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Abstract

Boa Vista is the easternmost island of the ten volcanic islands of Cabo Verde archipelago, being in the
group of Windward islands between the latitudes 15°58’'N and 16°14’N and longitudes 22°40'W and
22°58'W.

This work presents a coastal evolution analysis of Boa Vista island, in the present (1968 to 2010) and
in the future scenarios (2019 to 2100), taking into account the climate change impacts, in particular
the sea level rise. Subsequently, this work investigates the low-lying sandy coast evolution of Boa
Vista through an integrated characterization of coastline and shoreline indicators (over the past four
decades) based on aerial imagery and orthophoto maps. This analysis indicate that between 1968
and 2010 the coast was relatively stable, although some spatial variability was recognized. The largest
changes were observed at the tips of embayed beaches and a clear coastal progradation was found at
the southern (downwind) coastal sectors. Findings show that understanding coastal evolution at low-
lying islands should be supported on island-scale observations, being the only scale capable to capture

the sedimentary connections between beach systems, that often control coastal evolution.

The factors responsible for coastal evolution were also evaluated. It is concluded that the sedimentary
balance is mainly responsible for the recent coastal evolution. Therefore, sediment dynamics character-
ization was conducted with the purpose to identify sediment source, transport processes and sediment
sink. Thus, this work confirms the existence of a net north to south sand transport but with considerable
differences between the sediment transport processes and paths around the island. On the Western side
sediment transport is dominated by overpass (wind action) while on the Eastern side headland bypass
(wave action) prevails. At the western side of the island the estimated magnitude of overpass transport
closely matches the sedimentary sink related with coastal progradation, thus this offers the possibility
for a first quantitative assessment of Boa Vista sedimentary budget. This analysis, was materialised on

a conceptual semi-quantitative model of sediment transport at Boa Vista island.

Although rising sea level have played a minor role in recent coastal evolution of Boa Vista Island, the
scenario is likely to change with expected medium and long term climate change. In this sense, coastal
evolution was projected for 2100 based on NOAA representative scenarios of sea level rise (SLR) until
the end of the 21! century (2100). The results show that except Ponta Varandinha to Ponta Pesqueiro
Grande stretch, variations associated with SLR exceed the sedimentary balance in all coastal areas, in
all NOAA scenarios. In Ponta Varandinha to Ponta Pesqueiro Grande stretch, SLR induce a coastline
retreat that exceed the sedimentary balance only in the NOAA extreme scenario. Based on these results,
coastal areas are projected that could be more susceptible to flooding with SLR based on NOAA extreme

scenario (2.5 m). The results indicate that Sal Rei City could be probably the most flooded coastal area.

According to the results mentioned above, coastal assets at Boa Vista coastal area were analysed,
including coastal vulnerability key factors. In this regard, some climate change adaptation strategies

were discussed and could be implemented.



This thesis show that coastline evolution in Boa Vista island is the result of natural process (sedimentary
budget) with poor anthropogenic disturbance. In that sense, having in consideration the results obtained
and taking into account the relevance of Boa Vista island sun and beach tourism in terms of economic
revenue, it is necessary to highlight the vulnerability of the sedimentary links between coastal and dune
systems, and therefore the absolute need to avoid the creation of any obstacles to sediment transport
that can put in peril the delicate coastal equilibrium. Methodologies used here may be replicated or

extended to other island systems.

Keywords: climate change, coastline evolution, vulnerability, Boa Vista island.



Resumo

Boa Vista é a ilha mais oriental de Cabo Verde, encontrando-se no grupo de ilhas de Barlavento entre
as latitudes 15°58'N and 16°14’N and longitudes 22°40’'W and 22°58’W.

Este trabalho apresenta uma andlise sobre a evolugdo da linha de costa da ilha da Boa Vista, no pre-
sente (1968 a 2010) e em cenarios futuros (2019 a 2100), tendo em conta os impactos das alteragdes
climaticas, em particular a subida do nivel do mar. Consequentemente, este trabalho examinou a
evolucdo integrada da costa arenosa de baixa altitude da ilha, com base nos indicadores linha de costa
e seco-molhado (nas ultimas quatro décadas) em fotografias aéreas e ortofotomapas. Esta andlise in-
tegrada indica que, entre 1968 e 2010, a costa apresenta-se relativamente estavel, embora evidencia
alguma variabilidade espacial. As maiores alteragdes foram observadas em praias encaixadas e existe
uma clara progradagao costeira nos sectores costeiros situados ao sul da ilha. Os resultados mostram
que a compreensado da evolugdo da linha de costa em ilhas baixas deve ser apoiada em observagoes
a escala da ilha, sendo a Unica escala capaz de permitir a percepgao das ligagdes sedimentares entre

os sistemas de praia, que frequentemente controlam a evolugao da linha de costa.

Avaliaram-se ainda, os factores responsaveis pela evolugédo da linha de costa. Conclui-se que o balango
sedimentar é o principal responsavel pela evolucao recente. Assim, procedeu-se a caracterizacao da
dinamica sedimentar da ilha em questao, identificando a fonte, os processos de transporte e sumidouro
sedimentar. Este trabalho confirma a existéncia do transporte sedimentar no sentido norte-sul, com
diferengas consideraveis entre os processos e vias de transporte sedimentar ao longo da ilha. No
sector Oeste, o transporte sedimentar € dominado pelo processo de overpass (induzido pela acgao do
vento), enquanto que no sector Este, o processo dominante é o headland bypass (induzido pela ac¢ao
das ondas). Ainda, no lado oeste da ilha, estimou-se a magnitude do transporte sedimentar relacionada
com a progradacao costeira, permitindo uma primeira avaliagdo quantitativa do balan¢o sedimentar da
ilha da Boa Vista. Esta analise foi materializada através de um modelo conceptual semi-quantitativo de

transporte sedimentar da ilha da Boa Vista.

Apesar do aumento do nivel do mar ter vindo a desempenhar um papel secundario na evolugao recente
da linha de costa da ilha da Boa Vista, o cenario provavelmente ira mudar com as mudancgas climaticas
previstas para médio e longo prazo. Neste sentido, fez-se a projeccdo da evolugao da linha de costa
relativamente a subida do nivel do mar com base nos cenarios representativos da NOAA até ao final do
Século XXI. Os resultados mostram que com excepcao do troco Ponta Varandinha a Ponta Pesqueiro
Grande, as variagoes associadas a elevagao do nivel do mar excedem o balango sedimentar em todas
as areas costeiras, em todos os cenarios da NOAA. No trogo Ponta Varandinha - Ponta Pesqueiro
Grande, a subida do nivel do mar induz um recuo da linha de costa que excede o balango sedimentar
apenas no cenario extremo da NOAA. Com base nestes resultados, fez-se a projeccao das areas
costeiras que poderao ser mais susceptiveis a fenémenos de inundacdo com a subida do nivel do mar

com base no cenario extremo da NOAA (2.5 m). Os resultados indicam que a Cidade de Sal Rei sera
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uma das areas costeiras mais afectada.

De acordo com os resultados anteriores, analisou-se os bens existentes na area costeira da ilha da
Boa Vista, incluindo os factores-chave de vulnerabilidade costeira. Deste modo, foram mencionadas

algumas estratégias de adaptacao as alteragoes climaticas que poderao ser implementadas.

Esta tese mostra que a evolugado da linha de costa na ilha da Boa Vista é resultado de um processo nat-
ural (balango sedimentar) e com pouca perturbagéo antropogénica. Porém, tendo em consideragao os
resultados obtidos e a relevancia da ilha em termos do turismo de sol e praia e o peso desta contribuicao
relativamente ao crescimento econdémico a nivel nacional (Cabo Verde), é necessario destacar a vulner-
abilidade das conexdes sedimentares existentes entre sistemas costeiros e dunares. Por conseguinte,
€ fundamental evitar a existéncia de quaisquer obstaculos ao transporte sedimentar que possam colo-
car em perigo o delicado equilibrio costeiro. Metodologias aqui utilizadas poderao ser replicadas ou

estendidas a outros sistemas insulares.

Palavras-chave: alteragdes climaticas, evolugédo da linha de costa, vulnerabilidade, ilha da
Boa Vista.
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Chapter 1

Introduction

1.1 Motivation

Climate change affects relevant society sectors. There are real evidence that demonstrate cause-and-
effect relationships between these changes (e.g. temperature variation) and disturbances in biophysical

systems in several locals of the world (e.g. IPCC, 2001; Santos et al., 2002).

The Earth’s climate is determined by a number of complex interconnected physical, chemical and bio-
logical processes occurring in the atmosphere, land and ocean (Denman et al., 2007). Nowadays, these
systems are strongly affected by human activities with serious consequences in the climate system.
Warming of the climate system is unequivocal, and since the 1950s, many of the observed changes are
unprecedented over decades to millennia (IPCC, 2013a). The atmosphere and ocean have warmed, the
amounts of snow and ice have diminished, sea level has risen, and the concentrations of greenhouse

gases have increased (IPCC, 2013a).

The atmospheric concentration of CO, (the major player among the greenhouse gases) constitute one
of the most relevant drivers regarding global climate change (Bijlsma et al., 1996). Daily averages went
above 400 ppm (413.55 ppm) for the first time at Mauna Loa (Havai island, USA) station in June 2019
(Scripps, 2019), has increased by about 49% over the pre industrial concentration about 277 ppm in
1750 (Joos and Spahni, 2008). According Bijlsma et al. (1996) it will continue to increase in the future,

even if rather stringent policies on CO, emissions are adopted.

Coastal zones are characterized by highly diverse ecosystems, where takes place in a great number of
functions, performed over a relatively small area. These functions, together with their spatial location,
makes coastal zones highly attractive areas for people to live and work in (Bijlsma et al., 1996). The
world’s human population that lives on coastal zone are estimated about 50 to 70%, although there are

several variations between countries (Bijlsma et al., 1996).

According to Bijlsma et al. (1996) there are several attempts to define the coastal zones, as well as

their terrestrial and maritime limits: a) some definitions are based on the physiographic characteristics
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(e.g. influence of the extension of the tide, geomorphology of the continental shelf); b) others simply use
the fixed distance from the coastline. In small islands, the coastal zone may include the whole island
(Bijlsma et al., 1996; Mimura et al., 2007). Consequently, coastal areas of small islands are extensive
comparatively to the island area (Mimura et al., 2007). These environments are constantly under threats
induced by natural and anthropogenic actions. Small islands constitute very heterogeneous group in
terms of climate change exposition and sensitivity, due the majority of climate change elements that are
not evenly distributed spatially, because islands have different topographies and bio-physical environ-

ments, and their populations have different livelihoods and economic bases (Mimura et al., 2007).

Study and understanding climate change impacts on small islands and their coastal area constitute a
concern that have been increasing significantly in recent years. Thus, since the Fourth Assessment
Report, the literature on small islands and climate change has increased substantially (Nurse et al.,
2014). Although, it has been recognized that greenhouse gas (GHG) emissions from small islands
are negligible (less than 1%) in relation to global emissions (Mimura et al., 2007), small islands will
most probably be highly impacted by climate change (Srinivasan, 2010), namely sea level rise (SLR),
which in small islands environment can be very real (Nurse et al., 2014). With sea level rising projected
throughout the 215 century and beyond (e.g. Vermeer and Rahmstorf, 2009; Jevrejeva et al., 2012;
IPCC, 2013a; NOAA, 2017; IPCC, 2019), coastal systems, low-lying areas of developing countries and
small islands will increasingly experience adverse impacts such as submersion, coastal flooding and
coastal erosion (IPCC, 2014a), although impacts may be reduced through effective adaptation measures
(Nurse et al., 2014).

The consequences of extreme climate change impacts such as SLR, wave regime, wind, temperature,
ocean acidification and storms are being considered as major threats for coastal regions and small is-
lands until the end of the 215¢ century (Bijlsma et al., 1996; Santos and Miranda, 20086). In coastal areas
of small islands, consequences will be even more serious due their size and fragile nature. Furthermore,
climate change impacts on islands depend on their location, level of coastal development and infrastruc-
ture, diversification of the economy, type of tourism (international versus national, exclusively seaside,
biodiversity etc.), health of ecosystems (coral reefs, beach, mangroves, etc.) and their responses to cli-
mate change (Sauter et al., 2013). Many small islands in the last two or three decades have experienced
substantial changes in human settlement patterns with rapid urbanization in coastal areas, affecting the
socio-economic and environmental resources (Wong, 2014; Nurse et al., 2014). Thus, sometimes those
changes may make increasingly difficult to detect the clear evidence of past and recent climate change
effects, especially in the constrained environments of small islands, due the presence of other anthro-
pogenic drivers (Nurse et al., 2014). Studies from islands in the Pacific, Indian, Atlantic Oceans and the
Caribbean have shown that human impacts play an important role in coastal islands (e.g. Nurse et al.,
2014; Parker and Miller, 2012 ). Therefore, given the range of natural and anthropogenic impacts on the
small islands coast in a medium-long term, without a good monitoring, the climate change effects in this

environment will continue to be difficult to identify and quantify (Nurse et al., 2014).

An integrated assessment and analysis of coastline evolution on island-scale are essential to understand
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the interaction between all drivers, that often control coastal evolution at medium-long term. Here, this
assessment was applied along the entire Boa Vista coastline. In that sense, this approach constitutes
a pertinent and innovative contribution of this work, which a detailed analysis of sedimentary dynamic

characterization, including transports processes, source and sink was conducted.

In addition, this thesis is also routed to a personal motivation. In my professional life (Technician of
Direccao Nacional do Ambiente de Cabo Verde) | felt the urgent need to improve my knowledge and
experience, in order to better contribute for a sustainable environmental actions and practices, namely
on coastal areas, using tools that allow better intervention, which minimize the climate change harmful
effects in my country, Cabo Verde. The relevance of this issue, is justified by its timeliness in international
fora and its strong impact on the environment in general and on fragile ecosystems such as island
regions, which need to be apprehended, due to their complexity, with purpose to establish urgent and
adequate measures to mitigate the adverse effects and draw policies that increase climate change

adaptation capacity.

1.2 Research Objectives

The main objective of this thesis is to study the climate change impacts in Boa Vista coastal evolution.

The following complementary objectives were also pursue:

1. To characterize and describe the recent Boa Vista coastal evolution on decadal time scale (1968
to 2010);

2. To understanding present coastal evolution and establishing a model of sedimentary budget for

Boa Vista coastal area, and establishing of sedimentary sources and sinks;
3. To identify the main forcing drivers of Boa Vista coastline evolution in a climate change context;

4. To contribute to a Boa Vista coastal risk assessment in a Climate Change scenarios, particularly

with is related to sea level rise;

5. To establish strategies for coastal adaptation.

1.3 Thesis Outline

This work is structured as follows:

1. Following this introduction that corresponds to Chapter 1, is the Chapter 2, the Recent Coastal
Evolution, which explore the coastal evolution at a decadal-time-scale (1968 until 2010) at Boa

Vista island.
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2. Chapter 3 presents the Drivers of Coastal Change. Here, the main drivers (namely sedimentary

budget, sea level rise and wind) that influence coastal change were identified.

3. Chapter 4, presents the Scenarios of Coastal Change in a climate change context, highlighting

the role of sea level rise.

4. Chapter 5, describes the Coastal Risk under a Climate Change Scenario. Here, risk assessment

in a climate change context was explored, and the strategies for coastal adaptation discussed.

5. Chapter 6 contains the key Conclusions, summarizes the major achievements of the aforemen-

tioned chapters and add suggests for future work.

A wide overview related to the framework of this thesis was outlined in a flowchart, showed in Figure
1.1.
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1.4 Study Area

1.4.1 Geographical, geomorphological and geological setting

Boa Vista is the easternmost island of the ten volcanic islands of Cabo Verde archipelago, being in
the Windward group islands between the latitudes 15°58’'N and 16°14’N and longitudes 22°40 'W and
22°58'W. Cabo Verde is located between the Equator and the Tropic of Cancer, among the latitudes of
14°28'N and 17°12'N and longitudes of 22°40°'W and 25°22'W, approximately 500 km from the West
African coast near Senegal (Figure 1.2). Boa Vista is the third largest island in the archipelago (after
Santiago and Santo Ant&o), with an area of 620 km? (RCM, 2016), and a population of 16.620 inhab-
itants (IMC, 2017). Nowadays, the Boa Vista island is the second most important island in terms of
sun and sand tourism, with a strong increase in the last two decades (Eusébio et al., 2018; Sanchez-
Canizares and Castillo-Canalejo, 2014) with about 36% of total Cabo Verde tourists after the Sal island
(54.8%) (INE-CV, 2017). The tourism assumes critical relevance in Cabo Verde, as it generates about
44,9% of the Gross Domestic Product - GDP (direct, indirect, and induced effects) (WTTC, 2018).
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Figure 1.2: Location map of Boa Vista island (Imagery Source: Esri, DigitalGlobe, GeoEye, Earthstar
Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community.

Boa Vista has a relatively planar morphology, without young volcanic forms (Serralheiro et al., 1974 )
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and its flat morphology is only interrupted by some residual prominences, whose highest point is 380
m above sea level (Ramalho et al., 2010a). Thus, is considered one of the most vulnerable islands of

Cabo Verde to climate change effects (Governo de Cabo Verde, 2007).

The island is composed of volcanic rocks (basalts, phonolites and trachytes) deposited at different stages
in the formation of the island (Hernandez and Suarez, 2006). Carbonate sedimentary formations of con-
tinental and marine facies, of Pliocene to Holocene ages, are widely represented in Boa Vista occupying
vast areas of littoral and raised platforms (Cabo Verde Natura, 2000; Hernandez and Suarez, 2006).
The ancient beaches, represented by compact calcareous and calcareous fossils, are associated with
marine facies. These sedimentary deposits are distributed throughout the coastal strip (Cabo Verde
Natura, 2000; Ramalho et al., 2010a). The main source of Boa Vista’s sand is biogenic and is located in
the northern insular shelf (Cabo Verde Natura, 2000; Hernandez and Suarez, 2006). Sediment transport
at Boa Vista is dominated by a unidirectional (or strongly asymmetrical) NE-SW wind field (Calvento et
al., 2017) related with trade winds (Hernandez and Suarez, 2006). The sediment transport pathways
links the north and south coasts of the island by overpass (western side) and headland bypass (eastern

side) (Hernandez and Suérez, 2006).

Boa Vista, like the nearby islands of Sal and Maio, exhibits evidences for complex long-term uplift subsi-
dence histories. During the Quaternary these islands experienced a slow uplift trend, which is attested
by the presence of multiple and wide erosional and depositional raised marine terraces, arranged in a
staircase morphology that extends up to approximately 100 m above present-day sea level (Serralheiro
et al., 1974 ; Ramalho et al., 2010a,b). The quaternary uplift trend, however, was probably preceded
by subsidence of a similar magnitude, as suggested by the present-day position of older Pliocene and
Miocene sea-level markers (Ramalho et al., 2010a). This complex succession of subsidence followed by
uplift is probably responsible for significant morphological and sedimentary regime changes along these
islands coastlines starting with the formation of wide insular shelves that were subsequently gradually
exposed by means of uplift, favouring sediment accumulation along the coast, either from recycling of
previous marine terraces or simply from the exposure of available mobile shelf sediment (Ramalho et
al., 2013).

1.4.2 Climatic and Oceanographic settings

Cabo Verde is characterized by stable temperatures with extreme aridity (Marques et al., 2016 ). The
archipelago is affected by the two-season (wet and dry) nature of the inter-tropical convergence zone
(ITCZ). Precipitation levels are unpredictable, depending on how the ITCZ progresses and how much
tropical moisture it carries (Marques et al., 2016 ). The climate is permanently hot (average temperature
between 21 and 28 °C) and windy (mean velocity of 24 km/h.), with irregular and scarce precipitation
(about 120 mm year—!) concentrated in a few days with torrential nature (RCM, 2016; Costa et al.,
2011).

In terms of oceanographic setting, Boa Vista has a tidal amplitude between high and low tide (not
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exceeding 1.15 m). The predominant direction of waves is from NE quadrant. This quadrant presents
the greater wave height. The maximum height reached is 4.1 m from NE direction, although the height
of the most frequent significant wave is 1.5 and 1.9 m (RCM, 2016). In this work, the wave forcing
offshore Cabo Verde was characterized based on hindcast wave data at a position located northward
of the archipelago (Lat:17° 15’N; Long: 22° 45’ W) from 2005 to 2017 (c.f .http://polar.ncep.noaa.
gov/waves/hindcasts/). The average offshore wave regime has a significant wave height of 2.1 m,

peak period of 10 s and waves typically approaching from N (mean wave direction of 2°).

1.4.3 Coastal Environments

Along Boa Vista island coastal, it possible to identifying a combination of some coastal environment,
namely dunes, beaches, cliff and rocky platform. To allow an overall perception of coastal environments,
identification of many coastal types was performed. Classification was based on the visual analysis of
orthophoto maps of 2010 and presence of natural elements. Coastal areas was classified according to
Decreto-Lei n® 14/2016 (2016), which established the elaboration and implementation of regulation on

coastal planning and adjacent sea (POOC-M, portuguese acronym) of Cabo Verde:

(a) in relation to its land side, an area referred as Terrestrial Zone (TZ), that corresponds to a width
of 1.500 m (one thousand and five hundred meters) from the high tide line measured horizontally to the

land side;

(b) regarding, an area referred as Adjacent Sea Zone (ASZ), which corresponds to a width of 3

(three) nautical miles, counted from topographic zero, measured horizontally to the sea side.

Coastline and shoreline positions were used to classify the following elements: dunes, structures (e.g.
port or road infrastructures and houses) and cliffs from TZ, and subtidal beach and rocky platforms from

ASZ, respectively (Figure 1.3, Figure 1.4 and Table 1.1).

Results show that Boa Vista coastline, that extends for about 123 km, the landward side is composed
by cliffs (51%), dunes (48%) and structures (1.5%). The seaward side is dominated by a rocky platform,
sometimes covered by an intertidal beach or by a beach that extents seaward (subtidal beach) (60%) and
subtidal beach (40%) (Table 1.1). It possible to identifying several combination of these environments
(ENV), namely (Figure 1.3):

1. dune and subtidal beach (ENV4);

2. dune and rocky platform (with or without intertidal beach)(ENV,);

3. cliff/structure and subtidal beach(ENV3);

4. cliff/structure and rocky platform (with or without intertidal beach)(ENVj,).


c.f.http://polar.ncep.noaa.gov/waves/hindcasts/
c.f.http://polar.ncep.noaa.gov/waves/hindcasts/
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Figure 1.3: Coastal classification related to the geomorphological content at the landward and seaward
sides of coastline and shoreline. Dune, Cliff or Structure in the TL; and Subtidal beach on rocky platform
along ASZ. Coastline (green line) and Shoreline (red line).
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Figure 1.4: Coastal environments classification based on orthophoto map 2010.
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Table 1.1: Boa Vista coastal classification

Terrestrial Zone side (TZ) Adjacent Sea Zone side (ASZ)
Length Percentage Length Percentage
(m) (%) (m) (%)

Dune 58907 48% Subtidal 48969 40%
Beach

Cliff 62588 51%
Rocky 74419 60%

Structure 1892 1.5% platform
Total 123387 Total 123387

Taking into account that this classification was based on the orthophoto map from 2010 (Figure 1.4)
and that the presence of natural elements is influenced by temporal and spatial variability, without field

validation, this results should be regarded as rough estimates.



Chapter 2

Recent Coastal Evolution

This chapter is partially based on the work:

Gomes, C., Silva, A.N., Taborda, R., Santos, F., Rebelo, L. and Medina, A. (2019). Drivers of island
beach evolution: insights from an island-scale study at Boa Vista (Cabo Verde). Earth Surface Pro-
cesses and Landforms, 44, 2810-2822. doi: 10.1002/esp.4709. https://doi.org/10.1002/esp.4709.

2.1 Introduction

Insular coastal zones are areas of exceptional environmental, economic and social importance. In most
cases, small islands economies are also highly dependent on coastal attractiveness typically grounded
on the concept of stable and pristine beaches. However, this setting is increasingly being threatened
by a combination of human and environmental pressures (Mimura et al., 2007). Thus, it is of scientific,
economic and social relevance to understand the processes that control coastal evolution, such as
erosion and recovery, (Hapke et al., 2016). In this context, the assessment of past coastline changes
is critical (Alesheikh et al., 2007; Crowell et al., 1991) as knowledge will support the understanding of
the main drivers of change and contribute to a sustainable coastal environmental planning (Di ef al.,
2003; Alesheikh et al., 2007; Ahmad and Lakhan, 2012; Ford, 2013; Carapugo et al., 2016). Despite the
unquestionable importance of these studies most of the works that have dealt with this theme generally
have a local character (e.g. Adnan, 2016; Ford, 2013; Hapke et al., 2016) and do not give a perspective
on an island-scale, which is fundamental to understand the links between different beach systems. This
problem is particularly relevant at insular systems where over- and by- pass sedimentary processes
frequently connect the entire sandy coastal system. An example of such systems is represented by Boa
Vista island (Cabo Verde), a relatively flat island, highly dependent on sun and beach touristic activities.
Here, human pressure on the coast is increasing by the day and the poorly planned development of
the coastal zone can put in peril the long-term island sustainability. The main goal of this chapter is to
perform an assessment of Boa Vista island coastal evolution at island-scale and understand the main
drivers of change. The work focuses on the coastal evolution at decadal time scale and is supported by

historic aerial photographs and orthophoto maps.
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2.2 Methods

2.2.1 Data sources and imagery processing

The present study uses aerial photographs of Boa Vista island from different dates and different sources:
1968 and 1983 from the Laboratdrio Nacional de Energia e Geologia (LNEG) and 1991, from Instituto
Nacional de Gestao do Territério de Cabo Verde (INGT-CV). Additionally, official orthophoto maps of
2003 and 2010, from INGT, were also used (Table 2.1).

Table 2.1: Characteristics of aerial photographs and ortophoto maps used in this study

Average
Dataset Date Source Scale Type Image Number of Geore-
(approx.) resolution mosaics ferencing
(m) Created  RMS Error
(m)
1968* 13 713
Aerial LNEG 1:20 000 Black approximately 1
photographs  1983** and 11 5.65
white
1991*** INGT-CV 1:15000 8 1.9
Orthophoto 2003 1:14 450 0.5
maps INGT-CV Colour N/A N/A
2010 1:6 000 0.4

Missing imagery coverage:
x part of the coastal stretch Ponta Varandinha - Ponta Manga Larga;
xx coastal stretch between Ponta de Praia de Cabral and Cruz do Morto;

x+x coastal stretch between Carlota beach and Ponta Varandinha (see Figure 2.2 for locations).

The aerial photographs, with about 60% of overlap, were digitized and mosaicked using Adobe Photo-
shop ® CS5, to create wider images and increase the spatial continuity, thus minimizing the misalign-
ments in contiguous images. The mosaicking process can be performed by different methods which
generally include radiometric normalizations and blending processes (c.f. Chon et al., 2010; Du et al.,
2008; Wan et al., 2013; Wang et al., 2008) that, with respect to coastal studies, allows the coastline
location in long coastal sections where is frequently difficult to identify control points (Verhoeven et al.,
2012).

The mosaics were georeferenced in a GIS environment (ArcGIS® 10.6) based on noticeable matching
features (or control points), against the oldest orthophoto map (2003), and georeferencing transforma-
tion based on the Spline algorithm. According to Verhoeven et al. (2012) georeferencing using Spline
algorithms is often used when relief induced deformations are moderate. In this sense, and given the

low-relief geomorphology of Boa Vista coast, this algorithm was considered adequate and was applied.
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The uncertainty of mosaics georeferencing was estimated by cross-validation using multiple independent
test samples. In each test, random 10% of the control points used in georeferencing were removed and
used as test-points (Table 2.1). For statistical relevance at least 50 test-points were considered for the
computation of the georeferencing errors (root mean square - RMS) at each mosaic, thus whenever
10% of the control points represented less than 50 test-points, testing was duplicated. The average
georeferencing RMS error for each aerial photograph dataset is presented at Table 2.1.The imagery
processing tasks, as well as the other processes performed in this work are synthetized at the workflow

in Figure 2.1.
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2.2.2 Coastline and shoreline indicators

Most of the studies on coastal evolution base their analysis on the assessment of coastline (senso
lato) changes (Pajak and Leatherman, 2002 ; Alesheikh et al., 2004, 2007), where the term coastline
represents the physical boundary between land and ocean, however, the term shoreline is sometimes
used to represent the same concept (Ford, 2012, 2013; Rooney and Fletcher, 2005; Ekercin, 2007;
Hapke et al., 2016). Both coastline and shoreline definitions have been debated over time and there are
challenges in adopting single and objective definitions due to the dynamic nature of coasts (c.f. Boak
and Turner, 2005; Alves, 2007) and efforts have been made towards establishing a common framework
as proposed by Carapuco et al. (2016).

This work analyses the changes of two different coastal indicators, perceptible in aerial imagery:

1. the coastline position (stricto sensu), a morphology-based concept representing the landward limit
of the beach and materialized by the foredune toe or the seaward limit of the dune vegetation
(Carapugo et al., 2016; Webb and Kench, 2010 ; Ford, 2012; Adnan, 2016). From here, the term

coastline refers to its stricto senso.

2. the shoreline position representing the physical interface of land and water (Carapuco et al., 2016;
Dolan et al., 1980; Evadzi, 2017) by means of the imagery-based recognition of the high-water

swash line, according to Boak and Turner (2005) the most frequent shoreline indicator.

Shoreline indicator, due to its high dynamic nature, is more affected by short-term (tidal and seasonal)
morphological changes (Ponte Lira et al., 2016 ; Ferreira, 2006; Del Rio and Gracia, 2013) than the
morphology-based coastline indicator, particularly used in long-term studies (Ponte Lira et al., 2016 )
as there it is less influenced by high-frequency changes on the land-water interface (Coastal Indicators
Vectorization process on Figure 2.1). Nevertheless, the coastline mapping is more restrictive as it de-
pends on the presence of a dune system in the backshore, while the shoreline indicator mapping can be

also recognised on beach systems backed by cliffs.
Uncertainties in indicator mapping

Aside the estimated georeferencing and resolution-related uncertainties, the recognition of the adopted
indicators over aerial imagery has additional source of uncertainties, particularly over the oldest aerial
photographs (1968 and 1983) due to its low spatial and spectral resolution. While on sectors where
the dune vegetation can be clearly identified the coastline mapping can be straightforward, on sectors
where dune mobility is larger, or the vegetation cover is too sparse the location of the coastline can be

highly-uncertain. In the latter case, the coastline indicator was not mapped.

Shoreline-indicator mapping incorporates the uncertainties related with runup marks on the sand, that
are associated to the tidal and wave characteristics when the images were produced. Considering that
the high-water swash line corresponds to high tide water levels, tidal-related displacements (Espore. tide)
are of minor magnitude (Ruggiero and List, 2009). The shoreline variation uncertainty relates essentially

with the horizontal excursion of the wave runup, estimates of this term (Espore,runup) followed the pa-
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rameterization of (Stockdon et al., 2006 ), updating the procedures described in Hapke et al. (2006) and
Ruggiero and List (2009) by considering that the variations of wave run-up on the beach in fair weather
conditions are primarily related with differences in typical wave conditions (25th to 75th wave height
percentiles). Considered the long-term 25th and 75th wave height percentiles (respectively 1.61 m and
2.64 m) and the long-term peak period (10 s) (hindcast wave data, from 2005 to 2017, at Lat:17°15’N;
Lon:22°45’W position; c.f. http://polar.ncep.noaa.gov/waves/hindcasts/), runup magnitudes are
0.98 m and 1.19 m, respectively. These values result in a vertical runup difference of 0.21 m that over
a beach face with an average slope of 3° (measured on the field) leads to a horizontal runup-related

uncertainty of about 4 m.

The uncertainties related to the vectorization process (E oqast,vect; Feoast,img) Of DOth coastline and shore-
line indicators were estimated as a magnitude of error of 7 m, which is in agreement with the results
obtained by Ponte Lira et al. (2016 ) where three different operators digitized the same indicator. The
total error can be estimated by the square root of the sum of the squares (addition in quadrature) of in-
dependent errors (c.f. Hapke et al., 2006) for each indicator at each date (Table 2.2). The coastline error
(Ecoast) includes the vectorization error (E.qst,vect) @nd the error related to the image positional quality
(Ecoast,img) Which is represented by the image resolution on the orthophoto maps, or by the mosaic

georeferencing errors on the aerial photographs (equation 2.1):

Ecoast = \/Egoast,'uect + Egoast,img (21)

The shoreline error (E,re) @adds in quadrature the respective vectorization error (Espore vect) the im-
age position error (Egpore,img) tide-related error (Espore tide) and the runup-related error (Esnore runup)

(equation 2.2):

— 2 2 2 2
EShOT@ - \/Eshore,'uect + Eshore,img + Eshore,tide + Eshore,runup (22)

For any given period, the uncertainty estimation (E,..i,q) can be estimated through the add in
quadrature of the errors of each date (t1 and t2), both for the shoreline and coastline indicators (equation
2.3 and Table 2.3):

Eperiod =/ Et21 + Et22 (23)


http://polar.ncep.noaa.gov/waves/hindcasts/
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Table 2.2: Independent errors and total error of the coastline and shoreline indicators positioning.

Coastline indicator Shoreline indicator
errors (m) errors (m)

Dataset Date Ect,vt Ect,im,g Ect Esh,vt Esh,img Esh,td Esh,rp Esh
Aerial 1968 7.0 7.1 10.0 7.0 71 1.2 4.0 10.8
photographs 1983 7.0 5.7 9.0 7.0 5.7 1.2 40 99
1991 7.0 1.9 7.3 7.0 1.9 1.2 40 84
Orthophoto 2003 7.0 0.5 7.0 7.0 0.5 1.2 40 8.2
maps 2010 7.0 0.4 7.0 7.0 0.4 1.2 40 8.2

E. . - coastline vectorization error; E. ;g - coastline image error; E. - coastline error; Egj, .
- shoreline vectorization error; E,p, inmg - Shoreline image error; E,j, :q - shoreline tide error; Egp, ,p -

shoreline run-up error; Ej, - shoreline error.

Table 2.3: Total errors for each period analysed.

Errors (m)

Period Coastline  Shoreline
1968-1983 13.5 14.7
1983-1991 11.6 13.0
1991-2003 10.1 11.7
2003-2010 9.9 11.6
1968-2010 12.2 13.6

Assessment of coastal evolution

The coastal indicators, coastline and shoreline, were manually vectorized in GIS environment at visual-
ization scales ranging from 1:2 000 to 1:10 000, for the complete data-sets of imagery (1968, 1983, 1991,
2003 and 2010) and along the entire low-lying sandy coast of Boa Vista. The vectorization procedures
tended to smooth out the high-irregularities of both limits (vegetation and swash reach) into a linearized
limit hence closer to their natural configuration. Coastline and shoreline evolution changes were quan-
tified in GIS environment using the Digital Shoreline Analysis System ArcMap extension (Thieler et al.,
2017 ), based on transects perpendicular to the coast spaced by 50 m (Coastline Evolution Quantifica-
tion process on Figure 2.1).

To ease results exploitation and analysis Boa Vista coast was segmented into 7 sections, bounded by

headlands (Pontas) that represent natural discontinuities (Figure 2.2):
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1. Ponta do Sol - Ponta de Praia de Cabral;

2. Ponta de Praia de Cabral - Ponta Varandinha;
3. Ponta Varandinha - Ponta Manga Larga;

4. Ponta Manga Larga - Ponta Pesqueiro Grande;
5. Ponta Pesqueiro Grande - Ponta Ervatao;

6. Ponta Ervatdo - Ponta Rodrigo;

7. Ponta Rodrigo - Ponta do Sol
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Figure 2.2: Boa Vista coastal sectors with the location of the images presented in the results section

(red triangles).
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2.3 Results

The spatio-temporal changes along the entire Boa Vista island, between 1968 and 2003, with respect
to the latest date (2010) are represented in Figure 2.3. This image depicts coastal evolution across
the entire island where the blank areas correspond to data gaps related to: 1) the impossibility to map
the coastal indicator, which depends on either on the existence of a dune system or a sandy beach,
for coastline and shoreline, respectively; 2) the lack of aerial photographs in some areas (please refer
to information on Table 2.1); 3) the high-uncertainties in the recognition of the indicator on some im-
ages/dates that can be related to presence of dune corridors or sand sheets - without vegetation cover

or a recognizable dune toe.

Coastline indicator results cover most of the southern sectors between Ponta Varandinha and Ponta do
Ervatdo, where a predominant coastline progradation is recognized. The shoreline has greater spatial
coverage, though naturally restricted to beach environments, and represents greater spatio-temporal

variability as the shoreline indicator also displays short-to long-term beach response.

Spatially integrated evolution along the sandy coastal stretches of Boa Vista island, between 1968 and
2010, was found to be 0.48 m/year and 0.18 m/year, for the coastline and the shoreline, respectively
(Table 2.4 and Figure 2.5 ). This evolution corresponds to an average coastline progradation of about
20 m, a value that clearly exceeds the error estimate (12.2 m). The spatially integrated shoreline evo-
lution also suggests a progradation but with a lower magnitude, of about 8 m. It is worth mentioning
that the coastline and shoreline indicators do not represent exactly the same coastal domains as the
coastline was only delimited in coastal stretches where the beach is backed by a dune system (about
400 transects) whereas the shoreline has greater coverage as it was also mapped in beaches backed
by cliffs (more than 730 transects processed). Moreover, some coastal stretches are represented by a
small number of transects and the results at these sections must be taken with caution, in this sense
the coastal sectors where the number of transects with valid data were less than 10% of total coastal

transects are represented by unfilled bars in Figure 2.5.

Coastal evolution shows a significant spatial and temporal variability for both indicators (Figures 2.3
and 2.5). The coastline evolution was dominated by the seaward progradation, or accretion, in two of
the southern sectors the Ponta Varandinha - Ponta Manga Larga and the Ponta Manga Larga - Ponta
Pesqueiro Grande, with a mean coastline progradation of 24 m and 39 m, respectively (Table 2.4 and
Figure 2.5). The remaining Boa Vista’s sandy coastal sectors show marginal retreat, less than 5 m,
over the 42 years analysed. In the coastal sectors where the number of analysed transects is significant
(filled bars in Figure 2.5), the shoreline indicator shows a similar trend but with a magnitude of signal
that is generally within the uncertainty band. Shoreline was dominanted by accretion at Ponta de Praia
de Cabral - Ponta Varandinha, Ponta Varandinha - Ponta Manga Larga and Ponta Manga Larga - Ponta
Pesqueiro Grande. In contrast, at Ponta Pesqueiro Grande - Ponta do Ervatdao a small to medium
magnitude of shoreline retreat was detected (-11 m over 42 years). The accretion reported at Ponta

Rodrigo-Ponta do Sol represents a very small coastal stretch, namely on Cabral beach.
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Figure 2.3: Time-series of Boa Vista coastline (a) and shoreline (b) positions relative to 2010 (P. refers to
Ponta and Pesq. refers to Pesqueiro). Dark green to light green colours represent erosion (indicator was
located seaward of reference line—coastline at 2010) while dark brown to orange colours represent ac-
cretion (indicator was located landward of reference line—shoreline at 2010) light blue colours represent
values within the uncertainty margin.



Table 2.4: Coastal evolution at Boa Vista island from coastline (top) and shoreline (bottom) indicators: left — integrated from 1968 to 2010; right — for different
time intervals. N — represent the number of transects; m represents changes in meters for accretion (positive values) and retreat (negative values).
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Figure 2.5: Coastal evolution (in meters) at Boa Vista island from coastline (top) and shoreline (bottom)
indicators: left — integrated from 1968 to 2010; right — for different time intervals, along different coastal
sectors. Only the sectors with transect data are represented; the coastal sectors where the number of
transects with valid data were less than 10% of total coastal transects are represented by unfilled bars
(refer to Table 2.4 for information on the processed transects at each coastal sectors).

2.3.1 Ponta do Sol to Ponta de Praia de Cabral sector

The coastal stretch between Ponta do Sol and Ponta de Cabral is dominated by a rocky shore, except
for the meridional section, south of Marine Club hotel, where some small embayed sandy beaches
develop (Figure 2.2). Due to light-overexposing and low resolution of the oldest aerial photographs, the
vegetation landward limit could not be clearly recognized thus the coastline mapping was only completed
on the 2003 and 2010 orthophoto maps. On the other hand, the shoreline could be mapped, on both
orthophotos and on the 1968’s imagery data-set.

Results suggests that both indicators are stable, with slight changes during the observation period.
These changes were less than 5 m, except for the period between 1991 and 2003 when the shoreline
retreated nearly 10 m. This retreat however seems time specific, as the longer-term evolution of the
shoreline (between 1968 and 2010) was less expressive (less than 2 m retreat) (Figure 2.3, Table 2.4
and Figure 2.5).
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2.3.2 Ponta de Praia de Cabral to Ponta Varandinha sector

Between Ponta Praia de Cabral and Ponta Varandinha the geomorphological content of the coast ex-
hibits a larger variability, being dominated by beaches backed by dunes in most of the section and by
some rocky low-height cliffs in the southern limit of this sector (Figure 2.2). This sector is particularly
influenced by the aeolian corridors of Boa Vista island and thus is characterized by the high mobility
of the dune systems. This coastal stretch comprises an expressive unvegetated barchan dune in the
southern end of Praia de Chave (Figure 2.6-view 6C) that prevented the coastline indicator mapping.
Nevertheless, the changes in this sector can be characterized by small coastline retreat, up to 4 m
(where the indicator was able to be mapped). The shoreline position evolution is characterized by alter-
nating advances and retreats of the shoreline position though a mean 12.6 m progradation is recognized
along this sector (Table 2.4 and Figure 2.6).

View 6C

Figure 2.6: Beach evolution between 1968 and 2010 at coastal stretch Ponta Praia de Cabral and Ponta
Varandinha (Views 6A, 6B and 6C, see Figure 2.2 for locations); reference lines represent 1968 coastline
(black dot) and 1968 shoreline (red dash). The absence of coastline indicator in some images is related
to difficulties in to recognizing the proxy.

2.3.3 Ponta Varandinha to Ponta Manga Larga sector

The coastal sector between Ponta Varandinha and Ponta Manga Larga (Figure 2.2) is roughly a contin-
uous wide beach backed by barchanoid dunes at the western section and shore-parallel beach ridges
(Figure 2.7) and vegetated coastal plain (Figure 2.8) at the eastern section. At the eastern end of this

sector a succession of small embayed beaches occurs. Again, at the western end of this segment, the
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coastline could not be mapped, as this area corresponds to the downwind edge of the dune corridor that
starts at Praia de Chaves (Figure 2.7).

Coastal evolution, measured by either coastline and shoreline indicators, is characterized by strong spa-
tial variability with the largest variations occurring at the eastern tip of Santa Monica beach (near Ponta
do Embarcadouro) (Table 2.4 and Figure 2.8). Long-term coastline evolution at this coastal stretch was
dominated by accretion ( coastline progradation of about 24 m), which occurred mainly between 1983
and 1991 (Table 2.4 and Figure 2.5). The long-term shoreline evolution presented similar accretional
signal but with a smaller magnitude ( progradation of the shoreline about 5 m; Table 2.4). The spatial
pattern of coastal evolution, at this sector, reveals that the eastern section of Santa Ménica beach regis-
tered noticeable shoreline erosion from 1968 to 1991 (with a maximum close to 70 m) but experienced

almost complete recovery in the subsequent years (up to 2010) (Figure 2.8).

View 7A

Figure 2.7: Beach evolution between 1983 and 2010 at Ponta Varandinha and Ponta Manga Larga
section (View 7A, see Figure 2.2 for location); reference lines represent 1983 coastline (black dot) and
1983 shoreline (red dash). The coastline does not extend through the aeolian corridor because the
absence of a recognizable proxy for the coastline position.

View 8A

Figure 2.8: Beach evolution between 1968 and 2010 at coastal stretch Ponta Varandinha and Ponta
Manga Larga (View 8A, see Figure 2.2 for location); reference lines represent 1968 coastline (black dot)
and 1968 shoreline (red dash).

2.3.4 Ponta Manga Larga to Ponta Pesqueiro Grande sector

The sector between Ponta Manga Larga and Ponta Pesqueiro Grande, is characterized by an arcuate

sandy embayment. In the central section the beach develops as a sand barrier, made by a single ridge
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with low dunes. The sand barrier, backed by supratidal salt pans, has little vegetation cover and is
punctuated by numerous overwash fans (Figure 2.2).

Between 1968 and 2010 the coastal evolution at Ponta Manga Larga - Ponta Pesqueiro Grande section
has been consistently dominated by long-term accretion with magnitudes of progradation circa 39 m
and 12 m, for the coastline and shoreline indicators, respectively. An episodic erosional behaviour was
only detected in the shoreline position and during a single period (between 1991 and 2003) (Table 2.4 ,
Figure 2.3 and Figure 2.9).

View 9A

Figure 2.9: Beach evolution between 1968 and 2010 at coastal Ponta Manga Larga and Ponta Pesqueiro
Grande (View 9A, see Figure 2.2 for location); reference lines represent 1968 coastline (black dot) and
1968 shoreline (red dash).

2.3.5 Ponta Pesqueiro Grande to Ponta do Ervatao sector

Between Ponta Pesqueiro Grande and Ponta do Ervatao, the coast is dominated by extensive beaches
backed by sand sheets (at the western limit of this coastal sector; Figure 2.10) and nebkha dunes (at
the central part of the sector; Figure 2.11). At the eastern section of this coastal sector the beach
confines with low-lying cliffs that at some places encases small embayed beaches (Figure 2.2). It is
worth mentioning that the coastline indicator could only be mapped on a fraction of this coastal stretch,
namely along the beach backed by the nebkha; in places where the beach is backed by sand sheets it
was not possible to recognize any coastline proxy (vegetation or foredune toe). Moreover, the imagery
data-set of 1983 did not include part of this sector, thus the long-term analysis based on the 1968-2010
data-sets should consider these limitations.

Between 1968 and 2010, coastal evolution was dominated by a retreat of both coastline (Figure 2.10)

and the shoreline indicators, with a magnitude of 4.8 m and 10.7 m, respectively (Table 2.4 and Figure
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2.5). Along the central section, an alternation of retreat and advances was recognized, mostly on the

shoreline indicator (Figure 2.3 and Figure 2.11).

0 .0.250.5 km
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View 10A

Figure 2.10: Beach evolution between 1968 and 2010 at Ponta Pesqueiro Grande and Ponta Ervatao
section (View 10A, see Figure 2.2 for location); reference lines represent 1968 shoreline (red dash).

View 11A

Figure 2.11: Beach evolution between 1983 and 2010 at Ponta Pesqueiro Grande and Ponta Ervatao
(View 11A, see Figure 2.2 for location); reference lines represent 1983 coastline (black dot) and 1983
shoreline (red dash).

2.3.6 Ponta do Ervatao to Ponta Rodrigo sector

Ponta do Ervatao — Ponta Rodrigo section is a sector dominated by low-height cliffs where some beaches
develop in relation to sand accumulation along rocky indentations (Figure 2.2). These embayments,
particularly at the northern end of this sector, are related to cliff erosion (Figure 2.12) and might extend
up to few hectometres. This sector also includes two long sandy beaches (more than 1 km), Mosquito
Beach and the beach at Cruz do Morto (Figure 2.13), backed respectively, by a low-height dune field
(predominantly nebkha) and an interdune depression.

Long-term coastline and shoreline evolution results, between 1968 and 2010, are characterized by small
coastline retreat (-4.6 m) and marginal shoreline advance (2.0 m), though the shoreline has also re-
treated in the periods 1968 to 1983 and 1991 to 2003 (Figure 2.3, Table 2.4 and Figure 2.5). Sitill,
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is possible to verify in this section, evidences of cliff erosion with localized retreat that can occasion-
ally exceed 30 meters, associated with the development of small bays which provide a geomorphology

favourable area for sand accumulation and the formation of new pocket beaches (Figure 2.12).

View 12A View 12B

Figure 2.12: CIiff erosion and localized beach development at coastal stretch Ponta do Ervatao and
Ponta Rodrigo (Photograph views 12A and 12B looking SE, see Figure 2.2 for location).

Figure 2.13: Beach evolution between 1968 and 2010 at Ponta do Ervatdao and Ponta Rodrigo (View 13A,
see Figure 2.2 for location); reference lines represent 1968 coastline (black dot) and 1968 shoreline (red
dash).

2.3.7 Ponta Rodrigo to Ponta do Sol sector

The coastal geomorphology of Ponta Rodrigo — Ponta do Sol section is dominated by cliffs with numer-
ous rocky indentations and embayed beaches (Figure 2.2). Like most of the Ponta do Ervatao - Ponta
Rodrigo sector, the eastern segment of Ponta Rodrigo - Ponta do Sol sector presents field evidence of
erosive behaviour that could not be mapped by the coastline indicator. Field evidence of coastal retreat
includes cliff erosion (Figure 2.14-A) and wind-driven depletion of sand from the coastal aeolianites or
palaeosoils (Figure 2.14-B).
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View 14A View 14B

Figure 2.14: Evidences of a coastal zone in an erosive tendency. Photograph view 14-A looking NNE -
Cliff erosion and coastal indentation; Photograph view 14B looking SSW — Wind-driven depletion of the
sand from the rocky outcrops (aeolianites, beachrocks and palaeossoils).

The integrated coastal evolution from 1968 to 2010, although estimated only in few transects, is char-
acterized by shoreline progradation (24 m) mainly between 2003 and 2010, while the even sparser

coastline results indicate a small retreat (-2.5 m) (Table 2.4 and Figure 2.5).

2.4 Discussion

2.4.1 Recent coastal evolution

This study presents the integrated analysis of the coastal evolution at Boa Vista island at a decadal
time scale. The use of both coastline and shoreline indicators was found to be a valuable approach as
they add consistency to the results and can also give complementary information. In coastal sections
coincident to aeolian corridors or poor image quality it is only possibly to map the shoreline. This later
indicator has also the advantage of being able to capture beach seasonal behaviour and beach rotation
conveying relevant information to understand coastal response to changes in the forcing factors (e.g.
waves and wind). However, as the magnitude of short-term shoreline changes can exceed tens of
meters, these variations can conceal the signal of the long-term evolution. In this context, the coastline
indicator was found to be the most reliable indicator to appraise long-term changes, a result that is in
line with the findings of Ponte Lira et al. (2016 ).

During the studied period (1968-2010) the coast revealed a fairly stable behaviour, marginally dominated
by accretion. Estimated spatially averaged coastline and shoreline evolution were 0.48 m/year and 0.18
m/year respectively. Results show significant spatial and temporal variability, with localized cyclical
changes that can exceed 100 m in few years. Of the seven coastal sectors analysed, only the ones
located at the south-southwest side of the island (Ponta Manga Larga - Ponta Pesqueiro Grande and

Ponta Varandinha - Ponta Manga Larga) presented a consistent coastline progradation trend.

2.4.2 Source-to-sink sediment budget

To understand the drivers of coastal evolution, coastal change results were framed in a conceptual

source-to-sink sand sediment budget (c.f. Silva et al., 2019).
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Sources

Main sand sources of Boa Vista island have origin in the sedimentary deposits at the northern insular
shelf (Hernandez and Suarez, 2006; Cabo Verde Natura, 2000) and are constituted by fragment of
rhodoliths, corals and bivalves. Additional sediment sources can be attributed to quaternary carbonate

aeolianite outcrops that covers large extents of Boa Vista island (Calvento et al., 2017).

Sediment pathways

Sediment transport at Boa Vista is dominated by a unidirectional (or strongly asymmetrical) NE-SW wind
field (Cabo Verde Natura, 2000) related with trade winds (Hernandez and Suéarez, 2006). This wind
regime and low terrain elevation, free from topographic barriers, favour a sediment transport pathway
that links the North and South coasts of the island (Hernandez and Suarez, 2006). The NE-SW dune
overpass is expressed mostly by sand sheets, but also by barchan dunes and barchanoid ridges (Cabo
Verde Natura, 2000). The main aeolian corridors at Boa Vista, include: 1) a wide northern corridor that
connects the sediment source areas (upwind) of Boa Esperanga beach to Carlota beach (downwind)
and; 2) a southwestern corridor, narrower due to topographic constrains, linking Chave beach to the
coast at Ponta Varandinha — Ponta Manga Larga (Figure 2.2). The sedimentary connection between
these wind corridors takes place at Carlota and Chave beaches coastal stretch, and is sustained by a
persistent wave-induced southward-directed longshore drift. At the eastern side of the island, the north-
south sediment transport is predominately wave-induced through sediment headland bypass compatible
with a Circum-island transport model (Tinley, 1985; Calvento et al., 2017). Here, overpassing only occurs

at site specific locations, generally at more protrude, and low relief, headlands like Ponta do Ervatéo.

Sinks

The convergence of the south-directed sediment pathways at Boa Vista suggests the existence of de-
positional areas, which is in-line with the coastal accretion measures of this work. This behaviour is
compatible with the findings of (Cabo Verde Natura, 2000) which argued that localized sediment accu-
mulations within the transport corridor result in the development of transverse ridges with linear crest

lines.

2.4.3 Management implications

Spatial planning and management at small-sized islands is a challenging task due to their limited terri-
torial domain. At the coastal zone these problems are particularity exacerbated in relation to the strong
touristic pressure (Hall, 2001). However, as tourism is an environmentally dependent activity (Wong,
1993) the disorderly occupation of the coastal zone can put in peril not only the beach but also the sus-
tainable development of the island. Results presented in this work show that coastal evolution has been
consistently regulated by the sediment budget, with sedimentary links between island beaches but also
with inland mobile sand deposits. In practice, the whole island can be regarded as a single sediment
cell thus, management decisions, even at non-coastal locations, should consider a global, island-scale,

perspective. For example, the well-defined progradation trend identified at Boa Vista southern coast is
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related to the transference of sand by overpass and bypass processes from the northern insular shelf.
Any blockage of sand at the coast or at the inland domain (away from the coast) can have significative

effects downwind/downdrift and hamper beach sustainability.

2.5 Main achievements

This chapter addresses island-scale coastal evolution at Boa Vista. The study is based on a comprehen-
sive collection of aerial photographs and orthophotos maps with different spatial and spectral resolutions.

The main achievements of this chapter was:

1. Forlong-term coastal evolution appraisal, the coastline was found to be a more consistent indicator,
as the shoreline is more prone to errors related to wave and tide variability and is also affected by

short-term variability such as beach rotation or beach cross-shore changes;

2. During the studied period (1968-2010), most of Boa Vista coastal evolution revealed a fairly stable
behaviour, with a noticeable and consistent accretion trend only recognized at south-southwest

sides of the island of about 0.76 m/year;

3. Spatially averaged coastline and shoreline evolution were 0.48 m/year and 0.18 m/year, respec-

tively;

4. Coastline evolution was shown to be related to the sediment budget and can be explained by a

simple source-to-sink sediment approach.



Chapter 3

Drivers of Coastal Change

This chapter is partially based on the work:

Gomes, C., Costa, P, Cascalho, J., Silva, A. N., Taborda, R., Santos, F. and Lopes, V. (2019). Sediment
Bypass and Overpass contributions for Boa Vista Island Coastal Evolution, In “Coastal Sediments 2019:
Proceedings of the 9" International Conference”, Wang, P., Rosati, J.D. and Vallee, M. [Eds.], Tampa/St.
Petersburg, Florida, USA. doi: 10.1142/11391. https://doi.org/10.1142/11391.

3.1 Introduction

Understanding drivers of coastal evolution is essentially based in spatially constrained or conceptual
(qualitative) models. This approach has obvious limitations due to the lack of quantitative and long-term
data to support cost-benefit management analysis and decisions.

Boa Vista offers optimal conditions for an integrated study of coastal evolution due to its relatively small
dimension, low anthropogenic disturbance and a beach geomorphologic setting that is analogous to
other volcanic islands. Similarly, to other islands systems, Boa Vista beach evolution depends on a frag-
ile balance between sediment sources (biological and lithic contributions), transport processes derived
from the wind and wave climate, and sediment sinks. Torrential drainage can also provide further sedi-
ment to the island coastal budget. The main goal of this study is to investigate Boa Vista beach evolution
considering sediment sources, transport processes and sediment sinks through a sediment budget ap-
proach. This chapter focuses on a multidisciplinary quantitative and integrated approach that includes
morphological, sediment textural analysis of coastal and dune systems and transport processes derived

from bypassing (wave action) and overpassing (aeolian).

3.2 Material and Methods

To accomplish the objectives of this thesis a characterization of the sedimentary dynamics of Boa Vista
island was carried out. Several laboratory techniques (textural analysis: grain size; percentage of cal-

cium carbonate; and compositional analysis) were used, and statistical analysis of the results was done.


https://doi.org/10.1142/11391
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Proxies used are applied in dunes and beaches sites. Also, it is made the dunes (namely barchans)
characterization in the main aeolian corridor (Dunas de Chave). To make data analysis and understand
the sedimentary dynamics characteristics, statistical analysis, Google Earth Pro imagery and ArcGis

software were used.

3.2.1 Sediment sampling

During July 2017, twenty sediment samples were collected from several beaches and dunes. The sam-
ples from dunes were collected on the surface slip face along the aeolian corridor and on dunes adjacent
to beach (7 samples), while beaches samples (13 samples) were collected on beach berms (Figure 3.1).
Sampling locations were georeferenced using a hand-held GPS. Additionally, 91 digital images of dune
and beach sediments (Figure 3.2) were acquired for textural characterization. The images presented a

resolution of 16 megapixels (4608 x 3456), with a pixel size of 0.014 mm (Figure 3.1 - right).
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Figure 3.1: Sites Samples at Boa Vista island: Red stars (Dunes) and Blue stars (Beaches).

Figure 3.2: Example of digital images of Boa Vista sediments: A (fine grained ); B (coarse grained).
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3.2.2 Textural and composition analysis

Digital images

The broad textural characterization of Boa Vista sediments, on the 91 digital images, was performed
by the digital image analysis application developed by Bosnic et al. (2011). This method estimates the

median grain size of the sediment based on image autocorrelation (Rubin, 2004).

Sediment samples

Initially the samples were washed several times with tap water to remove marine salt and then dried for
48 hours, in an oven at 105° C (Figure 3.3).

After this, each sample was split into aliquots with about 100 g (Figure 3.4). The grain size was per-
formed through dry sieving using a standard set of sieves (0.5 ® interval (from -2 to 4 ®). Statistical grain
size parameters (e.g. mean grain size, standard deviation, kurtosis and skewness) were calculated us-
ing the graphic method (Folk and Ward, 1957) in Gradistat (Blott and Pye, 2001) software. Textural
features were map-plotted to study their spatial distribution along Boa Vista island in ArcGis (version

10.6) environment.

Calcium carbonate content (CaCO3) (associated with bioclasts) was determined by measuring the vol-
ume of carbon dioxide evolved during reaction with [4mol/L] hydrochloric acid using an Eijkelkamp cal-
cimeter (Eijkelkamp, 2008) (Figure 3.5).

Figure 3.3: Samples washed (A) and dried (B).
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Figure 3.5: Calcium carbonate content determination using Eijkelkamp calcimeter.

The main sediment components were identified in all the collected samples under a binocular micro-
scope considering the grain size classes of 0-0.5®; 0.5-1®; 1-1.5®; 1.5-2¢; 2-2.5% and 2-5-3¢. A

minimum of 100 grains per grain-size class sample were identified. Grains from each sample were
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counted and two major groups (bioclasts and terrigenous) were identified (Figure 3.6). Bioclast particles
were essentially bivalves shells, rhodoliths and corals fragments. Terrigenous particles were dominated
by sanidines, olivines and piroxenes. These textural and compositional data were organized to produce

maps with the spatial distribution of the main sediment parameters.
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Figure 3.6: Sediments constituents from Boa Vista Island: A (beach) magnifying glass enlargement 7x;
B (dune) magnifying glass enlargement 7x. .

3.2.3 Dune evolution

Dune migration on the main aeolian corridor at Boa Vista island was measured using Google Earth
imagery from 2005, 2010, 2012, 2013, 2015 and 2016. From the entire aeolian corridor 29 dunes
were selected (Figure 3.7). Over each dune was drawn a polygon that represents the dune position in
a specific year. Afterward the polygons were exported to ArcGIS environment for the analysis bellow
mentioned. The uncertainty or error (rmse) calculated for dune draw displacement in this study was
estimated as 10.45 m, comparing the displacement through time, of 27 non-moving features (for example
rocky outcrops).

Four dimensional dune parameters, namely height (H), width (W), length (L) and volume (V), were
measured and calculated using techniques developed by Andreotti et al. (2002), Elbelrhiti et al. (2008),
Jimenez et al. (1999) and Abu-Sbeih (2015) to characterize dune evolution. Dune height and volume

were calculated using the formulas developed by (Abu-Sbeih, 2015) (equation 3.1):

V =0.10228 x L* x % (3.1)

Dune width, length and migration rate (m) were measured and calculated in ArcGis environment.

Measurements of aeolian transport rate (Q) were made by using the formula developed by (Jimenez et
al., 1999) (equation 3.2):

(3.2)

Finally, the quantification of the total sand flux transported within the dune field considered the average

aeolian transport rate multiplied by the width of the Dunas de Chaves aeolian corridor (about 800 m).
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Figure 3.7: Monitored barchans dunes at the Dunas the Chaves aeolian corridor (between 2010 and
2016, light and dark colors respectively; the numbers represent the dune ID).

Winds drawing direction was perfomed in a ArcGis environment using aerial photographs (1968, 1983

and 1991) and orthophoto maps 2003 and 2010, based on dune displacements.

3.2.4 Coastal evolution: observations

Boa Vista coastal evolution was established using aerial photos (1968, 1983 and 1991) and orthophotos
(2001 and 2010) and variations on coastline and shoreline position as described in Gomes et al. (2019).
These parameters were manually vectorized in GIS environment at visualization scales ranging from
1:2 000 to 1:10 000 along the entire low-lying sandy coast of Boa Vista for the time-window of observa-
tion (1968-2010). Coastline and shoreline evolution changes were quantified in GIS environment using
the Digital Shoreline Analysis System ArcMap extension (Thieler et al., 2017 ). The results presented
in Gomes et al. (2019), showed that the only coastal sectors that presented a consistent long-term
tendency were the southwest and south sectors, with long-term evolution rates of 24.1 m and 38.8 m
(respectively for P. Varandinha to P. Manga Larga and P. Manga Larga - P. Pesqueiro Grande sectors)
(Figure 3.13).

The magnitude of coastline retreat or advance, combined with the information beach prism depth (berm
height minus the closure of depth, that defines the seaward limit of the beach) is used to determine the
total volume of sand withdrawn or accumulated at the coast.

The closure depth, at the southwest coast of Boa Vista, was estimated based on the hindcast wave data
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(from 2005 to 2017 http://polar.ncep.noaa.gov/waves/hindcasts/) using the Hallermeier (1978)

formulation (equation 3.3, where the inner closure depth limit (d;) is defined:

d;=2H +110, (8.3

Where, H, is the annual mean significant wave height, and o is the associated standard deviation of
the significant wave height. The berm elevation was considered 3 m above mean sea level, based on
the berm nest elevation (of Caretta caretta, marine turtle specie) (Ferreira Junior et al., 2008).

Depth of closure was determined following Hallermeier (1978) at 4.5 m below mean sea level, located

broadly 200 m seaward from the coastline.

3.2.5 Coastal evolution related with Sea Level Rise

Local sea level change are induced by eustatic, isostatic and tectonic changes. In a volcanic islands
tectonic vertical movements may dominate sea level changes (Silva et al., 2019 ). Boa Vista island
take parts of Cabo Verde islands group that exhibit evidence for stability or complex uplift-subsidence
histories (Ramalho ef al., 2010a).

At Boa Vista island, the SLR data used was measured from satellite radar altimeters, wich the general
trend of sea-level change shows a relative SLR at an average rate of 2.5 mm year—! between 1992 and
2018 (Laboratory for Satellite Altimetry, 2018). This value is in line with global ocean estimates and

indicates that sea level rise is dominated by the eustatic component.

There is an increasing consensus that an accelerating SLR scenario due to climate change will have
significant impacts on the coastal zone (Mimura et al., 2007; Santos et al., 2017; Bijlsma et al., 1996).
Thus, the existence of tools to evaluate the potential influence of SLR on shoreline evolution it is fun-
damental (Taborda and Ribeiro, 2015). In that sense, Bruun (1962) theory or it is conceptual model for
an quantitative approaches have clearly been dominated (Fenneman et al., 1902; Taborda and Ribeiro,
2015). According (Bruun, 1954) theory SLR as a cause of shore erosion, assuming a profile of equi-
librium (Fenneman et al., 1902; Bruun, 1954), as sea level rises material eroded from the upper beach
is deposited on the nearshore bottom down to a limiting depth between predominant nearshore and
offshore material. Taborda and Ribeiro (2015) proposed a model that evaluate the effects of SLR at
platform beaches. This model relies on the assumptions of conservation of beach sand volume and
beach profile shape, considering that the beach berm elevation remains in equilibrium with mean sea
level. Accordingly, the impact of the SLR on the position of the shoreline corresponds solely to retreat
of the berm crest with reduction of supratidal beach surface, but sediment loss to the shelf is null or
negligible.

Bruun’s rule (Bruun, 1962) was used where the whole active beach profile develops over sandy sub-
strate. Thus, depth of closure was determined (see previous section). Taborda and Ribeiro (2015)
model was used in coastal sectors where the subtidal beach develops over a rocky platform, the sandy
section of the profile terminates landward of the depth of closure.


http://polar.ncep.noaa.gov/waves/hindcasts/
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3.3 Results

3.3.1 Textural and Compositional Data

Grain-size parameters for the 20 samples taken from the dune and beach environments of Boa Vista

are represented in Table 3.1.

Table 3.1: Grain-size descriptive statistics of 20 samples from Boa Vista island.

Beaches Dunes Total

Mean 1.86 4+ 0.31 1.944+0.29 1.89+0.30
Sorting 0.49+0.14 058+0.15 0.52+0.15
Skewness -0.07 £0.10 0.06 =0.08 -0.03 £ 0.11

From the textural point of view, dune and beach sands are almost identical, being characterized mostly
by symmetrical, well sorted, medium to fine sand. The spatial distribution of mean grain size (either from
sieving and image analysis - Figures 3.8 and 3.9) do not show any clear pattern, although a tendency
for minor particles located in the southwest coast (downwind of the Dunas de Chaves aeolian corridor)

can be recognized.
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Figure 3.8: Spatial distribution of median grain-size (D50) along Boa Vista Island (derived from digital
images).
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Figure 3.9: Spatial distribution of grain-size classes along Boa Vista Island (textural analysis on sediment

samples).
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Figure 3.10: . Sediment components spatial distribution along Boa Vista island.

Both beach and dune, sediments are clearly dominated by biogenic particles (figure 3.10), ranging
from 71 to 99 %. Biogenic component is composed essentially by bivalve shells, rhodoliths and corals

fragments while the terrigenous component is mainly comprised by mineral grains (sanidine, olivine and
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pyroxene) and few rock fragments. The terrigenous content is slight larger at the north-western sector
of the island.

3.3.2 Dune Geometry and Dune Evolution

Table 3.2 displays dune dimensions for the 29 monitored barchans. Results show an average width,
length and height of 97.6 m, 69.0 m and 13.1 m, respectively. Barchan dune dimensions in the Dunas
de Chaves aeolian corridor, as well as in other regions, are linearly related to each other. An example
is the relationship between the dune length and its width displayed in Figure 3.12, which shows a clear
linear correlation. Estimated dune volume from about 7 x 102 m3 to 63 x 103 m?, with an average value
of 27 x 10% m3,

The migration rate of barchan dunes presents an average value of 26.7 m year—! and shows clearly the
inverse relationship with dune volume (Figure 3.11 and 3.12). In fact, smaller barchans migrate more
rapidly than larger barchan dunes, a behaviour that is in-line with observations reported in previous
studies (Jimenez et al., 1999).

Table 3.2: Descriptive morphometric data of Dunas de Chaves aeolian corridor (n = 29), Boa Vista
island.

Width Length Height Volume Migrationrate  Transport rate

W m (H) (V) (m) Q)

(m) (m) (m (M%)  (myear™') (m’m~'year )
Mean 976  69.0 131 26610 26.7 92.9
sb 26.6 133 25 15075 5.6 14.5
Maximum 158.0 91.6  17.4 63613 36.7 126.1
Minimum 561 459 87 6837 17.1 66.7
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Figure 3.11: Estimated barchans volume at the monitored dunes (ID 1 to ID 29 from north (N) to south
(S), location in Figure 3.7). Green box - represent barchans from N and blue box - represent barchans
from S.
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Figure 3.12: Barchans morphometric relationships (left) and barchan migration vs dune volume (right)
at Boa Vista island.

Dune migration rates were used to estimate the magnitude of aeolian transport rates along a dune field.
In fact, dune migration should be considered as the response of the sand at an aggregated scale to wind

action (Jimenez et al., 1999).

Results for barchans in Boa Vista island give an average aeolian transport rate of 93 m3 m~* year—! with
a maximum value of 126 m® m~! year—! and a minimum of 67 m3 m~! year—! (Table 3.2). Considering
a width for the aeolian corridor of about 800 m, the total aeolian volume of sand transported each year

is estimated in 74x103 m3 year—!.

Estimation of sand accumulation rate in the two southwestern-most sectors of the island (P. Varandinha
and P. Pesqueiro Grande) was established based in the long-term evolution rates coupled with the
information on the beach prism depth (11 m) and each sector length (11 km and 7.75 km, at the P.
Varandinha to P. Manga Larga and P. Manga Larga — P. Pesqueiro Grande sectors, respectively). The
approximate total volume of sand accumulated at the P. Varandinha to P. Manga Larga was estimated in
69 x10% m? year—! while at the P. Manga Larga — P. Pesqueiro Grande was 79x103 m3 year—! (Figure
3.13).

Results did not significant difference in dune propagation direction during the studied period, last 42

years (1968 until 2010), that could be associate to changes in wind directions at same period.

3.3.3 Coastal evolution induced by Sea Level Rise (SLR)

According to results displayed on Table 3.3, during last 42 years (1968 to 2010), conducing a SLR of
0.0025 m year—!, coastal areas of Boa Vista island presented a total retreats of 5 m and 2 m for platform
beach and other beaches, respectively. In that sense, the sedimentary budget exceed the SLR related

to coastal evolution (see Figure 2.5 and Table 2.4)
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Table 3.3: Estimated coastal evolution due to SLR (0.0025 m year—!) at Boa Vista island between 1968
and 2010.

Average profile slope Retreat rate  Total retreat

(myear') (m)
Platform beaches 0.0225 0.11 5
Other beaches 0.05 0.05 2

3.4 Discussion

Beaches in volcanic islands are fragile environments whose evolution depends on a delicate balance
between sediment sources and sinks. Despite the existence of conceptual models that highlight the
connections between the different sedimentary systems (Calvento et al., 2017) a quantitative approach
is still absent. In this work the integrated analysis of morphological and sedimentological data (compo-
sitional and textural) permits to build the foundations of a quantitative sediment budget approach that

explain Boa Vista beach evolution.

Textural and compositional sediment data shows a strong degree of similarity between beach and dune
sediments across the island entire coastal fringe (Figures 3.8, 3.9 and 3.10). Conceptually, dune sedi-
ments are typically better sorted than beach sediments. Furthermore, sediment transport distance and
time will increase the sorting of a sandy grain population. In Boa Vista the prevailing winds are from
NNE. Therefore, the main biogenic source is located upwind, at the north island shelf, and feeds the
main aeolian corridor of Boa Vista. This biogenic fraction corresponds to >90% of total sediment in the
analyzed samples. On the other hand, the terrigenous content is probably related with the erosion of
coastal cliffs and rock outcrops. This type of particles is poorly represented in total sediment (<10%),
hence the magnitude of this contribution can be minimized as its representativeness in total sediment is

low.

Based in the textural and compositional analysis (Figures 3.8, 3.9 and 3.10) of loose sedimentary de-
posits that covers the island seems to show that, after entering the coastal system at the northern coast,
at the western side of the island the sediment is mainly transported SW by wind (overpass), while at
the eastern side the sediment is transported at the island rim by waves and currents (headland bypass).
In the western sector of the island, this is demonstrated by the higher terrigenous content (mineral
and volcanoclasts) in the extreme northern samples and by its progressive decrease towards the south
(Figure 3.10). On the other hand, on the eastern sector this change is not so clear and for example
sample (Jodo Barrosa) displays a higher terrigenous content. Furthermore, textural analysis does not
allow to establish evident grain-size trends that could facilitate the identification of preferred sediment
paths. Nevertheless, one can observe that smaller grain-size samples are preferentially located in the

southernmost sector of the island, suggesting a wind-related particle winnowing.

The combination of all available data (sediment composition and texture, dune morphometric relation-
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ships, island morphology and prevailing winds) suggests the existence of considerable differences be-
tween the sediment transport paths around the island. At the eastern side the north to south sediment
transport is dominated by longshore drift with headland bypassing. In turn, at the western part the sedi-
ment is transported along the aeolian corridor (overpass transport). The first process is found to be less
selective than the overpass (dune corridor). All sediments converge to the southern (downdrift) coast,
where sediment accumulation is translated in long-term coastline progradation, reflecting the major sed-
iment sink of Boa Vista island. This interpretation is further supported by the estimated aeolian sand
transport at Dunas de Chaves corridor which roughly matches the coastal evolution observed at the
downwind beaches (Figure 3.13) P. Varandinha — P. Manga Larga. Beach accretion at P. Manga Larga
- P. Pesqueiro Grande sector is probably related to the wave related bypass that dominates the sand
transport at the eastern part of the island.

The approach developed in this work can be easily applied to other be volcanic islands systems and be
used to support the development of beach evolution scenarios that account for changes in climate and

anthropogenic forcing.
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Figure 3.13: Conceptual semi-quantitative model of sediment transport at Boa Vista island.
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3.5 Main achievements

In this chapter was conducted an integrated analysis of major coastal drivers (sediment budget and sea
level rise) of Boa Vista island in order to understand the dynamical coastal area along island. The main

achievements are summarised below:

1. Boa Vista island shows the existence of considerable differences between the sediment transport

paths around the island;

2. The eastern side, the north-south sediment transport, is dominated by headland bypassing, while
at the western side the sediment is mostly transported along the aeolian corridor by overpass

transport;

3. Differences between the sediment transport paths around the island is supported by sediment
composition and texture (mainly biogenics and fine sand present along aeolian corridor) and island

morphology relationships, where western side present an planar morphology;

4. Sediment transport through aeolian corridor are contributing to sector P. Varandinha and P. Manga
Larga. Their magnitudes were estimated through sediments transport rate quantification at the
Dunas de Chaves aeolian corridor with 74 x 102 m? year~! and the sink value was estimated in

69 x 103 m3 year—1;

5. The wind related transport (overpass) is found to be a more selective than the wave related head-

land bypass;

6. The sediments transported by the two-transport processes above mentioned converge to southern
coast (between P. Varandinha and P. Pesqueiro Grande) where sediment accumulation translated
in long-term coastline progradation is recognized, reflecting a major sedimentary sink of Boa Vista

island with total of about 150 x 10% m? year—!;

7. Dune displacement direction shows no significant difference during the last 42 years, wich demon-

strate that change wind directions at same period is not significant;

8. Coastal Evolution due to SLR during studied period (42 years) was estimated by empirical models,
was found to be lower than 5 m. This results put in evidence that the sedimentary budget exceed

the SLR related to coastal evolution.
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Scenarios of Coastal Change

4.1 Introduction

The Intergovernamental Painel on Climate Change (IPCC) fourth Assessment Report (AR4), has been
stressing that it is necessary to extend coastal impact of climate change, besides of sea level rise effects,
taking into account other coastal drivers, namely interest in how wind-wave respond to a changing

climate (Hemer et al., 2012).

Rising sea levels constitutes one of the most recognized climate change threats to low-lying coastal ar-
eas (Cazenave and Llovel, 2010; Nicholls and Cazenave, 2010; Anthoff et al., 2006). This is particularly
important in small islands where the majority of human communities and infrastructure are located in

coastal zones with limited on-island relocation opportunities.

With the projected sea level rise (SLR) until the end of the century, the impacts of the projected in-
creases in wave heights will increase, with a drastic impacts on coastal ecosystems, namely: higher
risk of inundation, overtopping caused by waves of sea defences with consequent failure and damage
to infrastructure or coastal erosion and drive longshore drift and associated coastal sediment budgets
(Hemer et al., 2012).

According to the results obtained previously, it was verified that the rising of sea level during the 20"
century had a minor role in the recent coastal evolution of the island under study (see Chapter 3).
However, with SLR projections for 2100, this driver will influence the coastal zones of the island in the
medium and long term. Furthermore, as referred above, coastal areas have experienced several coastal
drivers in a climate change context, but in this study only the following drivers where analysed because
they were considered more relevant to the coastal areas in analysis: Sea Level Rise (SLR); Wind;

Waves and Sediment Sources.

4.1.1 Sea Level Rise - SLR

Research in sea level change is of considerable interest, due to its potential impact on coastal and

islands ecosystems.



47 Chapter 4. Scenarios of Coastal Change

Since 1990, there has been a great effort in research focused on understanding the biogeophysical

effects of climate change and particularly SLR on coastal zones and small islands (Bijlsma et al., 1996).

Sea level is very sensitive to changes in the various components of climate system. For example, the
oceans reaction of global warming, sea waters heat and expand, and thus sea level increases (Cazenave
and Llovel, 2010).

Satellite observations available since the early 1990s provide more accurate sea level data with nearly
global coverage. This decade (1993-2009), long satellite altimetry data set shows that since 1993, sea
level has been rising at a rate of around 3 mm year—! (Nerem et al., 2010), significantly higher than the
average during the previous half century. Coastal tide gauge measurements confirm this observation,
and indicate that similar rates have occurred in some earlier decades (Bindoff et al., 2007). Moreover,
according to Wigley (1995) and Church and White (2011) model projections show that sea level will
continue to rise beyond the year 2100 due to lags in climate response, even if its assumed a stabilization

of global greenhouse gas emissions.

According Bijlsma et al. (1996) SLR differ at local, regional and global levels. This phenomenon is
explained by two reasons: (i) vertical land movements affect sea level. Regionally and locally, vertical
land movements can be quite large, even on the decadal time scale; ii) oceanic circulation, that produces
dynamic effects in wind and pressure patterns, and ocean-water density, influencing the variations in the
level of the sea surface with respect to the geoid. In this regard, the impact of SLR depends on the
total net rise resulting from the relative vertical movements of the land and of the sea. In areas where
that have natural eustatic uplifting of the land derived by tectonic plate movement, glacial rebound, and
vulcanism, there will be little relative rise of sea level. On the other hand, in land areas that are naturally
falling as in the southeastern USA, due to tectonic and compaction forces, impacts of sea level rise will
be more important (IPCC, 1990). For example according Nerem et al. (2010) between 1993-2010, the
standard deviation of regional trends based on satellite altimetry is as large as the global mean trend,

with the highest rates of regional SLR having occurred in the western tropical Pacific.

Several studies have been conducted on SLR projection until the end of the century. Furthermore, Figure
4.1 below summarises SLR scenarios for 2100 proposed by some authors, IPCC assessment reports
and NOAA (2017). The SLR projections values for 2100, ranges between 0.11 m given by IPCC (2001)
to 3.45 m proposed by Hoffman et al. (1983). Notwithstanding, the variability minimum and maximum
SLR values projected until the end of the century, in the last decade the extremes values are mostly
higher than 1 meters. Hinkel et al. (2013) affirmed that with the SLR scenarios projected by the end of
215 century some 6.000 to 17.000 km? of beaches and land may be lost globally, leading to in about
1.6 to 5.3 million coastal inhabitants being forced to migrate with migration costs of US dollar 300-1000

billion.
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Figure 4.1: End of century (2100) estimates for global mean sea level rise in meters.

41.2 Wind

Global assessment of projected future climate change impacts on winds, have received little attention,
although the potential for large geophysical and social impacts (Mclnnes et al., 2011; Hemer et al.,
2013). Wind speed changes can affect: a) the viability of wind energy operations (Pryor et al., 2006 ); b)
wave climates and storm surges (Debernard and Roed, 2008); c) soil moisture, evaporation and water
resources (McVicar et al., 2008), that may influence the evolution of arid and semi-arid environments
(Okin et al., 2006 ). Also, changes in wind direction are relevant, namely in coastal regions, where they
have an important role in hydrodynamic agents such as waves and storm surge cite (Mclnnes et al.,
2011). Changes to wind and wave climate therefore can affect sediment dynamics, shoreline processes
and interferes with the sediment budget. (e.g. Aagaard et al., 2004; Reguero et al., 2013 ). Thus,
Mclnnes et al. (2011) argue that littoral transport is sensitive to directional changes in wave climate due
to wind direction changes. An example of this, is the research developed by Andrade et al. (2007),
which concluded that erosion may increase on the Portuguese coast, because of a projected clockwise
rotation of the wave climate by 2070—2099 relative to 1961-1990.

Projected wind changes for 2081-2100 relative to 1981-2000, reveals that wind speed increases across
northern Europe and northern Africa, the South Pacific and Southern Ocean will can vary between 10
and 25°S (Mclnnes et al., 2011).

At Boa Vista island, projected wind until 2100, will probably affect sedimentary transport, notably along

the aeolian corridor located at the western side.
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4.1.3 Waves

Wind generated ocean waves constitutes a relevant climate driver that can affect coastal environment
(Mori et al., 2010) and are key contributors to shoreline erosion, storm surge and coastal flooding
(Ranasinghe, 2016; Sierra and Casas-Prat, 2014). In a climate change context, assessment of po-
tential climate change—driven impacts on the coastal areas must consider potential future changes in
wave conditions (Hemer et al., 2012). Changes in ocean wave heights are mainly induced by changes in
surface winds, because ocean surface waves are originated by surface winds locally or remotely (Wang
et al., 2014). There is an increasing evidence for changes in ocean waves over past decades (Young et
al., 2011). These changes have been attributable to external forcing, namely natural and anthropogenic
factors (Wang et al., 2009).

There is very limited information on ocean wave behaviour in response to climate change (Silva et al.,
2019 ). Although, the magnitude of the expected changes in wave parameters is small, there is no

consensus in signal (Perez et al., 2015; Wang et al., 2014).

According to Camus et al. (2017), projected waves (by 2070-2100 relative to the period 1979-2005 for
the RCP 8.5 scenario) increases are mainly limited to Southern Hemisphere midlatitudes and eastern
Tropical Pacific (0.06 — 0.09 meters) and Southern Ocean (with values higher than 0.3 meters). The

projected waves increases in Southern Ocean is detected by Hemer et al. (2013) too.

Adaptation and mitigation strategies established to respond the potential impacts of climate-induced
changes on the coastal and open-ocean environments required the high levels of confidence in wave-

climate projections (height, length and directions) (Morim et al., 2018).

4.1.4 Sediment source

The main sediment source at Boa Vista island is marine biogenic particles (Figures 3.6 and 3.10 ),
constituted mainly by bivalve shells, rhodoliths and corals fragments. In a climate change context, marine
organisms will be affected by ocean acidification (OA), caused by ocean uptake of CO, (Fabry et al.,
2008; Doney et al., 2009; Caldeira and Wickett, 2003; Broecker and Clark, 2001; Orr et al., 2005 ).This
phenomenon is a consequence of rising levels of anthropogenic CO, concentrations in the atmosphere,
resulting in a gradual acidification of seawater (Broecker and Clark, 2001; Roleda et al., 2015). When
CO, reacts with seawater it forms carbonic acid (H,COs), which is highly reactive and reduce seawater
pH, reduces the concentration of carbonate ion (CO5; 2~) and consequently reduces the availability of
aragonite, important source of CaCOj3 (Orr et al., 2005 ; Rafferty et al., 2014). This, can affect shell
formation for marine animals such as corals, plankton and shellfish (Rhein et al., 2013). In fact, OA
could cause wide-ranging effects to marine ecosystems, by affecting individual organisms at all trophic
levels, from bacteria to fish, and therefore ecosystem functioning (Moya ef al., 2012; Rhein et al., 2013;
Haigh et al., 2015; Fabry et al., 2008).

Caldeira and Wickett (2003) suggest that future atmospheric and oceanic CO, concentrations indicate

that, by the end of this century, the average surface ocean pH could be lower than it has been for more
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than 50 million years. Marine scientists expect that coral, shellfish, and other marine calcifiers (organ-
isms that use carbonates) will be less able to obtain the raw materials that they use to build and maintain
their skeletons and shells in coming decades (Doney et al., 2009; Rhein et al., 2013; Fabry et al., 2008;
Rafferty et al., 2014). Indeed, according Orr et al. (2005 ) the changes in seawater chemistry projected to
occur during this century could have severe consequences for calcifying organisms, particularly shelled

pteropods: the major planktonic producers of aragonite.

Orr et al. (2005 ) developed 13 models of the ocean—carbon cycle to assess calcium carbonate saturation
under the IPCC 1S92a ‘business-as-usual’ scenario for future emissions of anthropogenic CO,. They
concluded that Southern Ocean surface waters will begin to become undersaturated with respect to
aragonite by the year 2050. By 2100, this undersaturation could extend throughout the entire Southern

Ocean and into the subarctic Pacific Ocean (Feely et al., 2009; Orr et al., 2005 ).

The consequences of ocean acidification on marine organisms at Boa Vista island, will certainly affect
sedimentary supply along coastal areas, with consequences for the coastal and marine ecosystem.
However, present knowledge is still limited and does not allow to support a quantitative model of change

in related to the reference situation as displayed in Figure 3.13.

4.2 Coastline Projections under Sea Level Rise Scenario

According to all drivers mentioned above, SLR constitutes the only one that is possible to support a
quantitative model of change. Considering the similarity between local and global sea level records, sea

level scenarios at Boa Vista island were based upon global projections until the end of the 215t century.

The coastal evolution projected under to the SRL was performed based on the same methods used
on subsection 3.3.3 (Bruun (1954) theory; and Taborda and Ribeiro (2015) model), using 3 (three)
representative scenarios presented and recommended for coastal planning and risk management by
US National Oceanic and Atmospheric Administration (NOAA, 2017) (Figure 4.1) for the end of the
century. These representative scenarios correspond to Global Mean Sea Level (GMSL) rise by 2100, of
0.3 m; 1.0 m and 2.5 m that correspond to Low, Intermediate and Extreme scenarios, respectively. The
environments (ENV) used in this analysis, were described in section 1.4.3 (see Figure 1.3 and Table
1.1).

According to Table 4.1 in the Low scenario of NOAA, the projected values of coastal evolution show a
total retreat of 13 m for ENV4 (sand shore) and a total retreat of 6 m for ENV, to ENV, (environments
with intertidal beach). For environments ENV; to ENV,4 (without intertidal beach) was not possible to
calculate the total retreat.

In a NOAA Extreme scenario, ENV, indicates a total retreat of 111 m and subtidal beach show a total
retreat of 50 m (Table 4.2). In that sense, SLR exceed sedimentary balance only in NOAA Extreme
scenario.

Table 4.3 show the coastal evolution in a representative NOAA scenarios for Ponta Varandinha to Ponta

Pesqueiro Grande coastal section (Figure 4.2 - B) (stretch that displayed relevant coastal progradation)
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for 2100. In a recent coastal evolution, this stretch exhibit more accretion (37 m) than could be explained
by SLR (-5 m). At a projected NOAA scenarios, assuming that wind, waves and sediment source will

keep stable, SLR exceed sedimentary budget along the entire island only in Extreme scenario.

Regarding coastal evolution scenarios for other Boa Vista coastal sections for 2100 (Figure 4.2 - A),
SLR induced retreat exceed sedimentary budget (whose signal estimated using the spectral average

evolution is marginal) in recent and in all NOAA representative scenarios (Table 4.4).

In a coastal section without beaches, as there are no reliable information on average coastal slope it

was not possible to compute the SLR induced coastal retreat.

Table 4.1: Projected coastal evolution considering NOAA-0.3m (Low scenario) SLR scenario (see sub-
chapter 1.4.3 for coastal environment definitions)

Environments (ENV) Average beach slope Total retreat
(m)
ENV; (sandy shore) 0.0225 13
ENV, to ENV, with intertidal beach 0.05 6
ENV; to ENV, without intertidal beach 0-o00 ?

Table 4.2: Projected values of coastal evolution due to SLR (NOAA-2.5m) at Boa Vista island for 2100.

Environment (ENV)  Average beach slope Total retreat
(m)

ENV; (sandy shore) 0.0225 111
Subtidal beach 0.05 50

Table 4.3: Coastal evolution scenarios for Ponta Varandinha to Ponta Pesqueiro Grande section for 2100

NOAA Scenarios Net | Sediment Budget Component SLR Component
(m) (m) (m)

Recent 32 37 -5
(1968 - 2010)

. Low 48 61 -13
Projected Intermediate 17 61 44
(2019 - 2100) Extreme .50 61 111
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Table 4.4: Coastal evolution scenarios for Boa Vista coastal sections for 2100 (see Figure 4.2)

NOAA Scenarios Net | Sediment Budget Component SLR Component
(m) (m) (m)
Recent -3 -1 -2
(1968 - 2010)
. Low -8 -2 -6
Projected Intermediate -22 -2 -20
(2019 - 2100) Extreme -52 -2 -50

Flooded coastal areas projection was performed using a Digital Terrain Model (DTM), that presents a
very limited resolution. The DTM resolution (5 m) used here, no allows to make a quantitative assess-
ment of flooded areas under SLR impacts. In a preliminary comparison with expected SLR, it was
possible to deduce the most vulnerable areas. Results represented in Figure 4.3 show that Sal Rei City
constitute one of the more vulnerable areas. The other areas, namely the southern areas as they are

morphodynamically active, it is difficult to assess the real SLR impacts.

P. Varandinhal

P. Pesqueiro Grande ]

01.53 6km
| )

Figure 4.2: Segmentation of Boa Vista coast according to recent evolution: A - stable coast; B - a
creating coast .
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Figure 4.3: Areas prune to coastal flood by the End of century (2100) under SLR 2 m to 5 m using DTM.
Results should be consider preliminary due to low resolution of DTM model used.

4.3 Main achievements

In this chapter scenarios of coastal change of Boa Vista island under climate change were developed,
highlighting the main coastal evolution drivers (Figure 4.4). The main achievements are summarised

below:

1. Sea level rise, Wind, Waves and Sediment source are the main drivers of coastal change;
2. Sea level rise will be probably the driver that willmost influence futur coastal change;

3. With present state of knowledge is not possible to develop a quantitative model does not allow

projecting the sedimentary source evolution;

4. DTM resolution (5 m) no allows to make a quantitative assessment of flooded areas under SLR
impacts. Flooded coastal areas projection using DTM, reveal that Boa Vista island present flooded

coastal areas along entire island. Sal Rei City constitute the most flooded area;

5. In a Extreme scenario of NOAA (2.5m), coastal evolution projected indicates that SLR exceed
sedimentary budget, including Ponta Varandinha to Ponta Pesqueiro Grande sector. Others Boa
Vista coastal areas sections, show a retreat in recent and in all NOAA representative scenarios

projected under SLR;
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Figure 4.4: Main Drivers (sedmentary balance and SLR) of Boa Vista Coastal Evolution.



Chapter 5

Coastal Risk Under a Climate Change

Scenario

5.1 Introduction

The previous chapters have shown a recent coastal evolution at a decadal time-scale, in which the
sedimentary balance is a key driver responsible for the coastal configuration observed now. Projecting
the coastal evolution until the end of the century (2100) show the increasing importance of the SLR

component.

Many islands have a remarkable diversity of landscapes, ecosystems and species. In fact, islands face
risks from both climate-related hazards that have occurred for centuries, as well as new risks from
climate change, which pose a significant exposure to these islands (Sauter et al., 2013; Nurse et al.,
2014). Climate risk constitute a particular challenge to islands, because as their pressure absorption
capacity and territorial redeployment abilities are usually lower than on the mainland (Sauter et al.,
2013).

According to IPCGC, risk ”is often represented as probability of occurrence of hazardous events or trends
multiplied by the impacts if these events or trends occur.” and risk assessment ”is the qualitative and/or

quantitative scientific estimation of risks.”(IPCC, 2014b, p.1772).

Nurse et al. (2014) claims that on islands the key risks of climate change are: loss of livelihoods, coastal
settlements, infrastructure, ecosystem services and economic stability, decline and possible loss of coral
reef and interaction of rising global mean sea level in the 215 century with high-water-level events will
threaten low-lying coastal areas. Comparatively to other areas, small islands are disproportionately
affected by current hydro-meteorological extreme events, both in terms of the percentage of the popu-
lation affected and losses as a percentage of GDP (Anthoff et al., 2010). In a climate change context,
the risks of damage and associated losses are expected to continue to rise (Nicholls and Cazenave,
2010). Adaptation to climate change and risk assessment aims to reducing exposure and vulnerability

and increasing resilience to the potential adverse impacts of climate change, even though risks cannot

55
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fully be eliminated (IPCC, 2012b).

5.2 Key Components of Risk

Risk results from the interaction of: a) hazards, the climatic events; b) exposure and c¢) vulnerability to
these hazards (Cardona et al., 2012; IPCC, 2014b). Also, hazard refers to the possible, future occur-
rence of natural or human-induced physical events that may have adverse effects on vulnerable and
exposed elements (IPCC, 2014b; UNDHA, 1992; UNDRO, 1980).

Hazard events can be partly determined by environmental degradation and human intervention in natural
ecosystems (Lavell, 1996). Exposure refers to the inventory of elements in an area in which hazard
events may occur (Cardona, 1990; IPCC, 2001). Impacts of extreme weather events depends heavily

on the exposure and vulnerability level of particular areas to these extreme events (IPCC, 2012b, p.10).

Vulnerability refers to the propensity of exposed elements such as human beings, their livelihoods, and
assets to suffer adverse effects when impacted by hazard events (Cardona, 1990; IPCC, 2001; UNDRO,
1980).

Exposure and vulnerability are dynamic, depending on the temporal and spatial scales of economic,
social, geographical, demographic, cultural, institutional, governance and environmental factors (IPCC,
2012b, p.7).

Although there is often confusion between exposure and vulnerability, they are distinct. Thus, according
to Cardona et al. (2012) exposure is a necessary but not sufficient risk determinant. It is possible to be
exposed but not vulnerable (e.g. living on a floodplain, but with sufficient means to modify the structure
and behaviour of the building in order to mitigate the potential loss). However, to be vulnerable to an
extreme event, it is also necessary to be exposed. Figure 5.1, below summarise the relationship existent

among key risk determinants described above, identified in the study area from this work.
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Figure 5.1: Scheme of the interaction among the physical climate system, hazard and vulnerability
producing risk in study area . Source: Adapted from IPCC (2012b) and Oppenheimer et al. (2014).

5.3 Evolution of Coastal Risk

Coastal areas have a range of socio-economic activities relevant to the country’s economy. These
activities includes, among other, tourism and recreation, exploitation of living and non-living resources
and nature conservation (Bijlsma et al., 1996). Urban expansion on the coastal area and unsustainable
use of marine resources can induce environmental degradation and hazard vulnerability (Dey et al.,
2002; Mills et al., 2005). Development, sustainable management, and safe occupation of coastal areas
require an understanding of natural coastal hazards and how they influenced human activity (Solomon
and Forbes, 1999).

Boa Vista island is the least populated island of the archipelago (Sanchez-Canizares and Castillo-
Canalejo, 2014), with only 3% (16.620 inhabitants in 2017) of the total population of the country (537.231
inhabitants in 2017) (IMC, 2017).

According to Table 5.1, between 1960 and 2000, Boa Vista population has gradually increased. How-
ever, between 2000 (4206 inhabitants) and 2010 (9162 inhabitants) the population has more than dou-
bled. This growth has been mainly driven by tourism (Aguilera et al., 2018), due to the tourist dynamics,
mainly tourist investments that promote the internal and external migration flow (mainly people from

mainland Africa) originated an increase in the supply of jobs and better living conditions (Lima, 2012).

Boa Vista is the second most important Cabo Verde island in terms of tourism, with a strong increase
in the last two decades (Eusébio et al., 2018). Between 2000 and 2017, the number of guests has
wondrously increased from 9.402 to 206.614, respectively, an very high growth more than 20 times
(Figure 5.2) (INE-CV, 2018). This phenomenon started in 2007 (Figure 5.2) with the construction of Boa
Vista International Airport (Lima, 2012). Tourism plays an important role in islands, because it provides

a dynamic model for economic growth and is the largest contributor to the country’s Gross National
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Product (GNP), (Bijlsma et al., 1996; Holzner, 2011; Schubert et al., 2011).

Table 5.1: Population evolution of Boa Vista island from 1960 until 2010. Source: INE-CV (2010).

Year 1960 1970 1980 1990 2000 2010
Population 3263 3569 3372 3452 4193 9162

250 000

200 000 ,.--'\\,/,..-—-

150 000

100 000

MNumber of Guest

50000 |

0
1998 2000 2002 2004 2006 2008 2010 212 2014 2016 2018

Year

Figure 5.2: Guest evolution between 2000 and 2017 at Boa Vista island. Source: INE-CV (2018).

Figure 5.3: Example of evolution of increase in the exposure assets at Boa Vista coastal areas between
1968 (left) and 2010 (right).
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Figure 5.4: Simplified model of risk increase due to coastal developement.

Figures 5.3 and 5.4 display the coastal assets evolution between Carlota Beach and Chave Beach (see

Figure 2.2) from 1968 until 2010. The assets indicated in Figure 5.4 represents a part of the coastal

vulnerability. According to these figures, in 1968 in this coastal stretch no tourism infrastructures existed

while 2010 some tourism infrastructure are observed. Therefore, this support Sillitoe (2009) affirmation

that in recent years, Boa Vista island has exhibited a highest rate grown of tourism and it has happened

in an unsustainable way, with several environment negative impacts, for example:

1. The legally established distance of 80 meters from the coast is frequently ignored and construc-

tions are carried out within that area;

Cabo Verde has a Law (Law n° 44/V1/2004, de 12 de Julho, artigo 3°, alinea €) that establishes de-
limitation of maritime public domain assets: "the seafront, including beaches and lands of coasts,
inlet, contiguous bays of maximum high water line in a 80 meters wide buffer zone”. According to
the Law above, private buildings will be away, at least, 80 meters from the high water line. In Figure
5.6 is put in evidence a touristic enterprise at a distance of about 56 meters from the coastal high
water line. In this sense, it is a non-compliance with the law, which is in-line with one of the several

negative impacts of tourism at Boa Vista island referred by Sillitoe (2009).

. The continuous evolution of tourism-related constructions along the Boa Vista coastline and In-

tegrated Tourist Development Zone (ZDTI, portuguese acronym) proposals are environmentally

and socially detrimental and ultimately inhibit the development of a tourism industry, rendering it
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unattractive to visitors , limiting access and overlooking the beach and the sea;

3. The natural sea barrier is destroyed, damaged or impaired (dune systems, coral reefs);

4. The natural nourishment of the beach and dunes is impaired;

5. Environmentally harmful tourism activities are provoked by motorbikes on beaches and dunes, with
harmful consequences for dune vegetation, leading to their destruction and destabilization of this
ecosystem. This practice has a negative consequences for sea turtles, especially in the nesting
season, destroying their nests. Besides that, it also destroy nests of shorebirds that use dune

vegetation to nest.

Additionally, to the environmental impacts above-mentioned, the occupation of coastal areas at Boa
Vista island as an unsustainable way, could constitutes a risk factor for the exposed elements (e.g. in-
frastructures, population and biodiversity) (Figures 5.4, 5.5 and 5.6), in a climate change context (namely
with SLR) notably coastal erosion and coastal flood ( see Figure 4.3 ) .

Figure 5.5: Sal Rei City.
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Figure 5.6: Example of risk coastal area infrastructures.

5.4 Strategies for Coastal Adaptation

According to Santos et al. (2017) coastal zones constitute a complex adaptive system comprising two
components: human systems (e.g. built heritage, human activities, coastal zones management and
governance) and natural systems (e.g. diversity of geological formations and ecosystems) that interact

amongst themselves.

Since the Second Assessment Report (SAR) publication in 1996, significant barriers to climate change
adaptation strategies in island settings have been discussed in considerable detail (Nurse et al., 2014).
According (Sovacool, 2012), this barriers include: i) inadequate access to financial, technological, and
human resources; ii) issues related to cultural and social acceptability to counter measures; iii) con-
straints imposed by the existing political and legal framework; iv) the emphasis on island development
as opposed to sustainability; v) a tendency to focus on addressing short-term climate variability rather
than long-term climate change; and vi) community preferences for “hard” adaptation measures such as
seawalls instead of “soft” measures such as beach nourishment. Notwithstanding, there exist several
ways about climate adaptation that can be undertaken in situ, namely reducing socio-economic vulner-

abilities, building adaptive capacity, enhancing disaster risk reduction, or building longer term climate
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resilience (e.g. McGray et al., 2007; Eakin et al., 2009).

One of the most appropriate climate change adaptation strategy for small islands is community-based
adaptation (CBA) principles to island communities, with purpose to facilitate adaptation planning and

implementation (e.g. Warrick, 2009; Kelman et al., 2011)

According Nurse et al. (2014) there is a lack of information on quantitative climate risk assessments for
many small islands, which require that the future adaptation decisions will rely on responses to past and
present climatic extremes and climate variability, or assumed/hypothetical impacts of climate change

based on type of island.

5.4.1 Review of Boa Vista island Coastal Management Tools

As stated before, Cabo Verde is highly vulnerable to climate change, with a low capacity to adapt (Mor-
eira and Shikui, 2014). There is a growing body of literature that discusses the benefits and possibilities

of mainstreaming or integrating climate change policies in development plans (Nurse et al., 2014).

Territorial management, is a tool for spatial coordination and integration in several sectoral policies.
Furthermore, it plays a key role in reducing vulnerabilities of territories to the climate dynamics effects,
either through mitigation or adaptation measures aimed at reducing exposure to risk and reinforce the
resilience of territorial systems in a serious accidents (Campos and Mourao, 2012). Additionally, local
action to reduce existing stress on island people and ecosystems is a critical part of enhancing resilience
(Finucane et al., 2012). Additionaly, research and long-term monitoring are a sustained assessment
process. Moreover, public engagement in the development of useful information will enhance Islanders’

ability to address the climate challenges (Finucane et al., 2012).

Climate change items included in coastal management laws in Cabo Verde and Boa Vista island are
as follows: there is no coastal planning plan (namely POOC, portuguese acronym), although it exists a
regulation on the elaboration process and implementation for coastal and adjacent sea planing (POOC-
M, portuguese acronym)(Decree-Law no. 14/2016 of 15¢ March 2016). Examining this Decree-Law, it
does not mentions climate change issues, only refers that is prohibited to construct on "areas at risk of

advance of sea water” (ANNEX I, number 1 line g).

In general, climate change policies in Cape Verde related on coastal areas has been focusing mainly
on plans/programs and projects developed and implemented at national/local level, often in compliance
with international obligations. For example, the National Adaptation Program to Climate Change (2008-
2012), Intended Nationally Determined Contribution (INDC, 2015), Sectoral Studies, Vulnerability and
Adaptation to Climate Change in Cabo Verde (Fragoso, 2007).

Taking into account the Cabo Verde archipelagic nature with fragile and vulnerable ecosystems, integra-
tion of the climate change issues in all policies related to territory planning and management, namely

on the coastal areas, constitutes an added value in increasing climate change adaptive capacity and
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resilience.

Bearing in mind that Cabo Verde has no POOC-M yet, it is prudent to recommended:

. One POOC-M per island;

. Promote all stakeholders participation on POOC-M elaboration and implementation fase;

. Special attention should be given to low-lying islands, namely Sal, Boa Vista and Maio, with regard

to their vulnerability to climate change, namely sea level rise;

. Increased awareness and public education on climate change issues;

. Research and long-term low-lying coastal areas monitoring to minimize the unsustainable use on

this environment.

Finally, this work demonstrates that Boa Vista island present a peculiar behaviour related to coastal

evolution, namely in the south stretch. So, the sketch provided in Figure 5.7 elaborated by Barwell

(2011), gives a graphical illustration of how all the different components are combined when setting the

coastal setback line, which may be included in the Boa Vista island POOC-M, as the existence of a buffer

area for wind blown sand is essential for maintain the sediment budget across the island. Moreover, the

inclusion of buffer areas for aesthetics, biodiversity, heritage, etc, reasons is very important measure to

assure the sustainability of coastal areas and preserve the tourist potential of the island.

5.5 Main achievements

In this chapter a coastal risk assessment under a climate change scenario was discussed. The main

achievements are summarised below:

. Boa Vista island present a strong increase in tourism essentially on the coastal area during the

last two decades ;

. The highest rate grown of tourism at Boa Vista island has happened in an unsustainable way, with

several environment negative impacts, namely in biodiversity, and dunar and beach systems;

. Use the community-based adaptation as one of the most appropriate climate change adaptation

strateqgy;

. Its urgent the preparation and implementation of the POOC-M to promote the sustainable use of

coastal areas on the Boa Vista island. The development of these plans should incorporate the

specificity of Boa Vista Coastal dynamics.
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Figure 5.7: How all different components are combined in setting the coastal setback line (Barwell,

2011).
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Conclusion

In this thesis a profile of climate change impacts on coastal area evolution of Boa Vista island was
developed. Boa Vista has a relatively low-lying morphology island and is considered one of the most
vulnerable islands of Cabo Verde to climate change. Notwithstanding, Boa Vista island is the second
most important island in terms of sun and sand tourism that assumes critical relevance in Cabo Verde,
generating about 44,9% GDP. The following paragraphs summarise the major findings of this work and

address the future direction of research on Boa Vista island.

6.1 Main Achievements

The research conducted contributed to improve the understanding of coastal evolution along the entire
low-lying Boa Vista island, based on a comprehensive collection of aerial photographs and orthophotos

maps with different spatial and spectral resolutions.

The major findings of this work is related to the fact that the recent (1968 to 2010) Boa Vista coastal
area evolution was controlled only by the sedimentary budget, with a spatially averaged coastline and
shoreline evolution of 0.48 m year—! and 0.18 m year—!, respectively. Moreover, in a long-term coastal
evolution assessment, coastline was found to be a more consistent indicator, as the shoreline is more
prone to errors related to wave and tide variability and is also affected by short-term variability such as

beach rotation or beach cross-shore changes.

Additionally, during the studied time-window of observation (1968-2010), most of Boa Vista coastal
evolution revealed a fairly stable behaviour, with a noticeable accretion trend only recognized at south-
southwest sides of the island. To identify the key factor that induced this coastal evolution, research
to understand the key drivers of change was conducted. In that sense, it was possible to identify two
different sediment transport process across the island: a) on the eastern side, the north south sediment
transport is dominated by headland bypassing; b) on the western side, the sediment is mostly trans-
ported along the aeolian corridor by overpass (dune corridor) transport. This phenomenon is supported

by sediment composition and texture (mainly biogenics and fine sand present along aeolian corridor),
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and island morphological relationships, where the western side presenting a flatter planar morphology.

The sediments transported by the two-transport processes above mentioned converge to the southern
coast (between Ponta Varandinha and Ponta Pesqueiro Grande) where sediment accumulation is trans-
lated on long-term coastline progradation, reflecting its character as the major sedimentary sink of Boa

Vista island with total of 148 x 103 m3 year—!.

Island-scale observations conducted in this work, permit to capture the sedimentary connections be-

tween beach systems, that often control rate of coastal evolution.

Regarding to coastal evolution projected for 2100, using NOAA representative scenario under SLR,
in all coastal areas except Ponta Varandinha to Ponta Pesqueiro Grande sector of Boa Vista island,
SLR exceed sedimentary budget. At Ponta Varandinha to Ponta Pesqueiro Grande sector, SLR exceed
sedimentary budget only in Extreme SLR scenario. Therefore, Boa Vista flooded coastal areas by SLR
projected until the end of century (2100) using DTM, reveal that Sal Rei City constitute the area most

prune to flooding.

Finally, it was shown that to avoid negative impacts of climate change context, required a strong strate-
gies policies for coastal adaptation. Thus, research, continued monitoring, a sustained assessment
process, and public engagement in the development of useful information will enhance ability to address

the climate challenges.

Having in consideration the results obtained and taking into account the relevance of Boa Vista island
on sun and sand tourism in terms of economic revenue at national level, it is necessary to highlight
the vulnerability of the sedimentary links between coastal and dune systems, and therefore there is an
absolute need to avoid the creation of any physical obstacles to sediment transport that can put in peril

the delicate coastal equilibrium.

6.2 Outlook

Measure coastal evolution based on coastline and shoreline indicators was developed in chapter 2.
Seeing that shoreline is more prone to errors related to wave and tide variability and is also affected by
short-term variability such as beach rotation or beach cross-shore changes, we suggested that future
research conducts detailed analysis on the shoreline indicator, with the aim to clarify the role of this
indicator on the coastal evolution of the study area. This study is important to evaluated coastal response

to change in wave climate.

Drivers of change was addressed on chapter 3, here efforts should be made in the future to measure
the wind action to obtain a better understanding of change in magnitude and direction. Still, in the same
chapter was estimated the sediment sink quantification, so future work in this regard would be of great

value.

Still on chapter 3, textural and compositional analysis was conducted. Thus, efforts should be made in
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the future to study bioclast content on the continental shelf that is the main feeder of sediments to Boa
Vista coastal area. Understanding the effects of climate change in the source of biogenic particles of
utmost important to understand future changes in the sedimentary budget, which, in this work, was con-
sidered. This change include the response of the source organisms to change in sea water temperature
and acidity. An analogous approach should be followed for terrigenous sediments.

On chapter 4, SLR Projection for 2100 and its effects on coastal evolution was presented. In the future,

efforts should be made to better evaluate this driver impact.
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Appendix A

Definition of some terms by IPCC

related to Climate Change

The terminology adopted in this thesis follows the Fifth Assessment Report (AR5) of Working Group | of
the Intergovernmental Panel on Climate Change (IPCC) (IPCC, 2013b, p. 1450-1451):

Climate - "Climate in a narrow sense is usually defined as the average weather, or more rigorously,
as the statistical description in terms of the mean and variability of relevant quantities over a period of
time ranging from months to thousands or millions of years. The classical period for averaging these
variables is 30 years, as defined by the World Meteorological Organization. The relevant quantities are
most often surface variables such as temperature, precipitation and wind. Climate in a wider sense is

the state, including a statistical description, of the climate system.”

Climate system - "The climate system is the highly complex system consisting of five major com-
ponents: the atmosphere, the hydrosphere, the cryosphere, the lithosphere and the biosphere, and the
interactions between them. The climate system evolves in time under the influence of its own internal dy-
namics and because of external forcings such as volcanic eruptions, solar variations and anthropogenic

forcings such as the changing composition of the atmosphere and land use change.”

Climate change - "Climate change refers to a change in the state of the climate that can be identified
(e.g., by using statistical tests) by changes in the mean and/or the variability of its properties, and that
persists for an extended period, typically decades or longer. Climate change may be due to natural
internal processes or external forcings such as modulations of the solar cycles, volcanic eruptions and
persistent anthropogenic changes in the composition of the atmosphere or in land use.”

For a better understanding and an efficient assessment of climate change impacts on coastal areas, it
is prudent to define the following items adopted the IPPC, Intergovernmental Panel on Climate Change

definition:

Adaptive Capacity

Is "the ability of a system to adjust to climate change (including climate variability and extremes) to
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moderate potential damages, to take advantage of opportunities, or to cope with the consequences”
(IPCC, 2001, p. 982).

Impacts

"Generally refer to effects on lives, livelihoods, health, ecosystems, economies, societies, cultures, ser-
vices, and infrastructure due to the interaction of climate changes or hazardous climate events occurring
within a specific time period and the vulnerability of an exposed society or system. Impacts are also

referred to as consequences and outcomes” (IPCC, 2014b, p. 1767).

Exposure

Is "the nature and degree to which a system is exposed to significant climatic variations* where the
exposure unit is ‘an activity, group, region, or resource that is subjected to climatic stimuli” (IPCC, 2001,
p. 987).

Hazard

Is “the potential occurrence of a natural or human-induced physical event or trend or physical impact
that may cause loss of life, injury, or other health impacts, as well as damage and loss to property,
infrastructure, livelihoods, service provision, ecosystems, and environmental resources” (IPCC, 2014b,
p. 1766).

Mitigation
Is "an anthropogenic intervention to reduce the sources or enhance the sinks of greenhouse gases”
(IPCC, 2001, p. 990) .

Resilience

Is “the ability of a system and its component parts to anticipate, absorb, accommodate, or recover
from the effects of a hazardous event in a timely and efficient manner, including through ensuring the
preservation, restoration, or improvement of its essential basic structures and functions” (IPCC, 2012a,
p. 563).

Sensitivity
Is “the degree to which a system or species is affected, either adversely or beneficially, by climate
variability or change” (IPCC, 2014b, p. 1772) .

Vulnerability

Is "the degree to which a system is susceptible to, or unable to cope with, adverse effects of climate
change, including climate variability and extremes. Vulnerability is a function of the character, magnitude,
and rate of climate variation to which a system is exposed, its sensitivity, and its adaptive capacity”
(IPCC, 2001, p. 995).
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Classification of Coastal

Environments

Terrestrial Zone (TZ) Adjacent Sea Zone (ASZ)  Length

Dune Beach 5374.35
Dune Beach 109.89
Cliff Beach 43.71
Dune Beach 1525.62
Cliff Beach 116.69
Cliff Beach 75.94
Dune Beach 496.45
Dune Beach 372.60
Dune Beach 215.47
Dune Beach 479.61
Cliff Beach 120.87
Cliff Beach 146.58
Cliff Beach 205.55
Cliff Beach 521.96
Dune Beach 120.10
Dune Beach 1128.21
Cliff Beach 468.06
Dune Beach 27.94
Cliff Beach 828.20
Dune Beach 183.18
Dune Beach 2005.25
Dune Beach 219.33
Dune Beach 839.40
Dune Beach 430.77
Dune Beach 4743.68
Dune Beach 7410.21
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Terrestrial Zone (TZ) Adjacent Sea Zone (ASZ)  Length
Dune Beach 209.34
Dune Beach 9530.20
Dune Beach 799.76

Structure Beach 197.53
Dune Beach 217.01
Dune Beach 93.94
Dune Beach 44.83
Dune Beach 250.42
Dune Beach 2469.68

Cliff Beach 339.33
Dune Beach 89.30
Dune Beach 99.92
Dune Beach 232.60
Dune Beach 520.38
Cliff Beach 23.11
Dune Beach 72.55
Dune Beach 121.22
Dune Beach 100.50
Dune Beach 56.58
Dune Beach 367.82
Dune Beach 374.31
Cliff Beach 317.45
Dune Beach 289.97
Dune Beach 148.24
Dune Beach 1071.66
Dune Beach 201.96
Dune Beach 139.17
Cliff Beach 168.12
Cliff Beach 271.01
Cliff Beach 173.86
Cliff Beach 112.99
Cliff Beach 135.79
Cliff Beach 39.80
Dune Beach 67717
Dune Beach 446.30
Cliff Platform 8006.62
Cliff Platform 208.46
Cliff Platform 13301.55
Cliff Platform 724.09
Cliff Platform 1235.05
Cliff Platform 949.18
Cliff Platform 112.09
Cliff Platform 1330.27
Cliff Platform 3411.21
Cliff Platform 1351.35
Cliff Platform 380.64
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Terrestrial Zone (TZ)

Adjacent Sea Zone (ASZ)

Length

Dune
Cliff
Cliff
Cliff
Cliff

Dune

Dune

Dune

Dune
Cliff
Cliff

Dune
Cliff
Cliff
Cliff

Dune
Cliff
Cliff
Cliff

Dune
Cliff

Structure

Structure

Structure
Cliff

Dune

Dune
Cliff
Cliff

Structure

Dune

Dune
Cliff

Dune
Cliff
Cliff
Cliff
Cliff

Dune
Cliff

Dune

Dune
Cliff
Cliff
Cliff
Cliff

Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform

155.61
240.04
575.53
1234.76
741.88
2671.20
351.72
535.79
3077.60
948.24
707.42
494.38
261.36
531.82
548.91
580.76
337.38
675.33
92.69
297.35
6674.52
216.69
161.48
1237.70
222.36
144.59
259.10
521.20
88.96
78.93
723.47
309.55
1010.77
164.28
2006.46
72.36
193.34
363.31
49.50
791.09
443.35
95.08
398.21
1043.32
249.75
337.60



Appendix B. Supplementary Material to Chapter 1 - Classification of Coastal Environments

Terrestrial Zone (TZ) Adjacent Sea Zone (ASZ)  Length

Dune Platform 226.51
Cliff Platform 1309.07
Cliff Platform 1086.40

Dune Platform 261.12
Cliff Platform 309.08

Dune Platform 311.60

Dune Platform 262.82

Dune Platform 181.20

Dune Platform 100.73

Dune Platform 167.75
Cliff Platform 119.37

Dune Platform 206.80

Dune Platform 117.82

Dune Platform 143.37
Cliff Platform 947.75

Dune Platform 26.46

Dune Platform 84.15
Cliff Platform 259.40
Cliff Platform 183.42

Dune Platform 137.80
Cliff Platform 422.67

Dune Platform 126.51
Cliff Platform 23.81
Cliff Platform 54.55

Dune Platform 390.74
Cliff Platform 82.60
Cliff Platform 425.00
Cliff Platform 31.53
Cliff Platform 155.18

Dune Platform 85.16

Dune Platform 52.46

Dune Platform 80.62
Cliff Platform 713.04
Cliff Platform 713.04

Dune Platform 146.60

Dune Platform 119.20
Cliff Platform 195.75
Cliff Platform 168.29
Cliff Platform 113.09

Dune Platform 228.40

Dune Platform 242.87

Dune Platform 190.77
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Figure C.1: Aerial Photos - 1968.

Figure C.2: Aerial Photos - 1968.
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Figure C.3: Aerial Photos - 1968.

Figure C.4: Aerial Photos - 1968.
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Figure C.5: Aerial Photos - 1983.

Figure C.6: Aerial Photos - 1983.
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Figure C.7: Aerial Photos - 1983.

Figure C.8: Aerial Photos - 1983.
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Figure C.9: Aerial Photos - 1983.

Figure C.10: Aerial Photos - 1991.
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Figure C.11: Aerial Photos - 1991.

Figure C.12: Aerial Photos - 1991.
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Figure C.13: Aerial Photos - 1991.

Figure C.14: Aerial Photos - 1991.
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Figure C.15: Aerial Photos - 1991.

Figure C.16: Ortophoto - 2003.
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Figure C.17: Ortophoto - 2010.

Legend
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Figure C.18: Digital Terrain Model
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Points number Points of 10% Text number Total minimum mean maximum Stand. Pad Mean quadratic error Buffer (m)
100 10 5 50 0 3.7 8.81 2.27 4.34 500
91 9 6 54 0.42 5.82 22.93 5.28 7.86 500
62 6 9 54 0.36 3.7 8.54 2.41 4.4 500
87 9 6 54 0.35 3.02 14.38 2.72 4.07 500
50 5 10 50 0.32 413 55.13 7.52 8.7 500
42 4 13 52 0.34 10.95 57.24 15.16 18.7 1000
88 9 6 54 0.35 2.24 22.7 3.3 4 500
74 7 8 56 0.32 2.1 6.61 1.27 2.45 1000
52 5 10 50 0.32 4.51 23.01 5.99 7.5 500
44 4 13 52 0.7 24 12.05 1.89 3.06 500
44 4 13 52 0.2 1.37 33.11 4.46 4.67 500
55 6 9 54 0.33 1.99 7.81 1.44 2.46 500
176 18 3 54 0.67 1.91 4.5 0.9 2.11 500

Aerial photos: 1968
Square Root: 7.135225726
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Points number Points of 10% Text number Total minimum mean maximum Stand. Pad Mean quadratic error Buffer (m)
55 6 9 54 0.34 2.67 7.13 1.68 3.15 1000
100 10 5 50 0.33 2.68 10.74 1.98 3.33 500
79 8 7 56 1.16 5.47 34.34 6.83 8.75 1000
61 6 9 54 0.29 3.95 15.42 34 5.21 500
83 8 7 56 0.31 3.04 9.67 2.03 3.65 500
102 10 5 50 0.33 3.85 12.99 2.58 4.64 500
100 10 5 50 0.28 3.62 12.23 2.64 4.48 500
111 11 5 55 0.76 5.89 28.24 6.07 8.46 500
125 13 4 52 0.33 4.92 35.69 6.81 8.41 500
134 13 4 52 0.32 2.59 16.28 2.62 3.68 500
169 17 3 51 0.67 3.38 8.29 2.09 3.98 500

Aerial photos: 1983
Square Root: 5.65141173
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Points number Points of 10% Text number Total minimum mean maximum Stand. Pad Mean quadratic error Buffer (m)
258 26 2 52 0.26 1.67 4.91 1.08 1.99 500
70 7 8 56 0.27 1.39 3.74 0.83 1.62 500
316 32 2 64 0 1.08 4.23 0.75 1.31 500
348 35 2 70 0.19 1.46 5.2 0.99 1.76 500
300 30 2 60 0 1.42 15.34 2.04 2.48 500
200 20 3 60 0 1.75 8.37 1.27 2.16 500
103 10 5 50 0.53 1.5 3.82 0.89 1.75 500
239 24 3 72 0 1.62 5.61 1.04 1.93 500

Aerial photos: 1991

Square Root: 1.903995798
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% % FLEMMING %
SAMPLES COARSE FINES MEAN SORTING SKEWNESS KURTOSIS DESCRIPTION 2000 CaCoO;
1 81.58 18.42 1.62 0.76 0.06 0.87 MS MSt Sl P MSd 91.13
4 98.56 1.44 2.06 0.49 -0.03 1.02 FS WS Sl Mk Sd 90.75
5 99.35 0.65 1.81 0.56 0.04 0.90 MS MWS Sl Mk Sd 89.25
DUNES 6 99.70 0.30 1.78 0.68 0.20 0.82 MS MWS FSk P Sd 90.00
7 99.56 0.44 1.69 0.75 0.13 0.83 MS MSt FSk P Sd 89.41
13 99.58 0.42 2.24 0.42 -0.01 1.18 FS WS Sl L Sd 89.98
22 100.00 0.00 2.40 0.39 0.05 0.96 FS WS Sl Mk Sd 91.75
2 100.00 0.00 2.090 0.377 -0.098 1.023 FS WS Sl Mk Sd 79.95
3 100.00 0.00 2.105 0.595 -0.140 0.947 FS MWS CS Mk Sd 89.23
8 100.00 0.00 1.889 0.414 -0.064 0.918 MS WS Sl Mk Sd 81.88
9 100.00 0.00 2.105 0.447 -0.090 1.057 FS WS Sl Mk Sd 84.02
9B 100.00 0.00 2177 0.444 -0.107 1.283 FS WS CS L Sd 85.13
10 100.00 0.00 2.069 0.463 -0.087 1.027 FS WS Sl Mk Sd 87.36
BEACHES 14 100.00 0.00 2.025 0.479 -0.111 1.037 FS WS CS Mk Sd 91.13
15 100.00 0.00 1.987 0.450 -0.059 1.012 MS WS Sl Mk Sd 89.57
16 100.00 0.00 1.337 0.469 0.040 1.001 MS WS Sl Mk Sd 80.36
17 100.00 0.00 1.211 0.890 0.205 0.729 MS MSt FSk P Sd 88.72
18 100.00 0.00 1.818 0.491 -0.122 0.931 MS WS CS Mk Sd 87.30
19 100.00 0.00 1.550 0.329 -0.169 0.771 MS VWS CsS P Sd 84.74
20 100.00 0.00 1.875 0.583 -0.136 1.011 MS MWS CS Mk Sd 89.08

MS-Medium Sand; MSt-Moderately Sorted; St-Sorted; SI-Symmetrical; P-Platykurtic; MSd-Mud Sand ; FS-Fine Sand; WS-Well Sorted; Mk-Mesokurtic;
Sd-Sand; MWS-Moderately Well Sorted; FSk-Fine Skewned; L-Leptokurtic; CS-Coarse Skewed;
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Compositional analisis of Boa Vista island sediments

Samples Biogenics Terrigenous

1 88.3 11.7
4 92.1 7.9
5 94.7 5.3

6 88.5 11.5
7 92.8 7.2
13 96.7 3.3
22 94.9 5.1

2 85.6 14.4
3 86.2 13.8
8 90.9 9.1

9 93.2 6.8
9b 94.6 5.4
10 95.5 4.5
14 97.5 2.5
15 98.2 1.8
16 94.4 5.6
17 93.0 7.0
18 96.3 3.7
19 95.5 4.5

20 91.2 8.8
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Descriptive morphometric data of Dunas de Chaves aeolian corridor (n = 29), Boa Vista Island.

Dunes Migration  Volume Width  Length Height Aeolian Total
rate transport rate transport
(m) (V) (W) (L) (H) Q) (m)
(m/ano) (m?3) (m) (m) (m)  (Mm*m-tyear ') (m3m~!year1)
1 28.11 35098.93 92.622 84.428 16.04 126.15 126153.86
2 34.21 17560.24 73.252 68.046 12.93 120.52 120523.14
3 28.99 2197452 90.768 68.618 13.04 102.29 102294.79
4 35.44 6837.24 62.49 45924 8.73 84.43 84427.82
5 36.68 1247476  70.11 58.878 11.19 110.85 110849.18
6 33.03 10417.37 70.724 53.29 10.13 91.31 91306.29
7 27.17 30264.85 96.624 77.814 14.78 109.35 109346.75
8 35.41 13995.17 65.284 64.096 12.18 118.43 118430.96
9 35.87 7850.15 56.104 5197  9.87 96.57 96572.91
10 30.08 21427.33 96.08 64.696 12.29 103.68 103683.64
11 27.76 1421422 76.386 59.77 11.36 86.43 86425.43
12 17.13 4994498 120.58 89.69 17.04 79.12 79116.21
13 19.23 32876.48 97.625 79.05 15.02 81.94 81942.44
14 21.44 23136.69 83.69 73.174 13.90 81.00 80997.79
15 20.63 50677.08 128.04 87.412 16.61 93.41 93413.53
16 18.53 49579.23 11535 88.61 16.84 89.87 89865.38
17 20.47 63613.02 148.45 91.574 17.40 95.78 95780.09
18 24.27 30361.86 99.04 76.492 14.53 97.27 97266.59
19 20.87 40937.27 127.82 79.004 15.01 84.61 84606.43
20 23.20 30335.18 104.37 7298 13.87 92.39 92386.90
21 25.39 19600.21 93.162 64.02 12.16 83.44 83444.04
22 31.70 8401.53 77.152 45.85 8.71 75.29 75294.49
23 25.97 38995.49 158.01 69.204 13.15 92.62 92617.91
24 21.13 41786.64 132.02 78.56 14.93 85.14 85143.33
25 27.79 21929.69 131.47 56.004 10.64 82.77 82771.23
26 23.82 21397.65 102.39 67.182 12.76 74.09 74085.48
27 27.10 1491546 84.824 57.996 11.02 82.16 82155.03
28 26.46 8286.32 67.01 49.054 9.32 66.69 66692.01
29 27.17 32813.91 109.74 76.35 14.51 106.39 106393.91
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Verification Points of Dunes displacements - X Coordinates

Dunes (ID) Years
2005 2010 2012 2013 2015 2016 Media Sd. Dev.
1 273828.3 273820.5 273820.7 273837.7 273816.2 273819.4 273823.8 7.9
2 273916.8 273912.7 2739115 273891 273909 273911 273908.6 9.0
3 273949.7 273944.5 273944.3 273956.8 273940.1 273934.7 273945 7.6
4 273794.2 273792.8 273788.2 273800 273801 273803.2 273796.6 58
5 273800.3 273794.8 273795.8 273807.9 273793.9 273791.4 273797.3 6.0
6 273638.3 273630.1 273628.9 273643.3 273627.8 273628.6 273632.8 6.4
7 273378.1 273372.7 273372.8 273386.3 273368.3 273369.7 273374.6 6.6
8 273389.4 273381.5 273380 273394.8 273380 273379.1 273384.1 6.5
9 273521 2735141 2735183.2 273526.8 273511 273511.7 273516.3 6.3
Media 273690.7 273684.8 273683.9 273693.8 273683 273683.2
Sd. Dev. 217.9 218.8 218.8 214.3 219.3 218.8
Verification Points of Dunes displacements - Y Coordinates
Dunes (ID) Years
2005 2010 2012 2013 2015 2016 Media Sd. Dev.
1 151715.2 151715.2 1517142 151723.1 151711.6 1517158 151715.9 3.8
2 151653.5 151652.5 151650.6 151662.4 151647.8 151651.1 151653 5.0
3 151714 151716.6 151713 1517271 151710.9 1517129 151715.7 5.9
4 150600.7 150602.1 150602.6 150620.6 150619.1 150621.1 150611 10.1
5 150690.9 150689.9 150688.9 150697.9 150688.8 150690.4 150691.1 3.4
6 150623.1 150623 150622.1 150631.6 150620.2 150624 150624 4.0
7 152584.6 1525829 152581.1 152592.6 152579.3 152582.9 152583.9 4.6
8 152639.7 152637 152636  152648.3 152636 152638.9 152639.3 4.6
9 152580.7 152579.8 152578.1 152588.6 152578.9 152578.9 152580.8 3.9
Media 151644.7 151644.3 151642.9 151654.7 151643.6 151646.2
Sd. Desv. 851.7 850.9 850.4 850.0 848.0 847.9
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Source Sea Level Rise - Projections for 2100 Methods used
(Hoffman et al., 1983) 0.56t0 3.45m Approach assumptions and models
Dias and Taborda (1988) 0.140t0 0.572 m Tide Gauges
IPCC (1990) 0.31to 1.10 m Business-as-Usual emissions scenario
IPCC 1S92a forcing scenario using a climate sensitivity of 2.5°C
IPCC (1996) 0.20t0 0.86 m For the mid projection and 1.5°C;
4.5°C for the low and high projections, respectively
IPCC (2001) 0.11t00.77 m Using a range of AOGCMs
following the 1S92a scenario
IPCC (2007) 0.22t0 0.44 m Under the IPCC (SRES) A1B scenario
Rahmstorf (2007) 0.50t0 1.4 m Based in global mean surface temperature
Vermeer and Rahmstorf (2009) 0.75t01.90 m Tested on synthetic data from a global

climate model for the past millennium
and the next century

Jevrejeva et al. (2012) 0.57t0 1.10 m Physically plausible sea level model
constrained by observations and forced
with 4 new RCP radiative forcing scenarios

(IPCC, 2013a) 0.52t00.98 m IPCC - RCP scenarios — 8.5
(NOAA, 2017) 0.30to2.5m Global Mean Sea Level (GMSL)
(IPCC, 2019) 0.29t0 1.10 m Global Mean Sea Level (GMSL)
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