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5. IMPACT OF CLIMATE CHANGE ON COASTAL STORMS AND STRUCTURE 

MODELLING 

 INTRODUCTION TO REPRESENTING CLIMATE CHANGE IN A COASTAL 

ENVIRONMENT 
Most climate change scenarios predict, in addition to mean sea-level rise, the increase of sea 

storminess, more frequent extreme events and changes of the dominant wave direction. To ensure an 

adequate performance for a wide range of coastal structures including seawalls, vertical and rubble 

mound breakwaters in such scenarios, adaptive structures have to be designed, aiming at not 

increasing significantly the structure dimensions and the associated costs. This means that it is 

necessary to characterize and measure further the response of these structures to climate change, 

particularly wave run-up, wave overtopping and hydraulic stability, as well as how altered overtopping 

conditions impact on the stability of adjoining elements, particularly rear slope armour. The same 

happens with the influence of the angle of wave attack on the structure response, which may represent 

significant savings (compared to perpendicular wave attack), especially for very oblique waves, for 

which the increase in stability and reductions in run-up / overtopping may be greatest. 

Climate change scenarios may significantly modify responses such as beach and dune erosion, 

inundation on low-lying areas leading to increased flooding risk of the coastal zone, increase of wave 

penetration into harbours, failure of existing coastal and harbour protection structures, and failure of 

structures to protect the coast from erosion. In practice, the threat of these increased responses may 

be matched by adaptation of coastal and harbour defence strategies based, for example, on adapted 

structures (both new and existing ones), and supported by adapted physical modelling, including multi-

variable analysis on test conditions, adapted methodology for conducting the tests and the use of up-

to-date / new measurement techniques for prototype and/or physical modelling. 

The studies on run-up / overtopping and damage under climate change scenarios generally require 

physical model testing at 2D and/or 3D setups. The 2D tests allow a simple, detailed analysis of the 

basic phenomena, but do not account for 3D effects (such as angle of wave attack, spatial distribution 

of run-up / overtopping / damage). It is always difficult to perform simultaneous measurement of 

overtopping and damage at the rear slope in a narrow channel or in a constrained 3D space (the 

measurements need to be offset). 

In practice, analysis of climate change effects (given the uncertainties in making such predictions) may 

require very many simulations to correctly reflect the response probabilities. Physical model tests 

cannot therefore be used on their own to give the full set of results, but will instead be used to adjust 

and/or calibrate appropriate semi-empirical methods that will then be embodied in multi-criteria 

simulations.   
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 STORM EVENT SEQUENCING AND RUBBLE MOUND BREAKWATERS 

5.2.1. Design and procedures of coastal and harbour physical testing 

In coastal and harbour structures design, analytical, empirical and numerical methods are used to 

compute their hydraulic and structural performance. These methodologies involve a certain degree of 

simplification of the real situation, in which the level of simplification increases with the complexity of 

the structure, of the bathymetry, of the wave climate, and of the number and nature of the 

phenomena to be studied. In practice, most design case studies are unique. The further the structure 

or design conditions depart from previous experience or from idealised configurations on which the 

empirical design methods are based, the larger the uncertainties using these methods are.  

For complex hydraulic structures, physical models therefore become necessary to achieve a sufficiently 

accurate and economical final design. Physical model tests are also required where the importance of 

the assets being defended (and/or of the structure itself) is high, when the structure stability is not 

assured by analytical models, semi-empirical formulae, or numerical models, when designs have to be 

optimised, when wave overtopping is a major parameter of the study, when complex phenomena are 

analysed, when the bathymetry or the structure geometry is complex, and when transitions between 

structures / sections are to be studied (Hughes, 1993; IAHR, 2011, Wolters et al, 2007, 2009).  

In physical models of coastal and harbour structures, fixed design water levels are usually considered, 

coupled with design wave conditions. High tide levels are often used to test the upper part of the 

structure whereas the toe stability is often tested against low tidal levels. Defining overtopping 

performance may require running a number of tests at different water level. So, extreme water levels 

are not always the most critical design condition in stability testing (e.g. Kortenhaus, 2005; Muller et 

al., 2008). 

Design wave conditions are usually provided for different return periods (typically between 1 and 100 

years), and includes studying the significant wave height, the peak or mean wave period, the peak or 

mean wave direction and the duration of the storms (or of a sequence of waves) along the measured 

/ estimated wave data duration. Despite the possible existence of a joint probability distribution of 

some of these representative variables, this is not a procedure usually considered in physical modelling. 

Additionally, a correct description of storm evolution is not available and therefore not taken into 

account for analysing damage evolution and overtopping. Nevertheless, recent literature (e.g. Muller 

et al., 2008) shows arguments for a different approach to determining the exposure duration or 

probability for coastal/harbour structures: the exposure duration or its probability is linked to the 

combined probabilities of storm wave heights and water level variations rather than to the maximum 

values of either. 

Usual procedures for model testing depend on the objectives of the particular model study. 

Incremental loading procedures are typically used in structure stability testing (Owen & Allsop, 1983; 

Wolters et al, 2007; IAHR, 2011). A test series of individual tests with increasing intensity (Hm0/Tp) are 

used (typically 3 – 7 tests) up to design wave conditions. Usually these tests are followed by an overload 

test for testing reserve stability, typically 10% to 20% higher than the design wave height. The duration 

of each individual test is typically about 500-3000 waves. The number of waves should usually be ≥ 

1000 to be statistically relevant, Reis et al. (2008), although Romano et al (2015) argue that 500 waves 

may often be sufficient. 
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The incremental loading procedures in physical modelling describe rising storm conditions. However, 

it is known that the wave period / steepness can vary significantly during a rising / falling storm and 

that structural failure does not necessarily occur during the rising storm (e.g. Owen & Allsop, 1983; 

Muller et al, 2007). 

5.2.2. Damage description of rubble mound structures in a changing climate 

To reflect life-time exposure, model test structure are generally not repaired between individual tests 

so that an assessment can be made about the cumulative damage after several storm events. Usually 

the armour layers and toe are reconstructed after a complete test series. 

Some of the most commonly used damage indicators are the percentage of damage for all armour, Nd, 

or the number of displaced blocks per width of one block, NOD (both based on counting the number of 

individual units that have been dislodged) or the dimensionless erosion area, S (based on determining 

the volumetric change in areas where armour units have been displaced) (CEM, 2016; 

CIRIA/CUR/CETMEF, 2007; IAHR, 2011). Other less common damage indicators include the cover depth, 

dc (Davies et al., 1994) and the eroded depth, de (Melby & Kobayashi, 1998). Rubble mound armour is 

generally said to have failed once the filter layer is exposed or once a critical damage value is exceeded. 

Critical values of damage percentage Nd, NOD and damage parameter S for varying materials (rock, 

concrete armour units) and varying armour thicknesses are presented in the Rock Manual 

(CIRIA/CUR/CETMEF, 2007) or in CEM (2006). In the case of single-layer armouring of concrete units, 

usually no damage and only minor rocking is accepted under design conditions (CIRIA/CUR/CETMEF, 

2007). These numbers and criteria are difficult to apply directly to, for example, breakwaters with a 

berm, structures with several armour grading in one cross-section, and roundheads. 

Damage is usually assessed using profilers, laser scanners and photographic techniques (Figure 1). 

Digital overlay techniques are employed to assess rock and concrete unit movements. Photographs 

(taken before and after the test) and videos are also used to assess structural/toe stability. For larger 

model structures with extensive damage, profilers are often used to assess the damage area. 

Mechanical profilers are usually the most robust technique to measure damage. However for certain 

types of armour layers, they cannot be applied. Acoustic, laser and stereo photogrammetric techniques 

are also applied successfully, although they are typically limited to the measuring area. 

 

Figure 1. Damage assessment performed at LNEC using photographic techniques. 



Deliverable 8.1  Representing climate change in physical models 

Version 1 54 Wednesday, 07 December 2016 

Recently, Hofland et al. (2011, 2014) have examined, in 2D and 3D physical model tests, a new damage 

parameter for rock slopes based on the dimensionless damaged depth (E) in combination with a 

measurement technique (digital stereo photography, DSP). This technique, developed by Deltares, was 

also used at the Hydraulics, Water Resources and Environment Division of the Faculty of Engineering 

of the University of Porto, Portugal, to map the 3D damage progression in the armour layer of a rubble 

mound breakwater built on a geometric scale of 1/35 (including front slope, rear slope and roundhead), 

for several wave conditions including climate change effects (i.e. sea-level rise and wave height 

increase). 

5.2.3. Damage description to non-standard and existing structures 

For non-idealised structures, a subdivision of design S-values for different parts of the structure may 

be needed. For instance, for damage to submerged rock structures, a subdivision of inner slope, outer 

slope, and crest is frequently applied for the determination of S. As damage can occur on the 

intersection of these subsections, this makes the evaluation of damage not straightforward. Burcharth 

et al. (2006) chose, for instance, an S value of 0.5 to represent ‘initial damage’ to the various parts of 

submerged structures. However, it is unclear how this should change when the geometry is changed, 

and which values would describe other damage states. 

When evaluating a curved section like a roundhead, the structure is often divided into sectors over 

which the damage is determined. The width (and height) over which the damage has to be averaged 

to obtain these values can vary, and this considerably influences the resulting value of the damage 

number. For instance, a formula was given by Burcharth et al. (2006) for the representative width to 

determine S from the number of displaced rocks on a submerged roundhead. With the definition that 

was applied, negative S-values can appear for crests that are submerged more than 1Hs. The erosion 

depth automatically has a (maximum) value for each part of the structure that is considered. Its design 

value is not (as) dependent on the value of the slope or shape and size of the structure (part 

considered). It is also related to the damage criterion of exposure or washing out of the filter layer, 

which is often defined as being ‘failure’ of the structure. 

A complicated three-dimensional part of many breakwaters is the roundhead. Damage to roundheads 

has been studied by various authors (e.g. Matsumi et al., 2000; Vidal et al., 1991; Guiducci et al., 2005; 

Comola et al., 2014). Most damage is often reported to occur at the rear side of the roundhead 

(typically at an angle β of 90° to 135° from the wave direction). 

The waves that travel over the side of the roundhead can form water jets that give large loads on the 

armour units (Figure 2). However, the largest damage is sometimes also reported to occur at the front 

section (e.g. Van Gent & Van der Werf, 2010). Comola et al. (2014) describe tests on a breakwater 

roundhead with a 1:1.5 slope. They observe that shorter wave periods give more damage to the front, 

and longer wave periods give more damage to the rear of the roundhead. Also damage progression 

seemed to be faster at the rear side.  

Hofland et al. (2014) performed detailed stereo-photogrammetry measurements of the average 

damage pattern to 8 identical roundheads (Figure 2). The results show that the radial length of the 

erosion hole, L, is smaller at the rear side of the roundhead than at the front section. Therefore, most 

damage numbers, except the dimensionless damage depth, E, do not have a direct link to exposure of 

the under layer. So it appears that the question whether there is “more damage” to the front or rear 

size of the breakwater roundhead depends on the definition of damage. Also, the variation of damage 



Deliverable 8.1  Representing climate change in physical models 

Version 1 55 Wednesday, 07 December 2016 

(one test compared to the other) was so large that the answer to this question varied between 

apparently (identical) tests.  

 

Figure 2: Wave attack on the structure (Hofland et. al, 2014). 

5.2.4. Damage progression 

Structures will usually be loaded by many storms in their lifetime. The progressive damage after several 

storms is usually estimatted by using the fact that S is proportional to Nz
b in a damage formula, where 

Nz is the number of waves in a storm (test), and b a fixed value, e.g. 0.5 in the Van der Meer (1988) 

formula for damage to rock layers. To obtain the incremental damage to an already damaged armour 

layer, for each sea state with a certain duration the initial damage is increased as if the initial damage 

was obtained by a certain duration of the new sea state, and the incremental damage is then 

determined for the extra time. This seems a justified procedure (see e.g. Van der Meer 1999, Melby & 

Kobayashi, 1998) when the water level remains at the same position. However, if the water level 

changes (due to tide or sea level rise), the damage to the armour layer is inflicted at another location 

and its development might well be different. If one imagines two erosion holes caused by wave 

exposure at two different water levels, as indicated in Figure 3, it can be seen that the eroded area 

(damage number S) is increasing very much due to the second scour hole, while the maximum local 

erosion depth E, that represents the remaining cover of the under layers, can be unaltered, as the 

minimum cover of the underlayers is unchanged. To be able to use the local damage parameter E in 

the evaluation of structures, first more experience with its use has to be obtained. 
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Figure 3: Sketch indicating the principle of incremental damage to a rock slope with increasing water level. 

5.2.5. Wave run-up and overtopping 

Wave run-up is usually assessed using resistance type wave gauges or step-gauges (pressure sensors 

embedded in the mound slope) and photographic techniques (Figure 4). Wave overtopping is usually 

assessed by collecting the overtopping water in trays or tanks and measuring the overtopped water 

volume or mass. The number of overtopping events can be assessed by a wave gauge at the crest of 

the breakwater or by continuous water level measurements (volume or mass) within the overtopping 

tray or tank. 
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Figure 4. Measurement of run-up and overtopping carried out at LNEC using: (top) a resistance type wave gauge located at 
the armour slope, a wave gauge at the crest of the structure, an overtopping tank and a load cell behind the structure for 
continuous overtopping measurement; (bottom) overtopping tank with five chambers to measure the spatial distribution. 

The maximum permissible values for wave overtopping depend on the structure type and the 

requirements of the stakeholders. They vary with the type of structure, the use of the structure and 

exposure of the structure. Owen (1980), the EA Overtopping Manual by Besley (1999), and the EurOtop 

manual (2007) have derived advice on allowable overtopping limits. British Standards Institution (BSI, 

1991), the CEM (2006), and the Rock Manual (CIRIA/CUR/CETMEF, 2007), have all repeated some of 

those guideline values. 

Several former investigations on wave run-up and overtopping of (impermeable and permeable) 

coastal/harbour structures aimed at quantifying the influence of oblique wave approach on mean 

overtopping discharge, water layer thickness and velocities through the development of empirical 

formulas were done for the determination of a reduction factor for wave obliquity, γβ (e.g. De Waal & 

Van der Meer, 1992; Galland, 1994; Hebsgaard et al., 1998; Oumeraci et al., 2002; Napp et al, 2003a, 

2003b, 2004; Kortenhaus et al., 2006; EurOtop, 2007; Lykke Andersen & Burcharth, 2009; Van der Meer, 

2010; FlowDike, 2012; Nørgaard et al., 2013). However, most of the formulas did not consider very 

oblique wave approach. Very recently, Bornschein et al. (2014) studied wave run-up and overtopping 

on a slope considering wave attack angles from 7.5 to 112.5°. 

The importance of wave grouping on breakwater stability is well known. Johnson et al., 1978, for 

instance, showed that certain sequences of waves may produce more damage to rubble mound 

structures than individual waves, of the same height, dispersed through the temporal sequence of 

incident waves. As a result, new wave synthesizing techniques where developed to allow controlling 

the reproduction of wave grouping in the laboratory to better reproduce what is expected to occur at 

a particular location in the prototype. The filtered white noise technique determines implicitly the 

statistical distribution of wave groups. So, provided that tests are sufficiently long, the availability of 

information about wave groups on the real sea states it is not an essential requirement. 

5.2.6. Oblique waves 

To optimize new structure design and the safety assessment of existing structures, it is important to 

analyse the impact of the angles of wave attack on the wave run-up / overtopping and damage. For 

very oblique waves, for which the increase in stability and the reduction in run-up / overtopping is the 

largest, there are limited data available in existing literature. Moreover, it is important to enhance the 

application of non-intrusive measurement techniques, as video or digital stereo photography (DSP). 

Limited data are available for very oblique waves, for which the increase in rubble mound stability 

might be the largest. Several authors have proposed guidelines on how to take into account the effects 

of oblique waves (e.g. Galland, 1994; Yu et al., 2002) but they did not cover very oblique wave 

approaches, and the Rock Manual (CIRIA/CUR/CETMEF, 2007), does not support any reduction factor. 

More recently, Wolters & Van Gent (2010) and Van Gent (2014) performed model tests to assess the 

effects of oblique waves on the stability of rock slopes and of cube armoured rubble mound 

breakwaters, focussing on wave directions between perpendicular (0°) and parallel (90°) to the 

longitudinal structure axis, with long and short-crested waves.  

Regarding wave run-up / overtopping, very recently, Bornschein et al. (2014) studied wave run-up and 

overtopping on a slope considering wave attack angles from 7.5 to 112.5º. The tests were performed 
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under the CornerDikeproject and used 4 water levels, 5 different wave periods and corresponding wave 

heights, for long and short-crested sea states. Wave run-up was measured with capacitive gauges and 

video cameras (with a MATLAB-procedure for image data processing and a similar one to the video 

analysis), while wave overtopping was measured with weighing cells. Only impermeable smooth slopes 

of 1(V):4(H) were considered. The authors derived values for the reduction factor for wave obliquity, 

γβ, for the angles of wave attack from 7.5 to 112.5° and recommended further investigations with 

angles greater than 112.5°. They observed a significant lower influence of very oblique wave attack on 

wave run-up and overtopping for short-crested waves than for long-crested waves. For both type of 

waves, they observed values of the reduction factor regarding wave run-up slightly higher than those 

for overtopping. 

Concerning structure stability, Wolters & Van Gent (2010) and Van Gent (2014) performed a set of 

physical model tests to assess the effects of oblique waves on the stability of rock slopes and of cube 

armoured rubble mound breakwaters (single and double layers), mostly on a 1:1.5 slope. The physical 

model tests focussed on wave directions between perpendicular (0°) and parallel (90°) to the 

longitudinal structure axis, with long and short-crested waves. A series of test runs were performed 

with an increasing wave height between 0.025 m to 0.274 m and constant wave steepness of sm = 0.03 

or 0.04 (only for a few tests). The damage to the armour layers was recorded by taking digital overlay 

photographs before and after each test, and counting the number of stones and cubes that were 

displaced more than one unit diameter. For a number of tests with rock surveys of the armour layer 

envelope were also performed with a mechanical profiler. The authors concluded that:  

1. the few available formulae that include wave obliquity underestimate the effects of oblique 

wave attack;  

2. the influence of obliquity is largest for long-crested waves in the case of rock slopes, whereas 

for cube armour slopes such a difference has not been observed;  

3. the influence is larger for cubes in a single layer than for cubes in a double layer and for rock;  

4. the influence of oblique waves is relatively small for small wave angles (e.g. β<15°), much 

larger for larger wave angles (e.g. β>30°), and this influence does not increase much for the 

largest wave angles (e.g. β>70°).  

They provided a design guideline to account for effects of oblique waves on the stability of rock slopes, 

armour layers with a double layer of cubes and armour layers with a single layer of cubes (Figure 5). 

Van Gent (2014) recommends further study of the effect of wave obliquity on the stability of rubble 

mound structures for: a) other slope angles, especially gentler rock slopes; b) other values of wave 

steepness, to cover values of the surf similarity parameter outside the range of ξm = 2.2-3.5 for rock 

and ξm = 3-3.5 for cubes; c) interlocking armour units. Van Gent (2014) studies did not include wave 

run-up or overtopping analysis.  
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Figure 5. Comparison of prediction methods describing the influence of oblique waves on armour stability (Van Gent, 2014). 

Recently, Hofland et al. (2011, 2014) have examined, in 2D and 3D physical model tests, a new damage 

parameter for rock slopes, based on the dimensionless damaged depth (E), in combination with a 

digital stereo photography (DSP) measurement technique. The dimensionless damaged depth (E), first 

introduced by Melby & Kobayashi (1998), has the advantages of: being able to accurately quantify the 

condition of a structure after testing, without being dependent on the armour type; being based on 

local damage, so several structure parts can easily be assessed separately (Figure 6); being less 

dependent (than other damage indicators) on the size of the section over which it is determined; being 

applicable to more complex 3D structures (e.g. roundhead). The authors have shown that this 

parameter is good to express spatial variability of armour damage but its adequacy to express temporal 

variability still needs to be shown. DSP can measure damage relatively easily, with high accuracy and 

fine resolution (Figure 6), but it requires the flume or basin to be emptied prior to the measurement, 

which is time consuming, especially in basins. The authors recommended further analysis of the 

proposed method and further study of 3D cases with locally decreased stability, like a roundhead. 

 

Figure 6. Left: cross-section with profile before and after tests (top) and corresponding distribution of E (bottom); Centre: 
profile of structure toe, measured with mechanical profiler (top) and with DSP; Right: fully automated mechanical profiler 
(Hofland et al., 2011, 2014). 
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5.2.7. Storm event sequence test methodologies 

Historically, the significant wave height is considered the main design value among other variables 

such as the wave period and water level. Moreover, storm history could lead to progressive failures 

related to armour stability and overtopping. It means that a correct description of storm evolution is 

fundamental for analysing the damage and overtopping progression.  

Li et al. (2014) developed a multivariate dependency statistical model to simulate and extrapolate 

storm sequences from limited observations that includes four steps: (i) fit each observed storm 

parameter with marginal distributions; (ii) construct the dependency structure; (iii) simulate the wave 

climate from the obtained joint probability; and (iv) give the discrete storm events a time sequence by 

using the simulated storm frequency. So, from univariate marginal distributions, in the past decades 

research led to various methods to study bivariate descriptions of wave conditions (e.g., joint 

probability of extreme significant wave heights and sea levels) and, more recently, to copula functions 

applied to multivariate simulations, allowing to correlate two or more variables without changing their 

marginal distributions. Li et al. (2014) used Archimedean and Gaussian copulas to build a multivariate 

dependency structure for the significant wave height, storm duration, surge level and peak wave 

period with the purpose of simulating wave climates. The wave direction was treated individually by 

fitting to an empirical distribution. Based on the simulations, a large number of synthetic storm surge 

events can be obtained by the incorporation of the storm frequency (Fs), defined as the storm number 

per month.  

Frequently, most attention is given to single extreme events (e.g., 1-in-100-years storm). For example, 

when estimating beach erosion or analysing the stability of coastal structures. But it is nowadays 

recognised that the cumulative impact of several smaller, closely spaced storms may result in equal, 

or sometimes larger issues, as demonstrated by Splinter et al. (2014) for the Gold Coast, Queensland, 

Australia. In this study, storm sequencing did not significantly affect the total eroded volumes, but the 

individual storm volumes were influenced by the antecedent state of the beach. This gains enhanced 

importance in a climate change environment. 

The classical test methodology therefore starts with the selection of a return period (typically between 

1 and 500 years) associated to the type and functionality of the designed structure. Associated to this 

return period, a significant wave height could be calculated starting from wave buoy data and assuming 

that the sea state time series of the extreme events follow a probability density distribution (often 

Gumbel and Weibull distributions are considered, see Mathiesen et al. (1994)). More challenging is the 

selection of the associated wave period. Typically, some adjustments from the historical data set are 

made to correlate wave height to wave period. However, the correlation between these two variables 

generally presents a big scatter.  

Other test methodologies generally perform tests representing the rising storm with constant wave 

steepness, considering that offshore wave steepness stays approximately constant during the build-

up of the storm (Owen & Allsop, 1983). Typical wave steepness associated to storm conditions range 

from 0.035 to 0.06.  

Another approach using copula functions (multivariate distribution functions whose arguments are the 

marginal distributions of initial variables) for designing structures was proposed by Soldevilla et al 

(2009). The characteristics of extreme multivariate events are analysed in terms of significant wave 

height at the storm's peak (Hs,peak) and the concomitant mean period (Tm,peak) of each of the storms. 
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Different Archimedean copulas are used by Corbella & Stretch (2013) which propose the use of 

different Archimedean copulas. Martín-Hidalgo et al. (2014) proposed the Frank and Gumbel copulas, 

which offer good results, that assign a mean wave period (Tm) to the significant wave heights. The 

proposed theoretical density function is: 

𝑓(𝐻𝑠, 𝑇𝑚, 𝜃) = 𝐶(𝑢, 𝑣, 𝜃)

∗
(−𝑙𝑛𝑢)𝜃−1(−𝑙𝑛𝑣)𝜃−1

[(−𝑙𝑛𝑢)𝜃 + (−𝑙𝑛𝑣)𝜃]
2−(

1
𝜃
)
{𝜃 − 1 + [(−𝑙𝑛𝑢)𝜃 + (−𝑙𝑛𝑣)𝜃]

1
𝜃} (𝑢𝑣)−1𝑓(𝑢)𝑓(𝑣) 

If a reasonable amount of real data information is available, it may be possible to synthesise the storms. 

For example, Owen & Allsop (1983) examined all the major storms available within the recorded time 

(the largest of which was about 70% of the design wave height) and use them to derive a nominal 

extreme storm profile (Figure 7). 

 

Figure 7. Example of design storm profile by Owen & Allsop (1983). 

Practically all studies dealing with the subject of storm event modelling adopt the Equivalent Triangle 

Storm model (ETS) as a synthetic one (Boccotti, 2000). According to Martín-Hidalgo et al. (2014), the 

ETS model is acceptable for reproducing the damage progression of maritime structures but 

underestimates damage for more developed sea states. 

In the ETS model, the height of the triangle, a, in the parametric model proposed by Boccotti (2000) is 

assumed to be equal to the significant height of the storm peak, Hs,peak, and the base of the triangle, b, 

is the Equivalent Triangular Storm Duration, such that the maximum expected wave height of the 

triangle storm, ETS, is equal to the maximum expected wave height of the real storm, Hmax, (see Figure 

8).  
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Figure 8. ETS model parameters and example of modelling.(Martín-Hidalgo et al., 2014). 

Martín-Hidalgo et al. (2014) proposed two new storm models to overcome the issues with the ETS 

model:  

1. the Equivalent Triangle Magnitude Storm model (ETMS)  

2. the Equivalent Triangle Number of Waves Storm model (ETNWS).  

The ETMS triangular approach is based on the storm magnitude, M (De Michele et al., 2007). In this 

model, the triangle height is obtained in terms of the equivalent height, Hequiv, and the base, the 

theoretical storm duration Dequiv, is established such that its magnitude (area describing the storm 

history above HT), equals the real storm. 
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Figure 9. ETMS model parameters and example of modelling (Martín-Hidalgo et al., 2014). 

The ETNWS approach considers that the theoretical triangle storm is defined in terms of the equivalent 

wave height, Hequiv, and the real storm number of waves, Nz, for defining the triangle base. The storm 

peak in all the models is assumed to be the middle of the storm history. 

 

Figure 10. ETNWS model parameters and example of modelling (Martín-Hidalgo et al., 2014). 
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Martín Soldevilla et al. (2015) proposed three more storm models:  

3. the Equivalent Magnitude Storm model (EMS) 

4. the Equivalent Number of Waves Storm model (ENWS)  

5. the Equivalent Duration Storm (EDS) model.  

The EMS model is a generalization of the ETMS model proposed by Martín-Hidalgo et al. (2014). The 

shape height is obtained in terms of the equivalent height, Hequiv, and the base, the theoretical storm 

duration, Dshape, is established such that its magnitude (area describing the storm history above HT, 

which is a concept introduced by De Michele et al., 2007), equals the real storm. 

 

Figure 11. EMS model parameters and example of modelling (Martín Soldevilla et al., 2015). 

The ENWS model is a generalization of the ETNWS proposed by Martín-Hidalgo et al. (2014). The shape 

height is adjusted as a function of its equivalent height, Hequiv, and its base, the duration, in terms of 

the real storm number of waves, Nz. 
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Figure 12. ENWS model parameters and example of modelling (Martín Soldevilla et al., 2015). 

The EDS model, a generalization of the ETSD proposed by S. Corbella & Stretch, (2012); Stefano 

Corbella & Stretch, (2012), takes the equivalent height, Hequiv, as a shape height, and base, D, the 

duration associated to the time the real storm remains above HT. 

 

Figure 13. EDS model parameters and example of modelling (Martín Soldevilla et al., 2015). 

The authors analysed the aforementioned approaches by comparing the main armour layer's 

progressive loss of hydraulic stability caused by real storms with the use of the empirical maximum 
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energy flux model (Melby & Kobayashi, 2011) and the overtopping evolution formula proposed by 

Meer & Stam (1992). 

The ETDS, ETMS and ETNWS models adequately reproduce damage progression. However, the most 

versatile one is the new ETMS giving the best results for both typical sea storms and more developed 

sea states. According to Martín Soldevilla et al. (2015), the EMS model generally gives the best results 

for all storms (predominant sea, swell or both). The performance of the different theoretical shapes 

analysed is a function of the relative influence of sea and swell wave components in the project area. 

The triangle is recommended for typical sea storms whereas the trapezoid shape is much more 

appropriate for more developed storm conditions. The parabola and trapezium shapes overestimate 

damage in all storms. The results of the two triangles considered (isosceles & scalene) are practically 

the same but the isosceles is recommended due to its greater simplicity. 

Using the appropriate storm pattern and joint distribution functions, it may be possible to define the 

complete evolution of the storm for the required lifetime, or return period, of the structure. It can be 

used as a simulated storm associated to the design return period instead of the significant wave height. 

In this sense, consideration of other variables (e.g. wave period and water level) is feasible and 

essential for a complete structure optimisation. 

5.2.8. Sea-level rise 

The state-of-the-art in physical modelling of breakwaters and coastal structures was summarized in 

the breakwaters chapter of the Hydralab III manual (Wolters et al., 2010). About the test sequence and 

test conditions it states the following:  

“Most models are tested at fixed water levels, each with a single wave condition. High tide levels are 

often used to test the upper part of the structure whereas the toe stability is often tested against low 

tidal levels. It should be kept in mind that extreme water levels are not always the most critical 

condition in stability testing. Design wave conditions are usually provided for different return periods 

(typically between 1 and 500 years return periods) including the significant wave height, peak or mean 

wave periods, peak or mean wave directions and the duration of storm (or number of waves).” 

In this chapter of the manual, no reference is made to sea level rise. The current practise is to simply 

add the sea level rise that is expected during the lifetime of a structure to the maximum tested water 

level.  

Increased storminess as a result of climate change could directly increase the wave statistics at deep 

water locations. But this is usually not anticipated. If the wave conditions for a certain structure are 

depth limited, they will automatically be adapted in the physical model when sea level rise is added. 

Due to the larger water depth seaward of the structure, the wave breaking will decrease, and wave 

attack at the toe of the structure will increase. Long-term morphological changes could also affect the 

wave conditions, but this is usually not taken into account, unless severe morphological activity is 

observed.  

The consequences of climate change may be better clarified using a reference example (Figure 14). 

This figure shows the increase in exceedance probability due to sea level rise (Sekimoto et al., 2013) 

for a coastal structure analysed in terms of overtopping performance. The probability density function 

(PDF) of extreme waves is modified due to climate change effects. In addition, due to the expected sea 
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level rise, the maximum offshore wave height for which the structure still satisfies its performance 

requirements for overtopping decreases from 𝐻𝑝01  to 𝐻𝑝02 . As can be seen from Figure 14, the 

exceedance probability is expected to increase, not only due to the modification of the PDF but also 

due to the reduction of the maximum allowable wave height that produces overtopping. 

 

 

Figure 14. Effects of climate change in exceedance probabilities (Sekimoto et al., 2013). 

The previous example demonstrates that probabilistic design methods shall be employed with 

accurately projected environmental data for the future climate. This is transferable to the planning 

and execution of physical model studies. Nowadays coastal structures should be designed to comply 

with prevailing environmental conditions, but also including due allowances to account for the 

predicted changes on it. 

Climate change effects may also have impacts in port operations, due to the expected sea level rise 

that will reduce the freeboard of quays and may increase sedimentation in the manoeuvring areas and 

access channels, inducing more dredging. Alfredini et al. (2008, 2015), using a distorted physical model 

including Santos Bay, Santos Harbour, Estuary and nearby beaches, built at the Coastal and Harbour 

Division of the Hydraulic Laboratory of University of São Paulo, Brazil, carried out sedimentological 

tests in a fixed bed model, by means of the model tracer technique using a fine sand with 0.125 mm 

diameter. The estuarine roughness of the model was adjusted by increasing gravel dimensions in the 

bed to fit the observational tidal propagation times measured at some characteristic points during 

spring tide. Once calibrated and validated the model, a test was run to investigate 1.50 m tidal level 

rise influence (intermediate scenario for the year 2100). Due to changes in the tidal prisms, variations 
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in the estuarine dynamics are expected and can affect channels positively or negatively depending on 

the area considered. The results obtained in sediment transport tests revel that sea-level rise will 

accelerate erosion at critical zones. An increasing of salinity intrusion can be expected in the estuarine 

branches, pushing upstream the salt wedge, increasing problems for water intakes and changing 

biological environment for the estuarine biota. A wetland flooding may also be expected, which may 

produce serious impact for the aquatic biota and the loss of its sediment filter effect due to the 

complex roots retaining sediments. The consequences would be very serious for both environment 

and navigation activities. Maintenance procedures have to be modified due to changing of the zones 

of concrete deterioration as consequence of mean sea level rise. 

To cope with climate change and sea level rise, Burcharth et al. (2014) envisage that coastal structures 

can be adapted in a variety of ways (Figure 15). These adapted structures will have to be evaluated for 

their main functions, which usually comprises damage and overtopping measurements. While 

overtopping can sometimes be evaluated using semi-empirical and/or numerical modelling, the 

damage to these structures is still mainly evaluated using physical models. Thus, physical modelling 

will be required in order to evaluate the impact of climate change and sea level rise and to validate the 

design of upgraded structures. Some of the adaptation measures mentioned in Burcharth et al. (2014) 

were applied in the reconstruction and repair of Portuguese coastal defence structures in the late 90’s 

(Veloso-Gomes and Taveira Pinto, 1999). 

 

Figure 15: Concepts of adapting coastal structures to sea level rise in which an increase in crest level is not acceptable 
(Burcharth et al. 2014). 

With sea level rise, the wave attack will shift to higher elevations and the question is whether the 

summation of incremental damage in terms of eroded area (e.g. Van der Meer, 1998, Melby & 

Kobayashi 2011) will still hold. The local damage depth per location theoretically seems to be a more 

accurate description for this. 
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A possible way of remediating the effects of sea level rise and increased wave attack on coastal 

structures is to add a berm of large rock to a straight slope, as studied by Burcharth et al. (2014). By 

adding a berm, the wave attack on the original upper slope will decrease, while the attack on the berm 

can also be less than on the original slope (Van Gent, 2013). There are however significant dangers in 

options c) and e) in that, rather than promoting wave breaking in front of the sea defence, some levels 

of sea level rise may actually cause the severe breaking to focuss directly onto the defence structure 

itself, see Mocke et al (2004). However, for a cross section like this no accepted allowed damage 

numbers exist, so a local damage parameter seems a better way to describe the stability of these 

structures. For the local damage parameter, accepted design values must be obtained (calibrated to 

the S) first for standard slopes. Then, these can be used for non-standard slopes like roundheads 

(Hofland et al. 2014). Moreover, existing coastal structures will have to be upgraded for climate change 

and sea level rise. So the condition of the structure needs to be known in order to assess the required 

upgrade. A good way to parameterize this existing state of the structure must also be obtained.  
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 APPLICATION OF MULTI-VARIABLE ANALYSIS FOR WAVE OVERTOPPING 

5.3.1. Overview 

This section begins with a general discussion on the derivation and use of Joint Probability Analysis 

(JPA) methods for application in analysis / design conditions for coastal structures such as seawalls and 

breakwaters. Sections 5.3.2 to 5.3.5 of this note review the derivation of and use in testing of JPA 

conditions. Some suggestions on their use are presented in section 5.3.6. Then, recent use of JPA 

methods in practice is discussed in sections 5.3.7 to 5.3.8. Issues related to the modelling of wave 

overtopping are discussed in sections 5.3.8 and 5.3.9.  

5.3.2. Developing levels of sophistication in multi-variable analysis and testing 

Extremes analysis is undertaken as a way of inferring values with a low probability of occurrence not 

well represented within the source data. A 1:10 year return period value, for example, is the value 

expected to be equalled or exceeded once, on average, per 10 year period. 

Wave height is normally considered the most important variable for design of coastal structures. In the 

early years of seawall / breakwater design, typically 35-50 years ago, an extreme (maximum) wave 

height would be determined as the basis of design, using the best methods available. (Note: USA design 

methods in the Shore Protection Manual, originally based on Hmax, started to move towards Hs or H1/10 

only around 1983.) If required, a sea level (say MHWS) and wave period (perhaps based on a typical 

storm wave steepness) would have been assigned to the design wave height. 

In the UK around 1980 (30-35 years ago), the effect of wave period on overtopping became more 

apparent, so wave period began to be considered as a variable only partially dependent upon wave 

height (Figure 16). For coastal responses that are highly depth-limited, sea level might be considered 

as the primary variable, with just an associated depth-limited wave height. 

 

Figure 16. Example wave heights with an overlaid partially dependent secondary variable (e.g. wave period) distribution. 

Again in the UK and the Netherlands, multi-variable assessment and allowances for future climate 

change were beginning to become routine 20-30 years ago in coastal flood studies (and to a lesser 
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extent river flood studies). Where a precise response of interest could be defined by empirical 

equations or a simple model, continuous simulation would be used to hindcast a long sample of the 

response based on simultaneous long samples of each relevant metocean variable of interest.  For 

practical computational purposes, joint probability analysis would normally be limited to two primary 

variables (e.g. wave height and sea level, or river flow and sea level), perhaps with one or two 

secondary variables (e.g. wave period) and/or one or two conditional variables (e.g. direction or 

duration). 

From about 5-20 years ago, the most common format for the results of a joint probability analysis was 

joint exceedance of two primary variables. Analogous with single-variable extremes, the return periods 

of each joint exceedance contour (Figure 17) correspond to the probability of a certain value of the 

first variable (e.g. wave height or river flow) being exceeded at the same time as a certain value of the 

second variable (e.g. sea level). 

This format for JPA results came to attention in the UK following its use by HR Wallingford (1990) in an 

assessment of the “Towyn storm” of February 1990 for the Welsh Office. Substantial flooding had 

occurred in the North Wales village of Towyn when ~500m of sea defence were breached / overtopped 

causing flooding to 2800 homes, flood depths up to 1.8m. Partly because of the public nature of the 

follow-up study, and as the source data were not subject to the usual copyright and licence issues of 

the time, extracts of the Towyn storm report were widely distributed amongst consultants and were 

also used for educational purposes. 

 

Figure 17. Example joint exceedance curves increasing with return period. 

Although it would have been possible to work with a greater number of primary variables, those more 

complex calculations would have been unwieldy and the results difficult to apply. The slightly simplified 

joint exceedance format was adopted partly to bring joint probability analysis to a wider range of users, 

as opposed to not doing it at all. From about 15 years ago, most relevant UK organisations were 

comfortable with application of the joint probability and joint exceedance concepts. Additional 

(secondary) variables would normally be assigned later in a less analytical way. 
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In specialist modelling from about 20 years ago until now, it has been possible to create large sample 

simulations of two (or sometimes three) variables, which could be converted more directly into 

response (e.g. overtopping or perhaps flood depth) variables. 

 

Figure 18. Example joint probability density extrapolation. 

During the last 5 years, it has become computationally practical to create large sample simulations of 

larger numbers of primary variables, with realistic distributions and extremes for each variable and 

realistic dependencies between each variable-pair. Joint exceedance extremes can be extracted from 

these simulations, but more effective ways of using these data are being developed. For example, 

climate change allowances for different variables can be applied separately to each variable. The 

sensitivity of any response (for example annual economic loss due to flooding) to climate change can 

then be assessed precisely through processing firstly the original data and then the climate-changed 

data. In Figure 19, one could count records above the two example failure lines. In the lower pane of 

Figure 19, the blue present-day failure lines have been moved left by an amount corresponding to half 

a metre of sea level rise, and the much greater number of “failures” can be seen by the large number 

of dots above the red “future” failure lines. 
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Figure 19. Example application of joint probability density extrapolation to climate change impact on probability of flooding. 

It is proposed that all relevant source variables, all relevant response variables, and all commonly used 

methods of joint probability analysis be considered initially. These can be discussed, prior to selection 

of a limited sub-set for use in design of the RECIPE physical and numerical modelling programme.  

Ideally, the selections will be based on the variables, responses and methods where there is greatest 

potential to minimise uncertainties in future flood defence studies. 

5.3.3. Metocean variables of potential interest 

For the design of typical coastal structures, say seawalls or breakwaters, the primary metocean 

variables of interest may be: 

 wave height (e.g. significant wave height); 
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 wave period (e.g. mean wave period) or wave steepness (indicative of wave height divided 

by wave length), and here wind-sea and swell could be considered separately; 

 sea level (meaning tidal plus surge), and here high-tide and low-tide conditions could be 

considered separately. 

 

These primary variables are often assessed in an analytical way as independent variables. Other 

secondary metocean variables of potential interest are: 

 wind speed 

 surge 

 wave direction 

 wind direction 

 

Typically, wind speed, if required, will be taken as fully correlated with wave height. Typically, surge is 

not used directly in coastal engineering studies, although it would provide a truer indication of 

meteorological dependence with other variables than does total sea level, that would then omit tidal 

variations. Typically, wave and wind direction are simply stated as being in a “most likely” range, but 

sometimes different wave and/or wind direction sectors will be analysed separately. Potential 

secondary aspects of the main metocean variables of interest are: 

 duration (e.g. of flooding occurring over high tide or over a river hydrograph); 

 sequencing of multiple events (relevant where damage accumulates); 

 distribution and sequencing of individual wave heights within a stationary sea state; 

 time-variance during an event (e.g. of wave height, sea level, surge or river flow); 

 wave spectral shape (e.g. spectral width, bi-modal sea conditions). 

 

These are rarely treated as part of the JPA. Typically, where required, they are adopted after the 

analysis in order to provide boundary conditions to subsequent numerical or physical modelling of 

responses.  However, it would now be computationally possible, although not necessarily practical or 

even useful, to include all these variables and aspects in a joint probability analysis. 

5.3.4. Flood risk and structure variables of potential interest 

The main response variables of interest at coastal and flood defence structures are: 

 wave overtopping rate (both mean rate and peak rate); 

 damage to hard structures, and here we might consider structure crest, body and toe 

separately; 

 erosion of soft flood defences such as earth banks, sand dunes, or shingle or rock ridges. 

 

Secondary response variables of potential interest are: 

 wave run-up (e.g. level exceeded by 2% of waves); 

 breaching (i.e. a significant reduction in defence crest level); 
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 “failure” (e.g. exceedance of one or more unacceptable thresholds of damage or flood flow 

rate). 

 

Potential secondary aspects of the main metocean variables of interest are: 

 duration (e.g. of significant flood flow rate occurring over high tide or over a river 

hydrograph); 

 sequencing of multiple events (relevant where cumulative damage is of concern); 

 distribution and sequencing of individual wave heights within a stationary sea state; 

 time-variance during an event (e.g. of flood flow rate). 

5.3.5. Methods and aspects of multi-variable analysis of interest 

A long-running discussion point in joint probability analysis relates to whether to work in terms of the 

probabilities of the metocean variables or the probabilities of the response variables. The probabilities 

of the metocean variables could be captured by the empirical distributions of the source metocean 

variables, together with, for example, the derived single-variable and joint exceedance extremes. The 

latter could be captured through direct incorporation of response variables at an early stage of the 

analysis, for example through continuous simulation of wave overtopping rate. 

Advantages of working with metocean variable probability are that methods are well established and 

reliable, and that, once estimated, the extreme values can be applied to different structures and 

different climate-changed and/or development scenarios. Disadvantages are that joint exceedance 

extremes are multi-valued and the probability of a response derived from metocean variable(s) in this 

way is not equal to the probability of the metocean variable(s), as the same response may be caused 

by different metocean conditions. 

The main advantage of working with response variable probability is that it provides a result of direct 

interest without needing to resolve any mis-match of probability between metocean and response 

probabilities. The main disadvantages are that results obtained in this way are response-specific and 

climate-change-specific, and the response function often not being known (for example for derivation 

of physical model test conditions). A less obvious limitation is that there may be few instances of a 

significant response even in a long sample of data, and that the response (e.g. breaching) may be 

discontinuous and therefore not amenable to statistical extrapolation. 

Aspects of joint probability analysis that could potentially be better understood as a result of 

appropriately designed RECIPE tests include: 

 to which metocean variables are different response variables sensitive and, related to that, 

how does metocean variable uncertainty propagate through to response variable sensitivity;  

 to which metocean variable-pair dependencies are different response variables sensitive 

and, related to that, how does metocean variable-pair dependence uncertainty propagate 

through to response variable sensitivity; 

 the mis-match between metocean joint exceedance probability and response probability; 
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 if working with (multi-valued) metocean joint exceedance extremes, how many of the 

multiple values need to be tested, and are they best specified in deep, intermediate or 

shallow water; 

 if working with large simulations of three or more metocean variables, can preliminary 

numerical analysis be used to develop physical model test conditions with return periods 

based on expected response probability; 

 given the high inherent uncertainty in response variable estimation, is there any metocean 

variable or aspect of joint probability analysis where refinement would offer a significant 

reduction in overall response variable uncertainty. 

 

5.3.6. Example JPA curves 

In the analysis and design of most seawalls and many breakwaters, the primary analysis / design 

conditions will now be derived from a Joint Probability Analysis (JPA) of total water level and wave 

height as these two variables have the most significant impact on wave overtopping and armour 

movement responses. An example output from a simplified JPA is shown in Figure 20. In this UK 

example from studies reported by Allsop et al (2011), potential climate change for the 1:200 year 

condition has been applied through: 

 sea levels 0.5m higher than present by 2080s; 

 wave heights 10% (offshore wave height) higher than present. 

 
Figure 20. Example JPA for a higher-tidal-range site (UK). 

A fairly similar example for a smaller tidal range (Brighton, UK) is reported by Chapman et al (2008) 

and a number of return period combinations (restricted range) are illustrated in Figure 21. 
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Figure 21. Example JPA for a lower-tidal-range UK site, waves from SW. 

At many coastal sites, waves at a (say) seawall will often be reduced by depth-limiting. These effects 

will depend on beach slope, and on the local beach level, as well as the local water levels and wave 

conditions. Calculating depth-limiting will then modify the JPA 'curves', as in the example illustrated in 

Figure 22 developed for a particular point on a seawall at Margate (Outer Thames Estuary), and 

assuming a given beach level and slope. The oblique 'depth-limit' lines limit the range of conditions 

that can reach the seawall so the maximum wave heights are reached where those limits intersect the 

'offshore' JPA curves. 

 

Figure 22. JPA conditions for Margate showing depth limiting using Goda's (2000) method. 

A more sophisticated approach (and one that is rather more complicated to produce) is to transform 

all the 'measured' water level and wave height combinations in to the nearshore position, applying 

appropriate wave transformations (including depth-limiting) in the process.  

It is noted that wave height vs wave period JPAs are sometimes used in offshore engineering, but their 

use is very rare in coastal engineering where variations of water levels in combination with wave height 

are generally of greater importance than of wave steepness. That is not to ignore wave steepness per 
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se, but sensitivity to steepness / wave period can generally be assessed by manual 'tuning' of a small 

number of additional combinations. 

5.3.7. Choosing test conditions 

To derive appropriate conditions for design / analysis, historically designers have chosen conditions 

for model tests and/or analysis from each JPA curve derived for the return period of interest. It is, 

however, important to note two particular features of these JPA curves: 

1. At any single return period, there are an infinite number of combinations of water level and 

wave height. There is therefore no single 'design condition', but there will be particular 

combinations that maximise particular responses. 

2. The combinations of water level and wave height that maximise different responses will 

often be substantially different, and they cannot easily be identified without careful analysis. 

Considering these, the highest wave overtopping on a seawall for instance will probably occur with a 

relatively high water level in combination with a moderate - high (but not the highest) wave height. 

Conversely, damage to an armoured slope may be greatest for a high wave height (inshore) with a 

moderate – high water level. Damage to toe armour will probably be greatest at the lowest water 

level commensurate with large wave heights. 

The safest approach to specifying JPA conditions for physical model testing has therefore required the 

exploration of each key response using the best empirical methods for each response, starting with 

depth-limited breaking, then the main structure responses of interest. This procedure is then used to 

'screen' potential test conditions and to identify candidate combinations to be used in the main 

physical (or numerical) model tests. Even so, the careful designer may be faced with testing many 

different combinations to be certain of identifying the 'worst' combined conditions. 

5.3.8. Rigorous 'total' probability of overtopping 

The JPA approaches discussed above involve a number of simplifications. Only a limited number of 

metocean variables can be analysed in a rigorous way.  More importantly, and not always understood 

by users, is that the probability of the response variable (e.g. overtopping rate) derived via joint 

exceedance analysis is not equal to the joint exceedance return period. To assume that they are equal 

would be assume that the probability space represented by joint exceedance is a good approximation 

to the probability space occupied by response exceedance. This is often not the case, and usually the 

return period of an overtopping rate inferred from a joint exceedance curve is significantly less than 

that of the joint exceedance curve. For use in sea defence design, it would therefore be necessary to 

make a compensating conservative assumption somewhere else in the calculations, although this 

approach has often been used in the past  

An alternative approach, where a response function is known, for example overtopping rate at a 

particular sea wall for a particular climate change assumption, is to convert directly from extrapolated 

joint probability density to response.  In this approach, every source (or extrapolated source) record is 

converted to the corresponding response, the results of which can then be analysed using single 

variable methods. For example, if the data set contains sufficient “events”, and the response is a 

continuous variable (e.g. overtopping rate under non-impulsive conditions, but not breaching), then 

extremes or simple ranking analysis can be applied directly to the inferred overtopping rate event data.  
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5.3.9. Wave overtopping discharges 

The overtopping performance of seawalls and breakwaters has commonly been specified and/or 

measured by the mean overtopping discharge, conventionally averaged over a test duration equivalent 

to 1000 waves. In some instances, measurements of the mean discharge may be supplemented by 

measuring wave-by-wave volumes to give the distribution of volumes. These will give the maximum 

volume measured in those tests, but may be used to describe (for instance) the largest 5-10 

overtopping volumes. Where the percentage of waves overtopping exceeds (say) 5%, then there are 

sufficient individual volumes to make these results statistically robust. But for conditions of low 

overtopping, relatively few individual waves will contribute to the mean discharge, and the 

uncertainties attaching to any particular set of measurements will be relatively greater. 

This effect is compounded by an effect discussed in the 2nd edition of the EurOtop manual (EurOtop, 

2016) and illustrated here in Figure 23. Here a single mean discharge of 5l/s.m (itself a relatively high 

limit) is given by four different wave heights (each with the appropriate different crest levels. What we 

see is that the smaller wave heights (naturally with a small crest freeboard) give many small volumes 

to give the mean discharge of 5l/s.m. Conversely, for the largest wave condition (with naturally a much 

higher crest), the mean discharge is given by a much smaller number of overtopping volumes, but each 

much larger. This effect will be even more marked when the target mean discharge is further reduced.  

The implication is that robust definition of hazardous overtopping volumes may require substantially 

longer tests to give statistically significant responses, particularly when testing for particularly low 

mean overtopping limits. Alternatively, we may need to find a way to down-scale short sequences of 

larger waves to give predictions for 'smaller' conditions. 

 

Figure 23. Distribution of overtopping wave volumes for a mean discharge of 5 l/s.m, various wave heights; wave steepness 
sop = 0.04 and sea state duration of 1 hour. 

These effects are particularly important for breakwaters and reclamation seawalls that defend 

industrial processes (e.g. oil / gas processing and on-/off-loading, or power stations), where very low 

mean discharges may be specified for relatively 'frequent' wave conditions, perhaps 1:1 or 1:10 year 

return. 
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 MEASUREMENT TECHNIQUES AND INNOVATION 
In order to accelerate data acquisition and analysis of wave run-up/overtopping and damage in 

physical modelling, new measurement techniques (non-intrusive ones) have been developed. For 

example, video monitoring, stereo photogrammetry, image comparing algorithms and motion analysis 

procedures have all been investigated in recent modelling studies. There are a number of examples 

from recent studies where stereo photogrammetry has been used to analyse static model structures. 

Ferreira (2006) developed a stereo photogrammetric code for mapping 3D bathymetries and 

structures based upon the reconstruction of stereo pairs, in which, refraction due to the air-water 

interface is corrected. This means that, with such pairs, it is not necessary to empty the flume or tank 

in order to get a good coverage of the complete armour layer. Further tests to assess the application 

and accuracy of this technique were carried out by Lemos (2010) and Lemos and Santos (2012) to 

measure damage in scale model tests of rubble mound breakwaters. Pedro et al. (2015) also used this 

technique for damage assessment in scale models in conjunction with image-difference-detection 

algorithms. Raaijmakers et al. (2012) mapped 3D bathymetries and structures based on 

stereophotography through an air-water interface with a dense stereo algorithm. Hofland et al. (2011, 

2014) examined 2D and 3D bathymetries and structures using a digital stereo photography (DSP) in 

combination with a new damage parameter for rock slopes based on the dimensionless damaged 

depth. For moving structures Malheiros (2009, 2013) describe a motion capture system for rigid bodies 

based on stereoscopic vision which has been applied to the movements of moored ships. Video 

monitoring was also used by Courela et al. (2015), enabling the determination of the number of 

displaced/moving armour units, by tracking the blocks movements using video frames comparison. 

More recently, Van Gent (2014) and Hofland & Van Gent (2016) used an image processing technique 

to quantify and represent the damage to concrete armour layers of coastal/harbour structures, 

focusing on settlement of the entire armour layer (Figure 24). The advantage of this technique is to 

quantify armour layer settlement, which is usually qualitatively evaluated. The authors are still 

assessing the accuracy of the technique. 

Image analysis techniques have also been used to capture data on run-up and overtopping. Bornschein 

et al. (2014) used video cameras, together with capacitive gauges, to measure wave run-up with 

automated processing in MATLAB. Yoo et al. (2013) presented a system to monitor breakwater run-up 

and overtopping which was developed using optical imaging and analysis techniques, where optical 

image data bursts 20-minute long were processed and analysed to extract quantities of breakwater 

run-up by means of image analysis techniques: (1) image calibration, (2) generation of cross-shore 

image timestack, (3) identification of run-up trajectory. The computed values of run-up were compared 

to those of incident waves, thereby deriving a relative wave run-up formula, i.e., an empirical relation 

between incident wave height and run-up height. Andriolo et al. (2015) presented video-derived run-

up data collected at a beach on the Portuguese west coast. High resolution video data were used to 

produce timestack images. Recently, Andriolo (2016) has investigated the potential for measuring 

wave run-up remotely, using frames acquired by an optical video system and comparing these images 

to data acquired by a wave gauge placed over the breakwater structure profile in physical modelling. 

Results confirm how video imagery technique can support physical model experiments, namely by 

filling wave gauge information gaps and by contributing to overcome other equipment limitations.  
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Figure 24. Settlement analysis on breakwater roundheads (Hofland & Van Gent, 2016). 

Key features from previous work and highlight important results/outcomes 

The stereoscopic vision system presented by Malheiros (2009, 2013) aims to measure the motion of 

rigid bodies in real-time along its six degrees of freedom (6DOF) and was used in the measurement of 

the motions of an oil tanker moored at the oil terminal of the Port of Leixões, Portugal, in the scope of 

an R&D project. The developed stereoscopic system was able to measure with high precision in four 

(out of the six) degrees of freedom of the moored ship model (Figure 25) in comparison with a 

commercial motion tracking system composed of digital infrared cameras. 

Results obtained by Yoo et al. (2013) showed that the relative wave run-up height on a typical 

armoured breakwater with tetrapods, derived from the measured video and wave data, was 

comparable to the range predicted by the general formulae. Andriolo et al. (2015) demonstrated that 

timestack images allowed the measurement of the maximum swash elevation from a chosen profile 

with a good comparison between a dataset of 36 measurements of Rmax (maximum run-up in a storm) 

and R2% (run-up exceeded by 2% of incident waves in a storm) to several predictive formulae published 

in the literature. Andriolo (2016) demonstrated the usefulness of timestack images in coastal 

morphodynamics studies deriving wave celerity over a nearshore profile using a novel technique, 

showed excellent agreement with shallow water linear wave theory. Discrete wave run-up 

measurements obtained by video footage were processed to derive wave run-up empirical 

parameterizations. Two formulations were derived in order to optimally describe swash elevation on 

the beach slope during the monitored time. 
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Figure 25. Physical model in the wave tank of the Hydraulics, Water Resources and Environment Division of the Faculty of 
Engineering of the University of Porto (Malheiros, 2009, 2013). 

The image processing algorithm developed by Courela et al. (2015) can easily detect armour units 

movements. But, the identification of armour layer displacements is not yet possible and the algorithm 

is currently being improved. In contrast, the digital stereo photography presented in Hofland et al. 

(2011, 2014) can measure damage relatively easily, with high accuracy and fine resolution, but it 

requires the flume or basin to be emptied prior to the measurement, which is extremely time 

consuming, especially in basins.  

The application of the code developed by Ferreira (2006) to surveys of the same scenery with and 

without water, revealed that the error introduced by refraction due to the air-water interface was 

negligible. Nevertheless, it required a very strict light and water turbidity control (Lemos, 2010). By 

applying the same technique (Lemos & Santos, 2012) performed tests with different colour and pattern 

arrangements of the armour layer blocks and demonstrated that the more heterogeneous the pattern, 

the better the stereo photogrammetric reconstruction. The error (difference between the actual 

maximum rock-fill level and its surveyed level) of this survey technique was of 2 mm. Stereo-

photogrammetric post-processing algorithms have been also developed in order to automatize profile 

and surfaces extraction and representation, as well as eroded area calculation (Figure 26). The 

conclusions that resulted from the tests carried out by Pedro et al. (2015) using stereo 

photogrammetry and image differences detection algorithms were: a) Overestimation of the modified 

areas due to slight water turbidity can be minimized by previously calibrating the algorithm of image 

comparison; b) Damage progression trend was convergent with the damage progression evaluation 

using the method of displaced units counting. 
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Figure 26. Surface and profile representation obtained from a stereo photogrammetric survey (adapted from Lemos & Santos, 
2012). 

Raaijmakers et al. (2012) tests using stereo photogrammetry found an accuracy of 1 mm and the error 

did not increase for greater water depths, varying from a fully dry to a fully submerged model. 

Raaijmakers et al. (2012) and Lemos & Santos (2012), who used stereo photogrammetry tools agree 

on the following points:  

 stereo photogrammetry is a cost-effective technique;  

 survey errors obtained are negligible;  

 the extension of stereo photogrammetry to cope with an air-water interface has been proven 

to work without decrease of accuracy; and  

 stereo photogrammetry proved to be insensitive to the water level, once water transparency 

and light conditions are fulfilled. 

 

5.4.1. Cross-sectional profiles 

Damage measurement for the designs of new breakwaters is usually still done as it has been done for 

decades. With cross-sectional profiles made to determine the damage to rock amour layers and 

counting of the number of displaced rocks for concrete armour unit armour layers. The damage 

numbers that are listed in the design manuals (e.g. CIRIA et al., 2007) are still based on the standard 

low resolution measurement techniques. The measurement of damage must preferably be obtained 

quickly without draining and refilling the flume or basin, which can take a considerable amount of time. 

Therefore the measurement should be able to be performed through the water surface. Hence, often 

mechanical profilers are still the preferred measurement device. 

Several new methods have become available to scan the surface of a rubble mound breakwater in 

order to obtain damage (erosion) values. With these techniques the surface can be obtained with mm 

resolution and sub-mm accuracy. The main techniques used are terrestrial laser scanners and stereo 

photogrammetry.  

5.4.2. Terrestrial laser scanners 

Standard terrestrial laser scanners can perform a direct distance measurement by measuring the time 

it takes for a light pulse to reflect from a solid surface (either directly or by phase modulation). The 
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laser beam is usually rotated around in a plane by a rotating mirror (up to 10-100 rotations per second) 

and several measurements per degree of rotation. The second degree of freedom is obtained by slowly 

rotating this primary axis, or by traversing it over the object of interest. This technique gives a direct 

measurement (in polar or cylindrical coordinates) of the model structure. The use of this technique for 

breakwater modelling has recently become popular (e.g. Rigden & Steward, 2012; Molines et al., 2013; 

Puente et al., 2014). 

 

Figure 27: Application of a laser scanner in physical model (Puente et al. 2014). Left: model and scanner. Right: point cloud of 
measured model breakwater. 

It is in theory possible to apply the measurement technique through a (still) water surface when the 

water is clear. In airborne Lidar, examples are known where the bed of a river or coastal area is 

modelled. However, no known physical modelling studies are known where the technique is applied 

in such a manner. The laser should be mounted rather straight above the water surface in order to 

prevent reflection of the laser beam on the water surface. This might hamper the use of the technique 

in basins. For fully underwater work, experiments in HR Wallingford's Fast Flow Facility have used a 

laser-scanner to measure scour formations around structures.  

5.4.3. Stereo photogrammetry 

Stereo photogrammetry works like the human eye. The setup of the technique consists of two digital 

cameras with a known distance between each other that record a (digital) image at the same time. By 

correlating the same points in both digital images, the distance of all the points relative to the cameras 

can be obtained. By placing markers at known locations in the field of view, the measured elevations 

can be transformed to an earth fixed coordinate system. By making a scan before and after a test 

(series) the change in structural shape during the test can be quantified. The stereo photography 

technique has been adapted for use with a (still) water surface in physical models (Raaijmakers et al. 

2012 and Ferreira, 2006). However, though performed (Raaijmakers et al. 2012), the use of it in a basin 

is still rather cumbersome. As the technique involves a processing step to come from raw images to a 

point cloud, it requires in general more tuning and post-processing than the use of a terrestrial laser 

scanner. Tests presented by Lemos and Santos, 2014 used Ferreira (2006) technique. However, to 

overcome the time-consuming post-processing steps, two diferent algorthms were created in order to 

authomatize surface and profile analysis for several profiles of obtained in different surveys. 

5.4.4. 3D printing 

3D printers may introduce an important innovation in physical model testing, by allowing the 

production of complex-shaped armour layer blocks very accurately and, and the same time, perhaps 



Deliverable 8.1  Representing climate change in physical models 

Version 1 85 Wednesday, 07 December 2016 

to simulate the internal strength of those units at model scale, according to the materials used in their 

production, and avoiding a well-known model effect. 

5.4.5. Knowledge-gaps and future developments 

Potential areas for future research and development of the image analysis techniques to improve 

experiments that address climate change are: 

 To use of the stereo photogrammetry in three-dimensional scale model tests, namely to study 

the erosion of round-heads of breakwaters. The correction of the refraction, following the 

work of Ferreira (2006), of the interface air-water is of utmost importance as it can speed-up 

tests where the sea level rise is represented; 

 To apply stereo photogrammetry to the study beach erosion in scale model tests, trying to 

refine photo acquisition in large scale models. A detailed study should be done, concerning the 

accuracy of the technique, using different distances between the photographic equipment and 

the model; 

 To develop versatile image processing software/procedures in order to mitigate/minimize 

errors due to light and water abnormal interferences;  

 To develop a good practice manual on digital image acquisition and processing, including a 

recommended workflow, applied to the experimental facilities; 

To develop techniques of natural and artificial lighting positioning as to obtain the most accurate video 

and picture stills in the experimental setup. 
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 PHYSICAL MODELLING APPLICATIONS AND DEVELOPMENTS TO REPRESENT A 

CHANGING CLIMATE 
Climate change is likely to have a significant impact on the structural and functional behaviour of 

coastal and harbour structures. Significant savings may arise from adapted physical modelling to 

characterize and measure the response of these structures to climate change. The output from the 

adapted physical modelling will also contribute to support authorities with informed decisions on the 

need (or not) for new structures and/or for maintenance or repair works, and also to support the 

definition of the type of intervention needed. 

Novel high-resolution measurement techniques have been introduced in physical modelling during the 

last decade. However, the criteria that we use to classify the damage are still based on old fashioned 

parameters. The current challenge is to use this increased amount of data and turn it into more 

detailed knowledge that we can use to evaluate more precisely how to prepare coastal structures for 

climate change. Another challenge is to enable the efficient use of the new techniques; to streamline 

the robust execution of the measurements and the processing steps, such that they can be used in 

more standard projects. 

However, as well as dealing with the challenges for representing climate change in physical models, it 

may be necessary to analyse how existing or new structures (optimized through physical modelling) 

may be adapted to sustain extreme conditions associated with climate change. The aim is an optimal 

design (or safety assessment) which does not increase significantly the structures’ dimensions and 

associated costs. 

Adapted structures may include: 

 the addition of iron ore waste and tailings (IOWT) to the composition of usual concrete 

artificial armour units; 

 the use of single layer armour; 

 an incremental use of artificial reefs for coastal protection. 

 

5.5.1. Use of high-density iron ore 

The addition of high-density aggregates to concrete armour units will improve the armour unit stability, 

reduce their dimensions and volume, with subsequent potential cost savings on construction and 

maintenance of the structures. At the same time it might help solve problems associated with disposal 

of such valuable residues, contributing to a safer and cleaner environment. 

In Portugal, there are only three examples of locations where high density concrete units were used in 

harbour areas: the Douro’s mouth rubble-mound breakwater (which was tested at LNEC; Silva, 2003), 

the Aveiro north breakwater (tested at LNEC in 2008-2009; Silva, 2009) and the west and east 

breakwaters of Sines harbour (also tested at LNEC; Silva, 1997), Figure 28. At Sines, the block units of 

the structure’s head reach 105 tons while at Douro’s structure the elements are 8 tons. Although Sines 

breakwater’ units show a good behaviour, the same does not happen to Douro’s units, where blocks 

appear to have a higher damage than expected. The reasons for that are not yet clarified and this is a 

field where further investigation is needed. Only the Swedish mining company LKAB has developed a 
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materials production project for coastal and river protection, "MagnaDense", through the use of iron 

ore in the formation of dense concrete. 

 

Figure 28. Maritime structures constructed with high density blocks: a) Douro’s mouth rubble-mound breakwater; b) North 
breakwater of the entrance of Aveiro Ria; c) East and west breakwaters of Sines port. 

5.5.2. Single layer armours 

The application of single layer armour, such as with cubes, is an innovative and cost-effective solution 

for armour layers of rubble mound breakwaters under investigation since 1998 (e.g. Van Gent & Spaan, 

1998; d’Angremond et al., 1999; Van Gent et al., 1999, 2001; Van Gent, 2003; CIRIA/CUR/CETMEF, 

2007; Van Buchem, 2009; Van Gent & Luis, 2013; Almeida, 2013; Van Gent, 2014). The advantages of 

the solution of single layer armour or armour units may be briefly summarized as follows: 

 The existing studies show that using cubes in a single layer armour is feasible and potentially 

economically competitive as opposed to the other types of units for single layer armours (e.g. 

interlocking units such as AccropodeTM, Core-locTM and Xblocs®) and undoubtedly 

economically competitive with double layer blocks (Antifer and Tetrapod). 

 Besides the good performance in terms of stability of Cubes in a single layer, another 

advantage of Cubes in comparison with complex interlocking units, is that placement of Cubes 

below water is easier especially for regions where the visibility below water is too low that 

demands use of professional divers to assist in the placement of interlocking units (Verhagen 

et al., 2002). Also, by placing Cubes in a regular pattern an additional improvement in the 

stability can be achieved (Frens et al., 2008). 

 Physical model tests with Cubes consisting of normal-density concrete or high-density 

concrete indicate that it is feasible to construct layers with Cubes in a single layer; i.e., damage 

occurred for significantly higher values of the stability number Hs /ΔD if units in a single layer 

 

 

 

 

 

                           a) Douro 

 

 

 

 

 

         b) Aveiro 

 

 

 

                                                                          c) Sines 



Deliverable 8.1  Representing climate change in physical models 

Version 1 88 Wednesday, 07 December 2016 

are applied. If for Cubes in a single layer approximately 10 times less damage (number of 

displaced units) is accepted than for a double layer of Cubes, the performance of these armour 

layers was found to be similar with respect to the stability under equal loading conditions (Van 

Gent et al., 1999). 

 One of the reasons for the competitiveness of single layer Cubes compared to interlocking 

armour units, is the simplicity of fabrication and placement. Single layer Cubes mean also a 

lower amount of concrete needed as compared with the double armour layers. 

Most studies have been based on physical modelling. However, the single layer armours with Cubes 

resist mainly by gravity and lateral friction. Whilst gravity is well represented by physical models scaled 

according to the Froude’s law, this is not the case with lateral friction between blocks. To increase the 

reliability of the physical model results for this kind of structures, scale and model effects should be 

carefully analysed and selected and associated reduction measures should be proposed based on 

physical model studies, as well as on comparisons with prototype structures. 

Single layers of Cubes have been applied permanently in Boa Vista Island (Cape Verde), in which the 

main part of the trunk and the roundhead of the breakwater consist of single layer Cubes, based on 

economic evaluation of the construction costs. This project involved Consulmar (Consultants; 

Designers); LNEC (physical model testing for first solution); Deltares (physical model testing for final 

solution), Somague (construction). At Punta Langosteira (Spain) most of the temporary roundheads 

used during construction also consisted of single layer Cubes. 

With improved physical model results, it is possible to further analyse the advantages of this innovative 

solution, which may be considered as an adapted structure to face more serious environmental 

conditions associated to climate change. 

5.5.3. Multifunctional artificial reefs 

Multifunctional artificial reefs (MFAR) are a relatively new approach for protecting the coast. It is a 

submerged breakwater that has several purposes. In addition to protect the local coastline and 

improve the surfing possibilities, a MFAR can enhance the environmental value of the area where it is 

built. The advantages of a MFAR are that the visual impact is low and that with a proper design the 

down drift erosion can be minimal. Regarding the functionality of a MFAR, much research has been 

carried out on surfability, i.e. the possibility to surf a wave (for example Mead and Black, 2001 and 

Henriquez, 2004, Rigden et al, 2013). Although there are several classifications of the breaker type, it 

is generally accepted that the waves break by spilling, plunging, collapsing, and surging (Galvin, 1968, 

1972). 

According to Battjes (1974) these types of wave breaking are categorized according to the offshore or 

inshore Iribarren number. The value of the (offshore / inshore) Iribarren number is determined by the 

bottom slope, the wave height (offshore / inshore) and the offshore wave length. However, Henriquez 

(2004) notes that the submergence of a submerged reef also has an influence on the breaker type. The 

length of the slope of the reef could also have an influence on the breaker type. In fact, when the reef 

has a fixed height and when identical wave conditions are used, deeper submergence automatically 

means a breaking point nearer the crest of the reef, which implies a greater length of the slope 

experienced by the wave. 
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Smith and Kraus (1991) performed a laboratory study for waves breaking over bars and artificial reefs. 

They constructed the bar of marine plywood and tested six different design seaward angles and four 

design shoreward angles with different breaking type conditions. However, their results were obtained 

for narrow crested artificial reefs. Also, the influences of the structure submergence, of the length of 

the slope and of the depth at the start of the structure on the breaker type and on the Iribarren number 

were not studied.  

Regarding the breaking behaviour on artificial reefs with a smooth slope, only one study has been 

conducted in a wave flume by Corbett and Tomlinson (2002). However, even though several 

submergences were tested, no analysis of the relation between the breaker type and the 

corresponding Iribarren number was done. Furthermore, the influence of the length of the slope on 

the breaker type and the corresponding values of the Iribarren number were also not investigated. 

The transition values for submerged broad-crested artificial reefs were determined by Voorde et al. 

(2009) taking into account the structure submergence and the length of the seaward slope, Figure 29.  

 

Figure 29. Breaker type on a MAFAR in a 2D flume at LNEC (ten Voorde et al., 2009). 

Recommendations for future work include the investigation of the wave shape over porous bottoms, 

like geotextile sand containers, since the turbulence and the energy dissipation will be different than 

over a rigid bottom, which is expected to have an influence on the wave shape. Also, for a proper 

design of a reef to protect a local coastline, a morphological study has to be performed in which 

longshore currents, accurate bathymetry, tide and wave angles have to be taken into account. 

Concerning design methodologies and formulations of the different parts of single layers breakwaters 

(toe armour layer and crest berm), recommendations are yet scarce and further investigation is 

recommended (Luis and Van Gent, 2013). 

Das Neves et al., 2015, analysed the hydrodynamic and morphodynamic changes produced in the 

vicinity of nearshore submerged structures made of sand-filled geosystems. This interesting solution 
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for coastal protection has an advantage over more traditional materials such as concrete units or rock, 

which is the limited and non-permanent impact on natural coastal processes. The analysis was focused 

on sediment transport, wave reflection and wave-induced pressures. The sand-filled geosystems 

proved to be efficient in retarding the offshore movement of sediments and in maintaining the 

shoreline, even if instabilities due to elements' displacement and local scour have been observed 

(Figure 30). The major weakness of this technique is their susceptibility to vandalism and propeller 

damage which may rapidly destroy one or more bags. 

  
Figure 30 - wave downrush over the submerged structure (das Neves et al., 2015). 

 

5.5.4. Future developments 

In the future, it would be preferable to test many more conditions to determine the entire probability 

of failure, or at least determine the sensitivity of the response to certain parameters. With sea level 

rise these analyses will involve even more tests. An objective for enabling these kinds of analyses is to 

make testing more efficient. When the structure has to be rebuilt often for new tests, long 

measurement durations are needed, or when a basin has to be drained after each of multiple tests to 

obtain measurements, this will require a longer testing programme, which may make that full risk 

assessments of such structures out of reach unless innovative approaches using physical models can 

validate / calibrate semi-empirical methods, themselves to be used in multi-parameter simulations. 

Concerns about climate change effects also highlight the need of environmentally friendly and novel 

approaches to protect the coast and reduce the risk of flooding and erosion by applying, for instance, 

non-permanent solutions with limited impact on the sand-filled geosystems (e.g., das Neves et al., 

2015), but also ecosystem engineering solutions (e.g., Ondiviela et al., 2014). This led to the 

development of new experimental techniques to reproduce those new solutions in physical models to 

reduce scale and laboratory effects. In addition, to slow-down climate change effects, interest in 

renewable energies, namely in the marine renewable energies, has grown significantly in the last 

decades to reduce green-house emissions and due to the high and untapped energetic potential of the 

oceans (Taveira-Pinto et al., 2015). 

Ondiviela et al. (2014) makes reference to several knowledge gaps in ecosystem engineering solutions, 

namely, there is a need to better characterize how seagrass species characteristics (e.g. biomass, shoot 

density, stiffness or morphology) influence the dynamics involved in wave and current attenuation and 

sediment transport, to understand the performance of coastal defence systems that combine 
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seagrasses with artificial elements (e.g. breakwater or seawalls), as well as to develop tools to predict 

the effect of climate change on seagrasses structure and functioning. 

Since there is a significant uncertainty in predicting the effects of climate change in the variables driving 

the design of coastal structures (i.e. there is uncertainty in projecting the sea level rise and predicting 

the extreme events), the consideration of different future scenarios, projecting possible future realities 

in the medium to long term, is usual either in numerical and physical model studies or in commercial 

projects and planning (e.g., Townend and Burgess, 2004, Coelho et al., 2009, Lee et al., 2013). In 

addition, it is worth mentioning that traditional deterministic design methods and tools are not able 

to directly include uncertainties associated to those design variables and, consequently, to properly 

account for expected or predicted future climate change. 

 


