
CHAPTER 4. MODE-2 NONLINEAR INTERNAL WAVE GENERATION AND
PROPAGATION ON AN ENERGETIC CONTINENTAL SHELF

4.1 Introduction

Mode-2 nonlinear internal waves (NLIWs) have been observed frequently on continental shelves

in recent years [Yang et al., 2009, 2010, Shroyer et al., 2010, Da Silva et al., 2015, Yuan et al., 2018,

Rayson et al., 2019]. Although mode-2 NLIWs are not as energetic as mode-1 NLIWs, they potentially

lead to mixing of the pycnocline, have the ability to transport material laterally [Wang et al., 2007]

and drive near-bed sediment suspension [Boegman and Ivey, 2009, Deepwell et al., 2017]. Mode-2

NLIWs were thus of particular interest and have been studied via multiple approaches, including in

situ observations [Ramp et al., 2012], laboratory experiments [Terletska et al., 2016] and 2D idealized

models [Zhang et al., 2018].

While mode-2 waves have often been observed, their generation mechanisms and spatial variability

are still poorly understood [see Yang et al., 2009]. Mode-2 waves can be produced from mode-1 NLIWs

by their interaction with abrupt topography [Konyaev et al., 1995, Vlasenko and Hutter, 2001, Liu

et al., 2019] or via the breaking process [Helfrich and Melville, 1986]. Mode-2 waves can also be

generated when an incoming wave beam strikes the pycnocline and the surface-reflected beam geometry

preferentially excites a high-mode response [Grisouard et al., 2011, Yang et al., 2009]. The incoming

internal wavelength, amplitude, topography, and pycnocline properties (like depth and thickness)

all a↵ect mode-2 NLIW generation via this mechanism [Rayson et al., 2019]. Single point mooring

observations, do not allow characterization of the spatial variability of mode-2 NLIWs. However,

correlation length scales can help us to understand how representative a single point observation is of

the surrounding ocean. In this chapter, we calculated correlation length scales from the 3D numerical

model to quantify the important length scales of mode-2 NLIWs.

Numerical simulations have become one of the most important and useful approaches to investigate

NLIWs in regional settings. Remotely-generated internal tides (RITs) are one of the key factors for

NLIW generation and thus the specification of the open boundary forcing in regional models of internal

waves has received much attention [e.g. Kumar et al., 2015, Blayo and Rousseau, 2016, Rogers et al.,

2019]. Mazlo↵ et al. [2020] demonstrated that RITs can be a significant source of local internal waves

within a model domain, and are important to accurately represent the high frequency component of

the internal wave spectra in any regional model [Nelson et al., 2020]. In previous studies, RITs were

mainly considered as stationary (coherent) internal tides with time-locked phase. To our knowledge,

the generation mechanisms of mode-2 NLIWs have primarily been investigated using observations

from several ocean moorings [e.g. Yang et al., 2009, 2010], but their generation and spatial evolution

have not yet been explored via realistic three-dimensional numerical simulations. In previous studies,

internal tides boundary forcing was mainly represented as narrow band spectral shapes with well-known

tidal frequency, amplitude and phase [e.g. Mazlo↵ et al., 2020]. However, Van Haren [2004] suggested

that in reality internal tides in the ocean are largely incoherent and can exhibit strong intermittency

with unstable (time-varying) phase, resulting in a broad band of spectral energy around the tidal

frequencies. Here, we demonstrate the importance of forcing regional coastal sea models with more

realistic non-stationary RITs at the open boundaries.

Applying a directional decomposition method to a global satellite product HRET [Zaron, 2019] in

the eastern Indian Ocean, Chapter 3 revealed that mode-1 internal tides generated in the Lombok Strait

(116oE, 9oS) propagated southward through deep water for almost 1000 km with only slight energy
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loss, eventually reaching the Australian North West Shelf (NWS). In this chapter, we investigated the

contribution of mode-1 RITs to the local mode-2 NLIW formation with the geographic focus of the

Australian NWS region.

There are two main goals in this chapter. The first goal is to identify the role that mode-1 RITs

and the local density stratification have on mode-2 NLIW formation on a continental shelf region.

Specifically, we seek to understand whether the barotropic tide alone is su�cient to generate large-

amplitude NLIWs on the shelf. The second goal is to characterise the spatial structure, such as the

along-crest length and width scales of the NLIWs. These goals are motivated by new in-situ observations

of mode-2 NLIWs near the Rowley Shoals region of the Australian NWS, presented in section 4.2. The

generation conditions of mode-2 NLIWs on the shelf are investigated using a two-dimensional (x� z)

nonhydrostatic ocean model in section 4.3. The entire life cycle and spatial structure of mode-2 NLIWs

over realistic topography are investigated using a three-dimensional nonhydrostatic ocean model in

section 4.4. Summary and conclusions then follow (section 4.5).

4.2 In Situ Observations

4.2.1 Study Site and Field Experiment

The study site was the Rowley Shoals region located in the central portion of the NWS (magenta

box in Figure 4.1a), a site where no long-term ocean moorings have previously been deployed. The

NWS is a region with ubiquitous and energetic internal tides and NLIWs due to the environmental

and geomorphological characteristics, including the nearby continental slope [Jones and Ivey, 2017].

The Rowley Shoals region includes three distinct coral reef atolls that rise steeply from 400 m deep to

the surface [Berry and Marsh, 1986], and inshore of the atolls there is also a 50 m high, 10 km wide

ridge centred along the 150 m isobath. All topographic features are likely internal wave generation

zones at near-critical and super-critical topography (see black shade in Figure 4.1). In addition, during

the austral summer months, intense tropical cyclones (hereafter TC) frequently occur over the NWS

[Rayson et al., 2015], impacting the ocean dynamics, producing near-inertial oscillations and deepening

the thermocline [Rayson et al., 2019]. R. Stephenson Jr et al. [2015] presented the e↵ect of extreme

wind on stratification, and thereby the baroclinic energy flux. The category-4 TC Veronica passed

within 150 km of the study site around 21st March 2019 (Figure 4.1).

We deployed a through-water-column mooring T330 (118.98oE, 17.75oS, triangle in Figure 4.1a) at

a water depth of 330 m from 5th March to 24th April 2019 on the south side of Imperieuse Reef (the

southernmost atoll of the Rowley Shoals). The mooring was configured to measure water temperature,

at 10 m vertical spacing, from 3 m above the seabed to 22 m below the free-surface (Sea-Bird Electronics

SBE56, SBE39 and SBE37). Temporal sampling rates were 1, 10 and 20 sec for the SBE56, 37 and

39 instruments, respectively. Temperature was converted to density via the equation of state with a

constant salinity of 34.7 psu. Current magnitude and direction was recorded with an upward-looking

acoustic Doppler current profiler (ADCP, 75 kHz Teledyne RDI), which was configured to sample

in beam coordinates at 2 m vertical resolution starting from 10 m above the seabed and at a 60 s

temporal interval (see Figure 4.2).
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Figure 4.1: (a) Bathymetry on the Australian NWS. The magenta box is the 3D model domain.
The triangle represents the location of the T330 mooring, which was deployed from 5th March to 24th

April, 2019. The blue line is the cross-shelf transect we selected to configure the 2D models. The
near-critical and supercritical locations are marked as the grey shade in the model domain. The path
of TC Veronica is shown in the small panel and the cyclone-a↵ected region on 21st March is indicated
as the pink shade. The water depth along the transect is shown in the panel (b).

4.2.2 Mode-2 NLIWs

To extract the amplitudes of mode-2 NLIWs from the observational data, we selected two isopycnal

interfaces (1022.7 kg m-3 and 1024.9 kg m-3) that roughly coincided with the centre of each pycnocline

and were located in water depths of 90 m and 200 m. Note that these two isopycnal interfaces are

selected based on the background buoyancy frequency profile calculated using a 3-day time-averaged

observed density from the mooring. We then calculated the vertical displacement of the upper isopycnal

(⇣ 0u) and lower isopycnal (⇣ 0
l
) over the observation period. The amplitude of mode-2 NLIWs was then

given by the separation between these two layer depths

A2 =
(⇣ 0u � ⇣

0
l
)

2
, (4.1)

Linear mode-2 internal tides, with small amplitudes (A2 < 10 m) and ⇠12 h tidal cycle, were always
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dominant during March, while mode-2 NLIWs with large amplitudes (A2 > 15 m) rarely occurred (see

Figure 4.3d). From 1st April a series of convex shaped mode-2 NLIWs passed by the mooring (Table

4.1). The first large convex mode-2 NLIW packet was observed at 02:01 UTC 1st April with a strong

leading wave with an amplitude A2 of 31 m, a non-negligible secondary wave, and weak trailing wave

signals (Figure 4.2a). Most of the mode-2 NLIWs packets during April were characterized by a large

leading wave with an amplitude greater than 20 m.

Table 4.1: Wave properties of 13 mode-2 NLIWs from 1st April to 14th April 2019, including arrival
time, amplitudes of the leading waves and propagation directions. Note that ✓ is the angle clockwise
from the east.

Num. Arrival Time A2[m] Ubc(z = 150m)

(UTC)
��Ubc

��[ cm s-1] ✓[o]

1 01 April 02:01 31 56 51

2 01 April 14:29 23 29 45

3 02 April 02:16 15 24 53

4 02 April 15:07 29 29 66

5 03 April 03:03 25 27 42

6 03 April 15:39 22 23 47

7 07 April 06:07 32 21 33

8 07 April 17:26 30 23 34

9 08 April 04:25 34 35 34

10 09 April 05:40 40 48 51

11 09 April 17:18 42 65 55

12 14 April 08:06 36 53 47

13 14 April 20:11 34 32 51

We high-pass filtered (3 h cut-o↵) the baroclinic velocity in the mid water depth (z = 150 m) to

determine the propagation direction of the convex mode-2 NLIWs [Yang et al., 2009]. The mode-2

NLIWs were all propagating onshore at an average direction of 51o clockwise from east. We observed

a strong onshore NLIW-induced baroclinic velocity with magnitude exceeding 0.3 m s-1 in the mid

layers, comparable to the local barotropic velocity during the spring cycle (Figure 4.3). The large

waves observed from 1st to 3rd April occurred during neap tide, indicating that the mode-2 NLIWs

were not locally generated but rather originated or were influenced by a far-field source, i.e. Lombok

Strait (see Chapter 3). Mode-1 internal tides, generated in Lombok Strait, spend approximately 5 days

propagating over 1000 km and arriving on the Australian NWS. This travel time (⇠5 days) suggests

why the occurrence of mode-2 NLIWs at T330 did not match the local spring tidal cycle. The mode-2

wave trains arrived at T330 every 12 h - 12.4 h (see Table 4.1 and Figure 4.2), suggesting the local

mode-2 NLIWs were coherent with semidiurnal barotropic tides at a remote site.
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Figure 4.2: The color shading represents the cross-shelf (onshore-going, ⇠ 135o clockwise from
the north) baroclinic velocity from the observations, where the positive value means o↵shore-going.
Contours are temperature isotherms from 29oC to 12o from top to bottom at 1oC interval. Red boxes
indicate six typical events of mode-2 NLIWs with the arrival time of the semidiurnal cycle (⇠12.4 h).
Note that velocities could not be measured in the upper 40 m.

4.2.3 Environmental Parameters

The T330 mooring captured three spring-neap tidal cycles (shown in Figure 4.3a). The barotropic

tides were basically oriented in the cross-shore direction with a peak velocity over 0.3 m s-1, and were

dominantly semidiurnal (M2). A low-pass filter with a cut-o↵ period of 30 h was applied to calculate

the cross-shore background current (U), which was shown in Figure 4.3c. Large values of U in the

upper layers occurred and propagated downward, when TC Veronica was passing the mooring T330.

A strong background shear (Uz) was observed in the mid water depth of ⇠200 m from 31st March to

6th April. Six extreme mode-2 NLIW packets were observed during this period (shown in Figure 4.2),

and we discuss these packets below.

Background density profiles, and hence stratification, were calculated using the conductivity and

temperature data. The conductivity sensors (SBE37) indicated that the salinity was 34.7 ± 0.1 psu

through the entire water column, thus the moored temperature data was converted to density with a

constant salinity of 34.7 psu. We then fitted a parametric double-hyperbolic tangent function [Rayson

et al., 2019] to the background density profiles, as a double pycnocline structure was maintained from

late March to April. Following the same backward-in-time low-pass filter processes as Rayson et al.

[2019], we computed the background density at each observational time step and hence the background

buoyancy frequency (N shown in Figure 4.3b). The depth of the upper pycnocline increased over the

period from 21st to 23rd March, likely due to the presence of TC Veronica (see the cyclone path in
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Figure 4.3: (a) Time series of the cross-shelf barotropic tidal velocity components from 6th March
to 15th April, 2019. (b) Background buoyancy frequency (N) in the z � t plane. (c) Background
velocity in the cross-shelf direction. The arrow represents a downward propagating tendency of the
background currents. (d) Highpass-filtered mode-2 amplitudes A2. Note the red dots present the
maximum amplitudes every 6 hours. (e) Nonlinearity parameters (↵2) for mode-2 internal waves with
shear (red) and without shear (black) calculated based on N in panel (b). (f) Theoretical linear phase
speed (cp) and nonlinear speed (cn) with shear and without shear calculated from the Taylor-Goldstein
equation. Note the grey shaded zone in panels (a) – (f) that highlight the examples of mode-2 NLIW
packets with large amplitudes that are shown in Figure 4.2 from 00:00 1st April to 00:00 4th April,
2019.

Figure 4.1a), and the double-pycnocline structure (two maxima in N(z)) strengthened during and after

this cyclone event.

We investigated whether weakly nonlinear theory, as described by the Korteweg-de Vries (KdV)

equation, could explain observed NLIWs on the shelf. First, we solved the Taylor-Goldstein equation

to obtain the eigenvector (linear phase speed cp,n) and eigenvalue solutions (�n) and, in the presence

of a background shear flow (U , see Figure 4.3c), the equation is given by [Stastna and Lamb, 2002]
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d
2
�n

dz2
+
⇥ N

2

(cp,n � U)2
+

Uzz

cp,n � U

⇤
�n = 0,

�n(0) = �n(�H) = 0,

(4.2)

Then we calculated the nonlinearity parameter, ↵n, that quantifies the steepening rates for mode-n

internal waves where

↵n =
3

2
·

R 0
�H

�
cp,n � U

�2�d�n
dz

�3
dz

R 0
�H

�
cp,n � U

��
d�n
dz

�2
dz

(s�1), (n = 1, 2, ...), (4.3)

Nonlinear parameters (↵2) for mode-2 internal waves, with and without background flow, are shown

as the red line and black line in Figure 4.3e, respectively. For the duration of the cyclone event, the

magnitude of ↵2 increased as the intensity of the background flow increased and reached the maximum

value on 1st April. The nonlinear wave speed (cn) of mode-2 NLIW was computed by cn = cp + ↵⌘2/3,

and is shown in Figure 4.3f. In the absence of shear (dashed and solid lines in black), cp and cn

were approximately equal to 0.7 m s-1. In contrast, cp and cn showed greater variability during the

measurement period with the consideration of shear (red lines), which ranged from ⇠0.6 to ⇠0.8 m s-1.

The background shear induced by TC Veronica increased the mode-2 wave speed by roughly 10 - 20 %

most of the time, although there were periods when the theoretical wave speed decreased slightly (<

5%).

To determine the influence of background stratification and shear on the theoretical structure of the

mode-2 waves, we compared the eigenfunctions �2 for two contrasting conditions on 14th March (single

pycnocline) and 1st April (double pycnocline) (Figure 4.4). The double-pycnocline stratification in

April, resulted in a more symmetric �2 structure in the upper and lower layers, which was conducive to

the formation of convex mode-2 NLIWs. In comparison, �2 in March was asymmetric and the maxima

occurred in a water depth of 225 m. The background shear had a non-negligible e↵ect on �2 in April,

particularly below the lower pycnocline.

4.2.4 Steepening Length Scale

An internal tide with an initial amplitude A0 and tidal frequency ! requires su�cient time, or

space, to evolve into a nonlinear wave train of amplitude Amax [e.g. Horn et al., 2001, Rayson et al.,

2019]. The propagation distance (time) is termed the steepening length (time) scale Ls (⌧s). As mode-2

NLIW packets were subsequently observed at the mooring T330, the steepening length scale (Ls) can

indicate where the linear RITs started to steepen and/ or mode-2 NLIWs started to form. It is given

by

Ls =
c
2
2

↵2a0!
, (4.4)

Here c2 and ↵2 are the linear phase speed and the nonlinear parameter for mode-2 waves, respectively.

We conservatively assumed a0 was the magnitude of the semidiurnal (M2) component estimated here

using a short-time harmonic fit to the mode-2 amplitude (A2) within a 2 day moving window at the

mooring T330. We then high-pass filtered (3 h cut-o↵) A2,max (absolute value of red dots in Figure

66



4.2. IN SITU OBSERVATIONS

Figure 4.4: (a) The blue and black lines are the observed background density on 14th March and
1st April 2019, respectively. (b) Normalized mode-2 eigenfunction for the conditions with (solid) and
without (dashed) shear in March (blue) and April (black). (c) Density in the upper 330 m is from the
observations on 1st April 2019. The downward-extended density profile towards 5500 m is climatological
data from the OFAM. This density profile was used as initial stratification for the 2D numerical model.
Density profile in the upper 2500 m water depth was applied in the 3D model. (d) The corresponding
buoyancy frequency, showing double-pycnocline in water depths of 90 m and 200 m. Note that the y

axis in (c) and (d) has a logarithmic scale.

4.3d) and computed the maximum in 6 hour windows; we then compared the maximum with the

estimated Ls, with and without background shear, to determine if KdV theory could reliably predict

mode-2 NLIW occurrence at the mooring site (Figure 4.5).

Mode-2 waves typically have a shorter steepening length scale than mode-1 waves [Rayson et al.,

2019]. Larger-amplitude NLIWs (A2,max > 30 m) at our site had shorter steepening length scales,

Ls ⇠ 50 km (see Figure 4.5a). A number of large-amplitude waves A2,max were observed with Ls ⇠ 50

km (especially during and after the cyclone period), indicating that mode-2 wave steepening commenced

⇠50 km away from T330 around the cyclone crossing period (see red and blue dots in Figure 4.5a).

In contrast, the steepening length was longer (> 100 km) for the linear mode-2 waves with small
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Figure 4.5: Maximum observed amplitude A2,max for mode-2 NLIWs every 6 hours versus the
steepening length scale Ls without (a) and with (b) the consideration of background shear. Note the
black dots were observed before the cyclone (5th March to 21st March); the red dots were observed
during the cyclone (21st March to 3rd April); the blue dots were observed after the cyclone (3rd April
to 15th April).

amplitude (< 15 m) that were observed before the cyclone (see black dots in Figure 4.5a). During this

period, environmental conditions were not amenable to nonlinear steepening of mode-2 waves between

the generation site (see below) and mooring T330.

We then investigated the potential influence of background shear on mode-2 NLIW formation by

comparing Ls with and without the consideration of background shear. The cyclone-induced shear

had varying e↵ects on the mode-2 NLIW steepening (Ls) at di↵erent stages of the cyclone. Before the

cyclone period, A2,max were smaller than 20 m and Ls broadly ranged from 50 km to 250 km in both

cases (black dots in Figure 4.5a and b). During the cyclone period, the median value of Ls was ⇠ 50

km with no consideration of shear (red dots in Figure 4.5a), which was slightly shorter (⇠ 40 km) with

consideration of shear (red dots in Figure 4.5b). In contrast, after the cyclone, the mode-2 NLIWs

with A2,max > 15 m steepened <100 km with no consideration of shear (blue dots in Figure 4.5a),

and had longer steepening distances of over 100 km when considering shear (blue dots in Figure 4.5b).

Some internal tides were not fully steepened at T330, as mode-2 NLIWs with strong nonlinearity were

not continuously observed at the mooring T330 (see Table 4.1).

In summary, onshore-going mode-2 NLIW packets with large amplitudes were frequently observed

at the mooring T330; they likely formed at a site O(10 - 100) km o↵shore. However, the mode-2

generation mechanisms and location, as well as the resulting spatial variability of the resulting waves,

requires further investigation. To achieve this we implemented a series of 2D model runs (Section 4.3)

and a 3D quasi-realistic model (Section 4.4) below.
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4.3 Generation Conditions of Mode-2 NLIWs

We first used a two-dimensional (2D) non-hydrostatic (NH) numerical model, the MIT General

Circulation Model [MITgcm, Marshall et al., 1997], to investigate the role of RITs, barotropic tides

and the details of the density stratification on the formation of mode-2 NLIWs over the shelf.

4.3.1 2D MITgcm Configurations

The 2D f -plane (f = 4.6⇥ 10�5 s-1) experiments were performed on a cross-shelf transect that was

aligned with the principal mode-2 internal tide propagation direction, but avoiding the complicated

inherently 3D bathymetry around the Rowley Shoals (Figure 4.1a and b). A horizontal grid scale of 25

m and a domain of 400 km was used for the series of 2D experiments. A total of 125 model vertical

layers were spaced according to a hyperbolic tangent function to satisfy the mode-1 to mode-3 vertical

resolution requirements [Stewart et al., 2017]. Vertical spacing ranged from 1 m near the surface to

100 m near the sea bed in the maximum water depth of 5400 m.

Table 4.2: Summary of the 2D NH MITgcm experiment configurations. Dashed lines represent no
tidal forcing. Note that the MP in the Exp.6 name identifies the modulated phase of the baroclinic
tide in this experiment.

Exp. Ubt[ cm s-1 ] Ubc(z = 0)[ cm s-1 ]

Left Right Left

1. BT-April 2 100 -

2. BC-10-April - - 10

3. BC-20-April - - 20

4. BC-30-April - - 30

5. BC-40-April - - 40

6. BT-BC-MP-April 2 100 40

We initially forced the model only with the M2 barotropic tide (Exp.1 in Table 4.2). As the velocity

amplitude of the cross-shelf barotropic tide was 33 cm s-1 at the water depth of 330 m during the

spring tide (shown in Figure 4.3a), we set the barotropic amplitudes as Ubt,left = 2 cm s-1 at a water

depth of 5400 m and Ubt,right = 100 cm s-1 at a water depth of 110 m to ensure mass conservation in

the entire domain.

Numerous satellite-derived products [Zaron, 2019] and numerical models [Kerry et al., 2013, Alford

et al., 2019] have shown that mode-1 internal tides can propagate for long distances. To evaluate the

role of mode-1 RITs on mode-2 wave formation, we then removed the barotropic tides and varied the

amplitudes of the baroclinic velocities Ubc(z = 0) from 10 to 40 cm s-1 in a series of 2D runs (Exp. 2

to Exp. 5, Table 4.2). A series of 2D runs with both local barotropic tides and mode-1 RIT forcing

were then implemented where the tidal forcing was given by
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uleft(z) = Ubc(z)cos(!M2t� ✓bc) + Ubt,leftcos(!M2t),

uright(z) = Ubt,rightcos(!M2t),
(4.5)

The amplitudes of the barotropic tide (Ubt,left, Ubt,right) were set the same as above (Exp. 1). The

RITs were set with the varying amplitudes Ubc(z = 0) from 10 to 40 cm s-1 and locked phase ✓bc

varying from 0 to 1.75⇡ with 0.25⇡ interval (Exp. 6 to Exp. 9, Table 4.2).

In addition to these phase-locked cases, we also ran a series of phase-modulated cases (Exp. 10)

which were driven by the combination of the M2 barotropic tides at both of the lateral boundaries

and the RITs at the left boundary. The RITs had amplitudes Ubc(z = 0) of 10 to 40 cm s-1 in the

surface layer and a low-frequency time-varying phase ✓bc = 2⇡sin(!lt). !l represents the frequency of

the internal tide modulation by processes such as the mesoscale dynamics. Here, we chose 14 days as

sub-tidal current fluctuations in this region have a period of 1-2 weeks [Lowe et al., 2012]. The results

from this phase-modulated RIT forcing is investigated in the next section.

A 25 km wide sponge boundary condition was imposed at both lateral boundaries and a startup

ramping rate was imposed for both uleft and uright to avoid the error induced by the abrupt growth

in two successive time intervals near the boundary, and the diagnostic time period was selected from

the 3rd model day to the end (14th model day). The model background density profile was set to

approximate the observed low-pass filtered density observed on 1st April at T330 (Figure 4.4a). The

density structure followed the double-pycnocline pattern with two comparable N peaks (Figure 4.4d),

and the description in the upper 330 m was taken as

⇢(z) = ⇢0 ��⇢1tanh
�z + z1

h1

�
��⇢2tanh

�z + z2

h2

�
, (4.6)

Here ⇢0 is the reference density, �⇢i is the density di↵erence, zi is the depth of pycnocline, and hi is

the thickness of pycnocline (i = 1, 2). All seven parameters were obtained via a robust least-squares

fitting method (see Table 4.3). Below 330 m, we applied the climatological mean density output from

the Ocean Forecasting Australia Model [OFAM, Oke and Sakov, 2008] and interpolated onto vertical

cells (shown in Figure 4.4c).

Table 4.3: Seven parameters on the robust least-squares fit of the double pycnocline.

Parameters Notation Value

Reference density ⇢0 1024.0 kg m-3

Upper density di↵erence �⇢1 0.8 kg m-3

Depth of upper pycnocline z1 96.1 m

Thickness of upper pycnocline h1 26.6 m

Lower density di↵erence �⇢2 1.5 kg m-3

Depth of lower pycnocline z2 193.4 m

Thickness of lower pycnocline h2 52.9 m
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4.3.2 The Role of Remote Internal Tides on NLIW Generation

In this section, we explore the role of RITs on the generation of mode-2 NLIWs through a series of

2D simulations, with varying RIT amplitude Ubc and phase ✓bc at the left boundary.

Amplitude of RITs

Five experiments were compared at 12:00 on the fifth model day (Figure 4.6a – e). The 2D NH

case with only barotropic tidal forcing (Exp. 1) demonstrated that linear internal tidal beams were

generated at x = 180 km, but no NLIWs were generated (Figure 4.6a). This demonstrates that the

interaction between the barotropic tide with a realistic amplitude and the bottom topography was

insu�cient to produce NLIWs. Rayson et al. [2019] determined that mode-2 NLIWs were generated

when internal tidal beams induced by local barotropic tides interacted with a pycnocline. However,

here the amplitude of the barotropic forcing on the shelf was not su�cient to generate mode-2 NLIWs

in Exp. 1. We then ran a series of 2D numerical experiments without a barotropic tide and driven only

by RITs with di↵erent amplitudes, ranging from 10 cm s-1 (Exp. 2) to 40 cm s-1 (Exp. 5), to examine

the required magnitude of RIT forcing to generate realistic NLIWs of the type seen our observations at

T330.

Figure 4.6: (a) – (f) Snapshots (T ime: 05-12:00) of 2D model outputs corresponding to Exp. 1 to
Exp. 6 in Table 4.2. Color shading represents the baroclinic velocity and contours are isotherms with
a temperature interval of 1oC.
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For Exp. 2 (Ubc = 10 cm s-1) only weak linear wave beams were excited at x = 180 km, but for Exp.

3 (Ubc = 20 cm s-1) two weakly nonlinear mode-2 waves were seen at x = 235 and 265 km. At a RIT

forcing amplitude of 30 cm s-1 (Exp. 4), mode-2 NLIWs started to form with a maximum amplitude of

over 20 m in the mid-layers due to the shortened steepening distance. However, the modelled mode-2

NLIWs were still weaker than the observed NLIWs on 1st April, which had a 35 m amplitude leading

wave. When the RIT forcing was increased to 40 cm s-1 (Exp. 5), mode-2 NLIWs were more energetic

with a leading wave of ⇠35 m amplitude, but the secondary wave was slightly smaller compared with

the in-situ observations.

Finally, we ran an experiment with both realistic barotropic tides and RITs (40 cm s-1 amplitude)

with phase-modulation (Exp. 10). The low-frequency time-varying phase of the RITs resulted in both

constructive and destructive interference between the barotropic tides and RITs. The locally-generated

internal waves emerged over the shelf break at x = 180 km (see Figure 4.6). To examine the generation

in more detail, we calculated the relationship between the vertical barotropic velocity (wbt) and pressure

perturbation at the bottom (pbc
��
z=�H

). The correlation coe�cient of wbt and pbc

��
z=�H

varied in time

and reached the peak value at 12:00 on the 4th model day (not shown), suggesting that the barotropic

tides and RITs were in phase at x = 180 km. From x = 180 km, the internal waves then took roughly

24 hours to propagate to the shelf region (H = 350 m, x = 235 km), so we selected the snapshot

at 12:00 on the 5th model day to examine the phase modulated case. A mode-2 NLIW packet was

observed at x = 235 km (Figure 4.6f), with a significant leading wave and a secondary wave, consistent

with the field observations (Figure 4.2a). An individual mode-2 NLIW with weak nonlinearity occurred

at x = 255 km with a 45 m amplitude as the relatively long steepening length scale had not allowed

the wave to steepen. This type of weakly-nonlinear mode-2 NLIW was also observed in the field with a

relatively broad wavelength of ⇠3 km (at 15:30 on 3rd April in Figure 4.2c). Mode-2 NLIWs eventually

evolved into mode-1 NLIWs of elevation (x = 270 km) on the slope during subsequent shoaling process.

Phase of RITs

To examine the generation of mode-2 NLIWs driven by phase-modulated RITs, we systematically

varied the phase (✓bc) between the RITs and local surface tide and examined the resulting enhancement/

inhibition of the mode-2 wave generation [Kelly et al., 2010].

The phase-modulated RIT case ((Exp. 10), see Figure 4.6f) resulted in a wide range of A2,max for

di↵erent Ubc(z = 0) at the water depth of 330 m (gray shade in Figure 4.7). This range of A2,max

matched those observed at the T330 mooring and the characteristics were similar (see Figure 4.2c and

Figure 4.6f), suggesting that the phase-modulated (non-stationary) RITs best reproduce the NLIWs

over the continental slope and shelf. To systemically consider the influence of the phase-modulated

RITs, we ran a series of sensitivity cases (Exp. 6 to Exp. 9, Table 4.2) with varying amplitudes

Ubc(z = 0) from 10 to 40 cm s-1 and phase ✓bc varying from 0 to 1.75⇡ with 0.25⇡ interval.

In the cases with relatively small RITs (Exps. 6 and 7, Ubc = 10 and 20 cm s-1 in Figure 4.7a and

b), the median A2,max varied sinusoidally with ✓bc and the magnitude was comparable to A2,max = 8

m from Exp. 1 with only barotropic tide forcing (red dashed line and color shade). This suggests

that local barotropic tides were as important as the small-amplitude RITs (Ubc = 10 and 20 cm s-1) in

generating mode-2 NLIWs over the shelf. To examine the e↵ect of phase at the local site (H = 330 m,
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Figure 4.7: (a) Maximum high-pass filtered amplitudes (A2,max) of mode-2 NLIWs at the site with
330 m water depth (see red triangles in Figure 4.6) in the cases with 10 cm s-1 amplitude but di↵erent
phase (✓bc) of RIT at the boundary. The second x axis represents the phase di↵erence (✓0) between
remote internal tides and local surface tides at the selected site. Solid circles are median A2,max in the
Exp. 6 and the error bar indicates the range of A2,max every 12 h. Red color shade is the range of
A2,max in the Exp. 1 with only barotropic tide and dashed line represents the median value. Grey
color shade and dashed line are same as red ones but for the run with phase-modulated RITs (Exp.
10). (b) – (d) are the same as (a) but for the cases with the RIT amplitudes of 20, 30 and 40 cm s-1.

xl = 255 km), we converted the previous x axis of ✓bc at the left boundary to ✓
0, which represents the

phase di↵erence between the RIT and local barotropic tide at the local site, and is given by

✓
0 = ✓bc,xl

� ✓bt,xl
= (✓bc +

Tbc

TM2

· 2⇡)�
Tbt

TM2

· 2⇡, (4.7)

where TM2 is the M2 tidal cycle. Tbc and Tbt are the propagation times of mode-1 baroclinic tides

and barotropic tides from the left boundary to the local site (xl), calculated using the theoretical

baroclinic tide speed cp,1 in Eq. 4.2 and the theoretical barotropic tide speed cbt =
p
gH, respectively.

73



CHAPTER 4. MODE-2 NONLINEAR INTERNAL WAVE GENERATION AND
PROPAGATION ON AN ENERGETIC CONTINENTAL SHELF

We found that the peak of A2,max occurred at ✓0 = 6.0⇡ while the trough occurred at ✓0 = 5.0⇡, varying

approximately as cos(✓0). This result demonstrated that when the surface tide was in phase with the

RIT at the local site (xl) mode-2 NLIW generation was enhanced, and vice versa.

When the RITs were relatively large (Ubc = 30 and 40 cm s-1 ), the range of A2,max was broad,

namely 5 - 23 m in Exp. 8 and 5 – 33 m in Exp. 9 (Figure 4.7c and d). In addition, the variation of

the median A2,max no longer followed a sinusoidal variation with ✓
0, as the RITs with larger amplitudes

steepened faster and the NLIWs were beyond the linear predictions (Eq. 4.7). In particular, median

A2,max in Exp. 9 (circles in Figure 4.7d) was always greater than A2,max in Exp. 1 (red dashed line in

Figure 4.7d), indicating the dominating role of a large RIT over the local barotropic tide in mode-2

wave production. Importantly, the ranges of resulting A2,max in all phase-locked RIT cases (Exps. 6 -

9) were nearly covered by the range (grey shade in Figure 4.7) produced by the phase-modulated RITs

(Exp. 10).

In summary, our numerical experiments demonstrated that the formation of mode-2 NLIW packets

required the combined contribution of both barotropic tides and RITs, suggesting the nature of the

boundary forcing needed in a realistic 3D NH model to explore the spatial characteristics of the mode-2

NLIWs. These model results concur with the conclusions in Rayson et al. [2019] that the mode-2

NLIW generation mechanism was the interaction of a relatively strong or energetic incoming tidal

beam with the lower pycnocline. In our case, however, the beam was mainly generated by a mode-1

internal tide interacting with a shelf and not the barotropic tide acting alone. These model results

also demonstrate that the (locked) phase of the incoming RIT with respect to the barotropic tide

influenced the properties of mode-2 NLIWs over the shelf and the incoming RIT with modulated phase

contributed to a more realistic prediction. We thus applied non-stationary RITs with modulated phase

as the boundary conditions in the 3D model discussed below.

4.4 Spatial Characteristics of Mode-2 NLIWs

4.4.1 3D MITgcm Configurations

To understand the spatial characteristics of the mode-2 NLIWs observed at a single point, we

implemented a quasi-realistic 3D non-hydrostatic, f -plane MITgcm model. We used a horizontal grid

scale of 100 m and a domain of 1500⇥2000 cells (Figure 4.1) to satisfy the resolution requirements for

mode-2 NLIW packet formation (see Appendix A). A total of 80 vertical layers were used with layer

thicknesses ranging from 5 m near the surface to 50 m near the seabed. The initial density profile was

the same double-pycnocline structure used for the 2D experiments (see section 4.2). A 10 s time step

was set to satisfy the Courant-Friedrichs-Lewy conditions both in the vertical and horizontal directions.

The model bathymetry was derived from a combination of several bathymetry datasets, including

the 2009 bathymetric gridded data (250 m) and sparse multibeam dataset (50 m) of Australia by

Geoscience Australia, GEBCO’s gridded dataset 2014 (30 arc-second), and multibeam data in several

small (⇠ 100 km2) regions of the Australian NWS provided by Woodside Energy Pty Ltd.

The model was driven by the dominant M2 harmonics on the boundaries with values taken from

the Oregon State University TOPEX/Poseidon Solution (TPXO8-atlas data) with 1/30o resolution

[Egbert and Erofeeva, 2002]. The RIT forcing was determined as the SE component of the M2 internal
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Figure 4.8: SSH
2
bc

of M2 internal tides propagating in the SE direction, derived from the HRET
satellite altimetry product [Zaron, 2019]. Magenta box is the model domain and arrows represent RITs.

tides (see Chapter 3), derived from a recent global satellite product HRET [Zaron, 2019]. According to

the HRET, internal tides originate within Lombok Strait (Figure 4.8) and travelled SE over 1000 km

to the Australian NWS, and the o↵shore boundary of our model. Therefore, we added an M2 internal

tide (vbc) at the o↵shore boundary given by

vbc(x, z, t) = Vbc�(z) · sin
�
!M2t� ✓bc(x, t)

�
, (4.8)

where vbc is the velocity component perpendicular to the o↵shore boundary, Vbc is the velocity amplitude

and �(z) is the mode-1 vertical eigenfunction. We used mode-1 internal tides with velocity amplitude

Vbc = 40 cm s-1. This was demonstrated to be the most suitable amplitude from the 2D model

results (Section 4.3). As Nelson et al. [2019] and Buijsman et al. [2020] suggested, the global satellite

altimetry products [e.g. HRET, Zaron, 2019] do not capture the non-stationary component and would

underestimate the internal tide energy fluxes in the real ocean. Van Haren [2004] concluded that the

incoherent internal tides could be better predicted by a model with phase modulation, recreating a

broad band of frequencies around the tidal band. Therefore, a spatio-temporally modulated phase

✓bc(x, t) was applied to reproduce non-stationary internal tides at the o↵shore boundary, given by
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✓bc(x, t) = ⇡ · sin(kx) + 2⇡ · sin(!lt), (4.9)

Here k = 2⇡/L is the along-crest wavenumber and L is the along-crest length of the internal tides

(150 km) at the boundary, derived from the HRET product (see Chapter 3).!l is the frequency,

corresponding to the period of 14 days (same as that in Section 4.3.1). A 10 km wide sponge layer

was imposed on each lateral boundary to absorb internal waves and avoid reflection back to the inner

region.

We ran the 3D model for 9 days and output data at hourly intervals. We then restarted it with a

higher sampling rate of 10 min. The restarted model time was approximately 3 days, and the model

results were analyzed particularly over the last 2 days. We applied constant horizontal and vertical

eddy viscosity and di↵usivity coe�cients of Ah = 10�2 m2 s-1; Av = 10�4 m2 s-1; Kh = 10�2 m2 s-1;

Kv = 10�4 m2 s-1 [Legg and Huijts, 2006, Nagai and Hibiya, 2015] and parameterized the bottom

stress using a quadratic law with a bottom drag coe�cient of Cd = 2.5⇥ 10�3.

4.4.2 Spatial Variability of NLIWs

We initially calculated the horizontal gradient magnitude of sea surface height (
��rH⌘

��) to charac-

terize the horizontal distribution of internal waves from the 3D model solution. The mode-2 amplitudes

(A2) defined above (Eqn 4.1) were analysed to spatially characterize the mode-2 waves in the 3D model.

As RITs propagated into the domain from the o↵shore boundary, they steepened into NLIWs (see

wave 1a in Figure 4.9). We investigated the details of the steepening process for a single mode-1 NLIW

and three mode-2 NLIWs.

The mode-1 example had a coherent crest over a distance of 80 km (wave 1a in Figure 4.9), which

began as a linear internal tide at 14:00 on the 9th model day in water depths over 1000 m (see Figure

4.9a). It started to steepen in 500 m water depth (Figure 4.9d) and arrived at the reefs at 00:00 on the

10th model day (Figure 4.9e). It then divided into two branches around the middle reef (Clerke Reef)

and kept travelling onshore (Figure 4.9f and g). Reflecting internal waves with curved crest lines were

captured behind Imperieuse Reef (Figure 4.9e and f). After 6 h, the two branches merged (Figure

4.9h) to form a mode-1 NLIW train with a leading wave and trailing waves at 08:00 on the 10th day

(Figure 4.9i). Wave 1a eventually propagated out of the domain across the inshore boundary after an

additional 6 h.

Compared to the mode-1 NLIW, mode-2 NLIWs had a shorter life cycle and much shorter crest

lengths. Mode-2 wave 2a was initially generated on the right side of Imperieuse Reef at 18:00 on the 9th

day (Figure 4.9b), with a width and length much shorter than the mode-1 NLIWs. This wave steepened

and dispersed into a nonlinear wave train with clearer crest fronts during the propagation processes

(Figure 4.9c – f). Due to the slow propagation speed of mode-2 NLIWs, wave 2a was overtaken by

wave 1a after 4 h (Figure 4.9g) and then was no longer identifiable within these images (Figure 4.9h).

After 12 h, mode-2 wave 2b occurred at the same location in Figure 4.9h and had a similar life cycle as

wave 2a. The entire life cycle of these two mode-2 waves was ⇠12 h.

Wave 2c occurred in a di↵erent location and had di↵erent wave characteristics to waves 2a and

2b. Wave 2c developed on the left side of Imperieuse Reef (Figure 4.9b) at 18:00 on the 9th day and

then passed by the mooring T330 about two hours later (Figure 4.9c), similar to the observed mode-2
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Figure 4.9: Nine snapshots of sea surface height horizontal gradient (rH⌘) from 09-16:00 to 10-08:00
with an interval of two hours. A mode-1 NLIW is marked as 1a, while mode-2 NLIWs are marked as
2a, 2b and 2c. White dashed lines in panel (b) and (e) are transects A and B, which are selected to
demonstrate vertical structure of two types of mode-2 NLIWs. Note the white patches are the three
reefs, namely Imperieuse Reef, Clerke Reef and Mermaid Reef from left to right.

NLIWs (Figure 4.2). At 00:00 on the 10th day, this mode-2 wave had fully developed with a long crest

length and strong nonlinearity. After this,
��rH⌘

�� of the wave 2c decreased and the wave could not be

detected at 06:00 on the 10th day (Figure 4.9h); again the overall life cycle was ⇠12 h. The path of

wave 2c, from 20:00 on the 9th day to 04:00 on the 10th day, was likely the subsequent trajectory of

the mode-2 waves after it was observed at T330.

4.4.3 Vertical Structure along Transects

We selected two transects (white dashed lines in Figure 4.9b and e) to investigate the vertical

structure of the mode-2 NLIWs in more detail. Transect A was perpendicular to the crests of waves

2a and 2b (see Figure 4.9). Wave 2a was originally a single linear wave with a broad wavelength of 5

77



CHAPTER 4. MODE-2 NONLINEAR INTERNAL WAVE GENERATION AND
PROPAGATION ON AN ENERGETIC CONTINENTAL SHELF

km and a large amplitude of 20 m (see Distance = 25 km in Figure 4.10c). As mentioned above in

section 4.3, the generation mechanism of local mode-2 NLIWs was the interaction between an internal

beam and the lower pycnocline. This interaction is also depicted in this transect (see Figure 4.10c).

The linear mode-2 wave 2a occurred at Distance = 25 km, where the internal wave beam interacted

with the lower pycnocline in the water depth of 200 m. Later, the front face of wave 2a steepened

and its wavelength decreased (Figure 4.10f). By 8 hours, nonlinear wave 2a had developed and kept

propagating onshore (Figure 4.10i). Finally, when wave 2a arrived at Distance = 60 km, wave 2b

formed at the origin of wave 2a, 12 h prior, and eventually had the same fate as the wave 2a (Figure

4.10l).

Figure 4.10: (a) – (c) A snapshot of sea surface gradients (rH⌘), mode-2 amplitudes (A2), and the
temperature isotherms (T ) and baroclinic horizontal velocities (Ubc) on transect A at 17:00 in the 9th

model day. Di↵erent rows represent four snapshots with the time interval of 4 hours.

Wave 2c was generated west of Imperieuse Reef and propagated along transect B; it was likely

the same path as the NLIWs we observed at mooring T330. Wave 2c was initially observed in a

water depth of 400 m with a broad wavelength of 5 km (Figure 4.11c). After 4 hours, the crest length

of wave 2c elongated (Figure 4.11d) and the crest width decreased (Figure 4.11f), corresponding to
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Figure 4.11: (a) – (c) A snapshot of sea surface gradients (rH⌘), mode-2 amplitudes (A2), and the
temperature isotherms (T ) and baroclinic horizontal velocities (Ubc) on transect B at 17:30 in the 9th

model day. Di↵erent rows represent four snapshots with the time interval of 4 hours.

enhanced steepening of the wave front. After 8 hours, the trailing wave of wave 2c was fully developed

at the water depth of 300 m (Figure 4.11i). The model thus demonstrated similar wave properties to

the observed mode-2 NLIWs at the mooring T330, including amplitude, propagation direction and

wave-induced velocity in the mid water.

4.4.4 Directional Decomposition

To investigate how mode-2 NLIWs were modified by the complex reef topography, we utilized the

DFF method (see Chapter 3) to directionally decompose A2 into onshore-going and o↵shore-going

wave signals (shown in Figure 4.9). Incoming and reflecting mode-2 internal waves corresponded with

the wavenumbers l < 0 (Figure 4.12b) and l > 0 (Figure 4.12c), respectively. The sampling rate

of 10 min and the cell size of 100 m satisfies the requirements of the DFF method for directionally

decomposing mode-2 NLIWs in the region, providing the water is not too shallow (e↵ectively >200 m).

As the energy of internal waves is proportional to the amplitude squared A
2, and hence the amplitude
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variance �
2(A) [Liu et al., 1985], we used the mode-2 amplitude variance �

2(A2) to display the spatial

distribution of mode-2 wave energy (Figure 4.12).

Figure 4.12: (a) Variance of mode-2 amplitudes �2(A2). (b) and (c) Variance of onshore-going (l < 0)
and o↵shore-going (l > 0) mode-2 amplitudes via the DFF method, respectively. Dashed lines in panel
(b) are selected transects A and B.

In terms of onshore-going mode-2 internal waves (Figure 4.12b), some large values of �
2(A2)

occurred near the boundary at the 1100 m isobath (see black shade in Figure 4.1a), as the incoming

mode-1 internal tides rapidly scattered energy to high modes within a short distance [for example,

Hall et al., 2013, Kelly et al., 2013b]. However, these mode-2 waves locally dissipated. When the tidal

beams propagated over the shelf break at the 600 m isobath, they interacted with the pycnocline as the

2D model had indicated (Figure 4.6e) and mode-2 NLIWs were locally generated. For these reasons the

large mode-2 amplitudes were mainly located in the near-shore region (see Figure 4.12b). In addition,

Figure 4.12b also indicated that waves 2a and 2c were propagating onshore in the direction of transect

A and B, respectively.

In terms of the o↵shore-going mode-2 internal waves, they were largely reflected waves from the

the Rowley Shoals. Their large amplitude variances (i.e. �2(A2) > 52 m2) mainly occurred over the

abrupt topographies, including the steep slopes, the reefs and the sea ridges (Figure 4.12c). At the

inshore site T330, the o↵shore-going components were relatively small (�2(A2) < 32 m2) in the model,

which resulted in robust consistency with the field observations.

4.4.5 Correlation Length Scales of Mode-2 NLIWs

Single point mooring observations cannot give quantitative information about the spatial variability

of mode-2 NLIWs. Here we calculated correlation length scales from the 3D numerical model to quantify

the important length scales of NLIWs. Correlation length scales, in general, tell us how representative a

single point observation is of the surrounding ocean. Here we are particularly interested in quantifying

the along-crest length scale, i.e, the length scale that is perpendicular to the propagation direction. This

information can help guide future field campaigns i.e., for selecting appropriate horizontal instrument

spacing to capture the relevant NLIW length scales.

We first calculated the covariance of the mode-2 amplitude between each model grid point with

its neighbouring grid points. We then fit a rotated 2D Gaussian function to the spatial covariance
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structure. The full procedure and definition of the correlation ellipse are in Appendix B. The Gaussian

(ellipse) function parameters provide quantitative estimates of the internal wave spatial properties.

The semi-major (Lmaj) and semi-minor axes (Lmin) of the correlation ellipse of the mode-2 amplitudes

(A2) represent the correlated crest lengths and correlated crest widths, respectively. The orientation

of the correlation ellipse indicates the propagation direction ✓ � 90o (positive represents the angle

counterclockwise from the negative y�axis) of the mode-2 waves (see Figure 4.13d).

Figure 4.13: Semi-major (Lmaj) and semi-minor axes (Lmin) of the correlation ellipses for the mode-2
amplitude (A2) in the relatively shallow zone are shown in the top two panels. The ratio of Lmin to
Lmaj is shown in panel (c) and the orientation (✓ � 90o) of the ellipses is in the panel (d), which is
calculated as the angle (degrees) counterclockwise from negative y-axis. Note that the normalized
vectors represent the propagation direction of the NLIWs.

The mode-2 waves in water depths between 500 and 1000 m were linear internal tides, with long

crest lengths (Lmaj) of ⇠20 km and crest widths (Lmin) of ⇠15 km (Figure 4.13a and b). After the

tidal beam interacted with the pycnocline at a water depth of 500 m, mode-2 NLIWs were created
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with shorter crest lengths of ⇠5 km and crest widths of ⇠3 km (Figure 4.13a and b). The propagation

directions (✓ � 90o) of mode-2 NLIWs varied at x = 50 km, in-between Imperieuse Reef and Clerke

Reef (see normalized vectors in Figure 4.13d), agreeing well with our previous interpretation of the

crest propagation varying in this vicinity; namely 20o onshore for the wave 2a (transect A) and -30o

onshore for the wave 2c (transect B).

We compared the mode-2 NLIWs correlation ellipse parameters to the observed wave characteristics

at T330 (triangle in Figure 4.13). The crest width (Lmin) was less than 1 km; the leading waves of

mode-2 wave packets we observed had similar length scale (i.e. wavelength ⇠ 800 m). The propagation

direction (✓ � 90o) at T330 was perpendicular to the isobaths (roughly across-shelf) (Figure 4.13d),

agreeing well with the field observations (see Table 4.1). It is impossible to estimate the along-crest

length scale, Lmaj , from a single mooring; our modelling indicated that mode-2 NLIWs had a crest

length of ⇠5 km at the mooring site. The similarities of these spatial quantities between model results

and field observations demonstrated that the model-based correlation ellipse parameters were useful

quantities to describe the spatial characteristics of NLIWs, including wavelength, crest width and

propagation direction. The model output thus provides guidance for the spatial design of future field

mooring arrays. Additionally, the wave properties of NLIWs at a site, where no measurements were

conducted, can be estimated based on the existing in situ observation at a neighboring site.

4.5 Summary and Conclusions

The directionally decomposed components of the satellite-derived products (HRET) suggested that

internal tides, generated remotely in Lombok Strait, propagated over O(⇠1000) km before arriving in

the Rowley Shoals on the Australian NWS and thus influenced the local internal wave climatology. 2D

slice models, with both local barotropic tidal forcing and non-stationary RIT forcing, demonstrated

that the low-frequency time-varying phase of the RITs had both constructive and destructive e↵ects

on the local mode-2 NLIW formation. Incorporating these e↵ects led to a more realistic prediction of

the local internal wave climatology on the shelf.

Mode-2 NLIWs were generated by the interaction between the incoming internal wave beams and

the local ambient double pycnocline structure. The predictions of the 2D non-hydrostatic model were in

good agreement with the mode-2 wave packets observed at mooring T330. A 3D non-hydrostatic model,

driven by both surface tides and non-stationary RITs with phase modulation at the o↵shore boundary,

reproduced the whole life cycle of mode-2 NLIWs, including generation, evolution and dissipation

processes. Using model output, a correlation length scale method provided a description of crest length

and width as well as propagation direction. As in situ observations are typically spatially sparse, this

model-based correlation length scale is a useful technique for quantifying the spatial variability of

energetic internal wave fields.

The model demonstrated that mode-2 NLIWs were generated near the 500 m isobath, due to the

interaction of wave beams with the double pycnocline structure, and then propagated onshore. These

mode-2 NLIWs were then blocked by Imperieuse Reef, and both reflection and di↵raction processes

were observed. In shallower water the lower pycnocline was absent, and thus the mode-2 waves likely

evolved into mode-1 NLIWs of elevation, losing energy during this transformation. The shoaling and

dissipation processes of the mode-2 waves remain to be investigated.
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During the deployment period from 5th March to 24th April 2019, category-4 TC Veronica with an

intensity over 990 hPa passed mooring T330 (Figure 4.1a). TC Veronica mixed the surface waters and

thus significantly influenced the vertical structure of the underlying stratification, in particular the

strength of the lower pycnocline. In addition, the background shear induced by TC Veronica likely

had an e↵ect on the mode-2 nonlinearity, according to weakly nonlinear wave theory (Figure 4.3e), and

potentially enhanced the steepening of mode-2 NLIWs. Mode-2 NLIWs were rarely observed before

the cyclone period, but due to these e↵ects were commonly observed both during and after the cyclone

period.

In summary, a quasi-realistic 3D non-hydrostatic model, driven by both phase-modulated internal

tides at the o↵shore boundary and barotropic tides, and the field observations at mooring T330 revealed

the generation mechanism and spatial variability of mode-2 NLIWs on a shelf region. Further studies

are required to determine the propagation and breaking processes of mode-2 NLIWs on the continental

shelf, particularly as they move into shallow water. Some questions associated with the influence of

cyclones on NLIWs remain unanswered, such as the role of shear induced by near-inertial waves and

the e↵ects of cyclone-induced density fronts on NLIW steepening. These topics are worthy questions

for future study.

4.6 Appendix A: Resolution Requirements for Predicting Mode-2

NLIW Packets on the Shelf

To examine the resolution requirements for accurately simulating mode-2 NLIW packets, we

considered four sensitivity 2D experiments with varying horizontal resolution (i.e. �x = 50, 100, 200

and 400 m) and compared to the control run (Exp. 10 in Table 2, �x = 25 m). All five cases were

driven by M2 barotropic tides and remote internal tides of Ubc(z = 0) = 40 cm s-1 at the o↵shore

boundary.

For the control run with �x = 25 m, the mode-2 internal tides started to steepen at x = 205 m and

a fully-developed mode-2 NLIW packet was observed at x = 235 m with a significant leading wave and

a trailing wave (see Figure 4.14), whose wavelengths were 1.8 km and 1.2 km, respectively. Dorostkar

et al. [2017] suggested that NLIWs could be qualitatively predicted using 11 - 20 grid cells across

the wavelength, accordingly the required cell size for accurately simulating the above mode-2 NLIW

packets was predicted to be higher than 100 m. Therefore, as expected the mode-2 NLIW packets in

the sensitivity cases with �x = 50 and 100 m (Figure 4.14b and c) showed analogous features to the

control run, but with less nonlinearity. In comparison to the above cases, the case with �x = 200 m

showed disparate properties of mode-2 NLIWs. The wavelength of the leading wave increased to 2.5

km and the secondary wave of the mode-2 NLIW packet became vague. Moreover, only an individual

mode-2 linear internal wave with 4.0 km wavelength was obtained at x = 240 km in the case with the

400 m resolution (Figure 4.14e).

According to the comparison between the sensitivity cases, �x < 100 m was required to qualitatively

predict mode-2 NLIW packets on the shelf. In consideration of the resolution requirements and

computational e�ciency, we configured the 3D nonhydrostatic MITgcm model with �x = 100 m.

Additionally, another condition (�x < h1) needs to be satisfied to ensure these waves were physically
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Figure 4.14: (a) A scenario of a mode-2 NLIW packet with both leading and trailing waves over the
shelf in the control run (�x = 25 m). (b) – (e) are same as (a) but for the four cases with coarse
resolutions (�x = 50, 100, 200 and 400 m).

derived rather than products of numerical dispersion [Vitousek and Fringer, 2011]. h1 is defined as the

depth of the internal interface. In the scenario of the mode-2 NLIW packets with large amplitudes in

the Rowley Shoals region (Figure 4.2), the internal interface depth was defined as the average depth

of the upper and lower pycnoclines (⇠150 m). Therefore, the 3D model with 100 m resolution could

physically reproduce accurate properties of mode-2 NLIW packets at the Rowley Shoals.

4.7 Appendix B: Principle of Correlation Length Scale for Estimat-

ing Internal Waves

The correlation length scale is defined as the distance for the correlation between an ocean variable

at one point with its surrounding points to drop below a chosen value [see Mazlo↵ et al., 2018].

Generally, the correlation decays monotonically 1.0 to 0.8, but some increased correlations (>0.7) may

still appear periodically at remote sites. Some of these are due to the tidal cycle of linear internal tides

and some are spurious. We therefore focus on the distance less than half of a theoretical wavelength
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[�0, see Holloway, 1984] of semidiurnal internal tides at the local stations. The computing procedure is

as follows:

1. To make the problem tractable, we assume that the spatial correlation structure at any point

takes the form of a 2D Gaussian function to make sure that correlation starts from 1.0 and

decreases to zero at a remote site, i.e.

Corr = exp
⇥
� (a1�x

2 + a2�x�y + a3�y
2)
⇤
, (4.10)

Where �x and �y are the distance between two locations in zonal and meridional directions,

respectively. (a1, a2, a3) are the Gaussian parameters.

2. When we rotate the coordinate, Eqn 4.10 can be rewritten as a form of ellipse, called “correlation

ellipse”, which is given by

Corr = exp
⇥
� (
�x

0

a
)2 � (

�y
0

b
)2
⇤
, (4.11)

3. In terms of a local station (x0, y0), we select a �0 ⇥ �0 region with a center of (x0, y0) and

calculate the correlation coe�cient of a variable time series at (x0, y0) and the neighbouring

locations inside the box. For mode-2 NLIWs, we used the mode-2 wave induced amplitudes (A2)

to characterize the internal waves.

4. We then filtered out those locations with a correlation coe�cient less than 0.8 and used a least

squares fit [see Wunsch, 2006] for the rest of the points to estimate the Gaussian parameters

(a and b). When the correlation coe�cient is greater than 0.8, the correlation ellipse can be

rewritten as

(
�x

0

Lmaj

)2 + (
�y

0

Lmin

)2 = 1, (4.12)

In which Lmaj =
p
� ln(0.8) a = 0.47a, Lmin =

p
� ln(0.8) b = 0.47b, are the semi-major and

semi-minor axes of the correlation ellipse, representing the correlated length and width of crests

induced by mode-2 internal waves. The orientation ✓ of the correlation ellipses indicates the

mode-2 wave propagation direction (✓ � 90o).
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Chapter 5

Thesis Summary and Future Work

This thesis has presented observations of strong internal tides on the southern portion of the

Australian NWS (i.e. Pilbara region) and energetic mode-2 nonlinear internal waves (NLIWs) on the

middle portion of the Australian NWS (i.e. Rowley Shoals region), respectively. Field observations,

satellite observations (HRET) and numerical simulations (MITgcm) were used as the main approaches

to investigate the spatial variability and generation mechanisms of internal tides and mode-2 NLIWs

over the Australian NWS and to quantitatively estimate the importance of remotely-generated internal

tides (RITs) to the continental shelf and slope internal tides and NLIWs in the region.

5.1 Thesis Summary

Negative barotropic-to-baroclinic energy conversion has been a common observation in shelf regions,

but has lacked clear interpretation. Here I used a series of 2D/ 3D numerical models in Chapter 2 and

determined, for the first time, that local negative conversion rates on the Australian NWS result from

the influence of internal tides generated at a remote site on the southwestern portion of the o↵shore

Exmouth Plateau. I thus developed a kinematic prediction to present factors influencing the sign and

magnitude of energy conversion, i.e. the distance between the remote and local generation sites, the

phase di↵erence between the local barotropic tide and the RIT, and the amplitude of both the local

barotropic tide and the RIT. Furthermore, I demonstrated that RITs with a relatively large Froude

number (Fr > 0.05) could nonlinearly influence local internal tide generation due to the short-time

scale of the steepening process. My results demonstrated the importance of considering RITs for both

the selection of field observation sites and model domains in order to capture all of the significant

internal tide climatology.

To address the challenge of identifying appropriate internal tide boundary conditions for regional

models, I have developed a directional decomposition method (directional Fourier filter, DFF) to

extract the internal tides propagating in a certain direction from a global data set (Chapter 3). I used

the global satellite altimetry product [HRET, Zaron, 2019] to determine suitable boundary conditions

for the middle portion of the Australian NWS. I demonstrated that internal tides emanating from

Lombok Strait (⇠1000 km away) were contributing to the internal waves dynamics on the shelf. I have

published a methodology for defining appropriate boundary conditions, using the DFF method, for

remotely-generated internal tides that can be applied to HRET data or a global model. I subsequently
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demonstrated that with correct boundary conditions, for the first time, I could numerically reproduce

the NLIWs on the middle portion of the Australian NWS using a non-hydrostatic model (Chapter

4). Furthermore, the DFF methodology allowed me to quantify the important process of internal tide

dissipation, demonstrating that application of the method to global internal tide models would allow

internal tide dissipation to be determined throughout the global ocean. I have thus overcome two

major internal tide challenges through application of the DFF methodology.

Mode-2 nonlinear internal waves are a ubiquitous feature of the Australian NWS, but their generation

is poorly understood. To determine the generation and evolution processes of mode-2 NLIWs on the

continental slope and shelf, I conducted in situ observations on the Australian NWS and implemented

a quasi-realistic 3D numerical model in non-hydrostatic mode (Chapter 4). I demonstrated that

massive packets of large-amplitude mode-2 NLIWs successively arrived at the mooring with a time

interval of ⇠12 h, corresponding to the periodicity of semidiurnal RITs. Hence I ran the 3D model

with non-stationary RIT forcing at the boundary and revealed that the mode-2 NLIW generation

mechanism was RITs interacting with the regional double pycnocline stratification. Furthermore, I

analysed the relative importance of the mode-2 NLIW evolution processes on the shelf, including

shoaling, steepening, reflection and di↵raction around the reefs. As a tropical cyclone Veronica passed

the mooring during the deployment period, I was also able to demonstrate that the cyclone-induced

near-inertial currents were beneficial for mode-2 NLIW formation as well. Therefore, I concluded that

a key to future numerical prediction of NLIWs, in particular mode-2, on the shelf would be better

estimates of the remote internal tides at the model boundaries as well as an accurate depiction of the

initial conditions of regional stratification.

5.2 Global Applicability

This thesis contributes substantially to our understanding of the impact of the remote internal tides

on local internal tide climatology (Chapter 2) and mode-2 NLIW dynamics in shelf regions (Chapter

4). Although I focused on the Australian NWS, my outcomes are of global relevance, improving our

understanding of the drivers and interactions of LITs and RITs. Some of the global applications are

detailed below.

1. Of particular note, is the important new method I developed for unravelling complex internal wave

fields that can then be used to determine internal tide dissipation and define appropriate internal

tide boundary conditions for regional models. More global examples and the associated MATLAB

DFF scripts are available in the GitHub repository (https://github.com/Gongy93/DFF_HRET).

Here, I have selected the Coral Sea on the Australian East Coast (Figure 5.1) as another example

to show the performance of the DFF method.

As shown in Jackson and Apel [2004], internal waves are globally observed in coastal re-

gions (e.g. Coral Sea, http://www.internalwaveatlas.com/Atlas2_PDF/IWAtlas2_Pg433_

Australia_NE.pdf) based on remote sensing images. Jackson and Apel [2004] revealed that

NLIWs with long crest lines propagate onshore in the Coral Sea, however, they have been rarely

investigated. The steep continental slope and complex topography of islands and reefs in the

Coral Sea indicate a likely large number of generation sites over this region [Bachman et al.,
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5.2. GLOBAL APPLICABILITY

Figure 5.1: (a) and (b) SSH2
bc

of onshore-going and o↵shore-going M2 internal tides in the Coral
Sea. The red dashed box in panel (c) shows the location of the Coral Sea region.

2020], and this hypothesis was supported by my analysis of the HRET data set (Figure 5.1).

The multiple generation sites resulted in a complicated local internal tide climatology. The

DFF method simplified the interpretation by quantitatively extracting the onshore- (SW) and

o↵shore-going (NE) internal tides. This example demonstrates the relevance of the DFF technique

to other shelf regions and open seas globally.

2. My new correlation length scale method (Section 4.7) allows for the diagnosis of internal wave

properties, including crest length and width as well as propagation direction from model output.

Field observations are usually not su�ciently spatially dense to determine the defining length

scales of NLIWs. A notable exception is the central California inner shelf observations where

⇠40 moorings were deployed to investigate both the cross-shore and along-shore variability of

the onshore-going NLIWs. Based on the nonlinear steepening coe�cient (↵), the along-shore

correlation length scale of NLIWs was estimated as 30 km at the 50 m isobath and a shorter length

on the order of a few kilometers at the 25 m isobath [McSweeney et al., 2020]. In shallower depths

(9 - 16 m), the same data set estimated an along-shore correlation length scale of semidiurnal

internal tides of ⇠7.5 km [Feddersen et al., 2020]. In comparison, the along-shore correlation
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length (Lmaj) of mode-2 NLIWs is shorter on the Australian NWS, i.e. ⇠5 km at the 300

m isobath (Figure 4.12). However, for most regions in situ observations are spatially sparse

and hence my model-based correlation length scale would be a good approach to quantify the

along-shore and/ or cross-shore variability of internal waves.

3. My last highlighted globally relevant example is the identification of the generation mechanism

of mode-2 NLIWs induced by the incoming RITs (Chapter 4), which will likely be important

for shelves with a similar regional double pycnocline stratification. This generation mechanism

of mode-2 NLIWs could be a common feature of wider shelves in the tropics [e.g. the northern

portion of Australian NWS, Rayson et al., 2019] and high-latitude shelves [e.g. the New Jersey

shelf, Shroyer et al., 2010]. Cores of recirculation can form in the interior of mode-2 NLIWs

[Deepwell and Stastna, 2016], thereby resulting in greater local dissipation and vertical mixing in

the double pycnocline region. Therefore, identifying the generation mechanisms of mode-2 NLIWs

will help to better estimate the location and energy transformation from low-mode internal waves

to turbulence.

5.3 Future Work

Despite the increase in internal wave knowledge gained within my thesis, there remain several key

challenges related to this research that need to be explored in more depth.

1. Although mode-2 NLIWs were observed at the T330 mooring (330 m) in the Rowley Shoals,

mode-1 NLIWs of elevation were measured in the shallower water (< 200 m), implying that the

mode-2 waves had dissipated before this point. The breaking process of mode-2 NLIWs has rarely

been observed in the field and the process requires further investigation. Increased cross-shore

mooring resolution is required to study the shoaling and breaking processes of mode-2 NLIWs

and how they can ultimately evolve into mode-1 waves of elevation.

2. I numerically reproduced large-amplitude NLIWs (A > 30 m) by combining the forcing of RITs

and local barotropic tides, which resulted in robust consistency with the NLIWs in the field

observations (Chapter 4). However, it would be desirable if the local NLIW amplitude on a

continental shelf could be empirically predicted from knowledge of the RITs, local barotropic

tides and bathymetry on a 2D transect. The goal would be to use the field data from a site and an

empirical solution to estimate the NLIW amplitude at an inshore site with no field observations.

3. Improved turbulence parameterization in numerical models (to model unresolved turbulent

motions) is required to adequately predict the transport in both the vertical and horizontal of

variables such as momentum, heat, nutrients and sediment. Higher densities of temporally and

vertically well-resolved cross-shore moorings would enable quantification of the energy lost by

propagating NLIWs that is driving this mixing. This information could then be used to optimise

the turbulence schemes within regional models.

4. Tropical cyclones are a common occurrence in the summer on the Australian NWS. My moorings

were fortuitously located on the propagation path of the intense cyclone Veronica, allowing a
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preliminary assessment of the impact on the mode-2 NLIW properties to be made (Chapter

4). However, important questions remain, including: How much energy is transferred from the

near-inertial waves to NLIWs? How are the NLIWs a↵ected at di↵erent locations relative to the

cyclone path? How can we separate the shear induced by the NLIWs and the cyclone? How does

the cyclone-induced front - i.e. the horizontal density gradient - a↵ect NLIWs? A combination of

a spatial array of moorings and a regional model with more realistic initial conditions, tidal and

external forcing would be required to answer such questions.

To further investigate the fate of mode-2 NLIWs the integration of more targeted field campaigns

and more realistic numerical simulations is required.
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