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ABSTRACT
Internal tide generation at sloping topography is nominally determined by the local slope geometry,
density stratification, and tidal forcing. Recent global ocean models have revealed that remotely generated
internal tides (RITs) can also influence locally generated internal tides (LITs). Field measurements with
through-the-water column moorings on the southern portion of the Australian North West Shelf (NWS)
suggested that RITs led to local regions with either positive or negative barotropic to baroclinic energy
conversion. Three-dimensional numerical simulations were used to examine the role of RITs on local
internal tide climatology on the inner slope and shelf portion of the NWS. The model demonstrated the
principle remote generation site was the western portion of the offshore Exmouth Plateau. Extending the
model domain to include this offshore plateau region increased the local net energy conversion on the inner
shelf by 13.5% and on the slope by 8%. Simulations using an idealized 2D model configuration aligned
along the principal direction of RIT propagation demonstrated that the sign and magnitude of the local
energy conversion was dependent on the distance between the remote and local generation sites, the phase
difference between the local barotropic tide and the RIT, and the amplitude of both the local barotropic
tide and the RIT. For RITs with a low-wave Froude number (Fr , 0.05), where Fr is the ratio of the internal
wave baroclinic velocity to the linear wave speed, the conversion rates were consistent with kinematic
predictions based on the phase difference only. For stronger flows with Fr . 0.05, the conversion rates
showed a nonlinear dependence on Fr.

1. Introduction
The interaction of the oscillatory surface (i.e., barotropic) tide with sloping topography in the densitystratified interior of the ocean produces internal (i.e.,
baroclinic) tides (e.g., Garrett and Kunze 2007). The
resulting baroclinic perturbations can then propagate for large distances (over 1000 km) from the
generation site (Zhao and Alford 2009) with typically
minimal energy loss (Alford et al. 2007; Kerry et al.
2013). Remotely generated internal tides (hereinafter RITs) from multiple far-field locations can thus
interact with locally generated internal tides (hereinafter LITs), resulting in a complicated internal tide
climatology. Here we explore the interaction between
RITs and LITs.
The barotropic-to-baroclinic energy conversion rate
C and the baroclinic energy flux Fbc quantify the
Corresponding author: Yankun Gong, yankun.gong@research.
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generation and propagation characteristics of internal
tides, respectively. The conversion rate is given by C 5
(p0 wbt )jz52H (Kurapov et al. 2003; Kelly and Nash 2010).
Here, p0 and wbt represent the baroclinic pressure perturbation and the vertical component of the barotropic
velocity, respectively. The depth-integrated
baroclinic
Ð0
energy flux is defined as Fbc 5 2H (p0 ubc ) dz, in which
ubc represents the horizontal baroclinic velocity (note
that bold variables indicate a vector quantity throughout
the paper).
Positive conversion rates are common in regional
numerical models, representing conversion from barotropic to baroclinic tides. As well as regions of positive
conversion rate, regions with negative values of conversion rate have been found in many regional models
(e.g., Nagai and Hibiya 2015; Kerry et al. 2013; Ponte
and Cornuelle 2013; Zilberman et al. 2009). Negative
conversion rates occur when the phase difference between the local pressure perturbation and the barotropic
vertical velocity is larger than 908 on the bottom, and this
occurs when RITs make a significant contribution to the
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local conditions (Kelly and Nash 2010). While negative
conversion rates arise in numerical models, they have
rarely been observed in field measurements. In the
present work, we examine the occurrence of negative
conversion rates via both observational data, at mooring
stations on the southern portion of the Australian North
West Shelf (NWS), as well as with numerical modeling.
The influence of RIT signals is often seen in continental shelf observations (Lerczak et al. 2003; Nash et al.
2004), producing changes in the local internal tide field
(Kelly and Nash 2010). To investigate the effect of RITs,
Kerry et al. (2013) compared results from three numerical simulations, each with different domain sizes,
and concluded that in the absence of RITs, domainintegrated conversion rates were 11% greater at the
Luzon Strait and 65% greater at the Mariana Arc. Based
on a two-dimensional (2D) Massachusetts Institute
of Technology General Circulation Model (MITgcm),
Buijsman et al. (2012) and Klymak et al. (2013) both
demonstrated the conversion rates varied with the distance between two adjacent knife ridges. However, the
contribution of both the remote and local tidal characteristics, and the distance between generation sites,
on local conversion rates over the slope and shelf has
not yet been quantitatively examined. In energetic
shelf locations (e.g., the NWS), this process can become further complicated by the evolution of largeamplitude linear RITs into nonlinear internal waves
(NLIWs) as they move onto the shelf (Holloway et al.
1997), significantly influencing the local internal tide
climatology.
There are two main goals in this paper: 1) quantifying
the baroclinic energy distribution and examining the
spatial distribution of negative conversion rates on the
southern NWS and 2) examining the effects of varying
phase and amplitude of the RITs on the local internal
tide climatology. The structure of this paper is as
follows: in section 2 the relevant theoretical framework of internal tides is introduced in detail; in section
3 we present our study site, field mooring stations,
model configurations, and data analysis methodology;
and in section 4 we describe the internal tidal energetics, the phase difference mechanism leading to
negative conversion rates, and the linear effects of the
RITs. In section 5 we discuss the effects of nonlinearity on the RITs and the steepening processes.
Finally, in section 6 we summarize the key results
from this work.

2. Theoretical framework
The hydrostatic perturbation pressure p0 associated
with an internal tide-induced vertical isopycnal
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displacement h can be calculated for a particular stratification profile N(z) from
05

1 ›p0
1 N 2 h.
r0 ›z

(1)

Integrating Eq. (1) with depth, and satisfying the condition of zero depth-average pressure perturbation,
Kunze et al. (2002) showed
p0 (z) 5 r0
2

ð 0

N 2 (z0 )h(z0 ) dz0

z

1
H

ð0 ð0


N 2 (z0 )h(z0 ) dz0 dz .

(2)

2H z

As p0 has both local (p0l ) and remote contributions (p0r ),
the total conversion rate C can be decomposed into a
local conversion rate Cl and a remotely influenced
conversion rate Cr. As the phase difference between p0l
and wbt is close to zero, Cl will always be positive, but
Cr can be either positive or negative.
To derive an expression for Cr, we assume a remote
generation site and a local generation site separated
by a distance L, and consider the barotropic tide at a
single frequency v. Since the RIT takes time Tp to arrive at the local generation site, the resulting pressure
perturbation
p0r 5 P0r jx5L cos(vt 2 ubc,r ),


Tp
ubc,r 5 up,r 1 2p .
Tbt

(3)

Here up,r is the phase of RITs at the remote generation
site; Tbt is the barotropic tide period and the propagation time is Tp 5 L/cp , where cp is the mode-1 linear
phase speed. Parameter P0r jx5L is the amplitude of the
remotely influenced pressure perturbation at the local
generation site. The vertical barotropic velocity is wbt 5
(Ubt  =H) cos(vt 2 ubt,l ), in which Ubt is the amplitude
of the horizontal barotropic velocity and =H is the topographic slope. Therefore, the tidal cycle-average Cr is
1
Cr 5
T

ðT

1
(p0r wbt ) dt 5 P0r jx5L (Ubt  =H) cos(u0 ) ,
2
0

(4)

in which u 5 (ubc,r 2 ubt,l ) is the phase contribution of
the RIT. The pressure amplitude is related to the
horizontal velocity amplitude P0 5 r0 cU, in which c
is the group speed for the baroclinic tides (Kelly
et al. 2013). In addition, U can be obtained from
eigenfunctions Wn (z) by solving the Sturm–Liouville
equation (e.g., Apel et al. 2007) based on the hydrostatic approximation
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FIG. 1. Bathymetry for the model domain on the NWS (standard case). The black dashed box is the smaller model
domain that does not include the western portion of the Exmouth Plateau. Triangles represent the locations of the
six moorings used to validate the 3D model and calculate the tidal energy. The red dashed line indicates the slice
used to investigate the negative conversion values.

d2 Wn (z) N(z)2
1 2 Wn (z) 5 0,
dz2
cp

Wn (0) 5 Wn (2H) 5 0.
(5)

The linear phase speed cp 5 v/kh , where kh is the
horizontal wavenumber. If the buoyancy frequency N
is independent of z, Eq. (5) then has the normalized
analytical solution
!
Nz
.
(6)
W(z) 5 sin
cp

d
Cr 5 P0r jx5R (Ubt  =H) cos(u0 ) .
2

(9)

We can see that Cr depends on both the amplitudes and
phase differences of RITs and the local barotropic tides.
We compare the kinematic-predicted Cr to numerical
model solutions to quantitatively estimate the role of
RITs on local energy conversion below.

3. Methods
a. Study site

Based on the continuity equation, the horizontal
baroclinic velocity
!
Nz
sin(kh x – vt) ,
ubc 5 U cos
cp

(7)

in which the amplitude of the seabed horizontal velocity
U is proportional to N/v. Thus, the remotely influenced
pressure perturbation amplitude at the local generation
site is given by
P0r jx5L 5 dP0r jx5R ,

(8)

where the coefficient d 5 (cl Nl )/(cr Nr ). The kinematic prediction of C r in Eq. (4) can thus be rewritten as

The study site is located offshore of the Pilbara region
on the southern portion of the NWS (Fig. 1). This is a
region with a ubiquitous and energetic internal tide,
generated by the interaction between the strong
semidiurnal surface tides and sloping bottom topography over the continental slope and shelf (Holloway
1984, 1985; Van Gastel et al. 2009; Jones and Ivey
2017). Exmouth Plateau is an elongated plateau in
water depths of a 1000 m or more located offshore of
the Pilbara region, which has steep slopes on the
western portion (Fig. 1).
Previous studies (Holloway et al. 2001; Van Gastel
et al. 2009) modeled the internal wave field of the
southern NWS with a limited spatial model domain,
excluding the Exmouth Plateau, and concluded that the
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TABLE 1. The position, vertical layout, and sampling regime of the six moorings (PIL200, NICOP, PIL100, N2C, N3C, and N4B) in this
study. All ADCPs were upward looking. Note that no thermistors were deployed at the mooring N4B. ASB 5 above seabed.
Mooring name and
location

Total
ADCP location
depth (m)
(m ASB)

PIL200 (115.91548E,
19.43568S)

200

8.52

NICOP
(144.63318E,
21.11888S)

199

9.34

PIL100 (116.11168E,
19.69448S)

100

7.52

N2C (114.84068E,
21.24358S)

95

2.76

N3C (115.16458E,
20.18668S)

91

2.76

N4B (116.06508E,
19.74488S)

87

2.76

ADCP sampling
10-m bins, 10 min
(0008 UTC 2 Apr to
0353 UTC 21 Apr 2012)
5-m bins, 10 min
(1755 UTC 8 Nov 2011
to 1855 UTC 20 Apr
2012)
8-m bins, 10 min
(1009 UTC 20 Feb to
0919 UTC 18 Aug 2012)
2-m bins, 2.5 min
(0008 UTC 2 Apr to
0353 UTC 21 Apr 2012)
2-m bins, 2.5 min
(1131 UTC 28 Mar to
0946 4 Apr 2012)
2-m bins, 2.5 min
(0539 UTC 4 Apr to
0441 UTC 22 Apr 2012)

Thermistor location
(m ASB)

Thermistor sampling

5, 30, 50, 80, 100, 120, 140, 1 min (0000 UTC 20 Feb to
160, 180
1151 UTC 18 Aug 2012)
2.7, 21.9, 41.9, 61.9, 80.9,
1 min 40 s (1000 UTC 8
100, 120, 140, 160, 175.5
Nov 2011 to 0019 UTC
13 Apr 2012)
6, 10, 20, 30, 40, 50, 60, 70, 1 min (0800 UTC 20 Feb to
80
2203 UTC 31 May 2012)
0.5, 11.5, 21.5, 31.5, 41.5,
1 min (1439 UTC 2 Apr to
46.5, 51.5, 61.5, 71.5, 80.5
0444 UTC 21 Apr 2012)
5.5, 15.5, 20.5, 25.5, 30.5,
1 min (0729 UTC 28 Mar
35.5, 45.5, 55.5, 65.5, 75.5
to 0609 UTC 14 Apr
2012)
—
—

continental slope and inshore shelf with water depths of
500 m or less were the main generation sites. However,
the western portion of the Exmouth Plateau also has
critical or near critical slope conditions, thereby the region is also likely an important generator of internal
tides (as demonstrated in section 4b). The southern
NWS is therefore an ideal site to examine the influence
of RITs on LITs.

rates and the baroclinic energy fluxes were calculated
from the density and velocity measurements to determine the generation and propagation processes of the
internal tides. According to the Nash et al. (2005) criteria, our sample rates were high enough and we
had sufficient coverage of sensors near-surface and
near-bottom to guarantee the accuracy of the tidal
energy calculations.

b. Field observations

c. Numerical simulations

Moorings were deployed in the Pilbara region from
2011 to 2012 to quantify the regional internal tide dynamics on the southern NWS. Four of these moorings
and additional observational data from the PIL200 and
PIL100 moorings of the Integrated Marine Observing
System (IMOS) were used to determine the regional
internal tide characteristics (see blue triangles in Fig. 1).
Coincident through-water-column profiles of velocity
and density were available at five of these moorings.
Note that N4B was only used for model validation of the
currents.
All of the moorings were subsurface taut line moorings with buoyancy pulling upward on a wire against an
anchor to suspend sensors at selected depth intervals
over the whole water column. Current magnitude and
direction were recorded with upward looking acoustic
Doppler current profilers (ADCPs; Teledyne RDI),
and density was measured with a variety of instruments
(Sea-Bird Electronics SBE37 and SBE39 and VEMCO
Minilog II-T) at different vertical resolutions on each
mooring (see details in Table 1). Tidal energy conversion

A three-dimensional (3D) hydrostatic numerical model,
the MITgcm (Marshall et al. 1997), was used to calculate the internal tide climatology in the Pilbara region.
In addition, we used the model in nonhydrostatic mode
for 2D vertical slice experiments with idealized tidal
forcing and initial conditions to investigate the role of
RITs on LITs, in particular the role of incoming wave
phase and amplitude on the shelf barotropic–baroclinic
energy conversion.

1) 3D MODEL CONFIGURATION
Three-dimensional experiments were implemented
to compute the internal tide climatology in the Pilbara
region. We used Geoscience Australia bathymetry data
with a horizontal resolution of 250 m. The horizontal
grid spacing was 1000 m in both the longitudinal and
latitudinal directions. The standard model domain consisted of 888 3 630 grid cells. To satisfy the mode-1 to
mode-3 vertical resolution requirements, model vertical
layers were spaced in accordance with the hyperbolic
tangent function (Stewart et al. 2017) given by
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FIG. 2. (a),(b) The initial model temperature and salinity profiles. (c) The profile of buoyancy frequency. The initial stratification for the
2D simulations only extended to 1000 m (indicated by dashed line). (d) The profile of eigenfunction W (blue) and its vertical gradient
(black) based on the initial stratification in the 2D simulations. Note that the y axis in (a)–(d) has a logarithmic scale. (e) A snapshot of the
internal tide horizontal velocity field with the idealized 2D bottom topography following the hyperbolic tangent function at T 5 20 h. For
this example, the arrow represents the incoming baroclinic forcing with the amplitude of 4 cm s21 on the left boundary. The colored
contours over the slope represent the baroclinic velocities induced by the interaction between the barotropic tides (1 cm s21 on the left and
5 cm s21 on the right) with the bottom topography.


2np
1 Dzmin ,
sh Hmax


Dz(n) 5 Dzmax tanh

(10)

where Dz is the thickness of each layer; n is the layer
number (138 layers); Dzmin and Dzmax were set as 1
and 100 m, respectively. In the Pilbara region, the
maximum depth Hmax was 6000 m and sh 5 1:0 is
a dimensionless scaling parameter for adjusting the
steepness of the hyperbolic tangent function. The initial
model stratification was derived from the Ocean
Forecasting Australia Model (OFAM; Oke and
Sakov 2008) by temporally and spatially averaging
output from April 2012, resulting in horizontally

uniform temperature and salinity initial conditions
(Figs. 2a–c).
As the semidiurnal barotropic tides are dominant
in the Pilbara region, the model was driven by M2 and
S2 tides on the boundaries with values taken from the
Oregon State University TOPEX/Poseidon Solution
(TPXO8-atlas data) with 1/308 resolution (Egbert and
Erofeeva 2002). A 50-km-wide sponge layer was imposed on each lateral boundary to absorb internal
tides and avoid reflection back to the inner region.
We ran a 35-day simulation covering a complete spring
and neap tide cycle. Quasi-steady conditions occurred
after 10 days, so the model results were analyzed over
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the remaining 25 days. We applied constant horizontal and vertical eddy viscosity and diffusivity coefficients as A h 5 10 m 2 s 21 ; A y 5 10 24 m 2 s 21 ; K h 5
10 m 2 s 21 ; Ky 5 1025 m2 s21 to eliminate gridscale instability (Legg and Huijts 2006; Nagai and Hibiya 2015)
and parameterized the bottom stress using a quadratic
law with Cd 5 2.5 3 1023.
To evaluate the influence of the western portion
of the Exmouth Plateau on the local internal tide
climatology on the inner shelf, we undertook two
numerical simulations with different computational
domains (Fig. 1). The smaller domain did not include
the western portion of the Exmouth Plateau. We used
the same initial stratification, boundary forcing, viscosity and diffusivity coefficients, and spatial resolution in both model runs.

VOLUME 49

TABLE 2. Parameters in the 2D nonhydrostatic MITgcm
experiments.
Parameters

Notation

Value

Horizontal grid scale
Vertical grid scale
Time step
Horizontal eddy viscosity coefficient
Vertical eddy viscosity coefficient
Horizontal diffusivity coefficient
Vertical diffusivity coefficient
Bottom stress
Steepness parameter
Left barotropic velocity amplitude
Right barotropic velocity amplitude
Shelf break location
Water depth on the shelf
Domain length
Maximum water depth

Dx
Dz
Dt
Ah
Av
Kh
Ky
Cd
S
Ubt,left
Ubt,right
xs
Hs
DL
H0

100 m
1–20 m
10 s
101 m2 s21
1024 m2 s21
101 m2 s21
1025 m2 s21
2.5 3 1023
12.5 km
1 cm s21
5 cm s21
400 km
200 m
600 km
1000 m

2) 2D MODEL CONFIGURATION
The 2D MITgcm experiments were employed to examine the effect of varying amplitude and phase of the
RITs on the local energy conversion over the slope and
shelf. A horizontal grid scale of 100 m and a domain of
600 km were used for the 2D experiments. The vertical
layers were also set following the hyperbolic tangent
function profile, with layer thicknesses ranging from 1 m
near the surface to 20 m near the seabed (maximum
1000 m). An idealized hyperbolic tangent bottom topography (Fig. 2e) was used:
x 2 x  1
1
s
2 (H0 1 Hs ) ,
h(x) 5 (H0 2 Hs ) tanh
2
2
S

(11)

where H0 is the maximum water depth and x s and H s
are the location and water depth on the shelf, respectively. The shelf width S was selected to ensure a
critical condition existed at one point on the slope.
Values of other 2D model parameters are summarized in Table 2. The 2D model was driven by a
barotropic tide on both lateral boundaries, and the
baroclinic RIT was imposed at the left boundary and
given by
Uleft (z) 5 Ubc (z) cos(vs2 t 2 ubc ) 1 Ubt,left cos(vs2 t 2 ubt ) ,
Uright 5 Ubt,right cos(vs2 t 2 ubt ) ,

(12)

The amplitudes of the barotropic velocities (Ubt,left ,
Ubt,right ) were set at the boundaries and the phases were
the same value to ensure mass conservation in the domain. A 20-km-wide sponge boundary condition was
imposed at both lateral boundaries. We varied the RIT
amplitude Ubc (z) and phase ubc in a series of idealized
2D runs (BT-BC Exps and High-BC Exps, Table 3). For

comparison, we completed a case with no RIT (BT-only
Exp) and another with a more accurate representation
of the across-shore topography (Real Exp, along red
dashed line in Fig. 1).

d. Data analysis
1) MODAL DECOMPOSITION
We decomposed the velocity and buoyancy fields of
the RITs into different vertical modes (Gerkema and
Zimmerman 2008). In terms of one tidal constituent (v)
in a continuously stratified ocean, the baroclinic wavefield can be written (e.g., Gerkema and Zimmerman
2008; Buijsman et al. 2010) as the sum of vertical modes
(e.g., vertical velocity w):
w(z, t) 5

‘

å An exp(2ivt)Wn (z) .

(13)

n51

For mode n, An and Wn are the vertical amplitude
and eigenfunction, respectively. The eigenfunctions
were obtained by numerically solving the normal
mode equation [Eq. (5)]. We calculated W1 to define
the vertical structure of the RITs (Fig. 2d). Following Buijsman et al. (2010), we normalized the
eigenfunctions for vertical velocity and obtained
the eigenfunctions for the horizontal velocity and
buoyancy as
U n (z) 5 An

i dWn (z)
,
kn dz

Bn (z) 5 2An

iN 2 (z)
Wn (z) .
v
(14)

Thus, the vertical profile of the RITs was constructed
based on the initial stratification.
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TABLE 3. Barotropic and baroclinic tidal forcing and bottom topography for the 2D model runs.
Barotropic velocities (cm s21)

Experiment

Left

Right

Baroclinic surface
velocities (cm s21)

Baroclinic phase

Topography

Real Exp
BT-BC Exps
BT-only Exp
High-BC Exps

1
1
1
1

13.13
5
5
5

0
2–12
0
20–40

0
0.25p–2.00p
0
0.25p–2.00p

Real
Hyperbolic tangent
Hyperbolic tangent
Hyperbolic tangent

2) TEMPORAL DECOMPOSITION
Surface tides are highly predictable using the sum of
known harmonics (sinusoidal function). Using the same
model, internal tides can be divided into two components
as well. The first can be interpreted as a series of sinusoidal constituents at the tidal frequencies, which are
termed the ‘‘coherent constituents’’ (Nash et al. 2012).
For the second component, the amplitudes and phases
of the motions can be modulated in time. As this
portion of the internal tide behavior is unpredictable
via harmonic analysis, these are termed ‘‘incoherent
constituents.’’
Since the Pilbara region is dominated by semidiurnal surface tides, the coherent internal tides
showed high spectral peaks near the M2 and S2 potentials (not shown). We extracted the contributions
to tidal variables, phase locked to the surface tide, in
the following way. Three-dimensional model and observed data were first bandpass filtered with the
semidiurnal cutoff period (10–14 h). We fit tidal variables (e.g., ubc and p0 ) to the M2 and S2 constituents
using a least squares minimization technique. The raw
time series was separated into the coherent component, and the remaining portion defined as the incoherent component. Note that since the 2D idealized
cases were driven by S2 barotropic and/or baroclinic
tides, we omitted the filtering calculations and assumed the 2D model outputs were all coherent constituents at the S2 frequency.

4. Results
a. M2 surface and internal tide validation
We computed the barotropic current ellipse from
the observed depth-averaged velocity at the six different
mooring stations on the continental shelf (Figs. 3a–f).
The M2 tidal ellipses were the main focus as they dominate in the Pilbara region (Holloway 1988). The predicted M 2 tidal ellipses from the 3D model were
generally in good agreement with the field measurements
and TPXO8-Atlas dataset, reproducing the major features of the local barotropic tides. The discrepancy between the model, observations and the TPXO8 solution

at N3C likely occurred due to inadequately resolved
bathymetry in this region.
The model-predicted M2 baroclinic velocity amplitude was compared with field measurements at the six
mooring stations for the upper, middle, and bottom
depths (Figs. 3g,h). The correlation coefficients for the
amplitude and phase between the predicted and observed values were both greater than 0.8. In general,
M2 tidal features were well predicted in the 3D model
giving us confidence in the internal tide calculations
presented below.

b. Internal tide energetics
In the 3D model, large positive conversion rates
(;1 W m 22 ) demonstrated that internal tides were
generated in regions A, B, and C (Fig. 4a). During the
spring tide period, domain-integrated conversion
rates were 500, 370, and 260 MW in regions A, B, and
C, respectively.
There were also a number of regions where negative
conversion rates occurred (Fig. 4a), with values locally
as large in magnitude as the positive conversion rates
seen elsewhere. The negative conversion rates were
mainly found in the inshore regions (e.g., regions B
and C) between the 200- and 400-m isobaths, where the
PIL200 mooring was located. The model run with a
smaller domain, excluding the Exmouth Plateau, demonstrated that large positive and negative conversion
rates still occurred in regions B and C, with a similar
pattern to the standard large domain case (Fig. 4b).
However, in the large domain case net energy conversion integrated over regions B and C increased by 13.5%
(50 MW) in the region B and 8% (20 MW) in the region
C when the western portion of the Exmouth Plateau
was included. Exmouth Plateau thus constructively
influences the conversion rate on the southern NWS
continental slope.
During the spring tide period, strong baroclinic energy fluxes (.2.0 KW m21) emanated from regions B
and C, coincident with larger conversion rates (vectors
in Fig. 4a). Internal tides mainly propagated in the offshore direction from these regions and the energy fluxes
indicated a complicated pattern ;150 km from the major generation site (region B), suggesting the formation
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FIG. 3. (a)–(f) Comparison of M2 barotropic current ellipses between the model predictions (black lines), observations (blue lines), and TPXO8-atlas data (red lines) at different moorings. The scale of the ellipse is shown on
the right. (g),(h) Scatterplots comparing the M2 baroclinic tidal amplitude and phase between 3D model predictions
and observations at six mooring sites.

of standing internal tides due to the interaction between
RITs and LITs (e.g., Rayson et al. 2012). However,
in the small domain case the energy fluxes primarily
propagated northwestward from region B and then diminished at the west boundary (Fig. 4b), with no suggestion of standing internal tides.
To compare the conversion rate distribution in
the large and small domain cases, we calculated the

difference between them, and this conversion difference
was denoted by CExP (Fig. 4c). The magnitude of CExP
was comparable to the conversion rate (;1.0 W m22)
for the standard case. Alternating positive and negative
bands of CExP can be seen along the isobaths over the slope
and perpendicular to the southwest side of the Exmouth
Plateau (region A in Fig. 4a), a result of the constructive
and destructive interference caused by the varying phase
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FIG. 4. (a) Spring tide cycle–averaged conversion rates in standard
case with the Exmouth Plateau. Vectors mean the depth-integrated
tidal-averaged energy flux of baroclinic tides. Three red boxes represent the main generation sites of internal tides. Triangles represent five
moorings. (b) The case excluding the western portion of the Exmouth
Plateau. (c) Conversion rate difference CExP between the standard
case and model run excluding the Exmouth Plateau.

difference between the RITs and the LITs throughout
the domain [Eq. (9)]. Along the 800-m isobath, the alternating positive and negative CExP regions are ;50 km
long, approximately half the wavelength of the mode-1
baroclinic tide in this water depth.

c. Negative conversion rates
The semidiurnal coherent conversion rate was estimated from both observations and the model output
at five sites. We compared observations and the
model at two locations on the 200-m isobath (NICOP
and PIL200) and three locations on the 100-m isobath
(PIL100, N3C and N2C); the model identified a range of

1659

positive and negative conversion rates across these locations. Due to the different deployment periods of the five
moorings, model comparisons were undertaken over
different time periods (note variable x axes in Fig. 5).
Semidiurnal p0 and wbt were used to calculate the
semidiurnal-coherent conversion rates.
At the NICOP site (Figs. 5a,b), the phase difference
between p0 and wbt was always much less than 908, resulting in positive conversion rates in agreement with
the model predictions. At the PIL200 site (Figs. 5c,d),
p0 and wbt were nearly 1808 out of phase, leading to
negative conversion rates that were again in agreement
with the model predictions.
At the 100-m contour, the PIL100 and N2C sites had a
phase difference between p0 and wbt ranging from 908
to 1808, resulting in conversion rates that periodically
crossed the zero point. However, both the model results
and field data demonstrated the time-averaged conversion rates were positive at these two moorings. A large
difference between the model and observations occurred at N3C. Note that the conversion magnitude
was one order smaller than most other sites. This disagreement may come from two sources. First, the
3D numerical model does not predict the tidal climatology
well at N3C (see Fig. 3) and second; the observed conversion rate may not be predicted well due to a low vertical
resolution of the thermistors and inadequate sampling near the surface, as well as the overall short record
length leading to errors in the temporal decomposition.
The 2D model (Real Exp) was run with realistic topography along the selected cross section identified
from the 3D model (Fig. 1). A small-amplitude barotropic M2 tide was used to force the model to maintain
linear conditions (refer to Real Exp in Table 3), resulting in different conversion magnitudes to the 2D and 3D
cases. There was no RIT in this model run. The slope
criticality parameter g (ratio of local wave characteristic
slope to bottom slope) along this cross section indicated
that near-critical slopes occur at 25 km , x , 55 km
(Fig. 6c), coincident with the region of large positive
conversion (Fig. 6a) and zero phase difference [cos(u0 ) ’ 1]
(shown in Fig. 6b). The differences in u0 between the 2D
and 3D cases resulted from additional remote generation
sites in the 3D case influencing the phase of p0 .
The strongest positive conversion site was located
approximately 35 km from the strongest negative conversion site (Fig. 6a). The mode-1 phase speed cbc 5
1:5 m s21 between 300- and 500-m water depth, while
pﬃﬃﬃﬃﬃﬃﬃ
the barotropic phase speed was cbt 5 gH 5 70 m s21.
The propagation time from the main generation site
to the site with negative conversion was thus approximately 6.5 h and 8 min for the baroclinic and barotropic
tides, respectively. The time lag between the mode-0
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FIG. 5. Semidiurnal coherent conversion at the mooring sites (a) NICOP, (c) PIL200, (e) PIL100, (g) N3C, and (i) N2C
during spring tides. Bottom pressure perturbation (black) and vertical barotropic velocity (blue) at the moorings
(b) NICOP, (d) PIL200, (f) PIL100, (h) N3C, and (j) N2C. Solid and dotted lines indicate observed and modeled results,
respectively. Note that the magnitude of the y axis in (g) and (i) is one order smaller than in (a), (c), and (e).

and mode-1 tides was thus nearly half of the semidiurnal
period, and resulted in p0 and wbt being out of phase at
this site, leading to negative conversion.

d. Effect of RITs
The 3D model revealed that the western portion of
the Exmouth Plateau was a significant remote generation site that influenced local net energy conversion
on the inner shelf and slope. To study the interaction

of RITs with LITs, we implemented a series of 2D
idealized cases with the amplitude of the baroclinic
forcing ranging from 2 to 40 cm s21 and the phase (up,r )
ranging from 0.25p to 2.00p (BT-BC Exps and HighBC Exps, Table 3).

1) PROPAGATION PROCESS
We first illustrate the spatial variation of the RIT
during the propagation process using snapshots of p0r for
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FIG. 6. (a) Tidal-averaged conversion rates and (b) cosine
function of the phase difference between the bottom pressure
perturbation and vertical barotropic velocity along the cross
section for the 3D case (black lines, location shown in Fig. 1)
and the 2D case (blue lines) with single M2 tidal forcing.
(c) Bottom topography (black solid line) and topographic critical parameter g (dashed line).

different RIT amplitudes of 4 and 20 cm s21, but both
with a constant phase difference of 0.00p (Figs. 7a,e).
The numerically predicted p0r was calculated as the difference between BT-BC Exps and BT-only Exp, while
the kinematic model predicted p0r was obtained from
Eq. (9).
For the 4 cm s21 amplitude forcing case, the amplitude and phase of the model and kinematic predictions p0r [calculated using Eq. (2)] were in good
agreement in deep water, demonstrating the interaction was a linear process. For the 20 cm s21
forcing case, model and kinematic predictions were in
agreement for the early stage from 0 to 40 model
hours. After 40 h (x . 300 km), the leading edge of the
numerically predicted RITs steepened and became
strongly nonlinear, thus deviating from the linear kinematic predictions (Fig. 7e).

2) PHASE SPEEDS AND PROPAGATION TIME
The phase of RITs can be expressed as ubc,r 5 [up,r 1
(Tp /Tbt )2p] [Eq. (3)], thereby the propagation time
of RITs can affect the sign of C r [Eq. (9)]. To consider
the propagation time of RITs, we first estimated both
the linear and numerical model phase speeds. The

mode-1 linear phase speed cth was derived from
Eq. (5), which was approximately 2.4 m s 21 in deep
water (shown in blue dashed lines in Figs. 7b,f). We
then traced the troughs of RITs and calculated the
numerically predicted phase speed cmod (shown in
black lines in Fig. 7b). For the 4 cm s21 amplitude
forcing case, cmod varied slightly with distance, but kept
in close agreement with cth . In contrast, the deviation
between cmod and cth was significant for the 20 cm s21
amplitude case.
Based on the numerically predicted phase speeds
in deep water, the RIT propagation time per grid
was obtained over the model domain (Figs. 7c,g). The
arrival time of RITs was ;40 and ;38 h for the 4
and 20 cm s21 amplitude cases, respectively. The cosine function of the kinematically predicted uth agreed
well with numerical prediction (ubc,r ) for the entire
model domain for the 4 cm s21 amplitude case. In
contrast, for the 20 cm s21 amplitude case, cos(uth ) and
cos(ubc,r ) deviated and had different signs at x 5
350 km. These deviations resulted from the steepening
process of large-amplitude RITs, which are discussed
below (section 5b).

3) PHASES AND AMPLITUDES
The phase of the RIT (up,r ) also contributes to the
sign of C r. We use the case with an RIT amplitude
of 4 cm s21 as an example. When the phase of the
RIT was varied, C r over the slope varied from
regions with predominantly positive to predominantly negative values (e.g., Figs. 8b,f). Similar positive and negative regions of C r occurred along the
isobath on the continental slope in the 3D model
(Fig. 4c). Although the center of the slope was x s 5
400 km, the topography was subcritical at this location. The near-critical point on the slope was located around x 5 405 km, where we find both the
minimum (Fig. 8h) and maximum values of C r
(Fig. 8d). Numerical and kinematic predictions of
C r were in good agreement (blue and black lines in
Fig. 8).
We compared the model C r from the 2D idealized
simulations with the kinematic predictions [Eq. (9)]
at the critical point for a range of different RIT amplitudes and phases (Fig. 9). The kinematic model
reproduced the simulation results well, with C r
exhibiting a sinusoidal relationship with the baroclinic phase. For the kinematic prediction, Cr should
have a linear relationship with the RIT amplitude
[according to Eq. (9)], which was in agreement with
the model predictions when the baroclinic amplitude ranged from 2 to 4 cm s21. However, when the
amplitude increased to above 6 cm s21, the linear
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FIG. 7. (a) Snapshots of p0r for cases with 4 cm s21 velocity (Fr 5 0.017) on the left boundary at times from 0 to
100 h. The black dashed line is the edge of continental shelf. Blue lines indicate the kinematic prediction of p0r .
(b) The black solid line represents numerically predicted phase speed while the blue dashed line is theoretical
linear phase speed. (c) The bar graph shows the propagation time of numerically predicted RITs across a single
grid point (100 m); the blue dotted line is the accumulated propagation time along the model domain. (d) The
cosine function of numerically predicted ubc,r [refer to Eq. (3)] is shown with the black line, while the cosine
function of theoretical uth is the blue line. (e)–(h) As in (a)–(d), but for the cases with initial velocity amplitudes
of 20 cm s21 (Fr 5 0.084).

kinematic model slightly overpredicted Cr at the
critical point.
To compare the kinematic predictions with the
model results, we added an additional x axis with
u0 [see Eq. (9)] and nondimensionalized the y axis

with C l, the conversion rate at x 5 405 km in the BTonly case (Fig. 9). The peak of the nondimensional
C r occurred when u0 was 8.0p, or four complete wave
cycles. Parameter C r thus varied sinusoidally with
the phase of the RITs, and varied linearly with
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FIG. 9. Parameter Cr at the location x 5 405 km with the baroclinic forcing phase ranging from 0 to 2.00p and amplitude ranging
from 2 to 12 cm s21. Markers and lines are numerical modeling and
kinematic predictions, respectively. The two x axes are the phase of
the RITs (up,r and u0 ), while the two y axes are Cr and nondimensional Cr scaled by the local conversion rate Cl in the case of
only barotropic tidal forcing.

FIG. 8. The 4 cm s21 baroclinic tide amplitude case with baroclinic tide phase up,r ranging from 0.25p to 2.00p at an interval of
0.25p. (a)–(h) Cycle-averaged Cr over the slope for different up,r .
Black and blue lines represent model estimates and kinematic
predictions, respectively.

the amplitudes of RITs for low-amplitude forcing
cases.

5. Discussion
Historically, internal tide climatology on shelf regions has been estimated using regional models, under the assumption that local internal tide generation
is dominant (e.g., Holloway 1996). As model domains
are increased, a significant effect of far-field generation sites on local energy conversion is often observed.
Here we found that on the southern NWS, net energy
conversion was 11% (0.22 GW) smaller when the
model domain excluded the (remote) western portion of the Exmouth Plateau (Fig. 4b). This is the net

result of a 0.34 GW decrease in positive conversion,
and a 0.12 GW decrease in negative conversion. This
is comparable to the total internal tide generation reduction of 13% (or 7.1 MW) when the outlying bathymetric features were excluded from a model of the
Monterey Bay region (Hall and Carter 2011). In contrast,
Kerry et al. (2013) estimated that, in the absence of RITs,
domain-integrated conversion rates were 11% greater at
the Luzon Strait and 65% greater at the Mariana Arc.
Our results demonstrate that for small-amplitude
tides the phase of RITs is responsible for the changes
in local energy conversion, agreeing with previous
studies (e.g., Kelly and Nash 2010; Zilberman et al.
2011). However, we have demonstrated that as the
amplitude of the RITs increased the changes in the local
energy conversion also become dependent on the nonlinearity of the propagating RIT.

a. Remotely influenced conversion rates versus
Froude number
The sensitivity of Cr to the forcing amplitude can be
described by considering the Froude number (Fr)
Fr 5

Ubc
,
cp

(15)

where cp is the mode-1 linear phase speed [Eq. (5)]. Five
locations (x/L 5 0.45, 0.5, 0.55, 0.6 and 0.65) over the
shelf were selected to show the horizontal distribution of
nondimensional Cr (Figs. 10a–e; both numerical and
kinematic predictions) at different sites with different
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FIG. 10. (a) Bottom topography over the shelf (L is the shelf length). Blue triangles represent five locations shown in panels below.
(b) Nondimensional Cr at location x/L 5 0.45 as a function of the RIT wave Froude number. Dots and dashed lines represent the
numerical model and kinematic predictions, respectively. Different colors represent different phases of the RITs. (d),(f),(h),(j) As in (b),
but at locations x/L 5 0.5, 0.55, 0.6, and 0.65. (c) Gray shading is the deviation of Cr between the numeric model and kinematic predictions
nondimensionalized by local conversion rate Cl for different phases. Black lines represent phase-averaged error. Dotted rectangles indicate the small Froude number zone (Fr , 0.05). (e),(g),(i),(k) As in (c), but at locations x/L 5 0.5, 0.55, 0.6, and 0.65.

criticalities (blue triangles in Fig. 10a). Note that the
critical point was located at x/L 5 0.55. The different
phases of RITs play a key role in the sign of the nondimensional Cr as well as the magnitude of Fr.
The subcritical topographic features occurred at the location x/L 5 0.45. Taking 4 cm s21 baroclinic tides as an
example, numerical Cr at the subcritical location (x 5
395 km) had a small value ;O(1023) W m22 and slightly
diverged from the kinematic Cr (e.g., Figs. 8a,e). In addition,
the topographic gradient was small, resulting in a small
vertical barotropic velocity wbt and thereby a small value of
local conversion Cl 5 p0l wbt (;2.0 3 1023 W m22). The
nondimensionalized value Cr/Cl thus accentuated the magnitude of the deviation between the numerical and kinematic
predictions at the subcritical locations (shown in Fig. 10b).
At the other subcritical location (x/L 5 0.65) on the
right portion of the shelf, the phase difference between
the numerical and kinematic predictions was increasing
as the RIT was steepening (e.g., Fig. 7h) and shoaling on

the shelf. Therefore, a slight phase difference between
the numerical and kinematic predictions can cause the
opposing sign as well as a great difference in magnitude
between the nondimensionalized numerical and kinematic predictions (shown in Fig. 10j).
In contrast, near-critical and critical points (x/L 5 0.5,
0.55, and 0.6) indicated better agreement between the
numerical and kinematic predictions, irrespective of
the baroclinic phase. When Fr , 0.05, the model and the
kinematic predictions agreed well, but for Fr . 0.05 the
two predictions diverged. To quantitatively demonstrate
the difference between the numerical and kinematic
predictions, we nondimensionalized the difference of Cr
with Cl (Figs. 10c,e,g,i,k). For subcritical points x/L 5
0.45 and 0.65, the phase-averaged error of Cr was always
smaller than 2.5 when Fr , 0.05. When Fr . 0.05, the
error kept rising as Fr increased (e.g., Fig. 10c). On
the other hand, the critical and near-critical points
(x/L 5 0.5, 0.55, and 0.6) showed much smaller

Unauthenticated | Downloaded 01/09/23 05:06 AM UTC

JUNE 2019

GONG ET AL.

1665

deviations between the two predictions from the two
methods. The phase-averaged error was smaller than
1.0 when Fr , 0.05 (Figs. 10e,g,i).
RITs with Fr 5 0.017 and 0.169 were selected to
compare Cr over the slope in low- and high-wave Froude
number cases (Figs. 11b,c). Both positive and negative
Cr occurred over the shelf for different RIT phase. The
linear RITs with low Fr remained linear during propagation, resulting in a smoothly varying pattern of Cr over
the shelf (e.g., Fig. 11b). However, the RITs with high
Fr nonlinearly steepened and lead to an abruptly varying pattern of Cr over the shelf (Fig. 11c).

b. Steepening processes of RITs
As mentioned above, small-amplitude and largeamplitude RITs showed different wave shape developments during the propagating processes on the flat
bottom (e.g., Fig. 7a,e), eventually inducing linear and
highly nonlinear Cr (Figs. 11b,c), respectively. Hence,
the purpose of this section is to quantify the differences between the steepening processes of smallamplitude and large-amplitude RITs.
To estimate the ability for an initial RIT to evolve
into nonlinear internal waves (NLIWs) during a given
propagation time Tp , we presented the nondimensional
steepening parameter ls
ls 5

Tp
Ts

.

(16)

Here the steepening time Ts can be expressed as
Ts ; l/aA0 (Horn et al. 2001), arising from balancing the
dispersion and nonlinear terms in the Korteweg–de
Vries (KdV) equation. Here l and A0 are the wavelength
and amplitude of the initial RIT, respectively, and
a is the nonlinearity coefficient derived from the KdV
equation, which is given by
ð0
3cp
Wz3 dz
2H
.
a 5 ð0
2
2
Wz dz

(17)

2H

For small RITs (Fr , 0.05), the steepening parameter
ls was smaller than 1 over the entire model domain
(600 km), hence NLIW steepening could not occur, and
thus is why the linear kinematic prediction did well for
this small forcing. When large-amplitude RITs (Fr .
0.08) propagated from the left boundary to the slope,
however, ls was greater than 1, the RITs lost their linear sinusoidal character and the wave fronts steepened.
Thus, p0r loses the phase coherence (e.g., Fig. 7e) and the
kinematic model could no longer accurately predict Cr.

FIG. 11. (a) Bottom topography over the shelf. (b) Histograms
are the horizontal distribution of Cr over the shelf in the case with
low Froude number (Fr 5 0.017). Magenta, cyan, yellow, and gray
colors represent cases with the remote phase up,r of 0.50p, 1.00p,
1.50p, and 2.00p, respectively. (c) As in (b), but for high Froude
number (Fr 5 0.169).

Nonlinear effects due to different slope criticalities
can also play a role on the effect of RITs (see appendix).
Our results show that there is not only a linear effect of
RITs on slope generation due to phase interference
but also a nonlinear effect that is dependent on the
RIT amplitude. Both effects should be considered when
calculating barotropic to baroclinic conversion rates
over topography in the real ocean.

6. Conclusions
The superposition of multiple internal tides results in a
complicated internal tide climatology. The southwest part
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of the offshore Exmouth Plateau showed large barotropicto-baroclinic conversion rates and, by running the 3D
model in a reduced domain which excluded the Exmouth
Plateau, we demonstrated the internal tides emanating
from the Exmouth Plateau played a key role in the internal
tide processes on the inshore continental slope and shelf. A
comparison of model predictions with observational data
at five moorings on the continental shelf revealed both
positive and negative local barotropic-to-baroclinic conversion rates as a result of the influence of these remotely
generated internal tides.
To quantitatively explain how the RITs influence the
LITs on the shelf, we performed a series of 2D model
runs with idealized topography and barotropic tidal
forcing at a single forcing frequency. The model demonstrated how that local internal tide climatology was
modulated by varying phases and amplitudes of RITs.
The principle results were as follows:

(IH140100012). Yankun Gong was supported by the
Chinese Scholarship Council. Field data were obtained
from a collaboration between the U.S. Naval Research
Laboratory, the University of Western Australia, and
the Australian Institute of Marine Science under the
project DP 140101322 and N62909-11-1-7058. In addition, the data of PIL100 and PIL200 moorings was from
the Integrated Marine Observing System—a national
collaborative research infrastructure, supported by
the Australian Government. The numerical experiments were supported by resources provided by the
Pawsey Supercomputing Centre with funding from
the Australian Government and the Government of
Western Australia. Observational data are available on
the UWA Library Research Repository.

(i) Phase differences between p0r and local wbt induced
both positive and negative conversion rates over
the shelf.
(ii) RITs with low Froude number (Fr , 0.05) had
steepening length scales greater than the model
domain length and thus retained their linear characteristics. The RITs linearly influenced the LIT
generation processes, resulting in a smoothly varying pattern of Cr over the shelf (e.g., Fig. 11b), and
the numerically simulated Cr were consistent with
kinematic predictions.
(iii) For RITs with high Froude number (Fr . 0.05), the
steepening length scale was smaller than the domain length. Due to the increasing nonlinearity, the
arrival time of the wave front sharply altered on the
shelf, and Cr showed a strongly varying pattern
over the shelf (Fig. 11c).

Steepening of RITs over Slopes with Varying
Criticality

The local energy conversion was dependent on the
distance between the remote generation site and the
local generation sites and the phase relationship and
the intensity of both the local barotropic tides and
the RITs. Our results demonstrate the importance of
considering RITs for both selection of field observation sites and model domains, in order to capture all of
the significant internal tide climatology. Our results
are consistent with those of Carter et al. (2012) and
Kelly and Nash (2010) in demonstrating that regional
models need to be either forced by global models or be
nested in large regional models to accurately predict
the local internal tide climatology.
Acknowledgments. This research was supported by
the Australian Research Council Industrial Transformation Research Hub for Offshore Floating Facilities

APPENDIX

To examine the effect of varying slope criticality, we
considered six cases with different Froude numbers
(Fr) and slope steepness. RITs with amplitudes of 4 and
20 cm s21 were selected to vary Fr, and topographic
critical parameters g of 0.5, 1.0, and 2.0 were taken as
examples of subcritical, critical, and supercritical slopes
(see Fig. A1). These six cases were driven solely by
RITs. Other configurations were the same as above 2D
cases (shown in Table 2).
For cases with low Froude number (Fr 5 0.017),
RITs retained their sinusoidal form over the entire
model domain, regardless of the slope shape (Fig. A1).
The arrival location of the RIT trough was quite consistent after the shoaling process over the subcritical
and critical slopes. However, the arrival location of the
RIT was slightly delayed in the supercritical case. In
addition, the magnitude of RITs on the supercritical
shelf was approximately 50% of the magnitude of RITs
on the subcritical shelf. For an incident mode-1 internal tide transmitting upon slopes with a topographic height to water depth ratio of 0.8 (as used in
this study), Kelly et al. (2013) assumed that the reflection coefficients for subcritical slopes decrease to
zero, while the reflection coefficients for supercritical slopes remain nearly constant and nonnegligible.
In comparison, linear model and field observations on
the continental shelf of the South China Sea indicate
67% of incoming mode-1 energy is transmitted up the
supercritical slope (Klymak et al. 2011). For our
simulations, compared to the subcritical case (g 5
0.5), 65% and 51% of the incoming mode-1 linear
internal tide was transmitted up the critical (g 5 1.0)
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of 4 cm s21 (Fr 5 0.017) at the time of t 5 96 h. Slopes with topographic critical parameter g of 0.5, 1.0, and 2.0 are shown in the
upper, middle, and bottom panels. Blue dotted lines indicate arrival locations and amplitudes of RITs over the slope. (b) As in (a),
but for 20 cm s21 RIT amplitude (Fr 5 0.084). (c) Bottom topography with subcritical, critical, and supercritical slopes.
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