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ABSTRACT

The M, internal tide in the Tasman Sea is investigated using sea surface height measurements made by
multiple altimeter missions from 1992 to 2012. Internal tidal waves are extracted by two-dimensional plane
wave fits in 180 km by 180 km windows. The results show that the Macquarie Ridge radiates three internal
tidal beams into the Tasman Sea. The northern and southern beams propagate respectively into the East
Australian Current and the Antarctic Circumpolar Current and become undetectable to satellite altimetry.
The central beam propagates across the Tasman Sea, impinges on the Tasmanian continental slope, and
partially reflects. The observed propagation speeds agree well with theoretical values determined from cli-
matological ocean stratification. Both the northern and central beams refract about 15° toward the equator
because of the beta effect. Following a concave submarine ridge in the source region, the central beam first
converges around 45.5°S, 155.5°E and then diverges beyond the focal region. The satellite results reveal two
reflected internal tidal beams off the Tasmanian slope, consistent with previous numerical simulations and
glider measurements. The total energy flux from the Macquarie Ridge into the Tasman Sea is about 2.2 GW,
of which about half is contributed by the central beam. The central beam loses little energy in its first 1000-km
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propagation, for which the likely reasons include flat bottom topography and weak mesoscale eddies.

1. Introduction

Theoretical and numerical studies have long identified
the Macquarie Ridge to be a site of strong barotropic-to-
baroclinic tidal conversion (e.g., Morozov 1995; Niwa
and Hibiya 2001). Outgoing internal tides from the
Macquarie Ridge have been simulated using global
high-resolution internal tide models (Simmons et al.
2004; Arbic et al. 2010). Simmons et al. (2004) found that
the Macquarie Ridge radiates energetic M, internal
tides into the Tasman Sea and that one well-defined
internal tidal beam propagates across the Tasman Sea
and impinges on the Tasmanian continental slope (see
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their Fig. 8). In Hybrid Coordinate Ocean Model
(HYCOM) runs that simulate internal tide, eddy, and
ocean circulation simultaneously, Arbic et al. (2010)
found that the transbasin internal tidal beam reaches the
Tasmanian slope even in the presence of large-scale
circulation and mesoscale eddies (see their Fig. 4). The
transbasin internal tidal beam from the Macquarie
Ridge has been observed by satellite altimetry (Ray and
Zaron 2016; Zhao et al. 2016), supporting previous nu-
merical simulations. The satellite altimetric results im-
ply that the M, internal tide is phase locked (at least
partially) with the barotropic tidal forcing over a 20-yr
period. Both the satellite and modeled results reveal
that the transbasin beam loses little energy in its first
~1000km propagation. On the Tasmanian slope, the
incoming internal tide may reflect back into the Tasman
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Sea (Johnston et al. 2015; Klymak et al. 2016). The
central Tasman Sea is relatively quiescent; however, its
southern and northwestern parts are affected by the
Antarctic Circumpolar Current (ACC) and the East
Australian Current (EAC), respectively (Chiswell et al.
2015). The Tasman Sea thus provides an ideal site to
investigate the propagation, reflection, and dissipation of
internal tides, thanks to its complex dynamic environ-
ment and long-range internal tide propagation (Fig. 1).

The Tasman Tidal Dissipation Experiment (TTIDE)
was motivated to study the shoaling internal tide on the
Tasmanian continental slope (Pinkel et al. 2015). It was
complemented by two accompanying projects: T-Beam
and T-Shelf. T-Beam was designed to quantify the in-
coming internal tide in the open ocean (Waterhouse
et al. 2018, manuscript submitted to J. Phys. Oceanogr.).
T-Shelf was designed to study the nonlinear evolution
on the shallower Tasmanian continental shelf (Pinkel
et al. 2015). The combined TTIDE/T-Beam/T-Shelf
experiment tracked the transbasin beam from its gen-
eration on the Macquarie Ridge to propagation in the
Tasman Sea and evolution on the Tasmanian slope. The
field experiment was conducted from January to March
2015, in which internal tides were sampled using a va-
riety of instruments including moorings, shipboard
CTD-LADCEP, fastCTD, and gliders (Johnston et al.
2015; Pinkel et al. 2015). The field experiment was
supported with numerical modeling (e.g., Klymak et al.
2016) and satellite altimetry.

Results from the TTIDE/T-Beam/T-Shelf experiment
have potential global implications. First, the global
barotropic tide loses energy to internal tides at a rate of
1TW, and a significant fraction is transported away by
low-mode internal tides (Egbert and Ray 2000; Alford
2003; Alford et al. 2007). The breaking of internal tides
induces diapycnal mixing, which plays an important role
in maintaining ocean stratification and meridional
overturning circulation (MOC; Munk and Wunsch 1998;
Wunsch and Ferrari 2004; Kunze 2017a,b). The MOC is
sensitive to the magnitude and geography of ocean
mixing (Melet et al. 2013, 2016). An important scien-
tific question is where and how the outgoing inter-
nal tide eventually dissipates (Alford and Zhao 2007;
MacKinnon et al. 2013, 2017). Second, a fraction of low-
mode internal tides travels across the ocean basins and
impinges on the opposite continental slopes (Kelly et al.
2013; Waterhouse et al. 2014; Buijsman et al. 2016);
however, the dynamic processes caused by the incoming
internal tides remain poorly understood. Previous
studies have revealed that the incoming internal tides
may scatter into high-mode internal waves, induce lee
waves and internal solitary waves, and reflect back into
the open ocean (e.g., Johnston and Merrifield 2003;
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FIG. 1. The Tasman Sea. ETP and STP stand for east Tasman
Plateau and south Tasman Plateau, respectively. EAC and ACC
stand for the East Australian Current and the Antarctic Circum-
polar Current, respectively. Blue lines indicate bathymetric con-
tours of 1000-, 2000-, and 3000-m depth. Black lines indicate
ground tracks of multiple satellite altimeter missions. The satellite
track TPT 240 is shown in green. Red lines indicate three M, in-
ternal tidal beams originating on the Macquarie Ridge. Red boxes
indicate two TTIDE survey paths on the Tasmanian continental
slope. Red circle Al indicates the T-Beam offshore mooring. Red
circles A2, A3, and A4 indicate a TTIDE antenna array deployed
to determine the reflected internal tide. Color shading denotes the
RMS (root mean square) SSH, which is a proxy of the background
eddy kinetic energy (EKE) field.

Nash et al. 2004; Helfrich and Grimshaw 2008; Legg and
Klymak 2008; Klymak et al. 2011; Kelly et al. 2012, 2013;
Martini et al. 2013). Additionally, the incoming internal
tides may modulate the local generation of internal tides
(Kerry et al. 2013; Ponte and Cornuelle 2013; Buijsman
et al. 2014). Ocean mixing on the continental slope is
believed to contribute significantly to the global dia-
pycnal mixing budget (Kunze et al. 2006, 2012; Pinkel
et al. 2015; Waterhouse et al. 2017). The TTIDE/
T-Shelf/T-Beam field experiment is motivated to im-
prove our understanding of these dynamic processes.
In this paper, we will address the following question:
What is the spatial distribution of the M, internal tide in
the Tasman Sea? Satellite altimetry measures internal
tides via their centimeter-scale sea surface height (SSH)
fluctuations (Ray and Mitchum 1996). The main ad-
vantage of satellite altimetry is its near-global view of
the internal tide field from space (Ray and Cartwright
2001; Zhao and Alford 2009). Recent advances in
mapping internal tides by satellite altimetry are mainly
due to the accumulation of multiyear multisatellite al-
timeter data since 1992. Multisatellite altimetry has
denser ground tracks than any single mission and better
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FIG. 2. The temporal coverage of four sets of satellite altimeter data during 1992-2012. For
each dataset, the number in brackets gives the record length or the number of repeat cycles.

resolves the relatively small-scale (mode-1M, wave-
length ranges of 120-200 km) internal tides (Zhao et al.
2011; Ray and Zaron 2016). The present paper focuses
on the M, internal tide in the Tasman Sea. We will
extract the M, internal tide using an improved plane
wave fit method, which is able to resolve multiwave
interference (Zhao and Alford 2009). For the first time,
we observe three incident and two reflected internal
tidal beams in the Tasman Sea originating from the
Macquarie Ridge. The separately resolved internal tidal
waves enable us to investigate the internal tide’s re-
fraction, convergence, divergence, and reflection, none
of which has been observed in this region by satellite
altimetry. Our satellite altimetric results may provide a
spatial context for better interpreting the TTIDE/
T-Beam/T-Shelf field measurements.

This paper is arranged as follows: In section 2, we will
describe the satellite altimeter data used in this study and
our improved mapping technique. In section 3, we will
present the M, internal tide field in the Tasman Sea, with a
focus on the transbasin internal tidal beam. Section 4
gives a summary.

2. Data and methods
a. Satellite altimeter data

The satellite altimetric SSH data used in this study are
from multiple missions including TOPEX/Poseidon
(TP), Jason-1 (J1), Jason-2 (J2), ERS-2, Environmental
Satellite (Envisat), and Geosat Follow-On (GFO). They
are along four sets of predetermined ground tracks,
which we refer to as TPJ, TPT (TP tandem), ERS, and
GFO, respectively (Fig. 2). The SSH data products have
been processed by applying standard corrections for
atmospheric effects, surface wave bias, and geophysical
effects. The barotropic tide and loading tide are cor-
rected using Global Ocean Tide 4.7 (GOT4.7; AVISO
2012). All SSH measurements in waters shallower than
500m are discarded. The along-track gridded data are
produced by Ssalto/Duacs and distributed by the French

AVISO data center. The satellite SSH products were
downloaded on 18 January 2013. The satellite altimeter
data since 2013 are currently available but not used in this
paper. The same datasets have been used to construct the
global mode-1M, and S, internal tide fields (Zhao et al.
2016; Zhao 2017).

These datasets have different temporal coverage. For
each dataset, the record length (i.e., the number of re-
peat cycles) is given in Fig. 2. Among them, TPJ has the
longest time series from 1992 to 2012, consisting of data
from TP, J1, and J2. Harmonic analysis has been widely
used to extract tidal signals by the least squares fit. Ac-
cording to the Rayleigh criterion, all four datasets are
long enough to reliably separate the M, internal tide
from other major tidal constituents such as S, and K,
(Zhao et al. 2011; Ray and Zaron 2016). However, the
repeat periods of TPJ (TPT), ERS, and GFO are 10, 35,
and 17 days, respectively. As a result of these long repeat
cycles, the high-frequency M, signal aliases to longer
periods, which overlap with the wide spectrum of me-
soscale eddies. Therefore, the harmonically fitted in-
ternal tides are severely contaminated by nontidal
signals leaked from mesoscale eddies (Ray and Zaron
2016; Zhao et al. 2016).

b. Two-dimensional plane wave fit

A two-dimensional plane wave fit method is employed
to extract internal tidal waves. This method is a variant
of harmonic analysis (Ray and Cartwright 2001; Zhao
et al. 2011). It extracts internal tides (on track or off
track) using SSH measurements in a fitting window
(180km by 180km in this study), which contains a
space—time record of 7-11 X 10* SSH measurements
(a function of latitude), combining multiple altimeter
missions over 20 years. This method can significantly
suppress nontidal noise (Zhao et al. 2016). Following an
iterative procedure, we can extract multiple internal
tidal waves one by one and separate them according to
propagation direction. The separately resolved fields
enable us to investigate the incident and reflected in-
ternal tides in the Tasman Sea. We refer the interested
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FIG. 3. An example of the two-dimensional plane wave fit method. Three mode-1 M, internal tidal waves are extracted. (a) Positions of
SSH data in a 180 km by 180 km fitting window, which is selected here to cover three TTIDE moorings A2-A4 (red dots). (b) Amplitude
(mm) vs direction obtained by fitting a plane wave in each compass direction. The first internal tidal wave (red arrow) is determined from
the largest lobe. (c) After removing the predicted signal of the first wave from the SSH data, this procedure is repeated to determine the
second wave (green arrow). (d) Asin (c), but to determine the third wave (blue arrow). (e) Each wave is refitted with the other two waves
temporarily removed. Black arrows show the finally determined internal tidal waves. (f) Residual variance (mm?) associated with the
plane wave fitting. The final residual variance (inner pink circle) is almost isotropic.

reader to Zhao et al. (2016) for a detailed description of
this method.

An example is given in Fig. 3 to demonstrate how to
extract M, internal tidal waves at an off-track point. This
region is selected to cover three TTIDE moorings
A2-A4 (Fig. 3a). The procedure is as follows: First, in
each compass direction (angular increment is 1°), the
amplitude and phase of one plane wave are determined
by the least squares fit. When the resultant amplitudes
are plotted as a function of direction in polar co-
ordinates, an internal tidal wave appears to be a lobe
(Fig. 3b). The amplitude, phase, and direction of the first
M, wave are determined from the biggest lobe (red ar-
row). We then predict the SSH signal of the above de-
termined wave and remove it from the original SSH
data. This step removes not only the wave itself but also
its sidelobes, which are caused by irregular spatial dis-
tribution of ground tracks (Zhao et al. 2011). This pro-
cedure can be repeated to extract an arbitrary number of
waves. Here, we repeat it two more times to extract

three M, internal tidal waves in total. After extracting
three waves, the residual variance is almost equal for all
directions. Finally, each wave is refitted with the other
two waves temporarily removed in order to reduce the
cross-wave interference. Figure 3f shows the residual
variance versus direction in each step, indicating that the
internal tidal waves can also be determined by minimal
residual variance.

c. Improvements over Zhao et al. (2016)

Previous studies usually employed an along-track
high-pass filter with a cutoff wavelength of 500km to
remove barotropic tidal residual and long-wavelength
nontidal noise (Ray and Zaron 2016; Zhao et al. 2016).
Such a high-pass filter has proven efficient in suppressing
background noise and significantly improved the inter-
nal tide mapping. However, high-pass filtering is prob-
lematic in the Tasman Sea. The M, internal tide in this
region propagates dominantly toward northwest. It is
generally parallel to the northwestward satellite tracks
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FIG. 4. (a) Amplitude and (b) phase of the M, internal tide along the transbasin central
beam in the Tasman Sea. See beam location in Fig. 1. The green, red, and black lines denote
the M; internal tides obtained using the unfiltered data and fitting windows of 160 km by
160 km, 180 km by 180 km, and 250 km by 250 km, respectively. The blue lines denote those
obtained using the filtered data and 160 km by 160 km windows. The comparison suggests that
the M, internal tide was previously underestimated by along-track filtering. (c) Number of
SSH data per fitting window. Its spatial variation leads to the wiggles on the resultant M,

amplitude.

but perpendicular to the northeastward tracks (Fig. 1).
Along the northeastward tracks, the projected M, in-
ternal tide has a wavelength much longer than 500 km.
As a result, the along-track, high-pass filter removes the
internal tide signal and underestimates the M, amplitude.

To address this issue, we here extract the M, internal
tide using the unfiltered SSH data. As noticed in pre-
vious studies, the unfiltered SSH data contain sub-
stantial nontidal noise. To suppress noise, we fit plane
waves in 180km by 180km windows instead of the
160km by 160 km windows used in Zhao et al. (2016).
With larger fitting windows, we have more independent
SSH data and better suppress nontidal noise. The 180-km
window is selected also because it is close to one wave-
length of the M, internal tide in the Tasman Sea. As
shown in Fig. 3, M, internal tidal waves can be un-
ambiguously determined using the unfiltered SSH data
and a 180km by 180 km fitting window.

Our improvements are illustrated in Fig. 4 by com-
paring the M, internal tides obtained using the filtered
and unfiltered SSH data. This example is along the
transbasin internal tidal beam in the Tasman Sea (Fig. 1,
red curves). The blue line in Fig. 4a denotes the M,

amplitudes obtained using the filtered data and 160 km
by 160km windows. For comparison, the green line
denotes those using the unfiltered data and 160km by
160 km windows. The latter are much greater than the
former, suggesting that the M, amplitudes, which were
previously underestimated, are now improved using the
unfiltered data (Fig. 4a). The red line denotes the M,
amplitudes obtained using the unfiltered data and
180km by 180km windows (used in this study). The
amplitudes are slightly lower and smoother than those
using 160 km by 160km windows because of larger fit-
ting windows. Figure 4b shows that the resultant phases
using the filtered and unfiltered data agree with each
other very well, with their differences mostly less than
15°. The wiggles on the amplitudes are due to the ir-
regular distribution of altimeter data and thus different
numbers of SSH per fitting window. As shown in Fig. 4c,
for both the 160- and 180-km windows, there are spatial
variations on the number of SSH data per fitting win-
dow, consistent with their spatial variations on the re-
sultant amplitude. To further support this point, we
show the M, amplitudes obtained using the unfiltered
data and 250 km by 250 km windows (Fig. 4a, black). The
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FIG. 5. Comparisons of the M, internal tides along TPT 240 obtained using different methods: pointwise har-
monic analysis, along-track progressive wave fit, and multitrack plane wave fit. (a) Amplitude and (c) phase of the
M, internal tides from harmonic analysis (red) and progressive wave (blue) fit. The vertical lines mark three
moorings Al, A2, and A4. See their locations in Fig. 1. (b) Amplitude and (d) phase of the M, internal tides from

the progressive wave and plane wave (green) fits.

number of SSH data per window does not fluctu-
ate much (Fig. 4c); therefore, the resultant M, am-
plitudes are much smoother. However, our above
analysis cannot exclude the possibility that the wig-
gles may be caused by multiwave interference (Zhao
and Alford 2009; Rainville et al. 2010). The sparse
satellite tracks preclude us from examining this
phenomenon.

d. Comparisons of 1D and 2D results

In this section, we compare the M, internal tides
extracted by multitrack plane wave fits (2D) and single-
track progressive wave fits (1D). The former is con-
ducted using SSH data in 180 km by 180 km windows.
The latter uses SSH data in 180-km sections along indi-
vidual tracks. Therefore, the 1D and 2D results are from
different fitting windows. This analysis is motivated by a
concern that our 180 km by 180 km fitting windows might
lead to underestimation of the M, amplitude. Along-
track progressive wave fit is another variant of harmonic
analysis (Zhao and Alford 2009). Similar to plane wave
fitting using multiple tracks, this technique extracts in-
ternal waves along one single track. We can extract two
progressive waves in opposite directions along one track.
The fitting is conducted in sliding 180-km sections along
one track, in the same manner as plane wave fits.

Figure 5 shows the M, internal tides along TPT 240
using three different methods: pointwise harmonic
analysis (red), along-track progressive wave fit (blue),
and multitrack plane wave fit (green). The harmonically
fitted result contains the multiwave superimposition and
thus half-wavelength wiggles because it cannot resolve
multiwave interference. For the along-track and multitrack
results, we keep the dominant northwestward component
only. We find that the results agree well, both in amplitude
and phase (Figs. 5b,d). TPT 240 is selected because it
overlaps with three field moorings Al, A2, and A4
(Fig. 5a). A detailed comparison between the altimetric
and moored observations will be reported separately.

We further compare the along-track and multitrack
results for all northwestward tracks in the Tasman Sea.
The four panels are for TPJ, TPT, ERS, and GFO, re-
spectively (Fig. 6). The GFO comparison is an exception
because the M, signal in the GFO data aliases to
317 days, close to the annual cycle (Ray et al. 2011; Zhao
et al. 2011). The GFO observed M, internal tides are
contaminated by the annual cycle and too noisy to draw
any conclusion. For TPJ, TPT, and ERS, we find that the
multitrack and along-track results agree very well. For
each dataset, the multitrack and along-track resultant
variances are close. The RMS differences are 1.3, 2.3,
and 2.6 mm for TPJ, TPT, and ERS, respectively. We
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FIG. 6. Comparisons of the M, amplitudes obtained by the multitrack plane wave fit and along-track progressive wave fit methods. The
comparisons are for the northwestward ground tracks only. See their locations in Fig. 1. The four panels are for four SSH datasets: (a) TPJ,
(b) TPT, (c) ERS, and (d) GFO. For each panel, the SSH variances and their RMS differences are given.

thus draw the conclusion that our plane wave fits in
180km by 180km windows do not significantly under-
estimate the M, internal tide.

3. Results
a. Regional mapping in the Tasman Sea

We construct the M, internal tide field in the Tasman
Sea by fitting plane waves as described in section 2. Our
mapping region ranges from 56° to 36°S, 145° to 170°E.
The fitting is conducted at a regular grid of 0.1° longitude
by 0.1° latitude. At each grid point, three M, internal
waves are extracted in a fitting window of 180km by
180km (Fig. 3). The large window and small grid imply
that neighboring fitting windows are mostly overlapped.
Figure 7 shows two snapshot SSH fields of the resultant
M, internal tide. The internal tide solution may be
contaminated by energetic mesoscale eddies in the EAC
and ACC regions. In Fig. 7, dots are used to mask re-
gions with the RMS SSH greater than 10 cm. In addition,
the internal tide solution in waters shallower than
2000m is discarded, which does not affect our internal
tide observations in the deep region.

Figure 7a shows the three-wave superimposed SSH
field. It shows clearly the dominant transbasin internal
tidal beam in the Tasman Sea and southeastward in-
ternal tidal beams to the east of the Macquarie Ridge.
Because of multiwave interference, however, it is diffi-
cult to detect individual beams. Figure 7b shows the
dominant northwestward internal tide component only.
This component is extracted from the three-wave solu-
tion based on propagation direction. At each grid point,
we keep the waves with propagation direction ranging
90°-200° counterclockwise from due east.

The dynamics of internal tides have long been studied
(Munk et al. 1965; Wunsch 1975; Gill 1982). Theoretical

relations between their sea surface and interior prop-
erties have been established (Kunze et al. 2002; Wunsch
2013). Recent studies have derived the conversion re-
lation (a function of location) from the SSH amplitude
to the depth-integrated energy flux (Zhao et al. 2016).
Accordingly, the depth-integrated energy flux is calcu-
lated from the fitted SSH amplitude. To avoid repetition,
we refer the interested reader to Zhao et al. (2016) for a
detailed description of the calculation procedure (their
appendix A). Figure 7c shows flux vectors of all three
waves at each grid point, while Fig. 7d shows the total flux
of the northwestward component. In the remainder of
this section, we will investigate these long-range internal
tidal beams propagating toward northwest. In section 3f,
we will extract the northeastward component to in-
vestigate reflected internal tides off the Tasmanian slope.

b. Three internal tidal beams

The internal tide radiation from the ~1300-km-long
Macquarie Ridge is spatially inhomogeneous (Fig. 7b),
similar to the Hawaiian Ridge (Merrifield et al. 2001;
Carter et al. 2008). The barotropic-to-baroclinic tidal
conversion is mainly determined by ocean stratification,
tidal current, and bottom topography (Garrett and
Kunze 2007). In this region, the generation is likely also
affected by the multisource resonance between the
Macquarie Ridge and the Campbell Plateau to the east
(Fig. 1), similar to the two-ridge resonance in the Luzon
Strait (Buijsman et al. 2014). The distance between the
Macquarie Ridge and the Campbell Plateau ranges from
tens of kilometers near New Zealand to about 400 km at
54°S. In the separately resolved field (Figs. 7b,d), one
can see that the Macquarie Ridge radiates three M, in-
ternal tidal beams into the Tasman Sea. The three red
lines in Figs. 1 and 7 delineate their central paths. Their
basic properties are summarized in Table 1.
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FIG. 7. The M, internal tide in the Tasman Sea. Snapshot SSH fields: (a) three-wave sum and (b) northwestward
component only. Depth-integrated energy fluxes: (c) all three internal waves at each grid point are shown. For
clarity, flux vectors are given at every sixth grid point. (d) As in (c), but for the northwestward internal waves only,
with propagation direction ranging 90°-200°. The energy flux across the green line is integrated to be 2.2 GW. The
energy fluxes are about 0.7, 1.1, and 0.4 GW for the southern, central and northern beams (bounds are marked by
dots), respectively. In all panels, red lines indicate three internal tidal beams originating on the Macquarie Ridge.
Black lines indicate bathymetric contours of 1000, 2000 and 3000 m depth. Dotted regions indicate the energetic
EAC and ACC regions (RMS SSH >10cm), where the internal tide solution may be contaminated by

nontidal noise.

The northern beam originates in the region where the
Macquarie Ridge meets the New Zealand continental
slope. Compared to the central beam, the northern
beam is much weaker and barely detected. We consult
with the M, internal tide fields simulated using three
numerical models: GOLD (Simmons et al. 2004),
STORMTIDE (Miiller 2013), and HYCOM (Savage
et al. 2017). All three models suggest the existence of
the weak northern beam. This beam propagates over

1200km into the EAC extension region and becomes
undetectable to satellite altimetry. Possible reasons for
its disappearance include (i) loss of phase locking with
the barotropic tidal forcing, (ii) dissipation in the EAC,
and (iii) being masked by mesoscale eddies. A detailed
investigation of their relative importance is beyond the
scope of this paper.

The southern beam can be tracked for about 500 km
by satellite altimetry. Note that its source also lies in the
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TABLE 1. Information on three internal tidal beams in the Tasman Sea.
Initial direction Propagation
Beam Source region (CCW from east) distance (km) Width (km) Flux (GW) Destination region
Northern 165.5°E, 46°S ~145° 1240 400 0.4 EAC
Central 163.5°E, 49°S ~160° 1540 420 1.1 EAC, slope
Southern 159.5°E, 53°S ~140° 550 380 0.7 ACC

ACC region. It is expected that both the generation
and propagation of this beam are strongly modulated by
the ACC. It is a surprise that this beam can be detected
by satellite altimetry, which means that at least a frac-
tion of the M, internal tide is phase locked with the
barotropic tidal forcing over a 20-yr period (Ray and
Zaron 2011; Zaron 2017). Further diagnosis of its tem-
poral variability, its effects on turbulence, and the in-
fluence of the ACC is not a goal of this paper (e.g.,
Waterman et al. 2013).

The central beam propagates over 1500 km and rea-
ches the Tasmanian continental slope, consistent with
previous numerical simulations (Simmons et al. 2004;
Arbic et al. 2010). As shown in Fig. 1, the beam travels
through a relatively quiescent ocean environment in
its first ~1000-km propagation. Before arriving at the
Tasmanian slope, it encounters energetic eddies associated

(a) Northern beam

(b) Central beam

with the southern branch of the EAC. This transbasin
beam is the target of the TTIDE/T-Shelf/T-Beam field

experiment.
c. Propagation speed

We next examine the propagation speed of these three
internal tidal beams and compare the observed speeds
with theoretical values. In Fig. 8, the along-beam
Greenwich phase is shown in the upper panels. The
along-beam propagation speed, calculated from the
along-beam phase gradient, is shown in the bottom
panels (black lines).

Theoretical propagation speeds are calculated in two
steps. First, the eigenvalue speeds C,, are obtained by
solving the Sturm-Liouville equation (Gill 1982) using
climatological ocean stratification profiles in the World
Ocean Atlas 2013 (Locarnini et al. 2013; Zweng et al.

(c) Southern beam
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FI1G. 8. Greenwich phase (top) and propagation speed (bottom) along three internal tidal beams. The observed speeds are derived from

along-beam phase gradients. The theoretical speeds are calculated using climatological ocean stratification profiles in the World Ocean
Atlas 2013 (WOAZ2013). The observed and theoretical speeds agree well.
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FIG. 9. Refraction of the M, internal tide because of the beta effect. (a) Propagation speeds in the Tasman Sea
(depth > 3000 m only). Asterisks and dots denote the eigenvalue and phase speeds, respectively. Curves are their
zonal means. (b) Propagation direction of the M, internal tide along the central beam. The gray line indicates the
plan wave fitted result. The black line is the second-order polynomial fit. (c) As in (b), but for the southern beam.
(d) Asin (b), but for the northern beam. Both the northern and central beams refract about 15° toward the equator.

2013). Second, the phase C, and group C, speeds are,
respectively, calculated following

¢, =@~ ) "C,, (1)

and

C,=w (@ = M)"C,, &)
where w is the M, tidal frequency, and f is the locally
inertial frequency (Rainville and Pinkel 2006). The C,
only varies with stratification and depth, while both C,
and C, vary with latitude as well as stratification and
depth. Because the Tasman Sea is at high latitudes, |f] is
close to the M, frequency (at 75°S, |f] = wa2). Specifi-
cally, |f] ranges from 1.2 to 1.5 cycles per day (cpd), close
to 1.932 cpd for My. In the deep central Tasman Sea, C,
varies little with the weak spatial variation of depth and
stratification (section 3d) but significantly with latitude.
Figure 8 shows that the observed speeds agree with the
theoretical values very well. For the northern and cen-
tral beams, the observed speeds are generally larger
than the theoretical speeds. The largest difference is
about 0.2ms ™! or 5% of the absolute speed. This dis-
crepancy is understandable for the following reasons: 1)

The observed speeds are derived from a 20-yr-long,
phase-locked internal tide field from satellite altimetry. In
contrast, the theoretical speeds are calculated from ocean
stratification profiles constructed using all historical
in situ measurements. 2) The theoretical speeds do not
consider the effect of background currents and eddies.

d. Refraction caused by the B effect

In this section, we demonstrate that the M, internal
tide may refract because of the g effect. As shown in Eq.
(2), the propagation speed of internal tides is a function
of latitude (note that f = 2Qsin(latitude), where () is the
rotation rate of the Earth). The latitudinal dependence
of the propagation speed is shown in Fig. 9a. It shows
that the eigenvalue speed C,, (without rotation) does not
change much with latitude in the Tasman Sea (50°-
35°S). However, the phase speed C, (with rotation)
decreases monotonically toward the equator in this lat-
itudinal range (black line). It is expected that internal
tides refract toward the equator (lower phase speed)
when their propagation directions have an angle with
the spatial gradients of phase speed (Rainville and
Pinkel 2006; Eden and Olbers 2014).

This theoretical prediction is verified in this study by
the M, internal tide field from satellite altimetry. The
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propagation directions (i.e., the directions of the plane
wave fitted waves) of the three internal tidal beams are
shown in Figs. 9b—d (gray). Although these curves have
significant spatial variations as a result of the irregular
distribution of altimeter data (section 2c), one can see
obvious trends on the central and northern beams. To
highlight these trends, we superimpose on the raw
curves their second-order polynomial fits (black lines).
The results show that the central beam bends toward the
equator from 155° to 140° (Fig. 9b) and the northern
beam from 145° to 130° (Fig. 9d). The southern beam
does not refract much (Fig. 9c) because it occupies a
small latitudinal range (53°-51°S) over which the speed
does not change much (Fig. 9a).

The refraction of the M, internal tide occurs because
its propagation speed changes with the latitudinal vari-
ation of f, that is, the B effect (Fig. 9a). In a previous
study, the refraction of the O; and K, internal tides has
been observed in the South China Sea and the western
Pacific (Zhao 2014). In addition, the topographic re-
fraction of the M, internal tide is also observed in the
Tasman Sea (Klymak et al. 2016). It is worthy to note
that previous studies also revealed that internal tides
may refract because of the influence of eddies (e.g.,
Rainville and Pinkel 2006; Park and Farmer 2013; Zaron
and Egbert 2014).

e. Convergence and divergence

Another notable feature is the convergence and di-
vergence of the central internal tidal beam. To demon-
strate this feature, we show the iso-phase contours of
310° (Greenwich phase) along this beam (Fig. 10, green
curves). From the Macquarie Ridge to the Tasman
slope, there are nine wave fronts (labeled as W1-W9),
whose spatial intervals are one wavelength about
180 km. The results indicate that it takes the M, internal
tide about eight cycles (=4 days) to travel across the
Tasman Sea. In particular, the wave fronts switch from
concave (W1-W3) to convex (W6-WS8) with propaga-
tion. In its source region, the initial wave fronts are
concave, which are determined by the shape of the local
submarine ridge. As a result, the beam converges
around 155.5°E, 45.5°S and diverges beyond the focal
region. This feature is similar to the westward internal
tide radiation from the Mariana Arc (Zhao and D’ Asaro
2011). The Mariana Arc is about 2000 km long so that it
makes a perfect focal region. In contrast, the source
submarine ridge in this case is only 500 km long (com-
pared to a wavelength of 180km); therefore, the re-
sultant focal region here is blurred.

One intriguing feature needs further scrutiny: Why do the
internal tide and Macquarie Ridge have an angle in the
source region (see W1 in Fig. 10)? Assuming the internal
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F1G. 10. Convergence and divergence of the central M, beam in
the Tasman Sea. Color shading indicates the amplitude of the
northwestward M, internal tide. Green lines W1-W9 indicate the
iso-phase contours of Greenwich phase 310°. The wave fronts
switch from concave to convex, suggesting that the central beam
first converges and then diverges, with a focal region around
155.5°E, 45.5°S.

tide is generated synchronously along the Macquarie Ridge,
we would expect that the resultant internal tide wave
front is parallel to the ridge. This inconsistency moti-
vates us to examine the geometry of the Macquarie
Ridge, the surface tide, and the internal tide. Figure 11a
shows the chart of the volume transport (m>s ') of the M,
surface tide around New Zealand from the tide model
TPXO8 (Egbert and Erofeeva 2002). Amplitude and phase
are shown by colors and lines, respectively. It shows that
the M, surface tide rotates counterclockwise around
New Zealand. This feature has long been reported by
New Zealand oceanographers (e.g., Heath 1984;
Walters et al. 2001; Chiswell et al. 2015). One can clearly
see that the iso-phase contours of the M, surface tide
have an angle with the Macquarie Ridge (Fig. 11b). The
phase on the northern section leads by about 40°.
According to the Huygens—Fresnel principle, the
outgoing internal tide has an angle with the Mac-
quarie Ridge, with its northern section leading the
southern section. According to the 40° phase lag and
180-km wavelength, the northern section is about
20km farther away from the ridge. Therefore, the
propagation direction of internal tides is not perpen-
dicular to the source ridge.

f- Reflection on the Tasman continental slope

One motivating question of the TTIDE/T-Beam/
T-Shelf field experiment is how the incident internal
tide evolves on the Tasmanian slope (Pinkel et al. 2015).
In theory, it is expected that a fraction of the M, inter-
nal tide reflects back into the open ocean because the
Tasmanian continental slope is supercritical to M,. The
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F1G. 11. (a) Amplitude and phase of the volume transport of the M, surface tide around New Zealand, predicted
from TPXOS8. Colors indicate the amplitude. Blue lines indicate iso-phase lines, labeled with the Greenwich phases.
Black lines indicate bathymetric contours of 2000-m depth. (b) Geometry of the Macquarie Ridge, the surface tide,
and the internal tide. The surface tide (blue) and the Macquarie Ridge (red) have an angle. The surface tide at the
northern section of the ridge leads that at the southern section by about 40°. According to the Huygens—Fresnel
principle, the generated internal tide has an angle with the Macquarie Ridge, with its northern section leading by 40°

or 20 km.

internal tide reflection has been observed by gliders
(Johnston et al. 2015) and simulated using numerical
models (Klymak et al. 2016). Here, we investigate the
incident and reflected M, internal tides by satellite al-
timetry. We have fit three M, internal tidal waves of
arbitrary propagation directions at each grid point
(section 3a). We separate the incident and reflected in-
ternal tides by their propagation directions. Here, the
incident internal tide is obtained by choosing waves with
direction ranging 90°-200° (Fig. 12a) and the reflected
internal tide ranging 30°-90° (Fig. 12b). The separation
benefits from our three-wave decomposed internal tide
field by the plane wave fit method (Fig. 3).

Figure 12 shows that the transbasin M, internal tide
hits the Tasmanian slope at an angle (Fig. 12a) and re-
flects back into the open ocean (Fig. 12b). In particular,
we can see two outstanding reflected internal tidal
beams (blue arrows). Here, we examine whether the
incident and reflected waves abide by Snell’s law. The
reflection wall is represented by the 2000-m isobathic
contour and is approximated by a straight line. The ap-
proximation of the slope as a wall is appropriate for
reflection of mode-1 internal tides, given the small lat-
eral extent of the continental slope relative to one
M, wavelength. Two black arrows denote the incident
internal tide toward the Tasmanian slope, with an

incidence angle of 143°. The reflected waves are denoted
by two blue arrows toward 31°. In Fig. 12, the incident
waves, the reflected waves, and the walls are plotted
according to Snell’s law. One can see that our altimetric
observations agree with the reflection law very well,
suggesting that the northeastward internal tidal beams
are reflected waves off the Tasmanian slope.

Our altimetric results are consistent with numerical
simulations using realistic topography by Klymak et al.
(2016), who showed that the incoming internal tidal
beam bifurcates because of topographic diffraction of
the east Tasman Plateau (see their Fig. 9). As a result,
there are two internal tidal beams incident on the slope
and correspondingly two reflected beams. The incident
and reflected beams from altimetry and those from nu-
merical modeling agree well in location, further con-
firming our above interpretation.

Reflectivity, or how much incident internal tide re-
flects on a slope, is a key parameter in quantifying the
fate of the M, internal tide in the global ocean (Kelly
et al. 2013; Johnston et al. 2015). Using glider mea-
surements, Johnston et al. (2015) reported that the re-
flectivity of the M, internal tide ranges 70%-100% on
the Tasmanian slope. Using numerical models, Klymak
et al. (2016) reported a reflectivity of ~65%. Here, we
estimate the reflectivity from the incident and reflected
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(b) Reflected component

FIG. 12. Reflection of the M, internal tide on the Tasmanian slope. (a) Incident component (ranging 90°-200°).
(b) Reflected component (ranging 30°-90°). The red line denotes on the Tasmanian slope (the wall), obtained by
linear fitting the 2000-m isobathic contour. Black and blue arrows denote the incident and reflected waves, re-
spectively. Two outstanding reflected beams are identified. Their propagation directions abide by Snell’s law.
Reflectivity is estimated using the incident and reflected energy fluxes across two green lines. Red dots denote four
moorings deployed in the 2015 TTIDE/T-Beam/T-Shelf field experiment.

energy fluxes of the M, internal tide. The cross beam—
integrated fluxes for the incident and reflected internal
tides are calculated along the green lines in Fig. 12. To
account for the spatial variability, we calculate the in-
tegrated fluxes over one wavelength along its propaga-
tion direction (£90km with reference to green lines)
and obtain its mean and spatial variability. The incident
and reflected fluxes are 0.37 = 0.07GW and 022 *
0.04 GW, respectively, yielding a reflectivity of ~60%
on the Tasmanian slope. Our estimation method has
large uncertainties caused by several factors. For ex-
ample, neither the incident nor the reflected energy
fluxes contain the time-variable component. In addition,
there may be local internal tide generation on the Tas-
manian slope. Our estimate is consistent with the values
reported by Johnston et al. (2015) and Klymak et al.
(2016). The discrepancy is reasonable, considering that
1) the reflectivity on a slope may be a function of space
and time, and 2) these three methods have different
sampling strategies in space and time. All these studies
support the hypothesis that the supercritical Tasmanian
slope reflects the M, internal tide significantly (Pinkel
et al. 2015).

g Energetics

In this section, we examine the depth-integrated en-
ergy flux of the M, internal tide in the Tasman Sea. We

first estimate the total flux from the Macquarie Ridge
into the Tasman Sea. In the northwestward internal tide
field (Fig. 7d), we integrate the energy fluxes along a
section parallel to the ridge (green line). We obtain a
total energy flux of 2.2 GW (1 GW = 10° W). Likewise,
we estimate the energy flux for each of these three
beams (divided by green dots). The energy fluxes for the
northern, central, and southern beams are 0.4, 1.1, and
0.7 GW, respectively (Table 1). The dominant central
beam contributes about half of the total internal tide
radiation. Our estimates are lower bounds because the
satellite results represent a 20-yr-long phase-locked in-
ternal tide field and lack the time-variable component
(Ansong et al. 2015; Buijsman et al. 2017).

We next examine the decay of the central internal tidal
beam. We sample the beam from the Macquarie Ridge to
the Tasmanian slope using 100 equally spaced sections.
At each section we integrate across the beam the energy
fluxes perpendicular to the section (Fig. 13a). It shows
that the beamwidth is about 400 km and does not change
much in the propagation. The cross beam-integrated
along-beam flux is given in Fig. 13b. It shows that the
beam loses little energy in its first ~1000-km propaga-
tion. There are two likely reasons for this. First, the bottom
in this region is flat, as shown in Fig. 1. Bottom rough-
ness, in particular large-amplitude topographic features,
significantly scatter mode-1 internal tides (Johnston and
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FI1G. 13. (a) Along-beam energy flux of the central beam as a function of cross-beam distance. Gray lines denote
energy fluxes at 100 evenly sampled sections. (b) Cross beam—integrated along-beam energy flux. Black line de-
notes the cross beam-integrated energy flux. Dotted line is the second-order polynomial fit.

Merrifield 2003; Biihler and Holmes-Cerfon 2011; Mathur
et al. 2014). Second, mesoscale eddies in this region are
weak. Previous studies suggest that mesoscale eddies
may scatter low-mode internal tides and reduce the
coherence of internal tides by time-variable refraction
(Zaron and Egbert 2014; Dunphy and Lamb 2014;
Dunphy et al. 2017). As shown in Fig. 1, the southern
and northwestern parts of the Tasman Sea are affected
by the ACC and EAC, respectively, although its east-
ern and central parts are quiescent. The altimetric flux
increases slightly between 47° and 45°S (Fig. 13), likely
because of the spatial variation of propagation di-
rection and beamwidth.

4. Summary

In this paper, we constructed the M, internal tide field
in the Tasman Sea from multisatellite altimeter data us-
ing an improved plane wave fit method. We revealed
some basic features of the M, internal tide in the Tasman
Sea. We presented the geographic distribution of the
outgoing M, internal tide from the Macquarie Ridge.
We investigated the transbasin internal tidal beam and
revealed its convergence, divergence, refraction, re-
flection, and energetics. Our two-dimensional view from
space provides a spatial context for the TTIDT/T-Beam/
T-Shelf field measurements. Our main scientific results
are summarized as follows:

1) The Macquarie Ridge radiates three M, internal
tidal beams into the Tasman Sea (Fig. 7). The
southern and northern beams propagate into the

ACC and EAC regions, respectively, and become
undetectable to satellite altimetry. The central beam
propagates over 1500 km across the Tasman Sea and
impinges on the Tasmanian continental slope.

The propagation speed of the M, internal tide is
strongly affected by Earth’s rotation because the
Tasman Sea is at high latitudes. The observed and
theoretical propagation speeds agree well (Fig. 8).
Both the northern and central beams refract toward
the equator by about 15° in propagation because of
the B effect (Fig. 9). The propagation speed is a
function of latitude, decreasing toward the equator.
The change in speed is due to the latitudinal variation
of f, that is, the B effect.

Because the submarine ridge in the source region
has a concave shape, the central internal tidal beam
first converges and then diverges in propagation. The
focal region is around 155.5°E, 45.5°S (Fig. 10).
Two reflected internal tidal beams are observed to
propagate northeastward from the Tasmanian slope.
The incident beams, the reflected beams, and the
slope abide by Snell’s law (Fig. 12). We estimate that
the reflectivity is about 60%, consistent with previous
estimates using glider measurements and numerical
modeling.

Integrated along the ~1300-km Macquarie Ridge,
the total energy flux into the Tasman Sea is about
2.2 GW. The energy fluxes for the northern, central,
and southern beams are 0.4, 1.1, and 0.7 GW, re-
spectively (Table 1).

The central beam loses little energy in its first 1000-km
propagation (Fig. 13). We suggest two likely reasons

2)

3)

4)

5)

6)

7)
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for this slow decay: flat bottom topography and weak
mesoscale eddies. In contrast, the beam decays
quickly afterward because it encounters rough bot-
tom over the east Tasman Plateau and strong eddies
associated with the EAC.

8) Last, but not least, this work suggests the benefits to
be gained from regional internal tide studies from
satellite altimetry. Careful examination can identify
optimizations for the relative orientation of the re-
gional internal tide beams and satellite ground tracks as
well as identify unexpected local internal wave dynam-
ics such as reflection, refraction, and focusing.
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