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Resonant diurnal internal tides in the North Atlantic
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Abstract. Using a large acoustical array located midway
between Puerto Rico and Bermuda, we have observed
enhanced diurnal tidal signals associated with the lowest
internal-wave mode. These signals result from a diurnal
internal wave resonantly trapped between the shelf just
north of Puerto Rico and the turning latitude, a distance of
about 1100 km. The data obtained using the large acousti-
cal array are consistent with the predicted Airy-function
variation with latitude of diurnal internal waves near the
turning latitude. The existence of this wave is a striking
demonstration of the long spatial and temporal coherence
of oceanic internal tides. In general, the energy radiated by
such waves is a loss of energy from the earth-moon system
and a source of energy for mixing in the deep ocean.

Introduction

Tidal currents perturbing the stratification at the bound-
aries of the ocean basins or at mid-ocean ridges generate
internal waves at tidal frequencies. These internal waves
radiate into the ocean interior in the form of internal-wave
rays [Rattray et al. 1969] or, alternatively, modes. Obser-
vations of internal tides by long-range acoustical means or
satellite altimetry are most sensitive to the signals produced
by the lowest mode of excitation in the vertical. Recent
observations have shown that waves of the lowest mode
can retain coherence far into the ocean’s interior [Hendry
1977, Dushaw et al. 1995, Ray and Mitchum 1996]. Such
radiation has a turning latitude where its frequency is equal
to the inertial frequency [Hendershott 1973, Wunsch and
Gill 1976]; poleward of this latitude these waves cannot
propagate freely. Internal waves approaching their turning
latitude are refracted back toward the equator. The turning
latitude for diurnal frequencies is about 30°. In this paper
we discuss observations of internal waves at diurnal fre-
quencies that are resonantly trapped between their turning
latitude and the shelf just north of Puerto Rico.

The AMODE Experiment

The 1991-92 Acoustic Mid-Ocean Dynamics Experi-
ment (AMODE) [The AMODE Group 1994, Dushaw et al.
1998] was a tomographic array consisting of a pentagonal
array of moored acoustic transceivers located between
Bermuda and Puerto Rico (Figure 1). The ranges between
transceiver moorings were about 350, 410, and 660 km.
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The resulting time series of ray travel times covered
180-300 days with sampling occurring every 4 hours on
every fourth day. The acoustically-derived barotropic tidal
currents were shown to be highly accurate by comparison
with a recent global tidal model derived from satellite
altimetry [Dushaw et al. 1998]. Additional data were
obtained from three thermisters located on each tomo-
graphic mooring at depths of about 600, 775, and 950 m.
All data were high-pass filtered prior to analysis by sub-
tracting daily averages; this filtering does not significantly
affect the estimates of diurnal harmonic constants.

In the western North Atlantic, the acoustic eigenrays
typically have lower turning depths around 3500 m and
upper turning depths around 300 m, and they turn about 20
times over a range of 500 km. A dozen or so rays provide
useful oceanographic information. The travel time varia-
tions at tidal frequencies observed here are about + 10 ms,
while travel time accuracy is about 1 ms. The acoustic data
are corrected for mooring motion using an acoustic naviga-
tion system. The tomographic moorings are particularly
stiff so the effect of mooring motion on the thermister
timeseries is minimized.

Data and Tidal Analysis

The travel times of the acoustic signals are used to deter-
mine the amplitude of the first internal wave mode. The
acoustic travel times are sensive to sound speed, and the
modes in sound speed are obtained by multiplying the dis-
placement modes by the negative of the potential sound
speed gradient. The first displacement mode has a maxi-
mum at about 1400 m and no zero crossings. The signals
of higher-order modes are suppressed in the acoustical data
because they have both positive and negative displacements
in the vertical [Dushaw et al. 1995]. The acoustic ray
paths average over the entire water column, and the vertical
averages of higher order modes are much smaller than that
of the first mode. The mode amplitudes are determined
from the travel times using inverse methods which take
into account the acoustical ray path sampling [Munk et al.
1995]. The maximum first mode displacement at diurnal
frequency was found to be about 1 m at a depth of 1400 m,
and the maximum temperature variation associated with
this displacement is about 0.04°C peak-to-peak at a depth
of 800 m. (The normalization of the vertical modes
employed here is such that an amplitude of 1 m roughly
corresponds to 1 m of displacement at displacement mode
maximum [see Hendry 1977].)

The thermister data were also used to derive mode
amplitudes at the mooring locations. These data do not
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