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ABSTRACT

Travel times of reciprocal 1000-km range acoustic transmissions, determined from the 1987 Reciprocal
Tomography Experiment, are used to study barotropic tidal currents and a large-scale, coherent baroclinic tide
in the central North Pacific Ocean. The difference in reciprocal travel times determines the tidal currents, while
the sum of reciprocal travel times determines the baroclinic tide displacement of isotachs (or equivalently,
isotherms). The barotropic tidal current accounts for 90% of the observed differential travel time variance. The
measured harmonic constants of the eight major tidal constituents of the barotropic tide and the constants
determined from current meter measurements agree well with the empirical-numerical tidal models of Schwiderski
and Cartwright et al. The amplitudes and phases of the first-mode baroclinic tide determined from sum travel
times agree with those determined from moored thermistors and current meters. The baroclinic tidal signals
are consistent with a large-scale, phase-locked internal tide, which apparently has propagated northward over
2000 km from the Hawaiian Ridge. The amplitude, phase, and polarization of the first-mode M, baroclinic
tidal displacement and current are consistent with a northward propagating internal tide. The ratio of baroclinic
energy to barotropic energy determined using the range-averaging acoustic transmissions is about 8%, while a
ratio of 26% was determined from the point measurements. The large-scale, internal tide energy flux, presumed

northward, is estimated to be about 180 W m™'.

1. Introduction

Tidal effects on long-range acoustic transmissions
have been reported by Weinberg et al. (1974), Munk
et al. (1981), Headrick et al. (1993), and Dushaw et
al. (1994, hereafter DWCHc). Munk et al. (1981) re-
ported the observed tidal variations from several one-
way transmission experiments in the western North
Atlantic and reviewed the possible tidal effects on long-
range transmissions. They found that the observed tidal
variations in acoustic travel times could be explained
as a combination of the barotropic tides, baroclinic
tides, and motion of the moored acoustic instruments,
depending on the experiment considered. Howe et al.
(1987) were unable to observe the barotropic tidal cur-
rents from reciprocal transmissions at 300-km range
in the western North Atlantic because the acoustic path
was oriented along the minor (very small) tidal axis.
Headrick et al. (1993) reported the tidal signals ob-
served in five 4000-km long, one-way transmissions
from Hawaii to the west coast of North America. They
found that a model for barotropic tidal currents, based
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on Schwiderski’s empirical-numerical tidal elevation
maps (Schwiderski 1980, hereafter Schwiderski), could
account for the observed tidal signals on three of the
acoustic paths, but invoked seamount-generated in-
ternal tides to explain discrepancies on two paths.
DWCHc, using the reciprocal travel time data
from the 1987 Reciprocal Tomography Experiment
(RTES87), verified that barotropic tidal currents could
be accurately determined from reciprocal transmis-
sions. Barotropic tidal harmonic constants determined
acoustically in this experiment agreed with those de-
termined from moored current meters and the empir-
ical-numerical models of Schwiderski and of Cart-
wright et al. (1992, hereafter CRS).

In this paper, we discuss measurements of both
baroclinic and barotropic tides using reciprocal acoustic
transmissions over paths 1000 km long in the central
North Pacific Ocean during summer 1987. We are
concerned here with understanding the high-frequency
variability (>1 cpd) of travel times. The acoustically
observed, low-frequency current and temperature
variability has already been reported by Dushaw et al.
(1993b, hereafter DWCHDb) and DWCHec.

DWCHc have previously reported the barotropic
tides determined acoustically on the north leg of
RTES7. In this paper, the results for the other two ex-
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periment legs are given and the method of deriving the
tidal components from the barotropic currents is dis-
cussed in greater detail. A comparison of the measured
and modeled harmonic constants of the eight major
tidal constituents along all three legs shows that the
Schwiderski and CRS models determine tidal current
with satisfactory agreement.

The acoustic data reported here contain the signal
of a large-scale, phase-locked internal tide. We suggest
that the observed internal tide has propagated over
2000 km from the Hawaiian Ridge. The observation
of this large-scale internal tide likely results from the
quiescent nature of the central North Pacific Ocean
(Emery 1983; Shum et al. 1990; DWCHD), the sen-
sitivity of the acoustic measurements to isotach (lines
of constant sound speed) displacements, and the
suppression relative to point temperature and current
measurements of internal wave noise in the acoustic
measurements. The acoustical array acts as a highly
directive antenna for the incident internal tide. The
observations imply that the internal tide field is a su-
perposition of a dominant, narrowband, stochastic
process and a large-scale, coherent wave.

It is commonly assumed that midocean internal tides
have correlation lengthscales of order 100-200 km
(Wunsch 1975; Munk et al. 1981) and are not phase
locked to the barotropic tides except for locally forced
internal tides. Wunsch (1975) stated: “It is difficult to
believe that waves of such small scale (wavelengths of
100-200 km) will be able to transmit ‘knowledge’ of
boundaries across thousands of kilometers in the pres-
ence of advecting currents and dissipation.” Currents
can cause the baroclinic tide to be spatially distorted
and the baroclinic tidal frequencies to be shifted from
the astronomical tidal frequencies. On the other hand,
some theoretical considerations suggest that the lowest-
mode internal tide propagates thousands of kilometers
before dissipating (LeBlond 1966; Schott 1977; Le-
Blond and Mysak 1978). A far-field internal tide was
reported by Hendry (1977), who used data from the
Mid-Ocean Dynamics Experiment (MODE) in the
western North Atlantic Ocean to show that a deter-
ministic semidiurnal internal tide propagated about
720 km from the Blake Escarpment.

An important and unresolved problem is the rate of
energy loss of the barotropic tide to the baroclinic tide
(Wunsch 1975; Hendershott 1981). Using the present
internal tide observations, the ratio of baroclinic to
barotropic tidal energy is discussed. Since the acoustic
measurements represent a range average of the internal
tidal perturbation, not the squared perturbation, only
a lower bound on the ratio of baroclinic to barotropic
tidal energy can be determined from them. The energy
ratio determined at one point using thermistors and
current meters is three times that determined acous-
tically.

In section 2, the data are described and the tidal
signature in the travel times is shown. In section 3 the
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barotropic tidal currents are estimated. In section 4,
the theoretical description of the internal tide is briefly
reviewed. The dynamical and kinematic equations de-
scribing the baroclinic tide are then applied to the
acoustical data. The acoustical results are compared
with the tidal results from moored thermistors and
current meters located on one of the acoustic paths. In
section 5, the barotropic and baroclinic tidal energies
are discussed. In section 6, the variability of the acoustic
travel times due to nontidal internal waves is discussed.
Finally, in section 7, we present our conclusions.

2. Data

The 1987 Reciprocal Tomography Experiment was
a 4-month long experiment, previously described by
Dushaw et al. (1993a, hereafter DWCHa), DWCHbD,
DWCHc, and Worcester et al. (1990, 1991), which
consisted of three moored broadband acoustic trans-
ceivers separated by 745, 995, and 1275 km (Fig. 1).
Transmissions were made bihourly on every fourth day.
The data collected consisted of travel times of acoustic
pulses associated with identified ray paths. The trans-
ceivers in this experiment were located near the sound
channel axis at about 900 m. Only deep-turning, sur-
face-reflected (or near-surface refracted) rays and an
axial ray (the ray that remains near the sound channel
axis) were resolved (Fig. 2). The axial ray corresponds
to the slowest acoustic energy. The measured travel
times have been corrected for clock error and mooring
motion (DWCHa).

Currents and sound speed perturbations can be es-
timated from the sum and the difference of reciprocal
travel times (DWCHc have verified that the raypaths
of reciprocal transmissions are sufficiently identical to
permit such combinations of travel times). To first
order in 6¢/c and u-7/c (DWCHb,c)

Ti (1) — T (1) ~ —2f “(;(;)) Tds, (1)
and
TH) + T (1) = 2Ty — 2 . 6—%?;—)[2 ds, (2)

where 77 and T; are the reciprocal travel times for
ray path T';, cp(x) is a reference sound-speed field, éc(x,
t) is the perturbation in sound speed, u(x, ?) is the
current, 7 is the direction of the ray path, ds is an in-
crement of arc length, 7 is time (yearday), and

ds

T,‘ = .
" co(x)

(3)

It is not possible to determine a spectrum from these
travel-time series in the usual way because of the non-
uniform sample intervals. A tidal signal is evident in
both the sum and the difference travel times (Figs. 3
and 4), however, and weighted least squares techniques
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FI1G. 1. Geometry of the 1987 gyre-scale reciprocal tomography
experiment. Panel (a) shows M, amplitude lines in centimeters and
(b) shows M, cotidal lines in degrees. The acoustic transceivers are
located at the circles. The location of the current meter mooring is
marked by X. The locations for which results of the Schwiderski
numerical tide model are given are denoted by stars. North, East,
and West are the names given to the legs of the triangle. The triangle
is located north of Hawaii between the subtropical and subarctic
fronts. (Modified from Schwiderski 1979.)

will be used to extract these signals. The sum travel
times in this paper are high-pass filtered (>1 cpd) by
removing the daily average (more complicated filters
are not possible because of the sampling strategy). The
differential travel times are dominated by tidal current
and contain no trends, hence they are left unfiltered.
While tidal fluctuations of the axial and deep-turning
ray differential travel times are similar magnitude, the
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tidal fluctuations of the sum travel times for the axial
ray are much larger than those of the deep-turning rays.
Figure 2 shows that the axial ray turns at depths that
are near the maximum of the first baroclinic (sound
speed ) mode, while the deep-turning rays turn at depths
for which the baroclinic sound speed perturbations are
small. A least squares tidal analysis applied to the travel
times of each ray path separately gives an M, current
amplitude of 1.28 cm s ™' (1.18 cm s™!) for the deep-
turning (axial) rays (and the same phase), while the
M, sound speed perturbation amplitude is 0.85 cm s~
(4.06 cm s™') for the deep-turning (axial) rays (and
the same phase). This suggests that the main tidal signal
in the differential travel times is due to the barotropic
tidal current, while the tidal signal in the sum travel
times is due to the baroclinic tidal perturbation of the
isotach lines. This analysis will be done more consis-
tently below, when linear inverse techniques are used
to combine the data from all the ray paths to solve for
the sound speed and current perturbations caused by
the tides.

The noise in the travel times, evident in Figs. 3 and
4, is attributed to internal wave-induced travel time
variability (in this paper ‘“‘internal waves” are distin-
guished from the “internal tide”), since the measure-
ment uncertainty of the sum travel times is only a few
milliseconds (DWCHa) (dominated by the mooring
position uncertainty). The measurement uncertainty
of the differential travel times is about one millisecond
(DWCHc). The rms internal wave noise is used as the
data uncertainty for the purposes of the inversions for
current and sound speed. Separation of the tidally in-
duced travel time variability from the internal wave—
induced travel time variability is an iterative problem,
since to extract the tidal signal using weighted least
squares requires assuming a noise level that cannot be
checked until the tides are removed. This will be dis-
cussed further in section 3.

The acoustic data are complemented by a subsurface
mooring with current meters and thermistors located
at 40.647°N, 163.025°W, midway along the northern
transmission path (Fig. [ ). Current meters and therm-
istors were located at depths of 73, 173, 946, 2498,
5650, and 5722 m, with an additional thermistor at
296 m. Vector-averaged current and averaged temper-
ature measurements were recorded every half hour for
one year. Much of the variability of the temperature
and current measurements is due to internal waves.
DWCHCc found that the barotropic tide accounted for
90% of the variance of the unfiltered, acoustically de-
termined barotropic current, but only 25% of the vari-
ance of the unfiltered current meter—determined baro-
tropic current. Luther et al. (1991) reported that weak
currents caused frequent stalling of the deep current
meters, which forced artificial (but independently cor-
roborated) corrections to the current meter data. The
three deepest thermistors suffered similar “stalling”
caused by insufficient dynamic range settings, and so
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- FI1G. 2. (a) Sound speed profile and (b) ray paths for the north leg of the triangle. Only resolved
ray paths are shown, and the path for the slowest acoustic energy is represented as the axial ray
near 800-m depth. Panel (c) shows the first two internal tide sound speed modes. The axial ray
travels in the region where the baroclinic modes are largest. (Modified from Worcester et al.

1991.)

are not uséd here. The tidal signal-to-noise ratio is
much better for the acoustic data than for the moored
data, but the moored data nonetheless usefully corrob-
orate the acoustic results.

3. Barotropic tides

In this section we report barotropic tidal current
harmonic constants determined from the acoustic
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F1G. 3. The raw, detided, and high-frequency (>1 cpd) differential
travel times for the first few days of the time series on the north leg.
Dots are data from the deep-turning rays. Open circles are data from
the axial ray that have been offset by 30 ms. Comparing the axial
and deep-turning ray travel times suggests that the tidal variability
is barotropic. (Modified from DWCHa.)

travel times, compare those constants with current
meter estimates, and examine the accuracy of empir-
ical-numerical tidal models. The current meter deter-
mination of barotropic and baroclinic currents and the
tidal analysis technique used to estimate the harmonic
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FI1G. 4. Panel (a) shows the raw high-frequency (> 1 cpd) sum travel
times for the first few days of the time series on the north leg. Dots
are data from the deep-turning rays. Open circles are data from the
axial ray that have been offset by 30 ms. Panel (b) shows the time
series of the amplitude of the first internal tide mode (solid line)
extracted from the time sertes of (a). The dotted line shows the de-
terministic tidal signal from the fit to the time series of mode am-
plitudes. Panel (c) shows the residual of the sum travel times after
the modal signature has been removed.
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constants are described. In section 4 the tidal analysis
technique is also used to estimate the harmonic con-
stants of the first-mode baroclinic-tide temperature and
current signals.

a. Acoustical observations

The differential travel times are well suited to de-
termining the large-scale, barotropic tidal currents.
Since the measurements are inherently range and depth
averaging, the horizontal and vertical structure of the
baroclinic tidal currents means that baroclinic tidal
energy is suppressed relative to the barotropic tidal en-
ergy in the differential travel times. This conclusion is
supported by the similarity of the axial and deep-turn-
ing ray differential travel-time series. We proceed on
the assumption that the baroclinic currents negligibly
alias into the acoustically determined barotropic cur-
rents and verify this assumption in section 4.

We have used inverse methods in (1) to solve for
the barotropic (depth averaged) current from the dif-
ferential travel times. Since DWCHc described this
procedure, it will not be repeated here. A weighted least
square estimation procedure is used to determine the
tidal harmonic constants of the barotropic current. The
barotropic tidal current is represented as

8
U(t) = 2 Ay cos(wpt — ¢n) + (1),

N=1

(4)

where the wy are the frequencies of the major tidal
constituents (K-, S;, M, N5, K, Py, O;,and Q,), Ax
and ¢, are the amplitude and phase, and () is noise.
That the tidal constituent frequencies are exactly
known can allow resolution of tidal harmonic con-
stants, even if the signal-to-noise is low or if the record
length is short (Munk and Hasselmann 1964). Equa-
tion (4) is more conveniently represented as

8 8
U(t) = 2 Bycos(wpt) + O Cysin(wpt) + (1),

N=1 N=1
(3)
with

Ay = VB% + C%, ¢>N=tan"(QV). (6)

By

The weighted least squares technique [ see the appendix
for more details of the procedure which is also called
the stochastic inverse (Aki and Richards 1980)] fits
this representation of the tides to the acoustically de-
termined barotropic currents and takes into account
the uncertainty in the currents and a priori estimates
of the magnitudes of By and Cy. Since the technique
minimizes the norm of the solution, as well as the mis-
fit, it is a biased estimator. The noise term is the com-
bination of the uncertainty in the barotropic current
estimates from the travel times and, predominantly,
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nontidal current variance. Unweighted least squares
(Zetler et al. 1965; Pugh 1987) are first employed to
give initial estimates of the By, Cw, and nontidal vari-
ance. With these initial estimates, the biased estimator
is then used to again estimate the By and Cy, together
with the uncertainties. The final results for By and Cy
are not sensitive to significant changes in the a priori
assumptions.

The inverse method used here for the harmonic
analysis of tides appears to be little used in the tidal
literature, though it is often used for other applications.
The weighted least squares approach is a modern in-
verse technique for estimating harmonic constants and
their uncertainty, though it is only an incremental im-
provement over unweighted least squares. A least
squares technique, rather than Fourier analysis, is re-
quired when the data are unequally spaced and when
the record length is not a synodic period. The weighted
least squares procedure is a natural extension of the
approaches of Munk and Hasselmann (1964) and
Zetler et al. (1965). Munk and Hasselmann showed
that the resolution of the harmonic constants of two
neighboring spectral lines is ultimately limited by the
underlying noise in the data. They further showed that
prior knowledge of the constituent frequencies could
allow for a much greater resolution of the harmonic
constants than would otherwise be possible. The un-
weighted least squares analysis is described by Pugh
(1987) and is commonly used for tidal analysis (Per-
kins et al. 1994, for example). Both weighted and stan-
dard least squares analysis allow for misfit between the
model and the data according to the prescribed data
noise. Weighted least squares also takes into account
prior expectations of the approximate amplitudes of
the constituent frequencies and determines error bars
that take into account data noise and cross-talk between
the constituent frequencies. For example, if the data
have a near-zero signal-to-noise ratio, weighted least
squares will give nearly zero for the harmonic ampli-
tudes with an uncertainty only slightly below the prior
uncertainty in their values. If the weighting of model
parameters becomes infinite, unweighted least squares
is recovered and the error bars become smaller. The
inverse could be further extended either to include
known relationships between the constituent frequen-
cies by enforcing correlations between those frequencies
(in the matrix Raa of the appendix) or to model the
response to the equilibrium tide (together with a “credo
of smoothness™) as first described by Munk and Cart-
wright (1966). We have chosen not to use these extra
assumptions, however, since the correct choices were
not obvious.

b. Current meter observations

The harmonic constants are derived from the current
meter measurements by two methods, since the esti-
mation of barotropic current from the six current meter






