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Seismic oceanography of internal
solitary waves offshore the
South Island, New Zealand
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1School of Ocean and Earth Science, Tongji University, Shanghai, China, 2State Key Laboratory of
Marine Geology, Tongji University, Shanghai, China
Seismic oceanography has been widely used in the study of internal solitary

waves (ISWs) in recent years, and has achieved remarkable results. In this paper,

we analyzed the multi-channel seismic reflection data in the Canterbury Basin

offshore New Zealand from January 9 to January 29, 2000, collected by R/V

Maurice Ewing. We observed 4 groups of ISWs (labeled ISW1s to ISW4s) on 4

seismic survey lines. We studied their waveforms and propagation speeds in

detail. There are two theoretical structures used to describe the vertical

waveform of ISWs: the first-order nonlinear vertical structure and the linear

vertical structure. We found that ISW1s fit the nonlinear structure well, ISW3s and

ISW4s fit the linear structure, and ISW2 does not fit either one. As the water depth

increases, the waveforms of all ISWs gradually widen. Two satellite SAR images

reveal that all ISWs generally travel shoreward across the isobaths. However, the

propagation direction of ISW1s is about 354°-360° (clockwise from due north),

different from the propagation directions of other ISWs (about 22°-26°), which

explains why ISW1s have the largest characteristic half-height width. The

estimated propagation speeds are close to the theoretical speeds, confirming

our speed correction method. In the end, we also discuss the interaction of ISWs

and eddies.
KEYWORDS

internal solitary waves, KdV equation, waveform, propagation speed, eddies,
seismic oceanography
1 Introduction

Internal solitary waves (ISWs) are special internal waves in the ocean with characteristics

of nonsinusoidal, nonlinear, large-amplitude, and isolated waveforms. They can be generated

by direct excitation in the stratified ocean or by nonlinear evolution in the internal tide

propagation (Maxworthy, 1979; Apel et al., 1985; Apel, 1987; Ostrovsky and Stepanyants,

1989; Ramp et al., 2004). ISWs can induce large isopycnal displacements and strong currents,

which affect the transfer of ocean kinetic energy and vertical mixing (Munk and Wunsch,

1998; Wunsch, 2004), the transport of sediment and shaping of seabed sedimentary

landforms (Geng et al., 2018; Boegman and Stastna, 2019), and threaten offshore
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construction and engineering, such as drilling platforms, submarine

cables, and oil pipelines (Cai et al., 2015).

Nonlinearity and non-hydrostatic dispersion play a critical role

in the generation and propagation of ISWs. Nonlinearity tends to

steepen the waveforms of ISWs, while dispersion makes them

wider. Under the equilibrium of these two effects, ISWs can keep

their waveforms and travel far in the ocean. When ISWs move from

deep into shallow water, their waveforms gradually change because

of the imbalances between nonlinear and dispersion; the slope of

their leading edges decreases with increasing wavelength, while the

slope of their back edges gets steeper. On the trailing edge, it also

makes short-wavelength oscillatory waves (Orr and Mignerey,

2003). During the shoaling process, Kelvin-Helmholtz instability

or convective instability may happen (Duda et al., 2004; Lien et al.,

2012). Sometimes an ISW grows into a well-organized wave packet

(Liao et al., 2014). However, the detailed process is still under

intensive research, which is mainly hampered by the lack of high-

resolution in-situ observations.

Almost all ocean instruments that measure current,

temperature, or other parameters can show the presence of ISWs

and can be used to study ISWs. Satellite remote sensing and high-

frequency echo sounding are often used. The former detects the

surface signatures of ISWs and obtains information such as

generation source, spatial distribution, waveform characteristics

(wavelength, crest length, wave spacing), and propagation speed.

It mainly consists of Synthetic Aperture Radar (SAR) and optical

MODIS images (Liu et al., 1998; Jackson, 2007). The high-frequency

echo sounding is a backscattering system and can take a picture of

the vertical 2D structure of ISWs (Farmer and Armi, 1999; Orr and

Mignerey, 2003; Klymak and Gregg, 2004; Reeder et al., 2011; Bai

et al., 2019; Feng et al., 2021). However, its application is mainly

limited by its shallow investigation depth and difficulty in extracting

quantitative information (Tang et al., 2015).

Seismic oceanography (Holbrook, 2003) is a new technique that

studies physical ocean phenomena using conventional low-

frequency marine seismic reflection. Thanks to the advantages of

fast acquisition speed, high horizontal resolution, and full-depth

seawater column imaging, seismic oceanography has been widely

used in the study of internal waves (Holbrook and Fer, 2005),

internal solitary waves (Tang et al., 2014, Tang et al, 2015, Tang et

al, 2016; Bai et al., 2017; Buffett et al., 2017; Tang et al., 2018; Geng

et al., 2019; Fan et al., 2021; Gong et al., 2021a, Gong et al, 2021a;

Song et al., 2021a; Song et al., 2021b; Wei et al., 2022), and eddies

(Song et al., 2011; Yang et al., 2022; Zhang et al., 2022). In this

paper, we will study ISWs offshore the South Island of New Zealand,

where abundant seismic data coincide with a significant

oceanographic setting. Also, ISWs have an important impact on

local fisheries and marine oil engineering. However, there are few

reports about ISWs in this region (Cooper et al., 2021). The original

multichannel seismic data acquired in this area has been

reprocessed. Several ISWs are observed, and their vertical

structures, lateral structures, and propagation speeds are studied.

The rest of this paper is arranged as follows: Section 2

introduces data and methods, including seismic data acquisition

and processing, hydrographic information, and the theoretical

model of ISWs. The research results are given in Section 3. We
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study the vertical structural characteristics of ISWs and compare

them with two theoretical models. Then, the KdV (Korteweg-de

Vries) equation and seismic data are used to calculate the theoretical

phase speed, the observed speed, and the related parameters of

ISWs. Finally, the lateral structures of ISWs are studied. In Section

4, we discuss the effects of topography, water depth, and amplitude

on propagation speed. Data from hydrologic reanalysis and seismic

data are also used to study the interaction between ISWs and eddies.

Section 5 is a summary.
2 Data and methods

2.1 Seismic data acquisition and processing

From January 9 to January 29, 2000 (cruise EW0001), R/V

Maurice Ewing collected high-resolution multi-channel seismic

reflection data at the shelf and slope of New Zealand’s offshore

Canterbury Basin. 84 multi-channel seismic survey lines were

acquired during this cruise. The acoustic source consisted of two

45/45 cubic inch GI air guns (pressure 2000 psi), sunk at 2.5 to 3.5

m, and fired every 5 s. The average cruise speed of the ship was

about 2.5 m/s during acquisition, which means the source fired at a

distance of about 12.5 m. The data were recorded by a cable of 96 or

120 channel hydrophones at a channel space of 12.5 m. The

recording time was 3 s, with a sampling time of 1 ms.

Seismic Unix can be used to reprocess the original seismic data to

get a seismic oceanography section and make a snapshot of the

thermohaline structure of the seawater column at full depth. The

main processes include trace editing, the definition of the observation

system, de-noising (removal of low-frequency noise and suppression

of direct waves), common midpoint gathers (CMPs) sorting, speed

analysis, normal move-out (NMO) correction, stacking, and post-

stack de-noising. For the convenience of follow-up processing, we

usually reconstruct the observation system in the cartesian coordinate

system. A high-pass filter suppresses low-frequency noise, such as

swell waves below 8 Hz. The near-offset direct waves can directly

cover the reflected signals, especially in the shallow water layer. The

shallow water is the area with the most abundant physical

oceanographic phenomena, so it cannot be directly muted.

Therefore, we use the median filtering and matching subtraction

method to suppress them effectively. Next, we sort the seismic traces

into CMPs, conduct speed analysis and NMO correction, and finally

stack the processed CMPs. In post-stack processing, dip-angle

filtering is used to further suppress the noise and get a clear

reflection seismic image (e.g., Ruddick et al, 2009).
2.2 Oceanographic environment

We used the HYCOM (Hybrid Coordinate Ocean Model)

reanalysis product and historical CTD data to study the currents

and water mass characteristics offshore the South Island of New

Zealand (Figure 1). The HYCOM reanalysis is a product developed

by the United States Naval Research Laboratory, which has

assimilated multi-source observational data using the Navy
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Coupled Ocean Data Assimilation (NCODA) system. In this paper,

we use the hydrography data generated from January 1 to January 30,

2000, by HYCOM. The horizontal resolution of the HYCOM data is

1/12°, and the vertical resolution is 40 layers from 0 to 5000 m.

Water masses offshore the South Island of New Zealand can be

classified into surface water mass, subsurface water mass,

intermediate water mass, and deep water mass. The surface water

mass is subtropical water (STW), which is warm and salty. It is

located in the Tasman Sea to the west of New Zealand and to the

north of the Chatham Rise on the east coast of New Zealand. The

subantarctic water (SAW) is slightly cooler and less salty than STW

and covers most of the offshore area, south and east of the South

Island, and south of the Chatham Rise. The subtropical front (STF)

separates the two surface water masses to the north and south (Neil

et al., 2004; Chiswell et al., 2015). The subantarctic mode water

(SAMW) is a water mass below the surface that has a temperature of

7-9 °C and a salinity of 34.35-34.5 psu. The salinity minimum

around the South Island is known as Antarctic intermediate water

(AAIW), which centers at 700-1000 m. The Circumpolar Deep

Water (CDW) is 1400-3500 m deep. The Southland Current (SC)

flows south along the southwest coast of the South Island, then east
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through the Foveaux Strait, and finally north along the east coast of

the South Island (Cooper et al., 2021).
2.3 Theoretical model of ISWs

In recent years, with the advent of advanced marine

instruments, we have had more and more opportunities to

observe and study ISWs in the ocean. In the research process, it

is usually necessary to use the relevant theoretical model to obtain

the theoretical waveform curve. Among them, the KdV equation is a

classic model for studying the structure of weak nonlinear ISWs. In

the absence of background flow and frictional dissipation, the KdV

equation can be expressed as (Djordjevic and Redekopp, 1978;

Ostrovsky and Stepanyants, 1989):

∂h
∂ t

+ c
∂h
∂ x

+ ah
∂h
∂ x

+ b
∂3 h
∂ x3

= 0 (1)

where t is the time and x is the distance along the propagation

direction. Under the condition of Boussinesq approximation, h(x, t) is
used to describe the evolution of the waveform with time when the
A B

C

FIGURE 1

(A) Geographical and oceanographic characteristics offshore South Island, New Zealand (after Gorman et al., 2018). The vertical gray bar shows the
location of front zone, the arrows represent currents, and the background colors indicate sea surface temperature. The red rectangle shows the
region of seismic survey. The black rectangle represents the region of SAR images (Figure 8). STW, Subtropical Water; STF, Subtropical Front; SAW,
Subantarctic Water; SC, Southland Current. (B) Temperature-salinity (T-S) diagram of the study area. (C) Locations of seismic lines L33, L58, L70, and
L72 (solid red lines), blue dots represent the position of ISWs, blue squares represent the position of eddies, and arrows represent the direction of
the survey ship.
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wave travels along the x direction. c is the linear phase speed, a and b
represent the quadratic nonlinear coefficient and dispersion coefficient,

respectively, which can be obtained by the following formula:

a =
3c
2

Z 0

−H
(
df
dz

)3dz=
Z 0

−H
(
df
dz

)2dz (2)

and

b =
c
2

Z 0

−H
f2dz=

Z 0

−H
(
df
dz

)2dz (3)

where H represents the water depth, f the vertical structure

function. For the continuous stratification model, these parameters

can be calculated by the formula:

d2f(z)
dz2

+
N2(z)
c2

f(z) = 0

f0 = f−H = 0 (4)

where N is the Brunt–Väisälä frequency (N =
ffiffiffiffiffiffiffiffiffiffiffi
− g

r
dr
dz

q
 , r is the

density of seawater), f0 = f–H = 0 indicates a rigid top and bottom.

We can solve equation (4) using the Thomson-Haskell method

proposed by Fliegel and Hunkins (1975) and get the values off, c, a,
and b.

When the nonlinearity is fairly strong, the optimized nonlinear

vertical structure can be found by adding the first-order nonlinear

correction term T(z) (Liao et al., 2014; Kurkina et al., 2018)

z (z, x, t) = h(x, t)½f(z) + h(x, t)T(z)� (5)

where z (z, x, t) represents the vertical displacement of ISWs.

Since the solution of the classical KdV equation is the waveform of

ISWs at the maximum amplitude (z (zmax , x, t) = h(x, t)), the ISW

amplitude follows the solution of equation (4). The depth of

maximum amplitude is the depth of the maximum vertical mode

(Liao et al., 2014). Therefore, with seismic data, the vertical structure

of ISWs can be expressed in two ways: linear vertical structure  h0f
(z) and nonlinear vertical structure h0½f(z) + h0T(z)�, where h0 is

the maximum amplitude of ISWs, which can be obtained from post-

stack seismic sections. The calculation method can be referred to in

Liao et al. (2014) and Gong et al. (2021b)
3 Results

In this paper, four seismic survey lines (L33, L58, L70, and L72)

are studied in detail. There are four ISWs, or wave packets on these

lines (Figure 1C). Specifically, ISW1s (ISW1a, ISW1b, and ISW1c)

are on line L33, ISW2 is on L58, ISW3s are on L70, and ISW4s

(ISW4a and ISW4b) are on L72 (Figure 1C). All of them belong to

the first baroclinic mode of internal waves.
3.1 Vertical structures

Figure 2A shows the seismic section of L33, and Figure 2B shows

the detailed ISW packet images. The solid red lines in Figure 2B

indicate the seismic reflection events of the three largest ISWs in the
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packet. We label them as ISW1a, ISW1b, and ISW1c, respectively.

The wave packet moves from left to right (Section 3.2.1).We calculate

the amplitude of ISWs by subtracting the water depth from the depth

of the trough (the lowest point of the events) (Gong et al., 2021a). If

ISWs have symmetrical waveforms, the average depth of the front

and rear is taken as the water depth. When ISWs have asymmetrical

waveforms, the water depth of the rear is taken as water depth

because the rear is relatively stable (Duda et al., 2004). One can see in

the seismic section that the waveforms of ISW1s are symmetrical. In

the effective seismic data segment, ISW1s mainly distribute at a depth

of >130 m. Density and Brunt-Väisälä frequency curves are used for a

continuous stratification model. We calculate the theoretical vertical

structures, including the linear structure and the nonlinear structure

(Equations 1–5), and compare them with the observed amplitudes.

Figure 3 shows the vertical structure of ISW1s. The amplitudes

observed in the seismic section fit well with the nonlinear vertical

structure. The vertical distribution of the amplitudes of ISW1s is

consistent. All of them first increase and then decrease with depth

and have only one maximum value, belonging to the first baroclinic

mode. The maximum amplitudes range from 81 to 125 m. In

addition, the maximum amplitude of ISW1a is 43 m, which is

larger than the maximum amplitudes of ISW1b and ISW1c.

Table 1 gives detailed information on these ISWs and their

theoretical values.

The vertical structures of ISW3, ISW4a, and ISW4b fit well

with the linear vertical structures. Their amplitudes decrease with

increasing water depth within the depth range that seismic

sections can reach. Figure 4 shows the seismic section and

vertical structure of ISW3 on the continental shelf slope of L70.

In the seismic section, ISW3 moves to the left along the shelf

(Section 3.2.1). The waveform of ISW3 is symmetric. Its

maximum amplitude is about 10 m at about 45 m of water

depth. It is followed by a series of IWs with small amplitudes or

oscillations, which usually means energy dissipation, decreasing

the amplitude and speed of ISWs (Orr and Mignerey, 2003; Tang

et al., 2018). ISW4a and ISW4b are only about 9 km apart from

L72. They both move from left to right (toward the coast) along

the direction of the shelf, but their waveform features are

inconsistent (Figure 5A). We use corresponding hydrographic

data (Figures 5B, C, E, F) to obtain the theoretical vertical

amplitudes (Figures 5D, G). The waveform of ISW4b is

symmetrical, and its vertical structure (Figure 5G) shows that

the maximum amplitude is about 12 m at about 42 m water depth.

Near the seafloor (91 m), the seismic event is parallel to the

seafloor, and the amplitude is close to zero. It is worth noting that

the amplitude of ISW4b increases abnormally near the water

depth of 80 m, deviating from the linear vertical structure.

ISW4a has an asymmetric waveform, and its front is less steep

than its rear, which is directly related to the shoaling effects of

ISWs. This process often causes the leading edge of standard

depression ISWs to slow, the back edge to steepen, and gradually

convert to elevation ISWs (Orr and Mignerey, 2003; Reeder et al.,

2011). The calculated amplitude from the seismic section

decreases gradually with increasing water depth. At about 45 m,

the maximum amplitude is 15 m (Figure 5D). Due to the lack of

shallow-water data, the maximum amplitude here is not
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necessarily the true value. Instead, it is the maximum amplitude

that can be captured by the seismic data.

As Figure 6 shows, ISW2 on L58 does not conform to the linear

vertical structure or the optimized nonlinear vertical structure.

According to the seismic section, ISW2 is in flat terrain and has a

shallow water depth of about 109 m (Figure 6A). The waveform is
Frontiers in Marine Science 05
symmetrical, with the amplitude first increasing and then

decreasing with water depth. However, near the seafloor, its

amplitude is still about 11 m and has strong nonlinearity, which

does not meet the condition of the rigid bottom (Equation 4).

Higher-order equations are needed to better describe the dynamic

process (Segur and Hammack, 1982; Kao et al., 1985).
A B C

FIGURE 3

The vertical structures of (A) ISW1a, (B) ISW1b, and (C) ISW1c. The black dots represent the observed amplitudes, the green dotted lines represent
the theoretical linear vertical structures, and the solid blue lines represent the theoretical nonlinear vertical structures with a first-order correction
term (the corrected vertical structures). The water depth (the depth at which ISWs extend in the seawater) is 525 m.
A

B DC

FIGURE 2

(A, B) The stacked section of L33 and the partial seismic section for ISW1s, respectively. The solid red lines are the picking reflection events, and the
red dotted line is an eddy with arrows marking upper and lower boundaries. (C) Density profile. (D) Brunt–Vaisala frequency profile.
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The main difference between the two theoretical vertical

structures is whether there is a first-order nonlinear correction

term, which means that the nonlinearity of the vertical amplitude

distribution is the main factor that determines which theory it fits

(Section 2.3). According to the above analysis, ISW1s follow the

nonlinear vertical structure with a first-order correction term, and

their maximum amplitudes are much larger than other ISWs. ISW3

and ISW4s follow the linear vertical structure with relatively small

amplitudes, while ISW2 follows the theoretical equation of higher

order due to its strong nonlinearity. Thus, we suggest that, of these

ISWs, ISW2 has the highest nonlinearity, followed by ISW1 and

ISW3, and then ISW4a and ISW4b. The nonlinear coefficients of

these ISWs can be estimated from Equation (2) (Table 1). ISW1s

have the largest nonlinear coefficient of -0.0076 s–1, while ISW3,

ISW4a, and ISW4b have relatively smaller nonlinear coefficients. As

a result, the order of nonlinear strength is as follows: aj jISW2  >  

aj jISW1  >   aj jISW4a  >   aj jISW4b  >   aj jISW3. Although ISW2, ISW3,

and ISW4s have similar water depth, their nonlinearities are

completely different. This indicates that, apart from water depth,

the nonlinearity is influenced by local buoyancy frequency, and the

strength of ocean stratification directly affects the vertical structure

function f. We can conclude that the key to keeping the shape of

ISWs is the dynamic equilibrium between nonlinearity and

dispersion. The strength of nonlinearity plays a dominant role in

vertical structure. Also, the amplitude is usually linked to the

strength of nonlinearity in a positive way.
3.2 The propagation speed of ISWs

3.2.1 The calculation of propagation speed
In this study, we pick up shot-receiver pairs that capture the

trough of ISWs on a series of migration Common Offset Gathers

(COGs) with different offsets. This method was first proposed by

Tang et al. (2014) to track ISWs with COGs. The slope k,

corresponding to the shot-receiver pair curve, is then obtained by

linear fitting (Figure 7). Finally, the relation nap = k
dcmp

dt
is used to

calculate the apparent phase speed vap, where dcmp is the CMP
Frontiers in Marine Science 06
interval and dt is the shot time interval. Figure 7 shows the fitting

curves of the 7 ISWs (ISW1a, ISW1b, ISW1c, ISW2, ISW3, ISW4a,

and ISW4b) on the survey lines, respectively. Table 1 shows the

resulting apparent phase velocities. One can see that the apparent

velocities of ISW1s on L33 are arranged according to their

magnitude, i.e., nISW1a  >  nISW1b  >  nISW1c, and these waves travel

in the same direction as the ship. The apparent phase speed of

ISW1a is about 1.34 m/s. The apparent phase speed of ISW2 can

reach 1.79 m/s. ISW3, ISW4a, and ISW4b are about 1.43, 1.20, and

1.10 m/s, respectively. They (ISW2 to ISW4s) all travel in the

opposite direction to the ship. For how to determine the

relationship between the direction of ISW and the ship, an

interested reader is referred to Tang et al. (2014) and Fan et al.

(2020) for more details.

By solving the internal wave vertical mode equation and the

KdV equation, the theoretical linear phase speed c, the quadratic

nonlinear coefficient a, and the dispersion coefficient b can be

obtained. Then, the theoretical propagation speed vkdv is obtained

according to equation nkdv = c + ah0
3 . Table 1 shows our calculation

results. We find that ISW1s have theoretical propagation speeds

ranging from 0.57 to 0.61 m/s. The theoretical speed of ISW3 is 0.25

m/s. ISW4a and ISW4b have similar theoretical speeds of 0.26-0.27

m/s, with ISW4a being a little larger than ISW4b. Although ISW2 is

unsuitable for low-order KdV equations, and cannot calculate

theoretical phase speed, it is generally larger due to its

strong nonlinearity.

There is a difference between the observed apparent speed vap
and the theoretical phase speed vKdV. Because the propagation

direction of the apparent speed vap is parallel to the direction of

the seismic survey line, which does not necessarily represent the real

propagation direction of ISWs. There is a certain angle between

them; therefore, the apparent phase speed vap needs correction.

3.2.2 The correction of propagation speed
We use satellite SAR images to determine the actual

propagation direction of the ISWs. The date of the seismic

acquisition is 2000. We did not find satellite SAR images at that

time. Thus, we used satellite SAR images acquired from January
TABLE 1 The statistics of some characteristic parameters of ISWs.

Lines ISWs a
(s–1)

b
(m3s–1)

vKdV
(m/s)

vap
(m/s)

vseis
(m/s)

h0
(m)

h
(m)

H
(m)

33

ISW1a -0.0076 4940.9 0.61 1.34 0.72-0.84 43 114 525

ISW1b -0.0076 4940.9 0.57 1.21 0.65-0.76 23 107 525

ISW1c -0.0076 4940.9 0.59 1.17 0.63-0.73 35 94 525

58 ISW2 — — — 1.79 0.55-0.66 12 65 109

70 ISW3 -0.0037 106.6 0.25 1.43 0.44-0.52 10 45 91

72
ISW4a -0.0049 106.4 0.27 1.20 0.37-0.44 15 45 91

ISW4b -0.0049 107.8 0.26 1.10 0.34-0.41 12 42 91
a, the quadratic nonlinear coefficient; b, the non-hydrostatic dispersion coefficient; vKdV, theoretical propagation speed calculated by KdV equation; vap, the observed apparent propagation
speed; vseis, the corrected propagation speed,; h0, the maximum amplitude of ISWs; h, water depth at maximum amplitude; H, the depth of the seawater (the depth at which ISWs extend in
the seawater).
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2010 to October 2022 to map the distribution of IWs and ISWs and

determine their propagation directions in the study area. Figure 8

shows two satellite SAR images offshore the South Island of New

Zealand. We found the waves here had multiple sources, and the

propagation directions were mainly about 22°-26° and 354°-360°

(clockwise from due north). Combining the directions of the

seismic lines shown in Figure 1, we can determine the actual

propagation speed vseis following

nseis =   nap* cos q (6)

where q is the angle between the seismic line and the

propagation direction of ISWs. Based on the correction results,

we found that, although the waves mostly travel across the isobaths

toward the coast, their directions are slightly different. The

propagation directions of ISW1s are mainly about 354°–360°.

ISW2 (ISW3, and ISW4s) are mainly along about 22°–26°.

Finally, the corrected propagation speed vseis of ISW1s

(Equation 6), which ranges from 0.63 to 0.72 m/s, is close to the

theoretical phase speed vKdV. The vseis of ISW3 and ISW4s also

match the theoretical speeds.
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3.3 Lateral structure changes

Figure 9A shows the lateral changes in the amplitude of the

ISW1s. The circles with different colors show the amplitude at

different water depth ranges. The amplitude of ISW1c is mainly

distributed in the horizontal range of 9.5-10 km, and the horizontal

range of 11-11.5 km is the amplitude of ISW1b. The amplitude of

ISW1a mainly concentrates in the horizontal range of 12-12.5 km.

According to Figure 9A, the amplitudes of ISW1s in the same water

depth range are in the order of ISW1a> ISW1c> ISW1b. That is,

ISW1a has the largest amplitude, followed by ISW1c, and ISW1b

has the smallest amplitude. This phenomenon is more obvious with

the increase in water depth. But in shallow water, the amplitudes of

the three ISWs within the same depth range are similar, and ISW1a

is even smaller than the other two solitons. For example, the

amplitude of ISW1a is slightly smaller than that of ISW1b when

the water depth is 38-41 m.

In addition to the lateral changes of the amplitudes, the

apparent characteristic half-height widths of ISWs (the width of

the trough at half amplitude) were obtained from the seismic
A

B DC

FIGURE 4

(A) Stacked section for L70. The solid red lines represent the picking reflection events. (B) Density profile. (C) Brunt–Vaisala frequency profile. (D)
The vertical structure of ISW3. The black dots represent the observed amplitudes. The green dotted line represents the theoretical linear vertical
structure. The solid blue line represents the theoretical nonlinear vertical structure with a first-order correction term. The depth of the seawater (the
depth at which ISWs extend in the seawater) is 91 m.
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sections. It is worth noting that the lateral information obtained

from the seismic sections needs to be corrected. On the one hand,

the ship and ISWs have different traveling speeds, which cause the

Doppler effect to stretch or shorten the widths. On the other hand,

there is an angle between them as mentioned above (Section 3.2).

To eliminate the influence, we refer to the equation 1 mentioned by

Bai et al. (2015), that is, L = Lap*( −vship * cosq + vseis
�� ��)=vship, where

vship is the speed of the ship. Table 2 lists their characteristic width

D, apparent half-height width Lap, theoretical half-height width Lkdv,
corrected half-height width L and D/L of at the maximum
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amplitude of ISWs. After width correction (Bai et al., 2015; Feng

et al., 2021), the theoretical characteristic half-height width Lkdv
matches L well, which proves that the correction is reasonable.

Except for amplitude (Section 3.1), the characteristic half-height

widths of ISW1s are also significantly larger than other ISWs, which

also reflects the fact that the amplitude and width of ISW1s are

positively correlated to some extent in order to maintain waveform

stability, maintaining the dynamic equilibrium of the nonlinear

effect and dispersion effect. Since this paper only studies the

variation law of width with depth, Figure 9B uses the apparent
A

B D

E F G

C

FIGURE 5

(A) Stacked section for L72. The solid red lines represent the picking reflection events. (B, C), (E, F) are the density and Brunt–Vaisala frequency
profiles near ISW4a and ISW4b, respectively. In the vertical structures of (D) ISW4a and (G) ISW4b, the black dots represent the observed amplitudes;
the green dotted line represents the theoretical linear vertical structure; the solid blue line represents the theoretical nonlinear vertical structure with
a first-order correction term. The water depth (the depth at which ISWs extend in the water) is 91 m.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1376945
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Meng et al. 10.3389/fmars.2024.1376945
half-height width Lap without width correction. We find that, in

general, with increasing water depth, the ISWs waveform gradually

widens. This is especially obvious for ISW4s that are close to the

seafloor and can’t keep a stable waveform anymore, so their width

increases sharply. It can reach a maximum of more than 900 m, and

the event becomes roughly parallel to the seabed (Figure 5A).
4 Discussion

4.1 Effects of topography and amplitude

Combined with the theoretical model and the observation results

(Section 3.2), it is considered that the relatively shallow water is more

affected by the nonlinearity, which makes the phase speed of ISW2

much larger. However, ISW3 and ISW4s are close to the seafloor and

may be affected by the topographic friction, so the corrected

propagation speed is relatively small. ISW1s are in relatively deep

water (about 525 m); thus, they are mainly affected by stratification

and background current. It is barely affected by topography, so the

propagation speed is relatively high. Moreover, the strong
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background currents (e.g., the Southland Current) may have an

impact on the ISWs, which needs further dedicated research.
4.2 Interaction between ISWs and eddy

There is an eddy to the right of ISW1s (Figure 2A). The red

dotted line region shows the eddy core. The arrows show the upper

and lower boundaries of the eddy. They are at 50-90 m and 200-300

m, respectively. The width of the eddy is about 35 km, and its

thickness is about 225 m. The eddy tilts to the right, and the

reflection layers at the boundaries are developed well. The upper

boundary extends horizontally, while the lower boundary is more

tilted and has strong fluctuations. The strong fluctuations indicate

that IWs are developing here. The seismic reflections of the eddy

core are usually weak and chaotic, indicating that the water in the

core is well mixed, and the temperature and salinity are

homogeneous. Combining with Figure 10, we found that the

temperature and salinity present a slanted ellipsoid shape at a

depth of 50-250 m on the right side of the section (172.2°E-172.4°

E), which is a typical eddy indicator. The temperature (salinity) at
A

B DC

FIGURE 6

(A) Stacked section for L58. The solid red lines represent the picking reflection events. (B) Density profile. (C) Brunt–Vaisala frequency profile. (D)
The vertical structure of ISW2. The black dots represent the observed amplitudes. The green dotted line represents the theoretical linear vertical
structure. The solid blue line represents the theoretical nonlinear vertical structure with a first-order correction term. The depth of the seawater (the
depth at which ISWs extend in the seawater) is 109 m.
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the core is about 12°C (34.48 psu). The temperature changes near

the upper and lower boundaries are about 0.5-1°C, the salinity

changes are 0.2-0.4 psu, and the thermocline deepens to about 125

m. Based on the horizontal distribution diagram of geostrophic

speed and sea surface height (SSH) (Figure 11), there are two

cyclonic eddies in the northeast direction of ISW1s (red
Frontiers in Marine Science 10
pentagram), which also indicates that eddies in this area

are developed.

As shown in Figure 12A, there is also a right-tilted eddy on the

right side of the seismic section of L23. The eddy’s size and shape

are identical to those found on L33. Both its upper and lower

boundaries have strong reflections. Because the two survey lines are
A B

D E F

G

C

FIGURE 7

Fitting shot-receiver pairs. (A–G) Correspond to the fitting results of shot-receiver pairs for ISW1a, ISW1b, ISW1c, ISW2, ISW3, ISW4a, and ISW4b,
respectively. The red asterisks are the picked shot-receiver pairs. The solid black lines are the fitting curves. R2 is the correlation coefficient (0-1),
which describes the anastomoses between the data and the fitting curve. The larger the R2, the higher the degree of anastomoses.
A B

FIGURE 8

Satellite SAR images within the black rectangle in Figure 1A offshore the South Island of New Zealand from January 2010 to October 2022.
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close to each other and the acquisition time is only about 15 days

apart, it is presumed to be the same eddy. Compared with the side

boundary, the reflection layers of the upper and lower boundaries

are stronger and accompanied by strong fluctuations, indicating

that IWs (or ISWs) are widely developed. Among them, ISWs

(packets) with small amplitudes are developed on the upper

boundary of the eddy (Figure 12B), and part of the vertical

structures weaken or even disappear when they cross the

boundary into the eddy, which is consistent with the observation

results (Xu et al., 2020). IWs at the lower boundary are manifested

as a series of high-frequency, small-amplitude oscillations, and the

overall distribution of the reflection events tilts under the influence

of the eddy (Figure 12C). Therefore, compared with other positions

of the eddy, the horizontal wavenumber spectrum may be slightly

higher than the GM spectrum, with enhanced internal wave energy

(Holbrook and Fer, 2005).

IWs and ISWs that pass through the eddy or develop at the

boundary of the eddy will more or less affect the eddy. For example,

ISWs in this example even affect the inside of the eddy, which may

bring seawater into the eddy. Suppose ISWs pass through the eddy.

In that case, it also brings a small amount of eddy core water. The

exchange of the core water and the surrounding seawater may speed

ocean mixing.
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5 Conclusion

In this paper, the original multi-channel seismic data offshore

the South Island of New Zealand was reprocessed. On four seismic

survey lines, four first baroclinic mode depression ISWs (packets)

were found. The amplitudes were extracted from the seismic

sections and compared with the two theoretical vertical

structures. We found that ISW1s fit the first-order nonlinear

vertical structure, ISW3s and ISW4s fit the linear vertical

structure well, but ISW2 doesn’t fit either structure. The main

difference between these two theoretical vertical structures is

whether or not there is a first-order nonlinear correction term.

This means that the nonlinearity of the vertical amplitude

distribution is the main factor. The nonlinear strength is ranked

as follows: aj jISW2  >   aj jISW1  >   aj jISW4a  >   aj jISW4b  >   aj jISW3.

Due to the strong nonlinearity that does not apply to the low-order

KdV equation, ISW2 needs the higher-order equation. ISW1s is

more nonlinear than ISW3 and ISW4s, so it fits the nonlinear

vertical structure. The amplitude is generally proportional to the

nonlinear strength without considering the water depth,

background flow, and other conditions. Therefore, the vertical

amplitude of ISW1s is much larger than that of other ISWs. We

used two different methods to calculate the propagation speed of
A B

FIGURE 9

(A) Lateral variation of the amplitudes of ISW1s. Colored circles represent the amplitudes of ISW1s in different depth ranges. (B) Variation of apparent
half-height width with depth. Colored marks represent the apparent half-height width of different ISWs. Part of the ISW4b waveform is not
calculated due to severe asymmetry.
TABLE 2 Transverse structure characteristics of ISWs.

Lines ISWs D
(m)

Lap
(m)

LKdV
(m)

L
(m)

a/L

33

ISW1a 426.8 900.2 752.4 271.0-1038.8 0.635-2.434

ISW1b 583.5 853.1 1028.7 256.8-984.5 0.440-1.687

ISW1c 473.0 869.9 833.9 261.8-1003.9 0.553-2.122

58 ISW2 — 443.8 — 35.9-307.6 —

70 ISW3 186.4 329.4 328.6 26.9-228.3 0.144-1.225

72
ISW4a 131.8 787.5 232.4 63.8-545.7 0.484-4.140

ISW4b 123.8 411.3 218.3 33.3-285.0 0.269-2.302
D, the characteristic width from the KdV equation; Lap, the apparent half-height width of ISWs (the full width of the trough at half amplitude) from the seismic section; LKdV, theoretical half-
height width (The characteristic width D times 1.763); L, corrected half-height width, the Doppler effect and the angle between the ship and the true propagation direction are eliminated.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1376945
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Meng et al. 10.3389/fmars.2024.1376945
ISWs. The theoretical propagation speed of ISW1s is 0.57–0.61 m/s,

among which ISW1a is the largest. The theoretical propagation

speed of ISW3 is about 0.25 m/s, and the theoretical propagation

speed of ISW4s is 0.26 to 0.27 m/s. Based on satellite remote sensing

images, it is inferred that the propagation direction of ISW1s (about

354°-360°) may be different from other ISWs (about 22°-26°),

though they both travel across the isobaths towards the coast.

The corrected propagation speed vseis matches the theoretical

speed vKdV.
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We further investigate the lateral structural changes of ISWs.

The amplitude of ISW1a is the largest, followed by ISW1c, and the

amplitude of ISW1b is the smallest in the same water depth. This

phenomenon becomes more obvious with the increase in water

depth. In addition, we found that the half-height width of ISW1s

was much larger than other ISWs, and the waveform of ISWs

gradually widened with increasing water depth.

The eddy may interact with IWs and ISWs. In this example,

the small-amplitude ISWs (packets) are developed on the upper
A

B

FIGURE 10

(A) Temperature and (B) Salinity along L33.
FIGURE 11

Background colors show sea surface height (SSH), and arrows represent the geostrophic currents at 100 m. The red pentagram represents ISW1s.
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boundary of the eddy, and their vertical amplitudes weaken or

even disappear when they cross the boundary into the eddy. IWs

at the lower boundary of the eddy are a series of high-frequency

oscillations. The overall distribution of the reflection events tilted

under the influence of the eddy, which is expected to enhance

internal wave energy. IWs and ISWs developed at the edge of the

eddy can affect the eddy’s boundary and inside, which may

promote the mixing of the core water and the external water,

thus changing the thermohaline properties of seawater.

Therefore, IWs and ISWs also have a certain degree of

influence on the eddy.
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