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Summary

Current data obtained from 7 moorings in the Northeast Atlantic in the course
of many years are analysed with respect to semi-diurnal barotropic and baroclinic
tides and diurnal barotropic tides. For semi-diurnal tides M, and S, the energy
distribution is usually dominated by the barotropic mode; only in a few cases does
the first-order baroclinic mode contain higher energy. Barotropic tidal ellipse orien-
tations are found to be consistent with results from earlier tide gauge observations in
this area. Significant deviations occur, however, in amplitudes. Results for the
diurnal component K, are also presented. With few exceptions, tides are found to be
progressive waves in this area. The current ellipse pattern is similar to results
obtained indirectly by Cartwright, Edden, Spencer et al. [1980] from tide
gauge observations.

Barotrope Gezeiten im Nordostatlantik ans Daten verankerter StromungsmeBgeriite
(Zusammenfassung)

Strémungsdaten von 7 Verankerungen, die im nordéstlichen Atlantik iiber meh-
rere Jahre ausgelegt waren, wurden im Hinblick auf halbtégige barotrope und baro-
kline sowie eintdgige barotrope Gezeiten analysiert. Bei den halbtégigen Tiden M,
und S, dominiert normalerweise die Energie der barotropen Eigenfunktion, nur in
wenigen Fillen enthilt die barokline Welle 1. Ordnung héhere Energie. Die Ellipsen-
orientierungen fiir die barotropen Komponenten entsprechen frilheren Ergebnissen
von Tiefseepegeln in diesem Gebiet. Es gibt jedoch signifikante Abweichungen bei
den Amplituden. Die Gezeiten in diesem Gebiet sind fast ausschlieBlich fortschrei-
tende Wellen, in einigen wenigen Fillen jedoch vom gemischten Typ. Die rdumliche
Anderung der Strémungsellipsen entspricht weitgehend den Ergebnissen, die
Cartwright, Edden, Spencer et al. [1980] indirekt aus Pegelbeobachtungen
erhielten.

Les marées barotropes dans I’ Atlantique Nord-Est, déduites de mesures effectuées a
Paide de courantomeétres mouillés (Résumé)

Les mesures de courants provenant de 7 mouillages sur plusieurs années en
Atlantique Nord-Est ont été analysées en ce qui concerne les marées semi-diurnes
barotropes et baroclines et les marées diurnes barotropes. Pour les marées semi-diur-
nes M, et S, la répartition de I'énergie est généralement dominée par le mode
barotrope; dans peu de cas seulement, le mode barocline de premier ordre renferme
la plus haute énergie. Les orientations de ellipse relevant de la marée barotrope
sont en accord avec les résultats d’observations marégraphiques antérieures dans
cette région. Des écarts significatifs apparaissent toutefois en amplitude. Les résultats
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concernant la composante K; sont également présentés. A quelques exceptions prés,
les marées, dans cette région, se sont trouvées étre des ondes progressives. Le type
d’ellipse des courants est semblable aux résultats obtenus indirectement par Cart-
wright, Edden, Spencer et al. [1980] a partir des observations marégraphi-
ques.

1 Introduction

The advances in the numerical modelling of ocean tides (Hendershott [1977, 1981];
Accad and Pekeris [1978]) have increased the need for precise measurements of open
ocean tides, particularly in regions of rough topography, in order to check and improve the
established models (Schwiderski [1980]). With the advent of deep-sea pressure gauges
open-ocean sea level data became available (Unesco [1975]; Cartwright et al. [1980];
Baker [1981]). The growing number of long-term current meter moorings deployed in
some parts of the ocean now provide an additional data base, providing information on
barotropic and baroclinic tidal currents. '

In the eastern North Atlantic, Cartwright et al. [1980] obtained deep-sea tide
gauge data at selected positions on lines from southern Portugal to the Azores and from
there to Iceland and then to Scotland, on a line from the Mid-Atlantic Ridge along 54° N
towards Ireland and also along the shelf edge west of Ireland and the British Isles. The
“response” method of Munk and Cartwright [1966] was used for the analysis. Boun-
dary data were interpolated by hand-drawing smooth cotidal curves, and barotropic tidal
currents were deduced from the pressure gradients in the resulting cotidal maps. Direct
observations of tidal currents in this area near the continental margin were presented by
Gould and McKee [1973] and Meincke, Siedler and Zenk [1975] and for one
site in the Madeira Abyssal Plain by Saunders [1983]. For tidal currents in the surroun-
ding area we referto Regal and Wunsch [1973] and Schott [1977].

In the present study current meter data from moorings in the eastern North Atlantic
were analysed with respect to the dominating semi-diurnal and diurnal tides. The tidal
currents thus obtained are compared to the currents deduced from pressure-gauge data by
Cartwright et al. [1980] and to Saunders‘ [1983] moored current meter results from
one site in the southern part of the area under discussion. Thus new current data are
presented, and indirectly deduced tidal current properties are checked in an attempt to
provide an extended data base in the eastern North Atlantic for the verification of numerical
tidal models.

2  The data set

The current meter data used in this analysis were from moorings of the international
Northeast Atlantic Dynamics Study (NEADS) and also from moorings deployed in the
region by the Institut fiir Meereskunde an der Universitit Kiel (Dickson [1983]; Miiller
{1981]; Miiller and Zenk [1983]). Mooring positions and the major features of bottom
topography are shown in Fig.1, and a summary of the depths and durations of individual
records are presented in Table 1. Only data from Aanderaa Current Meters were used to
ensure a consistent data set, and only records with a minimum length of 4 months were
selected to allow the use of ordinary harmonic analysis to resolve M,, S,, K; tides and
inertial signals (Godin [1972]). The vertical profiles of Brunt-Viisili-frequency N requi-
red for the modal analysis were obtained from Price [1983] who had presented density
distributions from historic hydrographic data averaged in 10° X 10° squares.
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Fig.1. Topographic map with positions A to G of moorings,
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Table

1
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3  Methods of analysis

The area of investigation is north of the critical latitude where, according to linear
internal wave theory, no diurnal baroclinic waves should exist. This is not so for semi-diurnal
internal waves. Modal analysis was therefore applied in the case of semi-diurnal tides,
discriminating between barotropic and low order baroclinic waves, while a vertical averaging
scheme was selected for the study of diurnal barotropic tides. The method used for semi-
diurnal components is summarized in the diagram of Fig. 2.

Normalized modes are calculated by numerically integrating the internal wave equation

2 — 2
a:w + Nz dW + N —w

dz? g dz w? — f?

for the given Brunt-Viisild-frequency N, using the Runge-Kutta method, with vertical
velocity amplitude W, vertical coordinate z, gravitational acceleration g, angular frequency
 and horizontal wave number . Vertical velocity equals zero at the surface and the
bottom. The horizontal velocities can be obtained from the vertical derivative of the vertical
velocity for each mode (Krauss [1966]). The Fourier coefficients of horizontal tidal
currents, determined by harmonic analysis of the current meter time series, can then be
least-squares approximated by a set of modes. The zero-order mode is equated to the
barotropic tide. As an example, the modes of the M, tide resulting from our analysis are
presented in Fig. 3.

WwW=0

current ellipse

a, b, 6, 1,
A
harmonic counstants astronomical
H, g argument and
nodal modulation

approximation by
normal modes

tidal currents
corrected for
mooring motion

A /

numerical harmonic harmonic
integration o N analysis analysis
A 3 A
theory of data data data
internal waves
S, T, P U, v P

Fig.2. Method of semi-diurnal tide analysis
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Fig.3. Normal modes of the east (#) and north (v) component of the M, tide at position B,
mooring no. 264-1.
Full circles indicate levels of current meters used for determining modal amplitudes

Mooring motions can not be neglected when determining the tidal currents, and typical
errors due to this effect will be discussed here. The moorings usually contained pressure
sensors near the top, and their records can be used to determine the changes in instrument
depths due to the drag forces of currents acting on the mooring. With a current of a single
period alone, the pressure will change with half that period. If superimposed on slower
varying and stronger currents, the tidal period will be found in the pressure record. The
pressure spectra contain strong semi-diurnal tidal peaks, indicating the latter conditions.
According to Fofonoff [1966], resonant modes of deep-sea mooring motions will have
periods which are several orders of magnitude below tidal periods. The response of the
pendulum mode of a mooring to changing tidal current drag will therefore be almost in
phase with the forcing current. The data indicate a decrease of instrument depth changes
with increasing depth, suggesting a rigid inverted pendulum mode as a useful approximation.
Assuming the mooring to move in the plane of the major tidal ellipse, the 180° phase
uncertainty in relating pressure and current records can be removed. The procedure is
included in the schematic diagram of Fig.2, and results for one mooring will be presented
later.

Phases are referred to Greenwich Mean Time (GMT) [Universal Time Co-ordinated
(UTC)]. From the amplitude and phase information for the east and north components,
tidal current ellipses can be determined, with the major axis 24, the minor axis 2b, the angle
6 of the major axis with respect to north, and the time ¢, of the current maximum referred to
Greenwich (Doodson [1941)).
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4 Tidal currents

Results from the M, analysis are presented in Fig. 4 and Tables 2, 3 and 4. Results from
mooring 264-1 (B in Fig. 1) will be used to discuss the accuracy of the M, tidal parameters.
The modal structure and the resulting partition of energy in those modes will depend on the
actual profile of the Brunt-Viiséld frequency N. In Table 2 we compare results obtained
when using the Price [1983] mean N profile and when using N calculated from a single
CTD-profile obtained near the site of 264-1 in April 1982. Although deviations in the
barotropic current component amplitudes are only 3 to 4%, the energy partition is affected
considerably, with a change of about 7% in the barotropic tidal energy. The effect of
mooring motion is presented in Table 3. Here, deviations in the current component ampli-
tudes are of order 10%, while the partition of energy in modes is less affected.

Additional errors will be due to the deviations between actual tidal currents and the
Gaussian fit using a limited number of normal modes. Due to different numbers of instru-
ments on the moorings, the quality of the fit varies. Results for moorings 264-1 (B) and
242-1 (D) are given in Table 4. The deviations are in the range of 6 to 22% of current
component amplitudes. Resulting errors are up to 15% for the major ellipse axis and up to
70% for the minor axis. In the case of narrow ellipses the sense of rotation becomes
uncertain.

We will now discuss the results of the M, tide. According to Table 5, a strong
dominance of mode 0 is usually found, and mode 1 clearly dominates among the baroclinic
modes. In two cases, however, the energy of the first-order mode is larger than the energy
of the barotropic mode (moorings no. 229-1 and 230-1). These two moorings were in place
at the same time in late 1978, both to the north of the Azores Fracture Zone (D and E in
Fig.1). One might speculate that bottom topography in that area was responsible for the
generation of baroclinic tides and an increased transfer of energy from barotropic to
baroclines waves. Harmonic constants and tidal ellipse parameters for the barotropic M,
tide are given in Table 6, and the ellipses (excluding moorings no. 229-1 and 230-1) are
compared to the results obtained by Cartwright etal. {1980] and Saunders [1983]in
Fig. 4.

At positions in the Northern Canary Basin, to the southeast of the Azores (A, B and
C), we find the major axes of the current ellipses oriented towards the northeast, with
clockwise rotation. While the major axis orientation is similar to that in the Iberian Basin, to
the east of the Azores (D), anti-clockwise motion is found there. At the two positions north
of the Azores Rise (F and G) the major axes are oriented approximately east-west, with
anti-clockwise rotation. The trend in the regional variation of the major axis orientation is
consistent with the results of Cartwright et al. [1980] and Saunders [1983], but
major axis amplitudes differ up to about 30%. The differences between the results of this
study and Saunders‘ [1983] much higher values at position B (NEADS Site 1) are
particularly noteworthy.

It will be attempted to differentiate between progressive and standing tidal waves by
inter-comparing our current phases with the phases of surface elevation from the Cart-
wright et al. [1980] observations. In the case of progressive waves, current and surface
elevation should be in phase, while standing waves will result in a 90° phase shift. Sager
[1963] proposed a classification of tides by allowing a deviation +1/16 of a period from the
in-phase or the out-of-phase condition to define progressive or standing waves, respectively,
with all other waves being of mixed type. Cotidal lines and corange lines taken from
Cartwright et al. [1980] are included in Fig.4. When interpolating linearly between
cotidal lines and directly comparing the phase information of the coastal gauges given in the
figure with the phase data obtained here from current meter data (standard deviation
+0.4 h) progressive waves are found in most cases. Only at site G is a mixed-type M, wave
determined.
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Fig.4. M, tidal ellipses from this study (heavy lines) with ¢ denoting clockwise rotation and from

Cartwright etal. [1980] and Saunders [1983] (narrow line). Phase values of moored data and

coastal data give hours referred to equilibrium tide maximum at Greenwich. Cotidal lines (solid)
and corange lines (broken, in millibar) were taken from Cartwright et al. [1980]
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Table 2

M, tidal ellipse data and energy partition on modes for Brunt-Viisili frequency N obtained from

mean density data and N* from density data of one individual CTD station at the site (Mooring

no. 264-1 (Site B)). East velocity component 1, north velocity component v, major ellipse axis 2a,

minor axis 25, angle 6 counted clockwise between north and major axis, and phase 7, with respect
to equilibrium tide maximmm at Greenwich. Negative sign of o denotes clockwise rotation

Harmonic constants Tidal ellipse
H g a b 6 to
cms™? cms™! cm st h
_ u: 1.5 29.2°
N 2.6 -0.2 34.5° 0.8
v: 2.2 22.1°
u: 1.5 23.5°
N* 2.6 ~0.0 36.5° 0.8
v: 2.1 23.2°
Kinetic energy partition
Mode Mode Mode Mode
0 1 2 3
N 76.9% 16.9% 4.8% 1.4%
N* 83.0% 12.5% 32% 1.3%
Table 3

M, ellipse data and energy partition with mooring motion considered (Mooring no. 264-1 (Site B)),
and deviations from respective data for N in Table 2. For symbols see Table 2

Harmonic constants Tidal ellipse
H g a b Z] to
cms™? cms! cms! h
w o 13(+02) 407(-115)
values and 24(+02)  —03(+00) BL(HLF)  11(-03)
eviations vio 20(+02)  26.6(-45)
Kinetic energy partition
Mode Mode Mode Mode
] 1 2 3
N 74.2% 18.9% 5.7% 1.2%
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Table 4

M, ellipse data for two selected moorings and deviations between actual M, tidal carrents and
Gaussian fit using modes 0 to 3. For symbols see Table 2

i Tidal elli
I dentification Harmonic constants 1aal e llpse
H K a b 6 t,
cms™! cmst cms™! h
u 15403  202°+120°
264-1 26 ~02 345 08
. +0.4 +0.1 +88 +0.4
(Site B) v 22405 RILEDF
wo 23101 M9 H68
2421 32 15 Vi 23
. +02 +08 £4.° +0.1
(Site D) v 26401  SLI452
Table 5
Energy partition on modes for M, tide
Identification Kinetic energy partition Number of
Mode 0 Mode 1 Mode 2 Mode 3 depths
Site A 278-1 95.5% 3.4% 0.7% 0.4% 6
184-1 93.7% 6.2% 0.1% — 4
264-1 76.9% 16.9% 4.8% 1.4% 6
Site B 276-1 78.9% 18.2% 0.1% 2.8% 6
276-2 90.8% 9.0% 0.2% — 5
276-3 77.5% 16.1% 6.4% — 5
Site © 27722 64.0% 29.3% 4.2% 2.5% 6
ite 2773 72.3% 26.9% 0.8% — 5
203-1 71.5% 28.5% 0.0% e 4
Site D 220-1 46.4% 53.6% — — 3
242-1 66.4% 33.6% — — 3
Site E 230-1 32.7% 67.3% — — 3
Site F 266-2 81.0% 19.0% — — 3

Site G 265-2 85.5% 14.5% — — 3
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Table 6
Harmonic constants and tidal ellipse parameters for barotropic M, tide.
For symbols see Table 2
Identification Harmonic constants Tidal ellipse
H g a b 0 t,
cms™! cms! cmst h
. u: 2.0 11.6° _ o
Site A 278-2 e 21 290 2.8 0.2 43.6 0.2
u: 1.2 36.0° _ o
184-1 e 12 19.7° 1.7 0.1 46.4 0.8
u: 1.5 29.2° _ o
264-1 " 55 21 2.6 0.2 34.5 0.8
. u: 2.2 63.1° _ o
Site B 276-1 v 19 17.5° 2.7 1.1 52.2 1.6
u: 2.0 29.2° _ o
276-2 v 20 05 2.8 0.7 45.5 0.5
u: 2.5 41.3° _ o
276-3 - 2.0 L6 3.0 1.0 52.4 0.9
u: 1.5 39.8° _ o
Site C 277-2 - 16 26.5° 2.2 0.3 42.8 1.1
u: 2.0 51.7° _ o
271-3 - 54 21 3.0 0.8 38.9 1.2
u: 1.3 55.8° o
203-1 Ve 15 66.0° 1.9 0.2 40.8 21
: u: 1.2 343.2° N :
Site D 229-1 v 03 pe 1.2 0.1 75.2 11.9
u 2.3 34.9° o
242-1 iy 57 87.1° 3.2 1.5 38.2 2.3
. u: 0.7 344.9° o
Site E 230-1 - 0.4 44.9° 0.8 0.4 68.1 12.3
. w 1.8 42.1° o
Site F 266-2 e 0.7 7910 1.9 0.3 71.4 1.6
. u: 2.0 60.0° o
Site G 265-2 v 05 210.9° 2.0 0.3 103.9 2.0
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Fig.5. §, tidal ellipses from this study with ¢ denoting clockwise rotation. Phase values of moored
data and coastal data give hours referred to equilibrium tide maximum at Greenwich. Cotidal lines
(solid) and corange lines (broken, in millibar) were taken from Cartwright et al. [1980]
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Results for the S, tide are given in Fig. 5 and Tables 7 and 8. Due to lower amplitudes
compared to M,, the relative errors are larger here, and the sense of rotation is therefore
uncertain in this case. Except for mooring 229-1, the zero-order mode dominates. Ellipses
are oriented towards the northeast throughout the area. No current ellipse data from eatlier
analyses are available for comparison of S,. Within the accuracy available here (£0.3 h) all
waves are found to be progressive.

As explained earlier, a vertical averaging scheme was used for determining diurnal
barotropic tides. Results for K; are presented in Fig.6. Major axis orientation varies
considerably. Progressive waves are found here except for site A where a mixed type of tide
is determined. Because of large relative errors due to small amplitudes, O, tides will not be
considered in this study. We conclude that the analysis provides tidal current information
that can be used for the testing of numerical models of the M;, S, and K tide in the
Northeast Atlantic. Deviations are found from the results of Cartwright et al. [1980]
and Saunders [1983] with respect to M, tidal current amplitudes, but a similar current
pattern is obtained.

Table 7
Energy partition on modes for S, tide

e Kinetic energy partition
Identification

Mode 0 Mode 1 Mode 2 Mode 3

Site A 2782 87.9% 10.7% 1.1% 0.3%
184-1 88.6% 11.4% 0.0% —

264-1 49.3% 14.7% 28.6% 7.4%

Site B 276-1 84.5% 132% 0.1% 2.2%
2762 91.9% 8.0% 0.1% —
2763 47.8% 41.9% 10.3% —

S 2772 91.9% 1.4% 4.9% 1.8%
ite 277-3 95.8% 3.7% 0.5% —
203-1 86.5% 13.5% 0.0% —
Site D 229-1 42.0% 58.0% — _
242-1 65.8% 34.2% — —
Site E 230-1 67.6% 32.4% — —
Site F 266-2 74.7% 25.3% — —

Site G 265-2 57.7% 42.3% — —
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Table 8
Harmonic constants and tidal eflipse parameters for barotropic S, tide.
For symbols see Table 2
Identification Harmonic constants Tidal ellipse
H g a b (7] t
cms™! cms™! cms! h
. u: 0.6 34.3° o
Site A 2782 - 0.7 39.9° 0.9 0.0 40.1 1.3
u: 0.5 57.4° o
184-1 o 0.4 63.0° 0.6 0.0 52.3 2.0
u: 0.5 61.6° _ o
264-1 o 03 61.0° 0.6 0.0 56.0 2.1
. u: 0.5 41.0° ‘ o
Site B 276-1 o 06 84.3° 0.7 0.3 37.3 2.3
u: 0.6 52.5° _ o
276-2 o 06 5140 0.8 0.0 46.2 1.7
u 0.7 71.2° o
276-3 - 06 25.0° 0.8 -0.3 48.0 1.7
u: 0.6 58.5° _ o
Sito C 277-2 e 0.6 45 5° 0.8 0.1 49.2 1.8
u: 0.5 78.5° _ o
277-3 - 0.7 39.9° 0.9 0.1 33.6 22
u: 0.5 75.7° °
203-1 o 06 96.5° 0.8 0.1 41.1 2.9
. u: 0.4 51.9° o
Site D 229-1 - 0.3 01.3° 0.5 0.2 58.4 2.1
u: 1.5 55.7° _ o
242-1 iy 06 347.9° 1.5 0.5 79.8 1.7
. u: 0.6 100.7° o
Site E 230-1 o 06 101.8° 0.9 0.0 48.6 34
. u: 0.4 129.6° o
Site F 266-2 Ve 05 125.0° 0.6 -0.0 40.7 4.2
. u: 0.6 107.7° o
Site G 265-2 - 03 153.5° 0.6 0.2 71.5 3.8
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Fig.6. K, tidal cllipses from this study with counter-clockwise rotation. Phase values of moored
data and coastal data give hours referred to equilibrium tide maximum at Greenwich. Cotidal lines
(solid) and corange lines (broken, in millibar) were taken from Cartwright et al. [1980]
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