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Summary 
A major challenge to the development of long-term projections of shoreline changes is 

to identify, address and model the coastal processes responsible for them. Future coastal 
processes, either longshore or cross-shore, are primarily induced by coastal drivers such as 
mean sea level, waves, storm surges and tides, will be affected by global and regional 
climate change, and hence are uncertain. This contribution aims at identifying best 
practices in the assessment of climate chance-induced shoreline change including 
uncertainty estimates. For this purpose, we (1) describe the drivers and processes shaping 
the shoreline and how climate change will affect them; (2) analyse uncertainty sources, 
their propagation and management options; (3) review existing modelling frameworks 
developed over the last decade to predict future impacts on shoreline change due to 
climate change and variability, emphasizing how climate change is considered and the way 
uncertainties are addressed; and (4) discuss whether a best approach can be identified and 
provide a set of recommendations. 
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1. Introduction  
Sandy areas are extraordinary complex and highly dynamic systems that may undergo 

changes over a wide range of temporal and spatial scales (Stive et al., 2002). These changes 
entail from small-scale fluctuations due to the formation of beach cusps; to large-scale 
changes produced by episodic extreme weather events, storm grouping, seasonal weather 
patterns and long-term natural- and human-induced forcing (Miller and Dean, 2004). The 
effects of nearshore winds, water levels, breaking waves and turbulence within the surf 
zone add therefore a level of complexity greater than in hydrodynamics (Dean and 
Dalrymple, 2001), and, unfortunately, our capacity to understand and model this variability 
remains still limited (Stive et al., 2002).  

Furthermore, the increasing need for risk-based informed decisions and climate-change 
adaptation planning requires long-term (i.e., multidecadal to centennial timescales) 
shoreline change projections to be more reliable than ever before. For example, they can 
be used to define setback lines and plan relocation of coastal assets, or to anticipate costs 
associated to adaptation options such as sand nourishment. However, modelling shoreline 
changes at these timescales is not easy for at least three reasons. First, long-term shoreline 
migration involves short-and long-term processes interaction and coupling beyond a few 
decades. Although this has been recognised in literature (Ranasinghe, 2016; Toimil et al., 
2017), there is still no consensus on how best to model these complex interplays. Second, 
climate change-induced variations in these short- and long-term forcings are likely to have 
significant effects on shoreline change. While assuming a rise in mean sea level and no 
changes storminess is common practice (e.g., Ranasinghe et al., 2012), little efforts have 
been undertaken to include future waves, storm surge and river flow projections, although 
they are known important evolution factors at decadal timescales (e.g., Barnard et al., 
2015; Castelle et al., 2018). Finally, the uncertainty in long-term shoreline change estimates 
is high. 

Within this context, the present report seeks to provide an insight into the existing 
modelling frameworks conceived to assess long-term shoreline change driven by climate 
change and variability, emphasizing how climate change effects are incorporated and the 
way uncertainties are addressed.  A secondary target of this research is to determine if we 
can identify a best approach to estimate climate change impacts on shoreline changes. The 
scope of this review is limited to mainland sandy beaches in temperate environments (i.e., 
excluding polar and tropical coasts, affected by seasonal ice and coral-related processes), 
considering both uninterrupted and inlet-interrupted coasts which are unaffected by 
human interventions. Inlet-related effects are limited to the impacts these systems can 
have on the adjacent beaches, disregarding any other morphodynamic interaction among 
the elements involved. Our focus is on holistic modelling strategies attempting to represent 
physical processes explicitly, therefore excluding multicriteria approaches addressing the 
need to identify the most vulnerable locations in the context of sea level rise (Gornitz, 
1991). We consider the most relevant studies developed over the last decade that 
implement appropriate complexity modelling frameworks, using simplified surrogate 
models to quantify the contribution of each coastal process to the sedimentary budget 
(French et al., 2015).   
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The remaining of the report is structured as follows. Section 2 examine the main drivers 
and processes responsible for shoreline change. Section 3 describes uncertainty as well as 
its origin, propagation, accumulation and management options. Section 4 reviews existing 
frameworks to assess climate-change effects on shoreline changes. Finally, Section 5 
discusses whether a best approach is likely to be identified and provides a set of 
recommendations. 

 

  



 

6 
 

2. Climate change-driven shoreline changes 

2.1 A framework for the assessment of climate change-driven 
shoreline changes 

To respond to climate change efficiently, we need to anticipate its impacts. Since some 
of these impacts are expected to have occurred in the past, detection and attribution offer 
a form of validating and refining our projections about future changes (Cramer et al., 2014), 
allowing to reduce uncertainty (Karl and Trenberth, 2003). Although such sort of 
extrapolation faces many limitations due to the complex and non-linear behaviour of the 
systems and because the absence of past impacts cannot constitute evidence against the 
possibility of future impacts, it can provide a valuable contribution to risk assessments 
(Stone et al., 2013). However, even whether it is possible to detect the impact of climate 
change on a system, more detailed understanding is required to assess attribution, which 
indicates the magnitude of this impact in relation to the influences of additional factors and 
natural variability. This is particularly challenging for coastal erosion due to the lack of high-
resolution, continuous and long-term observations (i.e. more than 50-year records) of 
shoreline change, and because isolating the erosion induced by climate change involves a 
precise evaluation of the effects of all other external factors (e.g., natural variability and 
human-related activities) (Le Cozannet et al., 2014). The latter has in turn a double 
constraint – climate change in conjunction with other drivers can be non-linear and non-
local in both space and time, implying lagged responses and trans-regional effects hard to 
be understood, disentangled and quantified; and the ability of many beaches to self-adapt 
to climate change further aggravates the problem (Nicholls et al., 2016; Stone et al., 2013; 
Cramer et al., 2014). Given these limitations, it may well take several years for attribution 
to make significant advance. Consequently, the prospective modelling frameworks 
available today still lack a proper validation.  

For immediate needs, however, prospective modelling still remains needed to guide 
decision. Hence, a reference modelling framework displaying all the components required 
to assess shoreline changes may provide useful guidance on the use of data concerning 
climate change-driven shoreline changes and the strategic development and application of 
numerical schemes most appropriate for their modelling. Fig. 1 shows a conceptual scheme 
containing key components that may be involved in the assessment of shoreline changes 
induced by climate change. The first challenge when it comes to develop future projections 
of coastal erosion – namely future shoreline evolution, storm erosion or their combined 
effect in the short-, mid- or long-term (box 4 in Fig. 1) – is to identify, address and model 
the coastal processes responsible for them (box 2 in Fig. 1). These coastal processes are 
triggered by coastal drivers (e.g., mean sea level, waves, storm surges, tides, river flow) 
which may well be affected, whether directly or indirectly, by global and regional climate 
change (box 1 in Fig. 1). Modelling coastal processes is of great complexity, and depending 
on the characteristics of the coast, the data available and the models used, certain physical 
processes (e.g., shoreline recovery, storm grouping, geomorphic/human constraints, inlet-
induced effects) may be considered (box 3 in Fig. 1). Uncertainty arises from different 
sources and is introduced at each step, propagating through the whole process. There are 
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many approaches to address uncertainty (box 5 Fig. 1), and their robustness differs, but 
depending on the impact of each source of uncertainty on the final model outcome, the 
most complex approach may not be necessary. 

 
FIGURE 1 COMPONENTS OF A CLIMATE CHANGE-DRIVEN SHORELINE CHANGE FRAMEWORK.  

 
Coastal processes responsible for shoreline change (box 2 in Fig. 1) and climate change-

driven coastal drivers and their effects on shoreline changes (box 1 in Fig. 1) are discussed 
below. 

2.2 Coastal processes responsible for shoreline change 

Both planform and beach profile shapes are mainly due but not limited to the combined 
action of mean sea level, storm surges, tides and wave conditions in the profile active zone 
(Dean and Dalrymple, 2001; Ranasinghe, 2016). In overall terms, waves set in motion the 
sediment and give rise to nearshore currents that carry that sediment, known as littoral 
transport, alongshore and/or cross-shore. Longshore sediment transport mostly results 
from longshore currents driven by waves breaking obliquely to the shoreline, but also from 
other longshore currents such as tidal currents in constrained areas (e.g., along the English 
Channel). These currents can carry sediment offshore if they turn seaward and become rip 
currents. Cross-shore sediment transport is primarily caused by wave- or wind-induced 
mean cross-shore flows and undertow and is largely responsible for the existence of 
sandbars and other beach profile changes (Dean and Dalrymple, 2001), which are more 
prevalent during coastal storms. Extreme weather events are often accompanied by a 
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temporary increase in local mean sea level due to storm surges so that waves are able to 
reach higher elevations of the foreshore (Zang et al., 2004). In regions with high tidal range, 
storm surges may represent a great threat when they coincide with high spring tides (Toimil 
et al., 2017).   

The processes shaping shorelines occur across many different time scales. While 
beaches change constantly under the action of individual waves that set in motion 
sediment and move it about, it is the erosion on the scale of hours and days that is 
responsible for the (cumulative) damage of extreme events (i.e., storm scale) (Dean and 
Dalrymple, 2001). The continued erosion or accretion due to the combined effect of storm 
surges, tides and waves over months and years allowing or not beaches to recover 
determines the mid-term shoreline erosion or accretion (i.e., seasonal to multiannual scale) 
(Miller and Dean, 2004; Dodet et al., 2018). Finally, long-term processes such as relative 
sea-level change, aeolian transport, soil erodibility, chronic fluvial sediment supply and 
gradients in longshore transport are often responsible for long-term shoreline changes (i.e., 
decadal to centennial scale) (Vitousek et al., 2017).  

Therefore, spatial and temporal scales are somewhat related: nearshore cross-shore 
drivers (e.g., waves, storm surges, tides) mainly producing changes in beach profile and 
tending to operate on short- and mid-time scales; and long-term processes largely 
responsible for long-term changes and generally occurring with longer time scales (Miller 
and Dean, 2004). An exception to such generalization is the shoreline change driven by 
long-term sea-level change, which results in a readjustment of the beach profile to the new 
water levels and is a cross-shore response (Miller and Dean, 2004; Toimil et al., 2017). Other 
exceptions include the work developed by Harley et al. (2011), who show how the 
Narrabeen (Australia) pocket beach rotation is driven by longshore variations of cross-
shore sediment transport.   

2.3 Climate change-driven coastal drivers and their effects on 
shoreline changes 

Climate change-driven variations in mean sea level, waves, storm surges, tides, rainfall 
and river flows are expected to influence coastal processes, and hence shoreline changes, 
in many significant ways (Stive et al., 2002; Ranasinghe, 2016). One of the most certain 
impacts of climate change is global sea-level rise (SLR). However, when assessing SLR 
impacts, it is fundamental to consider local SLR rather than global. Local or relative SLR 
comprises both global and regional ocean changes, and local uplift or subsidence 
components induced by both natural and anthropogenic processes. Relative SLR may cause 
the long-term chronic recession of many coasts around the world, either directly (i.e., 
landward and upward displacement of the coast) or indirectly (e.g., inducing sand volume 
being borrowed from inlet systems) (Ranasinghe et al., 2013; Toimil et al., 2017). Under the 
debatable assumption that the nearshore bathymetry will not change, it will also have 
effects on nearshore hydrodynamics, resulting in more instances of extreme level 
thresholds being reached at the shorefront, and the likely amplification of waves, storm 
surges and tides due to changing non-linear interactions (Arns et al., 2017; Idier et al., 
2017). Even moderate relative SLR can lead to a significant increase in the number of 
episodic extreme weather-related recession events (Wahl et al., 2018). In addition, climate 
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change is expected to alter average wave conditions (Hemer et al., 2013; Camus et al., 
2017) leading to increases or decreases in longshore drift (Idier et al., 2013), and changes 
in the magnitude and frequency of oscillation/rotation cycles in embayed beaches 
(Ranasinghe, 2016). This along with projected changes in storm surges (Vousdoukas et al., 
2016) may be able to modify short- and mid-term erosion and accretion patterns. 
Furthermore, climate change may cause important variations in river flows (Nakaegawa et 
al., 2013). This is particularly relevant for inlet-interrupted coasts, where increases or 
decreases in river discharge may produce decreases or increases of shoreline recession, 
respectively (Ranasinghe et al., 2013). Also relevant for coasts adjacent to inlets are climate 
change-driven variations in rainfall/runoff and land use (affecting soil erodibility). These 
will result in increases or decreases in fluvial sediment supply and hence, in decreases or 
increases, respectively, in shoreline retreat (Ranasinghe et al., 2013).  
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3. Uncertainty cascading and management  
Projections of driven coastal hazards for the 21st century in response to different socio-

economic and demographic pathways are necessary to assess climate change shoreline 
changes. A sequence of steps is usually undertaken to produce a climate change projection 
at global and regional scales (top-down or scenario-led approaches, Wilby and Dessai, 
2010). The first step consists in the generation into scenarios of atmospheric greenhouse 
gas (GHG) emissions based on hypothetical socio-economic and demographic pathways. 
Biogeochemical models are used to translate emission scenarios into GHG and aerosol 
concentration scenarios, which are the fundamental input to coupled Atmosphere-Ocean 
Global Climate Models (AOGCMs) to produce global climate projections. These global 
projections can be downscaled to the regional/local scale with the use of dynamical 
downscaling (Regional Climate Models, RCMs) or statistical downscaling methods. For 
example, climate variable relevant for temperate sandy shoreline change assessments that 
have been downscaled so far include sea level projections (Slangen et al., 2014; Kopp et al., 
2014), waves (Hemer et al., 2013), surges (Vousdoukas et al., 2016) and river runoffs 
(Dayon et al., 2018). Bias correction is required before forcing impact models. Uncertainty 
associated to each step of a top-down climate change impact analysis is introduced (see 
Fig. 1), expanding the range of uncertainty through the whole process (cascade process). 
Two sources of uncertainty can be identified: Knowledge Uncertainty due to our poor 
knowledge of the climate change problem, and Intrinsic Uncertainty inherent to the 
problem (Giorgi, 2010). Emission scenarios and internal variability of climate system can be 
considered as Intrinsic Uncertainty and a full range of possible outcomes, particular low-
probability-high impact outcomes, should be provided. The IPCC in the last AR5 provides 
likely range and median values for SLR conditional to four Representative Concentration 
Pathways (RCP2.6, RCP4.5, RCP6.0 and RCP8.5) corresponding to different trajectories of 
GHG emissions. RCPs include implied policy actions to achieve mitigation and were selected 
to have different targets in terms of radiative forcing at 2100. Internal climate variability 
uncertainty is characterized by performing ensembles of transient simulations starting at 
different times in the control period. Concentration scenario uncertainty due to an 
approximate representation of relevant processes in biogeochemical models, AOGCM 
configuration uncertainty due to a different representation of dynamical and physical 
processes, bias uncertainty related to systematic model errors, downscaling approach to 
produce climate information at a scale resolution demanded by impact models and 
shoreline evolution modelling approaches (Le Cozannet et al., 2019), categorized as the 
“bad” (knowledge) uncertainty should be reduced as much as possible advancing in science 
research. Paradoxically, increased knowledge might lead to an increase in uncertainty 
(Giorgi, 2010). 

Probabilistic frameworks (rather than deterministic, single value) are necessary to 
consider the different uncertainty sources. However, an unmanageable number of 
simulations is required to sample the full uncertainty space to cover multiple scenarios, 
model configurations, internal variability, bias and downscaling methods. Generally, 
studies have limited the exploration of the uncertainty space to individual dimension (e.g., 
the quantification of model configuration using a reduced number of GCMs or RCMs for a 
particular scenario). As mention previously, climate-driven coastal drivers such as waves, 
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storm surges, tides, currents, fluvial discharges, and sea level anomalies cause episodic 
beach and dune erosion on timescales of hours to days during storm events while relative 
sea level changes will result in chronic coastline recession on long-term time scale 
(Ranasinghe, 2016).  Shoreline changes result from the combination of multiple drivers 
and/or hazards in the weather and climate domain spanned over multiple temporal scales 
(compound weather and climate events, Zscheischler et al., 2018). Top-down approaches 
are difficult to be implemented to asses climate change impacts associated with multiple 
interacting drivers. For this reason, the effect of climate change has been analysed for each 
driver or hazard independently. For example, in the case of shoreline retreat considering 
only SLR (Le Cozannet et al., 2015; Toimil et al., 2017) as the main climate change driver, or 
the assessment of future sediment transport due to waves changes derived from five RCMs 
under A1B scenario (Casas-Prat el al., 2016).  

The importance of these sources of uncertainty depends on different factors such as the 
time horizon of the projection, the variable under consideration and the scale of interest 
(Giorgi, 2010). In general, scenario and model configuration uncertainty dominate for long 
term climate change (Clark et al., 2016), especially at global scale. The internal variability 
becomes of primary importance for short- and near-term 21st century projections and 
higher order climate statistics. For instance, the uncertainty associated to downscaling 
methods dominates over climate scenario and model uncertainties in global wave climate 
projections (Morim et al., 2018; Hemer et al., 2013). 

SLR can amplify the episodic erosion from storms and drive chronic erosion on sandy 
shorelines (Ranasinghe, 2016). AR5 IPCC sea-level rise projections are obtained by summing 
different contributions as thermal expansion of ocean water, the melting of glaciers, ice 
caps and ice-sheets and changes in land water storage. Sampling the uncertainty of these 
contributions, SLR for the RCPs will “likely” (medium confidence which corresponds to a 
67% probability) be in the 5 to 95% ranges derived from the Coupled Model 
Intercomparison Project Phase 5 (CMIP5) climate projections in combination with process-
based models of glacier and ice sheet sur-face mass balance, with possible ice sheet 
dynamical changes assessed from the published literature.  

However, AR5 only projects SLR likely ranges excluding higher magnitudes of ice loss 
which are only implied if less likely outcomes are included. Future impacts on coastal 
shoreline would be underestimated if only SLR projections that characterize just likely sea-
level changes. Upper limits for global SLR by 2100 have been published (Horton et al., 2014; 
Jevrejeva et al., 2014) which combines modelling outcomes with expert knowledge, mainly 
regarding future ice-sheet contributions (Bamber and Aspinall, 2013). Recent studies 
highlight larger inherent uncertainties associated with the potential rapid disintegration of 
the Antarctic Ice Sheet (DeConto and Pollard, 2016). These results have been incorporated 
in updated probabilistic SLR projections (Le Bars et al., 2017; Kopp et al., 2017) and can be 
integrated with other results within a single framework using extra-probabilistic theories 
of uncertainty (Le Cozannet et al., 2017a).  

Local SLR is critical for impact assessment. The spatial variability of local SLR arises from 
regional ocean steric and ocean dynamics effects and non-climatic effects such as glacio-
isostatic adjustment, tectonics and sediment compaction (Wöppelmann and Marcos, 
2016). Probabilistic local SLR projections are obtained combining a joint probability 
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distribution for global mean thermal expansion and regional ocean dynamics derived from 
a CMIP5 ensemble, with glacier mass-balance changes, anthropogenic changes in land-
water storage, ice sheet contributions (expert elicitation in Bamber and Aspinall, 2013, or 
physical model results including ice-shelf hydrofracturing and ice-cliff collapse in DeConto 
and Pollard, 2016) and regional non-climatic effects based upon a spatiotemporal statistical 
model of tide-gauge observations (Kopp et al., 2014; Kopp et al., 2017). Uncertainty 
associated with SLR contributions for each of the individual component has been sampled 
using each time-dependent probability distributions of cumulative contribution. 

The generic approaches identified in literature to address uncertainty in climate change-
driven shoreline change modelling are summarized in Fig. 1 and described in Table 1. They 
include deterministic methods that rely on a single input parameter, model 
parameterization and/or model providing highly uncertain results; ensembles that consider 
a limited number of input parameters, model parametrizations and/or models; 
probabilistic methods that use the probabilistic distribution of input parameters and/or 
model parametrizations requiring multiple model simulations; probabilistic methods plus 
high-end scenarios (e.g., H++ scenarios, Nicholls et al., 2014), which combine probabilistic 
approaches and deterministic values to compute an unlikely outcome with potentially high 
impacts; and extra-probabilistic or possibility methods that seek to assign imprecision to 
probabilistic measures, which can be achieved, for example, by integrating the probabilistic 
information given in the form of confidence intervals and expert judgement (e.g., Ben 
Abdallah et al., 2014; Le Cozannet et al., 2017a). 

 

Approaches to address 
uncertainty 

Definitions adopted in this report 

Deterministic Results are presented in a deterministic way (single value), relying on a 
single input parameter, model parametrization and/or model. For example, a 
single sea level scenario, or a single model for computing the effects of 
longshore or cross-shore transports. 

Ensemble A limited number of input parameters, model parametrizations and/or 
models are used to compute an aggregate of outcomes. 

Probabilistic The uncertainties of the outcome are presented in the form of a 
probabilistic distribution, which relies on probabilistic descriptions of input 
parameters, model parametrizations and/or model. 

Probabilistic plus high-end In addition to the previous probabilistic approach, a single deterministic 
value is used to compute an unlikely outcome with potentially high impacts 
(e.g., H++ scenarios, Nicholls et al., 2014). 

Extra-probabilistic The uncertainties in the outcome are presented in the form of several 
credible probability functions conveying aleatory uncertainties as well as 
uncertainties on the shape of the distribution itself (e.g., Ben Abdallah et al., 
2014; Le Cozannet et al., 2017a). 

TABLE 1 DIFFERENT APPROACHES TOWARD UNCERTAINTIES THAT CAN BE APPLIED AT EACH STEP OF THE ANALYSIS (SEE 

ALSO FIG. 1). 
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4. Frameworks to assess climate change-driven shoreline 
changes  

One major challenge for coastal engineering and science is to develop models for the 
reliable prediction of long-term shoreline change that includes the effects of climate 
change and uncertainty estimates. At present, there is no full satisfactory shoreline-change 
model that allows coupling hydrodynamics, sediment transport and morphology (e.g., as in 
physics-based 2D/3D models); reproducing short-, mid- and long-term shoreline changes 
accurately; and that is not prohibitively expensive, enabling a robust quantification of 
uncertainty. Our still poor understanding of littoral sediment transport, our inability to 
represent fully the hydrodynamics of the surf zone, our current (limited) computational 
resources and the large uncertainties in projected shoreline-change drivers are good 
reasons to think that such “ideal” model may well be several years in the making. However, 
significant progress has been made over the last decade to develop, based on our present 
state of knowledge and resources, a wide range of possible frameworks for the assessment 
of long-term shoreline change within the context of climate change (Ranasinghe et al., 
2012; Toimil et al., 2018; Vitousek et al., 2017). Modelling strategies composed of different 
process-based (or empirical) models responding each of them to cross-shore or long-shore 
processes, and to other sinks or sources that contribute to sediment budget hold much 
promise in this regard. Some of them have proven reliable on reproducing shoreline 
changes over a broad spectrum of relevant time scales to a fair degree of accuracy, while 
allowing addressing uncertainty. 

In what follows, we provide a review of existing frameworks specifically focused on the 
assessment of climate change-driven shoreline changes, for both uninterrupted and inlet-
interrupted coasts, identifying the elements displayed in Fig. 1. The criterion for 
classification is to include the works in the category (or categories) we consider they may 
be relevant for the community. 

4.1 Uninterrupted coasts 

For review purposes, we consider distinguishing between small pocket beaches, where 
longshore transport gradients are often neglected within the sediment budget; long 
embayed beaches, which are subjected to oscillations and rotations caused by climate 
variability, although with small change to mean orientation in the long term (Ranasinghe, 
2016); and open beaches, where both short-term transport and longshore drift play a 
fundamental role in shoreline change.  

4.1.1 Small pocket beaches  

Over the last five decades, the method most widely used to estimate coastal recession 
due to SLR has been the Bruun Rule (Bruun, 1962). The Bruun Rule predicts a landward and 
upward displacement of the cross-shore profile in response to a rise in mean seal level. 
However, determining whether this approach performs within acceptable limits today is 
very complex, as SLR is still a minor contributor to shoreline change on many of the world’s 
coasts. This has led numerous authors to argue against its efficacy, for instance, 
demonstrating its conservationism, recommending it be abandoned (Cooper and Pilkey, 
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2004; Ranasinghe and Stive, 2009), or even offering alternatives (Ranasinghe et al., 2012; 
Toimil et al., 2017). These alternatives often include more generalized versions that 
incorporate additional physical processes, which might be relevant for shoreline change 
over different time scales. For instance, Rosati et al. (2013) presented a modified form of 
the Bruun Rule that deems the full range of parsing cross-shore transport from seaward to 
landward, based on the prevailing storm and surge conditions (i.e., overwash and aeolian 
processes) and whether there is a deficit or surplus of sand in the profile with respect to 
the equilibrium beach profile. The authors illustrated the framework deterministically 
considering a rise in mean sea level of 0.5 m as the only climate-related driver. 

However, as mentioned earlier, any future shoreline change will result from the 
combination of long-term SLR, and short-term waves and local water levels. Two different 
approaches have been identified in this regard in literature: The Probabilistic Coastline 
Recession (PCR) model first developed by Ranasinghe et al., (2012) for Narrabeen Beach 
(Sydney, Australia), and further applied to the same beach on different studies (Wainwright 
et al., 2015; Jongejan et al., 2016), as well as to other beaches (e.g., in the sandy coast of 
Aquitaine in southwestern France,  Le Cozannet et al., 2019); and the methodology 
proposed by Toimil et al. (2017) to manage coastal erosion at the regional scale. The PCR 
model provides probabilistic estimates of net long-term coastal dune recession as a proxy 
for shoreline recession due to the combined effect of storm erosion and global SLR 
projections (Meehl et al., 2007). To that end, and assuming no changes in storminess over 
this century, 110-year time series of storms are generated using joint probability 
distributions of design storm characteristics within a Monte Carlo simulation (Callaghan et 
al., 2008), in which storm grouping is considered to be represented appropriately. For each 
storm, SLR is also occurring, and dune recession is estimated using the process-based dune 
impact model proposed by Larson et al. (2004), allowing for beach recovery between 
storms which is obtained empirically. According to the authors, the bootstrapping method 
employed in the model minimizes the uncertainty associated with predicted probabilistic 
estimates. Toimil et al. (2017) developed a methodology to predict shoreline changes acted 
upon waves, storm surges, astronomical tides, and SLR probabilistically. Based on the small 
changes provided by the statistical projections of waves and storm surges developed by 
the authors within this framework using 40 GCMs, the approach considers the use of 
historical data and a vector autoregressive VAR model (Solari and van Gelder, 2012) to 
generate thousands of 90-year multi-variate hourly time series of these dynamics. The time 
series are combined with the astronomical tide reconstructed over this century and 
regional SLR curves (RCP8.5 mean value and standard deviation, from Slangen et al., 2014) 
into a shoreline evolution model. This model is composed by two modules: cross-shore 
transport due to wave setup, storm surges and astronomical tides following the equilibrium 
model of Miller and Dean (Miller and Dean, 2004); and cross-short transport due to SLR 
following an equilibrium beach profile change model (Bruun, 1962). Data and model enable 
to obtain probabilistic estimates of extreme recessions and long-term shoreline changes, 
as well as to quantify uncertainty. The use of high-resolution time series of coastal drivers 
has the advantage of accounting for storm occurrence and grouping and beach recovery 
without the need of introducing additional variables into the stochastic simulation. Both 
Ranasinghe et al. (2012) and Toimil et al. (2017) probabilistic approaches are a step forward 
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to comply with the new risk-based informed coastal planning frameworks that require 
robust uncertainty estimates. 

4.1.2 Long embayed beaches 

Climate change-driven changes in net longshore sediment transport caused by changes 
in average wave climate may lead to changes in the mean orientation of embayed beaches, 
resulting in their permanent re-alignment (Ranasinghe, 2016). Zacharioudaki and Reeve 
(2011) looked into what the evolution of the coast around Poole Bay (UK) could be under a 
range of variations in future wave characteristics. Changes in mean sea level, tidal range 
and the swell component of wave conditions, although very relevant to shoreline change, 
have been excluded from this study. In that work, the one-line model described in 
Zacharioudaki and Reeve (2010) is used to obtain monthly and seasonal statistics of 
shoreline change for the time-slice 2071-2100 with respect to 1961-1990. In order to 
simulate time series of monthly or seasonal shoreline positions, the model is performed for 
individual 30-year time series of projected waves using two combinations of RCMs and 
GCMs with different resolutions, and with the shoreline set back to its initial shape after 
each shoreline shape outputs are derived. The way authors address uncertainty is using 
nine climate-change scenarios.  

Simpler assessments of shoreline recessions in long embayed beaches include the works 
developed by Snoussi et al (2009) and Alexandrakis et al. (2015). The first used the Bruun 
Rule to determine the upward and landward displacement of the Tangier coast (Morocco) 
associated to three SLR scenarios (global estimates based on Warrick et al., 1996) by 2050 
and 2100. The second obtained shoreline retreats in the beach in front of Rethymnon city 
(Crete Island) for time periods of 10, 20 and 30 years and for three SLR values (IPCC, 2007) 
by applying the Dean (1991) formula. 

4.1.3 Open beaches 

The assessment of climate change-induced shoreline changes in open coasts is of greater 
complexity than in small pocket beaches, since both cross-shore and longshore transport 
need to be considered. Existing works that tackle this issue entail the analysis of future 
wave-driven coastal sediment transport developed by Casas-Prat et al. (2016), the 
assessment of the SLR-induced shoreline response carried out by Dean and Houston (2016), 
and the approach proposed by Vitousek et al. (2017) for predicting shoreline evolution due 
to longshore and cross-shore transport driven by projected waves and SLR. In addition, we 
include the frameworks presented by Le Cozannet et al. (2016, 2018) to address 
uncertainty in future shoreline change. 

Casas-Prat et al. (2016) evaluated the impact on the longshore and cross-shore sediment 
transport along the Catalan coast (Spain) resulting from climate projections obtained from 
five combinations of RCMs and GCMs. Special emphasis is given to how inter-model 
variability translates from wave projections to wave-driven coastal impacts, in this case, 
through waves. The CERC formula and the SBEACH profile evolution model developed by 
Larson and Kraus (1989) are used to compute longshore and cross-shore sand transport 
rates, respectively. The use of non-computationally expensive modelling tools enables the 
assessment of the suitability of each RCM– GCM combination considered to forecast 
changes in coastal dynamics. The approach provides projected absolute change in median 
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longshore transport and storm-basis time series of eroded volumes caused by the impact 
of a wave storm for the time slices 2071-2100 with respect to 1971-2000. The uncertainty 
added by the RCMs to the coastal sediment transport response is quantified by the authors 
through the analysis of the discrepancies in patterns of change of forcing wave parameters. 

Dean and Houston (2016), similar to Stive et al. (1991) and then to Stive (2004), 
proposed a sediment budget with the terms representing all phenomena affecting 
shoreline change. These phenomena include the Bruun-Rule recession, onshore transport, 
sand sources (e.g., beach nourishment), sinks that take sand from the littoral system (e.g., 
ebb shoal growth, dredged material disposed outside the littoral zone), and longshore 
transport gradients. The application used the RCP SLR scenarios (Church et al., 2013) 
enhanced with land subsidence rates as the climate-related driver, and provide projected 
shoreline change rates from 2015 to 2100 assuming beach nourishment at the rate from 
1972 to 2007. The authors address uncertainty using an ensemble of SLR scenarios and 
considering the mean values and standard deviations in both relative SLR scenarios and 
sediment transport rates. 

Le Cozannet et al. (2016) developed a study to quantify uncertainty in the evolution of 
sandy shorelines under the Bruun Rule assumption. They use the sedimentary budget 
proposed by Stive (2004) and probabilistic SLR scenarios based on IPCC (Church et al., 2013) 
to provide future shoreline changes that account for all uncertain hydro-sedimentary 
processes in low- and high-energy coasts. The application considers the case of idealized 
wave-exposed sandy beaches with infinite sand availability and defines realistic probability 
functions for each parameter involved in the sand budget: Bruun-Rule recession, storm 
wave-induced retreat, aeolian transport, other cross-shore effects (e.g., wave-nonlinearity-
driven onshore sand transport), and longshore sedimentary processes in the 
absence/presence of groins. Le Cozannet et al. (2016) constructed the probability functions 
constructed using ranges of typical values provided by Stive (2004) and based on 
observations in the Netherlands and Australia. Finally, the authors propagate the 
uncertainties through the model equation to obtain the shoreline change projections and 
quantify their relative importance by performing a sensitivity analysis. 

Vitousek et al. (2017) proposed a modular approach that integrates longshore and cross-
shore transport induced by GCM-projected waves and SLR (Church et al., 2013), which 
allows it to be applied to both long and small pocket sandy beaches (in the latter case, 
disabling longshore component). The model is composed by longshore transport due to 
waves following the one-line approach (Larson et al., 1997); cross-shore transport due to 
waves using an equilibrium shoreline change model (Yates et al., 2009; Long and Plant, 
2012); and cross-shore transport due to SLR employing an equilibrium beach profile change 
model (Bruun, 1962). The application of the model to the forecast period (2010-2100) 
allows to obtain one instance of how shoreline evolution could be over 90 years driven by 
a single projected time series of wave conditions (one GCM-RCM) and an ensemble of 
seven SLR scenarios. The way the authors address uncertainty is by considering many SLR 
scenarios and with data assimilation based on seasonal wave activity. More recently, 
O’Neill et al. (2018) used this modelling framework to obtain projected 21st century coastal 
flooding in the Southern California Bight considering morphodynamic changes. 
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More recently, Le Cozannet et al. (2019) presented a research work focused on 
estimating the uncertainty of coastal impact models by considering the difference in 
shoreline change projections derived by applying the Bruun Rule and the PCR model 
(described in section 4.1.1) to the Aquitaine coast (France). The application consists of 
setting up a sediment budget in the absence of human interventions, inlets or other major 
sediment sources or sinks in which the future shoreline changes resulting from the 
application of the two coastal impact models combine with longshore gradients in 
sediment transport derived empirically (based on past records). The authors address 
uncertainties though using probabilistic regional sea-level rise projections (Kopp et al., 
2014), incorporating the geodetic uncertainty associated to vertical ground motions and 
considering observed variability of longshore sediment trends and shoreface beach slopes. 

4.2 Inlet-interrupted coasts  

Shorelines in the in the vicinity of inlets (e.g., tide-dominated estuaries, wave-
dominated estuaries, barrier-island inlets, lagoons) are influenced not only by the climate 
change-driven drivers affecting uninterrupted coasts but also by the effects that inlets can 
have in their long-term evolution. This review only considers research works focused on 
assessing inlet-induced climate change impacts on adjacent beaches (mainland).  

Ranasinghe et al. (2013) and Toimil et al. (2017) have focused on studying the climate 
change-driven effects that wave- and tide-dominated estuaries can have in adjacent coasts, 
respectively. Both research works have demonstrated that the no consideration of 
sediment demands and/or supplies in the sediment budget others than the Bruun effect 
(Bruun, 1962) may lead to misleading shoreline change estimates. Ranasinghe et al. (2013) 
addressed this issue by developing a scale-aggregated model for wave-dominated, micro-
tidal environments, which have little or no intertidal flats, backwater marshes or ebb tidal 
deltas. In this work, the four physical processes considered to contribute to shoreline 
change are the SLR-driven Bruun effect (Bruun, 1962), basin infilling due to the SLR-induced 
increase in basin accommodation space, basing volume change due to climate change-
driven increases or decreases in river flow, and increases or decreases in fluvial sediment 
supply. The model is applied deterministically to assess the shoreline change by 2100, and 
no uncertainty estimates are provided. The authors use global projections of SLR, rainfall 
and river flow (Alley et al., 2007). More recently, Toimil et al. (2017) proposed a scale-
aggregated model for tide-dominated, macro-tidal environments in response to climate 
change-modified forcing. Based on the nature of the inlet concerned, the physical 
processes deemed as shoreline-change contributors are SLR-driven landward displacement 
of the coastline (Bruun, 1962), basin infilling due to the SLR-induced increase in basin 
accommodation space, and SLR-driven ebb tidal delta volume change. In this case, fluvial 
sediment supply was considered negligible as the estuaries included in the assessment 
were regulated by dams or permanently dredged. The authors couple the SLR-induced 
shoreline recession due to basin infilling and ebb tidal delta volume change (acting as 
longshore sinks) with the shoreline change model described in section 4.1.1 to obtain 
probabilistic estimates of hourly shoreline evolution from 2010 to 2100, and a robust 
quantification of uncertainty, also in coasts interrupted by tide-dominated estuaries. It 
should be noted that the use of the equilibrium formulation to describe the complex 
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behavior of an inlet is based on simplifying assumptions. For example, considering that the 
estuary and its elements reach dynamic equilibrium state, since the formulation are not 
able to describe neither their temporal evolution nor their spatial distribution. There is also 
a lag between SLR and the system's morphological response. Ranasinghe et al. (2013) 
considered a linearized single-element version of ASMITA (only valid for small inlet-basin 
systems, van Goor et al., 2003), in which they showed that this lag effect could be 
represented by including a coefficient of about 0.5 in the basin-infilling equation. 

ASMITA (Aggregated Scale Morphological Interaction between a Tidal-inlet system and 
the Adjacent coast) is a scale aggregated model originally developed by Stive et al. (1998) 
and based on the conservation of sediment within a three-element system (ebb delta, 
channel, and basin) and the adjacent nearshore area (beach). The model assumes that the 
morphological interaction between the three system elements are due to diffusive 
sediment transport and that the system is in morphological equilibrium if undisturbed. 
When the system is perturbed (e.g. due to SLR), the three system elements change their 
volume and evolve towards an empirically specified dynamic equilibrium state. Under this 
condition, the basin borrows sand from the adjacent beach to satisfy a demand that is 
proportional to the rate of SLR. Hinkel et al. (2013) applied an adapted version of the 
ASMITA model (Stive and Wang, 2003) to carry out a global analysis of erosion of sandy 
beaches due to SLR. The authors developed and applied a simple first-order erosion model 
in which SLR-induced shoreline recession results from the combination of the direct effect 
of profile translation (i.e., the Bruun effect) and the indirect effect of tidal inlets in about 
200 major tidal basin complexes. Global-mean SLR scenarios were obtained with the 
climate model CLIMBER-2 (Petoukhov et al., 2000). Uncertainty in climate was considered 
by using three different climate sensitivities of 1.5 K (low), 3 K (medium) and 4.5 K (high).  
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5. Discussion and recommendations: can we identify a best 
approach?  

The assessment of shoreline changes is a complex site-specific issue. The most influential 
factors comprise the physical characteristics of sediment, local wave and mean sea level 
conditions, the bathymetry, as well as the orientation, configuration and exposure of the 
coast. Climate change is modifying the oceans in many different ways, including changes in 
coastal drivers (e.g., mean sea level, waves, storm surges, tides, river flow) responsible for 
coastal processes, and hence for shoreline change. Depending on the local coastal settings, 
it may not be necessary to consider every option displayed in Fig. 1. None of the existing 
studies can be identified therefore the best approach to address all the casuistry that may 
arise, and a method that allow to select the most appropriate modelling framework for the 
different types of environment in a consistent and transparent way is lacking. Until this 
method is available, the following concluding remarks may be found good practice in this 
field.  

First, we need to look upon the whole range of forcing conditions involved in shoreline 
recession, and any relevant sediment sink and/or source. For example, neglecting the effect 
of waves and storm surges and considering sea-level rise as the only driver for coastal 
erosion may underestimate the impact of climate change and mislead adaptation planning 
in the worst case.  

Second, modelling frameworks should not only ensure consistence among the different 
coastal processes and drivers, but also address physical processes (e.g., shoreline recovery) 
and/or constraints accordingly. For instance, reliable predictions of storm erosion require 
to consider the possibility of storm grouping and beach recovery between storms.  

Third, the progression from event to multidecadal and centennial timescales demands 
increasing generalization of modelling approaches, but a solid understanding of processes 
is still required to support the simplifying assumptions. In addition, we need to strive for 
this generalization not to entail a low resolution of the outcome.  

Finally, the weakest link is the lack of consistency in the management of uncertainty 
across all components of the modelling framework. Some reviewed works address 
uncertainty due to the random nature of waves, storm surges or storm events, but none of 
them includes sea-level rise in probabilistic terms. When working with sea-level rise, 
uncertainty can be addressed to some extent by using the mean value plus/minus the 
standard deviation. However, a similar approach combining likely and high-end scenarios 
has not been explored yet for other important variables such as waves and storminess. All 
these key aspects in relation to the most relevant reviewed papers are provided in Table 2. 
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Coastal processes 
Climate change-

driven coastal hazards 
Physical processes Outcome 

Resolution of 
the outcome 

Approach 
towards uncertainty 

Uninterrupted coasts 

Small pocket beaches 

Rosati et al. (2013) 
Cross-shore (seaward and 
landward) transport 

SLR projections 
 

Seaward transport 
and landward transport 
due to overwash and 
aeolian transport 

Shoreline recession, 
volumetric transport and 
profile changes for a given 
horizon 

Single value 
estimate 

 
Deterministic 

Ranasinghe et al. (2012) 
Cross-shore 

transport 

SLR projections 
(scenarios) and design 
storms 

Storm events, storm 
duration, dune recovery, 
storm grouping 

Storm-basis time 
series of dune erosion 
volumes and recession over 
the 21st century 

Storm-basis 
dune recession. 
Extreme events and 
long-term analysis 

Probabilistic. 
Joint Probability 
Method, 
bootstrapping 
technique (storm 
events) 

Toimil et al. (2017) 
Cross-shore 

transport and longshore 
sinks  

Local waves, 
storm surges, and 
astronomical tides and 
regional SLR 
projections 

Extreme events, 
beach recovery, events 
duration, events grouping, 
SLR-driven Bruun  

Time series of 
shoreline change over the 
21st century. Extreme 
events and long-term 
analysis 

Hourly 
shoreline changes 

 

Probabilistic. 
Stochastic 
generation of waves 
and storm surges and 
SLR standard 
deviation confidence 
levels 

 Long embayed beaches 

Zacharioudaki and 
Reeve (2011) 

Longshore transport 
Wave projections 

(2 RCM-GCM with 
different resolutions) 

Shoreline response 
to the spatial gradients of 
the alongshore 
component of sediment 
transport 

Time series of 
monthly or seasonal 
shoreline positions. One-
line simulations are 
performed for each 
individual 30-year time-
series of waves but with the 
shoreline set back to its 
initial shape after each 
shoreline shape outputs 

Monthly and 
seasonal shoreline 
change statistics 
relative to the 
present 

 

Ensemble of 9 
scenarios and 

statistical 
analysis of 
significance of 
changes (t-test, ks-
test) over wave 
characteristics and 
shoreline changes 

 

 Open beaches 

Casas-Prat et al. 
(2016) 

Cross-shore and 
longshore transport 

Wave projections 
(5 RCM-GCM) 

Long-shore wave 
energy flux, storm events 

Projected absolute 
change in median longshore 
transport and storm-basis 
time series of eroded 
volumes caused by the 
impact of a wave storm 

Annual 
longshore transport 
and storm-basis 
eroded volumes 

Ensemble of 5 
RCM-GCM 

 

Dean and Houston 
(2016) 

Cross-shore 
(seaward and landward) 
and longshore transport, 
sand sinks and sources 

Relative SLR 
projections 

 

SLR-driven Bruun, 
erosion rates due to SLR-
driven ebb shoal growth, 
nourishment rates, 
longshore drift rates 

Averaged shoreline 
change rates (m/yr) for a 
period 

Annual mean 
and standard 
deviation shoreline 
changes 

Ensemble of 4 
RCPs plus standard 
deviation confidence 
levels for each RCP 

Le Cozannet et al. 
(2016) 

Cross-shore and 
longshore transport 

SLR projections 

SLR-driven Bruun, 
Aeolian processes, cross-
shore effects (wave-
nonlinearity-driven 
onshore sediment 
transport), storm waves-
induced retreat, longshore 
processes 

Time series of 
shoreline change over the 
21st century. 

Annual mean 
shoreline change 

Fully 
probabilistic 

Vitousek et al. 
(2017) 

Cross-shore and 
longshore transport and 
long-term trend 
(sinks/sources) 

Wave projections 
(dynamic downscaling 
1 GCM-RCM) and SLR 
projections 

Wave energy, beach 
recovery, storm grouping, 
SLR-driven Bruun 

Time series of 
shoreline change over the 
21st century 

Daily shoreline 
changes 

 

Deterministic 
(waves) and 
ensemble of 7 SLR 
scenarios 

 

Le Cozannet et al. 
(2019) 

Cross-shore and 
longshore transport 

SLR projections 
(scenarios) and design 
storms 

Storm events, storm 
duration, dune recovery, 
storm grouping, longshore 
sediment transport 
gradients 

Time series of 
shoreline change over the 
21st century. 

Annual mean 
shoreline change 

Probabilistic. Joint 
Probability Method, 
bootstrapping 
technique (storm 
events) and 
probabilistic SLR 
projections 

 Inlet-interrupted coasts 

Ranasinghe et al. 
(2013) 

Cross-shore 
transport and longshore 
sinks 

IPCC AR4 
projections of SLR, 
rainfall and river flow 

SLR-driven Bruun and 
estuary effects (basin 
infilling, river flow-driven 
basin volume change and 
rainfall/runoff-driven 
changes in fluvial 
sediment supply) 

Total potential worst-
case CC-driven coastline 
change by 2100 

Single value 
estimate 

 
Deterministic 

Toimil et al. (2017) 
Cross-shore 

transport and longshore 
sinks 

Local waves, 
storm surges, and 
astronomical tides and 
regional SLR 
projections 

Extreme events, 
beach recovery, events 
duration, events grouping, 
SLR-driven Bruun and 
estuary effects (ebb tidal 
delta rise and basin 
infilling)  

Time series of 
shoreline change over the 
21st century. Extreme 
events and long-term 
analysis 

Hourly 
shoreline changes 

 

Probabilistic. 
Stochastic 
generation of waves 
and storm surges and 
SLR standard 
deviation confidence 
levels 

Hinkel et al. (2013) 
Cross-shore 

transport and longshore 
sinks 

Global-mean SLR 
projections 

SLR-driven Bruun and 
estuary effects (basin 
infilling) 

Nourishment 

Land loss rates 
(km2/yr) over the 21st 
century 

Global annual 
shoreline recession 

Ensemble of 6 
global SRL scenarios 
and three different 
climate sensitivities 
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TABLE 2 SUMMARY OF THE KEY ELEMENTS OF THE MOST RELEVANT EXISTING MODELLING FRAMEWORKS TO ASSESS 

CLIMATE CHANGE-DRIVEN SHORELINE CHANGES THAT HAVE DEVELOPED OVER THE LAST DECADE (IN THE ORDER OF THEIR 

APPEARANCE IN THE TEXT). 

 
Future shoreline changes are uncertain and will probably remain so over the coming 

decades. Stakeholder’s priorities and needs are crucial and ultimately the key factor in 
determining the approach toward uncertainty more appropriate in every particular case. A 
promising way forward in this regard may well consist in reversing current shoreline 
change-modelling procedures. This involves shifting from predicting top-down approaches 
that use climate change scenarios for the assessment of impacts (e.g., shoreline changes) 
to resilience bottom-up approaches focused on identifying stakeholder’s needs and 
preferences (e.g., risk aversion) and applying the appropriate modelling and uncertainty 
frameworks according to these needs. The bottom-up approach is central to the concept 
of climate services supported by ERA4CS (Hewitt et al., 2012; Brasseur and Gallardo, 2016; 
Monfray and Bley, 2016; Le Cozannet et al., 2017b). As an illustration, Table 3 provides 
questions identified as relevant to stakeholders (e.g., adaptation practitioners) and 
information needs. These research needs raise in turn the following issues to coastal 
modelers when coming to develop future projections of shoreline change: (1) Is it necessary 
to consider the uncertainty associated to all possible scenarios, including those with high 
impacts, which have low probabilities or whose probability is difficult to quantify? (2) Is it 
necessary to disentangle the uncertainty associated to each of the drivers deemed? (3) 
Which modelling and uncertainty frameworks best satisfy stakeholder’s preferences and 
risk aversion? 

 
Question from adaptation 

practitioners 
Reasons for information needs Research area 

Can we quantify the impacts 
of climate change or sea level 
rise in current shoreline 
changes? 

As adaptation is a slow process 
(decades for relocation), there is a need for 
early detection of climate induced shifts 
toward erosion for a timely implementation 
of actions 

Detection or attribution of 
climate change impacts (Cramer 
et al., 2014) 

Can we identify when 
climate change will modify 
current sedimentary processes? 

Identify when and where current 
adaptation strategies (e.g., nourishment) 
may fail and new approaches (e.g., 
relocation) will be required. 

Times of emergence of 
climate-induced shifts toward 
erosion (Le Cozannet et al., 
2016) 

Can we quantify future 
shoreline positions and rates at 
specific time steps in the 
future? 

Planning adaptation, establishing 
adaptation pathways. 

Coastal impact studies (see 
Table 2) 

Can we quantify the impacts 
of different adaptation options? 

Evaluate which adaptation option may 
best satisfy stakeholder’s preferences. 

Evaluation of adaptation 
(Hallegatte, 2009) 

TABLE 3 INFORMATION NEEDS REGARDING SHORELINE CHANGE PROJECTIONS AND KEY CHALLENGES FOR COASTAL 

MODELLING 

 
Uncertainty is not only related to sea level rise but also to other coastal processes 

affecting mean sea level (e.g., vertical land motion) and sediment dynamics (e.g., effects of 
wave and currents, sediment holes and sources, or human impacts). Their characterization 
needs to consider specific needs, such as enabling local stakeholders and decision-makers 
to better position regulatory scenarios (if any) of sea level rise with respect to all possible 
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shoreline and potentially define an acceptable level of risk loss that is more cautious than 
regulation, so as to make assets more secure. The choice of a framework for uncertainty 
analysis depends on the quantity, the quality and the relevance of the available data, as 
well as on the degree of risk aversion of decision-makers. 

Among the needs listed in Table 3, those related to the detection and attribution of 
climate change impacts on shoreline changes and the identification of times of emergence 
are the most demanding in terms of precision and accuracy of modelling outcomes. In 
particular, a formal attribution of shoreline changes may not be attainable yet by means of 
a modelling approach (Le Cozannet et al., 2014). However, depending on the uncertainty 
framework implemented, one may reach different levels of confidence. 

Since climate change and, in particular, sea-level rise is recognized to be a major threat 
for many coastlines around the world, stakeholders and decision-makers require full 
information on uncertainty, high-end estimates, future projections of shoreline change, 
and relevant adaptation options within the context of current practices and governance 
arrangements. This often results in strong heterogeneity in shoreline change assessments. 
Current challenges involving science-policy interactions require (1) the definition of 
applicable methods to include climate change impacts on sandy coasts under, and (2) the 
need to transfer research developments into the realm of operational applications and 
regulation. For example, in the Coastal Risks Prevention Plans in France, the Plan to 
Promote the Environment for Adaptation to Climate Change in Spain, the Shoreline 
Management Plans in UK, and the Coastline Management Manual in the Netherlands. 

 
 
 

  



 

23 
 

6. References 
Alexandrakis G, Manasakis C, Kampanis NA (2015) Valuating the effects of beach erosion 

to tourism revenue. Ocean & Coastal Management 111:1-11. 
Alley RB et al. (2007) in Climate Change 2007: The Physical Science Basis (eds. Solomon 

S. et al.) 1–18 (Cambridge Univ. Press, 2007). 
Arns A, Dangeldorf S, Jensen J, Talke S, Bender J, Pattiaratchi C (2017) Sea-level rise 

induced amplification of coastal protection desgn heights. Scientific Reports 7:40171. 
Bamber, J. L., & Aspinall, W. P. (2013). An expert judgement assessment of future sea 

level rise from the ice sheets. Nature Climate Change, 3(4), 424. 
Barnard, P. L., Short, A. D., Harley, M. D., Splinter, K. D., Vitousek, S., Turner, I. L., ... & 

Hansen, J. E. (2015). Coastal vulnerability across the Pacific dominated by El Nino/Southern 
oscillation. Nature Geoscience, 8(10), 801-807. 

Ben Abdallah, N., Mouhous-Voyneau, N. and Denoeux, T., 2014. Combining statistical 
and expert evidence using belief functions: Application to centennial sea level estimation 
taking into account climate change. International Journal of Approximate Reasoning, 55(1), 
pp.341-354. 

Brasseur, G. P., & Gallardo, L. (2016). Climate services: Lessons learned and future 
prospects. Earth's Future, 4(3), 79-89. 

Bruun P (1962) Sea-level rise as a cause of shore erosion. J. Waterw. Harb. Div. Am. Soc. 
Civ. Eng. 88, 117-130. 

Callaghan, D.P., Ranasinghe, R., Nielsen, P., Larson, M., Short, A.D., 2008. Process 
determined coastal erosion hazards. In: Presented at the Proceedings of the 31st 
International Conference on Coastal Engineering. World Scientific, pp. 4227–4236. 

Camus P, Losada IJ, Izaguirre C, Espejo A, Menendez M, Perez J (2017) Statistical wave 
climate projections for coastal impact assessment. Earth’s Future 5:918-933. 

Casas-Prat M, McInnes KL, Hemer MA, Sierra JP (2016) Future wave-driven coastal 
sediment transport along the Catalan coast (NW Mediterranean). Reg Environ Change 
doi:10.1007/s10113-015-0923-x. 

Castelle, B., Guillot, B., Marieu, V., Chaumillon, E., Hanquiez, V., Bujan, S., & Poppeschi, 
C. (2018). Spatial and temporal patterns of shoreline change of a 280-km high-energy 
disrupted sandy coast from 1950 to 2014: SW France. Estuarine, Coastal and Shelf 
Science, 200, 212-223. 

Church JA et al. (2013) Sea level change, in Climate Change 2013: The Physical Science 
Basis. Contribution of Working Group I to the Fifth Assessment Report of the 
Intergovernmental Panel pn Climate Change, edited by TF Stocker et al., Cambridge Univ. 
Press, Cambridge, UK, and New York. 

Clark, P. U., Shakun, J. D., Marcott, S. A., Mix, A. C., Eby, M., Kulp, S., ... & Schrag, D. P. 
(2016). Consequences of twenty-first-century policy for multi-millennial climate and sea-
level change. Nature climate change, 6(4), 360. 

Cooper, JAW, Pilkey, OH (2004) Sea-level rise and shoreline retreat: time to abandon the 
Bruun rule. Glob. Planet. Chang. 43, 157–171.  

Cowell, P. J., Stive, M. J., Niedoroda, A. W., Swift, D. J., de Vriend, H. J., Buijsman, M. C., 
et al., 2003. The coastal-tract (part 2): applications of aggregated modeling of lower-order 
coastal change. J. Coast. Res. 19, 828–848. 



 

24 
 

Cramer, W., G.W. Yohe, M. Auffhammer, C. Huggel, U. Molau, M.A.F. da Silva Dias, A. 
Solow, D.A. Stone, and L. Tibig, 2014: Detection and attribution of observed impacts. In: 
Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral 
Aspects. Contribution of Working Group II to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change [eds CB Field et al.]. Cambridge University 
Press, Cambridge, United Kingdom and New York, NY, USA, pp. 979-1037. 

Davidson, M.A., Lewis, R.P., Turner, I.L., 2010. Forecasting seasonal to multi-year 
shoreline change. Coastal Engineering, 57, pp 620-629.  

Davidson, M.A., Turner, I.L., Splinter, K.D., 2013. Predicting shoreline response to cross-
shore processes in a changing wave climate. Coastal Dynamics, pp 431-442.  

Dayon, G., Boé, J., Martin, É., & Gailhard, J. (2018). Impacts of climate change on the 
hydrological cycle over France and associated uncertainties. Comptes Rendus Geoscience. 

Dean, R.G., 1991. Equilibrium beach profiles: characteristics and applications. J. Coast. 
Res. 7, 53e84. 

Dean RG, Dalrymple RA (2001) Coastal Processes with Engineering Applications. 
Cambridge. www.cambridge.org/0521495350. 

Dean RG, Houston JR (2016) Determining shoreline response to sea level rise. Coast. Eng. 
114:1-8. 

DeConto, R. M., & Pollard, D. (2016). Contribution of Antarctica to past and future sea-
level rise. Nature, 531(7596), 591. 

Dodet, G., Castelle, B., Masselink, G., Scott, T., Davidson, M., Floc'h, F., Jackson, D., and 
Suanez, S. (2018) Beach recovery from extreme storm activity during the 2013–14 winter 
along the Atlantic coast of Europe. Earth Surf. Process. Landforms, 
https://doi.org/10.1002/esp.4500. 

French, J., Payo, A., Murray, B., Orford, J., Eliot, M., and Cowell, P. (2015). Appropriate 
complexity for the prediction of coastal and estuarine geomorphic behaviour at decadal to 
centennial scales. Geomorphology 256, 3–16. doi: 10.1016/j.geomorph.2015.10.005. 

Giorgi, F. (2010). Uncertainties in climate change projections, from the global to the 
regional scale. In EPJ Web of conferences (Vol. 9, pp. 115-129). EDP Sciences. 

Gornitz, V., 1991. Global coastal hazards from future sea level rise. Global and Planetary 
Change, 3(4), pp.379-398. 

Hallegatte S (2009) Strategies to adapt to an uncertain climate change. Glob Env Change 
19:240-247. 

Harley, M. D., I. L. Turner, A. D. Short, and R. Ranasinghe (2011), A reevaluation of coastal 
embayment rotation: The dominance of cross‐shore versus alongshore sediment transport 
processes, Collaroy‐Narrabeen Beach, southeast Australia, J. Geophys. Res., 116, F04033, 
doi: 10.1029/2011JF001989. 

Hemer MA, Fan Y, Mori N, Semedo A, Wang XL (2013) Projected change in wave climate 
from a multi-model ensemble. Nat Clim Change 3:471-476. 

Hewitt, C., Mason, S., & Walland, D. (2012). The global framework for climate 
services. Nature Climate Change, 2(12), 831. 

Hinkel J, Nicholls RJ, Tol RSJ, Wang ZB, Hamilton JM, Boot G, Vafeidis AT, McFadden L, 
Ganopolski A, Klein RTJ (2013) A global analysis of erosion of sandy beaches and sea-level 
rise: An application of DIVA 111:150-158.  



 

25 
 

Hinkel, J., Jaeger, C., Nicholls, R.J., Lowe, J., Renn, O. and Peijun, S., 2015. Sea-level rise 
scenarios and coastal risk management. Nature Climate Change, 5(3), p.188. 

Horton, B. P., Rahmstorf, S., Engelhart, S. E., & Kemp, A. C. (2014). Expert assessment of 
sea-level rise by AD 2100 and AD 2300. Quaternary Science Reviews, 84, 1-6. 

Idier, D., Castelle, B., Charles, E. and Mallet, C., 2013. Longshore sediment hindcast: 
spatio-temporal variability along the SW Atlantic coast of France. In: Conley, D.C., 
Masselink, G., Russell, P.E. and O’Hare, T.J. (eds.), Proceedings 12th International Coastal 
Symposium (Plymouth, England), Journal of Coastal Research, Special Issue No. 65, pp. 
1785-1790, ISSN 0749-0208. 

Idier D, Paris F, Le Cozannet G, Boulahya F, Dumas F (2017) Sea-level rise impacts on the 
tides of the European Shelf. Continental Shelf Research 137:56-71. 

IPCC (2007) Chapter 5: Sea Level Rise, Climate Change 2007. The Scientific Basis. 
http://www.ipcc.ch/pub. 

IPCC (2012) Managing the Risks of Extreme Events and Disasters to Advance Climate 
Change Adaptation. A Special Report of Working Groups I and II of the Intergovernmental 
Panel on Climate Change [Field CB, Barros V, Stocker TF, Qin D, Dokken DJ, Ebi KL, 
Mastrandrea MD, Mach KJ, Plattner G-K, Allen SK, Tignor M, Midgley PM (eds.)]. Cambridge 
University Press, Cambridge, UK, and New York, NY, USA, 582 pp.  

Jevrejeva, S., Jackson, L. P., Riva, R. E., Grinsted, A., & Moore, J. C. (2016). Coastal sea 
level rise with warming above 2 C. Proceedings of the National Academy of 
Sciences, 113(47), 13342-13347. 

Jongejan R, Ranasinghe R., Wainwright D, Callaghan DP, Reyns J (2016). Drawing the line 
on coastline recession risk. Ocean. Coast Manag. 122, 87–94.  

Karl TR, Trenberth KE (2003) Modern global climate change. Science 302:1719-1723. 
Kopp RE, Horton RM, Little CM, Mitrovica JX, Oppenheimer M, Rasmussen DJ, Strauss 

BH, Tebaldi C (2014) Probabilistic 21st and 22nd century sea-level projections at a global 
network of tide-gauge sites. Earth’s Future, 2:383-406. 

Kopp RE, DeConto RM, Bader DA, Hay CC, Horton RM, Kulp S, Oppenheimer M, Pollard 
D, Strauss BH (2017) Evolving understanding of Antartic ice-sheet physics and ambiguity in 
probabilistic sea-level projections. Earth’s Future 5:1217-1233. 

Kragtwijk NG, Stive MJF, Wang ZB, Zitman TJ (2004) Morphological response of tidal 
basins to human interventions. Coastal Engineering 51:207-221. 

Larson M, Kraus N (1989) SBEACH: numerical model for simulating storm-induced beach 
change, CERC-89-9, US Army Corps of Engineers. Tech. rep., Vicksburg. 

Larson M, Erikson L, Hanson H (2004) An analytical model to predict dune erosion due 
to wave impact. Coast Eng 51(8–9):675–696. 

Le Bars, D., Drijfhout, S., & de Vries, H. (2017). A high-end sea level rise probabilistic 
projection including rapid Antarctic ice sheet mass loss. Environmental Research 
Letters, 12(4), 044013. 

Le Cozannet G, Garcin M, Yates M, Idier D, Meyssignac B (2014) Approaches to evaluate 
the recent impacts of sea level rise on shoreline changes. Earth-science reviews 138:47-60. 

Le Cozannet G, Oliveros C, Castelle B, Garcin M, Idier D, Pedreros R, Rohmer J (2016) 
Uncertainties in Sandy Shorelines Evolution under the Bruun Rule Assumption. Front. Mar. 
Sci. 3:49. doi: 10.3389/fmars.2016.00049. 



 

26 
 

Le Cozannet G, Manceau JC, Rohmer J (2017a) Bounding probabilistic sea-level 
projections within the framework of the possibility theory. Environmental Research Letters 
17;12(1):014012. 

Le Cozannet, G., Nicholls, R., Hinkel, J., Sweet, W., McInnes, K., Van de Wal, R., ... & 
White, K. (2017b). Sea level change and coastal climate services: The way forward. Journal 
of Marine Science and Engineering, 5(4), 49. 

Le Cozannet, G., Castelle, B., Ranasinghe, R., Wöppelmann, G., Rohmer, J., Bernon, N., 
Idier D, Salas-y-Mélia, D. (2019) Quantifying uncertainties of sandy shoreline change 
projections as sea level rises. Scientific Reports 9:42 doi:10.1038/s41598-018-37017-4. 

Meehl GA, Stocker TF, Collins W, Friedlingstein P, Gaye A, Gregory J, Kitoh A, Knutti R et 
al. (2007) Global climate projections. In: Solomon S, Qin D, Manning M, Chen Z, Marquis M, 
Averyt KB, Tignor M, Miller HL (eds) Climate Change 2007: The physical science basis. 
Contribution of working group I to the fourth assessment report of the intergovernmental 
panel on climate change. Cambridge University Press, Cambridge, pp 747–846 

Miller JK, Dean RG, 2004. A simple new shoreline change model. Coast Eng. 51, 531–
556. 

Monfray, P., & Bley, D. (2016). JPI Climate: A key player in advancing Climate Services in 
Europe. Clim. Serv. 2016, 4, 61–64. 

Morim, J., Hemer, M., Cartwright, N., Strauss, D., & Andutta, F. (2018). On the 
concordance of 21st century wind-wave climate projections. Global and planetary change. 

Nakaegawa T, Kitoh A, Hosaka M (2013) Discharge of major global rivers in the late 21st 
century climate projected with the high horizontal resolution MRI-AGCMs. Hydrol. Process. 
27:3301-3318. 

Nicholls, R.J., Hanson, S.E., Lowe, J.A., Warrick, R.A., Lu, X. and Long, A.J., 2014. Sea‐level 
scenarios for evaluating coastal impacts. Wiley Interdisciplinary Reviews: Climate Change, 
5(1), pp.129-150. 

Nicholls RJ, Woodroffe C, Burkett V (2016) Coastline degradation as an indicator of 
global change. In: Climate Change: Observed Impacts on Planet Earth [eds. TM Letcher]. 
Elsevier, Oxford, UK, pp. 409-124. 

O’Neill AC, Erikson LH, Barnard PW, Vitousek S, Warrick JA, Foxgrover AC, Lovering J 
(2018) Projected 21st Century Coastal Flooding in the Southern California Bight. Part 1: 
Development of the Third Generation CoSMoS Model. J. Mar. Sci. Eng. 6(2),59. 

Petoukhov V, Ganopolski A, Brovkin V, Claussen M, Eliseev A, Kubatzki C, Rahmstorf S 
(2000) CLIMBER-2: a climate system model of intermediate complexity. Part I: model 
description and performance for present climate. Clim. Dyn. 16 (1), 1–17. 

Ranasinghe R, Stive MJF (2009) Rising seas and retreating coastlines. Clim Change 
97:561-574 (Editorial Commentary). 

Ranasinghe R, Callaghan DP, Stive MJF (2012) Estimating coastal recession due to sea 
level rise: beyond the Bruun rule. Clim Change 110:561-574. 

Ranasinghe R, Duong TM, Uhlenbrook S, Roelvink D, Stive MJF (2013) Climate-change 
impact assessment for inlet-interrupted coastlines. Nat. Clim. Change 
doi:10.1038/nclimate1664. 

Ranasinghe R (2016) Assessing climate change impacts on open sandy coasts: a review 
Earth-Sci. Rev. 160:320-332. 



 

27 
 

Rosati JD, Dean RG, Walton TL (2013) The modified Bruun Rule extended for landward 
transport. Marine Geology 340:71-81. 

Santamaria-Gomez A et al. (2017) Uncertainty of the 20th century sea level rise due to 
vertical motions. Earth and Planetary Science Letters 473:24-32. 

Slangen ABA, Carson M, Katsman CA, van de Wal RSW, Kohl A, Vermeersen LLA, 
Stammer D (2014) Modelling twenty-first century regional sea-level changes. Clim. Change 
124, 317–332.  

Snoussi M, Ouchani T, Khouakhi A, Niang-Diop I (2009) Impacts of sea-level rise on the 
Moroccan coastal zone: Quantifying coastal erosion and flooding in the Tangier Bay. 
Geomorphology 107:32-40. 

Solari S, van Gelder PH (2012) On the use of vector autoregressive VAR and regime 
switching VAR models for the simulation of sea and wind state parameters. IN: Soares, 
Carlos Guedes, et al. (Eds.), Marine Technology and Engineering. Taylor&Francis Group, 
London, pp. 217-230. 

Stive MJF, Nicholls RJ, de Vriend HJ (1991) Sea level rise and shore nourishment: a 
discussion. Coast Eng 16:147-163. 

Stive MJF, Capobianco M, Wang ZB, Ruol P, Buijsman MC (1998) Morphodynamics of a 
tidal lagoon and adjacent coast. In: J Dronkers, MBAM Scheffers (Eds.). Physics of Estuaries 
and Coastal Seas: 8th International Biennial Conference of Physics of Estuaries and Coastal 
Seas, 1996. AA Balkema pp. 397-407. 

Stive MJF, Aarnikhof SGJ, Hamn L, Hanson H, Larson M, Wijnberg KM, Nicholls RJ, 
Capobianco M (2002) Variability of shore and shoreline evolution. Cast. Eng. 47:211-235. 

Stive, M.J.F., Wang, Z.B., 2003. Morphodynamic modelling of tidal basins and coastal 
inlets. In: Lakkhan, C. (Ed.), Advances in Coastal Modelling. Elsevier Sciences, pp. 367–392. 

Stive MJF (2004) How important is global warming for coastal erosion? Clim Change 64: 
27-39. 

Stone D, Auffhammer M, Carey M, Hansen G, Huggel C, Cramer W, Lobell D, Molau U, 
Solow A, Tibig L, Yohe G (2013) The challenge to detect and attribute effects of climate 
change on human and natural systems. Clim Change 121(2):381-395. 

Toimil A, Losada IJ, Camus P, Diaz-Simal P (2017) Managing coastal erosion under climate 
change at the regional scale. Coast. Eng. 128:106-122. 

Van Goor MA, Stive MJF, Wang ZB, Zitman TJ (2003) Impact of sea level rise on the 
morphological stability of tidal inlets. Marine Geol. 202, 211–227. 

Vitousek S, Barnard PL, Limber P, Erikson L, Cole B (2017) A model integrating longshore 
and cross-shore processes for predicting long-term shoreline response to climate change. 
J. Geophys. Res. Earth Surf. 122 doi:10.1002/2016JF004065. 

Vousdoukas MI, Voukouvalas E, Annunziato A, Giardino A, Feyen L (2016) Projections of 
extreme storm surge levels along Europe. Clim Dyn 47(9-10):3171-3190. 

Wahl T, Brown S, Haigh ID, Nielsen JEØ (2018) Coastal Sea Levels, Impacts, and 
Adaptation. J. Mar. Sci. Eng. 6, 19. 

Wainwright DJ, Ranasinghe R, Callaghan DP, Woodroffe CD, Jongejan R, Dougherty AJ, 
Rogers K, Cowell PJ (2015). Moving from deterministic towards probabilistic coastal hazard 
and risk assessment: development of a modelling framework and application to Narrabeen 
Beach, New South Wales, Australia. Coast Eng. 96, 92–99. 



 

28 
 

Warrick RA, Le Provost C, Meier MF, Oerlemans J, Woodworth PL (1996) Changes in sea 
level. In: Houghton TJ, Meira Filho LG, Callander BA, Harris N, Kattemberg A, Maskell K 
(Eds.) Climate Change 1995. The Science of Climate Change. Cambridge University Press, 
Cambridge, pp. 365-405. 

Wilby RL and Dessai S (2010) Robust adaptation to climate change. Weather 65(7):180-
185.  

Wöppelmann, G., & Marcos, M. (2016). Vertical land motion as a key to understanding 
sea level change and variability. Reviews of Geophysics, 54(1), 64-92. 

Yates, M., Guza, R. and O’Reilly, W., 2009. Equilibrium shoreline response: Observations 
and modeling. J. Geophys. Res. Oceans 114:C09014, doi:10.1029/2009JC005359 

Zacharioudaki A, Reeve DE (2010) A note on the numerical solution of the one-line 
model. Environ Model Softw 25:802-807. 

Zacharioudaki A, Reeve DE (2011) Shoreline evolution under climate change wave 
scenarios. Clim Change 108:73-105. 

Zhang K, Douglas BC, Leatherman SP (2004) Global warming and coastal erosion. Clim 
Change 64:41-58. 

Zscheischler, J., Westra, S., Hurk, B. J., Seneviratne, S. I., Ward, P. J., Pitman, A., ... & 
Zhang, X. (2018). Future climate risk from compound events. Nature Climate Change, 1. 

 

 


