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Abstract

:

Internal solitary waves in the South China Sea have attracted attention because of their large amplitude and high rate of occurrence. Internal solitary waves have a substantial influence on underwater sound propagation and ambient noise. However, there have seldom been reports on the noise they cause. In this paper, we conducted an internal solitary waves cooperative observation experiment in the South China Sea in 2016. We analyzed the temperature, flow velocity and noise changes induced by internal solitary waves. The power spectra of noise generated by internal solitary waves at frequencies below 100 Hz was almost 20 dB higher than ambient noise. The observed low-frequency noise had uniform harmonics. Combined with the changes of flow velocity, we interpreted the low frequency noise as flow noise induced by vortex-induced vibration of internal solitary waves flowing past the cable mooring system. The noise spectra were related to the position of the cable where the hydrophone was mounted. The closer they were to the middle of the cable, the greater the vibration amplitude, and the stronger the noise. This study provided a passive acoustic monitoring and warning method for high marine currents.
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1. Introduction


Internal solitary waves (ISWs), characterized by their large amplitudes, high rate of occurrence and strong nonlinearity, are widely distributed in global oceans with crest lengths of up to 200 km [1]. As a result of tide-topography interactions, ISWs are especially active in marginal seas and around straits where strong tidal currents flow over steep topographies [2,3]. In those areas, ISWs induce horizontal current velocities exceeding 2 m/s, and in vertical currents, ISWs depresse isopycnal surfaces rapidly with fluctuating amplitudes of up to 240 m in 10 min [4,5,6,7]. Moreover, ISWs in the oceans often appear as multi-wave packets which contain a number of rank-ordered solitary waves in groups [3,7].



The South China Sea is a marginal sea with a high concentration and occurrence of ISWs [8]. ISWs in the northern South China Sea are among the strongest waves in global oceans. As such, recent years have seen growing attention paid to ISWs in the South China Sea. Xu and Chen reported a strong ISW in the northeast of Dong-sha Atoll, which had a velocity of 2.94 m/s, the largest among the ISWs in global oceans [9]. Cai et al. summarized the generation and evolution of ISWs in the South China Sea [10].



Sound propagation is the most effective method of information transmission in the ocean, and ISWs have a great impact on underwater sound propagation because they cause time-dependent spatial variations in the water temperature and sound speed [11,12,13,14]. The drastic variations in the sound propagation characteristics under ISWs can cause changes in arrival time, propagation path, transmission loss, horizontal refraction and other factors of acoustic waves [15,16]. Thus, ISWs are potentially destructive, decreasing the detection performance of sonar systems.



In addition to sound propagation characteristics, ISWs have been observed to contribute substantially to ambient noise by breaking waves on the sea surface, increasing the internal velocity of currents, and stirring marine sediments [12]. There are three types of noise induced by ISWs, which have been widely studied.



The first type of noise can be easily observed, because the emergence of ISWs forms intense surface rips and produces a noise that is identifiable to the human ear [17]. The collapse of surface waves brings air into the sea and forms a large number of bubbles. In the process of bubble growth and rupture, narrow-band pulses are emitted near the resonant frequency [18]. Rip-band noise can increase the ambient noise by 18 dB at frequencies of 5–15 kHz [17,18]. Near-bottom currents induced by ISWs generate the second type of noise by moving sediments [12,19]. After the sediment particles have been moved away from the seabed, they produce noise by colliding with each other and with the shells of near-bottom hydrophones. Sediment-generated noise is present at frequencies above 10 Hz, but a spectral maximum occurs between 2 kHz and 10 kHz [20,21,22].



When ISWs flow past a hydrophone and an entire mooring system, pressure fluctuations occur in the turbulence [12]. This noise is referred to as flow noise (the third type), usually below 100 Hz [23]. The intensity of flow noise decreases with increasing frequency. It is usually observable on a mooring-mounted hydrophone array in the cable, but not easily detected on a fixed hydrophone on the seabed [23]. Research on flow noise has a long history. As early as 1960, Willis and Dietz measured the flow noise associated with the tides at frequencies of 40–100 Hz in Narragansett [24,25]. Deane found that the flow noise of mooring instruments in shallow water was mostly below 50 Hz [26]. Strasberg and Webb proposed an infrasonic flow-noise model, but there is as yet no generalized flow-noise model for frequencies exceeding the infrasonic range (frequencies above 20 Hz) [27,28]. Flow noise is closely associated with the sensor size and the entire mooring system.



There have been a number of works on the effects that internal waves have on underwater noise [11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28]. However, noise induced by ISWs in the South China Sea has rarely been studied directly—which is also true of the mechanism of the noise. The strong noise caused by ISWs can drown the underwater acoustic signal and reduce signal-to-noise ratio. Therefore, studies of ISW noise would be of special interest to underwater continuous acoustic communication and monitoring with sonar system.



In this study, we observed the water temperature and flow velocity changes induced by ISWs as part of the 2016 Internal Solitary Wave Cooperative Observation Experiment in the South China Sea. Then, we analyzed the effects of ISWs on noise using acoustic data from a mooring-mounted hydrophone array. We found that the low-frequency flow noise was produced by the cable vibrating under the impact of ISWs, named vortex-induced vibration (VIV). This paper has been organized as follows. The experiment and data are introduced in Section 2. Analysis of noise induced by ISWs are presented in Section 3. A comparison between ISW observations in the 2016 experiment and the 2019 experiment in the South China Sea is provided in Section 4. Finally, Section 5 gives a conclusion.




2. Experiment and Data


In this work, data were collected during the 2016 Internal Solitary Wave Cooperative Observation Experiment. The experiment was conducted in the north of the South China Sea from July 2016 to July 2017. Cooperative observation, consisting of oceanographic and acoustic instrumentation, was adopted in the experiment. A subsurface mooring system was deployed at a station labeled IW5 (117.87° E, 21.11° N) with a water depth of 1000 m, which was shown in Figure 1. Oceanographic data measured by thermistor chains and the acoustic doppler current profilers (ADCPs) were continuously observed. Both upward and downward-looking ADCPs were mounted on the mooring system at depth of 511 m in order to record flow velocity information. The temporal resolution was 3 min, and the vertical resolution was 16 m, covering a depth range of 110~850 m. The mooring system was equipped with thermistor chains of temperature loggers and Conductivity-Temperature-Depth (CTD) recorders between 110–930 m to collect temperature and salinity data. The temporal resolution was also 3 min.



The acoustic data were measured by a mooring-mounted hydrophone array attached on the cable. The array consisted of five independent acoustic hydrophones, spanning a depth of 200–950 m (Figure 1). The commercial hydrophones used on the array were independent acoustic hydrophones manufactured by the Institute of Acoustics of the Chinese Academy of Sciences. All hydrophones on the array were calibrated before experiment. Their received voltage responses were characterized. The sampling rate of the hydrophone was 4 kHz, and the sound pressure sensitivity of the hydrophone was −175 dB. The sensitivity value was fulfilled between 8 Hz to 2000 Hz without decaying more than −2 dB. Considering the storage and device power, the hydrophone was operated in intermittent mode (15 min every 3 h).



ISWs can cause large depressions on the isothermal surface and notable increases in the flow velocity. As shown in Figure 2, the duration time of temperature and velocity segments was 1 h, spanning a depth of 110−850 m. The influence time of ISWs on seawater temperature was about 15 min. The amplitudes of different ISWs varied greatly, from approximately 90 m to 160 m. The characteristic data for the three different ISWs focused in the study are shown in Table 1.



The mooring-mounted hydrophone array and thermistor chains were configured together. It took more than ten minutes for the internal wave to pass the mooring system, so we needed to find the noise data, with internal waves occurring and acoustic records, for analysis. In spite of the experiment period of one year, we only found a total of 6 events that matched the requirement, all of which were analyzed. Three with large internal wave amplitudes were selected for analysis, and the rest of the data also showed similar phenomena (Figure 2). Figure 3 depicts the data received by the C058 hydrophone at a depth of 700 m between 18:00 UTC+8 to 18:15 UTC+8 on 1 October 2016. Figure 3a shows the time-domain signal and the obvious noise burst when the internal wave arrived at 18:03 UTC+8. The time–frequency spectrum (Figure 3b) was obtained by short-time Fourier transform of the data. This analysis used a Hamming window of length 4096, with a 4096-point fast Fourier transform (FFT) and an overlap of 50%. The label of the time–frequency spectrum was power spectral density (PSD). Noise at about 500 Hz and some high frequency lines were generated by the shaking of the hydrophone and the collision of suspended particles in the water against the hydrophone casing when ISWs flowed past the mooring system.



It was notable that the low-frequency noise presented an identifiable frequency fluctuation at frequencies below 100 Hz, and the acoustic intensity increased with decreasing frequency. A further finding was that low-frequency noise had uniform harmonics, as depicted in Figure 3c (bright stripes). The generation mechanism for these features is discussed in the next section.




3. Analysis and Discussion of Noise Induced by Internal Solitary Waves


3.1. Korteweg-de Vries Equation Theory


The interfacial waves in an arbitrarily stratified fluid can be expressed by the classical Korteweg–de Vries (KdV) equation


    ∂ η   ∂ t   +  C 0    ∂ η   ∂ x   + α η   ∂ η   ∂ x   + β    ∂ 3  η   ∂  x 3    = 0    



(1)




where  η  characterizes the vertical displacement of the isopycnal surface [15,29].    C 0    is a linear speed. The nonlinear parameter  α  and dispersion parameter  β  are considered environmental parameters and make contributions to density stratification and sheer currents [10].



In the two-layer fluid model, the upper layer has a thickness    h 1    and a density    ρ 1   , and the lower layer has a thickness    h 2    and a density    ρ 2   , and    ρ 2  >  ρ 1    [15]. This models a typical pycnocline. In this case, the linear speed is


   C 0  =     g  h 1   h 2  δ ρ    ρ  a v    (   h 1  +  h 2   )      ,  



(2)




where    ρ  a v   =    (   ρ 1  +  ρ 2   )   / 2    is the mean density,   δ ρ =  ρ 2  −  ρ 1    is the density difference.



To illustrate the dynamics of a single wave packet of ISW in Figure 2, the solitary solution of KdV equation is


  η =  η 0    sech  2    x −  C p  t  l  ,  



(3)




where    η 0    is the amplitude of the displacement,  x  is the horizontal position of an one-dimensional interfacial wave, and the nonlinear velocity    C p    and soliton width  l  [15,29].


    C p  =  C 0  +   α  η 0   3    ,   l =     12 β   α  η 0          



(4)







The nonlinear and dispersion parameters ( α  and  β ) of the model are


   α =   3  C 0   (   h 1  −  h 2   )    2  h 1   h 2      ,   β =    C 0   h 1   h 2   6  .     



(5)







Using the explicit form of environmental parameters  α  and  β , Equation (4) becomes


    C p  =  [  1 +    η 0   (   h 1  −  h 2   )    2  h 1   h 2     ]    ,   l =   2  h 1   h 2      3  η 0   |   h 1  −  h 2   |      .   



(6)







This solitary solution is the typical characteristic of ISW in many areas of the ocean [15].




3.2. Spectra Comparison of ISW Noise and Ambient Noise


This section served to illustrate the effects of ISW noise on the ambient noise. Figure 4a shows the power spectra of the noise received by the hydrophone located at 700 m during the passage of internal waves and the ambient noise received three hours later (from 9:00 to 9:02 UTC+8). The data duration was 2 min. The differences in PSD between the two PSD curves are shown in Figure 4b. The spectral level of ISW noise was about 20–40 dB higher than that of ambient noise at frequencies between 10 Hz and 50 Hz. Due to the effects of low frequency harmonics, the maximum difference was 47.7 dB. As the frequency increased, the spectral level gap narrowed. Up to 2 kHz, the difference remained around 10 dB. Flow noise was the dominant source below 100 Hz. Distant ships may be responsible for the peaks in the ambient noise between 200 Hz and 500 Hz. The noise comparison revealed that the ambient noise was completely drowned out by the ISW noise below 2 kHz.




3.3. Low-Frequency Noise Induced by ISWs


3.3.1. Relationship between Low-Frequency Noise and ISWs


We interpreted the observed low-frequency noise as the flow noise induced by ISWs [23,27]. For this purpose, we analyzed data collected from other ISWs. Figure 5 shows the time–frequency spectra of low frequency noise and their corresponding flow velocities (The data time is consistent with Table 1). The increase in flow velocity was almost synchronous with the burst of low frequency noise. The noise on 21 September 2016 was incomplete, as the maximum velocity occurred at 5:54 UTC+8. As discussed, these results were in accordance with the properties of flow noise induced by ISWs.



It was interesting to note that each segment of noise induced by the ISWs had fundamental and harmonic waves. To elucidate the characteristics of the harmonic waves, we used a 16.384 s data block with 50% overlap (65536-points FFT) from the center of each signal for spectrum analysis. The Welch method and Blackman window were used to calculate power spectra. Figure 6 shows the power spectra corresponding to the three signals in Figure 5. Table 2 shows their fundamental and harmonic frequencies. Each segment of signal had a different fundamental frequency. This phenomenon may be associated with the velocity of the ISW. It was worth discussing these facts, in terms of which part of the mooring system the internal wave interacted with, to produce low-frequency flow noise and harmonics.




3.3.2. Vortex-Induced Vibration


The cable of the mooring system can be abstracted as a flexible riser in the water with the upper end subjected to vertical tension and the lower end fixed. The current, when flowing past the cylinder, generates a vortex alternately, therefore, periodic pressure changes occur around the cylinder [30]. When the cylinder is a flexible structure, the periodic vibration of the cylinder structure is caused by the alternating pressure, namely vortex-induced vibration [30]. This can be used to account for the vibration caused by internal waves flowing past the cable system.



As far as we know, little previous research has investigated the VIV induced by ISWs. However, VIV produced by other kinds of currents around a cylinder has been widely documented. In 1911, Karman conducted a pioneering study on vortex shedding around the flow based on the non-viscous method. When a viscous fluid passes through a cylindrical structure, its wake will undergo flow separation and form two rows of vortices alternately, which is called a Karman vortex street [31]. When the frequency of the vortex is close to the natural frequency of the structure, structural resonance or VIV occurs. Kassen [32], Sarpkaya [33] and Wu [34] provided detailed explanations of VIV, including generation mechanism, models, wake form, self-locking phenomenon and so on.



Although there have been many studies of VIV on underwater flexible risers in the laboratory, there have been few underwater experimental studies owing to the high cost of full-scale field experiments. Large-scale model tests of tensioning risers (90 m in length and 3 cm in diameter) were carried out in a lake on Norway’s west coast in 1997 [35]. Lie used modal analysis to determine that the VIV was irregular in the non-lock-incase, and that the vibration frequency was composed of the natural frequency of the structure plus the frequency of vortex shedding along the length of the structure [35]. Recent studies have shown that the VIV of the flexible riser had multi-order harmonics. Wu determined that higher harmonics could be present with flexible beam VIV [36]. Trim analyzed the second harmonic frequency component of the VIV from a flexible riser (38 m in length and 2.7 cm in diameter) in the Marintek Ocean Basin in Trondheim [37]. When Wang analyzed the multi-order modes and harmonics of the cable-coupled vibration response, he found that, the closer to the midpoint of the cable, the higher the excitation degree of the first two modes, and the farther away from the midpoint of the cable, the more average the excitation degree of the first six modes. [38]. The uniform harmonic component was evidence of internal wave noise. This was also consistent with the results of our analysis in Figure 6. It was considered that the oscillations of the marine cables system would cause noise in the sonar system, reducing the performance of other environmental sensors [30].



When uniform turbulence flows past a rigid, fixed riser of diameter d, the time-varying motion of the riser can be made up of a series of mode-shapes if the dynamical process of the riser vibration is approximately linear [35].


   x  (  t , z  )  =   ∑  n = 1  ∞    w n   ( t )   φ n   ( z )      ,   z ∈ [ 0 , L ] ,     



(7)




where L is the length of the riser, z is the vertical coordinate, and t is the time. The horizontal displacement of the riser x(t,z) is determinded by the mode-shape    φ n   ( z )    and the modal weight    w n   ( t )   , n = 1, 2, 3… [35].



The vortex shedding frequency is


   f  V I V   = S t ⋅ u / d ,  



(8)




where the u is the free-current velocity. When the cable diameter is no more than 0.1 m, the maximum Reynolds number for the mooring system is usually less than 105, and during a wide range of the Reynolds number (Re), 102 < Re < 105, the Strouhal number (St) varies little and has a value around 0.2 [30,35].



We knew the diameter of the cable (1 cm) and the velocity at the depth of the hydrophones at different times. The vortex shedding frequency was consistent with the structural natural frequency [30]. The shedding frequency was calculated using Equation (8). As shown in Table 3, shedding frequency was positively correlated with the ISW velocity. The velocity increased as the internal wave approached the hydrophone and decreased as the internal wave moved away from the hydrophone. Therefore, the frequency of the noise appearred to increase first and then decrease, appearing as a frequency fluctuation in the time–frequency spectra.



The fundamental frequencies (Table 2) of the noise with maximum spectra at 18:09, 18:06 and 06:00 UTC+8 were 12.72 Hz, 9.16 Hz and 8.18 Hz, respectively. The actual frequency was higher than the calculated frequency. The vibration of the cable depended not only on the velocity of the internal waves, but also on the mass of the cable, the added mass, the elasticity and the damping coefficient [35]. Locking and synchronization may occur if the natural resonant frequency of the cable approximates the Strouhal frequency [30]. In this case, the vortex fell off at the actual frequency, not the frequency calculated by Equation (8), because the formation and shedding process of the vortex changed the added mass of the cable [30,35]. The change in added mass may be positive or negative, causing an increase or decrease in shedding frequency [35]. In addition, the velocity of ISW varied greatly with time and space, further complicating the vortex shedding frequency [38].



Together, the characteristics and frequency components of the VIV were consistent with our analysis of flow noise. The results of the experiment found clear support for low frequency noise induced by VIV when ISWs flowed past the marine cable system.





3.4. Spectrum Comparison of ISW Noise at Different Depths


To illustrate the depth dependence of ISW noise, Figure 7 shows the power spectra comparison as a function of the frequency for five hydrophones at depths of 200 m, 300 m, 500 m, 700 m, and 950 m. As shown in Figure 7, the distant noise component below 100 Hz was derived from the flow noise induced by ISWs. The fundamental frequencies of the noise differed substantially because of the velocity difference of internal waves at different depths.



The noise spectrum levels of the hydrophones at 200 m, 500 m, and 700 m were less than those at 300 m and 700 m. The key was the structure of the entire mooring system. The vibration amplitude of the cable decreased with the increase of tension [38,39]. The hydrophone, C050, at 200 m, was close to the main floater at the top of the cable system. Hydrophone C061, at 500 m, approached the central floater where the ADCPs were located. Hydrophone C010, at 950 m, was located near the fixed object at the bottom of the cable. Hydrophone C058 had a larger spectrum level than hydrophone C051, because the floater at 500 m divided the cable into two sections, shorter at the top and longer at the bottom. The longer the vibration length of the cable, the greater the vibration amplitude [39].





4. Comparison of ISW Noise in 2019 ISW Observation Experiment


This section compares noise measurements from the 2019 Internal Solitary Wave Observation Experiment. The experiment was located on the continental shelf of the South China Sea with an average water depth of 360 m.



Figure 8 shows the temperature data and the noise of the same internal wave received by two hydrophones. The maximum amplitude of this ISW was 91.74 m which arrived at 19:42 UTC+8. Figure 8b shows the time–frequency spectrum below 100 Hz recorded by a hydrophone located at depth of 200 m, which was the middle hydrophone of the mooring-mounted linear array. The length of the cable in this experiment was about 300 m. The fundamental frequency of low frequency noise was 10.20 Hz, with uniform harmonic components.



The results confirmed that the flow noise induced by ISWs was indeed caused by the VIV of the cable system. The noise in Figure 8c was from the near-bottom hydrophone at a depth of 340 m, 17.8 km west of the mooring-mounted linear array. The length of the cable that held the hydrophone was 30 m. When the same ISW flowed past the near-bottom hydrophone, the noise intensity was substantially reduced. The fundamental frequency of low frequency noise was 6.15 Hz.



A comparison between ISW observations in the 2016 experiment and the 2019 experiment is shown in Table 4. The amplitude of the internal wave in the 2019 experiment was slightly smaller than that observed in the 2016 experiment. Due to the shallow sea, the cable length of the mooring system was much smaller than that of the deep-sea experiment. This result showed that the noise intensity induced by ISW was related to the cable length, because the longer the cable, the stronger the VIV [30,35]. This was also related to the position of the hydrophone attached on the mooring system. Overall, all noise datasets had uniform harmonics, which was in accordance with the characteristics of flow velocity.




5. Conclusions


In this study, oceanographic and acoustic data from the 2016 Internal Solitary Wave Cooperative Observation Experiment in the South China Sea were studied. We analyzed the noise during three large ISWs and found that ISWs produced strong noise at low frequencies. The analysis results could be used as a supplement to internal wave observations and provide a passive acoustic monitoring and warning method for high marine currents.



Within 15 min of the internal wave flowing past the subsurface mooring, the isothermal surface was depressed substantially, with a maximum amplitude reaching 160 m and the maximum velocity exceeding 2 m/s. The noise received by the mooring-mounted hydrophone array also increased.



Compared with the ambient noise, the results indicated that the ISW noise was higher than the ambient noise at frequencies below 2 kHz, and even higher than 20–40 dB within 100 Hz.



Through analysis of time–frequency spectra and power spectra, we interpreted the low frequency noise as vortex-induced vibration caused by ISWs flowing past the marine cable system owing to the significant harmonic component of the noise. The noise duration was basically consistent with the time of ISWs interacting with the mooring system. It was notable that the frequency fluctuation of noise was caused by the variation of internal wave velocities with time and space. Through comparison of the ISW noises received by hydrophones at different depths, we found that the power spectra of ISW noises were associated with the positions of the hydrophones fixed on the cable. The closer to the fixed end, the smaller the noise spectrum level, and vice versa.



For further evidence, the observation experiment of internal waves in the South China Sea in 2019 confirmed that the frequency fluctuation and harmonic components of low frequency noise induced by internal solitary waves still occurred under different experimental conditions.



The results of this study could establish a high marine current warning and real-time marine current monitoring system, because the observed acoustic characteristics, including harmonics, frequency fluctuation, and energy enhancement, were intrinsically related to the velocity and amplitude of internal waves. Oceanographic phenomena can be studied based on acoustic observations and noise analysis. In addition, when studying oceanographic phenomena, acoustic signal analysis technology can receive data through a single hydrophone on the mooring system, without the full ocean depth thermistor chains and ADCP. It would be both cheaper and more practical than other ocean instruments.



To our knowledge, few studies have examined the model of the marine cable system vibration under ISWs. Therefore, the low frequency noise induced by ISWs calls for further experimentation and theoretical exploration.
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Figure 1. The topography in the South China Sea. The red pentagram indicates the location of the experimental site (IW5 station). The right figure shows the subsurface mooring system. 
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Figure 2. Temperatures and flow velocities for ISWs passing by the IW5 station on three different days. (a,c,e) Temperatures measured by thermistor chains. (b,d,f) Flow velocities measured by the ADCPs. The flow velocity from west to east is positive and the reverse is negative. The flow velocity in this work refers to the zonal velocity. All data sampled at UTC+8. 
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Figure 3. The signal received by the C058 hydrophone at a depth of 700m from 18:00 UTC+8 to 18:15 UTC+8 on 1 October 2016. (a) Time–domain signal. (b) Time–frequency spectrum. (c) Time–frequency spectrum between 0 Hz and 100 Hz. 
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Figure 4. Power spectrum comparison of ISW noise and ambient noise. (a) PSD comparison. (b) The differences of PSD between ISW noise and ambient noise. ISW noise is from the 2 min data received by hydrophone C058 at depth of 700 m between 6:00 to 6:02 UTC+8 on 21 September 2016, and the ambient noise is from data three hours later (from 9:00 to 9:02 UTC+8). 






Figure 4. Power spectrum comparison of ISW noise and ambient noise. (a) PSD comparison. (b) The differences of PSD between ISW noise and ambient noise. ISW noise is from the 2 min data received by hydrophone C058 at depth of 700 m between 6:00 to 6:02 UTC+8 on 21 September 2016, and the ambient noise is from data three hours later (from 9:00 to 9:02 UTC+8).



[image: Jmse 10 00222 g004]







[image: Jmse 10 00222 g005 550] 





Figure 5. Flow velocities and time–frequency spectra (dB) of the C058 hydrophone (700 m) on (a,b) 14 March 2017. Flow velocities and time–frequency spectra of the C010 hydrophone (950 m) on (c,d) 1 October 2016 and (e,f) 21 September 2016. The depth on the figures represents the depth at which the flow velocity was measured. 
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Figure 6. Power spectra of the noise recorded by the same hydrophones as in Figure 5. (a) The data after 18:09 UTC+8. (b) The data after 18:06 UTC+8. (c) The data after 6:00 UTC+8. The data length is 16.384 s. 
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Figure 7. Power spectra comparison of ISW noise from five hydrophones at different depths from 18:06 to 18:08 UTC+8 on 14 March 2017. 
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Figure 8. Temperature data and noise of the same ISW received by two hydrophones on 9 July 2019. (a) Temperature measured by the thermistor chains. (b) Time–frequency spectrum from a hydrophone at a depth of 250 m. The cable of the hydrophone array is 300 m long. (c) Time–frequency spectrum from the near–bottom hydrophone at a depth of 340 m. The cable of the single hydrophone is 30 m long. 
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Table 1. Characteristic data for ISWs on three different days.
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	Observation Date
	Time (UTC+8)
	Max Amplitude
	Max Flow Velocity





	20170314
	18:06
	159.65 m
	−2.09 m/s



	20161001
	18:03
	118.28 m
	−1.78 m/s



	20160921
	05:54
	98.30 m
	−1.52 m/s
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Table 2. The fundamental and harmonic frequencies of the three signals (Hz).
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	Fundamental
	Double
	Triple
	Quadruple
	Five-Times
	Six-Times
	Seven-Times
	Eight-Times





	12.72
	25.39
	39.06
	51.76
	64.65
	77.15
	89.84
	105.32



	9.16
	18.43
	27.59
	36.74
	45.89
	55.05
	64.58
	73.49



	8.18
	16.11
	24.17
	32.35
	40.41
	48.58
	56.52
	64.58
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Table 3. ISW velocities and calculated frequencies of the hydrophones at different times.
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Hydrophone

	
C058-20170314 (700 m)

	
C010-20161001 (950 m)

	
C010-20160921 (950 m)






	
Time

	
18:03

	
18:09

	
18:03

	
18:06

	
06:00

	
06:03




	
Velocity (cm/s)

	
41.82

	
52.90

	
21.74

	
25.26

	
23.62

	
17.11




	
Frequency (Hz)

	
8.36

	
10.58

	
4.35

	
5.05

	
4.72

	
3.42
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Table 4. The comparison between ISW observations in the 2016 experiment and 2019 experiment.
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2019 Experiment

	
2016 Experiment






	
Water depth (m)

	
360 m

	
1000 m




	
Cable length (m)

	
300 m

	
30 m

	
490 m

	
490 m

	
490 m




	
Amplitude of ISW (m)

	
91.74 m

	
91.74 m

	
159.65 m

	
118.28 m

	
98.30 m




	
Hydrophone location

	
middle

	
bottom

	
middle

	
bottom

	
bottom




	
Fundamental frequency (Hz)

	
10.20 Hz

	
6.15 Hz

	
12.72 Hz

	
9.16 Hz

	
8.18 Hz
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