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DEDICATION
This edition is dedicated to Prof. Lee Harris from Florida, USA, and Matt Skellern from the Bay of
Plenty, NZ who made significant contributions to coastal engineering and planning, respectively,
particularly with respect to the development of MPR’s and the protection of natural surfing
breaks. Both have passed away since Volume 1 was published where they both had papers
included, and we acknowledge the passion for the coast that they shared with many people
throughout their lives. Two maori proverbs symbolise the work of these coastal people, which
encompass both collaboration and excellence:
Nā tō rourou, nā taku rourou
ka ora ai te iwi
With your food basket and my food basket the people will thrive
Whāia te iti kahurangi
Ki te tūohu koe, me he maunga teitei
Pursue excellence – should you stumble, let it be to a lofty mountain

Matt Skellern on the left and Lee Harris on the right.

Kelly Slater, flanked by Brad Farmer, accepts the role of NSR and WSR Ambassador and announced Malibu
as the first WSR, Bondi Beach, May 2010 (Photo: J Allcock, Sydney Morning Herald). On the right: Members
of the NSR Board: Graham Harding, Brett Williamson (CEO, SLSA, non-member), Andrew Short, Brad Farmer,
David McPherson, Chris Tola and Norm Farmer, 2011 (Photo: B Farmer).From Short and Farmer Paper: Surfing
Reserves – Recognition For The World’s Surfing Breaks.
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INTRODUCTION TO THE 2

EDITION OF THE REEF JOURNAL

Jose C. Borrero12 and David Phillips13
This paper introduces the submissions to the second issue of The Reef Journal. This volume is comprised of
papers presented at the 6th and 7th International Surfing Reef Symposia held in July 2009 in Jeffrey’s Bay South
Africa and March 2010 in Bondi Beach, Sydney, Australia. The papers presented here cover a range of topics
discussing the technical, economic and social aspects of surfing breaks and their relation to the broader topics
of coastal science, engineering and management.
Keywords: surfing, artificial reef, shore protection, maritime construction, numerical modeling, socio-economics
of surfing, managed retreat, storm erosion, biological and ecological assessments

INTRODUCTION
Welcome, and thank you for reading the introduction to this long overdue second volume of
the Reef Journal. In this volume we have compiled a selection of full papers based on
presentations made at the 6th and 7th International Surfing Reef Symposia held in July 2009 in
Jeffrey’s Bay South Africa and March 2010 in Bondi Beach, Sydney, Australia. The papers
presented here cover a range of topics discussing the technical, economic and social aspects
of surfing breaks and their relation to the broader topics of coastal science, engineering and
management.
For this volume, we have divided the papers in to five categories. The topics covered include
studies on natural surfbreaks, construction methodologies, physical and numerical modeling,
design studies for multipurpose reefs and man-made surf-breaks and case studies on specific
coastal sites or issues.
Surfing related issues are becoming more prevalent in coastal management, development
and engineering projects. This is a result of society’s increased acceptance of the economic
value of beaches and coastal recreation. Decision making on the coast now considers the input
and opinions of many more stakeholders than ever before, and as a result, recreational wave
riders (surfers, bodyboarders, bodysurfers, paddleboarders etc…) have a stronger voice than
ever. However, these voices need a sound technical foundation in order to be properly
considered during the consultation and design process of a proposed coastal project which
may impact a surfing resource.
With this volume of papers, we hope to add to the existing database of studies, papers and
reports related to coastal recreation and wave riding in particular in an effort to provide a forum
for discussion of these topics and a repository for this information.
NATURAL SURF BREAKS
The volume begins with a description of ‘Surfing Reserves’ by Andrew Short and Brad Farmer.
In the paper they discuss the three-tiered approach currently employed to formally recognize
and preserve surfbreaks and their adjacent environment at regional, national and global levels.
The movement to recognize and protect surfing breaks has expanded in recent years, and this
paper does a good job of explaining the rationale behind the decision-making process.
This paper is then followed by two papers that analyze natural surf breaks. The first by Florian
Brehin and Gary Zarillio discusses the morphology of Florida’s ‘Monster Hole’, a well known manmade surfing break that exists on the southern ebb shoal of Sebastian Inlet. The break
developed as a result the construction of stabilizing jetties on either side of Sebastian Inlet in the
1940’s and is now regarded as one of the better surfing breaks on the East Coast of the United
1
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States. They describe the functional components of the surfing break and use numerical
modeling to quantify the wave breaking characteristics.
In a similar vein, the paper by Dylan McNamara and Falk Feddersen looks at the surfing
aspect of Lower Trestles, one of the most popular and consistent surfing break in California and
the location of major national and international surfing competitions every year. Their study was
prompted by proposals to construct a highway along the San Mateo Creek watershed that
feeds into the Trestles break and the fact that any adverse impacts on the break due to the
highway construction would not only endanger an important recreational resource enjoyed by
millions of people every year, but also have a strong negative impact on the local economy.
In both of these studies, high resolution bathymetric models of the surfing breaks were
developed and Boussinesq wave modeling was used to reproduce the surfing wave
characteristics at each site. Studies of this nature are important in that they outline a
methodology for the minimum level of analysis necessary to understand the mechanics of a
surfbreak. In relation to these breaks specifically, these studies are important in that they present
a baseline analysis of the surfbreak against which future impact assessments due to possible
modifications can be compared.
Rounding out that section is a very interesting article by Javier León describing efforts to stop
the planned construction of a fishing pier in the surfing area of Point Panic, Cabo Blanco, Peru.
He provides a rational argument, backed up by numerical modeling with SWAN, suggesting that
the proposed location of the pier construction is inappropriate due to the high amounts of wave
energy affecting that site. Based on the modeling he proposes that the pier be relocated further
to the east where it will be subject to less intense wave loads and not interfere with the surf
break.
CONSTRUCTION TECHNIQUES
The next section of this volume looks at reef construction with a paper by Brent Yardley,
David Phillips and Shaw Mead. In this paper they analyze different types of flat bottom barge
vessels in terms of their utility for multipurpose reef construction using large sand filled containers
(SFC’s). The paper starts with an overview of the Kovalam Reef project in India and also reviews
methods so far employed for construction with large-scale SFC’s. They continue by reviewing the
types of vessels currently available for such applications and describe the necessary
considerations for the custom design of such a vessel. The authors also delve in to vessel design
issues such as power and propulsion needs, cranes and hoists, dredging, pumps and of course
cost.
PHYSICAL AND NUMERICAL MODELING
The next two sections of this volume look at the design of artificial surfing reefs. We start with
two papers that discuss the use of different numerical models for the assessment of a surfing reef
design. The first by Simon Motensen and Martijn Henriquez, describes the use of a VOF mode
that solves the fully non-linear from of the Navier-Stokes equations. In this paper they apply this
model to reproduce laboratory physical model experiments of wave breaking over a model
reef. Modeled wave breaking height and wave peel velocity along the reef were in excellent
agreement with the laboratory data and visual inspection revealed that the numerical model
predictions matched very well with video observations of the surfing wave shape and breaking
characteristics.
The same data set was then used by Arne van der Hout, Mart Borsboom and Martijn
Henriquez to check the applicability of a Boussinesq wave model for use in the design of surfing
reefs. Their study suggests that their model was capable of predicting wave height to within 10%15% accuracy while also predicting the formation of rip currents, wave patterns and breaking
zones; all of which suggests that their modeling methodology is appropriate for use in surfing reef
design.
Vol. 2, 2012
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THE SAO PEDRO DE ESTORIL PROJECT
These contributions are then followed by three papers on an initiative to develop a surfing
reef for São Pedro do Estoril near Lisbon, Portugal. The first two papers focus on the design while
the third paper examines the socio-economic factors relevant to this project. The first paper by
Nuno Cardoso, Pedro Bicudo and C. J. Fortes uses the SWAN wave transformation model to
quantify the surfing wave climate at São Pedro do Estoril. They quantify the modulation of the
wave climate as it diffracts around a series of headlands located north and west of the study
site. A companion paper by Pedro Bicudo and Nuno Cardoso uses a refraction-diffraction
model in conjunction with the wave climate results from the previous study to refine the design
of a reef for their site. Finally, Anna Horta and Pedro Bicudo provide a socio-economic analysis
of surfing in Portugal. In their paper they discuss the rapid growth of surfing in Portugal over the
past three decades note the potential for continued growth in coming decades. They also
estimate the economic potential of a generic world class surf break in Portugal and in an
interesting twist, they estimate the loss to the Portuguese economy due to coastal works which
have negatively impacted surfing.
COASTAL CASE STUDIES IN AFRICA AND THE INDIAN OCEAN
This volume concludes with three case studies. The first of these, by Rhys Giljam, Ed Crowley
and Kylie Porter discusses the baseline biological monitoring program undertaken for a resort
development project in the Seychelles. Their study determined the state of the marine
environment and the coral reef habitat adjacent to the project site, which has both ecological
significance and sustains the local fishing community. Marine ecological studies indicated that
the majority of the coral reef habitat was significantly impacted but also identified areas of
healthy reef habitat requiring conservation. They also recommend creating new habitats for reef
recovery through the installation of artificial reefs.
Our final two submissions look at issues concerning the Indian Ocean coast of South Africa.
The first by Lisa Guastella and Marius Rossouw examine long term wave data from Slangkop in
the south-western Cape and Richards Bay in KwaZulu-Natal to ascertain if any increase in
frequency or intensity of storm waves was evident. Their results suggest that there has been a
slight increase in storm wave intensity during the winter season and an increase in number of
storm wave events. They conclude that given the likelihood of sea level rise, future storms
occurring at normal tides would have effects similar to current storms occurring during a high
tide. As such they contend that existing erosion lines and storm protection infrastructure may be
more readily breached in the future and that planners should adopt coastal retreat where
possible to protect vital coastal infrastructure against future storms.
We round out this issue with a paper by Alan Smith and S.C. Bundy who discuss reparative
measures undertaken after a series of severe erosion events that occurred along the KwaZuluNatal coast in 2006 and 2007. They report that in response to this erosion, soft engineering
defenses have been implemented with little regard to the adoption of retreat, leaving much of
the coast vulnerable to future erosion. They contend that coastal retreat is the only option in the
long-term, but that the necessary mechanisms and mind shift required for implementation
remain elusive.

Whilst every effort is made by the editors and publishers to see that no inaccurate or misleading data, opinion or statement appears
in this journal, these are the sole responsibility of the contributor. Accordingly the editors and publishers and their respective
employees, officers and agents accept no responsibility or liability whatsoever for the consequences of any such inaccurate or
misleading data, opinion or statement.
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SURFING RESERVES – RECOGNITION FOR THE WORLD’S SURFING BREAKS
Andrew D. Short1 and Brad Farmer2
As surfing expands as a sport it has spread to most of the world’s surf breaks as well as pushed the limits in the size
and power of waves surfed. While technology and exposure has seen surfing mushroom in all directions, the core of
the sport – the wave breaks, have largely been taken for granted. This attitude of the expanding surfing sector does
not however guarantee the future sovereignty of the breaks for surfing, as seen by the loss or contamination of some
breaks; nor does it protect the adjacent environment from inappropriate development as has and continues to occur
in many surf tourist destinations. This paper presents the status of a three-tiered approach to formally recognising
and preserving surf breaks and their adjacent environment as surfing reserves, at a regional, national and world level.
The approach has had considerable success in Australia and in now beginning to be taken up globally.
Keywords: surfing reserve, surfing, coastal reserve

INTRODUCTION

As modern long board surfing enters its second century and the short board passes its half-century
anniversary, surfing has matured as a sport and pastime. The surfing industry has reached megaproportions with an influence in style far beyond the beach, while surfing itself is assisted by
technology, advances in board types and design and with the increased skill and risk levels of leading
surfers has pushed the limits in the location, size and thickness of waves being ridden. Likewise
technology now enables us to fashion waves of choice on multi-purpose surfing reefs and indoor surf
breaks (Black and Mead, 2009). However despite all the achievements in surfing over the past century,
the prime focus of it all – the waves and their surrounding environments have been largely ignored in
terms of their well-being and sustainability. The waves, the breaks, the reefs and access to the surf have
been taken for granted, regarded as something fortuitously provided by nature that takes care of itself.
Unfortunately, the same decades of the short board revolution in surfing, have been paralleled by a
worldwide surge to the coast, certainly by surfers but also by the hundreds of millions who find it a
better place to live, work, invest, build, speculate and in places, modify, to enhance their past-time or
profession. In the process the very coast, the very surfing breaks, and access to those breaks has been
and continues to be compromised, threatened or lost. The response from surfers has usually been vocal
but ineffective and the outcome predictable as Point Cartwright (Australia), Harrys (Baja), Ponta
Delgrada and Jardin do Mer (both Maderia), Fongbin (Taiwan), Corona del Mar, Dana Point, Long
Beach and Stanleys Reef (all California), Copacabana (Brazil), Petacalco (Mexico), Male Point
(Maldives) and Le Barre (France) all fell victim to some form of coastal construction; while The Cove
(Washington) and Singleton Swash (North Carolina) were buried by sand; and 60 km of coast near
Recife (Brazil) is now off-limits to surfers (Corne, 2009; www.savethewaves.org). Elsewhere many
breaks are being overwhelmed by coastal over development, population pressures and the associated
shadowing, pollution, sewerage and stormwater. As Scarfe, et al. (2009) state “Despite their large
numbers worldwide, surfers as a coastal interest group have largely been ignored during coastal
management decision making.”
Farmer and Short (2007) recognised the problems facing some iconic surfing breaks, as well as the
general low level of recognition and appreciation by surfers and the broader public of surf breaks. In
2005 they decided to act and established National Surfing Reserves (NSR) in Australia whose aims are
to formally recognize outstanding surf sites for the benefit of past, current and future surfers; and to
take measures to maintain and where possible, enhance the integrity of these sites for use by all. In
Australia, NSR is a proactive organisation aimed at dedicating all iconic Australian surfing sites over a
ten-year period commencing in 2006. Some of the sites are heavily developed urban surf breaks, others
are near pristine remote desert locations. All are however well known throughout Australia and much of
the surfing world.
This paper reviews the nature and role of surfing reserves, the progress made since 2005, and the
growing interest in surfing reserves in Australia and globally.
1
2

Coastal Studies Unit, School of Geosciences, University of Sydney, Sydney NSW 2006, Australia
National Surfing Reserves, PO Box 912, Moruya NSW 2537, Australia
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SURFING RESERVES

A surfing reserve is designed to formally recognise surfing sites and in doing so provide a focus for
the ongoing reservation and protection of those sites for surfing, and where appropriate or possible to
assist in the management/development of the adjacent land area in a sympathetic fashion. A surfing
reserve represents one mechanism to redressing both the casual attitude of surfers to their surf breaks
and to the increasing threat to some of those breaks. They are not a panacea for all the threats to the
coast and surf, but they are a proactive step to recognise and preserve these sites before they become
threatened or compromised.
At the core of a surfing reserve is a break or breaks that surfers feel is worthy of recognition and
worth protecting. This normally means the site will have a core of local surfers or surfers who are
closely associated with the break. Some sites will be urban where a lot of surfers live nearby and by
default associate with their home break irrespective of the level of wave quality. Others will be more
iconic sites with quality waves where surfers are prepared to travel to surf, and not only locals but
others, feel strongly about the break. Then there will be the truly iconic sites known the world over for
the quality and consistency of their waves. In order to accommodate such a range of surf breaks from
the local average waves, to nationally and internationally recognised breaks a three tiered level of
reserves: regional, national and world, has been developed. The criteria for each are listed below.
A Regional Surfing Reserve (RSR) must fulfill the following essential criteria:
1. Reasonable quality and consistency of the waves (i.e. a regional-class surfing break);
2. A place considered special by the local surfing community;
3. Long-term usage of the beach and wave environment by local surfing community, e.g. long-term
surf lifesaving club (SLSC) and/or boardriders club with significant history.
Using these criteria there could potentially be more than a hundred RSR’s in Australia, though they
would only be dedicated if there were strong support from the local surfing and broader community.
Some Australian breaks that have expressed interest and may fulfill the criteria are Moffat Beach, TOS
(The Other Side) South Stradbroke Island, (QLD); Duranbah, Scotts Head, Catherine Hill Bay, Dee
Why (NSW); and Yanchep (WA). However, there are presently no RSR’s in Australia.
A National Surfing Reserve (NSR) must fulfill all three of the following essential criteria (with
Australian examples):
1. Persistent quality of the waves (i.e. a national/world class surfing break) (e.g. North Narrabeen,
Snapper Rocks, Jakes);
2. A place considered sacred by surfers (local and national) (e.g. Angourie, Crescent Head);
3. Long-term usage of the beach and wave environment by local and national surfing community, e.g.
long-term surf lifesaving club and/or boardriders club with significant history (e.g. Maroubra,
Killalea).
Based on the above criteria it is anticipated there will be about 25 NSR’s in Australia and more
than a hundred worldwide.
A World Surfing Reserve (WSR) would have to fulfill all three of the following essential criteria:
1. Exceptional quality and consistency of the waves, i.e. a world-class surfing break (e.g. the North
Shore, Jeffreys Bay);
2. A place considered sacred by surfers throughout the world (e.g. Waikiki, Malibu);
3. Long-term usage of the beach and wave environment by local, national and international surfing
community (e.g. Bells Beach, Margaret River, Manly).
With these criteria we would only expect a handful of WSR’s in Australia and a few score
worldwide.
The above proposes a three tiered approach to surfing reserves, with criteria based on surf quality
and consistency; its standing in the wider surf community; and the level of local support. A RSR can be
applied to almost any recognised quality surfing break that has the backing of the local surfers and local
authorities. NSR’s and WSR’s however require greater quality of surf, site renown and levels of
support. Using Australia as an example where there are over 12 000 beach systems, plus hundreds of
recognised surfing locations (Farmer and Young, 1986), it is expected that up to 100 sites could fit the
criteria for RSR’s, about 25 for NSR’s and only a handful as WSR’s.
The size of each reserve depends on the quality and range of associated surf breaks. Some will be
relatively small just extending along the coast for a few hundred metres, while others will occupy a
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several kilometres of coast. All will however extend from the shoreline out at least 500 m seaward to
ensure the breaks themselves are included. Some existing NSR extends 1000 m offshore to include all
the breaks (e.g. Manly-Freshwater). Others extend into the inlet mouth, which impacts the surf quality
(e.g. North Narrabeen).

NATIONAL SURFING RESERVES IN AUSTRALIA

Bells Beach Surfing Recreation Reserve (Fig. 1) was proclaimed on 6 June 1973
(http://www.surfcoast.vic.gov.au/bells.htm). The listing on the Victorian Heritage Register (VHR
number H203) states “Bells Beach Surfing Recreation Reserve is a landscape that is socially significant
as an international icon of Australian surfing culture. Bells Beach Surfing Recreation Reserve is
socially and historically significant as the location of the world’s longest continuous running surf
competition. The Bells Beach Easter competition has world-renown and in terms of prestige and aura is
often referred to as ‘the Wimbledon of surfing’.” Bells Beach is however a land-based reserve and is yet
to be recognised as a National Surfing Reserve under the national system.

Figure 1. Bells Beach (upper) and Winkiepop (foreground) both backed by the Bells Beach Surfing
Recreation Reserve, dedicated in 1973 (Photo: A D Short).

Following Bells, nothing happened in Australia until 1993 when there was an unsuccessful twoyear attempt to have South Stradbroke’s TOS (The Other Side) dedicated a Surfing Reserve (England
and Farmer, 1993). Then nothing again happened until 2005. In that year Farmer and Short established
National Surfing Reserves (Australia) (Farmer and Short 2007).
NSR (Australia) consists of a seven member Board (formerly the National Reference Group NRG)
with representation from surfing organisations, government and coastal research (Fig. 2). The Board
developed a background paper to NSR’s, which outlines the criteria required for consideration as a
NSR, together with information on the nomination process and how to arrange the dedication of a
reserve.
The local surfing community, which is usually a boardriders club or a group of long-term local
surfers must initiate the nomination processes. This is regarded as an essential part of the process, as the
Board feels strongly that it is the local surfers who should organise and ‘own’ the reserve. The NSR
website (www.surfingreserves.org) provides information on the reserve criteria; how to nominate a
Vol. 2, 2012
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reserve; and if the nomination is accepted, how to organise a dedication ceremony. This involves the
local surfing community holding a public meeting and then forming a Local Steering Committee (LSC)
with office bearers to undertake three major objectives. First, to design a dedication plaque, for which
the Board provides a template (Fig. 3a); second, to produce a NSR booklet that outlines the history and
importance of surfing at the site (Fig. 3b); and then to arrange the actual dedication ceremony in
collaboration with the relevant local and state authorities (Fig. 3c). These three steps usually take up to
a year to achieve. As part of this process the Board allocates a ‘buddy’ to each local NSR committee to
assist, advise and attend meetings as required or requested.

Figure 2. Members of the NSR Board: Graham Harding, Brett Williamson (CEO, SLSA, non-member), Andrew
Short, Brad Farmer, David McPherson, Chris Tola and Norm Farmer, 2011 (Photo: B Farmer).

The NSR criteria and nomination, selection and dedication process is now well developed in
Australia with those sites dedicated to date in Australia listed in Table 1. In Australia the reserves
includes the main break or breaks being nominated and the surrounding ocean. They extend from the
shoreline at least 500 m seaward and far enough alongshore to include all relevant breaks (Fig. 4). They
presently range in extent from 600 m of coast and 50 ha in size at North Narrabeen, to 7.2 km of coast
and 400 ha at Lennox Point. They do not have a land component, though signage and plaques are
located on the adjacent land area. The New South Wales reserve (NSW) legislation (Lands, 2008) also
acknowledges surfers as the primary user group within the NSR zone.
The reserves introduce no new regulations and exclude no existing users. It is considered that
existing local and state regulations are sufficient to control potential concerns like pollution, litter, use
of jet skis, etc. Many people ask what impact a reserve can have on the adjacent land area and
development. While the reserve has no direct bearing on adjacent land use, the fact that a site is
dedicated a NSR provides substantial support in any debate about adjacent land use and development.
The local NSR committee can act as a powerful local interest group in contributing to any discussion
regarding local coastal management. They can also use the fact that the area is a NSR to argue against
any development considered inappropriate at such a location.
Some reserves, such as Angourie have never had a contest and don’t ever want one, nor do they
ever wish to see a building from the surf; others wish to restrict or ban the use of jet skis; while others
such as North Narrabeen and Lennox have been involved in active management of the adjacent land
area.
Eleven NSR were dedicated in Australia between 2006 and 2010, with two more to be dedicated in
2011 and a third in the nomination phase. Each has been driven by the local surfing community and just
as each break has had its own unique characteristics and crew, so too has the nomination process and
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dedication ceremony. One thread that has bound all the nominations and dedications together has been
the enthusiasm of the local surfing community, as it has had to meet to seriously reflect on its past, its
strengths and its future, much of which is documented in the dedication ceremony booklets (MBNSRC,
2006; ASRSC, 2007; CHNSRC, 2008; LPNSRSC, 2008; CBNSRSC,2008; MNSR, 2009; KNSR,
2009; NNNSR, 2009; MFNSR, 2010).
What cannot be documented however is the proud feeling it generates within the surfing
community as they fully realise just what they have out there in the surf, and what they are now able to
enshrine and help protect for future generations of surfers and beach users. Long standing conflicts
between user groups, such as surfers vs surf life savers, have also been resolved or softened, with urban
Merewether and Cronulla two good examples of many capacity building relationships for whole-ofcommunity goodwill.

Table 1. Australian National Surfing Reserves – dedicated and future.
Date
1973

Location
Bells Beach1

2006
2007
2008

Maroubra
Angourie
Lennox Point
Crescent Head
Cronulla

2009

Merewether
Killalea
North Narrabeen

2010

Margaret River
Kalbarri (Jakes)
Manly-Freshwater

Pending/
Proposed

Shellys Point
Point Sinclair
Formby Bay
Burleigh Heads
Currumbin Alley
Kirra Point
Snapper Rocks

Future

Red Bluff
Tombstones
Noosa
Yallingup

Comments
World’s first ‘surfing recreation reserve’, a land based reserve behind the world
famous breaks and contest site
Developed urban beach, with beach, reef and point breaks
Pristine point break, local development pressure
Several reef, point & beach breaks, considerable local development, Australia’s
largest NSR as of 2011
Iconic long board point break, bordered by reserves.
Large embayment with reef, beach and point breaks, heavily utilized urban site
comprises 11 surf breaks
Beach, reef and points breaks; main Newcastle surfing location; home to Mark
Richards
Once remote quality beach break known as “The Farm”, now encircled by
residential development. Extends southward to include Mystics surf break.
World famous for its long lefts, heavy rights and big bombie. A favored contest site
and heavily utilized urban break; home to Damien Hardman and Simon Anderson
The west’s most famous reef break and big wave contest site.
Best of the Kalbarri reef and point breaks.
Freshwater is where ‘The Duke’ introduced modern long board surfing to Australia;
Manly site of one Australia’s first surf life saving clubs (1903); first international
surfing contest in 1964; Australia’s most popular surf beach; and also home to the
big waves of the Queenscliff Bombie, the Bower and Deadmans.
Also known as Aussie Pipe & Summercloud Bay. The first indigenous NSR.
The iconic desert break & still pristine. See Reid (2010) better known as Cactus
Encapsulates the southern Yorke Peninsula numerous surf breaks
Famous long right and World Series contest site
Right hand point-inlet mouth break
Queensland’s best right-hander made famous by through the surfing of Michael
Peterson and Rabbit Bartholomew.
Temporary home to ‘Superbank”, and famous for its long rights in its own right.
All four point breaks (Burleigh, Currumbin, Kirra & Snapper) may become ‘sites’
within a possible Gold Coast length ‘Reserve’
Iconic desert break with long lefts and hardy local community.
Most famous of the Gnaraloo reefs breaks, remote desert site.
Home to a series of pristine right breaks, set in lush sub-tropical national park.
Considered the birthplace of Western Australian short board surfing, famous for its
long lefts, now preferred long board site.

1

Bells Beach Surfing Recreation Reserve covers the landward side of the beach, and is not yet part of the National
Surfing Reserve system.
Note: Most NSR reserves extend from the shoreline 500 m seaward
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Figure 3. (a) Manly-Freshwater NSR plaque set in a sandstone surfboard and flanked by Phyllis O’Donnell
and Midget Farrelly, respective winners of the women’s and men’s first International Surfing Contest at
Manly in 1964 (Photo: S Tracey); (b) North Narrabeen NSR booklet cover; and (c) the Maroubra NSR
dedication with Peter Garrett MP, Randwick City Mayor and young local surfers unveiling the Maroubra NSR
plaque March 2006 (Photo: A D Short).
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NSR’s have evolved from the first dedication at Maroubra beach (Fig. 3c) into a highly organised
and structured process. In NSW the reserves are fully supported by the State government and are
gazetted by the Land and Property Management Authority (LPMA), which controls all Crown Land
along the coast. In NSW the Minister for Lands or his nominee has officiated at all reserves dedicated
since 2007 (see Lands 2008) (Fig. 5).
WORLD AND OTHER SURFING RESERVES

In 2009 the NSR Board responded to two quite different demands for additional types of surfing
reserves. First, within Australia it was realised early on in the process there were many surf breaks that
have a strong local surfing community but which lacked sufficient quality or consistency of surf to be
dedicated an NSR’s. To accommodate these breaks the term ‘Regional (or State) Surfing Reserve
(RSR) was proposed.
At the other extreme are breaks that could be considered ‘World Surfing Reserves’- the best of the
best. The concept of WSR came about during 2008 is response to inquiries from the United States and
particularly Save The Waves (STW) organization (http://www.savethewaves.org/index.asp). In
response STW organised a roundtable meeting at Half Moon Bay (near Mavericks) on 5 December
2008. Brad Farmer the co-founder of NSR spoke at this meeting and suggested the term WSR for those
very special breaks, the best of the best.
In March 2009 STW called for nominations for WSR’s. One hundred and twenty-six nominations
were received from 34 countries indicating the very high level of interest. WSR’s Vision Council (VC)
reviewed the nominations in August with final approval from the WSR Executive Committee (EC). The
WSR VC is made up of 25 representatives from a wide range of surfing nations such as Australia,
Hawaii, the USA, Great Britain. At present the WSR EC has seven members from the USA, Europe and
Australia.

Figure 4. Map of Cronulla Beaches NSR, showing eleven significant surf breaks including four surf life
saving clubs (Source: CBNSRC, 2009).

Following a selection and vetting process Malibu in California was selected to become the world’s
first WSR. Malibu submitted a detailed nomination in January 2010. At Bondi Beach (Australia) on 13
March 2010 Kelly Slater accepted the role of Ambassador for NSR and WSR and announced Malibu’s
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nomination had been accepted (Figure 6). Malibu was dedicated Malibu WSR on 9 October 2010
(MWSR 2010) (Figure 7, Table 2).
Hawaii
In Hawaii following the lead from NSR (Australia) Senator Fred Hemmings proposed in February
2010 a Bill for an Act relating to Hawaiian Surfing Reserves (HSR). The two proposed reserves
included the Waikiki-Ala Wai area (Fig. 8). and the North Shore from Haleiwa to Sunset Beach (Table
2). They were declared reserves using an Executive Order of by Governor Linda Lingle on 2 June 2010,
with the aim of “recognizing surfing’s cultural, historic and sports significance’ and to “promote
protection of world-renowned surf spots.” Senator Hemmings added, “Hawaii is the genesis of surfing.
We must regain the cultural and sports leadership of the world of surfing, and surfing reserves is a step
in that direction.” Hemmings also acknowledged that the legislative framework for Hawaii NSR was
based on the NSR Australian model. It is anticipated one or more HSR’s will become WSR’s.

Figure 5. The Merewether NSR dedication in March 2008 with the Minister for Lands Tony Kelly, Minister for
Tourism Jodi McKay, Mayor of Newcastle John Tate, Mark Richards (4 times World Surfing Champion), NSR
Chair Brad Farmer and LSC Chair Tim Ryan (Photo: S. Tracey).
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Figure 6. Kelly Slater, flanked by Brad Farmer, accepts the role of NSR and WSR Ambassador and
announced Malibu as the first WSR, Bondi Beach, May 2010 (Photo: J Allcock, Sydney Morning Herald).

Figure 7. Map of Malibu World Surfing Reserve (Source: MWSR, 2010).
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Figure 8. View of part of the Waikiki Hawaiian Surfing Reserve (Photo: A D Short).

Table 2: Hawaiian, World and other forms of Surfing Reserves – present and future
Date
2010
2010
2010
Proposed
Potential

Location
Waikiki, Hawaii
North Shore, Hawaii
Malibu, USA
New Zealand
Manly, Australia
Ericeira, Portugal
Santa Cruz, USA
Ulawatu, Indonesia
G-Land, Indonesia
Arugram Bay, Sri
Lanka
Jeffreys Bay, S Africa

Comments
Hawaiian Surfing Reserve: Ali Wai to Wailiki - birthplace of modern surfing
Hawaiian Surfing Reserve: Haleiwa to Sunset
WSR – home of Californian and modern surfing
Nineteen surf breaks protected by NZ Coastal Policy.
WSR: Australian NSR; site of first World Surfing Championships 1964
WSR: Focus of Portugese surfing & surf industry
WSR: Historic California surfing region
Potential NSR and/or WSR
Potential NSR and/or WSR
Potential NSR and/or WSR
Potential NSR and/or WSR

California

On 2 December 2010 Surfers’ Environmental Alliance (SEA) and the Santa Cruz Chapter of the
Surfrider Foundation submitted a formal WSR nomination for the Santa Cruz region. The WSR VC and
EC accepted this nomination in February 2011, with the dedication scheduled for 2012.
Portugal

On 16 October 2010 The Town Council of Mafra (Portugal) submitted a formal WSR nomination
for the Ericeira region. The WSR VC and EC accepted this nomination in February 2011, with the
dedication scheduled for 2012.
New Zealand

In New Zealand following lobbying by the Surfbreak Protection Society (www.surfbreak.org.nz)
the New Zealand Coastal Policy on 3 December 2010 added Policy 20, which states:
“Surf Breaks which are of national significance to surfing shall be protected from inappropriate use
and development by:
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a) Ensuring that activities in the coastal marine area do not adversely affect the surf breaks and;
b) Avoiding, remedying and mitigating adverse effects of other activities on access to and the use
and enjoyment of the surf breaks.”
The nineteen surf breaks by region are:
Northland:
Peaks (Shipwreck Bay, Super tubes, Mukie 1&2)
Coromandel:
Whangamata Bar
Gisborne:
Makorori Point, Wainui breaks, The Island
Taranaki:
Stent Road breaks, Waiwhakaiho
Raglan:
Manu Bay, Whale Bay, Indicators
Kaikoura:
Mangamaunu, Meatworks
Otago:
The Spit, Karitane, Whareakeake (Murdering Bay), Papatowai
Indo-Pacific

In 2010 NSR appointed three Global Facilitators charged with assisting other nations in the IndoPacific region develop surfing reserves for their iconic surf breaks. In Indonesia working in
collaboration with Conservation International and local authorities it has been proposed to develop an
Indonesian NSR system, with Uluwatu proposed as the first NSR (Putra and Margules 2010). G-Land is
also under consideration.
In 2010 in Sri Lanka another facilitator has been in discussion with the Arugram Bay Surf Club
regarding the potential of a Sri Lanka NSR at that site. In August 2010 at Jeffreys Bay (South Africa)
the same facilitator attended a meeting of local stakeholders including the Supertubes Foundation to
discuss the potential for an NSR at Jeffreys Bay. NSR has also been holding ongoing discussions since
2010 with members of the Fijian surfing community regarding the possibility of dedicating NSR’s in
Fiji.
United Kingdom
In the UK Surfers against Sewerage (SAS) is the main is the main proponent for both wave
recognisition and protection. In 2009 they launched their Protect Our Waves (POW) campaign to
protect threatened surf spots. The campaign recognises the social and economic benefits of surf spots,
to both the surfing and wider communities, and strives to protect surf spots from unacceptable levels of
environmental impact, impacts on wave quality and recreational water users right of access.
In Scotland in November 2009, SAS also submitted though a Green Party Member of Parliament,
(MP), a surfing reserve concept for inclusion in the Scottish Marine Bill. The concept was to recognise
and help protect such surf breaks as Thurso, Tiree and Lewis. Also as a result of SAS’s POW campaign
(Fig. 9) recreational water users were in 2010 awarded a seat on the regional planning partnerships
within the Scottish Marine Bill. Most recently SAS published their “Waves Are Resources” report
(Butt, 2010), which details the resource potential of waves from surf sites to generating electricity. SAS
is currently seeking nominations for sites of surfing interest (SSSI) UK wide for consideration by the
new UK Marine Management Organization (MMO), which will manage the underwater portion of the
UK coast.
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Figure 9. UK surfers brave the winter cold in Cornwell to further the cause of wave protection (Source:
Surfers Against Sewerage)

DISCUSSION

Surfing communities are by and large a loose-knit group who often communicate more in the surf
than onshore. On popular breaks rank or take off rights are earned through countless hours surfing the
break. The locals usually lack any visible sign of organisation, apart from the monthly club competition
on some beaches.
Involving the locals in the nomination process has provided the glue to bind all the past and present
history of the break and its surfers, while the dedication and gazettal formally recognises the break, its
history and its significance to surfing. The outcome is a celebration of the surf and the surfers, past and
present, encapsulated in a process, which will document the past and enshrines the surf for the future.
The eleven NSR’s dedicated in Australia to date have all heavily involved the local surfing
community, as without their support and involvement the reserve will not eventuate. The nature of these
communities and those who represented them on the NSR local steering committees are as varied as the
surf breaks they dedicate. The communality amongst each committee has been the obvious feelings
expressed for their surf and the desire to recognise, enshrine and protect their breaks. As the number of
NSR’s grows, more and more surfing communities are asking if they can dedicate their local breaks.
Unlike many environmental type organisations, NSR is a pro-active movement aiming to recognise,
enshrine and protect; and in doing so help the local surfing community reflect on just what is has and
what is worth protecting for future generations of surfers. As a consequence there has been an
incredibly positive response to NSR’s and now WSR’s, as not only the local surfers, but also their
wider community, and in Australia local, state and federal politicians, as all recognise the benefits of
NSR’s.
CONCLUSIONS

Surfing has evolved considerably in the past 50 years, as the Malibu/short board revolution both
changed the way we surf and the scale of waves that can be surfed. The professional circuit and a
myriad of surfing websites, Iphone applications, magazines and videos brings surfing to all, with many
non-surfers seeking to associate with the sport and culture through their clothing and tastes. While
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surfing has made great advances with equipment, ability, clothing and more social acceptance, it has
until recently neglected the very core of the sport – the waves.
National Surfing Reserves was founded in Australia in 2005 with the sole and express aim of both
recognising and enshrining Australia’s best surfing breaks and beaches. To date eleven NSR’s have
been dedicated in Australia, out of a potential 25 sites. The success of the reserve system in Australia
has lead to calls for an expansion of the system to incorporate breaks with a strong local surfing
community but that do not have the quality of surf to rank at a national level, and to recognise
worldwide those breaks that are the best of the best. For the former, Regional Surfing Reserves are
proposed, for the latter, World Surfing Reserves. The first WSR was dedicated at Malibu in 2010 and
more are in line to follow. It is anticipated over the following decades many surf breaks throughout the
world will gain increasing levels of formal recognition and protection as they are declared surfing
reserves.
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SEBASTIAN INLET, FL EBB SHOAL SURFING BREAK "MONSTER HOLE": GEOMORPHIC
INVESTIGATION AND WAVE MODELING
Florian G. Brehin1 and Gary A. Zarillo1

Monster hole is a man-made surfing break located on the ebb shoal of Sebastian Inlet that developed as a result of inlet
stabilization by two offset jetties completed in the late 1940’s and modified in the 1970’s. Monster Hole consists of a
spilling type left hander which starts working at 3 ft and holds up to 8 ft, during long period swells. When it turns on, the
surfing break is considered as one of the best waves on the USA East Coast and can provide long rides (400 yd) under epic
conditions. Semi-annual high resolution bottom topography data since 1990 provided by the Sebastian Inlet District (SID)
were used to identify the bathymetric configuration of the surfing break, but also the morphologic and volumetric evolution
of the ebb shoal over time. Monster Hole is characterized by a unique seabed topography and bathymetric (meso-scale
reef) components that include a ramp, a focus, and a wedge crest. The wedge crest surfing component (ebb shoal/bypass
bar) attaches to the shoreline approximately 3,000 ft south of the inlet at a 45 degree angle. The morphologic evolution
suggested that seasonal sedimentation patterns were dominated by cross-ridge exchanges between shoreward and leeward
flanks of the ebb shoal. Long term changes have highlighted sand deposition on the seaward side of the ebb shoal and on
the outer ebb shoal, corresponding to the focus component of the break. Volume change calculations indicated similar
trends for the ebb shoal and outer ebb shoal reservoirs (wedge crest and focus components): gains were observed in the
surveys directly following a beach fill project whereas losses were observed in the surveys following an intense storm
season. The total cumulative volume gains of the ebb shoal reservoir were larger than +700,000 cy in 20 years, resulting in
an average growth rate of +35,000 cy/yr and therefore the control of the inlet sand budget. Wave propagation and breaking
over the ebb shoal were simulated using the phase resolving model BOUSS2D, which was set up over a high resolution
grid having 10m cells. Results of model runs were successful in reproducing Monster Hole under epic conditions, and
provided preliminary basis for future runs.
Keywords: Sebastian Inlet, ebb shoal, surfing break, Monster Hole, morphologic evolution, wave modeling

INTRODUCTION

Ebb shoals or estuary entrance bar surfing breaks occur either naturally or as man-made, and include
many of the world class waves. Man-made cases are those surfing breaks from ebb shoals created as a
result of morphodynamic responses to stabilization with jetties. Monster Hole at the mouth of Sebastian
Inlet developed following jetty modification in the late 1940’s. Ebb shoal studies have focused on sand
budgets and natural sand bypassing since they trap sediment and influence littoral sand transport on the
downdrfit beaches (Bruun, 1966; Zarillo and Brehin, 2009; Liria et al., 2009). The seabed slope and
morphology is very diverse and dynamic at inlets and at river mouth entrances which correspond to areas
characterized by large quantities of sand from either marine or terrestrial sources (littoral transport or river
discharge). In most cases, deeper water occurs on the seaward side which favors seabed gradient. In
addition to meteorological and wave parameters, the interaction among bathymetric components (or mesoscale reef components) is necessary to create top surfing waves (Mead and Black, 2001).
One negative feedback is that ebb shoal surfing breaks are not only very sensitive to meteorological
and oceanographic factors, but also to spatial and temporal changes in seabed topography. These could
result from either natural coastal forcing (waves, tides, etc) or anthropogenic influence (stabilization by
jetties, dredging of channels and other sand reservoirs, placement of artificial nourishment, etc). In the case
of Sebastian Inlet, human activities include dredging from an interior sand trap and subsequent mechanical
bypassing starting 4,000 ft south of the inlet. Several high quality entrance bar surfing breaks around the
world are being threatened by coastal engineering projects such as Mundaka, Spain and Whangamata, New
Zealand. As noted by Scarfe (2008), there is a need to sustainably manage surfing amenities using detailed
studies of physical processes and recommend management methods that do not negatively impact surfing
breaks. This approach applies at Sebastian Inlet, FL, which is an engineered tidal inlet being carefully
monitored to enable proper management of its sand resources. One of the challenges in sand management
at Sebastian Inlet is to reduce the cost of beach fills on the downdrift beaches, which requires finding sand
sources in proximity to the system. A recent geotechnical survey on the ebb shoal of Sebastian Inlet aiming
to assess potential borrow areas for beach compatible sand has identified recoverable sand resources within
the lower ebb shoal system. Subsequent dredging could alter the entrance bar surfing break. There is a need
1

Department of Marine and Environmental Systems, Florida Institute of Technology, 150 W. University blvd., Melbourne,
FL 32901, USA
Vol. 2, 2012

15

REEF JOURNAL

for sustainable management of the various surfing breaks associated with the inlet, which is facilitated by
scientific investigations using a variety of tools and techniques.
Complete characterization and geomorphologic assessment of a surfing break is accomplished to
enable proper identification of the bathymetric components, their evolution over time including response to
natural or anthropogenic forcing with ultimate goal of reproducing the physical processes. Seabed
topography data are used to identify the meso-scale reef components and monitor the changes over time.
GIS based technology enables calculations of seabed topography and sand volume changes. The use of
numerical models provides a great tool for studying the physical processes and overall wave
transformations. The propagation of nearshore waves at inlets is greatly affected by seabed topography, as
well as tidal currents and the presence of structures in the area. The resulting changes in wave
characteristics can be estimated using a wave model that employs a time domain solution of fully nonlinear
Boussinesq-type equations (Demirbilek et al., 2005).
This paper describes the bathymetric configuration of Sebastian Inlet ebb shoal, responsible for
generating Monster Hole, one of the best surfing breaks on the East coast of the USA. Objectives were to
analyze the morphologic and volumetric evolution over the past two decades using semi-annual high
resolution bottom topography data, and to apply the nonlinear phase-resolving wave model (BOUSS2D) to
simulate wave propagation and breaking on the ebb shoal under epic surfing conditions. Model simulations
will serve as preliminary model runs to determine a potential effect of a dredge cut on the lower ebb shoal.

STUDY AREA

Sebastian Inlet is one of four tidal inlets of the central Florida barrier island system that separates the
Indian River Lagoon (IRL) from the Atlantic Ocean. It is an engineered, wave-dominated inlet where
navigation, sediment budget, and surfing amenities are major concerns. The inlet is microtidal (ocean tidal
range around 3 ft) and characterized by a large tidal prism compared to the cross-sectional area which
generates strong tidal currents (up to 8 ft/s). These tidal currents prevent the inlet channel from shoaling,
and create an ebb-jet at the seaward end of the throat.
The surfing history of Sebastian inlet dates back to the late 1960’s, and the local surfing community
monitored the multiple coastal engineering projects that have been completed in the vicinity of the inlet
over the past 40 years. These projects have influenced the overall geomorphology (Figure 1) and also the
surfing breaks within the inlet system, which include several beach breaks on the north side of the inlet (top
breaks 1st and 2nd Peaks), and the entrance bar/ebb shoal surfing break, “Monster Hole”. Monster Hole was
classified (along with Ponce Inlet) as world class (ranking of 4 out of 5) by one of the databases of
worldwide surf spots (wannasurf.com) which identified 135 surf spots on the East Coast of Florida. The
bathymetric configuration is discussed later in the section.
The Sebastian Inlet District (SID) was formed in 1919 by the State of Florida to manage and maintain
its navigability as a tidal inlet. For more information on the inlet history, and long term geomorphologic
evolution, the reader is referred to Zarillo and Brehin (2009). In 1948, the inlet was artificially cut into the
limestone and stabilized by offset jetties to prevent from sand deposition in the channel and shoaling by
increasing tidal current velocities. Present configuration was achieved in the early 1970’s.
Figure 1 presents a sequence of aerial images that illustrate the geomorphologic evolution subsequent
to stabilization, and the ebb shoal development as a response to changed hydrodynamics. Engineering
activities for managing sand resources have consisted of dredging from the interior sand trap at the
westward edge of the channel first excavated in 1962, and subsequent mechanical bypassing to the beaches
on the downdrift side of the inlet. The number of beach fill projects has intensified over the past two
decades, with a required annual nourishment volume of 90,000 cy. The most recent projects include the
Ambersand project in 2003 (+500,000 cy) and the mechanical bypassing of the interior sand trap and beach
fill material from an offshore borrow site in 2007 (+210,000 cy). One of the challenges in sand
management is to reduce the cost of beach fills, which requires either finding new sand sources in
proximity to the system or a change in the structural configuration of the inlet and jetty system. A recent
geotechnical survey to assess potential borrow areas for beach fill has identified up to 80,000 cy of
recoverable sand within the lower ebb shoal system.
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Figure 1. Sequence of aerial images illustrating engineering modifications (jetties) and the development of the
ebb shoal system/Monster Hole (aerial images from SID).

Since the 1990’s, the SID has performed extensive monitoring of the changes in inlet morphology and
adjacent beaches over the long and short term with data from multiple sources including aerial images on a
2 to 3 year basis and semi-annual hydrographic surveys. The extensive monitoring dataset has enabled
research and findings on the morphodynamics of the inlet and nearby beaches (Zarillo and Brehin, 2009). A
nearshore wave gage has been maintained by the Coastal Engineering Laboratory (CEL) at Florida Institute
of Technology since 1996 on the north side of the inlet in approximately 18 ft water depth and has provided
useful data in the characterization of the nearshore wave climate at Sebastian and calibration of numerical
wave models.
Sebastian Inlet has a moderate wave climate having a mean annual wave height of 2 ft. As suggested
by Figure 2 (blue lines), significant wave heights are much larger during storm events, which consist of
Nor’easter’s in winter and hurricanes in summer, and can reach 12 ft. There is a strong seasonal signal in
the wave height, with a gentler wave climate in summer. Based on the CEL (2007) data, the decadal
average of peak period was found to be 8.4 sec (short period wind waves). Maximum wave periods range
from 14 to 20 sec, resulting from rare large offshore storms. It is very atypical for Florida to experience 20
sec waves (long period swells), which are most likely to occur in the Pacific and Indian Oceans. Sebastian
Inlet has a wide directional swell window and receives waves from NNE to ESE. The swell window is
affected by the shadow of the Bahamas (South), and blockage of North swells from Cape Canaveral
(North). The maximum occurrence of wave direction corresponds to an angle of 60° (from true North),
corresponding to ENE.
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Figure 2. Time series of significant wave height measured at the FIT nearshore gage (blue line); potential positive
surfing conditions for Monster Hole (red line).

Sebastian Inlet, entrance bar/ebb shoal surfing break “Monster Hole” is a left hander that can provide
hollow rides up to 1,000 ft under epic conditions and can handle the long period swells, which close-out
most beaches in the area. The “man-made” spilling wave-type break is considered one of the best breaks of
the East Coast of the USA. Based on the bbathymetric
athymetric classification of surfing breaks by Mead and Black
(2001), the meso-scale reef components of Monster Hole were identified in this study based on a
bathymetric data and include a ramp, a focus, and a wedge (Figure 3). Incoming waves that propagate on
the ramp, which is defined as a seaward-dipping seabed, are refracted waves towards the favored wave
orthogonal direction in the outer ebb shoal area. Then waves hit the focus in which wave orthogonals
converge towards the apex of the ridge, causing height
height convergence and leading to a take-off spot. This
zone is located on the upper seaward side of the ebb shoal. Then the wave peels along the wedge crest
surfing component, which is a sloping seabed that initiates wave breaking and refracts incoming waves
away from the favored orthogonal direction. A more detailed description of the meso-scale surfing reef
components is provided by Mead and Black (2001). The combination of those components creates a unique
set up, and the recipe for a world class surfing break under the proper combination of swell, tide, and
meteorological conditions, that is rare in Florida.
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1. Ramp; 2. Focus; 3. Wedge
Figure 3. Bathymetric components and seabed topography at Monster Hole.

The quality of Monster Hole is optimal under conditions that include: 1. NE/ENE swell events
corresponding to nor’easters in winter or tropical systems moving northward away from the Florida
peninsula in summer; 2. Wave heights ranging from 3 to 8 ft; 3. Wave periods ranging from 12 to 18 sec; 4.
Light SW winds prevailing to keep clean/glassy conditions (offshore wind); 5. Low tide. Best timing
usually corresponds to low slack water (no tidal currents), even if the surfing break can work well during
low stand and ebb flow, due to wave-current interactions which tend to steepen the waves. However, strong
ebb currents create challenging paddling to remain at the peak. Monster Hole can remain surfable during
flood flow and high stand if the swell is large enough, even if waves tend to be less walled up. The wave is
considered rideable over a variety of conditions, and it is safe to assume that this occurs when wave height
is larger than 3 ft and wave period larger than 12 sec. These approximate threshold wave conditions are
represented by red lines in Figure 2. However, epic surfing conditions, such as those illustrated in Figure 4
usually occur between 5 and 10 times per year. In the case of tropical systems sitting off the Caribbean
islands wave approach from the east/south-east, the wave is shorter and faster, along with more close-out
sections and more energy available for the reform at the south jetty.

A. Halloween Storm (1991). Photo from surfline.

B. Hurricane Florence (2006). Photo from 2ndlight.

Figure 4. Examples of epic “Monster Hole”.

The origin of the name “Monster Hole” from a scientific point of view would be related to the location
in close proximity to the scour hole situated landward of the wedge crest at the seaward extremity of the
inlet throat (Figure 3). This zone corresponds to the edge of the ebb jet characterized by strong tidal
currents that scour the bedrock. Other explanations for the name could be related to surf sessions stories,
which have mentioned monster fish/sharks in the area. The local recommendation is that surfers should be
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aware not to get caught in the hole! In fact, paddling out at Monster hole is often a challenge, especially
during large swell events (Hs > 6 ft). Under northerly approaching waves, surfers usually paddle around
from the south of the attachment bar. After passing the shorebreak surging wave, they face southward
directed littoral currents (NE waves) to reach the focus zone/takeoff zone. The surfing break can also be
accessed directly by jumping off the jetties (only during ebb tide stage).

METHODS
Morphology and volumetric changes

Hydrographic surveys of the inlet system and surrounding beaches were conducted on a semi-annual
basis by the Sebastian Inlet District (SID) since the winter of 1990. Offshore elevation data were gathered
by conventional fathometer surveying methods from -4 to -40 ft in accordance with the Engineering
Manual for Hydrographic Surveys (USACE, 1994). As shown in Figure 5, the study area includes not only
the entire inlet system (ebb shoal, throat, sand trap and flood shoal), but also the adjacent beaches
approximately 30,000 ft north and 30,000 ft south of the inlet. The spatial resolution is increased in the inlet
vicinity; on the surrounding beaches, profiles were taken about every 500 ft. The survey lines cover the
survey markers (R-markers) maintained by the State of Florida (spaced at nominal distances of 1000 ft).
Such a comprehensive dataset provides excellent support for volumetric calculations of sand reservoirs.

Figure 1. Extent of winter 2007 hydrographic survey data (top left); TIN generation process (top right); location of
reservoirs used for volume change calculations (bottom left); 3-D view (bottom right).

Topographic survey data were converted to xyz format and imported into Arcview3.2© Geographic
Information System (GIS) software. The data projection was State Plane NAD27 (ft) with vertical datum in
NGVD29 (ft). All analyses were performed according to the Triangulated Irregular Network surfaces (TIN)
method (Figure 5, right), in which surfaces, corresponding to different masks representing the inlet or the
surrounding beaches sand reservoirs, are generated for each survey period. Volumetric calculations were
performed using a combination of the 3D-Analyst© and the Image Analyst© extensions of ArcView3.2© to
describe the evolution over time. This study focuses on Monster hole, or the ebb shoal which was
subdivided into three morphologic features: an ebb shoal, outer ebb shoal, and attachment bar. The ebb
shoal/bypass bar reservoir corresponds to the wedge crest bathymetric component, whereas the outer ebb is
the focus component. The attachment bar corresponds to the southern part of the wedge component (Figure
4, bottom left).
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Numerical modeling

BOUSS2D is a phase-resolving wave model that includes the following features: shoaling, refraction,
diffraction, full/partial reflection and transmission, bottom friction, non-linear wave interactions, wave
breaking and dissipation, wave run-up and overtopping of structures, and wave-current interactions, and
wave induced currents (Nwoku and Demirbilek, 2001). The governing equations are solved using a finitedifference method where water surface elevation (WSE) and horizontal velocities are calculated at the grid
nodes in a staggered manner. The main limitation is the model does not reproduce plunging type waves.
The model allows for periodic (regular) or non-periodic (irregular) as well as both unidirectional and
multidirectional sea states. According to the boundary conditions, waves propagating out of the
computational domain are either absorbed in damping layers placed around the perimeter of the domain or
allowed to leave the domain freely. Damping and porosity layers are used to reproduce reflection and
transmission characteristics of jetties, breakwaters and other structures that exist in the model domain. The
model is part of the Coastal Modeling System (CMS), developed by the US Army Corps of Engineers and
interfaced through the Surface Water Modeling System (Zundel, 2001). For more information concerning
the model theory and implementation, the reader should refer to Zundel (2001) and Nwoku and Demirbilek
(2001). CGWAVE (the other phase-resolving wave model from the CMS) was previously used to
reproduce wave patterns at “Threes”, the surfing break within the channel of Shinnecock Inlet, NY
(Buonaiuto and Kraus, 2003). The BOUSS2D model was set up over a very high resolution grid with
uniform grid cell size of 10m (Figure 6).

Figure 2. BOUSS2D model grid using the 2009 winter seabed topography. Oblique view looking North.

The boundary conditions consisted of a wavemaker cellstring situated at a depth of 10 m along an area
of linear/parallel bottom contours, corresponding to the ramp component of the surf break. Damping layers
were assigned along the lateral and lagoon sides of the domain (allowing waves to leave the domain freely),
and porosity layers were assigned along the jetties to simulate partial wave rreflection
eflection and transmission
(Figure 6) For the preliminary run, model inputs consisted of regular unidirectional waves propagated from
the wave maker corresponding to good surf scenarios for Monster Hole (Hs=6 ft, Tp=15 sec, ENE). These
classic/epic conditions were experienced during Hurricane Florence, September 2006 as it moved away
from the Florida coast and were accompanied by offshore winds.
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RESULTS
Morphologic evolution

The seabed evolution of Sebastian Inlet ebb shoal over the past two decades is presented in Figure 7.
Results indicate that the angle of the bypass bar with the shoreline has remained constant over time
(approximately 45˚). The length of the crest of the wedge surfing component has increased and the present
attachment point is located 3,000 ft south of the inlet. The scour hole at the edge of the inlet throat (-16 ft)
experienced significant deposition between 1999 and 2003. The south section of the bar (attachment bar)
has also experienced significant changes in shape and a tendency of accretion.

Figure 3. 3-D/TIN’s surfaces generated for individual surveys showing topographic/morphologic evolution of the
entrance bar/ebb shoal over the past 2 decades.

The 3-D seabed topographic surfaces (TINS) were further used to calculate net topographic changes on
the meso-scale reef components over several recent time periods from 2000 to 2010 (Figure 8). Top plots
represent changes over the long term whereas bottom plots represent seasonal changes. The color code is
that red colors represent sand deposition whereas blue colors indicate erosion. Net topographic changes
from July 2000 to July 2010 (Figure 8A) indicate that the most significant deposition of up to +6 ft
occurred on the lower ebb shoal. Cross shore exchange was observed on the bypass bar (wedge bathymetric
component), with erosion (-3 ft) of the seaward side and deposition (+3 ft) on the landward side. The
attachment bar (southernmost section of the wedge crest) experienced erosion (-5 ft). Net changes from
July 2007 to July 2010 (Figure 8B) indicate similar patterns of deposition on the lower ebb shoal (up to +3
ft). Increased erosion was observed on the seaward side of the bypass bar whereas increased deposition was
found on the landward side as compared to changes over the 10 year period. The patterns on the attachment
bar showed sand deposition ranging from +3 to +4 ft.
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Net seasonal change plots from January 2009 to July 2009 (Figure 8C) indicate accretion/erosion
patches on the ebb shoal and lower ebb shoal (ramp and focus components). The bypass bar experienced
deposition on the seaward side (+1 to +2 ft) and erosion (-2 ft) on the landward side. Deposition (+1 ft)
occurred on the attachment bar near R3. Changes from July 2009 to January 2010 (Figure 8D) reinforced
the observation of complex patterns on the ebb shoal system. Results also showed reversed patterns
compared to the January to July 2009 period, therefore highlighting seasonal variability. Cross shore
transport dominance in the seasonal morphologic changes was previously documented in a complex EOF
analysis by Brehin et al. (2007).

A. July 2000 – July 2010

B. July 2007 – July 2010

C. January 2009 – July 2009

D. July 2009 – January 2010

Figure 4. Net topographic changes for several time periods.

Interpolated surfaces derived from the bathymetric data were used to calculate volume changes of three
sand reservoirs composing the ebb shoal and therefore the reef components of Monster Hole. Results are
presented in plots of net seasonal and cumulative volume change over time (Figure 9). The ebb shoal
reservoir (Figure 9, top) experienced significant temporal variability including seasonal volume changes
that varied from -100,000 cy to +75,000 cy. Largest gains occurred in the summer surveys of 1991, 2000
and 2003, which followed beach fill projects. The largest loss peak (-100,000 cy) was observed in the
January 1992 survey data, and was related to the Halloween storm (1991). Other significant volume losses
were observed in the winter surveys of 1996, 1999, and 2005. These losses were most likely related to
intense storm seasons or storms occurring just prior to the survey. During the period from 1990 to 2000, the
seasonal volume changes cancel out and the cumulative change over that period is almost zero, as
suggested by the grey dotted line. Cumulative changes were significantly increased (+176,000 cy) in the
period from 2000 to 2010.
Seasonal volume change trends for the outer ebb shoal reservoir (Figure 9, middle) shared the same
accretion and erosion peaks as the ebb shoal. Net seasonal volume changes were in phase; however the
magnitude of the volume changes was much larger for the outer ebb shoal (reservoir). The major erosional
event coinciding with the Halloween storm in 1991 resulted in net seasonal loss of -210,000 cy for the outer
ebb shoal. Recovery from this loss only occurred in 1994 for the ebb shoal, whereas the outer shoal
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recovered by 1993. Significant gains up to +75,000 cy (ebb shoal) and +220,000 cy (outer ebb shoal)
occurred following beach fill activities in 2003. Changes over the recent period indicated a reduction in the
magnitude of the volume changes for both reservoirs. Gains observed in summer 2007 following the beach
fill project remained much smaller than for the previous beach fill projects. Cumulative volume changes
indicate the reservoir gained +513,000cy since 1990. Seasonal volume changes for the attachment bar
(Figure 9, bottom), were much smaller than for the other two components discussed above. The plot shows
significant loss following the 1991 summer and fall seasons (-25,000 cy) and slow recovery until 1998.
From this point a strong seasonal signal was observed that included large volume changes fluctuating
between -25,000 cy and +30,000 cy. Starting in 2002 the seasonal fluctuations were reduced to a range of 15,000 to +10,000 cy. The exception to this signal is due to the absence of data for the winter 2004, which
caused the summer 2004 net change to fall outside this range. The trends over the recent years indicate a
lack of seasonality. Cumulative volume change over the past 20 years has remained small (+10,000 cy)
suggesting the attachment bar reservoir is a transition zone for sediment and does not accumulate sand over
the long term. The total volume gains of the ebb shoal reservoir are larger than +700,000 cy in 20 years.
There is no doubt that the ebb shoal is dominating the local sand budget. All individual inlet reservoir
volume changes are discussed in detail in Zarillo and Brehin (2009).
Phase resolving Wave modeling (BOUSS2D)

Results of model simulations with an input wave height of 6 ft, period of 15 sec, and angle of approach
from the east/north-east (ENE) are presented in Figure 10. These correspond to wave conditions
experienced during Hurricane Florence (September 2006) which produced epic surfing at Monster Hole.
The model clearly reproduced wave propagation patterns over the ebb shoal, with the slow down and
bending of the wave as it hits the base of the ebb shoal (Figure 10 top). Wave breaking outputs (Figure 10
bottom) illustrates the wave starting to break on the focus component, and peeling along the wedge crest of
the shoal. Another breaking zone depicted by the model is located just off the south jetty and corresponds
to the reform.
The above model runs were presented as preliminary results. Ongoing work includes a calibration
effort using outputs from steady state spectral wave models (CMS-Wave). In addition there is a plan to
deploy a wave gauge on the ebb shoal. Ongoing and future model runs include simulations under various
wave regimes and various bottom topographies. These will be derived from configurations of crests of
wedge surfing components digitized from the SID data set. Final objectives are to investigate the potential
dredging effects on wave propagation and breaking using model runs under a hypothetical sand borrow cut
on the lower part of the ebb shoal. Since the ebb shoal is a very dynamic region and surf quality depends
not only on directly post-dredge seabed topography, but also on the morphologic recovery following the
dredging operations, model runs will be performed under a series of bottom topographies derived from
morphologic model outputs that consist of coupling between CMS-FLOW and CMS-WAVE (Zarillo and
Brehin, 2009). This process will enable researchers to take full advantage of available measured and model
data and coupling possibilities between sediment transport models and wave models. Additional analysis
on surfability and quality of the surfing break will include analysis of the seabed gradients from 1990 to
2010, along with peel angles and break rates. Calculations will also take into account the potential dredge
cut on the lower ebb shoal.
CONCLUSIONS AND PERSPECTIVES

This paper provided an assessment of the geomorphologic setting of Sebastian Inlet ebb shoal. Its
associated surfing break, termed Monster Hole, is characterized by a unique seabed topography and
bathymetric (meso-scale surfing reef) components that include a ramp, focus, and a wedge crest (400 yd
long). The bypass bar (wedge crest surfing component) attaches to the shoreline approximately 3,000 ft
south of the inlet at an angle of 45˚. The wedge crest did not experience significant change in overall
morphology over time, but increased in length to the south as result of natural bypassing. Analysis of
seabed morphologic evolution suggested that seasonal sedimentation patterns within the ebb shoal were
dominated by cross-ridge exchanges between the shoreward and leeward flanks of the shoal, whereas long
term trends were dominated by sand deposition on the seaward side of the outer ebb shoal (focus
component of the break). Analysis of volumetric evolution demonstrated the spatial and temporal
variability between the three reservoirs composing the ebb shoal system, with similar trends for the ebb and
outer ebb shoal reservoirs. Engineering activities were found to impact the sand volumetric evolution of
those reservoirs including sand volume peaks observed in the surveys directly following a beach fill
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project. This highlighted the natural sand backpassing process, which occurs as a result of littoral transport
reversals from waves approaching from the SE or from wave refraction around the ebb shoal under NE
waves. Sand losses were related to intense storm seasons with increased littoral transport to the south.
Cumulative volume changes over the past 20 years reached +176,000 cy and +513,000 cy for the ebb shoal
and outer ebb shoal, respectively, and only +10,000 cy for the attachment bar. Overall the ebb shoal system
is an essential part of the inlet sand budget as it experienced an average growth rate of +35,000 cy/yr. The
phase resolving model BOUSS2D successfully reproduced wave propagation and breaking over the ebb
shoal and the behavior of Monster Hole under epic surfing conditions. This provided preliminary results for
future runs under hypothetical dredge cut scenario on the lower ebb shoal. More data is required to properly
calibrate the model. This paper constitutes a first assessment of the surfing conditions at Monster Hole and
has to be considered for sustainable management of the ebb shoal sand resources and surfing amenities.

Figure 9. Volumetric evolution of the ebb shoal sand features/reservoirs from1990 to 2010.
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Figure 5. BOUSS2D wave propagation and breaking over Sebastian Inlet ebb shoal/Monster Hole.
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MODELING THE SURF QUALITY AT LOWER TRESTLES
Dylan McNamara1 and Falk Feddersen2
Lower Trestles is one of the premier surfing locations within the United States. This high performance wave hosts
numerous national and international surfing competitions. As a first step in evaluating potential impacts of a nearby
proposed toll road upon the quality of surf at Lower Trestles, we have undertaken a modeling study of the surf at
Lower Trestles. High-resolution shoreline and deeper bathymetry surveys were used to reconstruct the present day
morphology at Lower Trestles. A high-resolution Boussinesq wave model, funwaveC, is used to model the surf. This
model has the distinct advantage of resolving individual waves and including a dynamical parameterization for the
wave breaking process, features that are absent from traditional time-averaged surf zone models. Simulation results
reproduce well-known qualitative features of the surf at Lowers with rights being long and moderately steep with an
occasional secondary peak while lefts were shorter and initially mushy before finishing with a steep inside section.
These results illustrate the utility of state-of-the-art surf zone models in assessing surf quality and thus provide a
useful tool for future investigations of impacts to surfing resources.
Keywords: modeling, surf quality.

INTRODUCTION

Lower Trestles (Lowers), located near San Clemente, California (Figure 1), is one of the world’s
premier surfing locations. It is often referred to as the North America’s most consistent location for
providing waves conducive to high performance surfing. Lowers is the only recurring mainland U.S.
surfing location on the ASP World Tour. Additionally, Lowers has hosted a large number of major
professional competitions on the World Qualifying Series and has been host to the nation’s premier
amateur competition, the NSSA national championship, for most of the past two decades.

Figure 1. Aerial photo of theTrestles surfing region with boxes indicating Upper and Lower Trestles.

San Clemente and surrounding region is relatively open to incident deep-water waves coming from
the south (S) and southwest (SW) (approx 175-225 degrees), which is the prevalent direction during
summer south swell season (Figure 2). It is during these S and SW swell wave events that prime
surfing conditions occur at Lower and Upper (a nearby high quality surfspot, see Figure 1) Trestles.
The qualitative characteristics of surf conditions at Lowers during S and SW swells are that the right
breaking waves peel over a relatively long distance and break somewhat softly while the left breaking
1

Department of Physics and Physical Oceanography/Center for Marine Science, University of North Carolina
Wilmington, 601 S College Rd, Wilmington, NC, 28403, USA
2
Scripps Institution of Oceanography, 9500 Gilman Dr, La Jolla, CA, 92093-0209, USA
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waves are shorter and typically begin breaking softly before steepening as the waves reach nearer to the
shoreline. While the majority of high scoring rides in professional competitions occur on the right
breaking waves, the lefts can offer high scoring rides. That both the left and right at Lowers are of high
quality make it a unique surf spot.

Figure 2. Map of the Southern California Bight from CDIP during a south-west (SW) swell event.
The offshore waves have significant wave height of Hs = 3.7 feet, peak period of Tp = 17 s, and
peak angle of 190 deg. The colors indicate Hs. Note the island shadowing. Lower Trestles (star)
has an open swell window to the summertime South-South-West swells. Image
courtesy of the Coastal Data Information Program.

In 2005 the California Transportation Corridor Agency proposed extending the 241 toll road to
connect with Interstate 5 along the coastline in San Clemente. The toll road was planned to align with
and occasionally run through San Mateo Creek as it wound through the Orange County foothills
eventually connecting with Interstate 5 within sight of Lowers. In 2008, after significant opposition
from a number of environmental groups, the U. S. Federal Government denied permits, effectively
ending the toll road project. The list of environmental issues associated with constructing a road
through a pristine watershed included concerns related to endangered species, pollution and alterations
to coastal morphology from changes to the sediment budget in the region. As the outflow from San
Mateo Creek is in close proximity to both Upper and Lower Trestles, much of the concern regarding
alterations to the coastline, were centered on the potentially detrimental impact to the surf quality at
Uppers and Lowers. In response to questions regarding how coastline changes would affect wave
quality at Lowers, we have attempted to model in a quantitatively rigorous manner detailed aspects of
the current surf quality at Lowers. Our efforts are aimed at gaining insight into the efficacy of state of
the art hydrodynamic models for reproducing known characteristics of surfing wave quality.
Successful efforts in this regard could provide a tool for future assessment of threats to surfing
resources.
MODEL
Wave-resolving time-dependent Boussinesq models are nonlinear shallow water equation
models that include extensions for higher- order (weak) dispersion and either weak or higher-order
nonlinearity [e.g., Wei et al., 1995]. Here, the open-source funwaveC Boussinesq model is used to
simulate waves at Lower Trestles. The funwaveC model implements the weakly nonlinear equations
of Nwogu [1993], which are relatively simple, but do not have the higher order nonlinear [e.g., Wei et
al., 1995] terms. Given the errors associated with the wave-breaking parameterizations, and the
numerical truncation errors with a finite grid size, the numerical advantages of the simpler weakly
nonlinear formulation were considered to outweigh the increased accuracy of a higher order
Vol. 2, 2012

29

REEF JOURNAL

formulation. Wave-breaking is parameterized with a momentum-conserving eddy viscosity approach
[Kennedy et al., 2000]. In field settings, this and similar wave-resolving time-dependent Boussinesq
models accurately simulated the cross-shore distribution of significant wave height Hs [Chen et al.,
2003, Spydell and Feddersen, 2009, Feddersen et al. 2011 (JGR revised)]. The model solves a
conservation of mass equation for the sea-surface elevation η and conservation of momentum equations
for the horizontal velocities (u,v). For details of the model implementation see Spydell and Feddersen
[2009]. The model can be forced with monochromatic or directionally-spread random waves that are
generated by the model wavemaker at the offshore model boundary [Wei et al., 1999]. Wave breaking
model coefficients are set to values previously used to model field surfzone waves [e.g. Spydell and
Feddersen, 2009].
The model requires an underwater bathymetry as input. We use aerial lidar-survey bathymetry
observations (obtained by Fugro Pelagic) of the region provided by M. Yates and R. T. Guza of Scripps
Institution of Oceanography. Gaps in the bathymetry (typically around the 1-2 m contour) were
interpolated. The bathymetry was smoothed to reduce large changes in depth over short-spatial scales.
The resulting bathymetry (Figure 3) was rotated so that the offshore (cross-shore) direction was at 203°
true. Depths less than 0.2 m were set to 0.2 m and depths deeper than 7 m were set to 7 m depth. Thus
at the onshore and offshore ends of the model domain there were long, flat bathymetry sections where
sponge layers that absorb wave energy were applied. For the wave periods used here, in the deepest
part of the model bathymetry the resulting kh value is 0.39, well within the valid range of the Nwogu
(1993) equations.
The model cross-shore and alongshore coordinates are given by x and y, respectively. The
model grid size in each direction is ∆x = 0.75 m and ∆y = 1 m. The cross-shore domain size was 700
m and alongshore domain size was 650 m (Figure 3). The onshore and offshore sponge layers both had
a width of 100 m. The wavemaker was located at x = 570 m and did not overlap with the sponge layer.
The model time-step is ∆t = 0.005s and the model is run for approximately 25 wave periods. Model
outputs include the sea-surface elevation η and the breaking eddy viscosity ν. When ν > 0, it indicates
the presence of “white-water” or foam from wave breaking. Therefore, ν is used here as a foam proxy.

Figure 3. Plan view of Lower Trestles model bathymetry. The colors indicate water depth and the
thin white curve indicates the location of the ”shoreline”. The onshore and offshore sponge layers
and the wavemaker location are also indicated.
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RESULTS
Monochromatic Waves
In our initial simulation we forced the model with conditions representative of a SW swell typical
of summertime Southern California. Specifically, monochromatic waves were generated at the
wavemaker source with wave height H = 0.7 m, incident wave period T = 14 s and with normal
incidence θ = 0°. A snapshot of the model surf zone, showing the sea surface elevation is shown in
Figure 4. The simulated wave breaking conditions show qualitative agreement with the well-known
Lowers wave conditions of a shorter left and longer right.

Figure 4. Photo of Lower Trestles (left) during a SW swell event and sea surface elevation from the
model (right) when forced by monochromatic SW swell. Arrows indicate the secondary peak and the
shorter breaking left in both images.

Figure 5 shows a top down view of the modeled instantaneous surface elevation and broken wave
foam with bathymetry contours underneath. The breaking eddy viscosity is used as a proxy for foam
from broken waves (Figure 5, right). Closer inspection of the breaking waves in the modeled surf zone
however, reveals the second peak on the right closes out quickly and the left closes out quickly as well.
While the general aspects of the wave quality at Lowers are captured with the monochromatic SW
wave conditions, finer details related to the speed of the breaking waves do not closely match Lowers
wave conditions.

Figure 5. Top down view of wave height (left panel) and above zero values of eddy viscosity in white
(right panel), representing whitewater, for monochromatic incident SW swell.
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Peel angle, the angle that breaking waves make with respect to the shoreline, has been suggested as
a metric for quantifying surfability [Scarfe et al., 2003]. For our simulations we calculated peel angle
by first time averaging the broken wave foam (breaking eddy viscosity) over 3 wave periods (Figure 6,
left). The leading, or seaward, edge of foam (yellow dashed curve in Figure 6, left) allows calculation
of the peel angle. Peel angle was calculated from the inverse tangent of change in the cross-shore
position divided by the change in the alongshore position of the foam leading edge (Figure 6, left).
Low peel angles indicate fast breaking waves tending to unsurfable closeouts. High peel angles
approaching ±90° are indicative of mushy surf conditions. The left breaking wave for the incident
monochromatic SW waves reaches near zero peel angle (Figure 6) a short alongshore distance from the
take-off point indicating the left is surfable over a short distance. When taking off on the right,
breaking wave, a wide secondary peak is encountered as indicated by the low peel angle at
approximately 400 m alongshore (Figure 6, right). Beyond this secondary peak the right maintains a
surfable peel angle over a large alongshore distance. These characteristics are in qualitative agreement
with Lowers surf conditions however the large alongshore extent of the secondary peak on the right
and the short distance over which closeout conditions occur on the left are somewhat unrealistic.

Figure 6. For monochromatic incident SW swell, (right panel) plan view of time-averaged breaking-wave
induced foam (breaking eddy viscosity) where white indicates foam and the yellow dashed curve
indicates the foam boundary, and (left panel) the peel angle as a function of alongshore distance. The
green star indicates approximate take-off position.

Random, Directionally Spread Waves
Next, the incident wave conditions were altered by using a narrow-band random directionally
spread wave field. Specifically, the same wave height, period and incident angle representing the SW
swell conditions were maintained, but the wave spectra was made more realistic by spreading wave
directions by 5° about the mean incident direction and allowing for wave groups (i.e., sets). Figure 7
shows a snapshot of the modeled sea surface. The simulated wave breaking conditions again show
qualitative agreement with the well-known Lowers wave conditions.
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Figure 7. Model snapshot of sea surface elevation with brighter blue colors illustrating foam from
breaking waves for incident random directionally spread wave.

The top down view of wave height and foam for the random, directionally spread wave conditions
is shown in Figure 8. This forcing configuration more closely simulates the surf conditions of Lower
Trestles as neither the left nor the secondary peak on the right close out as rapidly as in the
monochromatic configuration. Calculating peel angle as before (Figure 9) reveals smoother variations
in peel angle. Furthermore the left does not approach low angles as rapidly as before. On the right, the
secondary peak width has been reduced in alongshore size. Looking closer, the left peel angle initially
increases rapidly, indicative of the left tending toward mushiness, and then as the wave reaches closer
to shore the peel angle reduces toward zero suggesting that the wave steepens. This is a well-known
characteristic of the left at lowers in that the inside section is often used by advanced surfers to perform
radical aerial maneuvers. The peel angles produced by the model surf zone going both left and right
suggest the modeled surf zone is more surfable and closer in agreement to Lowers surf conditions than
in the monochromatic case.

Figure 8. Top down view of wave height (left panel) and above zero values of eddy viscosity in white
(right panel), representing whitewater, for random, directionally spread incident SW swell.
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Figure 9. For random, directionally spread SW swell, (right panel) plan view of time-averaged breakingwave induced foam (breaking eddy viscosity) where white indicates foam and the yellow dashed curve
indicates the foam boundary, and (left panel) the peel angle as a function of alongshore distance. The
green star indicates approximate take-off position.

CONCLUSIONS
Model simulations of breaking waves in the surf zone over the bathymetry of Lower Trestles
qualitatively agree with known features of the surf conditions at Lowers. Specifically, the simulated
right was a long, soft breaking wave while the left was shorter and steeper on the inside section.
Calculated peel angles and the evolution of the “foam” (breaking eddy viscosity) associated with
breaking waves suggest that incident random, directionally spread wave field conditions produce more
realistic and more surfable conditions. Our simulations using the time dependent Boussinesq model
illustrate the distinct advantage of fast time sale model dynamics in comparison to models with
temporally averaged surf zone characteristics in simulating aspects of surfability. These advantages
suggest that more advanced numerical hydrodynamic models are a useful tool in assessing the impact
on surfing resources from potential surf zone modifications due to nearby development.
Limitations of the model presented here include the prevalence of significant off peak energy
during lulls in the surf conditions (not shown). In addition, Boussinesq models and all other surf zone
models that resolve the fast time scale of individual waves, require that the sea-surface must be singlevalued. This requirement prevents such models from capturing wave overturning (i.e., barrels),
arguably the most desirable surfing condition.
Often in evaluating surfability of both known surf zone bathymetry and potential bathymetric
alterations in the form of artificial reefs, time averaged models are used that effectively slave the wave
height conditions to the bathymetry. This neglects the importance of wave transformation both within
the surf zone and beyond the breakpoint. Model simulations presented here illustrate the importance of
wave transformation in accurately capturing surfability as model results show significant wave
refraction prior to the take-off point at Lowers.
Future improvements to the simulations might include extending the model domain to include
wave transformation over the bathymetry further offshore of the surf zone. This can be done by
forcing the Boussinesq model with results from a wave transformation model such as SWAN, applied
over the offshore region of the surf zone.
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A DELICATE BALANCE: THE CABO BLANCO AND PANIC POINT (MIS) MANAGEMENT
CASE, NORTH COAST, PERU
León, Javier1
A fishing pier in Cabo Blanco bay (northern Peru) degraded the surfing quality of Cabo Blanco, one of the best waves
in South America. As the pier collapsed under the force of breaking waves, the National Fishing Development Fund
(FONDEPES) has proposed to relocate the pier to a new site 500 m to the SW, an area that would compromise the
surfing quality of yet another world-class surfing break, Panic Point. This paper presents an overview of the efforts by
a group of surfers together with the Peruvian Surfing Association (FENTA) to protect the waves in Cabo Blanco from
further degradation by providing an initial technical assessment of the local bathymetry and wave dynamics for the
optimal location of the new fishing pier in the Cabo Blanco area. Modeling and validation of near-shore waves shows
that the best site to build a new fishing pier is 600 m to the NE of the existing one. It is argued that a framework
incorporating both the socioeconomic value surrounding surfing and a thorough understanding of coastal processes is
needed for more robust and effective integrated coastal management.
Keywords: coastal management; socioeconomic impacts; SWAN; bathymetry; surfing; FONDEPES

INTRODUCTION

Cabo Blanco bay in northern Peru (4° S) is home to a fishing village located 3 km to the Northwest
of El Alto district in Talara, Piura. It is here where the cold and very productive southerly Humboldt
Current meets the tropical northerly Equatorial Current before drifting towards the western Pacific. The
increase of productivity and diversity arising from the meeting currents has supported local fishermen
for many generations. Cabo Blanco, known as “Marlin Boulevard” during the 1950s and 1960s, also
attracted keen recreational fishermen such as Ernest Hemingway, after Alfred C. Glassell, Jr. hooked
the largest bony fish ever caught by rod and reel, a 1560 pounds, 14.5 feet long black marlin in 1953
(Rosenthal, 2008). However, fish population and diversity has cyclically varied in this area throughout
seasons and years. Local fishermen first noted this delicate balance between fish populations and
seawater temperature, with cold-water species such as the Peruvian anchoveta drastically reduced as
warmer waters moved southward occasionally. They termed this phenomenon “El Nino” (the child), in
reference to the birth of Jesus Christ during these warmer December months.
In addition to its important fishing heritage, Cabo Blanco is also home to two world-class surfing
breaks, Cabo Blanco reef and Panic Point, and a lesser quality wave known as Pico Point (Figures 1
and 2). The break was discovered in 1979 by Peruvian surfer Sergio “Gordo” Barreda while he was on
a road trip to Mancora, a well-known surfing spot 30 km to the north (Barandiaran, 2001).
The waves break under different swell conditions. During winter, the biggest swells from the
southern hemisphere wrap around the Cabo Blanco headland and peel for approximately 400 m along
the cliff in Panic Point before closing out against the sandy beach. Further north along the beach, the
rocky ledges of Cabo Blanco and Pico Point offer the perfect configuration for waves approaching
from northern swells during austral summer. Cabo Blanco is arguably the best (known) left barrel in
Peru, or even all of South America. Heavy crowds of up to 200 surfers arrive mostly from Lima (Peru’s
capital 1000 km south) and around the World each time the wave breaks, a clear indicator of the
wave’s high quality. The wave breaks with very high-intensity on a shallow reef and peels for less than
200 m before a fishing pier interrupts the ride.
The local fishing pier

Despite opposition from a small group of organized surfers from Lima under the NGO Acoplo
(Asociación para la conservación de playas y olas del Perú), the National Fishing Development Fund
(FONDEPES) built a fishing pier in Cabo Blanco in 1992. Regardless of the lack of sound technical
studies analyzing the local bathymetry and wave/current/sediment dynamics, FONDEPES argued that a
pier built on concrete piles would not affect, or be affected by, the incident waves, and they proposed to
locate it off the reef where the Cabo Blanco wave starts breaking. After a tense negotiation,
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FONDEPES agreed to build the pier halfway along the wave, effectively cutting the wave’s length in
half and decreasing surfing quality. Unfortunately for local fishermen, during big NW swell events the
pier has been constantly subjected to the battering of 2-3 m waves, rendering it useless for fishing
operations (Figure 2). Moreover, the constant damage has decreased the pier’s projected life span by
less than halve, being officially declared “structurally damaged” in 2008. In 2010, as part of a US$78

Figure 1. a) Cabo Blanco Bay location (red square) and regional bathymetry. b) Local bathymetry/elevation
with focus (1) and ledge (2, 3) components resulting in 3 high-quality surfing waves; 1. Panic Point, 2. Cabo
Blanco and 3. Pico Point. Proposed location by FONDEPES for new fishing pier (Location A) and existing
fishing pier in Cabo Blanco shown as reference.

Million program to build new fisherman’s infrastructure funded by the Japan International Cooperation
Agency (JICA), FONDEPES proposed to build a second fishing pier in Cabo Blanco. The proposed
location is to the south of the existing pier, where the Panic Point wave breaks.
This paper presents an overview of the efforts by a group of surfers together with the Peruvian
Surfing Association (FENTA) to protect the waves in Cabo Blanco from further degradation by
providing an initial technical assessment of the local bathymetry and wave dynamics to assist in
choosing an optimal location of the new Cabo Blanco fishing pier.
COASTAL MANAGEMENT AND CABO BLANCO

In countries with no rigorous planning system, (such as Peru) many development projects lead to
environmental degradation and social conflict. This is particularly common in populated coastal areas
(e.g. Leon and Tavares Correa, 2006). The coastal zone is very complex and dynamic, and successful
management and planning in this area requires an understanding about the geomorphology
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(morphology, processes and sediments) and the nature of human involvement (Walker and McGraw,
2010). According to Inman and Brush in their 1973 benchmark paper, “three fundamental steps are
necessary for the good design of coastal structures: (i) identification of the important processes

Figure 2. a) A wave wraps around Cabo Blanco headland (background) and closes out at Cabo Blanco pier
(foreground) (Photo Kai Benson). b) A large SW swell peels along pumping Panic Point (Photo Paul
Kennedy). c) The Cabo Blanco pier trying to resist the impact of a solid NW swell (Photo Kai Benson). d) A
NW groundswell perfectly focusing on Cabo Blanco reef (Photo Javier Fernandez).

operative in an environment, (ii) understanding of their relative importance and their mutual
interactions, and (iii) the correct analysis of their interaction with the contemplated design (Inman and
Brush, 1973, p.30)”.
For instance, Frihy (2001) described how, even though the El Hamra mooring pier on the Egyptian
coast was built on steel piles to avoid any interruption of littoral sediment transport, anthropogenic
modification of the neighboring coastline lead to adverse sedimentation along the structure. Frihy
emphasized the importance of environmental impact assessments (EIAs) to avoid further negative
impacts caused by improperly designed coastal projects such as coastal erosion, water pollution and
property damage and loss.
EIA is defined as the systematic identification and evaluation of the potential impacts of proposed
projects, plans, programs, or legislative actions relative to the physical, chemical, biological, cultural,
and socioeconomic components of the environment (UNEP, 2002). EIAs and related technical studies
are required under the precautionary principle of the Peruvian Law of the Environment.
The precautionary principle is very relevant for coastal areas where the impacts of our actions are
rarely predictable. Jacobson and Rennie (1991) suggested that coastal managers, coastal property
owners, coastal communities and engineers responsible for designing coastal developments should
adhere to the precautionary and inter-generational equity principals embedded in Peter Checkland’s
soft systems methodology (Checkland, 1972; Checkland and Poulter, 2006). This methodology
encourages proactive, creative and flexible approaches and solutions which explicitly acknowledge the
importance of individuals and their differing perceptions in the management of real-world problems.
Acknowledging and learning from failings are also important components. As Inman and Brush stated:
“Human vanity does not encourage the recognition of failings, but one failing that must be recognized
for survival is the fact that evolution has never prepared our species to think exponentially; this ability
is a hard-won achievement of the disciplined mind (Inman and Brush, 1973, p.31)”.
A technical study was undertaken by FONDEPES between January 2008 and May 2009 to
determine the optimal area for the relocation of the existing Cabo Blanco fishing pier. The study
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concluded that the optimal position to build the new fishing pier was on the leeward side of the Cabo
Blanco headland (Arrow 1 in Figure 1). However, due to existing pipelines and logistical constraints, it
was decided to re-assess the position and the final location was established 100 m to the east (Figure 1,
location A). It is important to note that an earlier fishing pier was built in this location by the
International Petroleum Company (IPC) in the mid 1950’s and ended up collapsing during the late1980’s due to the strong wave-breaking on Panic Point (Figure 3).

Figure 3. Fishing pier built by the International Petroleum Company (IPC) in the mid 1950’s. The pier
collapsed during the 1980’s due to the strong wave-breaking on Panic Point. Existing fishing pier in Cabo
Blanco is shown in black for reference. Source: IGN, 1961

The conclusions proposed by FONDEPES were not accepted by the surfing community based on
three main issues, the most conspicuous being that it is counterintuitive to place a fishing pier in a highenergy location such as Panic Point, particularly after the previous pier had collapsed in the same
location. The second point relates to the general lack of transparency from FONDEPES as they refused
to make the complete technical study’s results publically available. Moreover, the study’s conclusions
seem to target one specific problem (building a new fishing pier) but disregard factors such as the
effectiveness of the structure (e.g. lifespan, operational days per year) and potential negative impacts
on the coastal area and third parties such as the surfing community and tourism industries. Last, but
certainly not least, the location for the new fishing pier would certainly degrade the surfing quality
(sensu Mead and Black, 2001) of the Panic Point wave and potentially damage, even further, the
quality of the Cabo Blanco wave. Shoreline perpendicular structures such as piers affect the alongshore
transport of sediment and consequently impact, usually in a negative manner, the downdrift shoreline
by modifying the wave-current and sediment transport dynamics (Corne, 2009; Komar, 1998; Scarfe et
al., 2009). This directly violates the Law for the Preservation of Surfing Breaks 27280, approved in
2000, which aims to protect and preserve breaks along the Peruvian coastline.
Local fishermen on the other hand supported the FONDEPES technical study and strongly opposed
the stance taken by the surfing community. Social conflict between the two groups escalated to such a
point that surfers were blocked from accessing the Cabo Blanco wave during late 2009 (Figure 4). In
this context, FENTA and the surfing community funded a new technical study to further support their
case.
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Figure 4. Local fishermen blocking surfers the access to Cabo Blanco wave (fishing pier in background).
The banner reads: “Surfers: Respect the FONDEPES technical study” (Photo Luis Mori - FENTA).

METHODOLOGY

Sound design of coastal structures must identify the main coastal processes interacting in the area
of study. As previously mentioned, the most important factors to consider are the bathymetry of the
continental shelf and coast, the magnitude and direction of waves and currents, and the supply and
dynamics of sediment.
Bathymetric characterization

Regional bathymetry for the area of study was obtained from the “Caleta Cabo Blanco
HIDRONAV 1124” 1: 20,000 scale nautical chart. Depth soundings were digitized and analyzed using
Geostatistical Analyst in ArcGIS 9.2 software. A 500 m digital elevation model (DEM) was
interpolated using Ordinary Kriging (Figure 1a)
Local bathymetry data, essential for any study assessing the impact of coastal structures, were not
available for the Cabo Blanco area. During June 2009, the Peruvian surfing community came together
and collected money to fund a new bathymetric survey. The local bathymetry was surveyed and
analyzed using a Furuno FE-400 single-echosounder during August 2009 (SEHIDRO, 2009). Survey
lines extended approximately 1 km offshore and 1.5 km alongshore spaced every 100 m with an
average point spacing of 10 -15 m. Depth points were analyzed using Geostatistical Analyst in ArcGIS
9.2 software and interpolated to a 10 m DEM using Ordinary Kriging (Figure 1b).
Wave dynamics

Direct wave measurements were not available for the area of study, so modeled data was used.
Deep-water wave parameters (e.g. direction, significant height, period) were obtained from the accurate
Wavewatch III forecast system (Tolman et al., 2002). However, as waves undergo significant
transformation over complex bathymetry such as the reefs in Cabo Blanco, nearshore wave conditions
had to be modeled using SWAN (version 40.41). SWAN is a third-generation wave model that
computes random, short-crested wind-generated waves in offshore and coastal regions. The SWAN
model simulates the processes of wave generation and dissipation by accommodating wind generation,
white capping, bottom friction, wave-wave interactions and depth induced breaking. The model
represents wave propagation processes including propagation through geographic space, refraction,
shoaling and reflection (Ris et al., 1994). It is important to note that modeling of wave diffraction
processes within SWAN is limited and wave energy in highly diffracted environments such as Panic
Point can be generally underestimated.
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Typical deep water wave parameters resulting in “classic” surfing conditions were supplied by 5
Cabo Blanco surfers (local chargers). Approximate wave parameters were summarized to produce
three scenarios used as inputs in the SWAN modelling (Table 1).
Table 1. Approximated wave characteristic scenarios producing “classic”
surfing conditions.

Breaking
scenario

Swell
direction

Significant wave
height (Hs) (m)

Average
period (s)

I
II
III

S
SW
NW

1.5-2
2.5-3.5
1-1.5

10-12
14-16
13-15

Estimated
breaking
days per year
73
26
9

Model outputs were calibrated using visually estimated wave heights during two swell events. The
methodological accuracy of visually estimating wave heights have been confirmed by several authors
(e.g. Klein et al., 2002). A scenario II swell event occurred during August 2010, and a scenario III
event occurred during December 2009.

RESULTS

The regional bathymetry (Figure 1a) is shown to focus deep-water swells from both southerly and
northerly directions. However, it is the meso and micro-components of the local bathymetry (Figure
1b) that are responsible for the high surfing quality of waves in both Panic Point and Cabo Blanco.
As observed from the near-shore wave modeling (Figure 5), waves at Panic Point break under most
incident high-energy wave conditions due to a focusing by the headland and a wedge along the cliff
(Figure 5). Large southern-hemi groundswells with westerly directional components produce the
biggest and longest breaking wave heights (Hb) up to 3.7 m and surfable wave lengths of 300 m or
more (Figure 5ii). Although SWAN does not effectively account for diffraction processes and tends to
underestimate wave height predictions, results have been successfully corroborated with field
observations as shown in Figure 6a. Northern-hemisphere groundswells also produce significant waves
in Panic Point but with lower surfing quality as waves tend to section and close out.
Northern-hemisphere groundswells, however, are focused and break along the reef ledges,
particularly at Cabo Blanco and Pico Point reefs (Figure 5iii). Waves in Cabo Blanco reach peak
heights of 2.5 m during these events, as evidenced in Figure 6b. The surfable wave length is limited
only by the existing fishing pier but could potentially reach up to 300 m of high-intensity barreling.
Based on the near-shore modeling results, the area proposed by FONDEPES to relocate the
existing fishing pier (location A, Figure 5) is exposed to significant wave energy (Hb>2 m)
approximately 30% of a typical year. Also, the new pier would reduce the Panic Point surfing quality
by reducing the surfable wave length and by modifying the longshore sediment transport. The latter
could also have negative impacts on the surfing quality of the Cabo Blanco wave. From this we
conclude that the location proposed by FONDEPES would be detrimental and that the optimal location
for the new fishing pier is location C (Figure 5). This optimal location is proposed because it is the
closest to the village, has relatively deep bathymetry and thus experiences reduced wave energy under
both southern and northern wave conditions, and there is ample space on land for pier construction and
anchoring.
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Figure 5: SWAN model runs for i) Predominant conditions, ii) Southern-hemi groundswells and iii) Northernhemi groundswells. Location A is the proposed area by FONDEPES, location B is the location of the existing
fishing pier and location C is the optimal location proposed by this study.

DISCUSSION AND SUMMARY

The analysis of coastal dynamics presented in this study shows that the area proposed by
FONDEPES for the construction of the new fishing pier is unsatisfactory for two reasons. First, the
structure itself would be exposed to significant amounts of wave energy and currents during most of the
year. Putting this in perspective, a wave 3 m high transmits energy at a rate of 100 kW per meter of
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crest line which is equivalent to the power of a car such as a VW Golf 2.0 GTI at full throttle. Effects
of this incident wave exposure on the existing pier have not only restricted the number of operational
pier days but also reduced the structure’s lifespan from the expected 40 years to less than 15.

Figure 6: Field observations of two swell events. A) Panic Point (Photo: Paolo Lopez). B) Cabo Blanco
(Photo: Fernando Mata)

The second reason argued against the proposed location by FONDEPES is that the surfing quality
of both the Panic Point and Cabo Blanco waves would certainly be put at risk. However, as of January
2011, FONDEPES states that their proposed location is optimal, and local fishermen continue to show
their support for FONDEPES and opposition to surfers.
Several studies have analyzed the similarities and differences in the behavior of fishers and surfers
in countries such as Australia and the USA (e.g. Johnson and Orbach, 1986; Lazarow et al., 2007).
Lazarow et al. (2007) indicated that many differences are related to factors such as the acceptability,
place in society, organization, culture and identification of threats or impacts to fishers’ and surfer’s
lifestyles, as well as broader recognition of the socioeconomic value of fishing and surfing. Although
the comparison between Peruvian surfers and fishermen is beyond the scope of this work, it is noted
that the above factors apply to the Cabo Blanco case. They may be useful criteria for analyzing
proposed coastal development that threatens to degrade valuable environmental assets such as surfing
waves and surf-related economic activities.
Measuring the economic and social costs of losing a surfing break is difficult. The global surfing
population in 2007 was estimated to range between 18 and 50 million and studies have shown that
expenditures by surfers can be substantial. For instance, Pendleton and Kildow (2006) estimated that
non-market expenditures by beachgoers in 2006 exceeded US$3 billion in California alone, comparable
to other countries such as Australia. Further, research based in Costa Rica, has shown that
approximately 100,000 surf-based visitors were attracted to the region in 2006, spending more than
US$414 million, composing a remarkable 25% of Costa Rica’s tourist economy (Lazarow et al., 2007).
In Peru, it has been estimated that some 12,000 surfers visited during 2007, spending an estimated
US$15.5 million in Mancora and Cabo Blanco areas alone (Vasquez, 2007). This figure doubled to
24,000 surfers by 2009 according to the Tourism and Exports Promotion Commission (PromPeru).
With the exponential growth of surfing as a leisure activity and lifestyle identity over the last 10
years, particularly in Peru, the socioeconomic value of surfing breaks is substantial, as is the increasing
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significance of surfers as a political force (e.g. Wheaton, 2007). It is imperative to develop an improved
framework on the socioeconomic value surrounding surfing, as Lazarow et al. (2007) suggested,
together with advancing our understanding of coastal process for the better protection, maintenance and
improvement of surf quality and more robust and integrated coastal management. It is in this delicate
balance that spaces such as Cabo Blanco can develop efficiently and sustainably.
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THE SUITABILITY OF UTILISING A FLAT BOTTOM BARGE DEVELOPMENT SYSTEM
FOR THE CONSTRUCTION OF A MULTI-PURPOSE REEF IN KOVALAM, INDIA.
A PRELIMINARY DESIGN CASE STUDY
Brent Yardley1, David Phillips1 and Shaw Mead2
Abstract
A number of challenges exist with construction in the coastal environment. These include factors such as the wind and wave
climate, location and availability of construction materials (e.g. sand in this case), suitability and availability of construction
equipment, and experienced personnel. These obstacles have varied for each multi-purpose reef construction project that has been
undertaken to date, and these will continue as more reefs are constructed throughout the world. A preliminary design assessment
was undertaken using the proposed Kovalam Reef in India as a case study to investigate the feasibility of utilising a self-propelled
barge with dredge capabilities to construct a multi-purpose reef in this type of environment. Geotextile containers have emerged as
the preferred construction method for surfing reefs, and are again preferred for construction at Kovalam. This project has reviewed
the reef construction methods utilised to date on various projects whereby geotextile containers have either been: (1) filled in place
on the seabed, or (2) dropped into position using a barge, and compared these to using a self-propelled flat bottom barge with a deck
mounted gantry crane to accurately place the filled containers into position. This method was not the selected mode of construction
for Kovalam due to timeline requirements of the project, and the very expensive cost of procuring and retro-fitting a barge suitable
to undertake the work. In addition, further extensive detailed design investigations are required to implement this method of
construction. However, for potential future projects the overall assessment has shown that a construction methodology that utilises a
self-propelled barge capable of filling geotextile containers in deeper water and then deploying a number of containers inshore at
one time would provide a number of construction advantages for reef construction.
Keywords: Barge, Artificial Reef Construction, Geotextile Containers

INTRODUCTION

Multi-purpose artificial reefs constructed to date have demonstrated great potential to out-mode traditional
methods of coastal protection (Heerten, Jackson and Restall, 2001). Inherent in the design are principles of
working with natural coastal hydrodynamic and sediment transport processes, enhancing marine ecology, and
providing a quality surfing wave amenity (Black and Mead, 2001). Artificial reefs therefore pose a very
attractive option for any location with coastal erosion problems or lack of coastal amenity (e.g. Black, 2001a
and 2001b). However, the technology is in its relative infancy and construction of reefs in harsh marine
environments is an appreciably difficult task with each potential construction site having issues to overcome.
Kovalam in India can be placed in this category with a consistent 1.0m swell making reef construction in the
local marine environment a challenging exercise.
SITE DESCRIPTION

Kovalam is located at the southern end of the Kerala province on India’s southwest coast (Figure 1). The
Beach area is divided by a tombolo with Eve’s beach to the north and Lighthouse Beach to the south. The beach
has been a popular tourist destination and development in the immediate area is focused on serving the beach
tourism industry (Figure 2).
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Figure 1: Location Map showing Kovalam in India (Source: Google maps, 2008).
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Figure 2: Location Map showing Lighthouse Beach,Kovalam Harbour and the proposed reef site
(Source: Google maps, 2008).
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Figure 3: Erosion in December 2007 (Frazerhurst, 2008)

The reef project proposed for Kovalam has multiple objectives such as improving coastal protection,
enhancing surfing tourism, and improving ecology (Frazerhurst, 2008). As can be seen in Figure 3, the beach is
suffering severe erosion and loss of amenity. The reef is to be situated at the southern end of Lighthouse Beach
adjacent to the headland and is designed to retain sand on the beach (Figure 4 and 5). The inclusion of a quality
surfing wave amenity is intended to revitalise and raise the profile of the area by attracting and promoting
surfing activity. By providing a stable environment for marine plant species, the reef is expected to enhance
marine biodiversity in the area and provide amenity for fishing and snorkeling. The reef design improves coastal
protection and effectively extends the bathymetry profile of the southern headland out to the east so that more
sand is retained naturally on the beach (Frazerhurst, 2008). Physical modelling of the reef indicates that a good
quality surfing wave will peel along the length of the reef. The reef is 110 metres long and 30 metres wide. A
variety of geotextile container sizes are to be used with the larger containers placed most seaward.
The south western coast of India is subject to the South West Monsoon that typically occurs from the
beginning of June until the end of September. Strong onshore winds prevail during this time which has resulted
in erosion (Frazerhurst, 2008). Variable conditions typically prevail in the months immediately before and after
the monsoon season. The sea state during construction is a critical factor. At many locations periods of calm
weather and flat sea conditions can be expected for at least a part of the year. Kovalam however has a persistent
groundswell condition that continues through the construction period. Figures 6 and 7 show wave climate data
for the site. The data indicates that an average of close to 1.0m of long period southerly groundswell can be
expected during the construction period. The persistent groundswell condition as shown in Figure 6 will have a
significant impact on the construction of the reef.
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Figure 4: Looking south from the beach (Flikr.com, 2008).

Figure 5: Looking north from the lighthouse (wikipedia.com, 2008).
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Figure 6: Wave Data at Kovalam (Source: Frazerhurst, 2008).

Figure 7: Wave rose, 11-year data set
(Source: Frazerhurst, 2008).

METHODS OF GEOTEXTILE REEF CONSTRUCTION

Sand filled geotextile containers are commonly used for coastal engineering works and are a well proven
alternative to rock in a number of applications such as groynes, reclaim bund walls, and shoreline protection as
armour, reinforcement, and seawall structures (Corbett et al., 2005). The speed and efficiency at which large
structures can be completed using geotextiles are attractive qualities, as is the lower cost when compared to rock
(Black, 2001b; Black, Blenkinslop and Mead, 2008-4). Construction methods suitable for geotextile container
reef projects vary according to project objectives and environmental constraints of the location (e.g. Jackson, A.,
2001; Hiliau and Phillips, 2003; Mead, S.T. et al., 2007). However, each project follows the same general
process. The equipment, methods, and order that tasks are undertaken may vary but in each case the following
four stages are undertaken: fill material extraction, fill material transport, container deployment and container
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filling. Three reef projects have been assessed for construction methodology and achievement of the design
specifications.

Figure 8: Construction at Pratte’s Reef (Source: Borrero, 2001).

Pratte’s Reef, California, USA

Pratte’s Reef is located at El Segundo on the southern California coast. The reef is relatively small at just
1,350m3. The geotextile containers were also small at 14 tonnes each, and were lowered into place using a
swing derrick crawler-mounted crane on a flat top barge The containers were filled on shore and loaded onto the
barge for placement (Figure 8)(Borrero, 2001). While construction of the reef seems to have been successful,
the design of the reef was found to be lacking. After some months it was evident that the containers were
breaking down and as a consequence the whole reef had to be re-covered with another layer of superior
containers. Borrero (2001) found the performance of the second layer to be more satisfactory and the reef
functioned better as a result of it being slightly larger and having less water depth over it.
Narrowneck Reef, Gold Coast, Australia

The construction was undertaken by contractors McQuade Marine using a split hull hopper barge to drop the
containers into place. The barge was equipped with its own dredging equipment and was essentially a self
contained system. Containers were laid into the barge and pumped full of material dredged from nearby. The
barge was then positioned using an on-board navigation system and its own propulsion. The barge was then
opened, and the full container dropped into place. The construction system proved overall to be very efficient
and is considered to have achieved its coastal protection objective well. Notably, the project was awarded the
State Environmental Award. While there is conflicting opinion on the success of the reef in terms of having met
its surfing wave amenity objective it is self evident that the construction did not achieve the design form
specification and the surfing wave quality is severely compromised as a result (Corbett and Jackson, 2007).
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Figure 9: Narrowneck Reef
(Source: ELCO Solutions Pty Ltd, 2008)

Figure 9 shows that the containers were haphazardly deployed. This lack of accuracy in deployment can be
attributed largely to the lack of accuracy inherent in dropping the containers through the water column. The split
hull barge is additionally limited in its ability to achieve design form speciation by the fact that it is unable to
position containers close together where the depth of water prohibits the vessel from maneuvering close to
existing containers due to the draft of the vessel. This limitation threatens the longevity of the reef as sand can
escape from between the containers, causing slumping and subsidence.
Mount Maunganui Reef, NZ

The first artificial reef constructed in New Zealand was the surfing specific reef at Mount Maunganui. The
reef was designed and constructed by ASR Ltd (Black, K., Blenkinslop, C., Mead, S., 2008-3). An innovative
new reef deployment system was developed for the project called RAD – Rapid Accurate Deployment. The
principle of the system was to construct the reef on shore by assembling the containers on a webbing grid and
deploying the reef in two large sections and then filling the containers in place on the seabed using a hydraulic
dredge pump and slurry pipeline (Figure 10). The system has a number of significant advantages owing to the
very accurate placement of containers and the method of filling the containers in place. As the containers are set
out overlapping each other no gaps can exist between the containers that would give rise to undermining.
Additionally, as the containers are filled alternately the surface profile is much smoother and the design form
specification is much more accurately achieved. The limitation of this method is the sea state conditions and
requirements for periods of minimal swell with the dredge barge needing to stay in position whilst a geocontainer is filled with sand slurry.
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Figure 10: Geotextile containers being filled with sand at Mount Maunganui Reef
(Source: mountreef.co.nz, 2008).

Barge Options for Consideration

A range of barge options have been considered for possible reef construction plant. These include Swing
Derrick, Shear Leg, Catamaran and Custom Design.
Swing Derrick. Simple up-scaling of the system utilised at Pratte's Reef is possible. Figure 11 shows an
example of a large swing derrick crane with a configuration similar to that used at Pratte's Reef. While it differs
slightly in that the crane is integral with the barge platform the function is essentially the same. Swing-derrick
type cranes are available in a wide range of sizes, with lifting capacities exceeding 1000 tonnes. It would
therefore be possible to construct a spreader bar and sling arrangement to deploy a 30m long T5 container
(800t). However, it would be logical to deploy containers in one third or one half lengths (10.0m or 15.0m) so
that the size and expense of the crane can be reduced as a large crane would not be feasible for a typical reef
project. Shorter containers would also be easier to manage.
Shear Leg. Another option is the use of a shear leg type crane similar to shown in Figure 12. An advantage
of this configuration is that the loads imposed on the crane are reduced by employing the structure of the barge.
No fixed counterweight is required with this configuration as the vessel can simply be ballasted to adjust trim.
Additionally, as the weight is carried on the centreline of the vessel it is more stable. A downside of the
configuration is that without the ability to swing another vessel would be required to transport the filled
containers unless the container was filled in the sling while suspended.
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Figure 11: Large swing-derrick crane
(Source: Rodson Universal, 2008).

Figure 12: Shear leg crane
(Source: Rodson Universal, 2008).
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Catamaran. Catamaran Barges are commonly used in the offshore oil and gas industry and offer another
example of heavy-lift equipment that could be used. Figure 13 shows a typical configuration. It utilises a low
four point lifting system that provides greater control and would result in less tendency for a container to swing
due to vessel motion. There are no cantilevering effects with the catamaran configuration and no ballast or
counterweight is needed. However, because the lift can only be lowered within the vessel’s footprint,
positioning containers close together would be impossible in shallow water unless the vessel was large enough
to span the width of the reef.

Figure 13: Catamaran Barge
(Source: Rodson Universal, 2008)

Custom Design. An alternative to using one of the conventional marine heavy-lift crane configurations
would be a custom configuration. Employing a custom configuration may provide an opportunity to develop
specialised equipment explicitly for construction of artificial reefs. Given the notable advantages of the fourpoint lifting system above it could be advantageous to incorporate a similar configuration of a gantry crane on a
conventional flat deck barge. The barge itself could be optimised to suit the swell conditions on the West Indian
coast. Heavy equipment is seldom used in the surf zone, however, the following sequence (Figure 14) shows a
tug and barge configuration navigating harsh swell conditions in shallow water. The photos were taken at the
Grey River Harbour entrance. The company, Sea-Tow Ltd is well experienced with navigating shallow water in
rough conditions and has built its equipment specifically to handle bar harbour entrances.
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Figure 14: Barge meeting the swell in the Grey River and wave slamming bow and deck
awash with water (Source: Ferguson, 2001).

The barge pictured is fully laden with 3800 tonne of cargo. The sea state at the time is fairly calm with
approximately 1.0m of swell. Figure 14 shows the reaction of the tug meeting the swell with the barge tending
to go through the wave quite effectively. The structure on the bow is called a wave-break. The barge is
interesting in that it has multiple capabilities. It was built as a sand dredge and is equipped with a large
generator for powering a submersible electric dredge pump. It is also fitted with a large ballast system
(1,200m3/hr), a 25mm thick steel deck for undertaking heavy lift projects, and was used for discharging cargo at
the salvage operation of the ship Jody F Millennium in Gisborne, New Zealand, that was undertaken in harsh
swell conditions and shallow water.
DESIGN CONSIDERATIONS

To ensure confidence in the system’s ability to withstand swell conditions at Kovalam and other similar
sites, methods must be used that have been proven capable in real-world applications. Assessing the difficulty of
withstanding swell conditions of up to 1.0m is difficult to accurately ascertain but a number of factors can be
assumed:
• Peak swell height will be higher than average swell height;
• Shoaling of the bathymetry profile will exacerbate the swell height further;
• Surge will exist between swell peaks;
• High loads will result from restraining a large structure in swell conditions;
• Waves tend to slam against any large vertical structure in the swell;
• Working decks on vessels will be subject to water breaking over them unless they are high enough out
of the water or protected by an additional structure;
• Pitch and roll of the vessel will result in swinging of a suspended load that could be dangerous;
• Abrupt lateral motion will cause swinging of a suspended load;
• A suspended load with a high suspension point will affect vessel stability;
• Size and mass has a direct and complex relationship with the magnitude of motion, internal stresses,
and resultant force on restraints due to swell; and
• Failure to restrain the vessel effectively at the reef site could result in the vessel going aground and
tearing existing reef containers as it passes over.
It seems likely because of swell conditions at the site, and the need to suspend large loads, that the high
lifting point of conventional marine heavy-lift equipment would preclude its use. Catamaran configurations
offer a lower and better controlled lifting but are unsuitable owing to the depth of water in which they could
position containers together. A customised configuration then seems to offer the best solution to overcoming the
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challenge of the swell conditions at Kovalam. Achieving design form specification will require a fail-safe
positioning system and the ability to manoeuvre the crane with accuracy. Positioning systems using GPS are
well proven and were used successfully at the Narrowneck Reef project. Manoeuvring a large crane accurately
in shallow water with the prevailing swell is likely to be difficult. The split hull barge used at Narrowneck Reef
was self propelled and fitted with thrusters which allowed the vessel to manoeuvre itself into position. Marine
heavy-lift cranes are often self-propelled and some are fitted with thrusters. Without thrusters or without
sufficient thruster power for the conditions support vessels and a mooring system would be needed. Anchors
could be arranged to provide a four point mooring system to control position. However, establishing mooring
systems and operating assist vessels at the site will be complicated by swell conditions.
FLAT BOTTOM BARGE CONCEPT

The conceptual configuration of the equipment is shown in Figure 15. The design for customised heavy-lift
equipment is based on a simple flat deck barge with the following features:
• Raised forecastle, wave-break and bulwarks to protect the working deck from waves;
• Low four-point gantry crane to aid safety and vessel stability when lifting;
• Deployment of containers through a well cut in the stern;
• Full-length gantry rails to allow multiple container handling;
• Manoeuvring by way of its own thrusters;
• Large anchors to positively position vessel and prevent grounding; and
• Onboard dredging equipment.
The concept is essentially an advancement of the system used for the Narrowneck project by way of an
innovative crane system, allowing tight positioning of containers in shallow water and rapid multiple container
placements for each dredging-deployment turnaround. Coping with the swell conditions is assured by using
robust and proven equipment and the vessel’s larger size.

Figure 15: Concept Drawing of Barge
(Source: B, Yardley, 2008).

The gantry spans the full width of the barge and rails are fitted to the deck to allow full travel of the cargo
deck. A well is cut out of the aft deck to allow containers to be lowered through to the seabed. The raised
forecastle and wave-break shelter the cargo deck from waves met head on by the barge. Bulwarks (omitted for
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clarity) shelter the cargo deck from waves breaking on the side of the vessel. The skegs, normally fitted to the
stern of the vessel to aid tracking when laden, have been removed to allow greater clearance for the containers.
Whilst anchored at the dredging site, the containers are filled on the cargo deck. Six containers are shown
although the deck may be loaded with as many containers as the barge and the sling arrangement permits. The
barge is then maneuvered into position using thrusters and two anchors laid out at an angle to each other of 30450 in the direction of the swell. Once anchored in position at the reef site the crane can pick up the first
container. The first container is then lowered into position and the sling unfastened when the container is
correctly positioned using the thrusters and anchors (Figure 16). The barge is then moved ahead and the second
container slung, then lowered into position, and so forth, until all the containers are deployed.

Figure 16: Concept drawing of barge loaded with containers and deploying onto the seabed
(Source: B, Yardley, 2008).

FLAT BOTTOM BARGE DESIGN CRITERIA

Finalising the design for the construction system will require extensive consultation with naval architects, a
shipyard, technical specialists and contractors. Many factors will need to be considered and decisions made
regarding the type, scale, and configuration of equipment and where to source equipment and services from.
Barge Scale

To determine the size of the barge a number of factors must be considered. The larger the barge the more
stable it will be in a given sea state and the larger (and longer) containers it will be able to handle. Naturally, the
larger the barge is the more expensive it will be. The relationship between size and cost however, is not linear.
An increase in length of 10%, for example, is equivalent to an increase in deck area of close to 20% and a
volume increase approaching 30%. Additionally, the stresses are increased so that framing and plating
specifications (scantlings) must also be increased. Hence it takes only a small increase in size to double the cost
of the vessel. Many operating costs are fixed over a broad range. Because a larger vessel will complete work
faster the cost of operation effectively decreases. Careful consideration of all the variables will be required to
arrive at an ideal size. Because beam will dictate the maximum container length that can be deployed the size of
barge required can be calculated by the desired length of container to be deployed. The minimum beam of the
barge required is the sum of the container length, clearance dimension for the cut out, and the width of the side
decks. Assuming a 1.0m total end clearance for the cut-out and side deck widths of 1.5m, the required beam
would be 14.0m for a 10.0m container (10.0+1.0+3.0) and 19.0m for a 15.0m container (15.0+1.0+3.0). Modern
barges commonly have a length to beam ratio of 3.5:1 to 4:1. Therefore an approximately 49.0 – 56.0m barge is
required for a 10.0m container and a 66.5m – 76.0m barge is required for a 15.0m container.
Barge Construction

Barges are constructed to differing standards depending on their intended service. Deck loading is the best
indication of how strong a vessel has been constructed because the rating is a function of both the deck plating
and the internal framing and bulkheads. Common ratings are 5, 10, and 15 tonne per square metre at any
location on the working deck. For this purpose we need to consider firstly the loading of the containers on the
deck, and secondly the loading of the crane on the deck. The largest standard bag size (T6) is three metres high
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and would weigh 6 tonnes per cubic metre based on 2 tonnes per cubic metre for wet sand. A 5 tonne deck
rating would then be insufficient and a minimum 10 tonne rating is required.
The deck loading requirement for the crane is, however, more complicated to assess. It can be expected that
substantial doubler plates or girders will be required beneath the crane rails. In this event it is only necessary to
calculate the loading at the vessel’s bulkheads. If 500 tonne is the heaviest container assumed there is 250 tonne
on each rail. As typical maximum loading per metre of bulkhead is 100 tonne and it seems likely therefore that
additional internal structure will be necessary at the aftermost bulkhead where the load will be greatest. A naval
architect would be needed to design these modifications.
Survey Requirements

Survey requirements for commercial vessels are complicated in that there are several agencies that impose
regulations that must be adhered to. If a vessel is to work in one country only then it need only comply with the
requirements of that country’s marine authority. These requirements are known as port state requirements. If
however the vessel is to travel out of a country it must first be registered. Registration assigns nationality to the
vessel. The requirements of the nation to which the vessel is registered are known as flag state requirements and
are administered by the flag state authority. A vessel that is located in one country but registered in another must
comply with both flag state and port state authority regulations. Flag state and port state authorities principally
administer navigation, safety equipment and personnel qualification requirements.
Surveying of the vessel's construction, structural integrity and machinery is undertaken by a nominated
marine classification (class) society. Examples include Lloyds Register (England) and Bureau Veritas (France).
Many of the issues relating to safe operation of the vessel can largely be managed as the equipment is nearing
completion. However, any structural modifications undertaken on the vessel are subject to class society
approval and for this reason a class society should be consulted before any modification is undertaken.
Additionally, requirements for vessels vary depending on the size and nature of their operation. Large barges
need only comply with minimum standards if they are not self propelled (dumb). A classification society will
need to approve the thrusters as a manoeuvring device only; otherwise the vessel will be regarded as a ship and
must meet ship specifications.
Propulsion

If it were not for the swell conditions it would be possible to simply push the barge into position with an
assist vessel. However, because there will be significant motion of the barge and quite extreme motion of any
required smaller assist vessels, pushing will not be possible. Towing is possible but manoeuvrability when
towing is limited and would not achieve the level of control necessary to position the containers accurately with
confidence. Four electric thrusters are therefore recommended so that the barge can manoeuvre itself. Two
tunnel mounted athwartship thrusters at the stern will provide thrust for steerage and control of the stern. Two
articulating retractable thrusters at the bow will provide ahead and astern thrust and full control of the head of
the vessel. Configured this way the thrusters do not add to the draft of the vessel. Thruster systems are readily
available from a number of suppliers and can be remote controlled manually or by computer using a dynamic
positioning system.
Anchoring

In addition to the propulsion system anchors will be needed to aid in the positioning of the vessel and
minimise the risk of mishaps. The thrusters can be expected to be effective at manoeuvring the vessel into
position in swell conditions up to one metre. However, at the higher end of the swell range, anchors will be
needed to hold the vessel in position. Two anchors laid out seaward with an angle of separation of 300 to 450
will control the position of the head of the vessel. Anchors are also necessary to arrest vessel progress toward
the shore in the event of machinery failure or rogue swell set. Over-running the reef or grounding would likely
result in serious damage and delay. To guarantee that no unwanted landward progress is possible, large highholding-power anchors must be used. Most commercial vessels are equipped with a generic form of naval
anchors. While these are a good general purpose anchor they do not offer high holding power in sand.
Vol. 2, 2012

59

REEF JOURNAL

An alternative to the naval-style anchor would be to use small-size Bruce Design oil rig anchors. These
anchors offer extremely high holding power for weight in sand. As they are fabricated from plate steel they are
also relatively cheap to manufacture. One problem, however, is that they will not stow in a conventional anchor
pocket. This may be overcome by fabricating oilrig style anchor racks using steel pipe. Most barges will be
found with suitable equipment to handle at least one anchor. If suitable anchor handling equipment is not
present, used and new equipment is widely available and not difficult to install. Barges are also commonly fitted
with a stern anchor arrangement. This would be in the way of the cut-out or crane rails and would be removed
as part of the conversion. Installing, or reinstating, a stern anchor system is recommended as it will provide a
means of holding the vessel beam on to the sea in conditions that would not be possible with thrusters alone. If
there is not enough space at the stern for an anchor winch on deck, the winch may be located below deck.
Ballast System

A ballast system is not entirely necessary but would offer advantages that could significantly increase
performance of the system. The first advantage is that containers would not be required to act as ballast. As
containers are discharged from the stern, the vessel will trim progressively by the head. With a ballast system
this could be counteracted by simply ballasting down the stern. An important point to consider is that stern
thrusters will work better the further they are submerged. The ability to ship a thousand tonnes of ballast would
better ensure their effectiveness in choppy conditions. Additionally, the motion of the vessel will become more
‘lively’ as the containers are discharged; ballasting the vessel would reduce the motion by increasing the
vessel’s total mass thereby increasing the range of conditions in which it can work.
Positioning

Some additional electronic equipment will be required on the barge to aid in container positioning accuracy.
A differential GPS system integrated with a computer plotting package will be needed to ensure accurate
placement of mooring anchors and the containers. The antenna for the system may be placed directly on the
crane or at the head of the barge if an offset correction is applied. Depending on turbidity and water clarity a
bathyscope could also be used. Extensive hydrographic surveying of the site will also be necessary prior to
commencing the construction. This could be undertaken using the barge but it is likely that a small survey vessel
would be more efficient.
Power

Generating the power for all of the electric systems onboard will require additional electrical generators to
be installed. Conventional land-based power-pack units can be used. For the large machinery: thrusters, anchor
winches and dredge pump, only enough to supply the highest load at any one time will be necessary. The
highest load expected would most likely be two forward thrusters together. Two approximately 500kva
generators would be sufficient depending on final specification. Using two generators would provide a degree of
redundancy so that if one fails the vessel could continue while being repaired. An additional small generator
would also be recommended so that the large plant can be shut down when only lighting and small loads are
present.
Crane

The outline design of the crane is a simple gantry frame with carriage rail provision, and four point lift.
Spreader bars will be required between the lifting hooks and the sling arrangement. Design of the crane will
need to consider the following factors:
• Dimensions of the gantry frame resulting from the scale of the barge;
• Structural integrity of gantry frame;
• Winching power;
• Safe working load of lifting equipment;
• Carriage set;
• Design of rails and girders;
• Grip on rail to prevent runaway due to trim of vessel;
• Height of lift; and
• Motive power system.
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The crane could be supplied by a specialist crane builder, adapted from used equipment, or designed and
custom built by a shipyard.
Sling System

Deciding on the method to sling the containers will require detailed examination of a number of options.
• Sacrificial synthetic fabric;
• Sling built into the container;
• Reusable slings; and
• Hinged hopper/grab arrangement.
In the case of the sacrificial slings or sling built into the container it will be necessary to devise a system to
hold the sling so that it can be remotely released. Provision will be required to fasten the slings to the spreaders.
Reusable slings could be fabric or steel wire. Once the container is lowered into place slings could be released at
one end and pulled out. This could be achieved by using low friction material or a lubricated sleeve around each
sling. A steel hopper bucket could also be feasible. The benefits of such a system would be less material costs,
potentially faster operation, and greater reliability. It would however add considerably to the cost of the crane
system and add weight.
Dredging

There are a number of feasible configurations to effect the dredging operation. Three systems that are
commonly used in New Zealand are: (1) submersible electric pumps lowered over the side of the vessel with a
crane; (2) deck mounted engine driven pumps that use a steel suction pipe lowered over the side with a winch;
and (3) Hydraulic submersible pumps are also an option, but do have the risk of fluid leaking and harming the
environment. An electric submersible pump configuration is the preferred option as they are well proven and
due to the fact that the suction side of the pump is at positive gauge pressure they have no pump priming issues
and less tendancy to cavitate.
Using a submersible pump would require that another crane be mounted on the forward end of the barge.
This however could be an advantageous utility to have for loading container material and other equipment on
board. The lifting capacity of the crane does not need to be very high, five tonne or so would be sufficient, and
old used equipment can be used successfully so long as it is well maintained. The crane need not be an
expensive feature of the system. An important consideration for any dredging equipment is how to configure the
discharge system. In this instance it seems practical to employ the gantry crane to manage the discharge line. If
a half barge length of flexible hose were attached to a fixed point midway on one side of the barge, the crane
could manoeuvre the discharge end of the pipe quite efficiently to each container for filling. Steel pipe could be
employed to form the midway point of the forward end of the barge where it would connect to the discharge line
from the submersible pump. The steel pipe should be fixed at a slight angle to aid draining and prevent sediment
settling in the pipe at rest. The pipe should also be fitted with a relief system so that container filling can be
stopped at any moment without stopping the pump - avoiding possible blockages.
Tug

A tug will be required to tow the barge from one project to another and be available to assist at all times
when the barge is working. Three or four of the tug’s crew of six (the normal compliment) could be used to
crew the barge. The size of the tug should be kept as small and efficient as possible to minimise fuel costs when
relocating.
COSTS
Operating Efficiency

Operating efficiency is a combination of daily cost of operation, rate of completion, and value of the
contract. Costs for an operation of this scale could be expected to be approximately NZ$20,000 per day. The
operational efficiency will depend primarily upon the rate that work can be completed. The reef at Kovalam
comprises approximately 6,000m3, or 12,000 tonne, of material. A barge configuration that can handle 15.0m
containers would be likely to have a cargo capacity (deadweight) of approximately 3,000 tonne. A likely
average deployment turnaround capacity would be 1,500 tonne (half normal cargo capacity). Conservatively
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assuming a two day turnaround for dredging and deployment the whole reef could be deployed in 16 days. One
day turnarounds might be possible depending on the speed of container filling.
Relocation costs of the equipment can be expected to contribute significantly to the total operating cost.
Continuity of work will also be a significant factor. For this reason it is worthwhile to consider that the vessel
would be capable of undertaking a variety of work including beach renourishment and bulk cargo. Given that
there are several potential reef contracts on the West Indian coast and that beach renourishment and other
contracts could provide work between reef contracts.
Capital Cost

Without detailed investigation of equipment or construction costs the capital cost is also an estimate. Barges
of the type and scale required cost in the region of NZ$1M. The crane and installation could be NZ$2M due to
the level of complexity and lack of used equipment available. Undertaking the refit of the vessel, including the
dredging pump, pipe work, well cut-out, internal structure modifications, thrusters, and all additional equipment
could double the total commissioning cost to NZ$6M. A suitable tug would be up to NZ$1M, or could be hired.
While this is a significant capital investment it would not be an unreasonable cost for marine heavy-lift
equipment of this capacity. Most commercial vessels have a productive working life of two to three decades
over which to return the capital investment. If a standard marine heavy-lift configuration was feasible for
constructing reefs in swell conditions such as at Kovalam it would be possible to hire the equipment for a fixed
daily rate. Without that possibility, it is necessary to consider alternative options. The client or construction
company could undertake commissioning and operation of the vessel. Alternatively, an existing marine
company could be contracted to provide the vessel over an extended period of time. In either case the viability
of the venture will depend on the continuity of work. As previously mentioned the vessel’s ability to undertake a
variety of work, particularly beach re-nourishment, might serve to increase the cost effectiveness of the
construction system design concept.
DISCUSSION AND SUMMARY

The custom design concept offers the best all-round solution to achieve the design criteria objectives. The
large size and mass of the vessel, low height of crane, cargo deck protection, and substantial maneuvering and
anchoring ability should give confidence of coping with dominant swell conditions. Design form specification is
assured provided that container position is verified before being released. The system should additionally prove
similarly efficient in operation to that used at the Narrowneck project. Using a custom design does, however,
complicate the process of sourcing and preparing the construction equipment because the equipment itself will
have to be constructed prior to commencing the project.
In summary the assessment of a flat bottom barge deployment system for a project such as Kovalam Reef
has shown that the method would be suitable for this type of construction environment. It offers a heavy-lift
equipment configuration considered to acceptably achieve the design criteria and also work in the pre-dominant
1.0m swell conditions. The system would however require considerable capital investment from either the
client, construction company or a specialist marine company. At the current stage of reef construction
throughout the world the capital cost is the limiting factor, however in the future, as multi-purpose reefs become
the preferred method of both coastal protection and amenity enhancement, the viability will significantly
increase and also if the barge could be used for alternative purposes (e.g. rock protection on subsea pipelines,
for instance).
Delivering continuity of work will be of paramount importance to ensuring the financial viability of
commissioning the vessel. For this reason the functionality of the vessel for undertaking alternative work, and
the availability of this work needs further investigation. Cargo handling capability could also serve to
supplement profitable work, especially when relocating the equipment long distances for reef projects.
Procuring and customising such a large vessel and lifting equipment will clearly require input from marine
engineering specialists and a number of logistical issues would need to be overcome (e.g. rules and regulations
for use in India and other different parts of the world, towing the barge to the site, experienced operators and
management staff). Managing a vessel of this scale working internationally will require personnel with
commensurate experience and qualifications, for this reason it could be beneficial to seek a contractual
arrangement with an established marine company or vessel management specialist.
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Advanced Numerical Modeling of Artificial Surfing Reefs
Simon Brandi Mortensen1, Martijn Henriquez2
Recent advances in CFD modeling have now made it possible to carry out detailed studies of the complex wave
breaking processes occurring over a surfing reef that previously only could be carried out in a physical model.
This paper presents the results of a state of the art CFD model developed by DHI capable of simulating the
wave propagation and breaking over an artificial surfing reef. The CFD model consists of a fully non-linear 3D
Navier-Stokes solver with a Volume of Fluid treatment of the free surface. The CFD model was used to
reproduce the wave transformation processes occurring in a large scale physical model of an artificial surfing
reef. Calculations of the wave breaking height and wave pealing velocity along the reef were in excellent
agreement with physical model measurements. A visual comparison between the numerical model predictions
and physical model video observations of the surfing wave shape and breaking characteristics also
demonstrated excellent agreement.
Keywords: artificial surfing reef, surfing amenity, VOF, non-linear wave mechanics, computational fluid
dynamics

Figure 1 – 3D view of a breaking wave across an artificial surfing reef modeled in NS3. The y-plane slice to
the left shows instantaneous velocity magnitude at break point and across the reef crest.

PHYSICAL MODEL SETUP

The physical model tests were carried out in 2004 in the Fluid Mechanics Laboratory at Delft
University of Technology as described in Henriquez (2004). The experimental lay-out was constructed
in a 30 m long by 16 m wide wave basin with a maximum water depth of 0.4 m. Opposite to the wave
makers a 1/20 slope was built over the entire width of the basin. A prototype reef structure was
superimposed on the sloping beach with a gradient of 1/6 and a reef angle of 60 deg. The water depth
at the reef crest was 0.08 m. A schematic drawing of the setup is given in Figure 2.
A total number of ten wave conditions were used to simulate the wave transformation and breaking
characteristics over the reef in response to different combinations of wave periods and offshore wave
heights. Monochromatic and bichromatic wave inputs were tested both using a 2nd order wave board
control used to produce 2nd order Stokes waves at the offshore boundary. An overview of the tested
wave conditions is presented in Table1. Only WF1 and WF4 were selected for comparison with
numerical model results as these were the two tests where both wave height measurements and downline velocity measurements were available from Henriquez (2004).
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Figure 2 – Schematic drawing of the physical model setup

Table 1 – Tested wave conditions applied in the physical model. H is the wave height at the wave flap, T is
wave period, ε is the specific offshore wave steepness given by H/L0 and Ul is the Ursell parameter. Only
WF1 and WF4 was selected for comparison with the numerical model.
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A carriage fixed WHM wave gauge was used to find the breaking wave height at 7 locations along
the reef. The wave height measurements took place after a quasi stationary situation had occurred in the
wave basin.

Figure 3 – Schematic drawing of the wave gauge position in the physical model.

A camcorder was placed in an elevated position above the reef used for measuring the down-line
velocity Vs, which was defined as the speed of which the transition point between broken and unbroken
wave travels down the reef towards the beach.
The camcorder recordings were also used to estimate the generated circulation current field through
visual tracing of colored floats released in the wave basin. For detailed description of the physical
model tests the reader is referred to Henriquez (2004).
Numerical Model

The CFD model was previously described in H. Bredmose et al. (2006). The model consists of a
fully non-linear 3D Navier-Stokes solver with a Volume of Fluid (VOF) treatment of the free surface.
The viscous forces are neglected reducing the Navier-Stokes equations to the Euler equations, which
are given below.

∂u i
=0
∂xi

ρ

∂u i u j
∂u i
∂p
+ρ
= ρg i −
∂x j
∂x i
∂t

(1)

(2)

Here ui are the three velocity components, gi is the gravity vector, p is the pressure, and ρ is the
fluid density. The free surface motion is governed by the kinematic boundary condition where a
particle on the free surface follows the fluid velocity. The kinematic boundary condition is included by
extrapolation of the velocities within the fluid domain to the surface and through the use of the Volume
of Fluid method. The dynamic boundary condition in the case of an inviscid fluid is given as

p surf = p atm

(3)

where the atmospheric pressure is set to zero in the computations. In the computations, hydrostatic
pressure corresponding to the still water is subtracted from the pressure field, such that the
computational pressure variable is the excess pressure. This approach improves the numerical accuracy
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and removes the gravity term in (2). In terms of excess pressure, the dynamic surface condition for the
free surface (3) becomes
~

p surf = ρg i ri

(4)

Where ri is the position vector of the free surface relative to a fixed reference point on the still
water level. The free surface is resolved using a Volume-of-Fluid description. A scalar function F is
assigned a value of 1 within the fluid domain and 0 in the void domain. The present method was first
described in Hirt and Nichols (1981) and with an improved scheme for the advection of the conserved
quantity F cf. Ubbink (1997). The grid is fixed, while F moves with the fluid. F = 0.5 determines the
position of the surface. The spatial discretization is based on the finite-volume approach on a multiblock grid. The time-integration of the equations is performed by application of the fractional step
method. The CFD-code solving the Navier-Stokes equations as sketched above has been used and
validated in Mayer et al. (1998), Nielsen & Mayer (2001), Christensen (2006) and Bredmose et. al.
(2006) and Nielsen et al. (2008).
Numerical Model Setup

The input wave conditions in the numerical model were represented by a monochromatic 2nd order
Stokes wave formulation at the deepwater boundary. The offshore boundary was assumed fully
reflective as in the physical model tests
The bathymetry used in the computational domain was an identical representation of the physical
model setup with the one exception that the total width of the basin was reduced from 16 m to 9.5 m in
order to reduce computational run-time. The upper beach slope cut off was set to +1.6 cm resulting in a
total model length of 21.5 m. The maximum water depth was 0.4 m and the upper boundary of the
computational domain was located 15 cm above the still water line. The presence of air was neglected.

Figure 4 - The multi-blok grid consisting of 8 blocks used for the numerical simulation. Linear stretch
functions were applied to ensure smooth transition between areas of different resolution.

The computational domain was divided into 8 rectangular block grids each with a cell resolution of
64 x 128 x 32 (longitudinal, transversal, and vertical) yielding a total number of 2097152 cells. Linear
stretch functions were applied to assure a smooth transition in cell size between blocks and to increase
the transversal grid resolution in the vicinity of the reef structure while allowing for a coarser
resolution in the far field. The smallest computational cell measured 1.90 cm x 3.48 cm x 0.42 cm.
Each simulation was run for a time corresponding to 22 wave periods.
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Figure 5 – 3D view of the numerical model bathymetry.

For each simulation time-series of the surface elevation was extracted at the same 7 locations along
the reef as for the physical model tests. In the work by Henriquez (2004) only the x-position of each
wave gauge was recorded. Each corresponding y-position was defined as where the breaking wave
height could be measured, but the position was not recorded. As a result the y-positions were obtained
from a programming routine analyzing the surface curvature time-series for each x-position and locate
the y-position closest to the reef where the waves are not over-turning. The position of the virtual wave
gauges were visualized using Tecplot. From the 3D velocity field, the depth averaged horizontal water
particle velocities were calculated using Tecplot and used to produce time averaged rip-current plots. A
programming routine was also used to calculate the down-line velocity by tracing the moving
breakpoint represented by a point located just next to the curl of the overturning wave.

Figure 6 – 3D visualization of virtual wave gauge positions in NS3
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RESULTS
Despite the monochromatic wave signal at the offshore boundary, the breaking wave heights along
the reef vary in time. In the beginning the wave height varies substantially as a current circulation cell
around the reef starts to develop having a significant impact on the breaking wave characteristics. After
a while the circulation current becomes quasi stationary, but the wave heights along the reef will still
oscillate mildly between waves due to partial wave reflecting from the beach slope causing a weak
standing wave pattern in the flume. As a result, the start up time period required for the circulation
current to reach quasi-stationary state where excluded from the signal used to calculate the mean
breaking wave height, wave pealing velocities and wave driven currents. This method was applied in
both the laboratory tests and the NS3 simulations.

Figure 7 – Breaking Wave height Comparison WF1

Figure 8 – Breaking Wave height Comparison WF4

As observed from
Figure 7 and Figure 8 there is an exceptional good agreement of the breaking wave height along
the reef between laboratory measurements and calculated values by NS3 for both WF1 and WF4. The
mean deviation of the (by NS3) calculated breaking wave height is only 1.8 % and 1.4 % respectively
compared to what is measured in the laboratory. It is observed how NS3 succeeds in reproducing the
non-monotonous breaking wave height pattern down along the reef for WF1, which is notably affected
by the strong developed current circulation cell for this simulation.

Figure 9 – Depth averaged current field for WF1
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From calculating the depth averaged currents from the 3D current velocity field, maps of the mean
depth averaged currents was produced to quantify and illustrate the circulation current presented in
Figure 9 and Figure 10. The depth contours was overlaid for convince. It is observed how the gradients
in wave radiation stress (due to breaking wave action along the reef) result in landward flux over the
reef, which drives a rip current at the landward intersecting between the reef and the plane sloping
beach. The maximum rip current velocity for WF1 was 0.2 m/s which was identical to what was
measured in the laboratory by (Henriquez 2004).

Figure 10 – Depth averaged current field for WF4

For WF4 the Irbarren number is smaller hence the wave breaking intensity is less compared to
WF1 and thus resulting in a slightly less abrupt decay in wave height and thereby smaller gradients in
wave radiation stress driving the circulation current. More intuitively it could be said that because the
larger amount of water driven over the reef due to the more powerful wave breaking for WF1
compared to WF4, the resulting run-off over the reef and magnitude of the rip current velocities are
also increased. Not surprisingly the produced rip current for WG4 was similar in location and direction
compared to WF1 due to the identical reef bathymetry but the maximum current velocity was 20%
smaller as can be observed from Figure 9 and Figure 10.

Figure 11 – Comparison of down-line velocity for WG1

Figure 12 – Comparison of down-line velocity for
WG4

The down-line velocities for the numerical model were calculated by tracing the moving break
point of 10 waves in time increments of 0.12 sec using a program routine analysing the water surface
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curvature. The laboratory measurements were obtained by visual analysing frame grabs taken by a
camcorder. From Figure 11 it is observed how the calculated down-line velocities are in excellent
agreement with laboratory measurements presented in Henriquez (2004). The agreement is also good
for WG4 presented as observed from Figure 12, aside from that the numerical model predicts a larger
spread in down-line velocities for the lower part of the reef compared to the laboratory measurements.

Figure 13 - Visual comparison of the detailed wave breaking characteristics along the reef between the
numerical model (right c) and physical model (left c.) for WF1.

Due to practical difficulties with measuring detailed wave breaking characteristics in a laboratory,
the comparison of wave breaking characteristics were carried out by comparison of video frame grabs
taken at three different stages of the wave breaking process along the reef and 3D visualizations of the
corresponding instantaneous water surface calculated by NS3. The visual comparison shows and
excellent agreement in the prediction of the wave breaking shape and different barrel dimensions.
As mentioned earlier air entrainment is not included in the NS3 simulations, which is why the
spray resulted by the impact of the wave lip with the wave through is more condensed compared to the
waves in the laboratory. The lip thickness in the NS3 simulations appear slightly thicker compared to
the image frames which is due to the limiting vertical resolution of grid cells where the lip only being
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vertically resolved by 2-3 grid cells. This issue could easily be solved simply by increasing the vertical
resolution in NS3.
CONCLUSION

The state of the art CFD model NS3 was used to numerically reproduce two simulations of wave
breaking over an artificial surfing reef carried out in a large scale physical model in Delft University as
described by Henriquez (2004). Comparisons showed excellent agreement on all parameters originally
measured by Henriquez (2004) and thus proves NS3 as a very accurate tool in simulating the complex
wave hydrodynamic processes associated with wave transformation and breaking over a surfing reef.
Physical model tests have until recently been the only alternative in sufficiently reproducing and
investigating the complex and highly non-linear nature of wave breaking over surfing reefs. But due to
the required accuracies associated with correct reproduction of crucial design parameters such as barrel
dimensions and wave pealing velocity, the maximum scaling ratios of physical models are very limited
if distortions from surface tension are to be eliminated. As a result physical model testing of surfing
reefs does most often prove to be a very costly solution and bathymetry alterations cumbersome and
time consuming not to mention the practical difficulties associated with measuring the 3D velocity
field and parameters such as barrel dimensions, wave pealing velocity, and gradient of the open wave
face. Another problem with most physical model facilities is that the offshore wave generation can not
produce mixed seas not to mention greater scale wave transformation effects such as refraction around
headlands and offshore wave focusing.
Until recently numerical modeling of near-shore wave transformation processes were dominated
by weakly non-linear Boussinesq type models and spectral wave models. The problem with both of
these is that both types of models fail to accurately predict the wave characteristics close to the break
point, where the waves are steep and highly non-linear. Most Boussinesq wave models are based on a
mild-slope assumption, which induces problems with both numerical stability and accuracy when
applied to simulate wave transformations over steep reef slopes. The wave breaking process for both
Boussinesq and spectral wave models are highly simplified and contains no information of the actual
wave overturning process. Most Boussinesq models account for wave-current interaction but are
limited by their simplified wave breaking descriptions. Spectral wave models most often only provide a
parametric representation.
NS3 is based on the fully non-linear solution to the Euler equations and provides an accurate
prediction of the breaking wave characteristics and wave driven current interactions such as
demonstrated in this paper. Simulations of a surfing reef in NS3 are quick to set up and alterations to
the bathymetry can be carried out in a matter of a few hours using a conventional CAD program. Time
series of 3D velocity and pressure fields can be extracted by a click of a button and program routines
can easily be invoked to obtained detailed analysis of surf quality related features such has timeevolution of barrel shape, wall steepness and wave pealing velocity. In addition NS3 can straight
forwardly be coupled with greater scale wave models (such as Spectral and Boussinesq wave models)
to provide a much more realistic non-uniform boundary condition such as induced by proximate
headlands and offshore wave focusing features.
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THE USE OF A BOUSSINESQ-TYPE WAVE MODEL TO DETERMINE THE SURF
QUALITY OF ARTIFICIAL REEFS
Arne van der Hout1, Mart Borsboom2, and Martijn Henriquez3
In this study the use of a Boussinesq-type wave model in the integral design of an artificial surf reef (ASR) is
investigated. Until now ASR’s are mainly designed using physical scale models. Already several steps have been
taken to predict the surf quality of a reef design with the use of numerical models. Nonlinear refraction-diffraction
models and surfbeat models can respectively reproduce wave heights and rip currents adequately, but both lack the
capability to combine the two within a single model. The use of a Boussinesq-type wave model (TRITON), capable
of computing waves and horizontal flow simultaneously, is therefore proposed to determine the surf quality of an
ASR in a design stage. With the use of TRITON wave propagation has been simulated in the time domain for
bichromatic wave conditions. From the simulations four parameters have been determined that are a measure of the
surf quality: wave height, inshore Iribarren number, wave velocity along the breaker line, and current. The predictive
capabilities of TRITON have been verified against physical measurements for a wedge-shaped ASR. TRITON is
capable to predict integral wave height parameters (Hm0) within 10%-15% accuracy. Also the development of a rip
current is predicted by TRITON. The calculated wave pattern and the breaking process are in good agreement with
the measurements. The aforementioned parameters that determine the surf quality are resolved with sufficient
accuracy to give a reliable prediction of the quality of waves produced by an ASR. It is concluded that a Boussinesqtype wave model like TRITON can be a valuable tool in the design of a surf reef.
Keywords: Artificial reef, Boussinesq-type wave model, Surf quality

INTRODUCTION

To improve surfing conditions in areas with a lack of good natural surf breaks, artificial surf reefs
(ASR) can be built. Currently ASR’s are mainly designed using physical scale models. Creating such a
physical scale model is time consuming and testing of multiple reef shapes is therefore expensive. The
use of numerical wave models can make it possible to examine a wide variety of designs in a relative
short amount of time. Already several steps have been taken to predict the surf quality of a reef design
with the use of numerical models (e.g. Mead et al., 1999, Henriquez et al., 2006).
To assess the applicability of a numerical model to determine the quality of a reef design, the surf
quality of waves produced by an ASR should be rated. In general, good surfing conditions occur when
waves have a tubular breaker shape and break gradually along the crest at a velocity that the surfer can
maintain. The following surf-related parameters are generally used to determine surf quality (Walker,
1974) and should be simulated adequately by a numerical model:
• Wave height at initial breaker point
• Breaker shape
• Wave velocity along the breaker line (or equivalently: peel angle)
A fourth parameter that is of importance, but does not have a large effect on the quality of the wave
as such, is current. Wave-induced currents can make it difficult for a surfer to maintain the desired
position to catch a wave. Continuously paddling against a current can be exhausting and spoil the fun of
a good surf session.
Non-linear refraction-diffraction models and surfbeat models can respectively reproduce wave
heights, peel angles, and rip currents adequately, but both lack the capability to combine the two within
a single model. To model waves and currents simultaneously, and their interaction, the use of a
Boussinesq-type wave model is proposed to determine the surf quality of an ASR. The model used is
TRITON, a nonlinear wave model developed for the accurate and efficient modeling of the dynamics of
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surface waves in shallow coastal regions (Borsboom, 1998). Included in this model are: diffraction,
refraction, shoaling, wave run-up, and wave breaking.
In this study the propagation of bichromatic waves breaking on a wedge-shaped ASR has been
simulated. The results have been compared to physical model scale measurements.
PHYSICAL MODEL TESTS

In 2004 and 2007 a series of laboratory measurements has been carried out in the wave basin of the
Civil Engineering department at the Delft University of Technology. Numerous measurements were
conducted with an array of sensors placed at many different locations. A first set of experiments has
been conducted by Henriquez (2004) who has focused mainly on the surfability parameters of the ASR.
He documented wave heights, peel angles, visual observations, and rip currents determined with bright
colored floating spheres for both monochromatic and bichromatic wave fields. Although various
conditions were studied the number of output locations was limited.
In a following set of experiments, conducted by Poort (2007), the same bathymetry was used. She
focused on the rip current induced by bichromatic waves on the submerged ASR. During her research
the wave heights and flow currents in the basin were measured thoroughly. An array of four resistance
type wave gauges and four Electro Magnetic Flow (EMF) meters was placed at many different locations
in the basin. Furthermore, surface velocities were obtained by using floating spheres and applying
Particle Tracking Velocimetry (PTV). Poort studied only one wave field and generated a large data set
for this condition.
The basin measurements have been carried out at a 1:12.5 scale. The maximum water depth in front
of the wave board was 0.40 m, which corresponds to a full-scale water depth of 5 m. The wave basin is
approximately 25 m long and 15 m wide. Three piston type wave generators are located at the offshore
end of the wave basin. The wave board width of each wave generator is 5 m, resulting in a total span of
15 m. The wave board is equipped with second-order Stokes steering without Active Reflection
Compensation (ARC).
Opposite of the wave makers a plane slope (1:20) has been built over the whole width of the wave
basin. The smooth bottom of the wave basin ensured minimal frictional dissipation in the flat part
between the wave generators and the plane slope. The experimental lay-out is shown in Figure 1.
The reef has a symmetrical shape. The position of the reef was chosen such that only half the reef
had to be built with the wall of the basin functioning as symmetry plane. With this set-up, more space is
available for the correct development of wave diffraction and induced currents. The reef is
superimposed on the plane slope. The reef itself has a ‘basic shape’ as defined by Henriquez (2004)
with a slope gradient of 1:6 and a reef angle of 60 deg. The reef is submerged and its crest is at −0.08 m
with respect to the still water level.

Figure 1 . Experimental lay-out

WAVE CONDITION

In the physical experiments in the basin Dutch wave conditions were simulated with a typical wave
height of 1 meter and a period around 8 seconds, corresponding with 0.08 m and 2.26 s on model scale.
The bichromatic signal consisted of two primary sinusoidal components with amplitudes of 0.02 m. The
difference frequency was chosen to have about seven waves within each wave group (to surfers known
as set). Seven waves per wave group is the condition commonly encountered in nature. These settings
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imitate idealized surfing conditions in a clean North Sea swell4 with a 1 m wave height for the highest
wave in the set (set wave).
Prior to the actual experiments various wave fields were tested by Poort to find the optimum
combination of primary frequency components. The wave condition that was finally selected consisted
of two primary wave components with a frequency of 0.4712 Hz and 0.4086 Hz.

REVIEW OF THE TRITON MODEL FORMULATIONS

TRITON is the Boussinesq-type wave model developed by Deltares | Delft Hydraulics. Boussinesqtype wave models are based on the assumption of incompressible, constant-density flow. By assuming
the flow to be irrotational in the two horizontal directions (no recirculation in vertical planes), the flow
structure can be expanded in a series expansion in vertical direction. This allows the construction of
computationally efficient formulations by the elimination of the vertical dimension.
The development of TRITON aimed at a Boussinesq-type model with reasonable accuracy for
near-shore applications with the following properties:
• conservation of mass and momentum,
• a formulation independent of the vertical reference level for bottom topography and free-surface
elevation,
• dispersion and shoaling modeled in a compact way,
• reasonable modeling of nonlinear wave interactions to allow the handling of fairly large wave
heights.
In order to derive the model, expansions were made in terms of
• µ, a typical water depth to wavelength ratio: a measure of the relative importance of linear
dispersion,
• ε, a typical wave height to water depth ratio: a measure of the relative importance of nonlinear
effects, and
• µs, a typical wave length to length scale of changes in bottom level ratio: a measure of the relative
importance of shoaling.
In the truncation of the expansion all terms of O(µ4) (and higher) were neglected and some terms of
O(εµ2) (and all higher) were neglected. To improve the model stability and accuracy for short waves the
model has been extended with a [2/2] Padé approximation of linear dispersion and first-order wave
shoaling, including effects of O(µ4) and O(µ4µs). Considering the model’s formulations and truncations,
Borsboom (1998) argues that the model should perform reasonably well when ε<0.25, µ<4 and
εµ2<0.25.
The model has been complemented with a run-up procedure and a breaker model (Borsboom et al,
2001, Borsboom, 2005). A more detailed description of these features is given in Section 5.3 and 5.4.
MODEL SET UP
Bathymetry and grid

The TRITON model has been set up at the same scale as the measurements in the basin: 25 m by
15 m. A rectangular equidistant grid has been used, consisting of 250x150 square cells of 0.1 m by
0.1 m. A time step of 0.05 s has been chosen, which satisfies the stability criterion of the applied
Runge-Kutta scheme c∆t (1 ∆x + 1 ∆y ) < 2.78 , with c the wave phase velocity, ∆t the time step, and

∆x and ∆y the grid sizes.
Output was generated for the entire computational area every six time steps on a twice coarser grid
than the computational grid. At the locations of the wave gauges in the measurements (Figure 2) output
was stored every time step. These time series have been used for the comparison with the
measurements.
To check if the time step is sufficiently small, a run has been made with a time step of 0.025 s. To
check if the resolution of the applied grid was high enough, a run has been made with a two times finer

4

Clean in this sense means: no directional spreading and no wind-induced waves (chop).
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grid and a time step of 0.025 s. It appeared that the results were grid and time-step independent, so the
setting described above have been used for all runs.
The total numerical simulation time has been chosen equal to the simulation time used in the basin
measurements: 600 s. This means that the number of waves in one run is around 265. When analyzing
the time signals (measured and calculated) the first part of the signal is discarded to exclude start-up
effects. The remaining signal still contains sufficient waves to determine integral parameters like Hm0.

Figure 2 . Bathymetry and wave gauge positions.

Boundary conditions

The left boundary of the domain (see Figure 2) is the incoming wave boundary. The other three
boundaries were modeled as closed boundaries. The side walls of the wave basin are concrete walls, so
these are properly modeled by a closed boundary. On the right side of the domain the 1:20 slope
extends till 0.2 m above the water level at the boundary. That is therefore never reached by the waves
so the applied type of boundary condition is irrelevant. Instead, run-up has been modeled. The way runup is implemented in TRITON is described in Section 5.4.
The function of the incoming wave boundary is to reproduce the waves generated by the wave
maker in the basin. This is done by imposing a time series of water level elevations at this boundary.
The steering signal of the wave board during the basin measurements consisted of a bichromatic time
signal constructed from two known amplitudes and frequencies. The wave board was controlled with
second-order Stokes steering without Active Reflection Compensation (ARC).
For the TRITON boundary a time signal has been constructed for the same two amplitudes and
frequencies as for the wave board. To mimic the second-order Stokes steering not only the two primary
wave components were imposed, but also the second-order bound subharmonic wave component and
two superharmonic components at twice the primary-wave frequency. The frequencies and the
amplitudes of these five wave components are given in Table 1. The applied time signal was obtained
from the summation of these five components.
Table 1. Wave components of the incoming boundary signal.
component

f [Hz]

a [m]

f1-f2

0.0628

0.0048

f1

0.4714

0.0200

f2

0.4086

0.0200

2*f1

0.9428

0.0031

2*f2

0.8172

0.0024

Wave breaking

The breaker shape of the wave is not resolved by TRITON or any other Boussinesq-type model.
The simulation of the complex process of a breaking wave would require a more sophisticated (and
computationally much more expensive!) fully three-dimensional free-surface flow model. Wave
breaking is included in TRITON by a breaker model that consists of an algebraic eddy viscosity term. A
viscosity term in conservative form is added to the momentum equation to model the effect of turbulent
energy losses due to wave breaking. This term dissipates energy while momentum is conserved, in
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agreement with the physical laws. The breaker model included in TRITON is introduced by Borsboom
et al. (2001) and tested and validated extensively for a one-dimensional test case (Groeneweg, 2004).
The eddy viscosity coefficient is assumed to be proportional to the thickness of the roller of a
breaking wave. The roller thickness is taken proportional to the distance δ between a line tangent to the
free surface and the free surface itself (see
Figure 3), times some constant.
Wave breaking is assumed to initiate each time the slope angle of the local water surface exceeds the
value φ=φB in the direction of wave propagation. After this moment, denoted by tB, φ is decreased
gradually from its initial value φB to its lower final value φ0 at a rate depending on time scale t1/2:


t − tB 
ϕ = ϕ0 + ( ϕB − ϕ0 ) exp  − ln 2

t1/ 2 


(0.1)

Figure 3 . 1D schematization of the roller.

The decrease of angle φ is to model the growth of the size of the roller during the initial stage of
breaking. The energy dissipation due to the added turbulent viscosity causes the slope of the free
surface and hence the size of the roller to decrease again. The eddy viscosity coefficient that is used to
model these effects is:
ν = f p δ(croller − u ⋅ eroller ),
(0.2)
with eroller = ( cosθ roller ,sin θ roller ) the normalized vector indicating the propagation direction of the
roller, croller the wave celerity of the roller modeled as

croller = 1.3 gH (Schäffer et al. 1993) and fp a

scaling parameter. The proportionality factor between the roller thickness and distance δ (1.5 according
to Schäffer et al. 1993) is included in the scaling parameter fp.
Wave run-up

Wave run-up in TRITON is modeled by means of a drying and flooding procedure based on
artificial porosity. By artificially replacing the solid bottom by a bottom that is slightly porous, water is
present everywhere in the domain and the flow equations can also be applied when the water level is
below the bottom surface, i.e., when the bottom is ‘dry’. Obviously, the perturbation due to the artificial
porosity should be small enough to be negligible. In particular, the amount of water in, and the flow
through, the porous bottom should be sufficiently small. For background, motivation and details of the
choice for the porosity method we refer to Borsboom, (2005).
Equation (0.3) shows how the concept described above is implemented in TRITON. For water
depths larger than the user-specified parameter δdry, the total water depth is equal to the sum of the
water level elevation (ζ) and the distance to the bottom (h). But for water depths smaller than δdry, the
total effective depth depends also on this δdry.
, ζ + h ≥ δ dry
ζ +h

(0.3)
H =
δ dry exp (ζ + h − δ dry ) δ dry , ζ + h < δ dry
This relation shows that for small δdry the effect of the artificial porosity vanishes quickly for water
levels (far) below the bottom surface, as it should.
Since TRITON can presently only be used in combination with an equidistant grid, it is not
possible to refine the grid in the area where run-up occurs. This may be necessary to avoid the
smoothing of important details caused by an excessive amount of numerical dissipation. As a result, the
grid at the slope is generally too coarse to accurately model the dynamics of run-up. On the other hand,
reducing the grid size for the whole computational area will lead to unacceptably long computation
times. In this study it is shown that it is possible to use run-up in a two-dimensional situation. The run-

(

)
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up behavior looks realistic, but further study is necessary to investigate how well the physics of run-up
are captured by the artificial porosity model used in TRITON.
DATA ANALYSIS
Wave height and wave period

Time series of water level elevation computed by TRITON have been compared to the
measurements at several positions. An example of this is shown in Figure 4. This gives an indication of
how well the wave height is predicted and how well the shape of the waves compares. After comparing
output at various locations for various runs, we were confident that TRITON was able to capture the
main wave characteristics as measured in the wave basin. But only comparing time series does not
provide a quantitative measure for accuracy yet.

Figure 4. Comparison of water level elevation time series at the side opposite to the reef (x=17.32 m,
y=14.38 m).

For a quantitative measure of comparison, spectra have been derived from the time series. The data
from the measurements is resampled to obtain the same sample rate and time series duration as the
TRITON output. The first part of the time series is discarded to exclude start-up.
The total variance of the surface elevation is preserved by the Fourier transform. The integral
parameter Hm0 is therefore a reliable measure for comparing the TRITON results to the basin
measurements. Parameters that describe a characteristic period of a spectrum, like Tp, Tm01, Tm-1,0, or
Tm02 can also be used for comparison, but due to the bichromatic character of the waves, they will easily
be influenced by (a single) high- or low-frequency component(s). This can result in much scatter in the
results, especially since TRITON is known to underestimate low-frequency wave energy. This
underestimation is expected to be caused by the absence of higher-order terms O(εµ2) in the model
equations (Caires, 2008). Of the four characteristic wave periods mentioned, Tm01 shows the least
amount of scatter and has thus been selected for a comparison between measurements and
computations.
For every wave gauge location shown in Figure 2 the value of Hm0 is calculated by:

H m 0 = 4 m0 (6.1)
with m0 the area under the spectrum determined over the entire frequency range. The value of Tm01 is
calculated by:

Tm 01 =

m0
(6.2)
m1

with m1 the first-order moment of the wave energy spectrum determined over the entire frequency
range.
Breaker shape

Although the breaker shape itself is not predicted by TRITON, a prediction of the breaker type can
be made with the inshore Iribarren number, defined as (Battjes, 1974):

ξb =

s
H b L0

(6.3)

With Hb the wave height at the breakerpoint, L0 the deep-water wave length, and s the bottom slope.
The breaker types that can be distinguished for different values of the inshore Iribarren number are
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shown in Table 2. A plunging breaker with a ξb value around 0.9 is the breaker type preferred by most
surfers (Henriquez, 2006).
Table 2 . Breaker types.
Breaker type
Surging/collapsing
Plunging
Spilling

Range
ξb > 2.0
0.4<ξb<2.0
ξb<0.4

Velocity along the breaker line

In the study of Henriquez (2006) the velocity along the breaker line (also known as down-the-line
velocity) is determined visually. A camera looking downward on the basin was used to determine the
location where the wave crest starts to break5. The displacement of this breaker point between
consecutive frames was used to determine the down-the-line velocity. Henriquez only reports the downthe-line velocity for a monochromatic wave field (wave height = 0.08 m, period = 2.26 s).
The same technique has been applied to the results obtained by TRITON. The position of the
breaker point has been determined visually for consecutive time steps. The displacement of this point is
used to determine the velocity along the breaker line. Since laboratory data were only available for
monochromatic waves, the down-the-line velocity has only been determined for the fourth wave in the
wave group. This is the highest wave which has the same wave height as the measured monochromatic
waves (0.08 m). The velocity has been determined for 6 wave groups. For one wave the velocity along
the breaker line is determined every 6 computational time steps (0.3 s).
Rip current

During the study of Poort (2007) much focus was aimed to measure the flow velocity in the rip
current. Although a large amount of measurement data is available, only a preliminary comparison will
be made here, for reasons that will be explained below.
The mean velocity in the entire basin has been obtained by interpolating time-averaged values of
in-situ measurements from Electric Flow Meters and surface currents measured with PTV. When
inspecting the measurement results it was noticed that there was no decrease in flow velocity in the rip
current, although the depth increases by a factor of 3. This is inconsistent with conservation of mass.
We suspect that the interpolation method used by Poort has introduced inaccuracies in the mean flow
velocity. It is therefore emphasized that only a general comparison can be made between the
measurements and the TRITON computations.
TRITON provides depth-averaged velocities as output. The constant flow component has been
obtained by calculating the vectorally mean of the time series. This eliminates the orbital wave motion
and reveals the mean rip current.
RESULTS
Visual comparison

First a visual comparison between the wave breaking patterns calculated by TRITON and observed
during the measurements has been made. The computed results showed a wave breaking pattern that
was similar to what has been observed during the basin measurements. Only the highest waves of the
wave group break on the reef. The position where the waves start breaking is similar to the basin
measurements. In
Figure 5 a snapshot of the surface elevation is given. The
areas where dissipation due to wave breaking is active are shaded. Henriquez (personal communication,
2009) has confirmed that the wave pattern shown by the TRITON calculations is similar to what was
observed during his measurements. The waves at the toe of the reef become larger and steeper due to
shoaling until they start breaking at point A.

5

This is the position where a surfer preferably would surf; also known as the pocket of the wave.
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Figure 5 . Waves breaking on the reef.

Wave Height

The computed Hm0 values have been compared to the measured values. The results are plotted in
Figure 6. Almost all computed Hm0 values have a relative difference with the
measurements within 10%-15%.
To investigate how well TRITON can represent the waves breaking at and refracting on the reef,
wave heights along rays with constant y-value are compared. The location of the wave gauges is shown
in Figure 2 and the results are shown in
Figure 7.
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Figure 6 . Comparison of computed Hm0 values to measured values.

At the side opposite to the reef (y=13.38 m) the prediction of the wave heights by TRITON is very
accurate. On the reefside of the basin the computed wave height at y=0.50 m is also in excellent
agreement with the measurements. The trend in wave height is predicted very well by TRITON and the
location of the peak at y=0.50 m is predicted accurately. This is the initial breaker point and the
position where energy dissipation due to wave breaking starts. The wave height at this peak is slightly
underestimated. The amount of energy that is dissipated (not only at y=0.50 m, but also at the other
locations) is in good agreement with the measurements.
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Figure 7. Wave height Hmo along rays.

For the locations with x>15 m at the reef side of the basin complex flow-wave interactions are
present. If the flow velocity is not simulated properly by TRITON this will have an influence on the
wave height. The flow patterns calculated by TRITON will be discussed in Section 7.6.
It should be noted that the wave gauges closest to the wave board measured a lower wave height on
the reef side of the basin than on the side opposite to the reef. However, the wave height measured by a
reference wave gauge in front of the wave board (at x=5 m, y=13.52 m) was the same for all runs. One
would expect that along the entire line x=8.62 m the presence of the reef should at most have a small
effect on the wave height, since the waves propagate over a constant depth. This difference in wave
height can be an indication that large scale reflection, interference, or circulation patterns were present
in the basin, which are captured differently by TRITON.
Period

The agreement between measurements and computations for integral wave period parameter Tm01 is
less satisfying than for the wave height. TRITON overestimates the period for the shorter waves. A
comparison between measurements and computations is shown in Figure 8.
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Figure 8 . Comparison of computed Tm01 values to measured values.

The characteristic wave period Tm01 has been plotted along the same rays in the basin as the wave
height (Figure 9). TRITON overpredicts Tm01 in the shallow areas, where the waves are shorter. On a
two times finer grid the agreement between measurements and computations in the shallowest areas is
better on the reef side of the basin (not shown here), indicating that this is (partly) a resolution problem.
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Figure 9. Characteristic wave period Tm01 along rays.

A difference between measurements and computations is that the decrease in wave period due to
wave breaking is more gradual for the computed results than measured. A Boussineq-type model like
TRITON assumes irrotational flow and artificially includes wave breaking by means of an energy
dissipation term. For this test case the wave breaking process is very sudden and violent, for which the
assumption of irrotational flow is not valid anymore. On top of the reef at the position where the wave
breaks, a very steep drop in wave period is measured. TRITON predicts the same trend, but in a more
gradual way.
For the waves in the central section of the basin TRITON slightly underpredicts Tm01. This is likely
to be a result of the underprediction of low-frequency waves at these positions.
Although there are some differences between measurements and computations, it can be concluded
that the overall trend is predicted reasonably well, except for the very shallow areas behind the breaker
zone. This indicates that the wave breaking process is simulated with reasonable accuracy considering
wave period.
Breaker shape

TRITON is well capable of predicting the wave height at the breaker point of the waves, so it is
possible to determine the value of the inshore Iribarren number along the breaking crest. This gives
insight in what kind of breaker types is produced by the ASR.
The inshore Iribarren number ξb at the initial breaker point on top of the reef determined from the
TRITON computations has a value of 1.4. This indicates a heavy plunging wave, similar to the waves
observed during the measurements. For the waves observed in the experiments Henriquez (2006)
estimated a ξb value of 1.2. This leads us to conclude that the estimated breaker shape based the
TRITON computations is in good agreement with the waves observed during the measurement.
Velocity along the breaker line

The value for the breaker velocity that was found in the measurements was around 1.5 m/s, with a
fair amount of scatter in the data (values between 1.25 m/s and 2 m/s). The average down-the-line
velocity predicted by TRITON is 1.45 m/s, with a standard deviation of 0.07 m/s. This is in good
agreement with the measurements.
Rip current

The direction and the location of the computed rip current are comparable to those of the measured
rip current (see Figure 10). It should be noted that the velocity shown in the top panel is measured at the
surface. The velocity computed by TRITON is depth averaged and therefore slightly lower.
At the start of the rip current the flow velocity computed by TRITON is of the same order as
measured in the physical model tests, but in the computations the flow velocity decreases faster. The
extent of the computed rip current is smaller than measured in the basin measurements. However, we
suspect that the interpolation method used by Poort has introduced inaccuracies in the measured mean
flow velocity, since mass is not conserved in the time averaged results.
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Figure 10. Top: Mean rip current estimated with PTV, measured by Poort. Bottom: Mean velocity
computed by TRITON.

For this test case, the smooth bottom of the basin was modeled with a Chézy bottom friction
coefficient of 60 m1/2/s, which gave reasonable results. To investigate the influence of bottom friction,
additional runs have been made with less bottom friction, resulting in higher flow velocities. In these
computations, the direction of the rip current was slightly more alongshore, although differences were
minor.
It appears that TRITON is capable of predicting the presence of a wave-induced current around a
submerged structure. More reliable validation data are necessary to investigate how well the magnitude
of the flow velocity is predicted.
CONCLUSIONS

The computed wave patterns and the locations where the waves break are in good agreement with
the measurements. A computation already provides much insight in the surfing conditions that can be
expected when designing an ASR. Regarding the four parameters that determine the surf quality the
following results have been found:
• Wave height
The wave heights are predicted within 10%-15% accuracy. It appears that TRITON is very well capable
of simulating the two-dimensional wave breaking process on this submerged reef for bichromatic wave
conditions. The wave height at the initial breaker point is slightly underestimated, but it is still within
the acceptable accuracy range.
• Breaker shape
Although the breaker shape of the wave is not resolved by TRITON, the breaker type can be
determined by computing the inshore Irribarren number. This number depends on the wave height at the
breaker point of the waves, which is computed within 10%-15% accuracy compared to the
measurements.
• Wave velocity along the breaker line
The breaker velocity is good agreement with the measurements.
• Rip current
TRITON is capable of predicting the presence, direction, and order of magnitude of a rip current.
However, a detailed comparison to measurements was not possible yet.
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The four parameters that determine the surf quality are resolved with sufficient accuracy to give a
reliable prediction of the surf quality of waves produces by an ASR. It is concluded that TRITON can
be a valuable tool for the design of a surf reef.
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MODELLING WITH SWAN THE WAVE SPECTRUM SURFING QUALITY AT THE SÃO
PEDRO DO ESTORIL SURF REEF
N. Cardoso1, P. Bicudo1 and C. J. Fortes2
Experienced surfers are familiar with the phenomenon of surfing perfectly regular waves after they are refracted and
diffracted round a cape. The waves reaching the São Pedro do Estoril Artificial Surf Reef, in the coast of Cascais,
Portugal, are generally refracted and diffracted by the following capes: Cabo da Roca, Cabo Raso and Ponta de Santa
Marta. We use the numerical code SWAN to model the wave propagation from an offshore buoy to the location of the
Sao Pedro Artificial Surf Reef, showing that the wave spectrum is filtered by diffraction and refraction, thus
improving wave quality. We quantify how offshore waves, including irregular wind waves, are filtered to perfectly
regular swell-like waves.
Keywords: São Pedro do Estoril, Surf reef, Swan Modelling

INTRODUCTION

We report on the study of the wave spectrum at the location where the São Pedro do Estoril Surf
Reef is being studied. The Mayor of Cascais, Portugal decided to support the study of the Surf Reef to
develop surfing in São Pedro do Estoril, which is the third pole of surfing in the municipality, together
with Carcavelos and Guincho (Bicudo et al., 2009: Mendonça et al., 2009; Bicudo et. al., 2009; Fortes
et al., 2008; Fortes et al., 2007).
Although Portugal is sufficiently far from most North Atlantic storms to frequently receive mature
waves, irregular wind waves produced by neighbouring storms are also included in the Portuguese coast
climatology. Nevertheless the waves in São Pedro do Estoril, a SSW facing coast, are in general more
regular, and more perfect for surfing, than the waves in the western coasts of the council, say in the
Guincho beach. São Pedro do Estoril benefits from the phenomenon, familiar to experienced surfers, of
surfing waves becoming perfectly regular after they are refracted and diffracted round a cape. The
waves reaching the São Pedro do Estoril Artificial Surf Reef, in the coast of Cascais, Portugal, can be
refracted and diffracted by three capes: Cabo da Roca, Cabo Raso and Ponta de Santa Marta.
In Section 2, we review the numerical code SWAN, adequate to study the evolution of the wave bidirectional spectrum during wave propagation. In Section 3, we model the wave propagation from the
offshore to the location of the Sao Pedro Artificial Surf Reef, showing that the wave spectrum is filtered
by diffraction and refraction, thus improving wave quality. We quantify how offshore waves, including
irregular wind waves, are filtered to perfectly regular swell-like waves. We conclude in Section 4.
SWAN MODEL

SWAN model – acronym for Simulating Waves Nearshore – computes sea-wave generation,
propagation and dissipation based upon the equation for wave conservation, (SWAN, 2008). This is a
freeware model developed by Delft University of Technology (Netherlands).
The governing equation of SWAN is the wave action balance equation (Mei, 1983; Komen, et al.,
1994):

r
r
∂c N ∂c N S
∂N
+ ∇ xr ⋅ c g + U N + σ + θ = tot
∂t
∂σ
∂θ
σ

[(

) ]

(1)

Where N(σ, θ; x, y, t) is the wave action density as a function of the intrinsic frequency σ, direction θ,
horizontal coordinates x and y, and time t; c is the propagation speed in (x, y, σ , θ) space and S is the
total source/sink terms expressed as wave energy density.

1
2

CFTP, Departamento de Física, Instituto Superior Técnico, Lisboa
NPEM, Hydraulics and Environmental Dept. Laboratório Nacional de Engenharia Civil, Lisboa
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SWAN is specifically designed for coastal applications, taking into account generation by wind,
white-capping, depth-induced wave breaking and nonlinear interactions (quadruplets and, more
important for coastal applications, triads).
The field of waves in the area under study is characterized by the two-dimensional density
spectrum of the action of sea agitation.
Table 1. Initial Conditions. Hs is the significant

wave height, TP is the peak period, Dir is the
wave direction and DSPR the directional
spreading of the waves.
ID

Hs (m)

TP (s)

Dir (θ)

DSPR (θ)

0

2.5

10

315

22

1

2.2

11.4

315

20

2

1

11.4

315

20

3

3

11.4

315

20

4

2.2

9

315

20

5

2.2

14

315

20

6

1

9

315

20

7

1

14

315

20

8

3

9

315

20

9

3

14

315

20

10

2.2

11.4

280

20

11

2.2

11.4

300

20

12

2.2

11.4

330

20

With this representation, it is for instance possible to apply the model in fetch areas where the wave
height remarkably increases. The spread of the wave fronts, in stationary or non-stationary modes, in
geographical and spectral space is performed using implicit numerical schemes. The area under study
can be described with cartesian or spherical coordinates.
The data required for the implementation of SWAN is a bathymetric grid for the area under study
and waves sources on the boundaries, in addition to a number of other parameters for the calculation.
Among the results obtained by the SWAN are the significant wave height, peak and average periods,
the peak and average wave directions, the wave directional spreading and the water level in any point of
the computational domain. The significant wave height, Hs, is defined as:
Hs = 4

∫ ∫ E (ω ,θ )dωdθ

(2)

where E(ω,θ) is the variance density spectrum and ω is the absolute radian frequency determined by
the Doppler shifted dispersion relation. The mean absolute wave period, TM01, is:

 ∫ ∫ ωE (ω , θ )dωdθ
TM 01 = 2π 

 ∫ ∫ E (ω , θ )dωdθ






−1

(3)

and the peak wave period, RTP, is the relative peak period of the variance density spectrum, E(σ), equal
to absolute peak period in the absence of currents. The wave direction, DIR,
 ∫ sin θE (σ , θ )dσdθ 

DIR = arctan 
 ∫ cos θE (σ , θ )dσdθ 

(4)

and PDIR is the peak direction of
E (θ ) = ∫ E (ω , θ )dω = ∫ E (σ , θ )dσ

(5)
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Finally, the wave directional spreading, DSPR, is given by
2

2
2


 DSPR  = 2 − 2  ∫ sin θE (σ , θ )dσdθ  +  ∫ cos E (σ , θ )dσdθ 
π 

 


∫ E (σ )dσ
∫ E (σ )dσ

 

180 


(6)

Table 2. Results obtained with the SWAN model. Hs is
the significant wave height, RTP is the peak period of
the variance density spectrum, TM01 is the mean
absolute wave period, Dir is the mean wave direction,
PDir is the peak wave direction and DSPR the
directional spreading of the waves.
Hs
(m)

RTP
(s)

TM0
(s)

Dir
(θ)

PDir
(θ)

DSPR
(θ)

0

0.72

10.77

9.37

242.85

242.0

10.98

1
2
3
4
5
6
7
8

0.68
0.31
0.93
0.46
0.90
0.21
0.61
0.62

12.50
12.50
12.50
9.28
14.50
9.28
12.50
9.28

11.17
11.15
11.18
8.67
13.55
8.58
9.18
8.77

240.07
240.10
240.03
246.77
235.61
246.92
239.98
246.54

240.0
240.0
240.0
248.0
236.0
248.0
240.0
248.0

10.10
10.13
10.06
11.28
9.10
11.38
11.12
11.13

9
10
11
12

1.23
1.11
0.87
0.51

14.50
10.77
10.77
12.50

13.52
9.66
10.54
11.63

235.56
236.60
239.14
240.78

236.0
234.0
238.0
242.0

9.07
10.81
10.35
10.04

ID

SWAN Model Application

We apply the SWAN model to the bathymetry described in Fig. 1. The origin of the x, y and z
coordinates is the one defined by the Instituto Hidrográfico.
In the SWAN model, it is possible to introduce sea agitation as a boundary condition of the
computational domain in spectral or parametric form.
The frequency space is represented by 32 frequencies, logarithmically spaced, ranging from 0.01 to
1.0 Hz, that cover all the expectable frequency components of the spectrum. For the DSPR, the grid has
180 different directions with a relative spacing of 2 degrees, covering a 360 degree area. All the SWAN
model simulations in this study have been done with these parameters in stationary mode. The sea level
considered is 1.4m and constant along the entire computational domain.
Implementation of SWAN model is done in three steps: in the first we consider sea agitation
without a wind field, in the second stage we apply a constant wind field and in third we use a 2D
spectrum file as initial condition. The wave regime is propagated from offshore to the area under study,
São Pedro do Estoril beach represented in Fig. 1 by a red dot.
The formulations for each case, except in the bottom friction, were the standard formulations of
SWAN model. The coefficient of JONSWAP formulation of the bottom friction, in swell conditions
takes the value of 0.038m2s-3, while for wind-sea conditions are 0.067m2s-3. The model uses preferably
the formulation of the bottom friction for the wind sea conditions, it was necessary to modify this
coefficient.
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Figure 1. Case study bathymetry. The red dot represents São Pedro do Estoril beach at point (91500m,
192000m). The capes west of São Pedro do Estoril are the Cabo da Roca, Cabos Raso and Ponta de Santa
Marta.
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Figure 2. 2D spectral energy boundary condition.
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Figure 3: Absolute spectral energy for the location defined in Fig. 1, São Pedro do Estoril beach.
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Figure 4: Significant wave height (in m) results for the spectrum defined in Fig. 2.
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Figure 5: Peak period (in s) results for the spectrum defined in Fig. 1.
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Figure 6: Mean absolute wave period (in s) results for the spectrum defined in Fig. 2.
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Figure 7: Mean wave direction (in degrees) results for the spectrum defined in Fig. 2.
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Figure 8: 2D spectral energy boundary condition.
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Figure9: Absolute spectral energy for the localization defined in Fig. 1, São Pedro do Estoril beach.
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Figure 10: Significant wave height (in m) results for the spectrum defined in Fig. 8.
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Figure 11: Peak period (in s) results for the spectrum defined in Fig. 8.
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Figure 12: Mean absolute wave period (in s) results for the spectrum defined in Fig. 8.
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Figure 13: Mean wave direction (in degrees) results for the spectrum defined in Fig. 8.

Table 3. Results obtained for the conditions described in
Table 1 with a constant wind field of 10/ms with 315º of
direction. Hs is the significant wave height, RTP is the
peak period of the variance density spectrum, TM01 is
the mean absolute wave period, Dir is the mean wave
direction, PDir is the peak wave direction and DSPR the
directional spreading of the waves.
ID

Hs
(m)

RTP
(s)

TM01
(s)

Dir (θ)

PDir (θ)

DSPR
(θ)

0

0.96

10.77

4.23

251.08

244.0

23.26

1

1.02

12.50

3.66

250.95

240.0

29.56

2

0.83

12.50

2.67

260.06

250.0

35.43

3

1.16

12.50

4.80

247.34

242.0

24.85

4

0.80

9.28

3.22

257.10

250.0

26.61

5

1.17

14.50

4.60

245.23

236.0

28.66

Climatology

The initial conditions defined in Table 1, used in the stationary mode of the SWAN model, for the
climatology study of São Pedro do Estoril beach, were obtained from (Costa, et al., 2001).
We use the JONSWAP spectrum combined with the initial conditions described in Table 1 in the
boundaries of the domain study. In Table 2 we show the results obtained by the SWAN model in
stationary mode for the location defined in Fig. 1.
The results in Table 2, show a great rotation in the wave direction, i.e., the higher the angles of the
incoming waves, the greater the rotation of the waves that arrive at São Pedro do Estoril beach. For the
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condition ID=12 the wave rotation is near 90 degrees. The directional spreading (DSPR) is remarkably
reduced at the São Pedro do Estoril beach.
Climatology with Wind

We also apply the SWAN model to some of the initial conditions described in Table 1 with the
addition of a constant wind field of 10m/s with a 315º direction. The results obtained are shown in
Table 3.
These results are significantly different from the results obtained from Table 2, and describe
different sea states. The mean wave period (TM01) decreases and the directional spreading (DSPR)
increases when the wind is accounted for. This is characteristic of short crested waves that are more
appropriate to represent the sea agitation under strong wind. Another evident result is the
underestimated significant wave height if the wind is not taken into account.
Input Spectrum Files

We use also study a spectral file at the boundaries, shown in Fig. 2, Fig. 8 and Fig. 14. The
respective results are shown in Fig. 3 to 7 and in Table 4, in Fig. 9 to 13 and in Table 5, and in Fig. 15
to 17 and in Table 6.
DISCUSSION AND CONCLUSION

We illustrate typical wave spectra in Fig. 2 to 17, and in Tables 1 to 6. The Fig. 2 shows a spectrum
file from the location 38ºN10ºW for a real abrbitrary day of 21/01/2001. The Fig. 14 is based in
a JONSWAP spectrum with significant wave height of 2m, peak period of 15s, wave direction of 310º
and DSPR of 20 degrees, and then added random noise to it. The Fig. 8 shows a combination of various
JONSWAP spectrums, with mixed swells.
We find that, even when the offshore wave is an irregular and freshly developing wave, it is filtered
to perfectly regular swell-like wave, with a concentration of the period close to the peak period, as
though the wave pattern would be the one of a developed sea.
Moreover, it is remarkable that the wave direction at São Pedro do Estoril is tuned to a direction of
nearly 240º, with a small directional spreading, for different off shore directions of W, NW and N.
The results obtained with the SWAN model for wave propagation from an offshore buoy to the
location of the São Pedro do Estoril beach, including the diffraction and refraction round the Cabo da
Roca, Cabo Raso and Ponta de Santa Marta show that the wave spectrum is filtered by diffraction and
refraction, thus improving wave quality.
The fall, winter and and spring seasons sustain offshore wave heights sufficiently high to frequently
produce suitable for surfing condition on the south coast. The present spectral study shows that the São
Pedro Estoril Beach, and the neighbouring South coast of Cascais, offers an ideal location for an
Artifical Surf Reef. The presence of the capes assure a consistent high period and narrow directional
spread to the south coast. It demonstrates the viability of the construction of an Artificial Surf Reef for
perfectly long and consistent waves.

Table 4: Results obtained with boundary spectra in
Error! Reference source not found. for the localization
defined in Fig. 1, São Pedro do Estoril beach. Hs is the
significant wave height, RTP is the peak period of the
variance density spectrum, TM01 is the mean absolute
wave period, Dir is the mean wave direction, PDir is
the peak wave direction and DSPR the directional
spreading of the waves.
Hs
RTP
TM01
Dir (θ)
PDir
DSPR
(m)
(s)
(s)
(θ)
(θ)
0.61

12.50

9.18

239.98

240.0

11.12
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Table 5: Results obtained with boundary spectra in
Figure for the localization defined in Fig. 1, São Pedro
do Estoril beach. Hs is the significant wave height,
RTP is the peak period of the variance density
spectrum, TM01 is the mean absolute wave period, Dir
is the mean wave direction, PDir is the peak wave
direction and DSPR the directional spreading of the
waves.
Hs
RTP
TM01
Dir (θ)
PDir
DSPR
(m)
(s)
(s)
(θ)
(θ)
1.12
19.51
11.28
237.77
230.0
14.57

Table 6: Results obtained with boundary spectra in
Figure for the localization defined in Fig. 1, São Pedro
do Estoril beach. Hs is the significant wave height, RTP
is the peak period of the variance density spectrum,
TM01 is the mean absolute wave period, Dir is the mean
wave direction, PDir is the peak wave direction and
DSPR the directional spreading of the waves.
Hs
RTP
TM01
Dir (θ)
PDir
DSPR
(m)
(s)
(s)
(θ)
(θ)
0.83
12.50
10.98
240.08
240.0
10.71

350

m2/Hz/degr
0.14
0.13
0.12
0.11
0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0

Direction (degrees)

300

250

200

150

100

50

0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Frequency (Hz)

Figure 14: 2D spectral energy boundary condition.
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Figure 15: Absolute spectral energy for the localization defined in Fig. 1, São Pedro do Estoril beach.
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Figure 16: Significant wave height (in m) results for the spectrum defined in Fig. 14.
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Figure 17: Peak period (in s) results for the spectrum defined in Fig. 14.
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Figure 18: Mean absolute wave period (in s) results for the spectrum defined in Fig. 14.
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Figure 19: Mean wave direction (in degrees) results for the spectrum defined in Fig. 14.
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SÃO PEDRO DO ESTORIL SURF REEF,
PRELIMINARY STUDY OF THE REEF DESIGN
P. Bicudo1 and N. Cardoso1
We report on the theoretical part of the Preliminary Study of the São Pedro do Estoril Surf Reef. Portugal is
sufficiently far from most North Atlantic storms to receive high period, and yet with a good wave height, waves. The
South coast of Cascais is sheltered from the dominant NW wind, with a mild climate, and the wave power at
maximum, São Pedro do Estoril due to refraction and diffraction. Prior to this modeling, we selected a new surfing
break location the bathymetry of the rugged rocky bottom was mapped with 1m x 1m resolution. The offshore wave
climatology was propagated to the coastline using 13,000 offshore buoy data sets. We also observed directly on the
site that the wave direction has a quite small variance, θ=227±3º, with a period for the set waves of T= 15±4s and
wave height in oceanographic units = surf units x 2.25 of H > 1m. Different designs of the surf reef are tested with
REFDIF and an optimal design is selected. The performance of the design is quantified with the peel angle, the
Iribarren number and the length of the surf path, for different waves parameters present in the climatology waves. The
goal of our best design, 200m long and 40m wide with 13,000m3 volume, is to produce a world class surfing wave.
Keywords: São Pedro do Estoril, Surf Reef

INTRODUCTION

We report on the theoretical part of the preliminary feasibility study of the São Pedro do Estoril
Surf Reef (Bicudo et al, 2009, Mendonça et al, 2009, Bicudo et al, 2009, Fortes et al, 2008, Fortes et al,
2007).
Portugal is sufficiently far from most North Atlantic storms to receive high period, and yet with a
good wave height, waves (Cardoso, 2009). The climate is mild, compared to the other European
climates, with sunny days both in the summer and in winter, and tourists from all Europe come to
Portugal, also for surfing. Thus the Portuguese coastline is ideal for the development of surf in Europe.
In Portugal, the oldest and strongest surfing community resides in the municipality of Cascais, with
a strong touristic tradition, and included in the metropolitan area of Portugal’s Capital, Lisbon. The
Mayor of Cascais decided to support the study of an artificial surf reef (Mead et al. 2001, Corbett et al.
2005, Jackson et al, 2005, Mead et al, 1999, Mathew et al, 2003, Prasetya et al, 2003) to further
develop surfing in São Pedro do Estoril. São Pedro do Estoril is located in the centre of the South
Coast of Cascais, as shown in Figure 1. It is one of the main surfing poles in the municipality, together
with Carcavelos and Guincho.
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Figure 1. Bathymetry utilized for the offshore climate wave propagation. The red dot represents São Pedro
do Estoril beach at point (0m, 91500m, 192000m). The origin of the x, y and z coordinates is the one defined
by the Instituto Hidrográfico.
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Here we report on the testing of different reef designs, to optimize the choice of our reef design.
This choice is crucial for the feasibility study of the artificial surf reef, and also as a starting point for
the more detailed, fine tuning studies. Thus our test relies in the simple but effective REFDIF model
(Dean et al, 1998 , Kirby et al, 1993, Booij, Komen et al, 1994, Mei, 1983, Dalrymple et al, 1991,
Berkhoff, 1972).
In Section 2 we present the site overview. In Section 3 we briefly review the REFDIF model. In
Section 3 we detail the parameters of the wave climatology we decide to study, and the reef design
parameters. In Section 4 we show our results for the different designs. In Section 5 we conclude.
SITE OVERVIEW

Prior to the present study, we studied the wave climatology and the bathymetry of, São Pedro do
Estoril. E mapped the bathymetry (Bicudo 2008, Bicudo 2009) of the rugged rocky bottom with
multibeam lateral sonar up to an excellent 1m x 1m resolution from -10m up to + 2m above the
hydrographical zero. We propagated the offshore wave climatology to the coastline, using a data set
with 13,000 offshore buoy wave measurements (Costa et al, 2001). A GUI was developed on REFDIF
and three different sets of meshes were used for different wave directions (Fortes et al, 2008, Fortes et
al, 2007). The South coast of Cascais is sheltered from the dominant NW wind, and the wave power
was shown to peak at São Pedro do Estoril, which is then adequate for an artificial surf reef (Cardoso,
2009).
We also selected the precise site of our project. Four different alternative sites for the artificial surf
reef were considered in São Pedro. We addressed the improvement of two existing waves at the local
beaches, and the creation of a new wave utilizing an existing reef which is presently too irregular for
surfing. The local surfing community was also consulted. Notice that it is the oldest surf community in
Portugal, a local institution since the early seventies of last century. Both the local surf experts and our
studies pointed for a new wave, just West of Ponta do Sal, shown in Figure 2, as the best alternative for
the artificial surf reef.

Figure 2. São Pedro do Estoril profits from one of the most beautiful sceneries in the coast of Cascais. Here
we face South and depict Ponta do Sal. East of Ponta do Sal breaks the wave of São Pedro do Estoril. West
of Ponta do Sal is the site where we are studying the artificial surf reef. The proposed reef is submerged,
and does not impact on the landscape character.

On the selected Ponta do Sal site for a new wave, we also observed directly, as in Figure 3, that the
wave direction has a quite small variance, θ=227±3º, with a period for the set waves of T= 15±4s and
frequent wave height Hs [in oceanographic units] = H [in surf units] x 2.25 > 1m. This is consistent with
the 13,000 propagations of offshore buoy data sets (Fortes et al, 2008, Fortes et al, 2007). The small
directional dispersion of the wave direction simplifies the design of the surf reef since one of the main
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wave climate parameters is fixed. The consistency of the wave height and the existing reef already
providing a substantial rock volume, also conspire to make Ponta do Sal an ideal site for an artificial
surf reef.
REFDIF MODEL

REFDIF (Dean et al, 1998, Kirby et al, 1993, Booij, Komen et al, 1994, Mei, 1983, Dalrymple et
al, 1991, Berkhoff, 1972) is a model for the propagation and deformation of surface gravity waves in
areas of variable depth. This model makes the spread of regular waves in areas of mild slope and in the
presence of currents, taking into account,
• the effects of refraction and diffraction (only in the direction perpendicular to the direction of
propagation of the main wave),
• steepness (or shoaling),
• wave height changes,
• energy dissipation (by friction or by percolation of the bottom and breaking waves),
• effects of height in the wave celerity.
It is essentially a model adapted for the modelling of coastal areas in the order of tens of kilometres.
The model is based on the approximation of the parabolic mild slope equation by Berkhoff. The
equations of the model are solved by the method of finite differences, on a grid of rectangular spacing,
using an implicit line-by-line iterative scheme in order to propagate the waves. For the conditions of
lateral boundary, the model allows the use of a condition of total reflection or, alternatively, a condition
of open boundary. The user can specify the initial conditions as a field of monochromatic waves.
It should be noted that in some locations, such as in the shadow of an island, the calculated wave
direction by the REFDIF model may take an undefined value due to the reduced wave heights that
usually occur there, and also due to the effects of the wave crossing from different directions in this
model.
For the application of the REFDIF model, with the bathymetric data we need to produce a finite
difference mesh. The incident wave conditions (period, direction and wave height) as well as a set of
general parameters of the model must be defined by the user. The model provides, among others, wave
heights and wave directions as well as values for the free surface, including wave breaking.
Finally, for the application of the model, it must also be ensured that:
• The bottom is a smooth slope (up to a maximum of 1:3);
• The angle between the wave direction and the main wave direction should not exceed 60º due to
the use of parabolic approximation of wide angle;
• The choice of the relation of dispersion to be used in the model (there are three available) depends
on the expected values for the Ursell parameter of the problem under study.
WAVE AND REEF PARAMETERS

The wave climatology computed from the buoy, the observed wave breaking, and the best wave
conditions for surfing led us to consider wave parameters centred in direction θ= 230º, amplitude A=
1.5 m, period T =15 s, tide= 1.4m + hydrographic zero, wave height= 3m. Notice that, for historical
reasons based in the Hawaiian tradition, surfers measure the wave height differently from
oceanographers. Surfers essentially divide the wave height by a factor of 2.1 +-0.1, and thus our central
wave height corresponds to circa 1.4 m in surfer units. Considering the relevant fluctuations for surfing
of the wave parameters, we arrive at the set of wave parameters, for our numerical modelling of the
Artificial Reef for Surfing in Table 1.
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200m
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Figure 3. The São Pedro Surf Reef site. We show, (1) the existing reef that will be the centre of the surf reef
location, (2) 2 σ wave front deviation, (3) mean wave front direction, (4) 2 σ wave front deviation, (5) the
Caparide stream. The white line at the surf reef location shows a 200m scale in an arbitrary direction. The
bathymetry was implanted (Bicudo, 2008, Bicudo, 2009) in an Google Earth orthophotomap, © Google.

The different sets of wave parameters are applied to test different reef designs. For simplicity, our
set of reef designs must be limited. In general, our surf reef could produce two surfing waves, say a lefthand wave and a right-hand wave or a single, but longer, one-hand wave. In the present case we are led
to a single, right-hand wave, of the point break type. For the terminology of a reef for a right hand wave
see Figure 4. The reasons that led to a one-hand wave are,
• the dispersion and fluctuations of the wave propagation direction are very small and thus we do not
need a two-wave A-shaped reef to optimize different wave directions,
• the wave propagation direction θ is not perpendicular to the coast but already arrives with an angle
of 10º, favouring a right-hand break,
• the artificial reef will be built on a natural reef, where a low-quality, but quite improvable righthand wave already breaks,
• the artificial reef will be built on a natural reef, which already has only one channel for the water
flow and surfers to escape, and this is a channel for a right-hand surf break.
Having decided for a right-hand one-sided point break reef, we have to parameterize the reef
design, in order to optimize the reef design with the numerical modeling of the waves. Although a
complex design may have been chosen, the amplitude of the tides led us to choose a reef top with a
constant slope, to maintain as much as possible the wave characteristics for different tides. Thus we
opted for a transversal cut of the reef with simple reef, and not for a complex reef design, as in Figure 5.
Moreover we opted for a reef with a constant orientation. To arrive at a surf break of international
quality, and profiting from the existing reef with a wide channel, we also opted for a reef 200m long,
enabling a 200m length of the surf path.
Notice that artificial surf reefs built to date are significantly more complex in design. Our reef
design has a simpler shape, aimed at our initial investigations into the site. However, part of the
complexity of the presently existing surf reefs is due to their goal of producing A-framed reef breaks,
with both right-hander and left-hander surf paths. In what concerns our translational invariant design,
we nevertheless notice that natural surfing breaks exist with the same basic shape we are designing here.
In particular some long point-breaks, either breaking over natural tropical coral reefs, or breaking over
natural Portuguese rock reefs existing, also exist with a translational invariant design, and produce
excellent waves.
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Table 1. Initial conditions for sea agitation.

direction
θ (º)
220

230

240

amplitude
A
(m)
1.5
0.5
1.5
1.5
1.5
1.5
1.5
1.5
2.5
1.5

period
T
(s)
15
15
11
15
19
15
15
15
15
15

tide
(m)

wave height
(m)

1.4
1.4
1.4
1.4
1.4
0.3
2.5
3.7
1.4
1.4

3
1
3
3
3
3
3
3
5
3

Figure 4. Terminology of the Artificial surf reef to create a right-hand pointbreak surfing wave.

Figure 5. We depict vertical cuts of two reef designs, (left) a complex surf reef design with many parameters,
and (right) a simple surf reef design.
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CHOSING THE REEF PARAMETERS

Our parameters are determined in order to optimize the surfing quality. Notice that the present
study is just the first step of the preliminary study for an artificial surf reef. The next step will include a
reduced scale physical model in a wave tank and simulations with a Boussinesq numerical model.
Aiming at preliminary simulations as simple as possible, just to limit the range of designs and
implantations to be performed in the future with sophisticated simulations, we only utilize here the
REFDIF numerical model. The present findings are not yet in the real world. More accurate models and
the discussion of non-monochromatic changes in wave direction, size, spectral width, and other factors
will be left for the continuation of the artificial surf reef study.
Our choice of the reef parameters is thus simplified to two parameters, the orientation of the reef,
and the slope of the top of the reef. Nevertheless we remark that the next rounds of modelling, both with
a Boussinesq wave FUNWAVE numerical model and with the physical reduced scale model in the
wave tanks of LNEC will allow the reef design to be fine tuned to a further optimized design, possibly
with more parameters.
We parameterize the surfing quality with four parameters (Scarfe, B. et al, 2003, Scarfe, B. et al,
2009),
• the Iribarren number,
• the peel angle,
• the surf lane or surf path length,
• the wave height.
Other parameters, such as the area available for manoeuvres, or the consistency of the wave, are
relevant but again they will be left for future studies of the artificial surf reef.
While the wave height parameter is obvious, we illustrate in Figure 6 and 7 the Iribarren number
(Iribarren, C.R. et al, 1949), the peel angle and the surf lane. Presently a better mathematical
parametrization of the wave breaking profile exists with (Scarfe, B. et al., 2003, Scarfe, B. et al., 2009),
nevertheless here we still utilize the Iribarren number since it is directly computed in our simulations
with the REFDIF code.

Vq
c

α
Vs

Figure 6. Peel angle, depicted with the velocity vectors, for the Santo Amaro de Oeiras point break (Fortes et
al, 2007). Notice this is a plunging wave, parametrized by an Iribarren number ranging between 0.4 and 2.0
for the design of our surf reef we are inspired in point breaks with a long surf path and with a plunging
profile such as the Santo Amaro de Oeiras point break.
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Figure 7. Horizontal projection of the surf, in two of the best point breaks in the world, (left) Grajagan, and
(right) Jeffery’s Bay, show in Google Earth orthophotomaps, © Google. Different quantitative parameters can
be viewed with a horizontal projection, including the peel angle marked in the figures, the surf lane or
possible length of the surfer’s path, the distance of the surf to the shore and other possible safety hazards.

Our first concern is the peel angle, since it will define the angular orientation of the reef. Possibly,
the wave fronts might rotate when passing over the surf reef, before breaking. If this occurs, we would
have to include this rotation of the wave front when computing the peel angle. However we tested
different reef orientations and different wave directions and in our model this does not occur, possibly
because our reef slopes are not small. Thus we aim our reef directly at the desired peel angle. The peel
angle is a crucial parameter since it determines the speed of the surfer while manoeuvring along the surf
lane. Since the best surfers (Scarfe, B. et al, 2003, Scarfe, B. et al, 2009) are able to surf with peel
angles smaller than 30º, for this preliminary study, we aim at peel angle of at least 30º, and thus the
direction of the surf reef orientation is chosen to be 285º.
Our second surf reef parameter is the slope of the surf reef’s top. This slope determines the
Iribarren number (Iribarren, C.R. et al, 1949), which for high quality tubular waves, i.e. plunging
waves, should be in the range between 0.4 and 2. On the other hand a larger slope will correspond to a
lower volume of the reef and thus to a lower cost of the reef construction. In Figures 8, 9 and 10 we
respectively study the surfing parameter, including the Iribarren number, for slopes of 3%, 5% and
7.5%, consistent with the slopes of some of the best reef breaks in the world. It occurs that for all these
soles, the Iribarren number is the one of plunging waves. We opt for the larger slope, to produce a wave
with wide tubes.
This determines our final reef parameters, and we show them in Table 2.
Table 2. Final reef parameters.

Orientation

285º

Top
Slope

7.5%

Length

200m

Top vertices [m] in the
Instituto Hidrográfico
frame
( 91812 , 192500 , -2.7)
( 91823 , 192538 , 0.3)
( 92016 , 192486 , 0.3)
( 92005 , 192447 , -2.7)
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Figure 8. Water surface, wave heights, wave direction, breaker zone (breaker zone is represented by blue
color) and Iribarren number for initial condition A=1.5m, T=15s, tide=1.4m e θ=230º, reef orientation 285º and
slope 3%.

Figure 9. Water surface, wave heights, wave direction, breaker zone (breaker zone is represented by blue
color) and Iribarren number for initial condition A=1.5m, T=15s, tide=1.4m e θ=230º, reef orientation 285º and
slope 5%.

Vol. 2, 2012

103

REEF JOURNAL

Figure 10. Water surface, wave heights, wave direction, breaker zone (breaker zone is represented by blue
color) and Iribarren number for initial condition A=1.5m, T=15s, tide=1.4m e θ=230º, reef orientation 285º and
slope 7.5%.

Figure 11. Results for the wave direction, the breaker zone and the Iribarren number for the initial condition
θ=220º, A=1.5m, T=15s and tide=1.4m, final reef configuration.
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Figure 12. Results for the wave direction, the breaker zone and the Iribarren number for the initial condition θ=230º,
A=1.5m, T=11s and tide=1.4m, final reef configuration.

WAVE MODELLING FOR THE FINAL REEF: ORIENTATION AT 285º AND 7.5% SLOPE

In Figures 11 to 18 we show the results of the REFDIF modelling for the wave parameters defined in Table
1. The initial conditions are set at a depth of ZH-12m. Notice that in each figure we show three sub-figures, for
the wave direction, the breaker zone and the Iribarren number without a reef, and three sub-figures with the reef
implanted in the bathymetry.
There are only two different initial conditions where the wave does not break at all, and in these cases we do
not show produce figures. This occurs for the initial condition θ=230º, A=0.5m, T=15s e tide=1.4m and for the
initial condition θ=230º, A=1.5m, T=15s e tide=3.7m. In these two cases the waves are too small for the
respective tide, and therefore the reef is too deep, there is no breaking zone.

Figure 13. Results for the wave direction, the breaker zone and the Iribarren number for the initial condition
θ=230º, A=1.5m, T=15s and tide=0.3m, final reef configuration.
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Figure 14. Results for the wave direction, the breaker zone and the Iribarren number for the initial condition
θ=230º, A=1.5m, T=15s and tide=1.4m, final reef configuration.

In what concerns the orientation of the reef, governing the peel angle, we remark that the wave
direction on the reef site changes only slightly, between 230º and 224º with a deviation of at most 3º
between the mean value of 227º and the extreme, for the dominant offshore wave directions of NNW,
NW or WNW. Thus we may tune with great detail the peel angle, and we opt for a peel angle for very
experienced surfers, of 30º. Our modelling shows that the wave direction does not rotate over the reef
before breaking, and thus we choose a reef orientation of 285º, producing a peel angle of 29º for a 224º
wave direction, a peel angle of 32º for a 227º wave direction and a peel angle of 35º for a 300º wave
direction on the site. This result may be model dependent, and will need to be further investigated with
other and more sophisticated models.

Figure 15. Results for the wave direction, the breaker zone and the Iribarren number for the initial condition
θ=230º, A=1.5m, T=15s and tide=2.5m, final reef configuration.
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Figure 16. Results for the wave direction, the breaker zone and the Iribarren number for the initial condition
θ=230º, A=1.5m, T=19s and tide=1.4m, final reef configuration.

Moreover, in this work we calibrate the K parameter of the REFDIF model for an optimal
agreement with the observed surf, or wave breaking, in the São Pedro do Estoril Beach K is the ratio
wave height/depth where the wave starts breaking. In the literature, this parameter is usually with
differently values, ranging between 0.73 and 1.00, while the authors of REF/DIF recommend K=0.78.
However these numbers were obtained for mild bottom slopes, corresponding to progressive waves.
For surging waves, this value tends to infinity since the waves are reflected by an almost vertical wall
with depth 0, without even breaking. For plunging, tubular, waves we certainly have a finite value, but
nevertheless larger than the one for progressive waves. Thus we studied the best K parameter that
reproduces the wave breaking in the neighbourhood of the surf reef site. Our simulations and on-site
observations point to a K of the order of 1.5. Thus in our modelling of the surf we utilize K=1.5.
Nevertheless we test the wave rotation with different K ranging between 0.78 and 1.5, and the
waves only rotate over the surf reef after breaking, this maintains the surf reef 285º orientation.

Figure 17. Results for the wave direction, the breaker zone and the Iribarren number for the initial condition
θ=230º, A=2.5m, T=15s and tide=1.4m, final reef configuration.
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Figure 18. Results for the wave direction, the breaker zone and the Iribarren number for the initial condition
θ=240º, A=1.5m, T=15s and tide=1.4m, final reef configuration.

For the volume V necessary to construct the Artificial surf reef, it is estimated that V= 13,000m3 is
sufficient for the 200m long reef. The implantation is illustrated in Fig. 19.
For the volume V necessary to construct the Artificial surf reef, it is estimated that V= 13,000m3 is
sufficient for the 200m long reef. The implantation is illustrated in the 3d plot of Fig. 19.

Figure 19. A 3d plot (in arbitrary units) of the artificial surf reef implantation in the São Pedro bathymetry.
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CONCLUSION

We report on the artificial surf reef of São Pedro do Estoril. The reef site is located in the south
coast of Cascais, which is sheltered from the dominant wind, and is sufficiently close to the west coast
for the waves to diffract, and to maintain the necessary power for surfing. In the South Coast, the wave
power peaks at São Pedro do Estoril. The waves modelled on the reef are parameterized in Table 1.
We utilize the REFDIF numerical model, as our first simulation, to limit the possible range of surf
reef implantations and designs of the surf reef. The crucial work here is the modelling of the wave
behaviour over the surf reef, the wave propagation from an offshore buoy to the reef site, and the field
observation of the reef site wave climatology have been studied elsewhere.
We re-calibrate the K parameter of the REFDIF model for an optimal agreement with the observed
surf, or wave breaking, in the São Pedro do Estoril Beach. Our calibration of the plunging waves at São
Pedro do Estoril is optimized with K=1.5.
We study different surf reef designs, and arrive at the best design within the framework of our
simplified modelling. We find that it is preferable to have a constant slope rather than a more vertical
side at the end of the top slope, since a more vertical external side could lead to a surging wave in some
conditions. It is preferable to have a larger slope (as long as the wave remains plunging). Thus we opt
for a top slope of 7.5%, with height/width proportion of 3:40. Our preliminary surf reef design has a
length of 200m, a width of 40m and a top slope of 7.5%, and an orientation of 285º, as in Table 2.
Our REFDIF numerical simulations indicate that it is feasible to construct an Artificial surf reef
right-hand pointbreak wave to produce waves with a wave Lane of 200m, a Peel angle of at least 30º
and an Iribarren number between 0.4 and 2. For small waves, the best tide will be the low tide while in
high tide waves with a wave height up to 6 to 7m, corresponding to up to 3m in surfing units may be
produced by the Artificial surf reef.
The present preliminary study is the starting point for the more detailed, fine tuning studies to be
performed both with more sophisticated numerical models, say the FUNWAVE model with Boussinesq
waves, and the physical model, say in the wave tanks of LNEC in Lisboa. The next step of the São
Pedro do Estoril Artificial Surf Reef Project will be the optimization of the surf reef design, modelling
the surf with non-linear numerical models (Mendonça et al, 2009) and with a reduced scale physical
model in a wave tank. Possibly the reef orientation, the reef slope and the head of the reef (the lineup
for the surfers) will have to be fine tuned in order to optimize the reef design.
The subsequent step will be the construction project, including the materials and techniques used.
Both these two next steps will be reported elsewhere.
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SURFING AND THE SOCIO-ECONOMIC FACTORS FOR THE ENVIRONMENTAL
ASSESSMENT OF COSTAL PROJECTS – A PORTUGUESE CASE STUDY
A. Horta1 and P. Bicudo2
During the study for the viability of the implementation of an Artificial Surf Reef in São Pedro´s beach, Estoril,
Portugal, contracted by the Municipality of Cascais, we developed at Instituto Superior Técnico a novel orientation to
the Environmental Evaluation of Coastal Projects. Here we focus on the Socio-Economic Factor of Environmental
Evaluation Studies of Coastal Projects, addressing the impact of surfing in sports, tourism and industry. Utilizing
data provided by federations, companies and non-profits, we first show that surfing has been growing at a nearly
constant rate for the last three decades in Portugal, and it maintains the potential to continue its sustainable
development in the next decades. With a saturation methodology, we also show that the entire Portuguese coast offers
an excellent potential for the development of surfing, and estimate the economic potential of a generic world class
surf break in Portugal. We finally estimate the potential loss to the Portuguese economy due to the Coastal Works
who have been so far ignoring impacts on surfing. The present orientation may be included in a proposal to the
“Agência Portuguesa do Ambiente” (Portuguese Environment Agency) in order to protect and develop Surfing in the
Portuguese Coast.
Keywords: Coastal Project, Environmental Impact Assessment, Socio-Economic Factor, Saving Surfing Waves

INTRODUCTION

While surfing, both as a sport and as an economic activity, has been growing at a steady rate in
Portugal over the last decades, Coastal Engineering projects and works have been destroying waves, as
the ones in Fig. 1. This has been clearly causing social problems that could be avoided, if the
Environment Impact Assessment would include surfing in the Socio-Economic, Water Quality and
Landscape factors. With the aim to propose a methodology to include (Bicudo et al. 2009) the impact
on surfing in the Environmental Evaluation Study of Coastal and Offshore Projects, we update our pilot
study (Bicudo et al. 2009) of the Socio-Economic impact of surfing in Portugal.
We address the interplay of surfing and society with threes different methodologies. First, based on
direct observation of coastal works, we list the loss of world class waves in Portugal over the last
decade. Then we quantify the social impact of surfing, utilizing data provided by federations,
companies, and non-profit organizations. Finally we estimate the potential of surfing growth up to the
touristic saturation limit of the Portuguese surf breaks.
In the next Section we show that many world class waves have been lost in Portugal, and this
demands surfing to be included in the factors of Environmental Impact Assessment studies. In the
following Section we estimate the macro-economic impact of surfing in the Portuguese Economy. In the
subsequent Section we estimate the Socio-Economic Potential, up to the saturation limit, of a generic
world class surf break. In the Section 4 we propose to include Surfing in the Socio-Economics Factor of
the Environmental Impact Assessment of Costal Projects. We show in a case study how this novel
proposal would have changed coastal projects such as the sea wall of Jardim do Mar or the Fishing
Harbour of Rabo de Peixe. Finally in the last Section we conclude.
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Figure 1. (left) A large wave surfed at Jardim do Mar prior to the 2003 seawall construction, (center) a tube
ride at Cabedelo do Douro before the 2006 construction of the new Douro jetty, (right) the Carcavelos Beach
at it has been during the last decades (SurfTotal 2008).
Table 1. List of high quality waves harmed by coastal works in the Portuguese coast in the present decade
(SOS 2008). The initial loss corresponds to the part of the wave lost due to the projected construction. In
all cases the surfing community proposed the mitigation of the negative impact on surfing, thus we also
present a final loss. In only three cases there were corrections to the project, or to the construction, in
order to preserve, at least partly, the surf: Lugar de Baixo, Santo Amaro, and Carcavelos.
Surf spot

region

main qualities

construction type

year

initial loss final loss

Rabo de Peixe

Azores

big and long

fishing harbour jetty

2000

50%

50%

Lugar de Baixo

Madeira

tubular and long

sea wall for Marina

2001

100%

40%

Santo Amaro de Oeiras

Lisbon

tubular and long

jetty for beach
nourishment

2003

50%

30%

Jardim do Mar

Madeira

big and long

sea wall for coastal
protection

2005

50%

50%

Carcavelos

Lisbon

tubular and sandy

groins for beach
nourishment

2005

30%

0%

Ponta Delgada

Madeira

long and big

swimming pool with
jetty

2005

100%

100%

Cabedelo do Douro

Oporto

tubular and sandy

jetty for coastal
protection

2006

100%

100%

PORTUGUESE COASTAL CONSTRUCTIONS WITH A NEGATIVE IMPACT ON SURFING

During the past decade, the list of the best Portuguese waves for surfing has been reduced by
coastal engineering (SOS 2008) works. Here we report the loss of surf breaks directly observed in the
Portuguese coast.
A high quality surf wave must break either very long, or very big, or very tubular. Notice that in the
surf terminology a wave is not the function defined over the whole oscillating surface of the sea, but a
single wave front breaking in the surf. We will follow the surf terminology from now on.
In 2001 the Lugar do Baixo surf spot, where a very tubular wave used to break, in the Southwest
coast of Madeira, was partly submerged by a seawall. The seawall was part of the structure of a new
marina. The surfing community persuaded the Government of Madeira to relocate the marina west of
the surf spot, but nevertheless the seawall remained, destroying 40% of the wave.
In 2003, the Santo Amaro surf-spot, where again a very tubular winter wave used to exist, was
partly cut by a jetty, projected to preserve the artificial nourishment of the Santo Amaro Beach.
Moreover the pier localized a rip-current that ruined the surf in part of the remaining wave. The surf
community met with the Mayor of Oeiras, asking for the shortening of the Jetty. The Mayor agreed on a
30% cut of the jetty’s length. Although this did not restore the initial length of the wave, the rip-current
decrease recovered the quality in most of the wave, which lost 30% of its length.
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In 2005, two groins were projected to preserve the artificial nourishment of the Beach of
Carcavelos, in the Coast of Cascais, that would destroy 30% of the waves in Carcavelos, and change all
the other ones. In that case the Mayor of Cascais organized a Public Audition, and after the audition he
decided to cancel the project, since surfing is a crucial activity in Carcavelos.
These are the only cases where the negative impact on surfing was mitigated. The success of the
mitigation was total in Carcavelos thanks to the Mayor of Cascais, Mr. António Capucho, and partial in
Santo Amaro de Oeiras thanks to the Mayor of Oeiras, Mr. Isaltino Morais, and Lugar de Baixo thanks
to the Vice-President of Madeira Autonomous Government, Mr. João Cunha e Silva.
Several other high quality surf spots were destroyed (SOS 2008), or half destroyed during the last
decade, see Table 1. In most of them the construction was carried on, although the surfing community
proposed mitigation in all of them to maintain the waves. Some of the waves are illustrated in Fig. 1.
Table 2. Number of Portuguese surfers with different
levels of surfing in 2008, where body boarding and
longboarding is included. The numbers are rounded-off.
Notice that up to 25% of the Portuguese population
between 15 and 35 years old may already have surfed at
least once. However the Surf Federation members
constitute only 1% of the total federated athletes, in all
sports.
surf level

Number of surfers in 2008

competing world wide

10

professional competitor

50

competing in Portugal

1,000

Surf Federation members

5,000

surfing every week
surfed at least once

50,000 to 70,000
100,000 to 500,000

These waves were lost because the impact on surfing of the coastal engineering works was not
correctly quantified from the onset in the respective Environmental Impact Assessment studies.
So far, in the only three cases where the negative impact on surfing was mitigated, the decision to
mitigate the negative impact on surfing was taken not due to the respective Environmental Impact
Assessment studies, but because the surfing community was able to lobby directly the local authority in
charge of the construction.
We estimate that all these world class surf spots may already be contributing negatively to the
Gross Domestic Product of Portugal with negative 1 billion euro per year. This demands surfing to be
included in the factors of Environmental Impact Assessment studies, as a relevant factor, from the
onset.
THE SOCIO-ECONOMIC IMPACT OF SURFING IN PORTUGAL, PRESENT AND FUTURE

The loss of waves raises a serious social problem. To quantify the problem we now review recent
data on the socio-economic impact of surfing, globally, nationally and locally. Part of the data we
utilize is unpublished data provided by federations, companies, and non-profit organizations. This is a
pilot study only it should be further continued by socio-economic studies performed by independent
universities and institutes, with large independent data samples acquired in wide surveys.
Present impact of surfing in Portugal

Worldwide, there are 23 million surfers (EuroSIMA, 2006) with 500,000 to 600,000 surfers in the
UK and 200,000 surfers in France. In 2005, 20,000 surfboards were sold in France. The global surf
market (EuroSIMA, 2006) in 2005-2006 represented €11 billion, up from €10 billion the year before.
65% of the market was represented by the four of the biggest surf companies. Of this number, the
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European market accounts for approximately €1.48 billion with €1.1 billion of that coming from
companies based in the Aquitaine region of France. Four of the major suppliers, – Quiksilver,
Billabong, Rip Curl, and Oxbow – account for €839 million.
In Portugal we have more detailed results on the number of surfers (SurfTotal, 2008, Alfarroba
2008, FPS 2008). The number of surfers has been growing at nearly constant rate since surf appeared in
Portugal, 40 years ago. In Fig. 2 we show the evolution of the number of surfers, surfing regularly at
least once in a week, over the last decades. As of 2009, there were 50,000 to 70,000 surfers surfing
regularly in Portugal, at least once in a week. Presently this number can be extrapolated to circa
100,000 regular surfers, i e 1% of the total population. The growth factor is of 25% to 30% per year.
The present number of surfers is detailed according to the respective level of surfing in Table 2. Notice
that, while a sizeable part, up to 25% of the Portuguese population between 15 and 35 years old may
already have surfed at least once, only 3% of the young population surfs on a regular weekly basis.
Moreover the number of members of the Portuguese Federation of surf only accounts for nearly 1% of
the total number of 443,000 federated athletes.
In what concerns surfing as a sport activity, details are also found in Table 2. Notice that two
surfers raised and training in Portugal are seeded in the top 46 of the Association of Surfing
Professionals world tour competition (ASP 2008): Tiago Pires from the Lisbon region and Marlon
Lipke from the Algarve Region, two of the Portuguese regions with a longer surf tradition.
In what concerns the economic impact of the surfing industry (SurfTotal, 2008, Alfarroba, 2008,
FPS, 2008), there are two different methods to compute it, either with the total cash flow of the
different surf companies, or with the cost of surfing supported by each of the 50 to 70 thousand regular
surfer. We highlight that there are more than 100 surf schools, 200 surf-shops with a cash flow of €200
thousand to €500 thousand per year and per shop, 10 surf Magazines, 20 surfboard factories. Each
WQS 6*, with €100 thousand prize money, brings to the competition site 500 people for 2 weeks,
increasing the local cash flow by €1 million. On the other hand, each regular surfer spends
approximately €2 to €3 thousand per year directly in the surf gear and in travelling. Adding it all we
arrive to a number consistent with the €150 to €200 million of the total cash flow for the surf industry
only in Portugal.
To this number we must add the economic impact of surf on tourism. Notice that presently the
impact of surfing in Tourism comes mostly from local surfers. Surfers contribute importantly to the
beach bars and restaurants in popular surf spots which are open during all year thanks to the presence of
surfers and of customers attracted by the surf activity. In the remaining beaches, more distant from the
urban centres where most surfers reside, the hotels, bars and restaurants only benefit from surf during
the weekend. Presently there are, say, 20 surf-camps that already rely on foreign tourists. The surfcamps are small hotels dedicated to surfers, also offering surf tours and surf classes, mostly in the
touristic regions and in the popular surf spots.
In what concerns the number of jobs in the surf industry, we account for 1000 to 2000 jobs directly
related to surfing in 2008.
Locally, there are different partial studies. Interestingly, in the Municipality of Cascais, where the
Portuguese surf was born, surf is already the second sport with more federated athletes, right after
football. In some small fisherman villages, the number of surfers is already close to saturation, since
most of the young people already surf. Studies in the Alentejo (Secret Wave, 2008) and Madeira
(Lopes, 2008) regions suggest that the exponential growth of the number of surfers and of the surf
business follows similar growth rates in the different regions of the country.
Predicting the future growth rate of surfing

Importantly, to compute the impact of surfing in the socio-economy, it is crucial to estimate the
future growth of the surf socio-economy. This is important since surfing has been growing
exponentially in the past decades, and therefore it cannot be assumed to be constant. We now estimate
the growth potential of surfing.
The potential to maintain the nearly constant growth rate of surfing in Portugal, with the
exponential growth depicted in Fig. 2, can be predicted to continue.
If we compare the 1% due to surf of the total number of federated athletes, to the most popular
sports, with 36% of the male federated playing football and 16% of the female federated playing
volleyball, we may forecast that the surf will continue its exponential growth during the next decade.
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The same prediction can be extracted from the 3%, only, of surfers in the generation between 15 and 35
years old. Moreover a larger growth of the impact of surf in tourism can be forecasted. Notice a
European poll found that 90% of the young western Europeans choose surf as the sport they would most
like to practice.
Moreover surfing already represents 65% of the activity of the sliding sports such as skiing,
snowboarding, skateboarding, and windsurfing. Thus surf tourism can be expected to increase
exponentially in the future, and reach cash flows similar to the cash flows of the ski parks. For instance,
if the number of weekly visitor surfers would equal the number of national surfers, this would account
for 3 Million new tourists per year, and an extra cash flow of up too €3 billion per year for the national
tourism.
A major advance of the future surf-tourism may come from surf-camps. A surf-camp is a natural
upgrade of a surf-school when the local surf-school invests in foreign surfers that need a local
accommodation to be able to attend the surf classes. Very recently there was an explosive growth of
surf-schools in Portugal, where many former competition surfers created surf schools, thus maintaining

Evolution of the number of surfers in Portugal
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Figure 2. Evolution of the number of surfers surfing regularly in Portugal, at least once in a week, over the
last decades.

Their lifestyle and their professional activity based on surfing. More precisely, in 2008 there were
already 130 surf-schools and 70 surf-clubs registered in the Portuguese Surf Federation (FPS, 2008),
and they are getting close to saturate the national market of surf lessons. To access a wider market, a
few of the surf schools already evolved to surf camps, either creating a small hotel, or in association
with exiting local hotels.
Thus in the environmental evaluation of coastal projects, the present socio-economic weight of
surfing should be assessed, and then extrapolated into the future, considering the potential for the future
growth of surfing.
THE POTENTIAL SOCIO-ECONOMIC IMPACT OF A WORLD CLASS SURFING BREAK

An interesting methodology to account the potential socio-economic value of surfing for a surf
break, or for a whole coastal region, consists in considering the limit where the considered coast is
saturated by surfers. In Portugal the percentage surfers is of the order of 1% of the total population.
This may be compared with circa 14% in Australia, with a maximum of 25% in the coastal region of
Surfer’s Paradise. It is clear that the Portuguese Coast, with an excellent climate, quite long and fertile
in excellent surf breaks, may reach as high percentage of surfers, local or tourists, as in Australia. Thus
the percentage of surfers in Portugal may still grow at the present rate for decades. Since Portugal is
expected to increase to increase the touristic industry quite rapidly in the next years, due to the present
economic crisis, we focus on the touristic potential of the Portuguese surf breaks.
Potential touristic value of a world class surf break in Portugal

Portugal is a prime surf destination in Europe. The Portuguese coast is at the right distance to
benefit from sufficiently aged waves and yet intense as illustrated in Figure 3, ideal for surfing. And the
Portuguese weather, compared to the European average weather is sunny and hot all year round.
Moreover Portugal has a large variety of surf breaks, and is fertile in world class waves. A world class
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wave in Portugal has thus the potential to rapidly, attract an arbitrary large number of young European
tourists, since 90% of the young European are looking forward to surfing (EuroSIMA, 2006).
The touristic potential of a world class surf break is determined by the number of surfers saturating
the surf-break, i. e. the number of surfers that may surf there just before the surf break saturates. We
estimate that a world class surf break, usually a reef break or a point break, or a quite localized beach
break, saturates when the number of surfers in the line-up (point where the waves start to break) reaches
30 to 40. We also estimate that a surfer may surf two 1 h sessions per day in optimal physical
conditions. Let us consider that the break can be surfed 10 to 14 h per day, we then find that an
excellent surf break may accommodate up 200 surfers per day. Assuming tourists travelling for 1 week
vacation each, with 52 weeks per year, this lead to a total number of 10,000 surfer tourists per year.
non-linear propagation
Wind FETCH

young, imperfect waves

aged waves
grouped in perfect sets

Figure 3. Sketch illustrating the ageing of surf waves. Close to the fetch area where the waves are
generated, the wave profile is imperfect, but while the waves propagate over very large distances, they
age and group in wave sets with perfect profiles.

While this already may drive a substantial touristic income to the local community, a world class
surf break may attract many more tourists, acting as a touristic flagship. Notice that most European surf
tourists are beginner surfers, because they cannot surf at home (only during holidays) and because surf
is a sport with a slow learning curve. Most young European tourists are happy just to have surf lessons
in small waves characterized by a progressive breaking profile. For a non expert, a small and soft wave
already does provide a valuable physical workout, in a very gratifying oceanic and natural environment.
An excellent world class surf break acts as a geographical monument to attract young tourists, who
are tantalized by surfing in its neighbourhood. This is comparable to learning to ski in the
neighbourhood of the most beautiful mountain tops, say the Mont Blanc or the Matterhorn in the Alps.
A beautiful mountain top attracts many tourists to ski in the learning slopes in its neighbourhood, not on
the mountain top itself.
Thus we estimate that a world class surf break has at least the potential to attract ten times more
surfers than the number actually surfing in the break, i e 2000 surfers, mostly at a beginner level, at any
time. Assuming 3 m of linear beach break with small to medium waves per surfer, but that these 3m a
shared by 5 surfers during the day, 1.2 km of beach are necessary for this number of 2000 surfers per
weak. This is for instance the number of surfers presently saturating the beach of Carcavelos, with a 1.2
km long sandy shore, in the Municipality of Cascais. This total’s 100,000 surfers for 1 week stay each,
per year.
In what concerns the touristic expenses of this number of surfer tourists, we consider that each
surfer will have surf lessons and rent surf gear at a surf school, will need accommodation, transport,
food, and will also be attracted to touring in city tours, wine tours, gastronomic experiences and night
life. This leads to circa 1,000 euro of expenses per week.
Thus we clearly arrive at a number of € 100,000,000 or 100 million euro of income of the tourism
economy when a world class surf break has neighbouring beach breaks with conditions adequate for
beginners.
We remark that this number of young and active tourists does boost the local economy, in exactly
the same way as a ski resort does it in the Alps. Not only the economy is developed, but also the
different touristic and social activities are developed, and this development ranges from simple food
supply to hospitals specialized in surf injuries.
• While there are differences between beach surf tourism and mountain ski tourism,
• surf lessons need natural beach breaks, while ski lessons need valleys mechanized with ski lifts,
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surf gear is water oriented while ski is snow specialized,
ski is necessarily seasonal while surf needs not be seasonal, since the weather and surfing
conditions are good all year round in Portugal,
nevertheless the difference is subtle and the market is quite the same: young Europeans mostly from an
urban environment and aiming at natural and active sports.
We estimate that on the top of the standard number of jobs created in the touristic sector by 2000
tourists per week, 500 surf monitors and surf shop employees will be necessary for the surf lessons and
surf gear.
We also remark that on the top of the tourism, when several world class surf breaks exist, surf
industry and new young inhabitants are driven to the coast and this further develops the local
communities both socially and economically.
•
•

METHODOLOGY TO INCLUDE SURFING IN THE SOCIO-ECONOMIC FACTOR OF THE
ENVIRONMENTAL EVALUATION OF COASTAL PROJECTS

Until very recently, surfing has not been accounted for in the environmental evaluation of coastal
projects. The only exceptions are quite recent, and we highlight the Artificial Surf Reef Project in São
Pedro´s beach reported here, and the facilities to support surf clubs in São Pedro do Estoril and in Costa
da Caparica.
Our proposal of a new methodology to include surfing in the socio-economic factor

Thus we propose a method to address surfing in the environmental evaluation of coastal projects.
Here we detail only the Socio-Economic factor. In general the environmental impact studies normally
follow a guideline, including several different factors. Other factors also may benefit from maximizing
the surf quality, such as the Morphology and Coastal Dynamic Factor (in wave quality and coastal
protection), or the flora and fauna factor, but we do not detail them here.
In what concerns the presently existing socio-economic weight of surfing, it is in general necessary
to first assess the total socio-economy of the region of the coastal project, and then to measure the
impact of surfing in the socio-economy, in order to weight the surf impact.
• A survey must be carried out in order to evaluate the number and level of the surfers, the place of
residence of local surfers, and the transport they prefer to arrive and leave the zone, the number of
days that foreign surfers stay there, the type of accommodation they prefer, the reasons why they
prefer the site of the project to practice surf, how much they spend for a day, how many times they
surf in a year, the opinions about the implantation of a new coastal project. With the number on
surfers, the data we provide in the Section Introduction can be interpolated to assess the sport and
the economic impact of surfing. This study can be completed with the evaluation of the cash flow
of the surf industry and services, including surf-shops, surf-schools, surf-camps, surf-factories and
surfing competition.
• The contact with surf clubs can help in the perception about the number of partners and the number
of surf practitioners, their age, residence, transport mean and costs, level of surfing as in Table 1,
season of the year in which they prefer to surf, type of wave they are more comfortable with, and
the existence of a stabilised surf community, the popularity of the surf in the area, both from an
international, a national and a local perspective.
• This study can then be competed with the indirect impact of surf in the local economy. Surfing
positively impacts in the economic activities related with tourism and leisure, namely restaurants,
bars, travel agencies, sports and sea activities, increases the attractiveness of the area for commerce
and services, and the evolution of Tourism in the country. Surfing also requires good accesses to
the surf zone and to the neighbouring coast.
• Only after the Environmental Impact Study is completed, the public consultation is carried out to
evaluate its acceptance by the public. (Custódio et al., 2008). Thus, it is absolutely necessary to
have prior meetings with people concerned about the project and to clarify its objectives, to get a
better perception of their feelings about the project, and to hear suggestions.
• This stage of impacts evaluation must consider the analysis carried out previously in the pre-public
consultation, in order to guarantee the interests of the different entities. In the construction phase,
the impacts must be evaluated considering: the duration of the construction, the period of the year
chosen to construct the structure and the construction time in the sea and in the earth
Vol. 2, 2012

117

REEF JOURNAL

In the case of a project designed to improve surfing, or other nautical sports, it is also important to
assess the public perception on the visibility and image of the project, related with the
improvement of an active life style associated with youth and health, normally connected with this
type of sports.
If this methodology would have already been applied, it would have prevented the loss of several
world class surf-breaks during the last decades.
Moreover one should estimate the touristic future potential of surfing. We propose that the touristic
socio-economic potential of the coast affected by the coastal project can is computed as in the previous
Section. If a world class wave is affected, together with neighbouring beach break waves adequate for a
large number of surf lessons, at least a negative potential impact of 100 million € per year should be
considered.
•

How the proposed methodology would change coastal works, the Jardim do Mar and Rabo
de Peixe case studies revisited

To illustrate how the present methodology, if adopted, would change coastal projects in Portugal,
we illustrate the Jardim do Mar, in the South-West coast of the Madeira Island, and Rabo de Peixe in
the North coast of the São Miguel Island, of the Azores archipelago.
In the South-West coast of Madeira four world-class point-break waves existed, Paul do Mar, Ponta
Pequena, Jardim do Mar and Lugar de Baixo. Two long beach breaks easily amenable for beginners
also exist in Calheta and in Madalena do Mar. We estimate that the surfing touristic potential of that
coast is of 200 million € per year. This surfing touristic potential has been has been greatly reduced by
the construction of two sea-walls, implanted on part of the natural rock reefs where the world class
waves of Lugar de Baixo and Jardim do Mar once broke. This happened respectively in the years of
2001 and 2003, and the sea-walls were mostly touristic motivated, respectively to hold an
Environmental Interpretation Centre and a pedestrian street with a view point to the surf. The sea-walls
also reinforce the local coastal protection, which nevertheless was still sound. It is clear that the
touristic impact of a scarcely visited environmental centre and a poorly used pedestrian walk have a
negligible socio-economic potential when compared with the 200 million € per year potential of surfing.
Thus if our methodology had been utilized, the coastal works in the South-West coast of the
Madeira Island would not have been constructed at all. Our methodology also indicates that it is
economically advisable to correct the coastal works and recover the two point-breaks.
In the North Coast of São Miguel Island, of the Azores archipelago, a world class reef break wave,
Rabo de Peixe existed in Rabo de Peixe, a fisherman’s village. An excellent point-break wave Poças
existed in Ribeira Grande. Two long beaches exist between these two breaks, Monte Verde and Areais.
These four adjacent waves constituted a world class natural surf park with a touristic potential of 100
million € per year. In 2001 a fishing harbour was constructed offshore the Rabo de Peixe reef-break
wave, and a pool was also constructed destroying most of the Poça point-break wave. The fishing
harbour is used by 89 small, open, with a crew of 4, fishing boats. The pool is used in summer only, and
scarcely used since it is adjacent to the long sandy beaches. The economic benefit of the constructed
coastal structures produce economic benefits, comparatively smaller than 100 million € per year, that
surfing has the potential to generate.
Thus if our methodology had been utilized, the harbour and pool would have been projected with a
quite different implantation, in order to preserve both waves, and to maintain the touristic potential of
the São Miguel north coast. The Madeira and Azores examples show that it is urgent to apply our
methodology in coastal works, in order to truly develop, and not impoverish, the Portuguese coast and
economy.
DISCUSSION AND CONCLUSION: NEW SURF DEVELOPMENTS AND THE COST OF THE
MITIGATION OF NEGATIVE SURF IMPACTS

We present a pilot study, with simple methodologies, of the interplay of surfing and economy in
Portugal. This study suggests that surfing may be quite relevant for the Portuguese economy, and thus
motivates the study of more detailed and accurate studies of surf economy in Portugal. It indicates that
the destruction of surf sports in Portugal is a strategic error and should be prevented.
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We estimate the contribution of surfing to the economy of Portugal. While as in 2008 surfing would
contribute with circa 200 million € per year, it may rapidly contribute with 3 thousand million € per
year to the tourism industry in Portugal. We also estimate that each world class surf wave may rapidly
contribute with up to 100 million € per year to the Portuguese Gross Domestic Product.
The economic development brought by surfing is entirely sustainable, since it only uses the waves,
and maintains the environmental qualities of the coast. Thus we advocate, as a national priority, that the
loss of surfing waves should be avoided in the future since it will decrease, in at least 100 million € per
year, the Portuguese Gross Domestic Product. In the São Pedro Surf Reef study we recently produced a
new methodology to include surfing in the socio-economic factor - and other factors too - of the
Environmental Evaluation of Coastal and Offshore Projects.
We also advocate as future novel coastal projects, that the waves lost in the Portuguese coast during
the last decade should all be considered for new coastal projects leading to their recovery. The new
coastal works may either include the restoration of the coast to its natural morphology, or the
construction of multipurpose surfing/protection/ecology reefs. The estimated preliminary cost of São
Pedro Surf Reef, 2 million €, provides in a sense a benchmark for the possible cost of a multipurpose
reef to mitigate the destruction of a good surfing wave by a coastal work of the past, or by a
strategically important coastal project of the future. Another benchmark is provided by the cost of
destructing and reconstructing and already constructed structure, from the present implantation to a new
implantation in order to recover the lost wave.
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ESTABLISHING AND MITIGATING DEVELOPMENT IMPACTS ON THE ADJACENT
CORAL REEF COMMUNITIES ON RECENTLY RECLAIMED LAND IN THE SEYCHELLES
– A CASE STUDY.
Rhys Giljam1, Ed Crowley2 and Kylie Porter1
Development projects in the coastal zone can have widespread impacts on coastal habitats such as beaches,
mangroves, and coral reefs as well as fisheries resources that feed local communities. Minimizing the impacts of
development and the effective management of resources can only be accomplished through a comprehensive
understanding of the environment and the needs of the local communities. It is therefore essential that prior to
development appropriate baseline studies are undertaken. This study outlines the planning for a luxury golf course,
housing and marina development to be built on reclaimed land in the Seychelles. Baseline studies of the marine
ecology and water quality have been carried out. These studies determined the state of the marine environment and in
particular the coral reef habitat adjacent to the island, which has both ecological significance and sustains the local
fishing community. Marine ecological studies were performed using an adaptation of the Reef Check methodology
and indicated that the majority of the coral reef habitat is significantly impacted. Areas of healthy reef habitat
requiring conservation were identified, despite the original land reclamation work being less than 10 years ago.
Further degradation of the reefs during development is unavoidable and therefore effective mitigation and
rehabilitation measures are required to preserve and restore the reef habitats once construction is complete.
Rehabilitation measures for the development include the use of artificial reefs to increase reef habitat and restore the
damaged coral reefs, increase fish abundance, diversity and improve catch rates.
Keywords: Coastal Development, Marine Ecology, Water Quality, Seychelles

INTRODUCTION
Background

Development projects in the coastal zone can have widespread impacts on coastal habitats such as
beaches, mangroves, and coral reefs as well as secondary effects on local communities who are
dependent on these resources. Some of the major impacts of development include habitat destruction,
alteration of natural ecosystem processes and pollution. Because it is difficult to reverse development
impacts and restore damaged ecosystems it is important that proper environmental guidelines and
mitigation measures are in place to reduce the net loss of resources and future development options
prior to the development taking place (DENR, 2001).
Developments should therefore be planned with a full evaluation of the potential environmental
impacts and full participation of the local communities. The planning of developments and the effective
management of resources can only be achieved through a thorough understanding of the receiving
environment and the needs of the local communities. Research to determine the baseline environmental
conditions and dialogue with the local communities is therefore essential prior to the commencement of
the development (DENR, 2001). The environmental planning for a luxury golf course, housing and
marina development in the Seychelles, Ile Aurore Nouvelle, therefore required a baseline study to
assess the adjacent marine environment prior to the commencement of the development.
The proposed development comprises of an 18 hole golf course, luxury low density residential
development, a casino, water sports centre and yacht marina. The requirements of the resort will
necessitate a further 65 ha of reclamation expanding the island to the reef edge. It is expected that the
land reclamation will directly impact the marine environment adjacent to the island through dredging
activities and indirectly affecting the fishing community at Anse Etoile through loss of fishing grounds
and increasing the distance to the fishing grounds.
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Site Description

The Ile Aurore Nouvelle development is to be built on the island of Ile Aurore a short distance off
the east coast of Mahe close to the capital Victoria. It is the northern most of a string of five islands
reclaimed in 1998 by the Seychelles government with the purpose of catering for the physical
requirements of urban development in the greater Victoria area. The reclaimed islands were constructed
by backfilling granite bunds constructed on the mud flats adjacent to the mainland. The fill material was
dredged from the reef edge and therefore resulted in the destruction of the fringing reefs along the
eastern shore of Mahe. The sediment plume resulting from the dredging affected the reefs at the St
Anne Marine Park 3km away. The damage to the reefs caused by the reclamation works was
subsequently further compounded by coral bleaching caused by the 1997 -1998 El Nino event (Payet et
al., 1998).
Ile Aurore is set approximately 50m offshore with a back lagoon and channel separating it from the
mainland to the north and west, and Ile Perseverance to the south. It is currently joined to the mainland
by a causeway with no provision made to allow flow between the northern and southern parts of the
back lagoon. The Anse Etoile River discharges into the back lagoon adjacent to the causeway. The
island is predominantly level with a number of large berms formed by coralline deposits of dredge
material. The majority of the island is covered by Casuarina trees which were planted as seed after the
island was reclaimed in order to stabilise the fill material and prevent wind erosion.
A large open body of water separates Ile Aurore from the islands of Saint Anne and Ile Au Cerf to
the east, which constitutes the Saint Anne Marine National Park. The body of water is used as an
anchorage by commercial shipping waiting to berth at Port Victoria. A number of fringing reefs are
situated offshore to the east of Ile Aurore. Between the island and reefs there is a large, deep, circular
basin created by dredging required for the initial reclamation work. Prior to this study the local
authorities indicated that the reefs to the east of the island were significantly impacted by the
reclamation works and contained very little healthy coral. No studies of the area were available to
confirm this view.
To the west of Ile Aurore on the mainland is the small town of Anse Etoile and to the south is the
reclaimed island of Ile Perseverance which has been allocated for a high density government housing
project designed to alleviate housing pressure in the greater Victoria urban area (Payet, 1998).
Physical Environment

Ocean currents in the Seychelles are associated with the general mass water flow of the Indian
Ocean, with tidal influence and wind effects on the mass flows appearing to be small. The current fields
are therefore influenced by the general ocean current fields of the Indian Ocean and governed by the
monsoons; namely a WNW orientated current field generated during the SE monsoon and SSE oriented
current field generated during the NE monsoon. In the inter-monsoon period temporary current
inversions can be observed (Titlyanov, Littler, and Littler, 1992).
Adjacent to Ile Aurore surface currents run more or less parallel to the coastline of Mahe, flowing
in an inverse direction depending on the seasons. The subsurface currents flow in a north westerly
direction. Wind direction is seasonal with the predominant wind direction from the south east occurring
from the middle of April to the middle of October. (Payet. et al, 1998) The windiest month is August
followed closely by July and September. The wind turns north westerly towards the second half of
October. The northwest wind is highly variable and reaches its peak in January and February. Rainfall
is highly variable with the topography of Mahe strongly influencing rainfall patterns. Rainfall peaks
during December and January and dry periods rarely exceed 4 months (Novozhilov et al, 1992).
Ocean temperatures around the Seychelles are high (27 - 30° C) with seasonal and yearly
fluctuations. Waves range from 1 -2m in height, salinity ranges from 34.5 to 35.5psu, with small
fluctuations in tidal level and well developed systems of constant currents. The tide is a semi diurnal
with an inequality in the two heights of the high waters on any given day (Titlyanov, Littler and Littler,
1992).
In general the nutrient concentrations in the open ocean waters of the Seychelles are low. The low
nutrient concentrations limit phytoplankton growth and as a result chlorophyll-a is low throughout the
area. Pockets of nutrient rich water are present in the nearshore region due to runoff from vegetated
areas of land and as a consequence high phytoplankton concentrations can be found near the coast
(Novozhilov et al., 1992).
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Project Description

A baseline marine study was designed to assess the current state of the marine environment
focussing primarily on marine ecology and water quality. The marine ecology survey was designed to
establish the extent of the damage caused by the initial reclamation work and identify the location and
extent of healthy reef colonies that should be protected. Whilst the marine water quality survey was
designed to determine the current water quality in the vicinity of the island and identify outside sources
of pollution from Port Victoria and the local settlement of Anse Etoile. The initial site visits and
consultation with local stakeholders and communities identified the main social and environmental
impacts of the development to be as follows;
• Loss of reef habitat through land reclamation and smothering of benthic communities.
• Increased nutrients and pesticides in the marine environment due to leaching and runoff from the
golf course
• Loss of fishing grounds and subsequently impacting the livelihood for the local fishing
communities.
METHOD
Marine Ecology

Marine and Shoreline Ecology Surveys. The marine ecology survey involved two levels of
survey. The first was a semi quantitative Marine Ecology Survey which was conducted to characterize
the marine habitats and identify or confirm the presence of any sensitive marine ecological resources in
the study area. This included a basic shoreline survey to characterize the coastal and intertidal habitats
within the study area and a survey of the sub-tidal sites using the Roaming Diver Survey method in
combination with Underwater Digital Photography with Integrated GPS Location Data. The second was
a quantitative Marine Ecology Survey conducted using an adaptation of the Reef Check method
(www.reefcheck.org).

Figure 1: Site layout and roaming diver survey and transect positions.
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Quantitative Surveys. The quantitative sites were selected based on the findings of the literature
review and the semi quantitative roaming diver survey. Sites were selected to provide suitable areas to
be continuously monitored during the construction and operation of the development. 20m line transects
were laid parallel to the shore at each of the six designated areas. After laying the transects the divers
allowed time for mobile biota to return to the area. Two passes of each transect were made by the divers
swimming at slow continuous speed to record the following:
• Fish species present and their numbers within a 2x2m area surrounding the transect.
• Benthic cover underneath each 0.5m interval marker along the 20m transect.
• The details of the transect sites are summarized in Table 1. The positions are indicated in Figure 1.
Table 1: Quantitative marine ecology sites.
Transect
Number
1
2
2
4
5
6

Description
Entrance to northern channel. Coral reef and rock at 3m depth.
Near the southern extreme of the North East Point Shellfish reserve at. Coral and rock at 4m depth.
Further away from the proposed development within North East Point Shellfish Reserve. Typically
low live coral cover (<15%) at 2m depth.
A comparison site within the footprint of the proposed development. Selected for the relative healthy
condition of the reef present compared to other areas within the footprint. 4m depth.
Shelving reef site in front of Ile Perseverance (near the proposed development). 3m depth
Shelving reef site in front of Ile Perseverance (further away from the proposed development). 4m
depth.

Water Quality

The Seychelles experiences three distinct annual weather patterns, with markedly different wind
directions, wind strengths and volumes of precipitation, all of which will affect water flows and
physicochemical properties of the water adjacent to Ile Aurore. The baseline water quality survey
should ideally include sampling during typical conditions of each weather pattern. However it was not
possible to complete such a detailed monitoring programme within the time constraints of the
Environmental Impact Assessment process. The baseline water quality sampling was therefore
undertaken during the south east monsoon season. This season can be considered to represent the
‘worse case’ scenario as impacts on the marine water quality should be most prominent at this time due
to the onshore flow inhibiting dispersion and minimising offshore transport of pollutants.
Sample Locations. Data was collected from 23 stations in the near vicinity of and offshore from
Ile Aurore. Sampling in the back lagoon was undertaken during the ebbing tide so that land based inputs
would be most prominent. Sample positions summarised below.
• Water samples were collected from the channels adjacent to Ile Aurore, north and south of the
island and in the near and offshore region to the east of the island.
• Sampling was undertaken at a control site in the Saint Anne Marine Park.
• An east / west running transect from Ile Aurore towards the Saint Anne Marine Park.
• A north / south running transect from North East Point to the northern side of Ile Perseverance.
• The Anse Etoile River was sampled to assess fluvial inputs into the back lagoon.
Sampling Analysis. Water column profiling was undertaken using a Sea-Bird Electronics Seacat
19 portable CTD (Conductivity, Temperature, Depth). In cases where the water was too shallow for the
CTD to be used a handheld Temperature/Salinity probe was used. The surface and depth water samples
were collected using a Niskin Bottle. The analytical schedule was chosen to reflect inputs associated
with a golf course development. The water samples were analysed for the following parameters:
salinity, temperature, pH, clarity, dissolved oxygen, nitrate, nitrite, ammonium, chlorophyll-a and a suit
of pesticides.
RESULTS
Marine Ecology Survey

Semi–Quantitative Marine Ecology Survey. Based on the roaming Diver Surveys areas of reef
were classified according to the area of live coral (Figure 1).
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Quantitative Marine Field Survey. The health of the coral reefs can be illustrated by
summarizing the substrate along each of the transects (Table 2). Quantitative information is provided on
the percentage of various benthic substrate and habitat types. This includes the proportion of live coral
(including differentiation between soft and hard corals, or other substrate types, such as silt or rock).
Table 2: Substrate cover at each transect.
Transect
Number
Transect 1

Transect 2

Transect 3

Transect 4

Transect 5

Transect 6

Substrate

Percentage Cover

Hard coral
Bleached
Coral
Hard Coral
Sea weed
Bleached
Coral
Rubble
Hard coral
Soft coral
Rock
Hard Coral
Soft Coral
Sea weed
Rock
Rubble
Hard coral
Soft Coral
Seaweed
Rock
Rubble
Sand
Hard coral
Soft coral
Seaweed
Rock
Rubble

25%
75%
22.5%
27.5%
42.5%
7.5%
17.5%
2.5%
80%
32.5%
12.5%
17.5%
12.5%
25%
35%
2.5%
12.5%
25%
22.5%
2.5%
47.5%
2.5%
15%
25%
10%

Mean Percentage living/ non living
cover
25% Living
75% Non living
50% Living
50% Non living

20% Living
80% Non living
62.5% Living

37.5% Non living
50% Living

50% Non living

65% Living

35% Non living

Water Quality Survey

Temperature. The average seawater temperature was 27.5°C, with a maximum of 35°C recorded
in the back lagoon. No thermocline or stratification of the water column was recorded.
Salinity. Salinity in the back lagoon is lower than in the channel with the lowest salinity recorded at
the Anse Etoile River (31.0psu) mouth with the second lowest recorded on the southern side of the
causeway (32.4psu). Salinities at the northern and southern entrances of the back lagoon are similar to
those in the channel and the reef edge (34.8 and 34.7psu respectively). A weak halocline was present at
2m below the surface in the channel and adjacent to the reef edge.
Clarity. The Sechi depth increased with the distance from the reef edge with the maximum depth
recorded at the control site at the Saint Anne Marine Park (6.5m). The minimum sechi depth (0.8m) was
recorded to the north of the causeway where the Anse Etoile River joins the back lagoon. The other
sechi depths in the back lagoon, including those at the lagoon entrances, extended to the lagoon floor.
All sechi depths in the channel between Ile Aurore and the Saint Anne Marine Park recorded depths of
over 4m with the maximum depth of 5.5m. Sechi depths directly along the reef edge ranged from 2.5m
– 3m, with those in the dredge basin recording slightly lower depths of approximately 2m.
Dissolved Oxygen. Dissolved oxygen concentrations were higher in the back lagoon than at the
reef edge and there was very little difference in dissolved oxygen concentrations to the north 6.44
(mg/l) and south 6.47mg/l of the island. Dissolved oxygen in the back lagoon was higher to the south of
the causeway than the north.
Chlorophyll-a. Peak chlorophyll-a concentrations were recorded in the back lagoon with the
maximum concentration of 1.741 ug/l recorded where the Anse Etoile river enters the back lagoon
followed by 0.539 ug/l to the south of the causeway. Areas of healthy reef recorded higher chlorophyllVol. 2, No. 1 2012
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a concentrations in the bottom waters than the surface waters. Chlorophyll-a was low at the north and
south entrances to the back lagoon but increases offshore of Ile Aurore.
Nutrients. Very low nutrient concentrations were recorded with the majority of samples recording
concentrations of nitrate, nitrite and phosphate below detection levels. High nitrate, ammonium and
phosphate were recorded in the Anse Etoile River with high phosphate at the mouth of the river.
Ammonium was lowest in the back lagoon to the south of the causeway and second lowest at mouth of
the Anse Etoile River. Similar ammonium concentrations were recorded along the reef edge with an
increase at the offshore samples.
Pesticides. Pesticides were found to be below detection limits at all of the stations.
DISCUSSION
Current health of the marine environment

Coral reefs are regarded as keystone ecosystems. They have high productivity and biodiversity and
as a result are of extreme importance, both ecologically and socio-economically as major fishing
grounds and tourist attractions (Sorokin, 1993). The results of the marine ecology study confirmed that
the reefs adjacent to Ile Aurore are already significantly impacted. They have been severely degraded
by the large scale land reclamation projects in the area, with the direct impact of dredging and indirect
impacts of siltation and sedimentation clearly noticeable. In addition natural degradation of the reefs
has occurred through coral bleaching associated with the 1997-98 El Nino.
The study indicated that the reef damage was not as widespread as initially indicated by the local
authorities and that since the completion of the reclamation works in 2001 some recovery has taken
place. Coral cover ranged from close to nonexistent in some areas, to approximately 50% cover in
others. Large numbers of fish and other invertebrates were observed inhabiting these areas of the reef,
indicating a relatively healthy reef environment. It should be noted that the reef situated in front of Ile
Perseverance to the south appeared to be in superior condition with greater coral cover and structural
diversity to the majority of reef in front of Ile Aurore.
The results of the water quality survey indicate that the physicochemical properties of the water
adjacent to Ile Aurore are indicative of un-impacted Indian Ocean water, and that there is no evidence
of the industrial processes undertaken at Port Victoria. The input from the Anse Etoile River contained
impacted water quality related to high nutrients, a land based signature caused by decomposing organic
matter, and a low pH influenced by the granitic soils of the mainland. The signature of the river water
was only visible a short distance from the point of discharge. A disused landfill site is situated directly
adjacent to the back lagoon. With the exception of litter there was no evidence of inputs from the local
community at Anse Etoile.
Expected Development Impacts

The development of Ile Aurore Nouvelle will lead to further damage to the reef environment
through direct destruction of the reefs during reclamation works and indirectly through a reduction of
water quality which may inhibit the functioning of the reef ecology. Degradation of the reefs can lead to
the formation of rubble beads which once formed are unlikely to recover on biological timescales and
therefore become alternate steady state environments with very little hope of natural recovery (BowdenKerby, 2003). Rubble beds were observed along four of the six transects comprising of between 5% and
25% of the total area.
The construction of the golf course will result in an input of chemical pollutants (mainly fertilisers
and pesticides) either directly through surface runoff or indirectly through groundwater seepage.
Tropical rainfall events are associated with large volumes of rainfall over a short period of time.
Currently precipitation rapidly infiltrates the porous coralline sands resulting in very little run off from
the island. The development of the island will result in an increase in hard surfaces and the replacement
of the coralline sands with topsoil required to construct the golf course. Subsequently an increase in the
volume of runoff is expected. Combined with the increased availability of nutrients and the introduction
of pesticides higher levels of nutrients present and chemicals contamination in the adjacent marine
environment can be expected. Coral reefs are sensitive to exceedingly low nutrient concentrations so
even a slight increase in nutrients can result in algal blooms that smother corals or in extreme case
result in eutrophication. The dead algal covered coral is no longer able to serve as high quality habitat
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for marine animals resulting in a decline of biodiversity, and reducing the resources available to local
communities relying on the reef (Goreau, 2003).
A record of fish species caught by the local fisherman operating from Anse Etoile indicates that the
catch consists of predominantly reef species and predatory species associated with reefs. A decrease in
functioning reef habitat will directly result in a decrease in the fisheries resource and the livelihood of
the fisherman. A secondary impact of the land reclamation is that the fisherman will have to travel
approximately twice the distance to reach their normal fishing grounds. All fuel in the Seychelles is
imported and consequently is very expensive. Therefore the increased distance travelled by the
fisherman translates into a significant extra cost and exceeds the present government allowance granted
to artisanal fisheries.
Mitigatory Measures and Environmental Management

The fringing reefs adjacent to Ile Aurore are an important ecological resource. It is thus imperative
that on completion of Ile Aurore Nouvelle that the reefs are restored and rehabilitated. A large
proportion of the current fringing reefs will be lost during the reclamation works. It has therefore been
proposed that the use of artificial reefs is incorporated in the rehabilitation plan. The purpose of the
reefs will be three fold. Firstly they will be act as a barrier to wave action and will reduce the amount of
rock revetment needed to dissipate wave energy thereby reducing the risk of coastal erosion. Secondly
they will create reef habitats to replace habitats previously destroyed by dredging and reclamation and
thirdly they will increase fish stocks helping to sustain the local community.
Extensive research has been undertaken on the topic of artificial reefs, and worldwide artificial
structures have been used to increase fish abundance and diversity (Wilson, Leung and Kennish, 2002),
improve catch rates, reduce the distance to fishing grounds (Clarke et al., 2002) and restore damaged
coral reefs (Sahoo and Ohno, 2000). It has been established that the success and functionality of the
artificial reef is dependent on the reefs ability to mimic the natural habitat, with three main aspects of
artificial reef design being the location of the reef, the materials used and the manner in which they are
arranged (Spieler, 2000; Sherman, Gilliam, and Spieler, 2002). The final positioning of the reefs will be
decided after consultation with the marine engineers, the Seychelles Marine Protection Agency and the
local community. Due to the cost of importing raw materials into the Seychelles readily available
materials should be used to construct the artificial reefs. Research has shown that concrete structures
have had considerable success when used as artificial reefs or for reef rehabilitation in the Indian Ocean
(Clark and Edwards, 1999; Clark and Edwards, 1994). It is suggested that the reefs are cast from excess
concrete during the construction phase of the development.
The conservation of the remaining reef habitat and successful rehabilitation of newly created
habitats will be dependent on maintaining favourable water quality adjacent to the island. Surface and
groundwater inputs from the resort into the marine environment will be managed by creating an
interface between the area of discharge and the receiving water body to filter pollutants, sediment and
nutrients (Talbot and Wilkonson, 2001). In the calmer back lagoon mangroves will be planted to act as
a sink for nutrients and capture sediment, stabilising banks and negating the need for artificial erosion
prevention methods. Storm water runoff will be channelled away from the coast into infiltration ponds
and discharged to ground. Reed bed ecosystems will be established in the ponds to remove excess
nutrients. The discharge of nutrients through groundwater will be slower than surface water minimising
potential impacts on the marine environment.
The high energy coastline on the eastern side of the island is not conducive to establishing buffer
zones. The high wave action should result in sufficient mixing to dilute contaminants if the use of
nutrients and pesticides is properly controlled. The quality of the groundwater discharge will be
monitored through a series of wells situated on the perimeter of the island. The levels of nutrients and
pesticides recorded in the indicator wells will be used to control the volume of fertilizer and pesticides
applied to the golf course. Should it prove necessary the greens and other areas with high irrigation
requirements will be ringed by ‘scavenging wells’ to re-use irrigation water, reducing the quantity of
freshwater required and the nutrient loading to the marine environment.
CONCLUSION

The development of Ile Aurore Nouvelle will result in unavoidable impacts to the adjacent marine
environment. The baseline marine study was conducted to establish the current health of the marine
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environment and determine the main impacts associated with developing the island, so that they can be
reduced through good environmental management. The study determined that coral habitats adjacent to
the island were significantly damaged by the initial reclamation works; however recovery in isolated
areas had taken place. Establishing that there are areas of healthy reef adjacent to the island was
contrary to the view of the local authorities and has particular significance as these areas of healthy reef
habitat will be essential in the recovery and rehabilitation of the reefs once the reclamation has been
completed and therefore require conservation.
No land based sources of pollution were identified and the current water quality adjacent to the
island is typical of near shore Indian Ocean water. The main development impacts identified during the
study were the loss of reef habitat through land reclamation, smothering of benthic communities,
increased nutrients and pesticide inputs to the marine environment and a loss of fishing grounds and
stocks utilised by the local fishing communities. Recommended mitigatory measures to reduce the
magnitude of these impacts include identifying and conserving areas of healthy reef habitat and creating
new habitats for reef recovery through the installation of artificial reefs. Land based inputs of nutrients
and other harmful chemicals from the development will be minimised by implementing buffer zones
and reducing the volumes of surface water runoff discharged into the marine environment. It is
recognised that the mitigatory measures will not prevent the short term negative effectives of the
development entirely. It is considered that if the measures are implemented correctly with consultation
with Seychelles Marine Protection Agency and local stakeholders that the impacts can be significantly
reduced in the long term and a sustainable ecosystem developed
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COASTAL VULNERABILITY: WHAT WILL BE THE IMPACT OF INCREASING
FREQUENCY AND INTENSITY OF COASTAL STORMS ALONG THE SOUTH AFRICAN
COAST?
Lisa A. Guastella1,2 and Marius Rossouw3
Recent storms along the Cape (31 Aug- 1 Sep 2008) and KwaZulu-Natal (19-20 Mar 2007) coasts of South Africa
coinciding with high tides caused extensive damage to coastal infrastructure. If Global Warming predictions of an
increase in frequency and intensity of storms, in addition to sea level rise, are correct what will the future impact be
along the South African coast? Wave height data were examined for two wave measurement stations at Slangkop in
the south-western Cape and Richards Bay in KwaZulu-Natal to ascertain if any increase in frequency or intensity of
storm wave events was indeed evident. Data from 1994-2008 at Slangkop showed a slight increase in storm wave
intensity during the winter season, but no discernible change in the number of storm events, while data from 1979 to
2008 at Richards Bay indicated an increase in number of storm wave events, but no detectable variability in the
intensity of events. The majority of extreme storm wave events at both stations were caused by intense cold fronts,
although at Richards Bay cut-off low pressure systems also featured prominently. There was no discernible
correlation with ENSO events. The trends cannot conclusively be linked to Global Warming considering the
relatively short time-span of the data record, as they may simply be short-term anomalies. However, Global Warming
is occurring and an increase in sea level would make a future storm occurring during a normal tide appear like a
current storm occurring during a high tide. Add to this a predicted increase in frequency and severity of storm events
and resultant increase in wave power and the coastal erosion and damage will be compounded accordingly. This will
mean that existing erosion lines and storm protection infrastructure may be more readily breached in the future. It is
therefore recommended that coastal planners adopt coastal retreat where possible and protect vital coastal
infrastructure against future storms,
Keywords: Extreme storm waves; global warming impacts; coastal erosion

INTRODUCTION

Global Warming theory predicts an increase in sea levels and frequency and intensity of storms
(IPCC 2007). Recent storms along the KwaZulu-Natal (19 - 20 Mar 2007) and Cape (31 Aug - 1 Sep
2008) coasts of South Africa, accompanied by swells of significant height (Hs) 8.5 m and 10.5 m,
respectively, resulted in widespread erosion and damage to coastal infrastructure and were a big wakeup call for South Africans living along the coast. Assuming Global Warming theory’s predictions
regarding sea-level rise and storm intensity and frequency increase are correct, what can we expect in
terms of damages along the South African coast?
There is insufficient historical measured data of long enough duration to accurately say whether
global warming is impacting on the frequency and intensity of storms over the longer term; and
climatic oscillations over the short term could mask the record. While some evidence may be gleaned
from the geological record, this is often based on extrapolated data and may not provide sufficient
detail. Bromirski et al. (2004) has indicated increased sea-levels for the California coast (USA) since
1930 and increased frequency and duration of extreme storm events since 1850, particularly since 1980.
Reliable wave data for South Africa only exists since 1979 and can therefore only give a snapshot in
the relative short term, but it’s the best available.
There are three main wave producing weather systems that produce significant storm waves along
the South African coastline, viz. cold fronts, cut-off lows and tropical cyclones. Cold fronts, generated
in the mid-latitude westerly belt, impact mainly on the western and southern Cape coasts during winter
and their impacts can be seen in the wave signature at Slangkop. Their impact is still realised up the
east coast, although generally at a reduced intensity. A cut-off low is a cold-core closed cell of low
pressure that becomes separated from the main westerly jetstream flow, creating a slow-moving area of
unstable weather. It is typically evident from the surface to higher levels and is usually associated with
heavy rainfall and can be accompanied by gale force winds and severe weather conditions. If located
over the sea, these systems are capable of generating large swells particularly if their eastward passage
is blocked by a high pressure cell, resulting in a higher residence time. Tropical cyclones are warmcore intense low pressure systems that are generated over the tropical south-west Indian Ocean around
latitudes 5-10°S during summer and, while these systems seldom impact on South Africa’s weather, the
swells generated have an impact on the east coast and will be seen in the wave signature of Richards
Bay (Fig. 1).
____________________________
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Global warming predictions are for an increase in severe storms, such as those associated with cutoff low-pressure systems and an increased frequency of storms at sea (Weaver and Chapman, 2006).
Nicholls and Alexander (2007) claim that mid-latitude westerly winds appear to have increased in both
hemispheres. Comparisons of the number of tropical cyclones over time is inconclusive as to whether
there has been an increase or decrease, however there has been an increase in intensity of these systems
(Webster et al., 2005, Elsner et al., 2008). In the south-west Indian Ocean, Mavume (2009) documented
an increase in the number of intense tropical cyclones since 1980, although there has been a
simultaneous but smaller decrease in the total number of tropical storms. Trends of possible increases
in the other wave-producing storm systems have been largely unexplored or quantified. This paper
addresses whether recent storm systems impacting on the South African coastline have increased in
frequency and intensity by examining the resultant waves generated by them, and examines the
implications of the possible increases in storm intensities superimposed on rising sea-levels.
METHODS

Trends in wave height and frequency are examined for two wave stations operated by the Council
for Scientific and Industrial Research (CSIR) in South Africa, viz. Slangkop in the south-western Cape
and Richards Bay on the east coast of KwaZulu-Natal (KZN) (Fig. 1). The Slangkop station was
initially deployed in 1979 in a water depth of 170 m, approximately 14 km off Kommetjie. An
apparent change in shipping activities forced a move of the station closer to the shore in 1994, to a
water depth of 70 m and approximately 5 km from the coast. Therefore, the Slangkop station consists
of two data sets.
The Richards Bay station is located in 22 m water, about 1.4 km offshore of the harbour’s Southern
Breakwater. This wave station has been in operation since January 1979. Wave data was originally
collected every 6 hours by means of non-directional Datawell Waveriders, but was changed to a 3
hourly interval in 1989. From 2001 data were recorded at a half-hour (almost continuous) interval.
The data are processed on board the buoy and transmitted via radio-telemetry to a shore station every
half hour. The analysed data are then downloaded in near real-time to the CSIR’s office in Stellenbosch,
where it is stored in a database.
In order to make statistically relevant data comparisons to the historic data, all Richards Bay data
used in this analysis was based on 6-hourly data, even though more recent data are being recorded at a
higher frequency. Only wave height data was used in the trend analysis as an indication of storm
intensity. The time resolution was too coarse for duration of storm events to be considered. For the
purposes of this analysis, the 3-hourly Slangkop data from 1994 were used. Combining the older 6hourly data from the old station needs more attention (e.g. transforming the waves from 170 m to 70 m)
to make the datasets comparable.

Waverider buoy

Stellenbosch

Kommetjie

Figure 1. Location map showing positions of the Slangkop (bottom left) and Richards Bay (top right) buoys.
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RESULTS
Trends

Storm Intensity. Trend’s in stormwave exceedance for Slangkop and Richards Bay are shown in
Figure 2 (a) and (b), respectively to indicate whether there has been an increase in intensity of storms
over the period where accurate measurement is available. The peak wave height of individual storm
events, were plotted. Note that for the purposes of this study, a storm is defined as an event with a peak
significant wave height greater than the 5 % exceedance value, as based on the all the data.
The Slangkop data (1994 to 2008) shows an increasing trend in wave height during winter of about
0.5 m over 14 years. The trend may be indicative of an increase in storminess over the next few
decades, especially if one considers the potential wave power or energy flux, which is a function of the
square of the wave height. It is also worth noting that the opposite occurs during summer where there
is a general decreasing trend in wave height for individual storms over the last 14 years. Thus winter
storms are getting more intense, while summer storms are less intense. The autumn trend showed a
slight increase while a marginal decrease was evident in spring.
Overall, the Richards Bay data do not show any significant increase in the seasonal trends, i.e. no
conclusive trends over almost 30 years. However, the same decreasing trend in summer was found,
countered by a similar increase during autumn. A marginal increase was noted for spring, with that for
winter inconclusive.
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Figure 2(a): Slangkop: Individual storm events (exceeding 5 % Hmo) from 1994 to 2008 per season, in order,
summer, autumn, winter and spring.
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Richards Bay - Summer: 5 % exeedance (2.6 m)
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Figure 2(b): Richards Bay: Individual storm events (exceeding 5 % Hmo) from 1979 to 2008 per season, in
order, summer, autumn, winter and spring.

Relationship to climatic oscillations. Preliminary wave height data analysis by Bromirski et al.
(2004) off the California coast (USA) showed an increase in stormwave height, duration and number
during the 1997-1998 El Nino events. The possible influence of the El Nino Southern Oscillation
(ENSO) on storm events off the SA coast was investigated by plotting ENSO events with individual
storm events at Slangkop and Richards Bay (Fig 3(a) and (b)). No apparent relationship is evident,
Slangkop (CP) - Annual: 5 % exceedance
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Figure 3(a). Slangkop 5% exceedance events (all seasons) and ENSO. Unshaded periods in the plot
represent neutral ENSO phase.
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Figure 3(b). Richards Bay 10% exceedance events (all seasons) and ENSO.

Inter-annual variability in number of events. Figure 4 (a) and (b) graph the number of
stormwave exceedance events per annum at each station to indicate whether there has been an increase
in number of significant storm events over the measurement period. The trend at Richards Bay (Fig. 4
(b)) indicates a significant increase in number of exceedance events, particularly from 1995 onwards;
for example from 1979-1994 there were an average of 12 exceedances per annum, whereas from 1995
onwards (excluding data gap years) the exceedances per annum numbered 19. There is an upward
trend in spite of the missing data over the period 1999 to 2001 and if the years with partial and no data
are removed an R2 of 0.3 indicates an even more significant upward trend. The trend at Slangkop (Fig.
4 (a)) is inconclusive, however it must be considered that the time series may not be long enough to
show any tendency, especially when it is considered that if the Richards Bay trend was only available
from 1994 onwards this, too, would have been inconclusive. Again, there was no apparent relationship
with either of the trends with ENSO events. Even though Slangkop showed an increase in 2002
coinciding with an El Nino event, the data set is too short to state conclusively that this was related to
El Nino. However, over the longer term using the 25 year record at Slangkop (i.e. including the old
station dataset) van der Borch van Verwolde (2004) found an increase in frequency of exceedances
during ENSO events. A more in-depth analysis is required.

Slangkop : storms above 5% exceedance height (all seasons)
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Figure 4. Trend in number of 5% wave height exceedance events per annum for (a) Slangkop (1994 to 2008),
and (b) Richards Bay (1979 to 2008).
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Weather systems contributing to extreme wave heights

Table 1 provides details of the largest swells recorded at (a) Slangkop (> 7.9 m Hmo), and (b) along
the east coast (> 5 m Hmo), including Richards Bay and more recent wave recording stations at Durban
and East London (refer Fig. 1), along with the type of weather system responsible for the storm.

Table 1(a). Summary of storms with Hmo above 7.9 m recorded at Slangkop, 7 June 1994 to 30
September 2008.

Date
1994/06/21 06:00
1997/06/22 22:00
1999/08/03 09:00
2001/09/05 18:00
2002/05/25 03:00
2003/08/19 12:00
2004/07/03 09:00
2005/08/26 18:00
2007/07/24 09:00
2008/08/31 15:00

Hmo
8.5
7.9
8.3
9.9
10.0
8.2
8.1
9.6
8.6
9.1

Tp (s)
18.3
18.3
13.5
18.1
20.0
15.3
18.1
18.1
16.6
16.6

Dir
N/A
N/A
N/A
262
230
223
224
224
234
237

Type of storm event
Passing frontal system
Passing frontal system
Passing frontal system
Passing frontal system
Passing frontal system
Passing frontal system
Passing frontal system
Passing frontal system
Passing frontal system
Passing frontal system, intense cyclogenesis

Table 1(b). Summary of storms with Hmo above 5 m recorded on East coast, 1979 to 2008.

Location
Richards Bay
Richards Bay
Richards Bay
Richards Bay
Richards Bay
Richards Bay
Richards Bay
Richards Bay
Richards Bay
East London
Durban

Date
1984/02/18 06:00
1987/09/28 08:45
1990/10/20 09:00
1991/08/04 00:00
1994/07/26 18:00
2002/07/10 15:00
2002/0719 21:00
2002/09/12 12:00
2007/03/19 05:00
1997/06/13 15:00
1993/09/23 09:00

Hmo
8.5
6.4
6.1
5.2
5.0
5.1
5.2
5.2
8.5
9.3
5.6

Type of storm event
Cyclone Imboa; Centre = 29°/33°; W-dir: SE
High & COL (COL not well defined); High dominates; W-dir: E
COL & High; High dominates; W-dir: ESE
Passing frontal system (intense; steep press. Grad.); W-dir: S-SE
Passing frontal system (moving NE); W-dir: S/SSE
Passing frontal system (moving NE); W-dir: S
Frontal system driven by High – moving NE with blocking High; W-dir: S-SE
LPS intensified – with blocking High; W-dir: S
COL; Centre = 32°/38°; W-dir: SE/SSE
COL; Centre = 31°/33°; W-dir: SE
High (Coastal Low not well defined); High Dominates; W-dir: E/ESE

COL: Cut-off Low pressure system
LPS: Low Pressure System

As expected, passing cold fronts and their associated low pressure systems are the major cause of
extreme wave events at Slangkop since the South-Western Cape is directly in the path of these systems,
particularly during winter (e.g. refer Fig. 8). Note that the main storm events are confined to the months
May to September. This is, however, not the case on the east coast. Based on Table 1(b) a number of
wave generation mechanisms could be identified that are responsible for severe storms along the East
coast. These are:
(i)
Passing frontal systems (similar to mechanism off Cape coast).
(ii)
Tropical Cyclones.
(iii)
Cut-off Low (COL) with associated blocking high systems.
The role of high pressure systems in conjunction with low pressure systems is an important
consideration. An eastward-ridging South Atlantic high system behind the low can result in associated
intense pressure gradients, contributing to high winds and resulting swells over considerable fetch (e.g.
the East coast events of 1987, 1990, 1991 and 1993). The presence of a South Indian Ocean high east
of the low can act to effectively block its eastward passage, resulting in a higher residence time of the
system and therefore more sustained winds and swells (e.g. 18-20 March 2007 – refer Fig. 6).
Of the three main weather systems, it appears the tropical cyclones and COL systems are
responsible for the extreme wave events. It is also worth noting that the wave directions of these
storms cover the S to E sector, which corresponds to the general directional distribution. This is
illustrated by the wave rose based on the directional Richards Bay wave data, which covers a period of
seven years (Fig 5(b)). Note that refraction has already transformed the offshore waves with respect to
the orientation of the coastline. The wave rose for Slangkop on the other hand (Fig 5(a)), shows a
predominance of waves from the south-west sector, which is to be expected considering its location
relative to the coastline and the predominant direction of frontal systems from west to east, south of the
country.
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Figure 5. Wave rose for (a) Slangkop (2001 to 2008), and (b) Richards Bay (2002 to 2008) based on 3-hourly
directional wave data.

Case studies

While the statistical record indicates that there has been little significant change in the intensity of
events in the measurement period, a couple of recent case studies are provided to illustrate the damage
that can be caused when intense storms coincide with high tide levels.
19-20 March 2007 East Coast Marine Storm. Storm waves coinciding with the highest
astronomical tide of the year (2.28 m CD), which was close to the lunar nodal cycle (LNC4) 18.6 year
maximum, struck the KZN coast on 19–20 March 2007. South-easterly swells with significant wave
height (Hs) peaking at 8.5 m as measured at Richards Bay (Fig. 7) were generated by a cut-off low,
which passed south of the country and remained semi-stationary some 700 km south-east of Durban on
18 to 20 March (Fig. 6), its eastward passage blocked by a cell of high pressure. The peak wave height
coincided with high tide at 04h00 on 19 March (24 hours before the equinox) at Durban (Fig. 7). A
maximum wave height of 14 m was measured at 05h00 on 19 March at Richards Bay. The combination
of residence time (duration), fetch and high wind speeds generated storm swells, which together with
the corresponding wave set-up, storm surge and extreme high tide, caused significant coastal erosion
and unprecedented damage to coastal property and infrastructure, estimated at more than one billion
Rand for KZN (Smith et al. 2007). The coastal resort town of Ballito, some 50 km north of Durban,
was hardest hit, but extensive damage was caused all the way from Richards Bay in the north down to
the KZN south coast. The fetch was of considerable size, thus the storm event also had an impact
further south and although not of the same magnitude, was also registered off East London (Fig. 7),
where it struck some 12 hours earlier. The storm destabilized the coast, resulting in consequent chronic
coastal erosion in places (Smith et al. 2010).
4

The lunar nodal cycle (LNC) is when the moon, sun and earth are in perigee and in spring tide configuration,
which occurs every 18.6 years.
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Figure 6. Synoptic chart for 19 March 2007 indicating cut-off low pressure system off the east coast of South
Africa (source: SA Weather Service).
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Figure 7. Time-series plot of significant wave height for Richards Bay and East London.

31 August – 1 September 2008 West and South Cape Marine Storm. Waves of 9 m and
peaking at 10.7 m were generated by an extremely deep cold front south-west of the country from 31
August to 1 September 2008 (Fig. 8). The initial front was backed up by a secondary low south of the
country, which intensified at such a rate that it resulted in “explosive cyclogenesis” (Hunter 2008), and
was accompanied by extremely high winds. The intense storm moved slowly eastwards, with its
eastward passage blocked by a strong high pressure cell, allowing for sufficient time and fetch to
generate significant SSW swells.
Severe wave conditions, the corresponding wave- and storm- set-up resulted in a high storm surge
and damage to coastal infrastructure. The time-series of wave height as recorded by the Slangkop buoy,
on the FA Platform (on the Agulhas Bank south of Mossel Bay), Mossel Bay, and in Algoa Bay (Port
Elizabeth) (refer Fig. 1) are presented in Figure 9. The waves impacted on a large area of the South
African coastline, stretching from the Cape west coast to the eastern Cape as far as the Transkei (60 km
north of East London to Port Edward – refer Fig. 1). The signature was also evident as far north as
Richards Bay, although by that stage the wave height was reduced to 3.58 m and no damage resulted.
The high waves also coincided with high tide levels since the duration of the storm was longer than
12 hours and the event occurred only one day after spring tides. It is also worth noting that on the 31st
the water level exceeded the astronomical predicted tidal level during the storm event. The actual
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water level was about 0.5 m above the predicted level in False Bay (Cape Town), and about 0.7 m
higher in Algoa Bay, due to the storm surge.

Figure 8. Synoptic chart for 31 August 2008 indicating a cold front passing the south-west coast of South
Africa (source: SA Weather Service).
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Figure 9. Time-series plot of significant wave height for Slangkop, FA Platform, Mossel Bay and Algoa Bay.

DISCUSSION

Were these storms unusual? The recent historical record dating back to the beginning of the 20th
century indicates that severe storms have struck the KZN coast on average once every 20 years
(Guastella et al. 2008). Rossouw calculated a wave height recurrence period of about 1-in 35 years for
the March 2007 storm.
The return period for the Cape storm was estimated to be around 1-in 5 years, from analysing the
Slangkop data. However, the return period was probably greater for the Cape south coast areas.
Examination of the wave measurement and numerical forecast data in Algoa Bay suggests a return
period of about 1-in 10 years or even greater. Severe storms have certainly had an impact over the
years, with extreme events in 15-16 May 1984 and more recently in September 2001 and May 2002
(refer Table 1(a)), but it was the widespread nature and duration of the 2008 event that made it stand
out.
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Hewitson (2006) predicts that average wind velocity is expected to increase in all seasons in South
Africa as a result of global warming. While this is a prediction for average conditions, it is likely that
coastal areas will experience a greater increase in wind speeds than inland areas. Using various
empirical formulae, Theron and Rossouw (2008) have calculated that a modest increase of wind speeds
of 10% would result in a 26% increase in wave height, an 80% increase in wave power (wave power is
proportional to the square of the wave height and linearly proportional to the wave period – Joubert
2008) and a 40 to 100% increase in cross-shore sediment transport rates, thus increasing the
vulnerability of coastal areas to erosion. Theron and Rossouw (2008) have further suggested that a 50%
increase in erosional volume, could very roughly be translated to a potential 50% increase in horizontal
shoreline erosion distance. Combining the above with predicted sea-level rise (SLR) scenarios (Figure
10) increases the risk. Global SLR calculations over the last ten years range from 2.4 and 3.2 mm/yr,
while SLR calculated for Durban is 2.7 mm ±0.05 mm/yr, within the global range (Mather 2007).
The projected 20 year SLR for Durban puts normal high tide levels at the same level as the highest
astronomical tide (HAT). Higher sea levels will mean that smaller storm events will be capable of
reaching the same elevation as that attained at the HAT and, combined with predicted increased storms,
will mean that existing erosion lines and storm protection infrastructure may be more readily breached
in the future. Storms occurring during extreme high tides are extremely destructive, as the case studies
clearly show. An increase in sea level would make a future storm occurring during a normal tide appear
like a current storm occurring during a high tide. Thus, we can expect increased erosion and coastal
damage due to SLR. An increase in frequency and severity of storm events associated with Global
Warming predictions will compound the damage accordingly. About 90 % of the world’s coastline is
reportedly already affected by erosion, which is likely to be exacerbated significantly by SLR and
increased sea storminess (Theron and Rossouw 2008).

Figure 10. Measured and predicted sea-level rise (SLR) for 1800 - 2100 (Source: IPCC 2007).

The implications are that increased erosion will decrease the dune volume (especially in urban
settings) and associated natural coastal buffer, while the lifetime of coastal protection infrastructure
(e.g. breakwaters, sea walls, promenades) and coastal roads and railways will be reduced by increased
wave attack. With this in mind the predicted increase in SLR, storm intensity and numbers (and
possibly duration) should not be taken lightly by coastal managers. It is therefore recommended that the
effects of climate change be considered in coastal planning and development.
CONCLUSION

The South African wave measurement record shows that, while there has been a slight increase in
storm intensity at Slangkop during the winter season, there has been no discernible change in the
number of storm events since 1994. At Richards Bay the intensity of exceedance events has remained
fairly constant, but there has been an overall increase in number of exceedances since 1979. There was
no perceivable relationship in frequency and strength of storm events with ENSO at either of the
stations, although that at Slangkop may require further investigation. While the existing data sets may
indicate a slight upward trend in intensity (Slangkop) and increase in number of storm wave events
(Richards Bay), these trends cannot conclusively be linked to Global Warming as they may merely be a
reflection of climatic oscillations over the short-term. However such trends have been predicted (IPCC
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2007). If Global Warming predictions regarding SLR, storm intensity and storm frequency are accurate,
we can expect a corresponding increase in coastal erosion and property damage along the coast of SA.
The combined impacts of sea-level rise and increased sea storms may increase the risk of damage to
coastal infrastructure. It is thus wise to adopt coastal retreat where possible and protect vital coastal
infrastructure against future storms, which may become more numerous and more intense. The storms
of March 2007 and August/September 2008 may be a foretaste of things to come.
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COASTAL EROSION: REPARATIVE WORK ON THE BALLITO COASTLINE, KWAZULUNATAL, SOUTH AFRICA, WAS IT ENOUGH?
A.M Smith1 and S.C. Bundy2
The late 20th and early 21st centuries were characterised by booming coastal development within the coastal dune
cordon. This took place during quiet, possibly anomalous, oceanic conditions. No thought was given to sea level rise
(SLR) and the increasing effect of marine storms. In 2006-07 the KwaZulu-Natal (KZN) coast underwent a major
erosion event, comprising equinoctial, 18.6 year nodal cycle tidal erosion (2006), a major storm (March, 2007)
followed by catastrophic hotspot winter erosion (2007). The erosion event was complete by September (2007) and
most beaches had recovered by January (2008), but many parts of the coastline are still damaged and exposed.
Coastal erosion has had direct, indirect and cumulative impacts on coastal infrastructure and economies. The
municipalities, through Provincial and National Governmental intervention, adopted the principles of retreat,
geomorphological mimicry along soft coastlines and re-instatement of bio physical processes. Implementation of
these strategies proved problematic, despite the fact that they were scientifically supported and that their consideration
was supported in the law. Only a minority of coastal landowners have retreated, most opted for soft engineered
defence systems.
The coastal tracts vulnerable to future erosion can be predicted. To date soft engineering defences have been
implemented with little regard to the adoption of retreat. Much of the coast remains vulnerable, with retreat being
the only option in the long-term, but the necessary mechanisms and mind shift required for implementation remains
elusive. We offer insight into the reasons and consequences of the erosion event with examples, critique of actions
employed and address future coastal risk.
Keywords: Coastal erosion, Ballito, Coastal development

INTRODUCTION

Most of the world’s coastlines are eroding (Inman et al., 2003) and this is especially true of the
eastern coast of Africa (Aurthurton, 2003). If there were no coastal development, erosion would allow
the beach and dune systems to move naturally inland as the shoreline retreated (Halka et al., 2005). The
town of Ballito is located on a part of the high energy KwaZulu-Natal (KZN) coastline that projects
into the Indian Ocean coastline (Figure 1). The shoreface slopes steeply into comparatively deep water.

Figure 1: Location map of Ballito and Durban on the KwaZulu-Natal Coast. The bathymetry is -10, -50 and 500m (source: SA Council for Geological Sciences).
1
2
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Smith et al. (2007) noted that the Ballito built environment encroaches too close to the sea. Coastal
wetlands have been drained and infilled and land has been reclaimed. Part of the reason for this is that,
unlike much of South Africa, Ballito has no Admiralty Reserve (coastal buffer zone) and as such,
instead of properties lying at approximately 45m from the surveyed high water mark, most lie at only
12.5m from it. Consequently Ballito was the most affected urban centre following the March 2007
storm.
Maritime Influences along the KwaZulu Natal Coastline

Seasonal swell data from the South African Data Centre for Oceanography (SADCO), compiled
from voluntary observation ships, for the area defined as 29° - 30°S and 31° - 33°E indicates that it is
dominated (40% of the year) by large amplitude southern swells although cyclone swells are
experienced. At Durban to the south (Figure 1), the average significant wave height (Hs) is 1.8 m
(Moes and Rossouw, 2008).
This coast also receives cyclonic swells from the east. Indian Ocean cyclones are believed to be
getting stronger (Webster et al., 2005; Elsner et al., 2008) but preliminary analysis suggests them to be
declining in number (Mavume et al., 2009).
The southern hemisphere westerlies (300-600S) are increasing in strength (Boning et al., 2008) and
this is expected to increase wave heights. Winds are forecast to increase by 10% raising waves by 25%
(Theron, 2008). An overall increase in storminess has also been predicted (Intergovermental Panel for
Climate Change (IPCC), 2007) and evidence of this is presented in Guastella and Rossouw, this
volume). This must be assessed against the backdrop of SLR, currently 2.7mm/year (Mather, 2007a).
The KZN coastline is generally eroding in the long-term (Cooper, 1991a; 1991b; 1994) at rates in
line with world averages (Pilkey and Cooper, 2004). The Ballito coast is eroding in the south (-0.11 to 1.76m/ year) and north (-0.22 to -0.33m/year), but accreting in the centre (+0.33 to 0.87m/year). There
is a clear link between erosion and geomorphology, a pattern that has been noted elsewhere (Dingler
and Reiss, 2002).
The beaches of KwaZulu Natal are generally reflective, coarse-to-very coarse-grained with steep
beach profiles. Much of the land above the high water mark comprises coastal dunes, although rocky
headlands and points are present. Shelving rocky reef is present seaward of many KZN beaches.
Coastal development over the last fifteen years has dysfunctionalised large parts of the coastal dune
system and removed or damaged the natural replenishment process between dune and beach.
THE 2006 – 2007 EROSION EVENT

The KwaZulu-Natal coastline was subjected to three significant bouts of erosion during the
2006-2007 period.
1.

2.

3.

Strong equinoctial and 18.6 year lunar nodal cycle (LNC) tidal erosion (LNC peak October, 2006).
This manifested as erosion hotspot activity. Erosion related to the 18.6 year lunar tidal cycle has
been recorded elsewhere (Oost et al., 1993; Gratiot et al., 2008). Evidence from Figure 2 indicates
that a consideration of the recent history of Eastmore Crescent, north of Durban (Figure 1) should
have prepared residents for the onslaught of the October 2006 erosion event.
A severe storm (March, 2007) coincided with the highest tide of year (HTOY). This event had
waves of as much as 14m (Hs=8.5m) and coastal erosion was laterally extensive. The erosion line
(storm-tide, highwater mark) was around 3.5m above mean sea level (AMSL), (Figure 3) with the
wave run-up reaching levels of up to 11m AMSL (Smith et al., 2007). Severe structural damage to
infrastructure took place in the region below 3.5m AMSL, and sometimes higher due to
undercutting. From historical analysis this storm was a 20 year event (Guastella et al., 2008) and
when assessed as a probability, a 35 year event (Theron and Rosseau, 2008).
Catastrophic seasonal hotspot erosion associated with smaller storms (Hs= 3.2 to 5m) was
experienced between 11th May and 31st August, 2007. Intervention was necessary in some places
to prevent property damage (Figure 4).

The erosion event was completed by the end of September (2007) and by January (2008), the rural
coastline had recovered to at least 60% of its former state. In many urban areas, although the beach
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sand returned, the dunes were unable to facilitate a natural repair and had to be artificially stabilised
using geotextile sand bags. Beach sand depth varies according to wave-cut platform depth. Recent
reparative operations within the Ballito region indicate general beach sand thicknesses of about 2.5m.
A visual comparison indicated that the beach sand thicknesses was considerably higher prior to 2006.
dune slip to a more stable grade is a given, which was a problem that was exacerbated by high
precipitation during the summer months of 2008 / 2009.

Figure 2: Tidal erosion Eastmore Crescent (Durban) in 1989 (topt) & 2006 (bottom). Note tree on left is the
same. (Souce: top unknown and bottomr: AA Mather)
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Figure 3: Erosion scarp at Ballito caused by the March (2007) storm. Note the evidence of older erosion
(arrowed). Source: SC Bundy.

Figure 4: Happy Wanderers resort south of Durban. 80m of beach was lost and without intervention the
resort would have sustained serious damage. Source: R Osborne.

Factors Influencing Coastal Erosion

Not all locations experienced damage during all three erosion periods. Coastal developments
within 5 to 40m of the sea were undermined or physically damaged. In all cases, damage could have
been prevented by the application of set-back lines based on consideration of the historic record, the
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retention of the natural vegetation and developing behind the secondary dune. Factors which
contributed towards coastal erosion are summarized in Table 1.
Table 1: Underlying Controls on Coastal Erosion.
NATURAL FACTORS
PROMOTING EROSION
(Smith et al., 2007)
• Proximity to the high water
mark
• High tides and respective
levels of high water
• Coastal profile
• Sandy Coastline
• Presence of embayments
• Storm surge level
• Bathymetry
• Sea Level Rise
• Increased storminess
• Steep headlands
• Wave-cut platforms either
exposed or shallowly buried.
• Transgressive dunes
• Dysfunctional dune cordon

ANTHROPOGENIC FACTORS
AMPLIFYING EROSION
Direct
• Disregard of historic record
• Land reclamation and
drainage of coastal wetlands
• Removal of vegetation leading
to transgressive dunes
• Large-scale coastal
development
• Small scale ill-sited coastal
development
• Type of development
Indirect
• Sand mining
• River damming
• Diversion and impoundment
of littoral drift

AUTHORITY RESPONSES: COASTAL EROSION POLICIES AND STRATEGIES

The 2007 storm was an unexpected phenomenon that placed the Kwadukuza municipality, the
local Ballito municipality in a quandary. Provincial departments responded by developing a document
explaining the coastal erosion phenomenon, which was largely based upon response procedures
documented and learnt from the 2006 tidal erosion and the emergency response document produced by
the Kwadukuza Municipality (Bundy and Smith, 2007) immediately following the March 2007 storm.
This was done against the backdrop of global warming, which is expected to increase the level of
coastal erosion by inflating the sea-level by as much as 1.0 m by 2100 (Pfeffer et al., 2008). A 10 m
AMSL setback guide line has been adopted by many authorities (Breetzke et al., 2007) which provides
a broad guide as to where coastal development should be situated along the coast.
At an administrative level, it is apparent that the National and Provincial authorities under whose
jurisdiction coastal management fell, provided contradictory approaches to the problem at hand. The
provincial Department of Agriculture and Environmental Affairs in KwaZulu-Natal indicated that the
immediate response to built structures damaged by, or at risk from, catastrophic erosion should be to
undertake whatever actions were required to prevent loss of infrastructure and to request condonation
of that exercise through a short review (Section 30 National Environmental Management Act - NEMA
emergency response application). This directive from the Provincial Department was later overturned
by the legal department of the national Department of Environmental Affairs and Tourism which
indicated that this was a legally incorrect procedure. To date no definitive administrative process to
enable a rapid emergency response to coastal erosion that meets NEMA principles has been
forthcoming.
From a municipal perspective, the responses of the various Municipal authorities were initially
rapid, via their emergency fire and rescue divisions, with the prevention of the loss of life and critical
infrastructure being the primary objective. Following the storm, the three worst affected local
authorities responded by appointing consultants to evaluate the damage incurred, review the reasoning
behind such damage and provide a response on repairs and future planning in the worst affected areas.
The authors of this paper were appointed as part of these teams in all local authorities affected.
A blanket policy of accepting coastal erosion has been applied in rural areas. In contrast four broad
measures were taken in addressing coastal erosion in urban areas. These options are summarized as;
1.

Hard defence intervention: This was necessary in extreme cases and consisted of rapidly
emplaced quarry rocks. When time allowed soft defences could be installed. The option of
formalizing such structures as sea walls was not endorsed by authorities, although where existing
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2.

3.

4.

sea walls had failed, these structures were often repaired. A number of homesteads undertook the
illegal establishment of retaining sea walls. Authorities did not generally support such defence
systems due to them exacerbating erosion. 36% of private property owners chose this route in
Ballito (Figure 5).
Soft defence (Figure 4). Where structures must be defended, the introduction of a soft defence
system is the preferred option. Such defence systems include primarily the use of a geofabric bags
varying from 70kg to 3.0 tonnes being established as walls along shorelines. Such defences are
considered to mimic soft coastlines in terms of their acceptance of wave loading during storm
events. They are also considered temporary in nature. Where defences were legally set in place,
these structures were endorsed by authorities.
Re-instatement of coastal processes - geomorphological and ecological mimicry (Figure 6).
Through the re-vegetation of dunes and the removal of non-essential built structures within the
supratidal zone, natural sediment and marine dynamics were re-instated, reducing the threat of
wave impacts during storm events and reducing the likelihood of infrastructure loss. Revegetation
of trangressive dunes will promote stability within such dunes and increase beach – dune
interaction processes. Authorities promoted the use of such techniques, however, the defence
offered by them will only be effective against moderate storms, larger storms accompanied by high
water levels will overtop or erode such defences.
Retreat. The total or partial withdrawal of built structures that were in close proximity to the high
water mark was considered the most effective means of attending to the threat of coastal erosion.
Such retreat implied the establishment of a land buffer between sea and structure and the reemergence of a functioning beach – land interface. This option was implemented by Municipal
authorities at various points along the coastline, however very few private properties undertook
any form of retreat, primarily in an attempt to avoid loss of structure and maintain property value.
In Ballito 56% of private property owners did not retreat in any way.

Figure 5: Graph indicating Ballito land owner approaches to erosion following March 2007 storm event
(Source S Bundy).
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Figure 6. Dune drift fences established at Isipingo, Durban to promote retentive dune establishment
(Source: S Bundy)

Both public and private property was affected within the Ballito Municipal area. As such, the
Municipality adopted a similar approach as to that undertaken in the USA and UK where defence and
rehabilitation of private property was at the discretion of the land owner and that the authority
concerned would not intercede in this regard.
All local authorities concerned responded with an approach whereby retreat was enacted where
possible, while softening and bio physical mimicry of the supratidal coastal environment was set in
place, where such retreat was not possible. The Durban Municipality replaced seawalls which had
sustained partial failure, however where erosion occurred and where no seawalls had been in place a
soft defence, using geofabric material was used.
Many private properties engaged in the environmental authorization processes (S30 of the National
Environmental Management Act 107 of 1998), where damage to property and risk to life was not
deemed to be imminent. The lack of a co-ordinated governmental policy and approach, as well as the
expected costs and delay in undertaking of this environmental evaluation led to a number undertaking
defences that were contrary to stated policies. These illegal activities have to date not been addressed
by the authorities.
Where environmental authorization processes were not pursued, most land owners strove to
reclaim lost land and in some cases attempted to extend property boundaries. This generally
uncoordinated approach to defending the coastline, has led to a haphazard and somewhat disjointed
coastal defence system. This is particularly noticeable in Ballito (despite the compilation of a cell by
cell coastal policy document endorsed by the Authorities). The net result of private and governmental
coastal defence projects are depicted in Figure 5.
It is evident that the soft defence option was exercised on a large number of affected properties
(Figure 7). Most of these were implemented by Municipal authorities. In some cases soft defences
were employed using plastic woven bags with little or no longevity. A large number of property owners
simply re-instated their property frontage by importing sand, while others did not attend to the damage
at all.
Of concern are the properties that reclaimed land beyond their previous property boundary in order
to obtain wider frontages. The number of defence projects where land was reclaimed is matched by the
number of defence projects where property owners undertook some form of retreat in the wake of wave
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attack and the threat to their properties. The sum total of retreat and reclamation indicates that in
effect, no retreat was practiced along the coastline following the March 2007 storm.
DISCUSSION AND CONCLUSIONS

Many important lessons were learnt during the 2006-2007 Erosion Event. These were translated
into regional government policy but in many places this has not filtered down to local government and
private citizens. The erosion event has now been largely forgotten. Observations made in the aftermath
noted the following:
1.
2.
3.

Pristine coastlines self repaired in months. The natural buffering offered by the maintenance of
primary and secondary dunes is an effective defence against maritime erosion events
Geomorphological criteria, is crucial to development siting.
Hotspot erosion was greatest where the historic highwater mark envelope of movement is greatest
and could have been predicted.

In reviewing post storm actions taken by authorities and private property owners (Figure 7), the
facts of the matter speak for themselves:
1. 56% of property owners did not retreat and are now more prone to erosion due to weakened
natural defences and threats of SLR.
2. 36% employed appropriate technology for defence, but are still liable to storm erosion damage.
The geofabric defence system is recommended in the face of low level erosion however it is
vulnerable to future large storm events.
3. Only 8% of property owners are likely to survive a similar erosion attack in the near future and of
these not all have retreated enough.
4. Almost all properties affected by the 2007 erosion event are likely to be affected again due to a
reduced natural buffer and the imminent threats associated with climate change.
5. Other structures (including sewerage infrastructure and roadways) are now at risk due to reduced
natural defences. Increased maintenance and management of such infrastructure is to be expected
in the short term with concomitant failure of such infrastructure on a regular basis a likely
occurrence
The following general conclusions can also be drawn:
1. The coastal preparedness strategy of authorities and municipalities (Mather, 2007b) was
insufficient.
2. New legislation on coastal management has been promulgated but does not apply to existing
infrastructure and thus coastal erosion is an on going threat to such infrastructure.
3. Municipalities were initially prepared to listen to consultants advice but as time passed, the lessons
learnt are being forgotten (Coastal Alzheimer’s). Some municipalities are already planning
beachfront reclamation projects consequently the marine damage bill will increase.
4. Insurance companies are, in general, not interested in addressing the threat of climate change and
coastal erosion in urban areas.
5. The occurrence of large storms is going to increase due to SLR and global warming will increase
coastal erosion.
6. There is some evidence to suggest that erosion events of this type may be cyclic on an 18 year
scale, possibly driven by the lunar nodal cycle (Smith et al., 2010). They are thus predictable.
7. The KwaZulu-Natal coast has been severely weakened and is not prepared for another erosive
event.
8. As these events will happen again and possibly on a more regular basis, more investment in
preparedness for these phenomenon are required including the development of vulnerability maps,
emergency response procedures, insurance planning and retreat options at the level of town plans.
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