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Abstract

In order to study the sediment and hydraulic
characteristics of a small tidal inlet on the coast of the
Gulf of St. Lawrence, field measurements were conducted at
Palmer Inlet in 1984-1987. Data collected included
continuous water level and velocity measurements at various
sites, bed and suspension sediment samples, box- and tube-
cores, direct and indirect (echo sounding) bedform
observations, and general area mapping. Historic records
and wind data were also available.

The first part of the thesis presents results of
analyses of field data. Inlet morphology is described and
its migratory behaviour analyzed by series of airphotos and
maps. Surface sediment is divided into five depositional
environments. Their characteristics, including grain size,
bedforms and internal structures, are described based on the
relative strength of tide and wave energy. Surface and
subsurface data are then used to construct a three-
dimensional stratigraphic model. Three sediment units were
recognized, and discussed in terms of their relationship
with the Holocene transgression. Generalized vertical
sequences are compared with typical models, and théir
differences noted. Suspended sediments, megaripples and
sediment transport data were also collectgd. Using these
data, a number of existing theories and'techniques are
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tested. They include the Rouse equation, proposed stability
fields of megaripples, and their description using a
variance spectrun.

A series of numerical simulations was carried out in
the second part of the thesis. Their purpose is to define
the hydraulic mechanism that controls the bay tidal
responses and related inlet currents. The effects of
various factors were examined using idealized cases. The
results show that in small tidal inlets, large intertidal
sand bodies are the most important factor in distorting the
tide and creating asymmetry. Overall, their presence
imposes a force which retards the ebb more than the flood.
The model, adjusted with measured data, is then applied to
Palmer Inlet. Examples of model results are used to explain
the observed tidal deformation. A stability analysis of the
inlet was conducted using two existing methods, from which

inlet evolution is inferred.
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U — Current velocity, m/s
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Part I
Morphology, Sediment and Hydraulics

— Observations and Analyses of Field Data



Chapter 1

Introduction

Tidal inlets on sandy barrier island coasts are
tidally maintained channels, connecting a bay or lagoon with
a larger body of water, usually a sea or ocean. Tidal
inlets have been classified either by tidal range as
microtidal (<2 m) and mesotidal (2-4 m) (Hayes, 1875), or by
the antipathetic relationship between waves and tidal range
as tide-dominated and wave-dominated (Hayes, 1979). Outlets
of rivers at tidal coasts have also been called tidal
inlets. In the context of the present study, they are
considered as belonging to a different class of tidal
environments - estuaries. Estuaries have large quantities
of river-derived fresh water and fine sediments, and free
communication with the sea which mazke them different from

barrier-type inlets.

1.1 The problem

It has been recognized that microtidal barriers are
subject to extensive modification of inlet processes.
Microtidal inlets, because of shallow depth and high
longshore drift, migrate faster than mesotidal inlets (Kumar
and Sander, 1974; Hoyt and Henry, 1967). 30-50% of
microtidal barriers have been found replaced by inlet

1
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deposits as opposed to 10-20% of mesotidal barriers (Moslow
and Tye, 1982). The great majority of studies of tidal
inlets, however, has been conducted along mesotidal coasts,
notably the Atlantic seaboard of the United States. MNost of
these studies are concerned about morpholegy and related
processes (Hayes, 1979). Systematic study of sedimentary
characters on the scale of those carried out in the Bay of
Fundy (Dalrymple, 1977; Knight, 1977), and in the North Sea
(Terwindt, 1981; de Mowbray and Visser, 1984) are rare. The
lack of sediment data, particularly structure and sequence
data, can be attributed, to a large extent, to the harsh
working conditions particularly involved in coring or
drilling programs (Moslow and Heron, 1978; Tye, 1984), and
hampers the interpretation of similar environment in the
stratigraphic record.

The coasts of the Southern Gulf of St. Lawrence,
with more than 30 tidal inlets, offer a unique environment
for field-based studies of microtidal inlets. While some of
the most important cpastal studies have been conducted in
this area (Rosen, 1979; Davidson-Arnott and Greenwood, 1974;
McCann, 1979; Armon, 1975; Owen, 1977), few are inlet
related. These few studies were'often conducted as a part
of more general coastal studies with emphasis on such issues
as the origin, history, sand body distribution (Armeon, 1975,
1980; Armon and McCann, 1979) and s£ability of inlets (Keay,

1975). Detailed studies have been made in a large (Reinson,
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1977; 1980) and a small inlet (Matsushita, 1986). In these

studies, while fluid and sediment characters were monitored,
actual data are far from sufficient for complete analysis of
the hydraulic and sediment relationship. In addition, both
inlets studied are navigational channels with considerable
influence of human activities. The value of these studies
as a descriptive framework for natural inlets in this region

is thus affected.

1.2 Objectives

The basic scheme of this study is to provide a broad
appraisal of interactions between water movement and the
sediment surface in a small, natural tidal inlet on the
Malpeque Barrier System, north ceoast of Prince Edward
Island. The approachas adopted involved two separate but
complementary parts: one was to conduct on-site observations
of fluid and sediments, and the other was to perform
numerical simulations using an existing inlet model (Seeligq,
1977). The former strategy is to collect prototype data on
fluid and sediment, and to provide a broad description and
appraisal of sedimentary environments in an attempt to
answer the following questions: (1) What is the baéic
characters of the tides and tidal flow in the inlet?; and
(2) What are the substrate responses to these processes in
terms of sediment texture, structures and resultant

sequence? The numerical simulation is directed towards



better understanding of the above questions, and further to
reveal the underlying factors which are responsible for
observed process-response relationships. The intended
feedback of a combined strategy is, hopefully, to lead to
new insight into the nature of the processes, which are
meaningful not only at this particular place, but on a more

general level.

1.3 oOutlines of the Thesis

In accordance with the two aims of the thesis, this
paper is organized in two principal parts, each with its own
introduction and conclusions. Part I is a synthesis of
hydrodynamic and sedimentological data collected and
interpreted over the field s<asons of 1984, 1586 and 1987.
Aside from the introductory Chapter 1, which includes
literature review, it contains four other chapters. Chapter
2 sets the stage by describing the hydrodynamic setting of
the area. It provides detailed description of processes
such as winds, wave, tides and tidal currents. Chapter 3
deals with topography and morphology, and their historic
development. Chapter 4 is a description of sedimentary
environments in terms of sediment texture, bedforms,
structures, and their stratigraphic sequence. The
discussion of each environment is made in the light of
relative strength between tide and wave energy. Chapter 5

is concerned with hydraulic interpretation of several types
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of data, which were taken using the inlet as an experimental
site. Thgse include suspension sediments, megaripple
geometries and sediment transport from bedform monitoring.
A number of existing theories were tested using these data.
Part II commences with two preliminary chapters,
introducing the major findings of previocus work and the
basic equations of the numerical model. Chapter 3 uses the
Palmer Inlet for parametric studies, in which effects of
various geometric and dynamic factors on tidal asymmetry are
examined. Calibration of the inlet model is carried out in
Chapter 4, using measured tidal as well as current data.
The adjusted model is then applied in Chapter 5 to
calculate, with the aid of an existing model of stability
for a dual-inlet system (van de Kreeke, 1984), the present

state of stability of the inlet.

1.4 Methods

Basic field work was carried out in June-August of
1984, 1986 and 1987. The first season was a reconnaissance
in nature, including some basic mapping and bathymetric
profiling. Field work of the later two seasons includes
measurements of current speeds and tides, echo souﬁdihg,
aerial photography, collection of grain size samples,
bedform mapping and measurement, including digging of
trenches, tube-and spade-box coring. Laboratory studies

consist of opening tube-cores, making resin peels, grain



size analysis, digitization of echographs and analysis of
aerial photographs. Tasks and instrumentation are outlined
in Table 1-1, and will be further described where
appropriate.

The sounding unit used for bathymetric and subtidal
bedform observation is Raython Mcdel DE-719B. This unit has
a high sounding rate (9 soundings per second, or a sampling
rate of 0.11 second per sample), and a narrow transducer-
beam (8 degree at half power point), which gives a spatial
resolution of 14 cm at 2 metre water depth. Operations were
made at relatively calm weather to avoid disturbance by
water motion. Buoys were implanted along the profiles to
ensure that approximately the same track was follqwed for
different runs. These buoys, which were recorded on the
sounding chart by turning on a switch as the boat passed by
them, were also used.as scale-controllers as it was
difficult to maintain constant boat speed on the route.

The majority'?f subtidal bedload sediment samples
were obtained by a fuﬂhel—shaped sampler. Sediments were
collected by draggiﬁg the sampler with a bag attached along
the bottom. All samples were visually described, and
subsampled on board to about 50 grams. In the laB, each
sample was treated with hydrogen-peroxide and washed
through 2 mm and 0.03 mm sieves to separate gravels, muds
and sands. Grain size distributions of sand fractions were

_obtained by means of an automatically recording settling

-



uoTjejUsUNIZSUT pue sysel T-T STqel



00¥9 XVA

ursaa axnd PIoD

Jegnduos D4 pue I9ZTITHTP UYD3axs-euuns
Jaanduod D4 pue I3ZTITHTP yojoys-euuns
ydeabhtpag pue aqui-Huriiles

i9I00 Bqnl DAd pue 1100 Xog-apeds
ToTdwes JUIWTPSS Iajzem mo{Teys

JISATP

saanseauw adel pue sseduodo uojunig
Jopunos de6T.L-3d uoayldey

s193TT3 JFdu-uopueTd Yj3THA suel] Te3sH

aTqel 2uetd pue 00628 T2POH 2pPepPITY
Jopunos g6T.L-3d uoayziAey

put [opowl TeOTIASUNN
sToad uTsex buliel
sTsATeue wiojped -
sTsATeue ojoyd-atv -
sTsAteue 22TS utexd

HI0OM >uQMNuonwg
2Injonijs Teuaajul
puttdues 8z1S UTRID
sjusuaansesu WIoypad

SjusuLINSesll JUSWIPSS papuadsns

Koaans otrajzeudyjzed

sI979U juaIIND Hurpesx @j0Wax OTT ©o9pul
I979u BUTPESI-300aTP TOZ TOPOW ASUITHOH-USIeH

si1938W HAUTPICO2I-OTIRWOINE eveAdpURY y-KHOU putrheb juaxand

sabep adAz-aanssaad naod-330 purbeb Teptd

%aom piotd

uoTjejUSUNIZISUT ysey




tube system using about 1 gram of sample.

Data on bedforms were obtained by echosounding and
diving in subtidal areas, and by tape/Brunton measurement on
intertidal flats. Echographs were acquired during different
times of tidal cycles along tracks marked by buoys. Direct
measurements of intertidal bedforms were restricted to low
tides using a Brunton compass and a tape measure. Wave
length was del.ned as the distance between two adjacent
crests, and height is the vertical distance between the

trough and the crest.

1.5 Microtidal versus Mesotidal Inlets — Previous Works

The literature on tidal inlets comes from different
groups of researchers. This review focuses on the
difference between micro- and meso-tidal inlets,
Comprehensive reviews on tidal inlets have been given by
Bruun (1978) and Boothroyd (1985). Some important works can
be found in Cronin (1975), Leatherman (1979), Oertel and
Leatherman (1985), and Greenwood and Davis (1984). Examples
of excellent works on related topics are Klein (1970),
Dalrymple (1977) and Knight (1977).

The literature records many antipathetically-related
factors, which are responsible for basic differences between
micro~- and meso-tidal inlets (Table 1-2). The tidal
range/wave height ratio determines the overall morphology of

an inlet. Wave-dominated inlets are usually shallower with
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10
larger flood tidal deltas and more overwash, and are backed
by open water lagoons, while the opposite applies to the
mesotidal inlets (Hayes, 1979; Hubbard et al., 1979;
Nuinmedal and Penland, 1981). The volume of the tidal prism
as opposed to the strength of longshore drift determines the
tendency of wave forces to close or force an inlet to move
laterally against tidal forces, which tend to keep it open
and maintain its position. Wave-dominated inlets have small
tidal prisms due to their relatively small tidal range,
small bay size and usually distal locations in the bay.

They tend to be less stable, migrating rapidly and/or
closing periodically. The effects of storms are different
from those of fairweather and between the two types of
coasfs. In microtidal coasts, storm effects are often in
the form of excessive overwash or lateral migration. In
mesotidal coasts, they are represented by sudden inlet
abandonment and subsequent 'bar-passing' (Sexton and Hayes,
1982; Tye, 1984; FitzGerald, 1982). Storms can, depending
on their intensity and approaching directions, either create
(Pierce, 1969) or close an existing inlet (O'Brien, 1976;
Bruun, 1978). Lynch-Blosse and Kumar (1976) reported that
Brigantine Inlet, New Jersey, moved in the downdrift
direction during storms, but in the updrift direction during
periods of fairweather.  In Wachapreague Inlet, Virginia
large storms are felt throughout the inlet in cross section

changes, while individual sectiéﬁs behave differently under
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normal conditions (Byrne, et al., 1974). The relationship
between sea level variation and sediment supply controls
onshore-offshore hovement, and thus the subsurface geometry
of resultant inlet deposits (Uhlir, et al., 1988). With
Holocene transgression and confined lateral migration due to
undercutting of channels into the substrate (DeAlteris and
Byrne, 1975; Imperato, et al., 1988), inlet sequences of
tidal-dominated inlets are relatively narrow, plug-shaped,
and oriented shore-normal (Tye, 1984; Heward, 1981).
Preserved sequences of wave-dominated inlets are laterally-
extensive, tabular-shaped and shore-parallel.

On a smaller scale, the interaction between water
movement and sediments is controlled by the strength of, and
in particular the difference between flood aﬁd ebb currents.
Time-velocity asymmetry and related spatial segregation of
ebb and flood currents are well-documented in mesotidal
inlets (Lincoln and FitzGerald, 1988; Hayes, 1979). On the
flood delta side, the incoming current concentrates in the
central area, but is diﬁerted, due to topographic shields
(Finley, 1975; Hayes and Kana, 1976; Hubbard and Barwis,
1976), through the surrounding channels or breaches on ebb
shields. A reverse pattern, attributed to the inertial
effect, with outgoing flow occupying the central channel, is
observed on the seaward side (Hayes and Kana, 1976; Nummedal
and Penland, 1981; Hodge, 1982; FitzGerald, 1976). Spatial

separation of flood and ebb flows results in close proximity
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of sedimentary facies, in which both sediment and bedforms
move dominantly in one direction with minor modification by
the reverse flow. As a result, bedforms in inlets and
estuaries are essentially comparable in types and behaviour
with increasing velocity with their unidirectional
counterparts (Middleton and Southard, 1984; Bocthroyd, 1985;
Dalrymple, et al., 1878).

While most of bedform/structure-related work has
been conducted in mesotidal inlets (Bocothroyd and Hubbard,
1974, 1975; Finley, 1975; Hayes and Kana, 1976; Hubbard and
Barwis, 1976), data on inlet stratigraphy come primarily
from microtidal inlets (Kumar and Sander, 1974; Moslow and
Heron, 1979; Moslow and Tye, 1985; Heron et al., 1984;
Boothroyd et al., 1985; Israel et al., 1987; Berelson and
Heron, 1985; Hennessy and Zarillo, 1987; Reddering, 1983).
Inlet-filled sequence in both mesotidal inlets (Hayes and
Kana, 1976; Penland, et al., 1988; Hubbard, et al., 1979;
Hubbard and Barwis, 1976; Boothroyd, 1985) and microtidal
inlets (Kumar and Sander, 1974; Moslow and Heron, 1978;
Reddering, 1983) has been found similar to the classic point
bar sequence of a meandering river. Such a sequence is
characterized by a coarse lag with an erosive base overlain
by cross-stratified sands deposited in both deep and shallow
channels. The difference is that the unit above the channel
deposits consists of channel-margin linear bar deposits made

up of directional trough cross beds formed by megaripples
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(Hayes and Kana, 1976) for mesotidal inlets, but consists of
spit platform deposits made up of large-scale Gilbert-type
foresets for microtidal inlets (Kumar and Sander, 1974).
Proposed sequences of mesotidal flood tidal delta are
essentially derived from of Hayes' morphological models
(1980) by applying Walther's Law (Hayes, 1980; Hubbard and
Barwis, 1976). They are characterized by successions of
megaripple cross-bedding with dominantly ebb orientation in
the lower part to flood orientation in the upper part. 1In
contrast, coring of microtidal flood tidal delta revealed
thick layers of massive sediments (Berelson and Heron, 1985;
Boothroyd, et al., 1985; Israel, et al., 1987; Hennessy and
Zarillo, 1987). Even where large-scale bedforms occur on
the surface, they are not reflected in the internal
structure (Hennessy and Zarillo, 1587). Due to the lack of
primary structures, interpretation of microtidal flood delta
deposits has to depend on other petrographic attributes and
on the relation of the deposits to other facies, such as

washover deposits.

1.6 The Study Area

The tidal inlet under investigation in this study is
located in the northwest portion of the Malpeque Barrier
System, Prince Edward Island, Canada, at an approximate
latitude and longitude of 46°45'N and 64°00'30''W,

respectively (Figure 1-1). Although other inlets, similar
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Figure 1-1

Location map for Palmer Inlet. The oblique air
photograph was taken on June 24, 1986. Keys: 1 -
North Spit; 2 - South Spit; 3 - North Spit
Platform; 4 - South Spit Platform; 5 - Main
Cchannel; 6 - South Channel; 7 - North Channel; 8
- Flood Tida® Delta; 9 - Flood Spillover Lobe; 10
-Ebb Spillover Lobe; 11 - Ebb Spit;
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in size and configuration, were considered at the start,
Palmer Inlet was chosen because of‘its natural state, and
the proximity to a fishing dock — North Port.

Malpeque Barrier System is a 43 km long sandy
barrier chain, broken by four tidal inlets, which connect
the two major embayments of western Prince Edward Island to
the Gulf of St. Lawrence. Palmer Inlet is one of the two
tidal inlets draining the northern embayment, Cascumpec Bay.
The hydraulic connection to a second inlet is a
complicétion, which has received little consideration in
other inlet studies.

Cascumpec Bay occupies an area of approximate 26
km?, representing a syncline drowned during the Holocene
transgression. There are four river sources to the Bay, but
sediment supplies from tﬁem are.limited due to the small
catchment area and low hinterland relief. The inlets are
undiluted by fresh water, and the bay is an open water
system free from marsh and tidal creeks. The extension of
the drowned valleys in the Bay, as suggested by the depth
trend, directs a major portion of the Bay tidal prism
towards the larger inlet, Alberton inlet, located on the
northern end of the Bay. Alberton Inlet provides éhe major
transportation link for a fishing port, North Poft. Palmer
Inlet is located on the southern edge of the Bay and bounded
to the south by the Narrows, a narrow lagoon about 15 Xkm

long, and 800-900 m wide, and generally less than 1 m deep.
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While the Bay is more than 5 m in its deepest portions,

around Palmer Inlet it is less than 1.5 m deep and covered
by eelgrass (Zostera marina). The shallower depths around
the inlet suggest that Palmer inlet possibly was formed on a
topographic high between two river Qalleys of a former land.
Palmer Inlet came into existence before 1935 (Armon, 1975),
and has been kept in its natural state ever since. Mixed
tides with microtidal range prevail over the area. The
coast is exposed to waves generated in the Gulf, but
protecﬁed from those of the Atlantic Ocean. Waves are

produced locally by wind (McCann, 1979).

1.7 Geology History

The surface of Prince Edward Island can be described
as gently rolling to flat with local relief seldom in excess
of a few tens of metres. The underlying bedrock is
dominantly sandstones, with a small amount of siltstone,
shale and conglomerates (Poole et al., 1970). These
sedimentary rocks were deposiéed, by rivers, in Late
Pennsylvanian and Early Permian times, in oxidizing
conditions which gave the rocks their characteristic red-
brownish colour and soft cementation. Bedrock has not been
found in the field area, although outcrops nearby along Cape
Kildare, on Savage Island and in Alberton channel have been
identified. The preglacial surface of the Island was

developed by erosional drainage systems in the Jurassic-
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Tertiary period following the uplift of the Island in the
Triassic period (Keen, 1871; Léring and Nota, 1973). The
contemporaneous deformation of the bedrock resulted in
gentle. folds and faults, trending northeast (Prest, 1971).

Pleistocene glaciations 1ef£ a layer of sandy to
clayey tills mantling the preglacial surface, almost
everywhere from a few centimetres to some tens of metres
thick (Prest, 1973; Prest and Grant, 1969; Grant, 1976).
Active ice retreat in early post-glacial deglaciation
resulted in invasion of seawater in the west of the Island.
Glaciomarine deposits, such as beach, bogs and peat
consisting mainly of locally-derived materials, were formed
in the area of marine overlap (Prest, 1971; 1973): giacial
erratics were scattered on the land surface.

The Early Holocene (13,000-7,000 years B.P.) was a
period of regression of sea level in the west due to
isostatical rebound (Prest, 1973). The present coastal
configuration is the result of Holocene transgression, which
began about 4,000 years ago as the eustatic sea level rise
gradually overtook the rebound.(Grant, 1970); The
transgression drowned drainage systems in coastal synclines,
producing shallows embayments, which are separated‘by rugged
rocky headlands. Fluvial sediment input into the embayments
is small due to the small catchment. Primary sources of
sediment are marine erosion of headlands at the shoreline

and outcrops of bedrock or glacial deposits offshore (Black,
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1987; McCann, 1979). Deposition at the coastline, in
response to wind, tide and wave, formed sandy barriers or
spits, separating shallow embayments and drowned river
valleys from the Gulf. Between the main water bodies, tidal
inlets became the main conduits where much of landward

transport of sediments takes place (Armon and McCann, 1979).

1.8 Summary

Notable differences as well as similarities in
general morphology between the two types of tidal inlets
have been identified by previous work. Information on
sediment characteristics, however, come mainly from
mesotidal inlets, where most of studies were carried out.

Therefore, a typical, small inlet in the Gulf of St.
Lawrence was chosen for systematic study of sediment-fluid
interaction in a microtidal environment. The basic approach
has been to combine field observation with a field-tested
numerical model to assure better understanding of sediment
and water movement in a typical microtidal environment.
Field data collection included aerial photograph, bedform
mapping and measurements, collection of grab size samples,
digging of trenches, spade-box coring and making resin peels
from them, tube-core coring, and echo sounding. Laboratory
work and data reduction consisted of opening tube-cores,
making resin peels, grain size analysis, anélog-digit

conversion of echographs and aerial photographs, reduction



and analysis of current data, and plotting of results.
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Chapter 2

Physical and Hydraulic Setting

The significant environmental factors controlling
inlet sedimentation are winds, waves and related lecngshore
drift, astronomical tides aﬁd tidal currents. All these
factors change in the course of time: the tide and tidal
currents vary in a relatively predictable way, and the local
winds and waves vary randomly. For a shallow, semi-closed
area like Palmer inlet, these factors are further influenced
by the geometry and alignment of the shoreline and basin,
and the character of surrounding channels. Shielding of
sand shoals may further complicate the tide and flow
pattern. As a result, the magnitqde of the tides and
currents may change considerably with time and space within
tidal inlets.

In the following, winds, waves and longshore drift,
tides and tidal currents, are described in turn. 1In
presenting the data, numerical and graphical methods have
been used for putting the results into perspective. This
includes calculations of various statistics and energy
- density spectra, construction of histograms, and time-

velocity and stage-velocity plots.
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2.1 Wind Climate

Weather data utilized in this study are 10-minute
wind speeds and directions 10 m above the ground, from
September 1, 1986 to August 31, 1987. This information was
provided by the North Point Wind Station, P.E.I., about 35
km north of Palmer Inlet. Because of its proximity, these
data are a close approximation of wind conditions at Palmer
Inlet.

Frequencies of wind occurrence by speeds and
directions are summarized in Table 2-1, and.plotted in
Figure 2-1 for the i2-month periocd studied. The yearly wind
pattern shows that the prevailing wind in the study area is
offshore from SSW-NW; these westerly winds occur 49.1% of
the year. Winds from N-NNE directions form a second mode,
occurring 13.3% of the year. Of the 35.1% onshore winds
(NNW-ESE), 55.3% is from northern sectors (NNW-NNE), and 30%
from southern sectors (ENE-ESE). While westerly winds
appear throughout the year, the dominant wind (Figure 2-1)
shows a rough shift from NW in September to February, to SE
in April and May and then to NE in June to August. This
seasonal pattern of winds is a reflection of change in the
dominant regional air-mass from midcontinental arctic
anticyclones in the wintgr to maritime extratropical
cyclones, originated in the western Atlantic Ocean or in the
Gulf of Mexico (Brookes, 1972), in the summer.

Speed data in Table 2-1 show that about 80% of the
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Figure 2-1

Annual (12 months) and monthly percentage
occurrence of wind directions for each of 16
compass points. Based on 10-minute wind data
from North Point Wind Station, Prince Edward
Island.
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year, winds blow at speeds of <8 m/s. Storm winds, winds
with speed 16 m/s and up, occur less than 1% of the time.
Monthly maximum speeds show a similar patterﬁ to that of the
wind roses, with higher values occurring in the fall and
winter (Figure 2-2). Althoﬁgh most monthly maxima are from
west and northeast, the frequency distribution of winds
stronger than 16 m/s shows that 50.6% of storm winds are
from NNW-ESE directions (Table 2-1). This suggests that
stronger winds in the study area are primarily associated
with extratropical weather systems, having a strong onshore
component in the study area. Further breakdown shows that
of these onshore winds, 75.7% come from NNW-NNE, and 12%
from ENE-ESE. Both total and >16 m/s wind data thus
indicate that onshore winds in the study area are dominated
by the northern component.

The summer season from June to August; during which
field work were conducted, is a quiescent period with no
prominent frontal system passing through the area. Winds
were generally mild and sﬁeady, and spread fairly evenly
throughout the compass. While a sustained quiescent period
provided a good and simple condition for field operations
and identifying the tidal response, events of higher winds
would provide a better spectrum for the understanding of
effects of wind-wave conditions. It is in this respect that
hindcast for waves employing yearly data is of particular

significance.
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2.2 Deep Water Waves

Direct measurements of waves in the Gulf with
information on both directions and speéd are rare. An
exception is the set of shipboard observations made by
Environment Canada in 1972, and summarized in Summary of
Synoptic Meteorological Observations. Available data
indicate that swells from the Atlantic Ocean enter the Gulf
about 7.4% of the year (Armon, 1975). These swells either
continue toward the mouth of St. Lawrence Estuary, or are
refracted onto Iles de la Madeleine (Vigeant, 1984). Waves
influencing the Malpeque barriers are locally wind-induced
in_énaracter. The lack of direct measurements made it
necessary for early studies of waves to resort to a hindcast
method based on either weather charts (Quon et al., 1963) or
on wind data collected at land-based stations (Vigeant,
1984; Baird, 1978). While giving the broad picture, the
information therein might not be adequate for a study
concerning a specific coastal location, as winds in the Gulf
region are influenced by coastal topography and proximity.
Waves were hindcast for the Malpeque coast by Armon (1975)
based on data from Iles de la Madeleine. The Malpeque
coast, however, has a ﬁide range of depth of water and fetch
due to changes in shoreline orientation. This particularly
concerns Palmer inlet, which is partially sheltered by the
protruding North Point.

Wind-generated deep wave characteristics were
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computed for Palmer Inlet using the Sverdrup-Munk—.
Bretschneider method (Shore Protection Manual, 1973;
Appendix A-1). Calculations were made, using the ice-free
nine-month (April to December, Figure 2-2) 10-minute wind
data, for the Gulf (NNW to ESE), as well as for Cascumpec
Bay (SES to NW). Depth and fetch characteristics, based én
average for these directions are given in Table 2-2. For
the Gulf, the deep water equations were used, and the
duration of winds was assumed infinite, considering that
fetch and depth are the main limiting factors of wind growth
in the area (Armon, 1975). Shallow water equations were
used for calculations of waves in the Bay; duration thus was
not considered important. The North Point Station is a
coastal station; winds blow over landmass for the sector of
150° to 250°, and over water for the rest. To account for
the surfacé roughness difference, winds out of the former
sector were multiplied by 1.43, and the latter by 1.1 as
suggested by thé Shore Protection Manual (1973). No
allowance was made for wave decay and shift in wind
directions (Baird, 1978). The calculated significant
heights and periods are plotted against wind speeds in
Figure 2-3. Their combined effects are presented as wave
energy calculated according to E, = pﬁﬂﬁL/B (Shore
Protection Manual, 1973), and listed in Table 2-3. 1In the
equation, H, and L = wave height and length in the shallow

water; p,6 = seawater density; g = gravity constant.
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Table 2«2

Fetch and depth characteristics



Direction Fetch Depth
Gulf degree (m) (m)
NNW 337.5-360 6,750 4.70
N 360.-22.5 12,000 7.80
NNE 22.5-45.0 282,000 30.30
NE 45.0-67.5 637,500 33.60
ENE 67.5-90.0 375,000 34.90
E 90.-112.5 225,000 32.22
ESE 112.5-135 112,500 5.70
Cascumpec Bay
SES 157.5-180 2,000 1.0
5 180-202.5 434 0.9
SWS 202.5-225 1,000 0.9
SW 225-247.5 1,600 1.0
WSW 247.5=270 2,000 1.8
1) 270-292.5 2,100 2.6
WNW 292.5-315 4,800 2.5
NW 315-337.5 4,400 1.8
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Figure 2-3

Computed significant wave heights and periods
versus wind speeds for offshore (bayside, A and
C) and onshore (gulfside, B and D) sectors.
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On the Gulf side (Figure 2-3b and d), for a given
wind speed in the Gulf, the largest waves come from the
NNE~E. Waves out of the N-NNW are of smallest dimensions
because of short fetches imposed by the North Point. The
nine-menth averages of wave height and period of all
directions are 0.50 m and 2.5 s with the modal height
occurring in the 0.3 to 0.91 m class (Table 2-4).
Considering that 81% of onshore winds have speeds less than
4 m/s, waves are small most of the year except during the
passage of extratropical storms, when winds stronger than 16
m/s could produce waves with heights larger than 3.0 m and
periods larger than 7 sec. In terms of wave energy, waves
from N-NNW are an order of magnitﬁde smaller than those from
NNE-NE (Table 2-3) despite the fact that winds blow more
often from the former directions (Table 2-1). Nonetheless,
wave energy from north of the direction normal to the
shoreline (138x10° kg-m/crest metre, Table 2-3) is higher
than that from south of the shorenormal (47x10° kg-m/crest
metre),.indicating that around Palmer Inlet, the northern
component dominates deep waves in the Gulf,

In Cascumpec Bay, the largest waves are from the WNW
and NW direction, and the smallest waves from southerly
directions (Figure 2-3a and c). A 16 m/s wind produces a
wave of b.ss m height and 2.8's from NW, and a wave of 0.28
m and 2.0 s from SW. The average value of calculated waves

is 0.18 m and 0.15 sec. Smaller dimensions of waves result
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Table 2-4 Frequency % of computed wave heights for four
directions



Height NW N NE E
(M) 292~337° 337-22° 22-67° 67-112°
0.00-0,30 3.32 3.84 4.5 3.63
0.30-0.91 5.8 5.1 3.43 2.86
0.92-1.51 4.31 1.83 0.59 0.37
1.52-2.12 1.16 0.46 0.07 0
2.13-2.43 0.09 0.2 0.05 0
2.44-3.04 0,01 0.03 0.05 0
3.05-3.65 0 0 0 0
Total 14.69 11.46 8.69 6.86
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in much lower energy level in the Bay, which is about two
orders of magnitude smaller than that in the Gulf (Table
2=3). The southern component totals sx10° kg-m/crest metre,
while the northern component 0.36x10° kg-m/crest metre.
Along the lagoon side of the barrier, wave-induced currents

are also expected to be towards the south.

2.3 Longshore Currents

2.3.1 Wave Refraction

Deep water waves are linked to the inshore wave
climate through shoaling-and refraction process. Dobson's.
numerical method (1967) offers a fast and reasonably
accurate means for refraction analysis, and is used in the
present study to estimate wave conditions in the vicinity of
Palmer inlet. This method is based on the geometrical
optics approximation with the assumption, besides neglecting
local wind, current and reflection, that wave energy is
confined between wave orthogonals. Bathymetric data for
wave refraction analysis were obtained from hydrographic
Chart 4492, supplemented by nearshore depth-sounder profiles
made in 1986. A grid system of 73x73 m mesh size was
constructed from these data using the surfer Contour
software. For each givg;;éirection, waves of certain period
were initiated in deep water, and allowed to propagate
across the mesh network at an incremental step of 0.1 grid

size. At each step, depth was interpolated from the nearest
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four grid nodes using a second degree polynomial
approximation. The ray stopped when the wave-breaking
criterion was reached (Komar, 1974) or when the depth is
less than 1.6 m. Test rﬁns showed that at this depth,
refraction began to become unstable. Printed output at
every four steps gave wave positions in grid units, the
angle, 6, between the wave orthogonal and the shorenormal,
and the refraction coefficient, K, and the shoaling

coefficient, K., calculated according to:

K. = J/(b/b)
K, = J{C,/[C(1+(47D/L)/sinh(47D/L) ]}

Where b = separation between wave orthogonal; L = wave
length; D = water depth and C = wave celerity. Zero
subscripts refer to deep water condition.

Refraction analysis has been performed for waves of
3 s, 5s, and 8 s from the N, NNE, NE, ENE, E. The
directions were chosen so that two are from nofth of the
shorenormal (N55°E) and two from south of it. Refraction
parameters were collected at Stations I, II, and III (Figure
5-4), chosen to represent locations updrift, centiral and
downdrift of the inlet, respectively. Results are presented
in Table 2-5. Included in the table are lqushore

components of wave energy flux, P,, calculated as
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Figure 2-4

Wave refraction diagrams for waves of 3 seconds
from (A) 90° (B) 57° (C)33°% (D) 360°. Water
depths are in feet. Stations at which wave
refraction parameters  were collected are
indicated in (&): Triangle = Station I: Circle =
Station II; Square = Station III.
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P, = 32.1 H® sin(2a)

Where H, = significant wave height at break, and is
approximated by (HXK) at three stations; K = K, K;; a =
breaker angle between wave crest and shoreline (Vitale,
1980). Since wave refraction and shoaling do not depend on
the input wave height, P in the Table 2-5 was derived
assuming unit deep wave height (H, = one ft; calculations
were carried out in the Imperial System). In the table,
positive numbers denote southward components and negative
numbers northward components. Samples of wave ray diagrams
are given in Figqure 2-4 and Figure 2-5 for waves of 3 and 8

s from four directions, respectively.

2.3.2 Results and Discussion

Values of K. are indicators of converéence (>1) or
divergence (<1) of waves at a location due to wave
refraction. Table 2-5 indicates that Station I is a
location where divergence occurs for all waves from all
directions, while Station II basically is a station where
wave convergence occurs. The condition is somewhat
different for Station III. At this location, waves from ESE
to E directions tend to diverge, and those from N to NNE
converge. Another observation made from the study is that
with the increase of the wave period, K values generally
increase: for convergence but decrease for divergence.

Wave refraction is least pronounced for waves
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Figure 2-5

Wave refraction diagrams for waves of 8 seconds
from (A) 90°; (B) 57° (C)}33°; (D) 360°. Water
depths are in feet.
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approaching from NE direction (57°). Values of © angles for
waves from NE are within plus and minus 8° of the
shorenormal, indicating a near normal approach of waves from
this direction. Changes in direction of wave rays increase
both for more northerly and more southerly waves. The
longshore energy flux, P, however, is basically directed
down-éoast (toward the south) for waves from the N to NNE,
and up-coast (toward the north) for waves from the ENE and
E. This suggests that wave-induced inshore currents along
this coast are primarily maintained by the oblique approach
of incident waves. An interesting fact related to direction
changes is the occurrence of negative values of P, at
Station III for waves from NE. In fact, P, begins to take
negative values for waves of‘a s from the NNE direction.
This suggests that despite its small size, strong refraction
could occur around the ebb terminal lobe when wind and waves
are large. The likelihood of landward or even reversal of
longshore currents is thus increased for the downdrift side
of the inlet. Current reversal due to wave refraction has
been observed in many tide-dominated inlets (Goldsmith and
Byrne, 1975; Finley, 197S5).

The net values of total longshore wave enefgy flux
summed over all directions (Table 2-5) indicates that the
highest longshore energy occurs aF the central Station II.
This is due to the exposure.of this Station to waves from

all directions, and their general convergence on the
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Station. The concentration of energy at this location will
prevent extensive seaward growth of the ebb delta. Net P,
values at all three Stations are positive, indicating a
general southward directed longshofe current along the
coast. Although these P, values are gqualitative in the
sense that unit H, values were.used, the predominance in
frequency of the northern component in both wind and deep
wave climate (Table 2-1 and Table 2-5), suggests that the
dominance would be in the same direction if actual

calculations were carried out.

2.4 Tides
2.4.1 Tide Gaging

|Tide records of varied lengths (46 to 70 days) were
obtained at three locations (Figure 2-6) representing tides
just outs?de (Beachside station) and inside (Bayside
station) the inlet, and in-the interior of the bay (North
Port station). The Canadian Hydrographic Sexrvice (CHS) low
water chart datum is taken as the common datum, and a mean
water level of 0.53 m assumed thrpughout the area (0'Reilly,
pers. commun., 1986). Representative time-series plots of
tides, and tidal difference are given in Figure 2-7. The
analog data were digitized hourly over each of.the periods
with values read to the nearest 0.001 inch. Subseguent
least square harmonic analyées yvielded a total of 41 tidal

constituents for each station. Table 2-6 and Table 2-7
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Figure 2-6

Location map for tidal gauging stations, and
current meter stations within Cascumpec Bay. =
Tidal stations: A = Beachside Station; B
Bayside Station; € = North Port Station. s
Aanderaa continuously recording current meter,
Station 71-XI. ® is Marsh-McBirney direct
reading current meter, Station M-1.
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list those constituents with amplitude in excess of 0.03 cm.
Statistics derived from the raﬁ.data or from results of
har..onic analyses are listed in Table 2-8.

In the presentation of the results, the following
definitions are used (Doodson and Warburg, 1941).
Declinational tides are fortnightly variations of tides
related to the declinational movement of the Moon. The tide
is eguatorial if the Moon is at the Equator, and is tropic
when the Moon at maximum north or south of the ecuator.
Synoptic tides are similar fortnightly tidal variations, but
related to the Moon's rotation around the Earth with spring

tides corresponding to the New Moon or the Full Moon

position and neap tides to the quadrature position. On the
other hand, large, intermediate, and small tides are terms
based on the following intervals of tidal ranges, > 0.75 m,

0.45-0.75 m, and < 0.45 m.

2.4.2 Results

Tides at Palmer inlet fall in the microtidal range
with mean tidal ranges of 0.56 m, 0.64 m and 0.75 m for the
three gtations. Corresponding figures for larger tides are
0.94, 1.02 m and 1.08 m. 55% of tides, calculated‘using
data from Bayside Station, are < 0.45 m, 28% in the range of
0.45 - 0.75 m, and 16% > 0.75 m (Figure 2-8). The maxiﬁa of
higher high water and lower low water occur during large'

tide periods. At all locations, the four principald tidal
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Figure 2-8

Ccumulative probability distribution of tidal
ranges calculated from measured bay tides.



48
constituents, 0, and K,, and M, and S,, comprise of more than
98% of the tidal energy. The dominant diurnal components,
K, and 0,, account for more than 60% of the energy, and have
approximately equal magnitude. The amplitude of M,
component is, however, about four times larger than that of
S,, indicating the larger influence of the Moon in
semidiurnal tides. The calculated ratio between (0O, + K,)
and {M, + S,) ranges from 1.72 to 2.19, suggesting a mixed
but mainly diurnal tide (Wood, 1986). This ratio is larger
for the two stations inside the bay, as a result of larger
reduction in the semidiurnal constituents. Tides within the
bay are more diurnal than those outside.

The fortnightly tide of Palmer Inlet has well
defined cycles, similar to the spring-neap variation typical
of semidiurnal tides. The difference is that in Figure
2-7a, along with the change in amplitude is a concomitant
change in periodicity. The result is that small tides
always coincide with periods of predominantly semidiurnal
tides with two high/low waters a day, and large tides with
those of dominantly diurnal tides. Diurnal inequality
occurs both in large and small tide periocds. 1In the former,
it is characterized by every second high tide beiné larger
than its predecessor. The first high tide occurs, as either-
a small bump or a standstill, invariably on the lower part m
of the rising limb of the major peak. This breaks the

continuity of the rising tide, and produces a daily tide
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with a long runout following every higher high water.
puring the small tide period, diurnal inequality is more
variable.

The tide undergoes changes as it moves into the
inlet. Ficure 2~-7b shows tides inside the inlet (bay tide)
lagging behind the gulf tide with a concomitant reduction in
elevation. These changes are not, however, symmetrical
between ebb and floed. The average and maximum lag at low
water (IW) is 93 min and 220 min, as compared to 53 min and
110 min at high water (HW), respectively. The difference in
amplitude between flood and ebb.is less obviocus with both
values close to 3-4 cm. This is because low water values
have larger scatter, and in many cases, low water of bay
tides reaches an even lower level. These facts are
reflected in Figure 2-9, which shows that a better
regression with tidal range occurs for ebb than for flood
phase lags. Unequal changes between high and low water
impart an asymmetry to tides. The asymmetry is
characterized by: 1) a steep, short rising limb and a
gentler, longer falling limb; 2) a low water truncation
especially during large tides. Except the magnitude,
similar tidal changes hare been observed for the t&o
stations within the bay (Figure 2-7c). Within the period of
neasurements, difference in elevation between them is less
than 3 ch in average. This, for a distance of 6.25 knm,

gives a slope of water surface of 6.4 to 45 per million.
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Figure 2-9A Delay of high and low water of bay tides with
respect to those of Gulf tides. Regression
-equations for each stage are given in the figure.
The dotted line is the regression line for low
water data. Different tidal ranges are shown by
different symbols (see legends).

Figure 2-9B Comparisons of HW and LW level difference between
bay and Gulf tides as a function of tidal ranges.
Regression is made only for positive numbers,
which mean reduction in bay tides. For others,
see A,
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The implication is that the surface of the bay can be

considered essentially horizontal throughout tidal cycles.

2.4.3 Discussion

It is tempting to attribute the observed expansion
and contraction of water levels on a fortnightly cycle to
the spring-neap phenomenon, or the svnodic movement of the
Moon. The astronomical alignment during the months when the
field work was conducted, seems to support this notion
(Figure 2-7a). In the present astronomical epoch (Wood,
1986, p.248-258), however, June, July and August happen to
be the months, in which small tides are associated with the
quadrature, and large tiées with the new or full MooA.
Different associations could occur in other months as the
declinational (M,) and synoptic (M) movement differ in
period (by 1.11 days every two weeks). Similarly, it is
also not right to attribute the fortnightly cycle to a
tropic-equatorial sequence.

The fortnightly features at Palmer Inlet can be
explained by the 'beat phenomenon', an interaction between
two constituents which leads to addition when they are in
phase, and subtraction when they are out of phase.' The M,
and M, are the result of beat between 0, and K,, and between
M, and S;, respectively (Beer, i983, p.72). At Palmer
Inlet, ‘K1 and O, are of almost equal magnitudes. Their beat

out of phase leads to almost zero tides, as illustrated in
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Figure 2-10a. The two components involved in M beat, M,
and S,, on the other hand, differ in magnitude by a factor
of four. Their beat does not lead to complete cancellation
(Figure 2-10b). The addition of the results of the above
two beats (Figure 2-10c¢) reproduces the main features of
tides observed at Palmer Inlet. It is thus seen that the
fortnightly tides of Palmer Inlet are not a simple tropic-
equatorial secquence, nor are they a simple spring-neap
sequence. Instead, they are a mixture of them. At times of
maximum declination, when K, and O, are additive, tides are
tropic and large. At times of zero declination, M, and S,
become important, and tides are small and mainly
semidinrnal. This distinct tropic-to-spring/neap sequence
is the result of particular combination of magnitudes of K,
and O,, and that of M, and S, at this particular place.
Tides in the Gulf of Mexico are also well-known for their
dominantly mixed and diurnal character. The fortnightly
cycle there, however, is a one of tropic-to-equatorial
transition (Smith, 1983). The difference is that in the
Gulf of Mexico, M, and S, are smaller in respect to the
diurnal constituents, and also closer to each other. Their
in-phase beat will not lead to complete cancellatic;n as K,
and O, are out-of-phase. The result is that declinational
forces dominate throughout.

It is noted that Figure 2-10c also reproduces the
main features of daily tides. Diurnal inequality thus also
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Figure 2-10 Generation of fortnightly tides as beat
between K, and 0,. (A), and between M, and 5, (B) .
Amplltude and phase data taken from measured

data in Table 2-6.
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can be considered as resulting primarily from the interaction
between the four principal tidal components. In other

words, the minor peak in the diurnal inequality can be
considered as representing the perturbation of the semidiurnal
tide on the dominant diurnal tide, instead of perturbations

of higher harmonics as in many semidiurnal tide areas.

2.5 Tidal Currents

2.5.1 Data Collection and Reduction

Currents were measured at 26 Stations in various
parts of the inlet and the bay using RCM-4 Aanderaa
automatic-recording meters mounted on a metal-frame.
Ninzteen of those generating reliable data are shown in
Figure 2-6 and Figure 2-17. Current speeds are the average
value of the rotor revolutions every five minutes measured
one metre above the bed. High frequency fluctuations up to
10% were observed embedded within the raw data. These
random fluctuations were smoothed using a low-pass filter
with a cut-off-period of 1 hour, which is smaller than the
highest tidal constituent (M,,, 2.5 hours) from harmonic
analysis of water levels (Table 2-6 and 2-7). Continuous
current meter records at three levels were available for
only limited hours. This is due to intermitteﬁt fouling by
seaweeds, especially during the ebb stage when large volumes
of seaweed were carried out from the interior of the bay.

In addition, a Marsh-McBirney Model 201 portable current meter
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and two Endeco 110 remote reading current meters were also
used where water depth was too shallow for a metal frame,
and for obtaining velocity profiles.

This section will deal with the general features of
tidal currents in the area. Current characteristics at
particular stations will be discussed in the next chapter
when depositional environments are described. Data from the
inlet throat, however, will be used as examples to
facilitate the interpretation, as they reflect the
hydraulics of the system as a whole. Bay tides were
utilized wherever the water stage is needed. Bay tides are
forced tides, and considered to be more closely related to
currents in the inlet channel than the forcing (gulf) tide.

The bottom shear velocity, U., was calculated from
the logarithmic velocity profile by Inman's (1968) iterating

least square method:
U = U./x 1n(2/Z+1)

Where U is the current velocity at a depth of Z; « is von
Karman's constant (= 0.4); and the Z, is the roughness
length. The term U,/x is the slope of the velocitf profile
on a log-linear plot, from which U, and Z, can be
calculatead.

Various parameters have been used to define the

asymmetry between flood and ebb (Allen, 1980; Terwindt and
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Brouwer, 1986)}. In this study, a scheme similar to the

latter was used:

strength Index of flocod, SIF = (U, - Usp) /U
Strength Index of ebb, SIE = (U, - Uyeed /User

Velocity Asymmetry Index, VSI = Abs(U,/U,)-1

Where U, = maximum of flood currents; U, = maximum of ebb
currents; U, = critical velocity for sediment movement
measured 1 m off the bed.

In order to quantify the asymmetry, it was necessary
to calculate transport sediment rates, which take into ‘
account of both velocity and duration. Several sediment
transport equations are currently in use, the mosé popular
of which among sedimentologists is those of Bagnold (1963)
and Engelend-Hansen (1967). Tests using both equations
showed that while momentary rates could be quite different,
the curulative resul* gave values which indicate similar
dominance of transport. Gadd et al.'s (1978) modified

Bagnold equation as a function of speed 1 m off the bed is:
q = k(Ul = Uh:r)3
The advantage of this equation is that it can be applied

directly to the present study using existing data. For this

reason, Gadd et al's equation was used in calculation of
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transport rate with k = 4.48 105 g/cm®/s. The critical
velocity at 1 m off the bed, U,., was determined, assuming a
logarithmic profile, from

Uy, = 2.5 U, 1n(Z2/2)

*cr
Where Z, = mean roughness length from measured velocity
profile. U,, = critical shear velocities, which is

estimated from Shield's criteria for a water temperature of

20° (Blatt et al., 1984).

2.5.2 Results and Discussion
2.5.2.1 General Features

Raw current data were summarised with histograms
grouped into 3 cm/s intervalé for various tidal conditions
(Figure 2-11). Separately, histograms of large and sméll
tides show rather even distributiops over the velocity range
withbut prominent modes. This is particularly true for
large tides. The histogram using all data available,
however, approaches a normal distribution. Flood and ebb
velocities fall within thé same rénge between 0 and 1.2 n/s,
and in general, show a similar distribution with fﬁirly
uniform decrease in frequency with increasing speeds. A
slightly low percent is observed for > 0.3 m/s ebb currentes.
This is balanced by the somewhat high percent in the lower

range (< 0.3 m/s}).



58

Figure 2-11 Histograms of frequency percent of current speeds
data at Station 55-I. The interval for current
speeds is 3 cm/s.

(A) Large tides, Station 55-I.
(B) Small tides, Station 55-I.

(C) All data. Figures indicated are tidal
ranges in metres.
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An overview of fortnightly variations of currents is
provided by a composite plot using data from different
locations in the main channel (Figure 2-12). Despite the
frequent discontinuities, the envelop defined by the peak
values clearly delineates the expansions and contractions as
tidal constituents beat in and out of phase. Like the water
lavel variation, the fortnightly cycle is one of transition
from tropic to spring/neap sequence with changes in both
magnitude and period. Under tropic tidal conditions, the
major ebb and flood phase last about 8-9 hours, and reach
1.2 m/s in speed. At small (spring/neap) tides, ebb.and
flood last about 6 hours, and the strongest speeds are
generally less than 0.5 m/s. Daily variations of currents
also follow the general pattern of vertical tides with a
strong diurnal inequality. During large tides, the second
daily tide is alw - ~*>~nger than its predecessor. The
difference is usually more than twice for both flood and
ebb. The diurnal inequality in small tides is less
consistent. The stronger phase usually changes its position
in the daily tides. Substantial variations of current
velocity with time are expected to have a pronounced effect
on sediment movement. Representative plots of sediment
transport (Figure 2-13) show that active sand transport is
essentially restricted to large tide periods. Currents in
the minor tides of large tides are below the threshold of

sand movement, and only marginally above it at any time
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during small tides.
2.5.2.2 Energy Density Spectrum

The important time scales of currents were shown in
an energy density spectrum computed with a Fast Fourier
Pransformation technicque with the mean removed. The longest
unbroken record of currents consists of 234 hours measured
at Station 55-I in the throat section of the main channel
(Figure 2=14A). The data were subsampled to provide hourly
data to he cﬁnsistent with the format of water level data.
The resultant bandwidth resolution is 0.0229 cph, and the
lowest periodicity resolved is 2.0 hours.

Figure 2-14A shows that various tiwme-scales in water
levels are also reflected in velocity field. Dominating the
velocity spectrum are the diurnal (band) peak reflecting the
effects of 0, and K, and the semidiurnal (band) peak
produced by M, and S,. compared with the tide spectrum
measured over the same period of interval, the velocity
spectrum shows a general decrease in energy for longer
periodicities, and a relatively large increase for shorter
periodicities. Also, although the diurnal band still
contains more energy, the peak of the velocityr spectrum
occurs in the semidiurnal bénd. These features suégest a
transfer of energy from longer periodicities into the
shorter periodicities. Enerqy spéctra have also been
calculated for water levels 6f a periocd when both bay and

gulf tides are available (Figure 2-14B). It is noted that
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Figure 2-14

(3a) Energy spectrum density of current
velocities and corresponding bay tides. Data
from 18:25, June 13 to 12:25, June 23, 1985,
station 55-I, main channel. Sample interval =1
hour; Bandwidth resolution = 0.022S cph.

(B) Energy spectrum density of bay tides and
tidal difference between bay and gulf tides.
Data from 13:00, July 3 to 13:00, July 28, 1986.
Sample interval = 1 hour. Bandwidth resolution

= 0,008219 cph.
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except in scale, the features revealed in Figure 2-14A are
also present here. The similarities between water level
difference in Figure 2-14B and tidal current in Figure 2-14A
is particularly noteworthy. This suggests that tidal
currents are more closely related to the water level
difference than to the water level per se.

Current data may be plotted against water levels or
head difference between gulf and bay tide to provide further
insight into the character-and relationship of tide and
currents in an inlet environment. On such plots for sine
waves, assuming flood being positive, an in-phase
relationship is represented by a straight line running from
upper right to lower left through the (0,0) point. A 90°
out-qf-phase relationship is represented by an ellipse with
the major and minor axes in coincidence with the horizontal
and vertical axis, respectively.' Figure 2-15 are
representative examples of such plots for different tidal
conditions. It is seen that velocity-tidal difference
curves in Figure 2-15 appear as a squashed figure eight in
the first and third quadrants. This suggests an in-phase
relationship between velocities and hydraulic head, or in
other words, currents in the inlet are driven by tﬁe water
level difference between the two ends of the inlet. The
ellipses described by velocity-stage, on the other hand,
suggests an out-of-phase'relationship between them. This

indicates that tides move through the system in the form of
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standing waves. It is noted; however, the major axis of the
ellipses does not coincide with the mean water line. That
is, peak velocities are not reached.at times when the water
level passes through the mean water mark, as is expected for
a pure standing wave. The deviation is probably due to a
partial reflection of tidal waves.on the barrier shoreline,

or due to shallow water distortion of +idal waves.

2.5.2.3 Spatial Variations

Tidal currents are highly variable in space. Figure
2=-16 (also see Figﬁfe 4-11) compares currents measured in
the three major channels. The figure shows that currents in
the main channel are stronger than those in the South
Channel, which are in turn stronger than those in the North
Channel. At peak tides (June 23, 1986), the difference
could be as high as 0.25-0.4 m/s for the South Channel, and
0.6 m/s for the North Channel. The difference is smaller
for small tides. The high current speeds of the South
channel indicate that it is the main water way on the
landward side. |

Tidal currents of a full tidal cycle of large tides,
where available, have been selected from stations 6f various
part of the inlet, and plotted in Figure 2-17. The figure
shows current variation across the inlet. At the throat
section of the main channel, currents reached a maximum of

about 1.15 m/s. They decreased to 0.6 m/s at the entrance
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Figure 2-16 Comparisons of time series of current velocities
measured in the main channel (Station 55-I), the
south channel (Station 71-II) and the north
channel (Sstation  64-II) for two tidal
conditions. Also shown are bay tides.
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and on the flood ramp. On the flood tidal delta, velocities

of large tides reached about 0.5 m/s on the proximal part,
and but less than 0.3 m/s on the distal part. Currents were
also measured at two locations within the bay. They both
showed a maximum velocity less than 0.1 m/s. The station
near the eﬁtrance to the Narrows (Figure 2-18A) showed flood
currents marginally stronger than ebb currents but having
shorter duration. The flow was thus rather balanced at this
location. The station located about 0.5 km northwest of the
flood delta (Figure 2-18B), however, showed a dominant flood
with both larger speed and longer duration. While it is the
only set of data available, the pattern it revealed might
reflect a drift of tidal water to the northern part of the
bay, where the larger, and more efficient Alberton Inlet is
located. The lost flood water would not be available for
the next ebb. This would introduce an imbalance into the
flow field, which is directed away from the inlet.

Taken together, the pattern revealed in the figure
is a one that shows currents that decrease away from the
throat, and quickly dampen into the bay. The particularly
small velocities a short distance into the bay indicate that
the flow activity of Palmer inlet is concentrated around the
immediate vicinity of the inlet channel. The bay can be
considered as a storage basin, in which tidal motion is
negligible. This is consistent_with the result of water

level analysis, which indicates that at any given time,
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Figure 2-1

8 Time series of current velocities measured in the
Narrow, Station 71-XI (A), and in the bay,

Station M-1
locations.

(7).

See Figure 2-6 for their
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water levels in the bay can be taken as approximately

horizontal.

2.5.2.4 Tidal Asymmetry

Asymmetry between the flood and the ebb flow refers
to difference in both speed and duration. Results compiled
using 178 flood and ebb phases, during which both tide and
current data are available, are summarised in Table 2-9.
The table shows that the total average as well as the
maximum value of flow strengéh of flood are equal or nearly
equal to the corresponding value of ebb. The average
duration of flood is slightly longer. With sediment
transport rate being a steep function of speeds but a linear
function of duration, the flow at Palmer Inlet can be
described as overall rather balanced with only slight
indication of flood dominance.

Conditions are somewhat different in different tidal
ranges. The > 0.75 m range shows a preference for incoming
currents, as flood is dominant in both strength and
duration. The opposite is evident for the range of 0.45-
0.75 m. In the two lower ranges, there is less persistence
in qﬁration and velocity to show preferred dominance. Note
that the pattern revealed here is consistent with that
showed by the histogram. In terms of sediment transport,
which is initiated after a threshold is passed, the above
data suggest that the inlet will be overall flood
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dominated.

The spatial variation of asymmetry in the inlet can
be seen in Figure 2-17. In ¢eneral, at the throat, the flow
has rather balanced distribution with slight ebb dominance.
The dominance, as indicated by the velocity-asymmetry-index
curve, is not persistent from one cycle to the next (Figure
2-13). With increasing distance from the throat, the
asymmetry becomes increasingly clear with flood-dominance in
the bayward direction, and ebb-dominance toward entrance.
This pattern of speed-asymmetry is consistent with that
characteristic of tidal inlets in general (O'Brien, 1976).
That is, inlet flow of each tidal phase tends to dominate at
the discharging end of its path, where the flow assumes the
character of a jet. Topographic shielding has also been
considered as playing an important role in producing the
observed asymmetry (Hayes, 1980; ﬁine, 1977). The flood
tidal delta contributes to flood dominance by providing
protection against ebb currents. The reverse is somewhat
true for spit platforms, which tend to shield the flow in
the channel during flood. The effects of topographic
shields are probably best illustrated in the South Chahnél.
In this channel, the ebb flow is observed to dominéte the
north half, and the flood flow the south half. This
division in flow.dominance can be attributed to the two
shoals, the ebb spit on the north and the flood lobe on the

south. These sand bodies provide a shield against the flow

3
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that they are facing.

Another aspect of current asymmetry is the skewness
of the time-velocity profile in a complete tidal cycle.
This skewness results from the shift of peak velocities away
from the midtide point. Overall, the shape-asymmetry of
currents at Palmer Inlet is characterized by both flood and
ebb maxima displaced toward the high water point (Table 2-9;
Figure 2-13). The table shows that the maximum flood
current lags high water by 2-3.5 hours, and the maximum ebb
current leads high water by 2-3 hours. 1In details, the
above features apply primarily to the main channel. This is
demonstrated graphically in representative velocity-stage
plots of the throat channel (Figure 2-15), in which the
ellipses do not lie completely flat. Instead, they tilt
slightly toward the right especially when tides afe large.
In time-velocity terms (Figure 2-13), this means that flood
velocity increases slowly, reaches a peak late in the cycle,
and then declined rapidly to high water. In contrast, on
the ebb, velocity increases rapidly, reach the peak early in
the cycle, and decreases slowly into low water. This shape-
asymmetry is better illustrated on the velocity-hydraulic
head plots as shown in Figure 2-15. The separatioﬁ of the
accelerating and the decelerating phase in the figure
indicates a hysteresis behaviour. The clockwise-loop in the
flood ﬁalfcycle indicates that the decelerating phase is

more efficient, because a given hydraulic head produces a



75
larger speed, or conversely, a given speed requires a
smaller head és opposed to those of the accelerating phase.
The reverse is the case for the ebb half, in which the curve
describes a counterclockwisg loop. In both cases, the peak
velocity occurs at a time whenlthe water level is higher,
and while the flow is less confined by the sand shoals.
Palmer Inlet is clogged with sand around the throat, and
lacks well developed bayward outlets, both factors acting to
restrict tidal water from entering the channel when the tide
is low. Tidal currents in the throat thus will not
accelerate at this time, although a small cross-section
implies that it would.

A rather different situation is observed in the two
channels landward of the inlet. in both channels, measured
velocity curves show a steep rising limb and a less steep
falling limb (Figure 2-16). This is demonstrated in the
figure, in which current velocities measured simultaneocusly
in three channels are plotted together (Figure 2-16). The
figure shows that peak velocities in the two landward
channels are more deviatgd away from high water than those
in the throat channel. This is significant, because in
comparison to the throat channel, this not only meéns that
maximum velocities in these channels occur at a shallower
depth, which probably results in higher shear velocities,
but also means that it changes the time at which the bottom
. sand particles reach the threshold of initiation.
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2.6 Tidal Deformation and Implicatioﬁ for Sediment

Transport

The integration of water level and current data
reveals a number of interesting features of tide/currents
deformation through Palmer Inlet. Velocity data indicate
that both the maximum velocity (Figure 2-19) and shift-from-
HW (Figure 2-20) appear to be better correlated with, and a
steeper function of tidal ranges for flood than for ebb.
Tidal data show similar results as is indicated in Figure
2-9 and by the water level profile of Figure 2-7B. Palmer
inlet system as a whole offers more resistance to ebb than
to flood flows. Because resistance is a function of water
depth, a part of the above inequality can be explained by
the difference in water dépth experienced during the flood
and ebb phase. Around high water, depth is relatively
large, and the flow is less confined. Tides move into the
inlet with relative ease. Around low water, tides move out
against larger friction created by shallow water and a
smaller opening of an increasingly narrow channel. The time
averaged force of friction would be slightly in favour of
the flood flow, and directed towards the bay. This force
acts against the long ebb runout inherent in the daily tide.
As a result, although daily tides are characterized by
stronger ebb, as far as sediment transport is concerned, the
tidal regime is more or less balanced.

A second aspect of tidal deformation is related to



77

Figure 2-19 Plots and linear regressions of maximum flood and
ebb velocities wversus tidal ranges. In the
regression egquations, Y represents maximum
velocities and X represents tidal ranges.
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Figure 2-20

Plots and linear regressions of lag (flood) and
lead (ebb) versus maximum velocities using data
of all tidal ranges.
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the shape-asymmetry of time-velocity profile. Such
phenomena has been observed in many coastal environments.
Depending on the geometry of the system (Bayliss, 1979;
Penthic, 1980), such asymmetry can take the form from nearer
to low water on tidal flats in the Wadden Sea (Postma,
1967), to nearer to high water in the backbarrier tidal
creeks in the South Carolina. Both asymmetries occur at
Palmer Inlet: the latter resembles that in the threoat, and
the former resembles that in the two landward channels. The
reason for this can only be speculated upon at this stage.
Two important factors considered responsible for velecity
asymmetry in inlet environment are geometry and friction
(Keulegan, 1967). Geometry and bathymmetry are expected to
be more important in a shallow, constricted setting. At
Palmer Inlet, the clog of larye shoals around the throat
produces very poor drainage near low waters. In its attempt
to flush sand out of the system and maintain equilibrium,
flow in the inlet has to reach a relatively high speed when
water level is high. Flow in the throat channel can be
considered controlled by this effect. In the Sogth or North
Channel, where water is shallower, local friction becomes
more important. It overcomes the effect imposed bf inlet
geometry. The resultant shallow water effect tends to shift
the peak velocities toward the low water period. This
differentiation in asymmetry between different channels has

important sedimentological consequences. In the throat
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channel, the critical velocity occurs late in the flood and
early in the ebb. Thus, there is more time following the
critical value in the ebb than in the flood. The potential
of more sediment transport under ebb flow is thus increased
because particles move farther away from the throat during
ebb period than they do during the flood pericd. An
opposite picture of sediment movement occurs in the South
and the North Channel. The result of such differences in
shape-asymmetry between different channels results in a
possible net ebb transport in the throat, and a net flood
transport in the two landward channels. This explains the
development of Palmer Inlet in the past several decades,
which indicates that sediments have been continuously
accumulated around the flood delta, while the throat channel
has maintained itself relatively free of sediment.

While tides undergec changes through the inlet, these
changes are relatively small, as compared with the results
of other studies. Reduction in tidal range at Palmer Inlet
is 6% for large tides, and 15% for mean tides, whereas at
Nauset Inlet, MA. (Aubery and Speer, 1985), Fire Island
Inlet, NY (Wong, 1986) and elsewhere, reductions of up to
70% have been reported. This is contrary to what is
expected as smaller size of Palmer Inlet would suggest large
reduction. Inlet size, however, is only one factor .
determining tidal response of an inlet-bay system. Tidal

pericd is equally important. Keulegan (1967) suggested that
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tidal period is directly proportional to the ability of an
ocean tide to fill an interior basin. Tides twice as long
in period will be twice easier to move through the inlet.
The small reduction at Pélmer Inlet, therefore, can be

attributed to the dominantly diurnal character of the tides.

2.7 Tidal Inlet as a Filter

Tides' undergo changes as they move into shallow
water. Fér water levels, Palmer inlet appears to work as a
low-pass filter. As shown in Table 2-6, the semidiurnal
frequency, M,, is preferentially damped as its amplitude
decreases from 17.6 cm outside the inlet to 13.8 cm and 12.7
cm within. The corresponding change for O, is from 20.1 cm
to 19.8 cm and 18.1 cm. A similar low relative change is
observed for K, as compared with S,. In the higher
harmonics range, those related to K, and 0, (MO; and MK;)
experience slightly increase in amplitude; those related to
semidiurnal tides, M,, ¥, and M,, undergo decrease. These
data indicate that the constrictive effect and the narrow
channel of the inlet combine to act as a low-pass filter for
tidal levels. High semidiurnal fréquencies are
preferentially filtered, which gives more diurnal-éominated
tides within the bay. ' -

The low-pass nature of tidal inlet with respect to
tidal levels has been observed and studied in a number of

studies (Speer and Aubrey, 1985; Dilorenso, 1986; Isaji et
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al., 1985). Corresponding data on current velocities,
however, are few in the literature. The limited data
obtained at Palmer Inlet suggest that the filtering process
reflected in tidal currents is one characterized by transfer
of energy from longer period constituents to those of
shorter periods (Figure 2-14A). The energy transferred is
used to produce shallow water compound tides and overtides.
In tidal inlets, changes in water levels and currents may be
somewhat different; the latter seems to be more sensitive
to, and thus a better indication of local hydraulic process.
This is consistent with fluid mechanics requirements, which
state that transformation of fluid movement originates in
the flow field through energy conservation principle, and is
then transferred into water- levels through the mass

conservation comndition.

2.8 Conclusions

The main physical factors - wind, wave and longshore
drift, tide and tidal currents - have been exanined in this
chapter. Winds in the study area are dominantly offshore
from the west, and less than 8 m/s. Storm winds (>16 n/s),
however, are dominated by onshore winds, especiallﬁ by those
from NNW-NNE sectors. Hindcast waves in the Gulf are of
relatively small dimensions during most of the year. The
average wave has a height of 0.50 m and a period of 2.5 s.

puring storms, waves as large as 3 m and 7 s are expected
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out of NNE and NE. Large waves from these directions
contribute much to a dominance of the north component in
deep wave climate, despite the fact that Palmer Inlet is
largely shielded by North Point from waves that approach
from the NNW and N. Longshore currents in the area are
mainly controlled by the oblique approach of incident waves.
This allows the translation of the deep wave climate to the
inshore region, and there is a dominant southward directed
longshore grift on the Gulf side of the barrier. Strong
wave refraction does, however, occur around the ebb terminal
lobe for large waves from NNE and NE. This could affect the
direction of sediment movement on the downdrift side of the
inlet. Waves in Cascumpec Bay have a height of 0.18 m in
and a ﬁériod of 1.5 s on average, and are also dominated by
the north component.

The tide of Palmer Inlet is microtidal, mixed and
mainly diurnal. Similar magnitudes of the 0, and K,
component, and large difference between the M, and S,
components result in a distinct fortnightly cycle, which is
characterized by a tropic-to-synodic sequence as tidal
constituents beat in and outlof phase. large tides are
mainly diurnal and tropic, but at small tides, a semidiurnal
synodic influence becomes important. The diurnal eguality
of larée daily tides is characterized by every second tide
and tidal current being larger than its predecessor, which

always occurs on the lower part of the rising limb of the
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dominant peak.

Tidal currents are highly variable with time and
from one place to the next. The time-variation of tidal
currents follows the general pattern of tidal levels with a
distinct fortnightly cycle and strong diurnal inequality.
Maximum current speeds reach ué to 1.15 m/s in tropic
(large) tides. Small tides generally produce currents with
peak velocities less than 0.5 m/s, and semidiurnal in
periocd. At the throat section, current speed reaches a
maximum and is slightly ebb-dominated. Speeds decrease in
both directions, and become increasingly skewed with each
phase dominating at its discharging end of the throat.

'?he gulf tide undergoes deformation in its motion
into the inlet. While the deformation is small overall in
comparison with other similarlareas, it is not symmetrical
between ebb and flood. The system as a whole provides more
resistance to ebb than flood. As a yesult, although water
levels are characterized by long runouts, tide deformation
tends to produce more sediment transport on the flood, and
create a system which traps sediment within the bay. 1In the
throat channel, the shape-asymmetry of time-velocity profile
is characterized by both flood and ebb peaks shifting foward
high water so that currents have a steeper accelerating ebb
and decelerating flood. An opposite pattern occurs for
current velocities in the north and the South Channel. The

significance in this difference is that given speed- and

LTI
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duration-symmetry, this shape-asymmetry alone will induce a
net ebb sediment transport in the throat, and a net flcod
sediment transport in the other two channels. Sediments
transported inside the inlet will essentially stay there,
and those sediments left in the throaé,will be flushed out
to the sea. This explains why Palmer Inlet, over the past
several decades, has developed a large flcod delta, but
still managed to keep the channel open.

In microtidal tidal inlets, bathymetry plays an
important fole in controlling flow characteristics and
sediment transport. The inlet shoals, functioning as
topographic shields, result in longitudinal segregation of
tidal currents in the main and South Channel. The sand body
at the each end of the channel provides shielding to flow
from the incoming end so that each of the flood/ebb flows
dominates its discharging end.

Tidal activity is concentrated near the inlet, and
quickly damped into the bay. The bay can be considered as a
storage basin, and in essence, responses to the forcing of
gulf tide in the manner of a simple 'pumping model' (Mehta
and Ozsoy, 1979). At any given time, the water level within
the bay rises and falls uniformly, and water movemént is
negligible. It is, however, possible that there is a weak
drift of flood water toward Alberton inlet. The lost water
is not avajlable for the next ebb, and could contribute to

the reduced flushing ability of Palmer Inlet.



Chapter 3

Inlet Morphology and History

3.1 Introduction and General Information

Tnlet morphology is determined by a number of large-
scale physical parameters.’ In particular, it reflects the
relative importance of tidal and wave energy. As wave
height and tidal range vary along a coast (Nummedal et al.,
1977), so do the general morphology of tidal inlets and the
distribution of their sand bodies. Hayes (1979) recognized,
by bivariate plots of the above two parameters, four basic
types of inlet/estuary morphology from wave—-dominated
(Florida coast) through mixed-energy (east coast of United
States) to tidal-dominated (Bristol Bay of England or Bay of
Fundy) .

' This chapter examines the general morphology of
Palmer Inlet, and its development since 1958. The
morphology was ascertained in 1986 and 1987 through area
mapping, oblique air photographing, echo-sounding profiles,
and low-tide ground reconnaissance. For 1986 and 1987, maps
were produced with an alidade and a plane table us%ng the
standard technique as described by Compton (p.88-112, 1961).
The maps were linked to vertical air photographs through a
temporary reference mark used in the survey (Figure 3-1C),
which is also identifiable in 1981 photographs. The linkage

86
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Figure 3-1

Oblique air photographs taken in June, 1986. F =~
flood-oriented sand lobes; E -~ ebb-spit; FR -
flood ramp. 1 - main channel; 2 - south channel;
3 - north channel.

A) Entrance section of the inlet, showing the
larger updrift spit platform, the smaller
downdrift spit, and their associated channel
margin linear bars (cmlb). Note the lobe-shaped
ebb terminal lobe (Tl), and the well-developed
seaward margin channel. Shell lag deposits are
visible in the channel (white streaks).

B) Throat - section, showing the north spit
platform connected with the flood tidal delta,
and the seaward end of the north channel ended at
the north spit. Megaripples can be seen on the
ebb spit (E) and on the edge of shoals along the
main channel (arrow). The arrow in the main
channel marks a submerged mud-scarp projecting
bayward from the south spit platforn. White
streaks in the main channel are shell deposits.

C) Bayward section, showing portion of the flood
tidal delta close to the inlet throat. Note the
lack of bayward outlets for inlet channels, and
superimposition of the south channel on two sand
lobes. Point 'R' on the north spit is the
reference point used in the field survey.
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was also assisted by oblique air photographs after
correcting for vertical tilt of the camera using a computer
program written by Roggeband (1988). The program is given
in Appendix A-2. The historical development of the inlet
was determined by comparison of a series of hydrographic
sheets, and vertical aerial photographs (Appendix E)
digitized using a SUMMASKETCH pad. The use of the same
coordinate system, defined by three morphological features
recogni~able on all photographs, allows ready graphic
superimposition, and subsequent calculation of inlet
migration and volume changes. It has been realized that the
delineation of morphological boundaries on air photographs
involved a degree of subjectivity and approximation. The
calculation was hence restricted to the updrift side of the
entrance region, where the largest changes have occurred.
Separation of the spit and the platform is also necessary
because of the different thickness involved. In Table 3-1,
the average distance of migration is the digitized area
divided by the width, that is assumed, averaged over various
periods, to be 300 m for the spit and 600 m for the platform.
The maximum migration distance is that covered by the
seaward tip of the main channels between successive records.
The volume is the product of the area and the estimated
thickness. Based on the present topography, the average
thickness for the spit is assumed to be 1.1 m. This is

equivalént to placing the base of the spit at the spring low
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water mark. The average thickness of the subtidal platform
used is 2.1 m, the average maximum depth of the main

channel.

3.2 Recent Morpholo

The Inlet is bounded by two bulbous sand bars
(Figure 1i-1; Figure 3-1C), the terminus of Conway Sand Hill
ﬁo the south (south spit) and of Cascumpec Sand Hill to the
north (north spit). They are about 300-400 m in width; most
of the bar consists of a featureless sand flat, remaining
exposed above the water 1iﬁe most of the time except in
large tides, when it is flooded by a very thin layer of
water (0-20 cm). The flat has a slope of 0.3° dipping
toward the land so that the surface on the bayside is
usually more moist than that-on the gulfside. The spit is
fringed by a beach with a slope of 4-7°, which decreases in
width from the qulfside into the inlet.

The subtidal extension of the spit is the spit
platform (Figure 3-1A and Figure 3-2D}, normally covered by
a metre or so water at low water. The spit platform on the
south side is located beyond;the.inlet throat, and is
considerably smaller in size than that on the updrift side,
which extends deep into the inlet, and is connected with the
flood tidal delta (Figure 3-1B). The intertidal feature of
tﬁe platform consists of channel margin linear bars or a

series of swash bars especially on the downdrift side in
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1987 (Figure 3-2D). While the north channel margin linear
bar showed little change, the one on the south side changed
in shape from a triangle in 1968 to two separate strings of
swash bar with a low, central area in 1987. This suggests
that the latter must have experienced an erosional phase in
the winter of 1968, and was then rebuilt as constructive
summer waves drove sands landward in the form of swash bars.
Attachment of swash bars was observed in this period, and
this resulted in progradation of the shoreline, and
infilling of the margin channel existing on this side of the
inlet (compare Figure 3-1A and Figure 3-2D). Connecting the
two platforms under the water is a small seaward arc, the
ebb terminal lobe with its tip located about less than one
kn off the shoreline.

3.2.1 Flood Tidal Delta

The flood tidal delta is by far the largest sand
body of the inlet. It covers a total area of 1900x900 e,
is elevated about 0.5 metre above the low water level, and
is sufrounded by a less than one metre deep bay with dense
eelgrass. Morphologically, it is simple, characterized by a
large, central lobe devoid of the morphological elements of
Hayes' model (1980). Two small sand lobes appear on the
proximal part in the air but are barely identifiable on the
ground (Figure 3-22). Their configuration suggests that

they are flood products, formed by inflow as spill-over
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lobes over the delta. Ebb-formed features are absent from
the delta surface but appear in the South Channel as spits
(Figure 3-1C). This not only indicates that the South
Channel is the main conduit on the bayward side, but also
suggests that the ebb flow, starting from rest, can hardly
overtop the delta at the.bresent. The flow in the North
Channel.is impeded on the ebb due to the poor seaward
outlet, and forms a slightly elevated, shield-like structure
along the northern edge of the proximal delta. It appears
relatively white on the photo but again can hardly be

recognized on the ground (Figure 3-2B).

3.2.2 Tidal Channels

The tidal channels of Palmér Inlet are shallow and
rather sand-congested (Figure 3-1C, and Figure 3-3 and
Figure 3-4). The main channel measured about 850 m between
the flood ramp landward and the ebb terminal lobe. Although
scours upto 3.8 m deep were found, the main channel averages
2.1 m at mean low water along its thalweg, and about 1.2=-1.7
m at high water when the subtidal platform is included. At
the throat section between profile F and I of Figure 3-4, it
is about 190-250 m in width, and 330-410 me in crosé—section
area. The throat sectioﬁ of the channel scoured intoka
semicompact, cohesive mud substrate, which occurs as scarps
or pinnacles at the bottom. In plan view, the channel is

skewed to the south at an azimuth of 95° 1In cross-section,
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Figure 3-4

Cross-section profiles of the main channel,
reproduced from 1987 echographs. For locations
see Figure 3-3B. Solid and dashed lines of each
profile are average spring tide high water and
low water marks, respectively. The figure in
each profile is the channel width at high water
mark. Geometric characteristics are given in the
inset table. The upper vertical scale is for
Profile F-I, and the lower vertical scale is for
Profile A-E. CMLB - north channel margin linear
bar; SWB ~ south channel margin linear bar.
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it is asymmetrical with a steeper bank on the north side.
With a dominant northerly longshore drift, it would be
expected that the northern bank is gentler (FitzGerald and
Nummedal, 1983). This suggests that the asymmetry of the
cross-section is controlled by the pattern of tidal current
related to the curvature- of the channel. As in fluvial
channeis, the main stream of the flow is located closer to
the concave (northern) bank.

The main channel bifurcates on the landward side
into a south channel and a north channel. The South Channel
is superimposed on an ebb-spit on the north and a flood lobe
on the south. It has maximum depths of 2.5 metres in its
central portion, and shallows to less than one m to both
ends. Its steeper bank is located against the south spit.
Like the main channel, therefore, it is the curvature of the
channel that controls the symmetry of the cross-section.
While less sand-clogged, the North Channel lacks well-formed
outlets at both ends. At the seaward end, it appears
truncated by the north spit at a sharp angle (Figure 3-1B
and Figure 3-2A). Although reaching more than 2.0 m at this
end, it shallows quickly landward (Figure 1-1 and Figure
3-50), and diminishes within the flood delta. Echosounding
and diver-cbserved mud scarps outcrops at the bottom on the
seaward end, indicating that it was a former throat channel,
abandoned after the inlet moved to a more southerly position

{Figure 3-5).
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Figure 3-5

Some cross-section profiles reproduced from
1987 and 1986 echographs. For locations see
Figure 3-3B. For explanations see Figure 3-4.
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3.3 Morphologic Chandges Since 1958

The earliest vertical air photo available to this
study is that of 1958 (Figure 3-6). In 1958, a large
subtidal spit platform exiséed on the south side of the
inlet, and the main channel abutted the north spit, trending
in northeast direction. The occurrence of'a lérge platform
on the south side of the inlet is an unexpected result of a
southerly longshore drift. Early study (Armon, 1580)
showed, however, that the area was once a subaerial spit on
1935 photo. While the triggering mechanism was not
identified, it is apparent that such a change calls for
erosion instead of deposition. Its appearance, therefore,
does not point to a longshore drift opposite to that of the
present one before 1958.

In 1958, the flood tidal delta was covered by a
relatively well developed network of tidal creeks, each
having a small sand lcbe at its discharging end. Judging
from the scale, the central creek (the direct extension of
the main channel) was the dominant channel bayward of the
inlet, but even it did not have a free bayward outlet. This
configuration indicates that the flood delta was less
elevated at that time. Both flood and ebb flow coﬁld
overtop it relatively easily, and were less channelized than
at present. |

Inlet{configuration has undergone systematic changes

along with a general southward'migration of the inlet since
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Figure 3-6

Morphology of Palmer Inlet between 1958 and
1987, reproduced from air photos and field
survey. Major changes include: the southward
migration of the inlet; the shift of the larger
spit platform from downdrift side to updrift
side; the orientation of the main channel from NE
to E; the stabilization of aeclian dune on the
north spit; decrease in the number of ebb-
oriented sand lobes (ES) and the retreat of
flood-oriented sand lobes close to the throat on
the flood tidal delta (FS): gradual silting-up of
tidal creeks on the northern part and shift of
discharge to the south part of the flood delta.
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1958 (Figure 3-6 and Figure 3-7). In the following, these
changes will be examined in terms of three basic units: the
inlet channel, the spit and platform, and the flood tidal
delta.

3.3.1 Changes in the Inlet Channel

The main channel experienced a general shift to the
south after 1958. The movement was not uniform along its
length and in time. Before 1968, the seaward section
migrated in a southerly direction, while the throat section
migrated in a northerly direction. After 1968, the throat
section reversed its migration but still moved at a
considerably lower speed than the seaward section; the
motion, consequently, was a clockwise rotation. Because of
the differential movement between the two ends, the main
channel became increasingly bent (1968-1971). A point was
finally reached in 1981 when the landward section broke off
from the fast moving seaward section. By this time, the
inlet had much its present configuration with the main
channel trending approximate east-west against the south
spit. The broken-off landward section became the present
North Channel, and the South Channel assumed the role of the
major conduit bayward of the inlet.

The southward migration of the seaward section is
the expected result of the dominant southerly longshore

drift. A number of factors, however, affect the motion of
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Figure 3-7 Comparisons of changes of inlet configuration from
1958 to 1987.
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the throat section. The first is the curvature of the main
channel. The inlet channel of Palmer Inlet curved to the
south with the throat coinciding with the bend. The ebb
flow concentrated on its north bank, forcing it to move
updrift. This process is similar to the formation of
meanders in fluvial channels, and has been used in a number
of cases to explain the unusual, updrift migration of inlets
(FitzGerald, 1984; Armon, 1980). The second factor is fhe
iocation and shift with time of the large subtidal platform.
This is because the platform serves as an opening for waves
to drive sand into the inlet. Before 1971, the large
platform was on the downdrift side. Sediments transported
jnto the inlet were deposited on the southern bank of the
throat channel. This deposition, in couple with the ebb
current, which was strong, forced the channel to move
against the dominant longshore drift. The trend was
reversed after 1971 as more and more sand was transported
into the inlet through the north side of the inlet with the
-gradual switch of the large platform to the updrift side.
This is indicated by the relatively large rates of migration
in the periods after 1971. An additional factor that may
play a crucial role is related to the fact that the channel
is now incised in the mud substrate. It may well be that
this was the case as early as 1958. The cohesive mud, which
provides more resistance to migration, would prevent the

throat from moving as fast as the shallower seaward section.
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A marginal channel appeared on the downdrift

entrance side of the inlet on 1981 photo. Comparison with
the previous photo shows that the location of this marginal
channel coincided with that of the downdrift nearshore bar
on the 1971 photo. The implication is that the marginal
channel probably did not own its origin to tidal scouring.
More likely, it was just the trough of a former nearshore
bar. Tidal water followed this natural depression when the
main channel was gradually switched to this position between
1971 and 1981. This explains why the marginal channel was
quickly filled up in the following years by landward-moving
sediments as the inlet became relatively stable at that
location. Current measurements have showed thét tidal flows
were generally sluggish in this channel. It is possible

that they have never been active over its history.

3.3.2 Spit _and Spit Piatform
With the downdrift migration of the inlet, the

up&rift side prograded onto the main channel at an averaged
rate of 11 m/yr for the spit, and 15 m/yr for the platform.
The north platform in front of the throat did not, however,
begin to grow until after 1981 when the dominant piatform
has completed its course of shifting from the south side to
the north side. Before that time, the progradation of the
throat was primarily in the form of growth of the spit. On

the downdrift side, while the platform was retreated
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southward due to erosion, the spit underwent continuous
expansion. This is especially evident in the period before
1981, when a major bayward growth took place (1968-1971) .
While this is unusual, it does lend support to two notions
presented above: (1) the 1958-inlet configuration represents
a non-equilibrium condition after an erosional event, and
(2} the platform serves as a shallow, broad base for waves
driving sediments into the inlet.

Subaerially, aeolian dunes began to appear on the
north spit, and became stabilized over time. Aeolian dunes
first occurred on the bayward side of the spit instead of
along the shore line. This is presumably because the
surface here was damper, and thus was better able to trap

sand, and supporting the growth of plants.

3.3.3 Flood Tidal Delta

The flood delta remained stable in the lateral
location, but underwent growth upward as a result of the
yotational motion of inlet migration. The latter is
indicated by the following changes over the time: (1)
Decrease in the number of the small sand-lobe; (2) Retreat
of the flood-griented lobe to a more innerward position.
Note that the flood-oriented lobes formed an outer circle,
and those of ebb-oriented formed an inner circle before
1964; (3) Shift of the ebb-oriented lobe from on the delta

(before 1981) to within the (south) channel (after 1981);
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(4) Gradual cleosure and silting-up of tidal creeks on the
northern part, and development of relatively free bayward
outlets for the South Channel. These changes indicate an
overall reduction in flow activity, and gradual diversion
flow (especially the ebb) from central-north part to the
southern part of the delta. Sediments carried in by the
flood and deposited in front of the flood ramp became
increasingly less influenced by the returning flow, which
then clogged the inlet at the throat. By the end of 1986,
the proximal part of the flood delta was almost completely

filled, and became connected with the north spit platform.

3.4 Estimate of lLongshore Drift and Inlet Stability

The purpose of a rate of migration calculation is to
estimate volume changes over the time, from which the rate
of longshore drift can be derived. The volume thus
determined represents only the portion of sands intercepted
by the inlet within the spit and the platform. Sand trapped
in the flood tidal delta, or leaked to the offshore or
downdrift cannot be determined. The figure thus derived
represents the minimum value of the dominant longshore
drift.

Table 3-1 shows that along with the southward
migration, the inlet intercepted a total of about 900,000 w’
sediments, whigh give a volume rate of longshore drift

31,000 m/yr. Similar calculations by Armon (1975) showed
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rates of 45,000 md/yr for Hardy Channel (1935-1968) and
30,000-50,000 m’/yr for Alberton Inlet (1765-1845).
Considering the smaller size of Palmer Inlet, the figure can
be considered in the right order of magnitude.

Using the measured tidal prism (3,125,000 n®, Table
2, Part II), this longshore drift rate gives Bruun's
stability index, P/M, a value of 99 for Palmer Inlet.
Inlets with P/M values between 50 and 100 are described by
Bruun (1978) as having fair-to-poor stability. The
longshore drift, M, used in Bruun's calculation, however, is
the annual total net value. Although there is no certain
way of establishing this value from this study, some
estimates can be derived from Armoh's study (1975).
Assuming cross-sectional stability for Alberton Inlet and a
bar-bypassing mode of sands for Hardy Inlet, Armon arrived
at 158,000 n®/yr and 175,000 m’/yr of net longshore drift
for the two inlets, respectively. The average rate of net
longshore drift along U.S. east coast is about 191,000 n/yr
(250,000 yd’/yr) to the south (Humphries, 1977). The lower
values on Gulf of St. Lawrence coasts are expected, due to
the generally low energy level of the Gulf. Palmer Inlet is
located between Alberton and Hardy inlets. Taking.the
average of the above two figures yields a P/M of about 19.
This puts Palmer Inlet in the range of poor stability (<50).
This result is consistent with the present configuration of

the inlet, and with the change of morphology over the past
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three decade, which shows that the drainage system is
dete;iorating.

Another observation can be made from the above -air
photos is that during the period studied, major water lines
did not show detectable shift in the seaward-landward
direction. This suggests that the present sea level ri;e

(Grant, 1970) is in equilibrium with the sediment supply at

this location.

3.5 Discussion and Summary

* Using the calculated average deep water height (0.5
m) and the measured mean tidal raﬁge (0.75 m), Palmer Inlet
falls in the mixed-energy, wave-dominated reg;on of Hayes's
diagram (Figure 3-8). The overall morphology described
above resembles the models proposed for this region by Hayes
(1979; 1980) and Nummedal and Fischer (1978), characterized
by: large flood tidal delta and small ebb tidal Jdelta,
bulbous spits, large updrift spit platform extending,
shallow channels, and an open bay depleted of marsh and
tidal' c¢reeks. Also like most microtidal inlets, Palmer
inlet showed a general migration in the direction of the
dominant longshore drift. The migration records aﬁ average
" rate of about 11-15 m/yr, or a minimum longshore drift of
31,000 m’/yr to the south. |

There are differences, however, between Palmer Inlet

"and other similar inlets. The downdrift migration of Palmer
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Figure 3-8

Plot of wave height versus tidal range. The

location of Palmer Inlet is marked by tpi.
General locations of tidal inlets in the southern
Gulf of St. Lawrence are shown by the dash-line
rectangle; data from McCann (1979). Data for
other tidal inlets are from Hayes (1979); Booth-
royd (1983), Mason (1981), Shipp (1984), etc.
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Inlet took place in the form of a clockwise rotation with
the seaward section of the main channel moving faster than
the throat section. This is due to two rather unusual
factors at Palmer Inlet. One is the coincidence of the
throat with the bend of the hook-shaped channel. The other
is resistﬁﬁce provided by burial of the inlet throat in the
mud substrate, probably as early as 1958. The rotational
motion plays a major role in controlling the inlet
development into its present configuration, and is also
responsible for other morphological differences observed at
Palmer Inlet. Major sand bodies of Palmer Inlet are
connected, and cluster around the throat. Most microtidal
inlets have sand bodies more displaced away from the throat
area (Davis and Hayes, 1984; Boothroyd, 1985; Moslow and
Heron, 1979 FitzGerald, et.al., 1984). The flood tidal
delta of Palmer Inlet showed essentially no lateral shift
over its history. Intercalation of deposits of tidal
channels, overwash or lagoon, which was reported in many
inlets_(Reinson, 1984), is not expected to be common at
Palmer Inlet. The flood tidal delta of Palmer Inlet is also
particularly quiet, and depleted of ground-detectable
morohological elements. Thiﬁ is because the increasing bend
of the channel system with the rotational motion leads to an
overall flow reduction, as well as separation of flood and
ebb flow on the bayward side. Flood sediments deposited

inside the inlet becomes consequently less and less affected
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by the ebb flow, which results in vertical accretion, and
progressively closing of the throat.

The platform provides not only a physical base, but
also a source of material necessary for the growth of the
spit. This is indicated by the unusual behaviour of the
south spit, which underwent consistent expansion with
deposition updrift and erosion downdrift of the platform.

As the amount of sand driven through the opening provided by
the platform is proportional to the size of the platform, it
is expected that the growth of the spit and the platform is
inversely related. Initially the platform grows on the
updrift end of the barrier. The growth of the platform
continues to a point that sediment through it is sufficient
to start to build the spit on the top of it. When the spit
grows, it reduces the area of the platform open to waves,
and thus cuts its own sediments supply. This leads to the
decline of spit growth, which will start another cycle of
development of the platform. The development of the updrift
spit-platform of Palmer Inlet between 1971 and 1986
illustrated part of the above'process. These observations
confirm the 