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LIST OF ABBREVIATIONS[footnoteRef:2] [2:  Several additional numerical model packages are described in Section 8. Their names and functions are fully explained therein and for further detail please refer to Lawless et al. (2016).
] 


AR5			Fifth IPCC Assessment Report 
ASMITA	Aggregated Scale Morphological Interaction between Inlets and Adjacent Coast Model
BCR			Benefit-Cost Ratio
CCO			Channel Coastal Observatory
Cefas			Centre for Environment, Fisheries and Aquaculture Science 
CFD			Computational Fluid Dynamics
Defra			Department for Environment, Food and Rural Affairs
DEM			Digital Elevation Model
EA			Environment Agency
GIA			Glacial Isostatic Adjustment
GPD			Generalised Pareto Distribution
H++	Plausible high-end climate change scenarios, typically more extreme climate change scenarios on the margins or outside of the 10th to 90th percentile range presented in the UKCP09 projections 
IPCC			Intergovernmental Panel on Climate Change
JPM			Joint Probability Method
LiDAR			Light Detection and Ranging.
M			Moment magnitude 
MCCIP			Marine Climate Change Impacts Partnership
MHWL			Mean High Water Level
MLWL			Mean Low Water Level
MSL			Mean Sea Level
NAO			North Atlantic Oscillation
NERC			Natural Environment Research Council
ONR			Office for Nuclear Regulation
RCP			Representative Concentration Pathway
RP			Return Period
SCAPE		Soft Cliff and Platform Erosion model
SSJPM		Skew Surge Joint Probability Method
SWAN			Simulating WAves Nearshore
TAG			Technical Assessment Guide
UKCP09		UK Climate Projections 2009
UKCP18		UK Climate Projections 2018

[bookmark: _Toc100820167]ACKNOWLEDGEMENTS
This document was drafted by members of the ONR Expert Panel on Natural Hazards - Sub-Panel on Meteorological and Coastal Flood Hazards (Kevin Horsburgh of the National Oceanography Centre with significant contributions from Stephan Harrison and David Smith of Climate Change Risk Management and Paul Sayers of Sayers and Partners LLP provided additional engineering input). Ben Gouldby of HR Wallingford also provided significant contributions on aspects related to overtopping and methods for deriving extreme sea conditions. Significant assistance was also provided by the Environment Agency in the production of this document. The document was also reviewed and additional input provided by several staff members of the Office for Nuclear Regulation, by Alice B Walker, who serves as Technical Secretary to the ONR Expert Panel, and the Defence Nuclear Safety Regulator. The document was reviewed at an earlier stage in its production, by Hamish Hall and Mike Walkden, both of WSP. 

Comments were also received from various external stakeholders through an organised stakeholder event in 2017. All these comments are gratefully acknowledged.




GEN-MCFH-EP-2021-2
CM9 Ref: 2021/41492	Page 5
1. [bookmark: _Toc100820168]INTRODUCTION
A key element of developing a safety case for nuclear plant at a nuclear licensed site is the demonstration that the plant is adequately protected against external hazards, including those related to meteorological and geological processes. An indispensable component of this process is the characterisation and quantification of the external hazards that can credibly challenge nuclear safety at the site. Guidance for inspectors on the assessment of site-specific studies to quantify the threat from external hazards at nuclear sites is provided in Nuclear Safety Technical Assessment Guide NS-TAST-GD-013 (ONR, 2018), generally referred to as TAG 13.
Annex 3 of TAG 13 (ONR, 2021a) is focused specifically on the hazards of coastal flooding, coastal erosion and tsunami, and their analysis for nuclear sites in the UK. The purpose of this Expert Panel paper is to provide additional detail on the analysis of coastal flooding and erosion hazards, and to provide guidance to inspectors as well as experts or consultants called upon to assist inspectors with assessments of tsunami and coastal flooding hazard studies for nuclear sites in the UK. This Expert Panel paper also builds upon the overview of climate change provided in Annex 2 of TAG 13 (ONR, 2021b), specifically in the context of coastal flooding hazards along with the methods by which this is incorporated into the hazard analysis process.


[bookmark: _Toc100820169][bookmark: _Toc473718038][bookmark: _Toc473720440][bookmark: _Toc473718039][bookmark: _Toc473720441][bookmark: _Toc473718040][bookmark: _Toc473720442][bookmark: _Toc473718041][bookmark: _Toc473720443][bookmark: _Toc473718042][bookmark: _Toc473720444][bookmark: _Toc473718043][bookmark: _Toc473720445][bookmark: _Toc473718044][bookmark: _Toc473720446][bookmark: _Toc473718045][bookmark: _Toc473720447][bookmark: _Toc473718046][bookmark: _Toc473720448][bookmark: _Toc473718047][bookmark: _Toc473720449][bookmark: _Toc473718048][bookmark: _Toc473720450][bookmark: _Toc473718049][bookmark: _Toc473720451][bookmark: _Toc473718050][bookmark: _Toc473720452][bookmark: _Toc473718051][bookmark: _Toc473720453][bookmark: _Toc473718052][bookmark: _Toc473720454]OVERVIEW OF COASTAL FLOODING, including erosion and TSUNAMI IN THE UK
Coastal flooding is one of the most significant risks that the UK infrastructure faces, with wide-ranging social, economic and environmental impacts. It is also one of the risks most impacted by the consequences of climate change. Nationally, it is estimated that £150 billion of assets and 4 million people are currently at risk from coastal flooding in the UK (Environment Agency, 2009). Coastal flooding is identified as one of the key risks that have the potential to cause significant disruption in the UK, in the National Risk Register of Civil Emergencies (Cabinet Office, 2017). It is a growing threat due to long-term mean sea-level rise and possible future changes in storminess (Church et al., 2013) as well as continued population growth and development in flood-exposed areas (Hallegatte et al., 2013). Irrespective of any future change in storm climate[footnoteRef:3] (which would affect storm surges and waves), mean sea-level rise will result in more instances of extreme sea-level thresholds being reached.  [3:  Storm climate comprises the frequency, intensity, sequencing/clustering and direction of storms that may affect a specific region] 

Coastal flooding occurs when some combination of high tide, storm surge and wave conditions is sufficiently severe to overtop or breach coastal defences and cause inundation of low-lying areas. Extreme high waters around the UK are normally caused by a combination of exceptionally high tides and severe weather events. Extra-tropical cyclones (the prevailing weather systems for the UK) produce storm surges that can increase tidal levels by 3-4 m in exceptional cases. The still water level (defined as the sea level before short period waves are taken into account) can be further elevated at the coast by wave setup caused by wave breaking. Storms then also produce large wind and swell waves, which can overtop coastal defences/beaches and cause flooding and erosion.
The combination of high-water levels and severe weather can also result in changes to beaches and nearshore bed features (Figure 1); which in turn can expose man-made or natural defences to greater threat. These increased pressures, such as deeper water at the toe of the defence or localised failure of defences can then increase the potential for coastal flooding.
[image: Definition of coastal terms, mainly from Shore Protection Manual ]
Figure 1 – Definition of coastal terms, mainly from Shore Protection Manual (Coastal Engineering Research Center, 1984).

A further factor that drives coastal flood risk is socio-economic change (Thorne et al., 2007). Changes in land use and increasing asset values in floodplain areas have led to enhanced exposure to flooding (Horsburgh et al., 2010). This has and continues to lead to the provision of more forms of coastal protection that can cause changes in coastal morphology. Changes in coastal morphology can also influence flood pathways and thus flood risk (Thorne et al., 2007; Nicholls et al., 2015). As erosion is expected to dominate coastal morphological change in the future because of mean sea-level rise, this will add to the overall flood risk.
All components of sea level display considerable natural variability, which influences the frequency of flooding on inter-annual and multi-decadal time scales. Natural variability in the wave, storm surge and mean sea level components ranges from variability associated with stochastic (random) processes, to those displaying seasonal and longer period changes associated with regional climate (e.g. the quasi-decadal cycle known as the North Atlantic Oscillation; NAO). The UK recently experienced an unusual sequence of extreme storms over the winter of 2013-2014, resulting in some of the most significant coastal flooding since the North Sea storm surge of 1953 (Matthews et al., 2014; Haigh et al., 2016). Although no individual storm was exceptional, the persistence of storminess was very unusual (although not unprecedented). On 5th December 2013, extreme sea levels in the North Sea exceeded those of the 1953 floods at several sites (Wadey et al., 2015) resulting in damage to property and infrastructure. The subsequent storms in January and February 2014 caused widespread damage to defences, property and infrastructure on the south-western coastlines of England and Wales (most notably the collapse of the main railway line at Dawlish in Devon; Dawson et al., 2016).
This report also considers the risk to the UK posed by tsunami, based on reports that were published by the Department for Environment, Food and Rural Affairs (Defra) (Defra, 2005; 2006), and the literature therein, following the Indian Ocean tsunami of 26th December 2004.
[bookmark: _Toc100820170]Mean sea level 
Sea level change at any particular location depends on many regional and local physical processes as well as global climate drivers, so regional sea level change will differ from the global average. The fifth assessment report (AR5) of the Intergovernmental Panel on Climate Change (IPCC, 2013) concluded that it is very likely that the average rate of global averaged sea-level rise was 1.7 mm per year between 1901 and 2010. For the more recent 1993 to 2010 period, the average rate of change was 3.2 mm per year, with a consistency between tide-gauge and satellite altimeter data. There is high confidence that the rate of observed sea-level rise increased from the 19th to the 20th century (Bindoff et al., 2007; Woodworth et al., 2011) and there is evidence of a slow long-term acceleration in the rate of sea-level rise throughout the 20th century (Church and White, 2011). Whether the faster rate of increase in sea level during the period from the mid-1990s reflects an increase in the longer-term trend or decadal variability is still not clear.
Although there is a great deal of local variability in the measured values, mean sea levels around the UK (from tide gauge records) mostly exhibit 20th century rises that are consistent with the global mean value, although the central estimate around the UK is slightly lower than that of the global value (Woodworth et al., 2009). Other regional studies based on analysis of tide gauge data (Haigh et al., 2009; Wahl et al., 2013) find similar values of around 1.4 ± 0.2 mm per year for sea-level rise around the UK.
[bookmark: _Toc100820171]Vertical land movement and gravitational effects
For planning and engineering purposes, it is sea level with respect to the local land level that is of primary interest and the solid Earth itself is also moving as it recovers from ice loading during the most recent ice age. A key process that affects vertical land motion is the viscoelastic response of the solid Earth to deglaciation, termed glacial isostatic adjustment (GIA). The most recent analysis of GIA effects for the British Isles is provided by Shennan et al. (2018). An accurate understanding of regional sea level change is a particular area, which involves combining the global models of eustatic sea level change (i.e. sea-level rise due to volume changes as well as geological changes to ocean basins) with local models of GIA, modified by localised effects at the coast (e.g. Smith et al., 2012). 
A further complication is that sea level change is affected by large scale gravitational adjustment in response to polar ice melt. Mitrovica et al. (2001; 2009) showed how rapid melting of major ice sources gives rise to spatial changes in the Earth’s gravity field (as well as to the volume of water in the oceans); their model predicts a fall in relative sea level close to the source of melting as the gravitational interaction between ice and ocean is reduced whereas there is a correspondingly larger rise in sea level further from the melt source.
[bookmark: _Toc100820172]Storm surges
Storm surges are the large-scale increase in sea level due to a storm. They can increase sea levels by 3-4 m in European coastal seas and they last from hours to days and span hundreds of square kilometres. They are caused by wind stress at the sea surface and the horizontal gradient of atmospheric pressure (Pugh and Woodworth, 2014), although the magnitude of any particular storm surge is influenced by many factors including the intensity and track of the weather system, bathymetry, and coastal topography. The same physics controls storm surges caused by mid-latitude weather systems (extra-tropical cyclones) and tropical cyclones (hurricanes). In regions of high tidal range, storm surges represent the greatest threat when they coincide with tidal high water: most operational forecasting centres now systematically refer to the combination of a storm surge and tidal high water as the storm tide. 
In a strongly tidal nation like the UK, it is important to understand the interaction between storm surges and tides. Such interactions have been extensively studied (e.g. Rossiter, 1961; Prandle and Wolf, 1978). The dominant mechanism for tide-surge interaction is that increased water levels due to meteorological forcing induce a phase shift in the tidal signal (Horsburgh and Wilson, 2007); many properties of a non-tidal residual time series (i.e. the time series of sea-level observations minus tidal predictions) are simply an artefact of small changes to the timing of predicted high water. The most useful measure of storm surges is the skew surge, which is the difference between the maximum observed sea level and the maximum predicted tidal level, regardless of their timing during the tidal cycle (de Vries et al.,1995). Hence each tidal cycle has one predicted high-water value and one associated skew surge value. The advantage of using the skew surge is that it is a simple and unambiguous measure of the storm surge. 
Williams et al. (2016) showed that the magnitude of high water exerts no influence on the size of the most extreme skew surges, confirming previous observations (Environment Agency, 2011; Batstone et al., 2013). This provides a statistically robust proof that any storm surge can occur on any tide and this is essential for understanding worst-case scenarios. The lack of any observed storm surge dependency on water depth emphasises the dominant natural variability of weather systems. There are however seasonal relationships between skew surges and tidal high waters, and the inclusion of these in future statistical methods will improve the estimates of extreme sea levels (see Section 6).
[bookmark: _Toc100820173]Waves
Waves are smaller scale disturbances on the sea surface caused by the wind. Whilst waves do not affect the average height of the sea surface, they cause overtopping (intermittent pulses of water or spray over the top of a coastal defence); waves also possess considerable energy and can change nearshore bed and beach morphology. This energy, either in isolation or in combination with an altered nearshore, can weaken coastal defences leading to an eventual breach. The largest waves in UK waters are found on the Atlantic boundaries of the coastline where waves can propagate over large fetches from the ocean, especially in autumn and winter when strong winds are more intense and persistent. Instrumental wave records are available from the 20th century onwards and inter-annual variability in the wave climate is known to be strongest in the winter and can be related to atmospheric modes of variability, most notably the NAO. Swell waves are relatively long waves (periods typically 10-12 seconds) that travel long distances and are often observed a long distance from their region of generation. Swell waves and locally-formed wind waves can have different directions of propagation, and swell waves carry more energy than shorter wind waves of equivalent wave height.
Wave setup is a temporary increase in mean sea level due to the presence of breaking waves. As waves break, the wave energy flux decreases (due to energy dissipation) and the mean surface adjusts to balance the decreased wave radiation stress. Large waves during storm events can add up to 30 cm to mean sea level through wave setup. Wave setup and storm surges cannot be separated from a tide gauge record – they both add to the predicted tidal level. 
All wind and wave time series show a great deal of variability including inter-annual and inter-decadal fluctuations. Increases in average wave heights occurred between 1960 and 1990, but these are now seen as just one feature within a longer history of variability (Woolf and Wolf, 2013). For example, Alexander et al. (2005) showed that wave heights increased significantly between 1950 and 1990, yet during this same period trends in wind speed around the UK were significantly weaker than for wave heights, and, therefore, the increase in wave heights is attributed to Atlantic waves propagating as swell. There is no clear pattern in results since 1990.
Many of the changes over the last 50 years can be understood in terms of the behaviour of the NAO (Woolf and Wolf, 2013). The trend towards stormier conditions in the NAO from the 1960s to early 1990s is unique in the record of this climate index but there is no clear connection to other aspects of climate such as global warming (Osborn, 2004). There is currently no consensus and large uncertainty surrounding the influence of climate change on extratropical storm track positions and intensities (e.g. Shaw et al., 2016). This is because different elements of climate forcing can have opposing effects on the locations of strong atmospheric temperature gradients.
[bookmark: _Toc100820174]Tides
Tides are periodic variations in the surface water level that result from the mutual gravitational attraction of the Earth, Moon and Sun. Most places around the UK experience two high tides and two low tides each day. Several recent studies have detected measurable changes in tidal range during the 20th century and early part of the 21st century at a number of locations (see Mawdsley et al., 2015 for a review). In addition, there have been several studies that predict changes in tidal range around the UK resulting from future changes in mean sea level (Pickering et al., 2012; Ward et al., 2012; Pelling et al., 2013). Whilst further research is needed to explain the observed global changes in tides, the likely mechanisms for change are adjustments to the resonant systems of shallow seas, combined with changes in energy dissipation due to increased average water depths. Typically, all these modelling studies suggest that changes in tidal range will be in the order of plus or minus 10% of the changes in mean sea level. Although small in comparison to the mean sea level changes, altered tidal ranges could enhance coastal flooding at some locations. Changes in tides, therefore, need to be considered in future assessments of extreme sea level change and coastal flooding.
 
[bookmark: _Toc100820175]Extreme sea levels
IPCC (2013) states that, at most locations, mean sea level is the dominant driver of observed changes to sea level extremes, although large-scale modes of variability such as the NAO may also be important. There is evidence of increases in extreme water levels over the past 100-200 years around many parts of the global coastline, including around the UK (e.g. Menendez and Woodworth, 2010). While changes in storminess could contribute to changes in sea level extremes, there is little or no evidence for either systematic long-term changes in storminess or any detectable change in storm surges (IPCC, 2012). Future changes to storminess for the UK and Europe cannot be ruled out and some model studies do give projections of changed storm activity over Europe, either due to global temperature changes or changes to Atlantic oceanic processes (e.g. Oltmanns et al., 2020). A recent report (Met Office and CEH, 2014) suggests that, while strong extra-tropical cyclones affecting the UK in the winter have not increased since the late nineteenth century, the mean intensity has. However, a systematic review of storminess over the North Atlantic and northwest Europe (Feser et al., 2015) concluded that trends in storm activity depend strongly on the period analysed; studies based on measurements or reanalyses generally do not show any changes in storminess. Allen et al. (2008) show that changes in UK storm frequency over the second half of the 20th century were dominated by the natural variability of our weather systems. The scientific consensus is that any changes in extreme sea levels at most locations worldwide have been driven by the observed rise in mean sea level (e.g. Woodworth and Blackman, 2004; Haigh et al., 2010; Menendez and Woodworth, 2010; Marcos et al., 2015; Wahl and Chambers, 2016). Storm surge simulations carried out under the UK Climate Projections 2018 (UKCP18) (see Section 4) for the 21st century suggest a best estimate of no significant changes to storm surges.
[bookmark: _Toc100820176]Tsunamis
Following the Sumatra earthquake of 26th December 2004 and the devastating tsunami that followed, the UK government conducted a full review of tsunami risk. Tsunami hazard to the UK was assessed by gathering evidence on past events, considering possible source regions, and modelling the propagation of tsunami waves from plausible source locations to the coast. Studies (Defra 2005; Defra, 2006) concluded that a tsunami reaching the UK from the Azores-Gibraltar fault zone (which was responsible for the earthquake and tsunami causing the destruction of Lisbon in 1755) is the most likely event to affect the UK coastline. Long (2015) found three additional small tsunami events since 1941, all emanating for the Azores-Gibraltar fault zone, and an additional small tsunami caused by coastal collapse in 1911.
In the modelling carried out for these studies, the projected heights of tsunami waves arriving close to the shore were comparable to those seen in typical storm surges. All areas potentially affected by the plausible range of tsunami wave heights have flood defence infrastructure designed to protect against waves of those sizes. However, certain characteristics of tsunami events (the number of waves, the range of typically longer wavelengths) are likely to create sea conditions different to those during a storm surge. The momentum associated with longer wavelength tsunami waves, and volume of water within a wave crest, result in incident wave energy that is significantly greater than for wind waves of the same height. Therefore, it should not be assumed that the impact of a tsunami would be comparable to that of a storm surge simply on the basis of similar wave heights and water levels. Also, tsunami events could occur at any time. They are not associated with adverse meteorological conditions so cannot be predicted in advance, although relatively expensive monitoring systems could give some degree of early warning. 
There is geological evidence for a major tsunami affecting the coasts of Scotland and northeast England following a submarine landslide on the Norwegian continental shelf approximately 8150 years ago - the so-called Storegga slide (Bondevik et al., 2019). Analysis of sediment cores (e.g. Smith et al., 2007; Soulsby et al., 2007) shows that the run up of the tsunami may have reached more than 7 metres above high-water spring tides at that time. However, whilst there is clear localised sedimentary evidence, changes to bathymetry, past sea levels and lack of knowledge of the tidal state at the time makes an accurate estimate of wave height in the nearshore environment across the area as a whole difficult. Geological data suggest that large submarine landslides (submarine mass failures) in the critical region have occurred before although no others have been shown to affect the UK. The Defra (2005; 2006) reports remain the most authoritative guides to tsunami hazard to the UK.
[bookmark: _Toc100820177]Meteorological tsunamis
Around the UK the sea level variability largely occurs over periods from hours to days and is associated with extra-tropical storms (our weather systems). However, there is an increasing recognition that higher-frequency sea level variations in the order of minutes to hours can also raise sea levels. Often referred to as ‘meteorological tsunamis’ or ‘meteotsunamis’ these are generated by traveling atmospheric disturbances such as thunderstorms or squall lines (Vilibić et al., 2016). They have similar spatial and temporal scales as ordinary tsunami waves and can affect some coastal areas causing extreme resonant conditions in bays and harbours, although they are normally far less hazardous than tsunamis caused by earthquakes. Whilst they are a genuine hazard elsewhere (e.g. Japan, the Mediterranean and Adriatic Seas) they typically have small amplitudes in other European coastal waters. Meteotsunamis affecting UK coasts have been catalogued by Long (2015). Meteotsunamis around the UK typically involve a wave of 20-30 cm (Tappin et al., 2013; Sibley et al., 2016; Ozsoy et al., 2016) - far smaller than typical storm surges - although occasionally they can cause nuisance flooding of low-lying areas.


[bookmark: _Toc100820178]Impact on coastal infrastructure of climate change
The UK Government has a vision to provide ‘…an infrastructure network that is resilient to today’s natural hazards and prepared for the future changing climate… by ensuring that an asset is located, designed, built and operated with the current and future climate in mind’ (HM Government, 2011). This goal applies equally to a wide variety of infrastructure associated with coastal risk management (natural and built) that act to ‘control’ flood waters, manage erosion and reduce the probability of flooding in most (if not all) of the UK floodplains that contain significant assets and the performance of coastal infrastructure used to ensure the safety of the nuclear facilities.
Climate change has the potential to impact the standard of protection they provide as well as their condition and reliability on demand. Impacts may include increasing: 
· the rate of material degradation (e.g. spalling of concrete, corrosion of steel, soil desiccation, surface cover erosion etc.); 
· the rate of wear and tear of mechanical components (e.g. through increased ‘on-demand’ use); or, 
· the severity of loads, including increased wave overtopping and flow velocities leading episodic erosion and damage to structural elements (e.g. removal of rock armouring, toe scour, loss of surface cover). 
Reliability of infrastructure may be reduced in response to these changes, and new designs and management approaches may be needed. Infrastructure providers are starting to establish a better understanding of these impacts and how to reflect the severe uncertainties associated with climate change within infrastructure investment plans, including the development of adaptative asset management (e.g. Tarrant and Sayers, 2012, Vonk et al., 2020) and greater consideration of impact of climate change on deterioration (e.g. Burgess, 2020). For many infrastructure providers however, climate change continues to be dealt with in a rudimentary fashion within the infrastructure design process (largely through the consideration of narrowly defined precautionary allowances applied to basic descriptions of coastal loads). Little consideration is given to changes in extreme values, storm sequencing and spatial coherence or the more subtle impacts of temperature, solar radiation or events occurring in combination is develop appropriate adaptive capacity within designs or maintenance activities. This should be considered in more detail in the future.
[bookmark: _Toc100820179]Sensitivity of infrastructure to climate change
The performance of coastal (and other flood) infrastructure is often represented using a fragility function derived from structural reliability analysis (Dawson & Hall, 2006; van Gelder et al., 2008, Sayers et al., 2012). Such analysis typically provides a ‘snapshot’ of performance given particular material properties, failure modes and loading conditions. Although the evidence on time-dependent deterioration processes remains extremely limited (e.g. Buijs et al., 2009; Environment Agency, 2013), it is widely accepted, with a high degree of confidence, that the performance will be sensitive to climate change. 
[bookmark: _Toc100820180]Impact on coastal and estuarine infrastructure
Infrastructure at the coast has perhaps the greatest sensitivity to climate change. Sea-level rise (the strongest of climate change signals) acts to reduce the depth-limiting effect of near shore waves (Sutherland and Woolf, 2002). This leads to increased overtopping and the potential for larger wave impact forces (and subsequent structural damage and increased breach potential). Larger waves (or more persistent storms) are also likely to drive coastal morphology change and, particularly where backshores are constrained, lower beach levels; further exacerbating the impact of sea-level rise. Over the medium to long term, any growth in offshore wave heights is therefore likely to be expressed at the coast (Hall et al., 2006). Other issues include:
· Mean sea level – increases in sea-level rise (and/or beach lowering) have many knock-on impacts; it can undermine the backshore structures (increasing the chance of collapse), lead to significant increases in overtopping or the loss of saltmarsh buffers; or an increased chance of liquefaction (Sutherland et al., 2007). Outfall may become tide locked and drainage difficult. 
· Wave climate and joint waves and surge – The incident wave angle, height and period and the coincident tidal conditions all influence impact pressures, overtopping rates (Pullen et al., 2007) and sediment transport rates both longshore and cross-shore. Evidence for changes of wave angle is limited and any offshore changes are likely to be mitigated by refraction. Toe scour is typically more responsive to incident wave height and period alone, both of which are highly sensitive to changes that relax the depth limiting effect; including increases in mean sea level and surge heights.
· Storm sequencing – Beaches undergo continuous and on-going morphodynamical changes as a result of waves, tides and wind at a range of time scales. Significant erosion is typically episodic and takes place in response to a combination of the wave conditions, water levels, groundwater as well as geology and presence or absence of structures (local or remote to the site). Any future change in storm sequences has the potential to significantly influence the performance of coastal infrastructure (e.g. Karunarathna et al., 2014). 
[bookmark: _Toc100820181]Problematic invasions and biological attacks
Although often overlooked, the vegetation, microbes and nutrients present within marine and fresh water systems are important components of infrastructure. Vegetation within watercourses needs to be managed to maintain conveyance and avoid blockage; marine vegetation can provide important buffers against erosion at the coast, and; nutrients and microbes can attack concrete and steel structures. For example, accelerated low water corrosion (the attack of concrete and steel structures by nutrients and microbes in the marine and estuarial environment) is an important influence on the performance of flood defence structures. Infrastructure in tidal and brackish water, such as the Thames Estuary, are particular susceptible and can experience rates of corrosion exceeding 1mm/side/year (CIRIA, 2005); a rate that is expected to increase with higher temperatures. 
Conveyance of river channels, afflux at structures and the stability of flood defences can also be influenced by invasive species such as Japanese Knotweed (Defra, 2013). The preferential growth and survival of such species can be influenced by their adaption to conditions of high temperatures or drought. Internationally, climate change has been associated with the potential increase in more aggressive, non-native, animal burrowers that undermine the stability of flood defences, although there is currently no evidence to suggest this is occurring in the UK.
Timber degradation (or groynes, revetements or other control structures) can also be affected directly and indirectly by climate change through changes in water levels altering the exposure to wetting and drying, resulting in greater decay (rotting); changing temperatures that may alter the levels of marine borers found in the water; or larger waves/greater flows, which may change the dynamic regime and thus produce more aggressive and abrasive conditions (Burgess, 2020).


[bookmark: _Toc100820182]UK PROJECTION OF SEA LEVEL AND SEA LEVEL EXTREMES IN RESpONSE TO CLIMATE CHANGE
Sea level projections for the UK are set out in the UKCP18 Marine Report (Palmer et al., 2018) and the values provided in this section are taken from that report (or can be found on the UKCP18 website). The UKCP18 sea level projections are based on the climate model simulations of the Coupled Model Intercomparison Project Phase 5 (CMIP5, Taylor et al., 2012). These models formed the basis of the climate projections presented in the IPCC Fifth Assessment Report of Working Group I (IPCC, 2013) and provide improvements over their predecessor models (Meehl et al., 2007). The most significant methodological difference is the inclusion of ice dynamics in UKCP18 projections of future sea-level rise, resulting in systematically larger values than were presented in the UK Climate Projections 2009 (UKCP09) (Lowe et al., 2009). For full technical details of the modelling carried out in UKCP18 see Palmer et al. (2018). 
UKCP18 sea level projections include the spatial patterns of sea level change due to oceanographic processes, and also gravitational and other adjustments due to ice melt and changes to terrestrial water storage. The projections contain the most recent estimate of the pattern of sea level change caused by the elastic response of the solid Earth to the last de-glaciation. This is the main reason for spatial variations in projected mean sea level change around the UK for any given Representative Concentration Pathway (RCP) scenario (see paragraph 28). It is because of these complex interactions, the fact that the rate of sea-level rise changes over time, and that sea level will continue to rise long after temperatures have stabilised, that sea level changes cannot be simply equated to changes in global mean surface temperature (GMST).
UKCP18 marine projections used three of the RCPs (Meinshausen et al., 2011) that were the basis of the climate change projections in the IPCC AR5 (and these were RCP2.6, RCP4.5, and RCP8.5). These pathways refer to socioeconomic scenarios with differing greenhouse gas emissions. The RCP climate change scenarios span a greater range of climate forcing over the 21st century than the scenarios that were used previously in UKCP09.
For the UK, all RCP scenarios lead to significant sea-level rises over the 21st century. Projections for the year 2100 (relative to the 1981-2000 average) contain considerable uncertainty (e.g. for London, the central estimate sea level projection for the year 2100 ranges from 0.45-0.78 m, depending on the emissions scenario selected). Exploratory sea level projections beyond the year 2100 are discussed in paragraph 70 of this document.
All projections show spatial variation around the UK coastline due to differential rates of vertical land movement and the spatial pattern of sea level change due to polar ice melt. For the year 2100, sea levels for southern England are projected to be approximately 0.4 m higher than for parts of Scotland.
There is low confidence in future storm surge and wave height projections because of the lack of consistency between models, and limitations in the model capability to simulate extreme winds (IPCC, 2012). Whilst extreme sea levels might change in the future, as a result of (as yet unknown) changes in atmospheric storminess, mean sea-level rise will continue to be the dominant control on trends in extreme future coastal water levels and coastal flooding.
[bookmark: _Toc100820183]Summary of UK national climate advice and guidelines
The recommended source of climate change information for the UK, including changes to sea level, are the UK Climate Projections 2018 (UKCP18) which provides climate projection tools designed to help decision-makers assess their risk exposure to climate.
The UKCP18 Marine Report (Palmer et al., 2018) provides a range of scenarios that may be used to assess and mitigate vulnerability of particular sites.
Further guidance for planners and developers in England, Scotland and Wales is issued by the responsible national agencies: Environment Agency (2020); Scottish Environment Protection Agency (2019); Natural Resources Wales (2018).
The Marine Climate Change Impacts Partnership (MCCIP) (www.mccip.org.uk) provides a co-ordinating framework for high quality evidence on UK marine climate change impacts, and guidance on adaptation and related advice, to policy advisors and decision-makers. The MCCIP 2020 Report Card provides a comprehensive understanding on current and future impacts of climate change on UK seas and coasts. The report is supported by a full scientific review of sea level changes (Horsburgh et al., 2020).


[bookmark: _Toc100820184]DATA SOURCES FOR COASTAL FLOODING HAZARD ANALYSIS
[bookmark: _Toc100820185]Bathymetric and topographic data
Waves and water levels at the shore are normally influenced by the shape of the seabed, which may, in turn, be subject to processes of erosion and deposition. Even areas of hard rock may be occasionally covered by depositional features such as sandbanks. The availability of contemporary bathymetric data is, therefore, normally critical to the accurate assessment of coastal flood risk. Historic bathymetric data may also be needed to build understanding of how seabed features may be changing.
Charts are usually used to gain information on seabed form and development. Digital copies are usually acquired (emapsite.com is currently a leading supplier) and these may be in the form of vector datasets of bathymetric contours (isobaths) or raster charts where depth is indicated by pixel colour.
A Digital Elevation Model (DEM) of the seabed is needed to numerically model the effect of bathymetry on waves or surge. Such data (ideally from ‘multibeam’ sonar, see below) can often be freely sourced from online portals such as the Channel Coastal Observatory (CCO) and the UK Hydrographic Office Inspire portal.
Where a quality DEM is unavailable or is out of date (perhaps due to the possible migration of seabed features), a bespoke bathymetric survey may be commissioned from a hydrographic surveying company. This may be one element of a larger study to capture broader meteorological and oceanographic (‘metocean’) data. High quality bathymetric data is normally recorded using sonar equipment in which sound waves are emitted from a moving vessel and their echo is recorded to calculate depth. Such sonar systems may be ‘single beam’ or the more detailed ‘multibeam’ (or ‘swathe’). Difficulties are typically encountered in inaccessible shallow waters and this may be important because of the strong transformations undergone by waves in the nearshore zone. Depths might be recorded in this area using airborne Light Detection and Ranging (LiDAR) equipment, which utilises a scanning laser to measure distance. However, this approach is hampered by the normally strong attenuation of the laser beam as it passes through (often turbid) seawater. 
If flown at low tide, terrestrial LiDAR surveys can provide shore topographic data that can be joined to bathymetric data. LiDAR data is available for most (possibly all) of the UK coast, from portals such as the Environment Agency’s data.gov.uk or the CCO. Care is needed to avoid errors arising from differences in datum levels between datasets. Shore profile data recorded through ongoing strategic monitoring programmes can also be useful to extend bathymetric data. In many places this monitoring will include regular surveys of intertidal shore profiles, with less frequent ‘long’ profiles extending into deeper water. Such profile data may be obtained from the Environment Agency or online data portals such as the Coastal Explorer portal or the CCO.
Topographic LiDAR data is also typically utilised in assessments of coastal flooding for mapping of flood extents, and to support assessment of wave overtopping. This data is normally supplemented with ground-based topographic survey data to provide detail of coastal form and sea defence structures that cannot be reliably obtained from LiDAR datasets. Other free (e.g. Ordnance Survey) and commercial sources of topographic data of varying resolution are also available.
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All sea level data from the UK Class A tide gauge network are available from the British Oceanographic Data Centre (bodc.ac.uk) which has a special responsibility for the remote monitoring and retrieval of sea level data from the network. Daily checks are kept on the performance of the gauges and the data is downloaded weekly. These are then processed and quality controlled prior to being made available for scientific use. The network includes 43 gauges, most of which are related through the national levelling network to Ordnance Datum Newlyn. Data is collected, processed and archived centrally to provide long time series of reliable and accurate sea levels which are then suitable for statistical analysis of extreme sea levels. Processed data from the tide gauge network from 1915 onwards are available free of charge. Other sea level datasets for certain locations are held by the Environment Agency and by various port authorities.
Since 2002, the WaveNet system has been operated by the Centre for Environment, Fisheries and Aquaculture Science (Cefas). WaveNet collects and processes data from the Cefas-operated Waverider buoys, tethered at strategic locations around the UK coastline. The WaveNet system also gathers wave data from a variety of third-party platforms and programmes (industry and public sector-funded), all of which are freely available for visualisation on the WaveNet website (WaveNet, 2018). The data is used to improve operational wave and storm surge models and, on a longer timescale, the data can provide coastal engineers and scientists with a better understanding of the wave climate when designing coastal flood defences and as evidence for climate change studies. Data is available for download from the WaveNet website (WaveNet, 2018).
Another source of wave data, albeit for a limited number of areas, is the National Network of Regional Coastal Monitoring Programmes of England. Real time wave data is available from their website. 
[bookmark: _Toc100820187]Use of historical and geological (Palaeoceanographic) data
To provide additional context, or in the absence of lengthy observational records, historical records of high-water levels (e.g. Dawson et al., 2010) exist in scientific literature and are useful. However, care in interpretation is required as many are based on anecdotal observations rather than scientific instrumentation. Although such data is highly variable in quality, when taken with instrumental and coastal stratigraphic records, they can provide a useful longer-term context for identification of trends and changes in storminess. Geological evidence for the 2000 years prior to the advent of historical records and later instrumental records is also sometimes useful. Studies of geological evidence for storminess change have examined the record of sand dune movement (e.g. Gilbertson et al., 1999; Dawson et al., 2004). These studies consider the stratigraphic record of blown sand horizons within peat and / or episodes of sand movement associated with archaeological evidence. Recent work in Denmark (Goslin et al., 2018; 2020) maintains that in the North Atlantic millennial to centennial periodicities in storminess can be recognised. A second approach is to study cliff top storm deposits, notably in Shetland (e.g. Hansom and Hall, 2009), but thus far only the most recent events have been recognised and longer-term frequency of storms not determined. 
[bookmark: _Toc100820188]Coastal flooding databases
In order to better understand historical magnitudes and footprints of coastal flooding events, a UK wide systematic database of extreme sea level and coastal flooding has been compiled, covering the last 100 years (Haigh et al., 2015; SurgeWatch, 2018). Using records from the UK National tide gauge network, all sea levels that reached or exceed the 1 in 5 year return level were identified. These were attributed to 96 distinct storms, the dates of which were used as a chronological base from which to investigate whether historical documentation exists for a concurrent coastal flood. For each event the database contains information about: the storm that generated that event; the sea levels recorded during the event; and the occurrence and severity of coastal flooding that resulted. This database is continuously updated.


[bookmark: _Toc100820189]USE OF STATISTICAL METHODS IN ANALYSIS OF COASTAL FLOODING HAZARD 
The need for consistent and improved national estimates of extreme sea levels, combined with the increase in available sea level data since previous national studies by Dixon and Tawn (1994; 1995; 1997), led to the production of an updated UK database of extreme sea levels (Batstone et al., 2013; Environment Agency, 2011; Environment Agency, 2018). A new method termed the Skew Surge Joint Probability Method (SSJPM) was used with the aim of correcting inadequacies associated with previous methods. Methods to derive extreme sea levels have evolved with advances in the understanding and modelling of tide and surge processes and improvements in recorded data quality and length (see Batstone et al., 2013, for a complete description).
Joint Probability Methods (JPM) produce probability distributions of two or more conditions occurring simultaneously. JPM is commonly used in flood management (e.g. Defra/Environment Agency, 2005) since many flood hazards depend on more than one variable. For coastal flooding, the distribution of extreme sea levels for a given location is obtained by combining statistically the separate distributions of tides[footnoteRef:4] and storm surges (and in some cases waves too). When storm surges are involved, JPMs are superior to other methods of sea level extreme estimation (Tawn, 1992) because they use all the storm surge data in a tide gauge record. JPMs are essential in environments where the tidal signal is of comparable magnitude to the storm surge (Haigh et al., 2010) and are also superior to threshold-driven methods (e.g. Tebaldi et al., 2012) which may not detect large storm surges on small tides. The first-order independence of skew surge and tidal high water (Williams et al., 2016) removes the need for artificial statistical functions or multivariate approaches to the estimation of extreme sea levels. However, the seasonal relationships that exist between tidal high water and skew surges could be represented by multivariate, or other more complex (Kergadallan et al., 2014) methods. The best known illustration of seasonal coincidence is that around the UK the biggest tides of any year occur at the equinoxes (in March and September) and there is more chance of stormy weather then than in the summer months. [4:  Whilst tides are deterministic one can still generate a probability distribution of a particular height occurring over a given period.] 

In the SSJPM of Batstone et al. (2013), a parametric statistical model was used to estimate the upper tail of the skew surge distribution by fitting a generalised Pareto distribution (GPD) above a chosen threshold and using the empirical distribution of skew surges (from the observed tide gauge record) below this threshold. A high quantile (97.5%) was chosen as the threshold based on exploratory analysis of each dataset. For each tide gauge analysed, the two parameters of the GPD were estimated using the method of maximum likelihood. The probability distribution of extreme sea levels was evaluated by combining the deterministic tidal high waters with the statistically derived skew surge distribution, assuming the two to be independent to first order. This was proposed by Batstone et al. (2013) and confirmed in a wider analysis for the North Atlantic by Williams et al. (2016). 
Extreme sea levels derived in this way are assigned a Return Period (RP) which describes the probability of a particular level being exceeded in any one year. For example, the 1 in 1,000 year return level is the level whose probability of being exceeded in any year is 1/1,000, or 0.1%. As with all probabilities, great care must be taken in interpreting RPs: the fact that a particularly elevated sea level has recently occurred does not preclude another happening the following week due to the nature of the weather and the tendency for higher than average tides to occur with known periodicity. So, a period of stormy weather around extreme high tides (e.g. during the equinoxes of March and September) could easily result in successive 10 or 50 year return levels.
For the SSJPM, uncertainties are expressed in terms of upper and lower 95% confidence limits. These can be calculated using a so-called boot-strapping technique, whereby thousands of synthetic time series of skew surges are created from the derived skew surge probability density function. Each of the synthetic time series is then used to derive a new skew surge probability distribution. For each return level, the 2.5 and 97.5 percentiles of the ensemble of generated values are used to define the 95% confidence interval. It should be noted that the range of uncertainty associated with the 10,000 year return period can be very high, typically 1-2 m. This is unavoidable with a data-driven method where tide gauge records are typically a few tens of years and seldom provide more than 100 years of data. The largest source of uncertainty is the calculation of the GPD parameters associated with the upper tail of the skew surge distribution; other sources of uncertainty for UK extreme sea level estimates are described in detail by Batstone et al. (2013).
Temporal sequences of extreme sea levels (e.g. clusters of several storms in a short period of time, or prolonged sequences over longer timescales) can have a cumulative effect, leading to amplified flood damages due to attritional effects on defences, and inadequate recovery time of natural (e.g. beaches) and human elements within the system (Wadey et al., 2014). At a single location, the statistical significance of storm clustering is accounted for by a parameter called the extremal index. This ensures that a single storm only contributes once to the statistical method, even if it spans more than one tidal cycle. Estimates of extreme sea levels may be improved further by the development and use of statistical methods that represent the combined spatial footprint (areal extent) and clustering of storm events. Recent research (Environment Agency, 2021) highlights statistical techniques that account for the risk of widespread flooding from multiple sources.
Tide gauges are the best source of sea level data that can be used in the statistical methods described. However, tide gauges are geographically sparse and hydrodynamic models can be used to simulate sea levels between gauged sites, in order to determine how extremes are likely to vary from one gauge to the next. In the most recent national evaluation of extreme sea levels (Environment Agency, 2018), the primary estimates were derived using tide gauge data and SSJPM and then coastal ocean models were used to interpolate estimates of extreme sea levels at intermediate locations. 
A further consideration for extreme water levels is the combination of extreme still water level (i.e. the tide plus storm surge) with large waves and their subsequent overtopping of defences. There are generally two types of methods employed; deterministic design-storm approaches that use joint exceedance contours with a specified annual exceedance probability, and risk-based approaches. It is well-established that design-storm approaches do not facilitate a direct estimate of the annual exceedance (return period) of wave overtopping rates and the associated flood hazard. This method tends to underestimate flood hazards unless correction factors are applied (HR Wallingford, 2000, Defra/EA, 2005, Gouldby et al., 2014; 2017). Risk-based methods provide a direct estimate of annual exceedance overtopping rates and related flood hazards.
Within extreme wave and sea level joint probability analyses, the statistical modelling is typically undertaken offshore in deep water. This minimises the potential for physically implausible extrapolations (which are likely in the nearshore region). When the analysis is conducted offshore, wave heights are often derived from numerical models (e.g. the Met. Office European Wave Model) or even offshore wave measurements. These offshore conditions must be transformed to the nearshore taking account of various physical processes, using an appropriate wave model such as Simulating WAves Nearshore (SWAN) (Booij et al., 1999), see Section 8 for more detail. The marginal extreme wave heights can be derived at specific offshore model locations by fitting a GPD to the model data. 

[bookmark: _Toc100820190]ANALYSIS OF COASTAL FLOODING HAZARD - STILL WATER LEVEL
The most recent projections of sea level change for the UK are set out in the UKCP18 Marine Report (Palmer et al., 2018). For full details, see the Palmer et al. (2018) report and follow links to data from the UKCP18 web pages. All UKCP18 projections are presented in a probabilistic manner. Future sea-level rise for any given scenario is presented based on the 5th to 95th percentile range of the underlying model distribution (i.e. a 90% confidence interval). Central estimates presented in UKCP18 are the median (50th percentile) value from model distributions. As an illustration, Figure 2 below shows the range of projected sea-level rise over the 21st century for the three RCPs.
[image: 21st century projections of mean sea level for the UK capital cities under three RCPs. Central estimates are shown by the solid lines and the dashed lines indicate the 5th and 95th percentiles]
Figure 2 – 21st century projections of mean sea level for the UK capital cities under three RCPs. Central estimates are shown by the solid lines and the dashed lines indicate the 5th and 95th percentiles. (Reproduced from UKCP18 Marine Report, with permission)

The sea-level rises shown in Figure 2 contain the most recent estimate of the pattern of sea level change caused by the elastic response of the solid Earth to the last de-glaciation. UKCP18 used a 15-member ensemble of GIA estimates from the NERC BRITICE_CHRONO project[footnoteRef:5]. [5:  http://www.britice-chrono.group.shef.ac.uk/] 

On the basis of the UKCP18 projections, the Environment Agency has updated its sector-specific flood and coastal risk guidance documents (Environment Agency, 2020), as has the Scottish Environment Protection Agency (2019). The Welsh Government is currently reviewing its climate change guidance (Natural Resources Wales, 2018) to align with UKCP18 data.
UKCP18 does not contain the so-called H++ or “high-plus-plus” scenarios that were used in UKCP09 (Lowe et al., 2009) and which were designed to provide plausible but unlikely high-end sea-level rise scenarios for planning purposes. However, some guidance (e.g. Environment Agency, 2020) still refers to the use of the old H++ scenarios for sensitivity tests that apply to, “developments that are very sensitive to flood risk, and with lifetimes beyond the end of this century”. New high-end scenarios are being developed by current research which aims to provide an attributional approach to high-end sea levels (e.g. specifying the exact amount of sea-level rise that could result from a complete collapse of the Greenland ice sheet).
The IPCC Fifth Assessment Report of Working Group I (IPCC, 2013) recognises the possibility of future sea-level rises beyond the likely range of the process-based models. Only the collapse of large sectors of the Antarctic ice sheet could cause global mean sea level to rise substantially above the likely range during the 21st century. IPCC (2013) assigned medium confidence to this additional contribution not exceeding several tenths of a metre by 2100. Most studies published since IPCC AR5 suggest maximum rates of about 0.4-0.5 m per century for the global sea-level rise contribution from Antarctica (e.g. Levermann et al., 2014). Since IPCC AR5, uncertainty around high-end sea-level rises due to the Antarctic component has increased (Bamber et al., 2019) due to divergent results of recent studies, and new hypotheses concerning potential ice sheet processes. In a study that relied on structured expert judgement, Bamber et al. (2019) obtained sea-level rise estimates exceeding 2m at the 95th percentile, for a 5C temperature increase (i.e. unchecked emissions). Their findings support the use of scenarios of 21st century sea-level rise exceeding 2 m for planning purposes and are thus consistent with UKCP09 H++ scenarios.
The IPCC Fifth Assessment Report of Working Group I (IPCC, 2013) concludes that it is very likely that there will be a significant increase in the occurrence of future sea level extremes by 2050 and 2100, with the increase being primarily the result of an increase in mean sea level. The report also states that there is low confidence in region-specific projections of storminess and associated storm surges (due to limitations of current climate models to simulate extreme winds). UKCP18 carried out projections of storm surges that made use of CMIP5 simulations under scenario RCP8.5 that were then downscaled by regional atmospheric models (Jacob et al., 2014). UKCP18 only used the most severe climate scenario for extremes, in an attempt to maximise any climate change signal. Two of the downscaled simulations showed coherent signals but disagreed on the sign of any change to the skew surge, whilst the other three simulations showed weaker and less coherent trends. On the basis of these inconclusive results, UKCP18 proposed a best estimate of zero change in skew surge over the 21st century.
Substantial rises in mean sea level are likely to result in changes to the shelf sea tides. The change in mean sea level affects the phase speed of the tidal wave, which in turn modifies the tidal resonance in the European shelf seas. Any modification to the tide is highly spatially variable, but in places the change in tidal amplitude can be as much as 20% of assumed mean sea-level rise. This could lead to some local changes (increases or decrease) in the spring tidal range of over 0.2 m, if a mean sea-level rise of 1 m were obtained. A recent Rapid Evidence Assessment (Environment Agency, 2020) acknowledges that coastal flood risk assessments currently fail to include changes in the astronomical tide, and recommends that new guidance includes consideration and better quantification of tides changing due to mean sea-level rise.
It is very likely that global mean sea-level rise will continue beyond the 21st century. The thermal expansion of the ocean to increased temperatures takes place over centuries to millennia; so thermal expansion will continue beyond 2100 even if greenhouse gas concentrations are stabilised immediately. UKCP18 presents exploratory projections of mean sea level out to 2300. This naturally involves more uncertainty than the projections out to 2100. The longer-term projections contained in recent literature are consistent for low to medium greenhouse gas concentration scenarios (RCP2.6, RCP4.5), but offer differing estimates under the high emissions scenario, with values at 2200 under RCP8.5 ranging from about 1 m (Golledge et al., 2015) to several metres (DeConto and Pollard, 2016). The average UK coastal sea-level rise at 2300 has central estimates ranging between 1.0 m (RCP2.6) to greater than 2.5 m (RCP8.5) with large spatial variations. 

[bookmark: _Toc100820191]ANALYSIS METHODS FOR SHORELINE EVOLUTION, nearshore wave transformation AND INTERACTION (FOR THE DESIGN OF FLOOD DEFENCES and understanding coastal erosion)
Analysis of the interaction between coastal sea levels (tides, storm surges, wave conditions) and the local shoreline for the purpose of designing flood defences is necessarily site-specific, and considers smaller scales and local processes. An overview of typical coastal defence structures found in the UK relevant to the analysis of coastal flooding and erosion at UK nuclear sites is given in Annex 3 of TAG 13 (ONR, 2021a). Understanding local transformational processes on waves and currents requires the best available local data for bathymetry, topography and sediment type. Significant changes to coastal geomorphology can occur over timescales of 10-100 years, and shoreline analysis uses coupled hydrodynamic and sediment transport models to assess plausible future bathymetric and topographic scenarios. For model simulations to be effective, they must be based on the best possible data for bathymetry and sea bed material, forced by realistic worse case scenarios of sea level and meteorological conditions. Different future geomorphologies can result in significantly different nearshore wave fields impinging on engineering structures.
Long term (order 100 years) coastal erosion rates for the coast of England and Wales have been provided by the Foresight Flood and Coastal Defence Project (Foresight, 2004) and results suggest that 28% of the coast is experiencing erosion rates in excess of 10 cm per year (Burgess et al., 2007). However, Burgess et al. (2002) argue that 67% of the coastline is under threat since a significant fraction of the coastline is held in position by engineering measures. Where a coastline is constrained by backshore structures, increases in sea level result in a steepening of the intertidal beach profile, known as coastal squeeze. The importance of coastal squeeze was recently reviewed by the Environment Agency, confirming the importance focus on habitat and ecosystem services that are being ‘squeezed’ and approaches to managing coastal squeeze (Ponte et al, 2019). The authors defined coastal squeeze as follows:
“Coastal squeeze is the loss of natural habitats or deterioration of their quality arising from anthropogenic structures, or actions, preventing the landward transgression of those habitats that would otherwise naturally occur in response to sea-level rise (SLR) in conjunction with other coastal processes. Coastal squeeze affects habitat on the seaward side of existing structures.”. 
[bookmark: _Hlk67234525]According to Taylor et al. (2004), almost two-thirds of intertidal profiles in England and Wales have steepened over the past hundred years. Shoreline Management Plans (SMPs) across England and Wales provide some recognition of this and promote a ‘Managed Realignment’ policy for around 9 percent of the coastline by 2030, rising to 14 percent by 2060 (CCC, 2013), but little realignment has been delivered to date. Analysis by Sayers (2018) for the CCC suggest that for some locations where ‘Hold the Line’ is the current policy, the economic case for longer term protection is low. For example, of those locations that anticipate major investment in shoreline management - greater than £25 million Present Value - between 130-150km may not be cost effective to implement, achieving a Benefit-Cost Ratio (BCR) less than 1. The inference from this is that significant areas currently operating under a ‘Hold the Line’ policy may need to be realigned. Any changes in the management of the adjacent coast impacts the updrift and downdrift coast – both in sediment supply and possible outflanking. Understanding the future regional coastal setting is important for long term planning.
Several predictive models have been developed to improve our understanding of coastal erosional processes, and these models tend to focus on particular typologies of coastlines. A full review of coastal evolution models for different coastal types is given by Masselink and Russell (2013) and recently the Environment Agency published a review of morphological modelling approaches for decision makers, providing a high level but useful context (Blanco et al., 2019). The Soft Cliff and Platform Erosion (SCAPE) model (Walkden and Hall, 2005) was used to assess erosion in Essex and predicted that a tripling in sea-level rise (from 2 mm to 6 mm per year) resulted in a 15% increase in cliff recession. The same model has been used to develop climate change and management scenarios for the Norfolk coastline (Walkden et al., 2008). Brooks et al. (2012) applied SCAPE to the Suffolk coast and predicted that volumes of sediment released by erosion in the 21st century due to mean sea-level rise will increase by about an order of magnitude above the sediment release estimates for the early 20th century. All these results convey the physical fact that increased sea levels will expose increased areas of soft cliff to wave action.
Different modelling approaches are applied to morphological change in estuaries. One widely used example is the ASMITA model (Aggregated Scale Morphological Interaction between Inlets and Adjacent coast; Stive et al., 1998) which represents the estuary as a series of morphological elements (tidal flat, channel, etc). This model has been applied to the Thames estuary where it predicted that over the next century the estuary will experience accretion less than the predicted rate of sea-level rise, resulting in a deepening of the estuary by up to 0.5 m (Rossington and Spearman, 2009).
Having defined any future, plausible coastline, evaluating the interaction of extreme nearshore wave conditions with coastal topography and defences requires offshore wave fields to be transformed using a suitable wave transformation model. As offshore waves enter shallower water they are modified by a number of physical processes (e.g. diffraction, refraction, shoaling, wave breaking), as well as influences of local winds and tidal currents. Consequently, the waves impinging on coastal structures can have very different properties to offshore waves. A recent and thorough review of wave transformation models has been provided by Lawless et al., (2016) as part of a wider review of best practice for coastal flood forecasting, commissioned by the Environment Agency. This guidance document also lays down required standards of accuracy for all elements of sea level forecasting (tide, surge, wave, overtopping) and is intended to maximise consistency in coastal flood forecasting across the spectrum of models used by coastal engineers. The role of these models is described briefly below, but refer to Lawless et al. (2016) for more details.
Phase-averaging spectral wave models such as SWAN, (Booij et al., 1999) compute the two-dimensional (2D) wave spectral energy in a similar way to offshore wave models by solving the action balance equation. They can be run on either a regular or irregular grid and they derive wave parameters such as significant wave height, wave period and wave direction. These models are forced at their seaward boundary by offshore wave and wind conditions, and they represent the majority of wave transformation processes. Other models in this class include MIKE21-SW (MIKE, 2018), STWAVE (AQUAVEO, 2018) and TOMAWAC (open TELEMAC-MASCARET, 2018). These models typically resolve bathymetric features of ~100 m size but are not routinely used at finer resolution due to computational intensity. A common approach – so-called hybrid approach - is to combine a wide area 2D wave model with a series of one-dimensional (1D) wave models to transform waves from the tidal low water contour to specific beaches or structures.
More complex wave transformation models, so-called phase-resolving models, exist to account explicitly for diffraction and refraction by solving the mild slope equation. Explicit representation of individual waves is also possible but is computationally demanding. A full list of this type of model is provided by Lawless et al. (2016). Because these models simulate individual waves, their spatial resolution is typically a few metres. This renders them suitable for the analysis of specific sites (and the effect of specific waves), but not wide area forecasting. 
Wave transformation models depend on accurate bathymetry. To model the transformation from offshore to a specific structure will normally require some combination of charted bathymetric data (e.g. from Admiralty or other surveys) and accurate beach profile data from LiDAR. For many parts of England and Wales, LiDAR data is held by the Environment Agency (see Section 5.1 of this document).
Wave transformation models require careful validation, based on a selection of storm events. Ideally, waves inshore will be measured with suitable devices (e.g. Waverider buoys). Measured wave data for the UK is available from WaveNet, the Met. Office and the Channel Coastal Observatory. Hindcast waves and atmospheric forcing can be derived from the operational Wavewatch III model run at the UK Met. Office.
A number of studies have shown that joint probability contouring approaches, that use a joint exceedance approach to define annual exceedance contours of waves and sea levels, do not facilitate a direct estimate of the annual exceedance of structural responses (e.g. wave overtopping rate) and the related flood hazard (HR Wallingford, 2000; Defra/EA, 2005; Gouldby et al., 2017). The joint probability contouring approach tends to underestimate flood risk unless correction factors are applied to account for this known discrepancy. To obtain an unbiased estimate of coastal flood hazards, it is necessary to adopt a risk-based approach. In this approach, the multivariate extreme value distribution is integrated over the outcome variable of interest (e.g. wave overtopping or floodplain flood depth). The JOIN-SEA software was developed to implement this approach (HR Wallingford, 2000). More recently, advances in the underlying statistical models (Heffernan and Tawn, 2004) have been applied to assess coastal flooding using a risk-based approach at a national scale. Offshore waves, winds and sea levels have been extrapolated to extremes, these have then been transformed to the nearshore and through to overtopping rates using the SWAN wave model combined with statistical emulators and an empirical wave overtopping model to directly estimate wave overtopping annual exceedance probabilities and the related flood risk. Gouldby et al. (2017) used a statistical emulator and the SWAN model to derive a national set of extreme events at a 1 km resolution in the nearshore region. 
Extreme combinations of waves and sea level lead to wave overtopping which occurs when waves run up the face of a seawall or dike and pass over the crest of the structure (so-called ‘green-water’). In cases where the structure is vertical, the wave may impact against the wall and send a plume of water over the crest. A different form of overtopping occurs when waves break on the seaward face of the structure and produce significant volumes of splash and spray, which may then be carried over the wall either under their own momentum or by an onshore wind. Whether overtopping discharges are by green-water, plume or splash, the consequences will tend to vary according to circumstances. Typically, green-water and plume overtopping will be associated with flood inundation and structural damage, whereas spray will be associated with personal safety and also incremental damage to buildings.
Analysis of wave overtopping of structures is complex and there are a range of prediction methods that are adopted in practice, all of which are complex and have associated uncertainties. These methods include structure-specific empirical formulae detailed within the EurOtop manual (Pullen et al., 2008; EurOtop, 2018), generic empirical metamodeling approaches involving neural networks (e.g. Van Gent et al., 2007; Kingston et al., 2008; Zanuttigh et al., 2016), numerical models (also referred to as Computational Fluid Dynamics or CFD models) that solve the full 3D Navier Stokes Equations (Hirt and Nichols, 1981; Chen et al., 2016; and Dimakopoulos et al., 2014), and finally laboratory based, scaled physical model experiments. All of the empirical approaches are based on functions fitted to data from physical model experiments. This is because measured overtopping rates are rare and laboratory data is generally considered the next most reliable source of data. The empirical EurOtop (2018) methods are generally applicable when the structures are of common geometry (e.g. a simple slope, recurved wall etc). Where structures deviate from these common geometries (to include complex features, for example multiple berms), the meta-modelling approaches are often employed as they facilitate interpolation to non-standard geometry. Numerical models that simulate the physical processes can be challenging to calibrate and these are often employed in parallel with physical models. 
The rate of wave overtopping is generally presented as a mean discharge per metre run of seawall, averaged over approximately 1000 waves. Whilst mean discharge is convenient for analysis of flood volume, the instantaneous hazards to people or building damage are more closely correlated to individual wave volumes and / or velocities. For the analysis of individual wave overtopping volumes and velocities, CFD and physical models offer the most robust estimates.
In response to external loads, coastal infrastructures exhibit a range of failure modes (i.e. processes that influence the integrity of the defence in a way that has the potential to lead to failure – for example a breach – during a storm). The relationship between the external load and the conditional probability of failure (given that load) is often referred to as a ‘fragility curve’. Wave overtopping, for example, is a primary consideration in determining the chance of failure at most coastal locations, as it may erode the grass cover of the rear face or scour rear toe and ultimately lead to breach. Various documents provide advice on the relationship between different loading conditions and the failure modes they may influence. For example, ‘safe’ overtopping conditions and good practice design principles are set out in the ‘Rock Manual’ (CIRIA, 2007). It is, however, often the case, that ‘failure’ of sea defence is not caused by one single failure mechanism or loading condition but by several processes. Process-based failure analysis and failure trees all offer insights into the most important failure modes at a given location when used appropriately and supported by expert understanding and data (e.g. Kortenhaus, 2012).


[bookmark: _Toc100820192]ANALYSIS OF TSUNAMI HAZARD
For the UK and Europe there are records of several past events of significance, notably, in historical times, the earthquake of 1st November 1755 and the ensuing tsunami that, together, destroyed Lisbon. There is also firm geological evidence for the source region and the effects of a major tsunami impacting the coasts of Scotland and northeast England following a submarine landslide offshore Norway about 8150 years ago. The evidence that tsunamis have reached the UK in the past indicates that the possibility of significant future events cannot be dismissed. Also, there may be other potential sources of future tsunami.
The Defra (2005) study found that a tsunami reaching the UK from the Azores-Gibraltar region (the region responsible for the earthquake and tsunami causing the destruction of Lisbon in 1755) is a possible event. However, the likelihood of a future tsunami from this source being worse than that of 1755 is negligible since the consensus of literature concerning the Lisbon earthquake already ascribes it the largest possible magnitude (M8.7) outside of subduction zones. A tsunami resulting from a landslide on the Canary Islands would be heavily dependent on the nature of the collapse. Some reports (e.g. Ward and Day, 2001) have suggested that the western flank of La Palma, in the Canary Islands, is vulnerable to collapse, with devastating effects around much of the North Atlantic coastline. Whether a tsunami generated by a flank collapse could cross large distances or not would depend entirely on the nature of the event; a coherent large block entering the sea with high acceleration would produce such an effect, but if the slope failure were composite or less energetic, the effects produced would be local. Studies of the offshore turbidites created by landslides from the flanks of the Canary Islands suggest that these result from multiple landslides spread over periods of several days. Separate failures occurring over this time scale would each generate a discrete tsunami, but these successive failures are too widely spaced in time to have a cumulative effect on tsunami magnitude (Wynn and Masson, 2003). All the submarine landslides so far studied in detail around the Canary Islands indicate that they are multiple events, implying smaller scale tsunamis. The results of the tsunami propagation modelling carried out in Defra (2005) are summarised in Table 1 below. 
Geologically, an earthquake in the North Sea sufficiently large to cause a tsunami is possible, although there is no record of any such event. A model of a credible North Sea event centred on the location of the 1931 earthquake gave wave heights along eastern UK coasts of 1-2 m.
To provide a more detailed assessment of the potential hazard, the Defra (2006) study focused on a near coastal North Sea event and a more detailed analysis of a Lisbon 1755 type event. The model studies of the Lisbon 1755 event explored the effects of a variety of plausible earthquake magnitudes and fault orientations. Larger magnitude earthquakes produced tsunami waves with typical wave amplitudes of 1-2 m around the south west of the UK, with 3-4 m waves in localised bays. Whilst the size of these tsunami waves is comparable to those in typical storm surges, certain characteristics of tsunamis are likely to create sea conditions different to those during a storm surge. The model study of the near-coast event in the North Sea was centred on the location of the 1931 earthquake (Versey, 1939), with an assumed magnitude of M6.0. The resulting tsunami was propagated through high resolution storm surge and wave models in order to estimate the wave run up and inundation on a variety of beach slopes.
The model results were used to assess hazard at the coastline. As the tide did not interact with the tsunami wave, the analysis made the most conservative assumption that any tsunami could coincide with the highest possible tides. The tsunami elevations around the coast were compared against 50 year and 100 year return period extreme sea levels. Only the south west coast of the UK was found to incur sea level elevations slightly in excess of the 1 in 100 year extreme sea level predictions (and it should be noted that the default standard for coastal engineering is the 200 year return period). A further assessment of hazard reviewed the wave elevation and flow velocity at the still water level for the tsunami wave as it ran up and down typical beaches. The hazard for beaches for the hypothetical North Sea tsunami was classified as low, but the hazard for beaches in Cornwall and Devon was classified as dangerous for a M8.7 Lisbon 1755 type tsunami. Although only the most south-westerly coast of the UK might incur sea level elevations marginally in excess of the 1:100 year extreme sea level predictions, the inundation potential of any tsunami is greater due to its long wavelength. Furthermore, flow velocities on inundated areas are potentially higher during tsunami incidence.
Table 1 – Results from the tsunami modelling exercise in Defra (2005) with the most plausible tsunami sources for the UK
	Tsunami source
	Height and propagation time of wave reaching
the coast, regions affected and (assumed
amplitude of wave at its origin)

	Near field earthquake in
North Sea (cf. Dogger
Bank, 1931)
	Height: 0.8-2 m
Propagation time: 1-2 hours
Regions Affected: Yorkshire and Humberside coasts 
(Assumed wave amplitude at origin: 1 m)

	Passive margin
earthquake in the
western Celtic Sea
	Height: 0.5-1 m
Propagation time:3-6 hours
Regions Affected: North Devon, Bristol Channel, South and West Wales 
(Assumed wave amplitude at origin: 1 m)

	Plate boundary west of
Gibraltar (Lisbon
earthquake of 1755)
	Height: 0.8-1 m
Propagation time:5-8 hours
Regions Affected: Cornwall, North Devon and Bristol Channel, South Wales
(Assumed wave amplitude at origin: 1 m)

	La Palma slide (Canary
Islands)
	Height: 1-2 m
Propagation time:7-8 hours
Regions Affected: Cornwall, North and South Devon 
(Assumed wave amplitude at origin: 2 m)



The importance of landslide generated tsunami on UK coasts is unclear. Much interest surrounds the tsunami generated by the Storegga Slide - a submarine landslide, or submarine mass failure, that occurred approximately 8,150 years ago on the Norwegian continental shelf and slope. The portion of seafloor that fractured and moved downslope was approximately 200 miles wide, up to 3,200 km3 and affected an area of sea floor of 95,000 km2. 
Mapping of tsunami deposits show that this landslide generated a tsunami that reached the northern UK coastline. To date, evidence for the tsunami has been identified at over 30 sites from northern Scotland to north-eastern England (e.g. Smith et al., 2004). Measurements of the sediment run-up of the tsunami on the mainland Scottish coast range from 0-6 m locally above the contemporary shoreline, and up to tens of metres on Shetland, but actual water depths in which the sediments accumulated were several metres higher (e.g. Smith et al., 2007; Soulsby et al., 2007). Other possible tsunamis are registered on Shetland and dated at c. 5,500 years ago and c.1,500 years ago (Bondevik et al., 2005a; 2005b), but their singularity on Shetland alone renders them uncertain (Long and Wilson, 2007; Long, 2015; Tappin et al., 2015). Thus, so far, the Storegga Slide tsunami is the only landslide generated tsunami confirmed to have occurred on mainland UK coasts. 
The Storegga slide is only one of several slides along the continental slope west of the UK and Norway, most of which occurred in glacial sediments, but the frequency of sliding is as yet unclear. Neither is it clear if any of the other slides generated tsunamis that reached the UK. 
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