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1 Introduction

Fjords are glacially carved embayments existing in mountainous coast at high latitudes
such as Scandinavia and North America (Farmer and Freeland, 1983). A fjord is a type of
estuary and the physical processes of circulation in these systems are both complex and
interacting. The dynamics of _ srds attracted oceanographers and led to their study for
over a century with theoretical, modelling and observational approaches having been
applied. This thesis will bring focus on the dynamics of Bonne Bay. a natural fjord on the
west coast of Newfoundland, Canada and illustrate some tmportai physical processes
occurring over the sill of the fjord. We will use observations collected as part of ongoing

studies in support of the Bonne Bay Ocean Observatory (deYoung ct al. 2005)

1.1 Study Area, Bonne Bay

Bonne Bay is a natural fjord within Gros Morne National Park on the west coast
ot Newfoundland (F" e 1.1). It is located roughly midway betw 1 Cape Ray to the
southwest and the Strait of Belle Isle to the northeast. It consists of two basins, one of
which is much larger and deeper tI 1 the other. The inner basin, called East Arm. is
about 12 km long, has a maximy  depth of 230 m. and is separated from the outer basin
by a 15 m deep sill. which is a ridge above the average bottom level in a fjord and
separates one basin from the outer area. The outer basin is about 30 km long and has a
maximum depth of 140 m. There is no true sill associated with this basin. It includes
South Arm, and exter * rc ly 5Sto ) kmt ond the cc tline to the Gulf of St.

Lawrence (Gilbert et al. 1993).



Bonne Bay has the typical fjord structure, lor - and narrow, and with steep sides
and cliffs. deeper interiors than ¢ stal shelf. The Long Range Mountains, which are
about 500 km in length and 500 m to 800 m in he 1, surround Bonne Bay al’ ed ina
SSW-NNE direction. The Tablelands, a plateau of uplifted ocean crust. are located to the
southwest. They guide the near surface winds, resulting in a strong southwesterly wind
which is the mean wind direction everywhere into the island durir the summer on west
Newtfoundland. To the north of Bon1  Bay. the steep cliffs of the Long Range Mountains
guide the alongshore coastal winds (Gilbert and Petti_  », 1993).

The Gulf of St. Lawrence is a st ified semi-enclosed sea and connects the bay
with the Atlantic Ocean through the Cabot Strait and the Straits of Belle Isle. Bonne Bay
is an estuary system and the circulation is characterized by salty inflow of ocean water in
the deeper layer and an outflow of brackish water on the surface toward the ocean.
Estuaries are physically complicated and ecologically important and the study of
circulation and flow in estuaries is important to many branches of oceanography (Farmer

and Freeland, 1983).
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He also noted the presence of inte 1l tides and high-frequency internal waves but did

not explore the details associated with mechanisms of these tlows.

1.5 Thesis Objects and Outline

The objective of this research is to invest ite the temporal variability of
circulation and exchar : process o - the sill in Bonne Bay. with  particular focus on
the tidal-driven dynamics at different time scales. Some properties of the observed tidal-
driven dynamics are determined using data sets from moored current meters and
hydrographic instruments. Followi  this introduction chapter, Chapter 2 describes the
instruments and data sets from Bonne Bay Observatory (BBO). Chapter 3 gives the
preliminary analysis of the data and presents the basic circulations over the sill. Chapter 4
discusses the tidal flow includii perties of barotropic and baro nic tides. The low-
frequency circulations assoc ed with the deep-water renew: and high-frequency
internal waves are examined in C.apter 5. _..apter 6 provides a brietf summary and

presents the conclusions.



2 Instruments and Data Information

An ocean observatory has been deployed at the bottom of a sill. at around 15 m water
depth in Bonne Bay (Figu 2.1) to provide data on the physical environment and its
influence on marine ecosystems. ...ere are two basic ways to measure the currents in the
ocean: the Eulerian method describes changes as they occur at a fixed point in the fluid,
and the Lagrangian method considers changes which occur as you follow a fluid particle
trajectory (Pickard et al. 1990). The observatory is fixed at the bottom of the sill and
therefore provides Eulerr datat  can be used to study the temporal variability of the
water column above it on the sill.

Bonne Bay is ice-covered for three to four months of the year, and the underwater
observatory will provide real-time da continuously in an ice-covere system that people
previously only were able to sample intermittently. The essential parts of the Bonne Bay
Observatory (BBO) system are oceanographic facilities, includir  video, acoustic and
hydrographic instruments and the controlling hardy e that supports them (Figure 2.2).
Video instruments record both live video of the ocean and capture images of biological
matter. Acoustic instruments include direct sound recording as w«  as acoustic sounder
and current meter systems. Hydre dhic instruments measure water properties such as
temperature, salinity, fluorescence. oxygen and nitrogen levels. etc. (deYoung et al.
2005). ..ae data used for this tI is a from the Acoustic Dopj :r current profiler

(ADCP) and BioSonics DT-X echosounder of the acoustic instruments, Conductivity


















tracking performance compared to data collected from single and dual-beam systems and
are especially useful for fixed location acoustic studies.

The BioSonics DT-X echosounder used at BBO is an underwater moored,
upward-looking system, which records the intensity of backscattered sound. The
echosounder at BBO consists of th1  d* ‘tal transducers with two different beam patterns
and various frequencies, one split beam transducer of 120 kHz and two single beam
transducers of 220 kHz and 440 kHz respectively (Figure 2.3). The transducers send
acoustic pulses into the water and then receive echoes from targets in the water, and
convert them to electrical signals, by means of which they give information on both the
amount and size of scattering o nisms in the water column above, and also on the

physical characteristics of passing wave motions (Figure 2.4).

Figure 2.3: The BioSonics X echosounder system (Satlantic Inc. 2006).
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2P|t (2.3)
where 7 is the wind stress, p, is the air « 1sity at the sea level, the typical value of which

is 1.25 kg/m’, @ is the wind velocity, and ¢,, 1s drag coefficient, a scaling term, the value
of which only depends on the wind speed within 10 m height (Large and Pond, 1981).

¢, =12x107" for [i[<11 m/s (2.4)

10%c,  2.49+0.065u for [i|>11 cm/s (2.5)
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(98]






three seasons. The four plots, althot "1 from different time periods. share the same
features: the rotation angles vary with depth and the values are usually several degrees at
each depth and change slightly with time. Richards (2004) also calculated the principle
axes angles from ADCP data of 4 different moorings over the sill in the year 2002 and
2003. His results showed both depth dependence and location dependence for the rotation
angles, with values varying from seve ~d  eestoa v decadegrees. In this thesis, the
«# and v components are not rotated due to the small values of the rotation angles. and
east-west velocity thror 1 the water column above the mooring is assumed to be

alongshore, and north-south velocity cross-shore.
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Figure 3.1: Rotation angles calculated at each depth for ADCP time series using a) the
whole timeseries (from May 2006 to March 2007), b) summer data (from June to August),
¢) fall data (from September to November), and d) winter data (from December to

February). A1 ‘esare renin 2es where 0”is the East.






scales. Richards (2005) found similar results using the data from October 2003 to June
2004.

The Zlevel/ of no motion, corresponding to the zero alongshore velocity, is the
boundary between the upper and lower layer in a two-layer estuary system. It is normally
at the depth where the maximum vertical density gradient occurs, 1d can be affected by
wind force and freshwater runotf. The temperature, density, and salinity plot using data
from June 24, 2006 (Figure 3 demonstrates the depth of the in  face, around 6 m in
summer time, the same depth demonstrated by Figure 3.2b. However, the position is not
consistent throughout a year and has monthly and seasonal variability. Figure 3.5 shows
the its depths in different months and seasons t¢ :ther with the corresponding alot  hore
wind data, which is filtered using ' order Butterworth low-pass filter with a cutoff of
10 days. Generally, the intermediate layer  ows deeper from 6 m depth in summer to 7.5
m depth in winter. The monthly change has a similar tendency with the seasonal signal.
with an exception in August. when it es up to 5 m depth, which is also the shallowest
depth during the whole time period. This unusual event can be caused by wind. which. in
addition to fresh water input. also has a s ificant influence on the position of the
interface. Wind durir  the nii  months mainly has a down-inlet direction. 1d decreases
rapidly from July to August and reaches its minimum strength in August, corresponding
to the depth change of the interface, from . m in July to 53 m in August (Figure 3.5). Wind
energy increases gradually from S ember to Fel ~with pr ¢s in the winter time,
associated with the increasing depth of tI interface. It might be expected that in winter,

with ice cover present, wind mixit  would be reduced. but in these ycars relatively little
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without obvious regularities with the changing tide, probably due to unique location of

Sill-2 where the circulation is more complicated owing to the influence by flows from the
inner basin, South Arm and Gulf of St. Lawrence at the same time. The exchange process
at Sill-1, on the other hand, shows a noticeable response to the tidal oscillations. During
the out-flowing tide at Sill-1, for example. from 23 to 28 hours, both the isotherms and
the isopycnals locate higher positions through the water column than the corresponding
lines during the in-flowing tides from 30 to 35 hours, which also means that the outtflow
is colder and denser than the inflow . .gure 3.8). The similar situations can also be found
at Sill-2 (Figure 3.9). Both the observations from 2004 and 2006 display the same results

on the water properties from tl int  fjord and the outer basin.
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4 Tidal Currents

Tide is one of the dominant factors that influence the fjord circulation associated with
vertical mixing. horizontal exchange and other small scale processes such as high
frequency internal waves. Tidal i nts over a sill are strongly amplified due to its
shallowness and are thus of great important. The preliminary analysis (Figure 3.6) shows
that the semidiurnal tides are the dominant components through the water column and the
analysis following will present the tidal structures over the sill as well as the details on

selected tidal constituents.

4.1 T_Tide Analysis

The harmonic tidal anal_ 5 developed by M. Foreman (1977). is commonly used
to predict tidal currents. The principle of the analysis is to assume that the ocean tides can
be decomposed into a series of tidal constituents with the form of a combination of sine
and cosine functions, and each constituent has a specified frequency and initial phase.
The T _TIDE analysis based on Foreman tidal analysis has the advantage over other
methods to use complex algeb for vector time ‘ries instead of dealing with each
component separately (Pawlowicz et al. "0~ " is applied to the time series of ADCP
data at each depth for this research.

The alor  hore velocity  iplitudes of selected tidal constituents at the surface are
shown in Figure 4.1. The M, tide istl most s .ificant component which contributes a

70% of the total t stic ene ' and has a four times la amplitude tI  the next

largest constituent S». TI  result ¢ with what Richards (2005) found in his thesis
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using ADCP data in 2003 from the ne arca. The shapes of the major tidal constituent
velocities at all depths. however, have no uniform pattern (Figure 4.2): the semidiurnal
M, tide is depth dependent and has a distinct mode-1 baroclinic structure in the vertical
direction; the other three constituents, probably due to their weak signals compared to M.,
on the other hand. show little depth dependence in the amplitudes and have no
remarkable structures through the water column. This is contrary to the result from
Richards’ thesis that the velocities of all major constituents decrease with depth over the
sill (Richards. 2005). The parameters of tidal ellipses at each depth are calculated by
T_TIDE analysis and the details of the major tidal constituents are summarized in Table
4.1. Both the axes of the repre tative tidal ellipses and the corresponding Greenwich
phase can give a detailed description about each tidal constituent. © ¢ inclination of the
ellipse indicates the angle the semi-major axis makes with the positive x-axis (cast
direction). A positive value for the ler  h of the semi-minor axis indicates that the current
rotates counter-clockwise around the tidal ellipse, while a negative value indicates a

clockwise rotation.
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-

velocities, w is vertical velocity, p is the perturbation pressure, and f is the Coriolis
parameter,
u U(O,A)F.(2)
v=V(0.1)F.(2)
4.1)
w=W(O0,1)F(z)
= P(O,A)F (z)

then the Laplace tidal equations based on Boussinesq d linear wave approximations are

opP
—ioU -1V —-(1/a)—
/ ( 0)59

oP
—ioV + fU=—(1/asinf)
oA

. (4.2)
1 0 ) 1oV )
———(Usin@d)y+  — 2 ioPt A)=0
asin@ o6 asin@ oA
R , z - XV
[a)' —N'(z)] F(z) _ ioP(x.v)
F.i W(b.4)

where w is the frequency of a single tidal constituent, f is the Coriolis parameter,
and a, are a set of eigenvalues determined from
F. +a)(N° 1—0*)F(z) 0. (4.3)
With given boundary conditions and for the wat  that has constant depth D and a slowly
varying N(z), equations (4.2) and (4.3) yields the lowest mode eigenvalues,
F=4,s N(z+D)/(gD)"” = AN(z+D)/ D)" (4.4)
which is linear in the vertical velocity, and the higher-order mode with n-nodes in the

vertical 1s

F =4, sin + D)/ D (4.5)
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where # is integer. The solutions to the governing equations thus can be divided into two
parts. a surface wave with constant horizontal velocities, linear vertical velocity with
depth, and maximum vertical displacement at surface: and internal waves with oscillatory
horizontal and vertical velocities with depth and maximum vertical displacement within
the water column. Those are barotropic and baroclinic motions. respectively. When a beta
plane approximation /= /, + Bp is applied to the Laplace equations. solutions on an

unbounded mid-latitude beta plane with constant fcan be written as

Fo=de™
|"
R 2 LIS - (4.6)
e [B e
20 2w gh,

Freely traveling waves are only  rmitted when £ is real, which can not be tulfilled at the
‘critical’ or ‘inertial® latitude, wl e @ = 7/ . For location conditions, beta terms arc
n. * ‘ble and /is constant, the equations reduce to

Vi+ [(w : —A/'z)/(gr/in]/': 0 /= const 4.7)

Clearly freely traveling waves a possible only when @ > /*. The critical latitudes are
30° for diurnal motions, 60° for semidiurnals. If the forcing (tidal) frequency is
superinertial, and also below tl buoyancy frequency A. the internal oscillations may
propagate away from the gene ion site as plane t al waves. The angle that wave

characteristics (group velocity) makes with the horizontal ¢ :

tan’ ¢ = - (4.8)
Previous results from T T alysis show that K, an M, tidal constituents
make s 1...cant contributions to the tidal forcing at the diurnal 1d semidiurnal bands,
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analyzed to give the phase and amplitude information on each component. To reliably
separate M, tide from their neighboring S, constituent in the hart nic alysis. the data
record should be of sufficient duration,

|10, = 7> # (4.9)
where 7'is the record length, & is usually equal to unity, /. /, are the frequencies of two
neighboring tidal constituents. respectively (Emery et al. 1998). For this rescarch,
separation of the next most significant sem  urnal constituent S, (0.0833 cph) from the
principal component M, (0.0805 cph) requires a record length 77> 1/|[AM,) - AS,)| = 14.7
days.

Harmonic analysis is performed on 16-day segments ot horizontal velocity data
which permits the accurate se;  ation of each constituent. Harmonic constants of depth-
averaged currents (barotropic) and of dev  ons from theses averages (baroclinic) are
plotted as tidal ellipses in F* ire 4.7 and 4.8. The horizontal tidal velocity vectors of the
barotropic flow have ene-~-tic alongshore component but weak cross-shore one (Figure
4.7). Their tidal ellipses are aligned preliminary in the alongsho (east-west) direction
and rotate counterclockwise (with nc iti semi-minor axis values) in accordance with
shelf-modified Kelvin wave dynamics (Munk et al. 1970). For unidirectional. frecly-
propagating internal waves. the major axis points in the direction of horizontal wave
propagation: the orientations of barotropic tidal ellipses are down-inlet, consistent with
the direction of the outflow at the surface. The velocity amplitudes of barotropic tides are
almost constant during the whole time series, ~25 cm/s in semi-major axis. In contrast,

F~ ire 4.8 shows that the corresponding baroclinic ellipses are less polar d and most of



them rotate clockwise (with positive semi-minor axis values), consistent with kinematics
of freely propagating, unidirectional internal waves in the northern atmosphere (Lerczak
et al. 2003). The M, baroclinic tide has the vertical structure expected for mode-1 internal
waves, with the minimum amplitudes at mid-column, ~1 or 2 cm/s in semi-major axis,
and maximum near the top and bottom. ~ 5 to 6 cm/s. much weaker than the barotropic
tidal amplitudes.

The internal tide 1s an important sink for barotropic tide encrgy. Webb and Pond
(1986) have calculated that internal tides contribute 40% of the total lost from barotropic
tide in Knight Inlet. British Columbia. The ratio of baroclinic to barotropic tidal kinetic
energy in Bonne Bay calculated grossly using the velocity amplitudes is around 20%. The
result suggests that the semidiurnal internal tides contain one fifth of the surface tide
energy. Additionally. friction over the sill, and high-frequency internal waves are other
sinks for barotropic energy. Freeland and Farmer (1980) estima it only about 3% of
the energy lost from the barotropic tide goes into the friction with a short sill. Friction can
however be significant when a fjord has a shallow (15-20 m) sill, which could be 50% of
the total loss (deYoung a = Pond. 1989). Very little ene  is transferred to high-
frequency internal wave, arc  d 5% st ested by Stacey and Zedel (1986). Based on
previous literature, we s1  est that friction and internal tide arc 1e dominant energy
sinks for the barotropic tide at the Bonne Bay sill. Energy from internal tide will be

transferred to other nonlinear motions dissipated or to contribute mixing. The orientation
in the alongshore plane of group velocity of the M, internal tide is nearly 0" determined

by equation (4.8). which indicates that the ¢ 1y in the internal tide is concentrated in a

n
S



beam parallel to the horizontal. The propagation speed of the lowest-mode internal waves

is expected to be C'= A4/m where Vis the buoyancy frequency. is the water depth.
Then the wavelength A of M, internal tide can be analytically determined as A = (7.,
where 7 is the wave period. In Bonne Bay, the period of M, baroclinic tide, 77= 12.42
hours. and the depth-aver: d buoyancy frequency /= 0.043 ' :sultin ('= 16 cm/s.
A=Tkm.

According to the harmonic constants (amplitude, phase) c. :ulated by T_TIDE
analysis, the baroclinic currents do not bear a constant phase relation to the surface tide
that generates it. which means that there is also no coherence between barotropic and
baroclinic motions and thus the M, internal tide is not generated locally but is
propagating into the region from the generation place (Holloway. 1984). The horizontal
velocities have also been separated every 7 days to investigate spring-neap tidal cycles.
Results indicate that the barotropic tide has a pronounced spring-neap pattern. whereas

the semidiurnal int: I tide ti : series do not show this cycle.
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internal waves. and friction throt 1 viscous force, internal tides could also be absorbed

by critical layers when they are breaking in the main thermocline.

S = = - e
1 1 - L 1
06/22 07/08 07724 08/09 08/25
ate (mm/dd)
N
I - E
20 cm/s

Figure 4.7: Time series of M, barotropic tidal ellipses obtained from the depth-averaged
current between June 22 and A 1st 25, 2006. The line from the ellipse center shows the
maximum velocity, and the orientation of the ellipse is relative to the horizontal plane

with alongshore (E) and cross-shore (N) axes.
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5 Subtidal and High-Frequency Flows

The analysis in previous chapter presents motions at tidal frequencies. Non-tidal currents
in addition to tides are also observed over the sill, including subtidal tlow with a
significant amount of kinetic energy at frequencies less than one cycle per day. and high
frequency internal waves with period arour an hour. In this chapter, the analysis will
focus on the flows at several different timescales, from days to months for subtidal flow,

and several hours for h™ 1-frequency internal waves, respectively.

5.1 Subtidal Currents

Subtidal flows have been often observed in fjords or estuaries. and factors
associated with this low-frequency flow in an ocean channel include wind forcing,
current outside the mouth of the channel, shelf processes. and horizon ° stratification
attributed to the changes in freshwater discharge (Farmer and Freeland. 1983). The
subtidal exchange process with period from days to months is associated with the deep
water renewal of the fjord (deYour~ and Pond. 1988). The effects of external forcing on
renewal events have been extensively explored, while little consideration of internal

forcing has been received (Ge: al. 1982).

5.1.1 Observations
The Power Spectral D ity technique is performed to the time series of
alongshore velocity data. As the da set can be considered as a random time series.

spectral analysis is a useful tool to interpret them and investigate the kinetic energy



distribution. A modified periodo_ 1 method. named the Welch method. is applied in
this research. According to the power spectral density plot of alongshore velocity at all
depths (F° e 5.1). it is clear that tides dominate the energy spectrum, including
semidiurnal and diurnal tides together with constituents at the frequencies of 4 and 6
cycles per day. And also. there is strong cnergy distribution at the frequency below 1
cycle per day: the peak is obviously not tidally forced and it is thought to be the subtidal
component. Energy at this period shows substantial depth dependence with a minimum
centered at 6 m. and maximum at the surface and below 8 m. The observation reveals
strong low-frequency inflow that extends from 8 m depth to the bottom, and the energetic
surface outflow is restricted to the upper 4 m. The power spectrum is however fairly
uniform with depth at higher freqi cies. and no energetic motions with frequencies

above 8 cpd can be observed from this alongshore velocity power spectrum.

5.1.2 Wind Forcing

In order to examine the effects of wind forcing on the low-frequency subtidal
flows over the sill, the wind data and alongshore velocity are low-pass filtered using a
fifth order Butterworth filter with the cutoftf frequency of 30 hours to remove the energy
from all the tidal signals and high frequency components. The residual is then considered
to be the subtidal current. Richards (2005) found that the subtidal flows in Bonne Bay
fjord are highly correlated with the alongshore wind stress: the squared coherence
between surface wind and alor  hore velocity is over 0.6 for frequencies between 0.2
and 0.5 cpd from data sampled in 2002 and 2003. The velocity and wind data from ~ 106

however  : weakly coherent with squared coherence below 0.2 at any frequencies.
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spring cycle between days 293 and 298 with bottom velocity amplitude over 20 cm/s.
The results suggest that spring-neap tidal cycles appear to be highly correlated with low-
frequency event over the sill, which is associated with the deep-water exchange events.
The strong inward flow during the ird spring tide is conjectured to be evidence
of the additional effect of wind stress, since it is obvious that the strong inflow between
days 293 and 298 during the third sprir  tide is coincident with e peak landward wind
stress of up to 0.8 N/m? (Figure 5.2a). Richards (2005) found that in Bonne Bay the
surface winds influence both the m 1itude and direction of flow through the entire water
column over the sill: the up-inlet wind causes a deceleration of the tflow. while down-inlet
wind results in an acceleration ot the tlow in both layers. The e: lanation of the unusual
event between days 293 and 78 in 2006 could be that the peak landward wind gencrates

strong inflow through the entire water column over the sill.
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Figure 5.2: Time series of a) alo1 hore wind stress, b) alongshore velocity amplitude of
surface tide with lowpass-filtered bottom flow, between days 260 and 330. (+) denotes

landward direction, and (-) denotes seaward direction.

Harmonic analysis is aj I to surface horizontal velocity vectors on 7-day
segments of data to separate the spring-neap cycles, and then the lowpass filtered bottom
velocities are averaged every . days at each depth corresponding to the tide segments.
The moored ADCP allows calculation of the Eulerian transport over the sill. The bottom
volume transport is defined to be the depth-int. ated along-channel transport in the

deeper layer with the transect :aa 0 m X 7 m (width of the transect X depth ot the

lower layer. Figure 5.3). A scatter plot is used to determine whether a relationship exists



between the bottom volume transport and tidal amplitude (Figure 5.4). Quantified with a
linear regression, the two data sets have a negative correlation: bc 1m transport increases
with decreasing tidal amplitudes, indicating that the enhanced circulations occur during
neap tides and augment the deep-water rc  wal. The transport is found to change by as
much as a factor of four between spring and neap tides: the minimum volume transport 8
m?/s corresponds to the maximum tidal amplitude 27 cm/s, and the maximum transport
45 m?¥/s is coincident with the weak tidal amplitude 12 cm/s.

The results presented demonstrate the likely generation mechanisms for the low-
frequency non-tidal flow in Bonne Bay fjord: the behaviour of the subtidal circulation
responds primarily to the spring-neap cycles but might also be in relation to changes in
wind stress and direction. The results are quite different from what Richards (2005) found
in his research, but are still cons™ " :red to be reasonable, because the wind stress is highly
variable in both space and time and it is difficult to obtain the exact wind forcing over the
sill. Farmer and Smith (1980) also believe that wir * forcing does not appear to play a
dominant role in the sill d_ cs. Their research in Knight Inlet, British Columbia
indicates that wind-induced effects. except very close to the surface relative to the
pycnocline, are invariably small in comparison to the tidally induced exchanges. in
contrast, only strong winds may have a significant influence on the circulation away from
the sill, which also has been  proved this research. Variations of hydrographic
properties (density or temperature) at the bottom are important to examine the deep-water

renewal since the flows have differences in both temperature and density between the



inner basin and outer area. Successive hydrographic data are not available in this research

due to several large gaps in this 70 day time series.

49.51
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49,
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Figure 5.3: Transect across the sill on which the volume transport is calculated.
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short-period internal waves can be generated by long-period ones. or are associated with
the change of tide cycles (Roberts 1975). This cas ling process, from the barotropic
tides to the baroclinic components, eventually leads to the transformation of tidal energy
into turbulence and heat in the ocean. which has an important role in transportation of

marine organism and sediments (Warren ct al. 2003).

5.2.1 Basic Dynamics
A brief discussion of the | sic fluid-dynamical properties of internal waves is
given by Garret and Munk (1979). Describing fluctuations in the ocean related to internal
waves involves dispersion and particle motion. In a stratitied fluid. the degree of density
stratification is quantified by A° = > '9p /0= (profile of A over the sill shown in Figure
3.4). M) is the buoyancy - juency with which a vertically displaced fluid element
would be expected to oscillate due to the restoring buoyancy forces. The restoring force
of the non-vertical displacem:  becomes less and so the fri 1iency of oscillation is
reduced. The dispersion relation is
o' =(NF + o YI(F +m)=Ncos" 0+ /*sin” 0 (5.1)
which connects the frequency o . horizon  wavenumber £, vertical wavenumber . and
angle to the horizontal 8 of the vector wavenumber K. Here /is 1e Coriolis frequency.
As indicated in Section 4.2.1, the permissible range of frequencies is /<o < A'. The
particle motion is almost horizontal and circu - when frequencies are slightly greater
than /' (Figure 5.5a). whereas at higher frequencies, the ellipse becomes more eccentric

and inclined to the horizon to  vertical motion at A (Figure 5.5b). The
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velocity vector rotates clockwise in northern hemisphere (anticlockwise in the southern
hemisphere when viewed from above).

An important property of the dispersion relation (5.1) is that the frequency w
depends only on the angle of the wave vector K = (4 ) to the horizontal, and not on its
magnitude (Garret and Munk, 1979). The group velocity is given by

(8w / 8k, 8w | Bmiy = ki (NV? —/'3)(14'3 + 07" ) (= F) (5.2)
which is orthogonal to the direction K of wave phase propagation (Figure 5.5). In an
incompressible fluid, such as the ocean at internal wave scales, it gives that both u and
energy flux are perpendicular to K (not applicable to all types of wave. Garret and Munk,

1979).

a) b)

Cq

;T

Figure 5.5: The wave vector K = (4 7). group velocity ¢, . and the hodograph of the
particle velocity u(/) near, a) inertial frequency. and b) buoyant frequency. K is normal to

both ¢, andu (Gi ttand Munk. 1979).
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5.2.2 Observations

The velocity data with high temporal-resolution in fall and winter, 2006, with 15-
min sampling interval compared to coarser resolution. 30-min interval in summer data,
provide a more detailed structure of motions over the sill and reveal that in addition to the
previously described tidal/subtidal currents. the sill is also an i »Hortant site for high-
frequency internal waves. The Power Spectral Density of along ore velocity through all
the depths presents energetic high-tfrequency motions with period of 80 minutes (Figure
5.6). Tidal analysis has indicated that Mg with period of 3 hrs is the tidal constituent with
the highest trequency o the sill. the short-period flows therefore are thought to be the
high-frequency internal wave, with the ratio of its kinetic energy to the barotropic tides
around 1%.

Internal waves have frequently been observed acoustically by high-frequency
echo-sounders (Orr et al. 2000; Wiel et al. 1997: Sandstrom ¢t al. 1989). High-
frequency sound (>10 kHz) in the ocean can be scattered by many different sources,
including marine organisms, tempcrature and salinity microstructure, suspended
sediments. and air bubbles, which cause difficulties in interpretii  the acoustic d In
many cases. turbulence in the v er column produces the micros 1cture with detectable
amounts of acoustic backscatter, and the tem -ature and \linity microstructure
associated with the mixing pro. ses are more important in physical occanography
(Woods 1977: Warren et al. 2003). In this research, the highly-resolved acoustic images
from multiply-frequency w..osonics echo-sounders allow de led examination and

interpretation of the internal motions associated with tidal flows. Figure 5.8 and 5.9 give
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In addition to wave-induced scattering, other isolated patches of strong
backscatter (red spots), over -40 dB, can be observed from the acoustic images collected
using multi-frequency echosounders (Fig 5.7 bottom. and 5.8). which are seemingly
unattected by the internal waves. ...e isolated patches are random and rare: whereas the
wave-related scattering is prc  nent at all three frequencies. and hence they are most
likely the active swimmers in the ocean, such as fish (Warren et al. 2003). The most
intensified backscatter occurs at surface which has the constant volume backscattering
values with time, and the surface elevation is extracted accor ng to the level of this

maximum backscatter intensity (Figure 5.7 top).

70















and stratification, however, is not applicable to the data set in Bonne Bay because during
either strong or weak tidal period. #7 always has values much larger than unity at any
depth of water column, which tI Hretically  :ans that turbulence never exists over the
sill. This i1s unlikely to be true in general because turbulence will surely occur during
strong tidal flows over the |Il, and they can also be gener ed with internal wave

propagation.
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6 Conclusions

6.1 Thesis Results

The temporal variability of the circulation and exchange process over the Bonne
Bay sill has been observed by moored current meters and hydrographic instruments. The
dynamics at different time scale have been presented. Generally tlow over the sill has a
steady two-layer circulation system. with outflow in the upper layer and inflow in the
deeper layer throughout the whole sampling time. The position of the intermediate layer
1s near the center ot the water column and has temporal variability with seasons due to
the variations of freshwater input and wind forcing.

The observations in year 2006 indicate that tides seem to be the dominant forcing
for the flow over the sill and t* tI e is 1 energetic interaction between the stratified
water driven by tidal current and the sill during the sampling time. The M, tide is the
most energetic tidal constituent 1d contributes 70% of the total tidal kinetic energy. It
has an amplitude tour times la  r than the next largest constituent S, and seven times
larger than K,. Semidiurnal baroclinic signals can only be detected in summer time. when
there is stror  stratification over the sill. In fall and winter, tflows are found to be most
nearly barotropic due to the weakly stratified water. The semidiurnal internal tide has a
vertical structure dominated by mode-1. with amplitudes intensified at both surface and
bottom, and travels with the phase velocity of 16 cm/s and wavelength of 7 km, and
contains ~ 1% of the surface tiv  enc=~. No diurnal internal tic  have been observed

over the sill throughout the y¢ ¢ to “eir weak. litudes (the K, constituent contains
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around 4% of the M, kinetic energy), and the driving force is not strong enough to
generate diurnal internal tides.

The current meter data set that cover 70 days in fall, when the freshwater input is
approximately constant (Richards, 2005), show evidence that the spring-necap tidal
variability of the turbulent xing modulates the strength of the low-frequency
circulation associated with the deep water renewal, with maximum volume transport at
the bottom occurring during neap tides compared to insignificant exchange processes at
springs. The phenomenon illustrates the dependence of subtidal currents on tidal
amplitude and suggests that the dominant mec” ism for :nerating low-frequency
exchange events is the baroclinic forci:  driven by horizontal density gradient instead of
wind forcing. Only peak wind has an additional effect on the flc

In addition to tidal and subtidal currents. the high-frequency internal waves with
period of 80 mins have also been identified in the data set trom the current meter with a
higher temporal resolution. The interesting characteristic of the internal wave is its
asymmetry during the tidal cycles: they are only generated during ebb tide. with small
amplitude, around 3 m, and >up velocity 35 cn/s. The ratio of its kinetic ene 7 to the
barotropic tides is 1%. ..ae h*~h-frequency internal waves are g¢  rated near the side of

the inner basin and prop  te towards the outer area.

6.2 Future Work

The studies in Bonne ™ 1y have investigated many aspects of flows over the sill.
but there are still questions unsol' 1and mc ol  vations and analysis are nceded to

deal with the details of the dynamics. So far. it is hard to distinguish whether the internal
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tides are generated locally at the sill, or propagated there from a generation site outside
the bay. or consist of some combination of the two. The topography of Bonne Bay
(Figure 2.1) somehow indicates that the possible regions for baroclinic tides could be
over the sill, or the shelf alor  the South Arm. The shelf ot the South Arm however has
depths of several meters. which is too shallow to support internal tides. The site for
baroclinic tide generation is tl - :fore considered at the sill.

Variations ot hydrographic properties are important to ¢xamine the deep-water
renewal. but are unavailable in this rescarch due to large gaps between the time series. In
future work, we expect successive hydrographic sampling. to; her with current meter
data and BioSonics data, with h 1 resolutions in both space and time. to approve the
mechanisms about the deep-water  i1ewal and internal waves presented and to examine
the connections between waves, fine structure, and 1 >ulence.

Another limitation is the fact that the multiple-frequency echosounder techniques
have not been tully used in this research. The characteristics of the scattering involving
both physical and biological proces ;1 e not been exploited when more than one
frequency exists. Theoretical models of acoustic-scatteriit  spec  from biological and
physical-scattering processes have different shapes. and these differences make it
possible for a multiple-frequency acoustic system in a field survey to differentiate and
measure the scattering contributions from these two processes (Warren et al. 2003). The
design of any future sampling will depend upon the physic ~ or biological processes that

are to be studied.
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