commercial properties 758

Residential properties 6591

Population 15,139

Fig. 5 a Construction of new coastal wall (during 2014 flood strike, coastal wall was severally damaged),
b commercial and residential properties near the coastline in Aberystwyth (photographs were taken by
author—2015)
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city/town scales. With these concerns in mind, the subsequent vital subjects in any effort of

simplification of the findings would need to be certified carefully, such as GDP, local

economy, and redevelopment procedures.

Fig. 6 Coastline vulnerability rates superimposed upon the aerial photograph

Fig. 7 Fiscal coastal vulnerability map of Aberystwyth (CP-commercial properties; RP-residential
properties)
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7 Conclusion

This study revealed the coastal infrastructure vulnerability of the Aberystwyth by the

establishment of a novel integrated model, i.e., CIVI. Fiscal parameters that considered the

existing economic conditions of the population, commercial and residential properties were

used to appraise the relative economic coastal infrastructure vulnerability. Results showed

that Aberystwyth consists of[£40 billion worth of CIV. Efficient and factual results for

CIVI computation are intensely reliant on the quality and varied type of data used, which

influence the vulnerability of a particular coastal stretch. This is a statistical and objective

approach to illustrate the intensity of coastal infrastructure vulnerability at Aberystwyth

coast. This integrated method enables the production of statistics and quantification of

different levels of vulnerability to fulfil standards substitute to regional, local and sub-local

authorities in the nationalised policy for control of climate change related coastal hazards

in North Wales, UK. This technique of assessing infrastructure vulnerability can purpose as

a primary susceptibility appraisal from which a map of probable intensities of vulnerability

can be generated to allow cost–benefit scrutinise. The use of an appraisal of coastal

infrastructure vulnerability can also be employed to define fiscal viability of coastal

defence and the distribution of compelled funding. This model will be very useful to

coastal economists, engineers and planning managers for better planning to reduce the

coastal vulnerability.
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