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M 2 surf ace and internal tides on the Scotian shelf and slope 

by Brian Petrie1 

ABSTRACT 

Analysis of current meter and temperature data on the continental shelf and slope off Nova 
Scotia reveals two distinct regimes for the M2 tide. On the slope the baroclinic tide dominates. The 
data is consistent with strong generation near a critical zone at about 200 m depth. The internal 
tide on the slope is compatable with two-dimensional internal tide generation models and with the 
radiation condition imposed in these models. The dissipation due to internal tides on the slope is 
found to be of the same order as the surface tide dissipation due to bottom friction on the shelf. 
The internal tide may be a significant source of mixing energy on the outer shelf. Internal shallow 
water tides seen in slope data are likely due to non-linear forcing by the semidiurnal internal tides. 
On the shelf the M2 tide is mainly barotropic. This result requires the internal tide to be damped 
out in a distance of order 10 km from the shelf break. 

1. Introduction 

Internal tides in the ocean have been the subject of a recent review by Wunsch 
(1975). Wunsch (1975) notes that continental slopes may be effective generators of 
internal or baroclinic tides and that only a few attempts have been made to measure 
them in these regions. The results of current meter and thermograph moorings from 
the continental slope off Nova Scotia and the adjacent continental shelf are presented 
here. On the shelf the M2 tide was found to be largely barotropic; whereas, on the 
slope the internal tide dominated. The magnitude and phase, the relationship with 
local topography, the consistency of the data with the radiation condition, the 
horizontal and vertical length scales, the dissipation of tidal energy and the possible 
mixing due to the internal tides have been examined. The shelf data has been com-
pared to continuity calculations and the momentum balance in the shallow water 
tidal equations has been tested. 

The mooring locations are shown in Figure l. Stations lA and 2A were occupied 
for a period of 35 days beginning in March 1973. All other moorings were occupied 
in 1967 or 1968. The discussion will be confined to stations 3, 6, and 7 and the ones 
on the slope. Some of the mooring 2 data has been discussed by Warner (1972). 

2. Instruments 
Film recording Braincon Model 316 and 381 current meters were used for the 
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Figure 1. Current meter mooring locations for experiments conducted in 1967-1968 and 1973. 

1967 and 1968 moorings. Aanderaa current meters were usedin the 1973 experiment. 
Tests have revealed the accuracy of these instruments to be about ± 2 cm/sec in 
amplitude and ± 10° in direction. In some cases during 1967 and 1968 Braincon 
Model 146 thermographs were placed on the moorings next to the current meters. 
The thermographs were read to 0.2°C. During the 1973 experiment a digital tem-
perature recorder (digibridge) developed by the Metrology Section of Bedford 
Institute of Oceanography was used. The temperature sensor used in the instrument 
has been described by Bennett (1972) and has a precision of 2 to 3 millidegrees. 
The instruments were calibrated before and after the cruise and the data was cor-
rected for drift (maximum observed drift was + 0.008°C). 

3. Data return 

The data return from the 1967 and 1968 moorings has been summarized by Grant 
and Reiniger (1970, 1971). The experimental configuration for the 1973 moorings 
is shown in Figure 2. The temperature recorders were placed on opposite sides of 
a current meter in an attempt to estimate vertical velocity by measuring the local 
temperature and temperature gradient as functions of time. The vertical velocity, 
w, was calculated from equation (1). 

where 
w = -(oT/ot)/(oT/oz) 

T is the temperature, 
t is time, and 
z the vertical coordinate. 

(I) 
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Figure 2. Mooring IA (shallower mooring) and 2A for 1973 experiment on the slope. The letters 
CM indicate a current meter, DGB a digibridge. The moorings were 5.9 km apart. 

The term vaT/ay was estimated to be a factor of 15 less than waT/az, thus it was 
neglected in equation (I). The moorings were 5.9 kilometers apart. 

The digibridges at 280 and 300 m were at full scale for almost all of the mooring 
period due to the presence of a warm lens of water 300 m thick which drifted into 
the area and remained there throughout the experiment. No useful data were ob-
tained from these instruments. The other digibridges gave a full data return. The 
current meter at 820 m failed completely. The other current meters operated well, 
giving velocity and temperature signals. Pressure signals were obtained from the 
current meters at 290 m and 555 m. The pressure was steady throughout the experi-
ment indicating no vertical displacements of the mooring greater than one meter 
occurred. 

4. Data analysis 

The harmonic analysis technique in which the data are fitted in a least squares 
sense to astronomically determined frequencies specified in advance was used to 
estimate the amplitude and phase of the M2 tides. Wunsch (1975) has noted the 
difficulties associated with the interpretation of internal tide measurements because 
of I) the low signal to noise ratio, 2) the possible Doppler shifting of internal tides 
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due to the presence of energetic low frequency currents, 3) instrument movement 
which causes changes in measurement conditions. 

The 1973 current meter data has been examined with these points in mind. The 
signal to noise ratio (noise being defined as the energy level of the spectrum at 
frequencies adjacent to the semidiurnal frequency band) at M2 frequency varied 
from 5.6 to 28, the lowest ratio was for the u component (the u component is positive 
to the east, v positive to the north, and w positive upwards) at 290 m, all others 
being greater than 13. The power spectra, using the smallest bandwidth, 1.46 x 10-s 
cph, possible for a 35-day data record, have been computed with a Fast Fourier 
Transform technique. In 5 out of 6 cases the largest peak occurred at the M2 fre-
quency. The exception was the 290 m u component for which the peak occurred 
at the adjacent frequency. Thus the M2 internal tide on the slope does not appear 
to be Doppler shifted to any great extent. In the longer records taken on the slope 
there appeared to be an energetic low frequency component with a period of about 
12 days and an amplitude of up to 10 cm/sec. The Doppler shift induced by this 
motion on the observed M2 internal tide was calculated to be an order of magnitude 
less than the effective bandwidth (1.2 x 10-3 cph) of a 35-day tidal analysis. As noted 
previously, mooring motion was less than 1 meter in the vertical which corresponds 
to less than 10 meters horizontally. For these reasons the harmonic analysis technique 
should give a good quantitative estimate of the M2 internal tide on the slope. The 
technique should be very effective where the tide is largely barotropic. 

5. M2 tide on the shelf 

From the tidal elevation and phase data of Halifax and Canso given in Table 1 
the longshore length scale of the M2 tide was calculated to be 13,000 km. Since 
the scale is so much longer than the shelf the bulk of the water should flow up the 
slope onto the shelf. Then by continuity the peak amplitude, v0 , of the M2 tidal 
current on the shelf is given by 

where 
v0 = (2nrJy/-ch) 

• is the tidal period, 
'Y/ the elevation, 
y the distance from shore, and 
h the local water depth. 

(2) 

Table 2 gives the expected onshore amplitude and measured onshore amplitude at 
the depths where there were instruments. If more than one current meter value 
were available at a depth, an average value was computed. The good agreement of 
these values leads one to suspect that the tidal currents on the shelf may be mainly 
due to a surface tide. 

For the M2 tide to be a surface tide the data must show the following: I) The 
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Table 1. M2 tidal elevations and phases for shore stations. 

Location Data Amplitude Phase 
(cm) 

Halifax . ..... . l year 60.81 233.8 
Calso ... . ..... l year 59.97 227.9 
Sable Island . .. 47 days 52.27 236.2 

tidal currents and phases should be constant with time and depth except possibly 
near the bottom where friction may reduce the currents. 2) The vertical and horizontal 
coherence of the currents should be high. 3) The gradients of tidal elevation cal-
culated from current meter data should agree with the gradients determined from 
shore measurements of the tidal excursion. If large internal tides were present the 
above may not hold. 

6. Tidal amplitudes and phases 

The M2 amplitudes and phases for stations 3, 6, and 7 are listed in Table 3. The 
u component is positive to the east, v is positive to the north and the phase is the 
lag of the phase of the tidal com,tituent behind the phase of the corresponding 
equilibrium constituent at Greenwich but uses Atlantic Standard Time in the com-
putation of the equilibrium tide instead of Greenwich Time. At a particular depth 
the tidal currents and phases are quite constant with time. This is so even though 
the stratification in the water column changed quite markedly (the Brunt-Vaisala 
frequency increased with depth in winter and early spring and decreased with depth 
during summer and fall) from one set of measurements to the next (Petrie, 1974). 
The deepest instruments, about 5 meters off the bottom, have smaller currents than 
the ones away from the bottom but are quite constant in time. The decrease in the 
current may be due to bottom friction. The mean phases of the currents at stations 3, 
6, and 7 are very nearly equal. These stations are tens of kilometers apart and thus 
if strong internal tides, whose length scale is of the same order, were present large 
phase differences would be possible. 

The thermograph records from the shelf stations have been compiled by Grant 
and Reiniger (1970, 1971). The temperature oscillations at M2 frequency were weak 
and could be accounted for by the surface tide. In summary, the constancy of the 
current amplitudes and phases and the lack of strong temperature signals are con-
sistent with the M2 tide on the shelf being largely barotropic. 

Table 2. 

Station 

3 ... ..... ... . 
6 .. .... .... . . 
7 ... .. ... . .. . 

Expected Onshore 
Amplitude 

13.8 
10.9 
13.8 

Measured Onshore Amplitude 
20 m 50 m Near Bottom 

16.7 16.5 
11.5 
13.9 

11.9 
10.9 
10.2 
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Table 3. M2 tidal constants for Scotian shelf. 

Station 3, Water depth = 100 m 
Record 

Depth (m) Start (Days) U(cm/sec) 0(x) V(cm/sec) 0(y) 

20 .. .. . 17/ 2/67 21 12.8 303 18.6 175 

14/ 5/67 39 11.5 296 15.3 180 

9/ 7/67 49 13.0 306 17.8 189 

28/ 8/67 65 12.8 316 15.8 188 

7/ 9/68 64 13.8 312 16.5 192 

50 . .. . . 14/ 5/67 52 14.0 272 17.7 159 

7/ 9/68 40 11.1 277 16.5 173 

18/10/68 57 12.8 290 15.8 174 

81 .. . .. 21/ 1/67 47 7.7 293 12.5 164 

95 .. ... 16/ 5/67 15 8.2 289 13.5 167 

95 .. . . . 28/ 8/67 64 8.4 290 10.6 167 

95 . .. .. 18/10/68 57 7.1 275 10.3 156 

91 . . .. . 14/12/68 15 9.8 314 15.5 191 

Station 6, Water depth = 135 m 

50 .. . .. 18/ 8/67 26 8.9 316 11.5 182 
130 . . ... 16/ 8/67 27 5.6 307 10.9 163 

Station 7, Water depth = 125 m 

50 .. .. . 16/ 8/67 27 9.4 300 13.9 168 
118 ..... 16/ 8/67 27 8.5 305 10.2 173 

7. Coherence 

The vertical coherence between current meters at stations 3, 6, and 7 was high 
averaging .91 with a standard deviation of .04, the phase differences averaged 15° 
with a standard deviation of 10°. The horizontal coherence between moorings 6 and 
7 averaged .90 with phase differences of 18° at M2 frequency. These results are 
consistent with a M2 barotropic tide. The variations in amplitude and coherence 
can be accounted for by a baroclinic component with an amplitude of about 3 cm/sec. 

8. Momentum equation balance 

The momentum equations are given by 

where 

U1 - fv = -g('Y/x - A'YJ: ) 

v, + Ju= -g('f/y - A'YJ; ) 

f is the local inertial frequency, 
A is the Love number, and 
rJ° the equilibrium constituent. 

(3) 

(4) 

The terms on the left-hand side of the equation may be evaluated from the current 
meter data and the equilibrium terms may be calculated. Thus values of the gradient 
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Figure 3. The tidal elevation data give a gradient which is an average over the distance between 
two stati ons. The gradient determined from the current meter data is a local value. By using the 
value of 87J/8x (ELEVATION) at the coast, and requiring v = 0, u may be eliminated from 
equations (3) and (4) and 87]/8y at the coast may be determined. The average of 87J/8y at the 
coast and 87J/8y (current meters) should be comparable to 8'YJ/8y (ELEVATION). The fact that 
the coast does not run exactly east-west has been taken into account. 

of tidal elevation at the mooring sites are obtained. These may be compared to the 
values obtained fr om the tidal elevation data of Table 1. The gradient from the 
elevation data is a spatially averaged value between two stations. The gradient 
obtained from the momentum equations by using the current meter data is a local 
value (see figure 3). The two results cannot be compared directly. If 'r/y at the coast 
could be obtained, then the average of it and the gradient from the current meter 
data would give a spatially averaged gradient comparable with the value computed 
from the elevation data. 'r/y at the coast was determined by setting v = 0 in equations 
(3) and (4), eliminating u and using the value of "I x from the elevation data. The 
results are given in Table 4. 

The average of 'r/y (coast) and 'r/y (current meters) was 0.73 x I0-6 with a phase of 
230° which is in fair agreement with 'r/y (elevation) given in Table 4. 

Table 4. Gradients of tidal elevation as determined from current meter and elevation data. 

Stn a'Y/Jay c x 10•) Phase 8'YJ/8x ( X 106
) Phase 

3 . . ..... ..... . . 1.28 236 0.69 78 
6 . ... .. . .... .. . 1.24 239 0.89 113 
7 .. . . . .. . ... ... 1.22 229 0.90 108 
Elevation . ... .. . 0.65 185 0.31 133 

Coast. ... .. .... 0.22 223 0.31 133 
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Figure 4. Data return from current meter at 490 m, station lA. The record is 35 days long and 
the zero on the ordinate axis has been set equal to the mean. 

To the accuracy of the current meter results and the tidal elevation data, it appears 
that equations (3) and (4) are not out of balance and the M2 tide on the shelf is 
largely barotropic. 

9. Frictional effects 

In equations (3) and (4) frictional effects were neglected. They could be represented 
in the form -yulul/h, where y = 0.002 is a constant. This term is roughly 6 x 10-5 

cm/sec2, that is, about 20 times less than the leading terms in the momentum equa-
tions. It will be convenient later to have the friction in terms of an eddy viscosity. 
For the drag exerted on the bottom as expressed by the above formula to be equal 
to the equivalent expression using a constant eddy viscosity A, would require that 
A, = 30 cm2/sec. 

10. M2 tide on slope 

A plot of current speed and temperature versus time from a current meter at 
490 m depth on mooring IA is shown in Figure 4. The records have strong oscillations 
at approximately 6 and 12 hour periods. The power spectra of u, v, and T from the 
1973 experiment are shown in Figure 5 and the spectrum of w at 490 m is shown 
in Figure 6. Peaks occur at 6- and 12-hour periods and in one case, the v component 
at 490 m, the peak at 6 hours is greater than the peak at 12 hours. Tidal analysis shows 
the oscillations at semidiurnal periods to be largely the M2 constituent and the six-
hour oscillations to be the shallow water constituents M4 and MS4. 
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Figure 5. Current meter power spectra from stations IA and 2A. 

Accounting for the change in depth and distance from the coast, the shelf data 
may be extrapolated to station 4 using a continuity argument similar to that used 
to obtain equation (2). The u and v barotropic tidal currents should be about 1 cm/sec 
and the phases 300° and 170° respectively. Results from tidal analysis of current 
meter data taken at three different depths at station 4 are given in Table 5. The 
maximum currents are larger than the expected barotropic currents and vary sub-

Table 5. M2 Tidal constants for a single mooring. 

Station 4, Water depth 1015 m 

Depth(m) Start U(cm/sec) 0 (x) V(cm/sec) 6(y) 

200 ... .. 25/10/68 7.2 49 4.3 314 
500 .... . 25/10/68 1.3 344 0.8 193 
980 ..... 25/10/68 3.3 263 7.8 134 
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Figure 6. Power spectra of the vertical velocity which was computed from equation (1) for 2 and 
3 hour averages of 8T/8t and 8T/8z. Results shown are for station IA. 

stantially with depth, in addition, the phases are different by up to 180°. This result 
implies the presence of a strong internal tide in addition to the barotropic component. 
By estimating the barotropic component for the various slope stations, Petrie (1974) 
has separated the baroclinic M2 tidal components from the total component. The 
results are given in Table 6. 

The current amplitudes range from 0.4 cm/sec to 17 cm/sec, the largest velocities 
being found at 20 m at station 4. Regal and Wunsch (1973) also found the largest 
M2 amplitudes near the surface and the currents appeared phase locked to the 
surface tide. Our two measurements taken at station 4, 20 m depth, although se-
parated in time by sixteen months have phases which are quite similar indicating 
that they also may be phase locked to the surface tide. 

In Table 7 the M2 tidal constants from the temperature data are recorded. Unlike 
the shelf data, strong oscillations at tidal frequency were seen in the records. Using 
mean gradients, isotherm displacements were computed and are also shown. From 
the temperature recorder array at station IA centered on 490 m, the vertical velocity 
was calculated from 2 and 3 hour averages of fJT/at and aT/az. The am-plitude and 
phase of the vertical velocity is given in Table 7 as well as the isotherm displacement 
which is larger by a factor of about 2 than that computed from mean gradients. 

11. Generation conditions 

Baines (1973, 1974), using the method of characteristics, has considered the 
generation of internal tides by forcing over two dimensional topography. The 
Scotian slope in the area of the moorings is essentially two dimensional with the 
bathymetry running east-west. The slope, c of the characteristics is given by 

C = ( w2 _ j2 )1/2 
N2 - w2 (5) 



1975] Petrie: M2 surface and internal tides 313 

Table 6. M2 baroclinic tidal constants for Scotian slope. 

Station 4, Water depth = 1015 m 

Depth (m) Start (Days) U(cm/sec) 0 (x) V(cm/sec) 0 (y) 
Recotd 

20 . .... 14/ 5/67 53 16.8 335 14.3 275 
13/ 9/68 41 10.7 334 10.9 245 

150 ..... 14/ 5/67 37 7.9 3 7.4 266 
13/ 9/68 41 7.3 33 5.3 296 
25/10/68 13 7.8 52 7.1 313 

200 ..... 25/10/68 36 7.5 56 5.2 320 

500 ..... 14/ 5/67 13 3.6 78 1.9 71 
8/ 7/67 48 2.9 357 0.4 297 

25/10/68 28 1.2 194 1.8 355 

980 . . . . . 13/ 9/68 41 2.0 89 3.6 106 
25/10/68 36 2.6 249 7.0 129 

Station 5, Water depth = 1725 

150 ... . . 10/ 8/67 14 4.4 150 6.0 103 
1000 . . .. . 5/ 8/67 5 5.1 25 2.9 258 
1000 .. . .. 10/ 8/67 9 5.1 28 2.8 268 

Station 8, Water depth= 1550 

200 .. . .. 15/ 9/68 5 5.1 42 4.6 323 
1500 .... . 15/ 9/68 36 1.8 317 1.5 173 

Station IA, Water depth = 540 

290 . .... I/ 3/73 35 2.9 170 4.6 56 
490 .. .. . 1/ 3/73 35 4.0 76 6.2 337 

Station 2A, Water depth = 830 

555 .. . .. 1/ 3/73 35 5.3 86 6.4 4 

where 
w is the wave frequency, and 
N is the Brunt-Vii.isii.lii. frequency. 

The topography is considered "flat bump" if c > s, where s is the local topographic 
slope, "steep bump" if c < s and critical if c = s. Baines (1974) has shown that the 
most effective generation areas are those where the topography is convex upward 
and c = s. In Figure 7, c and s are plotted against depth for the areas of station 
IA and 2A and stations 4 and 5. In both cases there is a critical zone at about 200 m, 
a reflective or steep zone from 200 m to 600 m, and a flat or transmissive zone at 
600 m and deeper. In Figure 8 the topographic profiles for the two areas have been 
drawn and rays from the critical zones constructed. The rays intersect station 4 
near the surface and at the bottom. This is consistent with the large velocities found 
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Table 7. M2 tidal constants from temperature recorder data. 
Isotherm 

Record Amplitude Displacement 

Stn Depth(m) Start (days) (OC) Phase (m) 

4 . . ... . 150 14/ 5/67 53 .06 211 8 

150 13/ 9/68 41 .15 91 9 

500 13/ 9/68 41 .07 60 18 

500 25/10/68 36 .09 62 23 

5 .. .. .. 150 10/ 8/67 14 .17 161 8 

IA .. . . 290 1/ 3/73 35 .18 312 9.5 
480 1/ 3/73 35 .23 236 

490 1/ 3/73 35 .22 246 22 
500 1/ 3/73 35 .20 242 

2A ... . 545 1/ 3/73 35 .14 267 
555 1/ 3/73 35 .14 264 21 
565 1/ 3/73 35 .12 261 

Vertical Velocity 

IA . . . . (2 hr average) 1/ 3/73 35 .38 cm/sec 130 43 
(3 hr average) 1/ 3/73 35 .33 277 37 

at 20, 150, and 200 m at station 4 and on one occasion an amplitude of 7 cm/sec 
near the bottom. At stations IA and 2A the rays pass close to or intersect the in-
struments at 490 m and 555 m and the amplitudes were larger there than at 290 m. 

12. Radiation condition, horizontal , and vertical scales of internal tide 

Moorings IA and 2A were the only two closely spaced moorings on the slope 
simultaneously for any length of time. Thus coherences and phase differences between 
the horizontally separated instruments were calculated. The tidal signal measured 
by the current meters at 490 m station IA and 555 m station 2A should be domi-
nated by the internal tide which propagates along the characteristics from the critical 
area shown in Figure 8. The radiation condition requires the group velocity to be 

00 . 04 . 08 .12 .16 . 20 0 .04 .08 . 12 . 16 . 20 

200 ... " .,,Oo 
400 .,.. D r.!I' 0 
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Figure 7. Plots of the characteristic and topographic slope variation with depth. Cruise numbers 
are indicated in the diagram. 
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Figure 8. The topographic profiles and the position of moorings on the slope are shown. Char-
acteristics are drawn from critical zones. 

directed along the characteristics away from the slope. For internal waves the phase 
velocity must be orthogonal to the group velocity and directed upwards toward 
the water surface, see Figure 8. This implies that the v component af 490 m should 
lead the v component at 555 m. Cross spectral analysis shows the coherence between 
v components to be 0. 72 (95 % confidence limit is 0.45) with the 490 m phase leading 
the 555 m phase by 32° (95% confidence limit is ± 14°, Jenkins and Watts, 1969). 
Tidal analysis shows the phase at 490 m leading that at 555 m by 27°. Thus the 
results are consistent with the radiation condition. 

The measured phase difference (Ll0 = 2n(32/360) radians) between the current at 
490 m and the current at 555 m arose because the instruments are separated hori-
zontally (Lly = -5.9 km) and vertically (L1z = -65 m). We have 
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where 
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l(Lly) + m(Llz) = L10 

/ is the horizontal wavenumber, and 
mis the vertical wavenumber. 

[33, 3 

(6) 

For simple internal waves the wavenumbers are related to each other through the 
local characteristic slope, / = - cm, where from Figure 7, c 0.03 at the depth of 
the instruments. Solving it was found that / = -1.5 x 10-4m-1 and m = 5.0 x 10-sm-1• 

The corresponding horizontal and vertical length scales are 42 km and 1260 m 
respectively. 

The vertical scale derived above is about twice the local water' depth. This implies 
that boundary effects could be important and the simple internal wave approach 
which neglects boundaries and has been used may be in error. The consistency of 
the simple internal wave approach may be checked by deriving the vertical scale 
from the velocity components. We have 

v = - !_ (N2 - w2) w. 
m w2 - 12 (7) 

Using the values of v and w from Tables 6 and 7 and the value of l found above m 

was calculated as 1. 13 x 10-·2 about a factor of two different from the previous value. 
This may be caused by errors in measuring v and w but the probable main error 
source is the use of the simple internal wave approach to interpret the data. Further, 
the phase difference between the current meters was interpreted as being due to 
internal tides generated at a critical zone. In fact, generation can occur all along 
the slope. The neglect of this fact is another possible source of error. Thus the 
quantities derived from the data using this simple internal wave interpretation 
should be regarded as rough estimates. This approach was used because of its sim-
plicity and the limited amount of data available. 

13. Phase differences between components 

For the two dimensional case considered by Baines (1973, 1974) the components 
u and v should be 90° out of phase, v and T 90° out of phase and u and T 180° out 
of phase. For the 1973 experiment u, v, and T were measured simultaneously and 
the results are shown in Table 8. The data at 490 m and 555 m are consistent with 
the two dimensional model while the data at 290 m are not. The inconsistency may 
be due to the presence of a strong temperature gradient of 2.5°C in 15 m at the 
290 m instrument which eroded during the course of the experiment and could have 
introduced a time dependency to the phase of the M2 temperature signal. The 
radiation condition as discussed in the last section required the horizontal wave-
number, l, to be negative and the vertical wavenumber to be positive. It was shown 
by Petrie (1974) that this requires T to lead v by 90°. The data for 490 m and 555 m 
show T leading v by 90°, consistent with the two dimensional model and with the 
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Table 8. Cohrences and phases between u, v, and T. 

(Positive phase means second measurement lags first, 
95% confidence limit f or non-zero coherence is .45) 

Depth (m) Measurement Coherence 
290 .. . . .. . .. u,T .41 

v,T .57 
u,v .79 

490 . . .. . . ... u,T .71 
v,T .87 
u,v .72 

555 . ... . . .. . 11,T .80 
. 

v,T .82 
u,v .90 
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Phase 

122 
- 146 
- 89 

- 168 
- 90 
- 87 

177 
-102 
- 78 

radiation condition. The model also requires the ratio of iul2/lvl2 = f2/w2 = .50. 
For 290 m the ratio is 0.40, for 490 m it is 0.42 and for 555 m it is 0.69 which is in 
reasonable agreement. 

14. Dissipation of tidal energy 

For simple internal waves the energy flux J and energy density E are related by 

J = cgE where cg is the group velocity. (8) 

For the latitude at which the experiment was conducted, w2 £2 2/2. Thus it can be 
shown 

w 
l= - E. 

2/ 
(9) 

Station 4 data has been used to estimate the energy density as it had the best vertical 
coverage of instruments. The energy density averaged in time and space is given by 

(10) 

where u0 , v0, and w0 are velocity amplitudes and Co is the displacement of a density 
surface. The values of u0 and v0 were taken from Table 6 for the records starting on 
the 25/10/68 and for an average of the two measurements at 20 m. The vertical 
velocity amplitude was estimated from w0 = cv0 and Co was calculated from w0• 

The interval over which these amplitudes would apply, LIZ , was chosen by exam-
ining the density profiles and characteristic paths from critical areas. For example, 
the velocities at 500 m were taken as representative of the water column for 
50-100 m and fr om 250-800 m. For lack of a better value, the group velocity 
was calculated using a length scale of 42 km, a scale appropriate to a shallower 
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depth than the depth at which the energy density was computed. This length scale 
corresponded to an internal wave with a large vertical scale (roughly equivalent 
to flat bottom mode 1) and therefore a high group velocity. Thus all of the energy 
density is assumed to be associated with the high group velocity. In view of this 
and previous remarks concerning the simple internal wave interpretation, the energy 
flux, J, should be regarded as an upper bound. 

The energy density was found to be 1.7 x 106 ergs/cm2 and the energy flux away 
from the slope was 8 x 107 ergs/cm-sec. Multiplying this value by the length of the 
world's coastline the internal tides can account for a dissipation rate of 2.4 x 1017 

ergs/sec or less than 1 % of the total required M2 dissipation. This implies that on 
a global scale, internal tides are not an important sink of tidal energy. However, 
a more reasonable comparison to make is with the local barotropic dissipation. 
Using the bottom drag law (see Miller, 1966 for example) the dissipation due to 
frictional drag on the shelf is 3 x 107 ergs/cm-sec. Thus locally the dissipation due 
to internal tides is of the same order of magnitude as the frictional dissipation of 
the surface tides on the shelf. If this were also true in high dissipation areas then 
internal tides may be a significant sink of tidal energy. This may be important since 
recent measurements have shown that the dissipation of tidal energy as calculated 
astronomically is greater than previously thought by a factor of about 2 (5 x 1019 

ergs/sec, Rochester, 1973). Miller (1966) accounted for 1.7 x 1019 ergs/sec by dis-
sipation in shallow seas. A check can be made on the likelihood of the M2 internal 
tides generated at continental slopes dissipating a significant amount, say 1019 

ergs/sec, of energy by estimating the mean isopycnal displacements necessary over 
the length of the world's coastlines. Putting the velocities of equation (10) in terms 
of a displacement we have 

Using equation (8) 
2 X lQ19 

c2 = 
3 X 109 eN2LIZcg 

(11) 

where 3 x 109 cm is the length of the world's coastlines. Taking N = 2 cph, LIZ = 

1000 m and cg = 100 cm/sec yields C 75 m (the energy density measured at station 4 
was equivalent to an average displacement of about 10 m). It seems unlikely that the 
average isopycnal displacement over 1000 m depth on the continental slopes could 
be 75 m. Thus internal tides probably cannot account for a large fraction of the 
dissipation. Filloux (1973) has found Miller's estimate for the Gulf of California 
to be ten times too high and Garrett (1974) has found Miller's estimate for the Gulf 
of Maine-Bay of Fundy to be low by a factor of three. These two new evaluations 
indicate that Miller 's estimates might have had large discrepancies. Therefore, the 
possibility that most of the tidal dissipation may occur in the shallow seas is still 
open. 
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15. Internal wave dissipation on the shelf 

Baines (1974) has shown that the internal tide generated on the continental slope 
propagates onto the shelf as well as out to sea and may have amplitudes comparable 
to the local barotropic velocity. However, it was found that the tides on the Scotian 
shelf were largely in the barotropic mode. For an eddy viscosity of 30 cm2/sec and 
a vertical wavenumber of 2n/h, the e-folding time scale for the internal tide is m2A,. 
The time scale was converted to a length scale by multiplying by the group velocity. 
The horizontal wavelength on the shelf with depth taken as 100 m was estimated 
as 14 km using a Brunt-Viiisiilii frequency profile averaged over measurements taken 
when station 3 was occupied. The group velocity was calculated as about 16 cm/sec 
thus giving an e-folding length scale of about 15 km. This distance is less than the 
distance from the shelf break to station 3. Thus this rough calculation indicates an 
eddy viscosity of 30 cm2/sec or greater may account for the lack of strong internal 
tides in the shelf data. The damping of the internal tide could also be accounted for 
by a horizontal eddy viscosity, AH. The value of AH required to produce the same 
effect as A, given above is approximately 6 x 105 cm2/sec (m2A,//2). 

16. Mixing due to internal tides on the shelf 

By equating the energy flux onto the shelf to the work done against buoyancy 
forces, an upper bound on the eddy diffusion coefficient K, may be calculated. 

J 
K= - -

v LheN2 
(12) 

where L is the distance on the shelf in which the internal tides are dissipated, of 
order 10 km. J was taken as 107 ergs/cm-sec and N 2 as 10-5/sec2

• K, is found to be 
100 cm2/sec which implies that internal tides could mix the outer portion of the 
shelf in about 10 days. This assumes that all the energy in the tides goes into mixing 
and is 100 % efficient. The equivalent horizontal diffusion coefficient would be 
2 x 106 cm2/sec. 

17. Shallow water tides 
It has been noted that in Figure 4 there were strong oscillations in current and 

temperature on the slope at about six hour periods. In Table 9 the tidal constants 
for the M4 and MS4 constituents are listed. At 490 m the currents were strongest 
and in Figure 4 the peaks at 6 hours in the spectra from the instrument at this depth 
were more evident. Petrie (1974) has evaluated the nonlinear terms in the momentum 
equations and found the term 

--- N 25 I 
wov/oz I 
OV/Ot M2-. 

(13) 
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Table 9. 

M4 Tidal Constants 

Stn Depth u (cm/sec) 0 (x ) v (cm/sec) 0 (y) 

IA . . . ... . 290 0.4 266 0.6 155 

490 1.0 276 2.1 182 

2A .. . .. .. 555 0.2 170 0.3 140 

MS4 Tidal Constants 

IA . . .. .. . 290 0.6 338 0.1 25 

490 0.4 298 1.3 263 

2A . .... . . 555 0.1 64 0.1 184 

Tidal Constants from Temperature Sensors 

Stn Depth T(M4) 0 T(MS4) 0 

IA .... . . . 290 .014 205 .092 103 

480 .097 81 .031 131 

490 .110 92 .037 154 

500 .112 80 .040 150 

2A ... .. . . 545 .018 199 .015 337 

555 .018 185 .017 328 

565 .015 177 .017 310 

for the current meter data at 490 m. All other non-linear terms were~ 0.01. Estimates 
of the horizontal components of velocity for the M4 and MS4 tides were made 
using expressions of the form 

(w&v/&z)M2 
(14) 

It was found that for a 35-day average vM 4 = 0.6 cm/sec, uM4 = 0.5 cm/sec, and 
vMs 4 and uMs 4 were about one-half of those values. These estimates are of the 
correct order but smaller than the values in Table 9. This is probably due to the 
poor measurement of vertical shear since L'.I Z was 200 m and the neglect of all other 
terms in the momentum equations. However the ratio of M4 to MS4 constituents 
was correct. Thus, it would appear that the shallow water tides M4 and MS4 are 
generated by nonlinear forcing through the semidiurnal internal tides. The most 
likely site for their generation would be near critical areas where the vertical shears 
could be large. 

18. Conclusions 

The M2 barotropic velocities on the shelf were about 15 cm/sec while the internal 
tide velocities were a maximum of 3 cm/sec. On the slope the internal tide velocities 
varied from about 2 to 17 cm/sec while the barotropic velocities were about 1 cm/sec. 
The data implies that the internal tides which propagate onto the shelf are quickly 
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Figure 9. The barotropic and baroclinic tidal ellipses for the shelf and slope are shown. The two 
distinct regimes for the M2 tide can be seen. The baroclinic ellipses for station 3 represent an 
upper bound. The rotation sense and relative phase are shown. 

damped. The M2 tidal regime on the shelf and slope is summarized schematicall y 
in Figure 9. 

The data taken on the slope appear to be consistent with models which predict 
the most intense generation of internal tides at so-called critical zones for the following 
reasons: a) The amplitude of isotherm excursions, up to 43 m, is largest near these 
zones; b) Energetic shallow water constituents appear in the records taken near 
these areas but are smaller further down the slope; c) The largest velocities detected 
on the slope occurred at instruments which intersected characteristics from these 
regions. 

The M2 internal tide propagated maintaining phase relationships between the 
velocity and temperature components consistent with the two dimensional internal 
tide generation models. The data was compatible with the radiation condition im-
posed by these models. Under the assumption that the internal tide may be repre-
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sented as a simple internal wave, the horizontal length scale of the internal tide on 
the slope was found to be 42 km. The vertical length scale of the tide was determined 
as 1260 m approximately twice the local water depth. A consistency check on the 
simple internal wave interpretation showed that the ratio of vertical to horizontal 
length scales may differ from the above by a factor of two. 

The energy flux of the internal tide away from the slope was calculated as 8 x 107 

ergs/cm-sec. This is of the same order as the local barotropic dissipation of 3 x 107 

ergs/cm-sec. An upper bound to the vertical eddy diffusion due to the flux of internal 
tide energy onto the shelf was determined as Kv = 100 cm2/sec. The equivalent 
horizontal eddy diffusion coefficient KH is 2 x 106 cm2/sec. 

Finally, the non-linear forcing by the semi-diurnal internal tides on the slope is 
the likely cause of the M4 and MS4 tides seen in the records. 
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