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Abstract — Tidal currents derived from the TPXO.2 global tidal model of Egbert, Bennett, and
Foreman are compared with those determined from long-range reciprocal acoustic transmissions.
Amplitudes and phases of tidal constituents in the western North Atlantic are derived from acoustic
data obtained in 1991-1992 using a pentagonal array of transceivers. Small, spatially coherent
differences between the measured and modeled tidal harmonic constants mostly result from smoo-
thing assumptions made in the model and errors caused in the model currents by complicated
topography to the southwest of the acoustical array. Acoustically measured harmonic constants
(amplitude, phase) of M, tidal vorticity (3-8 x 107°s7!, 210-310°) agree with those derived from
the TPX0.2 model (2-5 x 107°s™', 250-300°), whereas harmonic constants of about (1-2 X
10-° 57!, 350-360°) are theoretically expected from the equations of motion. Harmonic constants
in the North Pacific Ocean are determined using acoustic data from a triangular transceiver array
deployed in 1987. These constants are consistent with those given by the TPXO.2 tidal model
within the uncertainties. Tidal current harmonic constants determined from current meters do not
generally provide a critical test of tidal models. The tidal currents have been estimated to high
accuracy using long-range reciprocal acoustic transmissions; these estimates will be useful con-
straints on future global tidal models. © 1998 Elsevier Science Ltd. All rights reserved

1. INTRODUCTION

In this paper, we compare the harmonic constants for barotropic tidal current of the eight
major tidal constituents (K,, S,, M, N, K, P;, O), Q,), as derived from acoustic, altimetric,
and current-meter data (LUYTEN and STOMMEL, 1991; M, constituent only). Tidal currents
determined in the central North Pacific Ocean and the western North Atlantic from long-range
reciprocal acoustic transmissions are used to show that the TPX0.2 TOPEX/POSEIDON tidal
model (EGBERT et al., 1994) accurately predicts tidal currents in those regions. Previous tests
of global tidal models have relied principally on tidal elevation determined by island and pelagic
tide gauges and TOPEX/POSEIDON altimetry (SHUM et al., 1997). In addition to their use in
correcting altimetry, these models are used for other oceanographic and geophysical applications,
e.g., studies of the rotation rate of the Earth (RAY er al, 1994). Unlike most tidal models,
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TPXO.2 naturally includes tidal currents as part of the tidal solution. Moored current meters
are able to measure tidal currents, but separation of the baroclinic and barotropic components
is often problematical when substantial internal-wave noise is present or the instruments are
widely spaced in the water column. All tidal harmonic constants in this paper are corrected for
the 18.6-year period oscillation of the Moon’s node (SCHUREMAN, 1958).

Using the currents predicted by the TPXO.2 model and the currents measured acoustically in
the North Atlantic, we will demonstrate that tidal currents can be estimated to high accuracy
using long-range reciprocal acoustic transmissions. A critical comparison between measured and
modelled tidal harmonic constants will be used to show the accuracy of the measured tidal
constants. The accurate tidal current estimates may be an important constraint to future global
tidal models. In particular, in order to properly assess the energy budget and dissipation for
global tides, both tidal elevation and current must be accurately modelled.

In Section 2, the measurement of tidal variability using long-range acoustic transmissions is
reviewed. In Section 3, the TPX0.2 model is described, as are the procedures used to derive
line-integrated harmonic constants and their uncertainties from this model. In Section 4, the
Acoustic Mid-Ocean Dynamics Experiment (AMODE) is introduced, and the harmonic con-
stants measured acoustically and modelled by TPXO.2 are critically compared. In Section 5,
the differences between the acoustical and modelled harmonic constants are shown to be spatially
coherent by inverting shallow-water equations for tidal elevation. In Section 6, the 1987 Recipro-
cal Tomography Experiment (RTE87) is reviewed, and the acoustical results are compared with
the TPXO.2 model results. In Section 7, M, tidal current harmonic constants derived from
current meters (LUYTEN and STOMMEL, 1991; SIEDLER and PAUL, 1991) are compared with the
corresponding values determined from the TPX0O.2 model. Our conclusions follow in Section 8.

2. LONG-RANGE ACOUSTIC TRANSMISSIONS

The most accurate measurements of barotropic tidal currents (and large-scale barotropic cur-
rents in general) are made using reciprocal acoustic transmissions between transceivers separated
by a few hundred kilometers or more (DUSHAW et al., 1993, 1994, 1995a). The difference
between the travel times of reciprocal rays is an accurate measure of barotropic current, since
this difference cancels the effect of temperature variability. Both the 1991-1992 Acoustic Mid-
Ocean Dynamics Experiment (Fig. 1) and the 1987 Reciprocal Tomography Experiment
(DUSHAW et al., 1995a) discussed here employed reciprocal acoustic transmissions. The acoustic
measurements average over the O(500-km) path lengths; hence short-scale variability (i.e.,
noise) is filtered to a significant degree.

The procedures used to derive the tidal currents and their harmonic constants from reciprocal
acoustic transmissions have been described by DUsHAW et al. (1995a). Briefly, inverse tech-
niques are used to estimate the depth-averaged (barotropic) current from the travel times and
their associated ray paths, followed by a weighted-least-squares tidal analysis of the time series
of barotropic current.

The baroclinic tidal currents do not affect the determination of harmonic constants of the
barotropic tidal currents (DUSHAW et al., 1995a) when reciprocal acoustic transmissions are
used. Because the baroclinic current changes sign in the water column and the acoustic rays
cycle throughout the water column, the acoustical data naturally filter out baroclinic current
variability. In addition, in order for the internal-tide current to significantly affect the ray travel
times, it must have some degree of coherence along the acoustical path. Most internal-tide
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Fig. 1. The location of the AMODE array. The AMODE data consist of reciprocal acoustic trans-

missions between the numbered moorings. The M, elevation amplitude (dashed) and phase (solid)

are shown. The TOPEX/POSEIDON crossover points, data from which were used to derive the
TPXO.2 tidal model, are indicated by the circled dots.

variability is not coherent over 500—1000 km length scales. For both AMODE and RTE87, we
have verified that the internal-tide current affects the determination of barotropic-tide current
harmonic constants by less than their uncertainties. (The coherent component of the internal
tide can be observed using the sum of reciprocal ray travel times (DUSHAW e al., 1995a, b)).

3. LINE INTEGRALS OF TPX0.2 CURRENT HARMONIC CONSTANTS

The TPXO.2 tidal model (EGBERT ef al., 1994) is a solution for sea-surface height and current
for each of the eight major constituent frequencies (K,, S,, M5, N,, K, P;, O, Q;). The model
was derived using generalized inverse methods to combine a dynamical model (the Laplace
tidal equations), data, and model and data uncertainties. The inverse solution for the tides is a
linear combination of representer functions, which are determined by the dynamical equations
and by prior estimates of model error statistics. The model domain spans 80° S to 70° N latitude,
and the tidal current is available on a 0.6° (latitude) x 0.7° (longitude) grid.

For direct comparison with the acoustically determined harmonic constants, it is important to
calculate range-averaged harmonic constants from the modelled tidal currents. Along some of
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the acoustic paths in the AMODE region, the amplitude of the M, tidal current varies by up to
25% and the phase varies by up to 50°. The range-averaged currents are found by interpolating
the TPXO.2 model onto O(50-100) points along each acoustical path (Fig. 2), projecting the
complex meridional and zonal currents in the direction of the path, and then calculating the
average of the complex tidal harmonic constant along the path. The calculation takes into account
the advance of the tidal phases during the O(10 min) acoustic propagation time. The TPXO.2
model has a correlation length of O(500 km), so that interpolating the model by cubic splines
is adequate.

Uncertainties in the path-averaged values obtained from the tidal model were calculated using
20 realizations of the errors in elevation and current. The variance and correlations of the para-
meters of interest (e.g., line integrals of current) can be calculated from the Monte Carlo realiza-
tions. Appendices A and B describe how the error fields for TPXO.2 were generated and how
the uncertainties for the line-integrated quantities were calculated.

4. THE WESTERN NORTH ATLANTIC OCEAN: AMODE

The year-long AMODE experiment was conducted during 1991-1992. The main purpose of
AMODE was to gather line-integral measurements for use in resolving or mapping mesoscale
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Fig. 2. Zonal and meridional currents are projected onto the direction of acoustic propagation. A

and G are the tidal amplitude and phase, respectively. The projected values are averaged along

the acoustic path with a factor exp(iwr/c), where w is a tidal frequency, r is the range along the

path and ¢ is sound speed, to account for the advance of the tidal phase during the acoustic
propagation.
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Fig. 3. (a) M, barotropic tidal-current ellipses predicted by TPXO.2 for the western North Atlantic

together with the location of the AMODE acoustic transceiver array. Transmissions between trans-

ceivers 2 and 5 are along the major axis of the M, tidal ellipses; (b) as in (a) but for K, barotropic
tidal-current ellipses.

variability in dynamical models. Six acoustic transceivers were deployed in a pentagonal array
approximately 700 km across [Fig. 3(a,b)]. The locations of the transceiver moorings are given
in Table 1. During this experiment, transmissions occurred every four hours on every fourth
day, with transmissions on each day for four weeks during summer 1991 (AMODE Group,
1994) (Fig. 4). The record length of the acoustical time series is 200-300 days, depending on
the acoustic path (Table 2 b). In Table 2, positive current is defined as flowing from smaller to
greater numbered moorings, e.g., on path 1,2 positive current flows from mooring 1 to mooring 2.
Significant eddy currents were observed, but tidal currents account for 50-90% of the observed
high-frequency ( > 1 cpd) barotropic current (DUSHAW et al., 1996), depending on the orien-
tation of the tidal-current ellipses relative to the acoustic path. To remove the eddy variability
prior to the tidal analysis, the data are filtered by removing a daily average. (This filtering also
removes the fortnightly tide, Mg; this tidal constituent is not resolved with these data.) Analyses
of simulated tidal time series with noise show that the aliasing effects on the harmonic constants
caused by the daily-average filter and irregular sampling are negligible compared with the esti-
mated uncertainties; this might be expected given the near equality of the filter window and the

Table 1. The AMODE transceiver mooring positions and their uncertainties

Mooring Latitude (north) Uncert. (m) Longitude (west)  Uncert. (m)  Source depth (m)
1 27°43.2329' 0.6 64°31.1107' 0.9 985
2 24°20.0499' 0.5 62°53.3477’ 0.8 996
3 21°53.9489’ 0.5 65°49.8894' 0.8 1003
4 23°38.2722' 0.5 69°21.5593’ 0.8 1008
5 27°21.12147 0.6 68°43.5229’ 0.9 979
6 25° 00.0178’ 05 66°15.0826’ 0.8 992
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Fig. 4. A subset of the time series of the difference between reciprocal ray travel times for the

paths between (a) moorings 1 and 3 and (b) moorings 2 and 4. These time series have been high-

pass filtered by removing a daily average. The various time series in each panel correspond to

the various ray arrivals. These data were used to solve for time series of barotropic current, from

which the tidal harmonic constants were then derived. The record lengths of these time series are
200-300 days, depending on the path.

diurnal period. The simulations also show that constituents with nearly identical frequencies (K,
and S, or K, and P,) are adequately resolved with these time series; in any case the error bars
reflect the ambiguity, or cross-talk, between frequencies.

After comparing the measured and predicted harmonic constants and their uncertainties, we
then discuss the acoustical, modelled, and theoretical relative vorticity of the M, constituent. In
the next section, the small differences between the measured and modelled currents are shown
to be systematic, or spatially coherent, by using the shallow water equations, and small correc-
tions to the TPXO.2 current field are derived.

4.1. Comparison with the TPX0.2 model

The harmonic constants derived from the AMODE data are compared with the TPXO.2 har-
monic constants as a function of tidal frequency for four of the fifteen acoustic paths in Fig.
S(a-d); the comparisons for the other paths are similar. For both diurnal and semidiurnal fre-
quencies, the measured and modelled harmonic constants generally agree, but some disagreement
is also evident, particularly for the smaller constituents. The M, amplitudes predicted by TPXO.2
are generally larger than the measured values. (The error bars for the measured M, amplitudes
are so small as to be contained within the symbols in Fig. 5.) The modelled diurnal phases
frequently differ significantly from the measured values; neither the measured nor the modelled
phases are a particularly smooth function of frequency.
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Table 2. Amplitude and Greenwich phase of the eight major barotropic tidal-current constituents determined on
each of the 15 AMODE acoustic paths. The locations of the mooring numbers indicated are given in Fig. 1 and
Table 1. The convention of tidal phase is that positive current flows from smaller to greater numbered moorings.
These values plotted in Figs 5 and 6

Acoustic Tidal constituent
path
K, S, M, N, K, P, 0, Q

Amplitude (¢cm s')

1,2 0.1240.02 0.31+£0.02 1.23x0.02 0.31+0.02 0.0910.02 0.06+0.02 0.04+0.02 0.05+0.02
1.3 0.05£0.01 0.1620.01 0.53+0.02 0.12+£0.01 0.08+0.01 0.03+£0.02 0.07+0.01 0.02+0.01
1,4 0.02£0.01 0.08+£0.01 0.25+0.01 0.08+0.01 0.06£0.01 0.01+0.01 0.03+0.01 0.030.01
1,5 0.09£0.02 0.2240.02 0.90+0.02 0.22+£0.02 0.05+0.02 0.14+£0.02 0.06+0.02 0.03+0.02
1,6 0.0210.01 0.08£0.01 0.16£0.01 0.03x0.01 0.07£0.01 0.03£0.01 0.04+0.01 0.020.01

23 0.01£0.01 0.03x0.01 0.20£0.01 0.0430.01 0.0120.01 0.01+0.01 0.04+0.01 0.01%0.01
24 0.03£0.02 0.15£0.02 0.83%0.02 0.24:0.02 0.11+0.02 0.09+0.02 0.03£0.02 0.01+0.02
2,5 0.0940.02 0.23+0.02 1.1520.02 0.3410.02 0.0530.02 0.0610.02 0.02+0.02 0.04+0.02
2,6 0.0510.01 0.27+£0.01 1.23%0.01 0.30+0.01 0.10£0.01 0.0410.01 0.08%0.01 0.04+0.01
34 0.091£0.02 0.22+0.02 1.162£0.02 0.26+0.02 0.07+£0.02 0.04+0.02 0.09+0.02 0.02+0.02
35 0.08£0.02 022+0.02 0.9240.02 0.23+0.02 0.11£0.02 0.10+0.02 0.06+0.02 0.04+0.02
3,6 0.04+£0.02 0.1980.02 0.72+£0.02 0.18%0.02 0.11+0.02 0.05+0.02 0.08+0.02 0.02+0.02
4,5 0.0320.02 0.1240.02 0.4610.02 0.13£0.02 0.130.02 0.01+0.02 0.03%0.02 0.05%0.02
4,6 0.03£0.01 0.0810.01 0.53+0.02 0.13x0.02 0.03£0.01 0.05%0.01 0.01£0.01 0.02+0.01
5,6 0.07£0.02 0.28+0.02 1.14%0.02 0.30+0.02 0.11£0.02 0.03+0.02 0.02+0.02 0.04+0.02

Greenwich phase (deg)

1,2 143+7 138+3 11+1 93+3 202+10 251%16 248+23 173£18
1,3 170+ 14 1506 1172 94 +7 205+11 196%£28 254+12 196t44
1.4 250+£35 23610 252+3 255+10 178+13 268+53 207+21 242421
1,5 333413 291 +6 275+1 256 £5 69 +27 16410 176x17 253+41
1,6 161 £22 163 £8 148 £4 126 £ 18 196 £ 8 204£22 22913 126132
23 331+80 28517 2663 256+15 166+13 247176 18413 292157
24 331+25 3186 2821 26314 8318 15711 220%25 25189
2.5 205+10  305+4 283 +1 265+3 76+ 19 4+17 78 +39 100 + 21
2,6 291+£16  302+£3 283+ 1 267+3 128 +8 129+ 21 41%9 41+19
34 34612 326%6 284 %1 274 %5 9+15 112+34  85+12  230%65
35 343+14 32217 284 %1 26716 48x 12 74+ 14 45121 102 £31
3,6 346+20  319%5 292+ 1 258 %5 55+8 115+£20 26%11 164 £45
4,5 356+33 331+11 280 +3 2469 4810 37180 17 £31 35223
4,6 132+29  104%11 97%2 80+7 258+25 347+18 167x86 341134
5,6 144+ 14 130+ 4 1051 73+3 269+£10 179+£34 356£55 230%22

The harmonic constants for all acoustic paths can be compared with the model in a more
systematic way when they are considered as a function of the path’s orientation. This orientation
will be defined in terms of “azimuthal angle”, which is the bearing of an acoustic path with
respect to north (positive clockwise). The azimuthal angle varies between 0° (due north) and
179°; azimuthal angles greater than this are redefined by subtracting 180° from the tidal phase
which changes the azimuthal angle by 180°. Path 2,4, for example, has an azimuthal angle
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Fig. 5. Harmonic constants as a function of frequency (constituent) for four paths of the fifteen-

path AMODE array as predicted by TPXO.2 (triangles, dashed line) and determined acoustically

(open circles with one standard deviation error bars, solid line) (a) Path 1,2; (b) Path 24;
(c) Path 2,5; (d) Path 1,4.

of about 83° (rather than 263°). Figure 6(a,b) shows how the harmonic constants vary with
azimuthal angle.

The variation of the harmonic constants with azimuthal angle reflects the tidal ellipses. From
Fig. 3(a), for example, it can be seen that the major axis of the M, tidal ellipse lies along path
2,5; this path has an azimuthal angle of about 120°, which is where the largest M, amplitude
occurs in Fig. 6(a). At a single point, the tidal phase will increase with azimuthal angle if the
polarization is clockwise and decrease if it is anticlockwise. The polarization varies across the
AMODE array for some constituents (e.g., along path 1,4 for the M, constituent). Thus, for
some of the constituents (e.g., Q,) 180° jumps in phase as a function of azimuth might be
expected because current along some of the acoustic paths flows in opposite directions and the
tidal phase depends on the average over those paths.

The measured amplitudes and phases are not functions simply of azimuthal angle because of
the geographical variation of the tidal current field across the AMODE array. While the data
appear to suggest that some of the tidal ellipses are not exact ellipses (e.g., P, in Fig. 6), this
interpretation is incorrect because the data result from line-integral, rather than point, obser-
vations. The geographically caused variations in the azimuthal dependence of the acoustically
determined harmonic constants are often significantly greater than the estimated error bars. The



TPX0.2 and barotropic tidal currents determined from long-range acoustic transmissions 345

(a) o020 0.5
0.16th 0.4L52
- a
o.12f } | osf Y
- a
o.08f }Aiif 0.2}s g 2
- a a a
0.04 } 0.1} o TPX0.2
t? 3 3 § ? t * 3 2 sAcoustl
OOO  — L i L1 ) I . 0'0 1 1 L 1 1 —_—t
0.5
N & a
M N
— 12F 2 ° [y ) 0.4 _N2
I 1.0F : 3 [
) o8l . ) : 0.3} [ ] f 2 2
c 0.6} . 0.2} i i .
& % H
O 0.4}a ; 0.1k *
N~—r 0'2—101 L 1 L L 1 1 OO l.liL | I S | 1 1
O 0.20 0.20
© - K, FP,
5 0.16} 0.16}
= 0 12:} } % Q 012k }
— 0. R :
- &
g‘ 0.08f¢ 3 . b i i 0.08f f
- a
< 004f §§§ o.o:s,[z§ i,}%? !
0.00 1 1 1 J J . 1 Ooo K li 1 L 1 L 1 1
0.20 0.20
)_ -
0.16—0‘ 0.16-0’
o.12} 0.12}F
0.08}, } § 0.08}
- ry a o
0.04 -f ¢ ; i % i 0.04 -% §.§j % ?
0.00 SR 0.00 4.2 —
0 60 120 180 0O 120 180

Azimuthal Angle (deg)

Fig. 6. (a). Harmonic constants as a function of azimuthal angle (positive clockwise with respect

to north) predicted by TPXO.2 (triangles) and determined acoustically (open circles with one

standard deviation error bars). The variation of amplitude with azimuthal angle indicates the tidal

ellipses. (b). Same as (a), but for Greenwich phase (degrees). The variation of phase indicates
the ellipse polarization (M, is clockwise whereas K, is anticlockwise).

TPXO0.2 values are a smooth function of azimuthal angle as a result of the 500 km correlation
scale inherent in the model; the TPXO.2 current field is apparently overly smooth in the
AMODE region.

Paths with nearly identical azimuthal angles are completely independent (other than the
method of analysis). Thus, acoustical results that might appear to be outliers, such as the two
points for P, amplitude near an azimuthal angle of 84° (from paths 1,5 and 2,4) or the two
points for P, phase near an azimuthal angle of 40° (from paths 1,4 and 2,3), actually corroborate
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Fig. 6. Continued

each other. We have no explanation for this phenomenon, but the uncertainties for these cases
are large. Perhaps the acoustic array is sensitive to local topographic influences on tidal currents,
which the model does not take into account. TPXO.2 uses coarsely sampled ETOPOS topography
(NATIONAL GEOPHYSICAL DAaTA CENTER, 1992) which is often inaccurate. Bathymetric data
collected along path 1,5, for example, show a seamount which rises 1500 m above the ocean
floor; this seamount is not apparent in the ETOPOS5 data. Because of numerical computation
limits, the model has a coarse 2/3° grid spacing.

The model amplitude for M, is systematically too large, and 10—20 errors in phase are evident.
Systematic errors in both amplitude and phase are also evident for Q,; the TPX0.2 model
predicts that Q, amplitude will decrease with azimuthal angle, whereas the acoustic values for






