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Sea level rise (SLR) is one of the most pressing challenges of climate change and has drawn noticeable research interest.

Factors induced by global climate change, such as temperature increase, have resulted in both direct and indirect

changes in sea levels at different spatial scales. Various climatic and non-climatic events contribute to sea level changes,

posing risks to coastal and low-lying areas. Nevertheless, changes in sea level are not uniformly distributed globally due

to several regional factors such as wave actions, storm surge frequencies, and tectonic land movement. The high

exposure to those factors increases the vulnerability of subjected areas to SLR impacts. The impacts of events induced by

climate change and SLR are reflected in biophysical, socioeconomic, and environmental aspects. Different indicator-

based and model-based approaches are used to assess coastal areas’ vulnerabilities, response to impacts, and

implementation of adaptation and mitigation measures. Various studies have been conducted to project future SLR

impacts and evaluate implemented protection and adaptation approaches, aiding policymakers in planning effective

adaptation and mitigation measures to reduce damage.
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1. Introduction

Climate change is one of the most pressing challenges of the century. The increase in CO  emissions and greenhouse

gases (GHGs) is causing a rise in temperature, which leads to a range of far-reaching consequences for economies,

societies, and ecosystems around the world. One of the most significant impacts of climate change is sea level rise (SLR)

. According to the Intergovernmental Panel on Climate Change (IPCC), the global mean sea level (GMSL) has been

increasing at accelerating rates for the past century, reaching a rate of 3.7 mm/year in 2018 and is estimated to reach up

to 77 cm by the end of the current century . It is also projected that GMSL could reach up to 5.4 m by 2300  depending

on the rate of GHG emissions and the approaches taken to mitigate them. SLR is primarily caused by two factors: the

thermal expansion of seawater and the melting of ice sheets and glaciers . Other climatic and non-climatic events such

as cyclone-driven events and earthquakes also contribute to changes in the regional/relative mean sea level (RMSL) .

Coastal areas are of significant economic and environmental importance, and increasing human activities are placing

additional stress on them. The impacts of sea level rise are already persistent in many coastal areas globally . Low-lying

coastal areas, such as Small Island Developing States (SIDS), are particularly vulnerable to inundation, storm surges, and

floods . Areas exposed to tidal events also experience the impacts of SLR . In some areas, saltwater intrusion into

groundwater and freshwater aquifers threatens freshwater supplies and the production of agricultural . Furthermore,

SLR can cause physical changes to coastal areas such as coastal erosion and flooding, leading to a loss of land and

infrastructure . To address the challenges caused by climate change and SLR and reduce their impacts, a

comprehensive and coordinated response is needed. This includes reducing GHG emissions to mitigate the anticipated

damage of future SLR scenarios and the associated extreme weather events , as well as investing in adaptation

measures to help vulnerable communities cope with the impacts that are already occurring , including hard or soft

engineering solutions, ecosystem-based structures, and strategy plans . The use of visualization tools that represent

the relationship between impacts and contributing factors to SLR can bridge the gap in understanding the relationship

between different components of SLR, raising awareness, and helping decision makers form proper mitigation and

adaptation measures .

2. Coastal Assessment

2.1. Coastal Impact Modelling

The inundation model or bathtub model  is a popular and simple model that is used to assess the coastal impacts of

SLR and climate-driven events at different spatial scales (i.e., global, regional, national, and local). The inundation model

is a quantitative model that uses topographic maps to indicate and predict impacted areas by calculating adjacent cells
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that are under a certain elevation value. Although this model is widely used in research, it is reliant on the accuracy of

elevation data and might provide false inundation results with a low resolution or inaccurate data with high uncertainties.

The inundation model was utilized in  to assess SLR and flooding in coastal areas and highlighted the importance of

considering vertical uncertainties inherited in the digital elevation data used. Error correction and transformation methods

can also be applied to digital elevation data to increase the reliability and confidence of the analysis results. For example,

the Aster Global Digital Elevation Map (GDEM), a public source of elevation data, has conducted a validation assessment

of their data and enhanced the resolution using different horizontal shifts, as well as elevation error estimation and

correction of Band3B error .

A variety of research has relied on modeling SLR via inundation. Light Detection and Ranging (LiDAR)  remote sensing

data have been used to build an inundation model to project different scenarios of SLR in the eastern emirates of UAE.

Every eight pixels in the LiDAR images were grouped to determine the adjacent pixels that should be inundated for each

SLR scenario . An integrated modeling system combining hydrodynamic and hydrological models was used to study

the impact of SLR and river discharge on estuarine hydrodynamics and ecosystems. The 3D model utilized various tidal

and climatic factors with different SLR scenarios. The results suggested that salinization was impacted by the river

discharge process more than SLR. However, SLR will have more of an impact on estuarine hydrodynamics, which will

eventually alter freshwater transportation into the sea . The hydrological model and watershed modeling system HEC-

GeoHMS were used to simulate watersheds from land to sea, which occur due to climatic events, such as rainfall and

post-storm floods, as well as other human activities, including the usage of aquifers. The data used in the simulation

included public elevation data, LU/LC from governmental data, and simulated rainfall data measured based on different

public repositories .

SimCLIM  is an integrated modeling system that is used to assess coastal sensitivity to climate change and variability

using biophysical and socioeconomic parameters. This commercialized tool also includes an SLR scenario generator that

is used to measure the sensitivity of coastal areas to climatic events. This tool is applicable to all spatial scales and

various computational requirements depending on the data and resolution . SimCLIM modeling was used in  to

project future changes in specific locations. The tool was set to utilize the normalized patterns of Atmosphere-Ocean

General Circulation Models (AOGCMs)  in a multi-mode by combining GMSL, regional, and local factors . Other

ocean modeling tools have been used to analyze the impact of SLR in coastal areas, such as HYCOM  ocean

modeling, which was developed for the area of the Gulf of Mexico . Another example of an integrated modeling system

that uses biophysical and socioeconomic components is the Dynamic Interactive Vulnerability Assessment (DIVA) ,

which produces quantitative results on the coastal vulnerabilities on spatial scales ranging from regional to local. This

model utilizes a number of regional factors that contribute to SLR to measure regional SLR changes. Examples of the

adaptation and impact options integrated within the DIVA model include flooding, population density, erosion, estimated

land for nourishment, wetland loss, and salinization . Biophysical and socioeconomic data from the DIVA model with

regional variables have been used to estimate the global economic loss and coastal damage under different SLR

scenarios in . This study estimated a global Gross Domestic Product (GDP) loss of 0.5% and a 2% decrease in human

well-being under high SLR scenarios. The drawback of this model was the elimination of some of the climate-induced

factors that contributed to SLR, such as storm surges effects, and only considering a limited range of adaptation

measures . Other models that were used to study the ecological and environmental impacts of SLR and climatic events

were the Ecological Landscape Spatial Simulation Models and Sea Level Affecting Marshes Model (SLAMM) .

Climate change models make use of future estimations of GHG emissions, as well as ice sheets and glacier melting to

project future SLR based on how sea levels respond to changes in those factors . Future projections can be based on

IPCC’s Representative Concentration Pathway (RCP) emission scenarios that estimate the influence of GHG emissions

on future global mean and temperature levels. Future projections under RCP2.6., RCP4.5., RCP6.0. and RCP8.5. will

increase the global mean temperature by 1, 1.8, 2.2, and 3.7 Celsius degrees, and GMSL by 0.4, 0.47, 0.48, and 0.63 m,

respectively, by the year 2100 . Figure 1 shows the projection of GMSL under different RCP scenarios according to

IPCC AR5 . IPCC’s RCP emission scenarios, local vertical land movement, and glacio-hydro-isostatic movement were

used to project future flooding scenarios in the Italian peninsula using topographic maps, elevation data, bathymetry data,

and Interferometric Synthetic Aperture Radar (InSAR) satellite images . The results obtained from this study showed

that coastal areas were highly vulnerable and subject to marine flooding by the year 2100. Tide gauge data were used in

 to extract the vertical land movement data. Different scenarios were modeled in  to study the impact of future SLR

on the low-lying land and protection structure in the coastline of the Tianjin–Hebei district in China. Three scenarios were

modeled according to values obtained from the literature (low, medium, and high) for different years (2030, 2050, and

2100), taking into consideration land subsidence and flooding that can result from extreme storm surge events

(occurrence rate of once in 50 years, 100 years, 200 years, and 500 years), which were modeled via the Regional Ocean

Modelling System (ROMS). SLR projections were used in  as a part of a systematic planning strategy to evaluate three
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different adaptation measures, which ranged from hard-engineered protection structures to planning land use (LU) and

maintenance activities in coastal areas, namely beach nourishment, under extreme scenarios (IPCC RCP8.5). The results

of this projection were showcased to help in decision making. The increasing use of probabilistic models in projecting

future SLR scenarios were surveyed in , with consideration of the uncertainties associated with the contributing factors

to regional and local sea level changes, such as mesoscale ocean processes. However, probabilistic projections also

have uncertainties due to their dependence on emission scenarios, which are also uncertain. In , it was mentioned that

SLR future LU/LC projections were used to evaluate the impacts of storm surges on coastal areas. It was also mentioned

that statistical and probabilistic Bayesian Networks were used with SLR projections to study the long-term coastal impacts

of SLR. Although the geomorphological and biological impacts of SLR and the exposure of near-shore structures to SLR

in their projection scenarios were not considered in , the influence of uncertainties associated with climatic and non-

climatic events was acknowledged, but it was emphasized that projection scenarios were built to determine the influence

of different factors and not project uncertainties, and hence did not consider them. Several regional factors were used in

SLR projection and visualization due to their huge influence on SLR. With the inclusion of regional components in

projection, these scenarios could amplify the impacts of global factors, which would be reflected in the increase in

projected SLR levels . In , the contributing regional factors alongside the Atlantic Ocean were used to provide

comprehensive projections about SLR in the Mediterranean Sea. Figure 2 illustrates a standard framework developed by

an IPCC working group  that can be applied in building SLR scenarios using a set of contributing factors as identified

by IPCC.

Figure 1. Projection of GMSL (in meters) under different RCP scenarios with associated uncertainties (shading) .

Figure 2. Methodology for developing SLR scenarios for impact, mitigation and adaptation assessments .

Some studies incorporated AI techniques into SLR projection and simulation. In , an AI-based visualization of flooding

in the province of Quebec, Canada, was used to raise awareness about climate change. Because of the lack of accurate

and high-quality flooding data, a simulated environment was created to obtain data, in addition to other real data, to be

used in training a custom Generative Adversarial Network (GAN). GAN models use a generator to create data based on

real data parameters and then use a discriminator to distinguish between the generated data and the real data . The

flooded areas were covered using a painter model to provide a realistic flooding scenario . In , an extreme SLR

scenario that occurred in the Mediterranean Sea in 350 AD was re-modeled to visualize how it would impact the current
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Heraklion port in Crete, Greece. Spatial data that contained topographic, bathymetry, and LU data were fed alongside

modeled SLR and tsunami wave scenarios into an animation suite to build a 3D visualization tool with a scientific output.

Others used historical data to calculate SLR over the years to analyze the trends causing SLR for future projects. Matlab

was used in  to pre-process and calculate SLR and Mean Sea Level (MSL) trends using linear regression models

applied on historical tide gauge data collected from tide stations’ sensors in Indonesia . Error correction was performed

in  on historical tide gauge data of Hong Kong coasts and used multiple regression models to calculate changes in sea

levels. Regression models such as Auto-Regressive Integrated Moving Average (ARIMA) and Vector Auto-Regression

(VAR) were also used to forecast changes in both GMSL and RMSL . A comparative study on the use of historical

GMSL data for forecasting using different machine and deep learning algorithms was conducted in , where the results

showed that deep learning algorithms such as Dense Neural Network (DNN) and WaveNet Convolutional Neural

Networks could provide more reliable results than linear regression.

2.2. Coastal Vulnerability Assessment

Part of studying the impacts of SLR on coastal areas is to assess the extent to which they are vulnerable to SLR. The

term “vulnerability” is used to define the susceptibility level of coastal areas when being exposed to certain climate

hazards . This term also encompasses concepts such as risk, resilience, and adaptability . Different analytical

approaches can be used to assess the degree of vulnerability by incorporating elements of different aspects, such as

physical, socioeconomic, and ecological aspects. Furthermore, vulnerability assessments are spatially scale-dependent;

therefore, the spatial scale of the study area (regional, national, or local) should be taken into consideration. Vulnerability

can be defined as “The degree to which a system, sub-system, or component is likely to experience harm due to exposure

to a hazard, either a perturbation or stress” , with it having the following three components: exposure, sensitivity, and

adaptive capacity . The exposure (e.g., population density and LU) and sensitivity (e.g., inundation depth)

components are used to measure the impact of climate hazards, while the adaptive capacity component (e.g., disaster

management and response) is used to identify the ability of socioeconomic factors (e.g., humans, infrastructure, and

habitats) to adapt to changes following climate hazards . In , indicator-based approaches have been identified as the

main coastal vulnerability assessment tools in events related to climate change. Index-based vulnerability assessment

methods are a sub-category of indicator-based methods that focus on simplifying the complex interaction among different

parameters of various aspects and representing them in a simpler and more understandable format, to help decision-

makers plan proper responses. Another sub-category of indicator-based methods is variable-based methods, which focus

on studying a set of independent variables related to coastal issues. Many researchers have relied on using index-based

approaches to assess coastal vulnerabilities. Index-based approaches include the coastal susceptibility/sensitivity index

(CSI), coastal vulnerability index (CVI), coastal risk index (CRI), and socioeconomic vulnerability index (SVI) . CVI is

the most popular index-type approach in research that is used to study and assess the coastal vulnerabilities of specific

study areas . A standardized and quantitative way of assessing CVI was developed by Gornitz . This approach uses

the geometric average (Equation (1)) of different biophysical parameters, including geomorphology, shoreline change rate

(i.e., erosion and accretion), coastal slope, regional SLR, mean significant wave height, and mean tidal range .

where x represents a parameter and n refers to the total number of parameters used in the CVI assessment.

Gornitz’s CVI assessment approach was widely utilized and adopted by others . Thieler and Hammer-Klose (defined

the standard U.S. Geological Survey (USGS) CVI assessment)  used similar physical parameters to assess both the

positive and negative coastal responses to climate-change-driven events . Coastal assessment methods are applicable

to regional, national, and local spatial scales, and can provide a detailed assessment of different segments of the

shoreline.

Index-based approaches that depend on Gornitz’s method use a variety of physical parameters to assess coastal

vulnerability with a variation of the selected variables, according to the nature of the study area. On a national level,

Norezan et al.  stated that The Department of Irrigation and Drainage in Malaysia used a CVI method in what is called

the National Coastal Vulnerability Index Study (NCVI), to assess the vulnerability of coastal areas to SLR and to help

policymakers adopt proper adaptation measures. Nevertheless, a CVI study was conducted on Tok Jembal Beach using

Thelier and Hammar-Klose ranking scheme, but with three physical variables and climatic-related components. The set of

used parameters included geomorphology, coastal slope, regional SLR, temperature, wind speed, and wave’s type. Other

CVI-based works included variables from other non-climatic parameters, such as environmental and socioeconomic 

. Mclaughlin et al.  believed in the importance of including socioeconomic factors in CVI assessment; thus, they
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developed a CVI technique (Equation (2)) that incorporated parameters related to climatic components, socioeconomic,

and physical parameters.

 

where CC represents the coastal characteristic sub-index associated with physical/biophysical parameters, CF represents

the coastal forcing sub-index associated with climatic components, and SE represents the socioeconomic sub-index.

In , Cooper’s guidelines  were used to conduct a vulnerability of ecosystem habitats, such as mangrove and

seagrass beds in some countries in Africa and the Pacific Islands. The assessment involved 19 different parameters,

which fell under three categories: exposure, sensitivity, and adaptive capacity. The study found that the regional factors,

particularly the continuous tectonic uplift movement, in the study area of Tanzania resulted in a higher resilience to climate

change and SLR compared with the other areas involved in the study. Vulnerability assessments were also used to

evaluate the economic risk and market shock via the economic vulnerability assessment (EVA) model , which was

developed by UN and Fedri using different socioeconomic attributes that fell under either exposure (size, specialization,

and location) or shocks (trade and natural shocks) . The coastal sensitivity index (CSI) was also used in a number of

research works to include ecosystem and oceanographic parameters, in addition to the physical parameters used in the

CVI assessments .

Generally, the selection of the type and number of indexes will be reflected in the assessment results, and the selected

index set can vary according to the specification of the studied areas. Ref.  listed some of the criteria that should be

considered when choosing an index-based assessment approach, such as the availability of the data associated with the

selected index and its robustness to be influenced by other indexes. Furthermore, the number of selected indexes should

be sufficient to obtain reliable assessment results . Table 1 shows different types of parameters that were used in

research.

Table 1. Comparison of coastal vulnerability assessment (CVI) techniques in the literature.

Paper Year Region Spatial
Scale Approach

1999 US Atlantic coast National
CVI (geomorphology, shoreline change rate, coastal slope, regional
SLR,
mean significant wave height, and mean tidal range)

2010 Northern Ireland Local
CVI coastal characteristics (resilience and susceptibility) + coastal
forcing
+ socioeconomic factors

2015
Lithuania in the
south-eastern Baltic
Sea

Local
CVI are combined with DS (the outcome analytical hierarchical
process
(AHP))

2016 peninsular coastline
of Spain National

CVI (geomorphology, shoreline change rate, coastal slope, regional
SLR,
mean significant wave height, and mean tidal range)

2018 Italy Local

CVI with 10 parameters: (1) geologic (geomorphology, coastal slope,
shoreline erosion/accretion, emerged beach width, and dune width),
(2)
physical process (regional SLR, mean significant wave height, and
mean
tide range), and (3) vegetation (width of vegetation behind the beach
and
Posidonia oceanica))

2018 Hawaiian Islands Local

CVI and InVEST model to calculate the exposure index (EI).
Parameters:
bathymetry, shoreline geomorphology, regional SLR, wind and wave
actions, LU/LC, and population

2019 Andhra Pradesh
(CAP) region in India local

CVI (geomorphology, shoreline change rate, coastal slope, regional
SLR,
mean significant wave height, and mean tidal range)
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Paper Year Region Spatial
Scale Approach

2019 Bangladesh National

CVI method of Mclaughlin and Cooper (2010)  that consists of three
sub-indices: (1) coastal characteristics vulnerability sub-index; (2)
coastal
forcing vulnerability sub-index, and (3) socioeconomic vulnerability
sub-index

2020 Sultanate of Oman National
CVI (coastal geomorphology coastal slope, coastal elevation, tidal
range,
and bathymetry)

2021

Malaysia’s east
coast,
Terengganu State
beaches

Local CVI of coastal vulnerabilities using Hammar–Klose and Thieler CVI
rankings

2021 South India Regional

CVI with 10 parameters: geomorphology, shoreline erosion/accretion
rate, coastal slope, regional SLR, mean significant wave height, mean
tide
range, storm wave run-up, regional elevation, LU/LC change, and
mean
wave height

2021 South Korea National

CVI of 3 main components: exposure (population density and age
group
distribution, coastal industrial facilities, and GRDP), sensitivity
(inundated depth and impacted areas), and adaptive capacity
(humans,
emergency response and disaster management, relief fund, and
public
officials)

2022 Nigeria National

CVI using physical and socioeconomic parameters (geomorphology,
coastal slope, bathymetry, wave height, mean tidal range, shoreline
change rate, regional SLR, population, cultural heritage, LU/LC, and
road network)

2023
Northern area of the
estuary of Sebou’ in
Morocco

Local

CVI with machine learning algorithms (geomorphology, elevation,
slope,
shoreline change, natural habitat, SLR, maximum wave height, and
tidal
range)

3. Mitigation and Adaptation Measures (MAM)

This section discusses mitigation and adaptation measures (MAM) that can be implemented in response to SLR induced

by climate change. Overall, these responses can be categorized into mitigation measures as a proactive response to

SLR, and adaptation measures that act as both proactive and reactive responses. These measures include man-

made/natural structures and non-structural measures that involve policies and sets of best practices to protect coastal

areas and communities. Utilizing both structural and non-structural measures will increase the effectiveness of protection

and reduce losses .

3.1. Structural Adaptation Measures

Structural mitigation measures are widely implemented across the globe. Various research works have been conducted to

study both their long- and short-term effectiveness for protecting coastal areas against SLR . Examples of structural

mitigation measures are as follows:

Seawall: a protection structure used to protect the coastal landform from the impact of SLR .

Breakwater: used to protect coastal zone areas and beach material from strong wave actions. It also enables extending

the beach area for different human/economic activities. Breakwaters are built either perpendicular or parallel to the

beach according to the beach’s nature, to provide maximum protection. The elevation of the breakwater should be

determined according to the height of the local maximum tidal wave .

Seagrass beds: eco-system-based protection measure of high ecological value that adds a means of support to other

structural mitigation measures against SLR impacts .

Dike: structures built along the coast to protect against high wave actions and flooding 
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Dunes: Piles of sand and/or other materials that are formed due to either natural causes such as wind actions or built

constructions (filled with artificial material) to reduce the impact of wave actions and coastal erosion .

Beach Nourishment: a structural measure that is implemented by filling up the impacted areas with artificial material to

protect the coastal areas from the impact of SLR. Beach nourishment is costly and may cause a negative impact on the

environment; therefore, it is usually implemented after conducting assessments studies and strategical evaluations of

the affected areas .

The impact of structural infrastructure at Damietta Promontory, Egypt, in protecting coastal areas against SLR was studied

in , using satellite images and historical data on changes in the shoreline. It was found that seawalls and detached

breakwater bodies have effectively protected the coastline against SLR. However, it was also found that anthropogenic

interventions were causing changes to shorelines that were far greater than those caused by SLR. Furthermore, the

importance of the maintenance of those structural bodies to maintain the current elevation was also highlighted.

Additionally, some recommendations about extending the length of the breaker were provided. Other existing adaptation

measures that are being used to protect against high waves and te impact of SLR in the northeastern coast of Egypt were

mentioned in , particularly the city of Alexandria. This includes the Muhammed Ali Seawall and the international coastal

road that was constructed with a high elevation (3 m) by the government. The impact of the type of material used to

construct the structural protection measures was also discussed in the literature, as it determines their efficiency in

stopping SLR. In , unmanned aerial vehicles (UAVs)  were used to study the prior and post outcomes of constructing

a dune at Cardiff State Beach, California, to protect against flooding and extreme water events. The constructed dune

consisted of different materials, including vegetation, sand, cobble, and rip-rap. Although this dune was affected by a

storm during the construction process, the post-construction imagery results obtained from UAV during an observation

period of 9 months showed that it had, overall, effectively reduced the impact of flooding. In China, a seawall was

constructed to protect the coastline of the Tianjin–Hebei District against SLR and extreme weather events that occur once

every 100 years; however, it was suggested in  that the current elevation of this seawall would not be able to survive

against such an extreme event by 2030 based on a presented study of future projections of SLR. This study simulated

different SLR scenarios including the existence and absence of extreme weather events of different intensities using the

regional ocean modeling system (ROMS) and other data related to that area. Seawalls were built in the coastal areas of

Mombasa in Kenya by the tourism sectors to protect against SLR, extreme weather event impacts, and coastal erosion, in

addition to maintaining tourism activities . The effectiveness of some of the implemented structural adaptation

measures at some of UAE’s vulnerable coastal areas to prevent erosion that resulted from SLR and wave activities were

studied in . Detached breakwaters and offshore barriers were found to be better at protecting the coastal areas against

coastal erosion compared with seawalls, as they impacted the beach and were degraded over time due to tidal wave

actions .

Sediment movements due to wave actions during storm surges in the Croatian Krk island in the Adriatic Sea led to the

formation of a beach winter profile that acted as a natural protection structure for the coastal areas against erosion. It was

found that this naturally formed protection structure acted better in protecting against coastal erosion than the existing

landslide protection wall, which was constructed with a low quality and was susceptible to collapse under the impact of

continuous intense wave actions . Existing wetlands and lakes near the coastal zone in Alexandria, Egypt were

considered as a defense line to hold seawater from propagating further into the land in case of the occurrence of an

extreme weather event . In , the impact of using different scenarios by combining adaptation measures with natural

ecosystems to protect coastal areas was studied. This study relied on using data-based approaches from the literature

and qualitative-based approaches carried out via field studies in the area of Mecklenburg, Germany, in the southeast

coast of the Baltic Sea by groups of experts. This research found that combining structural adaptation measures with

submerged vegetation would result in both positive economic and environmental impacts by adding an appealing look and

value to the coastal areas, which could attract both tourists and environmental scientists.

3.2. Non-Structural Adaptation Measures

The negative impact of climate change and SLR on islands can be more severe compared with coastal states . For

example, SIDS, will be highly impacted by environmental changes and SLR . As per IPCC, economically

disadvantaged SIDS countries are highly vulnerable to climate change and SLR impacts ; hence, the necessity of

implementing proper and effective adaptation measures arises. Conversely, financially well-off members of SIDS like the

Kingdom of Bahrain can adopt non-structural adaptation measures in the form of policies and regulations on energy-

related sectors to reduce CO  and GHG emissions . Because of challenges associated with SIDS, it was suggested in

 that those countries use eco-based adaptation (EbA) measures that “provide a combination of protect and advance

benefits based on the sustainable management, conservation, and restoration of ecosystems” . EbA provides protection
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by deflecting waves and reducing erosion, thus increasing land elevation via sediment buildup, which has proven its

effectiveness at mitigating the impact of SLR . Reinforcement learning was used in  to build a Marcov Decision

Process (MDP)-based model to help policymakers evaluate the economic cost of investing in an adaptation infrastructure

for SLR. It also provided a proactive measurement by evaluating the cost of implementing a protection infrastructure

versus the economic loss as a consequence of the impact of SLR. The model also considered different SLR scenarios

according to the NOAA model, the impact of extreme natural events associated with SLR (such as storms and

hurricanes), and residents’ and corporations’ willingness to support the government’s decision to implement the SLR

adaptation measures. In , a national survey was conducted in the USA to measure how local communities perceived

different SLR adaptation measures adopted by their local authorities. Fu’s definition of adaptation measures was used to

create four categories, as follows: (1) protection, (2) accommodation, (3) managed retreats, and (4) planning. The survey

results showed that adaptation measures at coastal localities focused more on planning, which included hazard plans,

coastal and emergency management plans, SLR vulnerability assessments, raising public awareness and education,

forming an SLR task force, and conducting vulnerability assessments. Nevertheless, planning might provide a false sense

of safety, thus the public preferred having protection measures implemented as part of adaptation measures to SLR. A

participatory approach that involved different stakeholders was used in  to evaluate the impact of implementing different

adaptation measures in Portugal’s coasts to protect them from erosion. Adaptation measures were classified into

adaption, nourishment, management, relocation, protection, and restoration. The overall benefit-to-cost ratio was in favor

of scenarios that involved protection structures and beach nourishment when considering environmental, economic, and

social impacts. Adaptation suggestions were provided in  to be used alongside the existing structural protection

measure in Po River Delta–Italy to reduce the impact of SLR, including farmers switching to crops that would yield higher

economic returns. In , the adaptation measure in Southeast Asian countries, like Malaysia, were evaluated and the

existing flaws were identified, including the unavailability of documentation, the absence of a centralized assessment and

strategies platform, the gap between assessment and application, and the emphasis on the importance of socioeconomic

components in assessments, which was reflected negatively on the produced set of policies and strategies.

Generally, hard-engineered structures are preferred as protection measures to reduce the impact of SLR, wave actions,

and extreme weather events; however, they might result in negative socioeconomic and ecological impacts. The built-in

protection structures might limit the usage of coastal areas, which are usually utilized for habitation and touristic activities.

This could be even more challenging in cities that are highly dependent on coastal activities and lack the necessary land

capacity for relocation, such as SIDS countries . Additionally, some hard structures may reduce the attractiveness of

the beach and impact fisheries activities, leading to negative economic impact . A combination of eco-based systems

and other structural protection measures can be effective at protecting against the physical impacts of SLR, while

maintaining the socioeconomic and ecological value of the coastal areas; however, the researchers found that such

scenarios might not be feasible in all regions, due to many local factors like environmental conditions , which play a role

in determining the effectiveness of implementing such measures. Some ecosystems that protect the shoreline against

changes have the ability to adapt to changes in their environment and can cope with SLR up to a certain extent .

However, their ability to continue adapting to recent SLR trends and provide the same level of protection to shorelines

against changes are questioned. Although stakeholders are aware of the importance of using protection structures for

mitigating coastal changes induced by climate change and SLR, they still prefer soft adaptation measures, such as beach

nourishment, as they are easier, simpler, and more cost-efficient to implement . Overall, the trade-off between

economic cost loss, such as the value of land and properties, and implementation costs drives the decision to implement

proper adaptation measures to reduce the risk caused by climatic-driven events . At a local scale, communities are also

playing a role in protecting their areas by taking proactive measures and supporting local authorities . Table 2
compares different mitigation and adaptation measures covered in the literature over the past 5 years.

Table 2. Comparison of different mitigation and adaptation measures (MAM) in the literature.

MAM Category Type (# Papers) Papers Examples

Structural

Hard Structures (6) Breakwaters, seawalls, dikes

Soft Structures (2) Dunes, beach nourishment

Eco-Based Structures (4) Seagrass bed, wetlands & reef conversion and
restoration

Non-Structural Policies and Regulations (6) Relocation, hazard mapping, public awareness

[4][71] [72]

[73]

[10]

[74]

[5]

[65]

[63]

[4]

[71]

[10]

[8]

[4][73]
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