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FOREWORD

This volume is a record of papers presented at the
conference on "The Coastline of Canada -Its Littoral
Processes and Shore Morphology" held May 1-3, 1978 at
Halifax, Nova Scotia. The conference, sponsored by the
Geological Survey of Canada, and ably organized under the
chairmanship of Brian McCann, presented the f{first review
of the state of knowledge of the Canadian coastline. It
was  particularly timely because the need for a
description and understanding of Canada's coasts and of
the processes by which they were formed and that
currently affect them is greater than ever before. Much
of this increased need results {from oil and gas
developments in the frontier regions of the Canadian and
Alaskan Arctic. We must be able to provide suitable
remedial measures in case of oil spills, whose likelihood will
increase with increased offshore drilling and tanker traffic;
onshore landings of pipelines that will cross inter-island
channels in the Arctic Islands and remain unaffected by ice
scour must be properly designed and safely constructed; and
the new harbours needed to stage frontier development will
need careful planning.

Coastline knowledge is also essential for the more
inhabited regions, for example, estuaries are favoured
sites for our coastal cities and towns. In  southern
Canada, information concerning coastlines is needed for
harbour design and maintenance, beach preservation for
recreation and parks, planning of set-back allowances
for construction of shoreline communities, evaluation of
sand and gravel resources for constructional materials,
environmental impact statements to assess the effects
of proposed engineering developments, and for the
dumping of wastes offshore. Quantitative data on the
rates of coastal processes and of the amounts of
materials moved are especially important for the design of
engineering works and for countermeasures to remedy
deleterious man-induced or natural events affecting the
coastline.

Accordingly, as proposed a few years ago within the
Geological Survey of Canada, one major task to be
completed s the  description and classification of the
coastline of Canada. Stretches of coast will be
cartographically represented by suitable symbols and
explanatory legend according to a classification of
coastal types. These will be the basis of an atlas and a
national thematic map similar to other thematic compilations
such as those of bedrock geology, glacial geology, and
physiographic provinces for which Canada has an enviable
reputation. The map and atlas will be accompanied by
an appropriate description of the coastline and inferences
about the processes by which it evolved.

The description of the coastline should not be regarded
as a routine task but rather it should be undertaken
creatively. If approached with this attitude, it will result in
the generation of ideas to be tested and will permit the
anticipation of problems and methods of study for the
succeeding more detailed process studies. Such detailed
studies, of course, are essential to explain the coastal
evolution and predict future change.

AV ANT-PROPOS

Cet ouvrage constitue un compte-rendu des documents
présentés lors de la conférence sur le littoral du Canada, ses
processus littoraux et la morphologie des cétes, qui a eu lieu
du 1€’ qu 3 mai 1978 & Halifax (Nouvelle-Ecosse). Cette
conférence, sous l'égide de la Commission géologique du
Canada et trés bien organisée par le président Brian McCann,
a présenté le premier état des connaissances sur le littoral
canadien. Le moment de cette conférence était
particuliérement bien choisi parce que le besoin de décrire et
de comprendre les cétes du Canada et les processus qui ont
contribué a leur formation et qui les affectent aujourdhui est
plus grand que jamais. Une bonne partie de ce grand besoin
provient de lexploitation du pétrole et du gaz dans les
régions pionnieres de l'Arctique canadien et de 1'Alaska.
Nous devons étre en position de remédier aux fuites de
pétrole, qui risquent de plus en plus de se produire & mesure
qulaugmentent les forages au large des cétes et la circulation
des pétroliers; les points d'arrivée a terre des pipelines qui
traverseront les chenaux entre les iles de l'Arctique et qui ne
seront pas touchés par le décapage des glaces doivent étre
congus convenablement et construit de maniere sécuritaire; il
faudra de plus planifier soigneusement les nouveaux havres
nécessaires & l'exploitation des région pionniéres.

Les connaissances du littoral sont également
essentielles dans les régions habitées, par exemple, les
estuaires constituent des endroits de prédilection pour les
cités et les villes. Dans le sud du Canada, nous avons besoin
de renseignements sur le littoral pour la conception et
l'entretien des havres, sur la conservation des plages, pour les
loisirs et les parcs, sur la planification de la création. de
marges en ce qui concerne la construction de collectivités en
bordure des cétes, et sur l'évaluation des ressources en sable
et en gravier pouvant servir de matériaux de construction,
sur les répercussions environnementales, afin d'évaluer les
effets des travaux de génie proposés et pour les déversements
d'ordures au large des cétes. Les données quantitatives
relatives au taux d'évolution des littoraux et aux quantités de
matériaux deéplacées sont particuliérement importantes pour
la conception des travaux de génie et pour la prise de contre-
mesures ¢fin de remédier aux phénomenes nuisibles artificiels
ou naturels qui touche le littoral.

C'est pourquoi, comme le proposait il y a plusieurs
années la Commission géologique du Canada, la description et
la classification des littoraux du Canada constitue une
entreprise majeure devant étre menée a bonne fin. Des
bandes de cétes seront représentées cartographiquement au
moyen de symboles convenables et de légendes explicatives
selon la classification des types de littoraux. Ces symboles
constitueront le fondement d'un atlas et d'une carte nationale
thématique semblables aux autres ouvrages thématiques tels
que ceux qui portent sur la géologie de la roche en place, de
la géologie glaciaire et des provinces physiographiques qui
ont créé une réputation enviable pour le Canada. La carte et
l'atlas seront accompagnés de descriptions appropriées du
littoral et dhypotheses quant a leur évolution.

On ne devrait pas considérer la description du littoral
comme une tdche ordinaire, mais on devrait plutét l'effectuer
d'une fagon créative. De cette fagon des idées naitront qui
devront étre mises a l'épreuve et qui permettront d'anticiper
les problémes et les méthodes d'études relatives aux études
plus détaillées qui ne manqueront pas d'étre effectudes par la
suite. De telles études, naturellement, sont essentielles pour
expliquer l'évolution du littoral et en prédire les
modifications futures.



A perceptive coastal description, therefore, will allow
suitable areas to be selected for more detailed study and will
permit the range, magnitude and priorities of problems to be
tackled and the human and financial resources required to be
established. Considering the magnitude of the task, in which
only 3 per cent of the nearly 250 000 km of Canada's
coastline has been investigated, it will clearly require the
pooling of all Canada's coastal research resources.

This then raises questions concerning the state-of-the-
art in coastal research and what kind of person should carry
it out. The coastal zone involves the land-air-ocean
interface and accordingly requires input by scientists from
many disciplines. In fact, the "complete" coastal scientist
would have to be part physicist, part engineer, part
sedimentologist, part geomorphologist with a good knowledge
of Quaternary events and biology thrown in. Consequently,
future coastal workers will require a broadly based
background.

Several groups of "incomplete" coastal scientists have
made significant advances over the last 10 to |5 years
in the study of the nearshore currents, longshore
transport of sediment, and of coastal sedimentology in
general. Important basic problems, however, remain to be
solved both at the theoretical and empirical levels.
Water motion due to waves taxes the theoreticians and
likewise the empiricists who wish to monitor it. Its
effect in moving and arranging coastal sediments is
critical in studies of erosion and deposition of
contemporary shoreline development as well as in the
interpretation of ancient sediments. For example, much
of the work on barrier islands in the United States was
done to provide modern analogs of ancient shelf and
nearshore sandy facies and to demonstrate their
relationship to hydrocarbon reservoirs in
""'shoestring sands'.

Even though scientists recognize that the coastal
zone is a fertile area for research and one of growing
concern to society, information on the coastal zone is
not easily attained. From a physical and logistical
standpoint it is a difficult zone in which to work as it
involves shallow, turbulent water that is highly dynamic
and continually changing. Furthermore, as routine deep-
water technology and ships are not suitable in the
coastal zone, specialized equipment such as amphibious
vehicles, divers to take cores and samples, and
installation of a new generation of current meters witha
rapid response time are required. Finally, studies of
Canadian coasts must commonly deal with ice-covered
and ice-infested waters.

Ainst, les descriptions attentives du littoral
permettront d'étudier plus en détail certaines zones et
permettront également d'aborder la question de la portée, de
la grandeur et des priorités des problémes et d'établir les
ressources humaines et financiéres requises. Compte tenu de
l'ampleur de la tdche, c'est-a-dire que seulement 3% des
250 000 km de cétes du Canada ont fait l'objet d'études, ce
travail nécessitera clairement la mise en commun de toutes
les ressources de recherches cétieres du Canada.

Cela souléve des questions relatives a l'état présent de
la recherche sur le littoral et sur le type de personne qui
devrait l'effectuer. La zone cétiére comprend le point de
rencontre terre-air-océan et c'est pourquol cette étude faitl
appel a des scientifiques de plusieurs disciplines. En fait, le
spécialiste du littoral global devrait étre en partie physicien,
en partie ingénieur, en partie sédimentologue, en partie
géomorphologue et posséder une bonne connaissance des
évenements du Quaternaire et de la biologie. En conséquence
les futurs travailleurs du littoral devront posséder des
connaissances trés vastes.

Plusieurs groupes de spécialistes du littoral ont
effectuée des progrés importants au cours des 10 & 15
derniéres années dans l'étude des courants pres des cotes, des
déplacements des sédiments le long des cétes et de la
sédimentologie cétiere en général. Il reste cependant &
résoudre d'imporiants problémes fondamentaux tant au
niveau théorique qu'au niveau empirique. Le mouvement de
l'eau du aux vagues met les théoriciens a l'épreuve ainsi que
les praticiens qui souhaitent en faire l'étude. Les effets des
mouvements de l'eau sur les déplacements et l'organisation
des sédiments cdétiers sont trés importants dans les études
portant sur l'érosion et le dépét littoral contemporain de
méme que pour llinterprétation des anciens sédiments. Par
exemple, une bonne partie des travaux sur les iles de corail
aux Etats-Unis a ¢été effectuéde afin de trouver des
correspondances modernes aux anciens faciés sablonneux du
plateau continental ou en bordure des cétes et de démontrer
leurs rapports avec les réservoirs dhydrocarbures situés dans
les "cordons sableux".

Méme si les scientifiques admettent que la zone cétiére
est un domaine fertile de recherche et une région qui
préoccupe de plus en plus la société, il n'est pas
nécessairement facile d'obtenir des informations sur cette
zone. D'un point de vue physique et logistique, ¢'est une zone
difficile ou les eaux peu profondes et turbulentes constituent
une zone hautement dynamique et en modification constante.
De plus, étant donné que ni la technique ni les navires
d'études en eaux profondes ne conviennent généralement aux
dtudes de la zone cétiere, il faut disposer d' équipement
spécialisé tel que véhicules amphibies, lutilisation de
plongeurs pour retirer des carottes et des échantillons et
llinstallation d'une nouvelle série d'appareils de mesure des
courants, a réaction rapide. Finalement, les études du
littoral canadien doivent généralement s'effectuer dans des
eaqux couvertes ou infestées de glace.



A start on a description of the coastline of Canada
has already been made. Already described and classified
are: much of the sandy shore of the Gulf of
St. Lawrence, Bay of Fundy, part of the Atlantic Coast
of Nova Scotia, parts of the Arctic Islands, the northern
Yukon coast, Mackenzie and Fraser deltas, and the
shores of Lake Ontario and Lake Erie. Nevertheless, it
remains a  gigantic task to physically describe and
classify the rest of the coastline —a task that also has
a significant intellectual challenge to deal with the wide
variety of environmental conditions that influence the
nature of the Canadian coastline. These include a variety
of sediment types and sources governed, in many cases,
by the elevation of formerly submerged coasts and
locally, as in Nova Scotia, by recently submerged
coastlines. The Canadian coastline is subject to tidal
ranges that are the highest in the world in the Bay of
Fundy and Hudson Strait, very low in the Western
Arctic, and nil in the Great Lakes. The coastline is
exposed also to a range of wave energies which are
particularly frequent and intense on the Pacific Coast,
infrequent in our numerous enclosed seas and estuaries,
and virtually absent from the ice-bound polar coasts. It
is noteworthy that ice has played an important role in
coastal processes and on the morphology of the beach
and nearshore zones on all parts of Canada's coasts
except in Western Canada. Finally, all the coasts have
undergone a common series of events related to the
direct and indirect effects of the Wisconsin glaciation,
in particular the isostatic recovery that followed the
retreat of the ice.

Although attention has been drawn to the importance of
coastline description, Canadian coastal studies must also
have a strong component of process-oriented studies, which,
building on the environmental description of the coastline,
focus on mechanisms and patterns of sediment transport.
Some areas of emphasis include:

— the rates of coastal erosion, sediment transport and
deposition along characteristic stretches of coast (coastal
zonals), each representing distinct coastal process-
oriented regimes;

-~ the relationship of onshore-offshore sediment motion to
that in the longshore domain to assess the sediment
balance between the shore zone and inner shelf;

— sediment budget of some typical estuary mouths and
adjacent shelf systems;

— sediment rates and patterns of accumulation and erosion
on the Continental Shelf;

— process-oriented studies of coasts featured by rocky
cliffs, characteristic of at least half the Canadian
coastline; and

— continuing study of the widespread role of ice.

Although analogous shores have been studied elsewhere
in the world, it is fair to say that good Canadian studies have
provided new perceptions on coastal processes and not just
added descriptive knowledge.  New insights have been
provided on the formation and change of bed forms in sand
bars the in Bay of Fundy and a novel approach has been
taken to sediment budgets in Minas Basin. Perceptive

I

Des travaux préliminaires de description du littoral du
Canada ont déja été effectués. Une bonne partie des rives
sablonneuses du golfe du Saint-Laurent et de la baie de
Fundy, certaines parties du littoral de l'Atlantique et de la
Nouvelle-Ecosse, certaines parties des iles de l'Arctique, du
littoral nord du Yukon, les deltas du McKenzie et du Fraser
de méme que les rives du lac Ontario et du lac Erié ont déja
¢té décrits et classifiés. Néanmoins, la description physique
et la classification du reste des autres littoraux n'en demeure
pas moins une tdche gigantesque et qui présente également
des défits intellectuels importants en ce qu'il s'agit de traiter
d'une treés grande variété de conditions environnementales qui
influencent la nature du littoral canadien. Celles-ci
comprennent un assortiment de types de sédiments et de
sources régies, dans plusieurs cas, par l'élévation de cétes
autrefois submergées et localement, comme en Nouvelle-
Ecosse, par des c6tes récemment submergées. Le littoral
canadien connait des marnages parmi les plus importants du
monde dans la baie de Fundy et dans le détroit d'Hudson, et
tres bas dans l'Arctique de l'Ouest et inexistants dans les
Grands Lacs. De plus, le littoral est exposé 4 une gamme
d'énergies provenant des vagues, particuliérement fréquentes
et intenses sur la céte du Pacifique, moins fréquentes dans
nos nombreuses mers intérieures et estuaires et presque
absentes sur les cites polaires prises par les glaces. Il est &
remarquer que la glace a joué un réle important dans les
processus littoraux et sur la morphologie des plages et des
zones preés du rivage dans toutes les parties du littoral
canadien sauf dans l'Ouest. Enfin, toutes les cétes ont eu a
subir les répercussions d'une séerie d'événements se rapportant
aux effets directs et indirects de la période glaciaire du
Wisconsin, en particulier la récupération isostatique qui a
suivi le retrait des glaces.

Quoiqu'on ait attiré l'attention sur l'importance de la
description du littoral, les études canadiennes sur le littoral
doivent également porter en grande partie sur des études
axées sur les pheénomenes qui portent surtout sur les
mécanismes et les modes de transport des sédiments, a partir
de descriptions environnementales du littoral. On remarque
parmi les domaines les plus importants:

— le rythme de l'érosion du littoral, du transport et du dépot
des sédiments, sur certaines parties caractéristiques de la
céte (zone cétiere), dont chacune représente des régimes
distincts axés sur les phénomeénes;

— le rapport entre les mouvements des sédiments en bordure
et au large des cétes et le domaine du littoral dafin
d'évaluer l'équilibre des sédiments entre la zone littorale
et le plateau continental cétier

— le bilan de sédimentation de certaines bouches d'estuaires
typiques et des systémes adjacents du plateau continental;

— le taux et les modalités de sédimentation de
llaccumulation et de l'érosion du plateau continental;

— les études axées sur les phénomeénes des cétes constituées
de falaises rocheuses, caractéristiques d'au moins la
moitié du littoral canadien; et

— l'étude constante du réle trés important de la glace.

Quoique des littoraux analogues aient fait l'objet
d'études ailleurs dans le monde, il est juste de dire que de
bonnes €tudes canadiennes ont donné lieu a de nouveaux
points de vue sur les processus cétiers et n'ont pas fait
qu'ajouter des connaissances descriptives. De nouveaux
points de vue ont €té obtenus sur la formation et la
modification des lits des bancs de sable dans la baie de Fundy



reconnaissance studies in  the Arctic Islands have
recognized the variable roles of permafrost, widespread
cover of sea ice and the degree of wave action
dependent on availability of large areas of open waters.
Canada's two principal deltas, Mackenzie and Fraser, its
Arctic shores and its barrier islands, are sufficiently
different from other world analogs to provide
additional information for the development of general
models of shoreline development. A textbook, written
5or 10 years from now, should include reference to, and
discussion of, Canadian work on these topics, and also
on macrotidal sediment dynamics of the Bay of
Fundy system.

If coastal research in Canada continues to provide
perceptive descriptions of shore morphology and well
conceived process studies, which do not neglect rates
and budgets, then good science will be done as well as
providing information essential to planners and engineers
concerned with what might be called 'coastal husbandry".
This is a large task. However, as a member of the
Geological Survey of Canada concerned with the national
interest, I am equally concerned that the task be done.
As stated earlier, the pooled talents of coastal
researchers from government, university and industry are
required to make significant progress. In the years
ahead, although the number of coastal researchers may
increase, it will likely still be a relatively small
"band of brothers" that will carry the load. 1 am sure
that coastal researchers will respond to the challenge of
describing and understanding our coastline by "putting on
the map”, literally and {iguratively, a heretofore
neglected area of Canadian research.

J.0. Wheeler
Deputy Director General
Geological Survey of Canada

April 6, 1979

et on a utilisé une nouvelle méthode pour établir le bilan de
sédimentation dans le bassin Minas. Des études approfondies
de reconnaissance effectuées dans les iles de l'Arctique ont
reconnu les réles variables du pergélisol, de la couverture
étendue des eaux par la glace et du degré de mouvement des
vagues selon la présence de vastes zones d'eau libre. Les
deux principaux deltas du Canada, soit celui du Mackenzie et
du Fraser, le littoral arctique et celui des iles barriéres
s'y attachant sont suffisamment différents de modelés
analogues dans le monde et ainsi donnent des informations
additionnelles pour 1l'élaboration de modeles généraux de
formation du littoral. Un manuel écrit d'ici 5 ou 10 ans
devrait faire référence aux travaux canadiens sur ces sujets,
il devrait en discuter et porter sur la dynamique des
sédiments macrotidaux du systéme de la baie de Fundy.

Si la recherche sur le littoral au Canada continue &
fournir des descriptions rigoureuses de la morphologie du
rivage et des études de procedés bien congues qui ne
négligent pas les taux et les bilans, alors de bons travaux
scientifiques seront effectués et des informations essentielles
seront & la disposition des planificateurs et des ingénieurs qui
se préoccupent de ce qu'on peut appeler "la gestion du
littoral”. Nl s'agit la dune tdche d'envergure. Toutefois, &
titre de membre de la Commission géologique du Canada, je
me préoccupe de l'intérét national et aussi de la tdche qui
reste a accomplir. Comme je l'ai dit plus haut, les talents
commun des chercheurs dans le domaine du littoral qu'ils
soient a l'emploi des gouvernements, des universités ou de
l'industrie, doivent accomplir des progres importants. Dans
les années a venir, quoique le nombre de chercheurs puisse
augmenter, il constituera probablement toujours un groupe
relativement restreint pour porter le fardeau. Je suis sur que
ces chercheurs pourront relever le défi de décrire et de
comprendre notre littoral en "mettant sur la carte" au propre
et au figuré, un domaine jusqu'ici négligé de la recherche
canadienne.

Le directeur général adjoint
Commission géologique du Canada
J.O. Wheeler

6 avril 1979
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INTRODUCTION

The coastline of Canada fronts on three oceans — the
North Atlantic, the Arctic and the North Pacific —and
includes also the northern shorelines of four of the five
Great Lakes. Jt extends over 40° of latitude and covers a
wide range of oceanographic environments and geologic
provinces. Not surprisingly, therefore, most major shoreline
types, except those associated with subtropical or tropical
climates such as coral or mangrove, are present somewhere
around the coastline of Canada. Until recently there had
been few scientific and technical studies of this long and
varied coastline and our knowledge of the physical
characteristics and processes of the coast was very limited.
In the last five to ten years, however, there has been a phase
of active research by a small but diverse group of scientists,
from a number of disciplines, working . at different
institutions across the country.

The Coastline of Canada Conference, which was the
first national meeting to focus attention on the landforms,
sediments and processes of the coastal zone in Canada,
succeeded in  bringing together most of the people
undertaking research in this area, and many others with a
related interest in coastal zone management and planning.
The papers in this volume, with one exception, were
presented at the conference, and, together, cover some
aspects, at least, of each of the four coasts
of Canada — Atlantic, Pacific, Northern and Great Lakes.
Some of the papers are very specific, either by topic or
geographic location, others provide a regional view
of coastal characteristics. They are arranged here on a
regional basis, with the exception of two, more general
papers, which are presented first. The disparity in
the number of papers in each regional section, and the
differences in the types of study reported for each region,
are fair reflections of the disparity in research effort on the
different coasts. Half of the papers in the volume deal with
the Atlantic coast, south of Labrador, where two contrasting
environments have received considerable attention in the last
ten years, namely, the microtidal barrier shorelines of the
southern Gulf of St.Lawrence and the
sedimentary regime of the Minas Basin, Bay of Fundy. These
two particular environments are the concern of six and four
papers, respectively, within the Atlantic coast section.
There are seven papers on northern coasts, of which five
are reconnaissance descriptions of coastal segments about
which very little, if anything, has been written previously.
The northern coasts extend as far south as 52°N in southern
James Bay and southern Labrador. Generally, sea ice is
present for six months and more each year, but there is a
wide range of tidal and wave energy environments. The two
papers on the Pacific coast are both reviews, the first
providing a very thoroughly documented introduction to the
coast as a whole, and the second a commentary on some
aspects of sedimentation on the Fraser Delta. The four
papers on the Great Lakes each cover a different topic and
together provide a good indication of the shoreline types
present, and the problems encountered.

macrotidal

INTRODUCTION

La zone littorale du Canada donne sur trois océans, soit
l'Atlantique nord, l'Arctique et le Pacifique nord, et inclut les
littoraux nord de quatre des cinqg Grands Lacs. Elle s'étend
sur plus de 40° de latitude et comprend une grande variété de
milieux océanographiques et de provinces géologiques. Il
n'est donc pas étonnant que les principaux types de littoraux,
exception faite de ceux associés aux climats tropicaux et
subtropicaux tels les coraux et les mangroves, soient
représentés au Canada. Jusqu'd tout récemment, peu
d'études scientifiques et techniques avaient été€ faites sur ce
littoral long et diversifié€. Nos connaissances des phénoménes
et des processus physiques de la céte canadienne étaient donc
trés limitées. Cependant, au cours des cing ou dix derniéres
années, un petit groupe de chercheurs versés dans des
disciplines différentes ont entrepris des recherches actives
dans diverses institutions a travers le pays.

La Conférence sur le littoral canadien, premiére
réunion nationale sur le relief, les sédiments et les processus
physiques de la zone cétiere du Canada, a permis de réunir la
majorité des chercheurs dans ces domaines de méme que
plusieurs autres personnes intéressées & la gestion et a
l'aménagement de la zone littorale. Tous les documents qui
composent cet ouvrage, sauf un, ont été présentés & la
conférence et traitent ensemble d'au moins quelques aspects
de chacune des zones littorales du Canada, soit celles de
l'Altantique, du Pacifique, de l'Arctique et des Grands Lacs.
Certains de ces documents abordent expressément un sujet ou
un emplacement géographique déterminé, tandis que d'autres
donnent une vision régionale des caractéristiques coétieres.
Dans ce volume, ils sont classé€s par région, & l'exception de
deux documents plus généraux qui sont présentés au début.
La différence entre chaque région quant au nombre de
documents et la diversité des études propres a chaque région
démontrent bien la disparité des recherches effectuées sur
les différentes zones cétiéres. La moitié¢ traitent du littoral
atlantique, au sud du Labrador, ou, au cours des six derniéres
années, deux milieux totalement différents, notamment les
barriéres microtidales du littoral sud du golfe Saint-Laurent
et le régime de sédimentation macrotidal du bassin Minas,
dans la baie de Fundy, ont été amplement é€tudiés. Ces
mémes milieux font respectivement l'objet de six et de
quatre articles dans la section de la zone de l'Atlantique. La
zone de U'Arctique est étudiée dans sept articles, dont cing
descriptions de reconnaissance de segments cdétiers sur
lesquels il n'existait jusqu'ici que peu ou pas de
documentation. Le littoral arctique s'étend jusqu'au 52° de
latitude nord dans le sud de la baie James et du Labrador. En
géndral, des glaces de mer le recouvrent six mois par année
ou plus, mais il s'y trouve une grande variété de milieux
propices a l'énergie de la marée et des vagues. Les deux
études sur la zone du Pacifique sont l'une, une introduction
trés bien documentée sur l'ensemble de la zone littorale et
llautre, un exposé sur quelques aspects de la sédimentation du
delta du Fraser. Les quatre documents sur les Grands Lacs
traitent chacun d'un sujet différent et donnent, ensemble, une
bonne indication sur les types de littoral présents dans cette
zone et des problémes rencontrés.



In editing the volume, I was conscious of the wide range
of approaches and different levels of scientific endeavour
represented by the papers. However, this did not concern me
unduly, as my intention from the outset was to assemble a
comprehensive collection of papers which would indicate the
state of knowledge about, and the sophistication of our
approaches to the study of, the Canadian coastline, at this
time. I included, after taking the advice of a number of
critical readers, all the papers that were submitted, though
several were considerably revised. This policy, and the fact
that the Geological Survey's sponsorship of the conference
extended to the publication of the proceedings in the present
format, has meant that several longer papers could be
included and that authors could include good illustrations and
in some cases extended bibliographies.

It would be remiss to conclude this short introduction
without acknowledging the advice, help and encouragement
of the following people. In planning the conference I was
fortunate to be able to draw on the advice of a program
committee consisting of C.F.M. Lewis Geological Survey of
Canada, G.V. Middleton (Department of Geology, McMaster
University) and N.A. Rukavina (Hydraulics Research Division,
Canada Centre for Inland Waters), and in the day to day
organization of the meeting, I had the ready assistance of my
former colleagues of the coastal geodynamics group at the
Atlantic Geoscience Centre. The positive response of my
more senior colleagues at the Centre, B.D. Loncarevic and
D.E. Buckley, in the fall of 1976, when | proposed that the
Survey sponsor a coastal conference, was an important factor
in encouraging me to proceed. Subsequently, [ have received
encouragement from J.O. Wheeler and editorial advice from
R.G. Blackadar.

En préparant cet ouvrage, je savais que ces documents
exprimaient une grande diversité de points de vue et
représentaient différents niveaux d'efforts scientifiques.
Cependant, cela ne m'inquietait pas outre mesure, car mon
but était de rassembler une collection compléete de
documents qui feraient le bilan de nos connaissances et
démontreraient le degré de perfectionnement que nous avons
atteint dans l'étude du littoral canadien. Sur les conseils d'un
bon nombre de réviseurs, j'ai inclu tous les documents qui ont
été présentés, bien que plusieurs aient été largement révisés.
Cette fagon de procéder et le fait qulen plus de la
conférence, la Commission g€ologique a aussi subventionné la
publication des délibérations dans le format actuel, ont
permis d'inclure plusieurs documents plus longs. De plus, les
auteurs ont pu ajouter de bonnes illustrations et, dans
certains cas, des bibliographies détaillées.

Je ne peux conclure cette courte introduction sans
remercler les personnes suivantes de leur encouragement et
de leurs conseils. En ce qui a trait a la planification de la
conférence, j'ai pu compter sur les conseils du comité des
programmes formé de C.F.M. Lewis (Commission géologique
du Canada), de G.V. Middleton (Département de géologie,
université McMaster), et de N.A. Rukavina (Division de la
recherche en hydraulique, Centre canadien des eaux
intérieures). Mes anciens collégues du Groupe de la
géodynamique du Centre geéoscientifique de ['Atlantique
m'ont beaucoup aidé dans llorganisation au jour le jour des
réunions. L'encouragement des collégues plus anciens du
Centre, B.D. Loncarevic et D.E. Buckley, lorsqu'a l'automne
1976, j'ai proposé que la Commission géologique subventionne
la conférence, m'a fortement incité a aller de l'avant. Par la
suite, je voudrais aussi remercier J.O.Wheeler qui m'a
accordé son appui et R.G. Blackadar ses conseils pour la mise
au point finale.

S.B. McCann
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Abstract

Starting from a basic model of sediment transport, an expression for on/offshore movement of
sediment on a beach is developed. Equilibrium profiles are determined by requiring that the time-
averaged transport is zero everywhere on the profile. The results obtained from this particular model
are in much better, general agreement with field observations than is the classical, null-point theory.
The formation of longshore bars, due either to the reflection of incoming waves or the existence of
low frequency, standing waves, s found to be an explicit prediction of the model.

Résumé

Les auteurs se sont appuyé€s sur un modele élémentaire de transport des sédiments en suspension
pour formuler une expression du mouvement de va-et-vient littoral des matériaux sur une plage. Des
profils d'équilibre ont été€ déterminés en supposant que la durée moyenne du transport est nulle a tout
endroit le long du profil. Les résultats obtenus a partir de ce modeéle particulier correspondent, dans
l'ensemble, de beaucoup plus prés aux observations sur le terrain que la théorie classique du point nul.
La formation de cordons littoraux, due soit a la réflexion des vagues déferlantes ou a l'existence de
vagues stationnaires et & basse fréquence est considérée comme une prédiction explicite du modele.

INTRODUCTION

Any understanding of the relationship between the incident
waves and the topography of a beach is greatly complicated
by the beach being rarely, if ever, in equilibrium with the
existing wave field. The morphology depends on some
complex integral of past wave conditions, an integral
apparently heavily weighted towards periods of high waves.
In principle, one can approach the problem of monitoring the
beach topography as a function of the changing wave
climate (for example, Shepard and LaFond (1940), Shepard
(1950), Bascom (1954) and many, more recent studies); this
approach has indeed led to some new insights, some
phenomenology and new problems, but not generally to the
development of new, quantitative theories. The real sit-
uation is perhaps too complex for parameters to be devel-
oped without some guidance as to the relative importance of
" various passible processes.

Simple theoretical models are particularly useful in
defining these possibilities. However, as the models are
generally idealized to some very simple, equilibrium
situation, their relevance to the real world is certainly
questionable. Jn this context, it is very unfortunate that the
most widely quoted, simple model, the null-point hypothesis
for beach equilibrium due originally to Cornaglia, provides
thearetical predictions seriously at odds with reality. The
null-point concept as developed by Ippen and Eagleson (1955)
and Eagleson and Dean (1961) suggests that if a sediment
sample with a wide distribution of grain sizes is placed on
the seabed seaward of the surf zone, only one grain size can
be a null-point position; coarser material should move
offshore, finer onshore. However, field observations using
marked sand of different sizes (Zenkovitch, 1946; Murray,
1967) generally show the coarsest particles moving onshore
and the fine ones moving offshore.

Despite this direct conflict with field measurements,
the null-point hypothesis is still a central point of discussion
in any paper on beach equilibrium. Perhaps this illustrates
most strongly the need to express ideas in terms of a simple
moaodel. The null-point may require very convoluted discus-
sion, but a doubtful maodel is clearly preferable to no model.

The purpose of the present paper is to develop a con-
sistent mode! for onshore-offshore sediment transport under
the influence of waves, currents and gravity. One of the end
products is a new null-point mode! much more in line with
actual observations. This model is, however, neither unique
nor necessarily correct. The most important aspect of the
present approach is the rigorous development of a theory,
starting from any given maodel of sediment transport.

The first step is to look at the general cancepts in-
volved in applying any sediment transport model to a wave-
dominated environment. Interest is then centred on the
particular model of Bagnold (1963, 1966), which is used to
illustrate the development of an expression for onshore-
offshore transport. As for the classical null-point model,
equilibrium profiles can be determined by insisting that the
net transport, the transport averaged over wave periods,
should be zero everywhere. The resulting equilibrium be-
tween the beach and the incoming waves may be perturbed
by the existence of further wave modes. The effect of the
standing waves formed by the reflection of the incoming
waves and low-frequency waves in the surf beat range is of
particular interest. Bars may tend to form in either case,
but bars associated with the frequencies of normal incoming
waves tend to be rather small in shallow water, of the order
of tens of metres in wave length. Large-scale sedimentary
features, with wave lengths of hundreds of metres, appear to
be associated with low-frequency wave activity (Bowen and
Inman, 1971; Short, 1975).



NEARSHORE SEDIMENTATION MODELS

THE TRANSPORT MODEL

If a beach were exposed to waves having an exactly sym-~
metrical, orbital velocity, all the sediment would slide down
the slope and out to sea. The existence of the beach
depends on small departures from symmetry in the velocity
field balancing this tendency for gravity to move material
offshore. A primary requirement for an adequate model of
sediment transport is therefore the explicit inclusion of the
gravitational effect of a sloping bed. An empirical or
semiempirical model developed for transport over a flat bed
can not be simply adapted by the addition of a gravitational
term; it is usually not possible to assess how gravity will
modify the formulation (Madsen and Grant, 1977). Given a
reasonable representation of the effects of bottom slope,
the adequacy of any transport model may be assessed by how
well a rigorous application of the theory to the nearshore
environmment repraduces the expected behaviour of the
system.

Clearly it is desirable to minimize the number of
assumptions that must be introduced after the basic trans-
port madel is specified. The development of the theory as-
sumes as a basic hypothesis that orbital velocity of the
incoming waves is the dominant motion. The velocity u
consists of two components, the symmetrical orbital ve-
locity Ug and a perturbation U where

u = Uy ¥ U e >> Uy generally 1)

To illustrate the development of a theoretical model for
onshore-offshore transport from a basic sediment transport
model, the equations suggested by Bagnold (1963, 1966) will
be used. These contain many of the fundamental require-
ments of such a model, particularly the explicit inclusion of
terms due to gravity. In this model, the possibility of
autosuspension (Bagnold, 1962) or avalanching provides a
much more complete description of possible physical pro-
cesses than most of the alternatives.

If u is defined as positive seawards, the direction of x
positive, then the results derived by Bagnold are:

for suspended transport ig on a slope B

3
Es+Cp+Pu” Ju

1'5 - W - u.B ) (2)
and for bed load transport iy

; ) Eb.CD.p.U3

b tang - u+B/|ul )

where €g, €, are efficiencies, Cp is the drag coefficient, p
the water density, w the settling velocity and tan¢ the
friction angle of the sediment. The modulus signs are
necessary to properly account for the direction of transport
in terms of velocity and slope. For seaward transport, u
positive, the denominators in Equations 2 and 3 are reduced;
material is therefore transported moare easily downslope. In
addition there are limits as:

B+ tand
and B+ w/u

giving avalanching or slumping
the autosuspension condition

Although Equations 2 and 3 do contain many of the
essential qualities needed for an adequate model, and
although Bagnold's approach has been applied fairly suc-
cessfully in a much wider variety of sedimentological prob-
lems than any alternative model, a more complete model
may be necessary to produce useful, quantitative predic-
tions of onshore-of fshore transport.

Figure 1.1.  Definition diagram for the nearshore region.

There are at least two obvious problems. First, and
perhaps most serious, the transport in this model depends
only on the immediate flow conditions, adjusting instanta-
neously to changes without any time lag. Second, the theory
applies to fully developed flow and does naot describe
initiation of movement; it does not apply to large particles
that may move only intermittently at peak flows.

However, one of the purposes of this procedure is to
investigate the adequacy of the model as originally formu-
lated, and if possible to identify areas in which improve-
ment is clearly required.

To expand Equations 2 and 3 using Equation 1, one needs
the general result that, if Ugis very much larger than U,,

un|u| = U2|U°| + (n+1) UlUg_1|U0| + )

nin%ll TRV TP

In practice, U, is the wave orbital velocity

Uo = up cos ot

which vanishes during the orbital cycle, and the assumption
that U, is small compared to U, can not really be satisfied.
The approximation is really that U, <<ug, the maximum
orbital velocity, and that the significant periods for
transport are when U, is large. This is probably a rea-
sonable assumption as the transport goes as the third or
fourth power of the total velocity; however the validity of
the approximation can be checked numerically for specific
examples, if required.

The perturbation U, can take many forms. The cases of
particular interest are:

(i) Ui = u1, a constant, a steady current;

(ii) Ui= umcos (mot + 6, the velocity field
associated with a higher harmonic of the
incoming wave, m = 2,3,4 ., . ; and

(iili) Ui = ug cos opt, a perturbation due to a wave
with frequency oy unrelated to a.



It is convenient to keep the algebra fairly simple at first by
looking at the development of a model for the suspended
load alone.

SUSPENDED LOAD

From Equation 2, the suspended load transport can be
expressed as
X €_o(neP 3 -
iooosttn® Ly lul «[1-Yd]
B W

1
- B
s Y_W (5)

where yu <1 for normal transport. If yu+ 1 autosuspension
effects totally dominate the transport. The possibility of
autosuspension, one of the key predictions of this particular
transport model, is an obvious target for critical obser-
vations and experiments.

Expanding Equation 5, substituting Equation 1 and taking
a time average (denoted by an overbar), the net transport
over a number of wave periods is

€_o(CnsP
i =_SE’D_ [u%|uo| + 8UUZ|Uo| + 6URUQ|Uo| +

U Ul + v (UG|Uo| + 5ULUR[Uq| + »o+) +

v2 (U3|Uo| + 6ULUS|UG| + «+) +

Y (U§[Ue] + -] ®)

Terms of the form UR| Ug| vanish if n is odd when U,
is oscillatory. The first three of the remaining terms
describe the transport, onshore or offshore, due to a
perturbation in the flow field U,. All the other terms
involve the slope B and are generally positive, representing
the tendency for downslope transport; the sum of this
expansion in yUg must become infinitely large when yUg~> 1.
The transport relations for various forms of U; can now be
investigated by substituting for U; in Equation 6 and taking
the appropriate time averages. Three examples follow.

1. Ug=ugcosot, U =u, aconstant in time

T €5.Cp.p [16 8 3
jg = —S°¥UF . uju € uiu
S W |:—3—n 1Uo +TT 1Uo +

16 5 25 uy \2
= 1+ 22 (213 4+ e+
1511Yu° ( Z(uo) )

32 s . 32 3.7 (7)
= u;u + =— u + e
3p ¥ Y Tagy YU }

This expansion involves the two small quantities ui/ug, and
Yug. Therefore, to first order,

z . EseCpep [16 16

g = W 3? . UlU% + YUg » ETTJ (8)

A.J. BOWEN

where the neglected terms are of size (ul/uo)z, (Yuo)2 or yu,
square terms in these small parameters. Equation 8 is a
general result for any distribution of steady flow u; (x). The
most commonly considered values for uj; are the drift
velocities at the top of the bottom boundary layer {Longuet-
Higgins, 1953; Hunt and Johns, 1963) but one could consider
other effects, for example, upwelling or downwelling due to
steady winds as in the experiment of King (1959).

An equilibrium profile, purely in suspended load, exists
if the gravitational effects balance the influence of the
steady currents everywhere and ig vanishes everywhere. The
profile is determined by the locus of all the null-points.
From Equation 8, when ig = 0,

y=8=-5u €]
W U%

a relationship which contains essentially no free param-
eters. This lack of adjustable constants is an attractive
feature of Bagnold's model. In theory Equation 9 should
provide a critical test of the model; in practice it is not easy
to determine u1 very precisely. The second-order, Eulerian
mean velocity due to the incoming waves is theoretically of
order -ué/C (Longuet-Higgins, 1953), where C is the phase
velocity. Then

L L (10)

c _g tanh kh

where k is the local wave number, h the water depth. This
gives an expression for the equilibrium slope in terms of
wa/g, a dimensionless parameter also used by Dean (1973).

If sediment of a given grain size is in equilibrium with
the local slope so that ig vanishes for this grain size, any
coarser sediment with a Jlarger settling velocity has a
smaller value of y. The term involving gravity is reduced,
the onshore term remains constant, coarser material
therefore moves onshore; similarly, finer material should
move offshore as observed (Zenkovitch, 1946; Murray,
1967). As can be seen in Equation 10, beaches of coarser
material are steeper; any material that finds itself on a
beach that is 'too steep' moves seawards. This leads to a
new null-point hypothesis which is in far better agreement
with observations than the classical model developed by
Eagleson and Dean (1961).

In shallow water C tends to (gh)l/2 and E£quation 10 is
readily integrated

- dnh -k
B =— =5 h 5
dx W (gh)= : 11)

(7.5 wx)%/g

12

so h®

Intriguingly, Dean (1977) has shown that a surprisingly
large number of beach profiles on the United States east and
Gulf coasts give a depth profile which increases as x2/% out
to three or four hundred metres from the shore (Fig. 1.2).
As the grain size of the sand is unknown and probably
somewhat variable with distance from shore, a quantitative
match between the profiles and Equation 11 is not really
expected. In fact the numerical values are the right order
of magnitude. However, Equation 9 is only the first ap-
proximation to a much more complicated situation. The
effects of wave asymmetry must be significant in some
depth range and the role of bedload has not yet been
discussed.



NEARSHORE SEDIMENTATION MODELS

160-394, a=0.ll

395-404, x=0.04

€,
a 0O
g | 405-439, a =0.09
o
-
2t T
\\\
gt =
0 ——
| 440-477, x=0.07
2t I
4 L
0
— 478-504, «=0.07
2f TEEe——
4

! !
0 100 200 300
Distance Offshore x{m)

Figure 1.2.  Typical beach profiles for the U.S. East Coast
obtained by averaging a large number of profiles from each
area (after Dean, 1977). A reasonable fit to the data of the
formh = ox?" is shown by the dashed lines.

2. Wave asymmetry, the role of the higher harmonics
associated with the incoming wave field
Up = Ug cosot, Ui = up cos{mopt + op)

The effect of the wave asymmetry in moving material is
again derived from_the first three terms in Equation 6. The
first order term 4U; Ug| Uo|vanishes if n is odd, and the
term 6U1 Uo | Uo| vanishes for all n. The most significant
terms therefore arise from the even harmonics n = 2, 4,
6...,the most important being from n= 2 for which

16

4U; U3 Uy = - 5 U3U, cos6? (12)

Now the second term in the Stokes solution provides a
reasonable estimate of w2 provided the Ursell Number
ak/(kh)® is small (Flick, 1978), a being the wave amplitude.
The complete, second order, Stokes solution for the orbital
velocity being

a*ok
sinh'kh 13

g

a0, 3.
u = m S1n(kX—Ot) + 7

+ cos2(kx-ot)

in this case 0,=0,cos62=1, so the asymmetry reinforces
the maximum onshore flow of the orbital velocity, providing
the maximum possible onshore forcing.

The term arising from Equation 12 is not an alternative
to the drift velocity term used in 7 and 8 but an additional
factor. Then, from Equation 8, to first order

. €g+Cpe
ig = S0 A8 3 [suy - 3uscosos + Yub | e

so that, for an equilibrium profile (for suspended load)

v=8._ _§L21L+ 3us cosB» (15)
w uo ug

or, substituting for ug, u1, and uz, for 6, =0

B = %—- %—[2 + (sinh kh)‘z] (16)

In deep water, the effect of the wave asymmetry is,
therefore, negligible compared to that of the drift velocity.
However, as the wave shoals, the wave harmonics become
increasingly important. The expressions used for ui and u:z
are both theoretical results of a somewhat questionable
range of validity but should certainly be sufficient to
provide a first, rough“indication of the relative importance
of the two terms. Equation 16 suggests that wave asym-
metry becomes as important as drift when

sinh kh ~ 27% an
or h ~ 0.01 g-T?

where T is the wave period (21/0). In shallow depths the
effect of asymmetry becomes increasingly dominant (Fig.
1.3). However, in very shallow water, the Stokes solution is
not necessarily a good approximation; the trend is therefore
indicated in Fiqure 1.3 by a dashed line. At some point, the
waves break and the form of uz is then known only from
very limited empirical data (Flick, 1978).

Equation 17 suggests that the extent of the nearshore
area in which wave asymmetry is the dominant effect is
strongly dependent on the frequency of the incoming waves.
On the west coast of North America, which is generally
exposed to waves of much longer periods, wave asymmetry
should have a much more significant effect than on the east
coast., As kh becomes small, then an expression for the
equilibrium profile due to asymmetry, corresponding to
Equation 11 is then

hs <§.7wa )2 - 18)
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Figure 1.3.  The term, 2 + (sinh kh) 2, plotted as a function

of the nondimensional depth koh where kg = 02/g is the deep
water wave-number.

3. The effect of disturbances unrelated to o. Suppose
there is a disturbance u=ugcos(opt+6;). In general this
does not contribute to the forcing if oy is not related to o as
the orthogonality conditions ensure that the time averages
in the forcing terms vanish., However, any wave has an
influence at a higher order through its drift velocity; if the
perturbing wave js small uy <<ug and the drift velocity will
be small compared to that of the incoming wave.

The discussion is somewhat artificial in that only a
single incoming wave has been considered in the basic
forcing. Further interactions may be possible in a true
spectrum; such contributions arise primarily when the
condition that there is one, dominant wave characterized by
velocity ug, frequency o, is no longer really applicable.

BED LOAD

The whole approach wused for suspended load can be
repeated, starting from Equation 3. This procedure is
analogous to the approach used by Inman and Bagnold (1963)
in their discussion of beach equilibrium due to bed load
transport. The expression corresponding to Equation 14 is
then

e *p*C u?
- b D 0
= — . 6 -3 +
ip tand (1-v?) 1 l:ul u, coso,
16
VIp Ut } (19)

where v=8/tan¢ and an equilibrium profile under purely bed
load mation is given by

9m 2uy , u2 cos62 (20)
B 17 tand l:— T e }
So, substituting for ug, ui, uz, cosbz=1

- G tone < g2 * (sim ] (20
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Interestingly, the ratio between the contributions due to
drift and asymmetry is similar to that for suspended load
(Fig. 1.3). In shallow water, as the waves begin to break

ak a
stohkn > B > 04

and B becomes the order tan¢. If this were real, there would
be a trend towards avalanching during the downslope phase
of transport, arising from the term (tan¢ - tanB) in the
denominator of Equation 3. However, for this to be
important the beach slope must be of the order of 30°. This
solution is clearly not applicable to sand beaches but may be
relevant to very coarse cobble beaches. However, for all
systems, an onshore trend due to bed load motion is very
strong. The suspended load solution suggested that coarser
material, still transported in suspension, moves shoreward
over the equilibrium profile of a finer size. Similarly,
coarse sediment, transported primarily as bed load, will
generally move shorewards as it will find itself on a beach
which is not steep enough for the third term in Equation 19
to balance the first two.

To look at the equilibrium conditions on most sandy
beaches it is probably necessary to consider the combined
effects of bed load and suspended load. From Equations 14
and 19, the total transport 1 is

- 16 sto
= CDOU% [1—5“ —w (5uyi - 3uz cos@p + ‘% . ud )

3ep 16 Buo
Ttng (2u1 - Uz COSBp * ¢ g (22)

The relative importance of these terms is given by ratios
invalving €5, €p, tan¢, ug and w. Bagnold (1966) has
suggested that eg ~ 0.01, ep/tand ~ 0.15. The ratio between
the drift terms, suspended and divided by bed load is

32 SsYo tang _ 1 Yo
91w g, “T5w (23)

The terms arising from wave asymmetry, must similarly
give

64 equgq tand 1 ug

T 15w (24)

157w €h

but, for the gravitational terms, the ratio is

4 €sUf tan?¢p _ 1 u®\? (25)
5w ¢, I5 tano|y

where tan¢ ~ 0.6. For there to be a well develaped
suspended load, w<u, where u, is the friction velocity
(Bagnold, 1966). The maximum value u, during the wave
period is given by

Uo

so, for suspension aosc -k (26)
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The value of Cp is probably in the range 10-% to 10-? so
ug/w must exceed something like 10 for a reasonably
developed suspension. Now for ug/w~15, the suspended and
bed load contribute equally to the onshore movement,
Equations 23 and 24. The tendency for downslope transport
due to gravity is, however, some 10 times greater for the
suspended load; offshore movement due to bed load is
negligible. The ineffectiveness of the slope for moving bed
load results in the very steep slopes predicted for an
equilibrium profile under bed load alone.

A perfectly sensible local equilibrium may, however,
exist where the onshore movement is due to both bed load
and suspended load but the compensating seaward transport
arises primarily from the effects of gravity on the suspended
fraction. If this result is correct (and it depends on the
relevance of Bagnold's basic formulation) it helps to explain
the total confusion which exists in the literature on the
relative importance of suspended load and bed load in the
nearshore region. Equations 22 to 25 suggest that this
balance changes with distance from shore and changing wave
conditjons, the important parameter being

Uo _ ao (27
w wsinh kh

If a typical value for uqg is, say, 1 m/s far sediment with
a settling velocity of Sem/s(medium sand), the onshore
movement due to bed load will be significant. For settling
velocity of 1em/s, Equations 23 and 24 suggest that bed load
effects will be small.

The total expression for the equilibrium slope for which
the net transport vanishes is, from Equation 22,

4 Uo b _ Up . -2
S[B' -68(624- m = C—[2+(S1nh kh) j|.

9 . uo , 27m &b (28)
5% % T8 tand

B is then a function of three parameters:

8 = f(w°, ako, koh), ko = 02/g (29)

a can be expressed in terms of the deep water amplitude ag
but this is not really necessary to the present order of the
approximation. The amplitude of interest is that of the
fundamental frequency; the increase in amplitude of this
component due to shoaling is balanced by the loss of energy
to higher harmonics. In fact, this amplitude may actually
decrease slightly during wave shoaling (Flick, 1978). For a
particular beach, a and ¢ are given functions of the wave
field. In an idealized case, w is constant but the calculation
can obviously be extended to cases in which w is a known
function of depth. For constant w, Equation29 can be ex-
pressed a little more simply as

g _ ao,
3k, " f (w k0h> - G0

so that Figure 1.4 B/ak, is plotted as a function of depthkgh
for various values of ao/w. As ac/w=>0, the equilibrium
slope is a function of bed load only. For any particular value
of ao/w there is a transition region from bed load dominance
which is shown by the dashed lines in Figure 1.4, as in this
region ug/y, is less than 10 and the orbital velocities are not
sufficiently strong to ensure a fully developed suspension.

100

TTTTIm
/

T

TTTTTI

e}
TTTTI1 7

Ol
0.0l | Ll Lo LLinl [EATHERN
0.0l Ol 1.O 10
koh
Figure 1.4. The normalized beach slope B/ako as a function

of the nondimensional depth koh for various values of the
suspension parameter ac/w. The case ac/w = 0 is pure bed
load motion. :

Bed load would continue to be important and the beach may
become rather steep before the offshore transport
component of the suspension becomes important and reduces
the slope. This suggests a perturbation, a minor bar, in the
region where suspended load becomes significant. Dal-
rymple and Thompson(1977) bave usedac/w as a direct
indicator of foreshore slope and showed that the criteria of
Dean(1973) for the existence of an offshore bar can be
re-expressed in terms of ag/w. Clearly the present devel-
opment can be made even more sophisticated and the
expressions 14 and 18 expanded to include higher order
terms. These are likely to become important in shallow
water where u)anduz become larger relative tougy and the
beach is generally steeper so that terms such asyug also
increase. However, the theoretical expressions forui anduz
have a limited range of application and this restricts the
relevance of any complex expansion. This leads into a whole
range of problems above and beyond the present expansion.
The questions raised are, however, fundamental in evalu-
ating whether the basic formulation of the sediment trans-
port is adequate. In addition the data used, for example, by
Dalrymple and Thompson (1977) are primarily from labor-
atory experiments in which scale effects may seriously alter
the basic physics of the problem. Neither the wave effects,
particularly the distribution of drift velocity, nor the
sediment dynamics are likely to be reproduced very exactly
in small-scale experiments. The adequacy of a detailed
model for onshore-offshore transport can not really be
critically evaluated using laboratory results.



WAVE REFLECTION

So far the dicussicn has concentrated on the effects of
pragressive waves approaching the shore. In practice some
reflection takes place at the shoreline, producing a sma.l,
standing wave component at the frequency of the incoming
waves.

Carter etal. (1973) showed in a series of lahoratory
experiments that over a flat bed the drift velocity
associated with a standing wave tends to rework sediment
into a series of bars (Fig. 1.5). Theoretically, zeroes in the
drift velocity occur under both nodes and antinodes of the
standing wave: material should converge at either nodes or
antinodes, depending on the direction of sediment move-
ment. The situation is complicated because the theoretical
drift velocity changes sign in the bottom boundary layer.
There is substantial disagreement in the literature as to
where deposition tends to take place, at antinodes, nodes or
both (Short, 1975). Laoking at Figure 1.5 a reasonable quess
is that bed load tends to accumulate at nodes, suspended
Joad under antinodes.

To obtain reasonable bars on a flat bed, Carter et
al. (1973) required relatively high reflection coefficients,
R >0.4. When Lau and Travis (1973) applied this concept to
beaches they reiterated this requirement for high
reflectivity, greatly wealening the apparent applicsbility of
their suggestion, since such high reflection coefficients are
rarely found in practice. However, it can be seen from
t_quation 22 that if the basic beach equilibrium consists of a
balance between the incoming, proqressive waves and
gravitational effects, any new perturbation will create a
small readjustment; the slope changes to bslance the new
local value of the total drift velocity. Small standing waves
will bhave relatively little effect as the drift velocity is
praportional to the square of the wave amplitude (l_onquet-
Higgins, 1953) but any standing wave component will per-
turb the profile; Jarger reflection coefficients result in
larger bars.

To investigate the effect of standing waves on a heach
it is convenient to cansider the wave salutions for a beach
with a mean slope B8(Fig. 1l.1). An incoming progressive
wave is described in terms of the surface elevation n by

n = a(Jdo(y) sinot + Yo{x) cosot) (31)
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Figure 1.5. The movement of sediment on a flat bed due to
a standing wave (after Carter et al., 1973).
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and an vutgoing wave reflected from the beach by
n = b{Jo(x) sinot - Yo(x) cosat) (32)
where x? = 40%x/gB, Jo and Y, are Besse! Functions.

Using Hunt and Johns (1963), the drift velocity at the
top of the bottom boundary is

5 2 2
I SR
3(a%+h?) E(y) + BahP(XJ 3
where E(x) :§ . I:\]k(x) < Ja{x) + Ya(x) - Yz()()]
and  P(x) = % - [?l<x) C0al0) - Yalx) vz<xﬁ

are shown in Fiqure l.6a. E(y) is an offshore-directed
component of the drift velocity arising from the increase in
wave height towards the shore, probabhly not very important
in practice. The mean onshore drift is reduced by the
reflection put this is not significant unless the reflection
coefficient R, which is equal to b/a, is large. The term
which gives a pattern of maxima and minima in the drift
velocity is P(x). For a pure standing wave (a=b) the drift

reduces to
2
v, = =2y (x) da(x) (34)
4fox

where ¥J1(x)Jd2(x) is shown in Figure 1.6b in camparison with
the standing wave, amplitude variation ja(x). The offshore
variation and the positians of the zeroes is virtually the
same for P(x) as it is for ¥Jg(X)J1(x), both having zeroes
close to the nodes and antinodes of jo(x). The pasition of
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Figure 1.6a. The functzon ), P(x) plotted against non-
dimensional distance 2.

Figure 1.6b.  xJ\(x)J2(x) and the basic wave form Jg (x) as
functions of the non-dimensional distance 2.
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these zeroes is therefore not critically dependent on the
existence of the progressive component of the wave motion.
As before, bars are expected at either nodes or antinodes;
Short (1975) suggested antinodes.

In Figure 1.6b bars might be expected either at zerces
of Ji(x) defined as an or at zeroes of Ji(¥), er” , the
distances to the bars from the shoreline being given by

(r) 2 gB_, 7(r) ..
R EEAUNERK. (35)

The values of Z, are readily obtained from any handbook of
functions; for Jy(x) they occur at ¥? = 13.9, 49.2, 103, 178,
271 . . . and for J2(y)at x®=26.3, 70.2, 135, 219, 322 . .
(Fig. 1.6b). It appears from Equation 35 that the scale
lengths for bars at incoming wave frequency are small,
particularly if beach slope is small. For B~ .03, T=8s the
inshore bars are less than 10 m apart, much more the size of
ridge and runnel systems than major bars. As a quick check
on the validity of these estimates, a typical wave length in
shallow water is

L=T¢+ (gh)s (36)

Bars will occur at spacing L/2 so that even in 2m of water,
for T=8s bars would be less than 20m apart. However,
Equation 35 does provide an explicit prediction for relative
spacing of multiple bars: bars become farther apart as the
water depth increases.

LARGE-SCALE BAR SYSTEMS

Bowen and Inman (1971) suggested that large, crescentic bar
systems might be formed by the drift velocities associated
with low-frequency, standing edge waves. Short (1975)
identified low-frequency, infragravity waves as a possible
cause for the parallel bars observed off Alaska. Equation 35
provides a prediction for the relative spacing of a series of
bars, the distance between bars increasing seawards.
Figures 1.7 and 1.8 show some examples of profiles taken
across multiple bar systems. The spacing between succes-
sive bars does tend to increase as the depth increases;
Figure 1.8, a bar system on an extremely gentle slope,
indicates a very slow increase in spacing.

If the scales are normalized by dividing by the distance
to the third bar D3 (Fig. 1.6) then a direct comparison can
be made with the theoretical predictions of Equation 35.
Table 1.1 shows the general form of the ratios between the
bar spacing. Even without any theory, the constancy of the
ratio D2/Ds is notable. The ratio D1/Ds is less stable but
the inshore bar is much more likely to be perturbed by the
effects of wave breaking, the energy levels are highest here
and the bar contains relatively little sediment.

The theoretical results, bars at antinodes, Ji(x)=0, or
nodes, J2(x)=0, are shown at the foot of the table. Either
provides reasonable agreement with the observations.
Having determined the relative spacing and knowing B8, the
wave period associated with this scale can be calculated.
Slightly different results are obtained using zeroes of Ji(x)
as opposed to Ja2(x). The resulting periods are very similar
to those obtained by Bowen and Inman(1971) for crescentic
bars, that is, periods typical of the surf beat frequencies.

It appears that these large-scale nearshore features are
associated with low-frequency waves, either edge waves or
free waves. Crescentic bars require standing edge waves to
produce their particular shape. Linear bars may be related
to free waves, either coming in from deep water or
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Table 1.1.  Multiple bars — profile measurements.
Author Location Dy(m) D,/D, 5,/D, D/D, D/D, B T(sec.)
Evans (1940) Lake Michigan 342 .18 54 .012 55 (65)
345 19 .55
354 .25 54
359 22 .54
382 23 53
271 16 .45
285 17 Sl
King and S. France 442 17 .56 011 68 (80)
williams (1949) Blackpool 244 .16 44 1.68
Bruun (1963) Denmark 410 .20 .54 1.71 .010 70 (80)
Bajorunas and Lake 385 (1964) 17 47 1.61 .010) 65 (80)
Duane (1967) Superior 499 (1966) .18 .50 1.56 .010)
Saylor and
Hands (1970) Lake Michigan 345 A7 .48
Shart (1975) Alaska 393 A4 .49 1.93 3.13 .0075) 90 (105)
367 19 .56 2.66 .0073)
521 13 46 .0086)
445 J1 .48 .0073) % (110)
Owens (pers. com.) Prince Edward 61 .18 52 1.57 2.52 .0022) 55 (65)
Island 65 .18 52 1.80 2.55 .0025)
Theory Ji{x) = D 14 48 1.73 2.63 J1
Jax) = 0 .19 .52 1.62 2.38 (32)

generated .by nonlinear interaction near the shore, or by
progressive edge waves. Low-mode, edge waves have only a
limjted number of nodes and antinodes in the offshore
direction and the number of possible bars would depend on
the modal number (Fig. 1.9).
The drift velocity Equation 34 dies away seawards as
x-2 and appears to lessen. However, the influence of the
drift velocity has to be seen in comparison with other
effects. The results of Table 1.1 do not distinguish between
the possibility of bars occurring at nodes or antinodes.
However, it has generally been found that the sediment on
the bar is finer and better sorted than that in the troughs
(e.g., Bajorunas and Duane, 1967). This suggests that
suspended load is significant and that bars are more likely to
be formed under antinodes.
The equation for the perturbation of the equilibrium
slope B' by a low-frequency standing wave
2
4otx (37)
9B

- . 2 _
n = ZatJo(xt) coso, * t, X{
is simply (Equation 9)

5wh
= 1
gl = - —;

Yg

(38)

where ui is given from Equation 34 and ugy can be derived
from 31. The expression is rather complicated because of
the Bessel Functions and it is convenient to look at large
values of ¥, Xt where

2\ o (39)
In(x) _)(TTX> cos (x > 4)
3ga?
then U = ——L5— « cos 2x (40)
8110,C'B><2 t
- E 02 l{‘ (41)
and U, —\/ﬁ PENE
then substituting Equations 40 and 41 in 38,
a 2
gt~ -5, __w o [7t) cos2X, (42)
8 (gBx)z o \2

Now Bx is the mean depth, so that the solution is of the
same order, as far as the offshore dependence is concerned,
as the basic solution for the mean equilibrium profile,
Equation 10. The size of the perturbation B' depends on the
ratio between the frequencies of the incoming and low-
frequency waves, where of/oy may be a large quantity, and
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Figure 1.9.  The offshore structure of the surface elevation

of low mode edge waves in comparison with Jo(x).

the ratio of the wave amplitudes at/a, which may of course
be small. However, unless ag/a is very small the drift
velocity associated with low-frequency waves is likely to be
significant over the whole profile.

For the particular case of reflection of the incoming
wave Equation 42 reduces to

15 W

g 15w “3)
8 (gBx)*

b
3 cos 2X

illustrating the linear relationship between the perturbation
af the beach slope and the reflection coefficient b/a. The
effect of wave reflection an the sediment is therefore more
likely to be noticesble on steep beaches where the reflection
coefficient tends to be larger (Miche, 1951; Guza and
Bowen, 1977). However, even on shallower beaches it may
be interesting to look at small scales such as ridge and
runnel systems in terms of the possible effect of reflection
from the shareline.

CONCLUSIONS

The initial motivation for this paper was to show that,
starting from any simple model for sediment transport, a
model for wave-induced, onshore-offshore transport on a
beach could be derived. All such models result in an
expression for the time-averaged transport i as a function of
local wave and current conditions and beach slope. A
null-paint model should then always be cbtainable from the
condition that T vanishes everywhere if the beach is truly in
equilibrium.
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The model wused 8s an example, that due to
Bagnold (1963, 1966), provides results which seem to be more
in line with observations than the existing, classical null-
point results. The quslitative trend of the results suggests
that Bagnold's model contains much of the essentiel physics
required in an adequate description of nearshore transport.
The camparison between the effects of bed load and
suspended load may help to explain why the existing
literature is so confused on this subject. The predictions of
the effect of reflected or standing waves in perturbing the
beach profile to form longshore bars show that the drift
velocity can play an important role. The prediction of the
spacing of the bars, and inference that low-frequency waves
are responsible, arises primarily from the drift velocity
distribution and should not be particularly sensitive to the
form of the transport model. 1t does require a model in
which the beach slope is related, quite simply, to the drift
velocity, but this is probably a condition that any sensible
madel would meet.

More critical predictions arising from Bagnold's model
are the possible importance of autosuspension and the
obvious importance of the effect of slope on the suspended
fraction of the transport. For bed load, avalanching is
similarly important as the slope becomes steep. As a rule
bed load equilibrium requires very steep slopes, slopes not
typical of sand beaches. However, the degree to which the
quantitative predictions of the present model can be tsken
seriously is unclear. Many of the data that have been used
in the discussion of beach equilibrium are from laboratory
experiments. As in the case of longshore transport of sedi-
ment, laboratory data provide a very poor indication of the
prototype trends (Komar and Inman, 1970).

In general, the beach slopes predicted for suspended
transport or for combined bed and suspended load are of the
right order. However, uncertainties as to the appropriate
values of the perturbation velocities ur and wuz are
substantial, particularly when u) is a drift velocity. These
'purely hydrodynamic! unknowns create difficulties far any
sediment transport model.

One of the prime purposes for generating simple
expressions (or, at least, fairly simple expressions) is to
suggest hypotheses which may be tested by field or labor-
atory data. Several of these equations could be examined
critically if the affshore distribution of the settling
velocity w of the sediment was known,
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Abstract

The use of remote sensing for both land and water studies in the Canadian coastal environment
is reviewed. A three-fold chronological division forms the framework for discussion, the emphasis
being on the current capabilities of remote sensing systems. Several studies have demonstrated the
capabilities of panchromatic photography and Landsat imagery and consideration should be given to
the use of colour infrared photography and thermal imagery in Canadian investigations. Two types of
study are identified, static and dynamic. Current research efforts are directed towards dynamic
studies using microwave sensing from aircraft and spacecraft for monitoring and surveillance.

Résumé

Les auteurs passent en revue les différentes méthodes de télédétection permettant d'étudier a
la fois le milieu masin et le milieu terrestre des cétes canadiennes. Une division chronologique en
trois phases forme le cadre de la discussion, l'accent étant mis sur les possibilités actuelles des
appareils de télédétection.  Plusieurs études ont démontré les possibilités de la photographie
panchromatique et de l'imagerie Landsat; c'est pourquoi il faudrait accorder plus d'attention &
l'emplot de la photographie couleur & infrarouge et a l'imagerie thermique dans ces études au Canada.
Deux types d'étude ont &té décrits, le mode statique et le mode dynamique. Les efforts actuels de
recherche portent sur les études dynamiques faisant appel & la détection & micro-onde & partir

d'aéronefs et de navires spatiaux pour le contréle et la surveillance.

INTRODUCTION

Three major factors make remote sensing important in
studies of the Canadian coastline. The first is the length of
the coastline. Gathering data over great distances is
frequently not feasible and therefore aerial photography or
other remotely sensed data are often required to extrapolate
between ground observation points. The second factor is the
dynamic nature of processes and events that occur in the
nearshore zone. To be able to record and monitor changes in
this zone, it is valuable to use some form of imaging
system., Data from earlier periods must be archived for
subsequent detection and measurement of change over both
long and short time periods. The third factor is the need for
surveillance within our 200-mile (320km) zone of juris-
diction. A remote sensing approach using repetitive data is
seen as an important element in any monitoring or surveil-
lance system.

In this paper, the emphasis is on the current capabilities
of remote sensing systems for studying the coastal zone. A
chronological approach has been adopted based on the
various periods when different remote sensing systems be-
came available in Canada. The important characteristics of
the data recorded by each of these systems are identified
and their use in coastal zone studies is discussed. A syn-
thesis of the different types of studies in which remote
sensing is important is also presented.

In April 1978 the computer-based bibliographic ref-
erencing system (RESORS) at the Canada Centre for
Remote Sensing (CCRS) indicated that the library held 270
articles with 'coastal region' as a primary keyword. For this
reason, the work discussed in this paper is generally re-
stricted to Canadian studies. A second restriction is that
the discussion of sea ice studies has been purposely limited.
Although this is a major area of emphasis in remote sensing

work, it has been considered in detail elsewhere. It formed
part of -a Symposium on Remote Sensing in Glaciology held
in 1974. Several papers in a special issue of the Journal of
Glaciology (v. 15, no.73, 1975), in particular a review article
by Campbell et al. (1975), give a good indication of the
current state of the art. Finally, much of the remote
sensing literature is to be found in government reports and
documents that have limited circulation. In this paper,
therefore, references are drawn whenever appropriate from
articles in journals and symposium proceedings.

EARLY DEVELOPMENTS AND APPLICATIONS

The use of panchromatic aerial photography to provide an
overview of an area of study is a standard procedure that
requires little comment. Nine-inch format (230 mm by
230 mm) mapping photography still pravides the major
source of remote sensing data for studies in the coastal zone
and will no doubt continue to do so for some time.

Two types of study can be identified. First, the most
recent photography available is used to provide information
on physical and vegetative features in the coastal zone, fre-
quently but not exclusively for mapping purposes. In certain
circumstances, the photography can show additional features
such as patterns of surface waves and the nearshore bottom
topography. The second type of study involves the use of
aerial photography from two or more moments in time to
detect change in the coastal zone. Care is required in the
interpretation of change since the photography shows the
environment only at individual moments. Different states of
tide, seasonal changes and the fact that a coastal zone may
undergo several major erosional and depositional events
between dates of photography must be taken into account in
interpretation.
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At the National Air Photo Library (NAPL), Canada has
one of the best collections of aerial photography in the
world, with panchromatic photography readily available for
the whole of the country. Although for northern areas there
is frequently only single coverage at a small scale (1:60 000),
for the more inhabited parts of the country there are usually
a number of dates of coverage at a variety of scales. In
some cases photography dates back to the late 1920s or
early 1930s, giving 50 years of record. NAPL coverage plus
provincial photography permit mapping and the study of
temporal changes in many coastal areas. From an annotated
bibliography of remote sensing in the coastal zone (Stafford
et al., 1973), it is readily apparent that the work of Cameron
(1950, 1952, 1962, 1965a, b and c) stands out among Cana-
dian investigators using aerial photography in the early
years. His work involved mapping of nearshore seaweed, the
measurement of current velocities and the investigation of
coastal changes.

More recent coastal studies have also taken advantage
of sequential aerial photography, particularly in areas where
spits and barrier islands occur. Bryant and McCann (1973),
for example, used four sets of photographs, taken from 1930
to 1965, as part of their study documenting changes in the
barrier island system of Kouchibouguac Bay, New Bruns-
wick. In practice, mapping of shoreline changes is
frequently a difficult task. To minimize possible errors,
Armon and MecCann (1979) describe a mapping procedure
using extensive networks of control points. These consist of
ground locations identifiable on all three sets of photographs
used in their study. In addition, plots of both duneline
position and waterline position are used to determine
shoreline change in the barrier islands of Malpeque Bay,
Prince Edward Island. The changes are averaged over 250 m
segments to minimize the influence of local variations.
Data derived from this type of study can be used further; for
example, in estimating sediment exchanges in budget studies
(Armon and McCann, 1977).

RECENT DEVELOPMENTS AND APPLICATIONS

A variety of remote sensing systems have been available in
Canada since the early 1970s. The Canada Centre for
Remote Sensing was established in 1971. Through its air-
borne sensing program 70 mm format multispectral pho-
tography and both 70 mm and 230 mm format colour and
colour infrared photography have been provided for investi-
gators. Much of the early photography was acquired at a
very small scale (1:100 000 or smaller) as simulation imagery
for the Earth Resaurces Technology Satellite program,
Subsequently special-purpase photography over selected test
sites at a variety of scales was obtained for investigators.
About 1974, good quality thermal imagery became available
and currently several specialized sensors for use in the
coastal zone are under development by CCRS. The aircraft
are now operated by industry.

Since 1972 LANDSAT (formerly ERTS) satellite data
have been received in Canada. With LANDSAT 3 currently
operating, large amounts of data have already been recorded
and processed into images. As a result most areas of the
country have reasonably cloud-free imagery recorded under
a variety of seasonal conditions. Finally, the amount of
weather satellite data being recorded has increased sig-
nificantly, particulary from geostationary satellites (SMS-
GOES) located above the equator. Although the resolution
of the imagery recorded by such systems is comparatively
low, this drawback is counteracted by the capability for data
acquisition every half hour.

The use of data from these remote sensing systems in
studies of the Canadian coastal zone is discussed below.
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Specialized photography

The difficulties of wusing panchromatic photography for
studying vegetation types and their distribution in the
coastal zone are well known. I[n such studies colour and
colour infrared photography are particularly valuable. For
example, in colour infrared photography the red of healthy
vegetation is clearly separated from the blue of bare
surfaces. Both types of photography can be used to study
patterns produced by variations in suspended sediment
concentrations, while for differentiating iand and water both
colour infrared and black-and-white infrared photography
provide good contrasts. The types of differentiation de-
scribed above may also be obtained using appropriate bands
of multispectral photography in 70 mm format. In this case
maximum differentiation may not always be easy unless a
multispectral viewing system is used.

Although CCRS has provided specialized photographic
flights at both high and low altitudes in the coastal zone,
there are few detailed reports of the use of this pho-
tography. The types of information that can be obtained are
summarized, for example, in papers describing high-altitude
photography of the Oregon and Texas coasts (Keene and
Pearcy, 1973; Tuyahov and Holz, 1973), but there are no
similar descriptions for Canadian coastal environments. On
the west coast, however, colour and colour infrared photo-
graphs have been used in waterline definition and to deter-
mine depths in shallow water (Gower, 1973). Gawer (1975)
also discussed the use of small-scale colour photography to
map the plume of the Fraser River, to determine water
movement in Burrard Inlet and to study the upwelling of
mine tailings in Rupert Inlet.

For studies of land areas in the coastal zone, the
literature exhibits a lack of Canadian reports on the use of
specialized photography. The photography would be of
particular benefit in the study of coastal vegetation. This is
confirmed by Paul (1974), who used colour and colour
infrared photography to study dune and marshland vege-
tation on Les lles-de-la-Madeleine. As part of a remote
sensing study of the subarctic environment, Kozlovic (1977)
showed that 1:60000-scale colour infrared photography
could be used to differentiate three zones of coastal marsh.
It was suggested that these zones represented different
vegetation types resulting from varying degrees of in-
undation by salt water.

In contrast to Canada, mapping of coastal wetlands in
the United States has received considerable attention.
There are many papers that discuss the way in which
different types of remote sensing data may be used for this
task, but colour and colour infrared photography appear to
be preferred. In a review article Carter (1977) indicated
that in 23 states wetland inventories have been undertaken
using various scales of panchromatic, colour and colour
infrared photography. Depending upon their purpose, maps
ranging from scales of 1:2400 to 1:500000 have been
produced for this type of inventory.

[t is important to emphasize that a remate sensing
approach does not always require vertically oriented photo-
grammetric or 70 mm cameras. Hand-held 35 mm photo-
graphy can be extremely valuable, not only for inventory
purposes, but also for giving specialized information such as
quick estimates of water-covered areas (Gower, 1975).
When a sequence of photographs at short time intervals is
required, 35 mm photography from a light aircraft is the
most feasible method of data acquisition. Such an approach
minimizes the constraints of weather and reduces cost.
Gower (1975) used such a system in studies of the Fraser
River plume and Burrard Inlet, his 35> mm camera being
fitted with a fish-eye lens to give broad coverage and to aid
in location. For the Rupert Inlet area, a 35 mm camera
attached to a tethered balloon was used.



If care is taken in handling the film, excellent quality
colour infrared photography can be acquired from hand-held
35 mm cameras. As a supplement to the interpretation of
vegetation on existing panchromatic aerial photography,
small samples of colour infrared photography greatly in-
crease the amount of information that can be extracted
(_ucas, in prep.). In addition, the 35 mm photography can be
used to record changes since the panchromatic photography
was flown.

Thermal sensing

Apparent temperature data for water surfaces may be
obtained from aircraft with an infrared radiation ther-
mometer or with an infrared line scanner. In the first case a
trace on a chart records the surface temperature directly
beneath the aircraft. As an example, Irbe (1972) has
described the use of airborne radiation thermometer surveys
from light aircraft to provide temperature data for selected
traverses in the Great Lakes and St. Lawrence Seaway over
several years. From tests it is estimated that temperature
data can be obtained to 1°C absclute and 0.5°C relative
accuracy.

The second instrument, the infrared line scanner, re-
cords emitted radiation from the surface. Usually oper-
ating in the 8 - 14 u m region of the spectrum, data recorded
on magnetic tape are later converted into strips of imagery
to show apparent surface temperatures. As surface temper-
atures are constantly changing, it is obviously an advan-
tage to obtain data at more than one time to study dynamic
events.

Complications in data acquisition arise, however, if
mare than one strip of imagery is required to cover the area
of interest. Even with a short time lag between recording
adjacent strips, there will be changes in water conditions. In
addition, matching strips where there is no land detail for
reference is difficult (Thomson, 1972).

There are two obvious areas in which thermal imagery
can be of particular value in studies of the coastal zone.
First, it has been used in the investigation of temperature
patterns over water surfaces. Thomson (1972), for example,
was able to show the thermal bar and the effects of
upwelling and surface winds near the shoreline of Lake
Ontario on two successive days. On the west coast Gower
(1975) recorded surface temperatures during both ebb and
flood tides in Burrard Inlet. The information aided in the
study of water mavement within the inlet.

The second type of study where thermal imagery may
be of particular value is in determining temperature vari-
ations over sea ice. Recent work by Cihlar and Thomson
(1977) over an area in the Beaufort Sea used imagery
recorded during the day and at sunset, to study diurnal
surface temperature changes and determine whether this
information would aid in mapping sea ice. It was found that
although certain ice types could be differentiated using
either day- or nighttime imagery, temperature differences
between the two sets of data did not assist the identification
and mapping of sea ice.

Bajzak (1974) used a similar sensing system to study
icebergs. Relative surface temperatures of meltwaters and
their surface mixing patterns could be clearly identified on
the thermal imagery.

It can be appreciated that it is practically impossible to
obtain detailed spatial patterns of surface temperature,
except with thermal infrared imagery. Given this fact, it is
perhaps surprising that more use has not been made of this
sensing device in Canadian coastal studies.
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LANDSAT

To a large extent, _LANDSAT is an abused remote sensing
system. [t was initially an experimental satellite scheduled
to last for one year. Subsequently it was expected to
function as part of an operational remote sensing program
providing data that would lead to considerable cost savings.
The first satellite lasted five and one bhalf years and has
clearly provided valuable information for a variety of en-
vironmental studies.

In a discussion of the applications of LANDSAT image-
ry, it is important to remember what is being recorded, as
this sets the limits for how the data can be handled and for
what can reasonably be expected from the system.
Basically, the scanning and sensing system of the spacecraft
(multispectral scanner) records reflected radiation in four
parts or bands of the visible and near-infrared spectrum
(Band 4, 0.5-0.6 um; Band 5, 0.6-0.7 um; Band 6,
0.7-0.8p m; and Band 7, 0.8-1.1 um). Individual picture
elements (pixels) for which data are recorded represent
areas on the ground measuring 57 m by 79 m (NASA, 1976).
On any one scan line, perpendicular to the direction of orbit
of the spacecraft, there are approximately 3200 pixels. In
the forward direction, the strip being recorded is subdivided
into scenes containing approximately 2400 lines of data.
Each scene covers a ground area of 185km by 185km (Fig.
2.1). From the point of view of all later manipulatiaons, it
can be considered that each pixel has four values. Each
value is on a scale from 0 to 63 and represents the amount
of reflected radiation in one of the four bands recorded by
the scanner. This is all the specialist has to work with, a set
of four numbers for each pixel. Analysis can be undertaken
using an image recorded on a transparency or photographic
print, or using the original digital data in a computer.

Visual analysis

For visual analysis, the original digital data must be
transformed into a photographic image, the standard scale
being 1:1000000. This inevitably leads to loss of infor-
mation and resolution through the photographic process.
Given the initial size of the pixel and the loss of detail in
image production, it is obvious that LANDSAT imagery is
most suited to studies of large areas where identification of
fine detail is not important,

Apart from its almost universal application to show 'the
location of my area of study', LANDSAT imagery in its
visual format has been applied in several ways to the study
of Canadian coastal environments. One of the most ef-
fective uses of the imagery is the near real-time trans-
mission of data to ships operating during the summer in the
high Arctic (Shaw, 1975). Data received at the Prince
Albert Satellite Station are transmitted to facsimile
recorders on ships. The images are then used to assist in
route selection through ice-infested waters. The prablem,
of course, is that cloud-free conditions are required for the
areas of interest and daily coverage of all areas is not
possible with the orbits of LANDSAT.,

Water and sea ice provide excellent contrasts on
LANDSAT imagery and several different types of ice can be
identified. When sequential data are available, deformation
of the pack ice, the velocity of ice movement and strain
rates can readily be calculated (Campbell et al., 1975; Nye,
1975). It has also been demonstrated that, using LANDSAT
imagery and surface weather charts over a period of three
days, it is possible to predict the motions of drifting ice
floes (Feldman, 1978).
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RECORDING OF LANDSAT DATA

«—— . 3200 pixels —
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4 Green 05-06 0-63
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Figure 2.1. Schematic diagram of the recording of reflectance values by the Landsat multi-

spectral scanner.

[n Canadian coastal waters off Labrador, LANDSAT
imagery has aided in locating uncharted hydrographic fea-
tures (Fleming and Lelievre, 1977). Although slight geomet-
ric distortions may occur in the LANDSAT imagery, it has
been calculated that errors in positioning are no more than
150 m in comparison with standard survey procedures.

Standard LANDSAT images are rarely processed to
emphasize water detail. Thus information which could be
available in the image is lost. Falconer et al. (1975) have
clearly demonstrated that a photo-optical procedure to
increase the contrast over water could provide better pro-
ducts for the interpreter. Enhancements are also produced
with digital methods, as discussed in the next section, and
described in Sabins (1978).

The size of the objects being studied and their dis-
tinction from surrounding features are obviously important
criteria when analyzing LANDSAT imagery. In all the above
cases, it can be seen that the features being studied are
comparatively large and distinct, Thus resolution of the
irmagery is not a critical factor in the applications that have
been described. Over land areas, however, the environment
is mnore complex and variable. To a certain extent, this
explains why visual analysis of satellite data in land areas of
the coastal zone has received little attention in the
literature.

Digital analysis

The main research emphasis in Canadian remote sensing
during the 1970s has probably been digital analysis of
LANDSAT data. This statement holds true for the coastal
zone where studies have been undertaken for both land and
water environments. Various approaches to digital analysis
are possible.

Enhancement. With this approach, the original data are
manipulated before an image is produced. The aim is to
provide maximum contrasts between the environmental
features being studied, which greatly assists the subsequent
visual interpretation of the image. Several enhancement
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procedures have been suggested but one of the most effec-
tive is principal components enhancement developed by
Taylor (1974). This has been used in the study of
sedimentation and flow patterns within lac St.-Jean, and it
results in the display of patterns which cannot be seen on a
standard LANDSAT image (Taylor and Langham, 1975; Jones
et al., 1977). As far as is known, however, this procedure
has not been applied to coastal waters.

Correlation, As shown in Figure 2.2, field measure-
ments can sometimes be correlated with reflectance values
recorded on individual bands of the satellite data. This
approach has been demonstrated by Bukata et al. (1974,
1975) in water quality studies of the Great Lakes. They
found a linear correlation between surface chlorophyll a
concentration and Band 6 and Band 7 data, while Band 4 was
related to water depth in nonturbid water. With the
correlations established, it was possible to suggest explan-
ations for the patterns observed in Lake Ontario which were
produced by mapping the reflectance values for each band
(Bukata and Bruton, 1974). Correlations between turbidity
and Band 5 reflectance values have also been identified by
Rochon (1977) and by Jones et al. (1977); in the latter paper
a correlation between surface chlorophyll @ and Band 6
values is also displayed.

Classification, In the study of LANDSAT data, clas-
sification (Fig. 2.2) involves grouping of pixels that have
similar reflectance values, Whether the classification is
carried out using supervised procedures (Goodenough, 1976)
or unsupervised methods (Goldberg and Shlien, 1976), the
basic concepts are the same. The aim is to produce an
image or map, derived from the reflectance values, which
corresponds to a logical classification of features in the
environment. In Figure 2.2 the groupings are shown based on
two reflectance values, but in practice the classification is
carried out using all four values for each pixel.

A simple classification (e.g., land versus water) is a
relatively easy task that can be done with a high degree of
accuracy. This is because the range of the reflectance
values faor the twao types of surface are very different. More



difficult, however, is separating or mapping two or more
vegetation types that have very similar ranges of reflec-
tance values. The accuracy with which such a classification
can be achieved is correspondingly much lower.

A particular problem of mapping in the coastal zone is
that features such as beaches and dune systems can have
great length, but are rarely very wide. Mapping of narrow,
linear features is difficult because the approximately 60 m
by 80m resolution of the LANDSAT pixel may cover more
than one environmental feature. This leads to errors or
unclassified pixels.

Alftldi and Beanlands (1975) and Alf8ldi (1975) have
looked at the possibilities of mapping the coastal zone using
both visual and digital data. Using a test site near Port
Mouton, Nova Scotia, they showed that not only can several
land cateqories (e.qg., grasses, softwood, hardwood and mixed
wood) be differentiated, but also features in the shore zone
such as clear water, shallow water with sand bottom, dry
beach sand and rock, mud, and littoral vegetation. Com-
paring the satellite analysis results with ground infor-
mation, they found a 25 per cent error in land classes, but
only a 3 per cent error in the shore zone. Alféldi (1975,
p-13) concluded that "resource mapping of the coastal
environment in Atlantic Canada is practical from LANDSAT
imagery." He emphasizes, however, that ground data and
colour or colour infrared photography are necessary for
verification and that the analyst undertaking the task must
have familiarity with the environmental conditions. A study
of the Nova Scotia coastal zone is at present being
undertaken with LANDSAT digital data as a major source of
information (Prout, 1979).

Kozlovic and Howarth (1977) were able to obtain similar
levels of environmental information for the coastal environ-
ment of northwestern Ontario. By using both visual and
digital data, the tidal flats and three zonations of marsh
vegetation could be mapped. Inland, differentiation of
vegetation on the LANDSAT data picked out the drier relict
beach ridges from the surrounding fens and bogs.

Classificatign procedures have not generally been used
in mapping water surfaces. The reason is that boundaries of
water characteristics (e.qg., suspended sediment concentra-
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tions) normally are gradual. Thus placing a boundary is
rather artificial, especially as surface information is usually
inadequate to justify the boundary.

Chromaticity. One of the most promising techniques to
be developed for the study of water bodies recorded on
LANDSAT data is chromaticity analysis. The technique,
which originates from methods of colour measurement, was
initially applied to LANDSAT data by Munday (1974a, b).
Subsequently a procedure to measure suspended sediment
cancentrations from LANDSAT data was developed by
Alfdldi and Munday (1977, 1978). As shown in Figure 2.2,
the data used in the analysis are the normalized reflectance
values for Bands 4 and 5. The several steps involved in the
procedure are outlined in detail by AIfdldi and Munday
(1977).

A problem with the correlation approach to measuring
suspended sediment concentrations is that the results are
only applicable to the specific LANDSAT pass when the
regression was established. Variations in atmospheric con-
ditions between satellite overpasses cause this problem, but
Alftldi and Munday (1977) have been able to apply
atmospheric corrections in their analysis.

Chromaticity analysis has been tested in the Minas
Basin, Nova Scotia, using measurements of suspended sed-
iment concentration from samples acquired by the Bedford
Institute (Amos, 1976). The surface sampling was carried
out simultaneously with several passes of LANDSAT over
the Minas Basin. The results indicate "a wvery high
correlation (r=0.96) between suspended sediment con-
centration and chromaticity-transformed satellite data after
atmospheric adjustments" (Alfdldi and Munday, 1977, p. 328).

With the correlation established, calculations of
suspended sediment concentrations in the Minas Basin are
being made from the satellite data. With LANDSAT data
from several passes, the patterns which the suspended sed-
iment measurements display are being analyzed (Stewart, in
prep.). The extent to which the regression equation (estab-
lished in the chromaticity analysis for the Minas Basin) can
be universally applied is being further investigated (Alféldi,
pers. com.).

Correlation

Classification

Chromaticity

Y Band 5
5 O 4+5+6
Reflectance value or Bond 7
Rotio of Bands
Figure 2.2  Diagrammatic presentation of several ways in which Landsat digital data may be used for
analysis. Note that in classification, values for four bands are usually used at the same time. In the

chromaticity diagram, the set of points represents a typical locus for values acquired over water.
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FUTURE DEVELOPMENTS

Several current developments in remote sensing are relevant
to studies of the coastal zone.

SEASAT-1

With the launch of SEASAT-1 on June 24, 1978, microwave
data from space will soon become available for selected
areas on an experimental basis., As the name of the satellite
indicates, the sensors are primarily designed to provide
information about the oceans. Of particular interest is a
synthetic aperture radar system that in virtually all weather
will provide imagery of the earth's surface over a 100 km
wide swath, Although SEASAT failed in October 10, 1978,
sufficient synthetic aperture radar imagery was obtained to
demanstrate the capability of recording such data from
space. Details of the sensors, their area of coverage,
resolution, accuracy and probable applications are shown in
Table 2.1. Further discussion of the sensors is to be found in
McCandless (1975) and Sherman (1977), and some possible
Canadian studies using SEASAT data are listed in the
Oceanography Report of CCRS (1978).

Nimbus G
This satellite, launched on October 24, 1978 and now known

as Nimbus 7, carries a variety of sensors, two of which are
of interest to coastal specialists. First is a Scanning Multi-

channel Microwave Radiometer, similar to the one being
carried on SEASAT-1. As indicated in Table 2.1, it will
provide data on sea surface temperatures, ice distribution,
and surface wind magnitude under all weather conditions.
The second instrument is a Coastal Zone Colour Scanner
which records data in six narrow (0.02 pu m) bands of the
spectrum. Five bands are centred in the visible spectrum
(0.443, 0.520, 0.550, 0.670 and 0.750 u m) and one in the
emitted infrared at 11.5 u m. Selection of the bands is
particularly designed for the measurement of chlorophyll in
the ocean (Sherman, 1977).

SURSAT Project

A study bas been initiated by the federal government with
the aim of "determining the feasibility of using satellites to
assist in meeting forecast surveillance requirements asso-
ciated with the management of Canada's offshore and Arctic
areas" (SURSAT Project Office, 1977, p. 1). As part of this
program, the Surveillance Satellite (SURSAT) Project is
co-ordinating the acquisition and analysis of microwave
data. The microwave data will come from two sources:
from SEASAT-1, and from an airborne Synthetic Aperture
Radar system. This second system is on lease for one year
from a company in the United States and will be used to
provide data for a variety of experiments. Several proposed
experiments on aspects of oceans, floating ice and
renewable resources will be of direct interest to those
studying the coastal zone. To date, data acquisition has only
just started.

Table 2.1. SEASAT-1 sensors: some characteristics and applications
Sensor Swath Resolution/ Anticipated
width accuracy applications
(km)
Radar 2-12 wave height * 0.5m or 10% wave height,
altimeter overrange 1-2m geodesy,
geodesy 10 cm RMS currents, storm

surge analyses

SEASAT-A wind magnitude £ 2m s™? estimates of

scatterometer 1000 or 10% over range surface wind

system 3-25ms? magnitude and

wind direction + 20° direction

Synthetic

aperture 100 25m wave and current

radar patterns, map-
ping of ice and
open water (plus
some land coverage)

Scanning resolution varies with sea surface )

multichannel frequency 22 - 100 km temperature, ice

microwave 600 temperature * 2°K mapping, surface

radiometer wind magnitude * 2m s-* wind magnitude

(5 frequencies) or 10% over range

3-25ms!

Visible and visible 3 km cloud and

infrared 1800 infrared 5km surface features

radiometer

Based on McCandless (1975) and Sherman (1977).
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Two recent studies undertaken by Canadian investi-
gators indicate the type of result that will be obtained. As
part of their experiments, l_owry et al. (1977) looked at
ocean wave and ship imagery using different wavelengths,
polarizations and resolutions. Suitable combinations of
radar characteristics were identified to provide the best
imagery of these features. Gower (1977), working off the
British Columbia coast used L-band radar imagery in a
simulation of SEASAT data. He detected surface markings
due to internal waves and concluded that SEASAT imagery
would be suitable for studying such features. Considerable
work evidently will be required to understand and explain
some of the radar imagery characteristics. At the same
time the results will no doubt raise interesting questions
about environmental interactions.

Sensors

Two projects at present being undertaken at CCRS will aid
investigations in the coastal zone. In the first, an airborne
hydrographic system is being developed (O'Neill, 1978). A
modified inertial navigation system will provide locational
and attitude information for the .aircraft, and a lidar
bathymeter will record depth profiles in shallow coastal
waters.

A second instrument under development is a laser
fluorosensor for the detection of oil on water. According to
a recent report (CCRS, 1978), it is planned to use the sensor
along with others in an experimental Arctic Marine Oil Spills
Program. The program is designed to determine the
conditions in which remote sensing devices can detect oil
spills in ice~infested waters.

P.J. HOWARTH and A.E. LUCAS

The above listing of future developments is by no means
exhaustive but represents some of the main activities that
will take place in the period 1978 - 1980. Satellite programs
have to be planned well in advance, so many decisions have
already been made for the 1980s. For example, LANDSAT D
is scheduled to be launched in 1981. The multispectral
scanner on this satellite will record in 7 bands, as opposed to
the present 4 bands, and the system will have an increased
resolution of approximately 30 m. It is anticipated that the
increased resolution will greatly assist thematic mapping.
The Space Shuttle Program taking place during the 1980s
will carry a variety of sensors into orbit. Use of film in
space will increase as data can be brought back to earth.
There are even proposals for a satellite to be instrumented
for the coastal zaone and to be known as COASTSAT. Such
future developments, however, are beyond the scaope of this

paper.
DISCUSSION

In reviewing the way remote sensing data are used in studies
of the coastal zone, two main approaches may be identified.
First, some studies may be designated as producing 'static’
information. Although they are important, there is little or
no change over time. Much of the basic mapping or
inventory of the coastal zone can be placed in this cate-
gory. Once the information is obtained, there is little need
to update it, except over long periods.

In the second group of studies, termed 'dynamic', change
is constantly occurring. Detection, recording, measuring
and understanding the change are frequently required.
Types and rates of change will vary depending upon what is

Table 2.2. Summary of remote sensing activities in the coastal zone
Type of Past Present Future
study (pre-1970) (1970s) (1978 on)
Airborne Airborne Satellite Airborne Satellite
Static Mapping from Panchromatic Experiments on Continuation of Better resolution
panchromatic mapping continued. small-scale present practice. from LANDSAT D and
aerial Better quality mapping Perhaps use of Space Shuttle
phatography photography. {1:250 000) thermal and radar leading to larger
Some colour and in the coastal imagery in special scale and more
colour IR for zone projects detailed mapping
easier mapping
Dynamic Coastal change Continued use of Experimental Cantinuation of LANDSAT - monitoring

(monitoring  with sequential panchromatic

work on monitoring

present practice. of water quality

of panchromatic photography with of change: Increased use of parameters -
change) aerial some colour and suspended thermal, radar and suspended sediment
phatography colour IR. Use of sediment special purpose concentration,
light aircraft concentration, sensors for chlorophyll a, tem-
photography for chlorophyll a, detecting and perature patterns.
special projects ice breakup and recording change Radar-monitoring of
movement ice breakup and
movement, study of
ocean characteristics
Dynamic Experiments Use of satellites and airborne sensing systems
(surveillance)  --- on oil spill as part of a program of surveillance in the
detection coastal zone
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being studied. Some changes may take place over a tidal or
seasonal cycle. In other cases, a genera! trend may be
observed over a period of years.

However, a subdivision of 'dynamic' intoc 'monitoring'
and 'surveillance' has been suggested. The term 'monitoring’
is meant to indicate that known changes are occurring but
information is required on the details of these events. A
goad example wauld be the monitoring of ice breakup in the
spring. In the case of 'surveillance', an element of the un-
known is implied and a need for protection against possible
dangers. Thus detection of oil spills, illegal incursions of
fishing vessels into coastal waters or simply the gquiding of
vessels would be placed in this category.

The above subdivisions have been used as a basis to
summarize the observed trends in remote sensing (Table
2.2). The types of activities described under the heading
static are really self explanatory. Increased use of satellites
for mapping is anticipated for the future as the resolutions
of the sensing systems are increased.

It is really in the dynamic category that a remote
sensing approach becomes of increased importance, par-
ticularly in the realm of satellite sensing. Three situations
are suggested where remote sensing from satellites should
be adopted. First, when the information cannot be obtained
by any other practical means. An example of this would be
the simultaneous measurement of suspended sediment
concentration at numerous points over a large area. The
second situation is when repetitive data are required. A
satellite system is the only practical way to provide data for
regular monitoring over a large area. In some types of study
where data in the visible part of the spectrum are required,
the constraints of weather would have to be anticipated.
The third case is when information about the earth's surface
is required without interruption by weather. In this
situation, a microwave sensing system is necessary. The
technology now exists to monitor some of the changes
indicated in Table 2.2 and serious thought should be given to
implementing some of these programs.

The potential uses of remote sensing in a surveillance
system for ocean and nearshore activities have been outlined
by Morley et al. (1977). They suggest that surveillance
satellites will be increasingly used in the future as they
"observe environmental factors on a global scale with
unparalleled economies of coverage" (Morley et al.,, 1977,
p.121). Although satellites would reduce the need for
-aireraft, airborne sensing would still be essential for more
detailed or frequent coverage and in situations where human
observers are required. They suggest that satellites and
aircraft would be valuable components of a series of
different surveillance platforms, including coastal stations,
ships and buoys.

CONCLUSIONS

[t has been demonstrated that there is a considerable range
of studies in the coastal zone for which remote sensing can
be of assistance. Research into the ways in which the
different sensors can be used in the coastal zone is generally
progressing well in Canada, although slowly. Colour and
colour infrared photography for the study of coastal wet-
lands and thermal imagery for investigating water temper-
atures and circulation in the coastal zone have, however,
received little attentjon in Canadian coastal studies..

Several applications of remote sensing that could be
used to provide data for the coastal zone on a regular basis
have been described. To apply these, however, might
require an initial investment of funds and personnel, as well
as a change in the operating procedure of an organization.
Because of the current fiscal restraints, this is not always
possible, but is certainly worth consideration.
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A final point is that remote sensing specialists can
demonstrate the capabilities of a particular sensing system
or indicate the type of features that can be identified during
analysis. The need, however, is for an emphasis on using the
data in the solution of specific problems, the identification
of which can only came from the coastal specialist. Con-
tinued discussion and coliaboration between the twa groups
of scientists is thus important for future developments of
remote sensing in the coastal zone.
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Abstract

The tidal inlets in the barrier-island shorelines of northeast New Brunswick display considerable
variation with respect to channel dimension, inlet plan form, associated delta sand bodies, and
locational and cross-sectional stability. These morphology and stability conditions vary

systematically from one barrier-island segment to another, being dependent upon three main
variables: 1) the alignment of each barrier-island segment relative to direction of wave approach,
2) the size of the bay-river system that each barrier segment encloses, and 3) the availability of
littoral sediment within each barrier system.

According to existing inlet morphology models that are based on tidal range, the large inlets
and flood- and ebb-tidal deltas of the Miramichi are characteristic of mesotidal coastlines, whereas
the small inlets and deltas of the Pokemouche and Tracadie barrier-island segments are more
characteristic of microtidal barrier-island shorelines. The northeast coast of New Brunswick is
entirely microtidal. This discrepancy between existing models and the northeast New Brunswick
examples suggests that models for barrier-island morphogenesis that are based solely on tidal range,
although sufficient for describing variations between regions with substantially different tidal ranges,
are insufficient for categorizing the variations of depositional features along and between coastlines
subjected to small tidal ranges. In regions subjected to small tidal ranges, barrier-island morphology
mdy be dependent more on tidal prism, nearshore sediment availability, and even coastline

physiography.

Résumé

Les inlets de marée qui existent dans le littoral d'iles-barriéres du nord-est du Nouveau-
Brunswick présentent des variations considérables pour ce qui est de la dimension des chenaux, de la
configuration horizontale des inlets, des masses de sable deltalque connexes et de la stabilité
positionnelle et transversale. Ces conditions relatives a la morphologie et & la stabilité varient
systématiquement dun segment d'{lles-barriéres & Uautre, suivant trois facteurs principaux:
1) l'alignement de chacun des segments d'iles-barriéres par rapport a la direction d'approche des
vagues, 2)la taille de l'ensemble baie-riviére compris dans chaque segment de barriére et 3) l'apport
possible en sédiments littoraux dans chaque ensemble de barriéres.

D'aprés les modeéles morphologiques actuels des inlets qui reposent sur l'amplitude de marée, les
grands inlets et les deltas de flot et de jusant de la Miramichi sont caractéristiques des traits de
cOtes mésotidaux, tandis que les petits inlets et deltas des segments d'iles-barriéres de la
Pokemouche et de la Tracadie sont plus caractéristiques des lignes de rivage a iles-barriéres
microtidales. La céte nord-est du Nouveau-Brunswick est entiérement microtidale. L'écart qui
existe entre les modeles actuels et les exemples considérés dans le nord-est du Nouveau-Brunswick
laisse croire que, méme s'ils pouvaient suffire & décrire certaines variations entre des régions
d'amplitudes de marée sensiblement différentes, les modeles morphogénétiques des iles-barriéres qui
reposent uniquement sur l'amplitude de la marée seraient encore insuffisants pour catégoriser les
variations des phénomenes de sédimentation le long des traits de céte, et entre ceux-ci, lorsqu'ils sont
soumis a de petites amplitudes de marée. Dans les régions soumises & ces petites amplitudes, la
morphologie des iles-barriéres dépend généralement davantage de l'existence de sédiments littoraux,
du prisme de marée et méme de la physiographie du trait de céte.

INTRODUCTION

The tidal inlets in the barrier island shoreline of northeast
New Brunswick (Fig. 3.1) display wide variations in morphol-
ogy, stability and size. Such variations are not entirely
consistent with existing morphological models for tidal
inlets and barrier islands on microtidal coasts (Hayes, 1975,
1976). Given that the entire New Brunswick eastern shore is
microtidal (tidal range <2 m), factors other than tidal range
must control the morphology and stability variations

displayed by the inlets. The purpose of this paper is first, to
illustrate the range of inlet conditions present in northeast
New Brunswick and second, to demonstrate the main
controlling factors on inlet variability in this region.

Although the coastline of northeast New Brunswick was
described originally by Ganong (1908) and Johnson (1925),
much of our present knowledge of the barrier island
shorelines of this region has resulted from the later works of
Bryant and McCann (1972, 1973), McCann and Bryant (1973),
and Owens (1974a, b, 1975). The recent studies provided a
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Figure 3.1.  Location map showing the regional setting of
the barrier islands, lagoons and corresponding drainage areas.
Metric measurements refer to mean tidal ranges and large
tidal ranges and are taken from the 1977 tide tables of the
Canadian Hydrographic Service.

basis for the further investigations of specific areas (Munro,
1977; Reinson, 1977, 1979; Rosen, 1979, Bryant, 1979). The
impetus to undertake this study stems in particular from the
regional synthesis of Owens (1974b), which provided a
depositional framework for the barrier island shoreline of
northeast New Brunswick. This paper expands on Owens’
studies by concentrating on the tidal inlets within that
regional barrier island framework.

MARITIME SETTING
The southern Gulf of St. lLawrence is a shallow, semi-
enclosed sea in which shore processes are curtailed for up to
four months each year by pack and shorefast ice (Owens,
1975). Swell from the north Atlantic enters the southern
Gulf for only 7 per cent of the year (Bryant and McCann,
1972), and consequently the wave climate is governed by
wind generated within the Gulf itself. Maximum wind
fetches, relative to the eastern New Brunswick shoreline,
are 500-700 km in north-northeast to east-northeast
orientations. However, the prevailing winds are generally
offshore, and this inhibits wave generation during ice-free
months.

The wave environment is characterized by short-period,
locally generated storm waves (Bryant and McCann, 1972).
Waves are generally steep with short wave length in relation
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to height; wave periods greater than 9.5s, wave heights over
5 m, and wave lengths over 100 m are rare. Wave refraction
diagrams indicate that orthogonals of long-period waves
(8.8s) from the east converge on Miscou Island and Point
Sapin, which are undergoing rapid cliff erosion (McCann and
Bryant, 1973). Conversely, orthogonals diverge north of the
Miramichi embayment and south of Kouchibouguac Bay,
areas dominated by accretionary coastal features.

A dominant southerly directed littoral transport system
for the barrier island shoreline of northeast New Brunswick
has been inferred by Owens (1974b) on the basis of regional
morphological trends. Owens proposed that such a littoral
transport pattern occurs in response to wind-generated
storm waves from the northeast, the direction. from which
major storms pass through the region. The suggestion that
this section of the southern Gulf shoreline is affected pri-
marily by storm waves has been further substantiated re-
cently by Bryant (1979), who suggested that catastrophic
aperiodic storm events play a significant role in effecting
local nearshore and barrier morphological changes in the
Kouchibouguac embayment south of the study area.

As mentioned previously, the northeast New Brunswick
shoreline is essentially a microtidal environment, and the
tides are mixed diurnal to semidiurnal. Mean tidal range at
Portage Island in the Miramichi embayment is 1.1 m,
whereas farther north at Tracadie (Fig. 3.1), it is 0.8m
(Canadian Hydrographic Service, 1977).

PHYSIOGRAPHIC AND GEOLOGICAL SETTING

The coastal region of northeast New Brunswick lies in the
Maritime Plain physiographic unit (Bostock, 1970). This is a
region of low relief with inland elevations up to 180 m,
which slope gently towards the coast. The terrain is made
up of a thin, intermittent veneer of surficial deposits
(glacial and proglacial sediments, peat bogs) overlying flat-
lying Permo-Carboniferous sandstones and shales (Owens,
1974b). The drainage system predates glaciation and is
developed along structural weaknesses which were modified,
both before and after glaciation, by fluvial erosive pro-
cesses to yield the present drainage configuration.

The entire coastline was submerged by rising sea level
following the last Pleistocene glacial retreat, about 13 000
years BP (Prest and Grant, 1969). Consequently the coastal
zone is characterized by. reentrants or drowned river
mouths, the largest of which is the Miramichi estuary (Fig.
3.2). After initial submergence sea level fell to 20 m below
its present level around 10000 years BP, as the result of the
rapid isostatic rebound of the crust (Thomas et al., 1973).
Over the past 8000 years sea level apparently has slowly
risen (Thomas et al., 1973), although rates and fluctuations
of Holocene transgression are not yet fully documented for
this region. Kranck (1972), Owens (1974b) and Bartlett and
Molinsky (1972) discussed the postglacial sea level history
for this region as it is presently understood.

The relatively low-relief drainage basin divides, which
were gradually submerged during the Holocene marine trans-
gression, form flat-lying subdued headlands at the shore-
line. The present barrier island configuration is the result of
the landward reworking of glacial and proglacial sedi-
ments, to positions between the headlands.

This region is a transgressive shoreline, as are most of
the world's coastal plain regions (Kraft, 1978). Comparative
analysis of aerial photographs covering the last 30 years
indicates that the northeast New Brunswick shoreline in
most barrier areas is receding landward, and that sea level
may still be rising. Owens (1974b) has observed peat and
marsh deposits underlying contemporary beach deposits at
some localities; this also indicates that the shoreline is still
transgressive.
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Figure 3.2.

BARRIER ISLAND SYSTEMS

Much of the nearshore zone adjacent to the study area is
nearly devoid of sediments (McCann and Reinson, unpubl.
data) and foreshore areas adjacent to rocky headlands
consist of rock pavement (Fig. 3.1) overlain by only a thin
veneer of contemporary littoral sand. As first recognized by
Ganong (1908), the headlands delineate four distinct barrier
island segments: Miramichi-Nequac, Tabusintac, Tracadie
and Pokemouche (Fig. 3.3).

The regional shoreline configuration defined by the four
barrier beach segments is largely a function of the
submerged topographic configuration of the ancestral pre-
glacial, drainage system. The Miramichi-Neguac segment
has a highly concave-seaward alignment terminated at the
sauthern end by the most prominent bedrock headland in the
region, Pdint Escuminac. The Tracadie and Pokemouche
barrier segments are also concave to seaward, although the
Tracddie barrier approaches linearity in its southern
portion. Both segments are much less embayed than the
Miramichi, because they enclose much smaller ancestral
river mouths than that of the Miramichi-Neguac barriers,
which extend across a wide, deep, in part structurally
controlled reentrant of the Miramichi river valley. The only
barrier segment which is convex seaward is Tabusintac, and
this difference could exist because there is no prominent
headland between Tabusintac and the Miramichi embayment

(Fig. 3.4). The Miramichi estuary is separated from Ta-
busintac lagoon by low-relief ‘'peat-cliffs', which are
receding slowly landward. The drainage basin divide

between the Tabusintac and Miramichi river valleys is very
subdued, and the presently submerged portion of the
ancestral divide must have had a very subdued elevation

ERTS satellite image mosaic of northeast New Brunswick illustrating the decrease in lagoon-
estuary size in a northward direction. For scale: distance between vertical grid lines is 40 km (reproduced
from NTS 1:1 000 000 mosaic series, published by Surveys and Mapping Branch, EMR, 1975). (BIO 4455)

also, having been completely drowned during the Holocene
transgression. The absence of a pronounced divide and
bedrock headland between the Miramichi and Tabusintac
systems may indicate that the Tabusintac River was once a
large tributary of the Miramichi drainage system. Further,
it is conceivable that at some ‘time during the early
Holocene an extensive barrier island system may bhave
extended in a relatively straight line across a large com-
bined bay system at the mouths of the two rivers. This
would account for the eroding 'peat-cliffs' of the blacklands,
which may represent freshwater marsh deposits that were
initiated during a lower stand of sea level.

Ganong (1908) commented on the convexity of the
Tabusintac barrier shoreline, in contrast to most of the
other barriers along the entire eastern New Brunswick
coastline, which displayed concavity, and also proposed an
explanation for this difference in the following account
(Ganong, 1908, p. 25, 26):

Of the beaches..., all are hung in the typical inbowed
curves from headland to headland except three, -- the
minor case..., and those of Tabusintac and Buctouche.
The latter are attached only at one end but are free at
the other, and are outbowed. Yet in both cases the
explanation is plain. The Tabusintac beach has at
present no southern headland except the peat-cliffs of
the blacklands, which are being eroded with great
rapidity, and which obviously the free end of the Beach
is following steadily landward. Yet 1 have no question
that in recent times this Beach had a southern headland,
off to the eastward, towards which it ran inbowed,
though only a suggestion of such a place is given by the
charts. Not only is the existence of such a headland

25
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Figure 3.3.  Regional configuration of the barrier-island

shoreline defines four barrier-island segments, some of which
are separated by bedrock headlands. The segments are
aligned either concave to seaward or convex to seaward.
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probable from the beach phenomena, but it is
necessitated by the presence of the blacklands, whose
great deposits of peat must have had an upland rise
between them and the sea.

The four barrier island segments enclose six lagoons (or
estuaries), which display a wide range of physical dimensions
both in bay surface area and drainage-basin area (Table
3.1). The Miramichi estuary is extemely large, in terms of
freshwater input and physical size, compared with the other
enclosed bays, which decrease in size in a northward
direction, as do the corresponding catchment areas. Both
the Pokemouche and Tracadie barrier island systems contain
two separate bays (Fig. 3.1). In the Pokemouche system the
two lagoons have formed from a natural process of land
reclamation by march growth and stabilization. However, at
Tracadie the single bay that was fed by two rivers is now
completely separated by a small causeway (constructed
within the last decade) joining the barrier beach to the
mainland (Figs. 3.1, 3.5).

There are presently eleven tidal inlets, or 'gullies' as
they are locally referred to, in the four barrier island
systerns. The largest inlets are those of the Miramichi-
Neguac, and the smallest are those in the Pokemouche
barrier system, and the northernmost inlet in each of the
Tracadie and Tabusintac barrier island systems.

Ten of the eleven inlets could be classified as
oermanent fixtures; some of them (with the aid of dredging)
have been in existence for more than 40 years. Only one
could be classified as ephemeral, having formed about four
years ago at the northern end of the Tabusintac barrier
system (Fiq. 3.6).

The two physiographic parameters discussed above, the
shoreline configuration or alignment of each barrier segment
(Fig. 3.3), and the wide range in physical dimensions and
hydraulic parameters of the lagoon-estuary systems (Table
3.1), must play a prominent role in controlling the variability
of inlets along the northeast New Brunswick coast. The
alignment of the barrier shoreline relative to dominant wave
approach will affect the Jongshore transport conditions, and
therefore inlet morphology and stability. Likewise, the size
of the estuary (therefore tidal prism), and the magnitude of
freshwater input, will control the morphology, size and
stability of the tidal inlets within specific barrier segments.

The effects of the two physiographic parameters on the
morphalogy and stability of the tidal inlets in each barrier
segment are examined in detail in the following section.

Figure 3.4

Oblique aerial view of the southern part of
the Tabusintac barrier segment showing the
dual-channelled South Inlet, the overlapping
barriers, and the peat cliffs of the
"blacklands" that separate Tabusintac lagoon
from Neguac bay in the northern part of the

Miramichi estuary (view looking west,
. photo by D.Frobel, November 1977).
(uncatalogued)



Table 3.1. Physical characteristics of estuaries and
lagoons in the northeast New Brunswick region

Estuary, Catchment Estimated mean Bay

lagoon area annual runoff rate area Inlets
(km?) (m*/s) (km?)

Little

Pokemouche 8 - 3.4 1

Pokemouche 490 10.2 24 1

Little

Tracadie 278 - 25 2

Tracadie 533 7.4 15 1

Tabusintac 770 11.6 36 3

Miramichi 13980 235 295 3

Runoff data from Atlantic Development Board (1969) (in
Owens, 1974b) is presented for comparative purposes only.
Hydrological data for the Miramichi drainage basin has been
recently updated in a comprehensive study by Ambler (1976).

G.E. REINSON

MORPHOLOGY AND STABILITY OF INLETS

Four characteristics of the inlets in each barrier segment
are discussed: inlet plan form, presence and nature of flood-
and ebb-tidal deltas, locational stability, and cross-
sectional stability.

A morphological classification of inlets based on plan
form (Fig. 3.7) was devised by Galvin (1971), He recognized
four types of inlets based on the offset of the barrier islands
on either side and proposed that these configurations were
related to three conditions: availability of littoral drift,
relative strengths of tidal and longshore transport rates, and
ratio of net to gross longshore transport rates (Table 3.2).

In the overlapping offset situation, one barrier extends
seaward and downcoast across the entrance to the lagoon
(Fig. 3.7). These inlets develop where the supply of littoral
drift is adequate, where longshore transport rates are large
but the tidal flow strong enough to maintain the inlet
channel, and where the ratio of net to gross transport rates
approaches 1:0.

An updrift offset occurs where the updrift barrier is
offset seaward (Fig 3.7). This barrier is usually tapered
toward the inlet. Such inlets occur under conditions similar
to the overlapping type, except that a significant number of
the waves approach from the downdrift side of the normal to
the shoreline. Therefore the ratio of net to gross long-
shore transport rates is far less than one, but not zero.

Figure 3.5.
of the barrier north of the inlet, and the highly modified and eroded barrier to the south which is also characterized

by extensive washover features.

Oblique aerial view (looking north) of the central inlet to Tracadie Lagoon. Note the bulb-shaped form

This inlet displays a typical downdrift offset in plan form. Note also the small

causeway, separating Little Tracadie from Tracadie Lagoon (left centre of photograph). (Photo by J.R. Belanger,
May 3, 1977, winter ice still remains, abutting against the back barrier). (BIO 4405-7)
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Table 3.2. Hypothesis relating inlet offset to
coastal processes
Ration of net to
Availability Ratio of tidal gross longshore
of littoral to longshore transport (wave
Offset drift transport direction)
Over-  Adequate Relatively Near 1.0
lapping updrift source equal (one side only)
Updrift Adequate Relatively < 1.0
updrift source equal (one side dominant)
Down- Beach is only Relatively < 1.0
drift updrift source  less long- (one side dominant)
shore transport
Neg- ? ? Near 0 (both sides
ligible equal)
From Galvin (1971), See Figure 3.7.

Figure 3.6.
northern part of the Tabusintac barrier segment showing the
extensive washover flats in the centre of the photograph, and
North Inlet with its flood-tidal delta, at the top of the
picture. (Photo by J.R. Belanger, May 3, 1977). (BIO 4404-6)

Oblique aerial view (looking south) of the
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The downdrift offset displays a rounded or bulb-shaped
downdrift barrier which is offset seaward (Fig. 3.7). Such an
inlet plan form results when: (a) there is a limited
availability of littoral drift, (b) longshore transport rates are
small compared to tidal-current transporting capacity, and
(c) there is a dominant direction of wave approach, but
waves approach from the downdrift side most of the time.
tHence the ratio of net to gross transport is less than one,
but not zera. The downdrift offset results when there is a
lack of source material for littoral drift, other than the
beaches themselves. Outer bars adjacent to the inlet also
contribute by causing waves to refract around and approach
the downdrift as well as the updrift side (Hayes et al,,
1970). This causes transport of sediment towards the inlet
from both sides.

A negligible offset, or symmetrical inlet, has no offset,
or one that is only a fraction of the minimum inlet width.
Negligible offset inlets occur under conditions where wave
directions are equally distributed about the normal to the
shoreline, and where net to gross transport rates approach
zero.

| OVERLAPPING OFFSET

SEA

BAY

2 SIGNIFICANT OFFSET
a UPDRIFT

SEA

BAY

b DOWNDRIFT

SEA

BAY

3 NEGLIGIBLE OFFSET
SEA

BAY

Figure 3.7.  Classification of inlets based on plan form
(modified from Galvin, 197 1).



Miramichi-Neguac barrier segment

The Miramichi-Neguac barrier segment is characterized by
three inlets, Portage Gully, Portage Channel and Huck-
leberry Gully (Fig. 3.8). Portage Channel and Portage Gully
(Fig. 3.9) are extremely large, and have extensively de-
veloped flood-tidal and ebb-tidal delta shoals (Reinson, 1977,

1979). Huckleberry Gully is very small, and has a large inner
shoal (flood delta), but no significant ebb delta de-
velopment. Both Portage Channel and Huckleberry Gully

are symmetrical in plan form and are locationally stable.
Portage Gully is updrift offset (Table 3.3) and has migrated
some 3 km southward since 1945 (Fig. 3.10).

The highly inbowed curvature of the Miramichi
embayment induces a longshore sediment transport towards
Huckleberry Gully and Portage Channel from both sides of
the inlet. Consequently these inlets are symmetrical in plan
form. The occurrence of a large ebb and flood delta as-
sociated with Portage Channel is related to the magnitude
of the tidal prism that drains the inlet. The extremely large
tidal prism is able to counteract the strong littoral drift,
thereby forming a large ebb delta shoal. High freshwater
discharge induces stratification in the water column, and
this in turn favors landward transport of sediment to form a
flood-tidal delta. In contrast, Huckleberry Gully accom-
modates a relatively small tidal prism, and therefore cannot
flush the inlet of littoral drift. The bay behind is being
filled in by littoral drift during flooding tides, but during the
ebb phase the tidal currents are not strong enough to remove
these sediments to form ebb delta shoals.

This variable maorphology of the Miramichi
reflected in the maintenance dredging pattern. Although
dredging has been extensive in the Miramichi estuary
(Reinson, 1977; McCann et al.,, 1977), the inlet throats of
Portage Channel and Portage Gully have never been
dredged. In contrast, Huckleberry Gully has to be dredged
periodically to maintain a 2m deep channel for use by
small-draft vessels.

The inlet conditions displayed by Portage Gully, of
being locationally unstable (Fig. 3.10) and yet having a large
cross-sectional area (Fig. 3.8) with associated well de-
veloped ebb and flood delta (Fig. 3.9), are related to a
combination of strong southerly littoral drift and a large
tidal prism. Portage Gully receives abundant sediment from
the Tabusintac barrier immediately to the north, but the
tidal prism draining the inlet is large enough to maintain the
deep channel even as it migrates. Evidence for a strong
southerly drift component has been documented by Owens
(1974a, 1975) and this is confirmed by the morphology and
stability characteristics of the Tabusintac inlets, which are
discussed later. .

The cross-sectiona!l stability of Portage Channel and
Portage Gully through time are evident in Figure 3.11. Even
though Portage Gully has migrated southward at the rate of
about 100 m/a*, the cross-sectional area has been
maintained and has, in fact, increased some 900 m? over the
past 25 years. Similarly, the cross-sectional area of Portage
Channel, although remammg constant from 1922 to 19545
increased by 1900 m? since then. The increase of 2840 m
in cross-sectional area for the two inlets combined implies
that the volume of water (or tidal prism) draining these
inlets, has increased since the early 1950s. An increase in
flow volume at Portage Channel has been implied also from
the bed form distribution pattern (Reinson, 1979). The
increase in magnitude of tidal prism draining Portage
Channel and Portage Gully can be attributed to the gradual
shoaling over the past century of Neguac Bay and Baie
Ste.-Anne (Fig. 3.12), and the closure of Fox Gully (Fig.
3.10) in the early 1970s (Reinson, 1977). These changes
probably diverted some of the tidal prism to the two main
inlets.

inlets is

* a is the SI symbol for years.
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Table 3.3. Inlet offset and stability as observed in vertical
aerial photographs taken in 1945, 1963 and 1974

Segment and inlet Offset Location
_ stability
1974 1963 1945 since 1945

Pokemouche

Little Pokemouche D(S) N N  moved 350 m south
Pokemaouche N D(N) D(N) stable
Tracadie
North N N N moved 250 m north
Central D(IN) N N stable
South N N N  moved 1.7 km
south#*
Tabusintac
North D(S) - - -
Tabusintac Gully U(N) U(N) U(N) moved 3 km south
South O(N) O(N) U(N) moved 1 km south

Miramichi-Neguac

Portage Gully U(N) UN) UN)
Portage Channel N N N
Huckleberry Gully N N N

moved 3 km south
stable
stable

* Due to relocation of jnlet by dredging.

N negligible offset.
downdrift offset on the south,

D(N) downdrift offset on the north. D(S)
U(N) updrift offset on the

north. O(N) overlapping offset on the north.
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Figure 3.8. Entrance to the Miramichi estuary showing the
form of the flood- and ebb-tidal deltas as defined by the 2 m
and 5 m isobaths. Minimum cross-sectional areas (Ag)
relative to mean sea level are also illustrated. Portage
Channel and Portage Gully sections are drawn from the 1974-
1975 hydrographic field sheets, Huckleberry Gully is drawn
from the 1922 field sheet.
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Figure 3.9.  Vertical aerial photograph taken in 1976, showing Portage Gully and corresponding flood- and ebb-
tidal delta shoals. The stunted "drumstick” shape of Portage Island (bottom of photograph) contrasts with the
long, linear shape of Neguac Island to the north of the inlet. Bar scale is 2 km (Source: NAPL Photo A24434-45).
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Figure 3.10. Comparative shoreline analysis of the
Miramichi barrier segment using 1945 and 1974 NAPL photo
series (modified from Hunter, 1976). Note the former
presence of an inlet, Fox Gully, about 2km north of
Huckleberry Gully.
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The entire Miramichi estuary can accommodate a spring
tidal prism in the order of 3.8 x 10° m3, and a mean tidal
prism of about 3.3 x 10° m?® (Table 3.4). According to
O'Brien (1931, 1969), the flow area of an inlet in equ1llbr1um
is related to the.tidal prism by the function Ag = 2. O x 107°p
where A. is the minimum cross-sectional area (ft2) of the
inlet measured below mean sea level, and P is the volume of
the tidal prism on a spring or diurnal tide expressed in ft®.
Using this relationship (and converting to metric units) the
tidal prism obtained from the combined cross-sectional
areas in 1975 of Portage Channel and Gully is 3.5 x 10® m?®
whereas in the 1950s it was 3.1 x 10® m3, The 0.4 x 108 mg
difference could easily be explained by a shift in flow
volume to the main inlets as the result of peripheral
sedimentation and inlet closure. The two main inlets
evidently accormmodate most of the tidal prism volume for
the entire estuary, and Portage Channel alone accounts for
up to three quarters of the tidal flow entering the estuary.

It is noteworthy that O'Brien's relationship predicts
tidal prism volumes for Portage Channel and Portage Gully
that when totalled, compare favourably with the estimated
tidal prism for the entire estuary and with the total tidal
inlet discharges calculated from the current-velocity
measurements of Com Dev Marine (1975) (Table 3.4).
However, the revised equation of Jarrett (1976), relating P
to Ap for unjettied inlets on the Atlantic coast, predicts
unrealistically low tidal prisms, which are not in the same
range as the estimated tidal prism for the entire estuary, or
the inlet tidal prisms calculated from current-velocity
measurements.

Tabusintac Barrier Segment

The Tabusintac barrier is characterized by three main inlets,
South Inlet, Tabusintac Gully and North Inlet (Fig. 3.12).
Tabusintac Gully and South Inlet are dual channelled,
exhibiting promounced updrift and overlapping offset plan
forms, respectively, whereas North Inlet (formed in 1976) is
essentially symmetrical in plan at present. All of the
Tabusintac inlets have small cross-sectional areas (Fig. 3.13)
and the flood-tidal delta shoals (with the exception of the
North Inlet delta) are not clearly defined morphological
features. Ebb-tidal deltas are even less distinct mor-
phologically than the flood deltas and are also smaller.

Figure 3.11

Comparison of inlet throat cross sections for
Portage Channel and Portage Gully. Sections represent
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Tabusintac Gully and South Inlet are locationally unstable,
tending to migrate southward rapidly at rates of up to 100
m/a (Table 3.3, Fig. 3.14). The present form of North Inlet
is rather different from the other Tabusintac inlets, and
trends in stability and morphology are not yet evident
because of this inlet's relative infancy. However, the more
permanent or 'mature' Tabusintac inlets display character-
istics that suggest that there is a strong southerly littoral
drift along this barrier (or a ratio of net to gross transport
approaching one, Table 3.2). The convex shoreline prabably
promotes this dominant southerly littoral transport. The
65:0(7 64:50‘
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tidal prism is sufficiently large to promote tidal currents
strong enough to maintain the inlet channels, even though
these are laterally unstable.

The longshore drift system for the Tabusintac and
Miramichi-Neguac barrier systems can be inferred, from the
observations on inlet stability and morphology (Fig. 3.15), to
be a composite system of sediment transport from the
Tabusintac barrier into the Miramichi-Neguac embayment.
Hence the lateral instability of Portage Gully, which
receives strong longshore sediment input from the north.
Such a longshore drift system for Miramichi-Tabusintac was
originally inferred by Owens (1974a, 1975), based on a
comparative airphoto analysis of the migrating barrier
segments in the Neguac - south Tabusintac region.

Tracadie barrier segment

The Tracadie barrier segment (Fig. 3.3) begins north of the
bedrock headland at Barreau Point (Fig. 3.12). The mor-
phology and shoreline alignment of this barrier system is
completely different from that of Tabusintac to the south
(Fig. 3.16). Individual barrier islands do not overlap but are
aligned in a straight to slightly concave shoreline ori-
entation. There are three inlets in this barrier system (Fig.
3.17), two which drain the large lagoon of the little Tracadie
River (Fig. 3.1), and a third draining the Tracadie River
north of the Val Comeau peninsula (Fig. 3.16). All three
inlets have cross-sectional areas estimated to be less than
500 m2. Both flood- and ebb-tidal deltas are present, but
the ebb deltas are small and ill defined compared with the
flood deltas (Fig. 3.17).
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Figure 3.12.  Map showing the geographic relationship
between the Miramichi embayment and Tabusintac lagoon.
Names of the major inlets are shown along with the
generalized nearshore bathymetry.
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Figure 3.13. Map illustrating the location and configuration
of inlet-throat cross sections of the Tabusintac inlets. Cross-
sectional areas (A,) represent the minimum areas measured
below mean sea level. (Sections drawn from data collected
by the author in July 1977.)



Table 3.4. Relationships between tidal prism and inlet
cross-sectional areas for Portage Channel and Portage Gully

Estimated tidal prism for Miramichi estuary using a
bay surface area of 295 km?
3.8x10% m? (using a measured spring tidal range
of 1.3 m for September, October 1974)
3.3x10% m? (using a predicted mean tidal range of
1.1 m)*
4.7 x 108 m? (using 2 predicted large tidal range of
1.6 m)*

Predicted tidal prisms for Portage Channel and Portage
Gully (using Q'Brien's relationship, Aq = 2.0 x 107°P)

1975 1954(51)
Portage Channel 2.8 x 10°% m? 2.5%x 10® m?
Portage Gully 0.7 x 10® m? 0.6 x 10® m?
Total 3.5x10%° m?® 3.1 x 108 m?

Calculated tidal prisms for Portage Channel and Portage
Gully (using current-velocity measurements for September,
Octaber 1974)*¥

Portage Channel 2.8 x 108 m?
Portage Gully 0.5 x 10% m?
Total 2.9 x 10% m?

* From Canadian Hydrographic Service (1977).

#% Talcen by Com Dev Marine (1975). Discharges calculated
by method of Jarrett (1976). Values are averages of eight
fload and ebb cycles for Portage Channel, and six flood and
ebb cycles for Portage Gully.

The central inlet (Fig. 3.5), which has been locationally
stable for the last 30 years (Table 3.3), displays a
pronounced downdrift offset in plan form (Fig. 3.7, 3.17).
According to Calvin's theory, the dominant direction of
wave approach at this inlet is from south of the normal to
the shoreline, and net Jongshore drift is northwards. Galvin
(1971) has suggested that downdrift offsets usually occur
where there is a paucity of source material for littoral drift,
the material being derived mainly from adjacent beaches.
This situgtion is evident at the central inlet to Tracadie
(Fig. 3.5), where the updrift barrier beach (south of the
intet) is receding rapidly by shoreline erosion, while the
downdrift beach is accreting.

The southern inlet in the Tracadie barrier segment (Fig.
3.16, 3.17) displays negligible coffset. Its present location is
the result of dredging in 1964. Prior to 1964 it was some 1.7
km farther north, and between 1945 and 1963 the inlet
migrated about 0.5 km northwards. The inlet migration
would infer a net northerly littoral drift in this area, al-
though this is not indicated by the present plan form con-
figuration. The sediment cover in the littoral zone in this
area southwards to Barreau Point js minimal. Sidescan and
bottom profile records of the nearshore zone indicate that
only a thin patchy veneer of sand is present on a predom-
inantly bedrock seabed (McCann and Reinson, unpubl. data).
Since the creation of the inlet in 1964, a large flood-tidal
delta has formed landward of the barrier and beach erosion
has ensued at Val Comeau beach (Fig. 3.5). This indicates

_G.E. REINSON

0 2000
METRES ~ .%p

Figure 3.14. shoreline

Comparative
Tabusintac barrier segment using the 1945 and 1975, 1976
NAPL photo series, as well as oblique photos and aerial

analysis  of the

observations during May and July 1977. (1977 shoreline map
compiled by D. Frobel, 1945 shoreline map interpreted from
aerial photographs by P. Vilks.)

that the littoral sediment is being supplied in large part
from erosion of adjacent beaches, is carried into the lagoon
by tidal currents, and is lost permanently from the nearshore
zone.

The northernmost inlet in the Tracadie barrier segment
has a negligible offset configuration and has remained
relatively stable, migrating about 250 m northward in 35
years. There appears to be no predominant littoral drift
direction in this srea, although sand bypassing at the central
inlet may be the cause of its slight northward migration. A
very small inlet, it still remaing open probably because the
littaral sediment supply in this region is rather low. If there
were an abundant sediment supply this inlet would have been
filled in long ago. Under the present situation the tidal
prism is large enough to maintain the inlet.
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Figure 3.15. Inferred littoral drift compartments for

northeast New Brunswick, based on morphology and stability
of the inlets (1 - Miramichi-Tabusintac, 2 — Tracadie,
3— Pokemouche)

The Tracadie inlets tend toward closure and both the
central and scuthern inlets have had to be maintained by
dredging. The shosling of these two inlets has not been
rapid and, even though the shoreline alignment is concave
seaward, the available drift apperently is inadequate to
foree rapid closure.

The morphology and stability of the Tracadie inlets
infer a littoral drift system which is closed at both ends and
in which sediment supply is scarce, with no major re-
plenishment from alongshore areas to the north or south of
the system.

Pokemouche barrier segment

There are two inlets in the Pokemouche barrier segment
(Fig. 3.18), both of which are extremely small, with
cross-sectional areas estimated to be less than 300 m?%. The
flood-tidal deltas are extensively developed and are being
stabilized by marsh growth. In contrast ebb tidal deltas are
virtually absent. The inlet te Pokemouche Lagoon has a
negligible offset and has remained in its present position for
the past 35 years (Table 3.3). Little Pokemouche inlet
displays a slight downdrift offset to the south (Fig. 3.18),
and has moved in this direction some 300 m in 30 years.
Both inlets display a strong tendency toward closure, and
dredging is probably the only reason that they remain open.
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A closed littoral drift compartment for the Pokemouche
barrier system csn be inferred from the morphology and
stability of the inlets (Fig. 3.15). Inlet plan forms suggest
that the ratio of net to gross transport approaches zero at
both inlets, and that waves approach an equal amount of
time from all directions of the normal to the shoreline
(perhaps a little more so from the north at Little Po-
kemouche inlet). The shareline is aligned concave to sea-
ward, and the littoral sediment supply is more abundant than
in the Tracadie barrier system. In addition the tidal prisms
are not Jarge enough to promote a higher rate of tidal-
current transport over longshore transport. All these con-
ditions favour inlet siltation and closure

IMPLICATIONS OF INLET MORPHOLOGY AND STABILITY

A longshore sediment transport system, containing three
littoral drift compartments, is inferred from the analysis of
inlet morphology and stability (Fig. 3.15). The Miramichi-
Tabusintac compartment is a combined system, in which a
dominant southerly littoral transport occurs along the
Tabusintac segment and enters the Miramichi embayment,
where sediment is trapped. This sediment entrapment
results from the drift reversal that is set up in the southern
part of the embayment by the prominent north-facing
headland west of Point Escuminac (Fig. 3.12) (Owens, 1975).
The Miramichi-Tabusintac littoral drift system is open to
the north, but probably very little sediment enters the
system from this direction, because there simply is not
enough material available for transport in the region of
Barreau Point. The primary source of littoral sediment in
the Tabusintac segment probably comes from within the
system itself, by shoreface -erosion and by landward
recession of the barrier islands.

The Tracadie barrier segment is interpreted as a
predominantly closed littoral drift system, in which the
sediment supply is very low. The barrier beaches are
eroding rapidly because they are the main sources of the
littoral drift. Onshore reworking is probably not a major
contributor to the littoral drift system because of the
scarcity of sand in the nearshore zone. Pokemouche is in-
terpreted as a partly closed littoral compartment also, but
here the sediment supply from nearshore and alongshore
sources appears to be higher than in the Tracadie system.

The littoral drift pattern, inferred from inlet mor-
phology and stability (Fig. 3.15), does not completely fit the
generalized southerly sediment dispersal pattern inferred by
Owens (1974b) for the entire northeast New Brunswick
coast. This does not mean that the model of Owens is not
valid on a regional basis, for it is likely that Tracadie and
Pokemouche are the only barrier island systems of
substantial size on the entire New Brunswick coast (from
Miscou Island south to Buctouche Spit in Northumberland
Strait) that are not subjected to a dominant southerly
longshore transport regime. These two barrier segments,
and the one at Shippegan Sound (Fig. 3.1), are situated in a
broad shallow-embayed reqgion of the coast that is not
entirely exposed to maximum fetches from north-northeast
to east-northeast directions. Most of the other barrier
island segments are completely exposed to the maximum
fetch window.

The fact that the variations in inlet morphology and
stability point to a rather complicated littoral drift system
for the portion of coastline discussed here indicates the need
for a comprehensive wave climate study for the entire
southern Gulf of St. Lawrence. As pointed out by Bryant
(1979), directional wave data, collected from stationary
wave-rider buoys deployed for long periods are needed.
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Figure 3.16.
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Oblique aerial photograph (looking north) of the Tracadie barrier-island system, showing the Val

Comeau peninsula in the foreground, and the downdrift offset central inlet near the top of the photograph. Note the
relatively siraight to concave alignment of the Tracadie barrier islands compared to those at Tabusintac (Fig. 3.4).

(Photo by J.R. Belanger, May 3, 1977} (BIO 4405-3)

Although hindcasted statistics and occasional wave obser-
vations are useful for depicting nearshore wave climates as
they affect shorelines on a regional basis, they are not
adequate for delineating process-response patterns of
specific shoreline segments such as Pokemouche.

The variations in morphology and stability displayed by
the inlets along the coastline,of northeast New Brunswick
are not consistent with the generalized morphological
models of Hayes (1975, 1976) for inlet-barrier systems on
microtidal coasts. According to Hayes, some major qeo-
morphological differences exist between microtidal bharrier
island shorelines and mesotidal barrier island shorelines.
Microtidal barrier islands are Jong and linear and
characterized by abundant storm washavers, and the tidal
inlets and deltas are minar in extent, with more prevalent
flood-tidal deltas than ebb deltas. Mesaotidal barrier islands
are short and stunted (drumstick shaped), and the tidal inlets
and deltas, especially the ebb deltas, large and distinct,
Microtidal coasts are considered by ‘dayes to be wave-
dominated, whereas mesotidal coasts are affected by both
wave- and tidal current - generated processes. Hayes's mor-
phogenetic differentiation, bagsed on tidal range, applies in
many barrier island systems throughout the world, but not in
the northeast New Brunswick region. Here, there are
wave-dominated inlets (Pokemouche), inlets influenced
largely by tidal currents (Portage Chapnel and Portage

Gully), large and small inlets, large and small ebb and
flood-tidal deltas, and both drumstick and linear islands. (In
two cases a drumstick island is situated adjacent to a linear
island (Figs. 3.9, 3.17), yet the entire shoreline is microtidal
(Fig. 3.1).)

It is suggested here that the tidal range theory for
barrier island morphogenesis, although useful for describing
variations between regions with substantially different tidal
ranges, is certainly not sufficient for explaining the vari-
ations of depositional features along and between coast-
lines subjected to small tidal ranges.

In microtidal, and possibly also ip some mesotidal
reqgions, other factors may be as important or more
important than tidal range variations in controlling the
marphology of barrier island systems. In particular, var-
iations in tidal prism, which is a function of bay surface area
and tidal range, will be extremely important in regions of
low tidal range.

To summarize, three factors control the variations in
inlet conditions and morphology of barrier islands along the
northeast coast of New Brunswick. These are (1) the
physical dimensions of the bay-river systems that the barrier
islands enclose {the tidal prisms), (2) the alignment of each
barrier island segment relative to the direction of offshore
wave approach, and (3) the variability in the supply of
littoral sediment along the coast.
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Figure 3.17

Vertical aerial mosaic (using 1974 NAPL photographs)
of the Tracadie barrier-island system. Note the large
size of the flood deltas relative to the ebb deltas at
each inlet. Note also the drumstick-shaped island
north of the central inlet and the long-linear island to
the south. The barrier island north of the
southernmost  inlet has undergone  extensive
modification and erosion. (Bar scale represents 1 km)
(BIO 4797-3)
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Figure 3.18.  Vertical aerial mosaic (using 1974 NAPL photographs) of the Pokemouche barrier-island segment,
showing Little Pokemouche lagoon at the top and Pokemouche lagoonal estuary at the bottom of the composite
photograph. Note the symmetry of the inlets, the large accreting flood-tidal delta shoals which are being
stabilized by marsh, the lack of ebb-tidal deltas, and the general extremely shallow condition of the inlet
channels. The linear striped pattern to the left of Little Pokemouche lagoon is caused by surface mining of peat
deposits. (Bar scale represents 1 km) (BIO 4797-2)
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Abstract

Changes in flood tidal delta morphology from 1935 to 1976 were investigated for two small tidal
inlets on northern Prince Edward Island. Both inlet systems have undergone considerable modifica-
tions since 1935, as a result of channels migrating on the flood tidal delta, new channels forming, and
others closing. The stimulus to channel migration has generally been deposition along one channel
margin, in response to sediment inputs from the littoral drift or an adjacent channel. Elsewhere, new
channels have developed in situations providing direct water exchanges between the estuary and inlet
throat. The impact of a flood tidal delta's channel configuration upon inlet behaviour was also
investigated for the larger inlet, Hardys Channel, using current velocity data. Results indicate a
relationship between flow conditions in the 1970s and recent inlet migration. Comparisons between
these small inlets and larger inlets in this microtidal environment suggest that some inlet responses
are influenced more by inlet size, or tidal prism, than by tidal range.

Résumé

Les auteurs ont étudié la modification du modelé des deltas engendrée par les courants de
marée entre 1935 et 1976 et se sont plus particuliérement intéressés a deux petits inlets de marée
situés dans le nord de l'Ile-du-Prince-Edouard. Les deux ensembles d'inlets ont subi des modifications
considérables depuis 1935, par suite de la migration des chenaux sur le delta de marée, de la
formation de nouveaux chenaux tandis que d'autres se refermaient. La migration des chenaux a
généralement accompagné la sédimentation qui s'est effectuée le long d'une bordure de chenal, a la
suite d'apports de sédiments provenant de la dérive littorale ou d'un chenal adjacent. Ailleurs, de
nouveaux chenaux se sont formés dans des situations assurant des échanges d'eau directs entre
l'estuaire et le goulot de l'inlet. L'effet de la configuration du chenal du delta sur le comportement
de l'inlet a été aussi étudié dans le cas du plus grand des deux inlets, le chenal Hardys, au moyen des
données sur la vitesse du courant. Les résultats obtenus indiquent un rapport entre les conditions
d'écoulement dans les années 70 et la récente migration de l'inlet. Des comparaisons effectuées
entre ces petits inlets et les plus grands dans ce milieu microtidal laissent croire que certaines
réactions des inlets dépendent davantage de la taille des inlets ou du prisme de marée que de

l'lamplitude de marée.

INTRODUCTION

Sandy sections of shoreline fringing the southern Gulf of St.
Lawrence in New Brunswick and Prince Edward Island are
characterized by spits and barrier islands broken by small
and large tidal inlets. The barrier islands and the nearshore
zone have received much attention during the 1970s (Bryant
and McCann, 1973; Greenwood and Davidson-Arnott, 1975;
Owens, 1974; Armon and McCann, 1977a) but little has been
published on the tidal inlets until recently (Reinson, 1977;
McCann et al., 1977). The tidal inlets occurring around the
southern Gulf are of interest because of their impact on
barrier island dynamics (Armon and McCann, 1979) and their
location in a coastal environment with small tidal ranges and
restricted wind fetches. This: latter aspect is important
because detailed studies of inlet morphology, currents, bed-
forms and patterns of net sediment transport have generally
been carried out along exposed ocean coasts possessing
larger tidal ranges (e.g., Coastal Research Group, 1969;
Byrne et al., 1974; Boothroyd and Hubbard, 1975). The
resulting models of flood-tidal and ebb-tidal delta mor-
phology and dynamics from such areas have been extended
recently to inlets in other coastal environments (Hayes,
1975).

This paper considers changes on the inner sand bodies of
two small tidal inlets along the Malpeque barrier system,
northern Prince Edward Island (Fig. 4.1). The term
'flood-tidal delta' is applied here to the entire inner sand
body, rather than to the more restricted zone considered by
some workers. This study has three aims: to establish the
degree and rate of changeability in channel patterns on the
flood-tidal deltas of the inlets, to explain any changes in
channel positions, and to assess the possible impact of such
changes on inlet migration. Changes in channel patterns
have been investigated using aerial photography flown since
1935, and the tidal current conditions and inlet responses
have been recorded for one inlet. The results presented here
provide the basis for evaluating Hayes's (1975) conclusions
regarding tidal inlet systems in microtidal regimes.

FIELD AREA

The two tidal inlets, Hardys Channel and Palmer Inlet, are
located 17km apart, midway along the Malpeque barrier
system (McCann et al.,, 1977). The adjacent sections of
barrier shoreline are transgressive, maintaining their general
character and dimensions under continuing landward retreat
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considerable impact on the Malpeque barrier system in the
e Lt long term. Since the earliest map coverage in 1765 nine
ST LAWRENCE other inlets have been reported, seven of which are small
inlets. Approximately 30 per cent by length of the shore-
f line has been influenced by present or former tidal inlets in
the past 210 years, and over 90 per cent by volume of all
sTuoY measured landward sediment movements in the period
aREA 1935-1968 occurred at tidal inlets or former small inlet
situations (Armon and McCann, 1979; Armon, 1979).

Hardys Channel is the targer of the two inlets, ex-
SRUNSWICK 3 changing most of the waters from The Narrows (Fig. 4.1; S.
845 < ; Vass, pers. com., 1978) as well as from adjacent sections of

Bat Malpeque Bay. This inlet has existed for the last two

J/ Former et Locatlon centuries. Map and geomorphic evidence indicate that it has

moaved 1200 m to the southeast during that time, with 380 m

N INLET conway SAND recorded since 1935. The sma]l ebb-tidal delta extends 400 -

> HILLS 500 m seaward from the inlet throat and links with the outer

nearshore bar. In the estuary, the relatively lsrge flood-

Hoa tidal delta is 2500 m by 1100m. Since 1970 small inlet

ISLAND | chapnels have formed immediately southeast of Hardys

e 1765 waRovS Channel but their tidal prisms remain small and they have
ROWEY CHANNEL had little influence on the actions at Hardys Channel.

% 1800 | Palmer Inlet formed in this century between 1912 and
1935, and has remained open in spite of its rather small
dimensions, In contrast to Hardys Channel this inlet has
maintained its general position since 1935, showing no tend-

ISLAND ency to migrate downdrift. In fact, the inlet throat at
9 s Palmer Inlet has migrated 100 m to the northwest in the
decades following 1935. The ebb-tidal delta is similar in
seaward extent to that of RHardys Channel but is shallower

; —j [n spite of their minor dimensions, small inlets have hag
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SYSTEM
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SAND  HILLS NEW
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Figure 4.1.  Location map for Hardys Channel and across its outer margin ar terminal lobe (0.5-0.7m below
Palmer Inlet, Malpeque barrier system, Prince Edward Island. low low water (LLW)). The flgod-tidal delta extends 1800 m
Previous inlet sites are indicated by arrows. alongshore and 1000 m into the estuary.

The landward margins of the flood-tidal deltas at
Hardys Channel and Palmer Inlet mark the limit of sand
transport into the estuaries from these inlets. Eelgrass

(Armon and McCann, 1977a). Wind fetches in the north-
eastern guadrant vary between 150 and 700 km, so that in
the context of the southern Gulf this barrier shoreline is an
exposed one, The longest fetch is to the northeast but storm
waves are formed more commonly from the north, resulting
in net southesstward sediment transport along the coast.

Table 4.1 Inlet dimensions, Malpeque barrier system

The northwestern section of the barrier islands is partly Width of Maximum Mean depth Mean cross-
sheltered fram these northerly wave approaches and rates af throat depth at at throat sectional
-net longshore sediment transport are lower there. Data on throat area

inshore wave conditions and gther evidence suggest that
rates increase from340 000 miyear-! southeast at Palmer
Inlet to 200000 m*year~’ southeast by Hardys Channel 2
(Armon and McCann, 1977a, b). The difference in rates (m) (m) (m) (m®)
appears to be made up largely by the continuing erosion of

the nearshore surface along Conway Sand Hills, down to E'E;(rj\?-nil 130 7.9 35 720
10 - 15 m water depths. : '
The tides are mixed mainly semidiurnal, with a maxi- Palmer
mum range in spring approaching 1.3 m, and mean tidal Inlet 190 4.0 2,5 470
ranges of 0.67-0.77m (Canadian Hydrographic Service,
1973). Characteristic spring tidal ranges are around 1.0 m. Malpeque
Freshwater inputs to the estuaries are relatively minor Channel 1240 18 7.3 9000
except during spring snowmelt, and waters at the inlets are
unstratified (Armon, in prep.). Two large estuaries back the Alberton
Malpeque barrier system but most of their tidal exchanges Harbour
occur through the larger inlets, Alberton Harbour inlet in inlet 470 6.3 3.5 161C

the north and Malpeque Channel in the sauth. The remaining
limited catchment areas plus the microtidal ranges result in
small tidal prisms and inlet dimensions for Hardys Channel
and Palmer Inlet (Table 4.1). The dimensions of these inlets Source: Table 5.1, p. 175, Armon (1975), with modifi-
are an order of magnitude less than those of Malpeque cations for Malpeque Channel.

Chanrel.
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(Zostera marina) grows on the estuary floor adjacent to the
deltas and on the bottoms of channels emerging into the
estuary, permitting only very limited sand transport. This
situation far small tidal inlets supports Hayes's (1975)
contention that in microtidal estuarine environments sand
transport by tidal currents diminishes rapidly away from
inlet locations, On the other hand, changes recorded in
Malpeque Bay (Sheldon et al., 1968) plus the extensive sand
bodies there indicate that sand transport may be active for
much greater distances landward from larger inlets in some
microtidal situations.

FLOOD TIDAL DELTA CHANGES
Hardys Channel

Hardys Channel is the more accessible and easily studied
inlet of the two. In the seventies it consisted of four zones
of clam flat separated by simple or complex channel sets
(Fig. 4.2). The major channel set was directed to the west
from the inlet throat, and depths of 3~4 m were maintained
in the main west channel across the flood-tidal delta. The
other major channels had maximum depths of 2.0 - 3.5m,
but were considerably shallower at estuary and inlet ends
(0.5 - 1.5 m below LLW). The surface of the flood-tidal
delta was 0.4 - 0.7m above low low water, being completely
covered during large and spring tides only.

Figure 4.3 presents the inlet morphologies recorded at
Hardys Channel between 1935 and 1968. The striking differ-
ences between the conditions in 1935 and 1958 highlight the
degree of changes in channel patterns that can occur at this
inlet, In 1935 there was a simple bifurcation landward of
the inlet throat into two channel sets, with a continuous
clam flat zone backing these channels. By 1958 the major
1935 channel sets curved back into the flood-tidal delta, and
additional channels were present in the west and southwest,
The conditions recorded from 1958 to 1968 demonstrate the
rate at which such changes can occur. In 1964 two channel
sets existed where there was one in 1958, and elsewhere
noticeable changes had also taken place. These trends
continued through to 1968 and by that time the flood-tidal
delta had much of its 1973 character (Fig. 4.2).

The extent of these changes is indicated on Figure 4.4
for the time periods 1935-~1958 and 1958 -1968. During the
earlier 23-year period the southeastern channel system was
deflected over 400m landward, with a lesser deflection re-
corded for the main west channel. Subsequently a new
channel set developed across the. southeastern sand flat,
other channel systems were reoriented, and the inner margin
of Conway Sand Hills eroded. The inlet throat and ebb-tidal
delta migrated continuously to the southeast in the decades
following 1935, This migration has often been a factor
influencing the changes on the flood-tidal delta.

The changes in channel patterns recorded here result
from baoth. channel migration and channel initiation or
infilling. The impetus to channel migration commonly ap-
pears to have been a surplus of sediment deposited along one
channel margin, For example, 1958 aerial photography
shows a large accumulation on the updrift (northwest)
margin of Hardys Channel, deposited from the littoral drift
in association with the inlet's longshore migration. This
deposition apparently forced the main west channel to curve
landward into the delta. [t also appears likely that the
development of extensive sandflats immediately southeast
of the 1958 inlet throat caused the migration of the
southeastern channel set there. These sandflats developed
from the eroding downdrift inlet margin as a result of
landward sediment transpart by storm overwash.
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Figure 4.2. Hardys Channel flood tidal delta, June 8th,

1973. Source: CN 2482, frames 75-28; NAPL.

Some channels have changed only in the orientation of
their seaward margins, in response to the changing current
deposition patterns in adjacent channels. For instance, the
reorientation of the southeastern 1958 channel set through
to 1968 resulted from the formation of an additional channel
set immediately seaward (Fig. 4.3).

Channel initiation has also contributed to the changes in
channel patterns. At present little is known of the mech-
anisms triggering the formation of new channels but several
possibilities exist. In some circumstances ice might promote
localized scour during spring breakup. Strong hydraulic
currents resulting from a major storm surge may accentuate
irregularities over the clam flats, if the surge coincides with
spring high tide. Enhancement of local irreqularities during
normal spring tides is unlikely because water depths are
shallow and current speeds over the higher clam flats are
only 30-40cm s~ (Armon, in prep.).

Twa characteristics of channel formation have become
apparent from an analysis of aerial photographs. New
channels have consistently developed in locations that have
led to more direct channelized water exchanges between the
inlet and estuary. In addition, channel formation appears to
have occurred commonly in response to one set of currents
(flood or ebb). For example, the precursor of the south
channel system was evident in 1958, crossing the higher
intertidal sandflats (Fig. 4.3). This channel's nonalignment
with the axis of the inlet throat indicates that ebb currents
rather than flood currents were important in forming it
there.

Once initiated, channels tend to grow into full chan-
nels by positive feedback, as current speeds are higher in
channels than on the clam flat and the currents are active
for longer periods. That such a development can be rapid is
revealed in the changes between 1973 and 1976 when a
channel formed between central and south channel (Fig.
4.5). In 1973 the beginnings of the channel were seen at the
junction with south channel; it was fully developed by 1976,
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Figure 4.3.  Flood tidal delta morphology at Hardys Channel between 1935 and 1968. The major sand bodies are shaded.
Source: Run numbers A5074, A16112, A18452, and A20356; NAPL.
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Palmer Inlet

The flood-tidal delta at Palmer Inlet (Fig. 4.6) resembles
more closely than Hardys Channel the model proposed by
Hayes et al. (1973) for mesotidal flood-tidal deltas. There
are noticeable ebb shields and spillover lobes, a relatively
large flood ramp, and a reduced clam flat zone. The
characteristic bifurcation into two channel sets at the inlet
throat, however, has not been evident at Palmer Inlet since
1958 (Fig. 4.7). For the last two decades there has been a
major channel and flood ramp complex directed south-
eastwards into the estuary, introducing an asymmetry to the
channel system. Depths in the channels here are shallow (up
to 2m below LLW) and only 0.5 to 1.0 m deep at the estuary
limits.

In 1935 this inlet was relatively symmetrical and the
flood-tidal delta rather segmented (Fig. 4.7). However, by
1958 the asymmetry had developed in the channel pattern.
Conditions were similar in 1971, but with a more pronounced
curviness to the major channel set.

This flood-tidal delta system is smaller, simpler and less
changeable than in Hardys Channel. In detail though, both
channel migration and channel initiation or closure are
evident (Fig. 4.8). Changes closest to the inlet have gen-
erally been a response to the continued landward migration
of the inlet margins since 1935, Elsewhere the most
noticeable changes have been in the zone of small channels
with spillover lobes, located west of the flood ramp (Fig.
4.7). Contrasts in the channel numbers, sizes and locations
in successive aerial surveys between 1958 and 1971 show
they are constantly changing.

The most unexpected feature of inlet behaviour at
Palmer Inlet has been the migration of the inlet throat
100 m northward since 1935 (Fig. 4.8), which occurred as the
updrift and downdrift waterlines were migrating south-
wards. The responses of the waterlines are an expected
resuit of a southerly littoral drift, with deposition updrift
and erosion downdrift of the inlet throat. Part of the reason
for the unusual behaviour of the inlet throat is the small size
of the inlet and ebb delta system, which has allowed the
sediment moving along the coast to bypass the inlet easily.
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The net longshore sediment transport rate at Palmer Inlet is
also relatively low. A possible cause of the inlet's updrift
movement, considered below, is the ebb current flow pattern
at the inlet throat, produced by the configuration of
channels on the flood-tidal delta.

CHANNEL CONFIGURATIONS AND EBB
FLOW CONDITIONS

The investigation of current conditions at Hardys Channel
suggests that channel patterns on flood-tidal deltas can
influence inlet behaviour, in particular the direction and
rate of inlet migration. This is due to the effect of channel
configuration on water flow through the inlet throat during
ebb tide conditions, at times when waters crossing the
flood-tidal delta are largely carried in the channels.

At Hardys Channel, ebb flow conditions in the seventies
were dominated by the waters driving in from the west in a
channel 3 -4m deep, carrying up to 80 per cent of the ebb
flow. Incoming waters from the other channels had maxi-
mum flow depths of 1.5 - 2.5 m and influenced the pattern
of ebb currents mostly in the upper 2 m. During spring tide
in 1977 (Fig. 4.9) the waters entering from the central
channel contained the surface flow from the west against
the north channel margin, where the highest current speeds
(150 cm s=*) were recorded. Elsewhere, high surface speeds
were also measured towards the downdmft marginal shoal of
the ebb-tidal delta.

oceaN T T —_

Figure 4.6. Palmer Inlet flood tidal delta, 1971. Source:

A22600, Number 47; NAPL.
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Mapped changes on the flood tidal delta at Palmer Inlet,
for the periods 1935-1958 and 1958-1968.
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Figure 4.9. A summary of ebb flow velocities at 1 m depth

for spring tide conditions, July 1977. Major sand body
locations mapped in the field and isobaths established from
echo sounding.

At depth, the flow pattern exhibited significant
differences. Current drogue paths at 3.8 and 5.3m (Figq.
4,10) and vertical water temperature profiles indicated that
the flow from the west drove 30- 50 m under the water from
the central channel. Passing through the inlet throat, the
deeper drogue tracks shown in Figure 4.10 maintained gen-
erally discrete and curvilinear paths., More significantly,
there was a tendency for the curving flow to sweep against
the southeastern inlet margin because the major water mass
was approaching the inlet throat at a large angle from the
west, and was forced to turn rapidly seaward. In doing so,
its considerable momentum caused the flow to drive against
the downdrift channel margin.

This current pattern has resulted in undercutting of the
southeastern inlet margin. Bathymetric maps compiled from
echosounding data show steeper slopes along part of the
southeastern margin of Hardys Channel, in the zone where
currents impinge on the channel side. Consequently, the
migration rate of Hardys Channel during the seventies is a
response to ebb current flow patterns as well as to the
mechanisms usually advocated: updrift deposition and
contrasts in channel margin materials (Hayes, 1976).

A similar situation appears to have existed at Palmer
Inlet in recent decades, but with the major ebb flows
approaching from the opposite of the inlet throat. The
channel pattern has been noticeably asymmetrical since
1958, and dominant water exchanges occur between the inlet
and the estuary to the southeast. This dominance is con-
firmed by photographic records of early ice-breakup
conditions in 1973 (RSA30624, frames 33-36, National Air
Photo Library, Ottawa). The asymmetry appears to produce
ebb-tidal flows which curve against the northern channel
margin in turning seaward, promoting its erosion, but
profiles across the inlet throat in the seventies show similar
slopes on both inlet margins, and the evidence remains
unclear. However, updrift deposition at this inlet is not
effective in promoting inlet migration, and tidal currents
remove any sediment deposited subtidally on the updrift
inlet margin,
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Figure 4.10.  Ebb current drogue tracks at selected depths,
recorded during mean tide conditions in July 1977. The
shallow drogues were suspended at 1.8 m depth. The deep
drogues show the general character of the flow through the
inlet throat.

DISCUSSION AND CONCI_USIONS

Aerial photographs flown since 1935 record details of major
changes in channel patterns on the flood-tidal deltas of two
small inlets on northern Prince Edward Island. There are
contrasts between the inlets in flood-tidal delta size and
morphology, as well as in the extent of the changes
recorded. Hardys Channel is the larger of the two inlets,
the most complex, and has undergone the most striking
changes in channel patterns. New channels and channel sets
have formed there since 1935, accompanied by marked
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changes in channel orientation or location for adjacent chan-
nels. Changes at Palmer Inlet were most evident for the
1935-1958 period, when marginal channels either infilled or
migrated into the delta. In the decades following 1958 most
changes there were recorded in the small channels with ebb
spillover lobes, at both ends of the central clam flat.

Observations of these inlets indicate that considerable
changes can occur rapidly in charnel sets crossing flood-
tidal deltas of small inlets in microtidal environments.
Channe! migration of more than 400 m has been recorded
within 23 years and new channels have formed in 3 to 6
years. Such changeability has not been described previously
although early writers incorporated changing channel pat-
terns into their models of inlet evolution (Lucke, 1934). The
changes reported have generally been in flood-tidal delta
size (El-Ashray and Wanless, 1965; McCormick, 1973) or in
small-scale features (Finley, 1975). Hine (1975) recorded
the migration of flood spillover lobes on a newly formed,
growing flood-tidal delta.

Johnson (1919) attributed developments in channel pat-
terns at migrating inlets to the downdrift channels com-
peting more successfully for waters discharging through the
inlet. Analysis of the aerial photography at Malpeque has
contributed rew information on the factors influencing
changes in channel patterns. The alongshore migration of
Hardys Channel has affected some of the changes in channel
positions, but more directly than proposed by early writers.
Deposition associated with the migration of Hardys Channel
between 1935 and 1958 forced some channels to move
laterally. Most significantly, the downdrift channel set was
deflected by more than 400m as the washover flat devel-
oped on the southeastern inlet margin. Similar washover
flats have also accumulated southeast of the small inlet
channels opened in the seventies (Fig. 4.2). Channels formed
on the flood-tidal delta at Hardys Channel since 1935 have
competed successfully for inlet waters, but only the
southern channel set developed downdrift. Other channels
formed where extensive areas of clam flat had previously
existed (Fig. 4.3) and their success resulted from providing
more direct channelized exchanges between the inlet and
estuary.

7 MALPEQUE
CHANNEL
\
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Reinson (1977) related historical changes in ebb-tidal
delta morphology at Portage Channel, New Brunswick, to
changing flow conditions through the inlet, induced by a
dredged channel through the flood-tidal delta. At Hardys
Channel the current and morphologic evidence recorded in
the seventies similarly indicates that channel patterns of the
flood-tidal delta can influence ebb flow conditions through
the inlet throat. During ebb tides the major channelized
water mass drave in at a large angle to the inlet throat and
its considerable momentum caused the ebb flow to sweep
against the southeastern channel margin in turning seaward.
This caused undercutting of the southeastern inlet margin
and probably contributed to the migration of Hardys Channel
in the seventies. The degree to which migration rates have
been affected by this action is not known, however, because
of the additional effects of updrift deposition from the
littoral drift and material differences between updrift and
downdrift inlet margins.

This ebb flow condition at Hardys Channel appears to
resemble the ebb current pattern occurring there since
1964. The aerial survey in 1964 was the first occasion when
the seventies' channel configurations and alignments were
observed on the flood-tidal deita. Prior to that survey major
differences existed. In 1958 the western channels curved
into the flood-tidal delta and approached the inlet throat at
a small angle only. Downdrift undercutting due to the
channel configuration would not have been active then. In
addition, the 1958 inlet morphology and the 1935-1958
mapped changes confirm that updrift deposition has played
an active role in diverting currents and promoting inlet
migration. In 1935 two channel systems approached from
opposite sides and the resulting flow conditions at the inlet
would have contrasted markedly with those in the seventies.

The behaviour of Palmer Inlet since 1935 may have been
similarly influenced by channel patterns on the flood-tidal
delta and the resulting ebb flow conditions. The inlet throat
has migrated in an updrift direction, an action which is best
explained in terms of ebb waters driving in from the
southeast and eroding the northern inlet margin.

Figure 4.11

Malpeque Channel, southeastern Malpeque barrier
system, showing mapped positions of the 12 foot
(approx. 4 m) isobath in 1845 and 1957. The major
changes are associated with the filling of West Gully
inlet. Source: Bayfield (1845) and Canadian
Hydrographic Service (1966).



The responses investigated here are for small tidal
inlets in a microtidal regime, that is, inlets possessing small
tidal prisms. The degree of changeability and the rate at
which changes occur likely are different for larger inlet
systems, whether in microtidal or mesotidal environments.
At Hardys Channel and Palmer Inlet the inlet throats and
adjacent channel sets are relatively shallow and unaffected
by bedrock. Substantial changes can occur rapidly, often
promoted by inlet migration landwards or along the coast.
Larger, deeper channels crossing the flood-tidal deltas of
majar inlet systems may well resist change better because
of their greater dimensions and the restrictive effect of
bedrock., Thus Malpeque Channel maintained the same gen-
eral morphology between 1845 and 1957 (Fig. 4.11), and the
major changes on the flood-tidal delta (Horseshoe Shoals
area) arose from closure of a nearby inlet. Evidence pre-
sented by Reinson (1977) similarly showed a relatively
unchanging flood-tidal delta and channel complex at Portage
Channel.

Hayes (1975) focussed on the influence of tidal range in
controlling the distribution and form of sand bodies in
estuaries. Some of his conclusions were (1) that sand trans-
port in microtidal estuaries is largely restricted to the
vicinities of tidal inlets, (2) that flood-tidal deltas in
microtidal estuaries are generally small, and (3) that models
established for flood-tidal deltas in mesotidal environments
(tidal range 2-4m) may well apply to inlets in microtidal
environments. The evidence from the large and small inlets
at Malpeque suggests that tidal prism (or inlet size) often
requires as much consideration as tidal range. Sand trans-
port diminishes rapidly away from the small inlets but
continues much farther landward from Malpeque Channel.
Variations in tidal range do not control this effect. The size
of the flood-tidal delta increases with the size of the inlet
(tidal prism). Reinson (1977) also considered tidal prism
rather than tidal range to be the domirant factor influencing
the size of flood-tidal deltas on the New Brunswick coast.
The preceding discussion suggests that tidal prism may also
be the more important factor affecting rates and mag-
nitudes of changes in channel positions on flood-tidal deltas.

The observations at Malpeque support Hayes's (1975)
contention that models of inlet morphology, established in
mesotidal environments, can generally be applied to inlets in
microtidal estuaries, but inlet size again introduces an
element of variability for inlets around the southern Gulf of
St. Lawrence. The flood-tidal deltas of larger inlets such as
Portage Channel and Malpeque Channel are subtidal,
whereas those of smaller inlets are exposed at low tide. In
this respect, the smaller inlets in these microtidal estuaries
resemble mesatidal inlets. Taken together, the comments
made here concerning inlet size (tidal prism) indicate that it
must be considered when drawing general conclusions about
tidal inlet morphology and responses.
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THE COASTAL GEOMORPHOLOGY OF THE MAGDALEN ISLANDS, QUEBEC
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Owens, E.H. and McCann, S.B., The coastal geomorphology of the Magdalen Islands, Québec; in The
Coastline of Canada, S.B. McCann, editor; Geological Survey of Canada, Paper 80-10, p. 51-72,
1980.

Abstract

The Magdalen Islands are a series of small rock outcrops in the central Gulf of St. Lawrence, six
of which have been connected by long tombolo systems of double barrier beaches to form a
continuous elongate island, 70 km long, including the terminal spits. The islands have been subdivided
into nine geomorphic units, five of which are bedrock units with coastal cliffs and four of which are
depositional units — sand barriers and spits. The characteristics of each unit are described and a
morphological analysis of the depositional units is used to reconstruct the recent evolution of the
islands. The narrow west-facing barriers in the tombolo systems are transgressive in character but
the wider, east-facing barriers are basically progradational features. This reflects the differences in
wave energy levels between the two sides of the islands, the west coast being the higher energy shore
under the influence of the dominant wind waves from the west and northwest. Reworked glacial
deposits on the shallow shelf have provided much of the sand for the development of the barriers and
spits. At present the west coast beaches are zones of sediment bypassing and new supplies of sand
from offshore are being transported alongshore towards the terminal spits.

Résumé

Les iles de la Madeleine sont formées d'une série de petits affleurements rocheux situés au
centre du golfe du Saint-Laurent, six d'entre elles ayant été reliées par des ensembles de longs
tombolos & double cordons qui donnent a l'ile un aspect allongé€ et continu, sur une longueur de 70 km,
y compris les fléches terminales. Les iles ont €té réparties en neuf unités géomorphologiques, dont
cing sont formées de roches en place & falaises cétiéres, les quatre autres €tant des unités
sédimentaires: cordons et fléches de sable. Les auteurs décrivent les caractéristiques de chacune
des unités et procédent & une analyse morphologique des unités sédimentaires afin de reconstituer
l'évolution récente des iles. Les étroits cordons a fagade occidentale dans les ensembles de tombolos
ont une nature transgressive tandis que les cordons plus larges et & fagade orientale sont
essentiellement des engraissements progradationnels. Ce phénoméne refléte les différences dans les
niveaux énergétiques des vagues entre les deux c6tés de l'archipel, la céte ouest recevant les vagues
les plus fortes en raison des vents dominants de l'ouest et du nord-ouest. Des dépéts glaciaires
remaniés situés dans les eaux peu profondes de la plate-forme ont fourni presque tout le sable
nécessaire a la formation des cordons et fléches. Aujourdhui, les plages de la céte ouest sont des
zones de passage des sédiments et du sable frais en provenance du large est transporté le long de la
rive en direction des fléches terminales.

other barrier systems in the southern Gulf. Because of the

The Magdalen* Islands, in the centre of the southern Gulf of
St. Lawrence (Fig. 5.1), present a unique assemblage of
coastal landforms dominated by extensive sand barriers and
spits. Two large tombolo systems of double barriers en-
closing extensive lagoons link the major rock islands and,
together with complex terminal spits, constitute a narrow,
continueus land area, extending for 70 km in a southwest-
northeast direction along the crest of the shallow Magdalen
shelf (Fig. 5.2). The barriers and spits have much in comman
with the other major coastal depositional systems of the
southern part of the Gulf (Owens, 1974a, 1975; McCann,
1979) except that the islands are in a much more exposed
location, with unrestricted fetches in all directions. Unlike
the barrier coasts of New Brunswick and Prince Edward
Island, the beaches of the Magdalen Islands are directly ex-
posed to waves generated out of the west and northwest by
the prevailing and dominant winds, so that energy levels on
the west-facing coasts of the islands are higher than on

dominance of winds and waves out of the west, the contrasts
between the major east- and west-facing beaches, separated
often by only 2 to 3 km of shallow lagoon, are striking, and
an analysis of the morphology of the beach and dune ridge
systems of the barriers and spits provides a means of re-
constructing the recent depositional history of the islands.

The principal concerns of this paper are to present an
explanatory description of the coastal landforms of the
islands, with emphasis on the depositional forms, and to
provide an interpretation of their recent evolution from
morphological evidence. Nine coastal subdivisions have been
identified, described and analyzed. The data presented here
were obtained from ground and aerial observations between
1972 and 1975 and from an interpretation of aerial pho-
tography (Paul, 1974). Investigations of the interrelation-
ships between processes, sediment dispersal, and nearshore
and littoral morphology of two contrasting 500 m sections of
barrier beach in the Magdalen Islands are reported elsewhere
(Owens, 1977a, b; Owens and Frobel, 1975, 1977).

! Woodward-Clyde Consultants, Victoria, British Columbia

2 Department of Geography, McMaster University, Hamilton, Ontaria

* Spelling as approved by Canadian Permanent Committee on Geographical Names is Madeleine Islands. 51
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Structurally, the islands are part of the Appalachian system
and consist of Permo-Carboniferous strata deformed during
the Acadian orogeny (Sheridan and Orake, 1968). The
Magdalen Shelf is part of a broad anticlinal arch, which may
be associated with the formation of salt diapirs in the region
(Watts, 1972). The oldest outcrops are Mississippian
shallow-marine limestones and gypsum interbedded with
brecciated basaltic tuff and agglomerate (Alcock, 1941).
The outcrops of volcanic rock form a resistant core to the
four largest islands (1le d'Entrée, 1le du Havre Aubert, Tle
du Cap aux Meules, and Tle du Havre aux Maisons), pro-
ducing numerous rounded hills with elevations up to 182 m,
This Mississippian sequence is overlain unconformably by a
Permo-Carboniferous sandstone series, the Cap-aux-Meules
Formation, which grades from grey-green (marine) to red
(aeolian) (Sanschagrin, 1968). Where bedrock is exposed
along the coast, cliffs sre generally 5 to 20 m high, but rise
to 50 and 70 m in some locations.

Some authors (Galdthwait, 1915; Alcock, 194)1; Dresser

460 | g L - o
BRP'\"SVW[C K STUDY a8 and Denis, 1964) believed that evidence from surficial sedi-
L s AREA ments indicated that the area was glaciated by the Wiscon-
Cpes at | sin Laurentide ice sheet. Others (Richardson, 1881;
Chalmers, 1895; Clarke, 1910; Prest, 1970; Laverdigre and
. . Guimont, 1974) considered that the islands were not
44° G - 144 glaciated by the main ice sheets. Prest (1970) suggested
. that Laurentide ice reached the islands from the north and
W FTEE 6'20 . cos 5:e° resulted in the deposition of an ice-contact drift or kame
moraine on 1le de la Grande Entrée, but that only shelf ice
Figure 5.1.  Location of the Magdalen Islands, Quebec.
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Nearshore sediment dispersal patterns and bedrock outcrops, Magdalen Islunds.

The wind resultants are for onshore winds at the given location (from Owens, 1977a).
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reached the southern parts of the islands. Grant (1975a)
found it difficult to reconcile this view with a unidirectional
southeast flow of Laurentide ice across the west coast of
Cape Breton Island, only 100 km to the southeast, but
subsequently agreed (1976) that both the islands and parts of
the adjacent shelf could have escaped glaciation. Recent
interpretations by Prest and Terasmae (Prest et al., 1976)
stress the essentially unglaciated character of the islands
and conclude that they were "definitely not overriden by
Laurentide or other ice sheets during the entire Wisconsinan
glacial stage, though the ice was near at hand on the
Magdalen Shelf." They suggested that the abundance of sand
in the Quaternary deposits of the islands, which in turn has
provided a readily available sediment source for the present
system of tombolos and spits, reflects a long involved
history of shifting ice fronts and changing water levels on
the adjacent shelf. Though there are no data from the
Magdalen Islands, the most recent phase of this history may
be inferred from the findings of Grant (1970, 1975b) in the
Maritime Provinces as a whole and Kranck (1972) in
Northumberland Strait, to be one of relatively rapid coastal
submergence. Grant (1970) indicated that submergence in
the Maritime Provinces over the last 4000 years has been
taking place at 30 em per century, several times the
worldwide eustatic sea level rise.

The barrier beaches and dunes of the Magdalen Islands
are composed largely of medium sized sands which exhibit
remarkably uniform grain size characteristics (Owens, 1975),
with little difference between east and west coast or be-
tween littoral and dune samples. Where an intertidal zone is
present at the base of coastal cliffs cobble and boulder
beaches occur, but as these coarse sediments are composed
predominantly of unresistant sandstone the material is
rarely transported for any distance along shore before dis-
integrating. Cliff erosion is relatively rapid (up to 2 or 3
m/a*) and there is some contribution of sediment to the
littoral zone but the sources are restricted in extent. The
contribution from streams is negligible as drainage basins in
the islands are small.

Owens (1975) suggested that the major contemporary
source of sediment is the onshore movement of surficial
material from the adjacent seafloor, and that the barrier
systems also represent the accumulation of sand from the
migration of beach deposits during the postglacial trans-
gression. The bottom sediments on the Magdalen Shelf,
which has low gradients off the islands (Fig. 5.3), consist of
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Figure 5.3. Offshore profiles and gradients, Magdalen
Islands. Profiles are located in the central section of the

northern tombolo and are perpendicular to the coast (from
Owens, 1977b).

*  ais the Sl abbreviation for year.
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glacial and fluvioglacial materials which have been reworked
during this transgression (Fig. 5.4). Loring and Nota (1973)
showed that to the west of the islands these deposits are
being reworked Dy present processes and that sand-sized
sediments are being redistributed landward. Oirect evidence
of the movement of sediments on the seafloor by tidal- and
wave-generated currents is provided by bottom photographs
and by sidescan sonar records that show fields of sand waves
in water depths to 54 m (Loring et al., 1970). Mineralogical
analysis of material from the littoral and offshore envi-
ronments of the area (Loring and Nota, 1969) shows that
these sediments are derived from the same source. Loring
and Nata (1973) stated that bottom sediments on the
seafloor to the west of the islands grade from poorly sorted
sands to gravelly well sorted sands towards the coast.
Dispersal of these sediments around the northern and south-
ern extremities of the islands leads to deposition aof fine-
grained sediments in a sheltered zone, protected from waves
out of the west and northwest.

Well sorted coarse- to
medium-grained sand

EII Sandy pelite
Fine sand

Coarse- to medium-
grained sand

Gravel/gravelly sand

Figure 5.4.  Distribution of surface sediments on the sea-
floor adjacent to the Magdalen Islands (adapted from Loring
and Nota, 1973).
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COASTAL PROCESSES

The prevailing wind direction of the Magdalen Islands is
from the northwest (Fig. 5.5a) and a vector of the resultant
of direction and velocity computed from data collected at
Grindstone over a 40-year period (Fig. 5.5b) shows the dom-
inance of winds out of the west-northwest during the ice-
free period. There is a distinct seasonal variation in mean
monthly wind velocity values (Table 5.1), which results from
the southerly displacement of the Polar Front and an
increase in pressure gradients associated with low-pressure
centres that pass directly over the region during winter
months. The frequency of wind velocities over 90 and 115
km/h, calculated for the four major compass quadrants over
40 years (Table 5.2) clearly demonstrates the dominance of
strong winds out of the west. One critical factor in limiting
the effects of wind-generated processes is the presence of
ice on the beach and the adjacent sea areas from January to
April.

Fetch distances vary with aspect. The northwest-facing
barriers have a fetch of approximately 300 km. The east-
facing beaches are exposed to north Atlantic swell waves
which can pass through the narrow (110 km) Cabot Strait.
Ploeg (1971) presented a summary of deep-water wave data
collected in an area adjacent to Bird Rocks, 25 km north-
northwest of the islands, which gives the general pattern of
wave characteristics from the end of June to early Decem-
ber 1967. Seasonal variations are evident from these data,
particularly when the values are reduced into specific time
periods (Table 5.3).

Although no data are available on the direction of wave
approach, the dominant and prevailing winds are from the
west and northwest and locally generated waves in this
semienclosed sea would be associated with these winds. An

GRINDSTONE
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indication of the predominance of waves out of the west is
given by wave energy values which were computed from
data collected on the east and west coasts during in-
vestigations in July, August and November, 1974 (Owens,
1977a). These data indicate that during summer months
more than twice as much energy is dissipated on the west
coast as compared with the east coast (Table 5.4). In winter
the energy levels are greater on the west coast by a factor
of 2.95. The wave climate on the west coast is char-
acterized by a greater seasonal difference in wave energy
levels than on the east coasts (Fig. 5.6), where the wave
climate is dominated by the effects of storm waves which
produce greater variation within each season (Qwens, 1977a).

Table 5.1. Mean wind velocity and direction,
Grindstone (1933-1972)

Maximum mean Mean wind
wind velocity Dicection velocity
(km/h) (km/h)
January 47.2 NW 41.0
February 41.4 NW 37.2
March 40.6 Nw 35.0
April 36.2 Nw 33.0
May 35.2 Nw 30.1
June 33.3 Nw 28.7
July 30.6 SW 27.4
August 30.4 SW 28.2
September 35.7 NW 31.5
October 41.0 NwW 35,7
November 41.7 NwW 37.7
December 45.7 Nw 40.0

a. Annual wind frequency by direction at Grindstone,
Magdalen Islands. (Source: Villeneuve, 1967).

b. Vector diagram of winds greater than 25 km/h derived
from data collected at Grindstone, 1933-68. The vector
was computed by weighting the mean monthly wind
velocity frequency classes. The ice-free period is
defined as April to December.

Figure 5.5



The predominance of locally generated waves out of the
west and northwest would produce a pattern of nearshore
currents and longshore sediment transport which is outlined
in Figure 5.2. This is substantiated by current meter data
obtained from the west coast (Owens and Frobel, 1975, p. 61,
99), which show that the predominant direction of nearshore
currents measured in 6m water depth was parallel to the
shore towards the northeast. Maximum recorded bottom
velocities from these meters were greater than 80cm/s.
Measurements of longshore currents adjacent to the beach

Table 5.2. Frequency of storms by quadrant
Recorded velocity > 90 km/h
Duration 1 hour > 3 hours > 6 hours
NW-NNE 6.4/year 1.7/year 0.9/year
NE-ESE 1.5/year 1in 3 years 1in 13 years
SE-SSW 3.1/year 2in 5 years 1in 8 years
SW-WNW 3.0/year 2 in 5 years 1in 4 years
Recorded velocity > 115 km/h
Duration: 1 hour > 3 hours
NW-NNE 2in 5 years 1in 13 years
NE-ESE - —
SE-SSW 1in 20 years -
SW-WNW 1in 5 years 1in 40 years
Table 5.3. Summary of wave data from Bird Rocks, 1967,
after Ploeg (1971).
Whole June 27 - Sept. 16 - Nov.1 -
season Sept. 15 Oct. 31 Dec. 11
Median significant
wave height (cm) 137 107 146 189
Mean wave period (s) 5.9 5.4 5.9 7.0
Peak wave length (m) 55 48 55 76
1% significant wave
height (cm) 457 335 427 564
1% wave period (s) 10.8 9.4 11.3 12.6
1% peak wave 183 137 183 244
length (m)
Significant wave height expected once/year 762 cm
Wave period expected once/year 14.5 s
Peak wave length expected once/year 335 m
Maximum observed individual wave height
during observations 1158 ecm

E.H. OWENS and S.B. McCANN

show the same prevailing direction on the west coast but on
the east coast, during the period of measurement, the
longshore currents were to the north in summer and to the
south in winter (Owens, 1977a).

Ice is present in the southern Gulf from January to late
April or early May, with close pack ice during February and
March. This general pattern varies greatly each year and
local ice cover also varies throughout the winter. The pre-
vailing winds cause accumulation of pack ice against the
west-facing coasts and removal of ice from the sheltered
east coast. No information is available on the length of
time that an ice foot is present in the intertidal zone,
although it would probably be as long, twelve to thirteen
weeks per year, as that reported for the eastern New
Brunswick coast (Owens, 1976).

The tides of the Magdalen Islands are mixed and semi-
diurnal types. Tidal predictions for the islands (Canadian
Hydrographic Service, 1974) give mean and spring tidal
ranges of 0.7 and 1.0 m, respectively, for the east coast, and
0.5 and 0.8 m for the west coast.

Table 5.4. Summary of computed wave energy,
from Owens (1977a).
Wave energy (ergs/cm/3 h)

Mean Minimum Maximum
Summer WESt 252 x 10*! 2.12 x 10° 1.65 x 10'*
east  1.12 x 10'! 2.12 x 10° 1.10 x 1013
Winter West  2.51x 102 1.68 x 10*! 7.38 x 10%°
east  8.51 x 10'! 3.04 x 101° 5.89 x 1013
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Mean wind velocity (km/hr)
Storm frequency*
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Figure 5.6.  Seasonal variations in (i) estimated wave power
on the east and west barriers (solid lines), (ii) mean monthly
wind velocity, and (iii) storm frequency. The period of sea
ice cover or beach-fast ice is indicated by the shaded area.
Wave power is estimated from Owens (1977a) and storm
frequency (*) is the number of periods in each month when
wind velocities exceed 55 km/h, based on mean data over
40-year period (from Owens, 1977Db).
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COASTAL GEOMORPHOLOGY SUBDIVISIONS

The Magdalen Islands may be subdivided into nine geo-
morphic units, five of which are bedrock units with coastal
cliffs and four of which are depositional sand barriers and
spit systems (Fig. S5.7). Two of the bedrock units, Tlle
d'Entrée and Tle Brion, are isolated islands, the other three
act as rock anchors for the tombolo systems and for the
terminal spits.

Bedrock units
Unit 1. [le d'Entrée

This hilly bedrock isiand has a cliffed shoreline with narrow
pebble-boulder beaches. The eastern half is cored by vol-
canic rocks, rising to a maximum elevation of 150 m, and
where these rocks outcrop on the coast vertical cliffs up to
60 m high have been formed. The western half of the island
is a flat marine terrace and cliffs are only 5 to 10 m high.
On the west-facing coast, longshore drift of coarse inter-
tidal sediments to the north has resulted in deposition
against a jetty, which was constructed at the only location
without a cliff. Beyond this jetty a small flying spit (200 m
long) has grown from the northwest carner of the island
‘where the shoreline orientation abruptly changes.

Unit 3. [le du Havre Aubert

The island is an outcrop of the Havre-Aubert anticline which
trends east-west (Sanschagrin, 1968) and relatively resistant
volcanics are exposed in the centre, giving a hilly topog-
raphy that rises locally to 136 m. The shale, limestone and
sandstone which surround the volcanic rocks form a Jow
terrace that is rarely more than 15m above sea level, so
that coastal cliffs are generally only 10 to 15m high. The
coastline is relatively straight and there are few pocket
beaches. Where beach and intertidal sediments occur they
are generally of pebble to boulder size, derived directly
from cliff erosion.

Unit 5. Jle du Cap aux Meules and fle du Havre aux Maisons

These two bedrock outcrops are the focal point of the
Magdalen Islands in terms of coastal geomorphology, as they
provide the stable anchor for the two major tombolo systems
to the north and south (Fig. 5.7). Although separated by a
narrow channel, the islands are geologically one unit on the
limb of the Cap-aux-Meules anticline, which trends NB80°E
(Sanschagrin, 1968). This geomorphic unit is very similar to
Tle du Havre Aubert and has a volcanic core surrounded by
less resistant sandstone, limestone and shale. Where the
sandstone outcrops on the coast, marine erosion forms
vertical cliffs 10 to 15m high (Fig. 5.8). Higher cliffs, up to
30 m above sea level, are found on the east of lle du Cap
aux Meules and on the south and east coasts of 1le du Havre
aux Maisons, where the more resistant volcanics and older
sedimentary rocks are exposed. [.ocal shoreline config-
uration is controlled by erosion along fault lines or joints but
in general the coastline is relatively straight. Pocket
beaches consisting of locally derived sediments have devel-
oped in embayments, particularly on the sheltered east
coasts of the islands. The channel between the islands has
been narrowed by the growth of spits but infilling is
prevented by strong tidal currents which maintain depths in
the order of 15m in the narrow inlet throat. Adjacent to
this inlet are large ebb- and flood-tidal deltas.
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Unit 7. Grosse Ile and fle de la Grande Entrée

The low-lying islands of Grosse lle and lie de la Grande
Entrée have short coastlines but are important as they serve
as the downdrift anchors for the northern tombolo system
and as the updrift anchors for the narthern spit. Grosse 1le
has exposures of shale and sandstone rising inland to 90m,
with a cliff cgastline 1.5km long and up to 20m high that is
fronted by narrow beaches of reworked coarse talus de-
posits. Inland, former active sea cliffs have been removed
from marine action by deposition associated with the devel-
opment of the tombolo and spit systems. 1le de la Grande
Entrée is a low (31 m maximum elevation) outcrop of red
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Figure 5.7. Geomorphologicdl subdivisions of the Magdalen
Islands, showing the bedrock and depositional units.



sandstone with an alternating sequence of low cliffs,
generally less than 10 m in height, and small sandy beaches
along the east coast, The northeastern promontory of Ile de
la Grande Entrée, Old Harry (Fig. 5.15), has acted as a large
groin to sediment moving southwestwards from Pointe de
I'Est, but Tle Boudreau, which is composed largely of drift, is
an important local source of beach material.

Unit 9. lle Brion

This isolated sandstone island (Fig. 5.7), 20 km north of
Pointe de I'Est, is separated from the mainland of the
archipelago by a wide channel 30 m deep. Only 2 km of the
total coastline of 14 km are not cliffed. This one section is
a large depositiopal cuspate foreland on the south shore
which is migrating to the east: it is affected by waves out
of the east and the west, which cause a convergence of long-
shore currents. Elsewhere cliffs are generally 15 to 20 m
high but rise to 60 m on the northern shore.

Depositional units
Unit 4. Southern tombolo (Dune de I'Quest - Dune de I'Est)

The two barriers of the southern tombolo system that
enclose the shallow, infilling lagoon of Havre aux Basques
are quite different in character (Fig.- 5.9). The western
barrier, Dune de I'Ouest, is narcow and tenuous and the
eastern barrier, Dune de I'Est, is wider and prograding. Both
are oriented to face the respective prevailing direction of
wave approach: the western barrier faces to the west-
northwest and the eastern barrier to the east, so that the
enclosed lagoon narrows to the north (Fig. 5.10). The former
barrier is composed of very well sorted, medium-grained
sands and the latter of well sorted medium- to fine-grained
sands (Owens, 1974b).

E.H. OWENS and S.B. McCANN

The western barrier is migrating eastwards into the
lagoon and peat outcrops are exposed in the intertidal zone
of the ocean-side beach. This is a zone of sediment by-
passing and there is a net movement of sediment away from
the central section, which is very narrow and frequently
overwashed (Fig. 5.11). Three inlets that existed in this
barrier in 1917 (Sanschagrin, 1968) are now closed, although
they are sites of cantinued washover.

The eastern barrier developed in the lee of the western
as sediment moved into the area from the northeast and
around Sandy Hook. The accumulation of sediment has
resulted in the development of a series of progradational
ridges in the southern section adjacent to 1le du Havre
Aubert (Fig. 5.12). The development of such a prograda-
tional series of parallel dune ridges required a wide gently
sloping beach and nearshore zone, and a large input of
sediment. In this type of progradational system each ridge
is formed initially by the development of a low foredune, by
wind action, on the berm at the rear of the beach. The front
of the developing foredune may be trimmed into an erosional
scarp by storm waves but, with a wide beach which absorbs
much of the wave energy and a system of parallel bars and
troughs in the nearshore zone which do not favour the
concentration of wave energy at specific locations, the
erosion produces a linear scarp rather than breaching the
foredune. The developing dune ceases to grow when a new
foredune begins to form on the berm, cutting off the supply
of blowing sand, and progradation or shoreline advance
occurs.

The older dune ridges in the sequence are uniformly low
and are concave seawards, so that initially progradation
must have been very rapid in a spitlike form across a shallow
embayment northwest from Tle du Havre Aubert. Subse-
quently, as the shoreline was straightened the rate of
progradation slowed, allowing mare time for dune accumu-
lation, so that the most recent ridges are higher and parallel

Figure 5.8.

View to the south of cliffed coast near Fatima on the western coast of lle du Cap aux Meules, (loc. 1,
Fig. 5.9). (BIO 3273A-16)
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to the shoreline. A large inlet with a well defined ebb- and
flood-tidal delta system existed in 1952, breaking the
continuity of Dune de I'Est to the north of the prograding
section, but a road causeway has been constructed to close
the inlet and the lagoon is no longer connected to the sea.
The lagoon is infilling by washover and aeolian deposition
and more than half of it is now occupied by marsh (Fig. 5.10).

Grandtner (1967, 1968) presented the typical dune
vegetation succession for the Magdalen Islands. The mobile
foredunes (Unit A, Fig. 5.13a). are dominated by Ammophila
breviligulata, which js replaced in the fixed dune areas by
Emperrum nigrum (Unit B). With landward succession into
the older dune areas a greater variation in species develops

FATIMA
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but it is possible to recognize zones dominated by lichens
(Cladonia - Unit C), Juncus (D), and Sphagnum (E). In ad-
dition to these species, which characterize the zonation,
Hudsonia tomantosa, Juniperus communis and Myrica pensyl-
vanica are common in the fixed dune areas. For the salt
marshes Grandtner (1966) identified four major communities
between the lagoons (Figs. 5.13b, 1) and the dunes (Fig.
5.13b, 6). On the margins of the lagoons, Salicornia
europaea and Salicornia laurentium (Unit 2) give way to a
zane of Spartina alterniflora (3) in the upper parts of the
intertidal zone. This is followed landward by a progression
from Carex palaecea (4) to Juncus balticus (5).
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.

Figure 5.10.  View of the northern half of Havre aux Basques (loc. 2, Fig. 5.9). The former inlet on
Dune de U'Est which was closed artificially is at bottom right and lle du Cap aux Meules is at the top
of the photograph ( Photograph by P.R. Hague). (BIO 3273A-20)

Figure 5.11.  Aerial view of the central section of Dune de l'Ouest, August 1972 (loc. 3, Fig. 5.9).
This west-facing barrier is frequently overwashed and there is deposition and infilling of the lagoon
on the landward side of the barrier (Photograph by P.R. Hague). (BIO 3273A-18)
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Figure 5.12.  Beach ridge complex on Dune de l'Est adjacent to lle du Havre Aubert.

Fig. 5.9) (Photograph by P.R. Hague). (BIO 3273A-18)

View to the northwest (loc. 4,

MARSH COMMUNITIES

Figure 5.13.  Shore zone vegetation communities, Magdalen Islands (see text).
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Unit 6. Northern tombolo (Dune du Nord - Dune de Sud)

The northern tombolo is larger and more complex than the
southern and this double barrier system encloses two large
linked lagoons, Lagune du Havre aux Maisons and Lagune de
la Grande Entrée, both of which are connected to the sea
through the eastern barrier by tidal inlets (Fig. 5.4, 5.15).
Again there is @ contrast between the western (Dune du
Nord) and eastern (Dune du Sud) barriers, the former (Fig.
5.16, 5.17) being narrower with little evidence of old dune
ridges and the latter exhibiting the largest seguence of
progradational ridges in the sauthern Gulf of St. Lswrence
(Fig. 5.18). However, there are differences along each
barrier and it is caonvenient to subdivide each into two
sections. The western barrier consists of very well sorted,
medium-grained sands, with little change in sediment type
alongshore, and the eastern barrier of very well sorted
medium- ta fine-qrained sands (Owens, 1974b).

CAP ~ AUX - MEULES

Figure 5.14.
(af ter Paul, 1974).
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Midway along the 35km length aof the western barrier
there is o small rock island, 1le de la Pointe au Loup (Fig.
5.14), which forms a convenient division and which has acted
as a fulcrum for the development of the northern dune
section. The presence of dune ridges in the wider parts of
Dune du Nord between lle de la Pointe au Loup and Grosse
Ile (Fig. 5.15, 5.17) suggests that this section of the barrier
developed as a spit which grew northwards from the former
island. This spit growth must have occurred in relatively
recent times, for open water conditions in the present
Lagune de la Grande Entrée are necessary to explain the
formation of Pointe de 'Est (see Jnit 8 below). Except at
the southern end adjacent to Tle de la Pointe au LLoup, this
nocthern section of the western barrier is wider and the
dunes less severely eroded than the southern section.

At the southern end of the southern section of Dune du
Nard, near Fatima (Fig. 5.14) there is a large flat washover
with maxirnum elevations less than 2 m above mean high
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Geomorphological features of the southern section of the northern tombolo unit
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water mark. Richardson (quoted in Sanschagrin, 1968) re-
ported that prior to his visit in 1881, an inlet had been
opened at this location which was used by local fishing boats
for access to Lagune du Havre aux Maisons. The inlet had
closed by 1881 but the area is still one of active storm
erosion and overwash. To the north of Fatima the barrier is
a relatively straight narrow feature with dunes up to 15m
high. The dunes have been eroded by storm waves which
produce irregular scarps (Fig. 5.16) or, where the barrier is
very narrow, washover channels. The irregular pattern of
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cut and fill results from the concentration of storm wave
energy, which is controlled by the complex system of rhyth-
mic nearshore bars. The zones of storm erosion are subse-
quently infilled by littoral and aeolian deposition.

The eastern barrier again developed in the lee of a
pre-existing western barrier. The bulk of the sediment was
probably transported into this area from the northeast
around Pointe de I'Est and redistributed towards the south-
west by waves out of the east and northeast. The northern
or updrift section is a zone of sediment bypassing and is
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Figure 5.15. Geomorphological characteristics of the northern section of the northern tombolo and the
Ne de I'Est units (after Paul, 1974). The limit of overlap with Figure 5.14 is indicated by the

continuation line.

Y



E.H. OWENS and S.B. McCANN

Figure 5.16.  Effects of storm wave erosion on dune morphology, Dune du Nord (loc. 6, Fig. 5.14).
This aerial view at low tide shows the dune scarps that result from storm wave erosion and the

subsequent deposition which restores the equilibrium trend of the shoreline (Photograph by
R. Belanger). (BIO 3242-2)

EL AN

Figure 5.17. Waves breaking on the nearshore bars, Dune du Nord. Grosse Ile is at the top of the
photograph (loc. 5, Fig. 5.15) (Photograph by P.R. Hague). (BIO 3273 A-20A)
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consequently low, narrow and frequently breached and
overwashed (Fig. 5.19), in contrast to the southern section
which is an area of sediment accumulation with a wide
series of progradational dune ridges (Fig. 5.14, 5.18). The
ridges have developed in a similar manner and under similar
environmental conditions to those described previously in
the eastern barrier of the scuthern tombolo. Initially this
dune-ridge complex developed in a shallow embayment be-
tween Tle du Havre aux Maisons in the south and the small
bedrock outcrop associated with Tle Shag in the north. The
inner or older ridges are low with a local relief, between
ridge and swale, of less than 2Zm, a condition which in-
dicates rapid progradation. There are no washover channels
in this earliest set of ridges and there is no evidence of wave
erosion on the lagoonal shoreline, affording proof of the
existence of a protective western barrier prior to develop-
ment of the eastern arm of the tombolo. The newer ridges
are higher than the older, indicating that as the beach
assumed a more stable equilibrium plan shape the rate of
progradation slowed and the available sediment was built
into more substantial dunes. This section is still a zone of
sediment accumulation and progradation, though some sedi-
ment is now bypassing and being transported to the south
along the eastern shore of 1le du Havre aux Maisons. Some
aspects of the dune ecology and the effects of man on the
vegetation of this area are discussed by Lamoureux and
Grandtner (1977).

A complex and changeable inlet system, Grande Entrée,
separates the Dune du Sud barrier from lle de ta Grande
Entrée. It is evident from aerial photography that the
system had two inlets between 1952 and 1972 (Fig. 5.20), but
that by 1974 the more southerly of these had become in-
filled. In August 1975, however, the system was charac-
terized by three inlets, and the major channel was 400m
wide with a large ebb- and flood-tidal delta system, and with
a depth of 10m at the inlet throat.

Unit 2. Southern spit (Dune de Bassin - Sandy Hook)

This unit is a complex spit in a zone of sediment accu-
mulation and has developed as a result of longshore trans-
port to the east along the south coast of 1le du Havre
Aubert (Fig. 5.9, 5.21). The lagoon at Bassin has been en-
closed by shoreline simplification (Fig. 5.9) but remains tidal
and, as a result, a small ebb- and flood-tidal delta system
has formed at the inlet to this lagoon. At present this
updrift section is a zone of sediment bypassing as material is
moved east towards Sandy Hook. The flying spit of Sandy
Hook has grown towards Tle dEntrée but strong tidal
currents through La Passe maintain a deep channel and have
prevented closure.

Figure 5.18.
of Ile du Havre aux Maisons is at the bottom of this photograph (Photograph by P.R. Hague). (BIO 3273A-13)
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Figure 5.19. Washover channels and fans on the northeastern section of Dune du Sud (loc. 7,
Fig. 5.15) (Photograph by P.R. Hague). (BIO 3273A-19)

Figure 5.20.  Inlets at Grande Entrée on Dune du Sud, August 1972 (loc. 8, Fig. 5.15). A well
developed ebb- and flood-tidal delta system has formed at the more southerly inlet. The larger inlet,
at top right, is maintained by dredging (Photograph by P.R. Hague). (BIO 3273A-14)
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Interpretation of relict beach ridges provides infor-
mation for the development of a model to ‘illustrate the
pattern of spit growth. At the point of attachment a series
of parallel ridges, which are truncated by the present
shoreline, converge against the bedrock outcrop. This set of
ridges is replaced to the east by a sequence which is perpen-
dicular to the present shoreline (Fig. 5.21a). It is difficult to
develop a mode! of spit growth from these relict ridges
without considering the effects of wave action out of the
northeast during formation of the incipient spit. One
interpretation, given in Figure 5.21b, is that a cuspate
foreland migrated eastwards along the coast (Stage A) until
accumulation extended beyond the bedrock island. At this
time the downdrift section came under the influence of
waves out of the northeast and this led to the development
of a new set of ridges on the north shore of the advancing
spit (Stage B). As spit growth continued a series of ridges
was formed on the prograding north coast while the older
ridges to the west were truncated as the remnant foreland

BAIE DE
PLAISANCE

narrawed (Stage C). The penultimate sequence involved
development of the flying spit by movement of sediment
along the south shore while the north shore continued to
prograde (Stage D). At present (Fig. 5.21a) the effects of
wave action along the north shore have greatly diminished
due to the development of a wide, shallow, nearshore ter-
race, which absorbs the energy of incident waves out of the
north-northeast. A sequence of four or five parallel near-
shore bars on the seaward margin of this terrace is replaced
landward in shallower water by sets of intersecting diagonal
bars (Fig. 5.22). On the open (southern) coast of the spit two
large linear nearshore bars parallel the shoreline. At the
distal point of the spit a large shoal extends eastwards for
approximately 4000 m. This submarine extension of the spit
is covered by fields of large sand waves (wave lengths up to
100 m) that result from wave- and tide-induced currents.

The spit is 400 to 500 m wide, the dunes are cut by nu-
merous overwash channels and large fans have been
deposited on the north shore. Overwash is an important
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Figure 5.21.

Sandy Hook: (a) sketch of present geomorphological features from 1970 aerial photography

(NAPL A21672); (b) four-stage model of spit development (see text).
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Figure 5.22.  Sandy Hook, looking towards the northeast (loc. 10, Fig. 5.9). This flying spit is subject to frequent

overwash.

The sheltered shore, to the left, has a shallow nearshore terrace on which a variety of bars have

developed. By contrast, on the exposed shore (to the right of the spit) two linear bars parallel the beach (Photograph

by P.R. Hague). (BIO 3273A-16)

process by which sediment is transferred from the exposed
shore to the sheltered north-facing coast. In the central
section of the spit many isolated dune remnants have a
concentric shape from erosion during washover (Fig. 5.22).

Historical evidence of shoreline change is given by
Sanschagrin (1968), who shows that the width of La Passe
narrowed from 5500 to 5200 m between 1765 and 1833, This
was followed by sequences of opening (5500m in 1916),
closing (5011 m, 1917 -1935), opening (5800m, 1956) and
closing (5000 m, 1959). These short-term cyclic changes can
be attributed to the activity of storms but care must be
exercised in determining small-scale changes from historical
maps. Comparison of aerial photographs taken in 1952 and
in 1970 shows that the distal point of the spit undergoes
frequent modification but this is of smaller magnitude than
that described by Sanschagrin.

Unit 8. Northern spit (Pointe de l'Est)

This complex depositional feature (Fig. 5.15) has develaoped
at the end point of the west coast sediment transport system
and extends northeastwards from the two rack islands,
Grosse ile and ile de la Grande Entrée. Sediments in the
littoral zone are similar to those found on the western
barrier of the northern tombolo and consist of very well
sorted, medium-grained sands (Owens, 1974b). As in the
case of Unit 2 (Dune du Bassin - Sandy Hook) a model of spit
growth can be developed from interpretation of relict beach

ridges (Fig. 5.23). The initial stage (Stage A) shows the
development of a spit with recurved ridges, which grew to
the northeast from lle de la Grande Entrée. This interpre-
tation means that the present l_agune de la Grande Entrée
had to be open to the west at this time for large waves to
enter the area and generate longshore currents eastwards
between Grosse 1le and 1le de la Grande Entrée. As the
west-facing barrier of the northern tombolo system progres-
sively closed off the lagoon, the wave and current system
between the islands became less dynamic and parallel
progradational ridges developed in front of, or north of, the
initial spit (Stage B). Finally, the lagoon was closed on the
west and the available sediment was transported around
Grosse 1le to form a new spit or barrier linking this island
with the older spit system (Stage C). At present (Stage D)
relict ridges are being truncated near the distal section of
the compound spit (Fig. 5.24) and accretion is taking place
at Pointe de |'Est, This indicates that the beach facing
north is a zone of erosion and that the whole system is
migrating southwards and growing to the east.

The nearshore bars on the coast facing north are linear
and paralle! to the coast. This is similar to the bar system
on the exposed coast of Sandy Hook but is in marked con-
trast to the irreqular crescentic bars which characterize the
west-facing coast of the northern tombolo. This linear
pattern of nearshore bars is evident on all vertical air photo-
graphs of the north coast of Pointe de I'Est and indicates
unidirectional nearshare currents (Homma and Sonu, 1963).
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Figure 5.23.  Model of the growth of [le de I'Est (the legend is given in Fig. 5.21). The sketch of the
contemporary geomorphological features (D) is derived from 1970 aerial photography (NAPL A21672).
The large arrow indicates open water.

Figure 5.24. Aerial view of Pointe de l'Est, taken towards the east (loc. 11, Fig. 5.15). Relict dune
ridges are being eroded by wave action as the foreland is migrating to the east and to the south. The
distal point is at top right in the photograph ( Photograph by P.R. Hague). (BIO 3273A-17)
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GEOMORPHOLOGICAL DEVELOPMENT
OF THE BARRIER SYSTEM

In the present dynamic shoreline condition of the Magdalen
Islands the long continuous barrier beaches of the west-
facing coast are subject to greater inputs of wave energy,
from the dominant waves aout of the northwest, than the
beaches facing east. Sand is still being supplied to the
system, largely from the shallow offgshore areas of the
Magdalen Shelf, and inferences about the general pattern of
longshore sediment dispersal (Fig. 5.25), based on consid-
eration of the present wave climate, are substantiated by
observations on the morphology of the beach zone on the
two sides of the island. The west coast is essentially a zone
of sediment bypassing, dominantly to the north, and sand is
moving towards the twa terminal spit systems. Pointe de
I'Est in the north is a large, accretional foreland which is
being buijlt out into deeper water and Sandy Hook in the
south, which receives less sediment, is a long, narrow, flying
spit.

L_ongshore sediment transport rates are high on the west
coast and the barriers are narrow with little development of
regular dune ridge systems (Owens, 1977b). The barrier
section north of lle du Cap aux Meules is subject to over-
wash in the updrift sections adjacent to the rock islands, and
elsewhere the seaward front of the dunes is subject to
frequent storm wave erosion and recovery. The southern
section is low, frequently overwashed and clearly migrating
landwards into the lagoon of Havre aux Basques.
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Figure 5.25. Directions of net longshore sediment transport

and areas of erosion or deposition, Magdalen Islands
(Owens, 1977b).
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The east coast barrier beaches have developed in a zone
of sediment deposition as material has been transported
around the extremities of the islands. Transport is generally
from north to south under the influence of waves out of the
northwest which have been refracted around Pointe de I'Est,
but this coast is also affected by local waves out of the
northeast and swell which passes through Cabot Strait to the
east. The barriers are generally lower and wider than those
on the west coast but are narrow in the updrift or northern
sections. Inlets and overwash are restricted to these narrow
sections where bypassing is prevalent. Sediment has accu-
mulated in the downdrift sections adjacent to bedrock
outcrops, which have acted as major groins. Two -major
zones of accumulation have well defined sequences of pro-
grading beach ridges, which developed in the lee of the west
coast barriers.

The oldest historical record of the coast of the
Magdalen Islands, a chart surveyed by James Cook in 1765,
shows a shoreline configuration very similar to the present
one. The scale and detail of the chart do not permit
detailed analysis but serve to show that there have been no
major changes in coastal outline in the past 200 years. As in
other barrier systems in the southern Gulf (Bryant and
McCann, 1973) an indication of local changes and short term
variability may be obtained from a compilation of the dif-
ferent pasitions of the tidal inlets in the system shown on a
variety of charts and aerial photographs during the period
(Fig. 5.26). There are presently no active tidal inlets on the
west coast, but Cook's map, in addition to locating the
former inlet at Fatima discussed previously, indicates the
position of four former inlets in the southern section of the
western barrier, which encloses the southern lagoon, Havre
aux Basques. It appears that the low, overwashed, trans-
gressing condition of this section of the west-facing barrier,
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Figure 5.26. Composite diagram of the location of inlets,
derived from charts, aerial photography and Paul (197 4).
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allied to shallow lagoon depths, no longer favours the
development and maintenance of tidal inlets. The shallow
lagoon condition has also enabled the artifical closure of the
inlets on the opposite, eastern barrier to be successful,
though this is also a relatively protected section of coast.
Two inlets on the east coast appear to have been open
throughout the two hundred year period, one between the
two islands of Tle du Cap aux Meules and lle du Havre aux
Maisons is bedrock controlled, the other at Grande Entrée is
the largest and most dynamic inlet in the Magdalen Islands.
The latter is a complex system with two separate inlets, one
of which shows a sequence of opening and closure that
continues today.

A reconstruction of the earlier stages in the evolution
of the barrier system must rest on the overall contrast
between the western and eastern barriers, on the mor-
phological evidence of the older dune ridge sequences and on
assumptions concerning the operation of coastal processes
during the postglacial rise in sea level.

During the early phase of the postglacial transgression,
glacial and glaciofluvial sediments reworked by marine and
littoral processes may be assumed to have formed beaches
on the Magdalen Shelf, which with rising sea level migrated
westwards towards the higher area and eventually stabilized
around the bedrock outcrops of the Magdalen lslands, pro-
viding the antecedents of the present western barriers. The
oldest extant dune ridges in the islands, at the rear of the
progradational sequences on the east coast, appear to have
been formed when sea level was below the present level, and
their morphology dictates that protective barriers were
present on the west coast at this time. The early develop-
ment of the terminal spits was probably contemporaneous
with the beginning of the progradational sequences, with
deposition at Dune du Bassin in the south and with the
growth of a spit northeast from lle de la Grande Entrée in
the north, the latter implying that the northern section of
the western barrier did not yet reach Grosse Tle. When the
western barrier system was complete the present pattern of
longshore sediment transport was initiated and the eastern
shore became a more pronounced zone of sediment accumu-
lation: the rate of barrier development on this shore in-
creased and the enclosed lagoons were formed.

The contrast between the western and eastern barriers
may be expressed in the context of Swift's views (1975) of
the two modes of barrier development during a marine
transgression (Fig. 5.27). Following earlier work by Bruun
(1962), Curray et al. (1969) and other workers, Swift
suggested that when coastwise sand exports equal or exceed
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Figure 5.27. Model of shoreface retreat or advance with a
transgressing sea.
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coastwise sand imports then an erosional condition results
with shoreface retreat or retrogradation: when there is an
excess of sand imports over exports a depaositional condition
results with shoreface advance or progradation. The west
coast barriers accord with the former condition and sections
of the east coast barriers with the latter, though it is
interesting to note that erosional and depositional shoreface
deposits have developed adjacent to each other on the east
coast.

SUMMARY

1. The coastline of the Magdalen Islands may be sub-
divided into nine geomorphic units, four aof which are
depositional units composed of medium-sized sands. The
depositional units comprise two systems of double barrier
beaches and dunes, enclosing shallow lagoons, and two ter-
minal spits. The west-facing barriers in both tombolo units
are narrow and in the south the barrier is migrating
eastwards into the central lagoon. In contrast the east-
facing barriers are generally wider and contain two pro-
gradational dune-ridge sequences. The west coast is the
higher energy shore and is largely a zone of sediment by-
passing, with sand moving towards the two terminal spits.

2. The unique assemblage of coastal depositional land-
forms in the Magdalen Islands represents a geomorphic
response ta a particular combination of environmental con-
ditions in an unusual geological setting. The key environ-
mental factor is the predominance of locally generated
waves from the west and northwest. The key factors in the
geological setting are the shallow, sediment-abundant shelf
condition, and the spacing and alignment of the series of
small rock islands in the centre of the shelf, which act as
stable anchors for the double tombolos and terminal spits.

3. The present shoreline condition is the end product of
a long period of fluctuating but, overall, rising sea level
during which beach and shallow marine processes have re-
worked the sandy, glacial deposits of the Magdalen Shelf,
The barriers and spits are the supratidal component of a
suite of reworked shelf sediments.

4. The morphological analysis and interpretation of the
recent development of the barrier beaches and spits of the
Magdalen Islands presented here complement the detailed
process studies made by Owens (1977a, b; Owens and Frobel,
1975; 1977). They provide a framework for the broader
application of the findings related to shoreline dynamics,
which by their nature are site specific. In this respect mor-
phological analysis is an important tool in coastal geomor-
phology, which allows inferences to be made concerning
evolutionary trends in shoreline development.
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Abstract

This paper provides a framework for detailed time series analysis of storm events and an
assessment of their relative importance in controlling morphological changes in the coastal zone. A
wave-hindcast procedure (S-M-B) is used to generate theoretical wave heights, periods and cumula-
tive wave energies for specific storm events based on hourly wind data for Kouchibouguac Bay in the
southern Gulf of St. Lawrence. The synthetic wave climatology provides: (a) measures of storm
intensity, by maximum significant wave height, period or cumulative wave energy for the duration of
the storm, (b) return periods for events of differing magnitude, and (c) a ranking scheme for the
relative importance of storm events in terms of their geomorphological impact in the coastal zone.

Kouchibouguac Bay is a low-energy, storm-wave dominated environment, receiving 19 storms
per ice-free year on average but these represent only 5.5 per cent of the total time., The dominant
storm-wave direction is northeasterly for all return periods and the stormiest months are May
followed by April and December. The largest most probable annual wave event produces significant
wave heights of 1.3 m and a total storm wave energy of 13 344.5 x 10® J m ! crest width from the
northeast. The largest predicted wave has a return period of 34 years, a significant height of 2.6 m
(maximum of 4.7 m) and a period of 7 s; extrapolation to the 100-year event suggests a maximum
wave height of 5.6 m.

Morphological response in Kouchibouguac Bay is well-correlated with wave intensity: (a) rip-
channel excavation in the inner bar system occurs with predicted waves 60-80 cm high and a return
period less than one month; (b) the outer crescentic bar system responds extensively to the most
probable annual maximum (significant height of 1.2 m); (c) barrier washover correlates with this
latter event also; (d) barrier breaching occurs under storm conditions with return periods of between
4 and 12 years but the location is controlled by antecedent morphology.

Résumé

La présente étude se veut le cadre d'analyses détaillées de séries chronologiques d'apparitions
de tempétes et d'évaluation de leur importance relative dans la lutte contre l'évolution morphologique
des cétes. Les auteurs emploient une méthode de prévision & postériori des vagues (S-M-B) afin de
reconstituer la hauteur théorique des vagues, leurs périodes et l'énergie accumulée a l'occasion de
certaines tempétes, & partir de données €oliennes horaires pour la baie de Kouchibouguac dans la
partie méridionale du golfe du Saint-Laurent. La climatologie des zones synthétiques a permis de
déterminer les facteurs suivants: (a) des mesures de l'intensité des tempétes, par la hauteur de houle
significative et maximale, l'énergie périodique ou cumulative de la houle pour la durée de la tempéte;
(b) la durée des cycles pour chacune des apparitions de tempétes de puissance différente et (c)un
mode de classement pour l'importance relative des tempétes suivant leurs effets géomorphologiques
sur la zone cétiere.

La baie de Kouchibouguac constitue un milieu d faible énergie dominé par des vagues de
tempéte; la baie essuie en moyenne 19 tempétes par année (période libre de glace) mais celles-ci ne
représentent que 5,5 p. 100 de tout le temps écoulé. Les vagues de tempéte dominantes ont une
direction nord-est pour tous les cycles, les mois les plus perturbés étant surtout le mois de mai, suivi
d'avril et de décembre. La plus grande apparition probable d'onde annuelle produit des hauteurs de
houle significative de 1,3 m et une énergie totale due aux vagues de tempéte de 13 344,5 x 10° Jm !
comme largeur de créte venant du nord-est. La plus grande vague prévue posséde un cycle de 34 ans,
une hauteur significative de 2,6 m (maximum de 4,7 m) et une période de 7 s; son extrapolation sur
100 ans laisse croire a la possibilité d'une hauteur de houle maximale de 5,6 m.

Les effets morphologiques dans la baie de Kouchibouguac sont étroitement li€s a l'intensité de
la houle: (a)le creusement du chenal d'arrachement dans le réseau de cordons intérieurs se produit
lorsque les vagues prévues atteignent 60 a 80 cm de hauteur et possédent un cycle de moins d'un mois;
(b) les réseaux de cordons recourbés vers l'extérieur réagissent fortement au maximum annuel le plus
probable (soit une hauteur significative de 1,2 m); (c) le washover de barriére se corréle aussi avec
cette derniére apparition; (d) l'ébrechement des barriéres se produit dans des conditions de tempéte
avec cycles dune durée de 4 a 12 ans mais l'emplacement est commandé par une morphologie
antécédente.
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INTRODUCTION

The relative magnitude and frequency of occurrence of
specific geomorphological processes has been a recurrent
conceptual problem for many years and was clearly
identified in the classic paper by Wolman and Miller (1960).
More recently the importance of morphological thresholds
(Schumm, 1973, 1975) has been identified as a madulating
influence on the absolute magnitude of process. Such
concepts are particularly relevant in coastal studies in any
attempt to define both the magnitude of process controlling
the wave-induced rates of sediment flux through time
(Kamar, 1976) and the development of specific geomor-
phological features such as barrier breaches (Greenwood and
Keay, 1979). The basic philosophical question thus still
remains as to whether modern process studies should em-
phasize analysis of infrequent extreme events (e.g., Jackli,
1957; Ball et al., 1967; Hayes, 1967; Hayes and Boothroyd,
1969) under the framework of a 'catastrophic uniform-
itarianism' (Lyell, 1830; Gretener, 1967; Brenner and Davies,
1973; Kumar and Sanders, 1976), oar more moderate events
(e.g., Wolman and Miller, 1960). Indeed the very definition
of 'extreme event' is unclear. Unfortunately, as in many
other fields of geomorphology, assessing the significance of
empirical studies of specific events is restricted by the
limited time series of both process and form which are
presently available.

Understanding morphological change in the coastal zone
depends heavily upon an analysis of the effect of wave
energy dissipation and its variation through time. This is
particularly so in storm-wave dominated coasts (Davies,
1973), such as those of the Canadian Arctic, Great lakes
and sections of the Eastern Seaboard where geomor-
phological work is a distinctly discrete process; periods of
intensive wave activity are associated with the inter-
mittent passage of meteorological depressions of varying
size (Fox and Davis, 1976) and frequently separated by long
periods of near zero wave activity, While storm effects
depend upon the character of individual event (size of waves
generated, level of surge, etc.) modulated by the tidal
regime, sediment texture and availability, and coastal
configuration, the relative importance of any specific event
depends upon its relationship to the local wave climate. To
evaluate morphological change in the coastal zone in the
long term it is necessary, therefore, to determine some
index of storm magnitude, which will reflect a potential to
do work, and also recurrence intervals for events of similar
magnitude, which will reflect the pattern of total work over
time. In this way specific empirical studies of the
morphological change associated with known storm con-
ditions can be placed in their true perspective with respect
to the magnitude and frequency of occurrence of that
specific event.

The aim of this paper is to present a method for
evaluating the significance of specific storm events using a
synthetic wave climatology and to illustrate its application
in case studies of storm wave effects in Kouchibouguac Bay,
New Brunswick, bordering the southern Gulf of St. Lawrence
(Fig. 6.1). In this area, sheltered from swell wave pen-
etration, morphological change results from local wave gen-
eration during the passage of extratropical depressions and
studies have been made of the response of the nearshore
zone to individual storm events (e.g., Greenwood and
Davidson-Arnott, 1975; Greenwood and Keay, 1979;
Greenwood and Hale, 1980). It is important, however, that
these be placed in context with the long-term distribution of
storm events of differing magnitudes.

The Kouchibouguac embayment has been described in
detail previously (Davidson-Arnott, 1971; Bryant, 1972;
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Bryant and McCann, 1973; Greenwood and Davidson-Arnott,
1975, 1977) and it is sufficient to note that the area has a
mixed microtidal regime and is storm-wave dominated with
long intervals either free from starms or periods (generally 3
moanths) during which ice in the nearshore zone prohibits
wave activity. No long-term wave records are presently
available for the bay itself although shorter periods of
recarding are available for a station in 7m water depth in
the southern part of the bay (Davidson-Arnott, 1975;
Mittler, 1977, pers. com.).

WAVE CLIMATOLOGY

Winds change not only by the minute, hour and day but elso
by the season and year. Since they are the generating force
for the waves, the waves themselves exhibit this same
variability, It is this long~term distribution of waves that
constitutes a wave climatology. In addition to the temporal
variations of winds and waves there are spatial variations
and hence a wave climatology is unique to a particular area.
Wave climatologies for large areas such as the Gulf of St.
Lawrence (Quon et al., 1963; Environment Canada, 1972) are
referred to as regional wave climates, those for specific
localities such as Kouchibouguac Bay are termed local wave
climates (Ploeg, 1971; Ashe snd Ploeg, 1971; Environment
Canada, 1977a). Furthermore, wave characteristics in
shallow water wil] differ considerably in direction of ap-
proach, height and alangshore energy distribution from those
in deep water. The amount of variation will depend upon the
bathymetry, the initial angle of wave approach and the
deep-water wave length. Both nearshore (Goldsmith, 1976)
and offshore (Walton, 1973) wave climates can be recognized.

Attempts are being made with increasing frequency. to
monitor wave characteristics at these different scgles
ranging from the United States Hydrographic Office Globa!
Wave Climate (Bigelow and Edmondston, 1947) and the wave
study proposed by the Permanent International Association
of Navigation Congresses (1973) to the bighly localized
monitoring of the Littoral Environment Observations
Program {Berg, 1970). In Canada a continuing effort is being
made to provide as wide a caverage of wave data as possible
(Draper, 1970; Baird and Wilson, 1974; Environment Canada,
1977b). In most instances, however, the cost, both in time
and money, of abtaining long-term wave records cannot be
afforded. As a result lengthy time series suitabie for
.compilation into a wave climatology are seldom available
for the area of concern. Furthermore even where direct
measurement has been undertaken the directional attributes
of the waves (so important in coastal sediment transport)
are frequently not available because of the difficulty or cost
of determination (Mitsuyasu and Mizuna, 1976). One means
of circumventing this problem involves the collection of
wave data for a short period and using these data to
calibrate a wave hindcasting procedure based on me-
teorological parameters and available fetch. After cal-
ibration to establish the validity of the procedure an ex-
tended time series of meteorological data can be used to
generate a synthetic wave climatology (Hale, 1978).

SYNTHETIC WAVE CLIMATOLOGY

Since the early work of Suthons (1945), Arthur (1947) and
Sverdrup and Munk (1947) there has been a continuing effort
to perfect wave prediction procedures through either a
significant wave determination or complete spectral es-
timation for given wave-generating events (Bretschneider,
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1966). All methods depend upon semiempirical computations
involving wind speed, duration and fetch length and tao date
it is not possible to clearly identify a superior methad
(Neumann and Pierson, 1957) although Komar (1976) argued
a preference for spectral estimates on theoretical grounds.
Neu (1971), in contrast, argued that it is difficult and
impractical to apply spectral data to a wave climate in-
vestigation, and the description of the physical charae-
teristics of the waves (height, period, etc.) is more useful
and more adaptable to time series analysis.

In this study a synthetic wave climatology is developed
using the Sverdrup-Munk-Bretschneider (5-M-B) significant
wave approach (Sverdrup-Munk, 1947; Bretschneider, 1951,
1958, 1959, 1970). The relationships representing deep-
water wave generstion can be defined in dimensional equa-
tions (Johnson, 1950):

S [g_F g_t] (n
v y2 Vv

g _ gF gt

72- = ‘I’Z |}‘7{, V—] (2)

where C = wave celerity; H = wave height (significant); V =
wind speed; F = fetch length; t = duration; g = gravitational
constant; ¢ = constant of proportionality. The constants of
propartionality depend upon empirical data and, as such, are
revised as 'more information becomes available. Lalande
(1975) developed twa computer programs based on the above
equations that allow simple incorporation of the constants as
they are modified. One program employs average wind
speed for the first six hours of the storm followed by hourly
wind speeds. Significant wave height and period for the first
six-hour interval are computed and printed. This is followed
by an hourly computation of the wave parameters using the
cumulative average wind speed. For this study the program
was modified to provide an hour-by-hour printout of wave
conditions from the first hour of the event. Procedures
were added to compute the wave energy generated each
hour and cumulative or tatal wave energy for the storm
event.

The S-M-B relationships were derived for open coast
sitvations where fetch width was st least as great as fetch
length. In a study of measured versus predicted wave
characteristics in a situation where fetch width was small in
comparison with fetch length, Saville (1954; Saville et al.,
1962) found considerably smaller measured waves. Further-
more for wind velocities over small fetch lengths at angles
of 30° to 45° to the longer fetch lengths, an under-
prediction occurred using available fetch. Consequently a
procedure was adopted that assumes that the effectiveness
of any fetch segment is a function of the ratio of the actual
length of the segment to the fength it would be in a fetch of
unrestricted width. It further assumes that the effec-
tiveness of the wind in generating waves is proportional to
the cosine of the angle from the average wind direction and
that wind beyond 45% on either side of the principle
direction is noneffective. In view of the limited fetch
widths in the study area (Fig. 6.lb) effective fetch rather
than available fetch was used in the madified Lalande (1.975)
program together with hourly wind data to generate a
synthetic wave climatology.

To develop a storm wave climatology for any ares using
hindcasting techniques, exactly what constitutes a storm
event must be defined on the basis of the meteorolagical
data. Furthermore in a time series analysis some index of
storm intensity must be derived.
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Storm event criteria

No absolute definition of what constitutes a storm event
exists and, in general, simple meteorological measures are
used to identify the storm magnitude (barometric pressure,
maximum hourly wind speed, maximum gust, etc.). From a
wave generation point of view, however, a number of key
variables need to be defined: wind directions determining
the fetch lengths, wind speeds capable of wave generation
and wind duration controlling the extent of wave buildup and
period of wave activity. Again somewhat arbitrary decisions
have to be made when working from meteorological data.

The following criteria, based on the hourly average wind
speed and direction summaries provided by the Atmospheric
Environment Service, Fisheries and Environment Canada,
have been used in this paper to define a storm event.

1. Wind speed was defined as the cumulative average
hourly value throughout the duration of the storm event and
must not be less than 19Kmh-' (12 mi h-!) from an
existing fetch direction. This latter value was adopted since
a wind speed of 19km h~' will not theoretically generate
significant waves greater than 1m in height or 4s period
regardless of fetch length or duration and forms the lower
limit of the S5-M-B nomogram. A storm event was con-
sidered terminated when the cumulative average wind speed
fell below 19 km h-'.

2, The duration of wind speeds equal to ar greater than
19km h=! must not be less than six hours. Waves take a
certain length of time to develop over any significant fetch
length and therefore a single hour of wind, no matter how
strong, will not be particularly important unless it is
preceded or followed by winds of similar intensity. An
arbitrary value of six hours was, therefore, taken as the
minimum duration of a storm event. This value proved to be
conservative in subsequent time series analysis when the
annual maximum series aof storm events was considered.

3. Wind directional variability must be restricted to
fluctuation less than % 45° from the predominant direction
except where (a) the fluctutions were for a period of time
not exceeding two hours, or (b) the wind reverted to its
original direction (and minimum speed or greater) for a
further period of not less than six hours within a seven-hour
interval.

The predominant direction was determined on the basis
of the maximum number of hours of wind from a given
direction. Where winds blew an equal number of hours from
more than one direction the predominant wind was defined
by the highest hourly average wind speed.

Storm intensity indices

Starm event classification by maximum significant wave
height and the height of the highest one tenth of the waves,
combined with information on storm surge, may provide 'a
measure for determining the potential of a storm to produce
barrier breaching, overwash, and flooding of laow-lying
coastal regions. It may not, however, be the best measure
of intensity for predicting the potential impact an the
nearshore zone in terms of both the quantity of longshore
sediment  transport and the resultant morphological
changes. In this instance a storm index based on the
cumulative energy or capacity to do work may be more
applicable,

Two indices were used in the present study: (i)
maximum significant wave height for a storm event and (ii)
cumulative storm wave energy generated by an event.
Furthermore an estimation of extreme wave heights for
particular events was also possible using the relationships
derived by Longuet-Higgins (1952).
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KOUCHIBOUGUAC BAY: A CASE STUDY
Metearclogical data

Three locations around Northumberland Strait provide hourly
wind data: Chatham and Moncton, New Brunswick, and
Summerside, Prince Edward Island (Fig. 6.1a). The Moncton
station is a considerable distance from the Strait and is
surrounded by heavy forest. Summerside is approximately
100 km south and east of the study area, whereas Chatham is
only 60km to the north. The Chatham station is about 30m
above sea level in an area of flat, open country, the only
obstruction being to the south where there is a stand of
heavy forest. The Miramichi Embayment is a short distance
to the northeast and there is no intervening high ground.
Similarly, the terrain to the east is low-lying. Therefore the
Chatham wind data were selected for use in wave
hindcasting.

Frequently in wave hindcasting overland winds are
adjusted to represent those expected over water (Richards
and Phillips, 1970; Resio and Vincent, 1977). The lack of
overwater wind data for Northumberland Strait coupled with
the unreliability of conversions (Cole, 1967) precluded such
adjustments in this study.

A pilot study to compare Chatham winds with those
measured at the exposed coast (North Richibucto Beach;
Fig. 6.1b) was undertaken for the summer of 1976 and
significant (0.05 level) correlations were obtained for all
fetch directions except southeast. Figure 6.2 illustrates the
wind roses for the same period and reveals the similarity of
wind conditions for all fetch directions except the southeast;
of particular significance is the similarity of the north and
northeast components which are the dominant wave-
generating directions. The greater magnitude and fre-
quency of winds from the southeast at North Richibucto
Beach reflects the sea breeze phenomena, which is only of
minor importance in wave generation because of its limited
fetch and duration. For this study the unaltered Chatham
wind data for 33 ice-free years (1941 - 76) were used, since
the high correlations suggest a strong relationship between
the land-based versus shore-based readings. Even though the
absolute speeds may vary, being higher at the beach, this
can be cansidered a constant in the long time series used in
generating a synthetic wave climatology.

Hindcast waves

The wuse of the $-M-B technique for limited fetch
environments has been reasonably successful (Brebner and
Kennedy, 1962; Brebner and Sangal, 1964; Cole, 1967, 1971)
although it does underpredict at low wind speeds. A further
check on its ability to predict real waves was carried out in
this study for one specific wave-generating event. To do
this it was necessary to have a distinct wave-generating
event where the antecedent conditions were of no im-
portance. The storm selected occurred between 1976-
7-18-0800 h and 1976-7-18-1700 h and winds were mainly
from the east. During the previous 19 hours the winds had
been offshore from either the west or southwest and thus
the storm is a good example of a discrete wave-generating
episode. Figure 6.3 illustrates these winds and waves (both
measured and predicted). Predicted values are lower than
observed values for both wave height and period, even when
shore-based winds are used, but the trend of observed and
predicted waves is remarkably similar and there is no phase
shift between wind and waves. This test indicates that the
water body responds rapidly to local winds, suggesting that
in a long-term comparative approach the 5-M-B procedure
will provide consistent, meaningful wave characteristics for
the development of a wave climatology.



CHATHAM
JUNE1-AUGUST20

LEGEND:

miles/hr.

1-49

599

10-14.9

15-19.9
=>»20

I W N

51015 %
NORTH BEACH
JUNE1-AUGUST20

Figure 6.2.  Wind roses for the Chatham Station and North
Richibucto Beach, 1976.

Storm wave climatology

The storm wave climatology allows an assessment of the
following characteristics: (i) the distribution of storm events
by magnitude, direction and month to be expected in an
average year; (ii) the annual variability in the number and
intensity of storm events by direction and month of oc-
currence; (iii) the percentage frequency of occurrence of
storm wave activity on an annual basis and the probabilities
- of occurrence of waves greater than a given size; (iv) the
maximum significant and extreme wave heights and periods,
plus total energies, to be expected from a given direction
and the magnitudes of the average annual! and most probable
annual storm event by direction; (v) the recurrence interval
for events of given magnitude (based on storm intensity
indices) and direction. Thus, while a complete annual wave
spectrum cannot be determined, the most important wave
events from a geomorphological point of view can be derived.

Annual storm expectancy

Storm events abstracted from the Chatham wind record
were first summarized in terms of the number of events by
direction and month for an average year. Figure 6.4 shows
that, of the 19 storms per year, 11 are from the northeast, 4
from the north, 2 from the east and 2 from the southeast.
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The characteristic 'northeaster' is the major wave-
generating event in this area, as it coincides with the max-
imum effective fetch (Fig. 6.1b). It is associated with the
approach of depressions primarily along the eastern sea-
board track (Fig. 6.5), and the termination of the storm is
associated with a wind switch to the northwest and west as
the centre passes. Storms tracking down the St. Lawrence
Valley may be important if they veer southwards, but
generally produce only strong southerly or southwesterly
winds during their passage. Irrespective of direction, May is
the stormiest month with an average of four storms,
followed by April and December with three each. July,
August and September, the quietest months, average only
one storm each per year. These data reflect the char-
acteristic annual pattern of storm tracks through this area
(Fig. 6.5). Storm intensity is always greater in the fall,
winter and spring in these latitudes simply because of the
macroscale atmospheric conditions. In the fall and spring
the east coast storm track lies over Nova Scotia and
particularly strong northeasterly winds are generated in
Narthumberland Strait and the southern Gulf of St.
Lawrence as storms approach. Bosserman and Dolan (1968)
in their study of the Outer Banks, North Carolina found a
frequency of extratropical storms almost double that for
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Kouchibouguac Bay, but a similar dominance of northeast
waves was noted by Hayden and Dolan (1977). Indeed, along
the whole of the eastern seaboard, the 'northeaster' is the
most important wave-generating event (Mather et al., 1964,
1967; Hayes and Boothroyd, 1969).

Storm frequency by magnitude and direction

Hindcast wave events were classified according to maximum
significant wave height and cumulative storm wave energy
(Tables 6.1, 6.2). The importance of fetch exposure Iis
clearly illustrated by the dominant northeast component. Of
the total period of ice-free years for a ten-year period
(1965 -75) storm waves were generated only 5.5 per cent of
the time. However, of this percentage the largest
contribution was from the northeast (3.3%) followed by
north (1.6%) and east and southeast (0.3%). Thus, the wave
climate is characteristically low-energy, punctuated by
periods of moderate to high-energy conditions. Although the
expected annual frequency of occurrence of storm wave
heights and energies are shown in Tables 6.1 and 6.2, no
indication of annual variability is given and examination of
six discrete time intervals shows that this variability can be
considerable. Table 6.3 documents this case for cumulative
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storm wave energies. In one time interval (1972-8 to
1973-7) there were 28 storms, 9 above the average, while
there were only 17 in the previous time segment. The
distribution of storm events within each time interval also
exhibits considerable variability. During the period August
1974 to July 1975 there were three events with total energy
values greater than 3500 x 10%® Jm-! crest width, whereas
events of similar magnitude occurred only twice in the other
five time intervals (in both cases in the August 1970 to July
1971 time period),

Even though there is considerable annual variability it is
possible to reveal important general patterns, particularly
with respect to the larger events, using procedures originally
developed in hydrology (Gumbel, 1941, 1960; Powell, 1943;
Dalrymple, 1960; Chow, 1964) for the analysis of extreme
values (Gumbel, 1960). Based on the Type I extreme-value
distribution of Fisher and Tippett (1928) these techniques
allow an analysis of the annual maximum storm wave series
to determine the probability of occurrence or return period
of a storm of given magnitude (Weibull, 1939; Gumbel, 1966;
Khanna and Andru, 1974). Bath the annual maximum and
partial duration series of storms were examined for Kou-
chibouguac Bay. The former is more valuable for events
with long return periods as it generates a smaller sampling
variance (Cunnane, 1973), while the latter does yield more
precise estimates of return period for the smaller storm
events. Bores (1974) defined the annual maximum series as
the '"storm regime" but suggests that two consecutive
hypercycles of 11 years provide an adequate data set for the
series to be defined.

Examination of the distributions of both the annual
maximum series and partial duration series for significant
wave height (Figs. 6.6a, 6.6b) and cumulative storm energy
(Figs. 6.7a, 6.7b) reveals that in all cases the largest
magnitude event for any given return period is from the
northeast. However, there is a tendency towards con-
vergence for smaller return periods, particularly in the case
of cumulative energy. This is to be expected as wave
generation shifts from a fetch-limited to duration-limited
condition, The dominance of the northeast component is
particularly marked with respect to cumulative energy of
storms with a less than 10-year recurrence interval (Fig.
6.7a) and reflects the duration of storms from the north-
east. Convergence with storms from the north of longer
return periods suggests that in the long-term record north-
erly winds may generate equally intense storms.

Tables 6.4 and 6.5 define the expected significant wave
height and cumulative energy by direction for events of
differing recurrence interval using the Hazen (1930) and
Gumbel (1966) procedures. Besides indicating the general
range of wave conditions and the probabilities of occurrence
in Kouchibouguac Bay, the tables indicate a tendency for the
Hazen technique to exaggerate the magnitudes for specific
recurrence intervals. This results from the basic assumption
of Hazen that, since the actual frequency of occurrence of
the maximum event in n years is not known, it should be
considered to be 2n.

The most probable annual storm wave event (recurrence
interval 1.58 years) from the northeast is a significant wave
height of 1.3m or a cumulative energy of 1712.6 x 10 Jm-!
crest width. An event with an expected return period of 25
years, however, generates waves 2.6 m high with an energy
value for the total storm of 1344.5 x 10" Jm=! crest width.
Thus it appears that a greater difference is produced in
cumulative energy (by a factor of 8) than in wave height (by
a factor of 2) as return periods increase., This can be
expected as fetch restrictions limit wave height while storm
duration increases total energy.
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Table 6.1. Frequency of maximum significant wave
height generated by storm events, classified by direction:
(a) totals for period 1941-1976; (b) values for an average
year. Figures in parentheses are percentages.

Table 6.2. Frequency of cumulative storm energy
generated by storm events, classified by direction:
(a) totals for period 1941-1976; (b) values for an average
year. Figures in parentheses are percentages.

s?AGAN)l(L'Y'cUANrI\lT DIRECTION DmAEtIhONS

WAVE HEIGHT N NE E SE

{a) 1.0-1.9 51(0.8) 11{1.8) 1{0.2) 8(1.3) 25 (4.9)
20-29 55 (8.9) 164 (25.0) 27 {4.4) 51 (8.3) 287 (46.5)
30-39 31(5.0) 98 (15.9) 26 {4.2) 11(1.8) 166 (26.9)
40-4.9 15 (2.4) 58 (9.4) 16 {2.6) 110.2) 90 (14.6)
50 59 5 (0.8) 25 (4.1) 40.7) 0 34 (5.5)
60-6.9 2(0.3) 8(1.3) 110.2) 0 1 (1.8
7.0--7.9 1(0.2) 110.2) 0 0 2 {0.3)
80-89 21(0.3) 0 0 2 (0.3

TOTAL 114 (18.5) 357 (57.9)  75(12.2)  71(11.5) 617 (100.0)

b)1.0-1.9 0.15 0.34 0.03 0.25 0.77
20-29 1.69 473 0.83 1.67 8.82
30-39 0.95 3.01 0.80 0.34 5.1
40-49 0.46 1.78 0.49 0.03 2.76
50-5.9 0.15 0.77 0.12 0 1.04
6.0 - 6.9 0.06 0.23 0.03 0 0.34
7.0-79 0.03 0.03 0 0 .06
8089 0 0.01 0 0 01

TOTAL 3.49 10.92 23 2.19 18.9

height values are in feet.

TNERGY DIRECTION DIRECTIONS
{ft-Ibs/ftx10%) N NE E SE
@ 0-10 81{13.1)  257041.7) 54(88)  66110.7) 458 (74.2)
10 - 50 27 14.4) 5201000 19 (3.1) 5( 0.5 13 (18.3)
50 — 100 4(0.7) 27 (4.4) 110.2) 32(5.2)
100 - 150 140.2) 3(0.5) 407
150 — 200 510.8) 1(0.2) 6(1.0)
200 — 250 110.2) 1(0.2) 210.3)
250 — 300 1(0.2) 110.2)
300 — 350 110.2) 110.2)
TOTAL 11a(185) 367 (57.9) 75{122)  71{115) 617
b} 0-10 2.50 7.89 1.66 2,03 14.08
10— 50 0.83 1.90 058 0.15 3.46
50 — 100 0.123 0.83 0.03 0.98
100 — 150 0.031 0.03 0.12
150 - - 200 - 0.15 0.03 0.18
200 - 250 0.031 0.03 0.06
250 — 300 0.03 0.03
300 — 350 0.03 0.03
TOTAL 351 10.95 2.30 218 18.94
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Table 6.3. Frequency of storm events classified by cumulative energy
and direction for six time intervals 1970 to 1976.
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Figure 6.7

Probability plots of the annual
maximum series of cumulative
wave energies using the plotting
position n+l/m(a) and the
partial duration series using the
plotting position 2n/2m-1 (b).
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Table 6.4. Comparison of storm event magnitudes by
maximum significant wave heights in centimetres for
specified return periods as determined using the Hazen
(1930) and Gumbel (1954) procedures.

Table 6.5. Comparison of storm event magnitudes by
cumulative wave energy (in joules per metre crest width
x 10%) for specified return periods as determined using the
Hazen (1930) and Gumbe! (1954) procedures.

RETURN | METHOD DIRECTION | RETURN | mETHOD DIRECTION |
PERIOD North Northeast East  Southeast PERIOD North Northeast  East Southeast
Median Annual | Hazen 125 171 119 86 Median Annual | Hazen 400.3  2001.7  266.9 102.3
‘ Event Gumbel 116 152 95 61 Event Gumbel 4448 31137  266.9 93.4
‘ i
Five Year | Hazen 74213 162 22 Five Year | Hazen 20462  6672.3 10231  444.8
Return Period | Gumbel 162 195 128 92 Return Period | Gumbet 1334.5 7117.1 633.8 244.7
| Ten Year Hazen 198 229 174 137
. Ten Year Hazen 3781.0 9786.0 1579.1 889.6
| Return Period | Gumbel 198 220 152 107 . Return Period | Gumbel | 2268.6  8451.6 889.6  467.1

The partial duration series (Fig. 6.6b) indicates that
starms generating maximum waves of 1m or greater occur
every 0.2 years from the northeast, whereas the same
condition is generated by a southeasterly storm only once in
seven years on average. However, it must be remembered
that the strong seasonal bias (particularly for northeast and
north storms) may result in shorter return periods in those

months of frequent starms (December, April, May) and
longer return periods in the summer and fall.

Extreme storms

The maximum predicted deepwater starm wave in

Kauchibouguac Bay has a significant height of 2,6m and a
7 s period with a return period of 34 years, I[f the ratio
between maximum and significant wave height of 1.8:1 is
assumed (Longuet-Higgins, 1952; Thom, 1971) then the
largest wave predicted is 4.7m in height. The storm event
generating these waves occurred 1974-11-21 during a
'northeaster' but there is no published record of its effects.
The predicted 100-year significant wave is also from ths
northeast with a height of 3.1 m; an extreme height for such
a storm wauld be 5.6 m. This does not seem an unreasonable
prediction though fetch restrictions must place a finite limit
on the maximum possible wave dimensions. There are two
published accounts of major coastal storms which provide
some comparative information. The June 1959 Northum-
berland Strait storm (Mcl.ead, 1959) developed very rapidly
and resulted in the loss of several lives. It was, however,
these latter aspects rather than its absalute intensity, which
in the popular perception gave it the status of an extreme
event. The predicted wave height at Kouchibouguac was
only 1.5 m and the recurrence interval only 2 years. The
December 1964 storm over the Maritime Provinces (Tyner,
1965), which produced the lowest sea level barometric
pressure ever recorded at Halifax, generated extremely high
wind speeds (e.g., 160km h-' at Sydney, Nova Scotia).
Nevertheless it did not greatly affect Kaouchibouguac Bay, as
winds were mainly from the south which is not an important
fetch direction. The bay was only affected by the secondary
depression which developed after the main storm. This
emphasizes the often local effect of major storms and the
importance of fetch.

MAGNITUDE AND FREQUENCY OF GEOMORPHIC EVENTS

Morphological changes in the coastal zone range fram minor
chanpges in swash slope morphology associated with water-
level shifts and low-wave intensities on a minute-by-minute
basis (e.g., Wadell, 1976),
configuration associated with each storm event (e.g., Hayes
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and Boothroyd, 1969; Fox and Davis, 1976), to major changes
in cosstline form, such as barrier breaching associsted with
infrequent high wave-energy events (e.g,, Hite, 1924;
Stoddart, 1962; El-Ashry and Wanless, 1965; Greenwood and
Keay, 1979). Correlatian of abserved changes with a wave
intensity index or storm index is therefore useful in un-
derstanding the scale of process-respanse in a framework of
total coasta} change through time. An examination of
changes monitored under specific storm wave conditions in
Kouchibauguac Bay domonstrates the value of the synthetic
wave climatology in this respect. Modificetions of both
inner and outer nearshore bar systems, barrier washaver and
barrier breaching are considered (Table 6.6).

The most mobile morphological unit is the inner bar
system controlled by rip cell circulation. Rip channel
excavation produced a 0.6 m deep, 25m wide channel in one
storm (1972-6-10, Fig. 6.8a) with coincident infilling of an
old rip channel downdrift, and net displacement of the
nearshore bar alongshore similar to the pattern observed by
Davis and Fox (1972). Since such a storm may be expected
approximately every month (29 days) in the ice-free year,
considerable alongshore transport annually is achieved
through transformations in the nearshore bar system.
Changes in the beach face were valumetrically much smaller
(Fig. 6.8b), emphasizing that the major response to the
monthly storm was in the inner nearshore bar system where
the bulk of the wave energy was dissipated by breaking on
the bar rather than at the beach face. A second storm
(1972-6-22) of similar magnitude enlarged the new channel
and completely closed the old rip channel though a small
starm (1972-6-17) with similar wave heights but much lower
net energy, did not produce significant changes. The outer
crescentic nearshaore bar at Kouchibouguac responds to a
rather limited spectrum of wave conditions. Table 6.6
indicates the maximum depth of activity and maximum bed
surface change experienced by the bar crest, which lies
approximately 2 to 3 m bslow mesn water Jevel, during two
specific storm events. The larger storm had wave char-
acteristics similar to the most probable annual storm and
induced movement of sediment to the seaward foot of the
bar, although net bed elevation change at this location was
very small (Greenwood and Hale, 19B0). This suggests an
equilibrium relationship between the bar form and the most
probable annual storm event. This storm, with a return
period of 1.3 years, also created a minor washover on the
barrier island with penetration into the dunes but not into
the lagoon. The storm coincided with spring tides (0.9m)
and a storm setup of 1.2 m was measured in the backing
estuary. The most probable snnual storm event may well be,

through—changes—in nearshore ——therefare, the minimum threshold of_wave_height_and_energy -

for this process in Kouchibouguac Bay.
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Table 6.6. Morphological response to storms of varying magnitude and return periods.
Starm Characteristics
r
Morphological Direction Duration Maximum Return Cumulative Return Extreme Date
response to wave (Hifs) period energy period wave
storm waves height height
W {h) (m) (yr) (x10%Jm-! (yr) | (Hif10-m)
crest width)

Rip-channel
excavation NE 12 0.7 0.3 61.4 0.2 1.3 1972-6-10
(inner bar NE 7 0.6 <0.2 27.4 <<0.2 1.1 1972-6-17
system)

NE 7 0.8 0.3 58.3 0.2 1.4 1972-6-22
Maximum depth
of scour
(outer bar system)
46 cm NE 34 1.2 3 1207.7 1.4 2.2 1976-6-11
10cm NE 18 0.8 3 41.8 0.1 1.5 1976-8-14
Maximum bed
surface change
(outer bar system)
23 cm NE 34 1.2 3 1207.7 1.4 2.2 1976-6-11
10 em NE 18 0.8 3 41.8 0.1 1.5 1976-8-14
Barrier Washover NE 34 1.2 1.3 1207.7 1.4 2.2 1976-6-11
Barrier breaching

NE 28 1.9 5 3232.7 2-3 3.6 1970-12-24

NE 30 2.4 12 6304.6 4-5 4,5 1977-12-6

Two distinct episodes of barrier breaching have been
studied in the barrier system and the storms generating the
breaches have return periods of between 4 and 12 years
depending on the storm index used. This return interval is
close to the average breaching frequency in the bay (Bryant
and McCann, 1973). However, this should not be considered
a catastrophic event (Greenwood and Keay, 1979), for it is
becoming increasingly clear that ephemeral tidal inlets are
an integral part of the dynamic equilibrium of barrier islands
and that in the long term the nature of barrier island
sediments may reflect inlet infilling almost entirely (Kumar
and Sanders, 1974),

Althaugh the above discussion allows an assessment of
the relative importance of storm events, the recurrence
interval of an event cannot at present be related to absolute
values of change such as volumes of sediment moved, which
would then reflect total work. However, a framework
(Table 6.6) within which this might be achieved has been
outlined and an insight into possible thresholds for specific
morphological responses has been given.

DISCUSSION AND CONCLUSION

The procedures outlined above enable a synthetic wave
climatology to be developed for storm-wave dominated
environments, where an extended time series of mete-
orological data is available. Determination of magnitudes
and frequency of occurrence of specific storm wave events,
and their annual, seasonal and directional distribution can
then be made and related to known morphological respanses.

The advantages of a hindcast approach are: (i) the
site-specific nature of predictions; (ii) the availability of
long periods of meteorological records for many coastal
areas; (iii) the directional information derived (see Saville,
1974); (iv) the derivation of quantitative indices of storm
magnitude (see Reid, 1957); (v) the speed and ease of
computation; and (vi) the lack of sufficiently long measured
wave records in most areas at present (Neu, 1972; Jahns and
Wheeler, 1973). A number of inherent limitations, such as
the accuracy of the S5-M-B predictions (Brebner and
LeMehaute, 1961; Lui, 1976), the use of a point source of
land-based winds, the arbitrary nature of storm definition
and the consideration of only the upper part of the energy
spectrum in deep water without reference to wave duration,
decay or transformation (Armon, 1975; Armon and McCann,
1977; Greenwood and McGillivray, 1978) shouid be noted.
Nevertheless the wave parameters predicted are those most
commonly used in geomorphological studies and the
moderate to high wave events are most important in causing
coastal change.

The case study of Kouchibouguac Bay in the southern
Gulf of St. Lawrence illustrates the value of the technique.
An empirical test of the wave-prediction procedure revealed
a strong correlation between the observed initiation and
development of waves over time and those predicted. While
a discrepancy in absolute values was evident it was small
and the variability over time (initial wave growth and the
start of the decay) was faithfully predicted. The test
suggests that values predicted for a long time series of
meteorological data will conform in a relative sense.
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Analysis of the complete time series allows determination of
the variability of geomorphic process seasonally (Hayden and
Dolan, 1977) or secularly (Hayden, 1975), Partial duration
and annual maxima series give good estimates of the
probable recurrence interval of specific magnitudes of storm
event measured in terms of the maximum wave height
(either Hiy3 or Hif10) or cumulative storm wave energy.

Kouchibougac Bay receives 19 storm wave - generating
events per year on average and the dominant wind direction
is from the northeast (11 storms) followed by the north (4
storms). These are distributed unevenly throughout the
year; May is the stormiest month with an average of four
storms followed by April and December each with three
while July, August and September experience only one storm
on average and indeed storm wave conditions occur only 5.5
per cent of the total time. The area can be classified as a
low-energy, storm-dominated environment. Examination of
the annual maximum and partial duration series indicates that
(i) for all return periods northeasterly storms produce the
most intense wave conditions, (ii) the largest most probable
annual wave event produces heights of 1.3 m and a total
energy of 13344.5 x 10°Jm~! crest width from the northeast,
(iii) the largest predicted wave has a return period of 34
years, a significant height of 2.6 m (maximum of 4.7m) and
a period of 7s but extrapolation to the 100-year event
suggests a maximum absolute wave height of 5.6 m.

Definitive statements cannot be made regarding the
applicability of the storm intensity indices to either the type
or the scale of changes in the coastal zone. It is, however,
most likely that a good relationship will ultimately be found
between total energy and quantity of sediment transported
since both wave magnitude and duration are included in its
computation. In contrast, the index of maximum significant
wave height may be more applicable to subaerial changes
associated with dune scarping, overwash and barrier
breaching but the examples cited show the usefulness of
both indices in assessing 'process thresholds' for the initia-
tion of minor coastal changes such as nearshore bar migra-
tion or sediment flux in various depths of water, and major
coastline changes such as barrier breaching. Rip channel
excavation and inner nearshore bar modifications occur with
maximum predicted significant wave heights of only 60 to
80cm, which have a return period of less than one month,
while extensive modification of the outer bar system
requires significant wave heights of at least 1.2 m and
appears to reflect the most probable annual maximum
wave-generating event. Barrier washover is also correlated
with the most prabable annual maximum wave conditions
whereas barrier-breaching conditions have return periods of
between four and twelve years and reflect the importance of
antecedent, morphological as well as process thresholds.
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IN A BARRED NEARSHORE ENVIRONMENT
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Abstract

Sediment flux and associated morphological change in a continuously submerged, nearshore,
crescentic bar system is documented for discrete storm events using an array of depth of disturbance
rods in conjunction with structural indices recorded in epoxy peels of box cores from the active layer.
Steel rods (=1 or 2 m in length, 0.5 cm in diameter) buried to a depth of 55 cm with a free sliding
washer (=0.6 cm internal diameter) accurately record the spatial variability of: (1) maximum depth of
sediment activation; (2) net bed elevation changes; and (3) degradation-aggradation cycles. The depth
of activity is related to the magnitude of the incident wave —(70 cm for deepwater waves of 2 m
height, 6 sec period versus 23 cm for a height of 1.5 m and period of 5 sec)— and location within the
bar system. Maximum values occur on the seaward side of the bar crest where wave breaking,
asymmetric oscillatory motion and/or rip current flow would be a maximum during the storm. A
secondary maximum is associated with longshore currents in the landward trough. Depths of activity
minima occur on the landward slope in response to height loss due to breaking and increase in water
depth. In general storms erode the bar profile with scour maxima on the seaward side of the crest
and near the toe of the landward slope. Aggradation occurs on the upper landward and upper seaward
slopes steepening both slopes and producing a seaward displacement of the bar crest over the
crescent area. Structural indices suggest increasing rates of landward transport (through either
ripple or lunate megaripple migration and sheet flow) as water depth decreases up the seaward slope.
Landward transport across the bar crest and down the landward slope is also indicated. On the upper
landward slope and bar crest of the crescent, however, small- to medium-scale seaward-dipping
cross-stratification indicates a distinct seaward flux of sediment, which is interpreted as resulting
from rip-type flow. This is not found on the shoal areas and this differentiation is instrumental in
maintaining the on-of fshore sediment balance as well as the crescentic form.

Résumé

Les auteurs donnent des précisions au sujet des apports de matériaux de l'évolution
morphologique connexe dans un ensemble de cordons arqués, situé prés du littoral et continuellement
submergé afin de déterminer des apparitions de tempétes discrétes au moyen d'un réseau de tiges de
perturbation en profondeur combiné a des indices structuraux enregistrés dans des pelures d'époxy
situées dans des carottes encastrées tirées de la couche active. Des tiges d'acier (=] ou 2 m de
longueur et 0,5 cm de diamétre) enfouies @ une profondeur de 55 cm et munies d'une rondelle mobile
libre (=0,6 cm de diameétre interne) enregistrent avec précision la variabilité spatiale des phénoménes
suivants: (1) profondeur maximale de l'action sédimentaire; (2) les modifications altimétriques nettes
du lit et (3) les cycles de démaigrissement-engraissement. La profondeur de l'action sédimentaire est
lige a la force de la vague incidente — (70 ¢m dans le cas des vagues en eau profonde de 2 m de
hauteur, une période de 6 s contre 23 cm pour une hauteur de 1,5 m et une période de 5 s)— et un
emplacement situé a llintérieur du réseau de cordons. On constate des valeurs maximales sur la
fagade maritime de la créte de cordon ol le déferlement des vagues, le mouvement oscillatoire
asymétrique ou le courant d'arrachement atteignent généralement un sommet au cours dune tempéte.
Un maximum secondaire est associé & la dérive littorale dans le creux situé cété terre. Des
profondeurs minimales d'action existent sur le versant intérieur par réaction & la perte de hauteur due
au déferlement et a l'accroissement de la profondeur d'eau. De maniére générale, les tempétes
contribuent a éroder le profil des cordons en pratiquant un affouillement maximal sur le cé6té
maritime de la créte et prés de l'encoche de la pente c6té terre. L'engraissement se produit dans les
parties supérieures des pentes situées tant du cété de la terre que du cété de la mer, ce qui accentue
les deux pentes et engendre une migration vers la mer de la créte du cordon pardessus la zone arquée.
Certains indices structuraux permettent de penser que les vitesses de transport en direction de la
terre (soit par l'arrachement ou une forte migration parabolique des matériaux et un écoulement en
nappe) augmentent G mesure que la profondeur de l'eau diminue en remontant le versant marin. Le
transport vers la terre en travers de la créte du cordon et vers le pied du versant terrestre est aussi
indique. Toutefois, sur la partie supérieure du versant terrestre et de la créte du cordon du croissant,
des interlaminations de petite & moyenne échelle et & pendage orienté vers la mer indiquent la
présence d'un transport de matériaux distincts en direction de la mer, ce qui peut s'expliquer par
l'existence d'un écoulement d'arrachement. Le méme phénomeéne est absent des zones de hauts-fonds
et cette différenciation sert @ maintenir tant l'équilibre des matériaux de va-et-vient que la forme
arquée du relief.
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STUDIES IN A BARRED NEARSHORE ENVIRONMENT

INTRODUCTION

In coastal studies at present one of the most important
problems being addressed concerns the direction and rate of
sediment flux in the nearshore zone and its spatial and
temporal variability. It is important, therefore, to develop
techniques whereby sediment flux can be determined and
related to both the transport mechanisms and morphological
changes, particularly during high wave energy events. A
number of approaches have been adopted in an effort to
measure sediment flux (for a brief review see Dowling, 1977)
including: (a) direct sensing of sediment load with various
electro-optical, electromechanical, electroacoustical or en-
trapment devices (e.g., Watts, 1953; Fukushima and
Mizoguchi, 1958; Bruun and Purpura, 1964; Sternberg and
Creager, 1965; Thornton, 1968; Cook, 1969; Das, 1972;
Fairchild, 1972; Swift and McGrath, 1972; Wenzel, 1974;
Lee, 1975; Brenninkmeyer, 1976; Kana, 1976; Kilner, 1976;

Lesht et al., 1976; Thornton and Morris, 1977); and (b)
indirect determinations based wupon either dispersion
patterns of natural and artificial tracers (e.g., Goldberg and
Inman, 1955 McMaster, 1960; Zenkovitch, 1960; VYasso,
19665 Ingle, 1966; Komar and Inman, 1970; Boon, 1970;
Boone and Slowey, 1972; Nelson and Coakley, 1974; Judge,
1975; Heathershaw and Carr, 1977), or simple profile
differencing procedures based upon bathymetric surveys
(e.g., Davis and Fox, 1972; Coakley et al., 1973; Shaw,

1977). However, with the possible exception of the strain
gage and almometer techniques (Shideler and McGrath,
1973; Brenninkmeyer, 1976) no method provides both

sediment flux and bed elevation determinations; indeed at
present no satisfactory technique exists for the determi-
pation. of Lagrangian patterns of sediment transport and
associated morphological changes during high wave
conditions.
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This paper describes a simple technique, the depth of
disturbance rod, used to measure sediment flux (degra-
dation-aggradation cycles) and bed elevation changes, which
in conjunction with the analysis of sedimentary structures,
provides a first approximation to the spatial and temporal
patterns of sediment transport and associated morpho-
dynamic behaviour of the nearshore zone. FExperiments
carried out during two discrete storm events are described
from a barred nearshore environment in the southern Gulf of
St. Lawrence. '

The experimental site was established on an auter,
crescentic nearshore bar system in Kouchibouguac Bay, New
Brunswick (Fig. 7.1). Although the form of the nearshore
bars, their spatial and temporal variability and basic
sedimentary character have already been documented
(Greenwood and Davidson-Arnott, 1972, 1975, 1979;
Davidson-Arnott and Greenwood, 1974, 1976) some questions
remain to be answered. Specifically, the relationship
between the net alongshore sediment flux and the collective
movement of sediments within the bar systems is still
unclear. Estimates of the net alongshore sediment transport
rate reveal values of approximately 105 m?* a-!* o the south
(Greenwood and Davidson-Arnott, 1977). In a single outer
bar crescent, however, with a wavelength of 500 m there is
approximately 2x 10°m?® of sediment. Since this outer bar
occupies much of the length of the bay, it is evident that the
net littoral drift is only a small part of the sediment
available in the nearshore zone. Furthermore, collective
movement of sediment through bar migration is only in the
order of 10*m®a-! (Greenwood and Davidson-Arnott, 1979)
and bar stability is a strong characteristic of the outer
system, Thus while the bar form does change under storm
wave activity, it is in the nature of a quasi-equilibrium in an
environment of high sediment flux. Under such conditions,
therefaore, pertinent questions arise:

(1) What proportion of sediment in the bar system
becomes mobile?

(2) What is the relationship between the thickness of
the active layer and form changes?

(3)  What is the spatial pattern of the degradation/
aggradation cycles?

(4) What are the directional components of sediment
transfer at different points in the bar during the
period of sediment reworking and how are they
related to the equilibrium form?

PROCEDURE

The depth of disturbance rod is a simple adaptation of the
vigil network erosion pin (Leopold, 1962; Slaymaker and
Chorley, 1964), which has previously been used in intertidal
conditions (Clifton, 1969; Dolan et al., 1969; Williams, 1971;
Knight, 1972; Dalrymple, 1972, 1973) but has not been tested
in a continuously submerged nearshore situation. In this
study a round steel rod (0.5 cm diameter, 1-2 m long)
stamped with an identifier and tagged with a fluorescent
streamer to aid recovery, is driven vertically into the sand
until 0.45 m is left exposed above the surface; a
laose-fitting washer (0.6 cm internal diameter) placed over
the rod provides the control for determining bed surface
scour or aggradation. Rods were deployed in two radial
arrays using SCUBA prior to a storm event and re-examined
in the immediate poststorm period. Rod measurements
(Fig. 7.2) allowed determination of net surface change,
maximum depth of activity relative to the prestorm surface
and the total aggradation, if any. The only sequence of
events that cannot be deciphered by the rod is an episode of
aggradation followed by a smaller degree of degradation; the
net result would appear as aggradation.

* a is the SI abbreviation for year.

B. GREENWOOD and P.B. HALE

SUBSEQUENT
DEGRADATION
FOLLOWED BY
AGGRADATION

AT INSERTION SUBSEQUENT

DEGRADATION

Figure 7.2.  Interpretation of depth of disturbance rod:
t = 1,2,3 represent time intervals, stippling the sand bed and
A,B,C,D measurements made relative to the top of the rod.
The determinations to be made are: (a)net bed elevation
change (A-B), this value may be positive or negative indi-
cating aggradation or degradation; (b) maximum scour depth
or depth of activity relative to the pre-storm surface (C-A);
(c) total aggradation subsequent to maximum degradation
(C-B).

As with other techniques used in sediment flux
determinations a calibration is necessary. A second esti-
mate of the poststorm depth of activity and aggradation is
indicated in epoxy peels of box cores by strong scour planes,
structural or textural changes and truncation of bioturbation
phenomena (Fig.7.3). The good correlation achieved be-
tween rod values and core characteristics is illustrated in
Figure 7.4a. A further estimate of the depth of activity can
be made from the depth of burial of fluorescent tracers in
core samples and Figure 7.4b illustrates again the good
correlation with rod measurements. The consistency of the
three measures of depth of activity indicates that no
excessive scour or deposition is associated with flow inter-
ference from the rod itself. Direct observation of bedform
generation and migration with no irreqular surface defor-
mation at the rod locations, at least under moderate energy
conditions, provides further support for this conclusion.

The rods are reliable under both wave-induced oscilla-
tory flow and longshore and rip current conditions, although
difficulties of underwater measurement are encountered
through failure to locate or identify the rod, rod bending,
biogenic activity around the rod and difficulties of washer
excavation in areas of high aggradation.

Besides providing a check on the accuracy of the depth
of disturbance rods, box cores also indicate the assemblages
of structures produced by bedforms during active sediment
transport. Examination of these structures provides a
measure of the type (and therefore relative rate) and
direction of bedload movement, which is the dominant mode
in the nearshore (Cook and Gorsline, 1972; Komar, 1976,
1977, 1978). For example, in Figure 7.3c the lowest sedi-
mentation unit shows seaward-dipping, high-angle cross-
stratification, indicative of the curved foresets of a dune
form migrating seaward and obviously associated with a
sediment flux in that direction. This unit is truncated above
by a set of planar stratification dipping landwards at a lower
angle, suggesting a shift through time to sheet flow and a
probable reversal in the direction of sediment transport.
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(a)

(b)

Shoreline =

0 El) 1Pcm

1
core illustrating distinct scour surface, textural and (¢) core illustrating simple scour surface at depth of
structure change and truncation of a bioturbation disturbance
feature at the depth of disturbance (d) core illustrating multiple scour surfaces with no clear
core illustrating scour surface and truncation of indication of most recent depth of activity

bioturbation feature at depth of disturbance

Figure 7.3.  Epoxy peels of box cores taken at the location of depth of disturbance rods illustrating scour sufaces:
the depths of activity indicated by the rods are denoted by arrows.



Therefore, the rods may be used to determine the amount of
sediment flux occurring spatially, but also, using the struc-
tural indices, possible sediment transport paths during indi-
vidual storm events may be reconstructed.

SEDIMENT FLUX AND MORPHOL OGICAL CHANGE:
A CASE STUDY

The results of monitoring arrays of 62 depth of disturbance
rods deployed aver a single crescentic bar form together
with analysis of selected pre- and poststorm box cores give a
coherent picture of the patterns of sedimentation and
morphological change associated with high wave conditions
in the barred nearshore of Kouchibouguac Bay.
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Figure 7.4. Correlation between depth of activity
determined from the depth of disturbance rods and: (a) sedi~
mentary indicators in box cores; in these instances at least 3
of the indicators were present, (b) depth of incorporation of
fluorescent tracers; 10 grains per 30 g sample was used as a
cutoff concentration.
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Storm Event 1

A relatively shallow meteorological depression travelling
southeast across New Brunswick on 1976-6-11 generated
winds out of the northeast for 34 hours at North Beach in
Kouchibouguac Bay (Fig. 7.5). Wave hindcasting (Hale and
Greenwood, 1980) revealed maximum significant deep-water
wave heights of 2 m with periods of 6s (Fig.7.5) and a
return period for this storm of approximately 1.3 years.
This is close to the return period of the most probable
annual maximum storm, when the annual duration series is
considered.

Figures 7.6a and 7.6c illustrate the values obtained for
both depth of activity relative toe the prestorm surface and
the resulting bed elevation change. Scour depths range from
a minimum of 6 c¢m on the landward slope of the bar to a
maximum of 70 cm on the bar crest; bed elevation change
reaches a maximum of 37 cm on the bar crest and a min-
imum of zero on the seaward slope. Clearly some areas
have aggraded but the total pattern is one of surface low-
ering and apparent bar erosion. To examine sediment flux in
greater detail variability normal to shore would seem an
important aspect because wave approach approximates this
after extensive refraction into Kouchibouguac Bay.

Figures 7.7a and 7.7b illustrate the changes revealed by
the depth of disturbance rods along profiles across two areas
of the outer bar system. Line BT illustrates the general
one-bar profile of a simple crescent area whereas line CF
illustrates a zone close to the shoal area where a distinct
two-bar form js generated by a 'tail' extending landward
from the southern crescent.

Line BT reveals maxima of depth of activity at two
locations: seaward of the initial bar crest position (43 ta
70cm), and in the trough landward of the bar (43 cm). Depth
of disturbance is relatively uniform over the landward slope
(13- 14 cm) whereas a general decrease is observed seaward
over the seaward slope. Bed elevation change along the
same line reveals: (a) maximum degradation on the seaward
side of the prestorm bar crest (35cm), coinciding with the
zones of maximum depth of activity; (b) small but relatively
constant lowering of the landward slope (1.5-4cm); and (c)
net aggradation at only one location, i.e., seaward of the
zones of maximum scour and thus well seaward of the
prestorm bar crest position. The rod data indicate a gener-
al deepening of the trough (up to 2lcm), seaward shift of
the bar crest position and slight steepening of the seaward
slope.
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Figure 7.5. Winds and predicted wave and tidal conditions,

North Beach, Kouchibouguac Bay, 1976-6~11 to 1976-6-12.
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Examination of the structures preserved in the active
storm layer (this Lime relative to the poststorm bed surface)
gives a clear indication of the directional component of the
sediment flux. On the seaward slope significant sediment
motion was initiated in 53m of water. Figure 7.8
illustrates the structural indices developed at this location
during the storm. The depth of activity is 14 cm and the
plane bedding, dipping gently seaward, was generated by
near-symmetrical oscillatory flow at the bed under con-
ditions of wave shoaling. [f the large pebble incorporated in
the stratification was in motion during the storm then it
may be possible to estimate the orbital velocity existing at
the time (Komar and Miller, 1973, 1974, 1975a, b). For this
pebble (sandstone S.G.=2.6, average diameter=5cm) an
orbital velocity of 183cm s™' is necessary far the initiation
of motion with a 6 s wave period. As the pebble was in
approximately 5.3 m of water, the necessary wave height
would be 2.5m, close to that hindcast for deep water during
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Figure 7.6

Depths of disturbance (a) and net bed
elevation changes (¢) from two radial grids
centred on the bar crest along lines BT and CF
(b) for the storm event 1976-6-711. Rods were
spaced at 10, 25, 50, 75 and 100 m intervals
from the centre along lines running
approximately N, E, S, SW, W and NW. Rod
locations lacking values reflect loss of rods.
The contour line is referenced to a datum
1.1 m above mean water level.
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this storm. Thus with high velocities near the bed but near
symmetric flow, upper flat bed conditions (Southard, 1975)
would exist; however, the depth of activity was still
relatively small and certainly bed elevation change was low.
On the bar crest, the zone of maximum activity (both
depth of scour and bed elevation change) is clearly asso-
ciated with the development and migration of large asym-
metrical dunelike bedforms (lunate megaripples: Clifton et
al., 1971; Davidson-Arpott and Greenwood, 1976), which are
preserved as distinct sets of trough cross-stratification
(Fig.7.9b). The marked scour plane identified in Figure 7.9b
separates the storm-generated megaripple cross-stratifi-
cation and massive bedding from the small-scale ripple
cross-stratification built up under low waves before the
storm. A prestorm peel from the same lacation consists of
small- to medium-scale trough cross-stratification and
massively bedded medium sand in sequence (Fig. 7.9a).
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Figure 7.7.  Pre-storm profiles illustrating net bed eleva-
tion change (solid bar) and depth of active layer (open bar),
relative to the pre-storm surface, along: (a)line BT and
(b) line CF (Fig. 7.6). Note the scale difference for the depth
of disturbance rod data.
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These structures are indicative of landward and oblique
migration of ripples and megaripples, There is no evidence
from this peel for seaward migration of bedforms at this
point, in contrast to the poststarm peel. The juxtaposition
of seaward- and landward-dipping cross-stratification in
Figure 7.9b indicates that the direction of sediment move-
ment varied greatly during the storm. However, it is ex-
tremely important to note that the major set of cross-
stratification illustrates a clear seaward dip, and therefore
seaward transfer of sediment at this point during the storm.
Overlying this unit is a set of plane bedding dipping gently
landward., This sequence is interpreted as representing
lunate megaripple migration seaward under 'rip-type' cur-
rents generated during intense wave breaking on the sea-
ward side of the bar crest followed by upper flat bed gener-
ated either as the storm abates and the rip currents decay,
or as the rip migrates and asymmetric oscillatory flow over
the bar crest is strong as the high waves continue to shoal.
Furthermore, it is evident from the bed elevation change
data that the location from which this core was taken
changed from a position on top of the bar crest to one on the
landward slope. This correlates well with the idea of erosion
of the bar crest under rip~-type flow and deposition seaward
of the breaker line, producing a seaward migration of the
highest point of the bar crest (see Figs. 7.6, 7.7).

) TROUGH
. CROSS-STRATIFICATION

SUB-HORIZONTAL
PLANAR
CROSS-STRATIFICATION

Figure 7.8.
on line BT illustrating the structural indices of sediment transport.

e et

BIOTURBATED

SMALL TO MEDIUM

SCALE TROUGH AND PLANAR
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-

Epoxy peel of box core from the active storm layer on the seaward slope in 5.3 m of water
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A pre- and poststorm sequence of cores was also taken
from the bar crest north of the previous area at line BW
(Fig. 7.10), at the northern limit of the depth of disturbance
rods. Similar patterns emerge. The prestorm peel (Fig.
7.10a) consists of small- to medium-scale, trough cross-
stratified indicative of ripples and megaripples migrating
landward and oblique to shore. The direction and intensity
of currents near the bed in this area must have fluctuated
throughout the storm because both landward- and seaward-
dipping cross-stratified units can be seen in the poststorm
peel (Fig.7.10b). The angle of dip is greatest for the
seaward-dipping cross-stratification, suggesting that sea-
ward migration may have been more or less normal to shore
whereas landward migration was slightly oblique. The
uppermost unit of small-scale trough cross-stratification is
typical of ripple generation by low wave conditions following
the storm.

On the bar crest it is evident that water and sediment
flowed seaward over the crescentic area during the storm
either as a very broad flow over 100m wide, or as two
distinct flows separated spatially or temporally. At present
it is not possible to state unequivocally which interpretation
is correct, but because the structural analogy is most closely
correlated with rip currents in a measured inner system
(Davidson-Arnott and Greenwood, 1974), then the most like-
ly explanation is that narrow rips shifted spatially and tem-
porally over a wide area of the crescent as the storm wave
breaking conditions change.

Figure 7.11 illustrates the peel taken after the storm in
the trough landward of the crescent (40m landward of BT
grid centre). Since no peel was taken before the storm and
there was no DOD rod in the immediate area, the depth of
disturbance can only be surmised from this peel, much of
which is structureless. Unlike most other peels from the
outer bar system this one contains a wide range of sediment
sizes and several large shells. The only structures visible
are seaward-dipping trough cross-stratification. These were
formed by seaward-migrating dunes or megaripples; thus
there must at some time have been a relatively strong
seaward-flowing current in this area.

Some 60m landward of the previous location on the
seaward slope of the inner bar, two cores were taken, one
before the storm and another following (Fig.7.12). Both
peels consist of cross-stratification indicative of ripple
bedforms migrating normal, oblique and parallel to shore.
Since the water depth averages just over 4 m the velocities
near the bed generated by short-period waves will be low.
These may or may not have been sufficient to initiate
sediment transport and ripple formation; this will depend on
the wave period at the time. Although low wave activity
may account for the generation of ripples migrating normal
or oblique to shore it could not account for ripple migration
parallel to shore. Longer period waves break on the outer
bar thus expending much of their energy. Hence the wave-
induced velocities near the bed an the seaward slope of the
inner bar are relatively low. The longshore current produced
by the breaking waves, however, may be sufficient to
generate ripple bedforms which migrate parallel, oblique or
seaward depending on the direction and intensity of flow at
that particular location. Since the peels were taken
landward of the trough it seems unlikely that the longshore
current would be flowing seaward in this location. The
seaward return flow from a rip channel in the inner system
60 m north of the core location (line BV, Fig.7.6) may,
however, have produced sufficient seaward flow to generate
migration of ripples in this location.

Storm effects in the area of line CF differ in several
ways from those in the previous area considered, but the

B. GREENWOOD and P.B. HALE

major distinction is in the increase in both depth of activity
and bed elevation change (Figs. 7.6, 7.7b). This reflects the
larger area of the bar form in shallower water which
is thus subject to more intense wave and current activity.
The zone of maximum depth of activity occurs again on the
seaward side of the bar crest (both the outer and inner bar
tail), reflecting the zone of wave breaking during the height
of the storm. Excessive scour on the seaward margin of the
seaward trough is also evident. Net bed lowering is again
the general rule, although here aggradation on the landward
side of the bar crest occurs, in contrast to line BT. In 5.3 m
of water, at the seaward limit of the grid, depth of activity
is considerable although there is zero bed elevation change
as a result of the storm. As in the area discussed previously,
the upper seaward slope steepens in association with aggra-
dation seaward of the bar crest (Figs.7.6, 7.7b). Sediment
flux in this area can again be related to the bedforms active
during the storm and preserved at depth; the inferred
magnitude and direction of sediment transport correlates
well with observed morphological changes.

At the seaward limit of the grid in 5.5m of water the
prestorm sediments were almost fully bioturbated (Fig.
7.13a), illustrating a lack of wave or current activity. In
contrast, the poststorm peel (Fig.7.13b) illustrates trun-
cation of this deposit and the formation of interbedded sets
of subhorizontal plane bedding together with small-scale
ripple cross-stratification typical of the seaward slope. This
indicates sediment transport under the nearly symmetrical
oscillatory currents during wave shoaling (Davidson-Arnott
and Greenwood, 1976). While considerable depth of activity
occurred during the storm (19 cm below prestorm surface)
bed elevation change was zero. This suggests a surface in
dynamic equilibrium with these particular storm wave con-
ditions and may well reflect directly the nearly symmet-
rical sediment flux indicated by the structures at this
location. If this is the case, a point equivalent to that of
oscillating equilibrium for single particles (Johnson and
Eagleson, 1966) can be defined. Figure 7.4 illustrates
structures generated in the active layer on the upper
seaward slope of the bar (28 em depth of activity relative to
the poststorm surface). They form composite bedsets of
plane-to-ripple bedding typical of wave shoaling with nearly
symmetrical oscillatory flow (Davidson-Arnott and Green-
wood, 1976), overlain by a distinct small- to medium-scale
set of trough cross-stratification with dips oriented
landward, The composite bedsets, characteristic of wave
shoaling on both seaward and landward slopes, were probably
developed during storm wave buildup and the
landward-dipping cross-stratification is associated with peak
conditions close to or at wave breaking, when strongly
asymmetrical oscillatory flow covered parts of the seaward
slope as well as the bar crest. Since the small-scale ripple
cross-stratification is interbedded between sets of piane
bedding the flow regime likely shifted during the period of
active entrainment. Either wave energy fluctuated or water
level shifted. The wind, tide and predicted wave character-
istics for this storm, have already been shown in Figure 7.5
and energy dissipation in the nearshore clearly peaked during
the falling cycle of a spring tide with a pure tidal
fluctuation in water level of 85cm, while predicted wave
heights (at least in deep water) did not vary. It is
interesting to note that aggradation of the bed occurred
here and was about 12 cm, which would include this upper
unit, Since the area immediately seaward experienced no
net surface change but extensive scour (33cm), while the
area landward also experienced net aggradation,'a net
landward transport from the seaward side to the landward
side of the bar crest can be inferred.
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Figure 7.11

Twenty-five metres shoreward of the previous location
on the landward slope of the bar (see grid centre, line CF on
Fig. 7.6) a prestorm peel illustrates features typical of the
landward slope facies (Fig.7.15a). Landward-dipping planar
stratification up to 20° dip is the major set on this
morphological slope of 2 to 3°, It is underlain and super-
imposed by landward-dipping trough cross-stratification and
a small unit of plane bedding. During the storm, 37 cm of
material was scoured away and the depth of disturbance
reached 23 cm relative to the poststorm bed. Thus relative
to the prestorm bed, the depth of activity was 60 cm, or
almost twice the depth visible in the prestorm peel. For this
reason one would not expect the prestorm structures in the
poststorm peel (Fig.15b). In the latter there is a distinct
break, not only in the sequence of sedimentary structures,
but also in the sediment size at a depth correlating closely
with the rod measurement. The structures below this break
are typical of the landward slope facies where the
wave-generated oscillatory currents produce flat bed and
ripple bedforms. In contrast, the overlying cosets of
seaward-dipping  cross-stratification indicate  seaward-
migrating megaripple bedforms. These must have been gen-
erated by seaward return of the longshore current similar to

SEAWARD DIPPING
TROUGH
CROSS-STRATIFICATION

[0cm.

Epoxy peel of box core from the trough in 4 m of water on line BT.

that of a rip current in the inner bar system. That such
structures formed on the landward slope of the bar suggests
that the speed of this current was considerable and that
significant quantities of sediment were ‘being transported
obliquely upslope. The massively bedded units near the top
of the peel may reflect extremely rapid sedimentation as a
result of the interaction between the seaward-flowing
current and waves,

The rod data combined with the structural indices
illustrate distinct but complex patterns of sediment flux
over one crescentic bar during this storm. As the storm
represents the most probable annual maximum event in
intensity (measured by wave height and cumulative energy)
it is probably the centrolling event in nearshore equilibrium.
This is supported by the depth at which significant sediment
movement initiates morphological change: on line CF in
5.5m of water, for example, the rod indicates considerable
depth of activity but zero bed elevation change. On line BT
again significant depth of activity occurs but bed elevation
change is restricted to 18 cm, this time in 4.5 m of water.
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Figure 7.14
water depth.

Thus as one moves seaward bed elevation change approaches
zero, even though sediment reactivation is considerable. It
is also important to note that the point of zero bed elevation
change is very close to the marked break-in-slope at the
seaward foot of the bar. This clearly suggests that the
seaward slope represents a dynamic equilibrium controlled
by wave oscillatory currents and secondary rip currents with
the seaward foot of the bar marking a point of initiation of
the equilibrium slope probably associated with some
threshold value of wave asymmetry which produces landward
transport. General bar stability will thus be a result of a
sediment balance maintained by a seaward flux of sediment
in the rip-type currents. This equilibrium is further em-
phasized when the percentage of the total bar sediment in
motion during the storm is computed and compared with the
percentage change in bar form. On profile BT ap-
proximately 25 per cent of the bar form is mobilized,

102

10 cm.

Epoxy peel of post-storm box core from the bar crest line CF in 2.5m

whereas for line CF it is 32 per cent. Thus large volumes of
sediment were set in motion while the bar form remained
relatively stable (per cent sediment loss: line BT =4; line
CF=7).

Storm Event 2

On 1976-8-14 a stationary front situated south of
Northumberland Strait generated winds out of the north and
northeast in Kouchibouguac Bay, which persisted for almost
two days during which maximum hourly wind speeds reached
38kmh-' at North Beach (Fig.7.4). |lindcast wave con-
ditions gave deep water values of 152cm for significant
height and 5s for period. Such a storm would have a return
period of approximately one month (Hale, 1978) and thus
represents a very frequent event in the nearshore time
series.
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. SURVEYED 1976-8-9

Figures 7.16c and 7.16a illustrate the rod readings for
bed elevation change and depth of activity, respectively, and
show, as might be expected, the relatively smaller changes
generated by this smaller storm. Shore normal changes are
again illustrated with reference to prestorm profiles along
lines BT and CF (Fig.7.17a, b). While the degree of change

was small (maximum depth of active Ilayer=33cm;
maximum bed elevation change = +21cm) the type of change
was similar to that of the first storm for similar locations
within the bar system. The trough, bar crest and upper
seaward slope again exhibit greatest depths of activity while
net aggradation is experienced only in areas just seaward of
the prestorm crest; all other locations experienced net
degradation. The landward slopes in these areas again
experienced uniform depth of activity and lowering.

An examination of structures preserved in the crescent
area (line BT) reveals the difference between sediment flux
under this storm and the previous storm event. Figure
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BP Figure 7.16.

Depths of disturbance (a) and net bed
elevation change (c) from two radial
grids centred on the bar crest along lines
BT and CF (b) for the storm event 1976-
8-14. Rods were spaced at 10, 25, 50, 75
and 100 m intervals from the centre
along lines running approximately N, E, S
and W. Rod locations lacking values
reflect loss of rods. The contour line is
referenced to a datum 1.1 m above mean
water level.

7.18a-c illustrates the structures found on the seaward side
of the bar crest (a), the bar crest itself (b), and the landward

slape (c). The depth of activity relative te the poststorm
surface was l2cm, 24cm and 7cm, respectively. The
sequence of structures preserved is subhorizontal plane

bedding on the seaward side of the bar crest, small- to
medium-scale sets of trough -cross-stratification dipping
landward on the top of the bar crest, and massively bedded
sand on the landward slope. All of this suggests landward
migration (if any) of sediments over this crescent area
during the storm and in fact a buildup and increase in height
of the bar crest itself. However, the structures preserved
from previous storms show that this had once been a zone of
seaward-migrating megaripples, as evidenced by the sets of
medium-scale seaward-dipping cross-stratification shown in
Figure 7.18a - c. This suggests that this magnitude of storm
did not generate a significant seaward flow of water over
the bar crest since wave breaking was not intense enough to
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Figure 7.17.  Prestorm  profiles illustrating net bed
elevation change (solid bar) and depth of activity (open bar),
relative to the pre-storm surface along: (a)line BT and
(b) line CF. Note the scale difference for the depth of
disturbance rod data.

cause rip currents in this outer bar system. This further
suggests a bar response characterized primarily by sediment
flux landward and alongshore in the trough. It is interesting
that a series of cores taken across the bar crest and
landward slope at a shoal area, line BZ (Fig. 7.19b), illustrate
structures indicating landward sediment movement across
the crest and avalanching down the landward slope. The
peel from the crest (Fig.7.19a) illustrates landward-dipping
trough cross-stratification overlain by landward-dipping
tabular cross-stratification, trough cross-stratification and
finally, small-scale landward-dipping cross-stratification.
With the exception of the uppermost unit all others are
indicative of high wave energy conditions. The fact that
tabular wunits of steeply dipping cross-stratification are
present suggests very strongly that asymmetrical currents
were generated in this area, even that a surf zone may have
developed and that the bores produced these units. The
trough cross-stratification and small-scale landward-dipping
cross-stratification associated with megaripple and ripple
bedforms, which averlie the tabular units, reflect decreasing
wave energy conditions or increasing water depth. The
cores from the landward slope at the shcal (Fig. 19b, ¢) are
dominated by avalanche bedding (up to 17° dip) which at the
toe of the bar overlies fine sands and silts of the trough and
in turn is overiain by massive very fine sands. The bar
foresets meet abruptly with the trough sediments; no
distinct toesets are present. This is similar to the
observations made by Davidson-Arnott and Greenwood
(1974) at the base of a migrating slip face on the inner bar
system. They concluded that the longshore currents in the
trough during high energy conditions, when the bar is
actively migrating shoreward, prevent deposition of material
from suspension, thus accounting for the lack of distinct
toesets. The same situation likely existed on the outer bar
during the storm event. The massively stratified unit above
the planar cross-stratified unit may reflect settling out of
suspension after the peak of the storm whenever wave
energy conditions subsided. Although no depth of
disturbance rods were present in this area, the incorporation
of tracer in the box cores and the soft, unstable nature of
the landward slope indicate that the structures represent
this small storm event. Undoubtedly the shallow water
depth over the shoal would be conducive to greater activity
than aover the crescent area.

B. GREENWOOD and P.B. HALE

CONCLUSIONS

The depth of disturbance rod is clearly successful in
determining the depth of the active sediment layer during a
storm event at a point permanently submerged in the
nearshore zone, the temporal sequence of degradation-
aggradation at that point, and the net bed elevation change
resulting from the gross sediment flux induced by storm
waves. The rod is more accurate, simpler and quicker than
other methaods presently employed to study depth of activity
(compare King, 1951; Kolp, 1958; Kumar and Sanders, 1976;
Vvedenskaya, 1977). Although continuous monitoring of
absolute values of sediment flux is not possible with this
technique, its simplicity permits deployment of considerable
numbers of rods for the detection of spatial variability of
net flux through time. Furthermore the directions and
relative rates of sediment transport can be interpreted from
the structural indices preserved in the active layer and
recorded in box cares. FEven where direct measurement
devices have been deployed either in numbers (Brennink-
meyer, 1974) or as a mobile system (Kana, 1976; Coakley,
1978) they were restricted to measuring only part of the
total sediment load and generally give no indication of the
direction of transport.

The study of sediment flux over two discrete storm
events affecting a nearshore crescentic bar system in the
southern Guif of St. Lawrence produced the following
conclusions:

1. As might be expected, depths of activity are
greater under more severe storms. Maximum depths of
scour during the two storms were 70 cm for predicted deep-
water significant wave heights of 2 m and periods of 6 s, and
23 cm for wave heights of 1.5 m and periods of 5s.

2. In both storms maximum depths of activity were on
the seaward side of the bar crest, where wave breaking
would be most intense and where asymmetrical oscillatary
flows or rip current flows at the bed would be at a maximum
under all wave conditions. In contrast minima occurred on
the upper part of the landward slope. A secondary maximum
of depth of activity was associated with the trough where
longshore currents caused considerable scour, although in
these depths of water (4 to 5m) they would be active for
only a relatively short time during the most intense phase of
wave breaking on the bar. This short time period, however,
is clearly compensated for by the higher rates of sediment
flux associated with unidirectional as opposed to oscillatory
flow (whether symmetrical or asymmetrical).

3. In general net bed elevation changes were negative,
revealing erosion of the bar form during storms. Maxima of
bed surface change were located on the seaward side of the
bar crest (35cm of erosion) and in the trough close to the
foot of the landward slope (37cm of erosion) for Storm 1.
Net aggradation was found either on the upper landward
slopes (12 cm) or upper seaward slope (21 cm), although the
latter was found following the lower wave activity of the
second storm,

4,  An examination of the structural indices preserved
in the poststorm active layer allows an interpretation of
water and sediment transport conditions during the storm.
On the seaward slope of the bar sediment was being
transported in a minimum depth of 4.8 m for both storms.
Landward of this, in approximately 4.5 m of water, the
structures indicate a transition from small-scale ripples and
flat bed of the seaward slope subfacies to flat bed and
megaripples of the bar crest subfacies. This reflects
increasing asymmetry and speed of oscillatory flow and
greater rates of sediment transport towards the crest. On
the bar crest the inferred direction of bedform migration
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varied considerably from place to place and even at a single
lacation. With the exception of the shoal areas, where
bedform migration was consistently shoreward, all other
areas of the crescentic form showed evidence of megaripple
migration in several directions during the storm. A distinct
seaward component could be identified, however, suggesting
that a seaward return flow of sediment was dominant at
times but that either it was dispersed between the shoal
areas, or the position of the return flow varied with time.
The evidence of seaward-migrating megaripples on the
landward slopes indicates that at some time during the
storm the speed of the return flow must have been
considerable. It seems highly unlikely that such currents
could have existed simultaneously throughout the length of
the crescent. The lack of a well defined channel to confine
the return flow further suggests that it may shift in
pasition. This could account for the juxtaposition of
landward- and seaward-migrating bedforms on the bar
cresent.

5. The sediment flux patterns derived from the depth
of disturbance rods and structural indices support the
conceptual madel of bar stability based on rip cell
circulation proposed by Greenwood and Davidson-Arnott
(1979). The idea is supported that the bars are indeed
equilibrium forms in a very dynamic sedimentological en-
vironment and respond Lo storm magnitudes close to that of
the mast probable annual maximum.
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EDGE WAVES IN A CRESCENTIC BAR SYSTEM
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Huntley, D.A., Edge waves in a crescentic bar system; in The Coastline of Canada, S.B. McCann,
editor; Geological Survey of Canada, Paper 80-10, p. 111-121, 1980.

Abstract

Measurements have been made of waves and currents in the nearshore crescentic bar system of
a beach near Tracadie, New Brunswick to determine whether edge waves were present and could be
responsible for forming the crescentic bars. The observations show that standing edge waves do
occur in this system within a broad low frequency (18-32 s period) band, and that their energy
increases greatly during storm conditions. The bandwidth of edge wave energy suggests that modes
n =1 to 4 are present with the wavelength predicted to form the observed crescentic bars. During a
summer storm, estimated drift velocities under these edge waves are comparable with meastred
longshore drift currents of up to 60 cm/s. However, it is argued that the measured edge waves in this
case were more likely to be a response to a pre-existing topographic wavelength rather than being
directly responsible for forming the bars.

Résumé

Les auteurs ont mesuré les vagues et les courants d'un ensemble de cordons en forme de
croissant situ€ a proximité du littoral sur une plage voisine de Tracadie, au Nouveau-Brunswick, afin
de déterminer s'il y avait de la houle transversale et si celle-ci pouvait avoir contribué a former les
cordons arqués. Les observations ont démontré qu'il existait effectivement une houle transversale
constante dans cet ensemble en de¢d d'une vaste bande de basse fréquence (période de 18-32 s), et
que son énergie s'accroissait considérablement & l'occasion des tempétes. La largeur de bande de
l'énergie produite par la houle transversale permet de supposer que des modes n = 1 & 4 existent dans
la longueur d'onde qui forme probablement les cordons arqués observés. Au cours dune tempéte
d'été, les vitesses de dérive estimées dans le cadre d'une telle houle transversale sont comparables a
des courants de dérive littorale pouvant atteindre 60 cm/s. Toutefois, certains prétendent que la
houle transversale mesurée dans ce cas serait plus vraisemblablement une suite d'une longueur d'onde

topographique pré-existante plutét que la source directe de la formation des cordons.

INTRODUCTION

Complex offshore bar systems are frequent along coastlines
with an abundance of beach sediment, and are very comman
features along the eastern shores of North America. The
offshore bars generally run parallel to the shoreline and
commonly exhibit undulations in their distance from the
shoreline, with longshore spacings which can be reqular over
many wavelengths. Such bars are termed crescentic bars
since they assume in plan the shape of crescents with their
horns pointing landwards. They are frequently associated
with cusps at the shoreline which have the same wavelength
and have points opposite crescentic bar horns (e.g., Hom-ma
and Sonu, 1963),

In attempting to explain the existence of these regular
longshore features Bowen and Inman (1971) found that
boundary layer drift velocities under standing edge waves
form convergence zones which assume crescentic shapes in
the nearshore zone. Edge waves are free modes of water
motion trapped against a shoaling beach by refraction.
Their amplitude varies sinuscidally along the shore and
diminishes rapidly seawards from the shoreline. Bawen and
Inman found that to matech the drift velocity convergence

zones to observed crescentic bar and cusp wavelengths the
edge waves would have to be of low frequency, with periods
of about 40 to 60 s. They also described laboratory ex-
periments which confirm that standing edge waves can form
crescentic bars and cusps. Sonu (1973), however, has
questioned the importance of edge waves in generating
regular longshore features, particularly on Jong unbroken
shorelines where there are no obvious longshore boundaries
to reflect progressive edge waves. Sonu (1973), Schwartz
(1972) and others suggested instead that rhythmic to-
pography on an unbounded coast is caused by sand-wave
trains resulting from an instability of the surf-zone bed
under [ongshore currents and waves, just as dunes and
antidunes form in fluvial systems,

More recently Guza and Inman (1975), in discussing
beach cusps, have suggested that edge waves provide an
initial longshore perturbation in the topography, which then
grows through positive coupling between the incident waves
and the perturbed bed form. They cite laboratory ex-
periments which indicate that edge wave-induced topo-
graphic changes in fact provide negative feedback to the
edge waves, at least for subharmonic edge waves, Thus they
suggest that although initial edge wave motion may be
responsible for rhythmic nearshore topography, edge wave
motion may become negligible as the topography forms.
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EDGE WAVES IN A CRECSENTIC BAR SYSTEM

Recent measurements of the nearshore velocity field
and shoreline run-up on beaches of relatively simple
topography have shown that low-frequency edge waves are
very common, and their periods, typically from 10 to 70 s,
are in the range predicted from observed crescentic bar
wavelengths (Huntley, 1976; Huntley et al., 1977; Sasaki et
al.,, 1977; Holman, 1977). These waves, while decaying
rapidly offshore, are found in many cases to dominate the
velocity field close to the shore. Both progressive and
standing edge waves have been observed on long unbounded
beaches; these observations suggest that relatively in-
substantial longshore boundaries such as subaqueous reefs or
even a gently curving shoreline may provide sufficient re-
flection to produce significant standing waves. The hypo-
thetical relationship between these long-period edge waves
and rhythmic nearshore topography has remained untested,
however, since no hydrodynamic measurements have pre-
viously been reported from beaches where crescentic bar
systems are forming or are already present.

The field program discussed here was designed to
measure the velocity field on a beach with a well developed
complex bar system in order to see whether edge waves are
present in such systems and if so, whether they could be
considered responsible for the formation of the bar systems.

EDGE WAVES
The theory of edge waves is well established and for beaches

of simple profile, in particular a linear slope (Ursell, 1952;
Eckart, 1951) and an exponential slope to a constant shallow
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Figure 8.1.  Schematic diagram of the crescentic bars

formed by drift velocities under edge waves of modes n = I
and 2. The horizontal motion of the edge wave at the
shoreline is illustrated and suggests a possible mechanism for
forming cuspate features (from: Bowen and Inman, 1971).
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depth offshore (Ball, 1967), analytic expressions have been
derived to describe the spatial distribution of amplitude and
velocities, and to relate the longshore wave length to the
wave period (the dispersion relationship). These theories
have recently been reviewed in several papers (Bowen and
Inman, 1969, 1971; Huntley, 1976; Guza and lnman, 1975).
Only the features of significance to the present measure-
ments need be pointed out.

Far a beach of linear slope angle B, Ursell (1952) found
a dispersion relation of the form

2
L = gz—— sin (2n +1)B @))]
m

where L is the longshore wave length of the edge wave, T is
its period and n is an integer, known as the mode number,
which physically specifies the number of zero crossings in
the rapid decay of amplitude and velocity with offshore
distance. Equation 1 predicts a family of edge wave modes
for any specified longshore wave length, each mode having a
distinct period.

Bowen and Inman (1971) considered the drift velocities
under standing edge waves using a general expression
derived by Hunt and Johns (1963) for the drift velocity at
the top of a boundary layer for a wave propagating in two
horizontal directions. This expression involves quadratic
terms in the offshore (u) and langshore (v) velocities and
their offshore and longshore gradients. Substituting for u
and v expressions appropriate to a single edge wave mode on
a beach of linear siope (Eckart, 1951) they found a drift
velocity field which has zones of convergence occurring in
crescentic bands within one edge wave length of the shore;
Figure 8.1, taken from their paper, shows the predicted
bands of accretion for modes 1 and 2. They estimate the
maximum drift velocity U for a mode n edge wave with a
shoreline amplitude an, a frequency (1/period) v, and a linear
beach slope tan 8, to be

_at femv \?
u = —Il- ( (2)
g \tan B

They also show that edge waves of wave length L, which are
not synchronous with the incident waves, would produce
crescentic bars and cusps with a longshore spacing of L/2
(see also Bowen, 1973).

In distinguishing between edge waves and incident
waves in nearshore velocity records, the relative phases
between the three orthogonal velocity companents are
important. Four cases are considered. Purely progressive
gravity waves are assumed to travel towards the shore at
same oblique angle to the shore normal, and to loose their
energy by breaking at the shoreline so that no reflection
takes place. Standing gravity waves on the other hand are
reflected from the shoreline, though still progressive in the
longshore direction. Progressive edge waves travel parallel
to the shoreline while standing edge waves have nodes and
antinodes at fixed locations along the shore. Using gravity
wave theory and Ursell's theory for edge waves the phase
relationships between the offshore (u), longshore (v) and
vertical (w) velocities shown in Table 8.1 can be deduced.
Here 'in phase' can mean a relative phase of 0° or 180° and
'‘quadrature' a relative phase of 90° or 2709 Although
standing gravity waves and progressive edge waves are not
distinguished by phase the other cases show a unique
combination of phases.




Table 8.1.
components

Phase relationships between velocity

offshore (u)  longshore (v)  offshore (u)
Wave type Vs VS Vs
longshore (v) vertical (w) vertical (w)

Progressive

gravity in phase quadrature quadrature
Standing

gravity  quadrature quadrature in phase
Progressive

edge quadrature quadrature in phase
Standing

edge in phase in phase in phase

Several mechanisms for generating edge waves have
been suggested. The specific case of subharmonic edge
waves (with twice the incident wave period) on reflective
beaches has been well studied and the generation mech-
anism, approximate growth rates and equilibrium am-
plitudes have been calculated. Long-period edge wave
generation has been less studied, primarily because of the
difficulty of modelling a system in which wave dissipation is
significant. Gallagher (1971) considered edge wave gen-
eration by nonlinear interaction between pairs of incident
waves with different frequencies and different longshore
components of wave number. This idea was further studied
by Bowen and Guza (1978), who confirmed the importance of
the mechanism by laboratory experiments. Another possible
mechanism for putting energy into low-frequency edge
waves is through interaction between edge waves of higher
frequency (Kenyon, 1970).

In the absence of external constraints the edge wave
dispersion relation allows for a continuous range of possible
frequencies and wave lengths, and yet observations of
regular rhythmic topography suggest that edge waves of a
specific wave length and mode frequently dominate on
natural beaches. Several hypotheses exist to explain this.
Where longshore boundaries to a beach exist, boundary
conditions require that only edge waves with an integral
number of half wave lengths between boundaries be reso-
nant. Some observations suggest that this is an important
constraint in some locations (Bowen and Inman, 1971;
Holman, 1977) though it cannot explain the observation of
reqular spacing on unbounded beaches. On beaches with
profiles which level to a constant depth offshore, edge
waves at the cutoff frequency may occur preferentially
(Ursell, 1952; Huntley, 1976). Generation of edge waves by
interaction between waves in a narrow band of incident
frequencies should also result in only a relatively few
specific edge wave lengths (Bowen and Guza, 1978).
However, the relative importance of these constraints in
forming rhythmic topography with a single dominant wave
length is not resolved.

THE FIELD SITE

Field measurements were made in July 1977 in association
with the Geological Survey's Atlantic Geoscience Centre
(AGC), Bedford Institute of Oceanography. The site chosen
for the measurements was on the Gulf of St. Lawrence
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shoreline of New Brunswick, near Tracadie (Fig. 8.2). This
coastline forms part of a long, relatively unbroken shore of
sandy barrier beaches and spits with a complex system of
multiple offshore bars trending parallel to the shoreline but
frequently showing crescentic features (Owens, 1975;
McCann and Bryant, 1973; Greenwood and Davidson-Arnott,
1975). At least two bar systems were present when the
measurements were made. An offshore bar, clearly visible
in an aerial photograph (Fig. 8.3), ran approximately 190 m
offshore and was essentially linear, while an inshore system
20-30 m offshore was much more complex, and showed
distinct longshore variations in offshore distance and relief.
At the shoreline itself beach cusps occurred.

Very little mobility of the offshore sand bar was
expected during July wave conditions, so it was decided to
make velocity measurements in the vicinity of the inshore
system. Figure 8.2 shows the location chosen and Figure 8.4
shows the beach profiles to about 80 m offshore near the
beginning and end of the measurement period.

TRACADIE

j €= SITE OF

MEASUREMENTS

Figure 8.2.  Map showing the location of the field site.
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EDGE WAVES IN A CRECSENTIC BAR SYSTEM

The beach profiles show the inshore bar system, but
clearly changes of profile were considerable. The nature of
these changes could be studied more closely using profiles
measured by the AGC group on July 10 and July 27. On
these dates one profile at the measurement location and two
farther south separated alongshore by 20 m intervals, were
measured and allow rough contour plots of the beach to be
drawn. These are shown in Figure 8.5; the contour values
are in centimetres below an arbitrary horizontal datum
plane. These plats indicate that the profile changes at the
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Figure 8.3.  Vertical aerial photograph of the field site

taken in August 1976. The outer bar is clearly visible and
parts of the inner bar system can also be seen. The bar scale
represents 1 km and the arrow points to the approximate site
of the measurements.
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measurement site were probably the result of alongshore
movement of an undulating bar system. The two north-
ernmost profiles for the two days are strikingly similar but
form mirror images of each other, and the plots, par-
ticularly for July 10, suggest a scale length of about 80 m
for the alongshore wave length of the undulations. These
observations, while too incomplete to allow definitive con-
clusions, suggest that the nearshore bar formed a cres-
centic system, with a wave length of around 80 m, which
progressed alongshore with little change in relief.

Further evidence for a regular longshore wave length
associated with nearshore features was found from ob-
servations of cuspate features at the shoreline. Table 8.2
shows the wave lengths of some of the cusps, measured on
July 21; the measurements run from south to north and span
the instrumented profile line, which was positioned about
426 m north of the southernmost point, The two larger
distances clearly suggest that cusp relief varied and cusp
horns were missed at several points but by assuming that
these larger distances formed multiples of the basic wave
length an average wave length of 75 m with a standard
deviation of 7 m is obtained. Since shoreline cusps and
offshore crescentic bars are common together, with beach
cusp horns and crescentic points lying opposite each other
(e.g., Hom-ma and Sonu, 1963) these observations support
the suggestion that the nearshore bar formed a relatively
regular crescentic bar system with a wave length of about
75 m. Thus, if low-frequency edge waves are responsible for
these features the edge wave wave length expected is about
150 m.

It is instructive to compare the position of these
crescentic bars with predictions made on the basis of edge
wave drift velocities on a beach of linear slope (Fig. 8.1).
Clearly modelling the present beach with linear slope is a
gross simplification of the true profile and there are
indications that the edge wave parameters may be con-
siderably modified by undulations in the profile, especially if
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Figure 8.4.  Profiles of the beach taken near the beginning

and end of the field program. The open circles show the
locations, vertically and horizontally, of the flowmeters.



they occur at aor very close to the shoreline (Holman, pers.
com.). Nevertheless, observations of long-period edge waves
on a beach with an offshore bar (Huntley, 1976) suggest that
the linear slope theory provides a reasonable ap-
proximation to the spatial variation of edge wave ampli-
tude and velocities and to the dispersion relationship in such
a case.

The arrows on Figure 8.5 show the predicted locations
of the farthest inshore and farthest offshore points of the
crescentic bars for modes 1 and 2 and a longshore wave
length of 150 m. The observed bar position agrees well with
predictions for a mode 1 edge wave. In calculating the
period of such an edge wave using the dispersion relationship
(Equation 1) the choice of a mean linear beach slope is
clearly difficult for this profile, but we are helped by the
fact that the period depends essentially only upon R'/2, For
edge waves, which decay rapidly offshore within one wave

Table B.2. Measured beach cusp wavelengths, July 21, 1977

Distances in metres between cusp points

74, 70, 80, 72, 142 (= 2 x 71 ?), 80, 90, 218 (= 3 x 73 2),]
87, 66, 75

Mean and standard deviation of wave length of cusps
=757 m.
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length, the appropriate mesn beach slope should be some
form of average over an offshare distance equal to the
longshore wave length. Two values are considered. Taking a
mean beach slope which ignores the bar system gives a value
of approximately 0.038; alternatively if the shoreline slope
is the appropriate one, B is 0.074. The periods predicted for
a mode 1 edge wave with a longshore wave length of 150 m
far these two values of B are 29.1 s and 20.8 s, respectively.

FIELD MEASUREMENTS

The apparatus for the field measurements consisted af three
two-component electromagnetic flowmeters (two Marsh-
Mc8Birney Inc. Maodel 711s and one Cushing Engineering Inc.
Model 612) and a capacitance elevation sensor. The
flowmeters were mounted on aluminum tripods 0.3 m high,
which were placed on the seabed and held in position using
lead weights (Huntley and Bowen, 1975). Two flowmeters
were mounted 0.5 m off the seabed on one tripod, one
oriented to measure offshore and vertical flows and the
other, horizontally displaced about 0.3 m from the first,
oriented to measure offshore and longshore flows; in this
way the three arthogonal flow components were measured
simultaneously essentially at a single location. For the
measurements discussed here, this tripod was placed in the
trough shereward of the inshore bar st position 1B (Fig.
8.4). A second tripod, holding the remaining flowmeter 0.5
m up and oriented to measure offshare and longshore flows,
was placed on the seaward slope of the bar at position 2 (Fig.

8.4). The elevation sensor, a capacitance device based on
JULY 27th
TROUGH
20m
C e e s P M () WY PR I\ I
20m
}

Contour maps of a section of the beach based on three profiles measured on July 10th (a) and July 27th (b). The
contours represent vertical distances, in centimetres, below an arbitrary horizontal reference plane.

The arrows represent the

inshore and offshore extent of crescentic bars predicted for edge waves of mode numbersn = 1 and 2 (see Fig. 8.1). The velocity

measurements were made on the northernmost profile line.
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the design of Waddell (1973), was placed in the shoreline surf
zone, but was found to change calibration because the wires
stretched during the measurements, and has not been used in
the present analysis. Cables ran up the beach from each of
these sensors to a vehicle parked at the top of the beach,
which contained battery-powered electronics and a mag-
netic tape analogue data logger. The data were sub-
sequently digitized at a sampling interval of 0.33 s for
computer analysis.

A variety of summer wave conditions were experienced
during our field program. The first record discussed here,
TRO2, was measured on July 21, a day of predominantly
long-crested low waves of period 4.5 to 5.0 s; no breaking on
the inshore bar system was observed and the flowmeters
were well seaward of the narrow surging surf zone. Record
TRO3 was measured on July 23, at the height of a mid-
summer storm when breakers of about 1.1 m height were
breaking on the inner bar and the wave period was irregular
but centred at 5 to 6 s; on this day the outer flowmeter
(position 2) was approximately at the outer breakerline and
the inner flowmeters (position 1B) were in the quiet zone of
reforming waves between the bar surf zone and the shoreline
surf zone. The storm waves approached the beach from the
northeast at an angle of 45 * 5° to the normal at the bar
breakerline, and drove a mean (50 minute average) longshore
current of 25 cm/s at position 2 and 57 cm/s at position 1B.
The third record TR04 comes from the day after the storm
when the incident wave climate was predominantly long-
crested swell of period about 7.5 s, breaking at a height of
0.75 m at the inner bar. For this record the inshore bar
system had moved, presumably under the southerly longshore
currents generated in the storm, to form the second profile
of Figure 8.3, partly burying the mount at 1B.
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Figure 8.6. A typical
flowmeters and elevation sensor.
uncalibrated.

record from the
The elevation sensor was
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Figure 8.6 is an example of the measurements made
from TRO3, The irregularity of the incident wave period on
this day is apparent in the offshore velocity records. The
mean currents have been removed from the longshore
current records, but the unsteadiness of these currents is
revealed in the residual; flow reverses occasionally at
position 2. The vertical component of velocity appears to
show considerably more high-frequency variability than the
horizantal velocities, perhaps because of turbulent velocities
which are made visible at this smaller velocity scale. Large
peaks of upward velocity occur under the steep faces of
incoming breakers, but there is no clear indication of the
rapid drawdown just prior to the arrival of a breaker, as
suggested by some authors. The rapid upward velocity as
the onshore current increases towards the crest would result
in a very sharp peak in the time series of the product of
onshore and vertical velocities, which would require very
rapid sampling times to resolve satisfactorily, and which
consequently would make accurate evaluation of a mean
Reynold's stress under combined waves and current difficult.

The different incident wave conditions for the three
days are well shown in spectra of the offshore velocities at
1B (Fig. 8.7). The spectrum for TRO2 shows that the
dominant wave energy occurred at a period of 4.2 s, with a
much smaller swell peak at 7.5 s. The incident storm waves
of TRO3 occupy a broad, high-energy spectral band with
periods from 5 to 7 s, while the poststorm swell of TRO4 is
clearly seen as a dominant peak at 7.5 s period with a
smaller broad energy peak at around 4.5 s because of choppy
wind waves superimposed on the swell.
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LOW-FREQUENCY ENERGY

Of particular interest in the context of this paper are the
clearly defined, low-frequency peaks in the spectra for all
three of these days. A broad, low-frequency peak in the
period range 18-32 s is present in all records and appears
remarkably stable in period range despite the big changes in
incident wave conditions. The same may be said of a second
low-frequency peak at 10.5-11.5 s period, although there is
some shifting of frequency apparent in this peak.

The relative phases of the velocity components have
been used to identify the wave motion responsible for these
peaks. Figure 8.8 shows coherence and phase spectra
between offshore and longshore currents (Fig. 8.8a) and
offshore and upward currents (Fig. 8.8b); the 32 s line in
Figure 8.7 corresponds to a frequency of 0.031 Hz, 18 s to
0.056 Hz, and 11 s to 0.091 Hz. Figure 8.8a has significant
ccherence in the lower frequency band and a coherence peak
at about 0.11 Hz, a somewhat higher frequency than the
power spectral peak but within its band width. Phase values
are clearly centred about 0° for frequencies above 0.1 Hz.
Below 0.1 Hz lower coherences result in unsteadier phases,
but in the low-frequency band the phase again centres
around 0% with an uncertainty of about * 30° Comparing
this with the predictions in Table 8.1 suggests that either
pragressive gravity waves or standing edge waves were
occurring in all frequency bands. Figure 8.8b shows
significant coherence for all frequencies above 0.08 Hz but
the lowest frequency band has an unsteady coherence level,
which is significant at the high-frequency end but barely
significant at the lower frequency end. The phase shows a
dramatic change at a frequency of 0.075 Hz. Above this
frequency the phase is very close to 270°, suggesting, when
taken with Figure B.8a, that the energy in this range was due
to the progressive gravity waves. Below 0.075 Hz the phase
in the low-frequency band falls to around 0° where the
coherence is significant, though becoming cleoser to -45° at
the low-frequency side of the band where the coherence is
low. A zero phase here suggests, when taken with Figure
8.8a, that the lower of the low-frequency bands of energy is
the result of standing edge wave motion. Both coherence
and phase plots show significant coherence also at fre-
quencies below the resolution of the spectra, and the power
spectra of Figure 8.7 also suggest a rise in spectral energy
at very low frequencies; much longer record lengths would
be required to identify the nature of this energy.

The data of Figure 8.8, therefore, suggest that the peak
of energy centred around 11 s period is due to progressive
incident waves. A period of 11 s is surprisingly long for
incident waves on the Gulf of St. Lawrence coast of New
Brunswick, where the longest fetch lengths are less than 600
km, from the northeast. However, meteorological obser-
vations summarized by the Atmospheric Environment Ser-
vice, Toronto (quoted in Armon and McCann, 1977) show
that the significant wave period exceeds 9 s 7 per cent of
the time, predominantly during northeasterly fall storms, so
waves of this long period certainly do occur.

Despite the relative constancy of the period range of
the low-frequency edge wave band, it is clear from Figure
8.7 that energy contained in this band is strongly dependent
on the total energy in the incident wave spectrum. In
quantifying the energy in the edge wave band it is necessary
to make some estimate of the bandwidth appropriate to the
band, and integrate under the spectrum over this band. The
true bandwidth of the low-frequency bands cannot be
accurately deduced from Figure 8.7 since the resolution
bandwidth of the spectra is about 0.017 Hz and the
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bandwidths of the observed low-frequency peaks are only
about 2 or 3 times this. However a higher resolution spec-
trum, for TRO3, with a resolution bandwidth of 0.0044 Hz
but with commensurately larger 95 per cent confidence
limits on the size of the spectral curve (Fig. 8.9), shows that
the energy level in the edge wave band is relatively flat
between 0.028 and 0.058 Hz and falls off rapidly on either
side. We have therefore chosen to integrate energy between
the lower and upper halfpower frequencies of this band, and
have assumed that edge wave energy outside this bandwidth
is negligible. Far TR0O4, where the low-frequency side of the
edge wave band does not fall to half the peak level before
rising again to the very low frequency level, we have taken
the appropriate bandwidth to be twice the width from the
peak to the upper half power level.
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Figure 8.8. Coherence and phase spectra between offshore

and longshore (a) and offshore and upward (b) records from
position 1B. The solid line shows the coherence and the
dashed line the phase. The horizontal heavy dashed line
represents the 95 per cent confidence level for zero
coherence; the fine dashed lines mark phases of 0° and 270°.
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Integrating over these bandwidths gives the results for
mean square amplitudes of offshore velocities shown in
Table 8.3. The total mean square amplitudes are the result
of integrating the area under the spectra over the whole
frequency range out to the Nyquist frequency of 1.5 Hz.
Mean square amplitudes of the 11 s swell peak are also
shown for comparison. The-large value of edge wave energy
during the summer storm is strikingly apparent. Between
TRO2 and TRO3 the energy in the edge wave band increased
by a factor of 66 to contribute 19 per cent of the total wave
energy, while the total energy level increased by a factor of
8 and the 11 s peak by a factor of 15; between TR04 and
TRO2 these factors are 49 for the edge wave band, 13 for
the 11 s swell peak and 10 for the overall energy.

Thus it appears that edge wave energy at low fre-
quencies increases greatly during storm conditions. Holman
et al. (in press) have made extensive measurements of low-
frequency energy in the nearshore velocity field on a beach
of relatively simple topography and their observations also
suggest a rapid increase in low-frequency energy with
incident wave energy. Indirect support for this observation
may also come from the common observation that cres-
centic bar systems and cusps are most active during storms
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Figure 8.9. A high resolution spectrum of offshore velocity

at position 1B. The interval marked "bw" represents the
resolution bandwidth. Vertical arrows show predicted
frequencies of modes n =1 to 4 edge waves with wavelength
150 m.

(e.g., Sonu, 1973). Guza and Inman (1975), in dicussing beach
cusps, suggested that two different regimes occur in the
action of edge waves to produce rhythmic topography,
depending on whether the incoming waves are mainly
reflective or dissipative. In reflective systems, with surging
and surging/plunging breakers, subharmonic zero-mode edge
waves appear to dominate but disappear rapidly as incident
wave amplitude increases and wave dissipation by breaking
increases above a critical level. Observations in the field
confirm that subharmonic edge waves can occur on re-
flective beaches (Huntley and Bowen, 1973). The present
observations show that in dissipative systems, on the other
hand, edge waves with periocds much longer than the incident
waves dominate, and their amplitude increases with incident
wave amplitude.

The bandwidth of the edge wave peak encompasses both
the 29 s (B = 0.038) and the 21 s (B = 0.074) periods predicted
for mode 1 edge waves of wave length 150 m, such as are
expected to generate the observed crescentic bars.
However, the edge wave band is very broad and there is no
clear evidence for a single peak corresponding to either of
these periods. In fact, Figure 8.9 suggests rather that the
edge wave band is somewhat flat topped, with the energy
falling off distinctly on either side of the band.

If we calculate the frequencies of 150 m edge waves of
modes n = 1 to 4 using the smaller beach slope, they span the
low-frequency band, though the resolution bandwidth of the
spectra, even in Fiqgure 8.9, is insufficient to resolve
individual peaks corresponding to these modes. The good
agreement between these predicted frequencies and the
observed edge wave band suggests that, rather than a single
mode, several modes are being excited in this band.

DRIFT VELOCITIES

It is of considerable interest to estimate the size of the drift
velocities under the low-frequency edge waves aobserved on
this beach. Although it is not clear that the observed edge
waves were responsible for forming the beach cusps and

crescentic bars, the rhythmic system itself appears to have

moved slowly alongshore, essentially intact, during July and
a drift velocity field must therefore have existed to main-
tain the crescentic features during this longshore move-
ment. Such a drift velocity field may be due either to in-
teraction between the incoming waves and the bottom
topography forming rip currents and nearshore circulation
cells (Sonu, 1973), or to boundary layer effects under the
edge waves themselves (Bowen and Inman, 1971), or to a
combination of both effects. In this section the magnitude
of the edge wave drift velocities is estimated and compared
with observed mean flows well above the boundary layer, in
order to assess the relative importance of these two effects.

Table 8.3. Mean square offshore velocity amplitudes, position 1B

Total 11 s peak Edge wave band
Run ID (m/s)? x 10-* (m/s)?* x 10-3 % of total (m/s)? x 10-3 % of total
TRO2 6.9 0.33 4.8 0.15 2.2
TRO3 54.0 4.9 9.1 10.0 18.5
TRO4 67.0 4.4 6.6 7.4 11.0
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The present data set (from just two points on an
offshore line) is unfortunately too incomplete to allow
mapping of the velocity field in the detail required to
estimate the spatial gradients of velocities in the direct
Hunt and Johns expression for drift velocity used by Bowen
and Inman (1971). Furthermore, application of the Bowen
and Inman edge wave drift velocity expressions is com-
plicated by two factors. First we might expect that the
edge wave velocity fields for a beach profile containing a
well developed bar system could deviate markedly from
velocity fields predicted by assuming that the beach profile
was linear with the average slope (Holman, pers. com.).
Secondly their theory applies to a single edge wave made.
When several modes are present, such as is observed here,
the drifts for each mode cannot be directly summed to form
the total drift velocity since the boundary layer expressions
are obviously nonlinear in the orbital velocities. Accurate
determination of the edge wave drift velocities therefore
requires either much more extensive measurements alang
both offshare and longshare lines or a numerical calculation
using the observed beach profile and assuming that partic-
ular edge wave modes were present on this beach. Never-
theless, we might hope to get at least an order of magni-
tude estimate of the maximum drift velocities by ignoring
these caomplications and applying the Bowen and Inman
theory (Equation 2) to each edge wave mode separately.

Using the data for the day of maximum low-frequency
energy, TRO03, we begin by assuming that the energy is
equally distributed among the first four edge wave modes
(Fig. 8.9). The rms amplitude of the offshore current at po-
sition 1B for each mode is therefore 5 cm/s, i.e., 7 cm/s
peak amplitude. The low-frequency peak at position 2 is
much less clearly defined than at position 1B, possibly due to
a stronger, slowly varying mean flow system on the outer
flank of the bar (see below) resulting in a higher overall
low-frequency energy. Nevertheless, the energy level in the
edge wave band suggests a peak amplitude of 5.3 cm/s.
These measurements were taken close to high tide when the
instruments were 27 m and 53.5 m offshore, respectively.
To estimate maximum drift velocities under these waves,
linear beach profile theory has been used to extrapolate the
measured velocities tao shoreline velocities u(0). This
offshore velocity is then used to estimate ap, which is
finally used in Equation 2 to provide an estimate of the
maximum drift velocity. Generally a correction to the
extrapolated velocity u(0) would have to be made if the
measurement position did not caincide with an offshore
velocity antinode of the standing edge wave. However, for
the TRO3 data no low-frequency peaks were observed in the
longshore spectra, and the general level of the longshore
spectra in the low-frequency band suggests that measure-
ments were made within about 15 m of ap offshore current
antinode, so that any corrections to u(Q) are estimated to
amount to less than 20 per cent. This is consistent with the
fact that measurements were made in a trough between two
crescentic bar horns, where an offshore velocity antinode
and longshore velocity node occurs. We have therefore
assumed that the extrapolated value of u(0) corresponds
approximately to the value at an antinode.

The results of these calculations are shown in Table
8.4, The amplification factor k is the amount, based on
linear slope theory, by which the measured values are
multiplied to obtain the estimated value of u(0). The values
for u(0) and ap calculated by extrapolation from position 1B
and position 2 are similar, suggesting that the use of theory
based on a linear slope provides a reasonable estimate of the
real offshore variation of velocity, at least at the offshore
distance of the flowmeters. The exception to this occurs for
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Table 8.4. Drift velocities under low-frequency edge
waves
Amplification
M