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Abstract

This study examined the proposition that deltas are sedimentary structures of importance to
the control of depositional processes responsible for the morphologic evolution of adjacent
coastlines. More specifically, deltaic sensitivity to external forcing factors including climate
change and sea-level variations, is demonstrated in this study to influence morphologic
evolution of adjacent coastlines while regulating sediment dispersal patterns. This influence is
also shown to depend on the morphologic complexity of the coastline and the relation
between the existing sedimentary structures.

The study combined field data and modelling techniques to examine the dependence of
adjacent coastal behaviour on a deltaic structure assessing the contribution of each forcing
factor on sediment mass balance and morphologic evolution. This dependence was explored
using as a natural laboratory, the Caparica coastal cell located on the Portuguese west coast,
south of Lisbon, which was studied using two different approaches: coastal evolution since
sea-level stabilization (<7ky BP) and risk based forecast modelling for coastline position.

The results demonstrate that coastline position as well as the development and/or erosion of
sedimentary structures (e.g. climbing dunes and prograded barriers) is mainly dependent on
sediment supply conditions governed by deltaic behaviour along the proximal adjacent-coast.
Here, the influence of deltaic processes is characterized by highly dynamic sediment exchanges
that subordinate effects of climate change and sea-level variations on coastal evolution for
frequently observed conditions and conservative predictions that consider average values of
climatic variations. These factors only become relevant when extreme conditions,
characterized by significant sea-level and climate variations, are considered resulting from low-
probability higher magnitude risk in forecasts that account for uncertainty in factors driving
morphological response.

In contrast, the morphology of the distal adjacent-coast is not governed by sediment

exchanges with the delta and may be better aligned than the proximal coastline with the delta.



For the Caparica cell, the strong distal alignment is governed by refraction of the swell-wave
field over the delta lobe bathymetry. The proximal coastline is out of alignment with the delta
because sediment exchanges between it and the delta overwhelm morphodynamic effects
involving the wave field. These relationships make the distal-adjacent-coast more responsive

than the proximal coast to sea level rise in model forecasts.
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CHAPTER

Introduction

Photo: Sand dune at Fonte-da-Telha beach



1.1 Premise and aims

Deltas and adjacent coastal sediment bodies have long been known to be dynamic systems
with coupled through a shared sediment budget and mutual morphodynamic adjustments
(Komar, 1973; Wright, 1978; Jimenez et al., 1997; Cowell et al., 2003a,b). Their evolution is the
result of morphodynamic processes that occur in response to changes in external conditions
through mutual adjustment between topographic behaviour and fluid dynamics that involves
sediment transport (Wright & Thom, 1977). The non-linear development and the stochastic
behaviour make the evolution of coastal morphologies difficult to predict on a long-term basis
(decades to millennia), a problem referred in this study as large-scale coastal behaviour (LSCB)

(Cowell and Thom, 1994; Cowell et al., 2003a,b).

A practical imperative now exists to apply knowledge on LSCB as a basis to forecast future
coastal behaviour that might result from project climate change. According to IPCC (2007) a
significant proportion of the world population inhabits coastal areas creating pressure for
development that has not been matched by knowledge to resolve problems of coastal
vulnerability (Short, 1999). Coastal environments, that include deltas, barriers, lagoons, dunes,
beaches, sea-cliffs and others, are subject to LSCB involving internal adjustments in response
to variations in external forcing factors that affect the local sediment budget, associated with
the alongshore and cross-shore transport: a fundamental factor being variation in sea-level
position through time (Cowell et al.,, 2003a). Sea level changes govern creation of
accommodation space available for deposition: positive and negative accommodation changes

being associated respectively with rising a falling sea level (Roy et al., 1994).

Other external factors affecting the sediment budget include deltaic sediment supply, losses to
estuaries, and changes in nearshore wave climate, including dominant direction (Goodwin et
al., 2006). These factors may be affected by anthropic impacts directly on the sediment
dynamics causing significant interferences on coastal behaviour leading to unexpected

evolution. To understand the evolution of such complex systems, low order coastal behaviour



studies are needed to comprehend mean-trend coastal evolution to inform efficient
management solutions, with such studies may involve morphologic parts of the coast that are
not usually considered (Cowell et al., 2003a). The practical objective also calls for quantified
estimates of coastal evolution in response to climatic changes in secular variations (Carter &
Woodroffe, 1994). This focuses on sediment exchanges (Cowell, 2002) associated with
morphologic evolutionary trends. The ‘coastal tract concept’ was developed by Cowell et al.
(2003a) to organise analysis for these types of problems, through distinguishing a hierarchy of
morphodynamic forms and processes to define coastal systems across a wide range of scales

(Stive et al., 2009).

During the 20" century and the beginning of the 21 century, enhanced coastline vulnerability
caused by increase of human population in coastal areas has probably been compounded by
effects of global sea-level rise that has contributed to coastal inundations, erosion and
coastline retreat, often with permanent land loss (Church et al., 2008). Predictions from the
Intergovernmental Panel on Climate Change (IPCC) indicate a significant and certain future
sea-level rise, intensification of storm conditions and increase of human population near the
coastal areas (Nicholls et al., 2007). Negative impacts with significant proportions are expected
as comprehensive coastal management procedures are critical to maintain the usage of these

areas.

The complexity of geohistorical and historically recent coastal change raises questions about
how these changes factor into processes and predictions of future coastal behaviour under
conditions projected with anthropogenic global warming (Church et al., 2008). The objective of
this study therefore was to examine how background coastal evolution can affect or mask the
possible responses to projected sea level rise in environments with locally compounding
effects of coupled morphological systems that have driven continual coastal evolution during

throughout the preceding geohistorical period (i.e., throughout decades to millennia).



This objective requires an understanding of morphologic changes in coastline over time longer
spatial and temporal scales that take into account large-scale processes and shoreface
dynamics (Cowell, et al., 1999). In the context of LSCB (Cowell and Thom, 1994), this study
investigates the impacts of the different external forcing factors on sediment-exchange
processes and specific morphologies. For the investigative analysis of this sediment exchange,
quantitative procedures were developed that permit inclusion of constraints imposed by local
substrate geology. Obtained variables were stochastically applied using process related
sediment-budget modelling with the objective of exploring likely coastal behaviour on a long-
term basis, reflecting the range of conditions that a specific coastal cell is exposed to through

time.

The broad aims of this study were twofold. The first was to examine the relative significance of
internal, coupled morphological adjustments versus external forcing factors in governing the
morphologic behaviour of coastlines. The second was to address the same question in relation
to future coastal behaviour forecast for conditions of sea level rise projected with global

warming.

Specifically this study addresses two questions arising from these broad aims:
1. Are coastal morphologic variations more sensitive to sediment supply conditions than
to sea level rise on the historical time scale?
2. Excluding deltaic sediment supply to the adjacent coast, do other factors associated

with long term evolution of deltaic structure influence adjacent coastline behaviour?

The Costa da Caparica coastal cell, which includes the Tagus River delta and estuary, provided
a natural laboratory to explore principles relevant to the aims implicit in these research
questions. The study investigated deltaic influence on a wave dominated coast connecting the
shoreface behaviour with the delta morphology and its sediment supply capacity to develop

and erode sedimentary features in the adjacent coastline.



1.2 Wave dominated coasts and deltaic influence

Wave dominated coasts as described by Roy et al., (1994) are sedimentary accumulations that
experience significant physical reworking during the sediment transport processes culminating
in a depositional phase. Waves and wave-induced currents are the main engine for the
evolution of this type of coast that generally experiences a direct increase in erosion rates due
to sea-level rise (Stive et al., 2009). However, winds, tidal currents and river discharges also act
as transporting agents in coastal areas that may conceal wave action in specific periods.
Coastal sand barriers are the basic depositional element for wave-dominated coasts (Roy et al.,
1994) as their development depends on the local geological inheritance resulting in different
types of barrier structure depending on the available accommodation and sediment volume

(Swift & Thorne, 1991).

When a specific coastal cell occurs near a fluvial system and this has a sediment deposition
rate that subordinates the marine sediment reworking capacity, deltaic systems develop
(Wright, 1978; Sutter, 1994). The development of deltas is strongly dependent on several
environmental factors including tides, waves, nearshore currents and substrate morphology
(geologic inheritance) that delineate its morphologic configuration and sedimentary
sequences. Once developed, deltas regulate sedimentary exchanges between the river basin
(e.g. estuaries) and the oceanic basin often contributing to the development of sedimentary
morphologies in the adjacent coastline as prograded barriers (Roy et al., 1994; Leatherman,
1983). The sensitivity of deltas to accommodation space (Emery & Myers, 1996) determined
either by sea-level or sediment supply variations cause significant changes in the shoreface

geometry of the adjacent coastline affecting its morphologic evolution (Cowell et al., 2003a).



13 Modelling coastal environments

Geologic processes and their effects on coastal environments can be studied based on process-
response models that predict coastal behaviour under certain conditions (Fox, 1978). The
traditional approach demands a geostatistical analysis of morphologic changes over historical
time scales and involving sediment supply characterization at regional scales. This has proved
to be problematic in addressing low order coastal behaviour problems due to persistent
uncertainty in quantifying sediment transport processes (Cowell et al., 2003a; Kinsela, 2007).
Low order coastal change involves morphologic evolution and coastal topography at a
geological time scale (10° years) and a wide geographical scale (10° to 10® meters) (Cowell et
al., 1995; Cowell et al., 2003a). The use of numerical models based on morphologic
aggregation of variables allows simplified quantification of morphological change in which
models can be calibrated using geological data to run Monte Carlo simulations to produce
validated forecasts or to evaluate uncertainty when assessing hypothesised coastal change
(Cowell et al., 2006). This study used several aggregated models, but principally the Shoreface
Translation Model (STM) (Cowell et al., 1995), to evaluated hypothesised coastal behaviour in
the Costa da Caparica coastal cell. This STM based on the sediment budget approach where
the quantification of coastal change is based on a balance between hypothesised gains, losses
and redistribution of sediments in the presence of gains and losses in accommodation due to
sea level change. The STM is computationally simple enough to apply stochastic simulation
techniques where input are represented by probably distribution functions defined based on
available geostatistical data or heuristics (Cowell et al., 2006; Kinsela, 2007). Generated
outputs come as probability forecasts that allows uncertainty to be managed through risk
based analysis. Model application is guided by a formal methodology, the ‘coastal-tract
template’ (Cowell et al., 2003a), that allows partitioning of coastal-change constituents on the

basis of scale. This approach thus allows the isolation of low-order coastal behaviour from



more superficial changes that can be considered as noise over the long term (decades to
millennia).

1.4 The Caparica coastal cell

The field area selected as a natural laboratory to address the aims of this thesis is located on
the Portuguese Atlantic west-coast, immediately south of Lisbon. The juxtaposition of the
embayed barrier coastline in the south to the adjacent delta complex immediately to the
north, and evidence of a complex, ongoing history of morphological evolution affords an

opportunity to examine the role of the delta in governing behaviour of the adjacent coast.

Situated between Trafaria and Espichel Cape, the Caparica coastal cell comprises a prograded
barrier complex (Cowell et al., 2003a,b) with a drumstick configuration (Davis and Hayes, 1984)
with the backbeach zone attached to mainland with no lagoon where the north end is wider
than the south one due to recent coastline progradation (fig. 1.1). In this area, beaches are
wide, dissipative (Short, 1979; Wright and Short, 1984; Sunamura, 1988; Lippmann and
Holman, 1990; Short, 1999) and with a well-developed dune system. Towards the south, the
prograded barrier gives way to a transgressive barrier with mainland narrow reflective beaches
(Short, 1979; Wright and Short, 1984; Sunamura, 1988; Lippmann and Holman, 1990; Short,
1999). Average grainsize values gradually increase from north to the south probably due to

wave power influence (Teixeira, 1990).

The barrier system is truncated by the presence of a coastal lagoon (Albufeira) in the middle of
the cell. This lagoon with a 3.5 km maximum width and a 625 m maximum length (Freitas e
Ferreira, 2004) is separated from the ocean with a barrier, where an inlet is artificially opened

once a year. It is also common that during storms, overwash events occur.

The inland limit of the barrier system is a sea-cliff (Caparica cliff) that can be more than 100
meters height in some areas, interpreted by Azevedo (1983) as fluvial sediments deposited

during Pliocene, essentially composed by unconsolidated detritic and carbonate geological



material (Teixeira, 1990). According to Cabral et al. (1984) the development of the cliff
morphology is related to movements in a local set of geological faults that developed between

the upper Pliocene to lower Quaternary.

Along a significant portion of this cliff it is possible to observe cliff-top dunes (fig. 1.1) as well as
a Late Pleistocene (Costas et al., 2012), extensive dune field on the leeward side of the cliff.
The thickness of these deposits varies between 30 and 60 meters (Azevedo, 1983; Pais et al.,
2006; Costas et al., 2010) and its geometry demonstrates that its development was in the
seaward-landward direction (Costas et al., 2012) as its development is related with the
presence of climbing dune structures in positive sediment supply conditions (Tsoar, 1983;

Ferraz et al., 2011).

North of the coastal segment, the Tagus delta is a prominent sedimentary structure that enters
the Atlantic Ocean near Lisbon in a passive continental margin with a narrow shelf (<30km)
(Vis et al., 2008) that limits the size of the basin forming the Tagus estuary. The morphological
structure comprises a well-developed ebb-tide delta and a small flood tide delta where the
overall morphology is a function of the interaction between tide effects and wave energy.
Although this is a mesotidal environment, both ebb and flood tide deltas are not structurally
similar (Fisher and Simpson, 1979) due to ebb-tide dominance in the estuary mouth. In spite of
its sheltered position, wave effects are relevant in the development and evolution of the delta
(mixed energy — wave dominated according to Hayes, 1979), and also play a minor role within
the estuary (Fortunato et al., 1999). The delta is the main sand sediment source for the
adjacent coastline. The offshore limit of this composed coastal system is the continental shelf
boundary, between the 130 meters and 180 meters bathymetry, with a 30 kilometres width in
the north part, near the Tagus delta, and a 5 kilometres width in the south part, next to
Espichel headland (Freire, 1999). Two canyons cross the continental shelf to cut the platform
of the cell: the Lisbon canyon and the Cascais canyon. The proximity of the studied segment to

Lisbon canyon makes it a potential sediment sink in specific conditions.
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Figure 1.1 — Main morphological features of the studied segment



1.5 Thesis outline

This thesis comprises four chapters, not including this general introduction and the
conclusions, with each chapter dealing with separate but related aspects of the evidence used
to address the aims and overall research questions outlined above (Sec. 1.1). However, a line
of thought is maintained throughout the thesis as chapters are intrinsically related allowing
progressive development of the evidence. Because the chapters are self contained, inevitable

repetitions occur particularly in the introduction and regional setting.

Chapter 2 addresses the deltaic influence on sediment exchanges in the determination of local
sediment budget based on the evolution of morphological structures. The geometric definition
of each sedimentary structure was investigated based on the data obtained from different
methods and datasets as boreholes, offshore seismic interpretation, ground-penetrating radar
(GPR) data, dating procedures as well as Geographic Information Systems (GIS) and wave
modelling analysis. This permitted obtaining a well defined morphologic framework with a

clear identification of the main sedimentary processes and dynamics.

Chapter 3 relates the existence of cliff-top dunes to the long-term coastal evolution and
chronology of the studied cell. The study of physical processes capable of developing a
climbing dune structure on top of a prograded barrier was based on physical principles
developed by others using GIS modelling to define size and geometry parameters. The
characterization of sediment dynamics was based on the relation between the geometric
findings, GPR sub-surface imagery and chronological information. The identification of the
progradation/recession mechanisms allowed a quantitative determination of coastline

behaviour and related processes.

Chapter 4 focuses on changes in wave climate induced by the delta and resulting effects on
stability of the adjacent coastline. The study of wave refraction/diffraction over the delta

allowed the development of a new approach to embayed beach stability based on changes in

10



the conjunction of three processes: wave direction, substrate bathymetry and sea-level. This
approach allowed the identification of past planforms as well as forecast future coastline

instability problems and consequent vulnerability.

Chapter 5 addresses the influence of deltaic morphology on response of the adjacent coast to
effects of climate change, principally sea level rise. This chapter compiles the process based
information from the previous chapters in order to apply the coastal tract template on local

morphology to provide for geological calibration of the Shoreface Translation Model.
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CHAPTER

Deltaic influence on the adjacent coast:
predominance over sea level rise as the cause
of coastal erosion

Photo: Low tide at Costa da Caparica



2.1 Introduction

Deltas are important depositional systems defined as coastal sediment accumulations extending both
above and below sea-level (Sutter, 1994). The development of these accumulations is often related to
local tidal dynamics near an inlet or a river mouth (tidal deltas) in variable sea-level conditions. Deltaic
structures are important elements controlling the littoral sediment-budget dynamics that influence
coastal processes on the adjacent coastlines (Hicks and Hume, 1996). This influence is exerted directly
though the supply of sediment: in some places deltas can be responsible of 30 to 60% of the sediment

deposited in barrier systems (Hayes, 1980).

The proposition in this study, however, is that deltas can also have and indirect influence through
protection of the adjacent coastline to direct wave action (sheltering and refraction) influencing littoral
drift. This proposition is in counterpoint to the wave-related delta-margin erosion documented by
Wright et al. (1980). Under stable sea-level conditions, even with a negative sediment supply (i.e, when
a deltaic source becomes an estuarine sink, due to sea level rise or harbour dredging), deltaic
development may be predominantly influenced by wave conditions indicating an adjacent wave-

dominated sedimentary coast (Roy and Boyd, 1997) comprising accumulations of deltaic sediment.

In such complex sedimentary systems evaluation of low-order coastal behaviour to understand chronic
erosion problems for effective management solutions can be applied. Analysis of low-order coastal
behaviour (Cowell et al., 2003a) is required to quantify how a coastline reacts to secular variations in
environmental conditions (Carter & Woodroffe, 1997). The quantification involves deriving estimates
sediment exchanges that define the local sediment budget (Cowell, 2002) associated with evolution of

local morpho-sedimentary structures. Morphodynamically, the sediment budget corresponding to

13



morphologic changes are mutual counterparts: i.e, estimates of one can be derived measurements or

inferences about the other.

The objective of this Chapter is to reconstruct and quantify evolution of a delta-barrier complex in terms
of sediment exchanges inferred from geological interpretations of the internal adjustments between the
morphologies of the delta and adjacent coast of the Setlbal peninsula on the Portuguese west coast (Fig.
2.1) where a combination of morphologic structures, environmental conditions, and existing data
provide a natural laboratory to examine the deltaic effects on an adjacent coast. The aim was to
investigate the principle that deltas can control proximal coastal evolution regulating sediment supply
processes. It was also investigated the deltaic sensitivity to external variations and if its morphologic

reshaping can condition sediment dispersal patterns near the coast.

. Lisbon =
- - Tagus River #
.é%a Trafdifa’
Atlantic
Ocean
Fonte da TEII'ua\,‘ :

=
|

Albufeira Lagoon

7}
o
i}
wn
o
<]
o
1]
=3
=
©
a
(1]
o

PORTUGAL

Figure 2.1 — Setubal peninsula, Portuguese west coast.
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2.2 Regional Setting

The study area is located in the Portuguese Atlantic west coast, immediately south of Lisbon, in a setting
partially sheltered from the ocean wave climate by the prominent headland to the north of the coastal
cell (Fig. 2.1). The cell forms the coast of Setubal peninsula and comprises a set of morphological
features (Fig. 2.2) indicative of distinctive modes of barrier evolution that vary with along the coast with
proximity from the Tagus River delta. The barrier along the northern part the cell is part of, and
therefore directly affected by, the delta (Fig 2.2). The southern portion of the cell is not part of the delta,
but the question remains of the degree to which remote effects of the delta have influenced the

evolution of this southern segment.
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Figure 2.2 — Main morphological features of the studied segment.
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Tides are semi-diurnal with mean spring tide amplitudes of 2.6 meters and 1.2 meters neap tides in a
high mesotidal regime according to Hayes (1979) classification (Freire, 1993). The main wave direction is
from the NW (77.3%) followed by the W direction (20%), while SW conditions are not common (<3%).
Mean wave conditions include significant wave height of 1-2m (49%) and period of 5-7s (44%) while for

peak wave conditions the period is 9-13s (60%) (Costa et al., 2001)

The Tagus delta is a prominent structure that enters the Atlantic Ocean near Lisbon in a passive
continental margin with a narrow shelf (<30km) (Vis et al., 2008) significantly limiting the size of the the
Tagus estuary basin. The delta comprises a well-developed ebb-tide delta and a small flood tide delta
reflecting the interaction between tide effects and wave energy. Although a mesotidal environment,
both ebb and flood tide deltas are not structurally similar (Fisher and Simpson, 1979) due to ebb-tide
dominance in the estuary mouth. In spite of its sheltered position, wave effects have been significant in
the development and evolution of the delta (mixed energy — wave dominated according to Hayes, 1979),

but have played only a minor role within the central basin (Fortunato et al., 1999).

A prograded barrier complex (Roy et al., 1994) forms a strandplain immediately south of the river mouth
but landward of the ramp-margin shoals of the delta. This strandplain has a classical drumstick
configuration (Davis and Hayes, 1984) with the backbeach zone attached to mainland with no lagoon
where the proximal northern end is wider than the southern end due to differences in progradation
distances (Fig. 2.2). Corresponding to this alongshore variation in strandplain width, beaches are wide
are wider in the northern proximal area, with dissipative surf zones (Short, 1979; Wright and Short, 1984;
Sunamura, 1988; Lippmann and Holman, 1990; Short, 1999) and a well-developed dune system.
Alongshore to south, the distal prograded barrier gives way to a much narrower transgressive mainland
beach with characteristically reflective beach states (Short, 1979; Wright and Short, 1984; Sunamura,

1988; Lippmann and Holman, 1990; Short, 1999).
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The barrier system is truncated by the presence of a coastal lagoon (Albufeira) in the middle of the
coastal cell (Fig. 2.1). This lagoon has a 3.5 km maximum width and its axial length is 625 m (Freitas and
Ferreira, 2004), separated from the ocean by a barrier beach, across which an inlet is artificially opened

once a year. Overwash events commonly occur during storms.

The inland limit of the barrier system is a Mio-Pleistocene sea-cliff (Caparica cliff) that runs the full
length of the cell, extending more than 100 meters above sea level in places (Azevedo, 1983). This cliff is
composed essentially of detritic and carbonate geological formations (Teixeira, 1990). According to
Cabral et al. (1984) the development of the cliff morphology is related to movements in a local set of
geological faults that occurred between the upper Pliocene and the lower Quaternary. Because the base
of the cliff is buried by barrier sediments along most of the cell, and by backbarrier sediments in the

northern segment of the cell, the cliff is a paleo feature.

Along a significant portion of this cliff it is possible to observe cliff-top dunes as well as an older,
extensive dune field further landward on the leeward side of the cliff. The thickness of these deposits
varies between 30 and 60 meters (Azevedo, 1983; Pais et al., 2006; Costas et al., 2010) and their
sediments are classified, according to Folk and Ward (1957) parameters, as fluvial sands (Azevedo, 1983).
This infers that the possible origin of these sediments was the Tagus River prior to drainage network
reorganization. Optical Stimulated Luminescence (OSL) (Costas et al., 2012) and **C paleosoils dating
(Pais, et al., 2006) place dune deposit activity occurring until late Holocene (1190490 ky BP to 0.98+0.05
ky BP). The development of these cliff top dunes relates to the presence of climbing dune structures in

positive sediment supply conditions (Tsoar, 1983; Ferraz et al., 2011)

The offshore limit of this system is the continental shelf boundary, between the 130 meters and 180

meters bathymetry, with a 30 kilometres width in the north part, near the Tagus delta, and a 5
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kilometres width in the south part (Fig. 2.1), next to Espichel headland (Freire, 1999). Two canyons cut
the shelf platform: the Lisbon Canyon and the Cascais Canyon. The Lisbon Canyon extends in the

shoreface, making it a potential sediment sink under some conditions.

Human activities in the Lisbon area and Tagus River started before Roman occupation (Pimenta et al.,
2005) and became more intense through time. Vis et al., (2010) identified four distinct depositional
phases in the river catchment, approximately between 2300 and 670 cal BP, that were more related to
increasing human activity (deforestation and erosion) than climate change. During the Portuguese age
of discoveries, Lisbon became a major harbour with ships constantly sailing on the river (Nabais, 2009).
Harbour activity and development however increased significantly in the 20" century (Freire, 1993) with
the use of larger ships and the need of bigger dockyards. Progressive intensification in anthropogenic
impacts such as dredging and harbour-mole construction in the Tagus estuary, during the development
of Lisbon as a major port, changed sediment availability (Ferraz et al., 2011) leading to the assumption
that this could be one of the causes for the observed erosion of the proximal coastline south of the

estuary.
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2.3 Methods

2.3.1 Geological coastal evolution

The quantification procedure was applied to the main sedimentary structures whose changes can be

representative on long-term coastal behaviour.

The Tagus delta

The depositional history of the Tagus deltaic was interpreted from seismic data obtained on two
separate oceanographic survey cruises offshore of Lisbon, LX98 and TESA, using a boomer sound source
for seismic profiling. A total of 23 2D seismic lines were used to interpret morphology, depositional
thickness and the position of the basal shoreface-ravinement surface to characterise the architecture of
the deltaic deposit. From this set of seismic lines, four specific lines were chosen due to its location
relative to the delta and barrier complex (fig. 2.3). Data were interpreted using Landmark SeisWorks®

software and integrated in GIS for proper geographical location.
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Figure 2.3 — Seismic lines over deltaic structure (SW-NE profile composed of three lines)
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Prograded and transgressive barrier system

The prograded barrier volume was quantified using borehole data from local geotechnical surveys in the
Caparica area (Fig. 2.4) (see appendix 1). This information made possible to evaluate the thickness of
recent deposits of the prograded barrier as well as constraining the boundary position of the Miocene
substrate. Since there were no data from the south part of the cell, the transgressive barrier thickness

was inferred from the prograded barrier borehole information.

Atlantic
Ocean

Figure 2.4 — Location of the geotechnical bore holes.

The Albufeira lagoon flood-tide delta was quantified as part of the barrier system. This analysis was
performed in GIS with bathymetric data of the area (Freitas, 1995) where the sediment thickness was
established from the geometric relation between the positive barrier topography, the negative flood-

tide delta bathymetry and the overall lagoon depth.
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Cliff-top and climbing dunes complex

Analysis of cliff-top dune dimensions was performed using topographic data from local Digital Elevation
Models (DEM) imported into GIS. The DEMs were used to estimate volume of cliff-top dune deposits
based on the average thickness calculated for each deposit based on Ground-Penetrating Radar results
obtained by Costas et al., (2010) and Costas et al., (2012). Groundtruthing of topography was performed

using a GIS/GPS integrated system.

Climbing dune geometry was modelled based on physical principles developed by Tsoar (1983).
According to Tsoar’s (1983) wind tunnel experiments, when wind encounters a vertical cliff its velocity
begins to drop and direction reverses with the formation of an eddy. If the sediment supply is constant
or the cliff is inclined, with slopes less than 55 degrees, the size of the reverse-flow eddy decreases and
sediment begins to deposit at the base of the cliff (Fig. 2.5). Sediment tends to accumulate forming a
climbing dune. The wind-tunnel experiments also indicated that the region in which dunes accumulated
in front of the cliff was limited to a maximum distance (d) from the cliff that varied with cliff height (h):

2.0<d/h <3.5(Tsoar, 1983; Ferraz et al., 2011).

Figure 2.5 - Wind flow over cliffs with different slopes. Examples of 452 (left) and 60 2 (right)

(adapted from Tsoar, 1983).

The geometry and volume of the climbing dunes, as well as their base positions, were inferred from
Tsoar’s empirical relations applied to DEM representation of the Caparica cliff configuration in the areas

where cliff-top dunes could be observed.
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Quantification of sediment sinks

Sediment sinks were identified using composed geological and bathymetry data from LNEG (Portuguese
Geological Survey) database. GIS analysis was performed to quantify available sediment accommodation

volumes.

Wave climate modelling

Wave data analysis was based on two different data sets: Sines buoy data from the Fleet Numerical
Meteorology and Oceanography Center (FNMOC) for a period between September 2003 and January
2009; and data from a 57 year hindcast (1953-2009) from the Micore project (Morphological impacts
and coastal risks induced by extreme storm events) (Dodet et al.,, 2010). The available data were

compared to validate the 57 year hindcast results with the 5 year effective measurements.

The DHI software Mike 21 spectral wave model (SW) was used to estimate inshore the wave conditions
in the study area for the main wave directions (NW — 3302, W — 2709, SW — 2509). Mean and peak wave
conditions parameters from the wave data were used with the bathymetry of the area to characterise
nearshore wave directions. The selected domain of the model is larger than the study area, using a

significant part of the Portuguese coast to avoid boundary reflections that can affect results.

Each one of the main directions was modelled using the most frequent values of significant wave height,
period and direction for mean and peak wave conditions. Output results relate wave direction and wave

power due to its relevancy to nearshore sediment transport.
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2.3.2 Historical shoreline mapping and volumetric estimates

Recent evolution was characterised using a georeferenced historical map (1882) and aerial photographs
(1958, 1967, 1980, 1989, 1999 and 2007) of the area that were compared through GIS analysis. Accuracy
of the data is strongly dependent on image quality for the case of the aerial photographs where pixel
size varies between 0.16m and 0.5m. Historical maps precision is difficult to determine. However, the
capacity of the image to constrain proportions during the georeferencing process is a good indicator of

accuracy.

Coastline position on aerial photographs was established through standard mapping methods (Morton
and Speed, 1998; Pajak and Leatherman, 2002) using relevant morphologic indicators (beach berm,
dune toe and sea-walls). If these indicators were not visible due to low image quality the high water line
(HWL) was used (Leatherman, 2003). To minimize effects of fluctuating coastal change perturbations
(short-term changes in morphology) only three periods were considered for sediment balance purposes:

1882, 1958 and 2007.

The Digital Shoreline Analysis System (DSAS) (Thieler et al., 2009) was used to compute the statistics of
shoreline migration through time using vector data. The time series of historically mapped shoreline
positions were referenced against static baseline (cliff base) using transects spaced at 500 m intervals,
from which erosion and accretion was calculated as the areas between successive shorelines. Volume
calculations for the overall evolution (1882-2007) were performed comparing DEM surfaces, using the

1882 altimetry data and the most recent bathymetric datasets.
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2.4 Results

2.4.1 Geological evolution — the long-term approach

Interpretation of the geological evolution was based on the coastal tract concept (Cowell et al., 2003a,b)
were dynamically interacting morphological elements work as sediment sharing systems over a common

substrate.

The Tagus delta

The Tagus delta development can be expected to have been determined by sand supply and the
influenced of local tide and wave conditions. Previous studies (Hidroprojecto, 2001) show constant

morphologic changes in the delta through time, some of it influenced by anthropogenic actions.

Seismic longitudinal profiles results show an aggradational structure with overlapping topsets and well
developed clinoforms that become narrower towards the bottomsets (Fig. 2.6). This upward translation
is typical of positive accommodation and sediment supply conditions (Emery and Myers, 1996). The
lower limit of the deltaic structure is identifiable by the presence of a wave ravinement surface (WRS)
located between depths of 130m and 110m. The onset of transgressive system tract development was
estimate to have occurred at 20,000yr BP from relative positions of the WRS with global (Fleming et al.,

1998) and local (Dias et al., 2000) eustatic sea-level curves.
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Figure 2.6 - Seismic longitudinal profile of the Tagus delta (depth in ms) composed by three seismic lines.

Below the WRS, transverse profiles allowed the identification of a lowstand system tract represented by
a Tagus paleo-channel (TPC) resultant from multiple stages of channel cut and fill (Fig. 2.7), typical of
inlet tidal deltas (Oertel et al., 1991). It is assumed that the TPC maximum incision was developed during
the last glacial maximum (LGM) period over a Miocene to Pleistocene substrate. The sediment filling has
an indeterminate age while the WRS is related to the fast sea-level rise occurred between 20,000 and
7,000 cal BP. Over the WRS it is possible to observe a thin layer that comprises the transgressive system

tract. Immediately above the WRS, pro-delta deposits started developing 7,000 years ago, when sea-
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level stabilized in the area (Vis et al., 2008). At the top, the high stand system tract caps the

transgressive sequence with a recent deposit and a smooth surface.

Figure 2.7 - Seismic transverse profile of the Tagus delta. (A — High stand system tract deposits; B — Pro-

delta deposits; C — Transgressive system tract deposits; D and E — Channel filling deposits) (depth in ms).
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The WRS position was adopted as the base for GIS analysis and calculations of deltaic volume which

totals 3.9988x10°m? with an overall area of 1.9779x10°m?.

Prograded and transgressive barrier system

Borehole data from three different geotechnical campaigns resulted in 11 bore holes that were used to
define the internal structure of the prograded barrier system. Bore logs (see Appendix I) indicate two
major geologic layers: An Holocene medium to fine sand layer with a thickness between 7.6m and 13m
on top of a sub-horizontal Miocene substrate with a small northwards slope of 0.1 degrees, composed
by compacted sand and/or clay often with marine shell fragments (Fig. 2.8). The erosive action of the
ocean on the Miocene layers developed a superficial notch where Holocene sediments became stranded
during relative sea-level rise. After sea-level stabilization (~7000 cal BP) (Vis, 2008) development of

prograded barrier is evident implying positive sediment supply conditions.

0 100 200 300 400 500 600 700 800 900 1000

Figure 2.8 — Interpretative illustration of the local geological setting (BS — Barrier System; M — Miocene;

PQ - Plio-Quaternary; Q — Quaternary. Axis in meters).
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Insufficient information about the transgressive barrier system in the south part of the segment forced

an interpolation exercise where an internal geometry similar to the prograded barrier was assumed.

Quantitative calculations based on the reconstructed barrier geometry yielded a total area of
9.4647x10°m? for the overall prograded and transgressive barrier system corresponding to a volume of

1.3419Ex10%m>.

The rough description of the geological setting in bore logs did not allow the observation of finer

structures that may occur within the barrier system.

The Albufeira lagoon flood tide delta was also quantified as part of the barrier system as its
development provides a proxy for dimensions of backbarrier deposits associated with the barrier
rollover mechanism under transgressive conditions (Cowell et al., 2006). For this purpose, the barrier
geometry was estimated from the flood-tide delta bathymetry, from which a volume of 2.5718x10°m?

for an 8.5725x10"m? area was obtained.

Cliff-top and climbing dunes complex

GIS analysis of the Caparica cliff showed that the most common slopes are between 20 and 40 degrees
and only one occurrence is greater than 55 degrees (60°). The presence of landslide deposits comprising

Mio-Pleistocene material at the base of the cliff contributed to the reduced angles.

Lower angle slopes assist the development of climbing dunes under prevailing-wind conditions.
Assuming a paleo-wind regime similar to the predominant direction at present, conditions would have
been favorable for the development of climbing dunes. At present, data from the Lavradio

meteorological station, located 15km East of the Caparica area, indicates predominant winds from the
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westerly quadrant occurring 35.1% of the time with relatively constant average annual speeds of 3.9

m/s (CostaPolis, 2005), which exceeds the threshold shear velocity for the dune sand.

GIS analysis also indicates that the cliff heights, where cliff-top dunes are present, vary between 5 and
80 m with an average value of 49 m. Applying the principles of Tsoar (1983) 2.0<d/h<3.5, the
deposition distance from the cliff varies between 10 and 280 m (Table 2.1). Quantitative calculations of
the modeled climbing dunes were based on the obtained average distances for each d/h ratio resulting

in estimated volumes of 1.5198x10’m? and 6.0332x10°m? for d/h ratios of 3.5 and 2.0 respectively.

Table 2.1 - Deposition distance (d) based on the cliff height (h) and the d/h ratio. It is also represented

the slope value (a) of the climbing dune for each case.

d/h 3.5 2.0
Min. Avg. Max. Min. Avg. Max.
h(m) 80 49 5 80 49 5
d(m) 280 171 18 160 97 10
a(9) 16 27
Vol.(m?) 15,197,740 6,033,201

Separate quantification of the cliff-top dunes indicates that these deposits occupy an area of

10,005,3001.0005x10’m? with a corresponding volume of 1.2913x10°m>.

Comparison of the modeled climbing dunes with the present-day coastline position indicates that, in
order to accommodate these deposits, the coastline must have experienced significant changes
throughout most of the cell. Given that the northern segment of the cell lies within the Tagus delta

margin, whereas the southern portion lies beyond discernible morphology of the delta margin, it is

29



possible to divide the coastal cell in two sub cells with the division being on Fonte da Telha beach
(Fig. 2.2). The sub cell south of Fonte da Telha does not have physical horizontal space at present to
accommodate a climbing dune (Fig. 2.9) due to the narrow beaches at the base of the sea-cliff. The
insufficient physical space suggests that coastline has migrated inland since the dune complex
developed, resulting in the destruction of the climbing dune component.
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Figure 2.9 - Southern area. Solid and dashed lines represent the different deposition distances and

consequent position of the climbing dune base (d/h=3.5 — solid line; d/h=2.0 — dashed line).
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North of Fonte da Telha, where the barrier becomes wider (Sec. 2.2), the coastline position has
sufficient horizontal space for the development of a climbing dune. However, the absence of the deposit
today implies an erosive event where the coastline migrated inland eroding the sand ramp material and
redistributing it leaving the cliff-top dunes isolated as evidence that a sand ramp formerly existed
(Fig. 2.10). This sediment redistribution could be one of the engines related with the prograded barrier

development.

From these results it is possible to infer two distinct coastline migration events after the development of

the climbing dunes:

(1) Coastline retrogradation related with erosion of the climbing dune structure leaving the cliff-top

dunes as testimony;

(2) Coastline progradation (only in the segment north of Fonte da Telha) allowing the development of a

prograded barrier.
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Figure 2.10 - Northern area. Solid and dashed lines represent the different deposition distances and

consequent position of the climbing dune base (d/h=3.5 — solid line; d/h=2.0 — dashed line)

These remnant cliff top dunes provide evidence from which estimates of former shoreline shoreline
positions, now effaced through erosion, can be estimated. These dunes, when dated, therefore provide
evidence to assist in reconstruction of the depositional history and for the estimation of paleo-erosion

volumes.

32



Quantification of sediment sinks

Since the evolution of this coastal cell is dominated by erosive events, it is important to identify
availability of accommodation space available for the eroded sediment. Three distinct areas were
identified has possible sediment sinks: The Tagus estuary (deltaic channel and estuary entrance), the
Lisbon canyon and an enclosed area between Jurassic rocky outcrops offshore Espichel headland
(Fig. 2.11). The importance and the activity of each sink is significantly dependent on local wave

conditions.
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Figure 2.11 - Local sediment sinks
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The Tagus estuary and deltaic channel potentially provide the main sediment sinks of the area. Their
location near the delta-barrier complex probably influences the erosion of the north part of the segment
in specific wave conditions. An analysis to the bathymetry and measurements relative to mean sea-level
allowed to quantify an overall accommodation volume of 5.4570x10°m? in an area of 4.5400x10’m? for

this sink.

A comparison between the present bathymetry with that of 1882 shows no significant changes in the
delta for this period, with bathymetric differences ranging between 2 and 10m. However, in the
northernmost part of the cell it is possible to observe a significant loss involving more than 15 meters
surface lowering in places, representing a volume of 2.2330x10’m? for an area of 3.1160x10°m?. This
loss is related to dredging executed to allow large cereal transport vessels to reach this area of the

harbour.

Although the Lisbon canyon is potentially the biggest sink of the area, sediment bypassing from the shelf
to the canyon is unlikely to be common at present. An analysis to the local sediment map (IH, 2005)
shows a clear separation (4.3 to 1.1km) between the sandy sediment areas and the head of the canyon
where muddy sediments are dominant. Nevertheless, the possibility cannot be ruled out that in some

conditions it still can work as a sediment sink.

The analysis of the local bathymetry as well as the sediment map (IH, 2005) revealed a lobe on an
enclosed area between rocky outcrops in the south part of the coastal cell, immediately to the north and
offshore from Cape Espichel (Fig. 2.12). The comparison between the present bathymetric data with
that for 1882 and 1939 shows that in this specific area bathymetry varies considerably through time (Fig.

2.13).
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Figure 2.12 - Enclosed lobe between rocky outcrops (red outline). Sediment distribution map as

background (IH, 2005).
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Figure 2.13 — Surface comparison between the present bathymetry and the 1882 data (trend validated

by 1939 data). Darker colours reflect the areas with larger variation in sediment thickness.
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Based on its area, the lobe is capable of accommodating considerable amounts of sediment (6 to 15
million cubic meters), if local bathymetry changes of few meters (1.2 to 3 meters respectively) are
assumed. It also seems reasonable to infer that sediment bypass may occur between this segment and
the segment located immediately south, in certain conditions, contributing for the development of

perched beach deposits in between Jurassic cliffs of the south coast of Sesimbra (Fig. 2.14).
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Figure 2.14 - Sediment bypass between the west coast and the south coast (Sesimbra and Arrabida).

Despite its small size, the Albufeira lagoon is an important sediment sink particularly for the south part
of the segment. Its inlet, artificially opened once a year, draws sediment into the lagoon creating a
protrusion in the coastline and a slight retreat in the adjacent flanks. The overwash events, more

common during winter storms, also contribute for the sediment retention and the possible ongoing
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growth: the depth of lagoon indicates that considerable accommodation potential remains of the flood
tide delta. Any sea level rise further increases accommodation capacity of the lagoon as a sink.
Volumetric quantification based on the bathymetry shows that the lagoon can accommodate

7.1845x10°m? in an area of 1.2439x10°m?.

2.4.2 Wave climate modelling

Since the Caparica coastal cell is a wave-dominated coast exposed to an open ocean regional wave
climate (Roy et al., 1994), locally generated currents and wind waves were not considered. Wave model
results show that, for both mean and peak wave conditions, results are similar regarding the main wave
directions (NW, W and SW) (Fig. 2.15). The main differences are related with wave diffraction caused by
the northern headland (Roca headland) and the delta bathymetry that causes two different sand-

circulation cells, divided by a divergence point that migrates depending on the main wave direction.
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Figure 2.15 — Wave direction in relation with T,, and Hgg
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In NW swell conditions (33092), the most common with 77% of the occurrences (Costa, et al., 2001),
nearshore wave propagation separates into two cells as a result of the wave refraction mainly caused by
the deltaic structure. In the north part, south to north wave driven transport predominates while in the
southern area the opposite occurs (Fig. 2.16). The surfzone sand transport directions indicated by these

refraction patterns suggest that

(a) sediment eroded from the north part of the prograded barrier is mainly deposited inside the estuary,

while

(b) in the southern area the sediment is distributed to the available sinks (lobe offshore Espichel

headland, Albufeira lagoon and the Lisbon canyon) if the conditions allow.

The refraction results indicate NW wave conditions are the most favourable to supply the prograded

barrier with deltaic sediment.
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Figure 2.16 - Model results for NW direction (330°) in peak wave conditions (large arrow indicates the

wave divergence point)

In the case of the W swell (2709), the second most common with 20% of the occurrences (Costa, et al.,
2001), nearshore wave propagation is once more divided in two cells as a result of the wave refraction
caused by the delta. In the north part of the cell, south to north wave driven transport is dominant while
in the southern part the transport is the opposite. Between both areas, a small segment of shoreline
exists where waves propagate parallel to the coastline diminishing the alongshore wave driven transport
(Fig. 2.17). Sediment sinks and sources work in the same conditions as with the NW swell. However, in

the central part of the cell, due to the parallel swell, cross-shore transport predominates and sediment
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is conserved in most of the area. The only exception is the Albufeira Lagoon that works as a sediment

sink for shoreface sediment.
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Figure 2.17 - Model results for W direction (270°) in mean wave conditions (large arrow indicates the

wave divergence point)

For SW swell (2502), which is less common with 2.4% of the occurrences (Costa, et al., 2001), nearshore
wave propagation occurs from SW to NE in the entire segment (Fig. 2.18) without any divergence point.
Tagus estuary works as the main sediment sink under these conditions while the delta does not
contribute sediment to the barrier complex. Albufeira lagoon can also be pointed as a sink for the

southern end sediment.
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Figure 2.18 - Model results for SW direction (250°) in mean wave conditions

Overall therefore, since NW swell is predominantly followed by W swell (Costa, et al., 2001), it is likely
that peak and mean wave conditions for both swell directions shape result in two sub cells of divergent
alongshore transport in the surf zone. These results suggest that Tagus delta works as the main
sediment source and the Tagus estuary as the main sediment sink. In the south part of the segment the

Albufeira lagoon, despite its small size, works as sediment sink in most of the situations.
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2.4.3 Recent coastline evolution — Erosion

Despite different authors having already studied the recent evolution of the Caparica coastal cell, no
previous analysis has been undertaken to eliminate local and periodic fluctuations (<50m) that can
affect the characterization of large scale coastal behaviour. The recent dynamics of the area shows an
erosive tendency, almost exclusively in the north part, where a significant land loss and shoreline retreat

of a cuspate spit has occurred (Fig. 2.19).
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Figure 2.19 - Coastline position (1882, 1958 and 2007) and erosion area between 1882 and 2007 (in red).

The period is characterized by intensive erosive episodes interspersed by small accretion phases in
which artificial nourishment was performed to maintain coastline position. Comparative results based
on GIS analysis using DSAS (Thieler et al., 2009) (Table 2.2) show an average shoreline retreat of 406m
between 1882 and 2007 with a gradient of 3.2m/yr and 6.3161x10°m? of area lost. Between 1958 and

2007 the average retreat was 79m (1.6m/yr retreat gradient) with a corresponding area loss of
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8.3134x10°m>. This shows that the most significant coastline retreat occurred between 1882 and 1958
with 327m corresponding to a 4.3m/yr retreat gradient and a 5.4847x10°m” loss. Results from

topographic comparison between 1882 and 2007 show an overall erosive volume of 4.6428x10’m”.

Table 2.2 — Quantitative erosion based on DSAS and GIS analysis.

Average retreat Retreat rate Area Volume
Period 2 3
(m) (m/yr) (m?) (m’)
1882-1958 327 4.3 5,484,736 n/a
1958-2007 79 1.6 831,342 n/a
1882-2007 406 3.2 6,316,078 46,428,110

The magnitude of the erosive processes is significantly larger for the 1882-1958 period. However,
despite being a longer period (76 years) relative to the 1958-2007 period (49 years), the difference in
erosion magnitudes indicate an exponential decrease of available sediment in the barrier complex. As
the sediment availability diminishes the erosion rates follow, and the negative exponential trend is
consistent with the tendency for a dynamic equilibrium to be established. The construction of
permanent coastal protection structures in the 1960’s may also be responsible for a decrease in erosion

rates.

Sediment losses in the south part of the deltaic structure are mainly caused by the presence of a flood-
tide channel (Hidroprojecto, 2001) transporting sediment from the delta and the barrier into the estuary.
The erosion of three small islands near Bugio (visible in the 1882 map) and the landward migration of
the sand spit at the northern end of the barrier are all indicative of an overall erosion erosive tendency

(Fig. 2.20).
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Figure 2.20 - lllustration of sands pit erosion and migration towards the estuary through different

periods (2007 aerial photo in the background).
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2.5 Discussion

The thickness of the transgressive system tract seen on seismic data is an obvious signature of the fast
sea-level rise that occurred in this area between 20,000 and 7,000 years. After relative sea-level
stabilised (~7000 cal BP) (Vis et al., 2008) available sediment either from the river and the continental
shelf contributed to the development of the delta and adjacent morphological features. These features
are typical of those developing under stable sea-level conditions, as prograded barriers and spits (Roy et
al., 1994). This depositional history indicates the importance of the delta in controlling sediment storage

and dispersal in which the morphological development of the overall coastal cell is dependent.

Since no chronological information is available for the prograded barrier it can be inferred that the
development of the barrier is coeval to the delta. However, knowing that the cliff-top and climbing
dunes complex was still intact and growing up to 1000 years ago constrains the time frame (Costas et al.,
2012; Ferraz et al., 2011). Coastline configuration was different at this stage especially in the south part
where its position was well offshore of its present location, inferred from the necessary existence of
sand ramps with the cliff-climbing dunes at that time. A subsequent major erosive event caused the
complete erosion of the climbing dune structure inferring a significant coastline retrogradation to the
base of the cliff. The eroded sediments must have been displaced to sinks, which the results suggest
include the Lisbon Canyon and sediment bypass to Sesimbra and Arrdbida in the southern part of the
cell. The mechanisms of this erosive phase are not well understood as there are no distinguishable
sedimentary signatures to it. However, sea-level variation or changes in storm demand are possible

causes.

The erosion phase was followed by a coastline progradation in the north part of the cell due to a positive

sediment supply developing a prograded barrier system with a beach and dune complex. In the southern
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area coastline position was preserved due to insufficient sediment supply and/or the continued action
of the sediment sinks. This prevented progradation from conserving a relict transgressive barrier, to be
replaced by a mainland type beach in a semi-equilibrium stage, examined further in Chapter 4. From this
point in time the cell is likely to have been divided into two distinct cells with different morphologies

and evolutionary characteristics.

As tidal currents on the shelf do not have sediment transport capacity (Monteiro and Moita, 1968)
waves dominate the sediment transport through the NW and W predominant swells. The intense wave
refraction caused by the delta defines the littoral drift pattern and consequent sediment distribution in
the area (Fig. 2.21). Deltaic sediment is redistributed towards south, supplying the shelf and the barrier
complex. Possible losses to the canyon may occur during this process. For a sediment budget definition
it is also important to consider the contribution of the sediment eroded from the climbing dunes

complex within the prograded barrier.
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Figure 2.21 - Summary of sediment dispersal inferred from synthesis of the results.

Sediment transport calculations based on the previous assumptions indicate that a minimum positive
supply of 99,991m?*/yr from the delta to the coastline was needed to maintain a progradation tendency
in local morphology, either with climbing dunes development or barrier accretion. Comparison between
the results obtained for longshore sediment-transport rates at various coastal sites (Komar, 1976)

indicates a considerable magnitude on local sediment transport.

In the more recent evolution a significant erosive tendency is evident, causing a substantial coastline
retrogradation over the last 125 years. Wave refraction patterns cause a permanent SW-NE longshore
transport in the northern sub cell. This enhances the erosion transporting sediment into the estuary. The
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consequent retrogradation resulted in a sediment loss that exceeded 46 million cubic meters (see 2.4.1)

corresponding to a 372,000m3/yr maximum transport rate.

The increased rate of longshore sediment-transport (by 268,009m>/yr) and the switch in behaviour from
progradation to trend erosion indicates a variation in sediment availability. During the period when
deltaic sediment was supplied into the cell at a rate capable of overcoming the losses to the sinks,
accretion and coastline progradation was dominant. However, once sediment supply decreased to a rate
not capable of equalising the losses to the sinks, erosion and consequent retrogradation control the

coastal evolution.

Other possible scenarios exist that can contribute toward explanation of the cell evolution. These
include sea-level variations or changes in gross sediment supply. Vis et al., (2010) identified significant
changes in the Lower Tagus Valley during the late Holocene involving different exogenous controls on
fluvial activity. These controls include sediment availability to the coastal cell; sea-level variations (6500—
5500 cal. BP), probable climate change (5500—-1000 cal. BP) and human impact on sediment sources
(1000—-0 cal. BP). Together with this, the interpretation drawn from the results of this chapter is
consistent with the progressive intensification in anthropogenic impacts, such as dredging and harbour-

mole construction, in the Tagus estuary during development of Lisbon as a major port.
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2.6 Conclusion

The results confirm the well-established principle that deltas are depositional environments that can
control coastal evolution through the control of sediment supply. Although it is well established that
deltaic sensitivity to sea-level and sediment supply variations can cause significant changes in the deltaic
morphology influencing sediment dispersal patterns, the results presented here suggest that sea-level
can be ruled out as the main factor driving coastal evolution over the past few thousand years,
including during the medieval and modern historical periods. In particular, chronological information
based on local cliff-top and climbing dunes shows that the prograded barrier development is not coeval
with the delta evolution after relative sea-level stabilized in the area (~7000 cal BP). From this
conclusion, and from volumetric results of potential sinks and sources, it can be further concluded that
variations in sediment supply from the delta are mainly responsible for significant coastline migrations
observed in the geohistorical and historical data. Significantly, the analyses suggest that the deltaic
sediment supply can go negative when anthropogenic action causes the estuary to sequester coastal

sand.

These implications of sink-source zone volume comparisons are also consistent with inferred wave-
driven sedimentary exchanges between the deltaic environment and the adjacent coast. The intense
wave refraction induced by the delta itself defines a complex littoral drift that controls the sediment
dispersal along the cell, causing transport divergence that results in formation of two discrete sub cells:
a northern sub cell with a recent prograded barrier strongly dependent on the deltaic environment

sediment availability; and a southern sub cell comprising a retrogradational mainland beach.

For the northern sub cell, proximity of the Tagus estuary has enhanced the erosion of the strandplain

during the historical period as wave refraction causes a south to north littoral drift, north of the
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divergence point, advecting sand toward and into the estuary. In the sourthern sub cell, on the other
hand, a semi-equilibrated shoreline is indicated at the base of a cliff. It can be concluded from the
existence of the littoral transport divergence mid-way along the cell that the southern sub cell is no
longer strongly coupled to the delta through littoral supply. This decoupling is consistent with a subtle
inflexion in the shoreline planform roughly coinciding with the littoral-transport divergence point
(Fig. 2.17). However, it is unlikely that a complete decoupling exists because the shorelines along the
northern and southern sub cells remain reasonably aligned, although their planform equilibrium

tendencies may differ (see Chapter 4).

Comparison of the long-term approach results with the short-term rates shows a significant increase of
sediment transport magnitude through time from which a systematic variation in sediment availability
may be concluded. The decrease of sediment supply from the delta to the coast enhanced the local
erosion problems and consequent coastline retrogradation. The comparison between the results
reported in this chapter and from other studies in the lower Tagus valley is consistent with the
progressive intensification in anthropogenic impacts due to the intense usage of the estuary for
navigation and building purposes. The deforestation of the catchment area, alteration of river margins
through the construction of new and bigger harbour moles as well as sea-walls and groin fields in the
adjacent coastline are some of the examples. These impacts probably have a significant responsibility in

recent coastline migration as enhancing sediment transport.
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CHAPTER

Cliff-top dune evidence in characterisation of
coastline evolution and sediment transport

Photo: Sea-cliff near Espichel



3.1 Introduction

Coastline position is dependent on sediment gains and losses on the alongshore and cross-shore
directions (local sediment budget) as well as in sea-level position (Cowell et al., 2003a). The balance
between accommodation space, caused by sea-level variations, and sediment availability controls the
rate of coastline progradation and retrogradation (Roy et al., 1994; Cowell et al., 2003b) as well as the
development of local coastal morphology. However, in stable sea-level conditions the role of sediment

budget becomes predominant in coastal evolution (Roy et al., 1994).

Sand barriers are basic depositional elements for wave dominated coasts (Roy et al., 1994) that
comprise different morphological and stratal architectures. When conditions are favourable for
coastline progradation, development occurs of strandplains, or prograded barriers, comprising a
horizontally accreting series of beach and foredune ridges (Komar, 1976; Fisher & Simpson, 1979; Roy et
al., 1994, Cowell & Thom, 1994). Under specific conditions of sediment supply, wind and wave climates,
transgressive dune systems can develop surficially on these barriers (Hesp & Thom, 1990). Once the
transgressive dune complexes become detached inland from the adjacent coastal sand source, cliff-top
dunes may develop. This inland separation of the cliff-top dunes from its source involves the erosion of
the sand ramp portion of a climbing dune (Tsoar, 1983; Ferraz et al., 2011) that originally formed the
transport pathway between the sediment source and the cliff-top deposits. This erosion, usually
associated with sea-level variations and changes in wind patterns (Jennings, 1967; Pye & Bowman, 1984;
Short, 1988; Roy & Boyd, 1996), can be mainly due to changes in sediment supply conditions and

coastline position (Ferraz et al., 2011).

The objective of this chapter is to explore in greater detail the evidence on cliff top dunes used in the
preceding chapter to reconstruct the long-term coastal evolution of the Caparica coastal cell. Chapter 3

therefore documents results from analyses used to estimate past dune morphologies and their effaced
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geometry through application of physical principles and other evidence drawn from results on coastline

evolution presented in the preceding chapter.

More specifically, the aim of this chapter is to assess whether

(1) sufficient space exists landward on the of the beach along the existing coast to accommodate the
minimum dimensions of climbing dunes that must have existed to allow development of the now

isolated cliff-top dunes;

(2) the climbing dunes were emplaced during the later phase (Holocene) of the postgladial marine
transgression or whether they are the product of post stillstand evolution of this deltaic coast as it
adjusted to a re-equilibration of the delta sediment body under conditions in which generation of

new accommodation had ceased.

The direct evidence of the sand ramps has been effaced by subsequent erosion, so the first of these
aims needs to be addressed through application of general principles on climbing dunes. The second aim
needs to address evidence that also necessarily gives insight into conditions leading to initiation of

climbing dunes as well as conditions the result in destruction of their sand ramps.

54



3.2 Background principles

3.2.1 Phases in the evolution of a climbing and cliff-top dune complex

In this chapter it is assumed that the cliff top dunes of Setlbal peninsula, located on the Portuguese
west coast (Fig. 3.1), develop according to Jennings (1967) and Roy & Boyd (1996) models (Fig. 3.2)
where sand blown landward from the beach encounters an obstacle (sea-cliff) building a climbing dune
(sand ramp) against the seaward face of the coastal cliff which is subsequently eroded due to sea-level
effects leaving the isolated cliff-top dunes as a testimony of a transgressive dune system. However, the

specific conditions about the development of climbing dunes are not well known.
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Figure 3.1 - Setubal peninsula, Portuguese west coast.
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Figure 3.2 - Schematic diagram of cliff-top dunes development (Adapted from Jennings, 1967).

Tsoar et al. (1996) defined conditions for which natural sand deposition occurs on slopes with
inclinations between 0° and the maximum angle of repose, 33° in most sand sized materials for
threshold shear velocities between 0,27m/s and 0,51 m/s, depending on the sediment characteristics
(Liu et al.,, 2006). The presence of topographic obstacles creates perturbations in the wind flow
generating variations in shear stress (Hunt et al., 1988) with deposition in principle favoured in regions

where shear stress gradients are negative, or where boundary layer separation.

According to Tsoar’s (1983) wind tunnel experiments, when wind encounters a vertical cliff its velocity
begins to drop and the direction reverses with the formation of an eddy. If the sediment supply is
constant or the cliff is inclined, with slopes less than 55 degrees, the size of the reverse flow eddy
decreases and sediment begins to deposit at the base of the cliff (Fig.3.3). Sediment tends to
accumulate forming a climbing dune (sand ramp). Wind-tunnel experiments also indicated that the
region where dunes tend to accumulate in front of the cliff is limited to a maximum distance, d, from the

cliff that varies with the cliff height, h (Tsoar, 1983):

20<d/h<35 (3.1)
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Figure 3.3 - Wind flow over cliffs with different slopes. Examples of 452 (left) and 60 ¢ (right) (adapted

from Tsoar, 1983).

The efficiency of the climbing dune as a sand transport pathway to the top of the cliff strongly depends
on the sediment supply, Q;, and on the cliff height: if the cliff height increases beyond a critical threshold
or the sediment availability diminishes, the supply to the top of the cliff ceases (Haslett et al., 2000).
Coasts with higher sediment supply (Q, >10m*/m/y, Short, 1987), higher wind energy and dissipative
beaches, potentially have larger dune-fields (Hesp & Short, 1999) and fetch area for aeolian transport.
Although climbing dunes not common, they can be observed on positive sediment supply environments

(Fig. 3.4).

Figure 3.4 - Climbing dune complex on Boavista Island — Cape Verde (on the left); Climbing dune and

cliff-top dune complex in Western Australia (photo on right by A. Short).
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3.2.2 Local sea-level variations and progradation phases in late Holocene

According to Vis et al. (2008), samples from the lower Tagus valley indicate that present sea-level was
permanently achieved at 7000 cal BP, when the valley was transgressed by tidal and marine
environments sealing the local transgressive system tract. However, more recent progradation and
retrogradation events occurred in proximate coastal areas (Goy et al., 1996; Haslet et al., 2000; Goy et
al., 2003) providing possible evidence for changes in local sea-level and/or sediment supply conditions.
According to Goy et al., (2003) six different prograding units identifiable on the south coast of the
Iberian Peninsula are a result of the North Atlantic Oscillation (NAQO) and sunspot oscillations that caused
minor changes of local relative sea-level. The same variations were recognised by Guerra et al., (2000)
who related fluctuations in mean sea-level on the Portuguese coast, measured using instrumental
records of tide gauges between 1882 and 1991, to a significant inverse correlation with the NAO index.
The higher sea level anomalies are favourable to dune instability and dune development (Pye &
Bowman, 1984; Pye & Tsoar, 2009) and may cause changes in local sediment supply if the shoreface
sequesters sand under these conditions (Cowell et al., 1999). It has been shown that coastline
progradation and retrogradation can occur either in rising, stable or falling sea-level conditions

depending on sand supply to beaches and dunes (Hesp & Short, 1999; Cowell et al., 2003b).

3.2.3 Geomorphologic setting

The Caparica coastal cell in which cliff top dunes were investigated lies between Trafaria and Espichel
Cape (Fig.3.1). The geomorphology is described in Chapter 2 (Sec.2.2). Average grainsize values

gradually increase from north to the south probably due to wave power influence (Teixeira, 1990).
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3.3 Methods

3.3.1 Dune system modelling and quantification

In order to understand the morphologic development of the cliff-top dunes the analysis was performed
using different sets of topographic data that was imported into GIS where Digital Elevation Models
(DEM'’s) were built based on height and slope variations. The volume of cliff-top dune deposits was
based on the average thickness previously calculated for each deposit. In order to validate the position
of the dune geometry and the geologic setting of the area, groundtruthing was performed using a

GIS/GPS integrated system.

Climbing dune structures were modelled based on physical principles developed by Tsoar (1983) where
dunes accumulated in front of the cliff was limited to a maximum distance given by Equation 1 (Tsoar,
1983; Ferraz et al., 2011). A digital elevation model (DEM) using a Triangulated Irregular Network (TIN)
was prepared along the Caparica cell where cliff-top dunes could be observed to analyse dune
dimensions. The DEM was created between the actual cliff-top dune morphology and each calculated
base position to which a height of h = 0 m was attributed. This allowed the definition of the geometry

and volume of the climbing dunes relative to the position of the dune base.

3.3.2 Ground-Penetrating Radar (GPR) survey

Characterization of the prograded barrier system internal facies was delineated using Ground
Penetrating Radar (GPR). Preliminary surveys were undertaken to locate the best area for validated
results. The Fonte-da-telha area, located in the southern end of the prograded barrier, was chosen to

record the GPR profiles since it preserves the original dune field structure and has less anthropic impact

59



than the northern area of the barrier. The northern area has been subjected to intense construction and

agriculture, and landslide deposits impeded the GPR signal due to the presence of abundant clay.

Images of the subsurface were acquired using an IDS-GPR system RIS MF Hi-Mod #1 with a dual
frequency antenna (200 and 600 MHz). GPR has proven to resolve sedimentary facies within the beach
profile and the transition towards the adjacent foredune (Bristow and Pucillo, 2006). In addition, GPR
was successfully applied to paleo-shoreline reconstruction in prograding coasts by mapping subsurface
scarps, which in turn represent the morphological impact of past erosional events (Buynevich et al.,
2007). A total of four crosshore and two alongshore GPR profiles 1.2 km-long were surveyed along the

barrier complex (Fig. 3.5).
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Figure 3.5 - GPR survey lines and core sampling position.

The GPR was synchronized with an RTK-GPS system in order to obtain the topographical information for
static correction during the processing of the radargrams. Raw data were processed using Reflex-Win
Version 5.0.5 from Sandmeier Software. Processing included time-zero drift, application of filters and
gains, velocity profile estimates, migration and static corrections. An average subsurface velocity of 0.16
m/ns was estimated using the interactive hyperbola-adaptation method and is a typical velocity for dry

sand.
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3.3.3 Core sampling and dating

Core sampling was undertaken based on the geophysical results obtained with the GPR methodology
from which the core locations were chosen (Fig. 3.5). Eight cores were collected (S1 to S8) using a TESS-1

suction core operated manually, obtaining different penetrations (Table 3.1).

Table 3.1 — List of samples and corresponding penetration.

Core Sample Penetration (cm)

S1 386
S2 495
S3 148
S4 337
S5 138
S6 259
S7 360
S8 343

The bottom 40cm (base) from cores S1, S2, S4, S5, S7 and S8 were separated and dated using optically
stimulated luminescence (OSL) analyses. Cores S3 and S6 were used as replica cores for dating validation
purposes, being collected on a different location of the same dune structure as cores S4 and S5. This

infers that results must be similar within the possible range of dune development.
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3.4 Results

3.4.1 The dune system morphology

GIS analysis results showed that cliff-top dunes occupy an overall area of 1.0005x10” m? correspondent

to 1.2913x10® m® over in a 20,662 m cliff length (80% of the overall length of the cliff).

Cliff analysis in GIS shows slopes varying between 5 and 60 degrees. Statistical examination indicates
that the most common slopes are between 20 and 40 degrees and only one occurrence is above the 55
degrees (60°) where the presence of landslide deposits comprising Mio-Pleistocene material at the base

of the cliff contributed to the reduced angles.

The lower slope angles assist the development of climbing dunes under proper wind conditions.
Assuming paleo-winds similar to the predominant direction at present, conditions would have been
favourable for the development of climbing dunes. At present, data from the Lavradio meteorological
station, located 15km East of the Caparica area, indicates predominant winds from the westerly
quadrant occurring 35.1% of the time with relatively constant average annual speeds of 3.9 m/s

(CostaPolis, 2005), which exceeds the threshold shear velocity for the dune sand (Fig. 3.6).
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Figure 3.6 — Wind frequency and velocity from Lavradio meteorological station (CostaPolis, 2005).
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GIS analysis also indicates that the cliff heights, where cliff-top dunes are present, vary between
5<h <80 m with a mean value of 49m. From Equation 1, the deposition distance from the cliff varies
between 10 <d <280 m (Fig. 3.7) with repose angles between 16° and 27°. Modelled morphologies
(Fig. 3.8) allowed the quantification of the climbing dunes volumes for both scenarios, d/h=2.0 and

d/h=3.5, obtaining volumes of 6,033,201m> and 15,197,740m? respectively (Table 3.2).

Figure 3.7 - Schematic configuration of both climbing dune scenarios (BS — Barrier System; M — Miocene;

PQ - Plio-Quaternary; CTD — Cliff-top dunes).

Albufeira
lagoon

Figure 3.8 - Modelled climbing dune DEM (e.g. d/h=3.5) over the actual topography.
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Table 3.2 - Deposition distance (d) based on the cliff height (h) and the d/h ratio. It is also represented

the slope value (a) of the climbing dune for each case.

d/h

h(m)
d(m)
a(2)

Vol.(m®)

3.5 2.0
Min. Avg. Max. Min. Avg. Max.
80 49 5 80 49 5
280 171 18 160 97 10
16 27
15,197,740 6,033,201

Comparison of the modeled climbing dunes with the present-day coastline position indicates that to

accommodate these structures coastline had to experience significant changes in most of the area. It is

possible to divide the overall cell in two sub cells (Ch. 2) with the division being on Fonte-da-Telha beach.

The sub cell south of Fonte-da-Telha at present does not have sufficient physical space to accommodate

a climbing dune (Fig. 3.9) because it contains a mainland beach that encroaches directly onto the base of

the cliff. It can be inferred from the present lack of space to accommodate a climbing dune that the

beach has migrated horizontally inland from a position further seaward resulting in the destruction of

the sand ramp portion of the climbing dune.
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Figure 3.9 - Southern area. Solid and dashed lines represent the different deposition distances and

consequent position of the climbing dune base (d/h=3.5 —solid line; d/h=2.0 — dashed line).

North of Fonte-da-Telha the prograded barrier coastline position has sufficient space for the
development of a climbing dune. However, the absence of the structure today implies a past episode of
sustained erosion during which the beach migrated inland destroying the sand ramp, redistributing its
sediments elsewhere, and leaving the cliff-top dunes isolated from the present coast as evidence of this
depositional history (Fig. 3.10). This sediment redistribution could have contributed to the prograded

barrier development.
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Figure 3.10 - Northern area. Solid and dashed lines represent the different deposition distances and

consequent position of the climbing dune base (d/h=3.5 —solid line; d/h=2.0 — dashed line).

3.4.2 Ground-Penetrating Radar (GPR) profiles and dating

GPR profiles allowed the identification of the prograded barrier internal facies with a structure
comprising successive sub-parallel paleo-beach surfaces reflecting a roughly constant barrier
progradation. Paleo-beach morphologies are similar to the present beach environment with similar

slopes of 2° to 3° typical of dissipative to intermediate type beaches (Short, 1979; Wright and Short,
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1984; Sunamura, 1988; Lippmann and Holman, 1990; Short, 1999). In some cases berm crests were
slightly higher (6 meters) relative to present day beach environment (3 to 5 meters) reflecting higher
energy periods or greater exposure to wave energy. Presently, higher berm crests are observed in the
Albufeira lagoon area, where wave energy is more significant for the predominant wave directions that

prevail at present (Chapter 2).

Paleo-beach surfaces are overlapped in GPR records by the present dune field in a clear separation
between both facies. The dune field mainly comprises successive foredune ridges with an average 2
meters thickness and an internal undulating structure sub parallel to the topography. The beach and

dune strata are separated by a semi-horizontal surface that corresponds to the upper limit of the

successive swash zones (Fig. 3.11).
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Figure 3.11 - GPR profile obtained (top) and its seismic interpretation (bottom). Core samples S2 and S5
and respective OSL ages. Thick solid lines: paleo-beach surfaces; Thin solid lines: deflation zones; Dashed

lines: Separation between beach and transgressive dune environments.

OSL dating results from core samples show that barrier progradation is recent. Samples S1 and S2,
obtained near the base of the cliff (Fig. 3.5) to date the older deposits within the barrier present ages of

0.62+0.06ky and 0.62+0.03ky respectively.

The remaining samples show a continuous decrease in age towards the present beach (Table 3.3)

indicating a roughly constant progradation rate.
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Table 3.3 - OSL dates.

Sample Age (ky)
$1-2011 0.62+0.06
S2-2011 0.62+0.03
$4-2011 0.36+0.03
$5-2011 0.19+0.02
$7-2011 0.13+0.02
$8-2011 0.11+0.01

3.4.3 Sediment transport and coastline evolution

The results demonstrate that well after sea-level stabilization at approximately 7000 cal BP (Vis et al.,
2008), the coastline of the Caparica cell continued to undergo significant morphological change. . During
the last 1,000 years, the results indicate that morphological change can be characterised to have
occurred in four sedimentary stages: SS1 - active cliff-top dunes period due to the presence of a well-
developed climbing dune in the area and considerable sediment supply until 0.98 + 0.05ky BP (Costas et
al.,, 2012); SS2 - climbing dune erosion period and sediment redistribution followed by barrier
progradation until 0.62+0.06 ky BP; SS3 - barrier progradation until 0.13+0.02 ky BP; SS4 - coastline

rotation with slight progradation of the Fonte-da-Telha area and significant retreat in the north part.
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SS1 and SS2 - active cliff-top dunes period and climbing dune erosion

The latest date for dune activity was 0.98 + 0.05ky BP according to Costas et al., (2012) and the earliest
date for barrier progradation was 0.62 + 0.06ky BP. These dates leave a 360 year time window for
climbing-dune erosion and consequent sediment redistribution. Maximum transport rates inferred from
the length of this period and the estimated dune volumes vary between 42,216m*/m and 16,759m>%/m
for the two modelled climbing dune scenarios (Table 3.4).

Table 3.4 - Transport rates for climbing dune erosion and sediment redistribution.

d/h ratio Climbing dune vol.  Complex length Time Max. transp. rate Transp. Rate
(m?) (m) v) (m*/y) (m*/m/y)
35 15,197,740 42,216 2.043
20,662 360
2 6,033,201 16,759 0.811

SS3 - barrier progradation

Dates on the dune deposits located at the base of the cliff show that barrier progradation for this area
started ca. 0.62 + 0.06ky BP. From estimates of the climbing dune volumes, their erosion could have
contributed between 5% to 12% of the total barrier volume, assuming no losses to other sinks in the
sediment redistribution process. Results from the remaining samples in relation to GPR profiles, in which
the absence of erosion scarps indicates no significant erosion events evident, demonstrate that
progradation sequence was roughly constant. A time average progradation rate of 0.86m/y occurred
until 0.11£0.01ky BP for this area (Fig. 3.12). Rates tend to increase through time towards the most

recent samples (Table 3.5).
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Table 3.5 - Progradation rates for local barrier development.
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Figure 3.12 - Core samples S1 to S8 and respective OSL ages.

Period Progradation distance Time Progradation rate
(ky) Calendar years
v (m) (v) (m/y)
0.62-0.36 1391-1651 80 260 0.31
0.36-0.19 1651-1821 50 170 0.29
0.19-0.13 1821-1881 50 60 0.83
0.13-0.11 1881-1901 40 20 2.00
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From the average progradation rate obtained for the entire prograded barrier complex and its

corresponding volume, a maximum transport rate of 255,075m>/y can be inferred (Table 3.6).

Table 3.6 - Transport rates for complete barrier progradation.

Volume (m3) Barrier length  Time Max. transp. rate Transp. Rate
(m) (y) (m*/y) (m*/m/y)
130,088,213 12,305 510 255,075 20.73

This alongshore transport rate is significantly higher than the one obtained in relation to climbing dune

erosion and redistribution.

SS4 - recent coastline evolution

To validate the progradation tendency, OSL results were related used with results of the aerial
photograph analysis (Chapter 2). For the Fonte-da-Telha area, coastline progradation continued until the
late 1980’s. Adopting 1989 as the end date, progradation occurred in this area for 598 years resulting in
an overall distance of 345m for a rate of 0.59m/y. However, in the northern end of the barrier near
Caparica, from aerial photos and map comparison, coastal retreat started after 1882. This indicates that
a slight clockwise coastline rotation started to affect the evolution of the prograded barrier complex
most probably between 1882 and 1901. However, the absence of refined data, especially in the north
part of the barrier, does not allow precise inferences to be drawn about the beginning of this period or

the magnitude of sediment supply involved.
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3.5 Discussion

These results suggest that the coastal cell can be divided into two distinct sub cells: a prograded barrier
in the northern sub cell that was strongly dependent on sediment supply variations, and a

retrogradational barrier in the southern sub cell that has stabilised in the more recent period.

The presence of cliff-top dunes for which dates indicate activity until 0.98 + 0.05ky BP (Costas et al.,
2012) demonstrates that this coastal cell has undergone significant coastline changes during the last
1000 years. The present coastline morphology is not consistent with the existence of an active climbing
dune capable of supplying sediment to the cliff-top dunes complex, especially in the southern sub cell,
because there is insufficient space to accommodate the sand ramp. In the north sub cell, the absence of
the climbing dune sand ramp today indicates that it was eroded due to coastline retreat followed by a
roughly constant barrier progradation that culminated recently in a new coastline retreat episode. This
fluctuating behaviour indicates the occurrence alongshore sediment transport rates capable of altering

coastline morphology.

Four distinct phases of sedimentary processes were identified where sediment redistribution seems to
have involved cyclic retreat/advance patterns in the northern sub cell. The cyclicity requires the
existence of an interaction between the several sediment sinks and sources connected by transport
pathways. Possible scenarios include changes either in sea-level conditions or in sediment dispersal
patterns. For this results were related with findings from other authors (Goy et al., 2003; Vis et al., 2010;

Costas et al., 2012).

Global eustatic sea-level variations (Clark et al., 1978; Peltier & Fairbanks, 2006; Siddall et al., 2010)
became increasingly dependent in local factors than on eustatic variations in the late Holocene (Dias et
al., 2000). Relative sea-level stability in this area was reached ca. 7 Ky cal BP (Vis et al., 2010). However,

contrary information from coastline evolution studies for nearby locations, in the SE of the Iberian
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Peninsula (Gulf of Almeria), indicate that several sea-level changes occurred for the period between 6 Ky
cal BP and today that were capable of causing significant changes in coastline positions (Goy et al., 1996;
Goy et al., 2003).

According to Goy et al.,, (2003) between 1Ky BP and today sea-level variations presented small
magnitudes (-0.2m to +0.2m) relative to present day sea level. These variations were probably
insufficient to cause sufficient changes in coastline morphology to account for the erosion of the
climbing dunes and the sediment redistribution that contributed for barrier progradation. However, the
occurrence of two progradation units documented by Goy et al. (2003), H5 and H®, is similar to the
occurrence of stages SS1 and SS2 progradation identified in this study. Stage SS1, where cliff-top dunes
where active, occurred until 0.98 Ky BP, comparable to Unit H5 (Goy et al., 2003) that occurred between
1.9 and 1.1 Ky cal BP with coastline progradation occurring during a relative sea-level fall. Stage SS2,
corresponding to the climbing dune erosion, occurred between 0.98 Ky BP and 0.62 Ky BP. A similar
erosion event occurred between Unit H5 and H6 reported by Goy et al., (2003), culminating ca. 0.5Ky cal
BP. Since then two progradation phases where identified for both studies: SS3 for the present study with
barrier progradation since 0.62 Ky BP; and H6 since ca. 0.5 Ky cal BP for Goy et al., (2003) (Fig. 5.1).
Fluvial studies also indicate similarities with present study sedimentations stages. Vis et al., (2010)
identified several phases of high fluvial activity based on lithological changes between 7Ky cal BP and
present day for the Lower Tagus Valley. Phase 5, occurred since 1Ky cal BP, includes most of the present
study sediment stages. The increased flooding occurred in this phase is attributed to strong human
impact on Tagus catchment vegetation that overruled climatic control on sedimentation for the Iberian
and Mediterranean regions since then (Fig. 3.13).

Aeolian pulses identified by Costas et al. (2012) for the same area show a close relation to the identified
sediment stages. Aeolian pulse 5 (AP5) occurred between 1.2 Ky BP and 0.98 Ky BP reflects cliff-top

dune activity coincident with SS1. The lower limit of this aeolian pulse is also an indication for the
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beginning of SS1. AP6, occurred between 0.44 Ky BP and 0.3 Ky BP indicates the reactivation of aeolian
activity in cliff-top dunes. This aeolian pulse is coincident with the final stage of SS3 where barrier

progradation occurred, reflecting sediment availability (Fig. 3.12).
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Figure 3.13 - Chronostratigraphy of the local sediment stages in relation with local coastline position,
sea-level variations (Goy et al., 2003), fluvial activity (Vis et al., 2010) and Aeolian pulses on dune activity

(Costas et al., 2012).

Despite the fluctuations in the North Atlantic Oscillation (NAO) index and/or sunspot oscillations being
capable of causing small-scale changes of sea-level (Goy et al., 2003) the low magnitude of these events
is probably insufficient to account for the significant coastline changes observed in the Caparica coastal

cell. Therefore, by a process of elimination, it seems reasonable to speculate that changes in sediment
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availability were responsible for the observed shoreline evolution. This explanation involves a stable
sea-level where coastline behaviour patterns were in principle determined by the balance between
changes in sediment accommodation space availability (Cowell et al., 2003b). Accommodation changes
may be attributed to external factors such as changes in wave climate, variations in storm demand or
anthropic impacts such as dredging and harbour-mole construction, as happened in the Tagus estuary

during the development of Lisbon as a major port.
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3.6 Conclusion

The presence of isolated cliff-top dunes on a Mio-Pleistocene sea-cliff advances a climbing dune scenario
in which sediment piles up after finding an obstacle to its aeolian migration inland. The climbing dune
activity until 0.98 + 0.05ky BP indicates that local coastline experienced significant changes in order to
completely erode this structure and develop a prograded barrier system between 0.62+0.06ky and the
20" century. Recent morphologic evolution allows identification of two distinct coastal sub cells. The
north sub cell, located nearer the local sediment regulation structures (delta and estuary) is affected by
larger magnitude coastline changes while the south sub cell is less affected by accommodation

variations, and comprises a mainland beach with a stable coastline position.

The quantification of coastline behaviour patterns, determined by the relation between changes in
sediment accommodation space and sediment availability, indicate that low order sea-level variations
like the ones observed on proximate locations for this period are not sufficient to cause high magnitude
coastline changes. This tends to rule out sea-level as the key factor for local coastline development,
requiring consideration of changes in other sediment sources and sinks. Anthropic impacts seem the
most likely cause of such changes in the Caparica coastal cell, associated with dredging and harbour

mole construction in the adjacent Tagus estuary.
The results show conclusively that:

(a) insufficient space exists to accommodate climbing dunes landward on the of the beach in the
southern sub cell (south of Fonte-da-Telha), indicating that the shoreline must have been
substantially further seaward to permit formation of the sand ramp that supplied the cliff top dunes

that have been left as remnants;
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(b) although sufficient space exists at present in the northern sub cell to permit format formation of

the climbing dunes necessary to account for the remnant cliff top dunes, the removal of the sand
ramp through erosion indicates that the space seaward of the cliff line became insufficient in the
past between the formation of the climbing dunes and the strandplain progradation evident there at

present;

the timing on formation of the climbing dunes places them in more recent period of sea level high
stand, so that rather than being attributable to enhanced aeolian activity associated with the
destabilising effects of the postglacial marine transgression, climatic anomalies or anthropogenic

impacts of medieval settlement.
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CHAPTER

Deltaic control on embayed beach stability
due to changes in wave climate

Photo: Bugio lighthouse



4.1 Introduction

Waves and wave induced currents are dominant mechanisms on long-term sediment dynamics of
shorefaces and beaches for wave dominated coasts (Roy et al., 1994; Aagaard & Masselink, 1999). Due
to substrate bathymetry waves entering shallow areas are subject to swell direction variations through
diffraction and refraction (Komar, 1976) defining local currents that are important sediment transport

agents (Aagaard & Masselink, 1999).

Diffraction and refraction are common on embayed beaches, generally considered stable coastline cells
(Hesp & Short, 1999; Lausman et al., 2010a) located between fixed structures (natural or artificial) that
allow the conservation of the morphodynamic equilibrium (Hsu et al., 2010). The development of the
parabolic bay shape equation (PBSE) (Hsu & Evans, 1989) allows definition and quantification of an
idealised bay planform for a coastal cell based on the relation between coastline evolution, wave
direction and a specific wave diffraction point. Its application is mainly focused on the search for
solutions to erosion problems usually related with climate change, anthropic impacts and sediment
supply insufficiency (Schiaffino et al., 2011) that create changes on coastal equilibrium. However, the
exclusive application of this model to embayed and enclosed headland bay beaches (Hsu & Evans, 1989;
Hsu et al., 2010; Lausman et al., 2010a,b) reduces its applicability in morphological coastline evolution

studies.

The fact that a headland is the only point considered for variations in wave direction neglects the
importance of local bathymetry and the presence of other morphological structures capable of causing
significant wave refraction and/or diffraction influencing coastline evolution and stability. Deltaic
structures are morphologies that strongly affect swell direction (Fitzgerald, 1996) creating specific wave
regimes that regulate sediment dynamics and littoral drift, being more important than headlands in

some specific segments.
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The purpose of this chapter is to examine the deltaic influence on wave direction patterns in the wave
dominated Caparica coastal cell, where previous studies (Ferraz et al., 2011; Costas et al., 2012) and
results reported in the preceding chapters of this thesis have demonstrated that coastline equilibrium
conditions significantly changed during the last 1000 years. Coastal equilibrium induced through
engineering intervention has been sought throughout the last decades to avoid coastal erosion and
significant land loss that can affect urbanized areas in the Caparica cell. An example of this was the
construction of groin fields in the 1960’s and the constant artificial nourishment in the north beaches

since the late 1990’s.

Empirical application of the PBSE principles based on wave climate variations and coastline position

through time was undertaken to address three aims:

(1) to assess whether the delta morphology plays a role in the planform development of the adjacent

sandy coastline;

(2) to evaluate whether sub cells identified in the preceding chapters share a common functional
shoreline geometry or exhibit the existence of different morphodynamic controls over their

planforms; and

(3) to explore the possibility that large changes in the delta morphology evident in historical records

may be responsible for changes in shoreline geometry of the adjacent coast.
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4.2 Wave climate

The frequency of occurrences and the wave power (P) was characterized based on mean and peak wave
periods (7,, and T,) and significant wave height (Hg,) for each one of the predominant wave directions
of the Portuguese Atlantic coast (NW, W and SW) from the work of Costa et al. (2001). For this
characterization, two different datasets were used (see Appendix Il). Data from the Sines buoy (located
approximately 75km south of the study area) from a period between 2003 and 2009 (6 years) was used
to characterize mean wave conditions (MWC). A 57 year hindcast (1953-2009) from the Micore project
(Morphological impacts and coastal risks induced by extreme storm events) for the same area (Dodet et
al., 2010) was used to characterise peak wave conditions (PWC). The use of two distinct datasets also

permitted the comparative validation of the data.

Observations from both datasets indicate that NW swell is the most predominant for significant wave
heights between 1 and 3 meters and mean periods between 6 and 12 seconds (Fig. 4.1) in mean and
peak wave conditions. For MWC statistics, W and SW swell frequencies are not representative of the
Caparica wave climate. However, their frequencies are greater in the PWC data indicating relevance to

nearshore sediment circulation.
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Figure 4.1 - Wave direction in relation with Hy; (left) and 7,, (right) for MWC
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The ratio between the peak frequency (f,) and wave power, or wave energy flux (P), was calculated for
different intervals of peak wave period (7},) and significant wave height (/) according to each direction

(NW, W, SW). Wave energy flux was calculated according to

3 m0

2
P=P 2 705 Vg2 7 (4.1)
64rx m°.s

where P is the wave energy flux per unit of wave-crest length, H,g the significant wave height, T the

wave period, p the water density and g the acceleration of gravity (Komar, 1976).

NW swell presents a wider range of values in wave height and peak period spectra, showing a greater
ratio between peak frequency and wave power particularly for significant wave heights between 6 and

12 meters and peak period values between 2 and 10 seconds.

In either MWC or PWC wave statistics, NW swell predominates in frequency and power, and thus can be
expected to dominate wave driven surfzone transport of sediments indicating a net flux from north to
south. W and SW swells are not representative for long-term local coastal processes. However,
consideration in this study is given to the possibility of their effects play some role due to rare high
magnitude occurrence that may cause reversals in the alongshore sediment transport with temporary
fluxes from south to north. Although temporary, such fluxes may be of significant if the estuary acts as a

sink, and thus a one-way valve for northward sand movements at the northern end of the cell.
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4.3 Wave modelling

Local wave conditions were modelled according to main wave directions (NW, W, SW) divided in
guadrants using the most frequent values of significant wave height and period. Mean and peak wave
conditions were used to relate the wave behaviour to local bathymetry in order to characterize the
overall wave propagation and specifically the nearshore wave direction relative to depth-contour and

shoreline orientation as an indicator of littoral sediment transport directions.

43.1 Mean Wave Conditions (MWC)

The most common directions for the NW, W and SW quadrants in MWC are 330°, 270° and 250°
respectively. The T, intervals vary between 6 and 8 seconds for a H,;, of 2 meters for all the considered

wave directions (Table 4.1).

Table 4.1 - Wave characteristics in MWC.

Quadrant Predominant Dir. (°) T (s) H,ig (M)
(280[\1-\/\;60“) 330 6-8 2
(260°V-V280°) 270 68 2
(180"S \-sto") 250 6-8 2

Model results (Fig. 4.2) show that refraction and diffraction mainly affect NW swell due to the
morphology of the coast. Waves are first refracted in the northern headland (Roca Cape), with incoming
waves changing direction progressively towards East. A second refraction occurs when waves propagate
through the delta creating two nearshore circulation cells where wave travel with obliquity near the
coast, one in the north part where the waves travel with e SW-NE direction and another where waves

travel in a NW-SE direction affecting the south area.
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The W swell is only affected by the delta where refraction rotates wave propagation towards north.
However, cross-shore wave propagation predominates as wave angles near the coast are perpendicular

(90°) or have reduced alongshore-directed components.

The SW swell shows no significant changes in wave direction associated with the presence of the delta
or the northern headland, although minor refraction is evident near Espichel cape, at the southern end

of the cell. Wave propagation obliquity to the shoreline orientation, in the SW-NE direction, is

ubiquitous near the beach.

Figure 4.2 - Model results for MWC: NW direction (330°) on the left; W direction (270°) in the middle;
SW direction (250°) on the right. Length of black arrows represents wave energy intensity and orange

arrow indicates the wave divergence point for each case.

Since nearshore wave obliquity mainly occurs with NW and SW swells, these waves are indicated to be
the most important determinants of net alongshore sediment transport. Results show that SW swell has
a higher wave power that enhances this transport. However, a reduced annual occurrence (2.4%) (Costa
et al., 2001) reduces its importance on a time averaged basis. Despite results for NW swell presenting a
lower wave power, and thus a lower alonghsore sediment transport potential on the event timescale, its
predominance with 77.3% of the annual occurrences (Costa et al., 2001) gives it a long-term

predominance over net sediment dynamics and morphologic evolution.
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4.3.2 Peak Wave Conditions (PWC)

The predominant wave directions for PWC are similar to those for MWC. The T,,intervals vary between
12 and 14 seconds for a H;, of 2 meters for the NW and the W quadrant, while for the SW quadrant T,

intervals vary between 10 and 12 seconds for a H,;, of 3 meters (Table 4.2).

Table 4.2 - Wave characteristics in PWC.

Quadrant Predominant Dir. (°) T (S) H,ig (M)
NW
330 12-14 2
(280° - 360°)
W
270 12-14 2

(260° - 280°)

SW
250 10-12 3
(180° - 260°)

Wave model results (Fig. 4.3) for the NW swell are similar to those obtained for MWC. However, a
southwards migration of the wave divergence point along the coast is evident in comparison to MWC
refraction patterns. This shift increases the extension of the northern nearshore circulation cell in which

where inshore wave directions are from SW-NE.

In these conditions the W swell is significantly affected by the presence of the deltaic morphology that
enhances wave refraction and diffraction creating a well-defined SW-NE wave propagation pattern for
the north part of the cell. The inshore wave obliquity angle decreases toward the south until reaching a

cross-shore pattern immediately south of the Albufeira lagoon.
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Differences in the results for SW swell compared to that for MWC are negligble. Nevertheless, it is

possible to observe stronger directional changes in the wave field nearer ot the delta, demonstrating the

importance of this morphology to inshore wave propagation.

Figure 4.3 - Model results for PWC: NW direction (330°) on the left; W direction (270°) in the middle; SW
direction (250°) on the right. Length of black arrows represents wave energy intensity and orange arrow

indicates the wave divergence point for each case.

The PWC results show that wave obliquity is not only important for NW an SW swell, as in results when
the wave climate is represented using MWC, but also for the W swell where waves tend to refract
significantly in the vicinity of the delta. The W and SW swell have a higher wave power than NW swell.
However, their annual percentage of occurrences combined reaches only 22.7% (Costa et al., 2001),

subordinating their importance in the characterization of the inshore wave climate.

Overall, the wave modelling shows that inshore wave fields both MWC and PWC are similar for the main
wave directions (NW, W and SW). However, changes in wave propagation patterns with migration of the
wave divergence point can affect nearshore wave driven sediment transport. In either case the northern
sub cell is subject to a constant wave obliquity with an approximate SW-NE nearshore direction that

enhances sediment transport toward the Tagus estuary. This process indicates net sediment loss from
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the prograded barrier into the estuary. The length of beach affected by this process tends to be greater

in PWC results than for MWC results as expected.

The southern sub cell is mainly affected by low obliquity and perpendicular angles that enhance cross-
shore sediment dynamics. In spite of being affected by higher magnitude wave energy coastline is

significantly more stable in this area.

Although NW swell is not the most significant for wave energy on the event timescale, its predominance
in the annual percentage of occurrences probably makes it the most important component of the wave

climate to consider for long-term coastal evolution.
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44 Parabolic bay shape model (PBSM) and application rationale

Despite not being a classical headland bay-beach due to the presence of an estuary and a delta within
the embayment, the parabolic bay shape model (PBSM) concept was applied to evaluate shoreline
geometry of the Caparica cell, in terms of coastline stability, for several stages in the evolution of the cell,
as reconstructed in Chapter 2. The analysis was undertaken using MepBay software (Klein et al., 2003).
The software applies the parabolic bay shape equation (PBSE) developed by Hsu & Evans (1989) in the

form of
Ru/Rg = Co+C, (B/0,)+Ca(B/6,)” (4.2)

where there are two primary parameters: the reference wave obliquity angle f and the length of the
control line Ry, and R, is the radius calculated for a point (R,,8,) along the static equilibrium planform
(SEP) that can be calculated based on a value of 8, from the same wave crest line radiating out from the
point of wave diffraction. The three C constants vary with angle B and were generated by regression

analysis to fit the bay planform (Hsu et al., 2010) (Fig. 4.4).

Downdnift
control point

Figure 4.4 - Major physical parameters for the PBSM developed by Hsu & Evans (1989).
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In this chapter the classical use of the updrift control point (Hsu & Evans, 1989; Klein et al., 2003; Hsu et
al.,, 2010) was replaced by an empirical approximation where every change in wave direction was

considered including wave refraction, as explained in the following.

Since wave propagation within the embayment is dominated by the presence of the delta, the updrift
control point (Hsu et al., 2010) was positioned on the deltaic structure, according to local wave
propagation previously modelled, instead using waves passing the prominent northern headland. For
this, to define the position of the updrift control point, the seaward limit to significant wave effects was

calculated according to Hallermeier’s (1981) principles:
hy = (H e —0.30 )T e (g/5000D) 2 (4.3)

where H; represents the mean significant wave height, ¢ the standard deviation of mean significant
wave height, Ts the mean period, g the acceleration of gravity and D the typical mean grainsize at or
near 1.5h;. Calculations according to local wave conditions (Costa, et al., 2001) and sediment grainsize
on the shoreface (Monteiro and Moita, 1971; IH, 2005) place this limit at — h; =33.4 m in the Caparica

cell.

Therefore, the parabolic bay planform was modelled according to the predominant wave direction from
NW (330°) (Costa, et al.,, 2001) with the upstream control point located along the refraction depth
contour considering the preceding refraction caused by the north headland (Sec. 4.3). Uncertainty
analysis was not included in this chapter since it is mainly related with bathymetric data acquisition

which is out of the scope of this study.
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4.5 Planform model results

4.5.1 Single bay shape

The model was initially applied to the entire Caparica coastal cell using the apex of the Tagus ebb delta
as the control point (as defined in Figure 4.4) for the present day and 1882 shorelines. Results show that
the modelled parabolic bay shape is located seawards of the actual shoreline (Fig. 4.5). Based on this
result, according to Hsu et al. (2010), the embayment would be classified as being in natural beach
reshaping or as an unstable bay. Comparing the same result with the 1882 coastline, when the
prograded barrier extended near the Bugio lighthouse, the gap between the predicted bay shape
planform and the coastline in 1882 (Fig. 4.6) was less than at present. From 1882 to present a coastline

retrogradation of 800 meters occurred.
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Figure 4.5 - Modelled bay shape planform compared with the present coastline of the entire Caparica

coastal cell.
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Figure 4.6 - Modelled bay shape planform compared with the 1882 coastline for the entire Caparica

coastal cell.

4,5.2 Compound bay shape

The delta influence on the coastline evident from the two sub cells was identified Chapter 2 from littoral
transport divergence, and in both chapters 2 and 3 through the contrasting evolutionary histories
reconstructed for the sub cells. The sub cells are also subtly evident in the shoreline morphology which
features a protrusion located on the central part of the Caparica cell in the vicinity of the littoral-
transport divergence point that marks sub-cell process boundary. Since there is no obvious classical
morphological control, this protrusion may indicate the evolution of the embayment into two distinct

bays with the delta being the main cause for wave refraction (i.e.,the updrift control point).

Treating the sub cells as two distinct embayments, the bay shape model planform was applied

separately to each. The results show that for the southern sub cell the bay shape is very similar to the
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coastline in nature ( Fig. 4.7) consistent with a static equilibrium at present (Hsu et al., 2010). However,
if the curve is extended further north it is similar to the single bay shape planform (Fig. 4.5). For the
northern sub cell, results show that the existing shoreline is landward of the predicted bay shape

resulting in an unstable or in natural beach reshaping bay (Hsu et al., 2010) (Fig. 4.8).

Figure 4.7 - Modelled bay shape planform for the southern sub cell.
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Figure 4.8 - Modelled bay shape planform for the northern sub cell.

Coastline retrogradation is evident for the northern sub cell. The application of the PBSM to the entire
Caparica cell indicates an unstable or in natural beach reshaping classification for the northern sub cell
(Hsu et al., 2010), whereas the southern sub cell is closer to static equilibrium. A compound shoreline
model of the Caparica cell that couples the separate models for the two sub cells (Fig. 4.7 and 4.8)
provides a superior visual fit to the present shoreline than evident when applying the single model to
the entire cell (Fig. 4.5). Nevertheless, the compound model still confirms the instability of the northern

sub cell (i.e., the modelled shoreline lies seaward of the natural shoreline).
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4.6 Climatic control change - Wave rotation

Changes in wave climate that produces different swell refraction over time has been demonstrated a
potential cause of shoreline planform rotation (Ashton et al., 2011). According to Dodet et al. (2010),
winter mean wave direction (MWD) has rotated clockwise up to 8° between 1953 and 2009 (57 years)
off the SW European coast. This wave climate rotation increased longshore drift and disturbed coastal
sediment budget causing erosion (Andrade et al., 2007). Model results based on this trend suggest that
by the end of the 21° century the wave climate affecting the Portuguese west coast may experience an

additional 7° clockwise rotation (Andrade et al., 2007).

Based on the approach applied to the present historical coasts above (Sec. 4.3 and 4.4), the coastline
equilibrium can be related either with changes in wave direction, significant changes in delta
morphology. The latter could be expected to exert an effect by modifying the position of the updrift
control point for wave refraction. Changes in the wave height and period statistics of the wave climate,
or changes in typical grain sizes of sediments supplied to the delta can also modify the location of the

control point, and thereby the shoreline geometry, via the effects implicit in Equation 4.3.

Since grainsize variations and small morphologic changes are difficult to trace through time, changes in
wave direction alone were assumed to characterise past climatic and morphologic conditions of the
Caparica cell between 1Ky and present using model results (Andrade et al., 2007; Dodet et al., 2010).
These factors were therefore used to examine effects of climate variability on shoreline geometry,
together with inverse interpolation based on the coastline position inferred by the presence of cliff-top
dunes (Ferraz, et al., 2011). The model was applied using the predominant MWD waves (NW — 330°)
and the results compared to results from the model using the PWC statistics since these are the

dominant conditions for long-term coastal evolution.
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4.6.1 1953 wave conditions

Wave modelling results

To understand the implications of wave rotation in the Caparica cell, an 8° counterclockwise rotation

was applied to the predominant wave direction (330°-8°) for characterization of wave conditions in 1953

based on work reported by Dodet et al. (2010). Results show that either in general refraction for MWC

and PWC there are no significant changes. However, it is important to consider small changes in wave

propagation patterns near the delta edge (Fig. 4.9).
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Figure 4.9 - Model results for NW direction (322° - with adopted wave rotation) in PWC (length of black

arrows represents wave energy intensity and the big orange arrow indicates the wave divergence point).
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Bay shape model results

For 1953 wave conditions (Dodet et al., 2010), application of the bay shape model shows a pronounced
landward migration of each modelled planform: i.e., the modelled planform is relocated inland relative
to the present day coastline (Fig. 4.10, 4.11 and 4.12). This relocation, mainly due to the changes in
wave propagation patterns on the delta, allows to classify the coastline as being in dynamic equilibrium,

more stable than in present day wave conditions.

Figure 4.10 - Modelled bay shape planform compared with the present coastline after adopted wave

rotation.
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Figure 4.12 - Modelled bay shape planform for the northern sub cell after adopted wave rotation.
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4.6.2 2100 wave conditions

Wave modelling results

After applying the 7° magnitude clockwise rotation in the predominant wave direction (330°+7°) results
show that in MWC there are no significant changes to inshore wave patterns. However, the same
rotation applied in PWC caused a migration of the wave divergence point to south (Fig. 4.13) enhancing
SW-NE nearshore wave obliquity in the northern sub cell, thus indicating the possibility of an increased

potential for sediment transport from the prograded barrier into the estuary.
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Figure 4.13 - Model results for NW direction (337° - with adopted wave rotation) in PWC (length of black

arrows represents wave energy intensity and orange arrow indicates the wave divergence point).
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Bay shape model results

For the 2100 wave conditions (Andrade et al., 2007), application of the bay shape model shows an
offshore migration of each of the modelled future shorelines relative to the present coastline. The
northern sub cell potentially becomes more unstable (Fig. 4.14 and 4.15) while the southern sub cell
loses its static equilibrium, to become characterise by the Hsu unstable classification (Fig. 4.16). It can be

concluded that with clockwise wave rotation modelled coastline instability increases.

Figure 4.14 - Modelled bay shape planform compared with the present coastline after adopted wave

rotation.
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Figure 4.16 - Modelled bay shape planform for the northern sub cell after adopted wave rotation.
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4.7 Cliff-top dunes coastline position

4.7.1 Bay shape model

The bay shape model was applied to the hypothetical shoreline position occurred in the period when
the climbing dunes, evident through the presence of remnant cliff-top dunes (Ch.3), were active in the
Caparica coastal cell (Ferraz et al., 2011). This application of the model involved an inverse interpolation
from the present position of the updrift control point assumed for wave refraction in the PBSM. The
objective was reverse model the swell direction based on coastline position assumed to be in static

equilibrium during climbing dunes activity.

Model results for the entire Caparica cell indicate that a 25° counter-clockwise swell rotation, relative to
present day average observations would have been necessary to obtain an equilibrium profile coherent

with the coastline position at the time (Fig. 4.17).

In the unlikely event that wave climate did not change during this period, the attainment of an
equilibrium shoreline geometry in principle could attained by a repositioning of the updrift control point
for wave refraction due to changes in the delta morphology or local sea-level variations. Alternative
model results show that such a scenario would require the updrift control to be shifted significantly
shoreward such a scenario would require relative the present one, to a very improbable position
(Fig. 4.18). Alternatively, a sea level more than 20 meters higher than present would have been
necessary to relocate the seaward limit for significant wave effects by the required distance. Since both
scenarios are implausible, the modelling favours a directional rotation in the wave climate as the most
likely explanation for the planform rotation required to explain the limited range of distances between
the beach and cliff (Eq. 3.1) necessary to satisfy required physical conditions required for the formation

of climbing dunes.

104



Figure 4.17 - Wave-climate rotation (25° counter clockwise) required for a best fit of the bay-shape
planform position to the coastline location inferred for the period when climbing dunes were active

(black line represents coastline position at the time).
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Figure 4.18 - Updrift control point relocation due to modified delta bathymetry required for a best fit of
the bay shape planform with the coastline location inferred for the period when climbing dunes were

active (black line represents coastline position at the time).

Applying a compound shoreline model showed that for the northern sub cell a 16° counter-clockwise
wave rotation would be necessary to satisfy paleo climbing-dune requirements (Fig. 4.19). Otherwise, if
the change in delta morphology was responsible for the coastline rotation, an implausible relocation of

the updrift control point is required: i.e, toward the right-hand margin of the estuary (Fig. 4.20).
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Figure 4.19 - Wave-climate rotation (16° counter clockwise) required for a best fit of the bay shape
planform position with the paleo coastline inferred for climbing dune formation in the northern sub cell

(black line represents coastline position at the time).
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Figure 4.20 - Updrift control point relocation due to modified delta bathymetry required for a best fit of
bay shape planform position with the paleo coastline inferred for climbing dune formation in the

northern sub cell (black line represents coastline position at the time).

In the case of the southern sub cell, a wave rotation of 7° counter clockwise would be necessary to
support the coastline position necessary for climbing dune formation (Fig. 4.21). A relocation of the
updrift control point due to modified delta bathymetry would not be significant relative to the control

point for the present shoreline (Fig. 4.22).
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Figure 4.21 - Wave climate rotation (7° counter clockwise) required for a best fit of the bay shape
planform with the paleo coastline inferred for climbing dune formation in the southern sub cell (black

line represents coastline position at the time).
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Figure 4.22 - Updrift control point relocation due to modified delta bathymetry required for a best fit of
the bay shape planform with the paleo coastline inferred for climbing dune formation in the southern

sub cell (black line represents coastline position at the time).

Wave modelling

To examine the effects of counter-clockwise wave rotation, wave modelling was performed with the
maximum rotation value (25°) obtained with the PBSM (Fig. 4.17) for mean and peak wave conditions.
Results show a considerable north migration of the wave divergence point in MWC (Fig. 4.23) while in
PWC the position is preserved (Fig. 4.24). This suggests that past wave conditions, previous to wave
rotation, were more appropriate for coastline stability in this area as the area affected by SW-NE

nearshore wave direction was considerably minor as well as erosion potential.
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Figure 4.23 - Model results for 305° direction in MWC (black arrows length represents wave energy

intensity; large orange arrow indicates the wave divergence point).
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4.8

Conclusions

Results from application of the shoreline model support the three fundamental conclusions:

1.

Delta morphology plays a key role in the planform development of the adjacent sandy coastline in
the Caparica coastal cell. This conclusion holds for the shoreline that actively shares sediment with
the delta, but also holds for the shoreline beyond region of active sediment exchange with the delta.
The former case involves the beach that extends along the flanks of the delta margin. That this
shoreline and the delta are coupled is not a new conclusion, and the modelling results are entirely
consistent with a much earlier demonstration of modelled morphodynamic adjustment by the
shoreline planform to sand discharged at rivermouths and redistributed alongshore in the surfzone
(Komar, 1976). For the shoreline beyond region of active sediment exchange with the delta the
conclusion is novel because it relates to the shoreline along the beach that is not part of the delta
margin and can thus be regarded as the adjacent coast in a stricter sense than the former case.
There is nothing about the coast studied to suggest that this conclusion would not be valid

elsewhere.

The delta margin shoreline and the shoreline beyond the immediate influence of the delta have
distinctly different planform alignments, consistent with evidence presented in preceding chapters
that these two shoreline segments operate physically as separate, although connected, sub cells
within the Caparica embayment. Although it might be concluded from model results that different
morphodynamic controls over the planfroms exist for the two sub cells, paradioxically the distal
shoreline is better aligned with the delta than is the proximal shoreline. It might also be concluded
that the paradox reflects a greater sensitivity of the proximal shoreline to changes in the delta to

which it is more directly connected.
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3. Changes in delta morphology over the historical period have less effect on shoreline planform along
the adjacent coast than do direction changes in the wave climate. The wave rotation process plays
an important role on coastline stability since it establishes sediment dispersal patterns according to
nearshore wave propagation on a long-term approach for wave dominated coasts. Variations in
swell direction are proven to cause changes in nearshore sediment transport affecting coastline
stability and often enhancing erosion and retrogradation rates when associated with insufficient

sediment supply.

These conclusions remain tentative because they depend on the validity of the parabolic bay shape
equation (PBSE) when applied to shorelines affected by deltaic processes. The applicability of the PBSE

in such environments has not been systematically evaluated.

Nevertheless, the conclusions are consistent with reasoning from physical principles. The wave
modelling results from the present study, based on local wave conditions, demonstrate that wave
propagation is strongly affected by local morphology and bathymetry. The presence of a delta creates
significant wave refraction that can be expected to condition nearshore wave currents and alongshore
transport of sand that affect the adjacent coastline evolution. The refraction patters induced by the
delta bathymetry produce two distinct sub cells whose mutual boundary shifts along the beach
according to swell direction variations. It can be concluded that the northern sub cell, which is
frequently affected by SW-NE nearshore wave direction, has an erosive tendency because alongshore
transport of sediment from the prograded barrier into the estuary may operate as a one way valve. Such
a net transfer of sediment is especially likely if the accommodation capacity of the estuary has been
increased, for example, artificially by dredging works for Port development, or naturally through sea
level rise. In contrast, the southern sub cell is frequently affected by nearshore wave directions oriented
perpendicular to the beach alignment, promoting a stable coastline associated with minimal net

alongshore transport of sand.
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CHAPTER

How sediment supply rules coastal response
to climate change

Photo: Meco beach



5.1 Introduction

Coasts are naturally vulnerable areas to external influences as climatic changes, storm events and
anthropic impacts. Throughout the 20th century global sea-level rise contributed to coastal inundation,
erosion and coastline retreat (IPCC, 2007) affecting coastal populations and representing significant
property damage. Anticipated predictions indicate that climatic changes include a significant sea-level
rise (IPCC, 2007; Rahmstorf, 2007) and intensification of storm conditions (IPCC, 2007). Considerable
variations in these events will be experienced at local scales, but negative impacts are generally
expected. People and coastal assets are probably therefore subject to additional stresses due to land-
use and changes in river catchments including dams that reduce sediment supply to the coast (IPCC,

2007).

Long-term characterization (decadal to centennial) is most applicable to investigations on coastal
response to climatic changes in relation to planning and risk mitigation (Capobianco et al., 1999).
Aggregated coastal modelling adopts the parameterization of the relevant processes involved in coastal
evolution using a deterministic approach to exploit uncertainties (Cowell et al., 1995, Cowell et al.,
2003a,b). This allows quantitative estimates to be derived to forecast coastal evolution at timescales
relevant to climate change (Cowell et al., 2006).

This chapter documents application of aggregated coastal modelling techniques to investigate the
response of the Caparica coastal cell (Fig. 5.1) to changes in external conditions comprising sediment
supply variations and effects of climatic changes that include sea-level rise and variations in storm
demand. The modelling techniques reported in this chapter draw from geological evidence and its
interpretation regarding coastal change presented in the preceding chapters to provide context and
calibration for model generated forecasts applicable to the Caparica coastal cell. The geomorphic setting

is described in chapter 2.
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The objective of this chapter is to forecast coastal change through to future the decades, 2030, 2050 and

2100 (Sec. 5.4.5). In developing these forecasts, the chapter addresses four questions:

1) Which factor is determinant for local coastline recession?

2) What is the expected recession magnitude in the future?

3) Does recession involve permanent land-loss and property damage?

4) Which mitigation procedures are valid for this area on a long-term basis?

Results provide quantitative estimates of the inevitable uncertainty (Cowell, 2002) associated with the
recession forecasts.
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Figure 5.1 - Main morphological features of the Caparica coastal cell.
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5.2 Low order coastal modelling and management of uncertainty

Low order coastal behaviour is defined by long-term (centennial) and large scale (kilometres) changes
that entail problems of chronic erosion important to coastal management (Cowell et al., 2003a; Kinsela,
2007). This type problem involves parts of the coast usually not considered for management purposes

(behaviour of the continental shelf) (Cowell et al., 2003a), and relates to the climate change time scale.

Aggregation procedures for coastal modelling avoid issues that arise with attempts to scale up short-
term processes in quantitatively estimating for long term behaviour by undertaking the analysis directly
on the long term time scale by focusing directly on time averaged and spatially averaged behaviour
(Kinsela, 2007). The Shoreface Translation Model (STM) applied in this study is a means of analysing
sediment budgets to quantify coastal changes (Cowell et al., 1995). Because processes are represented
in an aggregated form the STM is readily adaptable to stochastic simulation techniques involving the
sampling of different input values from probability distributions that characterize the input variables and
uncertainty about them (Cowell et al., 2006). Outputs are generated as probabilistic forecasts suitable to

risk analysis and quantification of uncertainty.

The introduction of the coastal tract concept by Cowell et al., (2003a,b) defined the composite
morphology which provides guidelines on scale and aggregation problems for climate change
predictions. This concept deals with morphologic change on coasts through the definition of coupled
sediment sharing systems in which volumetric exchanges form the basis for analysing morphological

change (Cowell et al., 20033; Kinsela, 2007).

Due to the complex dynamics of coastal areas, uncertainty is unavoidable in morphologic evolution

studies (Cowell et al., 2006).
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5.3 Model parameterization

5.3.1  Coastal cell delineation for sediment budget model application

According to the coastal tract concept (Cowell et al., 2003a) coastal cell boundaries need to be
delineated to define the sediment budget control volume. The alongshore extent of the Cell needs to be
large enough to allow averaging out of details that can be assumed to constitute higher order noise in
long-term analysis, but not so large that alongshore homogeneity cannot be assumed, while cell width

needs to include the different morphological environments (Kinsela, 2007).

Based on the results contained in the previous chapters the Caparica cell was divided in two distinct sub
cells. The northern sub cell is essentially influenced directly by the delta (and its estuary) through
sediment exchanges with it, while the sediment budget of southern sub cell is more isolated from
sediment exchanges with delta and more connect to potential sand sinks on the continental shelf. The
southern sub cells also has a steeper shoreface with a narrow shelf and a close proximity to the Lisbon
Canyon (Fig. 5.2), so homogeneity cannot be assumed for the entire Caparica coastal cell in relation to

characteristic morphology.
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Figure 5.2 - Sub cell delineation

Cell extent

In the alongshore direction the northern sub cell as delineated extends from the estuary mouth to the
protrusion in the coastline that expresses morphologically the end of the deltaic influence (Fig. 5.3). The
southern sub cell was defined as extending between Fonte da Telha and the southern limit of the

continuous beach segment (beginning of rocky coastline).

In a cross-shore direction the inland limit for both sub cells was defined at the Mio-Pleistocene sea-cliff
whose changes within the time frame of this work were assumed to be improbable. No artificial
structures were considered in the model. A conservative seaward limit of 100 meters depth was

assumed in both cells since significant sediment transport beyond these depths is unlikely to occur on a
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millennial timescale based on Hallermeier (1981) considerations encapsulated in Equation 4.3 (Cowell et

al., 2001; Cowell et al., 2003b).

Cell orientation

To obtain a more accurate one dimensional representation of the shoreface, alongshore cell boundaries
need to have an orthogonal alignment with the bathymetric contours so the morphology can be
averaged as profiles to obtain unbiased representation of the shoreface (Daley, 2005; Kinsela, 2007;
Adlam, 2008; Figueiredo, 2010). However, the presence of a delta and a canyon in the Caparica cell
causes systematic irregularity in bathymetric contours incompatible with the aggregation principles
underlying alongshore-averaging procedures. The possibility of aligning sub cells with the present
coastline was also not possible due to the significant changes occurred that have occurred the northern
sub cell during the last century (Ch. 2). The base of the Mio-Pleistocene sea-cliff was therefore adopted
as the reference line for cell orientation because, according to maps and aerial photographs, the cliff line
has been relatively stable during the last few centuries.

Using ArcGIS™, the cliff base line was cropped within each cell and sampled into points that were

™
I

exported to Microsoft Excel™ and where a linear least squares fit was applied to optimise sub-cell

orientation (Fig. 5.3 and 5.4).
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Figure 5.3 - Cliff line configuration and line of best fit for northern sub cell.

-122000 - South cell
-124000 Me 23 \
-126000 - S,

-128000 -

-130000 -
« Cliff line

-132000 4

Y UTM coordinates

-134000 4 y=6,9119x+ 505413

-136000 . T T T T T )
-92600 -92400 -92200 -92000 -91800 -91600 -91400 -91200
X UTM coordinates

Figure 5.4 - Cliff line configuration and line of best fit for southern sub cell.

The angle between the cliff base line and the cross shore boundaries of each cell was obtained by

trigonometric calculations and then applied to shapefiles for each sub cell in ArcGIS™ through the

ArcEditor tool.
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5.3.2  Spatial aggregation

Offshore morphological characterisation

The offshore morphology was characterised using a range bathymetric sets from different sources (see
chapter 2). The data was compiled and combined into the same dataset in order to create a DEM using

ArcGIS™ spatial analyst tool.

Bathymetric representation inside each cell was based on the hypsometric curve concept (Kinsela, 2007)
where the cell-averaged profiles represent the cumulative frequency plot of the areas of the shoreface
that share the same depth value. The procedure relies on the assumption that the shoreface is a

monotonic surface, an assumption that is reasonably applicable in the Caparica cell (Kinsela, 2007).

Spatial averaging calculations were performed after transforming each cell value into integer data and

determine the shoreface area (P,) for each depth value according to the following equation:

(5.1)

where Wcis the width (alongshore direction) of the coastal cell and Da the number of raster cells for

each depth value.

Onshore profile characterisation

According to the local 1:50.000 geology chart (Manuppella et al., 1999) the geological setting of the area
comprises a homogeneous prograded sand barrier limited inland by a semi-consolidated sandstone Mio-
Pleistocene sea-cliff. Geotechnical surveys show that the barrier has an average thickness of 12m, over a
Miocene substrate. Morphologically the barrier becomes narrower towards south with a monotonic
surface sloping down from the cliff toe to the coastline. Onshore morphology and elevation was defined

through alongshore averaging of the Digital Elevation Model (DEM) within each sub cell. Beach profiles
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surveyed after a regular winter storm, allowed the location of the erosion scarp to be defined as the

initial landward limit of the shoreface and beach for modelling purposes.

For each sub cell, buffers were defined in ArcGIS™ at variable intervals (Kinsela, 2007) (Fig. 5.5). The
average elevation was then computed for each buffer interval landward of the beach using values

extracted from the local DEM cells within each buffer separately for each sub cell (Tables 5.1 and 5.2).

RERE TN ]

AN

Figure 5.5 - GIS buffers applied for computing alongshore average elevations with distance inland from
the beach, exemplified for the northern sub cell. Mean elevation was computer only for the buffer

intervals landward of the beach.
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Table 5.1 - Buffer intervals used for alongshore averaging of elevations as a function of distance inland

from the beach for the northern sub cell.

0-300 20 Beach + Foredunes

>1400 500 Cliff top

Table 5.2 - Buffer intervals used for alongshore averaging of elevations as a function of distance inland

from the beach for the southern sub cell.

0-100 10 Beach + Dunes + Cliff face

>250 500 Cliff top +Lagoon

The average distance between the cliff toe and the defined coastline was calculated using the Digital
Shoreline Analysis System (DSAS) from the United States Geological Survey (USGS) (Thieler et al., 2009)

drawing several profiles along each cell and averaging it.
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5.4 Model calibration

5.4.1  Substrate profiles

The substrate characterised by the aggregation procedure described above (Sec. 5.3.2) defines initial
morphological conditions related to the shoreface and backshore as they exist at present in each sub cell.
In STM, the substrate profile comprises a surface profile representative of the mobile sediment and an
underlying profile that represents the bedrock. The elevation difference between profiles represents the
sediment thickness available for reworking in the model constituting one of the sediment sources. A
representative sediment thickness of 20 meters was applied based on geotechnical survey data (Figs. 5.6

and 5.7).
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Figure 5.6 - Alongshore averaged profile and bedrock substrate for the northern sub cell. (Axes are in the

STM reference frame.)
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Figure 5.7 - Alongshore averaged profile and bedrock substrate for the southern sub cell. (Axes are in

the STM reference frame.)

5.4.2  Compound shoreface curve fitting

After merging the onshore and offshore profiles and converting them into the STM axis frame of
reference (Figs. 5.6 and 5.7), the compound shoreface for each sub cell is ready for the modelling
procedure. However, the profile must be transformed into a mathematical function (the ‘active profile’)
that allows the model to compute the coastal response to the external factors. The evolution of the
active profile may change through time from its initial form, representative of the shoreface as it exists
at present within each sub cell. Time dependent changes to profile geometry can be imposed to reflect
environmental changes (e.g. changes in wave climate or sediment characteristics over time) or simply to
take into account uncertainty about future profile geometry. The initial profile geometry was defined by
fitting to the sub-cell averaged substrate profiles (Figs. 5.6 and 5.7) the compound shoreface model

proposed by Cowell et al., (1999):
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how WA ™ & (L = w)dx™ (5.2)

where

[ pna-x1—(a- w-:'l]"}
W =axpy— : —
“1 Ac 1 (5.3)

The profile fitting was undertaken numerically through iterative optimisation separately for the

northern and southern sub cells (Fig. 5.8 and 5.9).

3000 4000 S000 6ODO

Figure 5.8 - Theoretical compound shoreface (Eq. 5.2) fitted to spatially averaged bathymetry for the

northern sub cell (orange line — substrate profile; dashed line — fitted profile).

1000 4000

Figure 5.9 - Theoretical compound shoreface (Eq. 5.2) fitted to spatially averaged bathymetry for the

southern sub cell (blue line — substrate profile; dashed line — fitted profile).
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In the STM the shoreface origin is set horizontally to the landward limit of erosion estimated for “mean
storm” conditions, identified in this study for practical purposes the base of the erosion scarp on the

sub-aerial beach from surveys undertaken after a typical winter storm event.

The offshore limit of the active shoreface was defined using Equation 4.3 according to the Hallermeier
(1981) approach which relates to the maximum water depth for significant sand movements over 12
hours in a typical year (Fig.5.10). According to Hallermeier (1981) This limiting depth, hj, is more
applicable to analysis of sediment budgets on the climate change time scale (many decades) than the
closure depth, hc, that is defined as the seaward limit of bed height changes that are detectable ins

survey during a typical year..
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Figure 5.10 - Seaward limit, h;j, (Eq. 4.3) for morphologic change on shoreface over the climate-change

timescale based on the rationale of Hallermeier (1981). (Adapted from Hallermeier, 1981).

The medium grainsize (D50) strongly influences estimates of hj in Equation 4.3. For that it is important

to prepare a strong sediment characterization before the actual calculation (Sec. 5.4.4).

5.4.3 Wave parameters

Costa et al., (2001) characterized the wave parameters on this area using Sines wave measurement buoy

to obtain H,, o, and T, mean values (Table 5.3).

129



Table 5.3 - Wave parameter values for the study area (Costa et al., 2001).

Hs(m) 1.70
a(m) 0.90
Ts(s) 6.60

g(m/s?)  9.80

5.4.4  Sediment size and sorting

Since there were no sediment samples available for this study, three different data sources were taken
into consideration: Continental shelf characterization off the Caparica cell between Blgio and Espichel
(Monteiro et al., 1971); sediment data from Setubal Peninsula beach characterization (Teixeira, 1990);

and the surficial sediment map of the area (IH, 2005).

Teixeira (1990) characterized the Setubal peninsula beach sediments at nine locations along the cell in
different seasons for the upper, middle and lower beach environment. For h;j calculation, mean grainsize
values of the entire beach environment as well as values for the lower beach area were used. The lower
beach sediment is closer to the depth for grain size measurements recommended by Hallermeier (1981)
for application in Equation 4.3: i.e., a sample depth of h =1.5 h. (Fig. 5.10). However, the natural surf
zone sediment sorting can exclude part of the fine sediments fraction leaving the mean grainsize values
from the entire beach as representative of a more realistic distribution of the sediment without surf
zone sorting. Regardless, the possibility exists that beach sediments are poorly representative of the

shoreface sand, making it preferable to use samples from the shoreface where these are available.
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Monteiro et al., (1971) described the continental shelf sediments of the study area including from the
shoreface. He found that shoreface sediment between Bugio and Espichel is composed of fine

(D <0.125mm) well sorted sand (Fig. 5.11).
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Figure 5.11 - Sediment grainsize map (Monteiro et al., 1971).
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Unfortunately Monteiro et al, specified sediment grainsize only in descriptive size classes. However,
sediment characterization from the superficial sediment map of the area (IH, 2005) allowed
confirmation of the sediment distribution proposed by Monteiro et al., (1971) as well as to obtain a
narrower grainsize range for each of the sediment classes. Mean grainsize was calculated for each class

and used to characterize the shoreface grainsize.

Since the shoreface is mostly composed by fine sands (class AF1 on the map) the grainsize range varies

between 0.062 > D > 0.2 5mm (Fig. 5.12) with a mean value used to approximate Dgy = 0.156 mm.
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Figure 5.12 - Superficial sediment map (IH, 2005).
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Both Foz and Fonte da Telha beach were ruled out for estimating D50 because Foz is a perched beach in
the southern end of the area outside the southern cell. In the case of Fonte da Telha beach, is located in

between northern and southern cell.

Estimates for hj were therefore based on the mean grainsize for the entire beach environment using
grainsize measurements from Teixeira (1990) (Table 5.4) for which the mean grainsize for the northern

sub cell gives D50=~0.261 mm, while the equivalent estimate for the southern sub cell is

D50~ 0.781 mm.

Table 5.4 - Mean grainsize values for the entire beach environment (based on Teixeira, 1990)

South cell North cell
Foz Pipa L.Albufeira F. Telha Belavista Rainha Saude C. Caparica S. Joao da Caparica
Mean beach 1.110 0.916 0.647 0.414 0.304 0.279 0.276 0.223 0.226
grainsize (mm)
Mean cell 0.781 0.261
grainsize (mm)

Estimates based on the grainsize values of the lower beach environment from Teixeira (1990) ( Table 5.5)
indicates that from the mean grainsize for the northern sub cell is D50 ~ 0.252 mm while the equivalent

estimate for the southern sub cell is D50 ~ 0.674 mm.
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Table 5.5 - Lower beach environment grainsize (based on Teixeira, 1990).

South cell North cell
Foz Pipa L.Albufeira F. Telha Belavista Rainha Saude C. Caparica S. Joao da Caparica
-0.110 -0.120 0.205 1.396 1.303 1.833 1.742 1.973 2.023
-0.250 1.000 1.146 1.713 2.253 1.861 2.283 2.091 1.995
Grainsize
-0.100 0.487 0.888 1.472 1.715 1.740 1.784 2.289 2.201
(mm)
-0.160 0.180 1.049 1.333 2.092 2171 2.116 2.412 2.299
-0.060 0.324 0.673 1.379 1.600 1.973 1.914 2.147 2.000
Mean
1.099 0.772 0.577 0.364 0.289 0.265 0.256 0.220 0.233
grainsize (mm)
Mean cell
0.674 0.252

grainsize (mm)

The surficial sediment map prepared by IH (2005) characterises grainsize values as being similar in the

entire all the shoreface: fine sands (class AF1) with a mean value of 0.156 mm (Table 5.6)
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Table 5.6 - Grainsize values according to the superficial sediment map (based on IH, 2005).

South cell North cell
Foz Pipa L.Albufeira F. Telha Belavista Rainha Saude C. Caparica S. Joao da Caparica
Min grainsize
0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062
(mm)
>0.5
Max grainsize
0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250
(mm)
Mean grainsize
= 0.156 = 0.156
(mm)
Sediment type
= AF1 = AF1
(mm)

The values in Table 5.7 are consistent with the sediment distribution proposed by Monteiro et al. (1971)

where the shoreface sediments were characterised as D <0.125mm.

Applying Equation 4.3 using these estimates of D50 indicates that between 26.9 < h; <33.5 m for the

northern sub cell and between 15.0 < h; < 33.5 m for the southern sub cell (Table 5.7).
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Table 5.7 - Limiting shoreface depth hj (m) estimated from to D50 for each data set via Eq. 4.3.

Data from Cell D50 (m) hi (m)
(all beach) South cell 7.81E-04 15.0
Mean grainsize North cell 2.52E-04 26.3
(low beach) South cell 6.74E-04 16.1
North cell 1.56E-04 33.5

Sediment Map
South cell 1.56E-04 33.5

The graded shoreface, described by Johnson (1919), entails the fining of sand across the shoreface
eventually passing through mud into the continental shelf (Cowell et al., 1999). It is usually associated
with prograding coasts that have abundant deltaic sediment supply and that often develop strandplains
during weak sea-level rise (e.g., toward the end of the post glacial marine transgression), dependent on
the sediment input rate over the relative sea-level change (Swift et al., 1991). As sediment is sorted by
wave action over the delta, fine sediment is eroded, transported and redeposited in a series of

decreasing grainsize lithofacies (Swift et al., 1991).

In the Caparica case, the sediment sorted in the delta, due to waves and tides, is transported to the
adjacent shoreface by wave currents. This is entirely consistent with surficial sediment textures mapped

in Figure 3.12, where the fine sediment layer fades out towards south.

Under such circumstances, the shoreface can be characterized as comprising allochthonous, fine, well-
sorted sand on top of a coarser, less well-graded substrate that interpreted to be a lag deposit (Roy,

1981).

Based on the above considerations and the grain size evaluation, the shoreface sediment the Caparica

cell is probably finer than the beach sediment. The grainsize difference between the beach and the
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shoreface relates to the presence of local sediment sources especially in the southern cell where the
mean grainsize values are significantly larger due to the proximity of a Mio-Pleistocene sea-cliff as well
as a Cretaceous limestone rocky shoreline in the southern end. The coarser material also indicates that

the beach has eroded into the Mio-Pleistocene cliff in the past.

With this, the shoreface sediment grainsize, based on the sediment map was used to calculate the

seaward limit to significant wave effects, obtaining a value of 33.45 meters for each one of the cells.

5.4.5 Input of the Probability Density Functions

Sea-level rise

Global sea-level rise projections (e.g. IPCC, 2007; Rahmstorf, 2007) are based on averages from
modelling results and data from different parts of the globe. In principle, however, sea level projections
for specific regions can be improved through inclusion of localise trends in vertical movements of the

land as well as regional anomalies in the global sea level projections themslelves.

The European Atlantic coast has geographically variable linear trends in mean relative relative sea levels
(IPCC, 2007). For the Caparica coast, adjusted regional sea-level projections were used to define the
probability density function (PDF) for sea level rise projected t02030 and to 2050, relative to the base
year 2000. These regional adjustments were based on data presented by Antunes (2010) from the tide
gauge at Cascais, Portugal (Fig. 5.13). These projections were also compared with Rahmstorf (2007)
projections, which show strong similarity. Since there are no local projections for 2100, IPCC (2007) and

Rahmstorf (2007) projections were used (Table 5.8).
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Figure 5.13 - Sea-level rise projection for Cascais based on actual values of rising speed and acceleration
(adapted from Antunes, 2010).

Table 5.8 - Sea-level rise projections used to construct PDFs used to model coastal recession forecasts

(*Antunes, 2010; **IPCC 2007; ***Rahmstorf 2007).

Min. (m) 0.125° 0.266° 0.180"

Max. (m) 0.152 0.341 1.400""

Littoral sediment supply

The sediment balance governs coastal evolution due to net gains and losses associated with sediment
sinks and sources within or connected to the coastal cell (Cowell et al., 2003a). Characterization of the

sources and sinks affecting the Caparica coastal cell were examined in chapters 2 — 4 based on geological
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evidence. Because of geohistorical differences between the evolution of the northern and southern sub
cells documented in those chapters, estimates of sources and sinks were derived differently. For the
northern sub cell, source and sink volume estimates were derived from data drawn heuristically from
two different time scales; the geological time-scale (millennia) and historical time scale (centuries). For
the southern sub cell, only the evidence for historical evolution was taken into consideration due to its

perched nature of the coastal deposits and lack of long-term characterization data.

Estimates for rates of supply and loss to the sources and sinks for the northern sub cell were based on
the dating results obtained from the prograded-barrier complex (chapter 2). These show that
progradation started at 0.62+0.06ky with a roughly constant progradation rate. The estimate for rates of
sediment supply was based on the volume of the present barrier and the period inferred for its

accumulation.

Since the historical period is dominated by erosive events, the evidence of coastal change relates to
demand on the shoreface from sand sinks. Rates estimated for sink demand in the historical evolution
were derived from the comparison historical maps (1882) and aerial photographs (1958 and 2007). The
sediment budget fluctuations (noise) were averaged out by comparing the 1882 historical map with the
2007 aerial photographs for a maximum erosion volume and the 1957 with the 2007 for the minimum
value. The same procedure was applied to the southern sub cell. The results for both sub cells are given

in Table 5.9.
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Table 5.9 - Sediment supply for the modelled cells (negative supply is net loss) expressed in cubic metres

per year per metre of coastline.

Geologic 1.705 3.836 5.967
North

Recent -86.053  -64.960 -32.245

Storm erosion demand

The storm demand is an estimated reference volume of the amount of sediment eroded from the beach
and dune environment during a storm event or a series of event. Ferreira & Dias (2000) predicted the
storm impacts and the consequent shoreline retreat on the oceanic northwest coast of Portugal. They
characterized “mean storm” (return period of 0.7 years) and the “century storm” (return period of 100
years). Their “mean storm” predictions show beach erosion volumes between 70 and 110m*/m without
dune retreat, while the “century storm” would be expected to cause erosion volumes between 390 and
680m>/m with dune retreat. Marcos et al. (2011) concluded, based on the outputs of a numerical
barotropic regional model, that future storm demand in the Atlantic Iberian coast will be similar to that

of the present, ruling out modified use of storm demand in forecasts.

In the case of the Caparica cell, the prominent headland to the north of the cell protects the coast
against direct wave action for 77 percent of the time during which waves arrive from NW (Costa et al.,

2001). The presence of the delta also affords semi protection due to wave refraction (Ch. 4).
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The “century storm demand” was applied in simulations to forecast evolution of northern sub cell,
whereas applied “mean storm demand” conditions to test modelled sensitivity of barrier progradation
to variations in this parameter. The “mean storm demand” values from Ferreira & Dias (2000) were
applied as reported since they do not involve dune erosion. However, the “century storm demand” was
modified heuristically to account for the semi-sheltered location: a minimum value of 390m>/m and an

average value of 535m>/m were applied.

Based on this, simulations using the STM were repeated with all the parameters fixed except for the
upper shoreface and transition-zone parameters selected to examine effects varying erosion demand.
To provide volume comparison, the horizontal component of beach movements, AXeg, obtained from the

STM results must be converted to aggregated dune-erosion volumes, Ve:
Ax, = F(V,) (5.4)

A storm-demand transfer function was obtained from the alongshore-averaged dune profile of the
northern sub cell to calculate sand volumes, V, above mean sea level for the dune as a function of the

distance, X, inland from the initial location of the beach applied in the simulations:
V =x/0.103 (5.5)

For the southern sub cell, storm demand was not taken into consideration due to the perched nature of
the beaches and small sediment volume above sea-level. In “mean storm” conditions it is common that

the coastline is located at the base of the cliff (Fig. 5.14).
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Figure 5.14 - Coastline migration to the cliff toe due to storm surge.

Shoreface dilation

Despite the widespread use of simplistic assumptions based on Bruun (1962) about the response of the
shoreface to sea level rise, little is really known about shoreface evolution under stable sea levels, much
less under conditions of changing sea level (Cowell and Thom, 1994; Cowell et al., 2001). The shoreface
may therefore serve as a sink or source for beach sand under present conditions, and neither possibility
can be ruled out with rising sea level. Either of these possibilities implies that the geometry of the
shoreface varies through time as it either gains or loses sand.

Evaluation of uncertainty about shoreface behaviour as either source or sink can be managed through
perturbation of the shoreface parameters in the STM (Cowell et al., 1995; 2006). The possibility also
exists that the lower shoreface response may be negligible on the climate change time scale which, with
sea level rise would manifest as shoreface dilation as the upper shoreface and beach is translated

upwards and landwards with sea level rise (Cowell et al., 2006). To account for this uncertainty in
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modelling forecast for both sub cells, a probability density function for the dilation parameter was
applied to allow for the possibility of full dilation ranging through to no dilation. The derived PDF was
skewed toward less dilation to ensure forecasts are consistent with a risk-averse approach in relation to

application of such forecasts to coastal management (the ‘precautionary principle’).
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5.5 Risk analysis

The outcomes of the STM simulations are presented for each of the sub cells taking into account their
different settings and sediment-budget indicators derived from geological evidence. The morphologic
response to local and global variations of environmental conditions (climate change) and its sensitivity
to effects of the potential sources and sinks that characterise each of the sub cells is compared for the
three forecast periods. Sources of uncertainty identified through model calibration procedures were
applied to identify the contribution of the PDF for each variable to about probabilities for coastal
recession distance, R, (i.e., retreat of the coast from its present location). The R probabilities were
generated from Monte Carlo simulations, each run 2,000 times using independently sampled values of

all parameters from their PDFs for each set of forecasts.

5.5.1 Northern sub cell

Risk forecast

Forecast simulations show a significant recession tendency for all the forecast horizons. For the 2030
and 2050 horizons, the minimum certain recession distance is 80 and 150 m respectively beyond which
the probability of excedence tends do drop abruptly as recession distance increases (Fig. 5.15). For the
2100 horizon, the most probable recession distance is R(p=0.5)=215m, with the probability of
occurrence progressively dropping to a of R(p—0) =816 m ( Fig. 5.15). Table 5.10 lists the recession

distances exceeded at four different risk thresholds.
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Figure 5.15 - Risk (or probability of excedence) curves for recession distance, R, forecast in the northern

sub cell for 2030 (blue), 2050 (red) and 2100 (green).

Table 5.10 - Probable recession distance, R(p) m, under various risk scenarios for each forecast horizon.

Risk level 2030 2050 2100

50% 117 218 472
25% 132 240 555
10% 146 260 628
0,1% 184 308 793

Uncertainty assessment

Uncertainty was assessed in relation to sensitivity of recession distance to each model parameter by
replacing the PDF for one of the parameters with zero values in the simulation. This procedure was
repeated for all parameters one a time to observe the change in output uncertainty, R(p), due to the
removal of all influence on the simulation by the given parameter. The results are shown in risk curves

plotted in Figures 5.16, 5.17 and 5.18.
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Sensitivity to uncertainty in future sea-level tends to increase towards 2100 with differences in R(p)
between the test (fixed zero sea level rise) and the standard simulations (i.e., with all parameters fully
stochastic) that varying between 37 and 376 m for the 2100 simulations, with the fully stochastic

simulation giving larger recession distances across the full range of probabilities.

Tests reveal significantly greater sensitivity to uncertainty in sediment-supply estimates than to
uncertainty in sea level rise. Differences in R(p) between the test (zero sediment supply) and the
standard simulations vary between 60 and 399 m across the full range of probabilities and forecast
horizons. Because these differences are larger than for those of the sea level test over all time horizons,
sediment supply for the Caparica cell is demonstrated to play a greater role in coastal vulnerability that

sea level rise projected due to global warming.

For the case of storm demand, test simulations applied the “mean storm” conditions (most common
storm events) as fixed value, rather the removing the effect by setting the parameter to zero, as applied
in the preceding tests. This approach was adopted because removing storm demand completely would
significantly distort shoreline behaviour. Differences between recession for this test simulation and
standard simulation that included “century storm” conditions gave a decrease in R(p) ranging 20 and
55 m for all forecast horizons. These differences are significantly less than for the tests on effects of

either sea level rise or sediment supply.

Figures 5.16, 5.17 and 5.18 graphically compare the uncertainty related to each PDF for the three
considered forecast horizons. With effects of sediment supply excluded, recession probability decreases
in all cases. With “century storm” demand substituted by “mean storm” demand, the probability of
recession increases significantly for all forecasts. This ranking of parameter uncertainty in the response

of the northern sub cell, with sediment supply being the most relevant followed by sea-level for which

148



importance tends to increase for longer forecast horizons. . Sensitivity of recession to uncertainty in

storm demand appears to be weak for the northern sub cell.
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Figure 5.16 - Graphical comparison of the uncertainty related to each PDF for 2030 in the northern sub

cell with the effects removed for sediment supply (red) and sea-level (blue), and with “mean storm”

demand applied (green).
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Figure 5.17 - Graphical comparison of the uncertainty related to each PDF for 2050 in the northern sub
cell with effects removed for sediment supply (red) and sea-level (blue), and with “mean storm”

demand applied (green).
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Figure 5.18 - Graphical comparison of the uncertainty related to each PDF for 2100 in the northern sub
cell with effects removed for sediment supply (red) and sea-level (blue), and with “mean storm”

demand applied (green).
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5.5.2 Southern sub cell

Risk forecast

Forecast simulations show a recession tendency for all the forecast horizons. For 2030 and 2050, the
minimum certain recession distance is 13 and 30 m beyond which the probability of excedence tends do
drop abruptly as recession distance increases (Fig. 5.19). For the 2100 horizon this tendency is smoother
with a maximum probable recession of 97 m (Fig. 5.19). For this forecasted horizon, a prominent drop of
the probability of excedence (by about 6%) occurs at the R = 70 m which is explained by the presence of
the Mio-Pleistocene sea-cliff, the inland limit of the beach environment. Model results also show a 17%
probability of cliff erosion that can reach a maximum recession value of 26 m due to its friable nature
and consequent vulnerability to oceanic influence. However, cliff-erosion problems are out of the scope

of this study. Table 5.11 lists the recession distances exceeded at four different risk thresholds. .
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Figure 5.19 - Probability of excedence curves for recession distance, R, in the southern sub cell for 2030

(blue), 2050 (red) and 2100 (green).
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Table 5.11 - Probable recession distance (m) at various risk levels for each forecast horizon.

Risk level 2030 2050 2100

50% 12 25 56
25% 12 26 69
10% 13 28 75
0,1% 14 30 98

The forecasts indicate that by 2100 recession will have caused the disappearance of the beach within

the sub cell, with the cliff descending directly into the surf zone.

Uncertainty assessment

The procedures for testing sensitivity to uncertainty in some of the individual parameters documented
above for the northern sub cell (Sec. 5.1.1) where also applied to forecast simulations for the southern
sub cell, except for effects of storm demand which was not considered for the southern sub cell for

reasons given above (Sec. 5.4.5 under ‘storm erosion demand’).

Sensitivity to uncertainty in future sea-level rise for the southern sub cell tends to increase through time.
Differences in R(p) between the test (fixed zero sea level rise) and the standard simulations (i.e., with all

parameters fully stochastic) very between 9 and 78 m .

Tests show that sensitivity to uncertainty in sediment supply is weak indicating that this factor has little
significant influence on the morphologic evolution of the southern sub cell. Differences n R(p) between

the test and standard simulations vary as little as 3 and 14 m.
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Figures 5.20, 5.21 and 5.22 graphically compare the uncertainty related to each PDF for the three
forecast horizons. The plots demonstrate that the effect on R(p) from sea level rise in forecasts is much

greater than that due to sediment supply.
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Figure 5.20 - Graphical comparison of the uncertainty related to each PDF for 2030 in the southern sub

cell with effects removed separately for sea-level (blue) and sediment supply (red).
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Figure 5.21 - Graphical comparison of the uncertainty related to each PDF for 2050 in the southern sub

cell with effects removed separately for sea-level (blue) and sediment supply (red).
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Figure 5.22 - Graphical comparison of the uncertainty related to each PDF for 2100 in the southern sub

cell with effects removed separately for sea-level (blue) and sediment supply (red).
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5.6 Coastline position forecast

5.6.1 Northern sub cell

The morphologic evolution of the north cell and the consequent preservation of the prograded barrier is
strongly dependent on sediment supply conditions. The close proximity of the area to the main
sediment regulators (the Tagus estuary and delta) makes this sub cell particularly vulnerable to changes
in sediment dynamics and climatic changes. Climate change contributions are mainly driven by sea-level
rise which tends to become more important for long-term forecasts while storm demand contributions
do not show significant recession rates even for extreme storm conditions with longer average return

intervals (ARl > 100 years).

For the 2030 forecast, recession distances lead to considerable land loss and thus potential for propriety
damage on the urban areas of the coast near Caparica (Fig. 5.23). The narrow width of the northern
beaches and the absence of a dune system due to construction place this area within the envelope of
higher level risk contours with respect to coastal recession hazard. South of the urban area recession
risk contours mainly intersect the vegetated dune field where only small tourism structures are exposed

to the hazard.

155



Figure 5.23 - Risk contours for the 2030 forecast indicating the extent of recession for different

probabilities of excedence.

Recession distances tend to increase in the 2050 forecast increasing land loss and property vulnerability
within the urban areas. Property assets in the northern area once again full within the contour envelope
that includes high risk of recession, while in the south risk contours span the dune field, thus limiting

exposure of property to the recession hazard (Fig. 5.24).
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Figure 5.24 - Risk contours for the 2050 forecast indicating the extent of recession for different

probabilities of excedence.

Significant changes in risk contours are evident for the 2100 forecast, with a growth in uncertainty about
recession distances evident in the spreading of successive risk contours (Fig. 5.25). For this forecast, the
risk envelope spans most of the urbanized areas, for which exposure to recession occurs with
probabilities between 50% and 10%. The 0.1% probability of recession hazard affects most of the

prograded barrier area extending approximately to the cliff (blue line in Fig. 5.25).
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Figure 5.25 - Risk contours for the 2100 forecast indicating the extent of recession for different

probabilities of excedence.

The risk contours mapped in the above diagrams do not consider mitigation procedures that may reduce
recession rates. Artificial nourishment and/or sea-walls, similar to the ones that already exist near the
urbanized areas of the northern sub cell (Fig. 5.26), may reduce recession rates and in some cases
preserve coastline position. Recent artificial nourishments performed in the north area of the cell using

1 million m*/yr (André et al., 2010) have been insufficient to stem existing retreat rates (Ch. 1).
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Figure 5.26 - Sea-wall structure composed by loose rocks in the northern part of the northern sub cell,

constructed under emergency conditions when severe storms threatened urbanized areas in 2007.

Based on the evolutionary characterization undertaken in this study, the sediment retention capacity of
the northern sub cell is mostly dependent on the accommodation space available in the nearby
sedimentary sinks and the transport pathways connecting these to the sub cell. The sand-spit erosion at

the northern end of the sub cell enhanced sediment transport towards the Tagus estuary (chapter 2).

5.6.2 Southern sub cell

The morphologic evolution of the southern sub cell is characterized by greater stability than the
northern sub cell. This sub cell is less affected by sediment supply uncertainty due to its distance from,
and lack of direct connection to the Tagus delta, responsible for the majority of instability in the
Caparica cell. Besides the markedly steeper shoreface of southern sub cell compared to the northern
sub cell, and the narrow continental-shelf platform, sediment becomes entrapped in narrow reflective

beaches that prevent permanent losses to the Lisbon canyon. Climate change contributions are mainly
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related to sea-level variations that will probably become more relevant through time and which may

produce recession that results in complete loss of the local beaches.

For the 2030 and 2050 forecasts, likely recession distances are comparable to erosion distances that
occur during storm events. However, for the 2100 forecast, recession distances may become large
enough in some areas to place the coastline directly against the base of the cliff causing the
disappearance of the beach (Fig. 5.27). Some small, isolated perched beaches may persist, similar to the

ones that can already be seen in the southern end of the southern sub cell, near Espichel headland.

Albufeira Lagoon -

Figure 5.27 - Risk contours for the 2100 forecast indicating the extent of recession for different

probabilities of excedence.

Despite not having significant erosion problems related to a negative sediment supply, the southern sub
cell is vulnerable to changes on climatic conditions. The association of sea-level rise and more frequent

storms may cause a permanent recession sooner than 2100. Coastal protection through engineering
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procedures is improbable as the cliff impedes further significant recession and no urban areas are
directly affected. The Albufeira Lagoon area is the only low relief zone of the south cell. However, its
morphology will probably be maintained through barrier rollover (Leatherman, 1983) that causes the

lagoon inlet and associated beach to recede.
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5.7 Conclusions

It can be concluded from the modelled forecasts that the presence of the delta and associated estuary
tends to make sediment exchanges between the delta and adjacent coast a destabilising factor in
morphological change that may cause comparable or greater recession than sea level rise projected due
to global warming? This proposition however is confirmed only for the northern sub cell which
connected directly to (and is part of) the Tagus delta. The sediment budget in the southern sub cell is on
weakly linked to the delta, so that the proposition is unlikely to hold for this sub cell: sea level rise
creates a much higher probability of coastal recession exceeding a given magnitude than the

corresponding effects of negative anomalies in sediment supply in the southern sub cell.

Forecast magnitudes of coastal recession increases with time horizon throughout the Caparica cell, as
does the uncertainty about these magnitudes, although both are an order of magnitude greater in the
northern and sub cell than for the southern sub cell. Recession distances of hundreds of metres are
indicated in forecasts for the northern sub cell with probabilities of excedence of 50% or less for all
forecast horizons, whereas recession forecasts for the southern sub cell are limited to tens of metres for

the correspond levels of risk and projected date.

Forecast recession indicate permanent land and property loss in part of northern sub cell, but in other
parts the designation of coastal dunes as reserve lands means the forecast recession hazard will
probably cause loss of land but not developed property assets. However, there is a significant risk that

beach will be lost due to recession of the coast to the paleo cliff line in the southern sub cell.

In complex morphologic settings the management of uncertainty becomes fundamental to understand

the key drivers in coastal evolution. Geomorphic variability due to sea-level variations is significantly
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affected by shoreface behaviour. However, other factors as variations in storm demand and sediment

supply conditions can overcome sea-level importance on morphologic evolution.
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CHAPTER

Conclusions

Photo: Artificial groin at Caparica



The results of this study demonstrate that the Caparica coastal cell, located adjacent to the
Tagus delta, turns out to be an even better natural laboratory to address the overarching aim
of the thesis than first thought. The research showed the cell is naturally split into two sub

cells:

(1) the proximal adjacent-coast that forms part of the delta itself, the delta margin, intimately
sharing sediments with the ebb- and flood-tidal deposits, with the morphology responding

accordingly; and

(2) the distal adjacent-coast that is not part of the delta, and has a negligible sediment-sharing

relationship with the delta.

The results of the investigation on relationships between a delta and its adjacent coast support

the fundamental conclusion that,

(a) the morphology and stability of the proximal adjacent-coast is governed by its direct,
coupled sediment exchanges with the delta, because of which its shoreline geometry is

paradoxically out of alignment with the delta morphology; whereas

(b) the sediment budget and associated morphological responses of the distal adjacent-coast
are largely independent of the delta, but the shoreline of the distal adjacent-coast is well
aligned with and controlled by the delta morphology, not through sediment exchanges
(because there are none), but through effects of the deltaic bathymetry on refraction

patterns in the dominant swell wave field.

This overarching conclusion has as its corollary the conclusion that the effects of projected sea
level rise due to global warming are completely different for the proximal and distal adjacent-

coast:
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(c) effects of sediment exchanges with the delta on future morphological change for the
proximal adjacent-coast seem likely to dominate over the direct effects of sea level rise on

the morphology of the proximal-adjacent coast; whereas

(d) effects of sea level rise will likely be the dominant factor governing morphological change

in coming decades on the distal adjacent-coast.

The relationships between the Caparica coastal cell and the adjacent Tagus delta and estuary
not only hold in modelled future change (Chapter 5), they are also apparent in past coastal
behaviour reconstructed from geohistorical evidence (Chapters 2- 4) from coastal evolution
since the end of the Holocene after local sea-level stabilization (<7ky BP). Chronologic
information for existing cliff-top dunes (1190 BP) indicates that the recent development of a
prograded barrier complex in the northern sub cell is not coeval with deltaic evolution driven
by sea-level variations. This evidence made it possible to rule out sea level as the main agent
for local coastal evolution, thus advancing sediment supply as responsible for significant

coastline migrations in stable sea-level conditions.

The northern sub cell has had an unstable coastline, since the onset of the Holocene stillstand,
currently comprising a well-developed, prograded barrier with a recent evolution (<1.19 ky
BP). The geological evidence indicates that this proximal-adjacent coast has always been

strongly dependent on the deltaic supply of sediment (both positive and negative supply).

The southern sub cell has a stable coastline comprising a mainland beach encroaching up the
base of a sea-cliff. This distal adjacent-coast may have received a net alongshore sand supply
from the delta early in the stillstand, but not now and probably not during the past millennium
based on evidence inferred from remnant cliff-top dunes about the formation and destruction
of their climbing dune counterparts (Chapter 4). It is also possible that this distal adjacent-
coast never received a significant alonghore supply of sand from the delta during the stillstand

nor in the later stages of the marine transgression. Rather, it is just as possible that the sub cell
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inherited its sand from the narrow continental shelf that fronts it, through the eastward
migration of a transgressive barrier that eventually encroached upon the cliffs, as sea level

approached its present elevation, to form the mainland beach evident at present.

Both the sub cells comprising the proximal and distal adjacent-coast are morphologically
sensitive to changes in wave direction that in turn is partly subject to significant deltaic
influence. This influence is exerted through the effects on wave refraction over the bathymetry
of the delta lobe (Chapter 4). Clockwise wave rotation due to climatic variations tends to
increase coastline instability and consequent vulnerability enhancing erosion rates in both sub
cells, but the instability effect has been enhanced in the northern sub cell by the non-return
valve created in littoral transport sediment exchanges with the estuary. The creation of such a
valve is in principle consistent with the generation of a large volume of additional
accommodation available for sand deposition due to dredging undertaken for port
development (Chapter 2 and 4). Risk based forecast modelling for each cell indicates that for
the area directly affected by deltaic influence (the northern sub cell) recession distance is
fundamentally dependent on sediment supply conditions capable of changing shoreface
geometry and consequently coastline position. In this case, climatic variations have a
secondary importance on morphologic behaviour with a smaller contribution to coastal
vulnerability. However, modelled sea level rise exerts a strong effect in forecasts for 2100

because of the increased magnitude of sea level rise projected for then.
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APPENDIX

Borehole data

Reports from Tecnosol-FGE S.A., Teixeira Duarte Lda. and GNR Sto. Antonio da Caparica
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APPENDIX

Wave data

Data from Sines buoy Costa et al. (2001) and 57 year hindcast data (Dodet et al., 2010)
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Frequency of occurrences for each interval of T, and Hgjg
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