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Abstract: Internal solitary waves (ISWs) are large-amplitude internal waves which would destroy
underwater engineering. Finding an easy way to discriminate ISWs from field observational data is
crucial. Two time--series datasets, one contained ISWs and another only containing internal tides,
were obtained from filed observations. Based on single-layer velocity data, wavelet spectrum shows
significant high value in short time-scale domain when ISWs pass, whilst having no signal in that
domain when only internal tides exist, indicating the capability of wavelet analysis on ISWs detection.
Wavelet variances of the dataset with ISWs has a bimodal distribution versus periods with two peaks
around 40 min and 110 min, which can also be reproduced by a numerical model, indicating that the
energy within period band of 10–120 min is caused by ISWs. By using the conceived signal processing
techne, data reconstruction can precisely obtain the arrival time of ISWs and retain about 91.4% of the
original signal. It is found that, based on a field observational dataset with even a coarse sampling
interval for up to 20 min, the existence of ISWs can be easily discriminated by using wavelet analysis,
which provides us an economic method for the early warning of ISWs in ocean engineering.

Keywords: internal solitary waves; wavelet analysis; maximum ISW-induced velocity

1. Introduction

Internal solitary waves (ISWs) are large-amplitude, highly nonlinear internal waves
active in the stratified ocean. Their amplitudes can reach as large as 240 m in the northern
South China Sea, and their induced maximum horizontal speeds can approach 2–3 m/s [1–5].
During their propagation, they can cause a maximum diapycnal mixing rate increase by three
orders of magnitude [6]. Also, they can exert large loads on underwater engineering, i.e., oil
piles [7,8]. In order to ensure the reliable operation of underwater engineering, it is crucial to
alert the arrival of ISWs in advance.

As the largest marginal seas of Pacific, the South China Sea is under the influence
of East Asian monsoons, featuring southwest winds in summer and northeast winds in
winter [9]. This region is also a typhoon high-incidence area, especially from late spring
to early autumn [10], causing severe storm surges in coastal regions of south China [11].
Moreover, mesoscale eddies and the Kuroshio intrusion can also change the stratification
in the northeastern South China Sea [12,13], therefore affecting the background shears [14].
Strong tidal waves propagate from the west Pacific into the South China Sea through the
Luzon Strait [15]. Both diurnal and semidiurnal tides are dominant in the northeastern
South China Sea [16]. The tidal range in this region is affected by bottom topography. It
ranges from 1 m near Luzon Strait to over 4 m nearshore.

ISWs are ubiquitous phenomena in the northeast South China Sea [17–20]. The in-
teraction of strong tidal currents with abrupt underwater topography in the Luzon Strait
induces both diurnal and semidiurnal internal tides. Satellite data reveal that semidiurnal
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internal waves propagate northeastward into the continental shelf, while diurnal internal
waves move toward the inner basin [21]. Due to the nonlinear steepening, the internal
tides gradually evolve into ISWs [2], which arise from various governing factors such as
stratification, currents, fronts, eddies, and topography [22–28]. The ISWs propagate in
the deep basin, disintegrate across the continental slope with a polarity conversion, and
ultimately dissipate over the broad continental shelf [29].

ISWs can cause significant isotherms and velocity variations during their passage.
Consequently, based on thermistor chain and Acoustic Doppler Current Profiler (ADCP),
previous studies used the variations of isotherms or horizontal velocity in the full depth
to detect the passage of ISWs. It is much easier to identify ISWs using temperature
measurements. Based on the isotherm variations, Gong et al. proposed a temperature
superposition method to automatically identify ISWs [30]. When analyzing the field
observational data on the Washington continental shelf, Zhang et al. used the variation
of the full-depth isotherms to detect the ISWs [26]. Cui et al. took the variation of 17 ◦C
isotherms as an index to figure out the passage of ISW [27]. Chen et al. used the depth
displacement of isotherms from 11 to 28 ◦C to determine the arrival of ISWs [4].

Fewer studies identify ISWs using only velocity data. It is known that during the
passage of ISWs, the ISW-induced velocity is opposite in the upper and lower layer ocean.
So, the positions of ISWs can be manually found out from a full-depth velocity measurement.
Also, the velocity in the upper layer ocean increased largely, but the flow direction remained
unchanged when ISWs passed [1]. Shaw et al. suggested that surface convergence with
velocity much greater than the maximum barotropic tidal current is a telling sign of the
presence of ISWs [31]. Moreover, because the passage time for an ISW is about 20 min, a
time-resolution less than 3 min is the recommended measurement interval of instruments.
Detection of the passage of ISWs requires a full-depth high-resolution filed observational
dataset. In marine engineering, it needs less cost, more efficiency, and higher accuracy
to detect ISWs from real-time observations and provide early warnings of the passage of
ISWs.

There has been a surge in investigations delving into the dynamics of internal waves,
primarily employing power spectra analysis [32–36]. The internal wave field falls within
a frequency band f < ω < N, where f is the inertial frequency and N is the buoyancy
frequency. Within the frequency band between f and N, a typical spectrum exhibits peaks
in the low-frequency range around f, tidal frequencies, and their higher harmonics. These
frequency bands facilitate the transfer of energy to higher frequency waves beyond the
cutoff frequency at N. The power spectra analysis, relying on Fourier transformation, faces
challenges in accurately discerning the frequency of high-frequency signals due to spectral
energy leakage. Additionally, the results of Fourier transformations are unable to depict
the temporal variation of the data, making it impossible to ascertain the exact time of the
passage of ISWs. So, it is difficult to discriminate ISWs using Fourier transformation within
the internal wave band. In contemporary research, wavelet analysis is widely used to
analyze the variation of power within a time series because it is capable of decomposing
the signal both in time and frequency domains, which is better than a Fourier transforma-
tion [37]. The wavelet transformation has been used for time-series analysis of numerical
model results in geophysics, including El Niño Southern Oscillation [38], wave growth and
breaking [39], and internal gravity waves [40]. Considering its capability to get accurate
frequency resolution in low-frequency components (long time-scale components) and pre-
cise time resolution in high-frequency components (short time-scale components), wavelet
analysis is a powerful tool to analyze non-stationary signals.

In this article, based on the field observational data and numerical model results, we
propose a method depending on wavelet analysis to discriminate the passage of ISWs
using single-layer time-series velocity data near thermocline. This article is organized as
follows: the data and methods are presented in Section 2, results are described in Section 3,
the discussion is in Section 4, and finally the conclusions are presented in Section 5.
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2. Data and Methods
2.1. Field Observation

The field observational data were collected from a mooring located at (117◦44.7′ E,
20◦44.2′ N) southeast of Dongsha Island from 1 August to 28 September 2014 (Figure 1a).
The current velocities were collected by 3 ADCPs with a time sampling resolution of 2 min
and a vertical resolution of 16 m from 900 m to sea surface and 8 m from 1180 m to 900 m,
respectively. During the observation, ISWs features a fortnightly modulation, i.e., in nearly
seven days, two ISWs passed every day and in subsequent seven days, no ISW passed [41].
Thus, we can easily divide the data into two datasets, one contains ISWs, and the other
contains only linear internal tides.
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Figure 1. (a) Bottom topography (depth in meters) in the northern South China Sea, where the red
pentagram is the mooring site. The embedded subplot illustrates the geographical location of the
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study area within Asia, and the red rectangle represents the study domain. Note that the bottom
topography within the red rectangle is averaged, as shown in (b) and used in the model. (c) Temper-
ature and (d) salinity obtained from WOA13 are used in the model. The figures here and after are
generated by Python version 3.11.8 (https://www.python.org/downloads/windows/, accessed on
6 February 2024).

2.2. Continuous Wavelet Transformation

Continuous wavelet transformation is a powerful tool to reflect the features presented
in the time series. It provides temporal-frequency resolution for non-stationary signals, so
that it has been widely used in the field of hydrology time-series data analysis [42].

When employing continuous wavelet transformation, the selection of a mother wavelet
characterized by unique mathematical properties, such as Gaussian or Morlet, significantly
influences the obtained results. In this work, the continuous wavelet transformation is
applied utilizing the analytic Morse wavelet as the mother wavelet, which first introduced
by Daubechies and Paul [43]. The analytic Morse wavelet has no support on negative
frequencies, which makes it capable to capture phase variability accurately [44]. Two
parameters, β and γ, associated with the analytic Morse wavelet, control the performance of
wavelet analysis. β controls the low-frequency behaviors, and γ controls the high-frequency
decay, respectively [45]. Increasing β with fixed γ appears to pack more oscillations into
the same envelope, whereas increasing γ with fixed β additionally modifies the function
shape, with the function modulus curves becoming less strongly concentrated on its center.
According to the shape of ISW-induced velocity with time, we set γ equals to 3 and β equals
to 10, respectively.

To get the distribution of wave energy versus period, the wavelet variance was also
calculated. Wavelet variance decomposes the variance of a time series into components
associated with different scales. It can be used to identify the dominant period of the signal
and their relative strength at different periods.

2.3. Setup of the Numerical Model

A two-dimensional fully nonlinear, non-hydrostatic Massachusetts Institute of Tech-
nology general circulation model (MITgcm) was applied to model the generation and
evolution process of ISWs in the northern South China Sea. The MITgcm solves the incom-
pressible Boussinesq non-hydrostatic Navier–Stokes equations, and the dynamic equations
used in the model are described as follows:

D
→
v

Dt +∇hϕs +∇hϕhyd + ϵnh∇hϕnh =
→
Gvh

∂ϕhyd
∂r = −b

ϵnh
∂

.
r

∂t +
∂ϕnh

∂r = G .
r

(1)

where
→
v is the vector of velocity, b is the buoyancy, ϵnh is non-hydrostatic parameter, and ϕs,

ϕhyd, and ϕnh are surface, hydrostatic, and non-hydrostatic pressure terms, respectively. The(→
Gvh , G .

r

)
represent advective, metric, and Coriolis terms in the momentum equations. In

spherical coordinates, they have the form:
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}
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where Ω is the earth rotation, φ is the latitude, and (Fu, Fv, F.
r) is the forcing and dissipation

terms in horizontal and vertical direction. For full detail, please refer to Marshell et al. [46].
In this work, the model domain was from 116◦ E to 123◦ E, where ISWs emerge

from nonlinear steepening of internal tidal waves and then gradually split into a rank-
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ordered ISW packet. The bottom topography used here was averaged from 20◦ N to 21◦ N
(rectangle showed in Figure 1a) extracted from GEBCO2020 (https://www.gebco.net/data_
and_products/gridded_bathymetry_data/ gebco_2020, accessed on 6 February 2024) with
a spatial resolution of 15′′. The maximum water depth in the model was 3950 m (Figure 1b).
The horizontal resolution was set to 150 m, and the vertical resolution was 10 m in the
upper 300 m and gradually varied to 100 m. The total number of grid points was 5376 × 88,
and the time step as set to 10 s. The initial horizontal temperature and salinity data in
August were derived from the climatological month-mean data of World Ocean Atlas (2013)
(Figure 1c,d). To avoid the reflections of wave in both open boundaries, sponge layers were
implemented in 30 grid points near each open boundary. The model was driven at the
eastern boundary by M2 barotropical tide with an amplitude of 0.05 m/s. The background
viscosity and diffusivity were set at a constant value of 10−5 m2s−1.

3. Results

To obtain which period band the ISWs’ energy is concentrated, two velocity datasets
taken from field observation data at 60 m are used for analysis: one is from 10 August to
17 August containing 24 ISW events (Figure 2a), and the other from 18 August to 25 August
containing only linear internal tides (Figure 2c). By comparing these two datasets, internal
tidal signals with an amplitude of 0.5 m/s are pronounced in both datasets. But when ISWs
pass, the velocity suddenly increases with a maximum velocity reaching 2.52 m/s. And
the passage time of a single ISW ranged from 20 min to 47 min in this dataset, depending
on the variable amplitude of each ISW. A single ISW and rank-ordered ISW packets with
two or three solitons alternate with each other at an interval of near 12 h a day. Figure 2b,c
are the continuous wavelet power spectra of the above two datasets. High values in
continuous wavelet power spectra indicate where the energy is concentrated. In both
cases, the maximum energy lies in long time-scale domain with a peak around 1410 min,
revealing that diurnal currents are dominant at the observational site, which are suggested
by previous studies [47]. However, in the short time-scale domain, significant differences
can be seen. When ISWs pass, notable peaks are observed in the short time-scale domain
of the wavelet spectrum. These spike-like peaks indicate a concentration of pronounced
energy during the passage of ISWs in the short time-scale domain. Conversely, the wavelet
spectrum reveals a tendency for energy to concentrate in the long time-scale domain when
only internal tides are presented. A high value in the short time-scale domain of wavelet
spectrum is a telling sign of ISWs. Wavelet transformation can easily discriminate nonlinear
ISWs from linear internal waves.

Figure 3 shows the wavelet variances versus the period of current velocity datasets
with ISWs and without ISWs. It can be easily found that the wavelet variances of both
datasets have peak values around periods of 24 h, 12 h, and 8 h, which reveals the diurnal
tide, semi-diurnal tide, and its harmonic components. The main difference between the
wavelet variances with ISWs and without ISWs lies in the short time-scale part of the curve.
When there exist ISWs, a bimodal distribution versus period can be found in a time-scale
shorter than 200 min (Figure 3b). The wavelet variances peak around periods of 40 min
and 110 min in short time-scale, respectively. In contrast, wavelet variance is mild when
no ISWs pass. It can be inferred that the energy of ISWs concentrates around periods of
approximately 40 min and 110 min at our observation site. It is noteworthy that two curves
are almost coincident at periods shorter than 10 min, indicating that the energy at periods
shorter than 10 min may not be attributed by ISWs.

https://www.gebco.net/data_and_products/gridded_bathymetry_data/
https://www.gebco.net/data_and_products/gridded_bathymetry_data/
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Figure 2. (a) Time series of current velocity with ISWs from 10 August to 17 August at 60 m.
The positive value means westward velocity and the negative means eastward one, respectively.
(b) Continuous wavelet power spectra of (a); (c) is the same as (a), but without ISWs from 18 August
to 25 August at 60 m; (d) continuous wavelet power spectra of (c). The white dashed-lines in
(b,d) indicate the region that was affected by the edge of the data.
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Since the observational data contain multiple time-scale processes, to get a pure signal
of ISWs, a nonlinear numerical model forced solely by M2 tidal component is applied
to model the propagation of ISWs. Figure 4a shows the modeled velocity at 1 min time
resolution obtained at the same site of the mooring. In the numerical model, only the
signals of internal tides and ISWs are significant. It can be clearly seen that the ISWs
appear at an interval of 12.42 h, traveling as a single soliton with a maximum westward
wave-induced velocity exceeding 1.5 m/s. The same as that in the observation, wavelet
transformation is applied to the modeled velocity data at 60 m (Figure 4b). The maximum
value of continuous wavelet power spectra lies in long time-scale domain around 720 min,
indicating the existence of semi-diurnal internal tides. When ISWs pass, significant high
values emerge in a short time-scale domain. Figure 4c presents the wavelet variance of the
model results. A bimodal distribution versus period is significant in short time-scale with
peak values lying around 40 min and 110 min, respectively, which is consistent with that of
filed observation. Moreover, the value of wavelet variance equals zero at periods shorter
than 10 min, revealing that no energy concentrated in this time scale in the numerical
model. It confirms that signals with periods shorter than 10 min in the observation are not
caused by ISWs.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 4. (a) Time series of modeled horizontal current velocity at a time resolution of 1 min with 
depth at 117.5° E. (b) is the continuous wavelet power spectra of modeled velocity at a depth of 60 
m, and (c) is the corresponding wavelet variances of modeled current velocity versus period. The 
white dashed-line in (b) indicates the region that is affected by the edge of the data. 

As mentioned above, the ISWs exhibit distinctive properties in the wavelet-trans-
formed field, rendering them detectable through wavelet transformation. To get the arri-
val time of ISWs and the maximum ISW-induced velocity precisely, a conceived signal 
processing technique is proposed. It is comprised of five stages, as follows: 
(1) Selection of Velocity Time−Series Data 

The time-series velocity data near the depth of thermocline are chosen. This selection 
is motivated by the fact that the ISW-induced velocity reaches its maximum in the upper 
ocean, rendering the signal more significant compared to that in the deep ocean. It is note-
worthy that the selection of the dataset will significantly influence the detection results. A 
continuous wavelet transformation with an analytic Morse mother wavelet is applied to 
the chosen single-layer data. 
(2) Reduction of Wavelet Components 

According to the above analyses indicating that predominant periods, approximately 
40 min and 110 min, are primarily caused by ISWs, a reduction of wavelet components is 
performed. The magnitude of continuous wavelet power spectra beyond the time band 
from 10 to 120 min (i.e., the frequency band from 1.39 × 10−4 to 1.7 × 10−3 Hz) is set to 0. It 
is worth noting that this time band is specified for ISW events. It will not change when 
applying to the dataset obtained from other sea areas. This will be discussed in detail in 
Section 4. 
(3) Hard Threshold Application 

A hard threshold based on 3−sigma rule is adopted before signal reconstruction. The 
magnitude of continuous wavelet power spectra with absolute values lower than the 
threshold are set to zero. The threshold value in our study is equal to 68.62%.  
(4) Signal Reconstruction 

Signal reconstruction is through inverse wavelet transform. By using the same 
mother wavelet setup, a new velocity time-series is formed. 
(5) Peak Value Localization 

Peak values and their corresponding times in the reconstruction data are located, 
which represent the maximum ISW-induced velocity and the arriving time of ISWs, re-
spectively. 

Figure 5 illustrates the comparison of the original velocity time-series and the output 
of the signal reconstruction with and without ISWs, respectively. The original data are 
composed of different time scales, including internal tides, ISWs, and high-frequency 
waves. When ISWs pass, the velocity increases significantly. However, not all the velocity 
increases are caused by ISWs, e.g., on 11 August, the maximum velocity reaches 0.9 m/s, 

Figure 4. (a) Time series of modeled horizontal current velocity at a time resolution of 1 min with
depth at 117.5◦ E. (b) is the continuous wavelet power spectra of modeled velocity at a depth of 60 m,
and (c) is the corresponding wavelet variances of modeled current velocity versus period. The white
dashed-line in (b) indicates the region that is affected by the edge of the data.

As mentioned above, the ISWs exhibit distinctive properties in the wavelet-transformed
field, rendering them detectable through wavelet transformation. To get the arrival time
of ISWs and the maximum ISW-induced velocity precisely, a conceived signal processing
technique is proposed. It is comprised of five stages, as follows:

(1) Selection of Velocity Time−Series Data

The time-series velocity data near the depth of thermocline are chosen. This selection
is motivated by the fact that the ISW-induced velocity reaches its maximum in the upper
ocean, rendering the signal more significant compared to that in the deep ocean. It is
noteworthy that the selection of the dataset will significantly influence the detection results.
A continuous wavelet transformation with an analytic Morse mother wavelet is applied to
the chosen single-layer data.

(2) Reduction of Wavelet Components

According to the above analyses indicating that predominant periods, approximately
40 min and 110 min, are primarily caused by ISWs, a reduction of wavelet components is
performed. The magnitude of continuous wavelet power spectra beyond the time band
from 10 to 120 min (i.e., the frequency band from 1.39 × 10−4 to 1.7 × 10−3 Hz) is set to 0.
It is worth noting that this time band is specified for ISW events. It will not change when
applying to the dataset obtained from other sea areas. This will be discussed in detail in
Section 4.
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(3) Hard Threshold Application

A hard threshold based on 3−sigma rule is adopted before signal reconstruction.
The magnitude of continuous wavelet power spectra with absolute values lower than the
threshold are set to zero. The threshold value in our study is equal to 68.62%.

(4) Signal Reconstruction

Signal reconstruction is through inverse wavelet transform. By using the same mother
wavelet setup, a new velocity time-series is formed.

(5) Peak Value Localization

Peak values and their corresponding times in the reconstruction data are located, which
represent the maximum ISW-induced velocity and the arriving time of ISWs, respectively.

Figure 5 illustrates the comparison of the original velocity time-series and the output
of the signal reconstruction with and without ISWs, respectively. The original data are
composed of different time scales, including internal tides, ISWs, and high-frequency
waves. When ISWs pass, the velocity increases significantly. However, not all the velocity
increases are caused by ISWs, e.g., on 11 August, the maximum velocity reaches 0.9 m/s,
but there is no ISW structure according to the variations of isotherms. By applying signal
processing, the ISW signal can be easily detected from various signals. Especially, the
passage of each soliton in an ISW packet can be discriminated.
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Figure 5. Comparison of original dataset (solid lines) with reconstructed dataset (dashed lines)
(a) with ISWs and (b) without ISWs. The circles in (a) show the extrema of the reconstruction data.

For a detailed comparison between our method and traditional approaches, we
used/the traditional ISW detective method using the full-depth velocity data. The identifi-
cation of ISWs is based on the vertical structure of waves, and the maximum ISW-induced
velocity is determined by subtracting the background velocity from the maximum velocity
observed during the passage of the ISWs. Subsequently, the maximum ISW-induced ve-
locity mentioned in the following paragraph is obtained through the traditional method,
while the reconstruction velocity denotes the velocity obtained using our method.

The arrival time of maximum ISW-induced velocity is precisely obtained, and the
reconstructed velocity can retain over 90% of the original signal. For example, on 13 August,
a maximum ISW-induced velocity was recorded. The background velocity before the wave
arrived was 0.19 m/s, and the maximum velocity when the ISW passed was 2.48 m/s,
indicating that the ISW-induced velocity is about 2.29 m/s. The reconstructed velocity was
2.18 m/s, which retains 95.1% of the original velocity. Table 1 shows the comparison of
the original ISW-induced velocity and the reconstructed velocity. It can be found that the
reconstructed velocity can retain at least 70% of the original ISW-induced velocity. The
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average ratio reaches 91.4%. Furthermore, the signal processing is applied to the time
series without ISWs. The reconstructed velocity consistently remains zero, illustrating
that our signal processing technique is effective to filter linear internal tides and high-
frequency waves in the filed observation. Although traditional methods may offer a more
accurate means of obtaining the maximum ISW-induced velocity, our new method excels
in its ability to automatically detect ISWs and determine the maximum ISW-induced
velocity. This automated approach enhances efficiency and reduces costs associated with
manual interventions.

Table 1. Comparison Of ISW-Induced Velocity And The Reconstructed Velocity (Unit: m/s).

Date 10 August 11 August 12 August 13 August

ISW-induced velocity 0.66 0.87 1.71 1.92 2.29 1.36 1.81 1.63 2.27 1.02

Reconstructed velocity 0.65 0.84 1.68 1.87 2.18 1.19 1.76 1.47 1.62 0.83

Ratio of ISW-induced
velocity/reconstructed

velocity (%)
98.0 96.9 98.0 97.4 95.1 87.8 97.3 90.2 71.4 81.5

Date 14 August 15 August 16 August Mean
Ratio
(%)

ISW−induced velocity 1.02 0.91 1.11 0.74 1.05 1.03 0.69 1.85 0.94

Constructed velocity 0.81 0.81 1.05 0.67 0.98 0.93 0.69 1.67 0.86

Ratio of ISW−induced
velocity/reconstructed

velocity (%)
80.0 88.9 94.6 90.8 93.3 90.5 100 90.5 90.9 91.4

It is noticed that, in the field observation, a high sampling interval results in a high
cost of observation. It is interesting to ask whether a coarse sampling interval can catch the
signal of ISW events by using wavelet analysis. Here, we take the ISW-induced velocity
time series at the depth of 60 m from 8 August to 13 August as an example. Various
sampling intervals of 6, 10, 20, and 30 min are chosen to compute the wavelet variances
(Figure 6a). For comparison, the wavelet variances without ISWs are also calculated at
different sampling intervals (Figure 6c). It can be found that the wavelet variances at
different sampling intervals with or without ISWs exhibit peak values around periods
of 24 h, 12 h, and 8 h, though the peak values become smaller as the sampling interval
increases. This is because the energy leaks when the sampling intervals are coarse. At
periods less than 200 min, a clear bimodal distribution versus period, with peaks near
40 min and 110 min, can be seen when sampling intervals are 6 min and 10 min, respectively
(Figure 6b). As the sampling intervals increase, the bimodal structure of wavelet variance
gradually vanishes. Particularly, when the sampling interval increase to 20 min, which is
about the half of the passage time of ISWs, a significantly high value can also be found near
a period of 40 min, indicating that the existence of the ISWs can be easily discriminated from
field observational data with a 20 min sampling interval. However, when the sampling
interval increases to 30 min, no notable signal can be seen at periods between 10 and
120 min. In contrast, when there is no ISWs, the wavelet variances always keep mild at
periods less than 200 min, no matter what the sampling interval is. All in all, when the
sampling interval is less than 20 min, which is about half the passage time of a single
ISW, the field observational data can be used to discriminate the ISW events by using
wavelet analysis.
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Figure 6. (a) Wavelet variances of current velocity dataset with ISWs at re-sampled time resolutions
of 5 min (black), 10 min (red), 20 min (blue), and 30 min (magenta), respectively. The subplot (b) is
the enlargement of (a) during 0–200 min; (c) and (d) are the same as (a) and (b), but using the current
velocity dataset without ISWs. The heavy black line represents the wavelet variance of current
velocity dataset without ISWs at an original time resolution of 2 min.

4. Discussion

To assess the adaptability of our method, an additional velocity dataset with a time
resolution of 15 min was employed to identify the passage of ISWs. The velocity data were
acquired from a bottom-mounted Acoustic Doppler Current Profiler (ADCP) on the Oregon
continental shelf (−124.3054◦ E, 44.64068◦ N) during a period from 15 July to 28 July 2015
(data available at https://oceanobservatories.org/, accessed on 6 February 2024). The
Oregon continental shelf is recognized as a hotspot for ISWs [48,49]. Figure 7a depicts
the eastward velocity at the mooring, revealing the passage of eight ISW packets at the
observation site, where the upper layer velocity flows eastward while the lower velocity
moves in an opposite direction.
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Figure 7. (a) Time series of horizontal current velocity at a time resolution of 15 min obtained on the
Oregon continental shelf. (b) is the continuous wavelet power spectra of the velocity at a depth of
25 m, and (c) is the corresponding wavelet variances of the current velocity versus period. The white
dashed-line in (b) indicates the region that is affected by the edge of the data.

After applying continuous wavelet transformation to the velocity at 20 m, pronounced
high values emerge in the short time-scale domain (Figure 7b). The wavelet variance of
the velocity dataset exhibits a bimodal distribution versus periods with two peaks around
40 min and 110 min, respectively, consistent with those from the South China Sea dataset.
This confirms that the energy within a period band of 10–120 min is induced by ISWs,

https://oceanobservatories.org/
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validating the universality of the parameters employed in our method for ISWs detection
irrespective of the observation location.

Despite the original data having a time resolution of 15 min, our method successfully
detected seven out of eight ISWs, yielding a 12.5% missed detection rate. The reconstructed
velocity retained an average of 85.4% of the original ISW-induced velocity (see Table 2).
This example with a coarse time resolution illustrates that our method is economic in
detecting ISWs, since the ISWs can be easily obtained from single-layer velocity observation
with a coarse time resolution.

Table 2. Comparison of the ISW-Induced Velocity with the Reconstructed Velocity (Unit: m/s).

Date 22 July 23 July 24 July 25 July 26 July Mean
Ratio
(%)

ISW-induced velocity 0.14 0.25 0.2 0.18 0.23 0.32 0.12 0.19

Reconstructed velocity - 0.25 0.2 0.12 0.11 0.18 0.14 0.21

Ratio of ISW-induced
velocity/reconstructed

velocity (%)
- 100.0 100.0 66.7 47.8 56.3 116.7 110.5 85.4

5. Conclusions

In this paper, wavelet analysis is employed to analyze the ISW signals obtained from
field observational data and modeled results. Despite the time and frequency resolution,
problems exist regardless of the transforms used, as it is difficult to discriminate ISW signals
from internal wave communities using Fourier Transformation. Because wavelet analysis
is capable of presenting high time resolution at high frequency, it becomes a powerful
tool to analyze the non-stationary signals like ISWs. Based on high time resolution field
observational data, two time-series datasets, one containing ISWs and the other featuring
only linear internal tidal signals, are obtained. By applying wavelet transformation, high
values appear in the short time-scale domain of continuous wavelet power spectra when
ISWs pass, whilst no signal appears in that domain when there are only internal tides. The
wavelet variances show that the energy of ISWs predominantly concentrates at periods near
40 min and 110 min. A bimodal structure is clearly seen in wavelet variances below 200 min.
This bimodal structure can also be reproduced by the numerical model. It is noted that the
energy at periods shorter than 10 min is not caused by ISWs. Only energy within a period
band of 10–120 min is attributed by ISWs. Once the period band of ISWs is determined,
the maximum ISW-induced velocity and the exact arrival time of ISWs can be identified
by using a conceived signal processing technique. The reconstructed velocity can retain
an average fidelity of 91.4% when compared with the original one. Moreover, different
sampling intervals of 6, 10, 20, and 30 min are also used to compute the wavelet variances.
Results show that a field observational dataset with even a coarse sampling interval for
up to 20 min can also be used to discriminate the signal of ISWs, which may provide us a
lower cost observation strategy for the early warning of ISWs in ocean engineering.
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