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Abstract

The jets in the equatorial Pacific Ocean of a realistically-forced global circulation model
with a horizontal resolution of 1/12.5° cause a strong loss of phase coherence in semid-
iurnal internal tides that propagate equatorward from the French Polynesian Islands and
Hawaii. This loss of coherence is quantified with a baroclinic energy analysis, in which
the semidiurnal-band terms are separated into coherent, incoherent, and cross terms. For
time scales longer than a year the coherent energy flux approaches zero values at the
equator, while the total flux is ~500 W/m. The time-variability of the incoherent energy
flux is compared with the internal-tide travel-time variability, which is based on along-
beam integrated phase speeds computed with the Taylor-Goldstein equation. The vari-
ability of monthly-mean Taylor-Goldstein phase speeds agrees well with the phase speed
variability inferred from steric sea surface height phases extracted with a plane-wave fit
technique. On monthly time scales, the loss of phase coherence in the equatorward beams
from-the French Polynesian Islands is attributed to the time variability in the vertically-
sheared background flow associated with the jets and tropical instability waves. On an an-
nual time scale, the effect of stratification variability is of equal or greater importance than
the shear variability is to the loss of coherence. In the model simulations, low-frequency
equatorial jets do not noticeably enhance the dissipation of the internal tide, but merely

decohere and scatter it.

1 Introduction

Internal gravity waves generated by barotropic tidal motions over underwater topog-
raphy, also referred to as internal tides, fill the world’s oceans [Dushaw et al., 1995; Ray
and Mitchum, 1997; Alford, 2003; Arbic et al., 2004; Simmons et al., 2004a; Shriver et al.,
2012]. The internal tides that propagate long distances are mostly low mode waves [Al-
ford, 2003], while the higher mode waves generally dissipate near their generation sites
[St. Laurent and Nash, 2004]. The dissipation of internal tides contributes significantly to
the diapycnal mixing of water masses [Munk and Wunsch, 1998]. However, quantifying
precisely where the internal tides dissipate (at generation sites, in the open ocean, and/or
at the continental shelves), and by what mechanisms they dissipate remains an open re-
search question [Ansong et al., 2015; Buijsman et al., 2016; MacKinnon et al., 2017]. In-
sight into these processes is relevant for developing mixing parameterizations for cli-

mate models because the three-dimensional geography and strength of mixing affects the
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overturning circulation in these models [Simmons et al., 2004b; Jayne, 2009; Melet et al.,

2013].

Satellite altimetry of the ocean surface provides near-global coverage of low-mode
internal tides [Ray and Mitchum, 1997; Kantha and Tierney, 1997; Shriver et al., 2012;
Zhao et al., 2016; Ray and Zaron, 2016]. Satellite altimeter maps show internal tides prop-
agating across basins for thousands of kilometers. However, the equatorial Pacific ocean
appears to be a barrier of sorts for internal tides [Carrére et al., 2004; Shriver et al., 2012;
Zhao et al., 2016]. According to altimeter maps (Fig. 1, replotted from Shriver et al. [2012]),
neither beams that propagate southward from Hawaii or beams that propagate northward
from the French Polynesian Islands (FPI), cross the equatorial Pacific. This may imply
that the equatorial zonal jets cause a strong dissipation of the equatorward propagating in-
ternal tides. Another potential explanation for the equatorial demise of internal tides in al-
timetry maps is incoherence. The internal tide sea surface height signals are generally ex-
tracted from altimetry with a harmonic least-squares analysis over periods of several years
[Ray and Mitchum, 1997; Carrére et al., 2004; Shriver et al., 2012; Zhao et al., 2016; Ray
and Zaron, 2016], and only the part of the total signal that is coherent with the barotropic
narrow-band tidal forcing is retained. Using 23 years of satellite altimetry, Zaron [2017]
determined that internal tides do exist in the equatorial Pacific and that more than 80%
of the'total semidiurnal internal tide signal is incoherent in this region. The existance of
incoherent internal tides in the equatorial Pacific has also been demonstrated in global

model simulations by Savage et al. [2017].

The equatorial jets in the Pacific are characterized by vertically and horizontally
stacked zonal currents with alternating flow directions [Firing et al., 1998]. The dissipation
rates at the equator are elevated in the upper water column [Whalen et al., 2012] and near
the bottom [Holmes et al., 2016]. The causes of this dissipation are attributed to strong
vertical shear of these zonal jets [Peters et al., 1988], surface heating and cooling cycles
[Smyth et al., 2013; Moum et al., 2013], and near-bottom wave trapping and/or inertial in-
stability [Holmes et al., 2016]. It has not yet been demonstrated that this dissipation can

also be due to low-mode internal tides.

The decay of low-mode internal tides in the abyssal ocean may be caused by low to
high mode scattering due to nonlinear wave-wave interactions [Miiller et al., 1986; MacK-

innon et al., 2013; Miiller et al., 2015], topographic scattering [Mathur et al., 2014] (and
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references therein), and internal-tide mean-flow interactions [Dunphy and Lamb, 2014].
These scattered higher modes with smaller spatial scales are more susceptible to dissipa-
tion due to shear instabilities and overturning. The equatorward internal tides from the
FPI propagate over relatively smooth topography [Becker et al., 2009]. Hence, topographic
scattering most likely does not play a role near the equator, while wave-wave and wave-
mean-flow interactions could be important for the demise of the internal tides. Ivanov
et.al. [1990] observed the scattering of semidiurnal internal tides to short period waves

as the internal tide propagated across the equatorial jets in the Guiana basin. Muench and
Kunze [2000] argue that momentum deposition from breaking small-scale internal waves

could maintain the deep zonal jets.

Incoherent tidal motions have been observed in, e.g., coastal tide gauge records
[Munk and Cartwright, 1966], velocity and density records from moorings [Wunsch, 1975;
van Haren, 2004; Zilberman et al., 2011; Nash et al., 2012b; Zaron and Egbert, 2014;
Kelly et al., 2015; Stephenson et al., 2015; Ansong et al., 2017], and satellite altimetry [Ray
and Zaron, 2011; Zaron, 2015; Zhao, 2016; Zaron, 2017]. These incoherent motions have
been attributed to internal tides that are not coherent with the tidal forcing. Zaron [2017]
argues-that up to 44% of the total semidiurnal internal tide signal in the world’s oceans is
incoherent. Because of their O(10 day) sampling times, satellite altimeters do not easily
allow for estimation of the incoherent tide amplitude at a particular location in the ocean.
In"contrast, eddy-resolving numerical models with realistic forcing allow for such local
estimates [Zaron and Egbert, 2014; Shriver et al., 2014; Kerry et al., 2014, 2016; Savage
et al., 2017]. Both Zaron and Egbert [2014] and Shriver et al. [2014] show that near the
internal tide generation sites the internal tides are mostly coherent, and that they become

more incoherent as they propagate away from the generation sites.

Several mechanisms contribute to the incoherence of internal tides. First, the inter-
nal tide generation (barotropic to baroclinic conversion) may vary in time with the tidal
forcing due to local changes in stratification and/or remotely generated incoherent internal
tides [Chavanne et al., 2014; Nash et al., 2012b; Kelly et al., 2015; Pickering et al., 2015;
Kerry et al., 2014, 2016]. After generation, the internal tides propagate through mesoscale
flows, and the associated spatial and temporal variability in stratification, currents, and
vorticity may cause time variable refraction of the internal gravity wave fields [Park and
Watts, 2006; Rainville and Pinkel, 2006; Dewar, 2010; Zaron and Egbert, 2014; Dunphy
and Lamb, 2014; Ponte and Klein, 2015; Kelly and Lermusiaux, 2016; Kelly et al., 2016;
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Kerry et al., 2016; Magalhaes et al., 2016]. Hence, the internal tides become phase inco-
herent with the tidal forcing at a given location in the ocean. There are few studies that
have looked into the interaction between the equatorial jets and the internal tides from the
FPI and Hawaii. However, the interaction between mid-latitude jets and internal tides has
been studied in numerical model experiments [Ponte and Klein, 2015; Kelly and Lermusi-
aux, 2016; Kelly et al., 2016]. Magalhaes et al. [2016] attributed the seasonal variability
of the internal tides from the Amazon shelf break, observed in satellite imagery, to the

seasonal variability of the North Equatorial Counter Current.

From this discussion, we distill three questions that are addressed in this paper: 1)
Cansome of the internal-tide demise at the equator be attributed to the internal tides be-
coming incoherent after passing through the equatorial Pacific jets, and thus being missed
by the least squares harmonic analysis? 2) What are the mechanisms of internal tide in-
coherence at the equator? 3) On what time scales do these mechanisms act? We address
these questions using output from the latest global 1/12.5° HYbrid Coordinate Ocean
Model (HYCOM) simulations with realistic tidal and atmospheric forcing. Such models
with realistic barotropic tides, internal tides, and mesoscale eddies may be used to exam-
ine-the coherent and incoherent internal tide surface expression present in the wide swath
altimetry obtained in future SWOT missions [Fu and Ubelmann, 2014]. We note that the
~8 km:horizontal resolution and 41 layers of HYCOM may not optimally resolve the dis-
sipation associated with shear instabilities, wave breaking, and wave-wave and wave-mean
flow interaction processes [Miiller et al., 2015], which may occur at the equator. Hence,
regarding question one, higher resolution models may need to be applied to better address
what fraction of the internal tide demise at the equator, seen in altimetry maps, is due to

dissipation versus incoherence.

In the remainder of this paper, we first discuss the model and internal tide energy
diagnostics. Next we diagnose the semidiurnal band-passed (total), the harmonically an-
alyzed (coherent), and the residual (incoherent) energy fluxes radiating northward and
southward from the FPI. We scrutinize the mechanisms that underlie internal-tide inco-
herence on monthly and annual time scales using the Taylor-Goldstein equation. We com-
pare the Taylor-Goldstein derived phase speeds with phase speeds computed with a plane-

wave-fit method. In the last section we present a discussion and conclusions.
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Figure 1. M), internal tide sea surface height amplitude extracted along 17 years of TOPEX/POSEIDON
and Jason satellite altimetry tracks (see Shriver et al. [2012] for more details). The equator is marked by the
dashed black line. The area containing the French Polynesian Islands, for which we do monthly and annual

analyses, is outlined by the gray dashed line.

2 Methodology
2.1 Numerical Model

We use a recent version of HYCOM (expt_06.1) to study the incoherence of the
semidiurnal internal tide in the South Pacific. The simulation examined here employs at-
mospheric forcing from the Navy Global Environmental Model (NAVGEM) [Hogan et al.,
2014] and geopotential tidal forcing for the three largest semidiurnal constituents (Mp,

S», and N,) and two largest diurnal constituents (K; and O;). In theory, these five con-
stituents can be separated with an hourly record that is 28 days or longer. The tidal forc-
ing israugmented with a self-attraction and loading (SAL) term accounting for the load
deformations of the solid earth and the self-gravitation of the tidally deformed ocean and
solid earth [Hendershott, 1972; Ray, 1998]. The simulation features 41 layers in the verti-
cal direction and a nominal horizontal resolution of 1/12.5° at the equator. The simulation
is.started from an initial state on 1 July 2011. The initial state is obtained from running
the model for seven years with climatological forcing and then from 2003 to 2011 with
the atmospheric forcing from the Navy Operational Global Atmospheric Prediction Sys-
tem (NOGAPS) [Rosmond et al., 2002]. Atmospheric NAVGEM forcing is applied after
30 June 2011. Tidal forcing is initiated on 3 July 2011. Global three-dimensional fields

are stored every hour for a one-year period from September 2011 to August 2012. We an-
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alyze a subset of this data set covering the Pacific Ocean between 45°S and 30°N. While
the global data set requires about 150 tera bytes (TB) of storage, the subset amounts to 33

TB, including post-processed data.

The simulation used here features several changes compared to our earlier HYCOM
tidal simulations described in Arbic et al. [2010, 2012] and Shriver et al. [2012]. In this
new simulation an Augmented State Ensemble Kalman Filter (ASEnKF) technique is
applied to reduce errors in the model’s barotropic tidal sea surface elevations [Ngodock
et al., 2016]. While the wave drag parameterization by Garner [2005] was used in our
earlier/simulations to account for unresolved high-mode internal wave generation and
breaking, the parameterization by Jayne and St. Laurent [2001] is used in this simulation.
Following Buijsman et al. [2015], this wave drag is tuned to minimize tidal sea surface
elevation errors with respect to the TPXO8-atlas [Egbert et al., 1994]. We note that our
results on coherence obtained with this new simulation with ASEnKF and the different
drag scheme are qualitatively similar to those found in the prior simulations. In contrast
with the older configuration of Shriver et al. [2012], the model bathymetry is extended to
include the ocean under the floating Antarctic ice shelves. The changes described above
have greatly lowered the area-averaged deep-water M, root-mean-square sea-surface error,

from the 7.4 cm value in Shriver et al. [2012] to 2.6 cm in the simulation presented here.

2.2 Diagnostics

The generation, propagation, and dissipation of the semidiurnal internal tide is stud-
ied with the time-averaged and depth-integrated baroclinic energy equation [Simmons

et al., 2004a; Buijsman et al., 2014]

V-F+D=C, (D

where F = (Fy,F,) are the fluxes in the x (east-west) and y (north-south) directions, D
is.dissipation, and C is the barotropic to baroclinic energy conversion. D is computed as
the residual of the flux divergence and conversion terms. We can ignore the rate of change
term as the period of averaging (month and year) makes this term orders of magnitude
smaller than the terms in eq. (1). Similarly, the internal-tide self advection is also small
[Simmons et al., 2004a; Buijsman et al., 2014]. However, we find dipoles of positive and
negative flux divergence at the equatorial jets (not shown). Kelly et al. [2016] and Kelly

and Lermusiaux [2016] show that these dipoles are balanced by energy terms related to
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energy advection by the mean flow. We do not compute these terms here; this work is
saved for a future paper. In accordance with findings by Dewar [2010] and Dunphy and
Lamb [2014], Kelly and Lermusiaux [2016] state that “energy advection by the mean flow
does not produce a net volume-integrated energy transfer between the tide and mean flow,
which explains the (nearly) offsetting regions of internal-tide energy sources and sinks”.
As we spatially average the energy terms, the energy loss and gain associated with the
dipoles cancel and their impact is minimized. The time-variability in the background flow
causes a time-variability in the dipoles and the energy fluxes. The time-variability of these

fluxes is the subject of this paper.

We follow the approach by Nash et al. [2012b] and Pickering et al. [2015] to com-
pute the coherent and incoherent contributions to eq. (1). For this purpose, we decompose

the barotropic (depth-averaged) velocity according to
Upz = Ucon + Uipe,

where U = (U,V) is the barotropic velocity with components U and V along the x and
y directions, p; refers to semidiurnal band-passing between 10 and 14 hours, ., is the
coherent component obtained by harmonic least-squares fit of the M, S,, and N, con-
stituents to the band-passed time series, and j,. refers to the incoherent part. The incoher-
ent term is computed as the difference between the band-passed and harmonic time series.
Similarly the baroclinic velocities and perturbation pressures are respectively decomposed
as

Upy = U, + U
and

o7 ’
DPp2 = DPeon +pinc’

where the prime notation denotes a (baroclinic) departure from a (barotropic) depth-average.

We then compute the time-mean and depth-integrated baroclinic energy flux and time-

mean _conversion terms as

1 ’ 7 ’ ’ ’ 7’ ’ 7’
FDZ = T rJu DeonBeoh + DincWinc + DincUcon + pcohuincdzdt

and q
CD2 = T f - p];,cohUcoh -VH
T

- pt,;,im;Uinc -VH

- p{,,jncUcoh -VH — p{,!cohUmc . VHdt,
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where p; is the perturbation pressure at the bottom, ¢ is time, 7" is the period of inte-
gration, z is the vertical coordinate (positive upward), and H is the resting water depth.
Each energy term comprises a coherent term, an incoherent term, and two cross terms.
Although we differentiate between incoherent and cross-terms, the cross-terms have a neg-
ligible contribution after time averaging. The reader is referred to Nash et al. [2012b] for a

discussion of the cross terms.

We use the percentage

|®p2 — Oconl

=100
4 2

as a metric for the incoherence, where O is either energy flux or conversion. Maps of the
metric given in equation (7) look similar to maps of the R?> — 1 metric used by Pickering

et al. [2015].

3 _Model Results
3.1 Equatorial Pacific

The Pacific ocean with its tall underwater ridges, such as Hawaii, the Mariana Is-
lands, Luzon Strait, and the FPI is an important generator of radiating low-mode internal
tides [Simmons et al., 2004a; Buijsman et al., 2016]. The magnitudes of the semidiurnal
band-passed fluxes averaged over one year, from September 2011 to August 2012, are dis-
played in Fig. 2a. v, the ratio of the sum of the incoherent and cross-term fluxes to the
band-passed fluxes, is presented in Fig. 2b. The equatorial Pacific stands out as a loca-
tion of internal tide incoherence. As soon as the northward propagating internal tides from
the FPI encounter the equator they become incoherent. In contrast, the southward prop-
agating waves from the FPI remain mostly coherent. The southward propagating inter-
nal tides from Hawaii and even the Mariana Islands also become incoherent after passing
through the equatorial region. Some of the internal tides generated at the Mariana Islands
and the Izu Ogasawara Ridge propagate more than 4000 km in an east-southeasterly direc-
tion: In contrast to the internal tides radiating equatorward from Hawaii and the FPI, the
east-southeasterly propagating internal tides from the Mariana Islands and Izu Ogasawara
Ridge maintain a high level of coherence over much larger distances. Another striking
feature of Fig. 2b is that as soon as one moves away from the main beams (even away
from the equator, and even close to the generation sites), the incoherence increases from

essentially zero to ~20% values. This means that the internal tides are most coherent in

This article is protected by copyright. All rights reserved.

)



the beams and right near the generation sites, and more incoherent elsewhere, in qualita-

tive agreement with findings by Zaron and Egbert [2014] and Shriver et al. [2014].

In Fig. 3, we present spectral properties for unfiltered time series of steric sea sur-
face height along an internal tide beam radiating equatorward from the FPI. This beam
is marked with a-b in Fig. 2a. Steric sea surface height represents a depth-integral of
the baroclinic motions, and it is often used to study internal tides [Shriver et al., 2012,
2014; Ansong et al., 2015; Savage et al., 2017]. The time series are split into three over-
lapping six-month long segments and their power spectral densities are averaged to re-
duce noise levels. Within 7° from the generation site, south of ~ 6°S, the steric sea sur-
face height has little energy at subtidal motions (Fig. 3a and c), while it features energetic
narrow-band peaks at semidiurnal frequencies (Fig. 3b and d). These tidal peaks are well-
resolved by the least-squares harmonic fits (not shown). Equatorward of ~ 6°S energetic
mesoscale motions occur with periods larger than ~ 5 days (Fig. 3a). This coincides with
the broadening of the tidal peaks and the shallowing of the tidal cusps (Fig. 3b). The in-
ternal tide sea surface height amplitudes, in particular of M,, quickly weaken near the
equator (Fig. 3b). To the north of the equator, the semidiurnal tidal peak has become very
broad; masking the My, S, and N; peaks (Fig. 3b and d). The spectra in Fig. 3 show a
qualitative correlation between the presence of mesoscale motions and the broadening
of the‘tidal peaks. The increase in internal-tide incoherence along the beam is associated

with'this broadening.

3.2 French Polynesia

In the remainder of this paper, we diagnose the internal tides radiating from the
French Polynesian Islands (FPI; also called the Tuamotu Archipelago) in the South Pa-
cific. We select this area for an in-depth analysis because of the strong contrast between
the coherence of the northward and southward radiating internal tides from the FPI and
because the internal tide generation and propagation are minimally affected by internal
tides generated at other source regions. Fig. 2a shows that the beams radiating from re-
mote sources such as Hawaii and the ridges along the Tonga and Kermadec Trenches do
not interfere with the internal tide generation sites at the FPI. However, we observe inter-
ference between eastward radiating energy flux beams from Hawaii with beams from the
FPI north of the equator and between eastward flux beams from the Tonga and Kermadec

Islands south of the FPI. The interference patterns in Fig. 2 are characterized by alter-
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Figure 2. (a) The magnitude of the annual-mean semidiurnal band-passed energy fluxes in the equatorial
Pacificifrom HYCOM. Bathymetry is contoured at 0 and -2000 m. Hawaii is abbreviated with H, the French
Polynesian Islands with FPI, Tonga with T, the Kermadec Islands with K, the Izu Ogasawara Ridge with I,
and the Mariana Islands with M. Spectral properties are computed along the internal tide beam marked by
a=b. (b). The percentage of the sum of the annual-mean incoherent and cross-term fluxes to the band-passed
fluxes: Values coinciding with |[Fpy| < 100 W m~! are not shown. The black contours mark 1000 W m~! of
the band-passed fluxes. Bathymetry is contoured at O m. In both subplots, the equator is marked by the dashed

black line.

—11-

This article is protected by copyright. All rights reserved.



4
2
0 |
<2
(]
©
2 4
=
®
-6
-8
-10
-12
< 10° c
e
o
J 2
&
5 10
]
210"
o F T T T T T T T
0 10 20 30 40 50 10 11 12 13 14
T [day] T [hour]

Figure 3. Power spectral density of steric sea surface height (a and b) along an internal tide beam and (c
and d) for the nearfield (red) and farfield (black). The beam is marked with a-b in Fig. 2a. Subplots (a) and
(c) show the spectral properties for periods from 0 to 50 days and (b) and (d) show them for periods from
10 to 14 hours. In (a) and (b) the dashed black lines mark the equator. The spectra are computed for three

overlapping six-month long windows using unfiltered time series.
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nating energy flux minima and maxima at horizontal scales smaller than a mode 1 wave
length [Martini et al., 2007; Buijsman et al., 2014]. These spatial scales are much smaller
than the spatial scale of the reduction in internal tide amplitude along the equator seen

in the satellite altimetry in Fig. 1. Moreover, a linear superposition of internal tide fluxes
does not cause a loss of coherence. Therefore, wave interference should equally affect the
magnitudes of both the band-passed and coherent fluxes. Since we observe differences
between the band-passed and coherent fluxes in the equatorial region (Fig. 2b), we argue
that the reduced amplitudes in the satellite altimetry are due to a loss of coherence and

not interference.

We compute time-mean energy flux and conversion terms every month and aver-
age them over 12 months (referred to as the “monthly mean”) and for an entire year (re-
ferred to as the “annual mean”). The magnitudes of the annual-mean band-passed, co-
herent, incoherent, and cross-term fluxes are shown in Fig. 4a-d. While the band-passed
fluxes extend poleward across the equator, the coherent fluxes have decreased to virtually
zero poleward of the equator (Fig. 4b). This decrease of the coherent fluxes coincides with
an increase in the incoherent fluxes (Fig. 4c). In contrast to the results from monthly or
shorter time-series, the cross-term fluxes computed for the annual time series are nearly
zero (Fig. 4d). Note that the minimum in the coherent energy fluxes (Fig. 4b) and the
maximum in the incoherence fraction y (Fig. 2b) occur in a zonal band north of the equa-

tor near 7°.

Next we spatially average the energy terms in bins along four transects: two tran-
sects to the north and two to the south of the FPI (Fig. 4a). The along-transect length of
the bins is about 275 km (about 2.5°) and the bin width varies from about 500 to 900
km, depending on the transect. To avoid crowding, we do not plot the individual bins in
Fig. 4a; only the outer bin boundaries are shown. Each transect is divided in nearfield and
farfield boxes that are used in Section 4. The bin-mean values are plotted along the west-
ern and eastern transects in Figs. 5 and 6, respectively. In Figs. 5a and 6a the monthly-
mean band-passed fluxes (black solid curves) cannot be distinguished from the means
computed for the annual time series (black dashed curves). The band-passed energy fluxes
decrease in magnitude away from the FPI. A similar decrease is observed in altimetry-
inferred fluxes [Buijsman et al., 2016]. The internal tide decay can be attributed to vis-
cous, numeric, and wave-drag dissipation and radial spreading. In accordance with the re-

sults shown in Fig. 4b, the monthly-mean coherent fluxes show a faster decline compared
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with the band-passed fluxes to the north of the FPI than they do to the south of the FPI
along both the western and eastern transects. The annual-mean coherent fluxes (red dashed
curves) decline faster in magnitude away from the source than the monthly-mean coherent
fluxes (red solid curves). The northward annual-mean coherent fluxes have become nearly
zero at 5°N along both transects (see also Fig. 4b). The inverse relation between coherent
amplitude and record length has also been shown in Colosi and Munk [2006], Nash et al.
[2012a], and Ansong et al. [2015]. Ansong et al. [2015] show that the coherent internal
tide amplitude does not reach an equilibrium until record lengths approach about 3 years.
This suggests that the coherent fluxes computed in this paper from one year of model out-
put have not yet reached an equilibrium value, and are likely to further decrease for longer

records.

As the difference between the band-passed and coherent fluxes increases away from
the source, the incoherent terms increase in magnitude, in particular along the northward
beams (blue curves in Figs. 5b and 6b). The annual-mean incoherent fluxes are larger and
increase closer to the source than the monthly-mean fluxes. After the initial rapid increase
in the incoherent fluxes, the fluxes plateau north of the equator. This may be because
there-is-some contribution to the fluxes by more coherent internal tide beams, for example,
from the Hawaiian Island ridge. The cross-term fluxes decline in amplitude away from the
source in Figs. 5b and 6b (magenta curves). In particular for the monthly mean fluxes,
this‘decline is because the coherent pressure and velocity amplitudes, which are larger
than the incoherent amplitudes, decline away from the generation sites. In contrast to the
monthly-mean cross-term fluxes, the annual-mean cross-term fluxes are nearly zero. For
longer time series the coherent and incoherent terms of the cross-product become more

uncorrelated, causing smaller mean values.

Similar to the energy flux, the annual-mean and monthly-mean internal tide dissi-
pation computed from the band-passed fields decreases with distance from the FPI (not
shown). The dissipation rates do not show an increase near the equator, where the inco-
herent energy flux peaks (Figs. 5b and 6b). As dissipation is proportional to wave energy
and energy flux, we remove the effect of the declining energy flux by normalizing the
bin-integrated dissipation by the bin-width integrated energy flux. This fraction along the
western and eastern transects is plotted in Figs. 5c and 6¢. Values exceed more than 100%
close to the FPI because we omit barotropic to baroclinic conversion in this fraction. The

annual-mean and monthly-mean fraction of the band-passed flux that dissipates (D2; black
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curves) is higher on the south than the north side of the FPI. Similar to the dissipation, we
do not observe an increase in the fraction of the semidiurnal energy flux that is dissipated
at the equator. However, there is a significant increase in the dissipation of the coherent
flux (red curves) at the equator between 0 and 5°, with the annual-mean peak being larger
than the monthly-mean peak along both transects. This indicates that the coherent inter-
nal tide is being scattered into incoherent tides, in agreement with 5b and 6b. In contrast,
south of the FPI no such abrupt increase is found and the differences between the coher-

ent and band-passed fractional dissipation remain small.

The monthly and annual-mean fraction of the coherent flux (conversion) relative
to the total flux (conversion) is shown in Figs. 5d and 6d. On monthly and annual time
scales the barotropic to baroclinic conversion at the FPI is largely coherent (square and
circle symbols), implying that the internal tides become incoherent as they propagate away
from the FPI. Although the magnitude of the total and coherent fluxes in Figs. 5d and
6d is larger along the western than the east