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Barotropic and Baroclinic Tidal Currents in the Eastern Basins 
of the North Atlantic 

GEROLD SIEDLER AND UWE PAUL 

Institut fiir Meereskunde an der Universiti•t Kiel, Kiel, Germany 

Data from a large-scale moored array in the Iberian and Canary basins are used to determine the 
energies of barotropic and baroclinic M 2 and S 2 tides. An analysis of time-varying dynamical modes 
is performed. The results for barotropic modes confirm the global surface tide model results of 
Schwiderski (1980) for this region. The barotropic modes dominate in the deep basins, but increased 
baroclinic contributions are usually found over rough topography. At three locations near the 
continental slope in the southern Canary Basin the baroclinic modes dominate the barotropic mode. 
Results from an array of three moorings at the northern part of the Cape Verde Rise show an inverse 
behavior of barotropic and baroclinic energies, such that the baroclinic energy is steadily enhanced 
while the barotropic energy is reduced towards the continental margin. The increase in baroclinic 
energy is consistent with a generation of internal tides close to the shelf by surface tidal forcing over 
topography. Further evidence for this process is provided by the 2-week periodicity of the first-order 
baroclinic mode at the slope, corresponding to the spring-neap cycle of the barotropic tide. 

1. INTRODUCTION 

Direct current measurements are required for the discrim- 
ination of barotropic and baroclinic tides in the open ocean. 
The large wavelengths and long-wave properties of barotro- 
pic tides make it possible to obtain a good approximation of 
surface elevations from coastal and island tide gauges [e.g., 
Dietrich, 1944], with data supplemented by a small number 
of deep-sea tide gauges [Munk and Cartwright, 1966; Cart- 
wright et al., 1980]. The related global surface tide models 
are well suited to predicting open-ocean tidal properties 
[Accad and Pekeris, 1978; Schwiderski, 1980] (see also 
Hendershott [1973]). The distribution of baroclinic tides in 
the open ocean, however, is more difficult to determine 
owing to the much smaller horizontal scales, the partition 
into several vertical modes, and the strong variability of 
amplitude and phase on time scales of only a few tidal 
periods [Defant, 1932, 1960; Krauss, 1966; Wunsch, 1975; 
Roberts, 1975]. 

In the course of the last 2 decades, long-term current 
meter time series from moorings have become available at a 
number of locations, including single moorings [e.g., 
Schmitz et al., 1988] or coherent arrays [e.g., MODE Group, 
1978; Kiise and Siedler, 1979]. The summary of Dickson 
[1989] is a useful source of information on moored observa- 
tions in the global ocean. Data from deep-sea moorings have 
been used for tidal studies [Meincke, 1971; Wunsch and 
Hendry, 1972; Magaard and McKee, 1973; Gould and 
McKee, 1973; Regal and Wunsch, 1973; Torgrimson and 
Hickey, 1979; Gordon, 1979; Huthnance, 1981; Huthnance 
and Baines, 1982; Saunders, 1983; Dick and Siedler, 1985; 
Weisberg et al., 1987], but sufficient spatial coverage of 
major ocean basins was lacking. 

In the eastern basins of the North Atlantic, current meter 
time series were obtained by the Institut far Meereskunde 
(IFM) in Kiel, Germany, from mooring programs with dif- 
ferent objectives. These observations together can serve as a 
large-scale array of stations for a tidal analysis in the Iberian 
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and Canary basins (Figure 1). It is the aim of the present 
study to determine the modal partition of tides at different 
locations in this large-scale array, to investigate spatial 
variations in a small-scale coherent array north of the Cape 
Verde Islands, and to relate the discovered wave properties 
to earlier observations and model results. 

2. THE DATA SET 

A typical mooring configuration is shown in Figure 2, and 
a summary of mooring positions and observational periods is 
given in Table 1. The number of current meters per mooring 
varied between three and eight. The time series obtained are 
summarized in Figures 3-5. Sampling intervals were 1 or 2 
hours. Only data collected by Aanderaa current meters were 
considered in the present study in order to ensure a consis- 
tent data set solely from subsurface moorings. The minimum 
time series length required for a separation of two distinct 
semidiurnal M 2 and S2 tides is obtained from the Rayleigh 
criterion [Godin, 1972]. The frequencies O'M2 and as2 of these 
two tides have to be separated by at least two elementary 
frequency bands Air which are determined from the length T 
of the observational period: 

1 

The condition for resolving M 2 and S2 is then given by 

1 1 

--<-I -- trS 2 T 20'M2 

or 

T>2 
! 1 

12.42! 12.000 

-1 

--• 30 days 

This condition is easily fulfilled by the available time series. 
Frictional drag will cause a deflection of the mooring line 

from the vertical, and relative currents will result at the 
various instrument depth levels. However, tidal periods are 
sufficiently large compared to the inverted pendulum periods 
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Fig. 1. Positions of moorings in the Iberian and Canary basins. 
Bottom depth is given in meters. 

of such moorings to warrant the assumption of a steady state 
rigid pendulum balance for each time step (Figure 6). Rela- 
tive currents can then be calculated from the instrument 

displacement per time. The horizontal displacement Ax i at 
level i is deduced from the pressure record at the uppermost 
instrument, providing the time series of vertical instrument 
displacement Ado and mooring geometry. With the ratio 
Li/L o of anchor distances, the displacements at level i and 
relative currents can then be determined. 

As will be shown later, the vertical structure of the flow is 
dominated by low-order modes. Changes in instrument 
depth of O(10 m) or more can therefore be neglected in the 
analysis. It remains to be checked whether relative currents 
due to mooring motion can also be neglected. In Figure 7 we 
present a typical case. The speed record is shown on top, the 
pressure change time series (1 dbar closely corresponding to 
a depth interval of 1 m) in the middle, and the relative speed 
calculated from the pressure change and mooring geometry 
on the bottom. Vertical displacements range up to a few 
decimeters, and relative speeds at tidal frequencies are 
O(1%) of the observed currents. In exceptional cases with 
"soft" mooring design the relative tidal currents can reach 
several percent up to about 20% of the observed tidal 
currents. Since this strong effect is not typical at all for the 
whole moored array, we did not consider it necessary to 
correct for relative currents. Tidal amplitudes obtained from 
the following analysis can therefore be too small by a few 
percent due to these effects. 

Typical spectra for the east and north components are 
presented in Figure 8, obtained at mooring KIEL276 (see 
Figure 1) during the observational period 264-1 (see Table 1). 
Energetic peaks are found at inertial and semidiurnal peri- 
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Fig. 2. Schematic typical mooring configuration: RB, radio 
transmitter buoy; AC, Aanderaa current meter; TC, thermistor 
chain recorder; R, acoustic release' GB, glass balls. 

ods. The band-pass filter response curve is included which is 
used in the later semidiurnal tidal analysis. 

3. THE RATIO OF SEMIDIURNAL TO DIURNAL 
TIDAL AMPLITUDES 

The spectral properties in Figure 8 indicate a dominance of 
semidiurnal versus diurnal tides. We will study this feature 
in some more detail by performing a Fourier analysis at all 
instrumented levels for a selected period at KIEL276. The 
main tidal components (periods in brackets) to be considered 
are M2 (12.421 hours), S2 (12.000 hours), K• (23.943 hours), 
and O • (25.819 hours). 

When performing the Fourier analysis, we assume that the 
tidal components can be approximated by sinusoidal signals 
at the above periods with constant amplitude and phase at 
each depth level during the whole observational period. It is 
well known that this will be the case only for barotropic 
tides, while short-term changes of amplitude and phase of 
internal tides will lead to an underestimation of the ba- 

roclinic components. Since we only look for the order of 
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TABLE 1. Summary of Mooring Positions, Launch Dates, Observation Periods, and Depths 

Latitude North Longitude West Launch Date Period, hours Depth, m 

203-1 
230-1 

264-1' 
276-1' 
276-2* 
276-3* 

276-4* 
276-5* 

276-6* 
276-7* 

276-8* 
277-2 

278-1 

303-1 

304-1 
307-1 

308-1 

309-1 
311-1 

313-1 

414-1 

316-1 
317-1 

Iberian Basin 

38o00 ' 16o54 ' Dec. 8, 1977 3658 5550 
40o31 ' 17o19 ' May 12, 1978 5966 5310 

Canary Basin 
33 ø 22 ø April 1, 1980 4783 5285 
33 ø 22 ø Oct. 17, 1980 6785 5285 
33 ø 22 ø July 28, 1981 5217 5285 
33 ø 22 ø May 5, 1982 9785 5285 
33 ø 22 ø April 19, 1983 4383 5285 
33 ø 22 ø Oct. 20, 1983 8899 5285 
33 ø 22 ø Oct. 26, 1984 6468 5285 
33 ø 22 ø Nov. 17, 1985 8351 5285 
33 ø 22 ø Nov. 1, 1986 8872 5285 

34o48 ' 23o05 ' July 29, 1981 5291 5155 
31o00 ' 20o30 ' July 25, 1981 5256 4850 
26o02 ' 17o59 ' Nov. 12, 1984 7889 3430 
25o32 ' 17o03 ' Nov. 11, 1984 7919 3200 
22o56 ' 20o30 ' Oct. 8, 1985 9467 4146 
21o59 ' 22o02 ' Oct. 9, 1985 9494 4572 
19ø02 ' 22o00 ' Oct. 11, 1985 9682 3460 
36o02 ' 18o01 ' Dec. 2, 1985 7951 5420 
20030 ' 23037 ' Nov. 13, 1986 8894 4540 
21o56 ' 25o14 ' Nov. 12, 1986 8888 5143 
30o00 ' 24o20 ' Nov. 8, 1987 10432 5300 
28o00 ' 25o38 ' Nov. 9, 1987 10434 5000 

*KIEL 276. 

magnitude in the ratios of the four components at this point, 
this procedure appears acceptable. The results are presented 
in Figure 9. 

In deep water the ratio between the components M2, S2, 
K• and O• is one order of magnitude each. At main thermo- 
cline levels, K• and O• and the rms error have similar 
magnitudes. Since the contribution of diurnal components is 
only 1% or less of the contribution by the semidiurnal 
components, and because errors are relatively large for the 
diurnal components in the upper ocean, we will restrict the 
analysis to the semidiurnal components M2 and S2 in the 
following discussion. 

4. SEPARATION OF BAROTROPIC AND BAROCLINIC 

TIDES 

The barotropic tide corresponds to a depth-independent 
current related to a long surface wave without friction. A 
simple method for separating baroc!inic and barotropic com- 
ponents is provided by vertical averaging of the Fourier 
components as determined above. The average represents 
the barotropic component, and the residual represents the 
sum of the baroclinic components. In the case of only a few 
measurement levels the average may only provide a crude 
approximation of the barotropic component [Schott, 1977]. 
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Fig. 3. Summary of current meter time series at individual depth levels in the Iberian Basin. 
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nominal nominal year:I 1980 I 1981 I 1982 I 1983 I 1984 I 1985 I 1986 I 1987 
posi- depth IfM- I ........... I ........... I ........... I ........... I ........... I ........... I ........... I ........... 
tion (m) no.: 264-1 276-1 276-2 276-3 276-4 276-5 276-6 276-7 276-8 

1125 I 196 I 245 I I 195 I I 245 I- 330 I I 302 I I. 330 I 
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Fig. 4. Summary of current meter time series at individual depth levels in the northern Canary Basin. 

We therefore prefer the method of fitting the data to dynam- 
ical mode components. With the usual assumptions for a 
linear internal wave field in an ocean at rest [e.g., LeBlond 
and Mysak, 1978] the vertical velocity amplitude W n of the 
dynamical mode of order n is given by 

d2Wn N 2 - o .2 
dz2 • 2 f2 kn2Wn = 0 (2) 

where z is the vertical coordinate, N is the Brunt-V•iis•il•i 
frequency, o. is the wave frequency, f is the inertial fre- 
quency, and k n is the horizontal wave number for mode n. 
With rigid surface and bottom conditions the horizontal 
velocities are obtained from the continuity equation 

go. + i,qf 
U(Z) = 2 p(z) (3a) + f2) 

rio. - igf 
2 p(Z) (3b) + f2) 

where 

t,(z) = - 
ip(o.2 _ f2) dWn 
o.(t< 2 + r/2) dz 

u and v are horizontal velocity components, i is the imagi- 
nary unit (- 1)!/2, and K and r/are horizontal wave numbers, 
p is density, and p is pressure. Horizontal velocities are thus 
proportional to dW,•/dz. With N 2 given by the vertical 
density profiles from mean temperature and salinity at the 
locations of the moorings, the eigenfunctions W• and their 
vertical derivatives dW,•/dz can be determined. The data can 
then be fitted to a sum of the dW,•/dz, either by assuming 
constant modal amplitude and phase for each component or 
by permitting slow (compared with tidal period) temporal 
variations of amplitude and phase. 

With a limited number of observational levels, the order n 
cannot be increased to high numbers. If we assume only one 
mode direction each, we have to determine one amplitude, 
phase, and direction per mode. Currents at each level 
comprise four variables, with amplitude and phase for two 
components. With the number N of modes and the number 
M of observational levels we obtain 4M - 3N as the number 
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Fig. 5. Summary of current meter time series at individual depths levels in the central and southern Canary Basin. 

of degrees of freedom. From an ensemble of 13 approxi- 
mately 1-year records we determined the rms error when 
fitting first by mode 0, then by modes 0 and 1, and finally by 
modes 0, 1, and 2. The normalized error only increased from 
0.20 to 0.23 in this sequence. We considered this acceptable 
and therefore chose N = 3, with the exception of moorings 
230-1 and 311-1 where N = 2 was selected because of less 

favorable instrument coverage (see Figures 3 and 4). This 
resulted in a minimum of six degrees of freedom. 

Our analysis included the following steps' 
Constant dynamical modes. This method was earlier 

used by Dick and $iedler [1985] with a subset of the present 
data for a study of barotropic tides in the area. Our results 
are consistent with their findings, and therefore we will not 
discuss the method in any detail. 

Time-varying modes. In this case the data are fitted for 
each time step. All the following discussion will be based on 
this time-varying mode analysi s . An example of the resulting 
time series for the barotropic and the first- and second-order 
baroclinic modes is presented in Figure 10, indicating the 
short time scales of internal wave events. 

Fig. 6. Schematic mooring deflection due to current drag: Ado, 
Adi are vertical displacement of instruments o and i, Ax o, Axi are 
corresponding horizontal displacements; and L o, L i are corre- 
sponding anchor distances. 
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Fig. 9. Horizontal kinetic energy of semidiurnal (M2, S2) and 
diurnal (K1, O1) tidal components obtained by Fourier analysis of a 
1-year time series at mooring KIEL276 (see Figure 1). The average 
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Fig. 11. Current ellipses for barotropic M 2 tide from this study. 
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Fig. 13. Current ellipses for barotropic M2 tide from this study 
superimposed on model results from Accad and Pekeris [1969]. 
Model ellipse axes (crosses) and cotidal (dashed) and corange (solid) 
lines from the model are presented. Rotational direction is given by 
arrow at ellipse or cross. 

45o, 

ß 

25ø O• 

. 

o 

15 ø 

S2 
• mode 0 • 

10 ø 1 cm s -1 ß 

350 300 250 20 ø 15 ø W 10 ø 

Fig. 12. Current ellipses for barotropic S2 tide from this study. 
Rotational direction is indicated by arrow. 
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Fig. 14. Current ellipses for barotropic M2 tide from this study 
superimposed on model results from Schwiderski [1979]. Cotidal 
(dashed) and corange (solid) lines from the model are indicated. 
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Fig. 15. Normal modes of order 0, 1, and 2 for east (u) and north (v)components of velocity for M2 tide at mooring 
307 (see Figure 1). 

Currents of mode O. These were determined at a selected 
level for a subset of moorings for direct comparisons with 
barotropic currents. 

Vector variance time series for the different modes. This 
provides insight into temporal changes of internal tidal 
energy. 
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Fig. 17. Examples of time series of variance (varn) and east (u n) 
and north (Vn) velocity components for modes n = 0, 1, 2 at site 
KIEL276 (see Figure 1). 
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Fig. 18. Normal modes of order 0, 1, and 2 for east (u) and north 
(v) velocity components of M 2 tide at the three sites 314, 313, and 
309 on the Cape Verde Rise (see Figure 1). 

Energy-preserving presentation of spectra. Such a spec- 
tra form is well suited to describing spatial changes of modal 
partition in the small-scale array near the Cape Verde 
Islands. 

5. BAROTROPIC TIDES 

Ellipse parameters were calculated from the Fourier coef- 
ficients of the barotropic tides. In the case of the multiyear 
records at KIEL276, the mean values were obtained by 
averaging the coefficients for 1-year series. The tidal ellipses 
for M 2 and S2 are presented in Figures 11 and 12. The major 
axes of the ellipses are directed southwest-northeast in the 
deep basins and parallel to the continental slope at the basin 
boundaries. The magnitude of the M2 major axis is typically 
larger by a factor of 3 than the S 2 major axis. 

We want to compare these observations with earlier model 
results. In Figure 13 we have superimposed our M2 ellipses and 
the cotidal and corange lines and tidal ellipse axes obtained by 
the model of Accad and Pekeris [1969]. In a frictionless ocean 
we expect the major ellipse axis to be oriented normal to 
cotidal lines. Some deviation from this direction is expected, 
since friction was included in the model. The ellipse orienta- 
tions of the model and our observational results can be consid- 

ered consistent. This is, however, not the case with respect to 
the magnitudes. The major axes from the model are typically 
twice the major axes from the observational results. It has been 
suggested that neglecting terms due to the solid Earth elasticity 
is the cause for exceedingly large magnitudes in the model of 
Accad and Pekeris [1969]. 

In Figure 14 our M 2 ellipses are superimposed on the 
cotidal and corange lines resulting from Schwiderski' s [ 1979] 
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Fig. 19. Spectra in energy-preserving form for modal components 0, 1, and 2 at the three sites 314, 313, and 309 on 
the Cape Verde Rise (see Figure 1). The maximum energy bands are hatched. 
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Fig. 20. Barotropic (mode 0) and first-order baroclinic (mode 1) current hodographs for M2 tide at the three sites 314, 
313, and 309 on the Cape Verde Rise (see Figure 1). Arrows indicate sense of rotation. 

model, which takes account of solid Earth effects. Unfortu- 
nately, no tidal ellipses are available from the model. The 
overall pattern is similar to the Accad and Pekeris [1969] 
results, but the magnitudes are not. If we compare corange 
line distances in both model results, we find an approximate 
factor of 2 in the water level change, corresponding to a 
reduction in tidal ellipse axis length by this factor in this 

second model. Our observational results on M 2 barotropic 
tidal amplitudes are thus in good agreement with the model 
of Schwiderski [1979] in this region. 

6. BAROCLINIC TIDES 

We will now turn to the baroclinic tides, their regional 
distributions, and the partition of energy on barotropic and 
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low-order baroclinic modes. A typical distribution of dynam- 
ical modes at a continental slope site on 4146 m depth near 
the Cape Verde Plateau is shown in Figure 15. The first mode 
(n -- 1) has its zero crossing at approximately 1300 m depth, 
the second mode (n = 2) at 300 and 2000 m. The maximum 
of tidal currents was observed near 500 m in this case 

because of similar direction of the two baroclinic modes. 

When comparing the total kinetic energies of the three modal 
constituents, we find a dominance of the first mode (58%) 
and only a minor contribution of the barotropic mode (12%). 
In their study of tides in the upwelling region close to our 
observational area Huthnance and Baines (1982) also found 
that the majority of baroclinic variability was represented by 
the first mode. 

Figure 16 summarizes the partition of energy at the 
various sites of this study. In the deep basin we generally 
find the opposite situation to the case described above, with 
the barotropic tide dominant. The baroclinic contributions 
are usually larger over rough topography at the Mid-Atlantic 
Ridge and Azores Rise (moorings 277, 311, and 203), and 
they dominate at the three sites closest to the continental 
slope in the south (309,308, and 307). There are exceptions: 
At the deep-basin mooring 317 we find a fairly large second- 
order baroclinic mode contribution, and a strong dominance 
of the barotropic mode is apparent at mooring 304 where the 
flow is apparently influenced by the topography downstream 
of the Canary archipelago. This latter position is character- 
ized by exceptional flow properties also at lower frequencies 
[Miiller and Siedler, 1991]. 

While the means will represent well the barotropic tidal 
energies because of long-term steady state conditions, this is 
not the case with the baroclinic tides. They will vary 
according to generation processes, source regions, and prop- 
agation. In order to recognize typical scales and magnitudes, 
time series of 12-hour means of variance and velocity 
components of the three modes have been calculated. An 
example from mooring KIEL276 is presented in Figure 17. 
As was already indicated in Figure 16, the barotropic energy 
is about 10 times larger here than the baroclinic energies. 
The variance of the barotropic tide is dominated by the 
regular 2-week spring-neap cycle. The typical time scales of 
the baroclinic components are shorter, of the order of 5 
days. We find no indication of a correspondence between the 
spring-neap cycle and baroclinic tidal events here which 
could be expected in the case of internal tide generation due 
to barotropic tides near the shelf break [Lee, 1961; Gargett, 
1970; Halpern, 1971; Baines, 1982; Sherwin, 1988]. Obvi- 
ously, this site is too far away from the possible generation 
area to find such a correspondence. 

A special data set is provided by the cross-slope array 
north of the Cape Verde Islands (moorings 309,313, and 314; 
see Figure 1). The structure of modes 0, 1, and 2 for that 
array is presented in Figure 18, and spectral energies and 
tidal ellipses are displayed in Figures 19 and 20, respectively. 
We find systematic changes in amplitudes from the deepest 
to the shallowest site. The barotropic signal decreases to- 
ward shallower depths, and both the first- and second-order 
baroclinic modes increase in this direction. In the case of 

standing surface waves in a basin we will expect a narrowing 
of tidal ellipses when approaching the boundary. This is the 
case here. But we also find a steady decrease in the main axis 
amplitude which might be interpreted as an indication of 
energy transfer from barotropic to baroclinic tides at the 
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Fig. 21. North component modes 0, 1, and 2 from partial record 
at mooring 313. The long-term trend was removed. 

continental slope and shelf. This is supported by the de- 
crease in baroclinic tidal energy from shallower to deeper 
water recognized in Figures 19 and 20. The steady decrease 
is consistent with baroclinic tide generation on the shelf and 
slope and energy losses during the propagation of the inter- 
nal tides to the deeper ocean. 

Further evidence for this generation process is provided in 
Figures 21 and 22. We selected north velocity components of 
mooring 313 (See Figure 1) in the Cape Verde Rise array, 
providing stronger signals than the east components as 
obvious from Figure 20. After the removal of the long-term 
trend, we obtain the modal magnitudes presented in Figure 
21. The 2-week spring-neap cycle is seen as a strong signal in 
the barotropic mode, and a similar periodicity is recognized 
in the series of the first-order baroclinic mode but not in the 

second-order baroclinic mode. The corresponding spectra 
are displayed in Figure 22. The peaks at 2-week periods are 
seen in the mode 0 and mode 1 spectra, but not in the mode 
2 spectra. We conclude that baroclinic tides are generated on 
the continental slope and/or shelf in this region by the 
barotropic tide, with the resultant spring-neap cycle appar- 
ent in the baroclinic signals. 
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the southern Canary Basin indicate an increasing contribu- 
tion of the second-order mode when approaching the gener- 
ation region near the shelf. 
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Fig. 22. Energy density spectra of modes 0, 1, and 2 from full 
record at mooring 313, corresponding to the time series in Figure 21. 

7. CONCLUSIONS 

The observational data confirm the results on barotropic 
tides obtained from the Schwiderski [1980] model in this 
region. According to earlier authors, the tidal signals are 
usually dominated by the barotropic tides [see Wunsch, 
1975], but there exist exceptions [Gould and McKee, 1973; 
Huthnance and Baines, 1982]. In our study we find that a 
distinction has to be made in this respect depending on 
location. At the deep-basin moorings we observe the ex- 
pected dominance of the barotropic mode, with 60 to 80% of 
tidal energy, but this is not usually the case near the 
continental slope or at the Cape Verde Rise, nor over rough 
topography at the Mid-Atlantic Ridge or Azores Rise. A 
single exception to this behavior is provided by one mooring 
in the area downstream of the Canary archipelago. 

Lower levels of (horizontal) barotropic tidal kinetic energy 
can be expected near the basin boundaries and are observed 
in the case of long standing surface waves. The shoreward 
enhancement of the baroclinic tide is consistent with the 

usually accepted explanation of internal tide generation by 
surface tide forcing of isopycnal surfaces over topographic 
features. All our moorings are seaward of the critical slope 
[Wunsch, 1975; Baines, 1982] where the internal tide source 
region is expected, which occurs at the continental margin 
just off the shelf. In the records of the moorings closest to the 
slope in the south we also find a correlation of internal tidal 
energy with the spring-neap cycle, a result expected for the 
topographic generation of the baroclinic waves [Hecht and 
Hughes, 1971]. The ratio of first- to second-order baroclinic 
mode energies is always larger than 1, but the results from 
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