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Abstract
Worldwide coastal zones present serious erosion problems that cause loss of territory. This 
phenomenon exposes people and goods to the threat, being necessary to carry out a well-
founded management of these areas. Coastal erosion risk assessment methodologies are an 
important tool for coastal management. The main goal of the present study was to evaluate 
and discuss coastal management strategies based on the application of a methodology of 
coastal erosion risk classification, allowing easy comparison of scenarios. The study was 
developed for the Portuguese coastal stretch Barra-Vagueira. CERA methodology and its 
plugin for QGIS software were applied in order to assess the erosion risk of Barra-Vagueira 
stretch for different coastal erosion mitigation scenarios. First, an analysis of the coastal 
erosion risk was carried out based on bibliographic elements and present situation char-
acterization. Subsequently, the erosion risk was assessed considering defence, relocation 
and nourishment strategies scenarios and climate change scenarios. The  study based on 
bibliographic elements shows that the coastal region between Barra and Vagueira has a 
high risk of coastal erosion. Generally, the different scenarios tested represent variations 
on coastal erosion risk classification, allowing a simple first approach to evaluate coastal 
erosion mitigation scenarios, helping planning and decision-makers. Performing measures 
that allow to constrain the shoreline retreat, as artificial nourishments, leads to greater ben-
efits in reducing the area of the territory classified with higher risk. New coastal defence 
structures allow to mainly decrease the stretch’s susceptibility to coastal erosion. The relo-
cation of population leads to a decrease in the area of the territory classified as very high-
risk. Climate change increases the erosion risk.
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1 Introduction

Coastal areas are very attractive zones for people and goods to settle due to the diverse 
opportunities provided by recreational and economic activities. It is estimated that 50% 
of the world’s population is currently living at less than 60 km far from the coast (Dias 
et  al.  1994, 2009). On the other hand, these territories are dynamic ecosystems, being 
observed all over the world that these areas experience serious erosion problems, repre-
senting a general situation of shoreline retreat (Roebeling et al. 2011).

The coastal erosion phenomenon is reflected in the loss of territory and is due to several 
factors related to sedimentary deficit of different origin, the rise of sea water levels and the 
urban intensification of the coastal zones (Coelho et al. 2009a). The main potential con-
sequences of coastal erosion risk are related to loss of territory with important economic, 
social and ecological value, the destruction of natural sea defences (beach and dune sys-
tems) and the emergence of damages in the coastal defences structures (Doody et al. 2008; 
Alves et al. 2009). In Portugal, a large part of the coastline is also under erosion (Santos 
et al. 2014; Lira et al. 2016). To protect the territory through coastal defence structures, 
to mitigate coastal erosion through artificial nourishments or to relocate populations and 
infrastructures can be referred as the main general strategies for coastal management. The 
first two strategies allow to reduce the likelihood of the hazard, and the relocation enables 
to decrease the exposure to coastal erosion (OECD 2019).

Coastal erosion risk assessment methodologies are important tools for decision-makers, 
since they allow to identify the zones of the territory with the highest coastal erosion risk 
(Coelho 2005; Pereira and Coelho 2013). Narra (2018) identified and studied 12 coastal 
risk assessment methodologies. Based on his study and application of several methods in 
different coastal stretches, the author defined a set of guidelines that resulted in the devel-
opment of CERA methodology (coastal erosion risk assessment), which aims to assess 
the coastal erosion risk of a given territory (Narra 2018; Narra et al. 2019b; Coelho et al. 
2020). CERA uses 12 parameters to classify the coastal erosion risk. Those parameters are 
grouped in 4 modules (susceptibility, value, coastal erosion and exposure) whose results 
are combined, obtaining the vulnerability, consequence and coastal erosion risk of the ter-
ritory exposed to the wave climate actions (Narra 2018; Narra et al. 2019a).

The main objective of this study is to evaluate and discuss coastal management strat-
egies based on the application of a methodology of coastal erosion risk classification, 
allowing easy comparison of scenarios. Furthermore, the impact of future climate change 
scenarios in the risk classification is evaluated. To that end, CERA methodology and its 
plugin for QGIS software were applied to a study area, at Barra-Vagueira, Portugal. The 
methodology already successfully applied to different case studies in the world (Aveiro in 
Portugal, Macaneta in Mozambique and Quintana Roo in México) presents an inland clas-
sification, being suitable for stakeholder communication and compatible with area delimi-
tation asked by the user (Narra 2018; Narra et  al. 2019b; Coelho et  al. 2020). CERA is 
flexible to be applicable to a wide range of coastal environments and scales based on cur-
rent indicators, with variable accuracy depending on the input data, and without the need 
of numerical modelling (Coelho 2020).

In the present study, an initial analysis of the coastal erosion risk was carried out on the 
coastal stretch, based on bibliographic elements and easily accessible data. Subsequently, 
erosion risk was assessed for different coastal erosion mitigation scenarios and climate 
change effects, through manipulation of several parameters considered by the methodology, 
namely coastal defence interventions, population density, shoreline position change rates, 
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significant wave height, number of storms, sea-level rise trend and storm surge. These 
parameters considered by the method allowed the discussion of different coastal erosion 
mitigation scenarios and climate change effects on the final risk classification, representing 
a simple first approach on evaluating different coastal management and planning strategies.

This paper begins with a short review of CERA methodology. The following chapter 
describes the case study, the methodology adopted to develop the research and the scenar-
ios assessed that include coastal erosion mitigation measures and climate change scenarios. 
The following sections present the application of CERA to the study area, and the obtained 
results. Finally, the results are discussed and the major conclusions are presented.

2  Cera methodology

Developed by Narra (2018), CERA methodology allows to assess the coastal erosion risk 
based on the conceptual model source-pathway-receptors-consequences (SPRC). This 
model considers the several components of the system in order to identify how is the 
spreading of risk. According to this model, for a risk to happen it is necessary to have a 
source that causes a hazard, a path through which the hazard spreads until it reaches a 
receptor that is exposed, becoming affected by the hazard, culminating in the consequences 
caused by the hazard (Narra 2018; Narra et al. 2019a; Coelho et al. 2020).

In the CERA methodology, the source of hazard is the wave climate action capable of 
inducing erosion (waves, storms and sea-level trend). The path is the distance between the 
study area and the coastline. The receptors are the territory and the people, and the conse-
quence corresponds to the loss of territory (Narra 2018; Narra et al. 2019a).

The coastal erosion risk propagation is assessed through 4 modules: susceptibility, 
value, exposure and coastal erosion. Next, the modules are combined in order to obtain 
results of vulnerability, consequence and risk. Its application requires a total of 12 param-
eters throughout the territory for which it is intended to assess the coastal erosion risk, 
namely geomorphology, coastal defence structures, infrastructures, population density, 
ecology, distance to the coastline, topography, storm surge, wave height (m), number of 
storms per year, shoreline change rates (m/year) and sea-level trend (mm/year). To facilitate 
the application of CERA, Narra (2018) developed a plugin for QGIS software. The inputs 
required by the plugin are raster files, shapefiles and numeric values. The inputs character-
ize the 12 parameters considered in the methodology. The 12 parameters are grouped in 
4 modules, namely the susceptibility, value, exposure and coastal erosion. As output, the 
plugin provides maps in which are classified the vulnerability, consequence and coastal 
erosion risk of the study area defined by the user (Narra 2018; Narra et al. 2019a).

CERA was considered an adequate method to test the capability to discuss different 
coastal erosion mitigation strategies, as allows a territorial classification of different levels 
of risk, requesting simple data, appropriated for a first management approach. Thus, the 
modules of CERA are briefly described in the next sections, considering the mitigation 
scenarios to be adopted. A detailed description of the CERA method assumptions can be 
seen in Narra (2018) and Narra et al. (2019a).

2.1  Susceptibility module

The susceptibility module assesses the territory propensity to erosion when subjected to 
the energetic sea wave actions. The susceptibility is evaluated through the geomorphology 
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and coastal defence structures [Eq.  (1)]. Geomorphology (Geo) is classified from 1 to 5 
according to Table 1, representing a qualitative analysis of the greater or lesser territory 
resistance to erosion, according to its characteristics and geological composition (Narra 
2018; Narra et al. 2019a). The existence of coastal defence structures (Cd) represents an 
obstacle to the spread of the coastal erosion hazard. Thus, in CERA methodology the 
effects of coastal defence structures are included in the susceptibly module. The methodol-
ogy includes three coastal defence strategies (perpendicular to the shoreline, longitudinal 
and detached breakwaters), considering its effects on the adjacent areas of the structures.

The methodology considers the groins effects on updrift and downdrift areas in differ-
ent ways. Since these structures trap the sediments on the updrift area, reducing the effects 
of wave action over the coastline, the susceptibility classification at updrift is reduced one 
level. At downdrift, the negative effects of the structures are considered by increasing the 
susceptibility value in one level (Narra et al. 2019a). The influence distance of the structure 
was stabilized by Narra (2018), by a relationship with the predominant wave breaking ori-
entation and coastal structure length, based on Pelnard-Considere (1956) formula.

Detached breakwaters reduce the susceptibility to erosion one level in the shadow area 
of the structure, since this type of intervention reduces the wave energy and allows the 
deposition of sediments in their sheltered regions (Table 2). According to Narra (2018), 
the  longitudinal revetments reduce the susceptibility classification two levels, by being 
effective to hold the shoreline in the place (Table 2).

2.2  Value module

The territory value module is classified according to Eq. (2), which considers the param-
eters: infrastructures (Inf), population density (Pop) and ecology (Eco). Infrastructures are 
classified from 1 to 5 according to their socioeconomic importance (Table 3), the popula-
tion density is classified according to Table 4 and the ecology according to Table 5. Popu-
lation density and infrastructures (PopInf) are combined as the geometric mean added by 
the constant 0.055. If there are critical infrastructures as education, healthcare, energy gen-
eration facilities, police and fire departments, critical transportation links (such as national 
railways or airports) and governmental infrastructures, PopInf is equal to 5 (Narra 2018; 
Narra et al. 2019a).

2.3  Exposure module

The exposure module depends on the parameters: distance to the shoreline (Dsl), topogra-
phy and storm surge (Ss). The distance to the shoreline is classified from 1 to 5 according 
to Table 6. The topography thresholds are influenced by the classification attributed to the 
storm surge, which is classified according to Table 7. Depending on the value attributed to 
the storm surge, the topography (TopSs) is classified according to Table 8. Once the values 

(1)Suscetibility =

{

1

Geo − Cd

Geo − Cd < 1

Geo − Cd ≥ 1.

(2)Value =

{

5

int(PopInf + Eco)

int(PopInf + Eco) > 5

int(PopInf + Eco) ≤ 5.
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of the distance to the shoreline and the topography classification are known, the exposure 
is quantified through Eq. (3).

2.4  Coastal erosion module

The coastal erosion module classifies the hazard through parameters that promote or inten-
sify erosion, namely wave height (Hs), number of storms, shoreline position change rates 
(Scr) and sea-level trend (Slt). Coastal erosion is quantified through the application of 
Eq. (4), depending on the wave climate (Wc), the shoreline changes rate and the sea-level 
trend. The wave climate is an indicator of wave energy and of its capacity to transport 
sediments, resulting from the geometric mean of the number of storms classification by the 
significant wave height classification accompanied by a constant of 0.055 (Tables 9, 10). 
The shoreline change rates parameter reflects the historical erosion trend that a given ter-
ritory presents, being classified according to Table 11. The parameter ScrWc results from 
the geometric mean of the classification of Scr by the Wc classification accompanied by a 
constant of 0.055. The effect of sea-level rise is considered through the Slt parameter clas-
sified according to Table 12.

2.5  Vulnerability, consequence and risk

Vulnerability, consequence and risk are classified from 1 to 5 along the study area defined 
by the user and results from the combination of the modules susceptibility, value, expo-
sure and coastal erosion (Narra  2018; Narra et  al. 2019a). Vulnerability corresponds to 
the sensitivity of a given coastal territory to be affected by the energetic actions of the sea 
that induce coastal erosion. Therefore, the vulnerability is dependent on the territory pre-
disposition to erosion (susceptibility) and the value attributed to this coastal area [Eq. (5)]. 
The consequence quantifies the potential damage, that is, the area of eroded territory, if the 
erosion-inducing agents reach the study area, resulting from the combination of the expo-
sure and vulnerability modules [Eq. (6)] and the risk results from the combination of the 
consequences with the likelihood of coastal erosion [Eq. (7)].

(3)Exposure = int
�

√

Dsl × (TopSs) + 0.055
�

.

(4)Coastal erosion = int (ScrWc + 0.1 × Slt).

(5)Vulnerability = int
�

√

Suscetibility × Value + 0.055
�

Table 2  Susceptibility classification due to coastal defence structures, according to Narra (2018)

Perpendicular structures Detached structures Longitudinal revetment structures

Updrift Downdrift

 − 1  + 1  − 1  − 2
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Table 4  Population density (Pop) classification, according to Narra (2018)

Population density (hab/km2) [0; 500[ [500; 1000[ [1000; 2000[ [2000; 4000[ [4000; + ∞[

Pop 1 2 3 4 5

Table 5  Ecology (Eco) classification, according to Narra (2018)

Ecology No ecologic relevance Moderate ecologic relevance High ecologic relevance

Eco 0 1 2

Table 6  Distance to shoreline (Dsl) classification, according to Narra (2018)

Distance to shoreline (m) ]350; + ∞] ]225; 350] ]125; 225] ]50; 125] ]0; 50]

Dsl 1 2 3 4 5

Table 7  Storm surge (Ss) classification, according to Narra (2018)

Storm surge (m) [0.0; 0.5[ [0.5; 2.0[ [2.0; 3.5[ [3.5; 5.0[ [5.0; + ∞[

Ss  + 0.5  + 2.0  + 3.5  + 5.0  + 6.5

Table 8  Topography plus storm surge (TopSs) classification, according to Narra (2018)

Top + Ss (m) [30 + Ss; + ∞[ [20 + Ss; 30 + Ss[ [10 + Ss; 20 + Ss[ [5 + Ss; 10 + Ss[ [0; 5 + Ss[

TopSs 1 2 3 4 5

Table 9  Number of storms 
classification, according to Narra 
(2018)

No. of storms 0 1 to 5 6 to 10 11 to 15  > 15

Storms 1 2 3 4 5

Table 10  Significant wave height (Hs) classification, according to Narra (2018)

Significant wave height (m) [0; 0.4[ ]0.4; 0.8[ ]0.8; 1.6[ ]1.6; 2.0[ ]2.0; + ∞[

Hs 1 2 3 4 5

Table 11  Shoreline change rates (Scr) classification, according to (2018)

Shoreline change rate (m/year) [+ 0.5; + ∞[ [-0.5; + 0.5[ [-1.5; -0.5[ [-2.5; -1.5[ [-∞; -2.5[

Scr 1 2 3 4 5
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3  Case study and mitigation strategies

In the present study, CERA methodology was applied to the coastal stretch Barra-Vague-
ira, at NW Portugal, to discuss different coastal erosion mitigation strategies. This coastal 
stretch presents serious erosion problems, and over the years, several coastal mitigation 
measures have been performed in order to protect people and goods settle near the shore-
line. In the past, several interventions were based on a reactive approach, being frequently 
performed after emergency situations related to storm events (Veloso-Gomes et al. 2004). 
However, this approach is not technically and economically sustainable and the competent 
authorities have recently launched several studies in order to evaluate different solutions to 
mitigate coastal erosion problems, discussing by-passing systems and detached breakwa-
ters. The report drafted by the Littoral Working Group in 2014 (Santos et al. 2014) defined 
three main management strategies to Portuguese littoral: relocate people and goods; 
accommodation; and artificial nourishments or coastal defence works. This chapter firstly 
provides a description of the case study, and then, the coastal erosion mitigation strategies 
are presented.

3.1  Coastal stretch Barra‑Vagueira, Portugal

The stretch Barra-Vagueira is located on the western coast of Portugal, in Aveiro district, 
alongside the Aveiro lagoon, and includes coastal areas of 2 municipalities: Ílhavo (par-
ishes of Gafanha da Nazaré, Gafanha da Encarnação and Gafanha do Carmo) and Vagos 
(parish of Gafanha da Boa Hora) (Fig. 1).

The western coast of Portugal has a high-energy wave climate. The significant wave 
heights are in the 1–3 m range and the mean wave direction is from NW, inducing a net lit-
toral transport from north to south that reaches values up to about  106  m3/yr (Vasco Costa 
et al. 1996). The morphology of the stretch is described as a sandy low coast with long and 
continuous beaches (Vasco Costa et al. 1996).

Aveiro harbour defines the northern border of the stretch. The harbour breakwaters 
were built in 1942, with an extension of 700 m. In the subsequent years, some extension 
interventions were carried out on the structure and the northern breakwater presents 
nowadays an extension of 1420 m (Dias et  al. 1994; APA 2009). The downdrift litto-
ral area of Aveiro harbour is identified by the competent authorities as an erosion hot-
spot, since the adjacent shorelines are influenced by the general sediments deficit in the 

(6)Consequence = int
�

√

Exposure × Vulnerability + 0.055
�

(7)Risk = int
�

√

Coastal erosion × Consequence + 0.055
�

.

Table 12  Sea-level trend (Slt) classification, according to Narra (2018)

Sea-level trend (mm/year) [-∞; 0.0[ [0.0; 1.0[ [1.0; 1.8[ [1.8; 3.0[ [3.0; + ∞[

Slr 0 1 2 3 4
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coastal stretch and by the interventions made in the harbour (Veloso-Gomes et al. 2006). 
According to Lira et al. (2016), in the last 50 years, this stretch suffered from erosion 
rates that reached 8 m/year. Santos et al. (2014) indicate that this area of the Portuguese 
coast presents a sediment deficit in the magnitude order of  105 m3year−1.

As a consequence of beach erosion, since the 1970s several coastal interventions 
have been carried out on the stretch in order to mitigate the high trend of coastal erosion 
and trying to stabilize the shoreline retreat. The coastal zone management in Portugal 
up to the late 1980s was based on the construction of “hard” structures, such as groins 
and longitudinal revetments (Veloso-Gomes et al. 2004; Santos et al. 2014). In the last 
decades, with the increase in the knowledge about the negative effects of hard structures 

Fig. 1  Study area (OSM 2019) a Portuguese coast. b Coastal stretch Barra-Vagueira



Natural Hazards 

1 3

in the shoreline evolution and due to the need to restore the littoral drift on the stretch 
trapped by the harbour, artificial nourishments have become the most common coastal 
erosion mitigation strategy, being performed low-frequency shots of several million 
cubic meters of sediments on the stretch. According to Pinto et al. (2018), from 1967 
to 2017, 17 artificial nourishments interventions were performed on the stretch with a 
total volume of 11.7 × 106 m3 of sediments added to the coastal system. Most recently, 
in May of 2020, a new intervention of artificial nourishment began on the stretch, add-
ing around 2.4 million cubic meters of sediments, with a total cost of 12.2 million euros 
(APA 2009, 2020).

Dias et al. (1994) advised about the serious coastal erosion problems in Barra-Vagueira 
coastal stretch, emphasizing the need to prevent the growth of urban centres and to reduce 

Fig. 1  (continued)
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the population density in this area of the territory. However, the analysis of the study area 
resident population by parish (Fig. 2) shows that the number of people living in this area 
of the territory has been increasing, not fulfilling the objective of reducing the demo-
graphic pressure in this Portuguese coastal area (PDM Ílhavo 2013; INE 2019). Veloso-
Gomes et al. (2004) presented as potential consequences of beach erosion on the stretch 
the breaching of new inlets in the Ria de Aveiro and the subsequent flooding of agricultural 
lands and several houses.

The number of people living between Barra and Vagueira combined with the high rates 
of shoreline retreat makes this area a permanent concern for the competent authorities, 
revealing the importance of carrying out coastal erosion risk analyses in order to assist the 
process of planning and management of the territory.

3.2  Cera parameters

To characterize the 12 parameters of the present situation (Baseline Scenario), the fol-
lowing data were considered in the 4 modules, according to Narra (2018) indications. 
The mapping of the different parameters used by CERA methodology in its different mod-
ules is given in "Appendix".

The susceptibility module requires geomorphology parameters and coastal defence 
structures as input. Regarding the geomorphology, the study area was classified as exposed 
beaches, being used the QGIS software tools to produce a raster file for the classification 
of the parameter (Fig.  10a). The survey of the coastal defence structures on the stretch 
and its length was carried out using Google Earth (2019), being identified the existence of 
10 structures perpendicular to the coastline (groins) and 2 longitudinal rocky revetments 
(Fig. 10b). The wave breaking angle required for the analysis of the influence distance of 
the groins was considered constant along the entire length of the coastal stretch and equal 
to 11.8° (Narra 2018; Narra et al. 2019a).

In the exposure module, the map of distance to the shoreline is automatically processed 
by the CERA plugin, being only necessary to define a shapefile with the shoreline posi-
tion (Fig. 11a). In this study, the shapefile of the shoreline position produced by Lira et al. 
(2016) was used which defines the position of the shoreline at the foot of the dune system 
or coastal structure. For the topography evaluation, the digital terrestrial model provided by 
the EU-DEM database (EEA 2016a) was used as input. The storm surge characterization 

Fig. 2  Resident people, by parish
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is directly inserted in the plugin using a numeric value. Andrade et al. (2002) state that the 
maximum storm surge value observed in the Aveiro region is 78 cm. Based on the last, the 
application performs all the necessary calculations to obtain the topography classification 
at the study area (Fig. 11b).

For the value module, three parameters are required: infrastructure, population density 
and ecology, being all of them introduced in the CERA plugin through raster files that 
contemplate the classification of each parameter in the entire study area, according to the 
classifications defined by the methodology. For the ecology and infrastructure, the QGIS 
software was used to produce classification maps (QGIS 2019). The study area was defined 
with moderate ecological relevance (Fig. 12a) due to the area classified in the Natura 2000 
network (REA 2019). The infrastructure map (Fig. 12b) was produced based on the anal-
ysis of data from Corine Land Cover (EEA 2016b) and Open Street Map (OSM 2018). 
For the population density, the raster file provided by the Global Human Settlement (Freire 
et al. 2016) was used. Through this input, the application produces automatically the popu-
lation density classification map according to CERA methodology classification (Fig. 12c).

For processing the coastal erosion module, the significant wave height, the number of 
storms per year, the sea-level trend and the shoreline change rates parameters are required. 
In the CERA plugin, only the shoreline position change rates need to be georeferenced. 
This input is introduced in the plugin through a polygon shapefile with the attribute 
“ChangeRate”, describing the shoreline change rate in the study area. In the present study, 
the shoreline change rate suggested by Lira et al. (2016) was used to produce the shapefile 
of shoreline change rate (Fig. 13a), resulting in a classification for the parameter that varies 
from 2 to 5 (Fig. 13b). The remaining indicators are directly inserted into the plugin using 
numeric values. The study performed by Narra et al. (2015) indicates a significant wave 
height for Aveiro area of 2.16 m  Sancho et al. (2013) and Heitor (2014) concluded that the 
coastal region of Aveiro is affected by approximately 10 annual storms. For the study area, 
Antunes and Taborda (2009) indicate a rise in the average sea level of 1.27 mm per year.

3.3  Mitigation strategies

In the present study, the coastal erosion risk in the Barra-Vagueira stretch was assessed 
through the manipulation of different parameters evaluated by the CERA methodology. 
The scenarios were defined based on the Portuguese Littoral Working Group (Santos et al. 
2014) guidelines for coastal management and planning. The different scenarios aimed 
to discuss which coastal management strategies lead to a lower risk of coastal erosion, 
namely building new coastal defence structures; relocate population, decreasing the num-
ber of people exposed to coastal erosion; or perform artificial nourishments. In addition to 
these scenarios, the risk of coastal erosion for different climate change scenarios was also 
assessed, since the climate changes effects in coastal areas are an increasing concern of 
populations and coastal management authorities.

The impact of the evaluated scenarios on the coastal erosion risk of the stretch was iden-
tified by quantifying the percentage of area of territory classified at each level assessed 
by CERA (values from 1 to 5 where 5 corresponds to the higher risk classification). For 
each scenario and for the different results produced by the methodology, the percentage 
of area per class was compared with the analysis carried out based on the present condi-
tions, assessed by a bibliographic review and data available in several different sites (see 
Sect. 3.2), designated as Baseline Scenario.
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3.3.1  Defence strategies

The coastal defence strategies evaluated considered both new coastal defence structures 
and bigger lengths of the existing groins. The areas located immediately at south of 
Barra and at south of Vagueira were the places selected to test the new structures, since 
these areas are presently the ones with the highest classification of susceptibility to 
coastal erosion. Table 13 summarizes the different defence scenarios evaluated.

3.3.2  Relocation strategies

The impact of relocation strategy was assessed by changing the population density 
parameter. The inhabited territories were considered the same as those considered in the 
Baseline Scenario, and the impact of different population density values (inhabitants per 
 km2) was tested, namely 0; 500; 1000; 2000; 4000. These values were adopted in order 
to impose different classifications for the parameter “population density”, according to 
CERA methodology. In the scenario where 0 hab/km2 was considered, the stretch infra-
structure was updated considering the entire stretch without infrastructures, since pres-
ently there are not critical infrastructures in the coastal stretch.

3.3.3  Nourishment strategies

Nourishments strategies were evaluated through the shoreline change rate parameter, 
since it was considered that the artificial nourishment of sediments to the coastal sys-
tem has a direct impact on the shoreline evolution. Constants shoreline change rates 
were considered throughout the stretch equal to: + 0.5  m/year; − 0.5  m/year; − 1.5  m/
year; − 2.5 m/year and − 3.0 m/year. These values were selected in order to impose dif-
ferent classifications for the parameter “shoreline change rate”, according to CERA 
methodology. Furthermore, it was considered the values indicated by Fernández-
Fernández et al. (2019) for shoreline position change rate between 2013 and 2018 in the 
Barra-Vagueira stretch (Table 14).

Table 13  Description of the defence scenarios

Scenario Scenario description

Scenario D.1 Increased length of the existing groins: + 100 m to + 500 m in increments of 100 m
Scenario D.2 Detached breakwater at south of Barra, considering different structures length: from 120 to 

480 m in increments of 120 m
Scenario D.3 Detached breakwater at front of the urban area of Vagueira, considering different structures 

length: from 120 to 480 m in increments of 120 m
Scenario D.4 Detached breakwater at the south of Vagueira, considering different structures length: from 

120 to 480 m in increments of 120 m
Scenario D.5 Longitudinal rocky revetment at the south of Barra with 940 m of length
Scenario D.6 Longitudinal rocky revetment at the south of Vagueira with 365 m of length
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3.3.4  Climate change

The climate change effects on the coastal erosion risk of the stretch were assessed through 
the parameters related to wave climate (wave height and number of storms), sea-level trend 
and shoreline change rate.

The wave characteristics for climate change scenarios were obtained through the study 
of three series of wave data produced through numerical models: Historical, RCP4.5 
and RCP8.5. These series were produced in the scope of the research project MarRisk 
(2017) and characterize the offshore wave climate in the study area region. The series 
Historical presents 45 years of records and characterizes the past offshore waves climate 
(1960–2005). The RCP (representative concentration pathway) series contains 40 years of 
records (2026–2045 and 2081–2100) and project the future wave climate scenarios for dif-
ferent greenhouse gas concentrations indicated by the IPCC (2014). In the RCP4.5 series, 
gas emissions reach their maximum by 2040 and then decrease. The RCP8.5 series cor-
responds to the most unfavourable scenario, considering that greenhouse gas emissions 
are not reduced, with gas emissions increasing over time (IPCC 2014). For each wave 
series, the average significant wave height and the number of annual storms were deter-
mined. The number of storms was calculated according to the criteria indicated by Narra 
(2018). The sea-level trend was estimated according to the values indicated in EEA (2019). 
Table 15 shows the results that characterize each series produced through numerical mod-
els (Historical, RCP4.5 and RCP8.5) and the Baseline Scenario, defined based on recorded 
data referred on bibliography (Narra 2018).

According to Nicholls et al. (2007), shoreline retreat is a possible adverse consequence 
of hazards related to climate change and it is expected that the acceleration of sea-level rise 
will aggravate beach erosion. In the current study, the wave climate characteristics under 
climate change scenarios were combined with a gradual increasing on the shoreline retreat. 
For  that, “shoreline change rates” leading the stretch to more severe classifications were 
adopted, according to the classification considered by the methodology. Table 16 summa-
rizes the following approach to study the impact of the parameter “shoreline change rate” 
on the risk classification of the stretch under climate change scenarios. In  addition, the 

Table 14  Shoreline change rate in Barra-Vagueira (m/year), from 2013 to 2018, according to Fernández-
Fernández et al. (2019)

Barra-Costa Nova Costa Nova–Vagueira Vagueira–Areão

 + 0.16  − 2.46  − 0.01

Table 15  Wave climate 
characteristics for the different 
wave series

Series Hs
(m)

No. of storms
(per year)

Sea-level trend
(mm/year)

Baseline Scenario 2.16 10  + 1.27
Historical (1960–2005) 2.67 25  + 1.41
RCP4.5 (2026–2045) 2.61 25  + 4.89
RCP4.5 (2081–2100) 2.50 21  + 6.58
RCP8.5 (2026–2045) 2.58 25  + 6.11
RCP8.5 (2081–2100) 2.47 19  + 13.84
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impact of a possible increase in the storm surge on the stretch was also combined with the 
parameters related to wave characteristics and shoreline change rate. Thus, “storm surge” 
leading to a gradually more heavily classification was also adopted.

4  Results

The results of the developed work are presented in this section, beginning by the current 
risk classification of the coastal stretch (Baseline Scenario). Subsequently, the results of 
the different coastal erosion mitigation strategies evaluated on the present study, as well as 
the climate change effects on the risk classification of the study area, are presented. For the 
Baseline Scenario, only the final mapping classification of each module provided by CERA 
plugin is presented. For the mitigation strategies and climate change scenarios, the impacts 
are evaluated by comparing the percentage of areas in each level of classification.

4.1  Baseline Scenario

Figure 3 presents the results of the 4 modules assessed by CERA to evaluate the coastal 
erosion risk.

The susceptibility map shows that the study area has a high susceptibility to coastal ero-
sion. The various coastal defence structures built between Barra and Costa Nova and on the 
urban front of Vagueira contribute to reduce the susceptibility (Fig. 3a).

Regarding exposure to coastal erosion risk, the stretch presents a great exposure to 
coastal erosion that decreases as the distance to the shoreline increases. As the whole 
coastal area presents a similar topography, the evolution of the exposure in function of dis-
tance to the shoreline is approximately the same along the entire study area (Fig. 3b).

The mapping of the value module (Fig. 3c) shows that the urban centres of Barra and 
Vagueira have a higher classification of value, which is justified by the fact that the greatest 
number of people and goods are concentrated in these places.

The areas located at south of Costa Nova and Vagueira are the ones with the highest 
classification for the coastal erosion module, with a rating of 5. The rest of the territory 
presents ratings ranging from 3 to 4 (Fig. 3d). The difference between the classifications 
obtained throughout the study area is related to the shoreline position change rate, since the 
remaining parameters considered by the module are constant throughout the stretch. The 

Table 16  Description of the climate change scenarios evaluated considering an increasing of the shoreline 
retreat

Scenario Scenario description

Scenario CC.1 The shoreline change rate parameter will maintain the present classification (classifications 
that varies from 2 to 5)

Scenario CC.2 The present shoreline change rate classification is aggravated 1 value (classifications that 
varies from 3 to 5)

Scenario CC.3 The present shoreline change rate classification is aggravated 2 values (classifications that 
varies from 4 to 5)

Scenario CC.4 The present shoreline change rate classification is aggravated 2 values (the whole territory 
presents a classification 5)
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longitudinal revetment works in Barra and Vagueira keep the shoreline position, constrain-
ing the shoreline retreat and contributing to the coastal erosion reduction.

After processing the modules susceptibility, exposure, value and coastal erosion, the 
CERA application combines the results of the different modules to produce maps classify-
ing vulnerability, consequence and coastal erosion risk (Fig. 4).

The vulnerability map aims to show the potential impact of the coastal erosion on the 
territory. Figure 4a shows that infrastructures and population density have a big impact in 
the vulnerability in the stretch, since there is a great potential for these areas to suffer con-
siderable losses when facing coastal erosion hazard.

Fig. 3  Mapping classification of each module provided by CERA. a Susceptibility. b Exposure. c Value. d 
Coastal erosion
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The consequence map allows to identify the receptors that are most likely to suf-
fer losses, given a fixed probability of occurrence to the coastal erosion phenomena. 
The analysis of Fig. 4b shows that the areas of the territory closest to the coast have a 
higher consequence classification, being the area near Barra the zone that presents the 
most severe values.

The risk map combines the coastal erosion with the consequence map. From 
Fig. 4c analysis, it can be concluded that the Barra-Vagueira stretch presents a coastal 
erosion risk classification that varies from moderate to very high (3–5). The areas clos-
est to the coastal defence structures have a lower risk classification when compared 
to the surrounding areas. The region between the south of Costa Nova and Vagueira 

Fig. 3  (continued)
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and the region at south of Vagueira are those with the highest risk of coastal erosion. 
The obtained results are in accordance with the previous similar analysis performed for 
this region (Narra 2018; Narra et al. 2019a).

4.2  Coastal defence strategies

An overall analysis of the results shows that, excluding the scenario D.3, the remaining 
defence scenarios evaluated contribute to reducing the susceptibility to the coastal erosion 
in the stretch. However, in none of the scenarios there are changes in coastal erosion risk 
final classification, when compared to the Baseline Scenario.

Fig. 3  (continued)
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With regard to the groin’s extension, it is concluded that with the increase in the 
structure’s length, the percentage of territory classified with the most severe susceptibil-
ity decreases, by increasing the lower class (Fig. 5a). This protection strategy also leads 
to a slight decrease in the percentage (approximately 2%) of the area of territory classi-
fied with the most serious level of vulnerability (class 5).

The impact of rocky revetments and detached breakwaters is observed in the areas 
where the structure is located. The detached breakwaters at south of Barra and south 
of Vagueira (Scenarios D.2 and D.4) lead to slight decreases in the percentage of area 
classified with higher susceptibility values (class 5). Comparing the two studied sce-
narios, the detached breakwater at the south of Barra is the one that leads to greater 

Fig. 3  (continued)
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decreases in the area classified with higher susceptibility values, being the decrease 
higher with the increase in the structure length (Fig. 5b).

For the different longitudinal revetment scenarios tested (Scenario D.5 and D.6), it 
can be concluded that the one at south of Barra is the scenario that leads to a greater 
impact on decreasing the susceptibility of the stretch (less 7% of the area classified 
with class 5 when compared to the Baseline Scenario, Fig. 5c). This scenario also has 
a slight impact on the vulnerability classification (5% of the territory moves from vul-
nerability class 5–4).

Fig. 4  Vulnerability, consequence and risk output. a Vulnerability. b Consequence. c Risk
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4.3  Relocation strategies

The results show that the demographic pressure affects the coastal erosion risk classi-
fication. The increase in population density leads to a transition from the percentage of 
area of territory classified with class 4 to class 5. Compared to the Baseline Scenario, 
the total population removal from the study area is the only population density scenario 
tested that leads to a decrease in the percentage of area of territory classified with risk 
5 (Fig. 6). It must be noted that infrastructures parameter also contributes to this result, 
since in the scenario of 0 hab/km2 the stretch was considered without infrastructures.

Fig. 4  (continued)
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4.4  Nourishment strategies

The results obtained show that shoreline change rate has a significant impact on the coastal 
erosion risk classification. In a situation of accretion of sediments in the stretch (shoreline 
change rate equal to + 0.5 m/year), 38% of the territory presents a coastal erosion risk clas-
sification with class 3 and 62% with class 4 (no class 5 is observed), significantly reducing 
the erosion risk in the stretch compared to the Baseline Scenario, since in the Baseline Sce-
nario about 36% of the territory is classified with class 5. For the highest shoreline retreat 
rate, 88% of the coastal strip is classified as level 5 in the coastal erosion module, with 
more than 50% of the area classified as risk 5 (Fig. 7). The rocky revetments contribute to 

Fig. 4  (continued)
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reducing the coastal erosion, being the areas of territory located in front of these coastal 
works the zones that present the lowest risk classification values (class 3).

Considering the values proposed by Fernández-Fernández et al. (2019), the coastal ero-
sion risk of the study area presents a less serious situation than in the Baseline Scenario. A 

Fig. 5  Classification of suscep-
tibility areas (%), for different 
coastal protection interventions. 
a Groins extension (Scenario 
D.1). b Detached breakwater at 
Barra (Scenario D.2). c Longitu-
dinal rocky revetments (Scenario 
D.5 and D.6)
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large part of the territory has a risk 4 (about 83% of the area), being the areas with a risk 5 
eliminated (Fig. 7).

4.5  Climate changes

The analysis of the different climate changes scenarios evaluated at the present study indicates 
that climate change effects have impact on the risk classification of the coastal stretch Barra-
Vagueira, corresponding to higher risk situations than in the Baseline Scenario. The results 
suggest that, setting the parameter “shoreline change rate”, the three wave series considered 
in this study (Historical, RCP4.5 and RCP8.4) present equal percentages of area classified at 
each level, corresponding to more severe erosion risk scenarios than in the Baseline Scenario 
(Fig. 8). This is due to the fact that the wave height and the number of storms for the different 
wave series under climate changes scenarios present the same classification (class 5).

Combining wave characteristics under climate change effects (wave height and number 
of storms classified with class 5) with an increase in the shoreline retreat indicates that the 
increase in the shoreline retreat leads to significant changes on the risk classification of the 
stretch. The scenario CC1 corresponds to the lower risk, and the scenarios CC3 and CC4 
are the most serious scenarios. In the scenario CC1, about 69% of the territory is classified 
as level 5 in the coastal erosion module, resulting in about 40% of the coastal stretch area 
in class 5 of risk. In scenarios CC3 and CC4, the increase in the shoreline retreat leads to 
whole territory in a classification of 5 in the coastal erosion module, with more than 60% 
of the area classified with risk 5 (Fig. 9).

Fig. 6  Classification of value and risk areas (%), for different values of population density

Fig. 7  Classification of coastal erosion and risk areas (%), for different values of shoreline position change 
rates
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The storm surge scenario results show that the increase in this parameter has small 
impact on the classification of the territory, with only slight changes in the classification of 
the exposure of the study area. For the highest storm surge values, around 1% of the terri-
tory has a more severe classification than in the Baseline Scenario.

5  Discussion

This work aimed to compare different coastal management strategies based on a coastal 
erosion risk classification tool (CERA). Considering the goal, the coastal management 
strategy that leads to a greater risk reduction in the coastal stretch Barra-Vagueira was 
identified, which shows that this approach can allow better decision-making capacity. Fur-
thermore, since climate change effects are an increasing concerning for people and compe-
tent authorities, the performed study tries also to anticipate how coastal erosion risk will 
evolve in the coastal stretch under climate change scenarios.

The downdrift littoral of Aveiro harbour on the Portuguese coast is an erosion hotspot. 
Over the years, several measures have been performed in order to protect people and goods 
and mitigate the coastal erosion problems of the area. Such measures were, for example, 
the construction of hard structures (groins and rocky revetments) and the performance of 
artificial nourishment interventions.

Fig. 8  Classification of coastal erosion and risk areas (%), for the different wave climates

Fig. 9  Classification of coastal erosion and risk areas (%), for the different climate change scenarios evalu-
ated (wave characteristics under climate changes effects combining with the parameter “shoreline change 
rate”), considering the parameter storm surge classify with level 5
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Construction of hard structures allows to reduce the likelihood of the coastal erosion 
hazard in the areas of the territory located near the structures, but it was observed that 
they do not have an overall impact on the classification of the risk erosion of the stretch. 
Rangel-Buitrago et al. (2015), on their study about coastal erosion and coastal manage-
ment along the Caribbean cost of Colombia, state that the coastal management based 
on the construction of hard structures was not decreasing the erosion problems and the 
emplacement of coastal protection structures intensified erosion processes or generated 
new erosion hot spots, increasing the coastal risks at downdrift.

CERA methodology does not combine the simultaneous effect of several coastal 
defence structures located in the same area of the stretch, being verified that there is 
no benefit in reducing the susceptibility of the stretch through the implementation of a 
detached breakwater on the urban water front of Vagueira, since the territory maintains 
the same susceptibility classification that in the present situation due to the existence 
of a rocky revetment. For the same reason, a detached breakwater with a greater length 
than 360 m at south of Vagueira does not lead to benefits in reducing the susceptibility 
of the stretch, where other structures already exist.

The results of the current study show that the shoreline change rate is a key param-
eter in the risk evolution of the study area, being observed that the decreasing of the 
shoreline retreat allows to reduce the erosion risk of the stretch. Thus, measures that 
allow to replace the sand deficit on the coastal stretch Barra-Vagueira can be efficient 
strategies to mitigate the current coastal erosion problems. This conclusion is in agree-
ment with the strategy set out by Santos et al. (2014) for the Portuguese coastal zones 
management defined as the main coastal management strategies for Portuguese coast 
measures that allow to reduce the deficit of sediments on the littoral drift, such as arti-
ficial nourishments, in order to try to counter the coastline erosion. Stronkworst et al. 
(2018), based on their study of sand nourishment strategies through numerical model-
ling, highlight the importance of implement artificial nourishments in Aveiro coast to 
mitigate coastline retreat caused by coastal erosion and sea-level rise.

Another important aspect identified through the present study is the importance of 
the population density that needs to be taken into account in the coastal erosion risk 
evolution of the coastal stretch Barra-Vagueira. Regarding, this parameter and consid-
ering the obtained results, from the present study can be conclude that is needed to 
prevent the growth of the population density on the stretch Barra-Vagueira, since the 
increasing of the number of people leaving on these area of the territory leads to more 
severe risk classifications that at the present time. Stronkworst et al. (2018) state that for 
Aveiro coast it may be cost-effective to follow a policy which combines sand nourish-
ments with a planned relocation of buildings and infrastructures from a dynamic coast-
line. The  developed study shows that the nourishments interventions that have been 
carried out on the stretch have contributed to reduce the shoreline change retreat, allow-
ing to reduce the risk erosion, since the shoreline position change rates proposed by 
Fernandéz-Fernandéz et al. (2019) lead to less severe scenarios of risk erosion than in 
the Baseline Scenario. The reduction of the shoreline retreat rates proposed by Fernan-
déz-Fernandéz et al. (2019) can be attributed to the artificial nourishments interventions 
carried out in the stretch between 2013 and 2018, since, according to the data presented 
by Pinto et  al. (2018), in the time interval covered by the Fernandéz-Fernandéz et  al. 
(2019) surveys, 4 artificial nourishments were performed, in a total volume of sediments 
added to the coastal system of approximately 3 million cubic meters.

Regarding climate change effects, it was observed that the sea-level trend parameter 
does not have a significant impact on the coastal erosion classification, since between 
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the Historical series and the RCP series, there are no changes in the risk results, if storm 
surge and shoreline change rate are considered maintaining the same classification. 
On the other hand, the obtained results show that the parameters related to wave charac-
teristics (wave height and number of storms) have an important impact in the risk clas-
sification of the stretch. These results are aligned to Coelho et al. (2009b) that showed 
that scenarios of sea-level rise are less important than the wave climate change’ sce-
narios. Andrade et al. (2007) indicate that storm surge is a minor contribution to coastal 
erosion in Portugal, being the obtained results aligned with this conclusion.

6  Conclusions

The performed study presented contributions in order to identify the coastal management 
strategy that leads to a reduction of the coastal erosion risk of the Barra-Vagueira coastal 
stretch, based on a coastal erosion risk assessment tool. To this end, the CERA methodol-
ogy and its plugin for the QGIS software were applied. The CERA methodology for risk 
assessment is based on bibliographic review and easily accessible data, allowing easy use 
and application. This approach is considered simple and helps coastal management and 
planning entities in the decision-making process.

The study site historically presents high erosion rates and is significantly artificialized 
by coastal structures. The CERA results show that, due to population density and the exist-
ence of infrastructures, the urban areas of Barra, Costa Nova and Vagueira stand out with 
a high vulnerability to coastal erosion. The fact that the whole coastal stretch has a regular 
and low-level topography makes the entire study area to present a high consequence clas-
sification. Finally, practically the entire stretch presents a high or very high coastal erosion 
risk, in accordance with the coastal stretch past erosion records.

By changing specific parameters related to different coastal management strategies, 
the risk assessment performed allowed to discuss and to understand the impact of several 
coastal management approaches to mitigate the coastal erosion risk of the study area. The 
results show that strategies aiming to mitigate the sediment deficit and constraining the 
regressive trend of the coast are the solutions that lead to a greater reduction of coastal ero-
sion risk, leading to the conclusion that important benefits can be derived from artificial 
beach nourishments or bypass solutions to reduce the coastal erosion risk. New  coastal 
defence structures or increasing lengths of the existing ones contribute to reducing the sus-
ceptibility to coastal erosion of the territory, but these scenarios do not allow to signifi-
cantly reduce the coastal erosion risk. The total population removal from the coastal area 
contributes to decrease the percentage of area classified with a very high level of risk. This 
evaluation and discussion of different strategies is in line with the main goal of the proposed 
approach, which discusses coastal erosion mitigation strategies. It should also be noted that 
the obtained results are only looking at the map representation of the different scenarios and 
do not consider costs of performing one or another coastal management strategy.

Climate change should be a concern in coastal erosion risk analysis. The studied scenar-
ios lead to a general higher risk than the one expected through the evaluation of the present 
situation due to the number of storms forecast that is higher than the value recorded now. 
This fact emphasizes the importance of carrying out more studies in order to understand 
the characteristics of wave climate in climate change scenarios.
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Appendix: supplementary maps

The figures below present the mapping of the different parameters used by CERA method-
ology in its different modules, namely

See Figs. 10, 11, 12, 13.

Fig. 10  Mapping of the parameters used by susceptibility module. a Geomorphology. b Coastal defence 
structures
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Fig. 10  (continued)
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Fig. 11  Mapping of the parameters used by exposure module. a Distance to shoreline. b Topogra-
phy + storm surge
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Fig. 11  (continued)
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Fig. 12  Mapping of the parameters used by value module. a Ecology. b Infrastructures. c Population
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Fig. 12  (continued)



Natural Hazards 

1 3

Fig. 12  (continued)
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Fig. 13  Mapping of the parameters used by coastal erosion module. a Shoreline change rates according to 
Lira et al. (2016). b Shoreline change rates classification
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Fig. 13  (continued)
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