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ABSTRACT

Mode-1 internal tides were observed the western North Atlantic using an ocean
acoustic tomographarray deplyed in 199+1992 centered on 25°N, 66°WThepen-
tagonal array700-km across, acted as an antenna for mode-1 internal-ttt#serent
internal-tide vaves with O(1 m) displacements were observeddiiag in several direc-
tions. Althoughthe internal tides of the region were reldy quiescent, the were
essentially phase lockedas the 206-300 day data record lengths. Both semidiurnal and
diurnal internal vaves were detected, with avenumbers consistent with those calculated
from hydrographic data. The Mnternal-tide energy flux as estimated to be about 70
Wm?, suggesting that mode-1aves radiate 0.2 GW of engy, with large uncertainty
from the Caribbean island chain at this freqyen& global tidal model (TPXO 5) sug-
gested that 42 GW is lost from the M barotropic tide wer this region, but the precise
value was uncertain because the complicated topognamalkes the calculation problem-
atic. Inary case, significant carersion of barotropic to baroclinic tidal elggrdoes not
occur in the western North Atlantic basitt.is apparent, heever, that mode-1 internal
tides hae vay weak decay and retain their coherencer great distances, so that ocean
basins may be filled up with suchawes. Obsered diurnal amplitudes were an order of
magnitude larger thanxpected. Theamplitude and phase variations of the d0d Q
obsered over the tomograpy array were consistent with the theoretical solutions for
standing internal aves rear their turning latitude. The energy densities of the resonant
diurnal internal vaves were roughly twice those of the barotropic tide at those frequen-

cies.

Key Words: Internal vaves; Internal tides; Baroclinic mode; Acoustic tomogrgpivest-

ern North Atlantic; 1932N; 62-71W
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1. Introduction

This paper describes obsatons of the low-mode internal tides in the western
North Atlantic Ocean during the Acoustic Mid-Ocean Dynamics Experiment (AMODE).
Acoustic tomograph (Munk et al. 1995) and thermistors are used for these aigaTs.
The nature of the high-frequeneariability (> 1 cpd) of trael times of long-range acous-
tic transmissions, including tidabxability, has been of concern since the 187{lark
and Kronengold 1974; ¥hbeg et d. 1974; Jobst and Dominijanni 1979; Dyson et al.
1976; Munk et al. 1981). Radiation of coherent, mode-1 internal tides from tai&ia
Ridge into the centraldeific Ocean was first reported by Dushaet d. (1995) using
acoustic tomograph and the origin of this radiation was subsequently confirmed by Ray
and Mitchum (1996) using altimetrBracher and Flatt€1997) described other measure-
ments of internal tides in the centradHfic using long-range acoustic& preliminary
description of the diurnal internal tides observed during AMODE was diy Dushaw
and Worcester (1998).ow-mode internal tides ke keen observed as cohererdvwss &
mary places in the wrld’s cceans using @PEX/Poseidon altimetry (Ray and Mitchum
1996, 1997; Kantha andéerney 1997; Cummins et al. 2001; Ray and Cartwright 2001,
Dushav 2002). Boththe acoustic and altimetric observations are consistent in the sug-
gestion that the lwest-mode internal tide can propagate linearly as a coheesmatower
distances of 10622000 km or more, though the acoustic observationsria& case a
little more strongly The first hint of this property of Wo-mode internal \aves was by
Hendry (1977), who found that coherent internal tidegeled 700 km from the Blak
Escarpment to the Mid-Ocean Dynamics Experiment (MODE) array (Fig. 1).

Although of interest in their own right, internal tidesr&aeceved a geat deal of
attention in recent years for their possible role as a catalyst for the deep-ocean mixing
that plays such an important role in the oceanic general circulation (§jaieiStige-

brandt 1992; Munk and Wunsch 1998). The generation of internal tides by interaction of
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the barotropic tidal currents with topograpis one way by which tidal energy may
become wailable for mixing. The Havaiian Ocean Mixing Experiment (HOME) ag
recently conducted to better quantify these issues (Pinkel et al. 2000). The present paper
has little direct releance to the mixing problem, t@ver. Not only do the law-mode
internal tides appear to V& vay weak dissipation, so that their egyris not readily
available for mixing, but, as we will see, the energies of the internal tides etdsuking
AMODE are relatrely weak compared to internal tides in likely regions of intense tidal
dissipation, e.g., Pinkel et al. (2000), Egbert and Ray (2000; 2001; 2003).

The 19911992 AMODE experiment is described in detail by the AMODE Group
(1994); Dushw et d. (1996, 1997), Dushaand Worcester (1998), and Dush&003);
a dhort description of thisxg@eriment and its associated data will beegiin section 2.
Dushav et d. (1997) critically compare the acoustically-ded barotropic tidal currents
and relatve vorticity to the TPXO.2 global tidal model of Egbert, et @994). Thehar-
monic constants for currents from the tidal model agreed to within 2% of the harmonic
constants deved from the direct, acoustically-measured currel@mall, systematic dif-
ferences between the measured and modeled currents wereedbserd these were
traced to dynamical errors in the tidal model resulting from assumptions about the scale
of the modeling error The results concerning the barotropic tide areveele here
because the baroclinic tide signals in the acoustielttane data are almost as phase
locked to the tidal frequencies as the barotropic signals. The baroclinic signals are sub-
ject to noise from internal-awes or incoherent elements of the baroclinic tide, sy tre
not quite as good as the barotropic signals.

Dushav (2003) described the antenna properties of acoustic tomggeagys,
with the AMODE array as an example, for observing internal-tide radiation. In brief,
given an nternal-tide field of arbitrary vertical mode andweumber content, tomogra-

phy measures only the first baroclinic mode and onbvaumbers perpedicular to the
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tomograply path.

The AMODE array was located in about the same place as the MODE array (Fig.
1), so the internal tides described by Hendry (1977) likely passed through the AMODE
array The tomographic observation of internal tidegegia wnique opportunity to under
stand the generation and propagn of a deterministic component of internahwss.

The observed internal tides are assumed to be generated at the continental shelf surround-
ing the western North Atlantic basifRecent numerical modeling of internal-tide genera-

tion at Havaii and elsewhere (Kang et al. 2000; Merrifield et al. 2001; Cummins et al.
2001; Merrifield and Hollway 2002; Simmons et al. 2004; Arbic et al. 2004) supports

this view of internal tide generation. The internahwes induced at sharp topographic
features such as mid-ocean ridges or continental shelves ptepggat distances into

the oceanic interior.

In section 2, the tidal signals in the acoustic, thermistor gdbgraphic data are
described. Irsection 3, the semidiurnal harmonic constants for the internal-tide signals
are shown to be consistent withvaml coherent aves traveling through the acoustic
array from seeral directions, and the diurnal harmonic constants are introdutied.
term "harmonic constant” is used with the tem&atonclusion that mode-1 internal tides
can be represented by such constants, much as the barotropic tidessaetion 4, the
solutions for the meridional structure of internawss with a no-flov southern boundary
and a nearby northern turning latitude aneagi and these solutions are compared to the
measured diurnal harmonic constants. In section 5, the energetics of these internal tides
are described and compared to the barotropicqgerter Insection 6, the conclusions are

discussed.
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2. The Acoustic Mid-Ocean Dynamics Experiment (AM ODE)

AMODE consisted of a pentagonal array of 250-Hz trameceioorings deplged
to determine the ability of ocean acoustic tomogyafdgether with moving ship tomog-
raphy, to map and eplore mesoscale dynamics (The AMODE Group 1994; Cornuelle
and Worcester 1996). The 700-km diameter array was located mid-way between
Bermuda and Puerto Rico (Figs. 1, 2, TableThe 15 acoustic paths of the array are of
lengths 350, 410, or 660 knThe acoustic transmissions were reciprocal so that current

and sound speed variability can be distinguished.

a. Acoustic data

The tomograpy array was deplged in March 1991, and reciprocal acoustic trans-
missions were obtained for 18800 days, depending on instrument batteryvgro
Transmissions occurredriey three hours onvery fourth day During summer 1991,
transmissions occurred@y three hours continuously for a three week period during the
Moving Ship Dmograply experiment (The AMODE Group 1994; Cornuelle and
Worcester 1996) Notation such as "path (1,2)" will be used to indicate the acoustic path
from mooring 1 to mooring 2.

From 812 ray arwvas were resolved in the receptions on each acoustic path.
These rays are typically refracted at their upper and lower turning points (Figh&).
presence of modeater strongly influences the structure of the ray paths. There is little
sound speed gradient in thigt@r hence rays with upper turning points within the mode
water (206-400 m) are not possibleDushav et d. (1995) showed that data obtained in
the Racific Ocean for the latest-arriving ray (theviatime of the "“final cutoff" of the
acoustic pulse) had a larger tidal signal than that from the deep-turning rays, because this
ray sampled the ocean depths where the mode-1 temperature variations geste lar

the AMODE region, the sound channel axis lies well wetbe depth of mode-1

21 November 2005



temperature maximum, the tidal signals from latest-arriving ray were almost identical to
those from the deep-turning rays. The "final cutoff"véfatimes obtained during
AMODE were also fairly noisy Since the "inal cutoff" data were noisy and offered no
additional information, thewere not used.

The ray trael times are corrected for the motion of the transrenoorings using
an acoustic tracking system around each travaceiooring. Wth these corrections,
and others for timing errors due to clock drift, the raydréimes hae an instrumental
uncertainty of about 1 msec. Internawevariability introduces a tnzel time uncertainty
of about 10 msec.

In order to separate the variations caused by currents from those caused by sound
speed (or temperature), thefdience and sum of the reciprocal-raywédaime data are
formed. Tdal signals are evident in both the sum and the differeneel tiemes. The
internal tides are observed using the sumetrames (Fig. 3), which are sensii o the
isotach wariations caused by vertical displacement. The suwelttianes in this paper are
high-pass filtered (> 1 cpd) by rering a daily aerage. Thidilter allows a more accu-
rate tidal study; it does not adversely affect the tidal analysis (Buaha. 1997). All
subsequent references to thev¢taimes are to these high-pass filtered sumetraimes.
The lav-frequeng travel time variations she mesoscale variability in both temperature
and current which we are not concerned with here.

The eigewmaues of the equation for vertical modes (Appendix ®egithe equa-
tions, notation and normalization for the modeseghe wavdengths and phase and
group speeds of theawes, given the tidal constituent frequen¢Table 3). Internal waves
have a tirning latitude where their frequgnequals the inertial frequency; internaawes
cannot freely propagate north of their turning latitude aadesvgoproaching this latitude
refract back twards the equator AMODE was located just south of the turning latitudes

for diurnal frequenciesThe K "wavdength" is around 480 km, but this &wdength”
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increases as the turning latitude is approachitese diurnal properties are described
more fully in Section 4.

Dushav et d. (1995) described the weighted least squares techniques usedeto solv
for the amplitudes of the internabwemodes from the sum trd times and their identi-
fied ray paths. The integration of the internal tide modes thhe acoustic ray paths
determines thevailable resolution of the modes. The forward problem is

ZA()7,(2)
T T =2T -2 e

CONEA @

whereT;” andT; are the reciprocal tval times for ray patlfi;, cy(x) is a eference sound-

speedield, nj(z) are the modes with amplitudé;(t), 2A;(t)n;(2) = oc(z 1) is the sound
j
speed perturbationds is an increment of arc length, is time (yearday), and

ds . ,
To = J’m The integrals of the rays/er the first mode all hae &out the samealue,
L0

while integrals wer the higher modes are less than half as big awe beth positve and

negaive values. Theay paths hae smilar sampling so thegive limited vertical resolu-

tion, and the ertically-integrating nature of the data significantly cancels the effect of
higherorder modes.For these reasons, the dominant signal in the data is caused by the
lowest internal-tide modekive nodes were used in thevarsion to account for possible

noise from the higher mode# tidal analysis of the time series for mode amplitude then
gives the harmonic constants of the internal tide signals; these results are discussed in the
next section. There is no glwus signal of modes 2 or higher in these dataeaer. A

tidal analysis of the mode-2 time series detifrom the data from path (2,4) accounted

for only 15% of the ariance. Alltidal phases in this paper are Greenwich epoch (Shure-

man 1958).

21 November 2005



The estimated uncertainties of the harmonic constants require a comAgent.
described by Dushkaet d. (1995), weighted least squares are used to@ére harmonic
constants. Thisipproach allows for noise and som@riori weighting of the harmonic
constants (e.g., thil, amplitude is obviously larger than tiiRg amplitude). Havever,
the technigue assumes that the noise is white, while the actual noise has an obvious tidal
component, caused by highmode internal tides or a non-phase-locked component to
the internal tides. As noted by Dushat d. (1995), the formal error bars from the -har

monic analysis are therefore underestimated.

b. Thermistor data and spectra

Thermistor data were obtained on each of the six traresceioorings at about
600, 700, and 950 m depths. The depths of the thermistors are located at depths near the
maximum of the first temperature mode (Fig. 2). Tingt 6 temperature modes were f
to the thermistor data toteact time series of mode amplitudes. The three thermistors on
each mooring obviously do not provide adequate resolution of the baroclinic middes.
first mode was assumed to be the dominant signal, and other modes were included in the
fit to dlow for noise.

The time series for the first mode were used to calculate fregpactra of the
internal wavefield at a single pointThe thermistor data, l&krearly all thermistor data,
have peaks in their spectra at both diurnal and semi-diurnal frequencies (Fi§pdgtra
calculated using time series of temperature from single thermistors were similar to the
mode-1 spectra, with a slightly ested noise leel, slightly weaker (2 dB) tidal peaks,
and nearly identical widths of the tidal pealkSven though these record lengths are
longer than a yeathe width of most of the spectral lines is determined by ithee f
record length, rather than byyaimstability in the internal-tide phaséNoise in the ther

mistor records caused by mooring motion is reduced because the tonyog@pings
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are particularly stff) In this region at least, it seems that if the internal tide is awarro
band process, its spectral width is smaller than may be determined by these data.

Other than tidal peaks in the spectra observed at the six moorings, no geographical
pattern emerges from the spectra at either diurnal or semidiurnal frequ&veesght
expect that the amplitudes for the diurnal internal tides from higher-latitude moorings,
such as mooring 1, to be suppressed, since these moorings are near the turning latitude
where the \aves ae nearly inertial, but this is not generally obsetv Itseems likely that
contributions from higher-order modes to the obséertemperatures cannot be adequately
distinguished from the mode-1 signaVe will assume that the signal of mode-1 domi-
nates in the thermistor data, but recognize that theadetime series of mode-1 ampli-
tude may be significantly contaminated by higher modes.

The spectra of Fig. 4 stwthat the peaks for the semidiurnal and diurnal internal
tides hae surprisingly similar intensitiesThe K; line is only 5-7 dB wealer than the M
line in Fig. 4. The ratio of M to K; barotropic current intensities, which might set the
expected ratio for the internal tide intensities, is 15 or 23 dB, depending on whether the

zonal or meridional currents are used for the calculation (Table 2).

c. Hydiographic data

Hydrographic sections were obtained during the deployment anderganf the
transcever moorings. Theselata allev the vertical mode functions and their associated
properties to be calculated somewhat more accurately than may be determined from cli-
matology During the three week deployment of the moorings in March 1991, 9 Conduc-
tivity Temperature Depth (CTD) casts were obtained to 2000 m, and 8 casts were
obtained to near the ocean bottom. During the three weekeagdo March 1992, 25
casts were obtained to around 2000 m depth, and 15 casts were obtained to around 5000

m depth.
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The mode eiger@ues and eigenfunctions obtained depend on the &teditin.
The hydrographic data allothe variation of the mode propertiegenthe region of the
array to be assessed at the beginning and end ofeeraent. Olsiously, internal vave
and internal-tide variability contaminate this assessment to sagneedeMode-Iinternal
tides hae wavdengths of O(150 km), and the small-scale noise in individydrda
graphic casts would not actually influencerdimode propertiesValues for the eigeral-
ues of the ifst mode obtained using data from the CTD casts had a mean and rms of
0.105:0.003 sn™ (0.1065:0.0023 sn* in 1991 and 0.1052.0034 st in 1992). This
3% variation of the eigemlues is small and likely to be arvapestimate of the actual
influence of stratification on mode properties. Iry aase, it is apparent that mode-1
properties are constanve the area of the arragnd that mode-1 properties in March

1991 are identical to those in March 1992.

3. Harmonic constants of theinternal tide

The tidal analyses of the time series of mode-1 amplitude obtained on the 15 paths
of AMODE account for 3377% of the variance of the mode-amplitude time series (Fig.
5, Table 4). Similar tidal analyses of the time series of mode amplitudedi&om the
thermistor data accounts for only3% of the variance (Table 5A unit amplitude is
equvaent to about 1-m displacement at the depth of mode maximum at about 1500 m
depth (Bbles 4 and 5 use units of "cm" for genience.) Thidisplacement has a tem-
perature signal of about 40 m°C. These small signals are apparent in the tomograph
data because thdavelong spatial coherence lengths.

One concern has been that the internal tides may not actually be phase locked and
that the harmonic analyses could bieetive & fitting variability irrespectie d what fre-

guencies are used. As described by Dusbad Worcester (1998), ever, a idal
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analysis with "nearly" tidal frequencies shows that the signals observed by the long-range
acoustics are phase locked, insofar as can be determined from #8900 &y record
lengths. A"tidal" analysis of these records with the frequencies shiftedrfrecord
length) accounts for only 8% of the variance, or about the vaipected from a time
series of noise. Another test of internal-tide stability may bevidelthe record lengths
into 30-day subsections, sagnd determine the variability of the harmonic constants
derived from the subsections. This procedurasvapplied to these data, and the resulting
phases and amplitudes for the harmonic constants usually varied slowly by 10480% o
the complete time seried.he phases pwed to havemore stability than the amplitudes.
The S and K harmonic constants had substantially moagiability than the others.
However, a "control”" analysis using a simulated purely tidal signal, white noise, and iden-
tical sampling had similar results, both for theasi@riations of amplitude and phase and
for the greater variability of the,S&nd K constants. Thé&, and K consituents ha
periods of 12.0000 and 23.9345 hours, respeygtiwhich are similar to the sampling
intenals (i.e., eight 3-hourly measurements oerg fourth day). While this procedure
may suggest some slovariations in the harmonic constanigsothe record lengths, it is
clear that the manner in which the irregular samplirigced the tidal analysis makes a
precise measurement of those variations impossible. It is notakleydnpthat the sam-
pling inherently makes the, &nd K constants a little more unstable than the others.

The semidiurnal phases obtained on the acoustic paths are consistent with the theo-
retically expected avdength. For the semidiurnal frequepcthe beam patterns of the
line-sgments of the array are quite navr(Dushav et d. 1995; Dusha 2003), so the
tidal variability observed on a particular path is caused dyearests nearly aligned with
that path, or wvenumbers perpendicular to that path. In the AMODE artegre are 5
pairs of paths that are parallel and separated by about 400 km (Fig. 1); each pair of paths

is sensitve anly to wavenumbers perpendicular to the path=or both the M, and N
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frequencies, the difference in phases obeon parallel paths is about 180° (Tables 6,
7). Thevalues for the $frequeny do not have tis propertydthough this constituent is
wealer than N in this region. If the S signal is wea&r than the noise, the harmonic
constants for the ;Sconstituent may not reliably siothe coherent component of the
internal tides.The 180° phase change on the parallel paths is consistent avidemgths
for which (n+2)A =400 km, wheren =0, +1, +2, +3, ... andi is the vavdength of the
radiation. Possibleaues forA are therefore 800, 267, 160, 114, eton. Thel60-km
value for n =2 is roughly the theoretically-expectedawdength for semidiurnal mode-1
waves. Thewavelength cannot be uniquely determined from the data alone in this case;
the ambiguity in the inden leads to side lobes in theawsnumber spectra estimated
from these data, as described by Dwuslia003). Wavenumber spectra calculated from
these harmonic constants are consistent with the theoretically-expentddngths, for
both semidiurnal and diurnal constituents (Duslaad Worcester 1998; Dusiwe2003).
Hendry (1977) and Dushaet d. (1995) used the "age" of the internal tide to cal-
culate the distance the internaawes had travelled. The"aging" of the tide ver a ds-

tanceR is given by
(ki = kp) R=(G1 = Gp) = (G = Gy)o (2

where the subscripts 1 and 2 refer to ¥ the tidal constituentsk is wavenumber and

G is tidal phase (e.g., Greenwich epoch). The subdengfers to the initial phase &af-

ence between the baconstituents. Irthe present case, the parallel paths can be used to
obtain fve independent estimates of the "aging" of the tider the 400-km spacing of

the paths. The Mand N constituents can be used for this calculation. The left hand
side of (2) igky, —ky,) R =23 for R=400 kn. Theright hand side of (2) has values for
the fve pairs of parallel paths (Tables 6 and 7):+8%°, +11#25°, +7%62°, +21#19°,

and -&12°. While these results are not fgfently accurate to dmifitively test the
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"aging" of the tide, the measured values agree with the expected 23° value within the
rather large uncertaintiegUnfortunately the M, and N, wavenumbers are too closely
valued to gve much "aging" @er 400 km.)

Similarly, M, and N, phase differences may be related to the propagation from dis-
tant regions where internal tides originate. ThepRase for barotropic elation leads
the M, phase by about 20° throughout the western North Atlantic Baablg™®), which
may be representaé& d the original phase difference between the internal tides at these
frequencies (Hendry 1977). As axaenple, paths (4,5) and (1,3) would be most semesiti
to radiation from the Blak Escarpment some 800 and 1200 km distant, resgehctiThe
expected increase in phase lag between thamd N constituents wer the 800 km from
the Blale Escarpment to path (4,5) is 46°, while the phase increase to path (1,3) is 69°.
Obsenred \alues for the "age" of the internal tides on these paths are 24° and 44°, respec-
tively, with uncertainties of around 10°. The obsstvage" of the internal tides reflects
the approximate distance that thesaves have travelled. Further the diferences
between the Mand N phases obtained on all paths (Fig. 6) are slightly greater than the
barotropic phase difference, suggesting that theralewaves dosened on the arious
paths hae traveled se&eral hundred kilometersThe uncertainties maka pecise esti-
mate for the range of propagation impossibleydver. Hendry (1977) made a similar
calculation, using the results from MODE thermistor records and the phé=erdies
between §and M, constituents, to suggest that internal tides olesebwy the MODE
array had an "age" consistent with the 700-km distance to the Béalarpment. &t the
acoustical results, the, Phases do not seem reliable enough for a meaningful calcula-
tion.

The harmonic constants desil on each acoustic path can be combined to form a
single objectte map of the internal tide for each constituent (Dusl2803). Figure7

shavs such a map for the MMconstituent. Dusha (2003) used an omnidirectional
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priori spectrum to calculate a similar tidal map, which resulted in standave solu-
tions. Gven the directional ambiguity inherent in the atrthe objectre map (i.e., least
squares) assuming an omnidirectional spectriesgblutions with opposite avenum-
bers and equal amplitudes beca(s€)? + (A/2)2 < A?. For the map of Figure 7, a more
reasonable assumption that thaves ae propagatingway from the nearby topograph
was wsed, and tha priori spectrum was selected for this purpo3ée resulting map is
obviously a complicated interference pattern resulting from the superposition arthe v
ous waves moving through the observing arrayfhe M, amplitudes devied from the
thermistor data on each mooringble 5) are considerably larger than thosevdeifirom
the acoustic data for this reasd@iven the extreme sensitivity of interference patterns to
slight changes in phase of the underlyingves, it is little wonder that occasional past
obserations of internal tides by single thermistor or current meter moorings Heal
trouble detecting the coherent aspects of internal tides.

Diurnal amplitudes are large relagio the semidiurnal amplitudes (Table A)heir
amplitude is oftentimes as t@ as those for the semidiurnal amplitudes, yet from the
barotropic tides the diurnals would bepected to be an order of magnitude smaller (T
ble 2; Figs. 1 and 8). The large diurnal amplitudes are apparent in the thermistor spectra
as well. The net section demonstrates that the diurnal internal tides are in resonance -
trapped between the Caribbean island arc and their turning latitudes at about 30°N.

The internal tides described here are not obvious in the atissry by altimetry in
this area (Ray and Mitchum 1997, Kantha aretiley 1997), probably because the tidal
variability shown in Fig. 7 does notfef the coherent, nearly monochromatiawes that
have keen apparent in the along-track altimetry data at places such as wlagahia
Ridge. Theinternal tides described here are also considerably ewetilan those
obsered at other places, so their signal is not likely to be observable by altirédry

nal internal tides, in particulaare not evident in the TOPEX/Poseidon altimeter data in
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this region (R. Ray personal communication, 1999). The nominal resolution of
TOPEX/Poseidon altimeter data is48cm, but the tidal harmonic constants gedifrom

those data he uwuncertainty of 0.51.0 cm (R. Ray personal communication 2002).
Dushav (2002) found that an uncertainty of 0.4 crasaconsistent with an objeai map

of sea-surface height for internal tides neawhlia there the tidal signals were of order

2.5 cm. The sea-surface height signals expected from the 1-m amplitude internal tides

reported here are only of order 0.16 cm (Appendix A).

4. Resonant diurnal internal tides

The amplitude and phases observed for the diurnal internal tides are reasonably
consistent with internal aves that are trapped between Puerto Rico and their turning lati-
tude. Dusha and Worcester (1998)ayea preliminary description of this phenomena.
A more accurate, complete description iegihere. Thephase of the diurnal barotropic
tide varies by only 1€20° along the north side of the Caribbean island arc (Fig. 8), so it
is plausible that diurnal internalawes with coherent \mvecrests can be generated there.

The theory describing these internawes is gven by Wunsch and Gill (1976) (see
also Philander (1978), and Hendershott (1973, 1981)), who found that peaks in the spec-
tra of tropical Rcific tide gauge data at periods of afdays corresponded tovieorder
resonances of trapped, wind-forced internaves. Thegeneral problem of equatorial
waves rear a zonal coastal boundary is described by Philander (1977). avd@®ormns
for meridional current near the turning latitude are approximately Airy functiéorsthe
K; frequeng this latitude is 30.0°, while for th®, frequeng this latitude is 27.6°.
Dushav and Worcester (1998) used the dispersion relation for theseswo ®lve for
the approximate order of the Hermite function required to match the diurnal tidal fre-
guencies. Zonalariations were much smaller than meridional variations, so zonal

wavenumber was tadn to be zero. The largest amplitudes are apparent on the zonal
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acoustic pathsFrom Table 4, Paths (2,6), (2,4), and (4,6)eh@ amplitudes 53, 64, 75,
respectrely, while paths (1,6), (1,3), and (3,6)Meaamplitudes 26, 17, 23, respediy.
For the Q and K frequencies, the orders of the Hermite functions ware36 and
m =42, respectiely.

While these Airy-function solutions for the internal tides are suggedtiwhat is
occurring across the AMODE artahis approach to a solution has a number ofidla
(1) The solutions are required tovieazro flow at the southern boundary at some latitude
to the north of Puerto Rico, while the solutions of Dushand Worcester (1998)
emplo/ed no southern boundaryrhe boundary condition was sowteat respected only
by chance for th&; frequeng. (2) The rgion of interest (1835°N) is far enough north
and of such a large area that the beta-plane approximation giaytbdreak dan. (3)
Large orders such as 36 and 42 may not be entirely realistic. (4) There is no guarantee
that with more accurate solutions, the eigenfrequencies will match those of thgides.
In calculating diurnal internal tide emggy Dushav and Worcester (1998) used the ratio of
potential to kinetic energy for freeawes. Inthe net section, the energies are calculated
using a more correct relation between potential and kinetiggaed more correct solu-
tions for the vaveshapes as a function of latitude.

Solutions for vaves that resole mary of these issues are describedktneThe
equations for the beta-plane approximation will be brieflyereed, followed by equa-
tions and numerical solutions for the situation particular to the experiment domain.

For a constant deptib,, the Laplace tidal equations can be used tordde equa-
tion governing the \ariation of meridional current with latitude (Hendershott, 1981).
Usually a beta plane approximation is usedf sogy, wheref is the inertial frequeng

B = df/dy, andy is latitude. Separation of variables for meridional current is assumed,

v(x, Y,z t) = €X UV (y)F'(2) 3)
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and similarly for zonal and vertical currents andvaien. In this equation] is zonal
wavenumber and='(z) is the vertical mode for current, which is the daiive d the dis-

placement modeWith these approximations, the equationeoingV (y) is,

V) B, 180 A
d?  AuD, w0 gD,

[
VZBV(Y) =0 G

where g is gravitational accelerationwith boundary condition¥ =0 & y = % oo, the
solutions for this equation are Hermite functions. Thewatgnt depthsD,,, are derved
from the equation for theevtical modes as described in Appendix A. The dispersion

relation is

Dwz _ 2_I_ﬁD_ B
4D, | Pl (2m+1)§/'gDn

(5)

More accurate solutions than these can be found numerically such that both the
boundary conditions and the variation of the inertial frequevith latitude are taén into
account. Thalifference between the beta-plane and more accurate solutions is small, b
noticeable. Aoiding the beta-plane approximation (hereetakko meanf (y) = fo+ 8y),

but retaining the Cartesian approximation, (4) becomes

d2Vv(y) +Da)2 e | df /dy f2(y)[K/
dy2 gD, w gb, O

(y)=0 ©6)
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with boundary conditions/ =0 at he southern boundary and decaying to zero north of
that boundary.

The solutions of the equation aleoae readily obtained using Runge-Kutta inte-
gration techniques (Abramowitz and Stegun, 1965). Thierdiftial equation is inte-
grated for a sequence of frequgnalues (i.e., shooting); the eigenfunctions are those for
which the solutions go to zero @. As dscussed abe@, zonal wavenumber is tag&n to
be zero.Of the eigenfrequencies found, modes 3 and 5 most nearly correspon®jo the
and K frequencies, respeetly (Fig. 9). Corveniently, the shapes of these modes are
similar to the mode solutions of order 36 and 42 found using the beta-plane approxima-
tion (Fig. 10). Since tomographmeasures the vertical displacement from theaeesy
the displacement moded\{(/dy) are also shown in Fig. 10 together with the latitudes of
the tomograpy moorings.

The latitude of the southern boundary is chosen ¥e ffiequencies that most
closely match the tidal frequencie¥arying the latitude of the southern boundary by
even as nuch as a half degree, expands or contracts the eigenfunctions to fix the zero cur
rent at that latitude and substantially changes the eigenfrequembiesegion just to the
north of Puerto Rico features a trench 8000 m deep, together with a scattering of islands
to the northwest. These complications mdke precise latitude of no meridionalvio
uncertain. Itmay be that the different frequenciesddightly different southern bound-
aries, depending on twthe resonating awves ae interacting with the trench, Puerto
Rico, and islands. The latitude might beemlkas something of a free parameter that can
be used to adjust the solutions obtain&te solutions described belavere obtained for
a outhern boundary at 19.5°N, which roughly corresponds to the latitude of the trench.
The solutions also depend on the precise value usey fot/gD,, and the turning lati-
tude of the vaves may depend on whether there isyaaonal component to the ave

Because of these issues, these calculations must be taken as just a plausible description of
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the meridional structure of theawes. Itis encouraging that the spacing of eand K
frequencies roughly corresponds to the spacing of the eigenfrequenciesggrhowe

These solutions to theasiation of these aves with latitude compare reasonably
well with the measured harmonic constants for the diurnal internal tldleshav and
Worcester (1998) qualitately compared the diurnal harmonic constantswédrfrom the
acoustic (Table 5) and thermistor (Table 6) data to the approximate Airy function solu-
tions for the internal ves rear their turning latitude.Next, this preliminary comparison
is extended byitting the numerical solutions for these internavwemodes (these merid-
ional modes are not to be confused with teeigal modes) to the harmonic constants.

The guantitatie fit can be expected to work reasonably weNegithe initial favarable
comparision: "Br theK; frequeng, the paths (2,4), (2,6), and (4,6) all lie along a trough

of the predicted displacement, and the amplitudes (94, 101, and 76 cm) and phases (252,
262, and 282°) associated with these paths are consistent with the predicteFig.

11; Dusha and Worcester 1998).

For each constituent, the fit of the displacement mode to the data uses only tw
parameters, the amplitude and phase, to account for the 30 harmonic constants measured
on the acoustic paths (an amplitude and a phase from each of the 15 acoustic paths).
With the modes normalized toveaa naximum value of 1, the fit ges an anplitude and
phase for th&; mode of 134 cm, 85°, and an amplitude and phase f@,theode of 89
cm, 325°. These solutions are compared to the data in Figure 12. The phases for both
constituents are most strikingly consistent with a standiampwThe phases are roughly
in two groups separated by 180°, agected for a standingave Frequently the mis-
match between modeled and measured phase is by 180°, suggesting that the solutions for
the displacement modes may not be quite rigat. seveal of the acoustic paths, a minor
shift in the location of the zero crossing of a mode results in a phase change of 180°, if

that shift changes whether a crest or trough of @#needominates in the path integral.
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The K meridional current just north of Puerto Rico has an amplitude of about 0.5
mms? and a phase of about 40The K, meridional mode used for thig fs positive
near Puerto Rico (Fig. 10). Therefore, as previously reported by Wustth\Worcester
(1998), the time of maximum posié dsplacement of th&; internal tide just north of
Puerto Rico (phase 85°) roughly corresponds to the maximistmooé (northward, phase
40°) flow of the barotropic current. This result appears to be inconsistent with the
expected generating mechanism for internal tides, where onsherevitdald cause an
uplifting of isopycnals; the author cannot suggest an explanation.

The amplitudes for th&; constituent are suggesti d the standing ave model
for the zonal paths (zonal pathsvea® azimuthal angle), but values for mawof the
meridional paths (e.g., near -80° azimuthal angle) are rather largexeniezl from the
model (Fig. 12). The lae values from the meridional paths are not consistent with a
zonally-independent standingawe and suggest a zonal component to theves. Spec-
tra calculated from th&; harmonic constants (Dushiaand Worcester 1998; Dusha
2003) do suggest that these diurnalves ae more complicated than a simple standing
wave. One possible explanation may be that a mismatch betweds tindal frequeng
and resonant frequentas caused a number of modes with frequencies adjacent to the
K; frequeng to be ecited. Alternatvely, the topograpy along the island chain consti-
tuting the southern boundary for thesaves is mmplicated to the west, perhaps pushing
the zero-meridional fl@ boundary asdr north as 2223°N in some places, whichould
certainly affect the mode solutions. Another possiblity is that diurnal interagésw
propagting into this region from the equatorial Atlantic may "accumulate" asititer-
act with the Caribbean island chain, and so bela a esonance (R. Pinkel personal
communication 1999). This suggestion presents & vighese internal tides thatowld
be dificult to model. The amplitudes for th®, constituent are remarkably consistent

with the standing avesolution, howeer.
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5. Theenergetics of the semidiurnal and diurnal internal tides.

The enegy properties of internal tides V& recently receded atention for their
possible role in maintaining ocean mixing. This section describes the energy density and
flux of the internal tides observed during AMODE, and compares the enalggsvo
those of the barotropic tide (Wunsch 1975; Schott 1977). The comparison of diurnal
baroclinic and barotropic tidal emges highlights the resonant properties of the diurnal
waves. TheTPXO.5 tidal model of Egbert et al. (1994) is used for the barotropic calcula-
tions. Ofthe may tidal models devied from the TOPEX/Poseidon altimetry data in
recent years (Shum et al. 1997), the TPXO model is one of whthéd simultaneously
solves for elgations and currents in a manner that is consistent with dynamics and uncer
tainties. Br the ocean mixing problem, the baroclinic emes and barotropic dissipation
values dened here are quite small compared to more energetic regions ofdHd'swv
oceans (Egbert and Ray 2000; 2001; 2003).

The ratio of potential to kinetic energy of free, sinusoidaley is

PE _ («*-f?)

KE ~ («?+ f?) O

This ratio is a generic property of internahwes, so long as tlyecan be described by
sinusoidal vaves and vertical modesFor free waves, the engy flux can be calculated

by multiplying the total engly density by the groupelocity. For path (2,4) of AMODE,

the M, amplitude for displacement is about 1.6 m, which corresponds to a potential
enepy density of 10.3m2. Using (7), a kinetic energy density of 15.812 is implied.

The total energy density is therefore about)2%2, which, using a groupelocity of 2.8

ms?!, gves an @emgy flux of 71 Wm™ for northward vavenumbers. Theother
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semidiurnal constituents$,, N,, and K, havenegligible energy compared to thesal-v
ues. Thisenepgy flux is rather small.Dushav et d. (1995) found an engy flux of 180
Wm?in the central North &ific, and energy fluxes near the whiian Ridge of 1000
W m? or greater hee teen reported (Ray and Cartwright 2001; DusB802). Kunze et
al. (2003) found %W m* fluxing upcanyon into MontegeCaryon at the shelf break,
and Althaus et al. (2003) find W m™ radiating avay from Mendocino escarpment.
Hendry (1977) reported an eggrdensity of 9Q) ni? for the M, internal tide from the
MODE array based on a root-mean-square amplitude for the 14 moorings of 3Then.
thermistor results from AMODE had similar values (Table 5); the superposition gf man
waves exaggerates the estimated amplitude of the interralesvdbsened at indvidual
points and leads to awve estimation of energy density and flux.

The diurnal vaves ae not sinusoidal in the meridional direction, so that the simple
ratio (7) cannot be applied to calculate their gperFor these \aves, the ratio of poten-

tial to kinetic energy is

BV (y)
pe Proay o

KE ~ V2(y) (w2 + 9)

(8)

which can be obtained by applying an integration by parts to the basic equationsfor inter
nal-wavepotential and kinetic engy. This ratio reduces to that for the sinusoidaves
given aove, since for such aves 1/gD,, = k3/(w? - f2) and aV/dy = ik,V. Standing
waves haveno energy flux.

Using a displacment amplitude of 1 m for feinternal wave approximately the
measured value, the potential, kinetic, and total energy densities are shown as a function

of latitude in Fig. 13 (see also Hendershott 197Bhe energy densities for the,
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barotropic tide are also sla, showing that the internalaweenegy density exceeds that
of the barotropic tide at mgrmplaces. Nominal/alues for theK; internal waveat about
25°N are 4.5, 25, and 30mi? for potential, kinetic and total energy densigspectiely.
Nominal values for th&; barotropic tide are 12, 3, and 1512 for potential, kinetic and
total energy densifyespectrely. Nominal values for th®, constituent internal aveat
about 25°N are 1.5, 16, and I8r? for potential, kinetic and total energy density
respectiely. Nominal values for th€, barotropic tide are 9, 2, and 11hi? for poten-
tial, kinetic and total energy densitespectiely. For both theK; and Q frequencies,
therefore, the ratio of baroclinic to barotropic energy density is 2 to 1. The resonant
property of the internal aves is evident; theg are generated from the barotropic tide, yet
they havegreater energy density.

Modern global tidal models can be used to estimate energy flux (e.g. Fig. 14) and
the divergence of energy flux. These alldhe loss of engly from the barotropic tide in

a regon to be estimated (Egbert and Ray 2000; 2001; 2003). The energy budget is

Net Energyin = Astronomical Workt+ Dissipation (9)

The net energy flux into a particular area can be estimated from the tide models, and the
astronomical work is known, so estimation of dissipation is straighafokw The
TPXO.5 tidal model ws used to estimate the ne} Bhepgy lost along the Caribbean
island chain from Puerto Rico to the Baham&bke precise estimate of the net dissipation

of energy was somewhat uncertain because of the complications of this 3-Mm long
island/trench system, but it appears to b2 GW. This value is small compared to other
regions of noted tidal dissipation such aswda (Egbert and Ray 2000; 2001; 2003).

The 7IWm™ M, enepy flux estimated to be carried by the internal tide can be used to
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estimate the dissipation from the barotropic tide by intermalenadiation. Thisenergy

flux is estimated from path (2,4), so it applies to meridiorefanumbers, een though

the measurement is obtained within a complicated interference pafifrer paths mea-
sure the energy flux for ddérent wvavenumbers, but ge smilar values for energy flux.
While point measurements within the interference pattern wordd or underestimate

the energy flux depending on the superposition afeawumbers, this is not the case for
the line-integral measurements. Assuming tha\7th ™ enegy flux is a nominal &lue

for wavenumbers of various directions emanating from the whole of the 3-Mm island
chain, a net energy loss to the mode-1 internal tide of 0.2 GW is obtained. While this cal-
culation is admittedly crude, it does highlight the re&yi small energy loss by internal-
tide radiation in this igion. Theweak radiation may result from the lack ofvflover the

top of the topograph because the island chain extends to the surface in most pksses.
discussed by Hollway and Merrifield (1999), Merrifield et al. (2001), and Merrifield and
Holloway (2002), internal tide generation is mosi @ént when the tidal fle is forced
across the isobaths of an elongated sub-surface ridge.

Preliminary analyses of internal tides observed by TOPEX/Poseidon near Ha
have siggested that the mode-1 internal tidegeha ‘tlecay scale" of 1000 km or longer
(Ray and Mitchum 1997)However, much of this "decay" can be accounted for by the
change in stratification as theawes move avay from the Havaiian Ridge; the change in
stratification gves these vaves a wealer surface expressiorven if there was no loss of
enegy by dissipation. Further the altimeter samples the tides at a meager 10-day inter
val, so the tidal analysis is kdty to be sensie o any incoherent elements in the internal
tides.

The AMODE measurementsvgi a nore direct measurement of the decay scale of
mode-1 internal tides. There is n@dence for a systematic decrease in tidal amplitude

across the tomograptarray. The parallel paths of the AMODE array are separated by
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about 400 km, so that a 1000-km decay scajeladvsuggest that the tidal amplitudes
would decrease by a factor of 1.8e0400-km distance. Assuming the semidiurnal inter

nal tides are propagating and decaying northwavey &rom Puerto Rico, we might
expect the amplitude observed on path (1,6ul be reduced, compared to that obsdrv

on its parallel path (2,4). In fact, paths (2,4) and (1,5ehd, amplitudes of 157 and

194 cm, respeactely, so he amplitude appears toveaatually increasedveay from
topograply. Path (1,5) is shorter than path (2,4), so the larger amplitude observed on path
(1,5) may result from its wider beam pattern for semidiurnal radiatiopeeems lilely

that the decay scale of mode-1 internal tides is considerably larger than 1000-km, so that
ary decay that occuredver the 400-km spacing of the AMODE parallel pathasvindis-
tinguishable from the noise in the obsdions. Avery long decay scale is expected the-
oretically (LeBlond 1966).The long decay scale is also consistent with the existence of
the resonant diurnal aves. Theresonance requires that thawes propagte from the
island chain to the turning latitude and back without appreciable loss afyenére
roundtrip distance is about 2300 km (although this is only Wavdengths for diurnal

constituents).

6. Discussion

Coherent, phase-loel signals of mode-1 semidiurnal {lsind N)) and diurnal (K
and Q) internal tides were observed by a large-scale acoustic tomggaaply in the
western North Atlantic basin. The internal tides had O(1 m) displacments (O(0.2 cm)
sea-surdce height), hence thevere were relately quiescent compared to othegiens.
Waves traeling in several directions were observed using the antenna properties of the
tomographic arrayThe M, and N, harmonic constants observed on the various acoustic

paths of the tomogragharray were consistent with the expected properties of the

21 November 2005



27

semidiurnal vaves, including vavdengths and "aging". It is ditult to obsere these

mode-1 vaves with thermistors or current meters because of interaalewoise and the
difficulties of mode separatiorit is apparent that mode-1 internal tidevéhaay weak

decay and retain their coherencerogreat distances, so that ocean basins maylled f
up with such \aves.

It has sometimes been suggested that temporal variationsyarny frequeng or
currents will cause variations in internahweproperties and so introduce temporatia-
tions in the obsead amplitude or phase of internal tides. While theylany suggestion
has theoretical appeal, it seems that variationsuoydny do ot significantly afect
internal-tide phase stability at least for the lowest md8ieoyang variations obseed
ove decades at the Maiian Ocean Time series site (Dusha002) had little €ect on
the low-mode properites (e.g., phase speed) of the internal tides, angbtbgraphic
data collected during AMODE similarly suggested that-foode properties were gie
gibly influenced by changes in stratdtion. A greater effect from unyang variations
may occur at the topograplieatures where the internabwes ae generated (Mitchum
and Chiswell 2000), sinceubyang variations there will directly affect the initial phase
of the waves. Thedoppler effects of ocean currents are also suggested as a reason for the
lack of phase stability of internal tides. The magnitude of this effect on low-mode inter
nal tides is uncleahoweve. Any frequeng shifts will occur bychangingocean current,
and the spatial scales ofyavariations in current must be comparable to thgelacales
associated with low-mode internal tides. It seems reasonable to expect a certain stability
in the phase or frequeynof low-mode internal tides.

A natural question to ask idf "the internal tide" is so coherent, wis it that the
thermistor and altimeter data sha much weaker temporal coherence than the tomogra-
phy data? Atidal fit to the mode-1 time series dexl from the thermistor data

accounted for only 7-39% of thewance, while the same fit to the mode-1 time series
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derived from tomograpp accounted for 33-77% of theaxiance, depending on the
strength of the tidal signal in the time series. In the AMODE region, altimetry has
detected no internal-tideaves at dl. The answer to the question lies in understanding
the nature of "the internal tide," together with the properties of the various measurements.
"The internal tide" in the AMODE region is obviously composed of a superposition of
mary different vaves propagting in diferent directions. "The internal tide" is therefore

a complicated interference pattern whose stability is likely to be extremely sensiti

ary dlight variations in the individual aves that male up the pattern. The indidual

waves an be relatiely stable, while the interference pattern can be unstable. The prop-
erty of a tomographic measurement is that it measures not so much "the internal tide," as
the relatvely stable vavenumber component perpendicular to the acoustic path. In addi-
tion, tomograpi is a ratural measurement of mode-1 gmile the vertical sampling of

the thermistor data&s so poor that a clear mode-1 time series could not be resolved, i.e.,
noise in the thermistor dataaw sgere. Altimetry like the thermistors, is a point-wise
measurement of the internal-tide interference pattern, with the addiedltdds of rela-

tively weak internal tide signals (when such signals are barely detectablg iagam)

and of meagre 10-day sampling int@s: Whenone talks of "the internal tide," it is
important to be clear whether one is referring to either the tide composed of a set of
wavenumbers, or the tide composed of a singé@evumber.

Recent modeling results for internal tides globally (Simmons et al. 2004; Arbic et
al. 2004) highlight the interference patterns of internal tides formed by the interaction of
multiple internal tide \aves (Fig. 15). This numerical model has a number of singalif
tions, so it should be considered a qualiatiescription of the generation and propag
tion of low-mode internal tidesNevertheless, the model results of Figure 15vshiat
the western North Atlantic has internal tides that are velgtiveak and consist of the

superposition of seral waves. Raions of the eastern North Atlantic vearelatively
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large internal tides, which are known taist from in situ data, but which are not
obsered by altimetry (Ray and Mitchum 1997; Kantha amnetfey 1997). Theinterfer-

ence patterns in the eastern North Atlantic may go undetected by altimetry for the reasons
suggested ahe.

The M, internal tide energy density for meridionahvenumbers was 23 mi?,
which corresponds to a northward energy flux oWin™. The netM, enegy carried
by mode-1 internal awves from the 3-Mm long Caribbean island chain may be about 0.2
GW, with large uncertainty The M, barotropic tide energy dissipation from the island
chain (TPXO.5) is 42 GW, dso with large uncertaintyThe western North Atlantic is a
weak source of tidal energyailable for ocean mixing.

Coherent, resonant diurnal internal tides are trapped between Puerto Rico and 30°N
turning latitude. The diurnal amplitudes and phases observed on the various acoustic
paths were fit to the meridional structure of these standing inteenassear their turn-
ing latitude. The K enepy density is 1550 Jm™2, with an Airy-function type of aria-
tion with latitude. The maximum ergr density is predicted to occur at about 30°N.
The ratio of barotropic tidal amplituded{:K,) is eéout 1:0.06, while the observed ratio
for internal tide amplitudes is about 1:The K, enegy flux is "0"Wm?, because it is a
standing vave The ratio of barotropic to baroclinic energy is 1 to 2, for bGtland Q
frequencies. Diurnaturrents near the critical latitude in the region of AMODE should
be greatly enhanced compared to the currents predicted by the global barotropic tide
models. Enhancediurnal currents near the critical latitude were first predicted by Hen-
dershott (1973).Interestingly the modeling results of Figure 15 suggest a resonant
semidiurnal internal tide east of Icelan@ihe turning latitude for theM, frequeny is
75°N. Modelingresults for the diurnal frequencies are not yetlable.

There are manopen questions concerning these internavas. Doesheir enegy

dissipate to bottom friction, or does it cascade to higherawmbers? Whais the
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"lifetime" or decay rate of mode-1 internadwes? If10% of the barotropic tide energy is
lost to radiated aves during each diurnal cycle, the 1:2 energy ratio for diurnaves
implies a lifetime of 20 daysWhat are the details of internal-tide generation, including
the effects of the Puerto Rico trencXuture task is to apply a more accuratgjaeal
model for internal tide generation in the western Atlantic to relate the elosgdes to
their dynamical generation. In particylan acurate model for diurnal internal tides,
when combined with the data reported here, wile@a ctermination of the energy loss,
or decay rate, of mode-lawes in the open ocean. The energy lost from modeates/

may be an important cier of deep ocean mixing.
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APPENDIX A

Nor malization of Internal Wave M odes

The denvation of internal vave modes and internal ave properties is described

mary places (e.g., LeBlond and Mysak 1978; Hendershott 198i¢. releant equations

were r&iewed in Dushev et d. (1995); here the normalization and nominal mode ampli-

tudes particular to this paper argagi. Theequation for the displacement modes @¥-lo

frequeng internal vaves is

d?F(z
d—Qz( L4 20 NAFo(2) =0 (A1)
with boundary conditions
dF
#—g/\nFn(z):O at z=0 (A2)
Fn(2)=0 at z=D (A3)

Because the tidal frequencies are lfor internal vaves, this equation is the Wefre-
gueng limit of the equation for internal ave modes; it is frequenycindependent. The
eigervalues, A,,, are sometimes written 44g D,)), whereD,, is the "equialent depth" of
the mode.

The normalization of the displacement mo#g&z) is

0
r!’FnZ(z) N?(z) dz= D N? (A4)
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where

N

10
D r[ N(z) dz (A5)

andD is ocean depthWith this normalization, the mode-1 displacement mode with 1-m
amplitude had a surface value-6f 6x10° m and a maximum value at mode-maxium at
1300-m depth ofl.15 m. Tables 4 and 5 use units of centimeters foveoience; in

those tables "100 cm" amplitude corresponds to a vertical displacement of 1Tem.
modes in temperature or sound speed are obtained by multiplying the displacement
modes by the mgtive o potential temperature or sound speed gradiétytdrographic

data obtained during AMODE were used to derthe hioyany and potential tempera-

ture and sound speed gradients for these calculations.
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CAPTIONS

FIc. 1. The AMODE array was located midway between Puerto Rico and
Bermuda. Théeary lines shav contours of bottom topographat 1000 m interals. The
dotted and dashed lines shthe amplitude (in cm) and phase (in degrees), resghstti
of theM, barotropic tidal elegtion from the tidal model of Egbert et al. (1994) (TPXO.5
version). The phase of the tide isairly constant along the continental shelf and
Caribbean island arc. The concentric circles to the northwest of the tompgragh
shav the location of the 16 moorings of the MODE experiment (Hendry 1977).

FIG. 2. A meridional section of topograptihrough the AMODE array skong
the locations of Puerto Rico, the Puerto Ricerith, and Bermuda. The set of ray paths
from the acoustic path between moorings 1 and 3 asersh@eft) Corresponding sound
speed profile, and (right) thedt three temperature modes of internalves. Thethree
dots in the panel at right slvdhe approximate locations of the three thermistors on each
mooring.

FIG. 3. High-frequeng (> 1 cpd) travel time data obtained on the acoustic paths
indicated in the upper right of each pan€he sum of reciprocal-ray trd times, a mea-
sure of sound spee@nability, are shovn. 8-12 rays are resolved on each acoustic path;
the seeral time series in each panel shthe travel times associated with the resedv
ray paths. The tidal variability of the W& times in each panel is nearly identical
because the signals are dominated by mode-1 internal tides. Note that some paths (e.g.,
2,4) are dominated by semidiurnariability, while other paths (e.g., 2,3) are dominated
by diurnal \ariability. These 40-day sections of the time seriessstiee more frequent
transmissions during the Moving Shiprograply experiment followed by the gailar

transmissions orvery fourth day.
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FIG. 4. Spectra of the time series of mode-1 amplitudevédrirom the thermistor
data obtained on moorings 1 and 3 as indicafiédal lines are oldous in these spectra,
but there is no apparent geographical pattern to the intensity of the lines. As discussed in
the text, the intensities of the lines for the diurnal frequencies appear to be comparable to
those of the semidiurnal frequencies.

FIc. 5. (a) Part of the time series of mode-1 amplitudevedrirom the trael
times obtained on path (2,4) (heavy line). The tidal fit to the data is also shown (light
line). Only45 days of the 181-day record length arensho(b) The residual of the time
series after removing the tide$he tidal fit accounts for 77% of thewance. Residual
tidal variability is evident, perhaps caused by incoherent components of the internal tide.

FIG. 6. The difference between the,Mnd N internal tide phases obtained on the
15 acoustic paths. The dotted line shows the phase difference between dimel I
barotropic tides. The internal tide phase differences are consistent with propagation of a
few hundred kilometers, although the uncertainties are so large as to preclmitevdef
conclusions.

FIG. 7. Maps of the mode-1 amplitude of the, Mternal tide observed by the
AMODE array The cosine component of the field (top left) propagates from the north-
west to the southeast, while the sine component ofiglte(fop right) propagates merid-
ionally (see also Duska(2003)). Thissolution for the tidal field assumes that the inter
nal tide is propagatingway from the nearest topographThe a priori wavenumber
spectrum (bottom left) is chosen tovgiwavenumbers way from topograpih in the solu-
tion. The spectrum estimated from the objegetimap is also shown (bottom right).
[Modified from Dushav (2003).]

FIG. 8. The K barotropic tidal ebeation from the tidal model of Egbert et al.
(1994) (TPXO.5 ersion). Thedotted and dashed lines shthe amplitude (in cm) and

phase (in degrees), respeely. The phase of the diurnal tide changes by only about 20°
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along the Caribbean island arc.

FIG. 9. Eigenfrequencies of (6) as a function of mode number determined by
"shooting". The K; and Q frequencies are consistent with the eigenfrequencies, but the
match is not exact.

FIG. 10. Current and displacement modes as a function of latitude f&j ted Q
consitutents determined from the equatorial beta plane solutions (dashed; orders 42 and
36) and numerical solutions (solid; orders 5 andT3)e approximate and numerical solu-
tions are similar and probably cannot be distinguished by the acousticTtiatéocations
of the 6 AMODE moorings are indicated in the panels for the displacement mAdes.
wave for semidiurnal frequencies (150-kmavdength) is shown in the top panel.

FIG. 11. The panels at left sivathe predicted displacement of diurnawes at he
K; and Q frequencies, together with the measured harmonic constants for each acoustic
path. Thepanels at right sl the predicted displacement as a function of latitude,
together with the harmonic constants determined from the thermistor data obtained on
each mooring.The horizontal dotted line in the panel foyr i@dicates the turning lati-
tude. Theboundary condition at 220 °N is zero meridional fl@; which corresponds to
maximum displacement. [From Dushand Worcester 1998.]

FiIG. 12. Comparisomf predicted resonantaveharmonic constants of the internal
tide to measured harmonic constants (with error bars) for the Kioahd (bottom)O,
frequencies. &r each comparison only tnparameters (an amplitude and a phase) of the
predicted vaveare adjusted tatfto the 30 independent data. The harmonic constants are
plotted as a function of the azimuthal angle of orientation of their acoustic path; zonal
paths are at 0°.

FIG. 13. Potentialtop), kinetic (middle), and total energy of tkeinternal tide as
a function of latitude. The kinetic energy is inferred from the displacemé&he

barotropic energy is shown by the horizontal dashed linayisgahat in some latitude
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bands the internal tide energy is mdimes larger than the barotropic egefor this fre-
queng.

FIG. 14. M, barotropic tidal energy flux desed from the tidal model of Egbert et
al. (1994)(TPXO.5 \ersion). Thetides are dirly large ower the continental shelf of the
United States; the lack of energy flux shows that the tide there is a staradiag w

FIG. 15. Thestate of M baroclinic tide radiation 20 days after the start of the Sim-
mons et al. (2004) model run in the North Atlant&cccording to this model, the M
internal tides are relagly weak in the AMODE region compared to other are@eso-
nant M, internal tides are possibly evident east of Iceland, presumably trapped between

topograply and their 75°N turning latitude. Modified from Simmons et al. (2004).
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Tablel. The AMODE transceer mooring positions and their uncertainties.

Source
Latitude Uncert. Longitude Uncert. Depth
Mooring (North) (m) (West) (m) (m)
1 27°43.2329’ 0.6 64°31.1107 0.9 985

24°20.0499’ 0.5 62°53.3477’ 0.8 996
21°53.9489’ 0.5 65°49.8894’ 0.8 1003
23°38.2722’ 0.5 69°21.5593’ 0.8 1008
27°21.1214 0.6 68°43.5229’ 0.9 979
25°00.0178’ 0.5 66°15.0826’ 0.8 992

o 01 A WN

Table 2. Values for the harmonic constants (amplitude and phase) of the barotropic tide
elevation and currents. These values were\aerifrom the TPXO.5 tidal model for the
position of the central AMODE mooring.

Elevation Zonal Meridional

Constituent (cm) Currerftm/s)  Curren{cm/s)
K 1.4 0.07 0.06
28° 123° 327°
S 4.6 0.22 0.21
25° 122° 328°
M, 25.7 1.09 0.82
2° 100° 292°
N, 5.8 0.25 0.19
341° 80° 271°
Ky 7.0 0.08 0.15
200° 279° 55°
P; 2.2 0.01 0.04
200° 300° 64°
o)} 5.7 0.01 0.08
205° 301° 61°
Q. 1.1 0.00 0.02
193° 83° 58°
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Table 3. Internal-tide phase speed (s), group spegdusvdength (), and vavenumber
(k) at 25°N dewned from hydrographic data obtained in the AMODE region.

Mode Constituent @m/s) g A (km) k(x107rad/km)

1 M, 3.34 2./0 150 4.20
S 3.32 273 143 4.38
N, 3.36 269 153 4.10
Ky 5.59 1.62 482 1.30
o)) 71.22 1.25 672 0.94
2 M, 1.46 1.18 65 9.60
S 1.45 1.19 63 10.02
N, 1.47 1.18 67 9.38
Ky 2.45 0.71 211 2.98
O 3.16 0.55 294 2.14
3 M, 1.08 0.88 48 12.97
S 1.08 0.88 46 13.53
N, 1.09 0.87 50 12.67
Ky 1.81 0.52 156 4.03
O 2.34 041 218 2.89
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Table 4. Amplitudes and Greenwich phases of the mode-1 baroclinic tide measured on
each of the 15 acoustic paths of the AMODE arngglues are gen for the frequencies

of the eight major tidal constituents. The acoustic path is denoted by the pair of numbers,
e.g., "(1,2)" is the path between moorings 1 andlBe locations of the mooring are
given in Hgure 1 and Table 1The percent of the time series variance accounted for by
the tidal fit is also gien. Thenormalization of mode 1 is such that an amplitude of 1 m
roughly corresponds to astical displacement of 1 m at mode maximum (see Appendix
A). Theuncertainties of the amplitudes are84m.

Acoustic Record Amplitude (cm)

Pah Length(d) % Tidal K2 SZ M2 N2 Kl Pl Ol Ql

1,2 181 70% 23 18 123 21 44 16 25 15

1,3 189 69% 8 16 72 31 69 25 17 5

14 189 34% 7 8 7 12 30 5 26 10

15 101 69% 10 14 194 34 49 15 17 16

1,6 188 59% 12 22 125 9 & 21 26 10

2,3 333 33% 20 12 48 4 ¥ 20 R 24

2,4 181 7% 6 30 157 45 94 21 64 19

2,5 250 32% 5 30 67 32 51 16 16 13

2,6 332 45% 3 16 89 28 101 27 53 12

3.4 217 53% 15 18 110 25 53 8 17 #

3,5 178 43% 11 9 9 1 9 5 3 4

3,6 357 38% 13 22 62 30 46 14 23 12

4,5 137 57% 6 35 104 41 53 44 23 12

4,6 213 42% 10 6 9 17 76 23 75 23

5,6 258 33% 28 15 86 12 76 28 34 4

Acoustic GreenwicliPhase (°)

Pah Kz S M, N2 Ky Py O Q
1,2 43+11 316+14 115+ 2 62+ 11 86+ 6 82+15 250+10 201+15
1,3 79+25 148+14 335+ 3 271+ 7 71+ 3 52+ 9 215+12 109+40
14 144+ 29 127+25 309+ 6 301+18 26+ 8 10+37 137+ 8 72+ 20
15 293t 46 21+35 112+ 2 102+13 89+ 11 66+34 276+25 185+27
1,6 27+26 303+16 137+ 3 3+34 46+ 4 28+16 198+12 121+29
23 299+ 14 25+24 109+ 6 62+58 148+ 8 P+ 15 35+ 9 3H0O0+12
2,4 3+ 47 56+11 284+ 2 245+ 7 252+ 3 200+15 154+ 5 358+16
25 294+ 59 234+ 13 69+ 6 2+12 314+ 8 277+23 214+23 211+27
2,6 241+ 91 8+22 267+ 4 217+12 263+ 4 282+13 153+ 7 239+27
3.4 291+ 22 327+19 239+ 3 170+13 110+ 6 115+40 349+ 19 19+ 10
3,5 212423 169+29 295+ 5 253+21 20+ 26 13+47 118+ 7 69 + 46
3,6 307+ 19 9+13 202+ 4 170+ 9 53+ 6 25+18 168+11 87+ 20
4,5 63+53 338+11 148+ 4 104+ 9 70+ 7 138+ 9 4+16 349+29
4,6 172¢ 31 325+ 45 76x 35 105+ 20 282+ 5 241+14 145+ 5 48+ 15
5,6 330+ 16 241+ 28 79+ 5 P+33 326 6 206+16 164+13 225+84
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Table 5. Amplitudes and Greenwich phases of the mode-1 baroclinic tide measured by
thermistors on each of the 6 moorings of the AMODE aiaaybr Table 4. The uncer
tainties of the amplitudes are Bam.

Mooring Record Amplitude (cm)
Number Lengti{d) %Tidal K, S M, N, K P O @
1 339 9% 26 36 121 28 49 53 40 10
2 310 11% 37 59 32 72 91 50 36 12
3 357 29% 8 24 297 67 122 62 126 42
4 310 7% 26 78 108 54 37 30 27 29
5 357 32% 38 83 332 92 85 46 27 27
6 356 39% 31 65 346 68 86 30 103 20
Mooring GreenwictPhase (°)
Number K2 SZ M2 N2 Kl P]_ Ol Ql
1 139+ 12 16+ 9 126+ 3 4+ 11 92+ 7 101+ 6 319% 8 83+ 30
2 B+ 8 B3+ 5 190+ 9 236+ 4 277+ 3 25+ 6 18+ 8 302+22
3 199+ 41 98+14 219+ 1 193+ 5 48+ 3 57+ 6 326+ 3 258+ 8
4 203+ 15 16+ 5 187+ 4 306+ 7 51+10 59+ 13 340+ 14 11+ 13
5 240+ 9 214* 4 87+ 1 0+ 4 138+ 4 0 7 M+12 311+12
6 319+ 9 313+ 5 189+ 1 144+ 4 R7+ 3 251+10 159+ 3 108%15
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Table 6. Amplitudes and Greenwich phases of the libde-1 baroclinic tide measured
for each pair of parallel acoustic paths of the AMODE array.

Pah  %Tidal Amplitude (cm) Phase (°G) Phd3dference
15 69% 194 1122

2,4 7% 157 2842 172+£3°
1,2 70% 123 1152

3,5 43% 49 2955 180+5°
2,3 33% 48 1096

1,4 34% 37 3026 200+8°
3,4 53% 110 2323

2,5 32% 67 6936 190+7°
4,5 57% 104 1484

1,3 69% 72 3333 18745°

Table 7. Amplitudes and Greenwich phases of thembde-1 baroclinic tide measured
for each pair of parallel acoustic paths of the AMODE array.

Pah %Tidal Amplitude (cm) Phase (°G) Phd3dference
15 69% 34 10213

2,4 77% 45 24% 7 217+15°
1,2 70% 21 6211

3,5 43% 11 25321 16%24°
2,3 33% 4 62+58

1.4 34% 12 30%18 12%61°
3,4 53% 25 17G13

2,5 32% 32 2t12 16%18°
4,5 57% 41 104 9

1,3 69% 31 27 7 193+11°
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Fic. 1. The AMODE array ws located midway between Puerto Rico and
Bermuda. Théneary lines shav contours of bottom topograplat 1000 m interals. The
dotted and dashed lines shthe amplitude (in cm) and phase (in degrees), resphgti
of theM,, barotropic tidal elegtion from the tidal model of Egbert et al. (1994) (TPXO.5
version). Thephase of the tide isairly constant along the continental shelf and
Caribbean island arc. The concentric circles to the northwest of the tompgragh
shaw the location of the 16 moorings of the MODE experiment (Hendry 1977).
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FIG. 2. A meridional section of topograptihrough the AMODE array skong
the locations of Puerto Rico, the Puerto Ricenth, and Bermuda. The set of ray paths
from the acoustic path between moorings 1 and 3 arershfeft) Corresponding sound
speed profile, and (right) thadt three temperature modes of internalves. Thethree

dots in the panel at right sirdhe approximate locations of the three thermistors on each
mooring.
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FIG. 3. High-frequeng (> 1 opd) travel time data obtained on the acoustic paths
indicated in the upper right of each pan€he sum of reciprocal-ray trd times, a mea-
sure of sound spee@nability, are shovn. 8-12 rays are resolved on each acoustic path;
the seeral time series in each panel shthe travel times associated with the resedv
ray paths. The tidal variability of the W& times in each panel is nearly identical
because the signals are dominated by mode-1 internal tides. Note that some paths (e.g.,
2,4) are dominated by semidiurnariability, while other paths (e.g., 2,3) are dominated
by diurnal \ariability. These 40-day sections of the time seriesastiee more frequent
transmissions during the Moving Shiprograply experiment followed by the gailar
transmissions onvery fourth day.
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FIG. 4. Spectra of the time series of mode-1 amplitudevédrirom the thermistor
data obtained on moorings 1 and 3 as indicafiédal lines are oldous in these spectra,
but there is no apparent geographical pattern to the intensity of the lines. As discussed in
the text, the intensities of the lines for the diurnal frequencies appear to be comparable to
those of the semidiurnal frequencies.
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FIG. 5. (a) Part of the time series of mode-1 amplitudevedrirom the trael
times obtained on path (2,4) (heavy line). The tidal fit to the data is also shown (light
line). Only45 days of the 181-day record length areasho(b) The residual of the time
series after removing the tide$he tidal fit accounts for 77% of thewance. Residual
tidal variability is evident, perhaps caused by incoherent components of the internal tide.
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FIG. 6. The diference between the Mind N internal tide phases obtained on the
15 acoustic paths. The dotted line shows the phase difference between dine N
barotropic tides. The internal tide phase differences are consistent with propagation of a
few hundred kilometers, although the uncertainties are so large as to preclmitevdef
conclusions.
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FIG. 7. Maps of the mode-1 amplitude of the, Miternal tide observed by the
AMODE array The cosine component of the field (top left) propagates from the north-
west to the southeast, while the sine component ofelte(fop right) propagates merid-
ionally (see also Duska(2003)). Thissolution for the tidal field assumes that the inter
nal tide is propagatingway from the nearest topographThe a priori wavenumber
spectrum (bottom left) is chosen togwavenumbers @ay from topograpi in the solu-
tion. The spectrum estimated from the objgetimap is also shown (bottom right).
[Modified from Dusha& (2003).]
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FIG. 8. The K; barotropic tidal elegation from the tidal model of Egbert et al.
(1994) (TPXO.5 ersion). Thedotted and dashed lines shthe amplitude (in cm) and
phase (in degrees), respeety. The phase of the diurnal tide changes by only about 20°
along the Caribbean island arc.
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FIG. 9. Eigenfrequencies of (6) as a function of mode number determined by

"shooting". The K; andQ, frequencies are consistent with the eigenfrequencigshb
match is not exact.
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FIG. 10. Current and displacement modes as a function of latitude f&r redO;
consitutents determined from the equatorial beta plane solutions (dashed; orders 42 and
36) and numerical solutions (solid; orders 5 and3)e approximate and numerical solu-
tions are similar and probably cannot be distinguished by the acousticTtiatéocations
of the 6 AMODE moorings are indicated in the panels for the displacement mAdes.
wave for semidiurnal frequencies (150-kmavdength) is shown in the top panel.
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FIG. 11. The panels at left shathe predicted displacement of diurnawes at he
K; and Q frequencies, together with the measured harmonic constants for each acoustic
path. Thepanels at right s the predicted displacement as a function of latitude,
the thermistor data obtained on
each mooring.The horizontal dotted line in the panel for @dicates the turning lati-
tude. Theboundary condition at 220 °N is zero meridional fl@; which corresponds to

together with the harmonic constants determined from

maximum displacement. [From Dushand Worcester 1998.]
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FIG. 12. Comparisomf predicted resonantaveharmonic constants of the internal
tide to measured harmonic constants (with error bars) for theKi@md (bottomo, fre-
guencies. &r each comparison only bnmparameters (an amplitude and a phase) of the
predicted vaveare adjusted tatfto the 30 independent data. The harmonic constants are
plotted as a function of the azimuthal angle of orientation of their acoustic path; zonal

paths are at 0°.
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FIG. 13. Potentialtop), kinetic (middle), and total energy of tkeinternal tide as
a function of latitude. The kinetic energy is inferred from the displacem&he
barotropic energy is shown by the horizontal dashed lineyishahat in some latitude
bands the internal tide energy is mdimes larger than the barotropic egefor this fre-

queng.
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(1994)(TPXO.5 \ersion). Thetides are dirly large ower the continental shelf of the
United States; the lack of energy flux shows that the tide there is a staradiag w

FIG. 14. M,

al.

21 November 2005



63

TAT

A
) .
Ol R “;. ()
PRGN

Interface Displacement (m)

FIG. 15. Thestate of M baroclinic tide radiation 20 days after the start of the Sim-
mons et al. (2004) model run in the North Atlantic. Acccording to this model, the M
internal tides are relagly weak in the AMODE region compared to other are@eso-
nant M, internal tides are possiblyident east of Iceland, presumably trapped between
topograply and their 75°N turning latitude. Modified from Simmons et al. (2004).
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