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A B S T R A C T   

Coastal cliffs cover about 75% of the world’s coastlines. Many of these cliffs suffer severe erosion problems, 
which are mainly caused by wave action and lead to important damages. The main objective of this work is to 
propose and apply a methodology to characterize and map wave exposure levels for the management of cliff 
coasts. The methodology proposed consists of a number of steps. First, a statistical characterization of the wave 
climate in deep water is performed. Second, relevant sea states are propagated towards the cliff by means of a 
numerical model. Then, the results are used to assess the distribution of significant wave heights and wave power 
along the cliff toe. Finally, four exposure levels are defined based on the wave power values at the cliff, and 
exposure zones are mapped accordingly along the cliff. This approach is illustrated with a case study – the 
Catedrales Cliffs and Beach, a tourism hotspot in Galicia (NW Spain) where erosion caused loss of human life. We 
find that exposure levels are primarily influenced by the nearshore bed morphology, which controls wave 
refraction, shoaling and breaking, as well as by the geometry and orientation of the cliff, with some parts more 
exposed than others to the prevailing wave direction. On the islets off the cliff the windward faces have a greater 
level of exposure, since the leeward faces are protected by the islets themselves and lower water depths. The 
rocky outcrops that occur at the cliff toe in some sections act as emerged (submerged) breakwaters under low 
(high) tide conditions, dissipating wave power and thus reducing wave exposure. The methodology proposed in 
this work enables coastal managers to prevent the personal and material damages derived from cliff erosion by 
focusing remedial measures where they are most needed.   

1. Introduction 

Cliff coasts are the most common coastal environment across the 
globe (Emery and Kuhn, 1982; Bird, 2011). Some of these cliffs consti
tute environmental monuments. The management of these coastal en
vironments, thus, is important for biodiversity protection (Cao et al., 
2010) and for their socioeconomic value as tourism destinations. The 
study area in this work is a case in point: the Catedrales (Cathedrals) 
Cliff and Beach, a tourism hotspot in NW Spain (Fig. 1). 

The case study is not unique, so that the methods and results of this 
paper can be extended to help manage other coastal cliffs of environ
mental and tourist value, such as the Azure Window (Malta), the Arco de 
Cabo San Lucas (Mexico), the Ponte da Piedade (Portugal), the Mina
mijima Island (Japan), the Durdle Door (England), the Perce Rock 
(Canada), the Arch Rock (Ireland), the Cuevas del Mar beach (Spain), 

the Portada (Chile), the Darwin Arch (Ecuador), the Porte d’Aval 
(France), the Moher Cliffs (Republic of Ireland), the Quebrada coast 
(Spain), the Twelve Apostles (Australia), the Pigeon Rocks (Lebanon), 
the Green Bridge (Wales), the Old Harry Rocks (England), the Sunset 
Cliffs (United States), the Yesnaby (Scotland), the Catedral (Peru), the 
Flamborough Head (England), the Thirle Door and the Stacks of Dun
cansby (Scotland), the Drangarnir (Faroe Islands), the Holei Sea Arch 
(Hawai) and the Hvitserkur (Iceland). Some of these cliffs are shown in 
Fig. 2. 

Coastal cliffs are subject to erosion induced by wave action. Research 
efforts have been carried out over the last decades to characterize and 
model the behaviour of these coastal systems (Nunes et al., 2009; 
Stanchev et al., 2018; Guitián et al., 2020). In the late 70s, Sunamura 
(1977) proposed a relationship between cliff erosion and wave force 
based on laboratory and field data. More than ten years later, in the 90s, 
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Jones and Williams (1991) studied the factors that drive cliff erosion 
through measurements of annual recession, wave refraction modelling 
and regression analysis on the Welsh coast. In that decade, Komar and 
Shih (1993) and Shih and Komar (1994) also investigated the cliff 
erosion along the Oregon coast (US) based on tectonic controls, and on 
field measurements of sediment size and beach morphology, 
respectively. 

In the 2000s, the collapse of a cliff in France was investigated by 
Duperret et al. (2002) through in situ examination and measurements of 
the deposit along with stratigraphical dating. Cliff processes on the coast 

of North Yoskshire, in the UK, were monitored by means of terrestrial 
laser scanning (Rosser et al., 2005). The role of sediments released from 
cliff erosion to protect low-lying coasts from flooding was also investi
gated in the 2000s (Dawson et al., 2009). During the last 10 years, cliff 
erosion has received increasing research attention, including studies 
based on laser scanning measurements (Lim et al., 2011; De Rose and 
Basher, 2011; Johnstone et al., 2016; Earlie et al., 2018; Westoby et al., 
2018; Terefenko et al., 2018, 2019; Zelaya Wziatek et al., 2019; Alessio 
and Keller, 2020); analysis of aerial photographs (De Rose and Basher, 
2011; del Río et al., 2016), terrestrial and aerial vehicle 

Fig. 1. Case study: Catedrales Cliffs and Beach (Galicia, NW Spain). Source: Eduardo Blanco (left photograph), Fran Nieto (right photograph).  

Fig. 2. From left to right, top to bottom: Azure Window, Arco de Cabo San Lucas, Ponte da Piedade, Minamijima Island (first row); Durdle Door, Perce Rock, Arch 
Rock, Cuevas del Mar (second row); Portada, Porte d’Aval, Moher Cliffs, Quebrada coast (third row); Twelve Apostles, Pigeon Rocks, Green Bridge, Yesnaby (fourth 
row); Flamborough Head, Thirle Door, Holei Sea Arch, Hvitserkur (fifth row). Source: Google. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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photogrammetry (Letortu et al., 2018), multi-view stereo (Westoby 
et al., 2018) and high-resolution videos (Thompson et al., 2019); and 
development of models and methods to predict or characterize cliff 
erosion (Terefenko et al., 2019; Hapke and Plant, 2010; Barlow et al., 
2012; Muñoz-López et al., 2020). The information of most of the local 
studies addressing cliff erosion was integrated by Prémaillon et al. 

(2018) into the global database GlobR2C2 (Global Recession Rates of 
Coastal Cliffs). 

In recent years, numerous works have dealt with the modelling of 
extreme waves for different purposes. Some representative examples are 
the study of the implications of the erosion of deltas on wave 

Fig. 3. (a) Location of the study area in north-western Spain (43
◦

33′ 14’’ N, 7
◦

09′ 26’’ W). (b) Boundaries of the computational grids used to apply the Delft3D- 
Wave model, distribution of water depths and location of the ERA5 point. (c) Plan view of the study area. 

Fig. 4. Wave rose in deep water based on the ERA5 point data.  
Fig. 5. Empirical and theoretical (Generalized Extreme Value, GEV) cumula
tive distribution functions of the deep-water significant wave height values 
after the application of the Peak Over Threshold (POT) method. 
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propagation and longshore sediment transport (Bergillos et al., 2016a), 
the coupling of cross-shore and longshore sediment transport to repro
duce the evolution of the beach profile (Bergillos et al., 2017a) or the 
analysis of the effects of wave farms on coastal areas (Bergillos et al., 
2018a, 2019a, 2019b, 2019c; Rodriguez-Delgado et al., 2018a, 2018b, 
2019a, 2019b, 2019c). Statistical techniques have also been used for a 
number of coastal management applications, such as the forecasting of 
the efficiency of nourishment projects (Bergillos et al., 2018b), the 
long-term simulation of the performance of wave energy converter ar
rays (López-Ruiz et al., 2018a, 2018b) or the assessment of the opera
tional conditions of infrastructures located in coastal areas 
(Rodriguez-Delgado et al., 2020), among others. However, to our best 
knowledge neither modelling of extreme waves nor statistical analysis 
have been applied to quantify wave power and exposure on coastal cliffs 
for management purposes. 

The main objective of this paper is to propose and apply a method
ology to characterize and map wave exposure zones to support the 

management of coastal cliffs. This methodology is applied to the Cate
drales cliffs in NW Spain. The manuscript is structured as follows. Sec
tion 2 presents the main characteristics of the study area. Section 3 
details the extreme value analysis of the wave data in deep water, the 
set-up of the wave propagation model and the computation of significant 
wave height and wave power along the cliff toe. In Section 4, the results 
of the application of the methodology to the case study are reported. 
These results and some management applications are discussed in Sec
tion 5. Finally, the conclusions are drawn in Section 6. 

2. Study area 

The Catedrales cliffs are located in north-western Spain, facing the 
Atlantic Ocean (Fig. 3). This 1700-m-long coastal stretch was declared 
Natural Monument by the Galician Regional Government in 2005. 

The prevailing wave direction in the study area is north-west (Fig. 4). 
This is the result of the location of the cliff in the north-west of the 
Iberian Peninsula, where the Atlantic swell is predominant. The wave 
climate in this region is particularly energetic (Carballo et al., 2015; 
Carballo et al., 2015b; Veigas et al., 2015), with deep-water significant 
wave heights exceeding 10 m under storm conditions (Fig. 4). 

Cliff erosion causes material damages and poses risks to human life. 
A clear example of these risks was the death of a person in March 2018 
due to the impact of a rock detached from a cliff in the study area. Given 
the high numbers of visitors and the mentioned erosion issues, the 
definition and mapping of wave exposure zones is necessary to facilitate 
the management of this tourism hotspot. 

Table 1 
Deep-water sea states propagated with the numerical model [Tr : return period; 
Hs,0: significant wave height in deep water; Tp: spectral peak period in deep 
water; θ: mean incoming wave direction in deep water].  

Tr (years)  Hs,0 (m)  Tp (s)  θ (◦) 

2 6.6 15 300 
10 8.3 15 300 
50 11 15 300 
100 12.7 15 300  

Fig. 6. Plan view distribution of the significant wave heights for four return period (Tr) values: (a) Tr = 2 years, (b) Tr = 10 years, (c) Tr = 50 years and (d) Tr =

100 years. 
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3. Materials and methods 

Although wave action is not the sole factor causing cliff erosion, it is 
one of the most important. Thus, it is essential to analyse the extreme 
wave variables in deep water as well as the modification of the wave 
parameters as the wave propagates from deep water towards the coast. 
To this end, we first perform a statistical analysis of the wave climate in 
deep water off the cliff. Then, representative sea states are numerically 
propagated toward the nearshore region to determine the distribution of 
wave power along the cliff toe. This section firstly describes the analysis 
of deep-water extreme values of significant wave heights, since cliff 
erosion is mainly generated by these extreme values. Later, we describe 
how the sea states in deep water are propagated toward the cliff through 
a numerical model. Finally, the procedure to calculate wave height and 
power along the cliff toe is presented. 

3.1. Extreme value analysis of the offshore wave climate 

The analysis of extreme wave values was based on the ERA5 model 
data of the European Centre for Medium-Range Weather Forecast 
(ECMWF). This is a global model, with a grid resolution of 0.5

◦

x 0.5
◦

. In 
each node of the grid, the model provides the significant wave height, 
the spectral peak period and the incoming mean wave direction, among 
others ocean and meteorological variables. For this work, the wave data 
of a node located at a latitude of 44

◦

N and a longitude of 7.5
◦

W were 
used. 

As previously mentioned, from the point of view of cliff erosion, it is 
advisable to statistically analyse the extreme wave regime. For that, the 
Peak Over Threshold (POT) method (Goda, 2010) was applied to the 
significant wave height data, considering as threshold value the wave 
height value that is not exceeded during 99% of the time (HT = H99%). 
Once the POT method was applied, several cumulative distribution 
functions (CDFs) were fitted to the extreme values obtained and the best 
fit was provided by the Generalized Extreme Value (GEV) function. 
Finally, based on the GEV function, the wave height values associated to 
return periods of 2, 10, 50 and 100 years were obtained. 

3.2. Numerical wave propagation model 

The wave height values mentioned in the previous section, along 
with the most frequent values of spectral peak period and mean wave 
direction under storm conditions, were propagated from the ERA5 node 
location towards the cliff by means of the WAVE module of the Delft3D 
model, which is based on the SWAN (Simulating WAves Nearshore) 
model (Holthuijsen et al., 1993; Booij et al., 1999). The wave propa
gations were carried out under high tide conditions. The Delft3D-WAVE 
model reproduces the main wave propagation processes, such as 
refraction, shoaling, breaking, reflection and diffraction induced by 
obstacles, bottom friction, non-linear wave-interactions, and 
white-capping. This model has been widely applied in ocean and coastal 
engineering (Bergillos et al., 2016a, 2016b, 2017a, 2017b, 2018a, 
2018b, 2019a, 2019b, 2019c; Rodriguez-Delgado et al., 2018a, 2018b, 
2019a, 2019b, 2019c, 2020; Abanades et al., 2018; Astariz et al., 2018; 
Kompor et al., 2018; Magaña et al., 2018; Poppema et al., 2019; Rey
es-Merlo et al., 2017; Stronkhorst et al., 2018; Różyński et al., 2019; Van 
Der Werf et al., 2019; Waldman et al., 2017). 

Apart from wave and tide, topographic and bathymetric data are 
required as input by the model. These data were measured during a field 
survey conducted by Nucleo Galicia S.L. in the framework of this study. 
The multibeam bathymetric measurements were conducted along 38 
shore-normal profiles, covering a surface of 1700 m (alongshore) x 2000 
m (cross-shore). Along each profile measurements were collected every 
4 m. The bathymetric data were complemented with topographic mea
surements that covered not only the emerged area of the study site, but 

Fig. 7. Significant wave height along the cliff toe (Tr = 2 years).  

Fig. 8. (a) Plan view distribution of the wave power for a return period Tr = 2 years. (b) Alongshore distribution of the wave power at the cliff toe (Tr = 2 years).  

Table 2 
Wave exposure levels [P, wave power acting on the cliff].  

Exposure type Wave power 

Low wave exposure P ≤ 4.6kWm− 1  

Middle wave exposure 4.6kWm− 1
< P ≤ 9.2kWm− 1  

High wave exposure 9.2kWm− 1
< P ≤ 13.8kWm− 1  

Extreme wave exposure P > 13.8kWm− 1   
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also the shallower submerged area (up to the 1 m contour). The errors of 
the instruments used for the bathymetric and topographic measure
ments are lower than 2 cm. The measurements of bathymetry collected 
were complemented in deep water (up to a water depth of 1000 m) with 
the EMODnet (European Marine Observation and Data network) 
bathymetric data (Thierry et al., 2019). 

The computational domain defined to perform the wave propagation 
consisted of two grids: (1) a coarse grid covering a wide region from the 
ERA5 model node to the coastline, with grid sizes from 300 m × 300 
m–100 m × 100 m, and (2) a nested grid covering the nearshore region, 
with grid sizes from 50 m × 50 m–10 m × 10 m (Fig. 3b). 

3.3. Assessment of wave height and wave power along the cliff toe 

The results of the wave propagation model were used to obtain the 
distribution of significant wave heights along the cliff. They were also 
employed to compute the wave power values at the cliff toe, which can 
be obtained from the spectral output of the wave propagation model 
through the equation: 

P= ρg
∫ 2π

0

∫ ∞

0
S(f , θ)cg(f , h)dfdθ (1)  

where ρ is the density of salt water, g is the acceleration due to gravity, 
S(f , θ) is the directional wave spectrum, f is the frequency, θ is the di
rection of propagation of the spectral component, Cg is the group celerity 
and h is the water depth. Considering the integrated parameters evalu
ated from the spectrum, Eq. (1) can be approximated by (Besio et al., 
2016): 

P=
1
16

ρgH2
m0Cg , (2)  

where Hm0 is the spectral wave height evaluated from the wave energy 
spectrum and Cg is obtained as (Contestabile et al., 2015): 

Cg =
c
2

(

1+
2kh

sinh(2kh)

) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
g
h

tanh(kh)
√

, (3)  

where c is the wave celerity, k is the wave number and h is the water 
depth. 

4. Results 

4.1. Wave propagation patterns for different return periods 

The fit of the GEV cumulative distribution function to the empirical 
CDF is shown in Fig. 5. Based on this fitted GEV function, the wave 

height values associated to return periods of 2, 10, 50 and 100 years 
were obtained. These wave height values, along with the most typical 
peak period and mean direction values under high-energy conditions, 
are shown in Table 1. These sea states were propagated toward the cliff 
toe for high-tide conditions by means of the wave propagation model 
presented in Section 3.2. 

The maximum values of significant wave heights within the nested 
grid (Fig. 6), obtained from the wave propagation model, range from 3.3 
m for a return period of 2 years–5.5 m for a return period of 100 years. 
As can be observed in Fig. 6, these differences in wave heights occur at 
deep and intermediate depths, but not at the cliff toe, since as waves 
approach the cliff toe, the wave heights are reduced mainly due to 
depth-induced wave breaking. Thus, the significant wave heights at the 
cliff toe do not vary between the different return periods, as they are 
dependent on (i.e., limited by) the water depth. 

It is also observed that, in the western part of the coast, the wave 
heights are lower along a shore-normal section (represented in yellow in 
Fig. 6). This is caused by the lower depths in this area, which induce 
wave breaking farther away from the shoreline. The rest of variations in 
significant wave heights are mainly due to refraction and shoaling 
during the propagation of waves over a complex and irregular 
morphology. 

4.2. Wave height and power distribution along the cliff toe 

As described in the previous section, the wave heights at the toe of 
the cliff do not vary with the return period, as these wave heights are 
limited by the water depth. For this reason, in order to assess the wave 
impact over the cliff, the significant wave heights along the cliff toe were 
extracted from the results for a 2-year return period, i.e., for a deep- 
water significant wave height equal to 6.6 m. The results are shown in 
Fig. 7. 

It is apparent that the significant wave heights vary significantly 
along the cliff toe. This is due to the effects of wave refraction and 
shoaling over a complex and irregular bathymetry, as well as to the 
geometry and orientation of the cliff, with some parts more exposed to 
the wave action than others. 

Based on the results of the wave propagation model, both the plan 
view distribution and the alongshore variation along the cliff toe of wave 
power were assessed (Fig. 8). As in the case of significant wave heights, 
it is clearly observed how the depth-induced wave breaking reduces the 
wave power impinging. In addition, the lower water depths at the 
western part of the cliff, which lead to lower significant wave height 
values in this zone (Fig. 6), also reduce the wave power values (Fig. 8a). 

The wave power distribution along the cliff toe is also highly irreg
ular (Fig. 8b). This is induced by the aforementioned complex ba
thymetry and different orientations of the cliff, which induce varying 

Fig. 9. Mapping of wave exposure levels onto the study area. The locations of the images of Figs. 10 and 11 are indicated.  
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significant wave heights at the toe (Fig. 7) and, consequently, a variable 
wave power distribution along the toe (Fig. 8b). This wave power dis
tribution at the cliff toe results in different levels of exposure along the 
cliff, as explained in the following section. 

4.3. Wave exposure levels 

Based on the wave power values at the cliff toe, four wave exposure 
levels with equal ranges between 0 and the maximum wave power value 
at the cliff toe (P = 13.8 kWm− 1) were defined, as indicated in Table 2. 
The wave exposure levels were mapped onto the study area, resulting in 
different wave exposure zones (Figs. 9 and 10). 

Fig. 10. Different exposure zones in the study area. From top to bottom: low exposure (a–b), middle exposure (c–d), high exposure (e–f) and extreme exposure (g–h). 
The locations of the images are indicated in Fig. 9. 
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The wave exposure levels are primarily influenced by the orientation 
and geometry of the cliff, as well as by the nearshore seabed morphology 
(bathymetry), which controls wave refraction, shoaling and breaking. 
These processes determine the significant wave height that reaches the 
cliff toe and, therefore, the distribution of wave power along the cliff. 

It may be observed that the inlet in the eastern part of the study area 
is classified as low exposure (Fig. 9) due to the lower wave power values 
at the inlet location (Fig. 8b, s ≈ 2000 m). The Xangal Islet, which is 
located in the central part of the study area (Figs. 9–11a), has levels of 
exposure high and extreme on its windward face and a low level of 
exposure on its leeward face due to the protection provided by the islet 
itself and the lower water depths. On the west side of the islet, the 
exposure is greater than on the east side due to the prevailing wave 
direction (Fig. 4 and Table 1). 

The Pena dos Corvos Islet, which is located in the western part 
(Figs. 3c and 9), induces a wave exposure variation similar to that re
ported in the previous paragraph for the Xangal Islet, with a greater level 
of exposure on the windward face of the islet (high and extreme expo
sures) and a lower level on the leeward face (low exposure). In the 
stretches where there are rocky outcrops at the toe of the cliff (Fig. 11b), 
the level of exposure is also reduced, but the reduction is lower than in 
the cases of the Xangal and Pena dos Corvos islets, since the protection 
provided by the islets is greater than that provided by the rocky outcrops 
(Fig. 11). Under high (low) tide conditions, these outcrops (Fig. 11b) act 
as submerged (emerged) detached breakwaters, mitigating the wave 
power that reaches the cliff toe. 

5. Discussion 

Numerous works have focused on the characterization and modelling 
of cliff coasts, with an approach different from the present research. For 
this reason, despite the valuable results and research advances reported 
in previous works (see Introduction), it is not easy to establish direct 
comparisons with the present work. 

In general, the wave power acting on the cliff toe was not calculated, 
with one exception, Zelaya Wziatek et al. (2019). In this case, however, 
wave power at the cliff toe was calculated using a much simpler 
approach (Snell’s Law) which, strictly speaking, is valid only in the case 
of a parallel bathymetry – certainly not in the case of the Catedrales 
beach and cliffs. At any rate, the wave power values in the area of study 
of Zelaya Wziatek et al. (2019) are far smaller (between 1.179 kW/m 
and 2.78 kW/m) than those obtained in the present work (Table 2), 
indicating a milder wave climate. 

Sunamura (1977) studied another cliff coast with erosion problems. 
In their work cliff erosion was found to be caused only by the hydraulic 
action of waves. The alongshore variation in wave height in front of the 
cliff is not dissimilar from the results in this work (Fig. 7). 

So far, the numerical modelling of the propagation of extreme waves 
had not been combined with statistical analysis to characterize and map 
wave exposure on cliff coasts and, thus, support their management. This 
new approach can help prevent personal and material damages derived 

from cliff erosion by allowing coastal managers to focus preventive 
measures on the sections of a cliff where they are most needed. 

In the case of the Catedrales cliffs and beach it follows that cliff 
management measures should be varied alongshore according to the 
wave exposure levels obtained in this work (Fig. 9). The areas of high or 
extreme wave exposure should be demarcated to prevent public access, 
which might lead to accidents and even loss of life (as was the case on 
the Catedrales cliffs in 2018). On the other hand, access may be allowed 
to zones of middle or low wave exposure (Fig. 9). In these zones, wooden 
walkways with handrails could be erected along the cliff top and con
nected with pathways to the beach. The walkways should be slightly 
raised above the ground to allow the flow of runoff and avoid adverse 
effects on the coastal flora. 

This cliff management strategy, based on measures which vary 
alongshore, i.e., between different sections of the cliff, is in line with the 
recommendation by Komar and Shih (1993) that set-back distances 
along the Oregon coastal cliffs – yet another area with erosion problems 
– be varied alongshore. 

6. Conclusions 

In this work, a methodology was proposed to characterize and map 
wave exposure levels for the management of cliff coasts. The method
ology was illustrated with a case study in north-western Spain – the 
Catedrales Cliffs and Beach, a tourism hotspot where erosion led to loss 
of human life in the recent past (2018). 

It was found that there are no differences in the significant wave 
heights acting on the cliff between the different return periods consid
ered. This is due to depth-induced wave breaking. On this basis, the sea 
state associated to a 2-year return period was selected to calculate the 
values of significant wave height and wave power at the cliff toe – both 
of which were found to vary significantly along the cliff. These varia
tions are caused by the irregular bathymetry of the study area, which 
controls wave refraction, shoaling and breaking, as well as by the ge
ometry and variable orientation of the cliff, with some parts more 
exposed than others to the predominant wave direction. 

Four exposure levels were defined based on wave power at the cliff 
toe: low, middle, high and extreme wave exposure. These levels were 
then mapped onto the cliff, resulting in different exposure zones. For 
instance, the inlet in the eastern part of the study area is categorized as 
low exposure, with wave power values below 4.6 kW/m. In some sec
tions, the rocky outcrops at the cliff toe act as emerged (submerged) 
maritime structures under low (high) tide conditions, dissipating wave 
power and thus reducing the wave exposure of the cliff face. These 
sections typically belong to low or middle exposure zones. As for the 
islets in front of the cliff, the windward faces belong to high or even 
extreme exposure types, with wave power values topping 9.2 kW/m. On 
the contrary, the leeward faces are in the low exposure type, as they are 
protected from incoming wave energy by the islets themselves. 

The methodology presented and applied in this work, which was 
developed to assist coastal managers, allows connecting wave action to 

Fig. 11. (a) Xangal Islet. (b) Rocky outcrops at the cliff toe. The locations of the images are indicated in Fig. 9.  
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cliff exposure in a quantitative manner by defining and mapping wave 
exposure levels. Despite the possibles uncertainties associated with the 
accuracy of wave data, bathymetric measurements and/or numerical 
predictions, the methodology is useful for the management of coastal 
cliffs, and could thus help prevent or mitigate the negative effects of 
wave-induced cliff erosion on ownerships, infrastructures or human life. 
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Nunes, M., Ferreira, Ó., Schaefer, M., Clifton, J., Baily, B., Moura, D., Loureiro, C., 2009. 
Hazard assessment in rock cliffs at Central Algarve (Portugal): a tool for coastal 
management. Ocean Coast Manag. 52, 506–515. 

Poppema, D.W., Willemsen, P.W., de Vries, M.B., Zhu, Z., Borsje, B.W., Hulscher, S.J., 
2019. Experiment-supported modelling of salt marsh establishment. Ocean Coast 
Manag. 168, 238–250. 
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