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ABSTRACT

Using data from the Coastal Ocean Dynamics Experiment (CODE ) and the Island Coastal Current Experiment,
the internal tide off the west coast of the Vancouver Island was studied. Although the semidiurnal barotropic
velocity field in the area was weak, the baroclinic field was found to be relatively strong with speeds up to five
times greater. The intermittent nature of the baroclinic field was resolved by estimating the M, tidal harmonic
coefficients every 24 hours in 15-day overlaping intervals. These time-evolving coefficients were then analyzed
using spectral analysis methods. For most of the area under investigation, the internal tide was generated mainly
at the shelf break and was found to propagate cross-shore. Off Estevan point, where the bottom contour is
regular, the beam structure was identified and traced to distances 40 km from the generation region on the
slope. The downward-propagating beam was found to follow the seasonal variation of the characteristic prop-
agation paths. An empirical orthogonal function analysis revealed a highly coherent baroclinic field (78% of
the M, variance). The predictions of an internal tide model were found to be in good agreement with the
experimental results on the slope. The interaction of a cyclonic eddy, present in the area during August 1980,

with the internal tide was also addressed.

1. Introduction

From May 1979 to September 1980, a major current
meter study was performed off the west coast of Van-
couver Island known as the Coastal Ocean Dynamics
Experiment (CODE). Results from tidal analyses per-
formed on the data (e.g., Hugget et al. 1987), revealed
strong diurnal (K,) but weak semidiurnal (M,) cur-
rents along the continental margin of Vancouver Is-
land. Consequently, the bulk of the subsequent inves-
tigation, for example, Thomson and Crawford (1982)
and Crawford and Thomson (1982), focused on the
diurnal tide. However, recent numerical models of the
area (Foreman and Walters 1990; and Flather 1988)
suggested the presence of semidiurnal tidal energy in
excess of that predicted by barotropic models. This en-
ergy has been attributed to the existence of internal
waves with tidal frequency, also known as internal tides.
The first attempt to detect such tides in the area was
by Larsen et al. (1972) and later followed by Barbee
(1975). Barbee was successful in measuring the internal
tide field in a mooring located seaward of the conti-
nental shelf break off Tofino. However, his results did
not compare well with a model by Prinsenberg and
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Rattray (1975). In this paper, the origin and the tem-
poral and spatial variability of the baroclinic tidal cur-
rents were investigated using observations from the
CODE experiment.

Internal tides are not the result of direct astronomical
forcing but owe their existence to the interaction of
the barotropic (surface) tide with the bottom topog-
raphy (e.g., Wunsch 1975). For a sloping bottom, the
barotropic tide can force the flow to follow the topog-
raphy, causing the density field to oscillate vertically
and, hence, act as a source of baroclinic energy. Max-
imum generation occurs at a region where the bottom
slope matches the slope of the characteristics ¢ (Baines
1974), given by

wz _ f2 1/2 dh |
c_(Nz(z)—w2) dx’ ()

where N(z) = [—g/podp(z)/3z]'/? is the buoyancy
frequency O(107%)s™!, f the Coriolis parameter
(here 1.08 X 107*s7!), w the tidal frequency (1.41
X 107*s7!), and A(x) the bottom contour. Charac-
teristics are ray paths along which internal wave energy
propagates. The internal tide forcing is proportional to
NZ. It is clear from Eq. (1) that real solutions exist
only for f< w < N(z). A suitable location for internal
tide generation around smooth continental margins is
at the shelf break not only because it may be tangential
to the characteristics but also because it is located near
the pycnocline where the density stratification is a
maximum.
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Available internal tide models assume that the gov-
erning dynamics are those of a vertically stratified, ro-
tating, and incompressible Boussinesq fluid:

3 1
B i2exu+—Vp=-Lgt (20
ot Po Po
dp _ poN?
Pyl 2 w (2b)
Veu=0, (2¢)

where u = uxX + vy + wZ = {u, v, w} is the velocity
vector, po is a constant mean density, and p is a density
perturbation. An implicit assumption in Eq. (2b) is
that the internal tide wavelengths be large compared
to the water depth, making the hydrostatic approxi-
mation valid. In addition, the longshore (y axis) vari-
ation is considered to be negligible compared to the
cross-shore (x axis) for scales of the order of internal
wave dynamics, and all derivatives with respect to y
can be set equal to zero, leading to solutions describing
a wave propagating cross-shore.

For a flat bottom, the vertical dependence can be
separated from the horizontal and the velocities can
be expressed as

d d )
u= {u, v, w} = A[% —aii , —1 % a_f , —iwtﬁ}e’("x“”’),
(3)
where y( z) is a solution to the Sturm-Luiville equation:
az\p k2
— 4 — —
0z 2 ¥ =0, (4)

with boundary conditions Y(0) = Y(—#4) = 0. Here k
is the horizontal wavenumber and cis the characteristic
defined in Eq. (1). There are an infinite number of
solutions (or normal modes) to this equation, each
one corresponding to a different eigenvalue k. The wave
can be described as a superposition of several modes
with energy propagating in a beamlike pattern along
the characteristics, away from the shelf break. This
oversimplified two-dimensional picture of the internal
tide has been observed in laboratory experiments, but
comparison with field results has not always been suc-
cessful (e.g., Wunsch 1975). Frictional and nonlinear
effects eventually dissipate the higher modes, causing
the beam structure to decay away from the generation
region. Moreover, seasonal and spatial variability in
the density stratification will modulate the amplitude
of the internal wave through the modification of N(z)
and render the baroclinic tide intermittent. One should
not, therefore, expect the existence of a simple pattern
capable of describing oceanic internal tides, and as a
consequence, the task of identifying them becomes dif-
ficult. Recently, Pingree and New (1989, 1991) were
successful in locating a beam of internal tide energy
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and tracing it beyond the point of bottom reflection.
This was done in the Bay of Biscay, where the semi-
diurnal baroclinic current reaches values as high as 1.0
m s~!, and thus, the signal of the internal tide is strong.

A characteristic common to most internal tide in-
vestigations is the scarcity of the data examined. Mars-
den (1986) examines only 22 days of data on Georges
Bank; Pingree and New (1989, 1991) are limited to
10 days of data; while Barbee (1975) is limited to a
mooring of four temperature sensors deployed for a
period of 28 days. Although the intermittent nature of
the internal tide is well known, a comprehensive doc-
umentation of this evolution over the annual cycle has
not been well documented. The west coast of Vancou-
ver Island offers an excellent opportunity to assess the
seasonal evolution of the internal tide. Typically during
winter, the weather patterns are dominated by the
Aleutian low, leading to winds that produce down-
welling at the coast. During the late spring, the winds
reverse creating upwelling—leading to marked deflec-
tion in the isopycnals and hence, the beam character-
istic paths. In this study, 18 months of current meter
and hydrographic data will be examined to show the
effect of reversing winds and changing density struc-
tures on the generation of the internal tide. The paper
will be organized as follows. In section 2, the physical
setting and the available data are presented. This is
followed by a description in section 3 of the methods
used to extract the baroclinic velocity field. In section
4, features of the internal tide are analyzed through
ray tracing and empirical orthogonal function analysis.
Internal tide properties are deduced including: direc-
tion of propagation, generation regions, beam structure,
and spatial coherence. The EOF analysis results are
compared in section 5 with a modified version of a
model by Prinsenberg and Rattray (1975). Finally,
section 6, addresses the possibility of interaction be-
tween the internal tide and an eddy present in the area
during August 1980.

2. Observations

Current meter, temperature, and salinity records
collected during the CODE experiment, conducted
from May 1979 to September 1980 were used for the
present study. In all, there were 41 current meters de-
ployed in three cross-shelf sections, stretching from near
shore to 80 km from the continental slope and con-
sisting of a northern section situated off Brooks Pen-
insula, a central section off Estevan Point and a south-
ern section off Carmanah Point (sections B0, EQ, and
CZ, respectively, see Fig. 1). Current meters used were
Aanderaa RCM4s, Geodyne 850s, and CMDR. During
the same period, seven large-scale hydrographic surveys
were undertaken and the density data were used for
estimating buoyancy frequencies. The CODE database
was supplemented with current meter records from the
Vancouver Island Coastal Current Experiment. This
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FIG. 1. The location of moorings for this study. The dotted line is the 200-m isobath
indicating the shelf break (i.e., critical topography).

experiment extended over four months during the
summer of 1984 with nine current meters deployed on
the shelf. One section, located off Tofino and denoted
here as VT, was analyzed. Two hydrographic surveys
were undertaken during this time span. The periods of
deployment and depths of all current meters on all
moorings used in this work are displayed in Fig. 2.

Data collected from section E proved to be the most
useful for detailed analysis. First, over 50% of the data
were sampled from this section, providing the best
temporal resolution of the four sections. Second, sec-
tion E was the most favorable topographically as the
continental shelf width is not uniform along Vancouver
Island. At section B it is only 10 km wide, making it
suitable only for a slope analysis. At sections CZ and
VT it is between 50 km and 80 km wide. At section E
the shelf and slope regions were of equal extent, with
complete instrument coverage giving this section the
best spatial resolution. Third, the coastline at section
E is relatively straight and the bottom topography is
relatively smooth, while at the other three sections there
are large irregularities in both the cross-shore and along-
shore directions (Figs. 1 and 3). As a result, the pos-
sibility exists at the other three sections that more than
one generation region exist, thereby increasing the
complexity of the analysis. Although similar analyses
were performed on all the data, special emphasis is
given to data collected along section E, particularly for
verification of the theory.

3. Analysis
a. Harmonic analysis

To ensure a common time step, all the current meter
records were subsampled hourly. By filtering the re-
sultant time series with an 8-pole Butterworth bandpass
filter centered at the M, frequency, intermittent ( mod-
ulated) speed and temperature patterns were revealed
for most records as shown in Fig. 4. Clearly the am-
plitude varies from about 0.01° to 0.07°C; thus, in
order to resolve this variability it was necessary to per-
form an harmonic analysis on record blocks. To obtain
the tidal coefficients (amplitudes and Greenwich phase
lags), a standard harmonic analysis was performed ac-
cording to Foreman (1978). The block size chosen was
15 days (effective bandwidth B, = 0.003 cph), which
was large enough to resolve the M, from the S, con-
stituent, (A /= 0.0033 cph). The blocks had a 14-day
overlap; that is, the analysis was done for every day in
order to obtain a better temporal representation of the
speed variability.

b. Spectral analysis

More insight into the baroclinic field behavior can
be obtained using spectral analysis techniques on the
time series of harmonic coefficients. Each complex M,
coefficient (amplitude and phase) can be considered
as an ensemble of the same stochastic process, and
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FIG. 2. Deployment times for the instruments as a function of
location and depth. The year is 1979 except for section VT where
the start year is 1984.

standard spectral averaging can be performed. A co-
herence squared function c¢,, between two such com-
plex coefficients 4 and b is given by

b= w5 =7w (5)

with the hat denoting a complex quantity and the as-
terisk a complex conjugate. The value s for which c,,
is significantly greater than zero (95% confidence level)
is obtained from

s=1-—(0.05)" (6)

with 4 = 1/(n — 1), n being the degrees of freedom
(Groves and Hannon 1968). In order to compensate
for the overlap of the blocks, the equivalent degrees of
freedom were set equal to n = (2¢q + 28)/15, where ¢
is the number of ensembles considered in each case.
Following the same principle, a transfer function be-
tween d and b can be defined as
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The absolute value of 1,, represents the gain of the sys-
tem while the phase g,;, indicates the overall phase re-
lationship ( polarization ) of the two sets of coefficients.
In order to reduce the overall error, the data were
weighted by the variances obtained by the least-squares
fitting during the harmonic-analysis procedure. Be-
tween v and u the gain 1,,, the cross-spectral phase g,
and the coherence c,, were calculated. The first param-
eter represents the amplitude relationship, the second
their phase relationship, and the third the degree to
which they are phase locked. Furthermore, between
barotropic and baroclinic cross-shore components, the
coherence c, and the corresponding phase g, were cal-
culated. The coherence describes the internal tide vari-
ability, while the phase gives an indication of the baro-
clinic cross-shore phase propagation, since the baro-
tropic field is constant. In order to deduce horizontal-
vertical field relationships and since temperature os-
cillations represent vertical motion, the cross-spectral
phase g; between temperature and barotropic field, the
phase g, and coherence c,, between temperature and

horizontal baroclinic field were also calculated.

¢. Baroclinic horizontal velocities

The amplitudes and phases obtained from the har-
monic analysis represent a superposition of barotropic
and baroclinic components, and a further step to re-
move the barotropic component is required. Various
methods of isolating the internal tide are implemented
in the literature. The barotropic tide being a shallow-
water wave has, ignoring friction effects, a constant
horizontal velocity field as a function of depth. There-
fore, a simple vector subtraction of the barotropic coef-
ficients from the total yields the baroclinic component.
For the present case, three independent sets of M, coef-
ficients for the surface tide were employed in the anal-
ysis. The first two sets were obtained from two nu-
merical models that exist for the region by Flather
(1988) (which will be referred to as T,) and Foreman
and Walters (1990) ( T,) following the extraction tech-
nique of Marsden (1986). The quality of output from
numerical models is sensitive to the values selected for
the model friction, eddy viscosity, and eddy diffusivity
coefficients, and to a possible lack of resolution of the
sloping bottom topography. The third set was deduced
from the actual field data (referred to as 7). By per-
forming a harmonic analysis on total records (~1
year), the expected incoherence of the internal tide
will force it to have a negligible effect on the tidal coef-
ficients. Moreover, depth averaging of these parameters
will even further diminish residuals of the baroclinic
component. This technique is sensitive to long-term
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FIG. 3. Bottom cross sections and current meter locations for the four sites under investigation:
(a) Estevan Point, (b) Brooks Peninsula, (¢} Carmanah Point, and (d) Tofino.

generation of the internal tide and may be most in-
accurate near the generation region. The three sets of
M, barotropic coefficients for every location are listed
in Table 1. It is apparent that the three methods do
not produce identical results. After subtracting the es-
timates of the barotropic M, tidal velocity coefficients
from the experimental values, the resulting currents
were assumed to represent the baroclinic field super-
imposed with some noise and possibly a barotropic
residual. The Cartesian coordinates were then rotated
so that the y axis was aligned with the local isobath
contours so that # and v represent the cross-shore and
alongshore velocity components, respectively.

The transfer function between v and u can be used
to estimate the direction of propagation of the internal
tide. According to internal wave dynamics and assum-
ing a plane wave propagating in a direction at an angle

¢ with the x axis, from the momentum equations we
obtain

r=£_isin0+f/wcos€ (8)

u icosh — f/wsinf

Thus, for M, propagation along the x axis (cross-
shore), it is expected that the amplitude of the ratio
(r) be 0.8 and the phase of u lead that of v by 90°.
However, the results were found to be very sensitive
to the barotropic model used. Levine and Richman
(1989) considered the velocity differences at the same
coordinate but at different depths according to

Au = u(xy, y1, z1) — u(xy, ¥1, z2)

Av = v(xy, y1, z1) — v(x1, Y1, 22).
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The ratio r = Av/ Au is identical to Eq. (8) for all depth
combinations, assuming that the internal tide consists
of a single plane wave. The ratio is also independent
of the barotropic model and can be used to verify the
T,, T,, and T}, results. To increase the confidence in
the estimate, all possible depth differences for a partic-
ular location were vectorially depth averaged; that is,
one data value for each mooring was obtained. Simi-
larly, the complex transfer functions obtained by the
models, T, T», and T; were depth averaged. The am-
plitude phase contour implied by Eq. (8), along with
the experimental data for all available methods and
sections are plotted in Figs. 5a—d. The abscissa and
ordinate represent the amplitude and phase of the ratio
of Eq. (8). The curve is the set of allowable values for
the propagation of a single plane wave. The numbers
superimposed on the curve give the propagation di-
rections () with 0° being cross-shore and 90° being
alongshore propagation. Note that the ratio has a 180°
ambiguity. For B and E sections, all three sets indicate
a cross-shore propagation, with the exception of BO1
mooring (near the shore), where it appears that the
internal wave is far from a simple plane wave relation-
ship. At section CZ propagation within a cone of 90°
centered on the onshore-offshore axis is indicated. The
Foreman and Walters (1990) (triangles) 7, method
produces an overestimate of the alongshore baroclinic
velocity. For the VT section near shore, the values ob-
tained cannot be described by a simple plane wave,
but elsewhere cross-shore propagation is indicated by
the differences technique (circles) and experimental
average method ( 7'5). Again, however, the 7>, method
gives radically different hodographs. Following these
observations, and considering the amount of scatter of

TABLE 1. Parameters for the M, barotropic tide as obtained by two numerical models and from the CODE expeﬁment; uis direc?ed
across shore and v alongshore. Units for amplitudes are centimeters per second, and the Greenwhich phase lags are in degrees for Pacific

Standard Time.
Flather (7)) Foreman (73) Experiment (773)
u 8u v 8v u 8u v 8v U 8u v 8v

Mooring (cms™') (deg) (cms™') (deg) (cms!) (deg) (ecms') (deg) (cms')  (deg) (ecmsT!)  (deg)
BOI 1.0 20.5 3.0 309.1 — — — — 1.4 296.3 2.8 316.6
B02 0.7 290.7 2.6 327.6 — — — — 0.6 50.4 3.2 345.7
B03 0.8 285.4 2.6 3329 — — — — 1.3 253.0 1.5 13.9
EO1 3.2 279.1 1.4 302.6 — — — — 1.7 233.5 3.6 10.9
E02 3.2 276.9 1.1 312.9 —_ —_ — — 3.6 288.5 1.0 288.5
EO3 0.9 308.1 2.5 329.3 — — — — 0.7 231.2 1.9 345.4
E04 0.9 302.4 2.5 331.5 — — — — 0.9 288.0 1.8 333.8
EO05 1.0 305.0 2.6 331.0 —_ — — —_ 1.4 313.0 2.1 324.1
CZ1 5.3 46.0 6.4 275.3 5.9 33.7 8.7 257.8 7.6 18.8 7.0 257.7
CZ2 4.7 38.5 49 290.7 5.5 17.2 7.3 265.3 6.0 28.8 5.6 286.1
CZ3 1.3 16.7 2.7 306.3 31 355.1 5.4 264.6 2.9 40.3 3.7 315.5
CZ4 0.7 8.5 2.1 317.3 1.8 332.2 4.3 265.9 0.2 51.3 0.9 317.2
VT3 — — — — 2.8 3220 8.6 286.5 1.1 231.1 3.8 283.5
VT4 — —_ — — 33 332.2 7.9 289.1 1.3 297.9 4.3 279.5
VTS5 — — —_ — 2.4 355.5 6.6 296.6 2.6 300.0 5.0 263.7
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FIG. 5. Contour of allowed values for the alongshore: cross-shore ratio-phase difference pair. Superimposed are field
results obtained using the three different methods to subtract the barotropic component; the squares refer to the Flather
(1988) (T;) model, triangles to the Foreman and Walters (1990) (T,) model, and rhombs to the experimental (7;)
method. The circles refer to the difference method of Levine and Richman (1989 ), which is independent of a barotropic
velocity estimate. Figure 5(a) is section E, (b) section B, (¢) section CZ, and (d) section VT.

the data for each method, the remainder of the paper
will be carried out based on Flather’s model (7',) for
sections B, E, CZ, and the experimental average
method ( T’;) for section VT.

d. Vertical velocities

To estimate the vertical velocity field, temperature
and salinity records were used. If the heat conduction
and diffusion coeflicients are disregarded, and the as-
sumption is made that the horizontal temperature or
salinity gradient vanishes, then the vertical velocity is
given by

_ 0T/ 3S/or
&TYoz  &(SY/oz’

where the brackets represent long-term mean values.
The temperature and salinity records were obtained
from the sensors on the current meters, while the ver-
tical gradients were estimated from the CTD obser-
vations. This technique can easily be erroneous when
the stratification is weak and the vertical gradient be-
comes negligible. In addition, the value of the vertical
gradient will also depend on the phase of the tidal cycle
during which the CTD observation was made. Both
salinity and temperature records gave comparable re-
sults, but the temperature records were less sensitive

9)
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to fluctuations in freshwater runoff from Vancouver
Island and the Strait of Juan de Fuca and were preferred
for the analysis where possible.

4. Results and discussion
a. Tidal coefficient time series

There were 52 instrument records processed with
the procedures outlined in the previous section, and
representative outcomes using Flather’s barotropic
model (7)), can be seen in Fig. 6. Four parameters
are displayed: the cross-shore velocity, its corresponding
Greenwhich phase lag, the ratio of alongshore velocity
amplitude to that of the cross-shore r = v /u, and their
phase difference Ag = g, — g,,. The figure shows a highly
intermittent velocity field. During winter the baroclinic
energy is low while it peaks in the summer to values
much larger than the barotropic forcing field. Further-
more, substantial baroclinic tidal velocities are seen to
750-m depth. The period of largest fluctuations in r
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and Ag occur from days 400 to 450 corresponding to
the period from February to April 1980—again when
the internal tide signal is smallest. It must be empha-
sized that Fig. 6 is representative of the entire dataset.
For example, on the shelf off Brooks Peninsula total
horizontal baroclinic speeds [i.c., (#* + v2)1/2] as high
as 22.0 cm s~ have been measured with corresponding
barotropic velocities of only 3.2 cm s, Likewise, off
Estevan Point speeds of 15.0 cm §~! (2.7 cm s™! for
barotropic velocity) and 14.0 cm s~! at CZ line (2.2
cm s~ for the barotropic velocity ) have been measured
(see Table 2). For most cases, the amplitude of r has
a bias toward values larger than 0.8. Similar obser-
vations were made by Huthnance and Baines (1982)
for the internal tide off northwest Africa, which they
attribute to the presence of a viscous boundary layer
near the bottom. Elsewhere a different mechanism has
to be responsible. One possibility is mean flow-internal
wave interaction (e.g., Kundu et al. 1988). The internal
tide can act as an eddy viscosity for the low-frequency
motions, extracting kinetic energy. For most sites, the
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FIG. 6. Internal tide coefficients as a function of Julian day for E section: (a) over the continental slope and (b) in the deep ocean. Day
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TABLE 2. Spectral analysis results for M, baroclinic parameters. The letters t, & ¢, and s denote gain, phase, coherence, and 95% level of
significance, respectively, while the subscripts indicate the input and output of the system. The degrees of freedom are variable for each
location depending on the total amount of available data (60 d.f, maximum).

Depth Ummax Umax 8w 8u 8u
Mooring (m) (ems™)  (ems™) g, (deg) Cn Cu (deg) S & (deg) C St
Winter
EO01 50 3.6 5.7 03 -160 00 0.1 285 0.2 9 -78 00 02
85 49 4.2 06 —-117 03 0.1 156 0.1 157 61 0.1 0.1
E02 50 5.7 5.9 1.0 -72 08 06 87 0.2 74 -30 00 02
110 5.1 3.7 0.8 -99 08 02 291 0.1 177 -107 03 0.1
EO03 60 4.0 40 1.0 72 08 02 48 0.4 215 -168 04 04
350 3.3 3.5 1.2 -92 08 03 221 0.1 277 -167 0.1 0.2
550 5.1 3.8 0.8 -79 09 04 167 0.1 98 -94 05 0.1
750 4.3 2.5 06 -102 08 06 137 0.1 102 -74 04 0.1
E04 50 5.2 6.1 0.9 -65 09 06 87 0.3 — - — —_
350 2.3 38 1.2 -94 05 0.1 280 0.1 250 =20 0. 0.1
550 2.8 3.7 1.2 -103 09 04 308 0.2 199 —-110 00 02
750 1.9 2.4 0.5 -108 02 03 3 0.2 207 ~157 00 0.2
1000 4.2 3.7 0.9 —81 09 03 130 0.1 54 -130 02 0.1
1250 4.3 4.0 0.8 -77 08 0.6 184 0.1 113 -79 05 0.1
1500 — — — — — — — — — — - —
EO05 50 7.7 7.7 1.0 -90 09 05 261 0.1 218 —47 05 0.1
500 2.0 2.3 0.9 -82 04 00 293 0.2 — — — —
1000 3.2 2.4 0.7 -85 09 07 32 0.2 161 129 05 02
1500 2.2 2.5 0.9 -76 07 03 130 0.1 168 83 03 0l
2000 — — — — — — — — — — — —
E2B 60 — — — — - — — — — — — —
Summer
EO01 50 6.9 5.0 0.5 -93 03 00 275 0.1 223 -103 00 0.1
85 10.8 10.0 0.9 -8 09 03 101 0.1 214 -138 03 0.1
EO02 50 . 13 6.9 0.9 -88 09 03 171 0.1 53 ~55 1.0 09
110 7.1 49 0.6 -95 08 02 317 0.1 201 -170 03 0.1
EO03 60 6.6 5.7 1.1 -95 09 02 33 0.2 123 33 04 02
350 5.6 45 0.8 -101 0.7 03 344 0.1 50 -45 02 0.1
550 3.7 4.7 1.0 -83 08 04 230 0.1 113 —124 04 0.1
750 6.8 6.2 0.8 -91 09 07 160 0.1 77 -82 08 0.1
E04 50 10.8 10.0 0.9 -94 1.0 05 354 0.1 — — — -
350 3.2 3.9 1.1 -98 08 03 264 0.1 190 8 0.1 0.1
550 43 4.1 1.0 —101 09 06 317 0.1 256 -8 01 0.1
750 26 2.1 0.7 -109 05 05 7 0.1 297 -74 05 02
1000 3.0 2.9 0.8 -89 09 04 71 0.1 53 -52 00 05
1250 4.6 4.0 0.8 -87 09 05 176 0.1 113 —-68 07 0.1
1500 1.5 2.5 2.0 -2 09 09 143 0.4 — — — —
F05 50 8.5 6.0 0.6 -9 07 03 332 0.2 214 -8 00 0.1
500 3.5 3.4 1.0 -99 08 00 292 0.1 191 0 02 02
1000 4.4 4.2 0.8 -93 09 04 38 0.1 169 136 05 0.1
1500 2.5 2.7 1.0 -82 09 07 133 0.1 234 80 07 05
2000 1.7 2.3 1.3 -11 08 09 118 0.3 — — — —
E2B 60 5.9 6.3 1.0 -104 05 00 165 0.2 226 2 03 02
BO1 50 9.4 7.6 0.6 -92 06 05 272 0.1 142 -139 0.1 0.1
100 8.6 5.8 0.4 -98 02 0.1 155 0.0 11 101 04 00
B02 30 16.7 14.2 0.9 —84 1.0 08 310 0.2 167 —13¢ 04 02
300 48 5.1 1.0 101 09 05 278 0.2 221 —-64 03 02
500 35 4.1 09 -102 08 0.1 6 0.1 207 -113 0.1 0.1
750 7.5 6.6 1.0 -92 1.0 08 106 0.2 39 -73 03 02
1000 5.4 5.4 0.9 -82 09 06 102 0.1 49 -57 04 0.1
1240 .40 2.5 0.3 -84 03 03 17 0.2 217 -159 07 02
BO3 20 12.6 114 - 08 -87 09 04 109 0.2 204 106 06 03
500 4.0 4.4 1.0 -8 09 03 226 0.0 92 -133 02 00
1000 3.6 4.0 1.0 —-65 06 04 162 0.1 163 8 04 0.1

1500 1:8 2.2 0.6 =77 0.2 0.1 78 0.1 140 56 0.2 0.1
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TABLE 2. (Continued)

Depth Umax Umax Evu 8u S
Mooring (m) (ems™)  (ems™) g, (deg) o cu (deg) Se & (deg) Cu S
CzZ1 50 9.5 9.0 0.7 —-116 0.8 0.3 340 0.1 35 21 0.0 0.1
100 8.3 6.9 0.7 -122 0.7 0.4 332 0.1 112 117 0.3 0.1
CZ2 50 8.7 7.1 0.8 —88 0.8 0.6 11 0.1 123 —168 0.0 0.1
100 7.3 7.4 0.9 -92 0.9 0.1 174 0.1 42 =77 0.1 0.1
CZ3 50 6.7 6.7 0.9 —-86 0.9 0.2 62 0.1 199 136 0.1 0.1
100 5.4 5.1 0.8 =75 0.8 0.4 60 0.1 232 157 0.2 0.1
200 3.0 4.2 1.1 —49 0.6 0.2 93 0.2 124 —38 0.3 0.2
CZ4 50 8.8 10.5 0.9 —82 0.8 0.3 188 0.1 162 -37 0.0 0.1
100 6.7 8.5 1.0 -82 0.8 0.0 155 0.1 204 58 0.0 0.1
250 5.1 5.8 0.9 =71 0.7 0.3 81 0.1 181 40 0.1 0.1
500 4.1 5.3 0.9 -76 0.6 0.4 315 0.1 204 -97 0.3 0.1
VT3 30 59 49 0.3 —121 0.2 0.4 292 0.2 — — —_ —_
75 5.8 5.3 0.5 —-126 04 0.3 291 0.2 —_ -—_ — —
VT4 30 9.5 7.9 0.7 -97 0.8 0.5 291 0.2 — — —_ —_
50 5.7 44 0.6 —-119 0.5 0.6 281 0.2 — — — —_
100 49 6.5 0.9 -105 0.6 0.1 217 0.2 — — — —
VTS 30 9.7 9.0 1.0 -108 0.9 0.7 223 0.2 — — _ —
50 9.5 10.2 0.9 —115 0.9 0.7 244 0.2 — — — —
100 7.8 4.9 0.5 —88 0.7 0.6 299 0.2 — —_— — —_
150 6.6 5.4 1.0 -37 0.7 0.6 14 0.2 — —_ — —

phase difference Ag appears to be very close to the
theoretical value of —90.0° + 10.0° indicative of cross-
shelf propagation. The few instances for which a dif-
ferent phase was found occurred when the estimated
cross-shelf baroclinic velocity was less than 2.0 cm s ™!
and was coincident with a large scatter in the amplitude
of the ratio r. Figure 7 shows the amplitude and phase
differences for representative temperature fluctuations.
Again, the phase differences are close to the theoretical
values, indicative of cross-shelf propagation. Deviations
occur mostly when the amplitude of the vertical fluc-
tuation is small.

Figures 8a and 8b show representative hydrographic
sections, in situ densities, at section E for January and
early September of 1980. The summer maximum and
winter minimum in internal wave amplitude follows
the seasonal density stratification of the top 200-m wa-
ter mass, that is, water well stratified during the summer
and well mixed during the winter. From hydrographic
data sampled near the shelf break during winter
N2 =~ 4 X 1073572, while during summer N2,
~ 9 X 1073572, which, according to Baines (1974)
would account for increased forcing of the baroclinic
field. Furthermore, at the shelf break, there is a marked
downwelling evident in the isotherms in January and
a marked upwelling in September, due to the shift in
the wind pattern.

The results can be quantified further through the
spectral analysis techniques outlined in section 3. Table
2 contains the bulk transfer functions, phases, and co-
herences for all stations at all depths. Section E data
have been divided into winter and summer seasons.
At section E, all the statistics indicate larger velocities

and higher velocity coherences (¢,,) during the sum-
mer. Furthermore, the transfer function amplitudes are
mostly less than 1.0 and, hence, consistent with cross-
shelf propagation. Again, the bulk phase angles are
generally closer to the theoretical —90.0° in summer
than in winter. The bulk cross-shore /temperature co-
herences (¢, ) are generally much smaller than the ve-
locity coherences but are also larger in summer than
in winter. At section B, both the (c,,) and (¢, ) coher-
ences are again quite high, although the temperature /
velocity phases (g, ) show considerable scatter about
the expected value of —90.0°. At section CZ, the ve-
locity coherences (¢, ) are, however, very small and in
some instances, are less than the noise level indicated
by s, Finally, the section VT velocity coherences are
the smallest of any location. At all sections, the moor-
ings nearest shore (01 locations) have smaller coher-
ences than those farther offshore.

b. Generation regions and beam structure

Potential generation regions for the internal tide, ac-
cording to Baines (1974), are where the bottom is tan-
gent to the characteristic ray. The ray paths emanating
from the generation region(s) indicate locations of
maximum expected internal tide energy. Taking into
account horizontal density gradients and following.
Mooers (1973), Eq. (1) for the slope of the character-
istics becomes

_Mzi {M“+ [w2 —f(f+ av/ax)](Nz—wZ)} 172
N (N?—w?) ’
(10)

4



768

STATION: EO03 (0750 M)

10.0

E
2
by 3
-

5.0

Tx100 (°)
R
.

gqv—9r (0)
o

| 1

—180 1 ] 1 1
600 700 800

.
300 400 500
TIME (DAYS)

FiG. 7. Same as in Fig. 6 but showing temperature semidiurnal
coefficients for the mooring over the continental slope. Four param-
eters are displayed: amplitude, corresponding phase, phase difference
with cross-shore velocity, and phase difference with alongshore ve-
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where M? = —(g/p)dp/dx is the horizontal analog of
the buoyancy frequency. Using CTD information for
summer and winter, and neglecting the cross-shore
gradient of the mean alongshore flow, since it was found
to be negligible, this equation was used to trace rays
emanating from the shelf break.

The resolved velocity field pattern is expected to be
more conclusive at section E where the most intense
sampling occurred. On the shelf, the mooring located
nearest to the shelf break is E02. The shoreward ray
emanating from the shelf break (Fig. 9a) appears to
pass near the 50-m current meter. Table 2 indicates
that for both the velocity and temperature records, the
amplitudes and coherences were high at mooring E02
50 m. Near shore, the coherences were low at mooring
EO1 50 m. The summer analysis shows, however, a
marked increase in maximum velocity and coherence
at EO1 85 m. On the slope, the mooring near the pri-
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mary generation region is E03. Figure 9a indicates that
during winter, the ray passes near 550 m, while during
summer it is close to 750 m. This can be readily verified
in Table 2. At 550 m, during winter, with low strati-
fication and weaker internal tide generation, the cross-
shore velocity reaches values of 5.1 cm s~ while during
summer it decreases to 3.7 cm s™!. In contrast, at a
depth of 750 m during winter, the cross-shore velocity
is only 4.3 cm s~', increasing to 6.8 cm s ! during the
summer. Similarly, estimating vertical velocity from
the temperature time series and CTD casts, average
values of 0.14 cm s ™' and 0.09 cm s ' for moorings at
550 m and 750 m during winter are found. During
summer the order reverses to 0.15 and 0.18 cm s,
respectively. Moreover, coherences between tempera-
ture and horizontal velocity follow the same pattern.
Thus, during winter ¢, is higher at 550 m compared
to that at 750 m, whereas the opposite is true for sum-
mer. Near the surface (60 m), the internal tide has
cross-shore (vertical ) velocities 4.0 (0.03) cm s™' dur-
ing winter and 6.6 (0.04) cm s ! during summer. The
propagation of the cross-shore velocity phase at moor-
ing EO3 is clearly upward both during summer and
winter, indicating that energy propagates downward
and away from the slope toward the open ocean. The
phase difference between temperature and cross-shore
velocity (gw) can provide important information for
the modal composition of the internal wave. For a sin-
gle mode to be present, g, should be 0° or 180° (i.e.,
with the cross-shore velocity and vertical velocity in
quadrature ). When a large number of modes are pres-
ent or equivalently a beam pattern exists, g, should
be —90° at locations where a ray passes according to
Baines (1974). During winter, the phase is very close
to —90° at depth 550 m, whereas for summer this is
true at a depth of 750 m, another indication of the
presence of a ray with a seasonal modulation of its
path. For the near-surface current meter, this pattern
cannot be verified. Off the shelf at mooring E04, the
higher modes are expected to be dissipated, and those
that remain lose their phase locking. Assuming an in-
finite number of modes, during winter the 350-m and
1250-m locations should be more energetic, while dur-
ing summer this should shift to 50 m and 1500 m,
respectively. This cannot, however, be verified in Table
2. Although the ratio of cross-shore velocity at 50 and
350 m is seasonally modified according to the beam
pattern, the speeds remain stronger at 50 m year
around. This suggests that at least during winter only
a few modes survive and the velocities remain strong
near the surface. Unfortunately, the temperature sensor
at E04 50 m and 1500 m failed to return data during
the summer. However, at 1250 m both the horizontal
and vertical fields are strong and highly coherent year
round. This indicates that energy might emanate from
a different generation region. From the bottom topog-
raphy (Fig. 9a) we see that the feature located 60 km
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F1G. 8. Density stratification for E section as was computed from CTD casts for (a) January 1980 and (b) September 1980.

from the shore can be a generation region of a ray that
intersects the mooring at 1250-m depth during the
winter. For mooring E05, the energetic regions are at
depths 50 m and 1000 m. The ray trace indicates that
this is a reasonable pattern. An evaluation of coher-
ences between records at different moorings and depths
(not shown) suggested that the energy at 1000 m was
highly coherent with station E04 50 m, while EO5 50
m, although very energetic during summer, showed
coherence with other moorings only during the winter.

For the section off Brooks Peninsula the database is
much smaller and a seasonal analysis is not possible.
Moreover, due to the complicated bathymetry there
are a number of possible generation regions confusing
the picture. Generally, the slope is supercritical (steeper
than the characteristics), whereas the shelf appears to
be almost critical. Figure 9b indicates that maximum
activity is expected at BO2 30 m all year, B0O2 750 m
during winter, BO2 1000 m during summer, and B03
1000 m all year. The maximum velocities and the u
— t(t,;) gain from Table 2, indicate that this is true for
mooring B02; however, no winter current data were
available at 750 m to observe a seasonal pattern. Even
during summer the velocity field is stronger at 750 m;
probably the result of constructive interference with
rays emanating from the sharp bottom feature located
approximately 20 km from the coast. The coherences
between temperature and cross-shore velocity, cross-
shore velocity and barotropic tide, and the two hori-
zontal components are high along the ray path. At lo-
cation B03 the expected beam pattern is not confirmed

by the magnitude of the horizontal velocity field. Still
there is an indication of downward propagation of en-
ergy, and the temperature—-current coherence is high
at 1000 m where the beam is supposed to pass. For the
shelf, ¢, is high at the 100-m instrument, in agreement
with the ray theory. A coherence analysis between lo-
cations (not shown) indicated a high coherence be-
tween the cross-shore velocities on the shelf and those
at B02 750 and B0O2 1000 m.

The moorings along the CZ section cover half of the
seaward shelf (CZ1, CZ2) and the slope (CZ3, CZ4).
The temperature records were very noisy and the tem-
perature—cross-shore velocity coherences were very low.
The velocities at each mooring decrease with depth,
indicating an absence of beam structure. At moorings
CZ2 and CZ1, for both winter and summer, the beam
is expected to pass at depth of 50 m. (Fig. 9¢). The
temperature-velocity coherences, however, indicate
otherwise. The strongest temperature-velocity coher-
ences are found at moorings CZ3 100 m and CZ4 500
m, in contradiction with the velocity results, and in
rough agreement with the expected beam pattern.
Horizontal velocity phase propagation at location CZ4
is upward, indicating a downward energy propagation
also in agreement with the ray path analysis.

Due to limited data, it is impossible to extract a
comprehensive picture for the baroclinic currents for
section VT. The shelf is subcritical for the semidiurnal
frequency, and a single ray emanating from the break
should propagate onshore. At mooring VT35, closest to
the generation region (Fig. 9d), the currents are much
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stronger near the surface, although the ray is expected
to pass near the mooring at a depth of 150 m. The
phase propagation is downward, which suggests that
energy is propagating upward, in agreement with a
generation region at the shelf break. At mooring VT4,
the velocities are again larger near the surface and the
phase propagates upward contradicting the ray of Fig.
9d. It seems that if a beam is really present, it passes
at a depth of 100 m at mooring VTS5 and then reflects
at the surface before it reaches mooring VT4,

¢. EOF analysis

An empirical orthogonal function (EOF) analysis
was performed on the spatial-coherence matrix for sec-
tion E during a two-month period [10 degrees of free-
dom (d.f.)] for both summer and winter. This analysis
defines a statistical rotation of the data to a set of mu-
tually incoherent modes. Each eigenvalue characterizes
the total M, power contained in the mode. The her-
mitian M, cross-spectral matrix was constructed with

elements defined by the numerator of Eq. (5) using
both cross-shore and alongshore baroclinic velocities.
Simultaneous data from a total of 12 current meters
for winter and 15 current meters for summer where
incorporated into the matrix. The location with the
largest directly measured internal tide amplitude was
determined and used to normalize the eigenvector am-
plitudes and phases by forcing the eigenvector element,
at that location, to be equal to its corresponding directly
calculated amplitude and phase. In this manner, one
can determine whether the entire eigenvector and
hence, the statistical phase locking resembles the di-
rectly calculated internal tide velocity field. The eigen-
vector elements corresponding to the largest eigenvalue
{mode one) are tabulated in Table 3. Most of the spec-
tral power was accounted for by the first mode with
the eigenvalue accounting for 74% of the variance dur-
ing winter and 78% during summer. This is surprisingly
high and indicates that the internal tide field is signif-
icantly coherent throughout the area of investigation
for periods as long as two months, even during the
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winter. Therefore, even if few modes survive at dis-
tances of the order of 100 km, they still appear to be
phase locked. The mode one eigenvector elements are
very close to the directly estimated amplitudes and
phases. As was expected, when this analysis was per-
formed for longer periods (i.e., 7 months), the first
mode variance dropped to about 35%, reflecting the
intermittentcy of the baroclinic field and the lack of
absolute time overlapping of different moorings.

5. Comparison with model

The observed baroclinic field values were compared
with the predictions of a modified version of a model
by Prinsenberg and Rattray (1975). In the original
model it was assumed that the internal tide was gen-
erated by a barotropic standing wave. However, this
does not hold off the west coast of Vancouver island.
A better approximation for the local tidal elevation is
obtained assuming a superposition of a standing wave
and of a wave traveling away from the coast (Flather
1988; Foreman and Walters 1990). Following a treat-
ment similar to that of the original model, the baro-
clinic field is expressed as an infinite sum of vertically
standing and horizontally progressive waves. For the
purposes of this model, the topography is divided in

u'= [_iA°kl ( aw )Sm{k G+ D= Bhg (aw‘
0

i
= [t g (st + 500 - 88 5 (%) expiaon - 3

ko

The barotropic amplitudes 4, and B, were evaluated
using the model of Flather. The baroclinic wavenum-
bers k,, k., and vertical eigenfunctions v, ., were
obtained by numerically solving Eq. (4). By matching
the motion along the boundary of the shelf and oceanic
regions, the baroclinic amplitudes 4,,, 4,,, can be es-
timated:

2 AyPl, = Af cos(k4L)St + BYT, + > ALQON,,

r=1,n (13a)
> ALPY = Al cos(kixo)ST + BYTH + EA 0!,

Jj=1,m. (13b)
The coefficients S, T, Q, P are defined in the Appendix.
The model was evaluated for mooring E03 where

the topography resembles that of the model, and the
internal tide signal was found to be the strongest. A
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two regions, the shelf region (I) with constant depth
hi, and the oceanic region (II) whose depth increases
linearly to a constant value 4,. Under these assump-
tions, the total vertical barotropic and baroclinic dis-
placement, at the shelf and oceanic regions, respec-
tively, can be expressed as

7' = {Abyh coskh(x + L) + Bhyh exp(ikbx)

+ Z At exp(—iklix)} exp(—iwt) (11a)

n=1

= LAY coskl (x + xo) + BEYY exp(ikix)

+ Z ARYY exp(ikix)} exp(—iwt), (11b)

where Ag is the amplitude of the standing part of the
barotropic tide, By is the amplitude of the progressive
part of the barotropic tide, while 4,, and A,, are the
amplitudes of the internal wave modes. The quantity
L represents the width of the shelf, and x; is introduced
to match the phases along the boundary of the two
regions. Consequently, the cross-shore component of
the velocity for the shelf and oceanic regions is given
by

I
)exp(zkox) + 2 Al — o) (6\// )exp(—zk},x)]
X exp(—iwt) (12a)

o0 11
kal’l( m )exp(zk )}

X exp(—iwt). (12b)

total of m = 40 modes for the oceanic region and n
= 8 modes for the shelf region were implemented in
the computation. The procedure was performed for
two seasons, winter and summer. The model results
were compared with the experimental values that were
obtained from the EOF analysis (Table 3) and are
plotted in Fig. 10 and Fig. 11. Along with the revised
model predictions, the original model results are also
plotted. During winter, ten modes were enough to de-
scribe the amplitude. However, there is about 70° (2
h) phase difference between model and observations.
During summer, all 40 modes were superimposed in
the output of the model. Here, due to the fact that the
internal tide signal is much stronger, the agreement
between model and observations is remarkably good.
It is also evident that the disagreement found by Barbee
etal. (1975), that is, small model amplitudes and 180°
phase difference, is settled with the introduction of the
traveling wave term.
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TABLE 3. Properties of the eigenvector corresponding to the largest
eigenvalue. The amplitudes (# and v) have dimensions in centimeters
per second, and the corresponding phases are in degrees. The quantity
3, represents the variance accounted for by this eigenmode.
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Depth u 8y v & o,
Mooring (m) (cms™) (deg) (cms™') (deg) (%)
Winter

EO1 85 1.1 157 2.0 353
E02 110 1.2 317 0.9 196
EO3 350 1.7 253 2.4 154
550 2.8 192 24 123
750 24 139 1.5 31

E04 350 0.8 280 23 176 74
550 1.3 292 1.8 177
750 0.8 339 1.1 174
1000 1.6 170 1.3 92
1250 2.9 179 2.2 90
EO5 50 4.5 268 43 180
500 0.3 267 0.7 159

Summer

EO1 - 50 1.0 54 1.8 1
85 52 154 6.5 60
E02 50 4.6 229 5.1 128
110 1.3 84 1.1 141
E03 60 39 81 5.6 335
350 3.0 336 3.6 231

550 0.7 292 1.7 218 78
750 6.1 174 5.5 77
E04 50 9.8 29 8.8 296
350 2.5 265 33 167
550 1.5 335 1.9 221
1000 1.9 60 1.4 333
1250 1.5 124 1.4 25
EO5 1000 1.8 155 1.7 72
E2B 60 33 172 6.3 48

6. Internal tide—eddy interaction

From late July to early September (days 570-610),
a cyclonic eddy was observed over the continental
margin between Brooks Peninsula and Estevan Point,
near section E. During summer, the mean surface flow
reversed direction southward following a changing
wind pattern, and early in August the northward Cal-
ifornia Undercurrent reached section E. The strong
vertical shear present in August resulted in a mean
flow conducive to baroclinic instability, which in turn
provided a meander with energy to evolve into a me-
soscale eddy (Thomson 1984).

The evolution of the internal tide coeflicients near
the eddy formation area (e.g., Figs. 6, 7) revealed the
. following (note that vertical lines demarcate the period
during which the eddy was observed in the region). At
the beginning of June, around day 520, the internal
tide field gained strength. This reflects the seasonal
evolution of the water column toward higher stratifi-
cation as shown in Fig. 8. The buildup continued until
the beginning of July when the internal tide leveled
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off. Toward the end of the month its amplitude de-
creased until the beginning of September. The internal
tide attenuation coincided with the formation of the
eddy in the region (days 570-610). Possible causes are

(1) a steepening of the isopycnals caused a modifi-
cation of the ray path and thus a decrease in the internal
tide strength at particular stations;

(ii) the internal tide reached its peak and started
breaking (self-destruction);

(iii) the eddy modified the density field at the gen-
eration region and a smaller internal tide was generated;
and

(iv) the eddy pumped energy from the internal wave
field.

In order to investigate the validity of cause a, rays were
traced before and after the eddy activity, taking into
account changes in density gradients. The outcome
produced almost identical ray paths before and after
the event, and therefore, the possibility was rejected.
For b to be valid, that is, for internal tidal mixing to
occur, the Richardson number should be less than 0.25
(e.g., New 1988):

r

du/oz

2
Ri =~ [0.8 ] < 0.25, (14)

where u is the cross-shore component of the velocity
and the factor 0.8 reflects the relationship between u
and v. However, after evaluating Eq. (14) for the time
interval under investigation near the generation region,
it was found that Ri was always above the critical value
(0.25), and possibility b was rejected. Option ¢ can be
verified by observing the density field near the gener-
ation region. The shape of the isopycnals in the area
during the July (not shown) and September (Fig. 8b)
cruises reveals a shoaling of the pycnocline during Sep-
tember, possibly due to the radiation field from the
eddy over the slope tilting the isopycnals upward at
the shelf break. This displaced the location of N
(interface) closer to the surface and away from the
generation region, thereby weakening the internal tide
driving force. It is evident from the harmonic analysis
that attenuation also occurred at depth, such as at E03
750 m (Fig. 6b), where the density field remained
practically constant all year. Furthermore, the coher-
ence of this record and that of EO4 50 m was found to
be extremely high (coherence 0.9). This leads to the
conclusion that the internal tide behavior during the
eddy period is dictated not by localized variations but
due to modifications of the pycnocline near the gen-
eration region (where the body force is proportional
to N?). Finally, for option d to hold, one would have
to show a significant correlation between the uv Reyn-
olds stress and the production of eddy kinetic energy.
One eddy event does not produce enough data to verify
option d.
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FIG. 10. Profiles of cross-shore velocity; (a) amplitude and (b) phase for mooring E03 during winter
1980. Circles denote field values resulted from the EOF analysis. Dashed lines are the predictions of the
model by Prinsenberg and Rattray (1975), referred to here as model “S.” In this model the barotropic wave
is expressed by a standing wave. Solid lines are predictions of its modified version, referred to here as model
“T.” In this version, the barotropic wave is modeled by a superposition of a standing wave and a traveling

wave. The sum of ten output oceanic modes is displayed.
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FIG. 11. Same as in Fig. 10 but for summer conditions; the output oceanic modes are 40.
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7. Conclusions

Although the semidiurnal barotropic tidal current is
weak near the west coast of Vancouver Island, when
it interacts with the density structure and the super-
critical continental slopes of the area, it can force a
large baroclinic field. The baroclinic field is highly in-
termittent and follows the seasonal development of the
density stratification (weak during winter, strong during
summer ). The direction of propagation was generally
perpendicular to the isobaths and offshore away from
the shelf break. At least for one location (E section),
where the bottom bathymetry was relatively regular
and a large amount of field data existed, a downward
propagating beam and a weaker upward beam, both
emanating from the shelf break, were observed 40 km
away from the generation region. The downward beam
was found to follow the slope of characteristics ac-
cording to the expected seasonal pattern. The baroclinic
field on the shelf, although strong, was very noisy, and
a beam pattern was not established. An eigenvector
analysis performed for the area of section E revealed
high spatial coherence both for winter and summer.
Comparison of the observations with a modified ver-
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sion of a model by Prinsenberg and Rattray (1975)
gave a good agreement, particularly for the summer
season. Internal tide generation models are sensitive
to the form of barotropic forcing. The failure of a pre-
vious intercomparison (Barbee et al. 1975) was ex-
plained with the introduction of a small traveling wave
term in the expression for the barotropic tide. A cy-
clonic eddy present in the area during August 1980
interfered with the internal tide and reversed its growth.
It is suggested that the radiation field from the eddy
modified the density structure near the generation re-
gion resulting in weaker internal tide forcing.
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APPENDIX
Definition of Model Coefficients
The coefficients S, T, Q, P are defined as follows:

Al z\ k¥ z z
St= f [ },‘[cos(k(')' —) — tan(kHL) sm(k )] + %[sin(k{) —) tan(kbL) — cos(k}) —)”
(i} a K} o o
X (N? — w?) exp(ik',i)\//’,dz (A1)
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0 kb a o a o
Y[ (kb . 12 2 2 1 1
T = J(; a [(k_g - l) sm(k{) ;) i exp(zk" a)](N - w )exp(—zk )\0, dz
f exp(zko )(Nz—wz) exp(—lk" )yl/,"dz (A4)
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Here A, and A, are the shelf and oceanic depths, re-
spectively (positive downward), and « is the bottom
slope along the boundary.
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