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ABSTRACT

Storm events represent a major factor controlling short-to-medium-term morphological
evolution of beaches. The storm of Sant Esteve 2008 was a significant event that hit the
whole Catalan coast on 26th December 2008. The ICC registered its effects on different
coastal areas through LIDAR surveys which took place shortly after the storm. Moreover, the
pre-storm situation had been recorded in a previous flight, and the state of the beaches was
surveyed again in summer 2009.

This work analyses the LIDAR data to evaluate the storm-induced changes on the Tordera-
Blanes area and its post-storm recovery. Both the qualitative response and the sediment
volumes involved are evaluated. The description of the morphological changes in the
emerged part of the beach is completed by the modelling of the behaviour of the submerged
part. The modelling tools used perform unevenly: the Convolution Method poses problems
related to the beach geometrical definition, while the SBEACH model has accurate results
that match the observations on the emerged part of the beach.

The joint analysis of measured and modelled data shows that the response of the beach of
S’'Abanell was general erosion driven by cross-shore transport, but that local variations were
caused by longshore sediment transport boosted by the existing beach nourishment. In
Malgrat de Mar, the changing orientation of the coast translated in a heterogeneous
response to the storm characterized by erosion with scattered accretion spots. In both cases
important overwash occurred.

Key words: LIDAR, beach morphology, overwash, storm-induced erosion, SBEACH,
Convolution Method.
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Chapter 1
INTRODUCTION

1.1. Motivation

Highly-energetic storms hit the Catalan shores periodically, threatening the population and
the economical activities that concentrate in the coastal areas. In the event of possible
changing storm regimes, understanding these extreme events is crucial to implement
adequate coastal management and protection measures.

Beaches are complex systems whose defining parameters vary enormously from one
location to another. As a result, the accurate characterization of a given coastal zone cannot
be solely based on analytical analysis and modelling. In order to fully understand the
processes that occur, as much field data as possible have to be included in the studies.

At present, the Institut Cartografic de Catalunya (ICC) is developing the use of LIDAR to
monitor the evolution of the coast. The highly accurate and dense LIDAR data can be an
outstanding tool for fast response after major events and to quantify the evolution of the
coast.

The storm of Sant Esteve 2008 was a significant event that hit the whole Catalan coast,
causing important material damages and even the loss of human lives. The ICC registered
its effects on different coastal areas through LIDAR surveys which took place shortly after the
storm. Moreover, the pre-storm situation had been recorded in a previous flight. Lastly, the
state of the beaches was surveyed again in summer 2009.

The availability of this information provides an excellent opportunity to evaluate the storm-
induced changes in the beach morphology and its recovery after the extreme event of Sant
Esteve 2008. The study can thus contribute to a better understanding of the potential effects
of storms on the beaches of the study area and how they recover after these extreme events.

1.2. Objectives

The main objective of this work is to evaluate the morphological changes that the storm of
Sant Esteve 2008 induced in the beaches of the Tordera-Blanes area. The specific goals
regarding this evaluation are:

» To describe the morphological changes that occurred in the beaches of the area both
during the storm and in the post-storm recovery

» To quantify the sediment volumes involved

» To explain the physical processes behind the beach response to the storm
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In addition, this work aims to provide meaningful insight on the advantages and limitations of
the application of LIDAR techniques to the case of the Catalan coast.

1.3. Structure

The first part of this work consists on the description of the LIDAR technology and the study
area (Chapter 2). After that, but prior to the evaluation of the beach response to the studied
event, the storm of Sant Esteve 2008 is characterized (Chapter 3). The LIDAR data are then
analysed in Chapter 4. Chapter 5 complements the study with modelling techniques in order
to overcome the limitations of LIDAR data. Finally, the results of all the previous chapters are
analysed comprehensively in Chapter 6 to draw the picture of the storm-induced changes in
the area.



Chapter 2
BACKGROUND

2.1. LIDAR technology and data

2.1.1. LIDAR concepts and applications

Nowadays, a large-scale approach to land survey is possible thanks to different remote
sensing methods. Satellite images, either radar or optical, are been used in a wide range of
professional activities and research areas. However, in many cases they have to be
combined with topographic techniques to obtain high resolution three dimensional data.
Depending on the scale of the project, the accurate topography needed is usually obtained
by conventional topographic data collection or using GPS techniques.

LIDAR (Light Detection And Ranging or Laser Imaging Detection And Ranging) combines
the advantages of remote sensing with high vertical accuracy and precision, even though it
cannot yet match the quality of classical topography. At the origin (mid-1960s), LIDAR was a
military system used to detect submarines in shallow water. The technology entered the civil
industry at the beginning of the 1990s (Heurtefeux, 2008).

The principle behind LIDAR technology is the reflexion of light and its dispersion in
translucent environments. LIDAR instruments are active devices that fire high frequency
beams of laser light towards an obstacle and measure the time it takes for each pulse to
bounce back.

Even though the instrument can be ground-based, the most widespread system for coastal
applications is Airborne LIDAR. The tool itself is constituted by the laser scanning system
and an Inertial Navigation System (INS) tied to a differential GPS disposed on board of an
aircraft or a helicopter. A video camera can be added to the system to provide images and
better analyse the data obtained.
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Figure 2.1. Airborne LIDAR (Ruiz and Kornus, 2003).

The data density and the strip width of the surface covered by each LIDAR survey depend on
the sensors used. The output can be almost automatically converted to a Digital Model of the
Terrain (MDT), allowing getting models of a region shortly after the flight and showing and
almost instantaneous picture of the situation (Ruiz et al., 2008). Verification is made using
control areas or previous flights.

The productivity of LIDAR is very high. For example, in 2008 almost the entire Catalan coast
was covered by only four flights sessions. The vertical precision is usually of 10-25 cm and
the XY error around 30-60 cm.

There are different kinds of LIDAR systems depending on the lasers employed. The data
used in this work was obtained by topographic LIDAR, which uses near infrared lasers
(wavelength of 1064 um). Light of this frequency does not penetrate water, but topographic
LIDAR is very cost-effective.

Bathymetric LIDAR is a much more expensive system which is used when underwater data
are needed. This second kind of LIDAR uses, in addition to the infrared laser, a green laser
light (532 um) that is returned by the sea floor. Both lasers operate at the same time, and
water depth is retrieved from the difference in return time of the two beams. Current
bathymetric systems combine both sensors and can survey simultaneously the surface
above and below the sea. This second kind of LIDAR has great potential, but its civil
operational applications are often limited because of its economical cost and because the
quality of the data obtained is very dependent on the clearness of the water.

There are other kinds of Airborne LIDAR sensors adapted to specific needs. For example, for
forest and vegetation monitoring the sensors used emit two pulses, allowing detecting the
different heights of trees.

The advantages of Airborne LIDAR over photogrammetry and conventional topography are:

» Higher productivity (less data collection and processing time).

» Data processing can be automated to a high degree.

* It needs less control points.

*  Weather and light independence.

» Itis very appropriate on flat terrain.

* It does not have the deformations problems that stereoscopic vision has with the
presence of water or low texture sand.
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* Higher density.
e Minimum number of control points required.

However, LIDAR surveys have technical requirements regarding the GPS satellites positions,
and the distance to the fixed GPS stations used on land should not exceed 15 km
(Heurtefeux, 2008).

Airborne LIDAR data can be used for a wide range of activities related to coastal dynamics,
including:

* Volume computation of sand movements and shoreline change.

» Cataloguing of coastal defences and man-made structures.

» Dunes and beach morphological classification.

» Detailed coastal cartography.

» Detailed digital terrain modelling of floodplains for mapping and risk analysis.
» Shallow waters bathymetry.

Some of its applications in other domains are:

» Surface classification (crops, vegetation)

* Development and emergency planning

» Detection of buildings in protected areas

» 3D models for landscape analysis

*  Monitoring of changes of the objects on the terrain, buildings and vegetation
*  Snow monitoring (Fig. 2.2)

e City modelling (Fig. 2.2)

Figure 2.2. Examples of data obtained in Catalonia  using LIDAR. From left to right: 3D  model of
the city of Girona; snow depths at La Vall de Nuria (Pyrenees); point cloud image of Salou’s

maritime promenade obtained with a terrestrial mobi le LIDAR device. (Institut Cartografic de
Catalunya).

Finally, it has to be noted that LIDAR is not only a geosciences technique. Terrestrial LIDAR
systems, either fixed or mobile, are used in many technological activities. Even today, 50
years after its invention, LIDAR is showing its potential in new applications as the
development of autonomous cars.

2.1.2. Previous experience s

In the USA, the United States Geological Survey (USGS), the National Aeronautics and
Space Agency (NASA) and the National Oceanic and Atmospheric Administration (NOAA)
are collaborating to monitor the coast with LIDAR since 1995. In addition, LIDAR data has
been used in many studies of the impact of extreme weather events on the coast (e.g.
Stockdon et al., 2007; Sallenger et al., 2006).
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In Catalonia, LIDAR techniques have started to be used much more recently. In 2001 the
Institut Cartografic de Catalunya (ICC) purchased its first sensor, an OPTECH ALTM 3025.
Many works were carried out with this sensor, including:

*  Fluvial areas management plan (PEFCAT project).
» Airport modelling for AENA.
* Modelling of the Italian region of Emilia-Romagna.

Ruiz and Kornus (2009) made the first estimations of volumetric changes in Catalan beaches
using LIDAR after the storms of the first months of 2002.

However, the ICC’s flagship project in this area is LIDARCAT, which started in 2006. It aim to
cover the entire surface of Catalonia (32114 km?) every 4 years. Regarding coastal areas,
between 2007 and 2008 all the Catalan coastline (a strip of 1200 metres) was covered with a
density of 1 p/m® and a vertical precision of 10 cm. The survey was repeated in 2009.
Several other flights have been made since then, but it has been impossible to complete
annual surveys.

In 2008 the ICC purchased a new sensor, a LEICA ALS50 phase Il. The data used in this
work were obtained with this sensor.

Figure 2.3. LIDAR at the ICC. Left: Cessna Caravan 208B, one of the planes used for the
surveys; Right: LIDAR sensor LEICA ALS50 phase Il ( ICC).

At present, the ICC is employing topographic LIDAR technology in various areas, and the
results suggest that LIDAR data is a good option to complement conventional techniques in
some applications and completely replace them in some others. Bathymetric LIDAR is being
tested in the harbour of Matard. The results up to this date prove that the technology is useful
up to a depth of 22 metres, and provides results with a vertical error of 15-20 cm.

2.1.3. Datasets

Shortly after the storm of Sant Esteve 2008, the ICC carried out LIDAR surveys to assess the
impact of the event in three areas of the Catalan coast: Barcelona, Matar6, and Tordera-
Blanes.

Data of the existing situation before the storm at the three locations had been recorded in
October 2008 in the framework of the LIDARCAT program (LIDAR COSTA program).
Additional surveys took place during the summer of 2009, providing a picture of the post-
storm situation. This work analyses the data corresponding to the area of Tordera-Blanes.

The data was obtained using a sensor LEICA ALS50 phase Il. The parameters for each of
the flights are specified in Table 2.1.
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Table 2.1. (Flight specifications of the LIDAR surv  eys (ICC).

PRE-STORM POST-STORM RECOVERY
SURVEY SURVEY SURVEY

SENSOR LEICA ALS50 phase Il
FLIGHT DATE 16/10/2008 17/01/2009 17/08/2009
ABOVE GROUND LEVEL 2250 m 950 m 1000 m
SCAN RATE 22 Hz 30.6 Hz 30.6 Hz
PULSE FREQUENCY 88000 Hz 90600 Hz 90600 Hz
AVERAGE POINT DENSITY 0.5 point/m? 1 point/m® 1 point/m?
PRECISION IN HEIGHT 15 cm 15 cm 9.cm
PRECISION IN PLAN 32cm 32cm 14 cm

The initial processing of the rough LIDAR data was made by the ICC. This work is based on
the Terrain Digital Models (MDT) that ensued from this first step.

2.2. Study area

Bgy of
Blanes

- —v;.LEIDA
5

BARCELONA

Figure 2.4. Study area ( ortophotos from the ICC; maps based on d- maps.com).

The study area, shown in Figure 2.4, covers approximately 9 kilometres of the Catalan coast,
from Blanes’ harbour at the north to the southern end of Malgrat de Mar.

The Catalan towns of Blanes and Malgrat de Mar (hereafter referred as Malgrat) are located
on the north and south banks of the River Tordera. Both towns are important touristic
destinations.

Blanes is located in the county of La Selva (province of Girona). It has a population of about
40000, but the number increases significantly during the summer holidays. The coastline of
the town is divided into two parts by the headland of Sa Palomera. The beach of the Bay of
Blanes lies at the north, nestled between the harbour and the headland and backed by a
maritime promenade. South from Sa Palomera, the beach of S’Abanell stretches for over
2400 metres. The town limits are at approximately 600 meters from the River Tordera. From
that point to the mouth of the river, the land is occupied by a small forest area and camping
sites. Both beaches are approximately 40 metres wide.
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Malgrat, which belongs to Maresme (Barcelona), has a population of 19000. Its coastline
does not have any natural division, but it is usually divided into three parts: Malgrat Centre,
La Conca and Punta de la Tordera. It is a very wide beach (up to 140 metres), and in many
areas there are houses in the sand. As in S’Abanell, the section closest to the river mouth is
occupied by camping sites. Between the camping sites and the town there is a low density
area, and in this part the beach landward limits are the road and railway.

The beaches of the study area are highly reflective, and their sediment is coarse sand (see
Table 2.2).

Table 2.2. Sediment characteristics for study area (IGC, Institut Geologic de Catalunya, 2010.

Grain size, D 5 Sediment type
Bay of Blanes 1153 pm Well sorted very coarse sand
S’Abanell 1398 pm Very well sorted very coarse sand
Malgrat
Punta de la Tordera 906 um Very well sorted very coarse sand
La Conca 1333 um Well sorted very coarse sand
Malgrat Centre 1806 um Very well sorted very coarse sand

The river Tordera flows for 60 km and has a pluvio-torrential regime. The river basin covers
only 894 km?, resulting in low mean flow of about 5 m%s and low sediment transport capacity
in standard conditions (Agéncia Catalana de ['Aigua, 2002). However, significant rain
episodes produce sudden and important increases of the river water flow and sediment
transport rate known as Torderades. The mouth of the river is characterized by a delta
covering an area of 8 km? which reaches a maximum width of 6400 metres at the coast.

In its lowest part, the Tordera suffers from strong anthropic pressure. Firstly, the growth of
the urban settlements around the river has forced its embankment in many sections. In
addition, both the river and the underlying aquifer are over-exploited to guarantee the water
supply for domestic, industrial and agricultural usage in the area. As a result, the water level
and flow velocity at the river mouth are usually very low, causing sea water intrusion.
Nowadays, the delta suffers from regression and salinization.

Over the years, the Laboratory of Marine Engineering of the Polytechnic University of
Catalunya (LIM) has carried out many studies and research projects in S’Abanell and its
surrounding area. The knowledge gained concerning its behaviour and characteristics has
proven to be a key factor to orientate this work, understand the results and reach profitable
conclusions.

10



Chapter 3
THE STORM OF SANT ESTEVE 2008

The direct analysis of the LIDAR elevation data describing the storm-induced changes in the
study area without a prior study of the event could result in the oversight of important
processes.

The aim of this chapter is to characterize the storm of Sant Esteve 2008 and its interaction
with the coast, thus providing a reference framework to understand the beach response to
the extreme conditions registered.

3.1 Meteorology

Previous to the storm, the meteorological situation along the Catalan coast was stable and
dominated by south and southwest winds (Tramuntana). The situation started to change on
25" December 2008, when a shallow depression arrived to the Balearic Sea from the
Northeast with a minimum pressure of 1012 hPa. Its interaction with a high pressure centre
over Northern Europe of 1047 hPa originated strong winds from the East (Figure 3.1, left).

Storms coming from the East are common on the Catalan coast and are called Llevantades.
They are amongst the strongest in the area. Even though they have been widely studied, in
this specific case the numerical model of the Catalan Meteorological Service failed to predict
its real scale (Figure 3.1, right).

GLOBAL MODELL (GM)—Deutacher Wetterdienst (DWD

a
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-

2 i : 4
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12 y S o . Geauy
. fj v £ o6
o S LT

Figure 3.1. Left: Interaction between a high pressu  re centre and a depression, 26/12/2008 -12Z.
Right: Wave height prediction for 26/12/2008 -18Z (Servei Meteorologic de Catalunya).

L
COO0O A4 2NN WULEND 0

The storm affected the entire Catalan coast but its intensity decreased from Northeast to
Southwest, and hence the worst-affected coastal towns were the northern ones (e.g. Roses,
Palamés, I'Escala, Cadaqués). In these locations the storm hit the coast with an unusually

11
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high strength that, according to the media and collective memory, was last seen more than
60 years ago.

In the central zone of the Catalan coast the storm was less intense and destructive, but wave
heights in Barcelona reached six metres, with a mean height of around four metres.
Unfortunately, this was enough to cause the death of three people.

Although the storm weakened towards the Southwest, its effects were noticeable even at the
southernmost end of Catalonia, Ebro Delta.

The study area of this work is described in Chapter 2 and covers the beaches that lie
between the harbour of Blanes and the southern end of Malgrat de Mar, in the limit between
the provinces of Barcelona and Girona. The storm struck the area with high intensity, but it
was not part of the most affected zones of the Catalan coast.

3.2 Deepwater storm classification

Mendoza et al. (2011), define a storm as the extreme event during which the significant
deep-water wave height H is greater that 2 metres during at least six hours. Two of such
events are considered non-independent if they are less than 72 hours apart and if during this
in-between period Hy is lower than 1.5 metres for less than six hours.

Using this criterion, the storm of Sant Esteve 2008 in the area of the Tordera Delta was a
single continuous event that started on 26" December 2008 at 12:00 a.m. and lasted until
29" December 2008 at 06:00 a.m. Its deep-water characteristics were:

* Duration: 66 hours

*  Maximum significant height, HSpmax: 4.65 m (26/12/2008, 06:00-07:00 p.m.)
e Maximum peak period, Tpmax: 14.3 s (27/12/08, 01:00-02:00 a.m.)

* Prevailing wave direction: East

Figure 3.2 and 3.3 depict the evolution of wave heigths, periods and directions during the
entire event. The data were recorded by a buoy belonging to the Catalan network XIOM
(Xarxa d’'Instruments Oceanografics i Meteorologics) and located in front of the harbour of
Blanes.

[
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Figure 3.2. Deep -water wave heights during the event.
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Wave period and direction
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Figure 3.3. Wave period and direction  during the event.

Figure 3.3 shows that prior to the storm the waves were coming from the South and the
Southwest, with some instability intervals. On Christmas Day they started to veer towards the
North and finally the East. This direction prevailed until the first week of January 2009. Table
3.1 displays the distribution of the wave directions during the time when storm conditions
were met.

Table 3.1. Distribution of the wave directions duri ng the storm.
Distribution of wave directions

N 1.5%
NE 0.0%
E 98.5%
SE 0.0%
S 0.0%
SO 0.0%
@) 0.0%
NO 0.0%

Mendoza et al. (2011) propose an intensity scale to classify coastal storms in the Catalan
sea using their energy content as the main classification criterion. The energy content, which
implicitly contains Hg and storm duration, is described as in (Eqg. 3.1).

t2
E =f H¢? - dt (Eg. 3.1)
t1

Where t; and t, are the beginning and end of the event. As wave height values are discrete
data, (Eqg. 3.1) turns into a sum of t, —t; squared wave heights. For the studied event, the
result is

E=237-10°m?-s =658 m?-h (Eq. 3.2)

The energy flux is then

t2
F =f Hg? - Tp - dt = 25.385 - 10° m? - s2 (Eq. 3.3)
t1

13
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The class limits proposed by Mendoza et al. are given in Table 3.2.

Table 3.2. Class limits of the storm intensity scal e proposed by Mendoza et al. (2011).
CLASS ENERGY g:ONTENT

(m“/h)

I 24-250

Il 251-500

11 501-700

v 701-1200

\Y >1200

Accordingly, the storm in the study area was a type Ill event, because:
E =658 m?-h € [501m?-h;700m?-h] (Eqg. 3.4)

Comparing this result with the averaged characteristics of storm classes recorded in
Catalonia during the period 1988-2008 (Table 3.3), it is noted that both the mean significant
wave height and the event duration were slightly low for this category.

D=66h<77h (Eq. 3.5)

H;, =3.08m < 4.4m (Eq. 3.6)

Table 3.3. Averaged characteristics of storm classe s recorded during the period 1988-2008 in
the Catalan sea (Mendoza et al., 2011).

Storm Hs max Tp,max Duration Energy
class (m) (s) (h) (m*h)
I 2.8 9.2 19 110 (24-250)
I 35 10.8 52 350 (250-500)
i 4.4 11.6 77 610 (501-700)
v 5.1 12.1 86 950 (701-1200)
Vv 6.6 12.6 99 1300 (>1200)

Type lll storms are described as “Significant” and sum up to 3% of the total number of
storms. They belong to the 6% most destructive events.

The authors of the intensity scale give indicative values of the effects that each type of storm
can have on the coast. They are only preliminary and potential values, because the real
response depends not only on the storm but also on the geomorphology of the coast.
Nonetheless, it is interesting to keep them in mind to compare them with the results of the
following chapters of this work. For a type Ill event hitting a reflective coast, the predicted
potential runup is about 3 metres and the beach potential erosion approximately 60-65 m®m.

Mendoza et al. classified the storm of Sant Esteve 2008 as a type V event. The discrepancy
with the above results is explained by the delimitation of the impact zone. Mendoza et al.
classified the storm impacting on the Catalan coast as a whole, and thus used the storm
worst-scenario characteristics. As it has been said in the previous section, the study area
was not amongst the worst-affected parts of the Catalan coast.

14
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3.3 Water level: Storm surge and astronomical tide

One of the effects of a storm is a general increase of the water level, called storm tide. The
storm tide is the combination of two factors, the first of which is the usual water-level
variation due to the astronomical tide. The second one is the storm surge, defined as the rise
of water generated by the meteorological forcing: intense cyclonic winds moving around the
storm pile up the water against the shore. The low pressures associated with intense storms
have also an impact on the storm surge, but they represent a small contribution in
comparison with the wind impact.

STORM TIDE (1+2)

A

Storm surge (2)

Y

MEAN SEA LEVEL ‘ stronomical tide (1)

Figure 3.4. Storm tide.

The storm surge depends on factors ranging from changes in the storm intensity to the slope
and characteristics of the coastal features. The complexity of the phenomenon makes it very
difficult to accurately predict or model and it is preferred to work with measured data when
possible.

In the study area there is an observation station recording water levels, but the available data
only encompass the period from 2009 to 2012. The data used in this work were recorded by
a station located in Barcelona’s harbour, about 60 km south. As the storm was substantially
weaker in Barcelona, the water level in the study area might be underestimated.

Barcelona’s station measured both the storm surge and the astronomical tide hourly during
the entire event. The resulting storm tide is the water level above the harbour “zero” level.

The storm tide has to be taken into consideration for the runup and overtopping studies in
order to not underestimating them. However, given that in the Mediterranean Sea storm tides
are not as destructive as in oceans, the error made using data from Barcelona is supposed
to be acceptable.

3.4 Runup and overtopping

Runup is defined as the vertical distance above the still water level that a wave travels up a
beach face (Laudier, 2009). It results from two dynamically different processes: (1) maximum
setup, n(y), the time-averaged water-level elevation resulting from wave breaking, and (2)
swash, S(y, t), the time-varying location of the intersection between the ocean and the beach
(Stockdon, 2006). Thus, runup depends on the alongshore location y and on the time t.

15
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Figure 3.5. Runup.

Many experiments have been conducted to measure and model runup, but the vast majority
deal with sloped dikes and seawalls. The studies for natural beaches are fewer and the
results vary deeply between them. However, the basis for all the expressions proposed to
estimate runup is Hunt’s relationship (1959). Hunt characterized runup as a function (Eq. 3.7)
of the offshore wave height H, and the Iribarren number ¢ (Eq. 3.8).

R = KHos (Eq. 3.7)

&= (Eq. 3.8)

Where B is the slope of the beach profile.

By convention, wave runup is always parameterized in terms of the exceedance of the
highest 2% of the wave runup, R,,. Stockdon et al (2006) proposal to represent runup is
equation (Eq. 3.9)

s Eg. 3.9
N (Eq. 3.9)
Where

_ y

1 =0.35tan 8 (LoH,) /2 (Eq. 3.10)

S= /sfnc + 52, (Eq. 3.11)

(Eq. 3.10) represents wave setup and (Eqg. 3.11) the swash, which has contributions from
both incident (Eq. 3.12) and infragravity (Eqg. 3.13) waves, which are parameterized as

Sine = 0754 (LoHo) /2 (Eq. 3.12)
S = 0.06(LoHy) /2 (Eq. 3.13)

(Eq. 3.14) is the resulting expression for the total runup proposed by Stockdon et al.

J0.75 tan f (L0H0)1/2 + 0.06(L0H0)1/2 (Eq. 3.14)
2

Ry, = 0.35tan B (LoHy) /2 +

A limitation of this approach is that, as swash is very dependent on the foreshore beach
slope, using it for beaches with significant alongshore variable slopes can result in
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pronounced errors. This fact is magnified in reflective beaches as Malgrat and S’Abanell,
where runup is dominated by incident wave energy (Laudier, 2009). In order to minimize the
error it is necessary to divide the beach into sections where the slope can be assumed to
have very little variations. This issue will be addressed later in this work.

Another approach to runup estimation is indirectly proposed by Hedges and Reis (1998) in
their model for overtopping, which explicitly incorporates runup. The parameterization,
modified by Maese et al (2003), is

038+ 1.67¢ for0 <& <22 (Eq. 3.15)
R370, =446 — 0.23¢ for2.2< ¢ <9.0
251 for9.0 <¢

Where R3¢, is equivalent to Ry, and Ryo, = 1.08R5y,.

Both runup estimations use the same parameters: wave height (H,), wave length (L,) and
beach slope (tanf). Thus, it is necessary to define the three of them before using the
relationships to the beaches of the study area.

The offshore wave height used is H, = H,, and the wave length is given by (Eq. 3.16).

_ ngz (Eqg. 3.16)
7 2m

The remaining parameter, tan 8, characterizes the beach. Its accurate estimation presents
some difficulties because it varies alongshore and with time. Figure 3.6 shows the pre and
post storm slopes along the study area. The intersection of the two situations gives the map
of average slopes. As runup is very dependent on the slope, it is necessary to take into
account the three cases: pre-storm, post-storm and average slopes. The freeboard is also
represented, because it is a parameter needed for the overtopping study.

. : 0 05 1 2 3

lMalgrat5:13%-Rc=35m| s s Km

Figure 3.6. Slope and freeboard along the study are  a. Blue: Pre-storm situation; Red: Post-
storm situation; Black: Average.
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The data needed to obtain Figure 3.6 have been extracted from the analysis of the LIDAR
elevation datasets of the pre and post storm situations (see Chapter 4).

The results show a substantial difference between the runup calculated with Stockdon’s
expression and the values obtained using the approach of Hedges and Reis. The figures for
the entire set study area can be found in Annex 1. The section named Malgrat 4 is given
herein as an example:

Malgrat 4: Runup (storm tide not included)
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— — Reis and Hedges, post -storm slope Stockdon, averaged slope
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Figure 3.7. Comparison between the runup values in Malgrat 4 calculated with Stockdon’s and
Reis and Hedges’ expressions. The grey area isthe  duration of the storm. The results do not
account for the storm tide.

To understand the meaning of these values and establish whether they are appropriate for
the study area it is necessary to study the overtopping. Overtopping occurs when the water
elevation is higher that the freeboard of the section. It is a coastal process that has been
broadly studied, and there are many empirical, semiempirical and numerical models
available to estimate the mean discharge when random waves overtop seawalls. However,
and as for the runup, the models for natural beaches are scarce.

Hedges and Reis’ (1998) semiempirical model in based on the physical equation for
discharge over a weir as analogous to discharge over a berm. This model imposes two
conditions aiming towards physical accuracy: 1) wave overtopping is zero when the runup is
inferior to the freeboard, and 2) the overtopping discharge remains finite when the freeboard
equals zero (Laudier, 2009). The proposed expression for the discharge is (Eq. 3.17).

a(1-— ) foros R
— orv =
a_ _ { VrRmax VrRmax (Eq. 3.17)
VIRimaz 0 for Re >1
yrRmax

The coefficients were obtained through experiments and are given by (Eg. 3.18) and (Eg.
3.19).

0.033 for 0.05 < tan § < 0.083

A= 0.0025
0.033 +
tan

for0.083 <tanf <1 (Eqg. 3.18)
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tan 8

0.275
10.2 — for 0.05 <tanpf < 0.13
(Eq. 3.19)

anp for0.13 <tanf <1

The freeboard R, has been obtained from the LIDAR data and corresponds to the maximum
elevation of each beach section (details about the beach profiles and the use of the LIDAR
elevation data are given in Chapter 3). The maximum elevation is generally the berm height,
but in the locations were the beach is very narrow or where the berm is hardly developed R,
has been set to the elevation of the maritime promenade. The freeboard height values are
relative to the reference water level used in Spain, the mean water level in Alicante (NMMA).

R4, 1S defined by Reis and Hedges as the maximum runup value for which no overtopping
occurs, and its most probable value corresponds to a value not exceeded in 37% of the
cases for a Rayleigh distribution of runup for 100 waves, Rs3;4. This value has been
calculated previously for the estimate of the runup, but cannot be directly compared to the
freeboard R, to establish when overtopping can occur. To obtain the real height that waves
can reach during their uprush, it is necessary to add the levels of the storm tide obtained in
Section 3.3 to the runup heights themselves (De Mas, 2010). After doing so, the resulting
values of runup have to be transformed to have their origin match the origin of the LIDAR
elevation data, which is the NMMA and not Barcelona’s harbour zero. Puertos del Estado
provides the necessary information to do so: all the runup values have to be reduced to -
0.179 metres.

The last parameter that appears in the discharge estimation (Eq. 3.17) is y,.. It is a reduction
factor that accounts for non-normal wave incident angle, berm characteristics and
permeability. y, is generally used to tune the model. It has been found that it over-estimates
the overtopping because, as many other models, it is based on experiments obtained on
impermeable planar laboratory beaches. Typical values for y, range from 0.70 to 0.95. In the
rest of this study a standard value of y,. = 0.90 is used.

The comparison between the freeboard and the final runup shows when overtopping occurs.
Figure 3.8 shows the results for one of the profiles in S’Abanell (average slope). All the other
figures can be found in.

S'Abanell 4: Runup (storm tide included)

16
14 ]
T 12 —Reis and Hedges, averaged slope
= 10 - Stockdon, averaged slope
8
>
T 4 ~
2 e N TN A
0 —_——
0:00:00 0:00:00 0:00:00 0:00:00 0:00:00 0:00:00 0:00:00
25/12/2008 26/12/2008 27/12/2008 28/12/2008 29/12/2008 30/12/2008 31/12/2008

Time
Figure 3.8. Comparison between the runup values in S’'Abanell 4 calculated with Stockdon’s
and Reis and Hedges’ expressions. The grey area is  the duration of the storm. In this area, the
storm did not modify the beach slope.

The differences between Stockdon’s and Reis and Hedges’ results can now be interpreted.
According to Stockdon, runup never exceeded the freeboard for this profile, and thus there
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was no overtopping. The situation is very similar in the rest of the profiles, with none or very
little overtopping time for Stockdon's values of runup. Nevertheless, according to other
studies and to the media, the seafront promenade was destroyed in this particular part of
S’'Abanell (see Fig. 3.9), and sand was transported to the inland of Blanes. Stockdon’s
expression systematically underestimates runup values, not only in this study (Laudier,
2009).

hie

Figure 3.9. S’Abanell's promenade destroyed by the  storm (Departament de Territori i
Sostenibilitat, Generalitat de Catalunya. Press rel  eased, 23/12/2009).

In the light of these results it seems more appropriate to use Reis and Hedges’ proposal for
runup. However, the fact remains that the proposed expressions depend deeply on the
beach slope, and the values for the slopes calculated in this study are only a discrete
approximation of a continuous variable. In addition, they do not take into consideration the
variations of the beach slope during the storm. Therefore, the resulting values have to be
taken only as indicative values.

The figures describing the runup situation for each area can be found in Annex 1. Using Reis
and Hedges expression the runup values are higher than those expected for a type 11l event
(around 3 metres), a discrepancy partly explained by the fact that Mendoza et al. (2011)
employed Stockdon’s formulation.

The results show that the runup height exceeded the freeboard in some moment of the storm
along the entire study area. The overtopping times are high in most cases, and so are the
runup values during the entire storm. Nevertheless, this does not imply that the resulting
overtopping was a continuous process, because under random wave conditions overtopping
is dominated by a few waves with large runup. As it can be seen on the example on Figure
3.10, this was the case for the studied event.

S'Abanell 3: Overtopping
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Figure 3.10. Overtopping in S’Abanell 3 accordingt o Reis and Hedges for the duration of the
storm and using the averaged beach slope.

Overtopping (m3/s/m)
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Almost all the overtopping occurred between 26" December 2008 at 12:00 a.m. and 27"
December 2008 at 12:00 a.m., but the runup values did not drop drastically after this period.
The situation was the same in the entire study area. The overtopping took place around the
peak runup values, when water level increased suddenly but for a small time lapse.

The total discharge in each zone is calculated by adding all the discrete values of discharge
for said zone and multiplying the result by the time step (Eq. 3.20).

Qi <%3> = Z qi <m73/m> -3600s (Eq. 3.20)

This amounts to a total volume of water of:
Vi(m?) = Q;(m?/m) - Ly(m) (Eg. 3.21)

Where L; is the length of the area. Table 3.4 summarizes the results obtained.

Table 3.4. Overtopping values along the study area. Case of the average beach slope.

LENGHT (m)  DISCHARGE (m¥m)  WATER VOLUME (m°)
S'Abanell 1 100 3256 325635
S'Abanell 2 150 65804 9870623
S'Abanell 3 300 7097 2129151
S'Abanell 4 820 877 718800
S'Abanell 5 970 3863 3747546
Malgrat 1 2120 4372 9268403
Malgrat 2 515 1997 1028630
Malgrat 3 1120 4944 5537577
Malgrat 4 455 9737 4430397
Malgrat 5 910 1117 1016453

The overtopping volumes calculated thusly vary deeply depending on which slope is used, as
shown on Table 3.5. The difference is higher for steeper profiles (reaching a x5 factor in
some cases). The existing models to estimate runup and overtopping have been mostly
developed for gentle-sloping dissipative beaches, and their limitations are very noticeable in
steep beaches as the ones of the study area of this work.

Table 3.5. Effects of the variation of the beach sl  ope on the overtopping results.

Using the pre-storm slope Using the post-storm slo pe
DIFFERENCE DIFFERENCE
DISCHARGE (m®*/m) TO AVERAGE DISCHARGE (m®m) TO AVERAGE
SLOPE SLOPE
S'Abanell 1 299 -91% 16586 +409 %
S'Abanell 2 299 -99 % 52321 -20 %
S'Abanell 3 1997 -712% 16586 +134 %
S'Abanell 4 877 0 % 884 +1 %
S'Abanell 5 10205 +16 % 884 17 %
Malgrat 1 4372 0 % 4397 +1 %
Malgrat 2 1997 0 % 2011 +1 %
Malgrat 3 4944 0 % 4974 +1 %
Malgrat 4 4944 -49 % 16586 +70 %
Malgrat 5 4944 +343 % 302 -713%
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A better estimate of the volumes could be done if the evolution of beach slope during the
storm was known. It would then be possible to implement the runup equations in a semi-
continuous manner, and therefore determine whether the real overtopping values were
closer to the upper or to the lower limits of the range. Obtaining this kind of dynamic
topographic information by direct measure is challenging, but it could be modelled using
numerical methods. However, for this work it is only the values corresponding to the mean
slope that are used. The modelling of the slope evolution and its implementation in the
overtopping estimates could be object of further research. The figures describing the
overtopping situation for each area can be found in Annex 2.

This section has dealt with runup and overtopping estimation in the beaches of Malgrat and
S’'Abanell. The area surrounding the mouth of the Tordera and the Bay of Blanes have been
left aside from the study because they are not free beaches. A possible extension of this
work is the adaptation of the runup and overtopping models to these two special cases,
where wave conditions (for the bay) and beach profiles (for the area around the river mouth)
suffer transformations for which the original models do not account.

3.5 Wave propagation

The variables that appear in the empirical expressions used in previous sections of this
chapter are related to deep-water wave conditions. However, to fully understand the storm
characteristics and the variation of its effects on the coast it is essential to know how it
impacted the different zones of the study area.

3.5.1 Physical processes

As waves approach the coastline, their velocity, shape, height and direction are modified by
the sea bottom bathymetry; only the wave period remains constant. Therefore, the waves
that hit S’Abanell during the storm of Sant Esteve 2008 were not the same that the ones that
reached Malgrat.

The main processes that modify waves approaching the coast are shoaling, refraction and
breaking. To a minor degree (if there are no special obstacles), they are also affected by
diffraction, reflexion and energy dissipation due to friction.

Shoaling (Figure 3.11, Left) consists on the gradual variation of wave height and velocity as
the water depth decreases. The nearly sinusoidal deep-water profile of the swell is
transformed in wave trains with a series of high peaked crests separated by relatively flat
troughs (Komar, 1998). The variations are caused by the changes in the group celerity c,.

They can be calculated imposing energy conservation (Eq. 3.22).

1 2kh
Uis

3 1 smnzrnl| = (E;)o = constant (Eq. 3.22)

1 2
En = (gng )

Using the simplifications of lineal theory a much more operational expression (Eq. 3.23) can
be obtained to link shallow waters wave height (H) to deep waters wave height (H,):

C H
H=H, CLO and = Ks = Shoaling coef ficient (Eqg. 3.23)
g 0
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Refraction (Figure 3.11, right) is also related to celerity, but in this case it is wave directions
that are modified. Wave crests gradually modify their orientation and tend to be as parallel to
the bottom bathymetry as possible. This behaviour is due to the celerity gradient inside the
wave caused by the water depth differences.
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Figure 3.11. Wave shoaling and refraction. Adapted  from Komar, 1998.

Wave refraction can be characterized using a refraction partial coefficient:
K.' = |— (Eq. 3.24)
For an idealized linear beach geometry and parallel bathymetry, the distances can be

calculated using Snell's Law and the relation:

o _ %% (Eq. 3.25)
s cosa g

Shoaling and refraction are usually studied together and represented by a unique coefficient,
the total refraction coefficient K, (Eq. 3.26).

C S
K, = KK, = ’CL" \E (Eq. 3.26)
g

Lastly, wave breaking depends primarily on the ratio between wave height and wave length.
Breaking can be predicted using the following empirical expression:

Hb Zﬂhb
— = (0.142 tanh(
Ly Ly

) (Eq. 3.27)

This general expression can be simplified for deep-water conditions and for shallow-water
conditions. However, it does not take into account that beach characteristics also affect the
breaking of the wave.

Evaluating the processes described in this section is a challenging task when the bathymetry
and wave characteristics are real data and not a simplification to an ideal situation. Their
correct estimation requires the use of calibrated wave propagation models that take all the
variables into account.
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3.5.2 Wave propagation modelling

The modelling software used in this work is Mike 21, by DHI. Mike 21 has been chosen
because it is a very robust simulation tool widely used in coastal sciences, but at the same
time simple and which does not require much input data. The two kinds of input data needed
in order to run a basic wave propagation simulation on Mike 21 are bathymetric data and
wave characteristics in deep water conditions.

The bathymetry for this work (Figure 3.12) has been obtained combining various datasets
covering different parts of the study area. It dates from 2010, but can be used because
sediment transport along the coast modifies the bathymetry only in a narrow buffer zone
around the shoreline.

Figure 3.12. Bathymetry of the study area.

As shown on Figure 3.12, the resolution of the bathymetry around the river mouth is higher
than in the southern part of Malgrat. This fact explains the sudden change on the contour
levels that takes place in front of the town of Malgrat: the underwater slope is constant on the
south, while the north there is a flat sea bottom stretch at approximately 5 metres of depth.

Mike 21 runs one wave simulation at a time, using a unique representative deep-water wave.
For this reason, the storm characteristics given by the hourly wave data have been
transformed into a simplified storm defined by six significant points (Figure 3.13 and Table
3.6).
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Figure 3.13. Storm outline and wave characteristics at the vertices.

Table 3.6. Storm outline and wave characteristics a  t the vertices.

SIGNIFICANT WAVE PEAK MEAN
DATE TIME WAVE HEIGHT, DIRECTION PERIOD, T, PERIOD,

Hyno (M) (°N) (s) T'm(S)
26/12/2012 12:00:00 2.86 89 10.0 6.9
26/12/2012 18:00:00 4.65 91 11.8 8.0
27/12/2012 05:00:00 4.24 89 10.5 7.5
27/12/2012 18:00:00 2.35 91 9.1 6.1
28/12/2012 10:00:00 2.83 83 10.5 6.2
29/12/2012  05:00:00 2.04 86 8.3 6.1

The simulations were made twice: a first time using peak periods and a second time using
mean periods. The output data files were converted and transferred to SURFER 9 for data
processing.

3.5.3 Results

Figure 3.14 shows an example of the graphical results of the simulation corresponding to the
wave heights at the peak of the storm.

Figure 3.14. Propagate wave heights at the peak of  the storm (26/12/2012, 18:00) using the
mean period.
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The initial wave heights were unevenly modified by the bathymetry. The lines representing
wave elevations are much tighter against the shoreline in S’Abanell than in Malgrat. The
initial wave directions were also modified unevenly, resulting in varying incidence angles
when the waves hit the coast. In S’Abanell the waves were practically left unchanged (in
terms of direction), while in Malgrat there was a general reorientation.

The observed behaviour is the same for the six moments studied; it is only the intensity of
the processes that varies. This is consistent with the physical processes described in section
3.5.1. Shoaling and wave breaking could be similar north and south of the river mouth, but
refraction is different. The waves, which come from the East, suffer great changes on their
way to Malgrat because the coast and bathymetry orientation has an angle of 55-850 to
North. On their way to S’Abanell, refraction is not very pronounced.

Peak periods are always significantly higher than mean periods, and this increase (of around
40-50%) affects the results of the simulation. An example of the divergence of the results is
shown on Figure 3.15:

Figure 3.15. Propagated wave heights using mean per iods (left) and peak periods (right).
Results corresponding to 26/12/2012 at 18:00 (top) and to 27/12/2012 at 05:00 (bottom).

Wave heights modelled using peak periods seem to be much more dependent on the
irregularities of the bathymetry than the ones obtained using mean periods. The effects of
Blanes Canyon (at the northeast of the study area) are clearly visible.

The results show that the storm characteristics north and south of the river mouth were quite
different. However, the variability exists also along each of the two zones. Figure 3.16 shows
the position of three transects cast parallel to the shoreline and the significant wave heights
and water depths along them.
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Figure 3.16. Wave height variations along the coast (27/12/2008, 05:00 a.m.).

In S’Abanell (transect AB), the waves in front of the central part of the beach were higher
than at both ends. There is a depression of the sea bottom towards the centre of the beach,
with depths ranging from 7-8 metres in the extremes to 10-11 metres in the middle. In this
northern side of the river mouth, the variations linked to the election of the wave period are
quite important: waves heights differ by 0.5 metres in some places.

The two transects cast parallel to the beach of Malgrat (CD and EF) show that the
bathymetry is much more irregular than in S’Abanell. However, the irregularities are partly
explained by the fact that transects are rectilinear, while the shoreline has changing
orientations. The results do not depend on the wave period used as much as in the previous
case, and they seem less affected by slight bathymetry variations.

3.6 Expected beach response

Before the analysis of the measured beach changes induced by the storm, it is interesting to
describe the morphological response that could be expected from the beach.

During storms, the prevailing process is erosion of the beach profile (Figure 3.17, left). The
storm boosts the beach evolution from its summer profile, characterized by a wide and
smooth berm, towards a winter profile with and eroded berm. The eroded material is then
usually deposited in an underwater bar parallel to the shoreline.

However, the high runup and overtopping values obtained in the previous section may have
produce overwash (Figure 3.17, right). If this was the case, then not all the eroded sand was
transported to the bar; a fraction was deposited in the backshore.
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Figure 3.17. Expected beach response to storms: Lef  t: Erosion. Right: Overwash. Coastal
Engineering Manual, 1998.

The two previous processes are driven by shore-normal sediment transport, which is the
dominant transport mechanism during storms. However, the oblique angle with which the
waves reached the beaches of Malgrat could have cause important longshore sediment
transport.
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Chapter 4

LIDAR-BASED ANALYSIS OF THE
COAST MORPHOLOGICAL
EVOLUTION

4.1 Available datasets and methodology

The data used in this chapter has been provided by the Institut Cartografic de Catalunya
(ICC). There are two kinds of data:

LIDAR elevation data from three different surveys:
» October 2008, representative of the pre-storm situation
* January 2009, representative of the post-storm situation
* August 2009, which shows the recovery after the storm

Ortophotos: Aerial photographs geometrically corrected.
* May 2008, pre-storm situation
e January 2009, post-storm situation
* June 2009, recovery after the storm

Even though the aerial photographs were not taken at exactly the same time as the LIDAR
surveys were made, they have been used to provide spatial references to the viewer. In
addition, they have been superposed to the LIDAR data to establish the buffer zone around
the beach in where the storm-induced changes were registered, thus reducing the study
area. As a result it has not been necessary to work with the complete aerial photographs,
making the manipulation of the data a much easier and faster process.

The data processing has been made using ArcGIS 9.3. The first step was to “clean” the
LIDAR elevation data eliminating the parts corresponding to the sea and interpolating the
missing values. Once the elevation dataset was consistent, the sediment balance was
obtained calculating the elevation difference between two consecutive elevation layers. In
addition, shore-normal beach profiles spaced every 100-200 metres alongshore were cast on
the three datasets. These profiles are used throughout this work, from the runup and
overtopping studies (Chapter 3) to the erosion modelling (Chapter 5).

The sediment balances, shore-normal profiles and ortophotos have been analysed jointly to
draw a picture of the storm-induced changes on the beaches of the study area. This
comprehensive approach has made it possible to establish the areas where the behaviour of
the beach can be considered homogeneous.
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However, it is of utmost importance to keep in mind that this part of the study describes
exclusively the behaviour of the emerged part of the beach, because the topographic LIDAR
data does not provide information about the submerged areas. Complementary studies are
carried out in subsequent chapters to overcome this limitation.

4.2. Morphological response to the storm

This section compares the situation existing before the storm of Sant Esteve 2008 with the
one just after it. The LIDAR data used are from the surveys of October 2008 and January
2009. For all the figures, sediment loss is represented in red and sediment gain in blue.

4.2.1. Global response and homogeneous areas

Even where the storm characteristics can be considered homogeneous, within the storm-
impact zone some areas may experience severe dune erosion and overwash while adjacent
areas may appear unaffected (Stockdon et al., 2007). Amongst the many factors that may
affect shoreline response there are shelf geology, shoreline morphology, and variations on
the angle between the incident waves and the orientation of the shoreline.

Figure 4.1 shows the impact of the storm on the study area in terms of elevation difference.
Figure 4.2 simplifies the results by splitting them in only two categories: erosion areas and
accretion areas.

Figure 4.1. Morphological response to the storm: EI  evation difference between the pre-storm
and post- storm situations.
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Figure 4.2. Morphological response to the storm: Ar  eas of erosion (red) and accretion (blue).

A deeper analysis of these views and the shore-normal profiles (provided later for each
zone), allows identifying six areas where the beach response to the event was quite
homogeneous (Figure 4.3).
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A6 - MALGRAT
SOUTH

0 05 1 2 3
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Figure 4.3. Areas of homogeneous response to the st  orm.
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The first area is the pocket beach of the Bay of Blanes. The response of pocket beaches to
deep-water wave conditions is different from the response of open ones and hence the bay
has to be treated separately from the rest of the study area. In the same manner, the area
surrounding the mouth of the Tordera is also a distinct area because its evolution depends
partly on the river dynamics. The division of the beach of S’Abanell roughly corresponds to
the limits of the village, but the delimitation has been established using the beach profiles.
The same goes for Malgrat de Mar.

This division could be improved by subdividing it in even more areas, but the proposed
solution is convenient to the goal of this study, which is to determine the storm-induced
changes in the area. A more detailed partition that would allow studying local
morphodynamic processes originated by irregularities could be the object of future research.

4.2.2. Area l1: Blanes

The first area is the Bay of Blanes. Nestled between the harbour at the north and the
headland of Sa Palomera at the south, the beach is 600 metres long and divided in 1/3 and
2/3 by a small rock groyne. The beach is mainly touristic, and backed by a maritime
promenade. There is a small park area at the north, and at the south a construction in the
sand.

Figure 4.4 shows that the response of the beach to the storm of Sant Esteve 2008 was not
homogeneous: erosion occurred at the centre of the beach, whereas the north and south
ends were subject to accretion. The maritime promenade was not destroyed by the extreme
wave conditions.

0 50 100 e N b 0 50 100 200

5 Ed N )| - 3 E— E— T

Figure 4.4. Area 1: Left: elevation difference betw  een pre-storm and post-storm situations.
Right: areas of erosion (red) and accretion (red).

Table 4.1. Area 1: Volumetric sediment balance.

VOLUMETRIC SEDIMENT BALANCE -5580 m3
Al |Gain 4372 m3
Loss -9952 m3

As it has been said, this area is treated as a unit because its behaviour cannot be compared
to the behaviour of an open beach. However, the volumetric sediment balance on Table 4.1
suggests that the global sediment loss caused by the storm in the central area was not
compensated by the gain of material in both ends. The sub-division of the area in three sub-
areas (Figure 4.5) reinforces this observation.
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Al.a| +2193 m?
A1.b| -8700 m?
Al.c| +322 m?

Figure 4.5. Area 1: Sub -areas and location of the shore- normal beach profiles.

The small erosion spot on sub-area Al.c is caused by a drain, a local disturbance quite
frequent all along the study area and not directly related to the storm itself.

The cross-sections made and the resulting emerged beach profiles before and after the
storm (Figure 4.6) add complementary information: the shoreline at both ends of the beach
was almost left unchanged, and the accretion corresponds to sand deposits located on the
backshore. This overwash material is most visible at the northern end of the area, where the
beach is wider.

The data shows no accretion on the promenade and beyond. Nevertheless, according to
local experience, media coverage and photographic archives, the waves reached the
promenade and left it buried under a layer of sand. This inconsistency might be caused by
the time lapse between the storm and the post-storm LIDAR surveys. The post-storm survey
took place three weeks after the event, a period short enough to overlook many natural
recovery processes but not human activities. By the time the LIDAR measures were made,
the promenade had been restored to normal conditions by the municipality.
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Figure 4.6. Area 1: Shore- normal beach profiles (dashed line = pre  -storm; continuous line =
post- storm). The grey area represents the location of th e maritime promenade.

Without additional information, at this point it is not possible to establish if the lost sand from
the central area remained in the bay or was lost off-shore. Bathymetric information would
allow estimating the amount of sediment that was deposited in the submerged part of the
beach, and consequently the amounts of sand that leaved the bay.

The erosion models used later in this work (Chapter 5) cannot be accurately applied to this
area, because they are two dimensional models which do not account for strong alongshore
processes that may occur in pocket beaches. However, and taking into consideration that the
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Bay of Blanes was not artificially nourished after the event, the analysis of the LIDAR
elevation data of summer 2009 could allow coming to some additional conclusions.

4.2.3. Area 2: S'Abanell North

In the case of S’Abanell the aerial photograph can lead to confusion, because it does not
show the artificial beach nourishment that took place before the pre-storm lidar flight. The
beach has been divided into two areas. In the northern part (Area 2) the beach profile was
markedly modified by the storm, while in the south (Area 3) the changes were less
significant. From north to south, the division roughly corresponds to the place where the town
of Blanes ends and the camping sites and forest start.

Figure 4.7 shows the storm-induced changes in Area 2.
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Figure 4.7. Area 2: Left: elevation difference betw  een pre-storm and post-storm situations.
Right: areas of erosion (red) and accretion (red).

Table 4.2. Area 2: Volumetric sediment balance.

VOLUMETRIC SEDIMENT BALANCE -46603 m3
A2 | Gain 1709 m3
Loss -48313 m3

There was a general sediment loss in the entire area. The material of the artificial
nourishment corresponding to the emerged part of the beach was lost almost entirely. The
nourishment took place before summer 2008 in order to obtain a beach wide enough to meet
the conditions for a touristic and recreational use. It cost 1.2 million euro and covered the
northernmost 700 metres of S’Abanell. 165000 m?® of sand were used, but by the time that
the storm struck some of the sediment had already been lost. An average storm which struck
the beach in May 2008 took around 10-15% of the sediment.

The results of the volumetric balance (Table 4.2) allow establishing that the general erosion
rate for the entire area was about 53 m°/m. However, the analysis of the shore-normal
profiles (Figure 4.8) strongly suggests that the erosion rate was not constant along the area.
The profiles show that the erosion was more intense in the north, and decreased towards the
south. The southernmost profiles, where the beach berm was the least developed, were
notably less eroded. The original beach width decreased from north to south, and this
variation could account for part of the observed irregular sediment loss.
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Figure 4.8. Area 2: Shore-normal beach profiles (da  shed line = pre-storm; continuous line =
post-storm). The grey area represents the location of the maritime promenade.

The measured sediment gain was about only 5% of the sediment loss and was located in the
part closest to the village. However, the accretion values may be underestimated for the
same reason than in the Bay of Blanes. If the storm transported overwash material to the
promenade and the streets, it had surely been cleaned up and moved back to the beach by
the time the LIDAR survey took place. Therefore, no accurate estimate can be made about
the gain on the backshore, which was clearly smaller than the erosion rate.

The observations of this section concern exclusively the emerged part of the profile, because
there is no bathymetric data available. In order to complement these results and fully analyse
the storm-induced changes in S’Abanell and their origin, Chapter 5 will deal with the
modelling of the beach response.

4.2.4. Area 3: S’Abanell South

As explained in the previous section, Area 3 corresponds to the southern part of the beach of
S’Abanell.

Figure 4.9 shows that the response of this area to the storm was qualitatively the same than
in the previous one: erosion occurred along the entire beach. However, the sedimentary
balance (Table 4.3) suggests that the sediment volumes involved in the process in the south
of S’Abanell were much smaller than in the north.

35



LIDAR-BASED ANALYSIS OF THE COAST MORPHOLOGICAL EVOLUTION
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Figure 4.9. Area 3: Left: elevation difference betw  een pre-storm and post-storm situations.
Right: areas of erosion (red) and accretion (red).

Table 4.3. Area 3: Volumetric sediment balance.

VOLUMETRIC SEDIMENT BALANCE -19319 m3
A3 | Gain 4990 m3
Loss -24310 m3

The general erosion rate for the entire area was approximately 20 m®m. In this case, the
shore-normal beach profiles cast along the beach (Figure 4.10) reflect that this rate was
much more constant than in S’Abanell North. They also show that in the north of the area the
promenade was reached and destroyed by the waves. The southernmost end of S’Abanell,
where the beach is wider, seems to have undergone more intense erosion.

As for the previous area, in order to explain the behaviour of S’Abanell South properly and
account for the changes in the submerged part of the beach, its response to the storm is
modelled in Chapter 5. The combination of the LIDAR-based observations and modelled
response are then analysed jointly in Chapter 6.
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Figure 4.10. Area 3: Shore- normal beach profiles (dashed line = pre  -storm; continuous= post -
storm). The grey area represents the location of th e maritime promenade for profiles A3 -1 to
A3-8, and the location of the fences bordering the cam  ping sites for the rest.

The accretion in Area 3 is once again located at the inner part of the beach. For the same
reasons than in the previous areas, LIDAR data do not reflect sand deposits in the profiles
A3-1 to A3-5. The measured profiles A3-6 to A3-9 are also to be handled with care, because
the LIDAR elevation data corresponding to the backshore might be inaccurate due to the
presence of trees. The southernmost profiles (A3-10 to A3-12) are located in the stretch of
beach closest to the river mouth and backed by camping sites. Extensive but low sand
deposits are visible in these last profiles, possible because camping sites are bare sandy
areas that cannot be restored back to normal as fast as the town streets.

A sub-area drawn around these last profiles allows making an estimate of the reach of the
accretion. Figure 4.11 shows that the total sediment gain was about 1218 m?® which
represents an accretion rate on the backshore of 6 m®m. This rate is significantly lower than
the erosion rate, suggesting that not all the eroded sediment was moved landward.
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Figure 4.11. Area 3: Sub area with measurable accre tion and location of the shore -normal
beach profiles.
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4.2.5. Area 4: Tordera

Figure 4.12 shows the difference between the pre and post storm situations at the mouth of
the river Tordera and in its surrounding area.

e e
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Figure 4.12. Area 4: Left: elevation difference bet  ween pre -storm and post -storm situations.
Right: areas of erosi on (red) and accretion (red).

Table 4.4. Area 4: Volumetric sediment balance.

VOLUMETRIC SEDIMENT BALANCE 3912 m3
A4 | Gain 18248 ms3
Loss -14336 m3

The global volumetric balance (Table 4.4) was small, but this does not mean that there was
little sediment movement. The sediment bar blocking the river mouth was pierced, and there
was accretion in the northeast and erosion in the southwest. Figure 4.13 shows the sediment
balances for each of these sub-areas.

Ad.a| -7166 m®
Ad4.b| -4406 m®
Ad.c | +6771 m?

Figure 4.13. Area 4: Sub areas.

Given that the storm waves came from the East, it is unlikely that the sand deposits of the
river mouth were originated by the eroded material of the southwest. Area 5 is a special case
that has to be treated differently from the rest of the study area for two reasons. In one hand,
In addition, the morphodynamics of river mouths are affected by the river flow and sediment
transport capacity. On the other hand, the mouth of the Tordera corresponds to the location
where the coast orientation starts to change. Taking these remarks into account, the storm-
induced changes on Area 5 are treated again in Chapter 6.
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4.2.6. Area 5: Malgrat North

Malgrat beach has been divided into two areas. Area 5 covers the northern 2400 metres. In
this part the coastline is quite rectilinear, but its orientation starts to shift at two thirds of its
length.

The beach of Malgrat is much wider than S’Abanell and has a well developed berm, and the
additional sand width forms a buffer zone that acts as a natural protection. For this reason,
the human built structures were less affected by the storm of Sant Esteve 2008.

Figure 4.14 shows the impact of the storm along the area.
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Figure 4.14. Area 5: Left: elevation difference bet  ween pre -storm and post -storm situations.
Right: areas of erosion (red) and accretion (red).

Table 4.5. Area 5: Volumetric sediment balance.

VOLUMETRIC SEDIMENT BALANCE 5215 m3
A5 | Gain 36915 m3
Loss -31700 ms3

The LIDAR data show that the storm only affected the stretch of the beach closest to the
shoreline. The backshore was virtually left unchanged. The morphological response on the
affected part follows a longitudinal pattern: the shore was eroded, and there was accretion on
the central strip of the beach. The gain and loss values of the sediment balance (Table 4.5)
give a first idea of the extent of the process. However, the erosion along the shoreline is
uneven, and at some locations interrupted by accretion spots.

For a better understanding of the area, it has been divided into two longitudinal sub-areas
and a third one accounting for the small accretion spots (Figure 4.15). The sub-areas give
more accurate volume values because they do not take into consideration the backshore,
where LIDAR data show a mix of erosion and accretion.

The absolute value of the sediment loss is higher than the sediment gain in the central strip,
but they have the same order of magnitude (around 20000 m®). The lineal rates are about 7.5
m*/m for the accretion on the central strip of the beach and 10 m*m for the erosion on the
shore.

A5.a| +17205 m?®
A5.b| -24933 m?
A5.c| +6093 m®
Figure 4.15. Area 5: Sub-areas.
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The sub-division shows that the accretion spots, which seemed almost negligible at first, add
up to more than 6000 m®. They can be also be perceived on the shore-normal profiles (see
Fig. 4.16). Moreover, the profiles show that except for some spots as A5-12, the position of
the shoreline did not change much under the forcing conditions of the storm.

Lastly, as Malgrat is wider than S’Abanell the overwash material did not leave the beach and
can be perceived in the profiles. The accretion of the central strip of the beach consists on an
increase of the berm height rather than in deposits extensive deposits as it was the case in
S’Abanell. However, at this point no conclusion can be reached about these deposits
because the data about the overwash in S’Abanell are too scarce.

The global behaviour of the emerged part of Malgrat North was thus similar to the one of
S’Abanell, but presented some additional aspects as the accretion spots on the shoreline.

The characterization of the storm made on Chapter 3 showed that the waves reaching both
beaches were different due to shoaling, refraction, and other propagation processes. The
runup and overtopping also presented local variations. In order to better assess the storm-
induced changes in Malgrat, the effects of the wave conditions will be modelled in Chapter 5.
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Figure 4.16. Area 5: Shore-normal beach profiles (d  ashed line = pre-storm; continuous line = post-stor m).

The grey area represents the location of houses in profiles A5-1, A5-2 and A5-14 and the location oft  he

road/promenade for the rest.

4.2.7. Area 6: Malgrat South

The last area (Area 6) covers the last 1500 metres of the beach of Malgrat. This part of the
beach is not straight, although some dominant directions can be perceived. In Malgrat South
the berm is almost as well developed as in Malgrat North, but the beach is narrower. Figure
4.17 shows the changes induced by the storm of Sant Esteve 2008 in this part of the study
area.

Figure 4.17. Area 6: Left: elevation difference bet  ween pre-storm and post-storm situations.
Right: areas of erosion (red) and accretion (red).

Table 4.6. Area 6: Volumetric sediment balance.

VOLUMETRIC SEDIMENT BALANCE 8360 m?3
A6 | Gain 27200 m3
Loss -18838 ms3
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The response of this area to the storm seems less regular than in Malgrat North, but there
was once again a marked accretion strip on the central part of the beach. The strip closest to
the shoreline presents an unclear behaviour. Erosion was the dominant process as in
Malgrat North, but it was more tightly mixed with accretion zones.

Figure 4.18 shows the delimitation of the accretion of the central strip (A6.a), where the
accretion rate on was about 11 m®m. The part corresponding to the erosion of the shore has
also been transformed into a sub-area, but the resulting sediment balance is not accurate
because of the intricate pattern it formed with the accretion areas. The sediment volumes
involved (Table 4.6) in the processes were smaller than in Malgrat North.

AB.a
AB.b

AB.c A6.a | +164405 m®
A6.b| -12929 m?®
A6.c| +4289 m?

Figure 4.18. Area 6: Sub-areas.

The shore-normal profiles reflect the described irregularities of the beach response. On the
southern end of Malgrat there are some rock groynes, shore-normal coastal protection
structures that affect the sediment movement and that have been taken as the southern limit
of the study area.
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PROFILE A6-8
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Figure 4.19. Area 6: Shore-normal beach profiles (d  ashed line = pre-storm; continuous line = post-stor m).
The grey area represents the location of houses bui It on the sand except for the profile A6-1,
where it represents the location of the road.

The changes in the emerged part of Malgrat South could have been caused by the same
factors than in Malgrat North: wave characteristics and beach orientation, added to the
presence of the groynes. However, before coming to conclusions in Chapter 6, the response
of the area will be modelled in Chapter 5 to account for the submerged part of the beach.

4.3. Morphological recovery after the storm

This section compares the situation existing just after the storm with the one of summer
2009. The LIDAR data used are from January and August 2009, and the aerial photograph
used to give spatial references to the viewer was taken on July 2009. For all the figures,
sediment loss is represented in red and sediment gain in blue.

4.3.1. Global response and homogeneous areas

Only a few hours are required to induce significant morphological changes on the coast
during a high energy storm, but post-storm recovery occurs at longer time scales (Maspataud
et al., 2009). The period needed to recover the former morphology can reach several years.
After some extreme events, the whole coastal dynamics are modified and the beach does
not recover its pre-storm characteristics and behaviour.

Along the storm-impact zone, post-storm beach recovery at individual sites can be highly
variable depending on numerous factors ranging from beach orientation to interactions with
shoals or artificial coastal structures.

Morton et al. (1994) described the dominant processes during four stages of recovery as
follows: (1) rapid forebeach accretion, (2) backbeach aggradation, (3) dune formation, and
(4) dune expansion and vegetation recolonization. It has been observed that developed
beaches can reach stage 2, but additional recovery is usually prevented because beach
widths seaward of the man-made structures (promenades, houses, etc) are too narrow to
permit eolian transport and construction of dunes.

The post-storm recovery of a beach is generally brought by cross-shore sediment exchange
between the offshore bar, which grows under storm conditions, and the upper beach (Komar,
1998).
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In the study area of this work, the recovery six months after the storm of Sant Esteve was not
complete. Moreover, the response was not equal along the coast. The following sections
analyse the recovery in each of the areas defined in Section 4.2 and use the same shore-
normal profiles.

4.3.2. Area 1: Blanes

Figure 4.20 shows the recovery of the Bay of Blanes. The morphodynamic behaviour of the
beach after the storm was the opposite of the behaviour during the event. During the
recovery period, sand was eroded from both sides of the bay, and the central area
underwent an accretion process. As the beach is located in a dense urban area and has an
important touristic role, the state of the beach in summer 2009 might be partially originated
by human intervention and redistribution of the sand. However, the beach was not artificially
nourished.

Figure 4.20. Area 1: Left: elevation difference bet  ween post -storm and summer 2009 situations.
Right: areas of erosion (red) and accretion (red ).

Table 4.7. Area 1: Volumetric sediment balance.

VOLUMETRIC SEDIMENT BALANCE 1453 m3
Al |Gain 5575 m3
Loss -4122 m3

The volumetric sediment balance (Table 4.7) shows that the amount of sediment gained in
the central area was higher than the loss at both ends of the beach. Besides, there was an
additional accretion zone at the northeast. The variations can be seen on detail in the sub-
areas defined in Figure 4.21.

Al.d| +861 m®
Ale -1171me
A1.f| +3582 m?®
Al.g| -1683 m®

Figure 4.21. Area 1: Sub-areas.

However, the difference between the erosion and accretion absolute values was not as
marked as during the event of Sant Esteve 2008. The emerged accretion caused by the
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storm represented about 30% of the eroded volume (see Section 4.2.1). The absolute
eroded volume (above the sea level) between the event and July 2009 was approximately
65% of the accretion.

In addition, the sediment volume displaced during the recovery was significantly smaller than
the volume moved during the storm. In the central area, the storm eroded almost 9000 m? of
sand, of which about only 4000 m*® had been recovered by July 2009. By contrast, the
2500 m® of sand gained on the ends of the beach had been totally compensated (by about
2800 m3). However, the sand of the ends of the beach was in summer 2009 distributed
differently than before the storm: the gain in the south was slightly higher than in the north,
while during the storm the north had been more eroded. The behaviour of the central part of
the bay suggests that the recovery was not complete by July 2009.

The fact that the central area of the Bay of Blanes had not recovered its original aspect by
July 2009 could have two explanations: 1) there was not enough sediment available in the
submerged part of the profile or 2) the recovery was potentially possible, but the speed of the
process was not high enough to have finished by summer 2009. There are no available
bathymetry evolution data to accept or rejected either of the two scenarios.

The variations on the ends of the beach (profiles Al-1 and Al-7, Figure 4.22) could be
explained by longshore transport (see Chapter 6), which is the prevailing sediment transport
mechanism during non-storm conditions. There were no additional extreme events between
the storm of Sant Esteve 2008 and July 2009.

As the bay is a closed or partially closed system, the sedimentary budget for longshore
transport has to be close to zero. Depending on the wave conditions, the sediment moves
from north to south or from south to north. The gain of sediment in the sub-area A1-E could
be partially caused by dominant wave directions towards the southwest during the first half of
2009.
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Figure 4.22. Area 1: Shore-normal beach profiles (d  ashed line = pre-storm; continuous black line =
post-storm; green line = summer 2009). The grey are  a represents the location of promenade.

4.3.3. Area 2: S’Abanell North

In the northern part of S’Abanell the morphological changes after the storm were opposed to
the changes during the storm, as in the Bay of Blanes (Figure 4.23).
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Figure 4.23. Area 2: Left: elevation difference bet  ween post-storm and summer 2009 situations.
Right: areas of erosion (red) and accretion (red).

Table 4.8. Area 2: Volumetric sediment balance.

VOLUMETRIC SEDIMENT BALANCE 39010 m3
A2 | Gain 41109 m3
Loss -2098 m3

The volumetric balance (Table 4.8) shows that the prevailing tendency was accretion, and
that up to 85% of the emerged lost sand had been recovered. The profiles show that this is
only true on the northern half of the profiles (Figure 4.24), where in summer 2009 there was
even more sand than before the storm. However, this recovery was not natural: a second
artificial nourishment took place during the first week of August 2009, shortly before the
LIDAR survey. This time, 250000 m? of sand were used to nourish the beach between the
profiles A2-1 to A2-7. For the rest of the beach, the post-storm and summer profiles are
almost identical: the natural recovery was almost non-existent.
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Figure 4.24. Area 2: Shore-normal beach profiles (d  ashed line = pre-storm; continuous black line =
post-storm; green line = summer 2009). The grey are  a represents the location of promenade.

4.3.4. Area 3: S'’Abanell South

The recovery of the southernmost part of S’Abanell (A3) is shown on Figure 4.25.

Figure 4.25. Area 3: Left: elevation difference bet  ween post-storm and summer 2009 situations.
Right: areas of erosion (red) and accretion (red).

Table 4.9. Area 3: Volumetric sediment balance.

VOLUMETRIC SEDIMENT BALANCE 1783m3
A3 | Gain 8832 m3
Loss -7049 m3

Except for the southern part, only occupied by camping sites, the recovery does not show a
clear pattern along emerged part of the area. This uneven behaviour is confirmed by the
shore-normal profiles (Figure 4.26), which show that there were only slight changes on the
beach shape. The total gain and loss values (Table 4.9) were very similar and probably
caused by local variations or by human intervention and redistribution of the sand.

On area closest to the mouth of the River Tordera (profiles A3-10 and A3-12, Figure 4.26),
during the storm the sand was moved to the backbeach. The LIDAR survey of summer 2009
shows that the tendency was reversed during the recovery period. The recovery of this part
of Area 3 might have been partly produced by the artificial displacement of the overwash
material back to the shore.
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4.3.5. Area 4: Tordera

Figure 4.27 show the evolution of the mouth of the Tordera and its surrounding area during
the recovery period. There were no torrential events in the period between the storm and the
summer LIDAR survey, so it can be assumed that the observed changes were caused
primarily by the sea waves.

0 100 200
E— m

Figure 4.27. Area 4: Left: elevation difference bet  ween post-storm and summer 2009 situations.

Right: areas of erosion (red) and accretion (red).
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Table 4.10. Area 4: Volumetric sediment balance.

VOLUMETRIC SEDIMENT BALANCE -724 m3
A4 | Gain 13685 m3
Loss -14410 m3

The global volumetric balance (Table 4.10) is even smaller than it was during the storm, but
once again this does not mean that there was little sediment movement. The gain and loss
values are more adequate to describe the situation. Both the gain and the loss were about
15000 m®. This is the same order of magnitude than during the storm, which implies that the
storm conditions had enough energy to move the same amount of sediment in a few hours
than the normal waves in six months.

The river mouth did not experiment a marked recovery. The pierced sand barrier was not
reconstructed, and the accretion of the eastern part continued. This accretion formed, to a
certain degree, a new sand bar. The western part of the area surrounding the river mouth,
which was severely eroded during the storm, does show some recovery. In Chapter 6 the
behaviour of Area 5 will be studied again.

4.3.6. Area 5: Malgrat North

As noted on the previous section, the beach of Malgrat is wider than S’Abanell. Besides, the
storm-induced overwash reached the backbeach, not the town. The shoreline did not
experience a significant migration during the storm, and although the general trend was
erosion there were accretion spots along the beach. Figure 4.28 shows the recovery of the
area between the storm of Sant Esteve and July 2009.

0 250 500 1000
— E— )|

Figure 4.28. Area 5: On the left, elevation differe  nce between post-storm and summer
situations. On the right, areas of erosion and area s of accretion.

Table 4.11. Area 5: Volumetric sediment balance.

VOLUMETRIC SEDIMENT BALANCE 8374 m3
A5 | Gain 28925 m3
Loss -20550 m3

The absolute values of sediment moved are lower than during the storm (Table 4.11). This
fact suggests that the recovery was not complete by summer 2009. However, the behaviour
of this area is better analysed through the shore-normal beach profiles (Figure 4.29).
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Figure 4.29. Area 5: Shore-normal beach profiles (d  ashed line = pre-storm; continuous black
line = post-storm; green line = summer 2009). The g rey area represents the location of houses
in profiles A5-1 to A5- and A5-14 and the location  of the road/promenade for the rest.

Two parts of each beach profile can be distinguished: the sloping face and the berm. The
berm in July was almost exactly the same than just after the storm, it had not returned to its
original lower elevation. By contrast, the sloping face of the beach was modified in the
recovery period, but unevenly: in some parts the beach totally recovered its pre-storm
situation (A5-5), or recovered partially (A5-12), and in other areas the beach evolution was in
the same direction as during the storm (A5-14).

4.3.7. Malgrat South

The recovery of Area 6 is shown on Figure 4.30.

Figure 4.30. Area 6: Left: elevation difference bet  ween post-storm and summer 2009 situations.
Right: areas of erosion (red) and accretion (red).

Table 4.12. Area 6: Volumetric sediment balance.

VOLUMETRIC SEDIMENT BALANCE -4128 m3
A6 | Gain 17603 m3
Loss -21730 m3

Once again, the global volumetric sediment balance (Table 4.12) is inadequate to fully
understand the recovery state of the beach, because the process affects the area in very
different ways. On the contrary, the shore-normal beach profiles (Figure 4.31) provide
important insights on the situation.

The profiles show that the northern part of Malgrat South recovered from the erosion that
occurred during the storm, and in many places it accumulated more sediments than before
the storm. By contrast, the central and south part of Area 6 did not recover their original
state. In some parts, and as in Malgrat North, the beach morphodynamics after the storm
were in the same direction that during the event.
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4.4, Summary

In this chapter, the ICC LIDAR elevation datasets have been used to describe the
morphological changes induced by the storm of Sant Esteve 2008 in the Catalan beaches of
Blanes and Malgrat de Mar.

The characteristics of the beach response to the event were:

» General erosion of the beach, especially in S’Abanell and in the Bay of Blanes.

«  Erosion rates ranging from 10 m*m to 50 m*m. These values are lower than the 60-
65 m*m predicted Mendoza et al. (2011, see Chapter 3). However, the predicted
values are potential values which do not take into considerations factors as the beach
characteristics or the incidence angle of the swell.

» Overwash along the entire study area. This is consistent with the results of the runup
estimation of Chapter 3 which showed that overtopping occurred in all the beach
profiles.

» Accretion spots and irregular beach response in Malgrat, particularly on the south.

The topographic LIDAR data used in this work does not provide any information about the
submerged part of the beach, making the analysis of the impact of the storm incomplete. In
order to overcome this limitation, Chapter 5 will deal with the modelling of the beach
response to the event. Once the results are obtained, they will be analysed together with the
LIDAR-based observations (Chapter 6).
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Chapter 5
MODELLED EROSION

The main limitation of LIDAR elevation data is that it lacks bathymetric information. When
bathymetric LIDAR is not available, the underwater beach response to storms has to be
quantified by other means.

Many analytical and numerical models for storm-induced beach change have been
developed over the years (e.g. Larson and Kraus, 1989; Dibajnia et al., 1994; Kriebel, 1986;
Eagleson et al., 1958). Field data measured all around the world have allowed to improve the
models and to consolidate them as an efficient way to obtain realistic and accurate beach
response results. However, the enormous variability of beach morphology and storm
characteristics around the globe usually limits a given model application to specific
conditions. Very simple models, which try to overcome these limitations by being as general
as possible, tend to perform poorly in beaches with complex morphology.

In the specific case study of this work, LIDAR topographic data have made it possible to
measure with high accuracy the erosion caused by the event of Sant Esteve 2008 on the
emerged part of the beach between Blanes and Malgrat de Mar. Valid models for the case
study conditions will be those whose results match the observed response. In addition, any
model which shows the correct qualitative behaviour could be calibrated using the LIDAR
data.

The goal of the present chapter is to combine LIDAR data and modelling tools to make an
accurate estimate of the total eroded sand volumes (m%m) of each of the shore-normal
beach profiles cast along S’Abanell and Malgrat, defined in the previous chapters. The
chosen modelling tools are the Convolution Method, which gives a simple analytical solution
for approximating the time-dependent beach—profile response to severe storms, and the
numerical model SBEACH.

5.1 Methodology

Figure 5.1 shows the volumetric change of the emerged part (AV,,) of each profile along the
study area measured using LIDAR.
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Figure 5.1. Volumetric change along the study area  measured using LIDAR in S’Abanell (left)
and Malgrat (right). The grey lines mark the positi  on of the shore-normal beach profiles, the

yellow area the extend of the artificial nourishmen t and the brown line the maritime
promenade. The orange line represents the accretion on the central strip of Malgrat (overwash
material).

S’Abanell is a very rectilinear beach, but its characteristics vary alongshore and make it
necessary to set four different groups:

« Artificially nourished beach limited by the maritime promenade: profiles A2-1 to A2-8.

« Narrow beach (not artificially nourished) limited by the maritime promenade: profiles
A2-9 and A3-1.

* Very narrow beach (absence of a developed berm) limited by the maritime
promenade: profiles A3-2 to A3-9.

« Wide beach without landward limitations (only camping sites): profiles A3-10 to A3-
12.

The qualitative behaviour of each of these groups can be represented by one characteristic
profile for each case (profiles A2-5, A3-1, A3-3 and A3-10).

The methodology consists of four steps:

1) Application of the two models to the characteristic profiles defining each group.

2) Calibration of the models to match the observed results on the emerged part (AV,,)

3) Determination of the modelled total volumetric change of the characteristic profiles
(AVy = AV, + AV_y).

4) Extrapolation of the results to the complete set of profiles.

The case of Malgrat is more delicate, because the beach response to the event was not the
same all along the beach: erosion and accretion areas appeared, forming beach cusps (see
Chapter 4). However, erosion was the prevailing behaviour in terms of quantity. Using the
same methodology than in S’Abanell, the submerged parts of the erosion profiles can be
obtained. The characteristic profiles are in this case A5-9 (Malgrat North) and A6-4 (Malgrat
South). The beach cusps or accretion profiles are studied in Chapter 6.

The Bay of Blanes and the mouth River Tordera are not treated in this chapter, because the
chosen models cannot be applied in areas with varying longshore characteristics and
behaviour. Lastly, it has to be noted that the selected models to not account properly for the
overwash process. These aspects will be dealt with in Chapter 6.
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5.2 Convolution method

5.2.1 Model overview

The convolution method was developed by Kriebel and Dean (1993) and is based on the
observation that beach response to steady-state forcing conditions is approximately
exponential in time. It approximates the response of any depth contour as in (Eq. 5.1).

R(t) = R, (1 — e7t/Ts) (Eq. 5.1)

R, is the maximum potential response of the contour (advance or retreat) that occurs after
the system reaches equilibrium, and Ts is the characteristic time scale of the exponential
response. As a result, the differential equation governing the problem is (Eg. 5.2).

dR(t) 1

9 T_S[Roo —R(1)] (Eg. 5.2)

R(t) and R, are most conveniently described as the erosion or retreat of the top of the berm.
Figure 5.2 illustrates the situation described by the previous equations.

R(t)
 am— BREAKING WAVES

\ \ ELEVATED WATER LEVEL )\

EQUILIBRIUM RESPONSE

Figure 5.2. Definition sketch for beach profile res  ponse (Kriebel and Dean, 1993).

The erosion-forcing function may be expressed as R, times as unit-amplitude function of
time, f(t) , as shown on (Eq. 5.3).
dR(t)

—+ aR(®) = aRwf () (Eq. 5.3)

Where a = Ti is the characteristic rate parameter of the system.
S

The solution to differential equations of this kind can be formally obtained by the method of
Laplace transforms. However, it can be more simply found by the convolution of the time-
dependent forcing and the characteristic solution for steady forcing, in this case an
exponential function. As a result, the response of the profile may be expressed in the form of
a convolution integral defined by (Eqg. 5.4) and (Eqg. 5.5).

R(t) = R®) f tf(r)e‘(t‘f)/TSdT (Eq. 5.4)
TS 0
t

R(t) = aRoof f(D)e *t=Ddr (Eg. 5.5)
0
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Where T is the time lag.

The sand volumes needed for this work can be connected to the recession of the profile if the

hypothesis is made that all elevation contours erode at the same relative rate. This implies
R®)
Reo

then the same as the relative retreat (Eq. 5.6).

V() _R®
Vo R

that the dimensionless erosion, , Is the same everywhere. The relative volume eroded is

(Eq. 5.6)

Where V (t) is the time-dependent sediment volume eroded above the surge level, and 1,
the equilibrium eroded volume or potential erosion. The original convolution integral is thus
transformed into (Eq. 5.7) and (Eqg. 5.9).

V@) _ RO

K Ro (Eq 57)

V() = @ftf(r)e_(t_f)”sdr (Eq. 5.8)
Ts Jo
t

V(t) = aVoof f(r)e *t=Ddr (Eg. 5.9)
0

However, Kriebel and Dean suggest a simplified approach to the problem. Using an idealized
storm surge, it is possible to obtain a closed-form solution for beach response. The water-
level rise and fall are approximated by the sine-squared function as in (Eq. 5.10).

f(t) = (sinot)® for0 <t < Ty (Eqg. 5.10)

Where ¢ = /T, and Tp is the duration of the storm. For the event of Sant Esteve 2008,
T, = 66 hours (see Chapter 3).

Substituting f(t) into the convolution integral and integrating the resulting expression, the
solution to the beach response (Eq. 5.11) is then a function of just one parameter, £.

RO _1 F ( Zat) L [cos(2at) + B sin(2at)] (Eq. 5.11)
R. 2 1+'Bzexp 5 1+ 32 cos(20 B sin(2o0 g. 5.
Where g is the ratio of the erosion time scale to the storm duration (Eq. 5.12).
Ts
B =2n— (Eqg. 5.12)
Tp

Figure 5.3 shows an example of profile response using this methodology.
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Figure 5.3. Example of profile beach response obtai
simplification and the Convolution Method, (Kriebel

For the purpose of this study an additional simplification can be made, because the time-
dependent response of the beach is not needed. For this reason, it is only necessary to
evaluate R(t) at the end of the storm. If the duration of the storm is not long enough, not all
the potential beach retreat R,, will occur. The maximum retreat R,,,, can be analytically

obtained evaluating ? at the time of maximum erosion, t,,. This time can be found by

setting the time derivative of (Eqg. 5.3) to zero. This results in an equation that has to be
solved iteratively and then t,, has to be substituted in (Eq. 5.5) to find the value of the ratio

Rmax
Reo

In this work the graphical solution for % proposed by Ferreira et al. (1995) has been

preferred over the analytical solution. The graphical method consists on, once  has been
obtained, reversing (Eq.11) to obtain a function as the ones shown on Figure 5.4.
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Figure 5.4. Graphical solution of
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From this figure % is obtained as the maximum value of the function.
To sum up, in order to predict the response and eroded volume of any given beach profile
using the Convolution Method it is first necessary to obtain two values: R, and Ts.

Kriebel et al. define the maximum potential response R, as a function of the geometrical
characteristics of the simplified equilibrium beach profile derived by Bruun (1954) and Dean
(1976, 1977, 1991) for open-coast beaches.

Dean’s theory states that the profile shape is given by a power-law curve (Eg. 5.13).

h 3/2

h = Ax?/3 or x = (Z) (Eq. 5.13)
h is the water depth at a distance x offshore from the still-water level and A is a parameter
that governs the steepness of the profile and varies primarily with the sediment grain size.
The determination of parameter A and its variations with sediment characteristics and wave
height has been subject of abundant research (Moore, 1982; Dean et al., 1994; Turker and
Kabdas, 2006). The empirical expression proposed by Kriebel and Dean to determine A is
(Eq. 5.14).

w2\ /3
A=225 <?> (Eq. 5.14)

This expression is valid for sediment sizes ranging from 0.1 mm to 0.4 mm. In this work an
empirical expression adjusted for coarser sediment has been used (Eq. 5.15) to estimate A
directly from the sediment size:

A = 0.23D2+* (mm) (Eq. 5.15)

Dean’s original equilibrium profile, Figure 5.5 (a), imposes an infinite slope at the shoreline
and a square berm form. To improve this unrealistic approximation, the usual approach is to
include a linearly sloping beach face from the berm crest to a point where the beach slope is
tangent to the concave equilibrium profile form Figure 5.5 (b). With this change,

h 3/2
X =xy+ (Z) (Eq. 5.16)

Where x, is the distance from the still-water shoreline to the virtual origin of the concave
equilibrium profile form.
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(a)

VIRTUAL ORIGIN

<]

Xo + (h/A) e

(b)
Figure 5.5. Idealized equilibrium profile forms. (a ) Square-berm profile with infinite foreshore
slope; (b) Equilibrium profile with linear foreshor e slope, (Kriebel and Dean, 1993).

It has to be noted that two hypotheses are made in the Convolution Method that are not
always true for the event studied in this work.

The first one is that the beach face erodes without changing its slope. This is true in the
northern half of the beach of Malgrat and in the central areas of S’Abanell, but Figure 3.6
(Chapter 3) shows that in many other places the pre-storm and post-storm slopes where
fairly different. However, the extreme variations are for the Bay of Blanes, which is not being
treated in this chapter. Thus, the theoretical error made can be overlooked for a preliminary
calculation.

The second hypothesis is that there is conservation of sand on the profile: the sand eroded
from the emerged part of the profile is the same than the sand that is accumulated in the
submerged part. This is false in the studied event, because according to the results of
Chapter 3 and Chapter 4 the overtopping process was intense, moving a fraction of the sand
towards the backbeach (overwash). In the previous section it has been stated that
overtopping occurs around the peak runup values, generally on the night of 26™ December
2008. This concentration of the overtopping on a short period of time comparing to the total
duration of the storm makes it possible to use the Convolution Method, but the results will
have to been handled with care: they might be correct for almost the entire duration of the
storm, but not for the periods were the overtopping occurs.

Figure 5.6 illustrates the two hypotheses of the method and the geometry used:
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L ———
R4S/

Figure 5.6. Maximum potential response of modified equilibrium profile to water level rise,
(Kriebel and Dean, 1993).

The proposed expression for the maximum potential response is:
S (xb - ﬁ)
m (Eqg. 5.17)

B is the berm height, S the water level rise, m the profile foreshore slope and h;, the breaking
depth. In the method, h; and the breaking wave height H, can be used interchangeably and

3/2
it is assumed that H, = 0,78h,. Finally, x;, = x, + (%”) . For severe storm conditions x, is
generally small in comparison to the second term and it can be neglected for simplicity.

Once R, is estimated, the potential eroded volume can be obtained. The geometrical relation
between the potential berm retreat and the potential eroded volume above the peak storm-
surge level is:

Voo = Roo(B — S) (Eq. 5.18)

Equation (Eg. 5.18) can be problematic when B = S. An alternate measure of the storm
erosion is the volume eroded from above the original mean sea level, given by (Eq. 5.19).

52 2552
Vioo = ReoB +5—

_z Eg. 5.19
2m 5 A3/2 (Eq )

This second alternative is more convenient for this work, because the model results have to
be compared to the LIDAR measures, which correspond to the volume eroded above the
original mean sea level.

The last parameter that has to be obtained is the time scale of the profile response, Ts. The
authors of the method state that this parameter seemingly cannot be found from a simple
geometrical comparison of pre and post storm equilibrium profiles. Furthermore, at present
there is no available analytical estimate for Tg, and field data are too limited to allow
meaningful empirical relationships to be developed. The empirical estimate proposed by
Kriebel and Dean (Eq. 5.20) is based on numerical experiments. The authors of the method
found that T is most strongly dependent on the breaking wave height and on the sediment
size.
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3/2 -1
hy, mx,
Te = C—b (1 i _) Eq. 5.20
5=t/ gt hb (Eq )

The recommended value of the empirical coefficient C; for practical determination of the
erosion time scale is C; = 320.

5.2.2 Application to the studied event

i) Parameter determination and additional hypothesi S

The shore-normal profiles used in this section are composed by two different datasets. The
emerged parts are the same than in the previous chapters, LIDAR elevation data of the pre-
storm situation. The formulation of the method imposes that the underwater part of the
profiles follows Dean’s geometry.

The initial parameters of each of the profiles are summarized in Table 5.1.

Table 5.1. Convolution Method: Geometrical paramete  rs of the characteristic profiles.

PROFILE B (m) m Dso (Mm)
A2-5 3.0 0.14 14
A3-1 4.0 0.12 13
A3-3 4.5 0.14 13
A3-10 3.5 0.16 1.2
A5-9 3.0 0.14 1.3
A6-4 2.5 0.16 1.8

Slopes and berm heights have been determined for each profile fitting the real topography to
the ideal profile as much as possible. Figure 5.7 displays two examples of the simplifications
made. It can be seen that the accuracy of the fit varies, which has important implications on
the results because the method is very depending on the berm height. The post-storm
measured profile has been added to show in which cases the hypothesis of the method are
far from been fulfilled.

PROFILE A2-5

s o

5 PROFILE A3-1

w
IS

Profile elevation (m)
Profile elevation (m)

o = N

o = N W

0 10 20 30 40 50 60 0 10 20 30 40 50
Distance (m) Distance (m)

Figure 5.7. Examples of the profile simplified geom  etry used in the Convolution Method. The
grey area represents the maritime promenade.

The breaking wave characteristics at the studied profiles in Table 5.1 have been estimated
from the propagated storm data obtained using Mike 21 (see Chapter 3, Section 3.5). The
breaking point is located where the propagated wave heights start to decrease abruptly. The
water depth hg and the distance to the shoreline at the breaking point xz have been
calculated using Dean’s expressions. Lastly, the surge has been set to 0.5 metres to
represent the extreme conditions.
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However, the direct application of the method causes problems because the real profiles
around the river delta are significantly different to the equilibrium profile (see Fig. 5.8). The
sediment transported by the river through the years accumulates and forms a flat land stretch
(see Chapter 3, Figure 3.12). The wave propagation made is based on the real bathymetry of
the area. For this reason, there is a significant discrepancy between the distances to the
wave breaking point given by Dean’s formulas and the values obtained from the propagated
storm. The erosion is very dependent on xz, and it has been preferred to the propagated
values because they are closer to the real situation.

+Wave first breaking
B i

- :
2.5 \ E H,

0 — ]
-2.5 -

.5 —
MEASURED

f’ BATHYMETRY

-7.5 —

Elevation (m)

-10 -
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Distance to baseline (m)

Figure 5.8. Wave characteristics used by the Convol  ution Method. Profile A3-10.

A second problem related to the bathymetry is that the resolution of the data of profile A6-4 is
lower than in the rest of the area, and it does not reflect the flat stretch of sea bottom. To
overcome this situation, the distance to the breaking point has been established equal to the
adjacent profile (A5-9).

Table 5.2. Convolution Method: Wave characteristics at the breaking point for the characteristic

profiles.

PROFILE Hy, (m) hy, (m) Xp (M)
A2-5 3.5 4.5 185
A3-1 4.0 5.1 250
A3-3 4.0 5.1 250
A3-10 3.9 5.0 250
A5-9 4.0 5.1 230
A6-4 3.5 4.5 230

i) Results

The potential beach retreat values obtained calculated using the Convolution Method, R4,
are shown on Table 5.3. For the profiles A3-1 and A3-3 the modelled retreat is bigger than
the initial beach width, so the maximum possible retreat (R;,.), of the beach has been set to
equal this initial width.

Table 5.3. Convolution Method: Potential (  Rpax) and maximum possible ( Rp,.x) beach retreat for
the characteristic profiles.

PROFILE | Rpqx (M) Berm initial width (m) Rinax (M)
A25 105 20 115
A3-1 11.6 5 >
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A3-3 11.3 1* 1*
A3-10 13.2 *x 13.2

A5-9 12.3 80 12.3

A6-4 15.0 31 15.0

*The berm initial width of profile A3-3 is practically zero, but it has been set to the minimum value 1
metre to apply the method. **The profile A3-10 is not physically limited landward, it is located in the
camping site area).

Using the maximum possible retreat values R,,,,, the corresponding eroded volumes for the
emerged part of the profiles are:

Table 5.4. Convolution Method: Eroded volumes above mean sea level for the characteristic

profiles.

PROFILE AVEIYY (m®m) AVEPAR (m®/m)
A2-5 32.0 57.3
A3-1 20.4 20.7
A3-3 4.8 14.9
A3-10 46.4 39.6
A5-9 37.1 19.4
A6-4 37.9 23.4

5.3 SBEACH numerical model

5.3.1 Model overview

SBEACH (Storm-induced BEAch Change) numerical simulation model was developed at the
U.S. Army Waterways Experiment Station, Coastal Engineering Research Center (CERC), to
calculate beach and dune erosion under storm wave action. The original version by Larson
and Kraus (1989) has been modified and over the years, including additional coastal
processes and improving its calibrations with more field experiments. SBEACH is an
operational model that has been used in many applied and fundamental studies.

SBEACH is empirically based, and its fundamental assumption is that profile change is
produced solely by cross-shore processes, resulting in a redistribution of sediment across
the profile with no net gain or loss of material. This approach, that neglects alongshore
processes, is expected to be valid for short-term storm-induced profile response on open
coasts away from tidal inlets and coastal structures.

The input data required by the model concerns both the storm and the beach characteristics.
The essential input data needed to characterize the storm include time series of wave height,
wave period, and total water elevation (tide and surge). The beach is characterized by pre-
and post-storm beach profiles (survey data) and median sediment grain size. Optionally,
wave direction and wind speed and direction can also be specified. In this work wave
direction is known and can be included in the model, but wind is overlooked.

The main advantage of the SBEACH model over the Convolution Method is that the former
has the capability to deal with real and irregular beach profiles. It does not require simplifying
the bathymetry to an idealised equilibrium profile. In addition, SBEACH can mathematically
model overwash caused by elevated water elevation and wave runup.

As it has been previously noted, the high runup peaks that occurred during the storm of Sant
Esteve resulted in overtopping along almost the entire study area. The overtopping did not
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last for the entire duration of the storm, but in some places it covered fairly long periods of
time (up to almost a day). Sand deposits on the backshore have indeed been detected on
the LIDAR-based analysis of the beach morphological adaptation to the storm conditions
(Chapter 4).

Figure 5.9 shows the two kinds of overwash that exist: overwash by runup and overwash by
overflow. The former occurs when the storm tide water level is lower than the berm crest or
freeboard value, but some waves overtop the beach. The latter occurs when the storm tide is
higher than the freeboard. The SBEACH model can only predict values for overwash by
runup, generally underestimating the resulting sand deposits.

A

}R Runup L AH Storm tide
_— Storm tide
________________________________________________ w

Mean sea level
Figure 5.9. Definition sketches showing the cross  -section of a beach subject to overwash by
wave runup (A) and overwash by overflow (B). Adapted from the Regional Sediment
Management Demonstration Program Technical Note 14, US Army Corps of Engineers, 2004.

5.3.2 Application to the studied event

i) Input data and calibration

The storm and beach characteristics needed to run the SBEACH model are already known,
but they have to be adapted to meet SBEACH formal requirements.

Storms

The input wave height and direction data series for each of the six profiles studied have been
obtained from the propagation of the simplified storm using the same methodology than the
one used to obtain Hgz and 65 in the Convolution Method (see Figure 5.8), but choosing the
values at a water depth of 20 metres and not at the breaking point. As the propagated storm
is a simplified version of the real one with only six data points, the rest of the data has been
obtained interpolating linearly between those values. The period and wave elevation data are
known hourly, and they are common to all the reaches.

SBEACH requires wave directions to be established with reference to the coast orientation.
Table 5.5 shows the coast orientation angles used to transform the data.

Table 5.5. Orientation of the characteristic beach profiles.

PROFILE ° N to the coastline
A2-5 23
A3-1 23
A3-3 23
A3-10 23
A5-9 70
A6-4 55

There are two sets of input storm data for each reach: one using the mean period T,, and
one using the peak period T,. The propagated wave heights and directions series
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corresponding to T,,, are smooth; those obtained using T,, have peaks and hollows at each
step (see Fig. 5.10). The propagated wave characteristics’ sensitivity to bathymetric
irregularities increases when periods increase. As peak period values are always
considerably higher than mean values, the resulting wave heights and directions
corresponding to T,, reflect almost instantaneously the irregularities of the sea bottom.

T T ! T ' 1

800 1200 1800 2000

Figure 5.10. Sketch of the difference between wave  directions using T, (above) and using T
(below).

Reaches

Unlike for the Convolution Method, SBEACH can work with real and complex measured
beach profiles. The emerged parts are once again the same than in previous chapters,
LIDAR elevation data of the pre-storm situation. The underwater part of each profile has
been obtained from transects cast in the available bathymetry.

A seawall has been defined in all reaches except in A3-10 (camping site area) to limit the
modelled erosion to the initial beach width. The avalanching angle has been set to 17°, a
common value for this area of the Catalan coast.

Finally, the sediment grain size D5, should be set to the real known values, but the
experience using the SBEACH model on the Catalan beaches has shown that using the real
values results in unrealistic model outputs. Moreover, the simulation software does not
accept values greater than 1mm. The common and experience-validated approach adopted
by researchers is to set the sizes to 0.5-0.7 mm. As in this work the real erosion of the
emerged part of the profile is known, the more convenient values of D, have been
determined by calibration to the observed results.

Finally, the bathymetry of profile A6-4 has been substituted by its corresponding Dean profile
because the resolution of the measured bathymetry is too low to reflect the real situation.

The calibration for each one of the 12 reach-storm combinations has been made varying the
sediment transport parameters and the effective grain size. An example is given in Figure
5.11.
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Figure 5.11. Example of SBEACH results. Profile A5- 9.

The modelled results are closer to the measured values when the mean period is used, but
in this case the overwash material is not reflected. The results obtained using peak periods
do reflect some accretion of the backbeach. However, the accretion results are quite poor in
S’Abanell, where there is no real data. In addition, the is no need to model the sand deposits
in Malgrat, because as they are in the emerged part of the profiles they can be accurately
evaluated using the LIDAR elevation data. For this reason, it has been decided to work with
the results corresponding to mean period values.

i) Results
Table 5.6 gives the modelled eroded volumes for the emerged part of the profiles.

Table 5.6. SBEACH: Eroded volumes for the character istic profiles.

PROFILE AVSBEACH (m3/m) AVEPAR (m3/m)
A2-5 45.6 57.3
A3-1 23.3 20.7
A3-3 16.7 14.9
A3-10 445 39.6
A5-9 23.8 19.4
A6-4 29.5 23.4

5.4 Model comparison and total erosion

5.4.1 Model comparison and validation

Figure 5.12 shows the measured volume variation for the emerged part of each one of the
entire set of profiles together with the modelled values using SBEACH and the Convolution
Method. The divergence between measured and modelled values is quantified in Table 5.7.
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Figure 5.12. Measured and modelled emerged volume v ariations along S’Abanell (left) and
Malgrat (right). The grey lines mark the position o f the shore-normal beach profiles, the yellow
area the extend of the artificial nourishmentandt  he brown line the maritime promenade.

Table 5.7. Measured and modelled emerged volume var iations at the characteristic profiles.

LIDAR SBEACH AVLIDAR AVLIDAR

PROFILE A(rlr/;&?m) A(an ) K, = Avi‘gﬁ AVEOY (m¥m) K, = ﬁ
A2-5 57.3 45.6 1.26 32.0 1.79
A3-1 20.7 23.3 0.89 20.4 1.01
A3-3* 14.9 16.7 0.89 4.8* 1.88*
A3-10 39.6 44.5 0.89 46.4 0.85
A5-9 194 23.8 0.81 37.1 0.52
A6-4 23.4 29.5 0.81 37.9 0.62

*The geometry of the Convolution Method cannot be adapted to the case in which the promenade
fails, as it was the case in this profile. For this reason, the modelled value has been compared to the
erosion observed only on the original beach (approximately 9 m3/m).

It can be seen that in all but one of the profiles (A3-1), the values modelled by SBEACH are
more accurate than the ones modelled by the Convolution Method.

Leaving aside profile A2-5, SBEACH results have approximately a 10-20% deviation from the
measured values. This deviation is quite constant between profiles and generally an
underestimation. In contrast, the Convolution Method has very good results in some cases
(A3-1, 3%; A3-10, 14%) but very deficient ones in some others (up to almost 50% in
Malgrat). In addition, this second method does not show a clear tendency towards
underestimation or overestimation.

Thus, SBEACH results seem to be more robust than the Convolution Method results. This
could be caused by the difficulties of fitting the real initial beach profiles to the Convolution
idealized geometry and to the marked difference between the real bathymetry and Dean’
equilibrium profiles.

Taking into consideration the comments above, SBEACH results are be the ones used for
the rest of this analysis.

The case of the artificially nourished part of S’Abanell (profile A2-5) is special: both methods
show results significantly lower than the LIDAR measures. The real emerged erosion cannot
be obtained with SBEACH without setting unrealistic sediment transport parameters. At the
light of the results, it seems sensible to think that some additional hypothesis has to be made
in this area. This issue will be addressed later in this work.
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5.4.2 Estimation of the total erosion values

The goal of this section is to estimate the total eroded volumes for the entire set of profiles
the profiles. Table 5.8 summarizes the erosion results obtained by SBEACH model for the six
characteristic profiles. The geometry of the problem is depicted in Figure 5.13.

Table 5.8. Storm-induced erosion for the six charac teristic profiles modelled using SBEACH.

SBEACH SBEACH SBEACH

PROFILE | 2V+ AVr, Ky =0

(m/m)  (m%m) AVBEACH
A2-5 45.6 59.3 0.76
A3-1 23.3 24.7 0.93
A3-3 16.7 16.9 0.98
A3-10 445 46.7 0.95
A5-9 23.8 32.3 0.75
A6-4 29.5 44.0 0.66

A\IT= AV+0+AV-0

AV,

Figure 5.13. Sketch of the emerged, submerged andt  otal erosion of a beach profile.

These results can be extrapolated to the rest of profiles of each of the six zones if the
additional hypothesis of (Eq. 5.21) is made in each of those zones.

Emerged erosion cant = Ayil‘?)EACH
Total erosion oot = AVSBEACH

= K, (Eq. 5.21)

This hypothesis is based on the consideration that in each zone there are no longshore
significant variations. The limitations of this approach in Malgrat will be addressed later in
Chapter 6.

As the measured erosion (AVLP4R) in the emerged part of all the profiles is known, the real

total erosion AVEEAL can be obtained using the following expression:
REAL 1 LIDAR
3

The results for the complete set of profiles of S’Abanell are given in Table 5.9.
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Table 5.9. Storm-induced erosion for the entire set of profiles of S’Abanell estimated combining
LIDAR data and SBEACH modelling.

PROFILE ZONE K, AVEIPAR (m3/m) AVEEAL (m®/m)
A2-1 28.0 38.0
A2-2 57.0 76.3
A2-3 87.0 114.3
A2-4 72.0 94.7
A2-5 57.3 75.4
A2-6 A2-5 0.76 52.1 68.6
A2-7 40.5 53.3
A2-8 30.7 40.4
A2-9 26.3 28.3
A2-10 26.5 28.4
A3-1 20.7 22.2
A3-2 A3-1 0.93 22.4 22.8
A3-3 14.9 15.1
A3-4 12.1 12.4
A3-5 3.0 3.1
A3-6 A3-3 0.98 10.0 10.2
A3-7 11.2 11.4
A3-8 10.6 10.8
A3-9 10.6 10.8
A3-10 39.6 41.8
A3-11 A3-10 0.95 29.8 315
A3-12 9.2 9.7

This approach cannot be directly applied to Malgrat, because the response to the storm was
not the same along the beach. As it has been said in Chapter 3, some profiles suffered
erosion and some others accretion. Between an eroded profile and one which suffered
accretion, there was generally a zone which recorded very little changes or mixed erosion
and accretion (see Fig. 5.14).
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Figure 5.14. Different types of beach responsetot he storm conditions along the coast of Malgrat: Ero sion profile
(A5-12), Accretion profile (A6-1) and Mixed profile ~ (A5-4). Dashed line: pre-storm profile. Black cont  inuous line:
post-storm profile.
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The behaviour of the accretion and mixed profiles will be studied in Chapter 6. Table 5.10
shows the results for the erosion profiles, in which it is assumed that the approach of this

chapter can be applied for a first estimation of the erosion rates.

Table 5.10. Storm-induced erosion for the erosion p
LIDAR data and SBEACH modelling.

rofiles of Malgrat estimated combining

PROFILE ZONE K AVEPAR (m3/m) AVEEAL (m®/m)
A5-1 A5-9 0.75 15.4 20.5
A5-2 A5-9 0.75 19.2 25.6
A5-3 Mixed profile
A5-4 Mixed profile
A5-5 A5-9 0.75 11.5 15.3
A5-6 Accretion profile
A5-7 Accretion profile
A5-8 Mixed profile
A5-9 A5-9 0.75 19.4 25.9
A5-10 A5-9 0.75 49 6.5
A5-11 Accretion profile
A5-12 A5-9 0.75 27.1 -36.1
A5-13 A5-9 0.75 4.8 -6.4
A5-14 Accretion profile
A6-1 Accretion profile
A6-2 Mixed profile
A6-3 Accretion profile
A6-4 A6-4 0.66 23.4 -35.6
A6-5 A6-4 0.66 8.5 -12.9
A6-6 Mixed profile
A6-7 AB-4 0.66 29.5 -44.7
A6-8 Accretion profile
A6-9 Accretion profile

This chapter has permitted to complete the data obtain from the LIDAR surveys. A
noteworthy aspect of the results is that they show that, especially in S’Abanell, the storm-
induced changes happened primarily on the emerged part of the profiles. This behaviour
enhances the advantages of LIDAR as an operational tool for beach monitoring in the study

area.
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Chapter 6
BEACH RESPONSE TO THE EVENT

The aim of the present chapter is to combine the results obtained in the previous parts of this
work. The joint analysis permits to overcome the limitations of each individual approach to
the explanation of the studied event. Thus, a picture of the beach response to the storm of
Sant Esteve 2008 can be drawn.

6.1 Storm-induced changes in S’Abanell

6.1.1 General behaviour

The beach of S’Abanell is a very rectilinear system with no man-made coastal defences. The
beach is only limited in its northernmost end by the headland of Sa Palomera. In this part of
the study area, the waves of storm of Sant Esteve 2008 reached the shore with an almost

normal angle.

This regularity is to account for the qualitatively homogeneous response of the beach to the
event (see Fig. 6.1), with erosion being the prevailing adaptation mechanism to the storm
conditions. The erosion took place mainly on the emerged part of the beach, which is the
behaviour usually associated with reflective beaches with important slopes.

Distance to Sa Palomera (m)
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

olume change, AVt and AV+0 (M3/m)

80 AV+0
> -100
Figure 6.1. Storm-induced erosion along the beach o f S’Abanell. The grey lines mark the
position of the shore-normal beach profiles, the ye llow area the extend of the artificial

nourishment and the brown line the maritime promena de.
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Nevertheless, the erosion rate was extremely variable along the beach of S’Abanell. Leaving
aside the first 200 metres, where the processes had not been studied in detail due to the
interference of Sa Palomera, the erosion rate decreased from north to south and ranged from
90 m®m to almost zero.

The higher erosion rates were recorded in the area of the artificial nourishment. There, the
lidar-based analysis of beach elevations shows that the real erosion was much more
significant than the values predicted by different modelling tools. This behaviour has been
observed in other artificially nourished beaches, and it can be partly explained using Dean’s
equilibrium profile theory.

In order to be stable without contention structures, the equilibrium profile of a newly
nourished beach has to intersect with the original one. Both profiles can be described by
Dean’s theory (see Chapter 5) as:

h 3/2
x=|- (Eq. 6.1)
3
As the parameter A increases with grain size, coarser material produces steeper profiles. For
this reason, artificial beach nourishments are usually done with material coarser than the one
of the already existing beach. If the available material is smaller or very similar to the original
sand, additional stability structures need to be build (see Fig. 6.2).

Additional Additional
beach width beach width
G x < ¥ ARTIFICIAL
——— e
i 1 IBerm height { “ ]Berm height k ‘ NOURISHMENT
1 AV \ AV

ARTIFICIAL
NOURISHMENT

Depth of ARTIFICIAL
closure NOURISHMENT closure

ORIGINAL BEACH ORIGINAL BEACH

Figure 6.2. Three generic typed of nourished profil  es. (A) intersecting, (B) nonintersecting and
(C) submerged, (adapted from the Coastal Engineerin g Manual, U.S. Army Corps of Engineers,
1998).

The beach nourishment of S’Abanell (2008) of was done with 165000 m? of sand from the
area of Tordera Delta, and therefore its granulometric characteristics were extremely similar
to the already existing beach. Thus, the Dean parameter A and the resulting equilibrium
profiles of the beach before and after the nourishment should have been very close. In
addition, no underwater contention structures were constructed. The nourishment was stable
mainly due to the construction slope.

Under the extreme wave conditions of events like the storm of Sant Esteve, the construction
slope is destroyed and the new sand moved towards the bottom of the beach to reach the
real equilibrium profile (Elko and Wang, 2007), accelerating the normal evolution of the
nourished beach as shown on Figure 6.3.

Table 6.1 shows the eroded volumes in the shore-normal profiles studied in the area of the
artificial nourishment, S’Abanell North. The last profiles were the transition towards the not-
nourished part. Simplifying the beach real response to those representative points, the total
eroded volume for the entire area is approximately 75000 m?.
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The artificial nourishment used 165000 m®. Given that by the time that the storm struck
approximately 15-20% of the sediment had already been lost, the storm of Sant Esteve took

away more than 55% of the nourishment.

Table 6.1. Total eroded volumes in the atrtificially

nourished beach (S’Abanell North.

PROFILE LE'(\'”%TH AVEEAL (m®/m) AVEEAL (m?)
A2-1 80 38.0 3039
A2-2 105 76.3 8013
A2-3 120 114.3 13721
A2-4 100 94.7 9469
A2-5 110 75.4 8294
A2-6 110 68.6 7545
A2-7 120 53.3 6402
A2-8 110 40.4 4449
A2-9 90 28.3 2543
A2-10 40 28.4 1138

In the central area of S’Abanell the erosion rates were moderate and constant at
approximately 10-12 m*/m (see Table 6.2). However, this is explained by the pre-storm
situation rather than by the event extreme conditions. In this area, the original beach was
very narrow with almost no developed berm. The storm eroded the beach until it reached the
maritime promenade, which acted as a seawall. In many places (between the profiles A3-1
and A3-5), the energy of the storm destroyed the promenade.

Table 6.2. Total eroded volumes in S’Abanell South.

PROFILE '-E'(\'H?)TH AVEEAL (mim)  AVEEAL (m?)
A1 120 222 1773
A3-2 120 22.8 2737
A3-3 125 15.1 1890
A3-4 100 12.4 1236
A3-5 90 3.1 275
A3-6 115 10.2 1171
A3-7 125 11.4 1428
A3-8 115 10.8 1237
A3-9 110 10.8 1183
A3-10 | 120 418 5018
A3-11 100 315 3152
A3-12 100 9.7 967
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However, the nourished area was not eroded evenly: the north was very severely eroded,
and the erosion rate progressively decreased towards the south. This tendency continued in
the stretch between the end of the nourishment and the camping sites. The last part of
S’Abanell, the erosion rates locally increased again.

Given the orientation of the beach (approximately 23° to North), the wave directions (East)
and the barrier of Sa Palomera at the north, this erosion gradient could be explained by
longshore sediment transport.

6.1.1 Longshore sediment transport

Longshore sediment transport (LST) results of the combination of waves and currents in the
nearshore, It is a process that occurs during both storm and non-storm conditions. It consists
on the displacement of volumes of sediment (the littoral drift) parallel to the coast. The
intensity and direction of this process may vary seasonally, resulting in gross and net
transport rates (see Fig. 6.4).

Gross longshore transport is the total transport up and down the beach for the time studied.
Net longshore transport is the summation of the movement under all wave trains arriving at
the shore, and is generally significantly smaller than gross transport (Komar, 1998).

The potential longshore transport rate is usually expressed as an immersed-weight transport
rate. I;. As

P, represents wave conditions and K is a dimensionless proportionality coefficient. P, is often
referred as the longshore component of wave power and involves the wave energy flux per
unit. (ECn),, converted to a unit-shoreline basis:

I, = KP, = K(ECn), sin @}, cos a, (Eq. 6.3)
The energy flux is evaluated at the breaker line using the expressions

1
Wave energy density: E, = (§) pgHE

Wave phase velocity: Cp, =+/g(hy + Hp)

(Eq. 6.4)

A et
( Direction of the longshore drift < 55

Ply=P,coscsina,

Breaking point : =
Pycosii,
(1) swashr; (2) backswash / Shoreline

Figure 6.4. Longshore sediment transport: (A) Compo  nents of the longshore drift and
(B) Wave energy flux.
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Lonsghore sediment transport in the Catalan coast has been extensively studied, and the
proportion of transport caused by storm conditions (Hs > 2 m) has also been evaluated. This
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section is based on the evaluation of the longshore sediment transport capacity at the
Catalan coast made by Homar (2010). For the study area, Homar's estimations of the
transport rates in an average year are given in Table 6.3.

Table 6.3. Longshore sediment transport estimation in average year: total, by wave direction
and in storm conditions ( Hg > 2m), (Homar ,2010).
Direction Wave direction Hs
Beach |of Littoral {Tr:;l:::; Wave LST % LST "
Drift direction | (m3/year) (Hs>2m)
SAbanell ENE 8606 328 390 507
North  |South 26396|E 15651 503 0368 509
ESE 2079 79 1268 610
ESE 200 26 137 656
SE 3066 380 1206 393
North 8074|SSE 2311|286 36| 158
S 1813 225 are| 209
SSW 875 84 290|433
SAbanel ENE 2436 354 2196 495
South  |South 12544|E 7167|571 4316 602
ESE 1 75 584 621
ESE o1 25 83| 692
SE 1371 382 556| 406
North 3587|SSE 1020 287 169 164
S 805| 224 175 217
SSW 291 8.1 133] 457
La ENE 60975 412 27715 455
Tordera  [South 148139|E 77052 520 46398 602
ESE 10112 6.8 6280 621
ESE 979 25 676| 601
SE 14742 382 5974|405
North 38573|SSE 11068] 287 1812] 164
S 8654 224 1877 217
SSW 3130 8.1 1428] 456
Ta ENE 0643 BN 5698|591
Tordera - E 65749 391 38108] 580
Arenys  [South 168268|ESE 60999 363 26919 441
SE 31216 186 12952 415
SSE 661 04 144 218
SSE 1495 13 281 188
S 15557| 135 2833 182
North 114825[SSW 77843 678 16042 218
SW 19785 172 2061 104
WSW 145 0.1 35| 241

In the study area the transport is more intense towards the south, and it can be seen that
LST rates caused by waves coming from the east are the higher rates. They account for
more than half of the littoral drift towards the south in S’Abanell (from 59.3% at the north to
52% at the south), and for some 40% in Malgrat.

Homar observed that the behaviour of S’Abanell had three different parts. A summary of the
results of the study can be seen on Figure 6.5:
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[1]S’Abanell North  [2]S’Abanell South [3|Tordera

Gross LST(1113«"}"[‘) 34 500 16 100 186 700
Net LST (m3 /yT) 18 300 (to South) 9 000 (to South) 109 600 (to South)
Figure 6.5. Longshore sediment transport in S’Abane I, (Homar, 2010).

Regarding LST under extreme wave conditions, it can be seen from Table 6.3 that storms
have a greater influence on transport to the south direction. This is consistent, because as
seen on Chapter 3 the most important storms hitting the study area come from the East, and
waves in this direction usually produce transport towards the South. Transport towards the
North is lower and generally caused by normal conditions.

In all cases, storms coming from the East (as Sant Esteve 2008 event) account for
approximately 60% of the littoral drift associated to that direction. Thus, even though during a
storm the prevailing transport process is usually cross-shore sediment transport, extreme
events account for a very significant part of longshore transport. This reinforces the
observations that major changes on beach morphology take place during storms.

Figure 6.5 shows the average annual behaviour of the beach, but given the direction of the
Storm of Sant Esteve it can be assumed that the qualitative response during the event was
the same. It can be seen that the area is closed to LST at the northern end, but open at the
south. The sediment migration towards the south is more important on the north, gradually
decreases towards the south and presents another peak at the limit with the mouth of the
Tordera. This behaviour matches the fluctuations of the beach response to the storm (see
Fig. 6.1).

Longshore transport implies that during the storm any given profile loses sediment moved
off-shore by the waves, but at the same time it gains/loses sediment transported by the
longshore component of the same waves. Given that the incidence angle of the waves in
S’'Abanell was close to normal, it could be thought that LST was not a major process.
However, the abundant sediment available due to the nourishment gave to the northern part
of S’Abanell had a high capacity to lose sediment, boosting LST. The sand from the
nourishment moved southwards without being compensated by sand coming from the north,
hence adding another factor to its accelerated erosion.
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The sediment transported by LST moves until the forcing conditions stop or until it reaches
an obstacle. As S’Abanell is a rectilinear beach without any artificial or natural barrier, sand
freely moves until it reaches the Tordera. According to Homar, the river mouth does not
represent a barrier for LST. However, in this location the beach orientation abruptly changes

The estimation of the littoral drift associated to the specific event of Sant Esteve 2008 could
be the subject of further research. The sediment travelling parallel to the beach of S’Abanell
is thus oriented towards an area in front of the river mouth.

The erosion increase observed at the southern end of the beach could be explained by the
local wave conditions. The wave propagation showed that the waves reached that area were
higher than the waves reaching the north of the beach (see Figure 3.16, Chapter 3).

The total amount of lost sediment in S’Abanell was approximately 97000 m°.
6.1.2 Overwash

The lidar elevation data shows sand deposits on the camping areas of S’Abanell of
approximately 6 m*m (see Chapter 4). There are no data about the rest of the study area,
because the sand that reached the village was cleaned before the lidar flights. However,
there is photographical evidence that there were sand deposits all along the beach (Figure
6.6). Given the regularity of the beach, it could be assumed that the rate was the same all
along the beach. That would represent a total amount of overwash material of around 13000

m?3.

Figure 6.6. Overwash in S’Abanell.

However, this is a very rough estimate and certainly an overestimation. Overwash depends
on the capacity of the waves to overtop the berm, and thus on the freeboard. The camping
area, which is the only place where the sand deposits could be measured using lidar, are the
lowest points of the beach and therefore surely suffered more overwash that the northern
areas.

6.2 Storm-induced changes in the beaches of Malgrat
6.2.1 General behaviour

The analysis of the lidar data has shown that the response of the beach of Malgrat de Mar to
the impact of the studied event was more complex than the response of S’Abanell. Even
though some areas were eroded like S’Abanell, it was not a generalized behaviour. Figure
6.7 shows the spatial distribution of the areas of erosion and accretion (not considering the
overwash of the backshore). In addition, the results obtained using SBEACH model match
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the observed data of the emerged part of the profile with less accuracy than in S’Abanell
(around a 20% deviation in Malgrat. and a 10% in S’Abanell). The Convolution Method has
even poorer results, with predictions that double the observed values.

EROSION
ACCRETION

Figure 6.7. Spatial distribution of the areas of er  osion and accretion along the beach of Malgrat
(not considering the overwash of the backshore.

Taking the above observations into consideration, the response of the beach of Malgrat to
the storm of Sant Esteve 2008 has to have been driven by additional processes which are
not accounted for by the used models. Both the Convolution Method and the SBEACH model
for storm-induced changes are based on the hypothesis of a homogeneous beach which can
be represented by a shore-normal profile: they consider the beach to be a two-dimensional
system and neglect alongshore variations. This simplification hypothesis, which can be
applied to S’Abanell without a great accuracy loss, has to be revised in the case of Malgrat.

The main difference between the beaches of Malgrat and S’Abanell is their planform. Unlike
S’Abanell, Malgrat is not rectilinear. Its orientation shifts slowly from almost 90°North at the
mouth of the river Tordera towards smaller angles at the south. This curvature gives the
beach a concave planform. Moreover, there are some small groynes scattered along the
beach. The combined effects of the curvature and the groynes make the beach a clearly
three-dimensional system (see Fig. 6.8).

Given that the prevailing wave direction during the storm was east, the waves reached
Malgrat with an oblique angle. Even though wave refraction due to the sea bottom tends to
align wave crests with the bathymetry and thus to the shoreline, it does not so with such
intensity as to make the waves reach the coast in a perfect normal angle. The incidence
angle increased towards the south, reaching values similar to the ones of S’Abanell in the
southern end.
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Figure 6.8. Irregularities in the beach of Malgrat: groynes and changing orientations.

(Eg. 6.3) from the previous section implies that oblique wave incidence angles boosts
longshore sediment transport. If in a given beach stretch there are no barriers to stop the
migration of this sediment, it moves until the forcing conditions stop. This is the case in
S’Abanell, where the beach is a rectilinear system not limited in its south-west end but closed
at the north.

In his study of LST along the Catalan coast, Homar (2010) includes the beaches of Malgrat
in a homogeneous unit that stretches from the Tordera to Arenys. The general behaviour of
the unit can be seen on Figure 6.9.

Tordera-Arenvs
Gross LST(nﬁ"yr) 283 100
Net LST (m*/yr) 53 400 (to South)

Tordera — Arenys

See comments
about this zone (*)

Figure 6.9. Evaluation of longshore sediment transp  ort along the zone of La Tordera — Arenys,
(Homar, 2010).

The unit considered by Homar is appropriate for the general study of the Catalan coast, but
too much of a simplification for the analysis of the response of the beach of Malgrat to the
storm of Sant Esteve. It is necessary to zoom in to the study area, maintaining the open
boundary conditions. The orientation of the beach of Malgrat forms a concave layout, but it
does not change at a constant rate: some major directions can be sensed where the coast is
nearly strait (see Fig. 6.10).
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Figure 6.10. Major beach orientations in Malgrat.

Comparing the response of the beach (Figure 6.10) to its geometrical properties (Figure
6.11), it can be seen that the accretion spots are not randomly located. They are generally
located near the places where the beach orientation changes more abruptly or where there is
a breakwater. It could be implied that the beach “vertices” and groynes act as sediment
traps.

EROSION
ACCRETION

Figure 6.11. Location of the accretion spots in the beach of Malgrat and geometrical
irregularities.

At the northeastern part of the beach the wave incidence angle is very oblique, and thus it
can be assumed than alongshore transport was an intense process that eroded the river
mouth significantly. This erosion due to longshore transport has to be added to the cross-
shore sediment erosion normally associated to storms.

The first accretion spot is located where the beach orientation shifts quite significantly (from
about 80°N to about 65°N). This vertex acted as a natural contention measure, trapping the
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sediment. The sediment trapped moves the vertex upstream, accounting for the regressive
accretion. Figure 12 (a) shows the proposed explanation for this mechanism.

The second major accretion spot can be explained by the same mechanism boosted by the
presence of the groynes (see Fig. 12 (a) and (b)). The accretion in this second spot was
more intense than in the previous one, with a peak of 22 m*m at the profile A6-1. This could
be explained by the fact that there was more sediment that could potentially be trapped,
because the first spot may not have been a total barrier.

The last stretch of the beach (profiles A6-4 to A6-7) is where the incidence angle of the
waves was closer to normal. Thus, it can be thought that the importance of cross-shore
sediment transport was greater than in the previous sections, and longshore transport less
pronounced (but important still). This would account for the high erosion rates, 30 m*/m in
some parts.

Original shoreline \j

Progression of Groynes » )
the sand deposits ( ’\ / Original shoreline

Figure 6.12. Barriers to longshore sediment transpo  rt: (A) Change in the beach orientation and
(B) Presence of groynes.

Lastly, there was a very developed accretion stop at the south-west end of the study area. In
this point the beach orientation shifts abruptly, but in the opposite direction than previously.
According to Figure 6.13, this should translate in erosion and sediment loss. However, the
area has many small groynes whose mission is to trap the sediment in non-storm conditions,
when longshore transport is the prevailing mechanism. During this specific event, and due to
the waves’ incidence angle, the groynes were also very active during the storm. They
trapped sediment until they were saturated, as it can be seen in Figure 6.13.

Figure 6.13. Saturation of the southernmost groynes of the beach of Malgrat.
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At the light of these observations it can be induced that the response of the beach of Malgrat
to the storm of Sant Esteve to 2008 was deeply affected by longshore sediment transport,
not only by cross-shore sediment movements. The relative high importance of the first
process is stressed by the fact that the shoreline did not suffer major changes except at
located hot spots.

Moreover, there is a second aspect of the storm-induced changes in Malgrat that has to be
studied. The shore-normal profiles show that, even in the eroded parts, there was accretion
of the backshore.

6.2.1 Overwash

Figure 6.14 shows an example of the accretion measured in the backbeach of the shore-
normal profiles cast in Malgrat. The hypothesis made to explain this behaviour is that, as it
was the case in S’Abanell, the accretion is overwash material.

ES Overwash PROFILE A5-12
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Figure 6.14. Example of overwash induced by the sto  rm in the beach of Malgrat.

Given that overwash is dependent on the overtopping of waves because it is the discharged
water that carries the sediment, a study of the overtopping at each profile has been made.
The overtopping has been calculated using not the deep water wave conditions as in
Chapter 3, but the local nearshore conditions of the propagated storm. In addition, the
calculations were done using the values of freeboard and slope of each profile, not the
medium values of the areas defined in Chapter.

Figure 6.15 shows the correlation between the estimated overtopping and the measured
overwash. The graphical representation suggests that higher overtopping values are related
to higher deposits, but the correlation is poor due to some of the highest overtopping peaks.
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Figure 6.15. Correlation between the measured overw  ash and the estimated overtopping.
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In addition, the shape of the backshore sand deposits is different in Malgrat and in S’Abanell:
in Malgrat they are higher and sloped landwards. In S’Abanell, at least in the area where
aerial photographs allow the analysis, the deposits are low and cover wide extensions of the
backbeach (see Fig. 6.16 (b)). By contrast, in Malgrat they form a new, continuous and
higher berm along the entire beach (see Fig. 6.16 (a)).

L+

Figure 6.16. Location of the overwash in (A) Malgat  and (B) S’Abanell.

This configurations hint that the deposits may have been formed in a slightly different way,
even though both would be caused by overwash material. In the lowest areas of the study
zone, like the south of S’Abanell (freeboard around 2.5 metres), many waves could overtop
the berm and produce overwash. In the high zones as Malgrat, the overtopping was
produced only by the very highest waves.

Waves that would produce overtopping if they reached a low profile may be only capable of
reshaping a higher one (if the rest of the beach characteristics remain constant). The
overwash observed in Malgrat would be in part the result of the reshaping of the beach
profile under the storm wave conditions.

Bagnold (1940) demonstrated that the berm elevation depends on the wave run-up height on
the sloping beach face, and thus in part on the wave height. The proposed relation is:

Berm elevation = b - H (Eq. 6.5)

1.68 for D = 0.7 cm
b=1:178 forD =03 cm (Eq. 6.6)
1.8 for D = 0.05cm

Further studies of the role of runup in controlling the elevation of the berm by Takeda and
Sunamura (1982) and based on previous results by Hunt (1959) have modified this
expression to:

By, = 0.125H./8(gT?)3/® (Eq. 6.7)

The physical process behind it is the same for all the beaches and has been described
clearly by Komar (1998): After the wave breaks, the water rushes forward up the beach face,
carrying sand with it, losing velocity as it goes because it is opposed by gravity and friction
and because of water losses through percolation. Bascom (1953) noted that, for the same
reason than overtopping, the upward growth of the berm depends mainly on the largest
waves, since they are the ones overtopping the crest.
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Bascom pointed out the resulting paradox: even though storms tend to destroy the summer
berm, they also build up a berm to a higher elevation, because it is when higher runup and
wave height values are registered. This happens even when the beach face is being eroded
and the extent of the berm is reduced, as it is the case the erosion profiles of Malgrat (e.g.
A5-9, A6-4).

6.3 Storm induced changes in the mouth of the River Tor  dera

This section aims to further develop the study of the evolution of the area surrounding the
River Tordera made in Chapter 1. Figure 6.17 shows again the response of the area to the
storm (left) and its recovery (right). Storm the response of the area to the storm are given
again

2\ 0 100 200 ’ o 00 200
B — M| & |

Figure 6.17 . Area 4: Left: Changes produced by the storm. Right: Recovery.

The area has two special characteristics, (1) it is located in the place where the coast
modifies its orientation and (2) it is affected by the dynamics of the River Tordera.

The sub-balances made for the beach response to the storm given in Chapter 1 and
repeated here (see Fig. 6.18) show that the order of magnitude of the sediment lost in the
bar is the same that the one of the sediment gained outside the river mouth. This could
suggest that the river flow transported the sediment. However, the amount of sediment
involved in the process is quite high for a small river as the Tordera.

Ad4.a| -7166 m®
Ad4.b| -4406 m®
Ad.c| +6771 m?

Figure 6.18 . Area 4: Sub areas, beach response to the storm.

The Tordera has a mean water flow of 5 m*/s, which can rise significantly during Torderades
(see Chapter 2). The sediment transport capacity of the river has been estimated in about
25000 m®/year (Jiménez, 2007).
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The vast majority of this sediment is generally transported during extreme events, but the
gquantities given by the sub-balances are 20% of the year total capacity, which seems a very
high value. The storm of Sant Esteve 2008 produced a rise of the water level of the river on
27" December, but the photographs taken in different locations during the event show that
the water hardly overflowed the river banks. The flow associated to the river channel has
been estimated to be about 25 m®s (Agéncia Catalana de I'Aigua, 2002).

In addition, it has been said in previous sections that S’Abanell suffered from longshore
sediment transport, and that the flow of the material is directed towards the river mouth. The
high sediment volumes involved in LST due to the artificial beach nourishment may account
for the vast majority of the aggradation in front of the river mouth, prevailing over the
sediment transported by the river.

However, even though if it was a secondary role, the river did have an impact on the process
because the aerial photographs (see Fig. 6.19) show that the water flow was strong enough
to break the sand bar. The shape of the resulting channel gives another hint to reinforce the
hypothesis that the sand from S’Abanell had a great impact on the area: the channel is not
directed towards the sea, it is curved towards Malgrat. This reflects that the water and
sediment flow was weaker than the wave-induced processes.

Figure 6.19. The mouth of the River Tordera before  (left) and after (right) the storm of
Sant Esteve 2008 (ICC).
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Chapter 7
CONCLUSIONS

At present, the application of LIDAR to the study and monitoring of the Catalan coast is being
developed by the Institut Cartografic de Catalunya. In this framework, this work has used
LIDAR data to analyze the morphological changes induced by the storm of Sant Esteve 2008
on the Tordera-Blanes area.

The studied event was a type 1l significant storm characterised by wave heights that reached
nearly 8 metres. The combination of the highly energetic waves and the reflective
characteristics of the beaches of the study area resulted in extremely pronounced runup.

The analysis of the LIDAR elevation data has permitted to detect the spatial patterns of the
emerged beach response to the storm and establish homogeneous areas. In addition, it has
proved to be a powerful tool to easily calculate volumetric sediment balances both globally
and in shore-normal profiles.

The intrinsic limitation of LIDAR topographic data is that it does not provide information about
the submerged part of the beach. However, it has been possible to overcome this limitation
using two modelling tools: the Convolution Method and the SBEACH numerical model. The
first method has shown poor performance in the beaches of the study area, which are highly
reflective and limited by an important human pressure. By contrast, it has been possible to
calibrate the SBEACH model to match the measured emerged volume changes.

Furthermore, the results of the SBEACH model for the submerged part of the beach have
shown that, especially in S’Abanell, the beach storm-induced changes happened primarily in
the emerged part of the beach. If further research shows that this is the common behaviour
for the study area, LIDAR will prove to be an even more useful tool to monitor the area,
because the lack of bathymetric data would not be an important drawback.

The beach of S’Abanell was severely eroded by the event, and its behaviour matched the
theoretical response of a beach to a storm closely because the waves reached it in a nearly
normal angle. However, the erosion was much stronger in the northern half of the beach,
which had been artificially nourished prior to the storm. In addition, the erosion rate
decreased smoothly from north to south, which could be explained by the effects of
longshore sediment transport boosted by the available sediment of the nourishment. In some
areas the waves reaches the maritime promenade, which means that the beach could not
fulfil its protective role.

The response of the beach of Malgrat to the event was deeply affected by longshore
sediment transport, because the wave reached it in various oblique angles. This resulted in a
heterogeneous beach response, with accretion and erosion profiles. The accretion was
located in specific areas that acted as sediment barriers: changes of beach orientation and
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artificial groynes. The application of two-dimensional models to this area could lead to
significant mistakes, whereas LIDAR measurements described the behaviour accurately.

Overwash occurred along the entire study area, but could not be reflected by LIDAR in
S’'Abanell. However, data collected in Malgrat permitted to estimate it very precisely, and this
is a very encouraging result because overwash modelling is generally difficult.

The storm-induced changes in the mouth of River Tordera have not been studied with as
much detail as the open beaches, but it has been seen that the maritime processes were
dominant over the river dynamics.

Finally, the LIDAR elevation data obtained by the ICC in summer 2009 shows that the
recovery of the beach at that time was not complete. The beach of Malgrat had recovered
much more than S’Abanell, a fact certainly linked to the highest anthropic pressure existing in
S’Abanell.
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