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Introduction 

Coastal and nearshore areas develop under the influence of a large number of different 
drivers of greatly varying magnitude, duration and scale. Coastal areas are perceived as 
having high value, including their economic value, their amenity and their aesthetics. 
Given the range of values, benefits and services it is natural that coastal areas are 
among the most densely populated regions in the world. These areas are also one of 
the most dynamic and fastest changing environments, the health and status of which is 
often not well understood. This situation gives rise to a multitude of contradictory and 
often rapidly changing desires and expectations of different people, communities, 
companies, governments and other groups of stakeholders with interest in the coast. 
As a natural consequence, the use, planning and management of coastal and nearshore 
areas usually functions in an extremely complicated “landscape” of conflicting 
perceptions, interests, visions and goals where decision-making must take into account 
not only instantaneous impacts but also delayed and threshold-based reactions, and 
long-term and cumulative influences. 

This situation naturally calls for the development and implementation of advanced 
tools that make it possible to gather, compare, analyse and interpret information from 
fundamentally different sources at different spatio-temporal resolutions to be used for 
informed decision-making. These tools, often called decision support systems (DSS), 
have to be able to merge fundamentally different kinds of information, from time series 
of totally quantitative hydrometeorological and geological variables, to perceptions and 
personal values associated with people’s relationships with the coast. On the one hand, 
the use of data and the outcome of using such tools, ideally, should be transparent and 
clearly related to the input information in order to be of real use in the described 
“landscape” of perceptions, to convince society that the offered solution is the best. On 
the other hand, such tools should naturally employ the most advanced methods of data 
analysis and synthesis that are sometimes incomprehensible even to highly qualified 
experts. 

This thesis attempts to address the described challenges by providing a systematic 
overview of existing DSSs and their main components. Based on this information, 
several more specialised versions of DSSs are developed and implemented to address 
decisions associated with the selection of locations for wind energy production in 
marginal seas, and options for the quantification of coastal vulnerability on a country 
scale. Another implementation addresses a sister problem of wind and solar energy site 
selection challenges in inland areas. 

The nearshore and coasts under increasing pressure 
The problems addressed are evident worldwide. The environmental challenges present 
specific threats to nations and adversely affect global communities. They are globally 
augmented by climate change that is an environmental issue with significant impacts 
on both humans and non-human species (Al-Masri et al., 2023). Climate change poses a 
significant threat to coastal regions worldwide (IPCC, 2022). There is strong evidence 
that climate change is likely to increase extreme sea levels, accelerate sea level rise, 
reduce sea ice cover, and enhance wave heights (Hünicke et al., 2015; von Storch et al., 
2015; Farquharson et al., 2018; Nerem et al., 2018). These changes commonly lead to 
other adverse effects such as higher or more frequent storm surges, increased erosion 
rates, and flooding of low-lying areas (Nicholls et al., 2007). In densely populated coastal 
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areas, these hazards cause substantial damage to infrastructure and human livelihoods 
(Nichols et al., 2019; Tanner et al., 2014). Climate-related hazards also can destroy 
ecosystem services, impact biodiversity and disrupt the functioning of ecosystems in 
marine and coastal environments (Myers et al., 2019). Coastal areas are particularly 
vulnerable to hazards triggered by extreme events (Easterling et al., 2000), and pressures 
on coastal resources are expected to intensify due to climate change (Nursey-Bray et al., 
2014). The vulnerability of these areas and the exposure of human infrastructure to 
flooding and wave impacts shape the impact of these events (Maanan et al., 2018).  
The construction of coastal structures also significantly increases the risk of coastal 
erosion in neighbouring segments of shoreline (Mentaschi et al., 2018; Bagdanavičiūtė 
et al., 2019).  

The production and consumption of energy are responsible for approximately 80% 
of greenhouse gas emissions (Edenhofer et al., 2014). Renewable energy resources like 
wind, wave or solar energy are abundant in many locations. Using these resources for 
electricity production can greatly decrease greenhouse gas emissions. Also, their use 
produces no air pollution during the maintenance phase, making them environmentally 
friendly in particularly vulnerable areas (Wang and Qiu, 2009). Many countries have 
redirected their energy policies to focus on renewable energy systems to support 
economic growth and tackle environmental issues simultaneously (Aydin et al., 2010). 
The vast potential of these renewable energy sources needs to be explored, 
environmental concerns addressed, and economic implications considered, alongside 
an emphasis on sustainable development (Omer, 2008). 

These aspects signal that the rapid increase in renewable energy production increases 
pressure on the marine environment, the nearshore and the coast. On the one hand,  
the development of offshore wind farms, especially in regions with optimal wind 
conditions, has proven to be a viable option for reducing carbon emissions-induced 
climate change (Cali et al., 2024). On the other hand, their development interferes with 
other marine and coastal activities such as shipping, tourism, commercial fishing, or 
seabed resource exploitation. There are also concerns about their impact on wildlife 
(European MSP Platform, 2018a) and their impact on aesthetics (Zhou et al., 2022). 

An important aspect in handling this challenge is the need to ensure sustainable 
development, defined as progress that satisfies current demands without jeopardizing 
the ability of future generations to meet their needs (Steele, 1997). This approach not 
only emphasises economic growth but also supports practices that are economically 
viable, environmentally beneficial, and socially acceptable (Bhattacharyya, 2012).  
The selection of sites for renewable energy plants is a critical component in achieving 
this goal (Aghaloo et al., 2023) as it significantly affects electricity production capacity 
and socio-economic benefits (Shao et al., 2020). 

Environmental, social, economic, technical, and infrastructure considerations 
influence the suitability of locations for renewable energy technologies. Many of the 
issues associated with the construction of offshore wind farms are also encountered by 
onshore wind farm sites (Wang and Wang, 2015). For example, land use conflicts can 
lead to social and political challenges (Brannstrom et al., 2017; Díaz-Cuevas et al., 2019; 
González et al., 2016; Scholten and Bosman, 2016). As the site selection process seeks 
to reduce environmental impacts and optimise economic benefits (Golestani et al., 2021; 
Nedjati et al., 2021) while also being acceptable to communities, it is crucial to establish 
effective site selection criteria and assessment methods. 
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Decision support tools for coastal planning and management 
The described issues necessitate a complex planning process that considers 
environmental, social, and economic factors (Tercan et al., 2020; Virtanen et al., 2022). 
In other words, this highlights the importance of decision support systems (DSSs) in 
addressing the related environmental challenges (Walling and Vaneeckhaute, 2020; 
Wong-Parodi et al., 2020). 

DSSs for environmental management have become increasingly popular in recent 
years (Walling and Vaneeckhaute, 2020; Wong-Parodi et al., 2020). By integrating 
computer-based tools into environmental management and long-term planning, these 
systems facilitate decision-making and provide a variety of problem-solving 
approaches, in both coastal and inland areas that aim to achieve both environmental 
sustainability and development goals (Wong-Parodi et al., 2020). The incorporation of 
DSSs into planning allows decision-makers to assess risk levels and prioritise areas 
requiring urgent mitigation and adaptation measures (Torresan et al., 2016). By 
mapping or modelling the interaction between hazards and exposures, a DSS enhances 
decision-makers’ understanding of management options. One obvious objective is to 
identify appropriate buffer zones for areas of high environmental value and for 
infrastructure projects that may have significant impact (Wong-Parodi et al., 2020). 

DSS outputs, such as classification maps or predictive models, contribute to 
managing coastal hazards (Zanuttigh et al., 2014; Torresan et al., 2016). These 
technologies have become essential tools in addressing challenges posed by climate 
change and environmental pressures (Zhu et al., 2010). Tools ranging from models to 
databases and visualisation platforms support decision-making processes with critical 
information and analysis (Mysiak et al., 2005; Giupponi, 2007). 

A DSS commonly uses several computer-based decision support tools (DSTs) 
designed to facilitate decision-making, including geographical information systems 
(GIS), multi-criteria decision analysis (MCDA), artificial neural networks (ANN), Google 
Earth Engine (GEE), and model-driven techniques (Yarian et al., 2020). As discussed in 
this thesis, integrating multiple DSTs tends to provide better results compared to using 
a single tool. In particular, robust and user-friendly DSTs are needed to facilitate 
effective and equitable coastal management strategies under climate change impacts 
(Nicholls et al., 2007). 

DSS rely heavily on GIS tools due to their ability to represent, analyse, and visualise 
spatial data (Ahmed et al., 2022; Armenio et al., 2021; Hoque et al., 2019; Rehman et al., 
2022) by combining multiple parameters (Thirumurthy et al., 2022). While GIS provides 
a systematic framework for processing, and managing spatial data, allowing the 
inclusion of diverse parameters (Díaz-Cuevas et al., 2019), MCDA assigns context-based 
values to evaluation parameters and combines qualitative and quantitative attributes, 
including the opinions of experts, to prioritise different parameters and locations 
(Mytilinou et al., 2018). The integration of MCDA and GIS provides an effective framework 
for incorporating spatial data and expert opinions to generate actionable insights 
(Malczewski and Rinner, 2015) in various site selection studies (Gil-García et al., 2022; 
Genç et al., 2021; Li et al., 2022), especially in large-scale marine spatial planning (Tercan 
et al., 2020). This integration helps enhance the understanding of outputs through the 
inclusion of expert opinions and trade-offs among decision goals (Bell et al., 2003). 

A DSS is useful for generating decision support indices (DSIs) to quantify coastal 
vulnerability, which can be used for coastal adaptation planning (Gargiulo et al., 2020). 
A DSI usually incorporates environmental and socioeconomic variables that reflect 
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vulnerability, risk, and resilience (Furlan et al., 2021). Assessing coastal vulnerability is 
essential for developing effective strategies to mitigate and adapt to the impacts of 
climate change and human activities on coastal regions. Several indices have been 
developed to provide comprehensive evaluations of coastal vulnerability, each addressing 
different aspects and dimensions of the issue. For example, the Coastal Vulnerability 
Index (CVI) combines physical, ecological, and socioeconomic data to assess coastal 
vulnerability, identifying hotspots for targeted mitigation and implementation of 
adaptation strategies (McLaughlin and Cooper, 2010; Ramieri et al., 2011). The CVI 
supports the development of strategies that promote human well-being while 
balancing environmental sustainability (IPCC, 2019; Wong-Parodi et al., 2020). 

Renewable energy farm site selection in offshore and inland areas 
The pervasive use of fossil fuels is the principal contributor to global warming, with CO2 
and other greenhouse gases being emitted into the atmosphere (IPCC, 2021). 
In response, renewable energy technologies are increasingly favoured for electricity 
production as a response to climate change. The utilization of renewable energy 
systems plays a vital role in mitigating the effects of greenhouse gas emissions (Alsema, 
2000). Renewable energy plants are gradually becoming more cost-efficient than those 
using traditional energy sources (IRENA, 2020).  

The global demand for renewable energy is increasing as fossil fuel use declines. 
Projections indicate that by 2050, renewable sources could account for approximately 
two-thirds of global energy demand (Gielen et al., 2019). The European Union has 
implemented multiple strategies to transition to a more efficient and diverse energy 
model, which involves not only reducing greenhouse gas emissions but also using 
renewable energy resources efficiently and improving energy efficiency (Díaz-Cuevas 
et al., 2019). Energy distribution in renewable energy facilities has primarily been based 
on resource availability and access to an electrical grid, often overlooking broader 
factors of location suitability or the potential for integrating multiple energy sources 
(Díaz, 2013). For example, renewable energy farms should be located in geologically 
suitable places, away from protected areas, acceptable in terms of other marine space 
and land use, far from marine traffic but close to land-based transport networks. 
The analysis of these factors aims to balance multiple considerations: maximise 
economic benefits, minimise negative environmental impacts, enhance energy 
efficiency (Díaz-Cuevas et al., 2019) while minimising social impacts (Department for 
Energy Security and Net Zero, 2022). 

Wind energy is cost-effective, safe, and environmentally beneficial (Noorollahi et al., 
2016a; Gielen et al., 2019). In recent decades, the adoption of wind power has 
significantly increased, primarily driven by reduced generation costs (Osman et al., 
2022; Guchhait and Sarkar, 2023). Offshore wind power plants offer substantial 
advantages over onshore farms, including higher energy yields and reduced aesthetic 
and noise impacts (Bilgili et al., 2011; Wu et al., 2018). They also benefit from greater 
flexibility for the installation of devices in marine environment. Critical factors in the 
construction of foundations and cable connections include water depth, distance from 
shore, and port accessibility (Khan et al., 2021). Although deeper water and remote 
locations require more expensive infrastructure, these areas often offer optimal wind 
conditions as demonstrated in Paper II.  

The last few years have seen a rapid increase in the interest in wind power 
generation in the Baltic Sea, particularly in its southern parts. This has led to extensive 
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studies on the technical aspects of such developments (Klinge Jacobsen et al., 2019; 
Scolaro and Kittner, 2022; Ziemba, 2022). Due to the significant reduction of energy 
supply from the Russian Federation, it is important to increase energy production 
capacity in the European Union (European Commission, 2022). It is well known that 
effective site selection for renewable power plants significantly impacts energy 
production and installation costs (Shafiee, 2022). However, these developments also 
impact not only marine ecosystems but a range of existing human activities in the Baltic 
Sea, including fisheries, shipping routes, coastal tourism, and several socioeconomic 
factors (Reckermann et al., 2022). Therefore, it is crucial to evaluate optimal locations 
for offshore wind power plants by integrating technical, social, economic, and 
environmental factors to mitigate environmental concerns and enhance energy 
production (Tercan et al., 2020). In particular, it is imperative to identify and prioritise 
suitable offshore wind power plant sites to maximise energy productivity, minimise 
costs, reduce environmental impacts, and enhance social benefits as the offshore wind 
power industry grows and evolves. 

It is therefore natural that the site selection process for offshore wind power plants 
involves a complex planning approach that is able to balance minimizing environmental 
disruptions with maximizing economic benefits (Golestani et al., 2021; Nedjati et al., 
2021). Therefore, comprehensive and adequate analysis of potential power plant 
locations using advanced DSSs becomes essential to systematically incorporate 
environmental, economic, and social considerations into the decision-making process, 
thus promoting the development of a sustainable energy infrastructure and effectively 
responding to the complex dynamics of renewable energy management. In this 
context, various single decision support tools incorporating GIS techniques are essential 
for identifying optimal locations for renewable energy infrastructure both onshore and 
offshore (Aydin et al., 2010; Tegou et al., 2010; Vagiona and Karanikolas, 2012; Emeksiz 
and Demirci, 2019; González and Connell, 2022). The best results commonly combine 
the use of GIS with other appropriate tools, such as multi-criteria decision analysis 
(MCDA) (Gašparović and Gašparović, 2019). 

Another approach for offshore wind site selection is the levelised cost of energy 
(LCOE) method. This method evaluates the economic feasibility of potential sites by 
calculating the ratio of total energy production costs to the total energy generated over 
the project's lifetime (Johnston et al., 2020). By considering both initial investment 
expenses and recurring operational costs, LCOE provides an average cost per unit of 
energy output (Johnston et al., 2020). It is thus most useful for identifying the most 
cost-effective locations for offshore wind farms. However, as sustainable development 
and exploitation of offshore wind energy resources require a comprehensive 
understanding of how environmental, economic, and social factors interact (Fetanat 
and Khorasaninejad, 2015; Vagiona et al., 2018), it is essential to use the LCOE 
technique simultaneously with approaches that take into account existing space usage 
and environmental and social aspects. Doing so promotes the reliability and accuracy of 
the site selection results. 

The same tools are appropriate for inland locations. This versatility is demonstrated 
by presenting results from a study incorporating both wind and solar renewable energy 
farm locations in Iran. The main goal is to identify and develop a robust methodology 
for evaluating potential sites for renewable energy facilities based on local and regional 
characteristics and a variety of parameters that must be thoroughly examined before 
construction (Gašparović and Gašparović, 2019). 
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Coastal vulnerability assessment in the Baltic Sea 
As discussed above, climate change induced coastal hazards threaten the physical 
environment, human infrastructure, livelihoods, and biodiversity worldwide (IPCC, 
2022; Torresan et al., 2008). Enhancing the resilience of coastal communities and 
mitigating potential damage necessitates a thorough understanding and addressing of 
the related risks. Identifying and assessing the susceptibility of coastal areas to various 
hazards has become crucial. A large part of this work comes from coastal vulnerability 
assessments that consider both natural and human-induced factors, assisting coastal 
managers and planners in evaluating the vulnerability of specific locations (Adger et al., 
2005). 

Such assessments are vital for several reasons. They help identify and prioritise  
high-risk areas, ensuring effective resource allocation and disaster prevention. They 
also provide valuable data for infrastructure planning and development, improving the 
design of new projects to account for potential hazards. This helps coastal communities 
avoid costly damage and enhances their safety and sustainability. Furthermore,  
by highlighting regions where natural habitats and ecosystems are at risk, these 
assessments support environmental conservation efforts by protecting biodiversity and 
maintaining ecosystem services. 

By integrating various parameters, the Coastal Vulnerability Index (CVI) helps 
prioritise the vulnerability of different coastlines (Rangel-Buitrago et al., 2020). In terms 
of evaluating the likelihood of socioeconomically valuable features being affected by 
hazards such as flooding, the Coastal Exposure Index (CEI) is used. The CEI utilises flood 
maps from hydrodynamic models to determine exposure levels (Bagdanavičiūtė et al., 
2019). The combination of CVI and CEI constitutes the Coastal Risk Index (CRI) 
(Bagdanavičiūtė et al., 2019). For land-use planning to prioritise areas for coastal 
protection, the Coastal Area Index (CAI) is used. It considers parameters like elevation, 
coastal slope, and land use to balance conservation and development (Dhiman et al., 
2019). To estimate the capacity of coastal areas to respond to hazards, the Coastal 
Resilience Index (CoRI) is used. It focuses on factors such as distance from the coastline, 
elevation, and human activities, integrating them into coastal planning (Gargiulo et al., 
2020). 

The Analytical Hierarchy Process (AHP) is widely used to assess coastal vulnerability 
in the frame of GIS-MCDA applications. Recently, machine learning algorithms have 
become popular for mapping hazard susceptibility. Techniques like Random Forest are 
effective in handling large datasets and complex interactions (Wang et al., 2016). 
Incorporating GIS, MCDA, and machine learning models into coastal vulnerability 
assessments offers a more comprehensive view of coastal hazards and robust 
methodologies for coastal vulnerability assessments. Both methods provide a valuable 
insight into coastal vulnerability, essential for informed decision-making and effective 
adaptation While MCDA provides a structured approach that incorporates expert 
opinions, machine learning techniques handle complex datasets and interactions more 
efficiently. It is thus necessary to compare GIS-MCDA techniques with other 
approaches, such as machine learning methods, to evaluate their strengths, 
weaknesses, and applicability to regions with complex coastal characteristics, like the 
eastern Baltic Sea. 

The assessment of coastal vulnerability is particularly important in the eastern Baltic 
Sea region, especially in Estonia, due to its complex shoreline characteristics and 
increasing threats posed by climate change-induced hazards (Orviku et al., 2003; 
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Rosentau et al., 2017). The low-lying coastal areas, dominated by fine sediment and 
easily erodible moraine deposits, are highly susceptible to erosion, storm surges, and 
sea level rise (Łabuz, 2015; Orviku, 2018). The gently sloping shores of islands of 
Hiiumaa and Saaremaa and low-lying shores of Western Estonia are especially 
vulnerable (Suursaar et al., 2008). Storm surges in the Baltic Sea, partially driven by 
excess water volume lasting up to several weeks (Andrée et al., 2023), strong winds, 
and wave action, pose a significant threat to the Estonian coast (Hünicke et al., 2015). 
Certain wind directions lead to high wave setup on specific coastal sections (Pindsoo 
and Soomere, 2015). Coastal flooding is exacerbated by sea level rise, shorter winter ice 
cover, and increased storm frequency (Orviku et al., 2003; Harff et al., 2017). These 
hazards are likely to worsen many current and future social, economic, and 
environmental problems (Rosentau et al., 2017). The vulnerability of coastal regions to 
extreme events, amplified by sea level rise and storm frequency, necessitates proactive 
adaptation measures (Harff et al., 2017). 

By incorporating a variety of tools, systems, and indices, and considering also less 
obvious variables such as nature protection areas, land tenure, and setbacks through 
high-resolution maps, this thesis aims to provide a comprehensive assessment of 
coastal vulnerability, risk, and resilience, contributing to the development of effective 
and sustainable coastal management strategies. This integrated approach will help 
identify priority areas for intervention and inform decision-making processes to 
enhance the resilience of coastal communities by delivering accurate and 
comprehensive vulnerability assessments, crucial for informed decisions and effective 
adaptation measures. 

 
The objective and outline of the thesis 
The primary objective of this thesis is to develop and implement an appropriate 
decision support system to evaluate the optimal locations for offshore wind farm 
installations in the Baltic Sea region, to perform an assessment of coastal vulnerability 
in eastern Baltic Sea, and explore options of applications of this system in different 
environments, including for solar and wind farm site selection in inland areas. The study 
uses Geographic Information Systems (GIS), multi-criteria decision analysis (MCDA), and 
machine learning using the Random Forest (RF) technique to improve decision-making 
processes in coastal planning and management, sustainable offshore wind infrastructure 
development, coastal vulnerability assessment, and renewable energy site assessment 
in inland areas. A comprehensive set of parameters, including those often overlooked 
in previous studies, is considered alongside existing and potential wind farm locations. 

 
The main objectives are to: 

• Provide a comprehensible view on existing implementations of decision support 
tools (DSTs) for coastal planning and management, which incorporates GIS, MCDA, 
and machine learning to promote coastal decision-making process. 

• Analyse the potential economic viability and environmental suitability of offshore 
wind farm locations using GIS-MCDA and GIS-based levelised cost of energy models 
for the entire Baltic Sea. 

• Combine of two-dimensional and one-dimensional parameters to analyse coastal 
vulnerability for the whole of Estonian coast using, in parallel, the classic GIS-MCDA 
technique and machine learning applications. 
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• Explore the options for integration of different measures of water level variability
to improve the classic estimates of coastal vulnerability assessment.

• Demonstrate that the established DSSs are applicable to a different environment
by examining wind and solar farm site selection in inland areas based on GIS and
MCDA.

To achieve these objectives, Chapter 1 explores the application of decision support 
tools (DSTs) to coastal planning and management. An integrated approach to coastal 
management is presented that combines GIS, MCDA, and machine learning. This chapter 
emphasises the significance of these tools in contributing to a sustainable coastal 
development and assessing coastal vulnerability. 

Chapter 2 discusses the application of DSTs for selection of offshore wind farms in 
the Baltic Sea. The environmental suitability and economic viability of offshore wind 
farm locations is evaluated using in parallel the GIS-MCDA technique and GIS-based 
levelised cost of energy (LCOE) models. It emphasises the importance of selecting an 
optimal site in order to minimise negative environmental impacts and maximise 
economic benefits.  

Chapter 3 discusses the application of DSTs for coastal vulnerability assessment in 
the eastern Baltic Sea region. A GIS-MCDA is used in order to assess coastal 
vulnerability for the entire nearshore of Estonia. A new development is the analysis 
of vulnerability up to 2 km inland. The aim is to provide coastal managers and 
decision-makers with valuable insights into comprehensive vulnerability analyses based 
on several different approaches. 

Chapter 4 discusses benefits from integration of a machine learning technology, 
based on Random Forest technique, into the evaluation of vulnerability of Estonian 
coasts and the inclusion of water level variations into estimates of coastal vulnerability 
along the Lithuanian shoreline. As an example of wide applicability of the presented 
techniques, Chapter 4 also examines how to select the best site for wind and solar 
farms in inland areas, taking into account environmental, social, economic, technical, 
and infrastructure factors. 

Presentation of the results to scientific community 
These basic results have been presented by the author at the following scientific 
conferences: 

Oral presentations: 
Barzehkar, M., Parnell, K., Soomere, T. 2024. Integrating multi-criteria decision analysis 
and GIS for coastal vulnerability assessment: a case study in Estonia, Eastern Baltic Sea. 
Nordic Geographers Meeting in Copenhagen (24–27 June 2024, Copenhagen, Denmark). 

Barzehkar, M., Koivisto, M., Parnell, K.E., Soomere, T. 2022. An integrated decision 
support system for offshore wind farm site selection in the Baltic Sea. 18th European 
Academy of Wind Energy (EAWE) PhD Seminar in Wind Energy (2–4 November 2022, 
Bruges, Belgium). 

Barzehkar, M., Parnell, K.E., Soomere, T. 2021. An integrated decision support system 
for the resilience assessment of eastern Baltic Sea coasts. CoastGIS 2021: Sustainable 
Coastal Management in a Changing World (16–17 September 2021, Raseborg, Finland, 
online). 
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Poster presentations: 
Barzehkar, M., Parnell, K.E., Soomere, T. 2020. Decision support tools for the 

management of eastern Baltic Sea coasts. 3rd Baltic Earth Conference “Earth system 
changes and Baltic Sea coasts (2–3 June 2020, Jastarnia, Hel Peninsula, Poland, 
online). 
 
Oral presentations by co-authors: 
Soomere, T. (presenter), Barzehkar, M., Parnell, K., Bagdanavičiūtė, I. 2024. In search 
for suitable parameters quantifying the contribution of water level variations into 
coastal vulnerability index of microtidal seas. 5th Baltic Earth Conference “New 
Challenges for Baltic Sea: Earth System Research” (13–17 May 2024, Jūrmala, Latvia). 

Soomere, T. (presenter), Bagdanavičiūtė, I., Barzehkar, M., Parnell, K.E. 2024. Towards 
implementing water level variations into coastal vulnerability index of microtidal seas. 
17th International Coastal Symposium (ICS2024) “Coastlines Under Global Change” 
(24–27 September 2024, Doha, Qatar). 

Barzehkar, M., Parnell, K.E. (presenter), Soomere, T. 2024. Incorporating a machine 
learning approach as an established decision support system for coastal vulnerability in 
the Eastern Baltic Sea. 17th International Coastal Symposium (ICS2024) “Coastlines 
Under Global Change” (24–27 September 2024, Doha, Qatar). 
 
Abbreviations 

AHP Analytical Hierarchy Process 

ANN Artificial Neural Network 

CAPEX Capital Expenditure 

CAI Coastal Area Index 

CEI Coastal Exposure Index 

CRI Coastal Risk Index 

CVI Coastal Vulnerability Index 

CoRI Coastal Resilience Index 

DSI Decision Support Index 

DSS Decision Support System 

DST Decision Support Tool 

GEE Google Earth Engine 

GIS Geographical Information System 

IPCC Intergovernmental Panel on Climate Change 

LCOE Levelised Cost of Energy 

MCDA Multi-Criteria Decision Analysis 

OPEX Operational Expenditure 

RF Random Forest 
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1 Decision support tools for coastal planning and 
management 

A selection of decision support tools (DSTs), decision support systems (DSSs), and 
decision support indices (DSIs) is discussed in this chapter in order to highlight the basic 
properties of their constituents and known limitations and experience of their 
implementation. On the one hand, this kind of information is eventually useful to assist 
with coastal planning and management for a sustainable coastal environment and for 
infrastructure development. The focus for these tools is handling of extreme water 
levels, inundation, and coastal erosion. On the other hand, this material serves as 
important input for development of more specialised applications in the subsequent 
chapters. 

This chapter also explores the importance of effective DSTs and DSSs for calculating 
indices such as the Coastal Vulnerability Index (CVI), Coastal Exposure Index (CEI), 
Coastal Risk Index (CRI), and Coastal Resilience Index (CoRI) (Paper II). As a means of 
coastal vulnerability and resilience assessment, multi-criteria decision analysis (MCDA), 
geographical information systems (GIS), and artificial neural networks (ANNs) are 
integrated. The analytical hierarchy process (AHP), fuzzy standardisation and logic, and 
weighted linear combination (WLC) are MCDA approaches that incorporate expert 
preferences. A geographical information system (GIS) assists in storing, displaying, and 
analysing spatial data, mapping vulnerable coastal areas, and supporting long-term 
planning (Malczewski and Rinner, 2015; Gargiulo et al., 2020) while ANNs are used to 
classify maps, detect features associated with vulnerable ecosystems, and predict 
environmental changes (Rumson et al., 2020).  

There have been numerous applications of DSTs in environmental hazard 
assessment, employing tools such as GIS, MCDA, and ANN (Jena et al., 2020; Yariyan et 
al., 2020a; Arabameri et al., 2021; Pham et al., 2021). Although clear advancements 
have been made, many studies lack a formal justification for selecting or combining 
these tools. Paper I aimed to fill this gap by systematically evaluating a variety of DSTs, 
DSSs, and DSIs to guide managers and decision-makers in choosing the most 
appropriate tools. This Chapter largely follows the material presented in Paper I. 
The detailed characteristics and contributions of various implementations of DSTs, 
DSSs, and DSIs towards strengthening coastal management planning are presented in 
Tables 1 and 2 of Paper I. 

1.1 Decision support tools and systems 

Contemporary informed decision-making ideally relies on the best available 
information that is properly quantified, analysed and put into an appropriate context. 
Any decision-making process thus start from the identification of necessary 
information, selection of important parameters, choice of spatio-temporal resolution 
and collection of necessary data from various sources, from research papers to classic 
maps. Alternatively, the necessary information is often generated using various 
numerical models tuned specifically to provide the best data stream for solving a 
particular management problem. 

As much of this information in coastal and marine areas is presented in the form of 
(raster) maps, tools like GIS form an intrinsic constituent of the process. Subsequently, 
the data from various sources have to be converted into a usable form for further 
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analysis. This is often done using so-called fuzzy normalisation. Different drivers and 
parameters generally have a different impact on the decision. Therefore, the weight of 
each parameter should be estimated as adequately as possible. Finally, the compound 
estimate for decision-making (e.g., normalised vulnerability index) is commonly 
reached using these weights. 

1.1.1 Numerical models 
The numerical models are now a common tool to simulate factors such as wind, waves, 
and other physical processes that affect coastal areas (Coelho et al., 2020; Glover et al., 
2011). They provide atmospheric variables (Hersbach et al., 2020), and wave variations 
and properties both globally (Morim et al., 2022) and locally (e.g., Björkqvist et al., 
2018). Based on wind data, it is possible to configure and run contemporary wave models 
such as SWAN (Booji et al., 1999) and WAM (Komen et al., 1994), or user-friendly 
implementations, such as MIKE 21 (DHI, 2017) for the region of interest to simulate and 
estimate wind-generated waves. If it is too time-consuming and computationally 
demanding to run these models locally, as it is often the case (Chini and Stansby, 2015), 
databases such as the Copernicus or ERA5 sources (https://cds.climate.copernicus.eu/) 
provide ready-to-use data. The data can be used with local wave models to calculate 
storm surge levels (Lorenz and Gräwe, 2023), wave setup (Soomere et al., 2020), and 
runup (Marsooli and Lin, 2018). 

Models such as the MIKE 21 model are also able to estimate sediment transport and 
coastal morphology (DHI, 2017), and model shoreline changes at local and regional 
scales (Coelho et al., 2020). In this respect, a number of challenges must be addressed, 
including determining accurate boundary conditions, managing external waves, and 
dealing with energy dissipation (Masselink et al., 2011). The modelled data sets can be 
complemented with extensive sources of information derived using various remote 
sensing applications, e.g., the worldwide map of coastline changes (Luijendijk et al., 
2018) that also covers the entire Baltic Sea. 

1.1.2 Geographical information system (GIS) and Google Earth Engine (GEE) 
A GIS is essential for the storage, display, and analysis of spatial data, making it a  
cost-efficient tool for spatial planning in general, and for coastal planning in particular 
over the long term (Pan et al., 2005). The integration of different approaches that 
support decision-making with GIS promotes the process by prioritizing and weighting 
map data (Malczewski and Rinner, 2015). For example, an analysis of vulnerable coastal 
areas is commonly carried out using GIS for the evaluation of indices such as the 
Coastal Vulnerability Index (CVI, Section 1.4) and Coastal Resilience Index (CoRI, Section 
1.4) (Hoque et al., 2019; Gargiulo et al., 2020). It provides managers and the public with 
accessible maps (Iyalomhe et al., 2013; Aporta et al., 2020) that support informed 
decisions (Rangel-Buitrago et al., 2017, 2020b). Tools such as DESYCO and THESEUS 
were developed to raise public awareness and assess risks through GIS. The DESYCO 
system provides adaptable risk assessments for sea level rise and coastal erosion 
(Santoro et al., 2013; Torresan et al., 2016). Based on analytical models and expert 
opinions, THESEUS assesses coastal risks and mitigation options (Kane et al., 2014; 
Zanuttigh et al., 2014). 

Google Earth Engine (GEE) is a cloud-based platform for processing large geospatial 
datasets. To analyse regional and global satellite imagery, JavaScript and Python 
algorithms are used (Vos et al., 2019; Tamiminia et al., 2020). The GEE provides access 
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to extensive satellite image collections, such as Landsat-8 and Sentinel-2, which can be 
used for geospatial analyses of various features, such as shoreline position changes and 
land use changes (Chu et al., 2020; Arruda et al., 2021). The CoastSat application of GEE 
creates time-series data to classify coastline changes over the past 30 years (Vos et al., 
2019). 

1.2 Multi-criteria decision analysis (MCDA) approaches 

To reach rational and informed decisions and to determine management goals, more 
generally, to operationalise the management process (Townend et al., 2021), it is 
necessary to put the environmental and socioeconomic parameters selected and 
gathered for decision-making into context. This includes their quantification (e.g., via 
GIS and/or GEE), normalisation, weighting, and ranking (Mafi-Gholami et al., 2019).  
An effective tool for complex coastal management decisions (Uhde et al., 2015) is the 
multi-criteria decision analysis (MCDA) that helps to prioritise vulnerable locations and 
risk areas based on various parameters (Johnston et al., 2014) and makes it possible to 
incorporate expert preferences and expertise into coastal decision-making (Haque, 
2016; Adem Esmail and Geneletti, 2017). MCDA incorporates fuzzy logic standardisation, 
analytical hierarchy process (AHP), and weighted linear combination (WLC) methods 
(Malczewski and Rinner, 2015).  

1.2.1 Fuzzy standardisation and fuzzy logic 
Input information on the properties of coastal and nearshore areas as well as the 
description of various hydrometeorological drivers is often available or presented as 
raster maps. Because these maps are intrinsically measured with different units and 
scales, it is crucial to normalise their numerical values before combining them  
(e.g., Eastman, 2009). Fuzzy logic is commonly used in the MCDA process to standardise 
raster map pixels, reduce uncertainties and normalise data variability (Paper I).  
The range of normalised variables from 0 to 1 is used as a standard, where 0 represents 
very low and 1 very high vulnerability (e.g., Araya-Muñoz et al., 2017). A linear scale is 
the most common method for normalizing raster layers, which is often based on 
minimum and maximum values (e.g., Cheng et al., 2023). This range is usually divided 
into subranges that characterise very low (values from 0 to 0.2), low (0.2, 0.4), medium 
(0.4, 0.6), high (0.6, 0.8), and very high (0.8, 1) vulnerability with respect to a particular 
parameter (e.g., Hoque et al., 2021). In a similar way, resilience and other parameters 
can be standardised 

An intrinsic feature of environmental parameters is that, for some of them 
increasing values indicate an increase in vulnerability (e.g., extreme water level, sea 
level rise rate, maximum significant wave height, called increasing functions) while for 
others a larger value means lower vulnerability (e.g., land elevation, coastal slope, 
called decreasing functions). Moreover, frequently values over a certain threshold 𝑅max 
(or below another threshold 𝑅min) do not further increase or decrease the associated 
vulnerability. The level of vulnerability is thus constant (1 or 0) for such input values. 
Such features are usually accommodated using the following piecewise linear 
transformations 

𝑋1(𝑖) =
𝑅𝑖 −𝑅min

𝑅max −𝑅min

,   𝑋1(𝑖) = 0 if 𝑅𝑖 < 𝑅min ,   𝑋1(𝑖) = 1 if 𝑅𝑖 > 𝑅min   (1) 

for increasing functions and  
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𝑋2(𝑖) =
𝑅max  − 𝑅𝑖

𝑅max −𝑅min

,   𝑋2(𝑖) = 0 if 𝑅𝑖 > 𝑅max ,   𝑋1(𝑖) = 1 if 𝑅𝑖 < 𝑅min  (2) 

for decreasing functions (e.g., Kao, 2010). 
While the classic fuzzy logic captures a continuum of values between 0 and 1 (e.g., 

Zarin et al., 2021), another class of its input functions form custom user-defined 
discrete functions. They are expressed as discrete estimates that characterise, e.g., 
vulnerability associated with geomorphology, type of sediment, presence or absence of 
nature protection areas or coastal protection structures, land use, and land tenure  
(see Paper III for examples and references). On some occasions (e.g., presence or 
absence of nature protection areas or coastal protection structures) the input for fuzzy 
logic is like a Heaviside function with only two values 0 and 1. 

1.2.2 Analytical Hierarchy Process (AHP) 
AHP is a widely used pairwise comparison method where each parameter is weighted 
against others to determine the relative significance of all parameters (Chai et al., 2013; 
Mu and Pereyra-Rojas, 2018). It is often used as part of coastal vulnerability, risk, and 
resilience assessments (Ishtiaque et al., 2019; Hadipour et al., 2020b; Sekovski et al., 
2020). It allows for the quantitative analysis of parameters that affect CVI, CRI, and CoRI 
(Mani Murali et al., 2018). The weighting and prioritisation are performed based on 
expert assessments. Each factor is ranked using a pairwise comparison matrix  
(see, e.g., Table 7 in Paper III). The selected parameters are usually weighted on a scale 
from 1 to 9, where 9 indicates extreme importance (or influence), 7 very strong 
importance, 5 strong importance, 3 moderate importance, and 1 minimum importance, 
with intermediate values also used (Saaty and Tran, 2007; De Serio et al., 2018).  
The pairwise comparison matrix is completed by inserting reciprocal values (e.g., 1/3, 
1/5, 1/7, 1/9) into the transposed positions (Saaty and Tran, 2007). 

The consistency in the weighting process is characterised by the so-called 
consistency ratio 𝐶𝑅 (Saaty and Tran, 2007; Gargiulo et al., 2020)  

𝐶𝑅 =
𝐶𝐼

𝑅𝐼
, (3) 

that is a ratio of consistency index 𝐶𝐼 to the Random Index 𝑅𝐼. The consistency index 𝐶𝐼 
defined by Saaty and Tran (2007) is computed as (e.g., Klutho, 2013):  

𝐶𝐼 =
𝜆𝑚𝑎𝑥 − 𝑁

𝑁 −1
, (4) 

where 𝜆max is the largest eigenvalue of the pairwise comparison matrix, and 𝑁 is its size, 
equivalently, the number of parameters or attributes being compared. The random index 
𝑅𝐼 is found using the same equation as the usual value for the totally random pairwise 
comparison matrix (Saaty and Tran, 2007). The 𝑅𝐼 values, evaluated from a large 
number of randomly filled matrices, increase to about 1.5 as 𝑁 increases from 1 to 10 
and level off around 1.6 for larger values of 𝑁 (Aguarón and Moreno-Jiménez, 2003; 
Saaty and Tran, 2007). The AHP results are consistent if 𝐶𝑅 ≤ 0.1. This condition is 
routinely checked in studies based on the AHP method (e.g., Diaz-Cuevas et al., 2020). 
The AHP method is used in Papers II, III, and IV as described below. 
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1.2.3 Weighted linear combination (WLC) 
WLC is a common tool to integrate various environmental and socioeconomic data for 
calculating coastal DSIs, ranking vulnerabilities and risks across different areas 
(Hadipour et al., 2020a, 2020b) in situations where different components may have 
different importance, priority or impact. WLC assessment can be effectively 
accomplished with GIS using map algebra (Tomlin, 1990; Malczewski, 2000). In essence, 
WLC is a direct generalisation of the simple sum or direct average of single estimates of, 
e.g., vulnerability driven by some factor 𝑋𝑗  by means of assigning weights (or ranks) 𝑊𝑗

to each component 𝑋𝑗  of normalised data using fuzzy standardisation, to obtain a

weighted estimate:

𝑊𝐿𝐶 =  ∑ 𝑋𝑗𝑊𝑗

𝑛

𝑗 =1

. (5) 

The users of this method often call the addressed components or parameters 
attributes (Ghosh and Lepcha, 2019). In coastal studies, examples of attributes are 
elevation, slope, geology, shoreline change rate, or land use.  

1.3 Advanced methods 

Paper I also presents an overview of several advanced, rapidly developing techniques in 
decision making in coastal matters that have not been implemented in the studies 
presented below. 

1.3.1 Artificial Neural Networks (ANNs) 
The ANNs are based on biological neural networks and are used to model 
environmental hazards for more than two decades (e.g., Chen et al., 2004; Gokceoglu 
et al., 2005). This approach has provided reasonably good estimates without fully 
understanding the underlying processes in, for example, hydrological applications 
(Gudiyangada Nachappa et al., 2020). On many occasions, e.g., to predict coastal 
erosion, the benefits of GIS and ANN are combined (Peponi et al., 2019). To identify 
vulnerable coastal ecosystems, ANNs have been used to classify images and maps 
(Rumson et al., 2020). 

ANNs are based on neurons, where the output of one layer becomes the input for 
the next (Ahmadlou et al., 2020). A multi-layer perceptron (MLP) is the most common 
ANN for coastal change classification, which uses supervised classification with input, 
hidden, and output layers (Goldstein et al., 2019). A backpropagation algorithm (BPA) is 
used for MLP training to minimise mean-square errors between output and expected 
values (Ghorbanzadeh et al., 2019a). The complexity of a problem determines how 
many hidden layers are needed. For MLP, random samples are selected to represent 
hazards and non-hazards (Dao et al., 2020). Yariyan et al. (2020b) divided 101 hazard 
and 101 non-hazard locations 70:30 for training and testing. Depending on the study 
scope and desired accuracy, sample size and ratio may vary (Thi Ngo et al., 2021). 

1.3.2 Bayesian Networks (BN) 
In environments with limited data, various graphical probabilistic models provide 
additional resources for the analysis and synthesis of existing information (e.g., Ben-Gal, 
2008). Among these, Bayesian networks (BN) have become increasingly popular since 
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about 2000. They often rely on Bayesian statistics for the posterior probability of 
forecast 

𝑝(𝐹𝑖|𝑂𝑗) =  
𝑝(𝑂𝑗|𝐹𝑖)𝑝(𝐹𝑖)

𝑝(𝑂𝑗)
, (6) 

where 𝑝(𝐹𝑖|𝑂𝑗) is the posterior probability of forecast 𝐹𝑖  given observations 𝑂𝑗, 

𝑝(𝑂𝑗|𝐹𝑖) is the likelihood of observations 𝑂𝑗  given forecast 𝐹𝑖, 𝑝(𝐹𝑖) is the prior 

probability of 𝐹𝑖, and 𝑝(𝑂𝑗) is the prior probability of 𝑂𝑗. However, the use of BN does 

not necessarily imply the use of Bayesian statistics (Ben-Gal., 2008). 
In essence, BN models provide graphic representations of probability distributions of 

e.g. coastal hazards (Sahin et al., 2019) based on predictive modelling. This technology
is increasingly being used to model coastal vulnerability and risk assessments in the
face of significant uncertainty (Sahin et al., 2019; Guo et al., 2020). The BN outcome
shows the probability distribution of hazards graphically (Sahin et al., 2019), commonly
forecasting erosion and accretion rates in relation to sea level rise. The nodes of the BN
can be used to represent factors such as coastal response, boundary conditions,
location, hazards, and wave properties, with undirected or directed edges (arrows)
showing their interconnections (Plomaritis et al., 2018).

Another way of implementation of the BN technique is the use of a directed acyclic 
graph (DAG), for example, to demonstrate causal relationships between parameters 
that are associated with coastal hazards (Giardino et al., 2019). Multiple variables are 
integrated into BNs to provide robust data-driven or model-driven forecasts (Giardino 
et al., 2019). A BN model can provide alternatives to numerical models when assessing 
the effects of coastal hazards on infrastructure and ecosystems (Plomaritis et al., 2018). 

1.4 Decision Support Indices (DSIs) 

The concept of vulnerability refers to a system's susceptibility and inability to deal with 
adverse effects (Adger, 2006). A coastal vulnerability index (CVI) quantifies coastal 
segments to identify those that may be more vulnerable with respect to the joint 
impact of a multitude of drivers and thus may require protection for community 
resilience (Bagdanavičiūtė et al., 2015; Hoque et al., 2019; Koroglu et al., 2019).  

While the first application of a CVI incorporated only a small number of variables 
(elevation, lithology, geomorphology, relative sea level change, shoreline displacement, 
tidal range and wave heights; Gornitz, 1991), most of contemporary studies include >10 
parameters and Paper III addresses 16 parameters. It is customary to normalise the 
numerical values of CVI index into the range from 0 to 1 and divide the areas into five 
classes similar to the outcome of the fuzzy standardisation in Section 1.2.1. 

A CVI may be split into or be considered as a set of multiple sub-indices, including 
the coastal characteristics vulnerability index (CCVI), the coastal forcing vulnerability 
index (CFVI), and the socioeconomic vulnerability index (SEVI). The factors contributing 
to the SEVI include population density, infrastructure, cultural heritage, land use, and 
land cover (Mullick et al., 2019; Ng et al., 2019; McLaughlin et al., 2010). 

Various coastal exposure indices (CEI) have been developed for the evaluation of 
socioeconomically important areas in terms of their vulnerability to hazards such as 
flooding (Bagdanavičiūtė et al., 2019). They may employ both land-based (e.g., heavy 
precipitation or river flooding) and marine sources of coastal flooding, such as storm 
surges, tsunamis, and high waves. The CEI is often evaluated based on hydrodynamic 
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models that predict maximum water levels for the creation of flood maps 
(Bagdanavičiūtė et al., 2019). In these maps, extreme water level return periods are 
evaluated, recognizing that predictions may change over time (Mucerino et al., 2019). 

Based on the CVI and CEI, the coastal risk index CRI can be developed that quantifies 
hazards impacting coastal sectors (Bagdanavičiūtė et al., 2019). Various implementations 
of CRI assist to identify the most vulnerable locations, for example, with respect to 
climate change (Bagdanavičiūtė et al., 2019). Another example is the flood exposure 
map used to assess the susceptibility of infrastructure and communities to flooding 
(Chaib et al., 2020). Using this approach, strategies to enhance infrastructure resilience 
and coastal disaster protection plans can be developed in response to climate  
change-induced hazards (Chaib et al., 2020).  

Different coastal area indices (CAI) assist in land-use planning by prioritising coastal 
protection zones, especially in development zones (Dhiman et al., 2019). They are 
commonly designed to provide decision-makers with a quantitative means of classifying 
coastal areas on the basis of their vulnerability to infrastructure development (Dhiman 
et al., 2019). As part of the CAI, factors such as elevation, coastal slope, shoreline 
change rate, geological formation, soil texture, vegetation, land use, and land cover are 
taken into account (Dhiman et al., 2018). Based on this index, coastal management can 
be balanced between conservation and sustainable development (Dhiman et al., 2018, 
2019).  

A coastal resilience index (CoRI) assesses a coastal area's ability to withstand 
climate-related hazards, assisting in the development of adaptation strategies (Gargiulo 
et al., 2020). Resilience is influenced by factors such as distance of a particular location 
from the coast, elevation, and human activities, with low-lying, densely populated 
regions being especially vulnerable (Roy et al., 2019; Gargiulo et al., 2020). Coastal 
resilience can further be reduced by tourism and urbanisation (Kim et al., 2017).  
The use of this kind of assessment makes it possible to highlight also sustainable 
development goals and propose potential solutions (Sajjad et al., 2020).  

1.5 Organisation of workflow for coastal planning and management 

The main conclusions from the overview in Paper I are mostly straightforward. First of 
all, an effective method for coastal management involves integrating different decision 
support tools (DSTs) into the decision support system (DSS) and calculating decision 
support indices (DSIs). A recommended combination of DSTs to be implemented in 

 

Figure 1. Systematic steps for applying an integrated DSS in coastal planning and management. 
Adapted from Paper I. 
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coastal planning and management is shown in Figure 1. The use of the steps of MCDA, 
fuzzy standardisation followed by the analytical hierarchy process (AHP) to standardise 
and prioritise environmental and socioeconomic data, makes it possible to combine 
them using a weighted linear combination (WLC) method in GIS (as described below in 
Chapters 2 and 3). An example expanded workflow for steps 2 and 3 of the process in 
Figure 1 is shown in Figure 2. GIS and MCDA tools have traditionally been preferred in 
this step (Hadipour et al., 2020a; Tercan et al., 2020). Finally, it is important to classify 
or validate the results using other means, such as artificial neural networks (ANN) 
(Yariyan et al., 2020b; Pham et al., 2021) (Figure 2). Even though large datasets and 
computational resources are necessary (Dao et al., 2020), ANN methods have become 
valuable for classifying and ranking environmental hazards. Rumson et al. (2020) 
demonstrate that a comprehensive assessment of coastal risks and resilience can be 
obtained by integrating MCDA, GIS, and potentially ANN. It is likely that this 
combination improves coastal adaptation planning, hazard mitigation, and resilience 
initiatives (Kontopoulos et al., 2021). 

The overall perception in the literature is that a combination of DSTs provides 
several advantages for the implemented DSS for coastal planning and management 
(Figure 3). The outcome can be used to generate effective coastal protection maps, 

Figure 2. An integrated DSS workflow for a coastal vulnerability assessment using GIS-MCDA-
ANN. Adapted from Paper I. 
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such as setting appropriate setback zones for erosion and inundation control. As part of 
this integrated approach, coastal planners can determine the optimal width of buffer 
zones, establish infrastructure setback distances, and develop construction projects 
management plans. In particular, the outcome can also assist in specifying floor heights 
for buildings and identifying shoreline sections that require specific interventions to 
mitigate erosion, such as sea walls or beach nourishment. Examples of combining these 
tools in a coastal management system are presented in Bagdanavičiūtė et al. (2019), 
Mullick et al. (2019) and Hadipour et al. (2020a). It is clear that sea level rise and human 
activities are increasingly impacting coastal areas, and individual tools are often limited 
in their long-term functionality (Schumacher et al., 2018). By considering vulnerability, 
risk, and resilience changes at finer scales, an integrated approach commonly leads to 
more precise assessments (Mullick et al., 2019). 

The assessment of error and uncertainty is critical in such projections. The use of 
single methods like AHP can cause rankings to differ, whereas an integrated DSS 
reduces inconsistencies by applying expert knowledge to calibration and validation 
(Paper VI), which is similar to ensemble methods used in statistics and machine  
learning (Berk, 2006). The described integrated methods enable the identification and 
minimization of these errors (Yariyan et al., 2020a). It is particularly helpful to use ANN 
methods to analyse uncertainty and perform sensitivity analyses to ensure that the 
model is well-fitted to reality (Bayat et al., 2019; Peponi et al., 2019; Yariyan et al., 
2020a). 

Using DSTs and developing DSS require human-machine interaction. To interpret 
data effectively, experts must ensure accurate data inputs and reliable outputs 
(Rumson et al., 2020; Yun et al., 2021). Experts are able to break complex decisions 
down into manageable segments despite the fact that DSSs cannot do so independently 
(Rashidi et al., 2018). 

 
 

 

Figure 3. Benefits from using a DSS for coastal planning and management. Adapted from Paper I. 
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1.6 Experience with applications of integrated DSSs in coastal planning 
and management 

The ultimate task of a DSS for coastal matters is to create a framework integrating 
environmental and socioeconomic data for coastal planning and management. 
Combining various DSTs enhances decision-making for coastal issues. The integration of 
GIS and MCDA is well-established in the literature (Bagdanavičiūtė et al., 2019; 
Hadipour et al., 2020a; Tercan et al., 2020; Masoudi et al., 2021). Effective 
combinations like GIS-MCDA, GIS-ANN, GEE-ANN, GIS-MCDA-ANN, and GIS-BN have 
been also reported in the literature (Peponi et al., 2019; Guo et al., 2020; Hadipour 
et al., 2020a; Yariyan et al., 2020a; Arruda et al., 2021). 

Recent studies emphasise the effectiveness of applying ANN for sensitivity and error 
analysis. For the majority of environmental applications, combination of GIS-MCDA 
(fuzzy logic, AHP and WLC) with ANN methods create an effective DSS (Jena et al., 2020; 
Yariyan et al., 2020a; Pham et al., 2021). These approaches generate visual products 
that assist public perception of environmental hazards and can be used to raise 
awareness of coastal sustainability and facilitate expert discussions. Despite the lack of 
strict conclusions, comparing different approaches reveals several practical 
implications. 

A combination of DSTs addresses various environmental management challenges, 
such as environmental risk and hazard classification, site selection, land-use zoning, and 
resilience classification (Table 3 in Paper I). MCDA tools are beneficial for incorporating 
environmental, social, and economic objectives into decision-making (Tercan et al., 
2020; Masoudi et al., 2021). Scientists and stakeholders provide useful inputs, which 
promote the decision-making process with their expertise (Uhde et al., 2015). ANNs 
methods contribute to a validation of results by considering future conditions alongside 
the present situation (Peponi et al., 2019), especially in areas with large datasets 
(Lamba et al., 2019; Yariyan et al., 2020a). However, implementation of ANNs without 
MCDA may lead to a lack of expert knowledge in determining the relationships 
between datasets (Sarbayev et al., 2019). 

Bayesian network methods are effective for predicting environmental changes but 
are computationally complex and require high expertise (Sahin et al., 2019), and are 
less community-friendly (Guo et al., 2020). The use of tools like Google Earth Engine are 
effective when it integrated with ANN for analysing publicly available large satellite 
datasets (Arruda et al., 2021), which require specialised skills to apply. 

GIS and MCDA tools are popular due to their widespread availability and ease of use 
(Malczewski and Rinner, 2015). ANN methods require extensive training, but their 
accessibility is improving across many fields particularly for environmental specialists 
(Lamba et al., 2019; Pham et al., 2021). The applications of GIS-MCDA-ANN 
combinations are expected to become standard for DSS investigations in situations 
where large input data are available. However, there may be situations where such a 
combination is not appropriate. This may happen if there is not enough input data 
available or if the data cannot be generated (Jena et al., 2020). Importantly, outputs 
from GIS-MCDA or GIS-MCDA-ANN combinations, whenever applicable, can be easily 
interpreted by managers, decision-makers and stakeholders (Yariyan et al., 2020a).  
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2 Offshore wind farm site selection 

A global shift to renewable energy resources is driven by a need to reduce fossil fuel 
dependence (e.g., Moriarty and Honnery, 2012) and mitigate climate change impacts 
(e.g., Bogdanov et al., 2019). An important resource for renewable energy is wind 
energy, which is a cost-effective, environmentally friendly, and sustainable source of 
electricity on both a global scale (Ang et al., 2022) and at country level (Baban and 
Parry, 2001; Latinopoulos and Kechagia, 2015). Due to significant reductions in 
generation costs (Osman et al., 2022) and the ability to provide power near load 
centres, wind energy is becoming increasingly popular (Chang et al., 2022). A number of 
advantages exist for offshore wind power plants over onshore installations  
(Fernández-Guillamón et al., 2019), including higher wind speeds, fewer visual impacts, 
and reduced noise (Bilgili et al., 2011; Wu et al., 2018). 

Choosing suitable offshore wind power plant sites is crucial for optimizing energy 
production and minimizing costs (Arrambide et al., 2019). This selection process must 
take into account a variety of environmental, social, and economic factors (Gil-García  
et al., 2022; Tercan et al., 2020). Many studies of offshore wind farm development 
typically concentrate on relatively small sea areas, such as the waters around Denmark 
(Moller et al., 2012), the United Kingdom renewable energy zone (Cavazzi and Dutton, 
2016), Canarian waters (Schallenberg-Rodríguez and Montesdeoca, 2018), Turkey’s 
seas (Genç et al., 2021), or the Gulf of Maine (Gil-García et al., 2022). 

According to some estimates (Samuelsson, 2020), in Europe, the North Sea accounts 
for 77% of all cumulative off-shore wind capacity, the Irish Sea 13%, and the Baltic Sea 
10%. The reason is that the Baltic Sea is located within the so-called North Atlantic 
storm track (Rogers, 1997), along which low pressure systems move from the Atlantic 
Ocean to the east. The Baltic Sea offers ideal conditions for offshore wind power  
development because of its favourable wind conditions and extensive coastal regions 
(Hasager et al., 2011; Rusu, 2020). There is a need for increased energy production 
capacity in response to the significant decrease in energy supplies from the Russian 
Federation (European Commission, 2022). However, site suitability assessments for 
offshore renewable energy in the Baltic Sea region are limited and focus primarily on 
seabed characteristics (Nyberg et al., 2022). Paper II attempts to close this gap by using 
different decision support tools (DSTs) to assess the suitability of offshore wind farms in 
the entire Baltic Sea (Baltic-wide approach). This Chapter mainly follows the material 
discussed in Paper II. To provide a detailed spatial analysis at a high spatial resolution, 
this study combines geographic information systems (GIS) with multi-criteria decision 
analysis (MCDA) as described in Chapter 1 with a levelised cost of energy (LCOE) model 
by taking into consideration a variety of parameters for offshore wind farm site 
selection. 

2.1 Study area 

The Baltic Sea (Figure 4) is a body of water in Northern Europe that is partially enclosed. 
This area borders Finland, Estonia, Lithuania, Latvia, Denmark, Sweden, Germany, 
Poland, and Russia. It covers 392,978 km2 with an average depth of 54 m and a brackish 
water ecosystem (Leppäranta and Myrberg, 2009). Various human activities and 
pressures impact the Baltic Sea, including massive discharge of nutrients and pollution 
that creates pressures on the entire ecosystem, fisheries, extremely intense shipping, 
and increasing levels of tourism (Reckermann et al., 2022). These activities, if not 
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handled properly, may exert a negative impact on marine ecosystems, coastal tourism, 
fisheries, and socioeconomic conditions in all Baltic Sea countries (Reckermann et al., 
2022). The development of wind farms will eventually add to this pressure. It is therefore 
important to take into account technical, socioeconomic, and environmental factors 
when planning offshore wind farms (Tercan et al., 2020). 

The presence of extensive relatively shallow areas in the Baltic Sea is favourable for 
the installation of wind turbines and the properties of the seabed in these areas are 
generally known (Nyberg et al., 2022). The installed generation devices and associated 
infrastructure will be impacted by several types of hydrometeorological drivers. 

The Baltic Sea is microtidal, with the maximum range of tidal-driven water level 
variations being only a few centimetres (Leppäranta and Myrberg, 2009). The water 
level of the entire sea may still exert substantial atmospheric-driven variations, up to 
0.5 m as monthly mean (Johansson and Kahma, 2016) and up to 0.8 m for a few weeks 
(Soomere and Pindsoo, 2016). It is uncommon that wind speed reaches hurricane level; 
however, a 10-min average wind speed 32.5 m/s was recorded on 02 January 2019 in 
the Sea of Bothnia (Björkqvist et al., 2020). The majority of moderate and strong winds 
blow from the south-west or west but there is evidence that the strongest ever winds 
could blow from the north-north-west (Soomere, 2001) or north (Björkqvist et al., 2020). 

Figure 4. The bathymetry of the Baltic Sea. 
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The wave climate of the Baltic Sea is generally mild, with long-term average 
significant wave height slightly exceeding 1 m only in the central part of the open Baltic 
Sea (Baltic proper) and Sea of Bothnia (Björkqvist et al., 2018). The complex shape of 
the sea gives rise to extensive variability in the wave properties in different parts of the 
sea (Björkqvist et al., 2018; Giudici et al., 2023). The wave climate, however, is extremely 
intermittent (Soomere and Eelsalu, 2014): some 30% of the annual wave energy flux 
arrives within the stormiest week and about 50% within the two stormiest weeks.  
Also, some parts of the sea may host extremely severe wave conditions, with significant 
wave height close to 10 m (Soomere et al., 2008; Björkqvist et al., 2018). The maximum 
recorded significant wave height to date is 8.2 m (Björkqvist et al., 2017). 

Perhaps the most problematic driver is seasonal sea ice. In extreme cases the entire 
sea may freeze (Leppäranta and Myrberg, 2009). Even though the duration of ice 
season and the extent of sea ice cover have considerably shortened (Haapala et al., 
2015), ice is still common in the nearshore also in southern parts of the sea. 

2.2 Methods 

2.2.1 Levelised Cost of Energy (LCOE) model 
Paper II addresses the problem of offshore wind farm site selection in the Baltic Sea 
from the viewpoint of the levelised cost of energy (LCOE). This parameter provides a 
comprehensive measure of the economic feasibility of projects in the energy sector 
(Johnston et al., 2020). In essence, it expresses a ratio between the total costs of 
energy production and the total energy expected to be produced over the project’s 
lifetime. It is thus a natural measure of the cost-effectiveness of various energy sources 
over their entire lifetimes, and technologies are often compared using this model. 

The calculations of LCOE take into account both initial investment (𝐶𝐴𝑃𝐸𝑋) and 
recurring operational costs (𝑂𝑃𝐸𝑋). The generic expression for LCOE is (Johnston et al., 
2020): 

𝐿𝐶𝑂𝐸 =
�̂�

�̂�
=  

∑ 𝐶𝑡=end
𝑡=0

∑ 𝐸𝑡=end
𝑡=0

 , (7) 

where �̂� is the total cost over the project lifetime and �̂� is the total energy output. Both 
quantities are expressed as the sum of the relevant costs or energy output from the 
start of the project 𝑡 = 0 until the end of the lifetime 𝑡 = end. The costs include but 
are not limited to the initial investment, planning, feasibility studies, permits, legal fees, 
development, and decommissioning, and recurring costs like maintenance and fuel.  
The LCOE for the Baltic Sea study in Paper II incorporates critical factors such as water 
depth, distance to shore, and wind capacity factor, all of which affect foundation and 
grid connection costs. 

The total cost is traditionally divided into the investment cost 𝐼𝑡  in a specific year 𝑡, 
operations and maintenance expenditures 𝑀𝑡, and fuel cost 𝐹𝑡. The costs of fuel for 
offshore wind turbines (𝐹𝑡) are negligible except for fuel used for maintenance.  
The LCOE is commonly estimated based on annual costs and taking into account annual 
discount rates as follows: 

�̂� = ∑
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𝑡=LT
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𝑡=1

 ,  (8) 
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where 𝑡 now has the meaning of single years, the lifecycle is 𝐿𝑇 years and discount rate 
𝑟 (in %) is constant (Johnston et al., 2020). In more complex systems, such as those 
incorporating a battery bank, and processes with various properties, Eq. (8) can be 
expanded to include the capital cost of each component (e.g., wind turbine, battery 
bank, civil works, inverter, miscellaneous expenses), and adjustments for escalation 
(e.g., Genç et al., 2012). In such cases, Eq. (8) becomes more complex: 

𝐿𝐶𝑂𝐸 =  
∑ (𝐶𝑖  × 𝐶𝑅𝐹𝑖) + 𝐶𝑜𝑚

𝑛
𝑖=1

𝐸𝑝

 , (9) 

where 𝐶𝑖  represents the capital cost of each component: 

𝐶𝑖  =  𝐼𝑤𝑒  ×  𝑃𝑟  , (10) 

𝐼𝑤𝑒  is the product of the specific cost of each component, and 𝑃𝑟  is the rated power, 
which is the maximum power output a wind turbine can generate under optimal 
conditions. 𝐸𝑝 represents the total output, similar to Eq. (8), which is essentially the 

potential maximum output multiplied by the capacity factor. This representation 
addresses the variability in capital recovery factors 𝐶𝑅𝐹𝑖  of individual components, 
which may have different discount rates 𝑟 and lifetime 𝑛 (Genç et al., 2012): 

𝐶𝑅𝐹𝑖 =  
(1 + 𝑟)𝑛 × 𝑟

(1 + 𝑟)𝑛 − 1
 . (11) 

This method also accounts for the escalation of operation and maintenance costs 𝑀𝑡  
[€/year], which are adjusted for escalation as follows: 

�̂�𝑡 = 𝐶𝑜𝑚−𝑒𝑠𝑐
=  

𝐶𝑜𝑚

𝑟 − 𝑒𝑜𝑚

 [1 −
(1 + 𝑒𝑜𝑚)𝑛

(1 + 𝑟)𝑛
], (12)

where the term 𝐶𝑜𝑚−𝑒𝑠𝑐
 represents the escalated operation and maintenance cost,

taking into account the increase in these costs over the system's lifetime, 𝐶𝑜𝑚 = 𝑀1 is 
the initial operation and maintenance cost for the first year, and eom is the escalation 
ratio of operation and maintenance costs. The escalation ratio from 2015 to 2020 is 
approximately 0.986, indicating a 0.986% decrease in operational and maintenance 
costs over this period. Different from Genç et al. (2012), Paper II does not include 
scenarios where a wind turbine or farm is sold or bought. 

2.2.2 LCOE model for the Baltic Sea 
The model described in Section 2.2.1 is adapted in Paper II to the entire Baltic Sea to 
identify the spatial pattern of LCOE across different sea areas, taking into account 
environmental conditions, but assuming the start of a project remains constant. In this 
way, the model is simplified, making it more practical for large-scale geographic 
analysis. This framework simplifies the expression for LCOE to: 

𝐿𝐶𝑂𝐸 =  
∑

𝐶𝐴𝑃𝐸𝑋(𝑡) + 𝑂𝑃𝐸𝑋(𝑡)
(1 + 𝑟)𝑡

𝐿𝑇
𝑡=1

∑
𝐸(𝑡)

(1 + 𝑟)𝑡
𝐿𝑇
𝑡=1

, (13) 

where 𝐶𝐴𝑃𝐸𝑋(𝑡) includes the capital expenditures during the year 𝑡,  𝑂𝑃𝐸𝑋(𝑡) 
represents the operational and maintenance expenditures during the same year, and 
𝐸(𝑡) is the energy generation during this year. 

The LCOE model application in a GIS environment is illustrated in Figure 5. The Baltic 
Sea was divided into pixels of 5000 m by 5000 m for standardised data analysis. 
As described in Chapter 1, ArcGIS software was used to extract key parameters such as 
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capacity factor, water depth, and distance from shore into raster layers used in the 
LCOE calculation. The Global Wind Atlas (2022) provided high-resolution wind climate 
data, and the HELCOM portal provided shoreline data. Cost data for the Baltic Sea 
region are derived from the DEA Technology Data Catalogue (Danish Energy Agency 
DEA, 2016). Next, the initial 𝐶𝐴𝑃𝐸𝑋 was calculated based on rotor diameter, hub 
height, generating capacity, specific power, and area coverage of wind turbines 
(Table 1) based on Danish Energy Agency DEA guidelines that represent typically used 
turbines in the Baltic Sea. The total 𝐶𝐴𝑃𝐸𝑋 was calculated by summing the initial 
𝐶𝐴𝑃𝐸𝑋 in the first year 2020, the foundation costs (dependent on the depth of the 
water), and the grid connection costs (dependent on the distance from the shore).  
The foundation costs increase rapidly for larger depths but have become considerably 
less expensive in the period 2015–2020 (DEA, 2016). For the base case depth of 20 m 
they were 0.74 M€/MW in 2015 and 0.42 M€/MW in 2020 (see Table 2 in Paper II). 

The expected total grid connection costs in 2015 prices were derived from Energinet, 
(2017), detailing the costs associated with connecting the latest four projects in the 
Baltic Sea (HR2, Rødsand 2, Anholt, and HR3). These costs were estimated as  
0.4 M€/MW for offshore wind power plants that have an on-site transformer station, 
out of which the estimated offshore platform cost 0.16 M€/MW, project management 
and environmental assessment 0.027 M€/MW, transformer station onshore  
0.016 M€/MW and sea/land cable costs 0.00269/0.00134 M€/km/MW (Table 3 and 
Table 4 in Paper II). These projected costs for each pixel were assessed by comparing 
differences in water depth and distance to shore in each pixel from the base case 
(water depth 20 m; distance to shore 30 km, land cable 50 km). For every 1 m deviation 
from the depth of 20 m, foundation costs were modified by 0.0206 M€. These 
estimates apply to power plants with capacities between 400 and 600 MW (DEA, 2016). 

A fixed and variable OPEX was then calculated for 2020 using data provided by the 
Danish Energy Agency DEA (2016) (Table 1). These costs cover the entire project 
lifetime and do not vary based on water depth or distance from shore. Using the 
capacity factor multiplied by 8760 hours per year, energy production was calculated. 

 

Figure 5. Flowchart for offshore wind farm site selection methodology using GIS-LCOE. From Paper II. 
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The generation of electricity was projected annually between 2020 and 2047, including 
power losses of 10%. The LCOE values for each pixel were calculated using the total 
costs divided by total energy generation over a 27-year project lifetime, with a discount 
rate of 8%. 

2.2.3 Steps of GIS-multi-criteria decision analysis (MCDA) 
Site selection for offshore wind power plants using GIS-MCDA involves several steps 
(Figure 6) as described in Section 1.2. The first step is to specify constraints and identify 
potential locations based on various data sources, from research and technical 
literature, various databases, national regulations, etc. The input data used in Paper II 
use information about wind resources, physical/environmental and socioeconomic 
aspects. The necessary information was retrieved from DEA standards and databases 
(Danish Energy Agency DEA, 2016), the European Maritime Spatial Planning platform 

Figure 6. Flowchart for offshore wind farm site selection methodology using GIS-MCDA. From 
Paper II. 

Table 1. Technical and financial data related to large offshore wind turbines costs in 2020 for the 
base case 20 m water depth and 30 km distance to shore (Danish Energy Agency DEA, 2016). 

Year of investment decision 

2015 2020 

Generation capacity for one unit (MW) 8 10 

Average annual full-load hours (MWh) 4400 4500 

Technical lifetime (years) 25 27 

Rotor diameter (m) 164 190 

Hub height (m) 103 115 

Specific power (W/m2) 379 353 

Specific area coverage (MW/km2) 5.4 4.5 

Nominal investment (M€/MW) 2.86 2.13 

of which equipment 1.11 0.79 

of which installation 1.35 0.96 

of which grid connection 0.40 0.38 

Fixed operation and maintenance (€/MW/year) 57,300 40,059 

Variable operation and maintenance (€/MWh) 4.3 3.0 

file:///C:/Users/Mojtaba%20Barzehkar/OneDrive%20-%20TalTech/Desktop/LCOE%20calculation/technology_data_for_el_and_dh.xlsx%23INDEX
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(European MSP Platform, 2018a,b,c,d) and European Commission (2020). The estimates 
of Gil-García et al. (2022) were used for wave information. 

The list of parameters used in the analysis include wind speed (threshold values for 
fuzzy logic standardisation 𝑅min = 7 m/s and 𝑅max = 10 m/s, increasing function), 
capacity factor (35% and 55%, increasing, Figure 7), water depth (10 m and 50 m, 
decreasing), distance from nature protection areas (2 km and 5 km, increasing), seabed 
geology (0 for rocks and boulders, 1 for muddy seabed), wave height (<10 m, 
decreasing), and distance from various objects: ports (10 km and 80 km, decreasing), 
seabed infrastructure (0.5 km and 5 km, increasing), shoreline (10 km and 80 km, 
decreasing), military areas (0.5 km and 5 km, increasing), shipping routes (3.7 km and 
5 km, increasing), and fishing areas (0.5 km and 5 km, increasing) (Table 5 in Paper II). 
The derived information about these parameters was identified and quantified with a 
spatial resolution (pixel size) of 5000 × 5000 m pixels using ArcGIS based on the 

 

Figure 7. Capacity factor for offshore wind power plant site suitability. From Paper II. 
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ETRS_1989_LAEA reference coordinate system (Annoni et al., 2003). 
In the second step of the MCDA process, raster layer values were standardised to 

facilitate quantitative assessments of site suitability (e.g., Noorollahi et al., 2022) using 
a fuzzy logic algorithm to reclassify data across layers, that is to convert the values of 
the pixels of raster maps into a scale from 0 to 1 (Section 1.2.1). As described in Section 
1.2.1, any value below the lower threshold 𝑅min represents the least appropriate value, 
and any value above the upper threshold 𝑅max is considered optimal (increasing 
function) (e.g., Latinopoulos and Kechagia, 2015). For example, a minimum acceptable 
distance from a nature protection area is set at 2 km and 𝑅max is set to 5 km. Thus, all 
locations within 2 km are assigned a suitability value of 0, whereas locations more than 
5 km away are assigned a suitability value of 1. Water depth is an example of a 
decreasing function: depths <10 m are rated as highly suitable, while values >50 m are 
rated as unsuitable. The fuzzy membership functions 𝑋1(𝑖) and 𝑋2(𝑖) are defined in 
Eqs. (1) and (2) (Section 1.2.2). 

The third step in the MCDA design involves specifying the contribution of various 
parameters to wind farm site suitability using the Analytical Hierarchy Process (AHP) 
(Section 1.2.2). For the study in Paper II, expert opinions were gathered from 10 
specialists with expertise in coastal management. The geometric mean was used to 
aggregate their judgments, effectively balancing the differences in their opinions 
(Mu and Pereyra-Rojas, 2018). 

The pairwise comparison matrix (see Table 7 in Paper II) was normalised 
columnwise. The row sums were then averaged to calculate the weights of each 
parameter, following Vasileiou et al. (2017) and Mahdy and Bahaj (2018). For the 
matrix size 𝑁 = 12, the Random Index 𝑅𝐼 = 1.54 (Aguarón and Moreno-Jiménez, 
2003) and the consistency index (Section 1.2.2) 𝐶𝐼 = 0.04. The assigned weights are 
presented graphically in Figure 8. 

The fourth step involves combining raster maps within a GIS environment to 
generate a site suitability map (Section 2.3). The Weighted Linear Combination (WLC) 
method (Section 1.2.3) is used in the GIS environment, following the implementation of 

Figure 8. Weights assigned to the factors using the AHP method. From Paper II. 
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the map algebra techniques in Malczewski and Rinner (2015) to combine raster maps 
for calculation of site suitability (Díaz-Cuevas et al., 2019). In the output layer, a rank of 
1 is the most appropriate. 

2.2.4 Technique for Order of Preference by Similarity to Ideal Solution 
(TOPSIS) 
Paper II employs the Technique for Order of Preference by Similarity to Ideal Solution 
(TOPSIS) to enhance confidence in the results by ranking suitable locations. This 
technique is an efficient method for selecting the best option among multiple 
alternatives (Vagiona et al., 2022). This approach is based on the idea that the optimal 
alternative should be closest to the positive ideal solution and farthest from the 
negative ideal solution (Sindhu et al., 2017). The positive ideal solution represents the 
maximum benefit, while the negative ideal solution signifies the minimum benefit  
(Díaz and Guedes Soares, 2021). 

Initially, a decision matrix was constructed with 𝐽 = 15 alternatives (locations A1 to 
A15, Figure 11) and 𝑁 = 12 criteria, representing each criterion 𝑖 and alternative 𝑗 as 
𝑥𝑖𝑗 . The decision matrix was then normalised (Konstantinos et al., 2019): 

𝑟𝑖𝑗 =  
𝑥𝑖𝑗

√∑ 𝑥𝑖𝑗
2𝐽

𝑗=1

 . (14) 

Next, weighted normalised values 𝑣𝑖𝑗  were computed (Vagiona et al., 2022): 

𝑣𝑖𝑗 = 𝑤𝑗𝑟𝑖𝑗 ,   𝑖 = 1, 2, … , 𝑁;    𝑗 = 1,2, … 𝐽. (15) 

The positive ideal solution (𝑉𝑗
+) and negative ideal solution (𝑉𝑗

−) were identified 

following Vagiona et al. (2022): 

𝐴+ = {𝑉1
+, … , 𝑉𝑁

+},   𝑉𝑗
+ = {(max(𝑣𝑖𝑗) , 𝑗 ∈  𝐽′), (min(𝑣𝑖𝑗) , 𝑗 ∈ 𝐽′′)}. (16) 

𝐴− = {𝑉1
−, … , 𝑉𝑁

−},   𝑉𝑗
− = {(min(𝑣𝑖𝑗) , 𝑗 ∈  𝐽′), (max(𝑣𝑖𝑗) , 𝑗 ∈ 𝐽′′)}. (17) 

In this context, 𝐽′ represents the set of indices from 1, 2, … , 𝐽 associated with benefit 
criteria and 𝐽″  represents a similar set related to the cost criteria (Vagiona et al., 2022). 
The study in Paper II uses for evaluation only benefit-oriented criteria, concentrating on 
positive impacts and improvements rather than negative aspects. Therefore Eqs. (16) 
and (17) were simplified via setting 𝐽′ =  {1, 2, … , 𝐽} and 𝐽″ =  Ø. The differences of the 
alternatives from the positive 𝑆𝑖

+ and negative 𝑆𝑖
− ideal solutions were calculated 

(Foroozesh et al., 2022): 

𝑆𝑖
+ = √∑ (𝑣𝑖𝑗 − 𝑉𝑗

+)𝑛
𝑗=1

2
,   𝑖 = 1, 2, … , 𝑚; (18) 

𝑆𝑖
− = √∑ (𝑣𝑖𝑗 − 𝑉𝑗

−)𝑛
𝑗=1

2
,   𝑖 = 1, 2, … , 𝑚. (19) 

In the final step, the calculation of the relative closeness to the positive ideal 
solution for site selection was calculated as in Vagiona and Kamilakis (2018) in terms of 
how far from the ideal the realistic locations are: 

𝐶𝑗
+ =  

𝑆𝑖
+

𝑆𝑖
++ 𝑆𝑖

− 
,  𝑗 = 1, 2, … , 𝐽. (20) 
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2.2.5 Validation 
A receiver operating characteristic (ROC) curve (Figure 9) is used in this step to confirm 
the accuracy of the model's predictions (Ghorbanzadeh et al., 2019b). The GIS-LCOE 
and GIS-MCDA models were both used for this analysis. In the ROC curve, the 𝑥-axis 
represents the cumulative distribution function of the false-positive rate and the 𝑦-axis 
indicates the sensitivity (Chen et al., 2018). By plotting the false positive rate against 
the true positive rate, a curve is generated (Pourghasemi et al., 2016). 

The true positive rate was determined by existing wind farms, whereas the false 
positive rate was determined by locations from GIS-LCOE and GIS-MCDA maps with no 
wind farms. An area under the curve (AUC) value of 1 indicates a perfect suitability 
map, and a value of 0.5 indicates poor performance (Orhan, 2021). The model’s 
sensitivity, specificity, and accuracy were calculated as follows (Tien Bui et al., 2016; 
Chen et al., 2017): 

Sensitivity =
𝑇𝑃

𝑇𝑃 + 𝐹𝑁
, Specificity =

𝑇𝑁

𝐹𝑃 + 𝑇𝑁
, Accuracy =

𝑇𝑃 + 𝑇𝑁

𝑇𝑃 + 𝐹𝑃 + 𝑇𝑁 + 𝐹𝑁
. (20) 

Validation of the model outputs was conducted using a receiver operating 
characteristic curve (ROC curve). Figure 9 illustrates how false-positive rates are 
compared with true-positive rates in this method for assessing model predictions. True 
positive rates were determined by existing wind power plants (Figure 7), and false 
positive rates were determined by potential sites identified by the models. Area under 
the curve (AUC) values for both LCOE and Fuzzy logic-AHP-WLC maps were over 92%, 
which indicates a high level of accuracy in location prediction. TOPSIS had an AUC of 
82%, which was slightly lower than LCOE and Fuzzy logic-AHP-WLC. 

2.3 Mapping site suitability based on LCOE, MCDA and capacity factor 

There are several parameters that determine the most suitable areas in the south and 
east of the Baltic Sea, including high wind speeds, fine seabed sediments, shallow 
waters, and suitable distances from pipelines, shipping routes, military areas, and 

 

Figure 9. Validation of results using the ROC model. From Paper II. 
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nature protection areas (Section 2.2). The LCOE maps and the GIS-MCDA techniques 
treat these parameters very differently. Still, some similarities exist between the 
outcome of the GIS-LCOE (Figure 10) and GIS-MCDA (Figure 11) models for identifying 
suitable offshore wind sites in the Baltic Sea. This feature supports the conjecture that 
both methods can be used to identify sites with high wind speeds and low energy costs, 
based on the Danish Energy Agency and the European Maritime Spatial Planning 
platform guidelines. 

The GIS-LCOE analysis identifies locations with low LCOE values, generally near 
Danish shores. This feature mirrors the presence of high wind speeds, large capacity 
factors and shallow water depths in these locations. These areas have also lower  
capital expenditures because of shorter electrical cables and lower construction costs.  
 

 

Figure 10. Offshore wind power plant site suitability based on the GIS-LCOE. Lower LCOE values 
indicate better suitability, and higher values indicate less suitability. From Paper II. 
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In contrast, locations such as the Gulf of Bothnia, offshore areas of the Baltic proper far 
from Polish and German shores, and the central Gulf of Riga with lower wind speeds 
and deeper waters have higher LCOE values. The outcome of the GIS-MCDA analysis, 
which incorporates AHP, fuzzy logic, and WLC (Section 1.2), supports these findings 
(Figure 11), emphasizing locations near the shore with shallow water and high wind 
speeds, but away from nature protection areas, seabed infrastructure, military zones, 
shipping routes, and fishing areas. 

The spatial distribution of the capacity factor (Figure 7) reveals high energy output 
areas (capacity factor > 50%) mainly in the nearshore of Denmark, Sweden, Germany, 
and Poland. Consequently, the locations in the southern Baltic Sea have greater 
capacity to meet the energy demands of communities. 

 

Figure 11. Offshore wind power plant site suitability based on the GIS-MCDA. The labels A1 to 
A15 indicate the ranking of suitable sites based on the TOPSIS method. Higher MCDA values 
indicate better suitability, and lower values indicate less suitability). From Paper II. 
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In terms of the best 20% of the relevant estimates, the most suitable areas according 
to the long-term energy cost (Figure 10) have LCOE values of 42–58 €/MWh (33% of the 
total sea area) while the most suitable areas in terms of MCDA (Figure 11) have 
relevant normalised values of 0.78–0.92 (9.6%), and the most suitable areas in terms of 
capacity factors (Figure 7) have this factor in the range of 0.52–0.55 (19%). The 20% 
least suitable areas have LCOE values between 107 and 210 €/MWh (3%), normalised 
MCDA values between 0.34 and 0.59 (6.6%), and capacity factor values between  
0.30 and 0.43 (4%). The northern Baltic Sea is generally less suitable for wind farm 
development due to lower capacity factors (< 50%). There are, however, certain 
locations near Finnish coasts that may be suitable because of their close proximity to 
shorelines and ports. 

2.4 Application of the TOPSIS technique in site suitability 

To finalise the analysis in Paper II, the technique for order of preference by similarity to 
ideal solution (TOPSIS) was applied to prioritise and rank the most suitable locations 
identified by GIS-MCDA (Figure 11). TOPSIS was assessed using an initial matrix (Table 9 
of Paper II), which provides a list of numerical values for the parameters listed in 
Section 2.2.3 across the top 15 sites A1 to A15 (Figure 11). The geometric distances of 
these sites from the positive and negative ideal solutions (Section 2.2.4) were then 
determined using Eqs. (18), (19) and (20). The rankings (see Table 10 of Paper II) reveal 
that distance from military areas significantly contributes to the higher rankings of sites 
A1 and A2. The distance from fishing areas played a crucial role for sites A3 and A4. 
Both the distance from nature protection areas and the geology of the seabed 
impacted the rankings of sites A5, A6, and A7. The winds speed and capacity factor 
were the main factors contributing to the higher rankings of sites A8, A11, and A13. 
Distance from the seabed infrastructure and proximity to ports were significant 
parameters influencing the rankings of sites A10 and A15. 

The TOPSIS methodology focuses primarily on parameters with the highest distance 
from the negative ideal solutions or the lowest distance from the positive ideal 
solutions (Azadeh et al., 2011). In this way, sites that are further away from nature 
protection zones, military areas, or seabed infrastructure are more suitable from the 
viewpoint of this technique. In contrast, the GIS-MDCA (Fuzzy-AHP-WLC) approach 
adheres to buffer requirements based on national guidelines and standards. This 
comparison in Paper II suggests that GIS integrated with fuzzy logic, AHP, and WLC 
techniques provides a more consistent and balanced approach for standardisation, 
weighting, and combining of parameters. It is likely that this feature is invariant with 
respect to the particular sources of input information (the European Maritime Spatial 
Planning platform, Danish Energy Agency standards, and experts’ perspectives in 
Paper II). The application of the TOPSIS model for suitability analysis provides additional 
confidence in the results by validating the suitability rankings. This means that 
integrating both approaches can promote the robustness and reliability of the offshore 
wind energy site selection process. 
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2.5 Further analysis of offshore wind farm site suitability 

The map outcome of the GIS-MCDA technique (Figure 11) clearly show line features 
that correspond to shipping routes and pipelines. These areas are definitely not 
suitable for wind power plant development even though the relevant map usually 
indicates only low suitability. There are nature protection areas in the Swedish, Latvian, 
Polish, and German nearshore and in the offshore of these countries, which are also 
inappropriate as wind farm sites. Even though the close proximity to the shore may be 
generally preferred for wind power plants based on the criteria used, they are often 
excluded because of noise generation and visual disturbance constraints. 

To account for these considerations, Paper II continued the analysis of estimates 
presented in Figure 10 (GIS-LCOE) and Figure 11 (GIS-MCDA) towards the inclusion into 
these maps restrictions related to marine protected areas and locations within 4 km of 
the shore. Also, areas with water depths > 50 m were excluded as the high LCOE costs 

Figure 12. Offshore wind power plant site suitability based on the GIS-LCOE, with marine 
protected areas, locations within 4 km of the shore and, and areas with water depths greater 
than 50 m coloured into brown. From Paper II. 
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render energy produced in such areas non-competitive. With these restrictions 
included, the results of both analyses (Figure 12, Figure 13) show clear similarity. 

A comparison of the above results with the map of capacity factor map (Figure 7) 
that incorporates these restrictions (Figure 14) shows that, not unexpectedly, areas 
with high capacity factors are commonly associated with lower LCOE values, indicating 
lower electricity production costs. 

The experts consulted for this study identified wind speed, capacity factor, and 
water depth as the most important site suitability parameters (Section 2.2.3, Figure 8). 
Distance from nature protection areas, wave height, seabed geology, and distance from 
shipping routes were also significant, but to a lesser extent. Expert judgments were 
reliable and consistent, as indicated by a consistency ratio of 0.03 (Section 2.2.3), which 
is well below the acceptable threshold of 0.1. However, most experts involved in the 
study reported by Paper II placed a greater emphasis on environmental parameters 

 

Figure 13. Offshore wind power plant site suitability based on the GIS-MCDA, with marine 
protected areas, locations within 4 km of the shore and, and areas with water depths greater 
than 50 m coloured into brown. The labels A1 to A15 indicate the ranking of suitable sites based 
on the TOPSIS method. From Paper II. 
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over wind power generation parameters and assigned parameter weights using only 
half of the available scale – values from 1 to 5 of the maximum of 9. A different 
approach was taken for renewable energy site selection in Iran (Paper VI; see 
Chapter 4), where energy generation parameters were prioritised by experts who used 
full scale of weighting for parameters from 1 to 9. This discrepancy indicates that 
European experts tend to prioritise environmental concerns more strongly than 
economic considerations for renewable power generation. 

In conclusion, a variety of parameters and methodologies were used to identify 
offshore wind farm sites in the Baltic Sea in Paper II and described in this chapter.  
By employing LCOE, Fuzzy logic-AHP-WLC, and the TOPSIS technique, the analysis 
provided robust and reliable assessments, considering both environmental and 
economic parameters. The integration of these techniques within a GIS framework 
facilitates marine spatial planning and decision-making, which provide a comprehensive 
approach to optimise offshore wind farm site selection in the Baltic Sea. 

 

Figure 14. Offshore wind power plant site suitability based on the capacity factor, with marine 
protected areas, locations within 4 km of the shore and, and areas with water depths greater 
than 50 m coloured into brown. From Paper II. 
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The integration of multiple methodologies, particularly multi-criteria decision 
analysis (MCDA) and the method of levelised cost of energy (LCOE), enhances the 
reliability of the outcomes by using diverse datasets. Incorporating the analytical 
hierarchy process (AHP) into the MCDA framework effectively integrates expert opinions 
into parameter weighting, and thus contributes to knowledge-based decision-making 
for site suitability assessment. The MCDA approach reveals significant variations in the 
importance of different parameters across the study area. For example, the northern 
Baltic Sea benefits from high wind speeds, however, parameters such as proximity to 
shore and ports are influential, primarily due to the distance to grid connection points, 
as noted by Martinez and Iglesias (2022). Seabed substrate suitability is also crucial 
near the shores of Denmark, Germany, and Poland. 

The use of GIS to implement LCOE model for offshore wind farm site selection offers 
several advantages, including the inclusion of buffers and exclusion zones and easy 
comparison to other methodologies. This study takes a broader view of parameters 
than seen in previous studies (Caceoğlu et al., 2022; Gil-García et al., 2022;  
Gkeka-Serpetsidaki and Tsoutsos, 2022; Salvador et al., 2022). It adheres to the latest 
industrial standards and environmental policies from the Danish Energy Agency and 
European Maritime Spatial Planning Platform. The use of two well-established 
techniques and multiple datasets improves the accuracy and efficiency of the analysis. 
The LCOE and MCDA approaches provide managers and decision-makers with 
evidence-based considerations when planning future wind farm installations in the 
Baltic Sea. The combination of GIS with fuzzy logic-AHP-WLC, TOPSIS, and GIS with 
LCOE provides better results than single-technology studies. It enables the selection of 
suitable locations from both an environmental and economic perspective, assisting in 
balancing these objectives for long-term wind farm development. 

Although Vagiona and Kamilakis (2018) found that combining GIS with AHP and 
TOPSIS methods is useful for hierarchical ranking, the analysis in Paper II suggests that 
TOPSIS does not significantly enhance the analysis, aligning with Gil-García et al. (2022) 
in the Gulf of Maine context. A limitation of the presented analysis and the underlying 
study in Paper II is the lack of data on potential grid connections. Based on discussions 
in Estonia, this feature may have a significant impact on the selection of wind farm sites 
in the Baltic Sea. A close proximity to grid connection points is preferred because power 
transfer costs are lower. 
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3 Coastal vulnerability assessment for Estonia 

Coastal regions globally are increasingly vulnerable to hazards induced by climate 
change (IPCC, 2022), such as sea level rise, storm surges, and the subsequent flooding 
of low-lying areas (Nicholls et al., 2007; Torresan et al., 2008). These hazards can 
adversely impact infrastructure and human livelihoods (Tanner et al., 2014; Nichols et al., 
2019) and contribute to the loss of ecosystem services and biodiversity (Myers et al., 
2019). Specifying the causes and impacts of marine-driven threats (Rutgersson et al., 
2022) enables communities to effectively manage these hazards, enhance social 
well-being, and minimise economic damage. 

One effective planning strategy to strengthen coastal communities’ resilience to 
hazards is vulnerability assessment (Adger et al., 2005). It is essential to include climate 
change-induced hazards, human-induced environmental changes, and socio-economic 
developments in these assessments (Ramieri et al., 2011). The Coastal Vulnerability 
Index (CVI) is a tool used to estimate coastal vulnerability (Rangel-Buitrago et al., 2020). 
Its streamlined format enhances its effectiveness as a practical management tool 
(Ramieri et al., 2011). While various alternative indices have been proposed (Mullick 
et al., 2019; Alcántara-Carrió, 2024), the CVI introduced by Gornitz et al. (1991) remains 
the most widely used method for evaluating coastal vulnerability (Rangel-Buitrago 
et al., 2020). This broad applicability is one of the main reasons that this tool is used in 
this analysis. 

As described in Chapter 1 and Chapter 2, decision support tools (DSTs) assist in 
integrating these estimates into coastal adaptation planning strategies (Gargiulo et al., 
2020) and Geographical Information Systems (GIS) enable the integration of various 
parameters in vulnerability assessment (Thirumurthy et al., 2022). 

Multi-criteria decision analysis (MCDA, Section 1.2) employs spatial data and expert 
priorities to produce information for the decision-making process (Malczewski and 
Rinner, 2015). It facilitates trade-offs between different decision goals (Bell et al., 
2003). All these techniques and approaches are proven to be effective along relatively 
straight coastlines. However, the situation becomes significantly more complicated in 
areas with intricate geometry, morphology, and geology, especially in locations 
with diverse coastal engineering structures. A coastal vulnerability assessment of the 
Estonian coast was conducted using MCDA techniques, especially fuzzy logic, AHP, 
and WLC, integrated with GIS, in Paper III. The evaluation covers a land strip extending 
up to 2 km inland and takes into account various factors not addressed in Chapter 1 
and Chapter 2, such as vulnerable infrastructure and population density across a 
broad coastal area. The core new feature in Paper III and in the presentation in 
this chapter is an extension of classic one-dimensional vulnerability analysis into a 
quasi-two-dimensional situation. 

3.1 Study area 

The area addressed in Paper III and in this Chapter is the entire coastline of Estonia and 
its large islands. Large parts of Estonia's coastline are characterised by low elevations 
and are primarily composed of moraine deposits, encompassing various types of 
sedimentary coasts such as gravels, sands, and silts, along with regions of limestone 
coastal cliffs (Tõnisson et al., 2013; Łabuz, 2015; Orviku, 2018). The western islands 
usually have narrow gravel beaches and commonly show visible signs of erosion 
(Suursaar et al., 2008), some of which are extremely rapid (Suursaar et al., 2015). 
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Landforms along the Estonian coast are significantly shaped by land uplift, leading to 
general progradation in the past. However, many areas suffer from deficit of fine 
sediment, which greatly increases their vulnerability to present and anticipated climate 
changes (Tõnisson et al., 2013; Łabuz, 2015). 

As discussed in Section 2.1, in the Baltic Sea, storm surges are primarily driven by the 
sea’s water volume, strong winds, and wave action (Hünicke et al., 2015). Water levels 
across the entire Baltic Sea can increase by up to 0.8 m above the long-term average for 
several weeks (Soomere and Pindsoo, 2016) due to significant changes in water volume 
(Weisse et al., 2021), known as preconditioning (Andrée et al., 2023). The local impact 
of storms can be significantly intensified by the high water level background, potentially 
leading to catastrophic surges in the eastern Baltic Sea (Suursaar et al., 2006). 

Wave conditions are typically influenced by wind speed and direction, and long-period 
remote swell waves are almost non-existent (Björkqvist et al., 2018). The wind direction 
is capable of intensifying wave set-up along specific coastal sections (Pindsoo and 
Soomere, 2015), which supports the formation of extremely high water levels in some 
locations (Eelsalu et al., 2014). The most significant recorded storm surges in Pärnu, 
for example, occurred in 2005 and 1967, where water levels reached 2.75 m and 
2.53 m above approximate long-term mean water level based on the Kronstadt datum, 
respectively, with massive damage in populated areas (Suursaar et al., 2006; Suursaar 
and Sooäär, 2007). An increase in storm frequency, along with sea level rise and a 
shorter duration of winter ice cover, are other contributing factors that influence 
coastal flooding (Harff et al., 2017). Thus, climate change-driven extreme events can 
severely impact coastal communities along the Estonian coast (Kont et al., 2003). 

Figure 15. The coast of Estonia. The axis units are in metres. The study area (wide green line) 
extends 2 km inland from the contour that describes the approximate long-term mean sea 

level (0 m in EH2000 datum). Pink boxes indicate sub-areas discussed later. From Paper III. 
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3.2 Steps in the vulnerability analysis 

As discussed in Section 1.1, the identification of parameters to be included in a 
vulnerability assessment is a crucial initial step in the analysis (see Figure 2 and Table 1 
in Paper III). The traditional method proposed by Gornitz et al. (1991) incorporates five 
categories: geomorphology, relative sea level change, shoreline displacement, tidal 
range, and wave heights and seven parameters used in the analysis: elevation, 
lithology, geomorphology, relative sea level change, shoreline displacement, tidal range 
and wave heights. However, in the microtidal Baltic Sea, the tidal range is not a 
pertinent factor, and relative sea level change may show minimal variation within a 
small nation (for example, Lithuania; Bagdanavičiūtė et al. (2015)). Subsequently, 
Gornitz et al. (1994) expanded the number of parameters to 13. 

The contemporary perception is that coastal vulnerability is determined by three 
main elements: exposure, sensitivity, and resilience. This framework was developed by 
Turner et al. (2003) and applied by Adger (2006), El-Shahat et al. (2021) and many 
others. This study utilises 16 parameters (Figures 16–23) that collectively represent the 
essential elements of exposure, sensitivity, and resilience (Turner et al., 2003) (Table 1, 
Paper III). Exposure relates to the intensity, duration, and extent of hazards affecting a 
system and encompasses both environmental and socio-political pressures. The exposure 
factors consist of land surface elevation above mean sea level (MSL), beach slope, 
underwater slope, shoreline change, closure depth, extreme water level above MSL, 
relative sea level change, and the maximum significant wave height. The selection of 
exposure parameters (Figures 16–19) in this study aligns with a well-established set of 
parameters that have been shown to effectively characterise vulnerability across 
diverse conditions (see, for example, Bagdanavičiūtė et al., 2015, and Kovaleva et al., 
2022 in the context of the Baltic Sea). 

Figure 16. Land surface elevation (left) and beach slope (right). From Paper III. 



48 

Figure 17. Closure depth (left) and underwater slope (right). From Paper III. 

Figure 18. Shoreline change (left) and extreme water level (right). From Paper III. 

Sensitivity assumes that the resource is subjected to the hazard and describes the 
relative impacts of that exposure (Feng et al., 2021). The parameters used to assess 
sensitivity include geomorphology, sediment type, the existence of nature protection 
areas, land use and land cover types, land tenure, and population density. The selection 
of sensitivity parameters (Figures 20–22) is influenced by the specific coastal type and 
the intended scope of the vulnerability assessment. 
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Figure 19. Relative sea level rise (left) and maximum significant wave height (right). From Paper III. 

Figure 20. Geomorphology (left) and sediments (right). From Paper III. 
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This may involve assessing only the shoreline from a societal perspective or 
extending the analysis inland to incorporate ecological values. The parameter choices aim 
to expand the Coastal Vulnerability Index (CVI) analysis into a quasi-two-dimensional 
framework, seeking a broader perspective without substantially increasing the number 
of parameters compared to classic studies, such as those by Gornitz et al. (1994). 

Figure 21. Nature protection areas (left) and land use and land cover (right). From    Paper III. 

Figure 22. Land tenure (left) and population density (right). From Paper III. 
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In addition to traditional parameters like geomorphology and sediment, the analysis 
included the presence of protected natural areas, types of land use and cover, land 
tenure, and population density as two-dimensional sensitivity parameters to provide a 
more comprehensive view of inland vulnerability. 

Resilience is the ability of a system to withstand or recover from physical, economic, 
and infrastructure damage caused by a hazard (Mullick et al., 2019). Resilience 
parameters (Figure 23) involve coastal protection structures and coastal setback.  
The resilience parameters are relatively few. To characterise shoreline conditions,  
the presence of coastal protection structures and measured the setback distance from 
the shoreline to the nearest infrastructure are used. 

Following these ideas, the analysis in Paper III applied 16 parameters to the entire 
coastline of Estonia (Figure 15) in the multi-criteria decision analysis (MCDA) process 
(Section 1.2). The target was a 2 km wide nearshore zone from the 1 m elevation isoline 
relative to MSL (0 m contour). This approach effectively created a quasi-two-dimensional 
(2D) representation of parameters, which are essentially one-dimensional (1D) 
variables. The 1D parameters, which include beach slope, closure depth, extreme water 
level, geomorphology, maximum significant wave height, relative sea level rise, setback 
(the distance between the shoreline and the first infrastructure on the landward side), 
shoreline change, and underwater slope (Paper III), have distinct values at each specific 
coastal location and vary along the shoreline. Several other parameters are naturally 
two-dimensional, especially those associated with land features: land surface elevation, 
land tenure, land use and land cover, population density, the presence of nature 
protection areas, and sediment types (Paper III). Coastal protection structures are 
represented by specific locations (polygons) (Figure 23) for illustrative purposes but are 
accurately defined in the analysis. Thus, they are classified as “Not applicable” for both 
1D and 2D categories in this context. 

The data for GIS analysis were processed and prepared in ArcGIS Pro, using a spatial 

resolution of 10  10 m, based on the Estonia 1997 National Grid reference coordinate 

 

Figure 23. Coastal protection structures (left) and setback (right). From Paper III. 



52 

system. This resolution was applied to the entire Estonian shoreline, including areas 
selected for detailed analysis (Figure 15). Parameters initially available at a coarser 
resolution were interpolated to a 10 × 10 m raster using the inverse distance weighting 
method. Parameters that are inherently one-dimensional at the shoreline (e.g., closure 
depth) were extended to inland calculation cells perpendicular to the shoreline. 
The vertical datum system employed is the European Vertical Reference Frame 2007. 
The 0 m contour (Estonian Land Board, maaamet.ee) was used as an approximate mean 
sea level (MSL). In reality, MSL fluctuates between +19 cm and +27 cm relative to the 
datum (Estonian Land Board, 2023), largely due to the low (and spatially changing) 
salinity of the Baltic Sea waters (Ekman and Mäkinen, 1996). 

The second step in the MCDA process (Figure 2 in Paper III) is to standardise the 
selected parameters using fuzzy logic standardisation (Section 1.2.1) so that they 
increase linearly between threshold values 𝑅min and 𝑅max, have zero value if the input is 
< 𝑅min and are equal to 1 if the input value is > 𝑅max (Eqs. (1), (2)). The input data 
(Table 2 in Paper III) include land surface elevation (digital terrain model from Estonian 
Land Board, maaamet.ee; threshold values 𝑅min = 2 m and 𝑅max = 5 m, decreasing 
function), beach slope (maaamet.ee; 1° and 7°, decreasing), underwater slope 
(maaamet.ee; 0.02° and 1°, increasing), shoreline change (EMODnet, emodnet-
geology.eu; –1 m for erosion and 1 m for accretion, decreasing), closure depth 
(Soomere et al. (2013); 3 m and 6 m, increasing), extreme water level (Wolski et al. 
(2014); 1 m and 2.5 m, increasing), relative sea level rise (Madsen et al. (2019); 
–2 mm/yr and –1 mm/yr, decreasing), maximum significant wave height (Giudici et al.
(2023); Najafzadeh et al. (2024); 0.3 m and 2.8 m, increasing). Information about
geomorphology (0 for cliffs, 1 for artificial beach), sediments (0 for sand, 1 for gravel),
nature protection areas (0 for no protection, 1 for nature protection areas with most
vulnerable species and habitats), land use and land cover (0 for forests, marshes, water
bodies, sea and ocean, 1 for industrial and commercial areas), land tenure (0 for
public property, 1 for private property), population density (< 10 person/km2 and
> 250 person/km2, increasing), coastal protection structures (0 for seawalls, 1 for no
protection structures), and coastal setback (20 m and 150 m, decreasing) has been
retrieved from various public sources.

The third step in the MCDA is implementing the Analytical Hierarchy Process (AHP), 
which relies on the personal assessments of experts regarding the relative importance 
of various parameters in coastal vulnerability assessment (Section 1.2.2). In the analysis 
performed in Paper III, the opinions of 10 experts were analysed to assess the 
significance of each parameter similar to the procedure described in Section 2.2.3. 
The geometric mean was used to calculate the relative weights of the parameters also 
here because it effectively accommodates the possibly diverging viewpoints of the 
experts (Table 3 in Paper III), providing a more balanced representation of their 
assessments (Mu and Pereyra-Rojas, 2018). These estimates were incorporated 
into a matrix to calculate their relative weights (importance) (Section 1.2.2). Finally, 
the weighted linear combination (WLC) technique was used to calculate the coastal 
vulnerability index (CVI) using all 16 parameters. The highest rank is set to 1 for the 
output map. As an additional step, vulnerability was re-evaluated across all raster 
points using only the three parameters with the highest weights from the AHP analysis: 
extreme water level, shoreline change, and geomorphology. The weights were 
renormalised to sum to 1 and applied in the Weighted Linear Combination (WLC) 
method to align with the map that reflects all 16 parameters. The CVI calculation was 
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performed at a 10 × 10 m spatial resolution by multiplying the standardised and 
weighted parameters to obtain a vulnerability score for each grid cell across the entire 
study area, including regions chosen for more detailed analysis. 

The AHP analysis reveals that the most crucial parameters for a vulnerability 
assessment of the Estonian coast according to experts’ opinions are extreme water 
levels, shoreline changes, and geomorphology. Closure depth, population density, and 
land tenure were the least significant parameters for coastal vulnerability assessment 
(Figure 24). Most experts provided weights in the range 1–5, not giving weights over 
the full scale from 1 to 9 (Table 3 of Paper III). This suggests that experts perceived 
only moderate differences in parameter importance. It is likely that they aimed to keep 
their evaluations consistent and dependable, using their professional judgment to 
avoid exaggerating the distinctions between parameter weights. Despite this feature of 
the opinions, the consistency ratio between experts’ perspectives is 𝐶𝑅 = 0.04. 

As the method remains valid if the consistency ratio is  0.1 (Saaty and Tran, 2007), 
it is reasonable to use the retrieved weights of the parameters. 

3.3 Coastal vulnerability index (CVI) analysis 

The calculations performed in Paper III show that the CVI values range between 0.24 
(very low vulnerability) and 0.72 (very high vulnerability). Therefore, the range of 0.48 
which is almost half of the theoretically possible total range from 0 to 1 is covered by 
the calculated CVI index. It is therefore likely that the classic method of dividing CVI 
values for single locations equally into five linearly increasing classes provides a sensible 
representation of coastal vulnerability (Table 2). 

Segments that have low or moderate vulnerability occur in almost the entire study 
area (Figure 25). The northern coast of Estonia has many segments with very low 
vulnerability dominantly comprising areas with stable limestone cliffs (Figure 25). 
The coastline of the interior water body of the West Estonian Archipelago, Moonsund, 
has also very low or low vulnerability along many its sections. This feature appears to 

Figure 24. Relative weights assigned to the parameters using the AHP method. From Paper III. 
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be a result of gradual uplift, moderate variations of water levels (Männikus and 
Soomere, 2023), and also because of limited wave heights. 

There are a number of areas identified as the most vulnerable in the study area; 
mostly low-lying areas experiencing very high water level extremes. Additional factors 
contributing to the level of vulnerability are gradual erosion and the presence of 
various infrastructure located near the coast. The majority of areas with high and very 
high vulnerability are located on the western shore of Saaremaa and near Pärnu Bay. 
The main likely reasons for this classification are the possibility of high water levels 
(Suursaar and Sooäär, 2007; Eelsalu et al., 2014), shoreline erosion on the eastern 
shore of the Gulf of Riga (Tõnisson et al., 2013), and being open to storm events from 
the west (western coast of Saaremaa). However, the presented classification is to some 
extent counter-intuitive and does not always match the general perception of 
vulnerability. For example, problems and damage associated with high water levels, 
including major economic losses, are frequent in Pärnu (classified as having moderate 
vulnerability) but similar problems have not been reported for the western shore of 
Saaremaa, for which the MCDA analysis shows high vulnerability. 

To shed more light on this issue, Paper III also presents another view of coastal 

Figure 25. From left to right: Coastal vulnerability using the MCDA technique (all 16 parameters) 
and three most important parameters (extreme water level, shoreline change and 
geomorphology) based on the perception of experts. From Paper III. Pink boxes indicate sub-areas 
for which inland vulnerability is discussed below. 

Table 2. Coastal vulnerability analysis using MCDA and all 16 parameters. Areas are calculated 
for coastal land up to 2 km from MSL using equal interval classification method in ArcGIS Pro. 

Vulnerability class Area (km2) Percent (%) Main locations 

Very low (0.24–0.34) 121 3.8 North-west 

Low (0.34–0.44) 1496 47 North-west and north-east 

Moderate (0.44–0.53) 1350 42.5 North-west, north-east, Pärnu Bay and western 
islands 

High (0.53–0.63) 207 6.5 North-east, Pärnu Bay, and western islands 

Very high (0.63–0.72) 6 0.2 Pärnu Bay and western islands 
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vulnerability that is evaluated as above but only the three parameters given the highest 
priority by experts (Figure 24) are considered (Figure 25). Namely, only extreme water 
levels, shoreline changes, and geomorphology are taken into account and all social or 
economic parameters are ignored. The results of both maps (the 16-parameter and 
three-parameter analyses) are qualitatively similar but show clear quantitative 
differences, highlighting differing levels of vulnerability in certain coastal segments. 
Experts did not prioritise some intuitively significant parameters, such as land elevation, 
coastal protection structures, and maximum wave height, as shown in the pairwise 
comparison matrix (Table 3, Paper III). Instead, they emphasised historical extreme 
water levels and specific physical characteristics (shoreline change and geomorphology). 
This reflects a limitation within the analytical hierarchy process (AHP), where expert 
preferences may diverge for parameters that straightforwardly support resilience, 
like high land elevation. This also emphasises the complexity of using expert judgments 
and the influence of contextual biases in decision-making, suggesting the value of 
incorporating perspectives outside traditional coastal science to enhance the focus on 
socio-economic parameters, possibly by asking experts to propose additional 
parameters and criteria to further strengthen the assessment. 

The range of the CVI index with this approach is 0.64 (Table 3), which covers almost 
two-thirds of theoretically possible values. On the one hand, the resulting map contains 
a significantly smaller proportion of locations with low vulnerability than in Table 2. 
On the other hand, the proportion of locations with high vulnerability is clearly larger. 
Large segments of the south-western and north-eastern shores of Estonia have high 
vulnerability based on these three most important parameters. Consistently with the 
general perception, Pärnu Bay together with extended sections of the eastern coast of 
the Gulf of Riga has a generally high vulnerability to coastal hazards. This area is prone 
to high water levels during extreme events (Suursaar and Sooäär, 2007) and the coastal 
landscape contains many low-lying areas. It is likely that the frequent occurrence of 
particularly elevated water levels in the Gulf of Riga and severe wave events on the 
eastern shore of this gulf (Männikus and Soomere, 2023) contribute to the vulnerability 
of the eastern shores of the Gulf of Riga. This classification is still not perfect as several 
locations on the western shore of Saaremaa, areas of gravel and sandy beaches on the 
north-eastern coast of Estonia, and various locations on the eastern shore of Sõrve 
Peninsula are classified as high-vulnerability areas even though they are usually 
considered as stable being partially protected by boulders at the waterline.  

The CVI range calculated using only three parameters (0.2244 to 0.8688) is 
considerably larger than the range obtained when all parameters are included (0.2441 
to 0.7251). This outcome aligns with the general observation that adding more 
parameters tends to compress the range of CVI values under Baltic Sea conditions 
(Soomere et al., 2024). Furthermore, the standard deviation of CVI values with three 

Table 3. Coastal vulnerability analysis using MCDA and three most important parameters 
according to the perception of experts. Areas are calculated for the coastal land up to 2 km from 
MSL using equal interval classification method in ArcGIS Pro. 

Vulnerability class Area (km2) Percent (%) Main locations 

Very low (0.22–0.35) 247 7.7 North-west 

Low (0.35–0.48) 807 25.4 North-west and north-east 

Moderate (0.48–0.61) 1637 51.5 North-west, north-east, Pärnu Bay and western 
islands 

High (0.61–0.74) 464 14.6 North-east, Pärnu Bay, and western islands 

Very high (0.74–0.86) 25 0.8 Pärnu Bay and western islands 
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parameters (0.1015) is nearly twice as high as that derived from all parameters (0.0597). 
The point-to-point correlation between the two CVI datasets is 0.565, indicating a 
moderate relationship while reflecting significant differences in the information they 
contain. This result reinforces the main conclusion of Fig. 25: while the two measures 
share some spatial patterns and structural similarities, they are not perfectly aligned. 

3.4 Extended vulnerability analysis 

Paper III also explored options of extension of estimates of coastal vulnerability by 
up to 2 km inland, to emphasise vulnerability in low-lying areas where critical 
infrastructure may be located. For consistency, we present results using both all 16 
parameters and the three most critical parameters identified by experts. A detailed 
quasi-two-dimensional coastal vulnerability index was developed to evaluate the spatial 
distribution of vulnerability within this coastal strip based on the classic CVI values on 
the shore and properties of this strip. Consistent with the above, Pärnu Bay (Figure 26), 
south-western Saaremaa (Figure 27) and Tallinn Bay (Figure 28) are among the areas 
with high vulnerability. The nearshore landscape of Estonia has generally relatively 
strong slope towards onshore. Thus, most of the described coastal strip area is 
elevated, with the exception of a few locations, such as Matsalu Bay directly to the east 
of Moonsund (Figure 15) or the vicinity of Haapsalu. Consequently, most inland areas of 
Estonia within 2 km from the waterline have very low vulnerability as the land elevation 
increases inland and this feature becomes dominant in the estimates (Figure 25). Only 
low-lying river valleys and other low-lying areas, such as former coastal lagoons, have 
high vulnerability. 

The influence of various coastal parameters, such as wave height, creates a pattern 
of different vulnerability levels in inland areas if this type of approach is used. This pattern 
should be disregarded in management decisions. This recommendation becomes 
particularly evident when CVI maps are constructed using only three parameters 
(extreme water levels, shoreline changes, and geomorphology) (Figure 25, right panel; 
also Figures 26–28). Therefore these estimates can be applied only to a narrow coastal 
strip and cannot be applied further away from the coastline. 

The estimated relatively high level of vulnerability of the south-western shore of 
Saaremaa (Figure 27) is determined by the specific characteristics of the coastal area. 
There are some locations that are highly vulnerable due to the openness of this area to 
strong westerly winds, which can result in very high local water levels (Eelsalu et al., 

Figure 26. Coastal vulnerability map of the vicinity of Pärnu (see Figure 15) using MCDA based on 
all parameters (left), and three most important parameters (right). From Paper III. 
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2014) (Figure 27). The map based on the three most important parameters (Figure 27, 
right panel) has much less detail. However, unlike the case of Pärnu (Figure 26), this 
map offers a reasonable generalisation of the map based on 16 parameters. 

Figure 27. Coastal vulnerability map of western Saaremaa (see Figure 15) using MCDA based on 
all parameters (left), and three most important parameters (right). Pilguse is the birthplace of 
Fabian Gottlieb von Bellingshausen. From Paper III. 

The estimated relatively high level of vulnerability of the south-western shore of 
Saaremaa (Figure 27) is determined by the specific characteristics of the coastal area. 
There are some locations that are highly vulnerable due to the openness of this area to 
strong westerly winds, which can result in very high local water levels (Eelsalu et al., 
2014) (Figure 27). The map based on the three most important parameters (Figure 27, 
right panel) has much less detail. However, unlike the case of Pärnu, this map offers a 
reasonable generalisation of the map based on 16 parameters. 

The geomorphology and coastal orientation make the northern coastline of Estonia 
along the Gulf of Finland less vulnerable. To the east of Tallinn, the historical coastal 
changes and the frequency and intensity of extreme events are lower (Suursaar and 
Sooäär, 2007). This region is characterised by cliffed coasts, extensive areas of pebbles, 
cobbles and boulders near the waterline, and areas with higher land surface elevation 
compared to the south and west of Estonia (Orviku, 2018). However, the vulnerability 
map of the Tallinn area (Figure 28) accurately identifies several well-known features, 
such as the low-lying areas on the Paljassaare Peninsula and the city centre around the 
Old Harbour. However, it does not accurately represent the significant variations in 
land elevations.  

Figure 28. Coastal vulnerability map of the vicinity of Tallinn (see Figure 15) using MCDA based on 
all parameters (left), and three most important parameters (right). From Paper III. 
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Several areas near the mouth of the Pirita River are estimated as moderately 
vulnerable in Paper III, as their elevation is sufficient to mitigate marine hazards. 
Despite the presence of extensive infrastructure and high population density in Tallinn 
compared to Pärnu and the western coast of Saaremaa, many coastal areas near Tallinn 
have moderate and low vulnerability according to the presented estimates (Figure 28). 
This somewhat surprising outcome is likely due to the extensive coastal engineering 
and protection structures. It is likely that experts did not distinguish between low-lying 
natural sections and heavily engineered sub-areas. They also did not prioritise social 
and economic factors, which may be significant in some small regions. 

The cliffs on the north-eastern coast of Estonia contribute to low to moderate 
coastal vulnerability (Figure 29). The low priority given to land surface elevation by the 
experts resulted in very high CVI values for this coastal segment in the metrics based on 
the three most important parameters (Figure 29). 

In conclusion, it has become increasingly common to use decision support systems 
and systematic assessments of coastal vulnerability to inform coastal management 
decision-making (Wong-Parodi et al., 2020; Paper I). Even though Paper III and most of 
the other solutions presented in this thesis aim to assist coastal managers and 
stakeholders in identifying vulnerable areas for spatial planning and investment 
decisions, significant shortcomings have been identified from the critical consideration 
of the outcome. 

First of all, issues arise from using a limited number of parameters or when experts 
prefer certain parameters over others. Numerous studies on coastal processes along 
the Estonian coast and nearby areas (Kovaleva et al., 2022) typically focus on small 
regions (Orviku et al., 2009; Tõnisson et al., 2018) or specific sets of related coastal 
processes (Kont et al., 2008; Tõnisson et al., 2011; Männikus and Soomere, 2023). 
These studies have identified specific vulnerabilities that can be compared to, but not 
always match, our findings. An exception is Tõnisson et al. (2013), which considers a 
country-wide approach but focuses specifically on coastal erosion. 

The country-wide approach in Paper III takes into account a variety of coastal 
hazards affecting land, infrastructure, and inhabitants, rather than only focusing on 
coastal erosion, which is often regarded as the primary coastal hazard (Bagdanavičiūtė 
et al., 2015, 2019; Armenio et al., 2021). The extension of coastal vulnerability analysis 
also up to 2 km inland allows for the logical identification of interactions between land 
and sea environments, particularly in the lower reaches of rivers and estuaries. 

 

Figure 29. Coastal vulnerability map of the north-eastern coast of Estonia (see Figure 15) using 
MCDA based on all parameters (left), and three most important parameters (right). From Paper 
III. 
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However, this approach must be used cautiously, as some parameters are one-
dimensional in nature.  

This study also applies and expands MCDA and GIS methods to assess high-resolution 
coastal vulnerability in Estonia, filling gaps in prior studies by Kovaleva et al. (2022) in 
the eastern Gulf of Finland and Bagdanavičiūtė et al. (2019) in Lithuania by extending 
the analysis. Findings indicate that about 90% of Estonia’s coast has low to moderate 
vulnerability, although some areas show high vulnerability, especially when focusing on 
three key parameters. Additional socio-economic and two-dimensional data are 
incorporated, revealing integration challenges between 1D and 2D data. The assessment 
spans 2 km inland, identifying areas of potential concern, such as regions behind dunes 
and along river valleys, offering valuable insights for coastal managers. 

The response to a vulnerability assessment is a separate issue, which requires 
consideration of many factors, especially resource availability, environmental factors, 
and political considerations. Possible responses range from hard engineering solutions 
to do-nothing options (Masselink et al., 2011). 
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4 Conceptual and local applications 

As discussed in the previous Chapters, coastal areas may be adversely affected by many 
marine-induced drivers, such as sea level rise and storm surges, causing flooding of 
low-lying areas (Nicholls et al., 2007), damage to infrastructure and human livelihoods 
(Tanner et al., 2014; Nicholls et al., 2019), or loss of ecosystem services, and 
disturbance to biodiversity (Myers et al., 2019). The coastal vulnerability index (CVI) is a 
commonly used tool for coastal vulnerability assessment. Decision support tools (DSTs) 
allow coastal vulnerability assessments to be integrated into adaptation planning 
(Gargiulo et al., 2020). Multi-criteria decision analysis (MCDA) combines spatial data 
with expert opinions to provide information for the decision-making process 
(Malczewski and Rinner, 2015). A geographical information system (GIS) is used for 
representing, analysing, and visualizing spatial data. 

Many studies have analysed coastal vulnerability using variations of the described 
classic GIS-MCDA methods or various implementations of the CVI (Bagdanavičiūtė 
et al., 2019; Armenio et al., 2021; Ghosh and Mistri, 2022) as described in Paper I and 
Chapter 1. Several crucial limitations of these methods have been highlighted in 
Paper II and Paper III and reiterated in Sections 2.5 and 3.4. This Chapter includes two 
attempts to mitigate these limitations by means of implementation of machine learning 
technologies into coastal vulnerability assessment (Paper IV) and by incorporating 
advanced estimates of the properties of extreme water levels into the classic CVI 
estimates (Paper V). Finally, it is demonstrated that the techniques used in this thesis in 
marine and coastal context can also be applied to inland applications (Paper VI). 

4.1 Integrating machine learning into coastal vulnerability assessment 

The use of machine learning algorithms and geospatial techniques has gained popularity 
for mapping hazard susceptibility worldwide (Lei et al., 2020). A Random Forest model 
(RF) is a machine learning method that can process large datasets and model 
interactions between inputs (Wang et al., 2016). Machine learning techniques were 
used, e.g., by Ennouali et al. (2023) and Fannassi et al. (2023) in coastal vulnerability 
assessments in Morocco. There is, however, a lack of systematic comparison between 
the results of coastal vulnerability assessments from GIS-MCDA and machine learning 
methods. 

The majority of the techniques described in the previous chapters work well 
along relatively straight shorelines where coastal vulnerability varies smoothly (e.g., 
Bagdanavičiūtė et al., 2015, 2019). Most studies in this field concentrate on small 
geographic regions (Ennouali et al., 2023; Fannassi et al., 2023) or specific coastal 
processes (Asiri et al., 2024). Hasan et al. (2023) took a broader approach by evaluating 
coastal vulnerability to flooding on a country-wide scale, with a primary focus on 
physical vulnerability parameters. A different situation exists in the eastern Baltic Sea, 
where complex geomorphology, geology, and coastal engineering structures are 
present (Kovaleva et al., 2022). 

The analysis in Paper IV combines machine learning with GIS to assess coastal 
vulnerability using the RF technique. This assessment also incorporates less obvious 
and less studied parameters, such as nature conservation areas, land ownership, 
and setback, extending as in Paper III up to 2 km into inland from the long-term mean 
sea level (0 m in the EH2000 datum) (Figure 15) along the entire Estonian coastline. 
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4.1.1 Merging multi-criteria decision analysis (MCDA) with machine learning 
The first steps of the analysis are the same as in Chapter 3 and Paper III. As described in 
Section 1.2, the MCDA method incorporates GIS, fuzzy logic standardisation, analytical 
hierarchy process (AHP), and weighted linear combination (WLC) to assess coastal 
vulnerability. The first step is to collect environmental and socioeconomic data, and to 
use the GIS environment for data quantification and raster analysis mapping. 

The coastal vulnerability components are exposure, sensitivity, and resilience. 
Each of these components may be described by several parameters as detailed in 
Section 3.2. Larger values of some of these parameters (e.g., a higher value of extreme 
water level, sea level rise, maximum significant wave height, beach slope, or shoreline 
change) correspond to higher vulnerability, whereas a higher value of some other 
parameters (e.g., land elevation) indicates lower vulnerability. The numerical values of 
these parameters need to be standardised to take into consideration their different scales 
and meanings (Eastman, 2009). This is done using fuzzy standardisation algorithm that 
converts the input values into the range from 0 to 1 (Section 1.2.1, Eqs. (1) and (2)). 

The AHP technique (Section 1.2.2) is employed next to determine the relative 
importance of each parameter using weights ranging from 1 to 9 according to Saaty and 
Tran (2007). The process is validated by a consistency ratio 𝐶𝑅 ≤ 0.1. Finally, the WLC 
technique (Section 1.2.3) is used in the GIS environment to generate the final map by 
multiplying the relative weight of each parameter by its normalised value (Eq. (5)). 

The main advancement in Paper IV is incorporation of one of the machine learning 
techniques, namely the RF algorithm, into the analysis of coastal vulnerability. In essence, 
the RF algorithm is a supervised machine learning technique that can be applied for 
classification or regression (Izquierdo-Horna et al., 2022). It is beneficial to specify the 
weight of parameters through investigating the relationship between independent and 
dependent variables (Gigović et al., 2019). The RF algorithm is a combination of numerous 
decision trees, each of which makes predictions. They are constructed using random 
samples from the original data through a technique known as bootstrapping and by 
taking into account the available predictors (Izquierdo-Horna et al., 2022). Each decision 
tree is developed after both the predictive and target variables are specified (Rihan et al., 
2023). 

To implement this technique, hazard and non-hazard locations (target variables) are 
specified and divided into two groups, which are used for training and testing the 
model. In the analysis performed in Paper IV, 1000 samples were selected randomly 
from the MCDA map to be used in the RF technique. From these, 700 points were used 
for training of the model and 300 points for testing. The coastal vulnerability 
parameters (predictive variables) were incorporated in the GIS environment and the 
training datasets were extracted for the hazard and non-hazard locations to proceed 
with the training process. 

In the present work, the Receiver Operating Characteristic (ROC) curve was used as 
the primary method for validating the overall performance of the RF model. The ROC 
curve is widely recognised in the literature as an effective validation tool for 
probabilistic models, especially in natural hazard susceptibility assessments like floods 
and landslides (Gudiyangada Nachappa et al., 2020; Pradhan, 2013; Tien Bui et al., 
2016). The ROC curve is generated by plotting the true positive rate (TPR), which 
represents the proportion of correctly identified vulnerable areas (sensitivity), against 
the false positive rate (FPR), which indicates the proportion of non-vulnerable areas 
that were incorrectly classified as vulnerable (specificity), across various threshold 
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values. This provides a clear representation of the model’s ability to distinguish 
between vulnerable and non-vulnerable areas. The area under the curve (AUC) is then 
calculated to quantify the model’s accuracy. Higher AUC values indicate stronger model 
performance, with an AUC of 1.0 representing a perfect model and an AUC of 0.5 
representing a model that is not performing well.  

4.1.2 Coastal vulnerability analysis based on MCDA and RF techniques 
The comparative assessment of coastal vulnerability in the eastern Baltic Sea using 
multi-criteria decision analysis (MCDA, Paper III, Chapter 3) and RF techniques produced 
different outputs. In the MCDA framework, experts prioritised extreme water levels, 
shoreline change, and geomorphology (Section 3.2, Figure 24). A high consistency, 
characterised by small consistency ratio 𝐶𝑅 =  0.04 ≪ 0.1 (Saaty and Tran, 2007) 
indicates strong agreement among experts (but not necessarily that the experts were 
right). The Coastal Vulnerability Index (CVI) map derived from MCDA (Figure 30) 
showed a high proportion of regions with low (47%) to moderate (42.5%) vulnerability 
(Table 2 in Section 3.3), with high-vulnerability areas concentrated along the western 
shoreline of Saaremaa and Pärnu Bay. This pattern is attributed to the frequent 
elevated water levels and shoreline erosion in the Gulf of Riga and susceptibility to 
westerly storm events on the western coast of Saaremaa (Section 3.3). 

In contrast, the RF technique classified a larger proportion of areas (65.6%; Table 4) 
as having low vulnerability (Figure 31). The high vulnerability areas identified by RF are 
mainly located in the Gulf of Riga, including parts of Pärnu Bay. Despite some 
discrepancies in categorizing vulnerable locations, particularly in the Gulf of Riga, the 
western shore of Saaremaa, and Tallinn Bay, both techniques showed a degree of 
alignment in their spatial patterns with respect to high vulnerable areas in south of the 
country on the shores of the Gulf of Riga. 

Figure 30. Coastal vulnerability analysis based on the MCDA technique. Originally presented in a 
slightly different form in Paper III. From Paper IV. 
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Table 4. Coastal vulnerability analysis using MCDA (left two columns) and RF (right two columns) 
techniques. 

Vulnerability class Area (km²) MCDA % MCDA Area (km²) RF % RF 

Very low 121 3.8 15 0.5 

Low 1496 47 2086 65.6 

Moderate 1350 42.5 793 24.9 

High 207 6.5 236 7.4 

Very High 6 0.2 50 1.6 

Sum of classes 3180 100 3180 100 

The RF analysis highlighted geomorphology, maximum significant wave height, and 
shoreline change as the most significant parameters. Table 4 compares the areas and 
percentages of vulnerability classifications between the MCDA and RF techniques, 
providing a comprehensive understanding of the spatial distribution of coastal 
vulnerability. The shores of the north-western region of Estonia show very low 
vulnerability, the north-east regions exhibit low vulnerability. Moderate vulnerability is 
characteristic in Tallinn Bay, some parts of Pärnu Bay, and the western islands. High and 
very high vulnerability levels are present to the south of Pärnu Bay and on some shores 
of the western islands. 

The use of machine learning techniques, especially the RF approach, offers 
significant benefits for handling large datasets and identifying critical parameters 
through data-driven algorithms. However, the RF technique lacks the capability to 
incorporate expert opinions and site-specific knowledge, which are integral to MCDA 
techniques. The sequence of MCDA methods, such as fuzzy standardisation and logic, 
AHP, and WLC, provide flexibility in managing uncertainty and offer a detailed 
representation of vulnerability assessments. In this context it is likely that the 
integration of machine learning into coastal vulnerability assessment typically enhances 
the reliability of the outcomes compared to traditional methods. 

Figure 31. Coastal vulnerability analysis based on the Random Forest technique. From Paper IV. 
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For this study, the ROC curve was generated to assess the coastal vulnerability 
analysis validation using RF technique, and the results are illustrated in Figure 32, 
showing the trade-offs between sensitivity (TPR) and specificity (FPR) across different 
thresholds used in the analysis. The AUC (Area Under the Curve) for the Random Forest 
model was 0.94, which indicates that the model has a strong ability to distinguish 
between vulnerable and non-vulnerable coastal areas. An AUC of 0.94 suggests that the 
model performs significantly better than random guessing and demonstrates high 
accuracy in predicting coastal vulnerability. A model with this AUC value has a 94% chance 
of correctly ranking a randomly chosen vulnerable area higher than a non-vulnerable one. 

The analysis in Paper III and Paper IV introduces a novel quasi-two-dimensional 
approach by examining a 2 km wide inland zone from the shoreline (0 m contour that 
represents the approximate long-term mean sea level), which facilitates the mapping of 
two-dimensional parameters. While both MCDA and RF methods have their strengths, 
challenges persist in integrating one-dimensional variables such as extreme water 
levels, shoreline change, coastal setback, etc., which naturally exist as line variables 
along the shoreline (Paper III, Chapter 3). Machine learning techniques like Random 
Forest can identify key parameters without explicitly modelling complex relationships. 
These algorithms automatically recognise patterns and correlations, which enable 
them to extract crucial parameters contributing to coastal vulnerability without 
relying on detailed prior knowledge or assumptions about the underlying relationships. 
This enhances the comprehensiveness and accuracy of a coastal vulnerability assessment. 
It is recommended that both techniques be applied in complex coastal environments to 
generate detailed vulnerability maps and support informed decision-making for 
sustainable coastal planning and management. 

Figure 32. Receiver operating characteristic (ROC) curve for the coastal vulnerability analysis 
validation using the random forest algorithm. From Paper IV. 
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4.2 Incorporating water level variations into coastal vulnerability 
indexes in a microtidal sea 

The geologically young and rapidly evolving shores of the Baltic Sea pose a major 
coastal management challenge due to spatial variability in climate change effects on 
coastal processes (Eelsalu et al., 2024; Soomere, 2024). This variability is largely driven 
by extremely intermittent wave impacts (Soomere and Eelsalu, 2014), loss of sea ice 
(Orviku et al., 2003; Ryabchuk et al., 2011), and probably most importantly by the 
dynamics of water level during severe wave storms (Weisse et al., 2021). Early efforts 
to quantify coastal vulnerability (Gornitz et al., 1991) included two parameters to 
describe water level variations: relative sea level change and tidal range. These 
parameters are inappropriate to describe alongshore variations in the vulnerability in 
the Baltic Sea. As described above, tidal range is only a few centimetres in this 
microtidal sea and relative sea level varies very slowly along the shore even on a 
country scale (Leppäranta and Myrberg, 2009). 

The above has shown that implementation and interpretation of alongshore 
variations of different vulnerability parameters can be challenging. For instance, areas 
with large tidal ranges may be resilient to water level variations, whereas areas with 
smaller variations but mobile sediments might be more susceptible. Using traditional 
indicators can lead to contentious results, as seen in the vulnerability of the entire 
coastline of Estonia based on modelled extreme water level, shoreline change and 
geomorphology (Figure 33). Several shore segments that are considered vulnerable 
(such as Saaremaa) are protected by numerous rocks and/or resilient vegetation. 

Figure 33. Left: Coastal vulnerability map of Estonia based on three most important parameters: 
extreme water level, shoreline change and geomorphology. See details in Chapter 3 and Paper III. 
Right: Circulation model calculation points for data. The blue box shows the area of evaluation of 
the CVI index in Figures 35 and 36. From Paper V. 
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However, moderate to low vulnerabilities can also be found in highly sensitive 
bayheads and beaches, such as the interior of Pärnu Bay (Section 3.3). 

This situation motivates the search for parameters or variables that describe more 
comprehensibly the contribution of spatially varying (extreme) water levels into coastal 
vulnerability index. Recently several candidates for this purpose have emerged. 
Projections of extreme water levels with a 50-year return period are used in Paper III 
and Chapter 3 above. In many applications water levels with shorter return periods 
provide additional information for planning. All parameters of this kind represent past 
events. The scale parameter of the exponential distribution of local storm surges 
(Soomere et al., 2015) has a certain predictive power because the properties of storms 
vary slowly. The rate of increase in typical annual water level extremes (Soomere and 
Pindsoo, 2016; Pindsoo and Soomere, 2020) greatly varies along the eastern Baltic Sea 
shore. Finally, alongshore variations of the shape parameter of the generalised extreme 
value distribution along the eastern Baltic Sea (Viigand et al., 2024b) provide a proxy for 
estimates of the potential rate of increase of severity of extreme events. 

The purpose of this Section is to present results of a pilot study (Paper V) of the 
potential uses of several parameters that characterise water level variations over a 
relatively short length of coast in estimating coastal vulnerability. More specifically, 
Paper V analyses how integration of various projections of extremely high and low 
water levels with different return periods affects the values of the classic CVI index. 

4.2.1 Adapted coastal vulnerability index (CVI) 
Paper V provides detailed analysis of the potential of inclusion information about 
extremely high and low water levels into the existing Coastal Vulnerability Index (CVI) 
framework to assess the susceptibility of the Lithuanian coast on the eastern shore of 
the microtidal Baltic Sea. The idea was to include, one by one, several variables that 
carry this information into the analysis performed by Bagdanavičiūtė et al. (2015, 
2019). These works modify the approach originally developed by Gornitz et al. (1994) to 
reflect the unique characteristics of the study area. Specifically, the following factors 
were used to evaluate the CVI values: historical shoreline change rate, beach width, 
beach height, beach sediment type, underwater slope, number of sand bars, and 
significant wave height. 

Data for these variables were gridded into 500 m long sections along the coastline of 
Lithuania and analysed using ArcGIS, as detailed in Bagdanavičiūtė et al. (2019). Each 
variable was assigned a vulnerability score ranging from 1 (very low) to 5 (very high). 
To ensure compatibility with earlier results, the study in Paper V used exactly the same 
procedures and dataset as Bagdanavičiūtė et al. (2019) and only adjusted the weights 
of individual parameters. Different from the analysis in all other parts of this thesis, the 
AHP and WLC techniques were not implemented and all criteria were considered to 
have an equal impact on coastal vulnerability. In other words, the CVI was calculated 
using the arithmetic mean of the scores. Similar to the above, the ranges of 
vulnerability for each parameter and the resulting CVI values were categorised into five 
equal classes, from very low to very high vulnerability. 
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4.2.2 Projections of extremely high and low water levels 
The classic parameters such as projections of extreme water levels with 10 yr and 50 yr 
return periods were used to analyse the modifications of estimated vulnerability of 
coastal sectors of Lithuania. Unusually low water levels add vulnerability, e.g., in terms 
of safety of shipping in shallow waterways (Parker and Huff, 1998). The projections are 
based on two sets of modelled sea level time series for the Baltic Sea with a resolution 

of 2  2 nautical miles (Figure 33): the Rossby Centre Ocean (RCO) model data from 
1961 to 2005 (Meier et al., 2003), which accurately replicates water levels in the 
eastern Baltic Sea (Soomere et al., 2015), and the RCA4-NEMO model data from 1961 
to 2009 (Hordoir et al., 2013), which follows average and lower water levels closely 
(Viigand et al., 2024a). Projections for extreme sea levels at various return periods were 
made using an ensemble of reconstructions of parameters of extreme value 
distributions based on the block maxima method (Soomere et al., 2018; Viigand et al., 
2024a). The projected sea level extremes significantly vary along the coasts of 
Lithuania, Latvia, and Estonia (Figure 34, Paper V). For example, the projected 50-year 
return period extreme sea level ranges from about 1.2 m in southern Lithuania to over 
2 m in Pärnu Bay (Viigand et al., 2024a). Alongshore variations of projections of 
extremely low sea levels mirror those of extreme highs but with less pronounced 
spatial variation. Both extreme high and low sea levels exhibit about ±10% variation 
from their average values along the Lithuanian shore. This level of variations is 
expected to noticeably impact the CVI values. 

 

Figure 34. Projections of maximum sea levels for 50 yr return period along the coasts of Estonia, 
Latvia, and Lithuania. The bold red line represents the ensemble average used in Paper V. 
Graphics by Katri Viigand. For more details, see Viigand et al. (2024a). From Paper V. 

4.2.3 Sea level maxima and minima once in 10 years 
The analysis in Paper V reveals that contribution of sea level maxima with a 10-year 
return period to the CVI exhibits notable contrasts compared to the other seven 
constituents (Figure 35, Paper V). This parameter shows a distinct maximum for the 
northern Lithuanian shoreline, a minimum from Palanga to Klaipėda and for the 
northern Curonian Spit, and slightly above-average values for the southern Curonian 
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Spit. While its alongshore variation somewhat parallels other parameters, it apparently 
provides unique information. In contrast, the sea level minima with a 10-year return 
period provide different information, showing minimal vulnerability in the north where 
absolute values are smaller, and highest values in the south.  

The impact of both parameters on the CVI is similar. Their inclusion results in minor 
changes to the minimum CVI value, increasing it from 1.71 to 1.75 for maxima and to 
1.88 for minima (Table 1 of Paper V). The maximum CVI values change from 4.57 to 
4.125 for maxima and to 4.25 for minima. The range of CVI values in different CVI 
estimates varied insignificantly, usually less than 10% compared to this range in the 
original work. Only if all four parameters were included, the range narrowed by about 
20% (Table 1 in Paper V). Incorporating sea level maxima slightly increases CVI values in 
the north, while sea level minima do the same in the south. This indicates that both 
parameters provide different but equally important information for a reliable CVI. 
The patterns and magnitudes of spatial variations in extremely high and low sea levels 
once in 50 years follow those of the 10-year sea levels, suggesting similar contributions 
to the CVI. However, these variations are not identical. 

Figure 35. Relative coastal vulnerability evaluated based on: (a) historical shoreline change, (b) 
beach width, (c) beach height, (d) beach sediments, (e) underwater slope, (f) sandbars, (g) 
significant wave height, and (I) the Coastal Vulnerability Index (CVI) calculated from these factors 
using equal weights and an equal-interval classification from Bagdanavičiūtė et al. (2019). In 
panel (II), the CVI calculation includes the additional factor of (h) sea level extremes, specifically 
showing sea level maxima on the left and minima on the right, based on a 10-year return period. 
Note that the CVI in line (I) remains consistent for both panels. 
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All parameters agree that the central part of the study area, about 15 km north and 
south of Klaipėda, has low vulnerability to both high and low sea levels (Figure 36, 
Paper V). They also concur that the southernmost part is more vulnerable to sea level 
variations. Interestingly, the shore is less vulnerable to sea level extremes occurring 
once in 50 years compared to those occurring once in 10 years.  

The four sea level variation parameters show disagreement in the northern part of 
the study area, which is highly vulnerable to sea level maxima but has very low 
vulnerability to sea level minima. Integrating each parameter and all considered 
parameters into the CVI using equal weights does not drastically change the alongshore 
variation of the CVI values but adds some nuances (Figure 36, Paper V). The length of 
segments with high and very high vulnerability decreases by 3–10%, while segments 
with moderate vulnerability increase by 9–21% (Figure 37). 

Therefore, in Paper V, initial steps were taken to systematically include water level 
variations in estimating coastal vulnerability in microtidal water bodies using modelled 

Figure 36. Left: Relative coastal vulnerability for (a) minimum sea level with a 10-year return 
period, (b) maximum sea level with a 10-year return period, (c) minimum sea level with a 50-year 
return period, and (d) maximum sea level with a 50-year return period, compared to (I) the CVI 
values based on the 7 criteria from Bagdanavičiūtė et al. (2019). Right: Relative coastal 
vulnerability for (a) the CVI values based on the 7 criteria from Bagdanavičiūtė et al. (2019) with 
equal weights and equal intervals classification, (b) CVI including minimum sea level with a 10-
year return period, (c) CVI including maximum sea level with a 10-year return period, (d) CVI 
including minimum sea level with a 50-year return period, (e) CVI including maximum sea level 
with a 50-year return period, and (I) the CVI index based on 11 criteria with equal weights. 
Graphics by Ingrida Bagdanavičiūtė. From Paper V. 
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sea levels. The findings emphasise that extreme sea level projections for different 
return periods are crucial and stable parameters, complementing traditional 
geomorphological data. Both sea level minima and maxima provide unique insights, 
and incorporating these projections into the CVI reduces the range of CVI values due to 
the more diverse characterisation of vulnerability by different parameters. 

In conclusion, it is safe to say that integration of projections of extreme water levels 
with various return periods provide important information about coastal vulnerability 
even along fairly featureless (in terms of the development of high and low water levels) 
coastal segments of Lithuania. This approach highlights the independent information 
provided by projected extreme sea levels with different return periods. A coastal 
vulnerability index based on these quantities is discussed in the context of local and 
regional variations. 

4.3 Wind and solar farm site selection in inland area 

Even though the described methods and techniques have been implemented in the 
context of marine and coastal tasks, they are fully usable, and sometimes in a more 
contrasted and clear manner in inland applications, where the role of interactions of 
different parameters, cumulative effects and long-range impacts are usually much 
smaller. To provide such an example that allows for identification of the necessary 
modifications in the process of preparation of evidence for decision-making, an 
examination of the methodologies and findings related to wind and solar farm site 
selection in the inland areas of Isfahan Province, Iran, is presented in this Section, 
following the analysis in Paper VI. Similar to the core task of Paper III in Chapter 3, the 
primary objective is to optimise renewable energy site selection using a combination of 
decision support tools (DSTs), ensuring environmental sustainability and economic 
viability. 

To overcome the intermittency issues associated with relying on a single renewable 
energy resource, the performed analysis highlights the importance of considering wind 

Figure 37. Distribution of CVI classes in coastal sections using different parameters of water level 
variations. From Paper V. 
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and solar energy. In earlier analyses, Díaz-Cuevas et al. (2019) found that weighted 
linear combination (WLC), analytical hierarchy process (AHP), and geographical 
information systems (GIS) (see Sections 1.1 and 1.2) are effective tools for ranking 
potential wind and solar farm sites. Further, Rekik and El Alimi (2023) demonstrated the 
effectiveness of using WLC, AHP, and GIS in their study on optimal wind and solar farm 
site selection. Their findings assisted policymakers in planning and implementing 
renewable energy infrastructure projects to meet national energy goals. 

The study in Paper VI goes one step further. Namely, multi-criteria decision analysis 
(MCDA), including AHP and WLC techniques, is complemented in this analysis with 
fuzzy standardisation and logic to determine which locations in Isfahan Province, Iran 
(Figure 38), are most suitable for wind and solar farms. By integrating these techniques, 
a decision support system (DSS) is provided in Paper VI for identifying potential wind 
and solar farms, balancing environmental protection needs with socio-economic 
benefits for the human communities. 

There have been numerous studies on renewable energy site selection that have 
primarily focused on a small number of tools and only one kind of renewable energy, 
solar or wind energy, for site suitability assessment (Uyan, 2017; Moradi et al., 2020; 
Xu et al., 2020; Ahadi et al., 2023). For this reason, another purpose of the study in 
Paper VI is to evaluate and compare several computer-based decision support systems 
(DSS) and how they can be used together. The background idea is that managers and 
decision-makers can use this integrated DSS to identify the most suitable inland sites 
for wind and solar farms. 

Figure 38. The location of Isfahan Province (in pink), Iran (Isfahan Province Management and 
Planning Organization, 2018). From Paper VI. 
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4.3.1 Study area 
The Isfahan Province (Figure 38), located in central Iran, covers 107,017 km2, which is 
more than two times the area of Estonia and roughly ¼ of the area of the Baltic Sea. 
Different from the Northern Europe, it has an arid to semi-arid climate. The province 
has a diverse physiographic region (Figure 39), densely populated cities, and numerous 
industrial centres, resulting in significant energy demand (Zoghi et al., 2015). During the 
selection of renewable energy sites, important ecological sites such as Ghomishloo 
National Park, Gavkhouni Wetland, Mouteh Wildlife Refuge, and Kolah Ghazi National 
Park must be protected. The high solar radiation and wind speeds in the region present 
significant potential for renewable energy development (Noorollahi et al., 2016b). 

4.3.2 Data acquisition 
In the initial phases of this study (Figure 3 in Paper VI), the most important parameters 
for evaluating wind and solar farm sites were determined. To do so, an extensive 
review of the literature along with regulations and standards relevant to renewable 
energy spatial planning was conducted first (Barzehkar et al., 2016; Yushchenko et al., 
2018). It is crucial to select sites for solar and wind energy farms that have a high 
concentration of solar radiation and high wind speeds. The World Bank Group and 
Solargis (2019) provided long-term solar irradiance data, and the Iran Energy Efficiency 
Organization (2018) provided wind speed data, which was normalised to average 
annual wind speeds at 80 m above ground level. The evaluation of potential sites also 
considered slope, flood probability, distance from faults, soil texture, geological 
formations, and proximity to rivers (Table 1 in Paper VI). Similar to the analysis in 

Figure 39. The land use map of Isfahan Province, Iran (Isfahan Province Management and 
Planning Organization, 2018). From Paper VI. 
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Section 2.5, the potential locations excluded areas with high biodiversity value, such as 
nature protection areas. Our analysis also included socioeconomic parameters such as 
proximity to power transmission lines, population centres, and land use/cover. 

4.3.3 Steps of analysis 
The parameters were first retrieved and quantified into raster layers on the extent of 
Isfahan province using ArcGIS 10.7 based on UTM Zone 39N coordinate system. 
The analysis in Paper VI starts from normalising raster layers. As explained in 
Section 1.2.1, it is necessary to standardise the numerical values characterising the 
factors before they can be combined because they are measured at different scales 
(Eastman, 2009). Piecewise linear fuzzy membership functions expressed by Eq. (1) and 
Eq. (2) were used to normalise raster layers on a scale from 0 to 1 and to convert 
increasing and decreasing functions into a united framework (Section 1.2.1). The 12 
parameters employed in the analysis include slope (threshold values for fuzzy logic 
standardisation 𝑅min = 3% and 𝑅max = 5%, decreasing function), solar radiation (1500 
and 2000 KWh/m2/year, increasing), wind speed (6 m/s and 7 m/s, increasing), distance 
from rivers (0.5 km and 1 km, increasing), flooding (0 for areas within the flood plain, 
1 for areas outside the flood plain), distance from fault lines (0.5 km and 1 km, 
increasing), soil texture (0 for sandy, 1 for clay and silt clay textures), geological 
formations (0 unconsolidated deposits, 1 for igneous, metamorphic, and sedimentary 
rocks), distance from wetland and protected areas (0.5 km and 1 km, increasing), 
distance from population centres (0.5 km and 2 km, increasing), distance from roads 
(0.5 km and 2 km, decreasing), distance from transmission lines (0.5 km and 1 km, 
decreasing), and land use (0 for forests, water bodies, and wetlands, 1 for barren lands 
and areas with very low plant density) (Table 2 in Paper VI). These parameters are all 
measured in two-dimensional (2D) formats in inland areas of Isfahan Province. 

The following step involved the application of the analytical hierarchy process (AHP) 
(Section 1.2.2). As common in applications of this technique, the significance of 
different parameters in wind and solar farm site selection is assessed by expert 
judgment. Different from marine and coastal applications where experts limited their 
estimates to minimum 1 and maximum 5 (Paper II, Paper III), most experts engaged 
into the study in Paper VI used the full scale from 1 to 9 proposed by (Saaty and Tran, 
2007) (Table 3 in Paper VI). A pairwise comparison matrix was developed with input 
from twenty experts from Iran's Energy Efficiency Organization and the Iranian 
Department of Environment. Their opinions were complemented by five experts from 
academic institutions who are experienced in environmental planning and 
environmental impact assessment in the energy sector. The geometric mean of expert 
values assigned to each parameter for a pairwise comparison was calculated as 
explained in Section 1.2.2 and Papers I and II to determine its “priority” (Mu and 
Pereyra-Rojas, 2018). The relative weights (importance) of each parameter were 
evaluated using the Super Decisions software. The value of the Random Index for  
𝑁 = 12  is 𝑅𝐼 = 1.535 (Aguarón and Moreno-Jiménez, 2003). As the consistency ratio 
𝐶𝑅 =  0.09 < 0.1, the comparisons are consistent (Saaty and Tran, 2007). 

In the final step, raster maps were combined in GIS to create a map of the suitability 
of a site. In the GIS environment, weighted linear combination (WLC) is used to 
combine raster maps using map algebra technique following (Malczewski and Rinner, 
2015) (Section 1.2.3). 
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4.3.4 Wind and solar farm site suitability 
Based on the experts' perspectives (Figure 40), wind speed, solar radiation, and 
distance from power transmission lines were the most significant parameters for 
determining wind and solar farm site suitability in Isfahan Province. The distance from 
fault lines, soil texture, and geological formations were considered the least important 
parameters for site suitability analysis (Figure 40). Therefore, different from marine 
applications, experts prioritised energy generation parameters over distance-based 
parameters to protect the environment. 

Figure 40. Relative weights assigned to parameters in wind farm site selection (above) and 
solar farm site selection (below) using the AHP method. From Paper VI. 
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The analysis demonstrated that 18% of the province is (highly) suitable for wind 
energy production whereas 26% is suitable for solar energy production (Table 5). 
The high suitability areas are characterised by low flooding probability, low permeable 
soil like clay, and large distances from wetlands, protected areas, fault lines, and rivers. 
The potential locations are also near cities, roads, and transmission lines, ensuring 
socioeconomic benefits to the community. Sites suitable for wind farms should have 
winds speeds of 6–7 m/s, while sites suitable for solar farms should have diffuse 
horizontal irradiance (DHI) of 1500–2000 KWh/m2. 

Table 5. Wind and solar farm site suitability analysis using GIS-MCDA. 

Wind farms Solar farms 

Class of 
suitability 

Area (km2) Percentage of 
area (%) 

Area (km2) Percentage of 
area (%) 

Very Low 15771 15 7656 7 

Low 31494 29 26813 25 

Moderate 40959 38 44929 42 

High 18793 18 27619 26 

Total 107017 100 107017 100 

As shown in Figure 41, a higher suitability for wind farms is identified in the north 
and east of the province. These regions are associated with higher wind speeds. 
Likewise, the northern and eastern regions are better suited for solar energy (Figure 42) 
due to fewer cloudy days. 

In conclusion, the study in Paper VI, additionally to the classic steps of MCDA, such 
as AHP and WLC, also used fuzzy logic to standardise raster maps on a scale from 0 to 1. 
On the one hand, by standardising pixel values in each raster layer, fuzzy logic reduces 

Figure 41. Wind farm site suitability map. From Paper VI. 
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uncertainty in site selection and thus eventually provides decision-makers and planners 
with better-informed options for site selection. On the other hand, the combination of 
fuzzy logic with AHP, WLC, and GIS offers a flexible approach to analyse land suitability 
for wind or solar energy development. 

The results indicate that optimising the locations of wind and solar farms using a 
combination of GIS-MCDA techniques provides better outputs for environmental 
planning and sustainable development. This conjecture is built on a broad range of 
environmental and socioeconomic parameters that are considered in the study to 
ensure that renewable energy development aligns with environmental conservation 
and community energy needs. An important implication is that different areas of the 
province support better different renewable energy production. An implicit conjecture 
is that due to the variable climate conditions in Isfahan, neither wind nor solar energy 
alone could meet the energy needs. A hybrid approach is therefore required. 

 

Figure 42. Solar farm site suitability map. From Paper VI. 
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Conclusions 

Summary of the results 
The studies presented in this thesis explore the development and application of 
decision support systems (DSSs) for offshore wind farm site selection, coastal 
vulnerability assessment, and inland renewable energy site selection, offering 
significant insights into the integration and effectiveness of various methodologies. 

A comprehensive overview of developments towards reliable integrated decision 
support systems for coastal planning and management is presented (Paper I). Such a 
system should be developed by combining various decision support tools such as GIS, 
multi-criteria decision analysis (MCDA), artificial neural networks (ANN), Google Earth 
Engine (GEE), and/or Bayesian networks. The integration of GIS and MCDA, especially 
with fuzzy standardisation and logic, Analytical Hierarchy Process (AHP), and weighted 
linear combination (WLC), was highlighted as being effective in creating robust DSS 
frameworks. The inclusion of ANN methods generally enhances the robustness of the 
DSS in terms of sensitivity and error analysis. Various environmental management 
challenges were addressed through the combination of these tools, including risk and 
hazard classification, site selection, land-use zoning, and resilience classification. 
Bayesian networks are effective at predicting environmental changes, but they are 
computationally complex and require high expertise. 

The lessons from this analysis were implemented for the analysis of several 
challenges in the Baltic Sea region. A detailed consideration of site selection for 
offshore wind farms in the Baltic Sea (Paper II) highlighted the most suitable locations 
of wind power plants for grid electricity production in terms of the levelised cost of 
energy (LCOE) values. The analysis includes parameters such as wind speed, sediment 
on seabed, water depth, pipelines, shipping routes, military areas, and nature 
protection zones. The Danish waters are identified as most suitable locations due to the 
high wind speeds, large capacity factors, and shallow water depths. The GIS-MCDA 
analysis, incorporating AHP, fuzzy logic, and WLC techniques, supported these findings, 
emphasizing the suitability of nearshore areas with high wind speeds. The application 
of the technique for order of preference by similarity to ideal solution (TOPSIS) to rank 
the identified most suitable areas provided extra confidence in site suitability 
assessments. This integrated decision support framework contributes to the reduction of 
uncertainty of analysis, taking into consideration the standards of Danish Energy Agency 
DEA and European Maritime Spatial Planning platforms guidelines and expert knowledge. 

The assessment of coastal vulnerability in Estonia using the Coastal Vulnerability 
Index (CVI) (Paper III) revealed a range of CVI values from 0.24 (very low vulnerability) 
to 0.72 (very high vulnerability), covering almost half of the possible range from 0 to 1. 
Segments with low or moderate vulnerability were identified along the northern coast 
with stable limestone cliffs and the West Estonian Archipelago with gradual land 
uplift. High vulnerability areas were mostly low-lying regions experiencing extreme 
water levels, erosion, and the presence of infrastructure near the coast, such as the 
western shore of Saaremaa and Pärnu Bay. The influence of the three most important 
parameters (extreme water level, shoreline change, and geomorphology) resulted in a CVI 
range of 0.64, highlighting more high-vulnerability locations than using 16 parameters for 
coastal vulnerability assessment. Extending the vulnerability assessment up to 2 km 
inland revealed that most inland areas had generally lower vulnerability due to higher 
elevation, with exceptions in low-lying river valleys and coastal lagoons. The study 
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emphasised the need for careful consideration of parameter selection and prioritisation 
of parameters in vulnerability assessment and the logical extension of coastal 
vulnerability analysis into inland areas. 

A comparative assessment of coastal vulnerability in the eastern Baltic Sea using 
MCDA and Random Forest (RF) techniques (Paper IV) demonstrated that these 
methods produce different outputs. The MCDA framework identified coastal areas 
mainly with low to moderate vulnerability, while the RF technique classified a larger 
proportion of areas as having low vulnerability. High vulnerability areas identified by 
both techniques were primarily located in the Gulf of Riga, including Pärnu Bay. The RF 
analysis highlighted geomorphology, maximum significant wave height, and shoreline 
change as the most significant parameters. The MCDA approach provided a flexible 
method for managing uncertainty and incorporating expert opinions. The integration of 
machine learning into coastal vulnerability assessment enhances the reliability of 
outcomes compared to traditional methods by identifying patterns and correlations 
without requiring detailed prior knowledge or assumptions about the underlying 
relationships between parameters. 

Incorporating sea level maxima and minima with 10-year and 50-year return periods 
into the CVI estimates (Paper V) provided some useful insights into vulnerability 
assessment along the Lithuanian shoreline. These parameters showed distinct maxima 
and minima patterns, contributing significantly to the CVI. The integration of these sea 
level projections reduced the range of CVI values due to more diverse characterisations 
of vulnerability by different parameters, emphasising the importance of including both 
sea level extremes and geomorphological data in coastal vulnerability assessments. 

Finally, the thesis explored the similarity and differences of the use of the renewable 
site selection technologies in marine and inland conditions. For inland renewable 
energy site selection in Isfahan Province, Iran (Paper VI), experts prioritised wind speed, 
solar radiation, and distance from power transmission lines for determining site 
suitability assessment of wind or solar. The study showed that 18% of the province is 
highly suitable for wind energy production, and 26% is suitable for solar energy 
production. High suitability areas are characterised by low flooding probability, low 
permeable soil, and large distances from wetlands, protected areas, fault lines, and 
rivers. The combination of fuzzy logic with AHP, WLC, and GIS provided a flexible 
approach for analysing land suitability and optimising the locations for wind and solar 
farms. The results indicated that a hybrid approach, considering both wind and solar 
energy, is necessary to meet the energy needs of the province due to its variable 
climate conditions. Also, this study highlights the adaptability and effectiveness of the 
decision support tools in varying geographical contexts, reinforcing their applicability 
beyond coastal and offshore environments. 

Overall, the studies highlight the critical role of integrating various decision support 
tools (DSTs) to improve coastal and renewable energy management. The findings 
highlight the importance of considering the different word views of experts, 
as exemplified by the discrepancy in expert priorities of environmental and economic 
parameters in different regions. European experts tended to emphasise environmental 
concerns more strongly than energy generation aspects, using only half of the available 
weighting scale (values from 1 to 5), while experts in Iran prioritised energy generation 
parameters, using the full weighting scale (values from 1 to 9). This discrepancy 
highlights the need for adaptable DSS that can accommodate varying priorities across 
different contexts, ensuring robust and informed decision-making processes. 
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Main conclusions proposed to defend 
1. A comprehensive overview of the recent developments of decision support systems 
(DSS) demonstrates that integrating environmental and socioeconomic data is effective 
for coastal planning and management. The integration of GIS with other tools, such as 
multi-criteria decision analysis (MCDA), artificial neural networks (ANN), Google Earth 
Engine (GEE) or Bayesian network (BN) tools within the DSS framework enhances 
decision-making by addressing various environmental management challenges, 
including risk and hazard classification, site selection, land-use zoning, and resilience. 
2. The analyses undertaken show that the combination of GIS and MCDA, especially 
when GIS is integrated with fuzzy logic, Analytical Hierarchy Process, and weighted 
linear combination, creates robust DSS frameworks that can handle large datasets. ANN 
methods improve sensitivity and error analysis, along with validation of the results. 
Bayesian networks are effective for predicting environmental changes, but require high 
expertise and are less community-friendly compared to more accessible tools like GIS 
and MCDA. The central conjecture is that integrated DSS is highly likely to provide 
better and effective outcomes for different environmental management challenges. 
3. For offshore wind farm site selection in the Baltic Sea, parameters such as wind 
speed, capacity factor, water depth, and distance from nature protection areas are 
critical. The levelised cost of energy (LCOE) and the GIS-MCDA techniques treat these 
parameters differently. The LCOE values of 42–58 €/MWh cover 33% of the total sea 
area. The lowest LCOE values are generally near Danish shores. The Gulf of Bothnia, 
offshore areas of the Baltic proper far from Polish and German shores, and the central 
Gulf of Riga waters have higher LCOE values. The northern Baltic Sea is less suitable for 
wind farms due to a lower capacity factor. 
4. The Coastal Vulnerability Index (CVI) significantly varies along the Estonian shores. 
High vulnerability areas are primarily located in low-lying regions exposed to very high 
water levels and coastal erosion. Extending the vulnerability assessment up to 2 km 
inland based on two-dimensional parameters for the entire Estonian coast highlighted 
the importance of considering land elevation, coastal infrastructure, population density, 
etc.  
5. The multi-criteria decision analysis and Random Forest (RF) techniques provide 
different distributions of vulnerability of Estonian shores. The RF technique classified a 
larger proportion of areas than MCDA as having low vulnerability. The high vulnerability 
areas identified by RF are mainly located in the Gulf of Riga, including parts of Pärnu Bay. 
6. Inclusion of sea level maxima and minima with different return periods in the CVI 
calculations contributes significantly to the vulnerability estimates for the Lithuanian 
shores. The information about extreme water level minima is an important constituent 
of CVI estimates. 
7. For inland renewable energy site selection in Isfahan Province, experts prioritised 
wind speed, solar radiation, and proximity to power transmission lines. The integration 
of fuzzy logic with AHP, WLC, and GIS provided a flexible and reliable method for 
analysing land suitability and optimising renewable energy site selection. 
8. The discrepancy in expert prioritisation of environmental and economic parameters 
between different regions and inland and marine environments highlights the need for 
adaptable DSS that can accommodate varying priorities. European experts emphasised 
environmental concerns strongly, while experts in Iran prioritised energy generation 
parameters. 
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Recommendations for future work 
Several results presented in this thesis demonstrate the need to further enhance the 
effectiveness and applicability of decision support systems (DSS) for coastal and 
environmental management. While the current DSS frameworks effectively integrate 
environmental and socioeconomic data, incorporating more advanced analytical 
methods such as deep learning and other machine learning techniques, can improve 
their accuracy and predictive capabilities. These advancements can provide more 
dynamic and responsive decision-making capabilities, essential for managing complex 
coastal environments. 

The methods of integration of diverse data sources into DSS frameworks should be 
expanded. Incorporating real-time data will eventually provide a more comprehensive 
and up-to-date dataset on many occasions, thus enhancing the effectiveness of coastal 
management strategies. This will promote accurate predictions and assessments. 
Another direction of future work should focus on refining the selection and weighting 
of parameters using more advanced approaches than AHP within DSS frameworks. 
A clear issue for further consideration is the use of only part of the scale in experts’ 
opinions, particularly in marine applications and the ambiguity of interpretation of the 
contribution to vulnerability provided by different hydrometeorological phenomena. 
Developing reliable methods for obtaining, weighting and normalising expert opinions 
and incorporating stakeholder feedback will ensure that the most relevant and 
impactful parameters in coastal decision-making process are included. 

Long-term monitoring programs are essential for validating the effectiveness of DSS 
frameworks in real-world applications. By tracking the outcomes of decisions made 
using DSS tools and comparing them with predicted outcomes, experts can identify 
areas for improvement and ensure that DSS tools remain accurate and reliable over 
time. Moreover, incorporating climate change projections into DSS frameworks will be 
crucial for adapting to long-term environmental changes and to ensure sustainable 
coastal planning and management. 

Future studies on onshore and offshore renewable energy site selection should use 
the capabilities of machine learning approaches to improve site suitability assessment. 
Unlike traditional MCDA methods, which rely on predefined criteria and subjective 
weighting of experts, machine learning can analyse large datasets to specify patterns 
and correlations, providing a more adaptive and data-driven approach. Compared to 
LCOE, which focuses mainly on economic factors, machine learning can simultaneously 
consider environmental, technical, and economic parameters, contributing to a 
comprehensive and balanced site selection outcome. 

For inland renewable energy site selection and similar problems in other fields of 
economy and environment, future studies should investigate the potential of hybrid 
solutions that combine multiple renewable energy sources, such as wind, solar, 
biomass, and geothermal. This approach can ensure a reliable and resilient energy 
supply, particularly in regions with diverse climatic conditions. 

It would be helpful if the user-friendliness of DSS tools by developing more intuitive 
visualisation tools and interactive platforms, such as WebGIS, could be improved. This 
will increase their accessibility and usability among a wider range of stakeholders, 
including non-experts. Interactive maps for future assessments will allow stakeholders 
to engage with the data dynamically, improving the effectiveness of communication 
and decision-making processes. 
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It is important to encourage cross-disciplinary collaboration among scientists, 
engineers, policymakers, and stakeholders for the development and application of DSS 
frameworks. Such collaboration ensures that diverse perspectives and expertise are 
incorporated into the decision-making process. 

Finally, public awareness and education about the capabilities and benefits of DSS 
tools should be increased. That can be achieved by implementing educational 
programs, workshops, and materials, which will assist stakeholders to better 
understand how DSS tools can support sustainable coastal management. This increased 
awareness and understanding will promote the wider application and effectiveness of 
DSS tools in various environmental situations. 
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Abstract 

Decision support tools for the management of eastern Baltic 
Sea coasts 

This thesis addresses the development and application of decision support systems 
(DSS) for coastal vulnerability assessment, offshore wind farm site selection, and inland 
renewable energy site selection. The primary motivation is to promote environmental 
and socioeconomic planning and management through robust, data-driven frameworks 
in the context of climate change and growing energy demands. Existing Decision 
Support Tools (DSTs), such as Geographical Information Systems (GIS), Multi-Criteria 
Decision Analysis (MCDA), and Artificial Neural Networks (ANN), amongst others, are 
critically evaluated in the coastal context, offering a formal justification for tool selection 
and integration. Different hybrid combinations of such tools are evaluated for their 
effectiveness. It is demonstrated that combining various tools improves decision-
making processes for coastal issues and promotes the creation of comprehensive DSS 
frameworks. These approaches are particularly useful for environmental risk 
classification, site selection, land-use zoning, and resilience classification. 

The Baltic-wide analysis of offshore wind farm site selection is performed using 
parallel an integrated GIS-MCDA technique and a Levelised Cost of Energy (LCOE) 
model at high spatial resolution, considering various parameters such as wind speeds, 
seabed sediments, and distances from infrastructure and protected areas to balance 
environmental sustainability with economic feasibility. The LCOE and the GIS-MCDA 
techniques treat these parameters differently. The lowest LCOE values of 42–58 €/MWh 
cover 33% of the total sea area. The lowest LCOE values are near the Danish shores 
while the Gulf of Bothnia, offshore areas of the Baltic proper and the central Gulf of 
Riga waters have higher LCOE values. The northern Baltic Sea is less suitable for wind 
farms due to lower capacity factor. 

The coastal vulnerability for the entire shoreline of Estonia is performed at high 
resolution for the coastline and is extended towards a quasi-two-dimensional analysis 
up to 2 km inland. The applied GIS-MCDA approach and a variation of the machine 
learning, Random Forest, technique treat differently diverse factors such as elevation, 
geomorphology, vulnerable infrastructure, population density, etc. Both approaches 
identify the western shores of Saaremaa and Pärnu Bay as the most vulnerable areas, 
which are prone to elevated water levels and coastal erosion. Various parameters 
characterising water level variations, most importantly high and low extreme sea levels 
for different return periods, provide independent information for the estimate of 
coastal vulnerability even on the relatively short and generally homogeneous 
Lithuanian shore, offering additional information for managing coastal hazards.  

Several computer-based DSSs are applied, evaluated and compared to identify 
optimal sites for inland renewable energy site selection using the example of wind and 
solar farms in Isfahan Province, Iran, showing the suitablility of the discussed methods 
beyond coastal environments. By integrating GIS-MCDA techniques with fuzzy logic, 
suitable sites are identified for both types of renewable energy production that align 
with environmental conservation and community energy needs. 

Overall, the presented results highlight the critical role of integrating diverse DSTs to 
enhance the effectiveness of DSS frameworks in coastal and inland planning and 
management.   
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Lühikokkuvõte 

Läänemere idaranniku haldamise otsuste tugivahendid 

Analüüsitakse rannikupiirkonna haldamise otsuste tugivahendite arendamise ja kasuta-
mise võimalusi Eesti ranniku ja Läänemere kontekstis peamise eesmärgiga leida võima-
lused oluliste sotsiaal-majanduslike haldus- ja planeerimisülesannete lahendamiseks 
keskkonnasõbralikul moel kvaliteetsete andmete abil ka muutuva kliima ja suureneva 
energiatarbe tingimustes. Neid vahendeid rakendatakse Eesti ja Leedu rannikute tund-
likkuse ja Läänemere meretuule kasutamise majanduslike aspektide hindamiseks. 

Kriitiliselt vaadeldakse tugisüsteemide kesksete komponentide (geoinfosüsteemid, 
multimodaalne otsustusanalüüs, tehisnärvivõrgud jne) toimimist rannikute kontekstis 
ning põhjendusi üksikute meetodite ja nende kombinatsioonide valikuks. Kirjanduse 
alusel hinnatakse hübriidmeetodite sobivust ja efektiivsust. Näidatakse, et meetodite 
kombineerimine annab parema aluse informeeritud otsuste tegemiseks ning sobib 
süstemaatiliselt toimivate otsustustoesüsteemide arendamiseks. Kirjeldatud lähenemist 
rakendatakse keskkonnaohtude hindamiseks, oluliste objektide asukoha planeeri-
miseks, maakasutuse tsoneerimiseks ja säilenõtkuse klassifitseerimiseks. 

Hinnatakse meretuuleparkidest toodetava elektri maksumust seadmete ja 
ühenduste kogu elukaare vältel lahutusvõimega 5 km kogu Läänemerel, rakendades 
kombineeritult geoinfosüsteeme ja multimodaalset otsustusanalüüsi ning 
tasakaalustades füüsikalistest, geograafilistest ja looduskaitselistest aspektidest 
(tuulekiirus, vee sügavus, merepõhja iseloom, tuugenite kaugus teistest taristutest jne) 
tulenevad aspektid majanduslike kaalutlustega. Toodetud elektri hinnanguline 
maksumus on 2020. a hindades 42–58 €/MWh ligikaudu ühel kolmandikul kogu merest, 
sh enamikus Eesti majandustsoonist. Elektri maksumus on madalaim Taani rannavetes, 
kuid kõrgem Liivi lahe keskosas ja Botnia merel ning suurim mere põhjaosas, kus tuul on 
ebapüsiv. 

Kogu Eesti ranniku tundlikkust merelt lähtuvate ohtude suhtes on analüüsitud 
kõrglahutusega (10 m) andmestiku ja 16 parameetri alusel, alates maapinna digitaalsest 
mudelist, geomorfoloogia, lainetuse ja veetasemete omadustest kuni taristu omaduste 
ja asustustiheduseni. Uuenduslikult on analüüs laiendatud 2 km sügavusele sisemaale. 
Näidatakse, et geoinfosüsteemide ja multimodaalse otsustusanalüüsi kombinatsiooni ja 
masinõppe (nn juhusliku metsa) tehnoloogia rakendamine annab kohati oluliselt 
erinevad tulemused. Mõlemad lähenemised toovad esile, et Pärnu ümbrus ja Saaremaa 
läänerannik on kõige tundlikumad; eelkõige kõrge veetaseme ja ranna erosiooni tõttu. 
Selgub, et veetaseme muutlikkust peegeldavad suurused, nt eri korduvusperioodidele 
vastavad ülikõrged ja ülimadalad veetasemed, annavad sõltumatut informatsiooni eri 
rannapiirkondade tundlikkuse kohta isegi sellisel suhteliselt lühikesel ja vähevahelduval 
rannaosal nagu Leedu rannik. 

Demonstreeritakse, et ranniku ja mere jaoks sobivad otsustustoesüsteemid, sh 
algoritm, mis sobib Läänemere tuugenite optimaalse asukoha leidmiseks, toimivad hästi 
ka sisemaa haldusülesannete puhul. Geoinfosüsteemi, multimodaalse otsustusanalüüsi 
ja hägusloogika kombinatsiooni abil on leitud parimad kohad päikeseenergia 
tootmiseks ja tuugenite paigutamiseks Isfahani provintsis Iraanis nii, et taastuvenergia 
vajaduse ja maksumuse kõrval on arvestatud keskkonnahoidu ja kohalike kogukondade 
seisukohti. Töö tulemused on seega universaalselt rakendatavad efektiivsete ja 
tasakaalustatud otsustustoe süsteemide loomiseks nii ranniku, mere kui ka sisemaa 
planeerimis- ja haldamisülesannete jaoks.  
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Appendix: Publications constituting the thesis 

Publication I 

Barzehkar, M., Parnell, K.E., Soomere, T., Dragovich, D., Engström, J. 2021. Decision 
support tools, systems and indices for sustainable coastal planning and 
management: A review. Ocean and Coastal Management, 212, 105813, doi: 
10.1016/j.ocecoaman.2021.105813.  
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UVWXYZ[�\]̂ _̀]̀ abcad�eXb̀Y�f̀g̀_�hXYcXbcVa[�cabV�iVX[bX_�hj_àYXkc_cbl�\aZ̀m̀[�ca�ncoYVbcZX_�p̀X[��UXY]V�pVV]̀ ỲqrLs�\adYcZX�tXdZXaXgcucvbw s�nVxbXkX�tXYỳz{XYqs�XaZ�|̀gca�}~��XYà__q������ �tpU��iU�����O������P����M$���&���������P�������������!P����$����������"PSP������P������$���O#��O�����M���������&���&�����������������������&�����������'���$��������O������$�������P�-A.�������#���!P�P����
���O����P����$����������P!P���$�P���5HDGFJ=A;G�@A?;:��JH�DJ�5�DA�;.��:H<;;?=A�G��:H��F�;�-AF;:ADF=HADJ�5HDGFDJ�8K�EHG=@���-58��202B��+H�D���DFD:�P�4H@:ADJ�H��5HDGFDJ�6;G;D:<����#��������������P������##P��	
��P��������������������������������������
���	P�������#���������#��������������&����� ���������������������������O�M����$�������������������&���&�����������������
�������������������������������������&������������O��������������������)�����������'���$�����)������O������$��������������M���������������������&���&���������P���������'�����������$����������&�����O���������������������$���������������'��������¡�����O�$���������¢�£�������$��������'�&������������������
�S!¡�O�$���������¢�£����P�����#��¤����������������O��'���M����$�����������&���������������#����$����������$����'�����������������$�����M�������&��������O���������O��������M���O�������&�����������O���O�O�O����$���$���&����������O��&�����$������������P���������������������������&��'������M����������#��#������������(��������P��������������#��¤����$������O��'���M����$�����������&�����������������$����'���#��&�$������������$�#��$���������O������������&�����������'�����M����������������MO���P�����������������M�����O�������#���O���������������������M������������#���&��������������)�P����������O��#��&�$����O#���������#���������������O���M�O���������������MM����������O�������������$� ����������O�M����������������������������O#�������&��'��M���������&���������������&�����������'P���¥¥\U\¦§�f�\§¥}̈ �e¦�¥p©�5ª-�=A?;«���;A;:DJ=¬;?�­«F:;�;�ªDJ@;�?=GF:=�@F=HA���JH<®��D«=�@���̄DJF=<�8;DP��� ����������������\§U�¦¥°iU\¦§���������������������$���M��$����'����������M�¤�����#���������'�&��������'$��$'��O������$������M�������O��������M����$�$�����
�������$�����������������OO��M����O�M�����M������������������#��#�����$����������M���������������P���#���������������������������������������&��#������"±OO�����;F�DJP��������������O#���$������$��&������&�������������S���#����$�O�����²��������;F�DJP�������P�������$�&���#O�������&�����������$������O#���������������#��#�������������������������OO����������������O#���'��M�#��������������$�O�����'�������P����#����������������M����M�����'��'���M���$���#�$�'�$�&���#��M���������������������������²�����;F�DJP�����������&���������M�����������������O���M�O�����������M�����M$���&�������;F�DJ1���������������������������'������M���&���O#�����)�³�����$����O������������#�������������������&������������������������$����́ �́����������$��#������&���������'�����������O��������M��$��&���O�$��������������$��&���������������#����������S�������;F�DJP�����������O����������P�������������'����O����������������M��������$�&���#�����$�
 �����O������������������������&�����������'�������M�������������$�����������MO����P�����������������&����������������������������������������������$��'������M����O�������$��&���P���������������O#����� ������'�����&�����������'�����#�����������������µ�������;F�DJP�������������$�����&���#���O�����N����&��������������M'��M��O��#����M'��������&��������&�������M�������������

$��#����O�������$������M����$���&�����M���P�¡�����������$������M�����������&�������O������$����������������������������������������#�����������$�������O���$��O#�������O��'��������������������������������$����P�������&��������&�������M��������&����������M���������'��&��������������'����������O��'��O�����������������������(��&������(������������M$���&�������;F�DJP�������������P���������������������&�����������'������$������#��������#��������������&��'����$��������������������;F�DJP�������P������O�����������������'������&��&��M�O��'�O����#���O�����P�S���������������O#����������������#�������$��'���&����� ���������P�T������O#����������OO�����#������#���O�������������$������������&����������������#�����$�����������#�����������������M�����������$�#���������O����������&����������&��������&�������M�����$���&�����$�P�µ��O��#����M'����$�O��������#�#��������$�����'�����$���������������������&��'���$���������#�����������������������$�����������������O�'���$������������&�������������������PMP������������;F�DJP�������P��������������������������$�$��������#���O������������������������M�µ�������;F�DJP��������#��&�$���O��'�O�������������������#������������������&�����������'����������O��������������M$�
��&�������;F�DJP���������������������������M�#������������O���O���������&������P���M�������#�����O��������������#����������������M������&���������������O��#���O������������������M��������$��&���������#����������������$P����������������O#��������$������M�N������������M��������M����������������������$'��$¤����$����&��'��M��'$��$'��O������$����$������M���&������O������� �����'�������������'������$��O���O�OP������������O��'�����������������M����$������M�������������'�����������������M��&�������������������������&���������������������������������������&���&��������������

���P����
¤��P��M�q��&��S�M�������M�(��������'���#���O��������'�������������������������������������%��&�����'������������M'����������S��������
���P
��������P��M�

rS�����������$�O'����������������������S��������



�����������	
�����������������������������������������������������������������������������������������������������


��������������������������������������������������� ! "�#$�

��������%�����&�����������%��������&�%��'������%���(����������������'�����&���������'����������(�������'����������������������)�����&�������������������������&�����������'������%����*���*����&����������'����������������+������������%����������������������'������%����*����������������������������,����������������������-��������������.����������������������/�*�����������0���&���&��)������(�������'������������������.����&�.����������.*�12�.�����3����'�������������.�������������������.���4�&����'������%���1��.��������������3�������������*���������&�%*�������������/����&5�������������'�.���������6�������������������.��*��������'��%�*���&����&�%��������������������������������78����-�*���������*���'����&����������'�����(�'������%����*�12�.�����3��� �
� �2�.�������9���0���������'������%����*��������,�������%���&�����������������������������������0��)������(�������'������������������.����&�.����������.*������&����������-��4��/������	
��1 ! "3����.��0���������������&��������������������������&�������2�.���� ��+���%����%�)����(���������������'�����������������:����&�)����2�.��������"����&�;�� ��+�����&��������.�����������������.��������������������������������.������(�������'���'����������������������������������'��<����%����*�������������������������������*����������������(��&��<������������������������'�������������������������������4��(�������'���'�����������+������������������=�������������)������*���.����&���(�(�������'�����������������������������������&���>�����(����������.������'����������������������=������������.��'��������*�������������1������������&�'��������������.����&���(�(�������'<���3�����������.���������9������������'�&�������������&&���������������������%������������'������%����*��+���%�����������������������������?��������������&�������&�������������)�������������&���.������'�������������������������.���������'������%����*���&�)��� @ABCDEF�GHIJKIL�MNLOPQIRSLSKT�UOVPW�>�������*���������������(��/�����'��������������������'������%����*���&�)�1�:�3��&=����&�����������&����������������(<�*��.�9���������������������������������������������������&���-����������1-�.&���'�X�Y�Z����	
��� !�;�� !�[3�%*���&��*��.�����������������\�����4����	
��1�[["3������&����.�����������������������������&*������������������*��(�������&�����]������̂������'�����?��������������������4��.�(�������'���'������������������:��'������%���&����������������������������������*�����������������%����*0������������������������������.�������1_�����5*�3��

%�����(�&���1->���3��%��������.���1-_���3��%�������&�������*���1-�3����&��(�����������1̀�3�����%���������&�%����1�-3���&���.���������(�'�����.���1�>_���3�1-�.&���'�X�Y�Z����	
��� !�[3��a����������������������'����%����(���.��&&�&������;!!������.�����������������������������&�����*4�&�����.�����6��\����!�������(�������&�����%�&����-�.&���'�X�Y�Z����	
��1 !�[3�����������*����������*�����&����������������������������%����&���������*������������'������%����*��,�������������b�������������������������.��&������(�������.��&���'���������������;����&������.�'��*���(����'��*���.��'������%����*����������'��*��>��������������*����&����������&��������1�����&��.���.���������(�'�����.����'������&�����.������>6����&������� !!cd !![3���)����������&=�����.�����(��.���������&�'�&����������������������-�.&���'�X�Y�Z����	
��1 !�[3�����&�����*������������������&����������������������������(�������'������������������������������������:��'�������������������*������������������(�����������&������'������?����������%�����������������'������%����*����&������:��(������������&�����.������������������������������-�����������.������'������%����*�(��������������������������������&�������������.��:��'����������&�'�&�&��������'��������������?����(�&���������'��*���(�1�3�1��(��� !e�����������.�3����'��*���.��1;3�1������f!d�!!e�����������.�3�'������%����*���gQHhPiKSHOJ�Hj�AWKQPkPLT�CSlm�IOV�nHo�pIKPQ�nPqPLJ�+�����������������������������������4��'������%����*��������������������������)������*���.��(�������'����������������������������������������������������*�����������.����������(�(����(�*�������������)������*���(�(�������'��������&�%��&�����'��17��/�����&�_������[[f3��6���������.�������4���������������?��������������������=�����������)������������'�����)������&��������������������������������'����12�.���� 3��+��������=������������%���������.��(������������&���&�������'������������������������������-�����������+���c<�����*�������������������%*��������r�����1��r3���&��������[c�d !!;�1s��������	
��� !!�3��&�?�����*��������������������������(�������'������������������-����������1�����������	
��� !�;3�(��������������*������������������*�'������������6"<�,sr���&���1_��&�������	
��� !��3������[c�d !![������(��(���������'���.����&���(���(�������'����1:��.��&����	
��� ! "3��-������&����������������������*�����������'���?����������&�����.�����������.�����.��&���� �t� ����������������1���3�%���&�������������*�����.����*��+��*���'��%�����)�����'��*�&�������&���������%�'������&������������������������>���������=������������)������������'��������&���������������������&��%���&������������%������'�����������������������������������������)������'�����&�����%�����������.�����%���/���)���������&���&����������)������&�����������������'����)����������(��������������)������&��������&����.�� <�����������'���������
�������
��*������%��?�����*�����+���������%��������&������������\�������4�&�,)������:�����1\,:3�&�����%���������������������������\��%���&�����%���������&� <����������>��%����&�����%����������'�������������(�����������&����������'����)�����������.�'���������������&���+�������'���������&������������'�&�&���������������	
��1 !�f3���&�:��.��&����	
��1 ! "3��2�.���� ����(�������������.����&������������'����)�������.�����*�'��*�����.���������������9����������9��'������&�,��������2����)��������������=����&��)������������'���(������������������&����;!�*���'������������%������ �������������������9���������������'�������'��� ������78����-�*��+����)�����.����=�����������������*���?��������'��*������(������%���'�&�(�����



��������	
��


���������
���
�
�������������	����������������
���������	��
�
�����������������
�����������������������������������������������������������������������������������������������������

��������� ���������!
�
���"#���
�����	���
�$�%�&&'#�()(*�+,��

�
�
��
���
��������������
������
��"
� ��������
�� ����
���
�
��
���


��-��������./�01%#�()(*2%�� �
�
�3����
�(%�4��

��
�� ����5
�������� �
���
�
�-���
�����
�2�����
���
�
�-���
�����
�2��
���
�
�����
����6)���������
�
��� ��
���
�
�����"�6)7����
������
������������"
��"��
��� �4������#���������������"�����%��"
�������
�����
��������
���"
�
��

��
���
���
���
������"
���������%��"
����
�������
��� ����5
�����������"
����
�����
��������
������"
�!�8*7$4�9�
��
�������"
����
�������
������"
�!�9�
��
�%�:���"�������;������������%��

��
�����������������./�01%�-()(*2%� ���"
����5
�������� �
���


��������
���
�
��������

�
��
���
���������5
�������� �
���


�
�
������������"��
�����
������
���
������
������
�����������
�������������������%�<��"��"
�
�=�������
�������������()>�-?&)>� ��
��"
�����
���
�����
�2��������"
�<����������
���"��
��� ���������������"�����%��"����
�
��� �������������������
���������
�
����"�����
��

�
���
�������"
���	����
�%���
������������������
��"�����
����������
���


���"��"����������
���
�
������
����&)�����-�����"���2%�� @ABCDEB�BFG�DFHFI�JGKLMG�GNO�JLNLMG�PNQF�LN�RS�TFGUV��"
��������������� ��
���
�
��
���
�����"����
������
������ �&)�����-3����
�'2�������"
���	����
��"������
�����
�����������
�����
�����
���
���
������"
�������"��
������������� �������"
��W���������
����

�����
������
%�	��"�������
������
 ��
��
���
�
�����"
�����"�� ��"
����"��������"��
���
#���
���
�
� ��
�X����������;����Y�����������"
�����"
��������� ��"
��������������#���������
����

�"�������
���"�����
���
�����"
�����"
��������� ��"
����"��������
������ ��"
��������������%��"
�������"��
������������ ��"�������

�
�������

�
��
��� �����������
���������������� ���"
������

�
�����
������"
�
���
��
�%�

Z��
�
�#����
���
�����������
���� ��
�������"������������
�
��������"
������

�
��%�8���
���
�
���"���
������������������"����
�����
���������"����������
#����������������"������������������������"
�&)7���
���
�
��
���
�
����
���
������
���
���"�����
��������������������
�
������"
������

�
��%��"
����������������  
�
������"��
���
�
��
���
�����"�&)7����
������
�����-3����
�'#����"�����
�2%��"�������

�
���


�����������
��� ��
�������"����������
����������"
�
�5������� ���"
������

�
��%��"
���������
��
���
��
������
�������������"
��
���
�������"
�����"�� ��"
���������
���"
�
������������
�����
����
��
���
�%�	�������
�������
������������"
�����"�� ��"
���������
�%�� �
� �3����
�'%�!
�����
�������������
������������"��
��
������-�2�"�����������"��
���
��"���
#�-�2��
��"�����"#�-�2��
��"�"
��"�#�-�2��
��"��
��

���#�-
2����
����
������
#�- 2����������#�-�2������ ���������
�"
��"�#�-	2���	����
������"
�
�����
���#�
=�����
��"��#�
=�������
������������ �������#�-		2���	����"�
=�����
��"������������������-"2��
���
�
��
���
��-�
 �2����
���
��-���"�2����"���&)7����
������
����%�$��
��"������
�-	2�����"
���

� ������"����
��%� ��	��
�
�������#��"
��������������� ����"��"
�
�����

�
���������"
���	������
����%��"
�����
�������� ���������"���
���"
�
���
�
���	�����
� ��
�&%W&����&%W6� ���
���
�#�������&%[[� ���
���
��-����
�&2%��"
��"���
������"
���	�
���
����
�����
�\� ��
�*%6W����*%&(6� ���
���
�����*%(6� ���
���
�%�	�������������� ��
���
�
��
���
������"��������
��
���"
��
����������	�����
������"
�����"��"��
��"
���
�� ��
���
�
��
���
����
���"
���

�����"
�����"�-����

�� ��
�����
��������� ����
��	�����		����3����
�'2%�	������"
�
 ��
���]
����"����"
�
�����

�
�����������  
�
����� ��
������������
�
=�������
����������������
����� ����
�����
���	����
�%��"
�����
��������
�����
�
�������
�� �������������������� �
���


���"��"����������
���
�
������
����6)���������
��� ��������"
�
����
���� ����
���
�
������&)�����-3����
�*2%�	������"
�
 ��
�
��
��
���"����"
��������������������"
���	����
������
���������
�����
���
���������"
���������
�%��3����
�*����������"����"
�
��������������
�����������
�������
=�����
��%��"��� 
����
������
������
 �
�����
������������"��
����������������"
��"��
�����

�
��� ��"
��
�
����̂
��
���


�



�����������	
�����������������������������������������������������������������������������������������������������


��������������������������������������������������� ! "�#$�

%�����&�����'����������������&(������������(���������)���%��������&����������������������������������*����&�������%������������������������������+������� !!",��� �
�-�)����"��.���/�������%����������%������'����(������&��)����+�,���������������%���0�����!1(��������������&��+',���2�����������%���0�����!1(��������������&��+�,���������������%���0����3!1(��������������&��+&,���2�1����������%���0����3!1(��������������&�'���&�%������+�,������4��%������'���&����5���������������6�)&���%�7�8�9����	
��+ !�:,����)��/�������%����������%������'����(�+�,������4��%������'���&����5���������������6�)&�1��%�7�8�9����	
��+ !�:,���;����0��)������;���������%��������������������+',��4��0������������������%���0�����!1(��������������&��+�,��4��0������2�����������%���0�����!1(��������������&��+&,��4��0������������������%���0����3!1(��������������&��+�,��4��0������2�����������%���0����3!1(��������������&��+�,��4����&�2�'���&������������������;����0��)����� ��<�����������������������0��)����������������������������������������&(��������'�����3�=�����������������&����������>����9&���������0�%������'����(�0���������������'������)����&���0�������%1����+-�)����",��?��(�������)�����������������������������������������&(��������������%������'������������%���%��������������������������������������)���)�(��������������������%������'���0������1���������������%����2��������������������������3!�(��������0�����������������������������������������!�(����?����������������������������)�������%���%����������&���)����0���������������%������1'����(������������������������&(�������@������������)������������1������A�&����%��(�%������'���0���������������������%�����2������������%��(���0�%������'����(�0���������������������%������������?�'������BC��D	EF��GH�IJK�L	
M�N�OE�POHH�D�E��IJK��N�OQ	��N�OE�ROFMD��ST���&�2��(��� ���'������%����'���� �4����&�2����)��U��� U�2������������4��+��4�,� 5�+�����'�%�,� ��5�� "�35���4�V�!1(���������� W� ��WW� "� 3���4�V�!1(����2����� W� ��53� "�� 3���4�V3!1(���������� W� ��53� "�� 3���4�V3!1(����2����� W� ��53� "�� 3���4�V�����'�%�� ��� ��X"� ��X"���

����)�����������%��(����)����������������0��������������������1&���&����������������������4����&�2�����)��;����0��)����&����������&�����(�����)����������)������%�����������������4����&�2�'����������&&��������������������������������+-�)����",��?������)��������)������0������)����&�%��(���)��%������'����(�&���������'(��Y�!Z�0��������������������)������0������&������%������'����(�����������'(�:Y �Z�+?�'��� ��-�)����3,���?�'��� ��[ON�DO\M�OGE�GH�IJK�]
	NN�N�OE�]G	N�	
�N�]�OGEN�OE�ROFMD��̂�	EP�ST�4������1'����(������� �4�����)�� Z���4��V�!1(������ V�!1(����2�V3!1(������ V3!1(����2� <���4��(���0 ��!Y��W !�X� Y� !�X� !�X� !�X�  �W�.�0� ��WY �X �!�:�  !� �  ��X�  ��X�  X�"�  3���U�&����� �XY��" "W��� X:��� X!��� X3� � 35��� X��3�_�)�� ��"Y"� �X��� 5�:� ���3� W�"� ���3� X� �4��(���)� "� Y3� ��5� !�X� !�!� Y� Y� Y����&���� Y�  � �  � �  � �  � �  � �  � �� �
�-�)����3��̀�����'����������4���������������������������������-�)��������&�"����abcdeccbfg�@����%����&�����������������0��&���(����������������������0�������%���%������������������������������������%������'����(�����������&���0�����'�&������������������&���&�������%�����?�������(�����������������&�������������������������2�����&�(��0�������%���%�������������%�����������������������������������������%��1����'����(���������0�����'�&����������������������������������A1��)�������%���������������������*������������2������������%����0����%�������������������&�����������=��(�����������������������������������'�������������������������&���&�������%��������'���%�&�0�������%������&����%�&����������������������������������������������������������������%�&�&�'(�������������������������&�����'������)����������)(���&�������(��������'�������������0�������������)�(��'����������%������������&���2�������%�&��������(���&����&�����������������%�������)�����(��)����������������������������&(�������<��������*�����������������%����2�����������&���������������������&�������������%�&������������������������&����&�����������������?��������������)������������������'��������������������������������������������������2�����������������������'�'����(�&�����'���������������%����+�����������	
��� !�3,������%������������������������������)�������A�&��2������%�����&�����'���������)�������(��%��������



��������	
��


���������
���
�
�������������	����������������
���������	��
�
�����������������
�����������������������������������������������������������������������������������������������������

��������� ���������!
�
���"#���
�����	���
�$�%�&&'#�()(*�+,��

��
 ����� ��
������
�
���"���"��"
�������
����
����������������������������������
�������
���
�
����������"
������������

�"���� ��"
���
����������-���

�
�./�01%#�()&23%�4��
�
���� 
����
�� ��"
������������ ���
����
��
�� ��"
��������
������

�
���������"
���	�����"����"
�����
�� ��"
��
����������	�����
���
��

���
���
������������������������"��"
�������
����
��
���
�%��"��� 
����
����������
��
��
�������  
�
�������

�
������������������"�����
��5
�����
�����������  
�
����������"
���
�� �������
���
�
������� �����

�
����
��������"���6��"
�����
�� ��"
��
����������	�����
�%�� 7897:;<=89<��
�"��
��

�������
���"������>
��
��
���


���"��"����������
���
�
������"�&)?�������@)?����
������
������������
��
���������
�
��
����� ��
������������������������
���������
�
�������� ������������"�����������
�

����� �
�������������
������
�#����"�����"
�A�������
�%��"
���
�� �������
����
�
��� �����

�
��������������"���6���"
�����
�� ��"
������������
��� ��"
�������������
���������	��
�%� �B7C98D:EFGHE9I<��"
��
�
���"�������?�������
������"
�J��������!
�
���"���������-������K!L&&(M3������"
�J����
���J����
���4�
��-JJ43�N����������
�"����
�()&*O()(&�A������!
�
���"�K�����


�-������J�K*2)3%��"
����"������
��

��������
 �������"
���P	� ��������������"
�!�Q�����!�4*?$J�Q�
��
������%�� :=IERBI;RE�7=IEF�A��������S�T�U#�	%V�W
��X���U#��%#��������

�
#��%#�()&@%������?����
����
�����������������"����������������
������������
���
�
���

������
����?���������?��������
��#�YZ.0[�\�]̂0_/01� 0̀[0a.b.[/#� &)*#� &(*O&'@%�"����cdd���%���d&)%&)&ed>%��
���
��%()&*%&(%)&&�A��������S�T�U#�	%V�W
��X���U#��%V�L�����
�U#��%#��������

�
#��%#�()&M%�	��
�����
��
����?����
�����������"���������������6����
��

��%�f̂gh[01�̂i�]̂0_/01�]̂[_.hj0/k̂[#�('#�l2@O2))%�"����cdd���%���d&)%&))ld�&&2@(?)&2?)e'2?@�A��5
"6��#��%V�K���
��#�W%#��������

�
#��%#�()(*%�J��
������
����?����
����������������
������������
��

���������?���������������
��c�
��
��
�� ��
�J������#�
���
���A�������
�%�m_/g0hk[.n�]̂0_/01�0[o�pq.1i�pZk.[Z.%����
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