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The project assessed the possible changes in coastal defence vulnerability (to overtopping or erosion) caused by global climate change over the next 75 years. The effects of climate change on waves and water levels were estimated using two thirty-year time slice simulations of the global climate model, ECHAM4. The first simulation represented present day conditions and the second represented a future scenario (IS92A) centred on 2075, with double the present day levels of CO2 in the atmosphere. The climate model produced meteorological forcing that was used to drive a wave hindcasting model and a tide-surge model. Hence wave and water level time series were derived for the present-day and future scenarios. Three methods of estimating the changes in coastal defence vulnerability between now and 2075 were used. The methods used present and future simulations to calculate: 


1. Coastal defence response to combined waves and water levels, using numerical models.


2. Longshore drift rates, to compare annual mean drift rates and their variance.


3. Statistical analysis of coastal defence response functions, derived from empirical equations.





The results were used to estimate changes in coastal defence vulnerability due to climate change at five test regions around the English and Welsh coastline. The results produced are not site specific but rather generic. Simplified bathymetries and typical structure types were used in an effort to provide results that are broadly representative of stretches of coastline, rather than specific locations. The results have also been driven by a single realisation of a single climate change scenario, run on a single climate model. Due to the variability between models and the range of scenarios considered possible by the IPCC, the modelled predictions do not give a definitive view of the changes that will occur and the results should be interpreted with caution. Changes in wave climate around the UK are predicted to be small (generally less than 5% for wave height) and the increase in future extreme water levels will generally be within 20% of the increase in mean sea level. Sea level rise of 0.35m will cause average increases in overtopping volume of between 50% and 150%, depending on structure type, location and modelling approach and if present day defences are unchanged in 2075. If the observed coastal steepening continues it will increase overtopping rates by a further 15%, approximately. The inclusion of sea level rise predictions in design calculations should account for the majority of the predicted change in wave impact on coastal structures. 





A formula was presented for the increase in crest elevation necessary to maintain present day overtopping rates when sea levels rise. It is based on well-established empirical overtopping formulae and shows that crest levels need to be raised by more than sea level rise to achieve this. Scour and damage potentials may increase or decrease as a result of climate change, depending on how the partial standing wave velocities at the coastal structure change. The average changes in scour potential were 16% for the seawall and less than 2% for the embankment and shingle beach. 





In most cases the simulated future mean annual longshore drift rates were slightly greater than the present day rates (by an average of around 15%) but the standard deviations were all lower (also by around 15%). The greater volumes of material that may need to be re-nourished, but reduced inter-annual variability, would impact on the economic viability of beach nourishment and may necessitate a review of management options. However, as there is great uncertainty in the prediction of longshore transport, the work tends to show that future changes are unlikely to be greater than current levels of uncertainty and these should be considered in the normal course of sensitivity testing. 





Qualitative and quantitative differences in future changes in vulnerability were found between the five sites examined around the coastline of England and Wales. This is because the sites have different tidal ranges, wave climates and surge levels. Moreover, the parameters have different joint probabilities at different sites. Thus results from one site cannot be transferred directly to other sites and individual assessments must be made for specific sites. Nonetheless, the modelled scenarios give an indication of the general extent of changes in coastal defence vulnerability that can be expected in the next 75 years.�
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CDV2075 Scientific report





Introduction


Climate change will lead to altered wave heights and storm surges while sea level rise will increase mean and peak water levels and will change tidal ranges and storm surge amplitudes.  These changes will affect the vulnerability of coastal defences to overtopping and damage.  They will also affect beaches by altering longshore sediment transport rates and hence beach plan shapes. 





These changes may produce considerable impacts at the coast. Coastal zones contain large human populations and significant economic activity, from ports to tourism.  Significant inhabited areas in the UK are below mean high water level. These people are generally well protected from today’s conditions but may become more vulnerable as a consequence of climate change.





Coastal Defence Vulnerability 2075 (CDV2075) assessed the possible changes in coastal defence vulnerability (to flooding or erosion) caused by global climate change over the next 75 years. The effects of climate change were isolated by assuming that other factors (such as the shape of defence structures, beach level at the toe and offshore bathymetry) remain the same, although the effect of coastal steepening was included in case it is significant, although its causes and relationship to climate change are not understood.  The project was carried out as a collaboration between HR Wallingford (HR) and the Proudman Oceanographic Laboratory (POL). HR and POL staff collaborated in the exchange of data and model results and in the linking of numerous numerical models.  Indeed, the linking of models and multiple exchange of results between HR and POL was a notable feature of the project.





The effects of climate change on waves and water levels were estimated using two thirty-year time slice simulations of a global climate model.  The first simulation represented present day conditions and the second represented a future scenario.  In order to get a modelled climate suitable for detecting changes to the vulnerability of coastal defences, high spatial and temporal resolutions were required from the climate model.  These are necessary to model storms which last from hours to days. The climate model produced meteorological forcing that was used to drive a wave hindcasting model and a tide-surge model.  Hence wave and water level time series were produced for present day and future conditions.  No swell was included in the wave modelling.





The response of beaches and structures to present and future conditions was then simulated and the changes in coastal defence vulnerability due to climate change were estimated.  Three methods of determining the changes in coastal defence vulnerability between now and 2075 were used in this project.  They are:


Coastal defence response to sea conditions with given joint exceedance probabilities.  In this method a limited number of wave/water level combinations with a given return period were modelled to give overtopping rates and velocities.  A number of state-of-the-art numerical models were used to transform the waves inshore and onto the structure.


Effects of changes in beach levels and plan shapes.  Longshore drift calculations are used to compare annual mean drift rates and their variance for present and future conditions.  The effect of these values on beach plan shape and beach management was discussed.


Statistical analysis of coastal defence response functions.  In this analysis simple empirical equations were used to calculate overtopping rates for each wave/water level combination produced by a Monte-Carlo simulation.  A full statistical analysis of the overtopping response was obtained, but the process modelling was simplified.





The methods were used at five test regions around the English and Welsh coastline:


Lincolnshire


Dungeness to Rye


Lyme Bay


Swansea Bay


Fylde (Lancashire)  


The locations were selected to give a range of wave and tide conditions and also coastal types and defences. The locations are shown in Figure 1 and descriptions of the sites are given in the final project report (Sutherland and Wolf, 2002).  The results produced were not site specific.  Simplified bathymetries and typical structure types were used in an effort to provide results that are broadly representative of stretches of coastline, rather then specific locations. 





The project drew on the work of a number of previous and existing projects, including WASA, STOWASUS-2100, JERICHO, Integrated Effects of Climate Change on Extreme Sea Levels and Coastal Steepening, as well as on IPCC Climate Change 2001. The results from CDV2075 are intended to inform the future planning of defence needs and any adaptation strategies.  Initial results were presented in Sutherland and Wolf (2001) and the final project report is Sutherland and Wolf (2002).


Simulating the effects of climate change on waves and water levels


Climate change will lead to changes in the height and frequency of occurrence of waves and storm surges while sea level rise will increase mean and peak water levels and will change tidal ranges, storm surge amplitudes and nearshore wave heights.  The effects of climate change on waves and water levels have been simulated by simulating thirty-year timeslices of present and future scenario climates.  The thirty-year timeslices of wind speed and direction plus atmospheric pressure were used to drive wave and tide-surge models, which determined present and future conditions.





The IPCC’s best estimate (Church et al, 2001) was used for sea level rise (0.35m by 2075) while changes in the climate were modelled using a global climate model, ECHAM4 (developed at the Max Planck Institute for Meteorology, Hamburg).  Hulme and Jenkins (1998) recommended a number of scenarios (the UKCIP’98 scenarios) for use in the UK.  These are named low, medium-low, medium-high and high.  These were all modelled using UK Hadley Centre for Climate Predictions and Research model HadCM2.  Both ECHAM4 and HadCM2 meet the IPCC criteria for climate modelling and were used in IPCC (2001a).  The ECHAM4 simulations used IPCC emissions scenario IS92a published in the 1992 Supplementary Report to the IPCC Assessment (Leggett et al., 1992).  This is close to the emissions scenario used in the HadCM2 medium-high scenario model run and gives very similar global-mean temperature anomalies to it (Hulme and Jenkins, 1998, Figure 12). 





Brampton and Harford (1999) showed that ECHAM4 models present-day high wind speeds better than HadCM2 (at one location) and it is necessary to model high wind speeds correctly to model extreme wave and surge events.  Moreover, only monthly-averaged wind speeds were provided in the UKCIP’98 scenarios, while the ECHAM4 model run provided a high temporal resolution (six hours) so the development of storms could be resolved.  ECHAM4 also gave a high spatial resolution (about 125km) so winds were supplied from grid cells close to the coast but mainly over the sea.  The model runs used provided long timeseries (thirty years) so that a range of annual climates was modelled.


Method


The effect of climate change on waves and water levels was simulated as follows: 


Thirty-year time series of pressure, wind speed and direction were extracted at points corresponding to the coastal sites from model runs of the ECHAM4 atmospheric general circulation model (Roeckner et al. 1996).  The runs represented present day conditions and future conditions, assuming a doubling of C02 levels. 


The ECHAM4 time series were used as atmospheric forcing for 30-year simulations of sea surface elevation (including the effect of mean sea level rise for the future case) made by the POL 2D-TS tide-surge model, NISE, run using a 12km grid (Flather & Williams, 2000). Thirty-year time series of water elevation were output at grid cells near the selected sites and the output point of the ECHAM4 model.


The ECHAM4 time series of pressure, wind speed and direction were also used as atmospheric forcing for 30-year simulations of wave conditions using HR Wallingford’s HINDWAVE wave hindcasting model (Hawkes, 1987).  


The synchronous time series of wave height and water level were analysed using the JOIN-SEA joint probability method (Owen et al, 1997). The output of JOIN-SEA was analysed to provide:


marginal extremes for wave heights and water levels (i.e. plots of wave height and water level separately against return period)


contours of equal joint probability of exceedence of wave height and water level


thousands of years of simulated synchronous wave heights and water levels at each high tide.





Figure 2 shows how these models (and the models used to predict the response to changing conditions) were linked within CDV2075.  


Simulated marginal extreme wave heights


The relative change in wave heights is shown in Figure 3, where the future significant wave height is divided by the present day significant wave height and plotted against return period.  The majority of future wave heights are within five percent of present day wave heights.  The only simulation significantly outside this range is for Lincolnshire wave heights at high return periods, which reduce to 86% of the present day heights by 2075.  There are small increases in wave heights for return periods less than 0.2 years for Lyme Bay and Swansea Bay, up to three years at Dungeness and Fylde and greater than about 90 years at Swansea.  The future wave heights are lower than the present day wave heights in all other cases.  The results for Dungeness, Fylde, Lyme Bay and Lincolnshire show reducing ratios of future/present wave heights as the return period increases.  Only Swansea shows a generally increasing trend.  


Simulated marginal extreme water levels


Figure 4 shows the relative increases in marginal extreme water levels between present and future plotted against return period.  Here the relative increase is (WLf-WLp)/SLR with WLf = marginal extreme water level in future scenario, WLp = marginal extreme water level in present day scenario and SLR = 0.35m sea level rise used in the POL 2D-TS model.  A value of one implies that the linear addition of the expected sea level rise to present day water levels will be an accurate representation of the future water levels.  Variations away from one are due to non-linear interactions, such as the effect of changes in water level on tidal range and surge dynamics.  





The results vary around the 35cm increase in water level imposed in the POL 2D-TS model [(WLf-WLp)/SLR = 1].  The results for return periods lower than approximately thirty years are almost all within 20% of this figure.  In other words, a sea level rise of 0.35m will produce changes in marginal water levels of between 0.28m and 0.42m in almost all cases, for return periods less than about 30 years.  Note that these calculations allow no regional land movements so the variations between sites are not due to relative changes in land movement.  The greatest deviations occur at the extreme return periods, several times the length of the model datasets used to generate the long-term simulations.  They may be due to problems in fitting curves to the extreme distributions and so the results should be treated with caution.  The greatest increases in water level occur off the Fylde coast, as expected, because of the relatively high correlation between storms and surge in the Irish Sea.  The sea levels showed increases over and above sea level rise at Fylde, Dungeness and Swansea Bay and decreases for Lyme Bay and Lincolnshire (the more open coastal sites with lower tidal ranges). 





It is also interesting to estimate the ratio of the present return period (prp) to the future return period (frp) associated with a given water level.  Such ratios (prp/frp) give an indication of how many times more frequently a particular water level will occur.  The values given below are only estimates (based on water levels associated with present day return periods between five and twenty years) as the ratio varies from water level to water level:


Lincolnshire, prp/frp ( 6


Dungeness to Rye, prp/frp ( 15


Lyme Bay, prp/frp ( 5


Swansea Bay, prp/frp ( 33


Fylde, prp/frp ( 6.





The smallest changes in return period were from Lyme Bay, Lincolnshire and Fylde while the largest was for Swansea Bay, then for Dungeness to Rye.  The smallest changes in return period are for the sites with the lowest tidal ranges and the steepest gradients in the marginal extreme water level graphs.





Simulation of coastal defence response to joint probability cases


This method, developed for CDV2075, calculates overtopping rates and velocities on the structure (as surrogates for scour and damage potential) for extreme sea conditions.  The starting point is the joint-probability of exceedance plots produced by JOIN-SEA. A summary of the method is given below.  


Contours of equal joint exceedance probability (with return periods of 20, 50 and 200 years) were calculated and plotted on wave height versus water level diagrams at each site.


A number (normally four or six) of points on the contour were chosen as representative combinations of water level and waves to be used as inputs to the wave models that calculate the structural response (overtopping and/or velocity on the structure).  Only one of these combinations will give the worst case response (the highest overtopping rate or rms velocity) and it can be a different combination for each response.  The probability of occurrence of the structural response function calculated from the worst case combination of wave height and water level will be higher than the joint exceedance probability.  This occurs because the same response may be obtained by other sea conditions in which only one parameter (wave height or water level) takes a very high value. 


A most likely wave direction, wind direction and wind speed were assigned to each wave condition, by inspection of the extremes in the 30-year time series.  A wave period was determined by assuming that the offshore wave steepness equals 0.05.  The extreme water level extrapolations recommended by Dixon and Tawn (1997) were used in deriving the extreme water level distributions.


The waves were transformed inshore, over a large area, using the third-generation coastal area wave model, SWAN (Booij et al, 1999, run by POL). 


The inshore waves were taken through the surf-zone using HR Wallingford’s coastal profile model COSMOS (Southgate and Nairn, 1993).  The COSMOS model included the structure (e.g. sea wall) and a simplified, linear, beach that was replaced by a steeper beach to represent the effects of coastal steepening.  Thus, coastal steepening was included in the COSMOS and OTT models only.


The wave height and period from COSMOS were output at a point 60m in front of the structure and used as the input to a numerical model of wave run-up and overtopping, OTT (Dodd, 1998) that was run for 1000 peak wave periods.  The structures were chosen to be representative of different general types of coastal structure: a smooth sloping sea wall, an embankment and a shingle beach.


Time series of surface elevation and velocity were output at the toe, midpoint and crest of the structure.  These were analysed to produce overtopping rates and velocities on the structure (as surrogates for scour and damage potential).  


Results were assessed in terms of the change in response between present and future scenarios.





The method is shown as ‘Method 1’ in figure 2.  Some cases were run with a steepened beach in the future scenario, where there is evidence that beach steepening is happening now (Soulsby et al., 1999).  In these cases, the scenario for coastal steepening was that the present rate of steepening continues until 2075.  The potential for scour and damage vary with velocity to the power of three and two, respectively.  The cubed and squared ratios between future and present root-mean-square velocities were used to determine the percentage increases in scour and damage potential.


Choice of coastal structure


Three structure types with simple cross-sections were used:


Smooth sloping sea wall.  The chosen sea wall had a toe elevation of 0m ODN, a crest elevation of 6.47m ODN and a front slope of 1:1.6 (V:H).  The same sea wall design was applied at all sites to allow for a direct comparison between regions.


Embankment.  The crest elevation used was the 10,000-year return period water level for the site.  The toe depth was the datum minus half the 1-year return period water level and the front slope was chosen to be 1:3.


Shingle Beach. The crest elevation used was the 10,000-year return period water level for the site.  The toe depth was the datum minus the 1-year return period water level and the front slope was chosen to be 1:5.





Simulated changes in overtopping


The ratio of future/present day mean overtopping rate (Qf/Qp) for the 20, 50 and 200-year return period wave and water level conditions are shown in Figure 5 for the seawall (top) embankment (middle) and shingle beach (bottom).  All calculations were performed with the present day beach slope. Future overtopping rates vary between 1.3 and 4.5 times the present day rates for the seawall (with the one exception).  Lower ratios were recorded for the embankment (in the range 1.2 to 2.5) and the shingle beach (in the range 1.2 to 2.6).  The average Qf/Qp ratios were 2.5 for the seawall (excluding the 20-year ratio at Lyme Bay) 1.6 for the embankment and 1.7 for the shingle beach.  The embankment and shingle beach results are similar while the seawall results give a wider variation and larger ratios.  This is a reflection of the methods used to devise the structures used.  The seawall was a common structure, “designed” for Lincolnshire but used at all five sites to see how they compared.  The embankment and shingle beach were different at each site, but “designed” to a common formula.  The embankment and shingle beach had crest levels that corresponded to the 10,000-year return period water level, while the seawall crest level was 6.47m in all cases, irrespective of how that compared to the water level.





Most of the ratios of future to present overtopping rates (Qf/Qp) decreased as the return period increased.  This is mainly because the models predict lower ratios of future to present wave heights at higher return periods.  There was no significant change in the ratio of future to present overtopping rates at Swansea, which was the one region where there was a slight increase in the ratio of future to present day wave heights as return period increased (Figure 3).  





There were noticeable variations in the overtopping ratios at the different sites, which are related to the tidal ranges and the tide/surge relationships.  The highest overtopping ratios occur for Lincolnshire and Lyme Bay, which have the lowest tidal range, while the lowest ratios occur for Swansea Bay and Fylde, which have the highest tidal range. The effect of coastal steepening, assuming that it continued at present day rates, was to increase future overtopping rates by around 15% (10%.


Simulating changes in beach levels and plan shapes


Changes in beach levels can substantially alter the effectiveness of coastal defences, affecting both their functional performance (e.g. changing their overtopping rates) and their structural integrity (e.g. scour leading to undermining of the toe of a seawall).  There are many possible causes of changes in beach levels.  Common examples include:


The short-term effects of a severe storm;


Changes in the supply of sand from rivers;


Changes in nearshore sandbanks or channels; and


Anthropogenic activities such as mining of beach sediments, beach recharge operations and the construction of breakwaters, groynes or other structures.





In this project, the main emphasis was on changes in natural processes connected with climate change, rather than changes in anthropogenic activities.  The major cause of long-term beach changes is usually connected to changes in their plan shape.  These types of change are related to the transport of sediment along a coastline, the so-called “longshore drift”.  Where this volumetric rate of transport varies along a stretch of shoreline, then the beach plan shape alters in response.  Therefore the change in the longshore drift rate, due to climate change, was modelled.


The method used to calculate longshore drift rate changes


The CERC formula has been used to calculate the instantaneous longshore drift rate.  In the UK, there are often a large number of factors that complicate this calculation, including:


The presence of groynes, breakwaters, seawalls and other structures that affect drift rates;


Mixed sediment types, e.g. sand and shingle, that move at different rates along a coast;


A lack of beach sediment in the lower inter-tidal zone reducing the volumetric drift rate; 


Tidal currents that affect both waves and the longshore currents that they produce; and


Uneven seabed bathymetry causing spatial variations in wave conditions along a beach.





The importance of these factors can vary considerably over a short length of coast, further complicating the calculations.  In this project, the main interest was in the scale of changes in longshore drift rates rather than in trying to precisely calculate (and verify) those rates for a particular location.  Therefore the same beach conditions were used with present and future six-hourly 30-year time series of synthetic wave conditions to generate 30-year time series of longshore drift rates using the CERC formula.  This method is known as DRCALC and is shown as ‘Method 2’ in figure 2.





Time-series of (synthetic) wave conditions were used as the primary input to the DRCALC program, rather than using the statistical summary of those waves as presented in the format of wave roses, scatter diagrams or probability tables.  The use of the sequential data had two main advantages:


It is possible to calculate the longshore transport for each year, providing information on inter-annual variability in drift rates; 


The sequential data retains the precise wave heights and directions calculated by the forecasting model, whereas using the probability tables results in error due to “discretisation” of these quantities, e.g. directions only stored to the nearest 5° or 10°.


Simulated changes in drift rates


The percentage changes in mean annual nett drift and the standard deviation of the annual nett drift are shown in Figure 6.  The numbers after a location name give the shore-normal direction.   Two beach directions (180( and 225() were used for Dungeness and Lyme Bay because of the changing beach orientation along these frontages.. In all but one case the future mean annual drift rates are greater than the present day rates, by an average of 15% (although the one exception, Lincolnshire, was the one presented in Sutherland and Wolf, 2001).  The standard deviations are all lower, by an average of 14%.  The reduced variability would mean a more consistent year by year approach to managing any beach nourishment schemes.  However, the greater volumes of material that may need to be re-nourished could impact on the economic viability of such activities and may necessitate a review of management options.  Nevertheless, the work tends to show that future changes are unlikely to be greater than current levels of uncertainty and these should be considered in the normal course of sensitivity testing.


Statistical analysis of simulated coastal defence response functions


An alternative method of calculating the structural response is to use simple empirical equations to calculate the overtopping rate for each wave/water level combination in a simulation.  Here the Monte-Carlo simulation of waves and water levels at each high tide for thousands of years, produced by the JOIN-SEA method, was used to create hundreds of thousands of combinations of wave height and water level for each of the present and future scenarios at each of the five sites.  Empirical formulae for inshore wave height and overtopping rates (EA, 1999, Owen, 1980) were then used to calculate overtopping rates at each high tide. A statistical analysis (sorting and counting back) of the overtopping response was used to calculate the overtopping rate at a number of return periods.  This method is shown as ‘Method 3’ in Figure 2.





Wave period is a key variable in overtopping calculations.  JOIN-SEA incorporates the variability in wave period by modelling the wave steepness.  An appropriate wave height threshold is selected (typically 95%).  Below the threshold the empirical distribution of wave steepness is used, above the threshold the normal distributions conditional on wave height is used.  This approach models the wave steepness better than the joint probability approach where steepness is assumed constant.  


Simulated changes in overtopping


Figure 7 shows the ratio of future to present day overtopping rates plotted against return period, using the same embankment and seawall for both scenarios.  Most of the ratios show increases of between 20% and 100% in the overtopping rate.  The average of the plotted values for the embankment is 1.5 and for the shingle beach it is 1.8.  There is also a wider variation in the future/present overtopping ratios for the shingle beach compared to the embankment.  There are only small variations in the overtopping ratio with return period.  Higher ratios tend to occur for the lowest and the highest return periods (especially for the shingle beach).  The highest ratios occur for Dungeness and Lyme Bay, while the lowest are mainly for Swansea Bay and Lincolnshire.


Increase in crest elevation to maintain present-day overtopping rates


The effect of an increase in sea level is to reduce the future freeboard, Rf, and increase the future depth-limited breaking wave height, Hsf, at the structure toe. These changes serve to increase the overtopping rate in the future scenario.  One method of countering the changes in overtopping rate would be to increase the crest elevation of the coastal defence structure to such a level that the future scenario gives the same overtopping rate as the present-day conditions.  A method of calculating the increase in crest elevation, rc, required to maintain present day overtopping rates in the future was derived.  





It was assumed that there are depth-limited wave heights at the structure toe, wave period does not change and that the beach did not altered as a response to rising sea level.  The equations for overtopping rate were re-arranged, to give the following explicit expression for, rc:


�				(1)


Here, SLR = Sea Level Rise [m], Rp is the present day freeboard [m], Hs is significant wave height [m], the subscripts f and p refer to future and present scenarios, Tm is the average wave period [s], B is an empirical non-dimensional coefficient that depends on wall slope and g is the acceleration due to gravity [ms-2].





The crest level increase required to maintain present day overtopping rates in the future is given by sea level rise plus two other terms.  The assumptions made above imply that Hsf/Hsp > 1 so the second and third terms on the right hand side of Equation 1 both require further increases in crest elevation above the allowance for sea level rise if the present-day overtopping rate is to be maintained in future.





A worked example was presented for the Lyme Bay embankment.  A single condition was determined that gave the 50-year present-day overtopping rate.  Equation 1 was then used to give the increase in crest elevation necessary to maintain that overtopping rate in the future. Figure 8 shows the overtopping rates presented against return period.  Results are shown for present and future conditions using the present day embankment (curves labelled ‘present’ and ‘future’) and for future conditions using the embankment with the crest raised by rc = 0.50m (curve labelled ‘Future – raised crest’).  The future conditions run with the present day embankment show overtopping increases of about 60% over present day results.  The future conditions run with the raised embankment show simulated overtopping rates almost exactly the same as for the present day case for return period lower than about 20 years.  At higher return periods the future overtopping rates are lower than the present day rates.  The match is not exact at the 50-year return period used to derive the crest level increase.  This difference has three main causes:


The wave steepness, which determines wave period and influences wave height, was assumed.  


Different combinations of water level and wave height give the same overtopping rate, and these combinations will respond differently to the increase in crest level.  Only one combination was used to derive the imposed crest level increase.


Present day waves and water levels were used (with sea level rise) to simulate the future conditions in deriving the crest level increase.  The simulation was run using the future waves and water levels, which are close to, but not the same as present-day waves and water levels combined with sea level rise.  In particular, the simulated future wave heights are lower than the present day wave heights for return periods greater than about 10 years (Figure 3).  This helps to account for the lower overtopping rates at high return periods in the raised-crest simulation.  Under normal circumstances, only present-day conditions will be available in the design of a structure and such problems will not be apparent.


Conclusions


CDV2075 has assessed the effects of climate change on the vulnerability of coastal defences between the present day and 2075. The results have been derived using a single realisation of a single climate change scenario, run on a single climate model.  Due to the variability between climate models and the range of scenarios considered possible by the IPCC, the modelled predictions do not give a definitive view of the changes that will occur and the results should be interpreted with caution.  The main conclusions that can be drawn from the modelled scenarios are set out below.


Waves and water levels


Changes in wave climate around the UK are predicted to be small.  The majority of future-scenario extreme wave heights are within 5% of the present day values.  The changes in the mean annual offshore wave angles are all less than 5( and are all less than the standard deviation in the mean annual offshore wave angle.  There is sufficient variability between the results from different climate models and different greenhouse gas emission scenarios to conclude that this predicted level of change is not significant.  


The project has demonstrated that for most structures even if changes in offshore waves are larger this will not have a significant effect on overtopping due to depth limitation effects at the structure toe. 


The effect of climate change (including sea level rise) on tide and surge amplitudes will be relatively small. The increase in future extreme water levels is generally expected to be within 20% of the increase in mean sea level. 


Effects on beaches and coastal sediment movement


In most cases the simulated future mean annual longshore drift rates were slightly greater than the present day rates (by an average of around 15%) but the standard deviations were all lower (also by around 15%). These changes were driven by small changes in wave climate and imply that greater volumes of material may need to be re-nourished, but with reduced inter-annual variability.


If the observed coastal steepening continues it will serve to increase overtopping rates by around 15% ( 10% over that caused by climate change.  It is not possible to estimate changes in the rate of coastal steepening as its causes are not sufficiently understood.


Implications for design of coastal defences


The inclusion of sea level rise predictions in design calculations (including the effect this has on increasing wave heights at the toe of structures) should account for the majority of the predicted change in wave impact on coastal structures.  


The results indicate that there will be considerable increases in overtopping rates caused mainly by sea level rise if present day defences are unchanged in 2075.  Using an illustrative estimate of 0.35m sea level rise between the present day and 2075 gave average percentage increases in overtopping due to climate change of 150% for the seawall, 60% for the embankment and 70% for the shingle beach using the joint probability approach.  The statistical analysis approach gave average increases of 50% for the embankments and 80% for the shingle beach. The seawall was treated in a different way to the embankment and shingle beach and this may partly explain the larger predicted increase in the overtopping rates


A formula has been derived for the increase in crest elevation necessary to maintain present day overtopping rates when sea levels rise.  It is based on well-established empirical overtopping formulae and shows that, as expected, crest levels need to be raised by more than sea level rise to achieve this.


There is great uncertainty in the prediction of longshore transport under current conditions.  The work tends to show that future changes are unlikely to be greater than current levels of uncertainty and these should be considered in the normal course of sensitivity testing which should guide the choice of beach management options.


The scour and damage potentials may increase or decrease as a result of sea level rise.  The scour potential increased for the seawall, by an average of 16%, but both increased and decreased for the embankment and shingle beach and gave average changes less than 2% for each.  These changes are not linked to the changes in overtopping in a simple way and are due to changes in the partial standing waves in front of the structure.  These potential changes are within the range that should be taken into account in normal sensitivity testing.


Overall changes in vulnerability


Qualitative and quantitative differences in future changes in vulnerability were found between the five sites examined around the coastline of England and Wales.  This is because the sites have different tidal ranges, wave climates and surge levels.  Moreover the parameters have different joint probabilities at different sites.  Thus results from one site cannot be transferred directly to other sites and individual assessments must be made for specific sites.  For most practical purposes these individual assessments can be considerably simplified on the basis of the conclusions above. 


The modelled scenarios give an indication of the general extent of changes in coastal defence vulnerability that can be expected in the next 75 years.
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Figure 1.  Locations of modelled sites.  Li = Lincolnshire, D = Dungeness to Rye, LB = Lyme Bay, S = Swansea Bay, and F = Fylde.  The circles and crosses mark the centres of the ECHAM4 and NISE output cells.
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Figure 2. Linkage of models in CDV2075
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Figure 3.  Relative changes in wave height
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Figure 4.  Relative increase in water level against return period.  Wlf = future water level, WLp = present water level and SLR = sea level rise.
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Figure 5.  Relative increase in mean overtopping rates due to climate change at all sites and return periods for seawall (top) embankment (middle) and shingle beach (bottom).
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Figure 6.  Percentage change in mean annual drift rates and their standard deviation.  Numbers after a location give the shore-normal direction.
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Figure 7.  Ratio of future to present day overtopping rates versus return period for embankment and shingle beach.
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Figure 8.  Effect of raising crest elevation by rc (Equation 1)
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