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Abstract The scientific community is confident that warming of the Earth’s climate is

unequivocal. Sea-level rise, which poses potential threats to coastal areas, is one of the

most recognised possible impacts of this climate change. The nonlinearities, complexities,

and spatial and temporal lags are common characteristics of coastal processes driven by

human and natural interaction. With the acknowledgement of the complexity and dynamic

nature of coastal systems, this paper introduces a spatial–temporal assessment framework,

for addressing both the temporal and spatial variations, when assessing the vulnerability of

natural and human systems in coastal areas. The framework is based upon a combination of

system dynamics (SD) modelling and geographical information systems by taking into

account spatial (x, y, z) and temporal (t) dimensions. The strategy of the adopted approach

is to use the loose coupling approach by which a spatial model component is incorporated

into a SD model component through a data converter.

Keywords Dynamic spatial modelling � GIS � Inundation �
Sea-level rise � Storm surge � Vulnerability assessment

1 Introduction

There is general consensus among scientists that the climate is significantly and inevitably

changing. Warming of the climate system is now unequivocal (Solomon et al. 2007). As

the Earth continues to warm, coastal communities across the world will increasingly be

faced with rising sea levels, as well as changes in storm surge (SS) frequency and
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magnitude. It is well known that sea-level rise (SLR) will have profound implications for

many coastal populations and the systems on which they depend (Brooks et al. 2006).

Significantly, most infrastructure, settlements, and facilities are located near the coast.

Existing near-coastal populations, within 100 km of a shoreline and within 100 m current

sea level, are estimated at 1.2 billion people, with an average density nearly three times

higher than the global average density (Small and Nicholls 2003). While coastal com-

munities have benefitted from many advantages of living and working in these areas,

inevitably they also face the threat of natural disasters.

SLR, at the estimated rate, may not pose an immediate threat to coastal areas; however,

a higher sea level will provide a higher base for storm surges to build upon. Thus, storm

events occurring in conditions of higher mean sea levels will enable inundation and

damaging waves to penetrate further inland, increasing flooding, erosion, and the sub-

sequent impacts on built infrastructure and natural ecosystems (Pearce et al. 2007). As a

result, SLR will exacerbate the vulnerability of coastal populations and ecosystems via

permanent inundation of low-lying regions, inland extension of episodic flooding,

increased beach erosion, and saline intrusion of aquifers (McLean et al. 2001). With

concern for the consequences of SLR and associated SS, the pressing issues for decision-

makers (DM) are the assessment of vulnerability and the evaluation of adaptation mea-

sures. However, due to uncertainty in climate change predictions, many vulnerability and

adaptation assessments and most town planning activities, which are based on an

assumption that the sea level will remain stable in the future, are in a state of flux. Added to

the dilemma is the realisation that the impacts of SLR will, most likely, be spatially non-

uniform across the world (Nicholls et al. 2007). It is therefore essential for DMs to consider

the dynamic and spatial characteristics of these changes in assessing the impacts of SLR

when making decisions about future infrastructure and community life.

With this in mind, this study focuses on developing a spatial–temporal model (STM) to

assess the whole situation and its interacting components in space and time. This will be

achieved by combining two modelling approaches, namely system dynamics (SD) and

geographical information system (GIS), to create a STM.

1.1 Vulnerability assessment (VA)

Creating a readily understandable link between the theoretical concepts of flood vulner-

ability and the day-to-day decision-making processes is one of the most important goals of

assessing coastal flood vulnerability, which then can be encapsulated in an easily acces-

sible tool (Balica et al. 2012). The Intergovernmental Panel on Climate Change (IPCC)

defines vulnerability as (Parry et al. 2007):

The degree to which a system is susceptible to, and unable to cope with, adverse

effects of climate change, including climate variability and extremes. Vulnerability is

a function of the character, magnitude, and rate of climate change and variation to

which a system is exposed, its sensitivity, and its adaptive capacity.

This definition incorporates three main variables: (1) exposure, (2) sensitivity, and (3)

adaptive capacity. Thus, vulnerability is a function of the exposure, sensitivity, and

adaptive capacity of a system. Based on the IPCC definition, many researchers (Rosen-

zweig and Tubiello 2006; Dongmei and Bin 2009; Yusuf and Francisco 2009; Eriyagama

et al. 2010; Webersik et al. 2010) present vulnerability in the form of the following

function:
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V ¼ f ðE; S;ACÞ ð1Þ

where V = vulnerability, E = exposure, S = sensitivity, and AC = adaptive capacity.

In Eq. (1), time is not explicitly taken into account. Hence, vulnerability assessments,

based on the above definition, have assumed that vulnerability is a static process and, so,

have been conducted with reference to a target year (e.g. 2100) and sea-level rise

prediction (e.g. 1 m) (DCCEE 2009; Wu et al. 2009; Wang et al. 2010). However,

vulnerability is a dynamic process and should be considered as a dynamic continuum.

Further, as the three elements constituting vulnerability interact with, and change in

time and space, so does the vulnerability. To include the dynamic and spatial aspects of

vulnerability, by considering the time and space dependency, vulnerability can be

expressed as:

Vðt; sÞ ¼ f ðE t; sð Þ; S t; sð Þ;AC t; sð Þf g ð2Þ

where t represents temporal dimension and s three spatial dimensions (x, y, and z).

The function V (t, s) represents four dimensions in describing the vulnerability of a

particular system, region, or group with respect to time and space. While exposure may

depend upon geography, both sensitivity and adaptive capacity are closely linked to

existing conditions, which refer to current conditions in a region. For example, the extent

of exposure may depend on the size of the population, its proximity to the source of hazard

source, an individual’s or communities’ preparedness to the hazardous events, and the

extent of the hazardous events. As shown in Fig. 1, depending on the changes in the

climatic and non-climatic drivers (e.g. population growth), a system’s vulnerability will

increase or decrease over a certain interval of a time (dt).

In other words, the greater the exposure or sensitivity, the greater is the vulnera-

bility. However, adaptive capacity is inversely related to vulnerability. So, the greater

the adaptive capacity, the lesser is the vulnerability. Therefore, reducing the vulner-

ability would involve reducing exposure and sensitivity through increasing adaptive

capacity.

Vulnerability

Sensitivity Exposure Adaptation

+Impact -Adaptive
Capacity

Climatic Drivers

Non-Climatic
Drivers

+ +

- -+ +

+

Existing Conditions

+

+

Fig. 1 Stock and flow representation of vulnerability varying over time, the grey arrow indicates conditions
at the beginning of the simulation
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2 Approach

The STM framework is based on space (x, y, z) and time (t), which constitute the four

dimensions of the environmental dynamics and provide a common base where all natural

and human processes occur. Using the STM, the coastal inundation is modelled to make

predictions about what might happen with different actions under a number of SLR,

population growth, and adaptation scenarios. A time-driven inundation model computes

the condition (inundated or not inundated) in a cell on a square grid by advancing the

simulation by fixed time intervals. Each cell in the grid contains an attribute value rep-

resenting a characteristic of a corresponding location. For example, in a simulation for

inundation, a cell can contain a value of 1 (Sea), 2 (Waterway), 3 (Pond), or 4 (Land)

indicating the cell’s state at each time step. The physical processes such as overland flow,

and proximity to and connectivity of the area with neighbouring areas are important for

modelling inundation caused by SS and SLR. At any time step, the condition of a cell can

change if it satisfies certain criteria. To simulate this system, using the attribute values

assigned for each cell, using the following logic, a cell at a location (Xi,j) will be flooded if

the following two conditions are satisfied (Fig. 2):

1. The cell cover type CT (Xi,j) = L (not inundated), and the cover type of at least one of

the adjacent cells CT (Xn,m) = W (a sea cell or inundated cell), and

2. The elevation of the cell CE (Xi,j) Bthe elevation of adjacent cell, CE (Xn,m).

The following function describes how the model predicts flood water diffusion from one

cell to another:

FðXi:jÞ ¼
1; CTðXi:jÞ ¼ L and 9xCTðXn;mÞ ¼ W; and CEðXi;jÞ�9xCEðXn;mÞ
0; otherwise

�

ð3Þ

where F is either flooded (1) or not flooded (0), CE represents the cell elevation, CT (xi,j)

represents the cover type, either inundated L or not inundated W, CT (xn,m) represents the

adjacent cells’ cover types, either L land (or other cover types other than sea) or W sea (or

became sea due to inundation), (n, m) refers to all adjacent cells to i, j (i.e. i, j - 1, i, j ? 1,

i ? 1, j and i - 1, j), and Ax is the existential quantification indicating that a logic is true

for at least one member (x) of CT (Xn,m).

xi-1,j

xi,j-1 xi,j xi,j+1

xi+1,j

Fig. 2 Adjacent cells that
determine the state of the cell
(Xi,j). At any time step, the state
can change if it satisfies certain
criteria. The modelled space is
portrayed as a three-dimensional
grid (x, y, z)
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The direction of the flooding, between the adjacent grid cells, depends on the difference

in elevation between them. Using raster analysis through the cell connectivity and cell

cover status testing, the model identifies potentially inundated areas based on elevation and

proximity to the current shoreline or inundated areas (cells). Subsequently, using the above

logic, the model labels all L raster cells adjacent to the neighbouring W cells and then

performs a second order of analysis to identify cells whose elevation value is less than or

equal to the W cells at each time step.

2.1 Spatial–temporal model (STM): coupling GIS and SD

An integral part of any vulnerability analysis is the aggregation methodology of its

components (Holsten and Kropp 2012). The proposed STM consists of three components:

GIS model, SD model, and the data monitor and converter, as shown in Fig. 3.

GIS and SD originated in and substantially different domains of expertise. Both have

their own shortcomings. Although temporal process is adequately represented in SD

models, spatial dimensions, however, are not explicitly dealt with. Conversely, GIS, while

having strong capabilities of modelling the spatial dimensions of the real world, has

difficulties in handling temporal dimensions. Combining the SD and GIS frameworks

Exogenous Data Input

GIS
Data Converter

SD

ASCII .cin format 

Tab format  ASCII

Clip data to study area

Reclass polygons

Convert Vector Raster

Convert Raster  ASCII

Convert ASCII  Raster

Output Maps 

Calculate changes in 
Elevation and Cell Cover

Calculate Vulnerable 
Population and Area

Output Graphs and Tables 

Fig. 3 Spatial–temporal model structure showing the process of vulnerability assessment using GIS, SD,
and data convertor
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provides the power in simultaneously addressing temporal and spatial problems as

emphasised by several authors (Grossmann and Eberhardt 1992; Ruth and Pieper 1994;

Ahmad and Simonovic 2004; Gharib 2008; Zhang 2008; Sahin and Mohamed 2013).

There are three common approaches for coupling GIS and SD: loose coupling, moderate

integration and tight integration (Gimblett 2002; Maguire et al. 2005). There are trade-offs

that are unique to each of the coupling strategies as each approach has its advantages and

disadvantages. Although the loose coupling approach has some disadvantages, such as

slow execution speed and low simultaneous execution capability, this approach is adopted

to link SD and GIS in this study by considering some of its overpowering advantages

(Maguire et al. 2005; Fedra 2006): ease of use, both GIS and SD can be modified and run in

a straightforward manner; data structures do not have to be matched; data can be trans-

formed to each other’s formats through a converter; therefore, it does not require high-level

programming expertise; users are able to make on-the-fly changes more rapidly; and it is

fast and portable that the SD model can be used with different GIS.

2.2 Temporal model component

The temporal modelling consists of the building, integration and running of two types of

models: an inundation model that addresses SLR and SS, and a vulnerability model that

examines vulnerable population and areas. These submodels of the temporal components

interact with each other through feedback links. The Sea level and Population variables are

the two important drivers affecting inundation and vulnerability models. For the model, a

hundred-year time horizon is considered; this scale is consistent with most SLR scenarios

developed by the IPCC (Meehl et al. 2007).

When building the temporal model, the Vensim DSS� software is chosen. It is flexible

when representing continuous or discrete time, a graphical interface, or performing causal

tracing, optimisation, and sensitivity analysis (Ventana Systems 2012).

2.2.1 Inundation model

Figure 4 shows the inundation model structure and the key variables assumed to be

important in a coastal system, and their interactions. As shown in Fig. 4, the system

comprises three state variables: Cell Cover, Elevation, and Sea Level.

The Sea Level is an important variable causing change in both the Elevation and Cell

Cover variables, over time. The model assumes a linear increase in the Sea Level over time,

based on a range of SLR projections ranging from 0.5 to 1.5 m.

The SLR, at a given time, is calculated by:

SLt ¼
Z

dR� dt þ SL0 ð4Þ

where SLt is the linear Sea Level at time t, dR is the rate of rise at each time step dt, and

SL0 is the initial Sea Level at the beginning of simulation.

For modelling purpose, the study area is subdivided into a cellular grid to simulate how

floodwater spreads between adjacent cells, based on the conceptual framework for inun-

dation. This grid is then superimposed over the coastal area. Each cell represents a specific

area corresponding to one of four cover types: Sea, Waterways, Pond, and Land. At each

simulation step, the state of each cell is determined by the condition of its neighbours to

the north, east, south, and west. At each simulation step, as the sea level rises, the elevation
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of a cell is determined by its condition at the previous time step, its border conditions with

its neighbours, and the cover type of its neighbours (Land, Waterways, Sea, and Pond). The

elevation of a cell is determined by adjusting the elevation, at previous time steps, by the

flow-in (Increase) and the flow-out (Decrease) of the cell, according to the properties of

the adjacent cells. The Elevation is the integral of the net flow of Increase and Decrease,

which is mathematically represented by the following equation:

Et x; yð Þ ¼
Z t

0

It x; yð Þ � Dt x; yð Þð Þ � dt þ E0ðx; yÞ ð5Þ

where Et (x, y) represents cell elevation at location (x, y) at time t, E0 (x, y) initial cell

elevation at location (x, y) at time t0, It (x, y) rate of elevation increase at location (x, y) at

time t, and Dt (x, y) rate of elevation decrease at location (x, y) at time t

The changes in cell elevation occur when only the Cover Type of a cell is Land,

Waterways, or Pond, at time step tn, and it is transformed into Sea at the next time step,

tn?1. Here, the cell is assumed to be inundated from the rising sea level, and therefore, the

elevation of the cell is updated and assumed to be equal to the Sea Level at the time period

tn?1. As the model commences, the state of the each cell at each time step is assessed

simultaneously. The Change flows into the Cell Cover (Stock) and updates the Cover Type

of the cell for the present time step (i.e. tn). Subsequently, Change Previous removes the

Cell Cover type of the cell at previous time step (i.e. tn-1). This is necessary to assign only

one cover type value to the cell for each time step. For example, if the Change alters the

Cell Cover type of a cell from Land to Water at the time step t1, then Change Previous

discards the previous cover type value (Land) from the cell.

As explained in Sect. 3, the impacts of extreme changes in the sea level are analysed by

determining how rising sea level would affect the average recurrence interval (ARI), as

well as identify the height of current and future 1:100-year storm surges, over time. Then,

the new ARI values are used by the vulnerability model to assess the impact of the storm

events at each time step.

Initial Cover Initial Cell
Elevation

Elevation

Cell Cover
Change

Change Previous

Increase

Sea Level

Rise

Rise Rate

Decrease

Initial Sea Level

Fig. 4 Inundation model structure and key variables. The SLR scenarios, which drive other model
components, can be altered to test the impact of varying rates of sea-level rise on the other model elements

Nat Hazards (2014) 70:395–414 401

123



2.2.2 Vulnerability model

Vulnerability to SLR results from a combination of various factors, such as high population

density along the coast and the susceptibility of coastal regions to coastal storms, as well as

other effects of climate change. Therefore, an accelerated SLR could fundamentally

change the state of the coast, and as a result, coastal environments and human populations

will be affected significantly. In the final building step of the temporal model component,

the vulnerability model is developed to estimate the potential impacts of SLR (Fig. 5). The

critical vulnerability of coastal areas to coastal storms (in the short term) and SLR (in the

long term) relates to flooding. Therefore, the vulnerability assessment (VA) needs to focus

on people and properties. Hence, two VA indicators are selected:

1. People at Risk over time due to coastal flooding

2. Area at Risk (loss of land) due to inundation and coastal flooding

First, the number of people who live in the area is calculated based on two stocks in the

model: the Population (P0) that resides in the area at the beginning of simulation and the

Residents (Rt), which is the integral factor of the Population Increase (Pt). The model

determines the changes in population living in the area using the following equation:

Rt x; yð Þ ¼
Z t

0

Pt x; yð Þ � dt þ P0ðx; yÞ ð6Þ

where Rt (x, y) denotes people residing at location (x, y) at a given time, P0 (x, y) initial

number of people residing at location (x, y), and Pt (x, y) rate of population increase at

location (x, y).

Then, People at Risk are calculated by multiplying the sum of Flooded Area with the

Cell Size:

Flooded Area

People in
Flooded Area

<Cell Cover>

Number of People
at Risk

Area at Risk

Population
in the Area

People at
Risk (%)

Area at Risk
(%)Cell Size

Total Area
Area

<Initial Cover>

Initial Population

Residents
population
increase

Population
Growth (%)

Fig. 5 Vulnerability model for estimating the potential impacts of SLR on people and property at risk
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VPt ¼
X

Rt x; yð Þ � FCt x; yð Þ � Cs ð7Þ

where VPt (x, y) represents vulnerable people at a given time, Rt (x, y) people residing at

location (x, y) at a given time, Cs a constant value showing size of each grid cell, and FCt

(x, y) flooded area at location (x, y).

Then, the Area at Risk is calculated by multiplying the sum of the Flooded Area with

the Cell Size:

At ¼
Xt

0

FCtðx; yÞ � Cs ð8Þ

where At (x, y) denotes vulnerable area at a given time, Cs a constant value showing size of

each grid cell, and FCt (x, y) flooded area at location (x, y).

2.3 Spatial model component

Spatial analysis is a set of methods whose results change when the locations of the objects

being analysed change (Longley 2005). Importantly, spatial analysis derives information

from the data using the spatial context of the problem and the data. That is, it deals with

space. Geographical information system (GIS) is the main tool used in the spatial analysis.

In this study, the ArcInfo 9.3.1 is used to develop the spatial model (ESRI 2009), which is

connected to the temporal model through the data convertor and file monitor application

developed for this framework by the authors.

There are two main ways to spatially model sea-level rise and subsequent coastal

inundation using GIS. Geospatial data depict the real world in two forms, which leads to

two distinct approaches: the object-based model and the field-based model (Goodchild

1992). The object-based method uses contour lines; it is usually suitable for a very rapid

and simple risk assessment over large areas. However, it does not take into account the

presence of intervening topographic ridges or other features (e.g. man-made defences) that

can separate a low-lying area from the source of flooding (Brown 2006). That is, since a

contour-line method relies solely on elevation data, inaccuracies arise when deriving a

vulnerable zone based on this method because it does not consider connecting cells. The

raster model, as Lo and Yeung (2007) define it, is one of the variants of the field-based

models of geospatial data modelling. It is best employed to represent spatial phenomena

that are continuous over a large area. For example, the raster data model uses a regular grid

to cover the space; the value in each cell represents the characteristic of a spatial phe-

nomenon at the cell location. In computing algorithms, a raster can be treated as a matrix

with rows (y-coordinates) and columns (x-coordinates), and its values can be stored into a

2D array. These characteristics hence make integration of GIS and SD easier, especially

since SD can easily use array variables for data manipulation, aggregation, and analysis.

Therefore, the raster data model was selected for spatial modelling.

The basic elements of a raster model include the cell value, cell size, raster bands, and

spatial reference (Chang 2006). Each cell in a raster has a value (integer or floating)

representing the characteristic of a spatial phenomenon at the location denoted by its

column and row (x, y). Depending on the data type, both integer and floating-point rasters

are used in spatial modelling. For example, the research considers a sea-level rise of

0.5–1.5 cm/year. Thus, a floating-point raster is more suitable for the elevation data, as rise

of sea level represents continuous numeric data with decimal digits, i.e. 10.125 m, 10.124,
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and so forth. However, the integer values are used for land cover rasters, i.e. 1 for Sea, 2 for

Waterways, 3 for Pond, and 4 for Land.

Essentially, the cell size determines the resolution of the raster model. As a larger raster

cannot provide the precise location of the spatial features, the model results may not be

satisfactory. Nevertheless, the smaller cell size can address these problems, although their

use increases the data volume and data processing time, considerably. There are always

trade-offs between the quality of the model outcomes and the processing time. In this

study, a 5 m cell size is used for the modelling. The elevation data are the most critical

elements in assessing the potential impacts of rising sea level. The uncertainty of the

elevation data affects the delineation of the coastal elevation zones. Most elevation data

sets have vertical accuracies of several metres or even tens of metres (at the 95 %

confidence level). Gesch (2009) argues that the mapping of submetre increments of sea-

level rise is highly questionable, especially if the elevation data used have a vertical

accuracy of a metre or more (at the 95 %). That is, the elevation uncertainty is much

smaller for the more accurate elevation data. To keep the analysis reasonably manageable,

this study has focused on the vertical accuracy. Therefore, to acquire more accurate results,

the research used 5 m DEM with 0.1 m vertical accuracy.

A variety of data from different sources are required as inputs to the spatial model. All

the data layers need to be in grid (raster) format, with a resolution of 5 9 5 m cell size. By

working at a high spatial resolution, the model is able to reflect, accurately, the spatial

changes in inundation resulting from the SLR. This approach provides a convenient way

for describing the geoprocessing procedure in GIS. Hence, based on this approach, we

begin by converting the shape files to the raster format, then reclassifying, and correcting

their projection, and, finally, unifying the coordinate system by using the model builder

(Fig. 6). The vector data are, consequently, converted to a raster format.

Fig. 6 Vector to raster conversion using the ArcGIS model builder
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The Model Builder is a graphical tool for automating a model through the use of a

workflow. Spatially, the size of the raster cell generated was based on the minimum

mapping unit (5 9 5 m) to match the DEM data. The attribute assignments are based on

the centroid of the cell. Australian Bureau of Statistic (ABS) data on dwellings and the

digital cadastral database (DCDB) are also converted to a raster format. Uncertainty,

however, exists regarding where the population resides within the census parcel. Therefore,

in the current study, the vulnerable population is estimated as a percentage of the census

population, based on the inundated parcels.

2.4 Data converter

The loose coupling approach involves the transfer of data between the GIS and SD. Hence, it

is necessary to establish, create, and manipulate data files, so that they can be exported or

imported between the spatial and temporal components of the model. The data in the files can

be stored in several file formats. Different file formats have different characteristics,

depending on a range of factors, such as the source of the data, and the software architecture.

As the STM combines two different modelling approaches, it is useful to choose a device-

independent file format that can be usable by both applications, regardless of their hardware

or software platforms. Therefore, in the current study, the device-independent ASCII file

format for GIS, and the .cin and tab text file formats for SD are chosen for the cross-platform

exchange of data. When exchanging data between two applications, it is necessary to convert

the data formats into the right file format, as used by the applications (i.e. ASCII ? .cin, and/

or.cin ? ASCII). To assist with this process, a converter program is developed.

The converter program involves two separate applications: the data converter and the

file monitor. The data converter software automates the format transition between the

ArcGIS and SD data formats. First, it converts the ArcGIS text (ASCII) files to SD text

files (.cin), and then it converts the files from the SD.tab files back to the ArcGIS.txt files.

All code for the data converter is written in C?? under Visual Studio 2008, using the

Microsoft.NET framework version 2.0. As a console application, it takes its commands via

program arguments (Fig. 7).

3 Implementing the STM approach

For case study analyses, north-eastern suburb of the Gold Coast City located in south-east

Queensland, Australia, has been selected (Fig. 8). The area encompasses a diverse range of

Fig. 7 Case study area: Gold Coast, south-east Queensland
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features including sandy beaches, estuaries, coastal lagoons, and artificial waterways. In

this region, the maximum tidal range is 1.8 m, and on average, the coast is affected by 1.5

cyclones each year (Boak et al. 2001). Many of the residential areas in the city are filled to

the 1:100-year flood level (Betts 2002). Thus, the area is highly vulnerable to SLR.

To assess the impact of SLR in the case study area, especially in terms of land area

being at risk of inundation, and the population being exposed to the consequences of this

risk, the SLR was calculated for a given scenario and model, over a period of one hundred

years. Based on these values in SLR, the STM was then used to estimate the area that

would be inundated. Next, the possible impacts of SLR were estimated in terms of the

population to be affected. The impact of storm events in the area was also assessed. Harper

et al. (2000) projected that the highest projected storm tide levels (relative to the Australian

Height Datum—AHD) within the region for 50, 100, 500, and 1,000-year storm events are

2.3, 2.5, 3.2, and 3.5 m, respectively. By using the trend line of these projections, Eqs. (9)

and (10) were created and used to calculate the current conditions, the average recurrence

interval (ARI), and the height of a given storm event:

Height:

y ¼ 0:4094 lnX þ 0:6594 ð9Þ
ARI:

X ¼ eððy�0:6594Þ=0:4094Þ ð10Þ
To undertake this portion of the study, the height of a 1:100-year storm surge was

added on top of the SLR estimation to project future SS levels. An apparent hypothesis

was that some areas would become flood-prone, even if not permanently submerged.

Further, the population and the properties within the area would also be affected by SLR

and storm activities. Using these values, the STM was used to predict the extent of the

flood-prone areas that would be affected by storm events. The results of the model,

presented here, were generated using the SLR scenarios (ranging from 0.5 to 1.5 cm per

year).

Current condition in the study area

Vulnerable Area (1/10 yr SS) 56%

Vulnerable Area (1/100 yr SS) 86%

Vulnerable Population (1/10 yr SS) 7%

Vulnerable Population (1/100 yr SS) 83%

56%

86%

7%

83%

Fig. 8 Vulnerable area and population to current 1:10- and 1:100-year SS in the study area
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4 Results and discussion

4.1 Current vulnerability assessment

To determine the populations and land areas at risk, the current vulnerability conditions

were assessed. The 1:100-year flood levels (a measurement standard widely used for

planning) were used to evaluate the area’s vulnerability to coastal flooding. Based on the

1:100-year storm surge conditions (approximately a 2.5-m event), the vulnerable area and

population were identified. The results indicate that the study area is already highly vul-

nerable to extreme conditions, such as 1:100-year storm events. Using the STM, with an

assumption of zero SLR, currently 86 % of the land area and 83 % of the population are

susceptible to 1:100-year storm events (Fig. 8). However, for a 1:10-year storm event

(approximately a 1.6-m event), 56 % per cent of the land would be under threat of

flooding, while only 7 % of the population would be affected. This analysis implies that a

0.9-m increase in storm surge height would cause a 76 % increase in the vulnerable

population and an increase (though relatively smaller, at 30 %) in the vulnerable land area.

Further, the assessment highlights that a 1:100-year storm event would have devastating

impacts on the people residing in the inundated area.

4.2 Future vulnerability assessment

To determine the effect of changes in vulnerable populations and land areas over time, the

Cover Type and Elevation data were simulated under a number of SLR and SS scenarios.

The changes were captured in a SD model and exported to a GIS model for visualisation.

The inundation layer was overlayed with the ABS census data, which was aggregated by

census parcel for the area. The population was assumed to be distributed evenly within a

parcel boundary. However, the STM allows the users to change the population projections

so that they can better understand the impacts of the changing conditions. Within the future

vulnerability assessments, the major land cover categories were as follows: Sea, Water-

ways, Pond, and Land. The storm surge heights were assumed to increase by the same

amount as the SLR.

As seen from Table 1, as the magnitude of SLR increases, the area and the number of

people vulnerable to flooding also rise. The results of the assessment indicate that at the

end of a 100-year simulation period, approximately 6 % of the landscape in the study area

will be inundated, with 0.5-cm SLR per year. Importantly, a 0.5-m SLR does not pose any

significant threats to the local population. However, this situation dramatically changes

with scenarios 2 and 3, which represent 1- and 1.5-cm SLR per year. Indeed, the per-

centage of the vulnerable area increased to about 34 % for scenario 2 and 56 % for

scenario 3 (Table 1). Although a substantial fraction of the landscape is threatened by the

rising SLR, the percentage of the population that can be classified as vulnerable is rela-

tively low for scenario 2 and scenario 3, only 0.5 % and 7 %, respectively. The answer lies

with most of the population residing at high altitudes. Nevertheless, the population located

near waterways and coastal strips was especially vulnerable.

Further, as inundation occurs at the water–land interface, the land area in close prox-

imity to the sea and around water bodies was identified as the most vulnerable area. The

rising sea quickly penetrates inland through waterways and submerges the vulnerable areas

around them, thus putting the people currently living in those areas at risk. Indeed, about

6 % of the study area landscape will be submerged if the sea level rises a 0.5 m by 2110

(Table 1). Hence, the area at significant risk will be increased, up to 34 and 56 % with a

Nat Hazards (2014) 70:395–414 407

123



1-m and 1.5-m rise in sea level, respectively. However, the inundation will, generally, be

restricted to fringing shorelines and finger waterways margins. Figure 9 presents a series of

flood maps generated by the model for a 1.5 cm/year scenario. It shows the extent of the

areas at risk due to rising sea level, over a period of 100 years. Although up to 56 % of the

land area will be facing the risk of inundation, the impacts of the same SLR scenarios on

the residential areas are much smaller.

The simulation results predict that the residents in the area are safe from a SLR of up to

1 m. Nonetheless, about 7 % of residents face the risk of inundation with a 1.5-m rise in

sea level within 100 years (Table 1). It appears that the year 2100 is a critical point; the

analysis shows that the threat posed by a 1.5-m SLR demonstrates a sharp increase,

jumping from about 1.5 to 7 %. Thus, a 1.5-m SLR may be the tipping point that leads to a

rapid and irreversible change in the inundation area.

To compute the potential impacts of a rising sea level on already highly vulnerable

populations and land areas, along with a 1:100-year storm event, the current 1:100-year SS

height was gradually increased by 0.5, 1, and 1.5 cm per year, over a hundred-year period.

This adjustment was based upon the SLR scenarios previously used. As shown in Table 2,

a rising sea level will further increase the cumulative percentage of the vulnerable

population and land area. As a result, and depending on the SLR scenario, vulnerabilities

2010 2030 2050

2070 2090 2110

Fig. 9 Flood maps generated by the model using a 1.5 cm/year SLR scenario

Table 1 Area at risk and Population at Risk under three SLR scenarios

Scenarios Years

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110

Area at Risk (%)

0.5 cm/year 0 1.38 1.54 1.72 1.87 2.09 3.63 4.07 4.40 4.97 5.99

1 cm/year 0 1.48 1.87 3.63 4.40 5.95 9.39 13.75 19.24 26.90 33.89

1.5 cm/year 0 1.60 3.63 4.89 9.39 15.89 26.65 35.78 42.90 47.90 55.70

Population at Risk (%)

0.5 cm/year 0 0 0 0 0 0 0.01 0.02 0.02 0.03 0.03

1 cm/year 0 0 0 0.01 0.02 0.03 0.07 0.13 0.18 0.33 0.48

1.5 cm/year 0 0 0.01 0.03 0.07 0.15 0.33 0.54 0.92 1.48 7.06

408 Nat Hazards (2014) 70:395–414

123



from a 100-year SS will increase from 4 to 7 % for the population, and between 8 and

11 % for the land area. This outcome indicates only a small increase, as the area is already

highly vulnerable to a current 100-year SS event. Nevertheless, this small increase,

combined with the increase in ARI, would be devastating. Specifically, the impact will be

more frequent and more damaging floods that increase the size of the coastal floodplain,

placing new areas at risk for the first time.

4.3 Model refinement: assessment of adaptation options

The temporal model, introduced above, takes into account key variables that predict the

extent and timing of coastal inundation. However, no variable was available to represent

the adaptation alternatives. Thus, the model simulations were conducted under the Take No

Action strategy. By modifying the model, 14 successive simulations were performed, with

various values, to explore the impact of the Build Protective Structure and Improve

Building Design adaptation options on vulnerable people and areas, as seen in Fig. 10.

First, to test the efficiencies of Build Protective Structure, the model was modified by

adding a variable to represent an imaginary protective structure along the shoreline. The

term ‘‘Build Protective Structure’’ refers to coastal engineering activities that reduce the

risk of flooding and inundation. The heights of the protective structure varied from 0 to

2.5 m to estimate the most effective height that provided the best protection. The imagi-

nary wall was built by altering the initial elevations of the border cells whose initial cover

types were Land and adjacent to cells with Sea. Secondly, to test the efficiency of the

Improve Building Design option, the model was further modified by adding another var-

iable (Improve Building Design).

A comparison was made of the efficacy of building a 1 or 2 m high protective structure

to reduce vulnerable areas to a 1.5-cm SLR per year. The findings show that building

protective structures along the coastline does not have any effects on reducing the extent of

the inundation under scenario 3 and, therefore, does not reduce the vulnerability. Similarly,

Protective Structures (both 1 and 2 m) will not provide any safeguard for the vulnerable

population from rising sea level. Secondly, to test the efficiency of the Improve Building

Table 2 Increase in Area and Population at Risk of 1:100-year SS due to SLR

Years People at risk of 1:100-year SS (%) Area at risk of 1:100-year SS (%)

SLR = 0.5 m
(%)

SLR = 1 m
(%)

SLR = 1.5 m
(%)

SLR = 0.5 m
(%)

SLR = 1 m
(%)

SLR = 1.5 m
(%)

2010 0 0 0 0 0 0

2020 1 2 3 2 3 4

2030 1 2 3 3 5 6

2040 2 3 3 4 6 7

2050 2 3 4 5 7 8

2060 2 4 5 6 8 9

2070 3 4 5 6 8 9

2080 3 5 5 7 9 9

2090 3 5 6 7 9 10

2100 3 5 6 7 9 10

2110 4 5 7 8 9 11
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Design option, the model was further modified by adding another variable (Improve

Building Design). The Improve Building Design option covers a wide range of adaptation

measures, including (but not limited to) flood proofing, elevated building design, and

minimum flood level. As it was not possible to test each adaptation measure under this

category, the focus was specifically on two measures: elevated building design and min-

imum flood level. Further, it was assumed that new building regulations would be intro-

duced and that all existing and new buildings would be modified and/or designed

accordingly. Based on these assumptions, the initial elevation of each cell with a Land

cover type was increased by 1 m, and then 2 m.

The simulations were carried out by setting initial values for the three variables, then

changing these values to test this adaption option under a range of SLR and SS scenarios.

For this simulation, the values of the variables Rise Rate (min 0.005 m/y and max 0.015 m/

y), Current 100 year SS Height (min 0 and max 2.5 m), and Improve Building Design (min

1 m and max 2 m) were altered within the range shown in brackets. The simulation results

predicted that with a 1.5-m SLR over a 100-year period, 56 % of the land area would be

submerged. However, implementing the option Improved Building Design reduced the

vulnerability down to 6.5 and 0.1 % for a 1-m and 2-m building elevation, respectively. In

contrast, the Improved Building Design adaptation option provided the vulnerable popu-

lation with 100 % protection. The results demonstrate that elevating structures by the

amount of the SLR, or more, would keep these structures at the same elevation relative to

the sea and, thereby, prevent becoming more vulnerable as the sea level rises.

Using the simulation results, the impacts of the three adaptation options were compared.

The outcomes on vulnerable people and areas are shown in Table 3. Firstly, the Build

Protective Structure adaptation option was not an effective strategy in reducing vulnera-

bility to SLR and associated SS. Secondly, the presence of rivers and canals in the study

area nullified the effectiveness of any protective structures against SS and SLR, especially

Initial Cover Adapted Cell
Protective Structure

Elevation

Cell Cover
Change Change Previous

Increase

Sea Level

Rise

Rise Rate

Decrease

Initial Sea Level

Initial
Elevation

Protective
Structure

Protective Structure
0 3

Rise Rate
0 0.06

"Population Growth (%)"
-4 4

Current 100 yr SS Height
0 8

<CTBottom> <CTLeft>

<CTRight> <CTTop>

Improve Building Design
0 2

<TIME STEP>

<TIME STEP>

Improve
Building
DesignAdapted Cell

Improved
Building Design

Fig. 10 Modified temporal model with Improve Building Design variable
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when combined with heavy rainfall and flash flooding. Thirdly, as the sea level rises,

flooding penetrates into the same places it has occurred before. However, the Improve

Building Design option offers a much better option against SS with a 1.5 cm/year SLR. As

demonstrated above, this option has the potential to reduce, significantly, the vulnerabil-

ities to a 1.5-m SLR. On the other hand, its shielding power diminishes against a 1.5-m

SLR combined with SS.

5 Limitations and recommendations

All research has limitations, and this one is no exception. One of the limitations of the

scope of this research is that it only addresses the impacts on communities and land area

from inundation and coastal flooding. All other impacts, such as flooding due to heavy

precipitation, are disregarded. Thus, future research could examine the other types of

coastal impacts to determine their impacts on natural and socio-economic systems through

examining the relationships between the impacts of rapid population growth, together with

the gradual expansion of the urban area, and the frequency and magnitude of coastal

inundations, using a more detailed socio-economic scenario linked to the STM.

Additionally, the economic and social costs related to SLR and SS were not addressed

by the current research as these areas did not fit within the research scope. Future research

could investigate the cost of adaptation, such as property values, loss of income, and

cumulative effects of multiple options, and provide greater specificity to the potential

adaptation perspectives and implementation measures of a number of the adaptation

options, especially those associated with the building and infrastructure standards. Further

development of cross-sectoral frameworks of policies and programmes should also form

part of this future research.

6 Conclusions

Faced with increased threats from accelerated SLR and associated storm surge events,

there is an urgent need for coastal communities to act faster to adapt to SLR, to reduce any

potential destructive impacts, and to develop more effective policies. Developing effective

policies requires more accurate information to strengthen the DMs’ ability to make more

effective decisions, with greater speed and accuracy. Determining how and when specific

actions should be taken, however, is not a simple decision. Addressing the climate change

problems and evaluation of potential adaptation responses should be informed by sys-

tematic analysis of potential impacts and the adaptive capacities of the system under

Table 3 Impacts of three adaptation options in reducing vulnerability of population and area to SLR and SS

Adaptation option 1.5-m SLR 1.5-m SLR ? storm surge

Area Population Area Population

Take No Action 56.0 7.1 92.2 93.1

Protective Structure (1 m) 56.0 7.1 92.2 93.1

Improve Building Design (1 m) 6.5 0.0 89.3 90.4

Protective Structure (2 m) 55.4 7.1 92.2 93.1

Improve Building Design (2 m) 0.1 0.0 79.7 54.6
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investigation. But, in order to generate the information needed to inform options for

adaptation responses, these impact and adaptive capacity analyses must be assimilated

through the intermediate step of a vulnerability assessment. Further, as vulnerability is

location-specific and because a large share of decisions affecting vulnerability is made

locally, the local-level VA is an important instrument for decision-making (Næss et al.

2006).

In this context, the STM approach, through generating valuable spatial–temporal

information, lays the foundation for making decision on appropriate adaptation strategy.

The technical focus centred on demonstrating one of the practical ways in which the

functionalities of GIS and SD can be enhanced through their integration building a STM.

The work provides insights into the complex coastal systems, while also evaluating effi-

ciency of some adaptation options. Importantly, the approach enables DMs to critically

examine the decision alternatives through the use of the SD component of the STM. Vital

components in a successful decision-making process are the thoughtful communication of

the uncertainties and the active participation of the stakeholders. Significantly, the research

outcomes confirm that the utilisation of STM enables the DMs for actively addressing

uncertainties and generating alternative scenarios based on different inputs to the models.

Thus, the current approach facilitated both components. Further, the practical implications

of the research encompass the development of a model to assist DMs to better understand

coastal processes, identify vulnerabilities more accurately and effectively, evaluate some

adaptation options, and improve decision-making about where to focus protection and

adaptation efforts once vulnerabilities of the areas and the specific assets (people, hot spot

places, buildings, critical infrastructure, and natural resources) are identified.

In this context, to support realistic decision-making, the VA results can be incorporated

into asset management, emergency and risk management, flood mitigation management,

communication of climate change, and stakeholder management. As a result, the STM

would provide an important tool to support decisions made in relation to climate adaptation

and the development of adaptation programmes.

In summary, the lack of scientific knowledge, the uncertainty associated with climate

science and future risks from natural hazards, and the political sensitivities in dealing with

climate change is seen as a barrier to effective adaptation. Understanding the implications

of vulnerability assessment with respect to coastal settlements is a necessary undertaking to

confirm the adequacy of current and future adaptation options, to improve our under-

standing of (extreme) adaptation, and to identify gaps in response and recovery to natural

hazards in particular. However, the political sensitivities, technical difficulties, and the

uncertainty of climate science make this a challenging undertaking. Nevertheless, these

aims could be achieved, as demonstrated with this paper, through the use of STM pro-

viding information much needed for adapting the most vulnerable communities to

changing climate.
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