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Abstract. In this paper, a regional study of the mode-2 internal solitary waves (ISWs) in the Pacific coast of Central America 6 

is carried out by using the seismic reflection method. The observed relationship between the dimensionless propagation speed 7 

and the dimensionless amplitude (DA) of the mode-2 ISW is analyzed. When DA<1.18, the dimensionless propagation speed 8 

seems to increase with the increasing dimensionless amplitude, divided into two parts with different growth rates. When 9 

DA>1.18, the dimensionless propagation speed increases with the increasing dimensionless amplitude at a relatively small 10 

growth rate. We suggest that the influences of seawater depth (submarine topography), pycnocline depth, and pycnocline 11 

thickness on the propagation speed of the mode-2 ISW in the study area, cause the relationship between the dimensionless 12 

propagation speed and the dimensionless amplitude to diversify. The observed relationship between the dimensionless 13 

wavelength and the dimensionless amplitude of the mode-2 ISW is also analyzed. When DA<1, the nondimensional 14 

wavelengths seem to change from 2.5 to 7 for a fixed nondimensional amplitude. When DA>1.87, the dimensionless 15 

wavelength increases with the increasing dimensionless amplitude. Additionally, the seawater depth has a great influence on 16 

the wavelength of the mode-2 ISW in the study area. Overall the wavelength increases with the increasing seawater depth. As 17 

for the vertical structure of the amplitude of the mode-2 ISW in the study area,  we find that it is affected by the nonlinearity 18 

of the ISW and the pycnocline deviation (especially the downward pycnocline deviation). 19 

1 Introduction 20 

The amplitude and propagation speed of the mode-1 ISW are larger than those of the mode-2 ISW. The mode-1 ISWs are 21 

more common in the ocean. In recent years, with the advancement of observation instruments, the mode-2 ISWs in the ocean 22 

have been gradually observed, such as on the New Jersey shelf (Shroyer et al., 2010), in the South China Sea (Liu et al., 2013; 23 

Ramp et al., 2015; Yang et al., 2009), at Georges Bank (Bogucki et al., 2005), over Mascarene Ridge in the Indian Ocean (Da 24 

Silva et al., 2011)), and on the Australian North West Shelf (Rayson et al., 2019). Conventional physical oceanography 25 

observation and remote sensing observation have their limitations. That is, the horizontal resolution of conventional physical 26 

oceanography observation methods (such as mooring) is low. And satellite remote sensing cannot see the ocean interior. 27 

Seismic oceanography (Holbrook et al., 2003; Ruddick et al., 2009; Song et al., 2021), as a new oceanography survey method, 28 

has a high spatial resolution (the vertical resolution and horizontal resolution can reach about 10m). It can better describe the 29 
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spatial structure and related characteristics of mesoscale and small scale phenomena in the ocean (Biescas et al., 2008, 2010; 30 

Fer et al., 2010; Holbrook & Fer, 2005; Holbrook et al., 2013; Pinheiro et al., 2010; Sallares et al., 2016; Sheen et al., 2009; 31 

Tsuji et al., 2005). Scholars have used the seismic oceanography method to carry out related studies on the geometry and 32 

kinematics characteristics (mainly related to propagation speed) of ISW in the South China Sea, the Mediterranean Sea, and 33 

the Pacific Coast of Central America (Bai et al., 2017; Fan et al., 2021a, 2021b; Geng et al., 2019; Sun et al., 2019; Tang et 34 

al., 2014, 2018). 35 

At present, the researches on the mode-2 ISW are mainly based on simulation. Through simulation, scholars have found 36 

that the pycnocline deviation will affect the stability of the mode-2 ISW. And it will make the top and bottom structure of the 37 

mode-2 ISW asymmetrical (Carr et al., 2015; Cheng et al., 2018; Olsthoorn et al., 2013). The instability caused by the 38 

pycnocline deviation mainly appears at the bottom of the mode-2 ISW. It is manifested in that the amplitude of the mode-2 39 

ISW peak is smaller than the amplitude of the trough. Because the upper sea layer is thinner than the bottom sea layer. The 40 

wave tail will appear similar to K-H instability billow and the wave core will appear small-scale flip (Carr et al., 2015; Cheng 41 

et al., 2018). For the propagation speed of the mode-2 ISW, scholars found through simulation experiments that it increases 42 

with the increasing amplitude (Maxworthy, 1983; Salloum et al ., 2012; Stamp & Jacka, 1995; Terez & Knio, 1998). Brandt 43 

et al. (2014) simulated the material transport of mode-2 ISW with large amplitude in the laboratory. They found that when 44 

2a/h2>4 (a is the amplitude of the mode-2 ISW and h2 is the pycnocline thickness, we define the dimensionless amplitude 45 

ã=2a/h2 for the convenience of using in the following text), the linear relationship between the propagation speed (wavelength) 46 

and the amplitude is destroyed. That is, when the amplitude ã≥4, the propagation speed increases relatively slowly, and the 47 

wavelength increases rapidly. They believe that the above results are caused by strong internal circulation related to the very 48 

large amplitude and the influence of the top and bottom boundaries. Chen et al. (2014) calculated the KdV propagation speed 49 

and the fully nonlinear propagation speed of the ISW as the function of the pycnocline depth and the pycnocline thickness, 50 

respectively. They found the propagation speed of the mode-2 ISW increases monotonously with the increasing pycnocline 51 

depth, and firstly increases and then decreases with the increasing pycnocline thickness. Carr et al. (2015) found by simulations 52 

that the pycnocline deviation has little effect on the propagation speed, wavelength, and amplitude of the mode-2 ISW. 53 

Maderich et al. (2015) found that for the mode-2 ISWs when the dimensionless amplitude ã<1, the deep-water weakly 54 

nonlinear theory (Benjamin, 1967) can describe the numerical simulation and experimental simulation results well. When ã>1, 55 

the wavelength (propagation speed) increases with the amplitude faster than the results predicted by the deep-water weakly 56 

nonlinear theory. But the solution of Kozlov and Makarov (1990) can well estimate the corresponding wavelength and 57 

propagation speed when the amplitude is 1<ã<5. Terletska et al. (2016) found that the propagation speed and amplitude of the 58 

mode-2 ISW will decrease after passing the step. And the closer the mode-2 ISW is to the step in the vertical direction at the 59 

time of incidence, the smaller the propagation speed and amplitude of the mode-2 ISW are after passing the step. Kurkina et 60 

al. (2017) used GDEM (Generalized Digital Environmental Model) to find that the seawater depth in the South China Sea is 61 

the main controlling factor of the mode-2 ISW propagation speed. And the propagation speed increases exponentially with the 62 

increasing seawater depth. Deepwell et al. (2019) found by simulation that the relationship curve that the mode-2 ISW 63 
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propagation speed increases with the increasing amplitude has a strong quadratic fitting relationship. They speculated that this 64 

quadratic fitting relationship comes from the influence of seawater depth (when the seawater depth is smaller, the propagation 65 

speed is also smaller). 66 

The simulation can well reveal the kinematics characteristics of the mode-2 ISW. But the actual ocean conditions are 67 

often more complicated, which is manifested by the diversity of controlling factors in the kinematics process. The observations 68 

including the seismic oceanography method are also required to continually provide a basic understanding of the geometry 69 

and kinematics characteristics of the mode-2 ISW. For example, limited by factors such as the lower spatial resolution of the 70 

observation methods, previous scholars have less direct observation research on the propagation speed and wavelength of the 71 

mode-2 ISW in the ocean. And there is even less research (including observation research) on the vertical structure of the 72 

mode-2 ISW. The seismic oceanography method has more advantages for carrying out the above-mentioned research due to 73 

its higher spatial resolution. The Pacific coast of Central America (western Nicaragua) has relatively continuous submarine 74 

topography along the coastline, including the continental shelf and continental slope, with a seawater depth of 100-2000m (Fig. 75 

1). At present, there is relatively little research work on internal waves in this area. We reprocessed the historical seismic data 76 

in this area and identified a large number of mode-2 ISWs with relatively complete spatial structures in the region. This 77 

discovery is very helpful to carry out observation research on the geometry and kinematics characteristics of the mode-2 ISW. 78 

Fan et al. (2021a, 2021b) used the multichannel seismic data of the survey lines L88 and L76 (cruise EW0412, see Fig. 1 for 79 

the survey line locations) in the Pacific coast of Central America to respectively report the mode-2 ISWs in this area and study 80 

the shoaling features of the mode-2 ISW in this area. However, a single survey line can only reveal the local characteristics of 81 

the mode-2 ISW in the study area. A deep understanding of the geometry and kinematics characteristics (mainly related to 82 

propagation speed) of the mode-2 ISW in the study area requires a regional systematic study. In this work, we reprocessed the 83 

seismic data of the entire study area. And we identified numerous mode-2 ISWs on multiple survey lines in the region (the 84 

positions of the observed ISWs and the survey lines they located are shown by the black filled circles and the red lines in Fig. 85 

1, respectively). Based on the numerous mode-2 ISWs observed by multiple survey lines in the study area, this paper will 86 

conduct a regional study on the characteristic parameters. These characteristic parameters include the pycnocline deviation 87 

degree, propagation speed, and wavelength of the mode-2 ISW, as well as the vertical structure characteristics of the mode-2 88 

ISW amplitude in the study area. 89 

 90 
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Figure 1. Distribution of multichannel seismic data. The red lines indicate the positions of the survey lines, and the black filled circles 92 
on the red lines indicate the positions of the observed mode-2 ISWs. The blue lines S1, S2, and S3 are part of the seismic sections 93 
containing the mode-2 ISWs, which will be displayed in Fig. 3 and Fig. 4. 94 

2 Data and Methods 95 

This paper mainly uses seismic reflection to conduct a regional study on the mode-2 ISWs in the Pacific coast of Central 96 

America. The seismic data of the cruise EW0412 used in this study was provided by the MGDS (The Marine Geoscience Data 97 

System) (http://www.marine-geo.org/). The cruise EW0412 collected high-resolution multichannel seismic data from the 98 

continental shelf to the continental slope in the coastal areas of Sandino Forearc Basin, Costa Rica, Nicaragua, Honduras, and 99 

El Salvador (Fulthorpe & McIntosh, 2014). The seismic acquisition parameters of the cruise EW0412 are as follows: the 100 

sampling interval is 1 ms, each shot gather has 168 traces, the shot interval is 12.5 m, the trace interval is 12.5 m, and the 101 

minimum offset is 16.65 m. The seawater seismic reflection sections used in this study were obtained through the following 102 

processing processes: defining geometry, noise attenuation, common midpoint (CMP) sorting, velocity analysis, normal 103 

moveout (NMO), stacking, and post-stack denoising. Previous scholars demonstrated that seismic reflections generally track 104 

isopycnal surfaces (Holbrok et al., 2013; Krahmann et al., 2009; Sheen et al., 2011). We believe the seismic stacked sections 105 

(like Figs. 3 and 4) include the information of the density profile. So we do not provide the plots of the density profile the 106 

waves propagate on (even in schematic form) in the following sections. 107 
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In this research, we try to use the maximum amplitude (the maximum vertical displacement of isopycnals) to study the 108 

amplitude related characteristics of mode-2 ISW, like the relationship between the propagation speed and the maximum 109 

amplitude in Fig. 9. But the correlativity is not very strong. We also noticed that the amplitude, defined as the maximum 110 

vertical displacement of isopycnals, is used less in quantitatively describing the amplitude related characteristics of mode-2 111 

ISW. Particularly, in mode-2 ISW simulation research, the scholars often use the dimensionless amplitude ã to quantitatively 112 

describe the amplitude-related characteristics of mode-2 ISW, like the relationship between the propagation speed and the 113 

dimensionless amplitude (Brandt et al., 2014; Carr et al., 2015). It is important to point that in mode-2 ISW simulation research, 114 

the dimensionless amplitude the scholars used comes from the three-layer model. But the mode-2 ISW in the actual ocean has 115 

a multilayer structure (multiple continuous density displacements above and below the mid-depth of the pycnocline). It is 116 

different from the three-layer model used in the simulation experiment to describe the convex mode-2 ISW. As for the three-117 

layer model, the upper layer of the convex mode-2 ISW is the peak and the lower layer is the trough. Because there is almost 118 

no work of the previous scholars to define the dimensionless amplitude of the mode-2 ISW based on the mode-2 ISW in the 119 

actual ocean (with multiple continuous density displacements above and below the mid-depth of the pycnocline) for our 120 

reference. To compare our observation results to the simulation results and quantitatively describe the amplitude-related 121 

characteristics of mode-2 ISW, we try our best to build an equivalent three-layer model. The equivalent three-layer model 122 

results from the mode-2 ISW with the continuous structure in the actual ocean. It should be pointed that the equivalent three-123 

layer model is defined by trying our best to analogize with the three-layer model. Therefore it is not completely the same as 124 

the three-layer model like Fig. 1 in Brandt et al. (2014). We use the equivalent three-layer model to calculate the equivalent 125 

amplitude, the equivalent pycnocline thickness, and the equivalent wavelength of the mode-2 ISW. Similarly, as the equivalent 126 

three-layer model is defined by trying our best to analogize with the three-layer model, the equivalent amplitude (dimensionless 127 

amplitude) is not completely equivalent to the one used by Brandt et al. (2014). For the mode-2 ISW with a multilayer structure, 128 

the sum of all ISW peak amplitudes ap and the sum of all ISW trough amplitudes at are respectively taken as the equivalent 129 

peak and trough amplitude of the mode-2 ISW with a three-layer model structure. Then the equivalent amplitude of the mode-130 

2 ISW with a three-layer model structure is the average of ap and at. And the equivalent pycnocline thickness is calculated by 131 

h2=h-ap-at, where h is the seawater thickness affected by the mode-2 ISW with a multilayer structure. The equivalent 132 

wavelength of the mode-2 ISW with a three-layer model structure is the average of all ISW peak and trough wavelengths in 133 

the multilayer structure. The detailed calculation process is described in Fan et al. (2021a). This study uses an improved ISW 134 

apparent propagation speed calculation method to calculate the apparent propagation speed of ISW. This method firstly does 135 

pre-stack migration of the common offset gather sections. And then picking the CMP and shot point pairs corresponding to 136 

the ISW trough or peak from the pre-stack migration sections of different offsets with a high signal-to-noise ratio. By fitting 137 

the CMP-shot point pairs, we can calculate the apparent propagation speed and apparent propagation direction of the ISW. 138 

The ISW horizontal velocity can be expressed by the equation as follow: 139 

                                                                       𝑣 =
𝑐𝑚𝑝2−𝑐𝑚𝑝1

𝑇
=

𝑐𝑚𝑝2−𝑐𝑚𝑝1

(𝑠2−𝑠1)𝑑𝑡
                                                                             (1) 140 
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where cmp1 and cmp2 are the peak or trough position of the ISW at different time, s1 and s2 are the shot numbers corresponding 141 

to cmp1 and cmp2, and dt is the time interval of shots. The detailed calculation process is described in Fan et al. (2021a). 142 

The wavelength of the mode-2 ISW is usually defined as half-width at half-amplitude of the ISW (Carr et al., 2015; Stamp 143 

& Jacka, 1995), as shown by λ in Fig. 2. In a seismic survey, the sound is sent from a towed source, reflected from aquatic 144 

structures, and received by an array of towed hydrophones with time delays that depends on the geometry of the ray paths 145 

taken. The detailed introduction to seismic principles is described by Ruddick et al. (2009). Traditional seismic reflection 146 

imaging assumes that the underground structure is fixed. Since the mode-2 ISWs move relatively fast in the horizontal direction 147 

(about 0.5m/s) during the seismic acquisition process, the seismic reflection imaging of the mode-2 ISWs needs to consider 148 

the influence of the horizontal motion of the ISW. The wavelength of the mode-2 ISW observed by the seismic reflection 149 

method is the apparent wavelength. The apparent wavelength of the mode-2 ISW is controlled by the relative motion direction 150 

of the ship and the ISW, the ship speed, and the propagation speed of the ISW. The propagation speed of the mode-2 ISW 151 

(about 0.5m/s) is generally lower than the ship speed (about 2.5m/s) during seismic acquisition. When correcting the apparent 152 

wavelength of the mode-2 ISW to obtain the actual wavelength, it is divided into two situations in which the motion direction 153 

of the ISW and the ship is the same and opposite, as shown in Fig. 2. When the ISW and the ship move in the same direction, 154 

the wavelength (apparent wavelength) estimated from the seismic stacked section is larger. That is, the wavelength (apparent 155 

wavelength λs) of the ISW observed on the seismic stacked section denoted by the blue curve in Fig. 2a is greater than the 156 

wavelength λ of the actual ISW at the beginning and end respectively denoted by the black and red curves in Fig. 2a. The 157 

influence of the horizontal movement of the ISW should be eliminated When correcting the apparent wavelength λs to obtain 158 

the actual wavelength λ, it is necessary to subtract the distance xw moved by the ISW within the seismic acquisition time 159 

corresponding to the apparent wavelength distance of the ISW. That is:  160 

                                                                  𝜆 = 𝜆𝑠 − 𝑥𝑤 = 𝜆𝑠 −
𝜆𝑠

𝑉𝑠ℎ𝑖𝑝
𝑉𝑤𝑎𝑡𝑒𝑟                                                                      (2) 161 

where Vship is the ship speed, and Vwater is the propagation speed of the ISW (Fig. 2a). 162 

When the ISW and the ship move in the opposite direction, the wavelength (apparent wavelength) estimated from the 163 

seismic stacked section is smaller. That is, the wavelength (apparent wavelength λs) of the ISW observed on the seismic stacked 164 

section denoted by the blue curve in Fig. 2b is smaller than the wavelength λ of the actual ISW at the beginning and end 165 

respectively denoted by the black and red curves in Fig. 2b. The influence of the horizontal movement of the ISW should be 166 

eliminated When correcting the apparent wavelength λs to obtain the actual wavelength λ, it is necessary to add the distance xw 167 

moved by the ISW within the seismic acquisition time corresponding to the apparent wavelength distance of the ISW. That is:  168 

                                                                  𝜆 = 𝜆𝑠 + 𝑥𝑤 = 𝜆𝑠 +
𝜆𝑠

𝑉𝑠ℎ𝑖𝑝
𝑉𝑤𝑎𝑡𝑒𝑟                                                                      (3) 169 

where Vship is the ship speed, and Vwater is the propagation speed of the ISW (Fig. 2b). 170 

 171 
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Figure 2. Schematic diagram of the apparent wavelength correction of the mode-2 ISW. (a) The ISW moves in the same direction as 173 
the ship. (b) The ISW moves in the opposite direction to the ship. S1 denotes the self-excitation and self-reception position of the ship 174 
at 1/2 amplitude of the ISW at the beginning. S2 denotes the self-excitation and self-reception position of the ship at the peak of the 175 
amplitude of the ISW. Vship is the ship speed, and Vwater is the ISW propagation speed. λs is the apparent wavelength of the ISW 176 
observed by the seismic stacked section. λ is the actual wavelength of the ISW. a is the amplitude of the ISW. xw is the distance moved 177 
by the ISW during the time the ship moves from S1 to S2. The black curve denotes the ISW at the beginning. The red curve denotes 178 
the ISW moved xw distance from the starting position. And the blue curve denotes the ISW observed on the seismic stacked section. 179 

3 Results and Interpretations 180 

3.1 Typical Sections Interpretation and Regional Distribution Characteristics of the Mode-2 ISWs 181 

In addition to the survey lines L88 and L76 with mode-2 ISWs observed by Fan et al. (2021a, 2021b), we also found 182 

mode-2 ISWs on many other survey lines in the study area. Two typical survey lines are L84 and L74 (see the red lines in Fig. 183 

1 for the locations of these two survey lines). Figure 3 shows the partial seismic stacked section S1 of the survey line L84 (see 184 

the blue line in Fig. 1 for the location of this section S1). We have identified 10 mode-2 ISWs from the seismic section S1 (see 185 

Fig. 3 for their positions and corresponding numbers. ISW1-ISW4 are located at the shelf break, and ISW5-ISW10 are located 186 

on the continental shelf). And calculated the characteristic parameters of these 10 mode-2 ISWs, such as the seafloor depth 187 

(seawater depth) H, maximum amplitude (in the vertical direction), equivalent amplitude a, equivalent pycnocline thickness 188 

h2, dimensionless amplitude ã, mid-depths of the pycnocline hc , the degree to which the mid-depth of the pycnocline deviates 189 

from 1/2 seafloor depth Pd, equivalent wavelength λ, dimensionless wavelength (we define the dimensionless wavelength 190 

λ0=2λ/h2 for the convenience of using in the following text), and apparent propagation speed Uc (Table 1). The equivalent 191 

wavelength and the dimensionless wavelength in Table 1 have been corrected using Eq. (2) (the ISWs have the same motion 192 

direction as the ship, and the ISWs with the large propagation speed estimation error have been corrected using a propagation 193 

speed of 0.5 m/s). The maximum amplitudes of the ISWs ISW1-ISW7 on the survey line L84 are all less than 10 m. And the 194 

maximum amplitudes of ISW8-ISW10 are larger, around 15 m. The ã values of these ten mode-2 ISWs on the survey line L84 195 

are all less than 2 (Table 1). We define the ISW, whose ã value is less than 2, as the mode-2 ISW with a small amplitude. And 196 

define the ISW, whose ã value is larger than 2, as the mode-2 ISW with a large amplitude. The ten mode-2 ISWs on the survey 197 

line L84 belong to the mode-2 ISWs with small amplitude. The ã values of ISW8, ISW9, and ISW10 are around 1. Their 198 
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amplitudes are slightly larger in these small-amplitude mode-2 ISWs. When calculating the Pd values, it is found that except 199 

for the pycnocline centers of ISW8, ISW9, and ISW10 are deeper than 1/2 seafloor depths, the pycnocline centers of the other 200 

seven mode-2 ISWs are shallower than 1/2 seafloor depths (Table 1). For ISW1, ISW2, and ISW3, the Pd values are both 201 

greater than 20%, which appear as the asymmetry of waveforms (the asymmetry of the front and rear waveform, and the 202 

asymmetry of the top and bottom waveform). When the Pd value is small, the waveform of the mode-2 ISW is more 203 

symmetrical, such as ISW8, ISW9, and ISW10. The waveforms of ISW1, ISW2, and ISW3 at the shelf break are asymmetrical. 204 

And their dimensionless wavelengths λ0 are significantly larger than the λ0 values of the ISWs on the continental shelf which 205 

have the same level of dimensionless amplitudes (ã) (for example, the ã value of ISW2 is 0.45, and the value of λ0 is 9.55; the 206 

value of ã of ISW7 is 0.42, and the value of λ0 is 3.49). It makes the overall relationship between dimensionless wavelength λ0 207 

and the dimensionless amplitude ã are not absolute linear correlation (theλ0 increases with the increasing ã). The apparent 208 

propagation speeds Uc of the 10 mode-2 ISWs on the survey line L84 are about 0.5 m/s. And the apparent propagation 209 

directions are all shoreward. For ISWs with small apparent propagation speed calculation errors in shallow water (ISW6, ISW7, 210 

and ISW9), the Uc does not strictly increase with the increasing ã. For example, the ã value of ISW6 is 0.4, and the Uc value 211 

is about 0.58 m/s. The ã value of ISW9 is 1.19, and the Uc value is about 0.38 m/s. 212 

 213 

 214 

Figure 3. Seismic stacked section S1, observed mode-2 ISWs part on the survey line L84. Arrows and numbers indicate the ten 215 
identified mode-2 ISWs ISW1-ISW10. The location of the S1 seismic stacked section is shown in Fig. 1. The horizontal axis indicates 216 
the distance to the starting point of the survey line L84. The survey line L84 acquisition time is from 07:15:14 on 17 December 2004,  217 
to 17:26:49 on 17 December 2004. 218 

 219 

Table 1. Characteristic Parameters of the 10 Mode-2 Internal Solitary Waves in Survey Line L84. 220 

ISW# H A a h2 2a/h2 hc Pd λ 2λ/h2 Uc α C 
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(m) (m) (m) (m) (m) (%H) (m) (m/s) (s-1) (m/s) 

ISW1 145.5 3 2.22 29.23 0.15 54.88 24.6 103.6 7.09 0.85±0.6 -0.018 0.384 

ISW2 138.8 4.7 5.84 25.93 0.45 51.31 26.1 123.8 9.55 0.69±0.19 -0.0179 0.382 

ISW3 130.5 4.1 4.45 27.6 0.32 49.05 24.8 84.6 6.13 0.52±0.12 -0.0181 0.378 

ISW4 121.5 5.2 6.04 34.72 0.35 59.4 2.2 55.18 3.18 0.19±0.11 -0.018 0.372 

ISW5 111 6.79 12.67 40.84 0.62 51.31 7.6 95.38 4.67 0.32±0.16 0.0068 0.391 

ISW6 108 4.6 7.5 37.19 0.4 48.48 10.2 50.61 2.72 0.58±0.16 0.0108 0.389 

ISW7 104.3 6.4 7.34 34.83 0.42 48.11 7.8 60.86 3.49 0.64±0.28 0.0158 0.386 

ISW8 103.5 13.2 15.82 32.94 0.96 53.38 -3.2 72.97 4.43 0.46±0.24 0.0155 0.385 

ISW9 103.5 15.9 13.56 22.79 1.19 52.81 -2.1 88.47 7.76 0.38±0.17 0.0161 0.385 

ISW10 102.8 13.6 15.87 20.62 1.54 52.62 -2.4 94.1 9.13 0.55±0.34 0.0164 0.384 

Note. H, seafloor depths. A, maximum amplitudes. a, equivalent ISW amplitudes. h2, equivalent pycnocline thicknesses. hc, the mid-221 

depths of the pycnocline. Pd, the degree to which the mid-depth of the pycnocline deviates from 1/2 seafloor depth. λ, equivalent 222 

wavelengths. Uc, apparent propagation speeds obtained from seismic observation. α, quadratic nonlinear coefficient shown in Ea. 223 

(9) and is obtained by solving Eq. (6). C, linear phase speed which is obtained by solving Eq. (6). 224 

 225 

The survey line L74 is located in the southeast direction of the survey line L84 (see Fig. 1 for the specific location). Figure 226 

4 shows the partial seismic stacked sections (S2 and S3) of the survey line L74. We have identified seven mode-2 ISWs from 227 

the seismic sections S2 and S3. Their positions and corresponding numbers are shown in Fig. 4. And the statistical 228 

characteristic parameters are shown in Table 2. The equivalent wavelength and the dimensionless wavelength in Table 2 have 229 

been corrected using Eq. (2) (the ISWs have the same motion direction as the ship, and the ISWs with the large propagation 230 

speed estimation error have been corrected using a propagation speed of 0.5 m/s). The maximum amplitudes of the ISWs 231 

ISW12-ISW17 on the survey line L74 are all less than 10 m. And the maximum amplitude of ISW11 is larger, 13.6 m. The ã 232 

values of these seven mode-2 ISWs are all less than 2 (Table 2). They are the mode-2 ISWs with small amplitude. And the 233 

amplitude of ISW11 is slightly larger among them. When calculating the Pd value, it is found that the pycnocline centers of 234 

the mode-2 ISWs ISW11-ISW17 are all deeper than 1/2 of the seafloor depths (Table 2). Except for ISW11 (the bottom 235 

reflection event is broken), as for the other six mode-2 ISWs ISW12-ISW17, the Pd values are both greater than 15%. The 236 

asymmetry of ISW12 and ISW13 is manifested in that the connection between the top peaks of the ISW and the bottom troughs 237 

of the ISW is not vertical. The pycnocline center of ISW14 deviates from 1/2 of the seafloor depth the most, which is 51.5%. 238 

Its asymmetry is manifested in the large difference between the top and bottom waveforms near the pycnocline center. ISW15, 239 

ISW16, and ISW17 are located on the continental shelf, and their pycnocline deviations are larger. But their waveforms are 240 

more symmetrical than other ISWs. When the downward pycnocline deviation is large, the influence of pycnocline deviation 241 

on the stability of the mode-2 ISW is more complicated than when the pycnocline deviates upwards. And it may be controlled 242 
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by factors such as wavelength. There is no absolute linear correlation relationship between the dimensionless wavelengths λ0 243 

and the dimensionless amplitudes ã of the seven mode-2 ISWs on the survey line L74 (the λ0 increases with the increasing ã). 244 

For example, the ã values of ISW12 and ISW14 are greater than that of ISW16. But theλ0 value of ISW16 is greater than the 245 

λ0 values of ISW12 and ISW14. The apparent propagation speeds Uc of the seven mode-2 ISWs on the survey line L74 are 246 

about 0.5 m/s. And their propagation directions are all shoreward. For the ISWs in shallow water whose apparent propagation 247 

speed calculation errors are small (ISW12, ISW14, ISW16, and ISW17), the Uc value generally increases with the increasing 248 

ã. 249 

 250 

 251 

Figure 4. (a) and (b) are respectively the seismic stacked sections S2 and S3, observed mode-2 ISWs parts on the survey line L74. 252 
The arrows and the numbers indicate the seven identified mode-2 ISWs ISW11-ISW17. The locations of the seismic stack section S2 253 
and S3 are shown in Fig. 1. And the horizontal axis indicates the distance to the starting point of the survey line L74. The survey line 254 
74 acquisition time is from 06:31:03 on 3 December 2004 to 02:30:01 on 4 December 2004. 255 
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 256 

Table 2. Characteristic Parameters of the Seven Mode-2 Internal Solitary Waves in Survey Line L74. 257 

ISW# 
H 

(m) 

A 

(m) 

a 

(m) 

h2 

(m) 
2a/h2 

hc 

(m) 

Pd 

(%H) 

λ 

(m) 
2λ/h2 

Uc 

(m/s) 

ISW11 138.8 13.6 24.19 26.98 1.79 73.38 -5.7 83.05 6.16 0.19±0.1 

ISW12 103.5 7.31 9.95 32.82 0.61 60.34 -16.6 68.11 4.15 0.63±0.08 

ISW13 90.75 5.68 6.08 36.22 0.34 55.62 -22.6 94.41 5.21 0.49±0.24 

ISW14 92.25 6.86 11.17 35.04 0.64 68.35 -51.5 50.69 2.89 0.49±0.21 

ISW15 90 5.46 8.91 38.94 0.46 52.1 -15.8 112.7 5.79 0.36±0.26 

ISW16 91.5 5.74 8.67 39.53 0.44 57.97 -26.7 100.7 5.09 0.60±0.17 

ISW17 91.5 6.4 12.71 32.56 0.78 57.6 -25.9 69.56 4.27 1.07±0.2 

Note. H, seafloor depths. A, maximum amplitudes. a, equivalent ISW amplitudes. h2, equivalent pycnocline thicknesses. hc, the mid-258 

depths of the pycnocline. Pd, the degree to which the mid-depth of the pycnocline deviates from 1/2 seafloor depth. λ, equivalent 259 

wavelengths. Uc, apparent propagation speeds obtained from seismic observation. 260 

 261 

In addition to the survey lines L74 and L84, the mode-2 ISWs also have sporadic distribution on other survey lines in the 262 

area (see the black filled circles in Fig. 1). We have identified 70 mode-2 ISWs in the study area. They appeared from 2 263 

December 2004 to 18 December 2004. On 17 December 2004 and 18 December 2004, there were more mode-2 ISWs (Fig. 264 

5a), 21 (10 for survey line L84, 6 for survey line L88, and 5 for survey line L76) and 9 (1 for survey line L72, 5 for survey line 265 

L76, and 3 for survey line L103) respectively. Observe the distribution of the appearance time of mode-2 ISWs observed in 266 

the study area in Fig. 5a (in days). It can be found that the mode-2 ISWs frequently appeared on the northwest side of the study 267 

area in December 2004, and appeared in early and late December. In addition, the spatial distribution range of the mode-2 268 

ISWs is large, ranging from the continental slope to the continental shelf (see Figs. 1, 3, and 4). Figure 5b shows the time when 269 

the mode-2 ISWs observed in the study area appeared in hours. Combined with Fig. 5a, it can be found that from 2 December 270 

2004 to 8 December 2004, the ISWs appeared at around 12:00 and 00:00 (or 24:00) in a day. From 10 December 2004 to 13 271 

December 2004, the ISWs appeared at around 12:00 and 24:00 in a day, and relatively more appeared around 12:00. From 14 272 

December 2004 to 18 December 2004, the ISWs appeared at around 12:00 and 00:00 (or 24:00) in a day, and relatively more 273 

appeared around 00:00 (or 24:00). The survey lines L103, L105, and L107 are perpendicular to the propagation direction of 274 

the mode-2 ISWs in the study area (Fig. 1). Therefore, these three survey lines are not included in the subsequent statistical 275 

analysis of the mode-2 ISW characteristic parameters. We have counted the characteristic parameters of 53 mode-2 ISWs in 276 

the study area. In these 53 mode-2 ISWs, there are 51 small-amplitude ISWs (ã<2). And there are 40 ISWs with smaller 277 

amplitude (ã<1) among these 51 small-amplitude ISWs (Fig. 6a). The mode-2 ISWs in the study area are dominated by smaller 278 
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amplitudes (Fig. 6a). The maximum amplitudes (in the vertical direction) of the mode-2 ISWs mainly change in the range of 279 

3-13 m (Fig. 6d). And the equivalent wavelengths of most of the mode-2 ISWs are on the order of about 100 m (Fig. 6c, the 280 

equivalent wavelength in the figure has been corrected according to Eq. (2) and Eq. (3)). When calculating the propagation 281 

speed of the mode-2 ISW, due to the low signal-to-noise ratio of some survey lines, the calculation errors of some ISWs 282 

propagation speeds are relatively large. Therefore, when analyzing the apparent propagation speed of the mode-2 ISW of the 283 

study area, we only used 26 ISWs with relatively small errors (the error is less than half of the calculated value). The apparent 284 

propagation speeds of the mode-2 ISWs in the study area are on the order of 0.5 m/s (Fig. 6b). And most of the mode-2 ISWs 285 

propagate in the shoreward direction. We have traced back the time when each ISW in the study area (mainly the ISWs located 286 

on the continental shelf) appeared at the continental shelf break using the ISW propagation speed of 0.5 m/s, as shown in Fig. 287 

5c, in hours. Combined with Fig. 5a, it is found that from 2 December 2004 to 8 December 2004, the ISWs traced back to the 288 

continental shelf break appeared at around 12:00 and 00:00 (or 24:00) in a day, and relatively more appeared around 12:00. 289 

From 10 December 2004 to 13 December 2004, most of the ISWs traced back to the continental shelf break appeared at around 290 

24:00 (or 0:00) in a day. From 14 December 2004 to 18 December 2004, the ISWs traced back to the continental shelf break 291 

appeared at around 12:00 and 24:00 (or 0:00) in a day. The mode-2 ISWs observed in the study area may be generated by the 292 

interaction between the internal tide and the continental shelf break. 293 

 294 

 295 
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Figure 5. (a) The time when the mode-2 ISWs observed in the study area appeared in days. (b) The time when the mode-2 ISWs 296 
observed in the study area appeared in hours. (c) Tracing back the time (in hours) when internal solitary waves appeared at the 297 
continental shelf break in the study area. 298 

 299 

 300 

Figure 6. (a) The histogram of the dimensionless amplitude of the mode-2 ISW in the study area. (b) The histogram of the 301 
propagation speed of the mode-2 ISW in the study area. (c) The histogram of the wavelength of the mode-2 ISW in the study area. 302 
The dark blue and red colour bars denote the ISWs on the survey lines in the SW-NE direction and in the NE-SW direction, 303 
respectively. (d) The histogram of the maximum amplitude of the mode-2 ISW in the study area. 304 

 305 

3.2 Propagation Speed and Wavelength Characteristics of the Mode-2 ISW in Study Area 306 

Inspired by the work of Maderich et al. (2015) and Chen et al. (2014), we respectively calculated the relationships between 307 

the dimensionless propagation speed and the dimensionless amplitude ã, the dimensionless wavelength λ0 and the ã, the 308 

propagation speed (Uc) and the maximum amplitude A, the wavelength (λ) and the A, the Uc and the pycnocline depth, the Uc 309 

and the pycnocline thickness. Figure 7 shows the relationship between the dimensionless propagation speeds (we define the 310 

dimensionless propagation speed Ũ=Uc/C for the convenience of using in the following text) and the dimensionless amplitudes 311 
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ã of the observed 26 mode-2 ISWs (with relatively small errors) in the study area. When ã<1.18, it seems that the relationship 312 

between the Ũ values and the ã  values of the observed mode-2 ISWs in the study area has the trends respectively given by 313 

Kozlov and Makarov (1990), as well as Salloum et al. (2012). That is, the Ũ of the mode-2 ISW increases with the increasing 314 

ã, but with different growth rates. The fitting effects of Kozlov and Makarov (1990), Salloum et al. (2012), and the 315 

segmentation fitting in Fig. 7 are shown in Table 3. The segmentation fitting computed by ourselves in Fig. 7 can be expressed 316 

by the equation as follow: 317 

                                                                  𝑈 =
9.441𝑎̃4−27.19𝑎̃3+28.14𝑎̃2−10.93𝑎̃+1.016

𝑎̃−0.6401
                                                                  (4) 318 

When ã>1.18, the relationship between the Ũ values and the ã  values of the observed mode-2 ISWs in the study area is closer 319 

to the result predicted by the deep-water weakly nonlinear theory (Benjamin, 1967). That is, The Ũ of the mode-2 ISW 320 

increases with the increasing ã at a relatively small growth rate. The fitting effect of Benjamin (1967) in Fig. 7 is shown in 321 

Table 3. Figure 8 shows the relationship between the dimensionless wavelengths λ0 and the dimensionless amplitudes ã of the 322 

observed 32 mode-2 ISWs (there are 13 ISWs on the survey lines in the SW-NE direction, and 19 ISWs on the survey lines in 323 

the NE-SW direction, see Fig. 6c) in the study area. In Fig. 8, the black and red crosses denote the ISWs on the survey lines in 324 

the SW-NE direction and in the NE-SW direction, respectively. The survey line in the SW-NE direction is consistent with the 325 

movement direction of the ISWs. Use Eq. (2) to correct the apparent wavelength to obtain the actual wavelength. The survey 326 

line in the NE-SW direction is opposite to the movement direction of the ISWs. Use Eq. (3) to correct the apparent wavelength 327 

to obtain the actual wavelength. Figure 8 shows the result after correcting the apparent wavelength of the ISW. When using 328 

Eq. (2) and Eq. (3) to correct the apparent wavelength, the propagation speed of the ISW estimated in Fig. 7 needs to be used. 329 

The dimensionless wavelengths λ0 of the ISWs with the large error in the estimation of the propagation speed are not shown 330 

in Fig. 8. Observing Fig. 8, it can be found that when ã<1, the relationship between the λ0 values and the ã values of the 331 

observed mode-2 ISWs in the study area is closer to the result predicted by the deep-water weakly nonlinear theory (Benjamin, 332 

1967). But the λ0 values change from 2.5 to 7 for a fixed ã value. The fitting effect of Benjamin (1967) in Fig. 8 is shown in 333 

Table 4.  When ã>1.87, the relationship between the λ0 values and the ã values of the observed mode-2 ISWs in the study area 334 

is closer to the solution of Salloum et al. (2012). That is, the λ0 of the mode-2 ISW increases with the increasing ã. The fitting 335 

effects of Salloum et al. (2012) and the segmentation fitting in Fig. 8 are shown in Table 4. The segmentation fitting computed 336 

by ourselves in Fig. 8 can be expressed by the equation as follow: 337 

                                                                              𝜆0 = 1.865𝑎̃ + 2.066                                                                                 (5) 338 

When 1<ã<1.87, the λ0 values of the observed mode-2 ISWs in the study area are higher than those predicted by the deep-339 

water weakly nonlinear theory (Benjamin, 1967) and Salloum et al. (2012). 340 

 341 
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 342 

Figure 7. The relationship between the dimensionless propagation speeds and the dimensionless amplitudes of the mode-2 ISWs 343 
observed in the study area. The black crosses denote the seismic observation results of the mode-2 ISWs. 344 

 345 

 346 

Figure 8. The relationship between the dimensionless wavelengths and the dimensionless amplitudes of the mode-2 ISWs observed 347 
in the study area. The black and red crosses denote the ISWs on the survey lines in the SW-NE direction and in the NE-SW direction, 348 
respectively. 349 

 350 

Table 3. The Fitting Effects of Each Curve in Figure 7 on the Observation Points. 351 

ã range fitting curve R2 
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larger than 1.18 Benjamin (1967) 0.34 

smaller than 1.18 Kozlov and Makarov (1990) 0.67 

smaller than 1.18 Salloum et al. (2012) less than 0 

smaller than 1.18 segmentation fitting 0.39 

Note. For the fitting curve of Kozlov and Makarov (1990), we use the three red cross observation points to compute the R2 value. 352 

For the fitting curves of Salloum et al. (2012) and segmentation fitting, we use the black cross observation points, whose Ũ are less 353 

than 2, to compute the R2 values. 354 

 355 

Table 4. The Fitting Effects of Each Curve in Figure 8 on the Observation Points. 356 

ã range fitting curve R2 

larger than 1.87 Salloum et al. (2012) less than 0 

larger than 1.87 segmentation fitting 0.97 

smaller than 1 Benjamin (1967) less than 0 

 357 

The relationship between the propagation speeds Uc and the maximum amplitudes A of the mode-2 ISWs observed in the 358 

study area is shown in Fig. 9a. The relationship between the wavelengths λ and the maximum amplitudes A is shown in Fig. 359 

9b. It can be found that the Uc and λ of the mode-2 ISW in the study area are less affected by the A. There is no obvious linear 360 

correlation between Uc and A, as well as between λ and A (Figs. 9a and 9b). When the A values are between 6 m and 11 m, the 361 

variety range of Uc  is relatively large. And there is a significant increase in Uc (Fig. 9a). When the A values are between 7 m 362 

and 13 m, there is a significant increase in wavelength λ (Fig. 9b). The relationship between the propagation speeds Uc and the 363 

pycnocline depths hc of the observed mode-2 ISWs in the study area is shown in Fig. 10a. And the relationship between the 364 

propagation speeds Uc and the pycnocline thicknesses h2 is shown in Fig. 10b. As for the observed mode-2 ISWs in the study 365 

area, their hc values are mainly concentrated in the range of 40-70 m (Fig. 10a). And their h2 values are mainly concentrated 366 

in the range of 10-60 m (Fig. 10b). As with the numerical simulation results of Chen et al. (2014), the Uc values of the observed 367 

mode-2 ISWs in the study area seem to have the trends to increase slowly with the increasing hc values and h2 values, 368 

respectively. The fitting effects of Chen et al. (2014) in Fig. 10 are shown in Table 4. The trends mentioned above are not 369 

completely monotonous in Fig. 10. It is manifested as the large variation range of the Uc on the vertical axis. We analyze it is 370 

caused by the fact that other factors (such as seawater depth), other than the pycnocline depth hc and the pycnocline thickness 371 

h2, also affect the propagation speed Uc. 372 

 373 
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 374 

Figure 9. (a) The relationship between the propagation speeds and the maximum amplitudes of the mode-2 ISWs observed in the 375 
study area. (b) The relationship between the wavelengths and the maximum amplitudes of the mode-2 ISWs observed in the study 376 
area. The black and red crosses denote the ISWs on the survey lines in the SW-NE direction and in the NE-SW direction, respectively. 377 

 378 

 379 

Figure 10. (a) The relationship between the propagation speeds and the pycnocline depths of the mode-2 ISWs observed in the study 380 
area. (b) The relationship between the propagation speeds and the pycnocline thicknesses of the mode-2 ISWs observed in the study 381 
area. The color filled circle indicates the dimensionless amplitude. 382 

 383 

Table 5. The Fitting Effects of Each Curve in Figure 10 on the Observation Points. 384 

figure fitting curve R2 

Figure 10a Chen et al. (2014) less than 0 

Figure 10b Chen et al. (2014) less than 0 

Note. For the fitting curve of Chen (2014) in Fig. 10a, we use the observation points, whose propagation speeds are less than 0.8 m/s 385 

and larger than 0.21 m/s, to compute the R2 value. For the fitting curve of Chen (2014) in Fig. 10b, we use the observation points, 386 

whose propagation speeds are less than 0.9 m/s and pycnocline thicknesses are larger than 40 m, to compute the R2 value. 387 
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 388 

3.3 Vertical Structure Characteristics of the Mode-2 ISW Amplitude in Study Area 389 

The vertical distribution of ISW amplitude (the vertical displacement of isopycnal) is called its vertical structure. ISWs 390 

have different modes, which correspond to different vertical structures (Fliegel and Hunkins, 1975). Previous scholars have 391 

used different theoretical models to study the vertical structure of ISW amplitude (Fliegel and Hunkins, 1975; Vlasenko et al., 392 

2000; Small and Hornby, 2005). Among them, only Vlasenko et al. (2000) compared the results of numerical simulation with 393 

the results of local observations. And they found that the depths correspond to the ISW maximum amplitude (the maximum 394 

vertical displacement of isopycnals) given by the two are in good agreement with each other. At present, there is less work 395 

comparing the theoretical vertical structure of mode-2 ISW amplitude with the observed results. This work is conducive to 396 

improving our understanding of the vertical structure of the mode-2 ISW in the ocean (including the factors that affect the 397 

vertical structure). It can also test the validity and applicability of the theoretical vertical structure to a certain extent. The 398 

seismic oceanographic method has a high spatial resolution, and its clear imaging results of ISWs are more conducive to the 399 

study of vertical structure. The vertical structure of ISW amplitude is controlled by a variety of environmental factors. Geng 400 

et al. (2019) used the seismic oceanography method to study the vertical structure of ISW amplitude near Dongsha Atoll in the 401 

South China Sea. It is found that when the ISW interacts intensely with the seafloor, the observed vertical structure of ISW 402 

amplitude may be significantly different from the theoretical result. Gong et al. (2021) compared the vertical structure of ISW 403 

estimated by theoretical models with the vertical structure of ISW observed by the seismic oceanography method. And they 404 

analyzed in detail the factors affecting the vertical structure of ISW amplitude near Dongsha Atoll in the South China Sea. It 405 

is found that the vertical structure of ISW is mainly controlled by nonlinearity. It usually appears that the quadratic nonlinear 406 

coefficients of ISWs that conform to the linear vertical structure function are small, while the quadratic nonlinear coefficients 407 

of ISWs conforming to the first-order nonlinear vertical structure function are larger. In addition, topography, ISW amplitude, 408 

seawater depth, and background flow may all affect the vertical structure of ISW amplitude. It appears that larger seawater 409 

depth may weaken the influence of the nonlinearity of the ISW on the vertical structure, making the vertical structure of ISW 410 

more in line with linear theory. Larger amplitude will make ISW more susceptible to the influence of topography, which will 411 

change the vertical structure. Vlasenko et al. (2000) observed that the vertical structure of ISW has local extrema. They thought 412 

it is caused by smaller-scale internal waves. In addition, the background flow shear also has an important effect on the vertical 413 

structure (Stastna et al., 2002; Liao et al., 2014). Xu et al. (2020) found that the background flow at the center of the eddy can 414 

weaken the amplitude of ISW. 415 

Observing the vertical structure of the mode-2 ISW amplitude in the study area, it is found that they follow the following 416 

characteristics as a whole. The amplitude of ISW in the upper half of the pycnocline decreases with the increasing seawater 417 

depth. The amplitude of ISW in the lower half of the pycnocline firstly increases and then decreases with the increasing 418 

seawater depth (see Figs. 11 and 12 in this paper, Fig. 5 of Fan et al., 2021a, and Fig. 6 of Fan et al., 2021b). Due to the 419 

influence of the pycnocline center deviation on the development of the vertical structure of the ISW amplitude, the vertical 420 
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structure of the mode-2 ISW amplitude in the study area generally only exhibits part of the characteristics given by the vertical 421 

mode function. As for the vertical mode function, the amplitude of the ISW in the upper and lower half of the pycnocline 422 

firstly increases and then decreases with the increasing seawater depth, respectively, as shown by the blue and red curves in 423 

Figs. 11 and 12. Since the pycnocline centers of most of the mode-2 ISWs observed in the study area deviate upwards, the 424 

ISW structure at the top is not as well developed as the ISW structure at the bottom. Therefore, the amplitude of ISW in the 425 

upper half of the pycnocline usually decreases with the increasing seawater depth. Figure 11 shows the vertical structures of 426 

the amplitude of the 10 mode-2 ISWs ISW1-ISW10 in the survey line L84. The pycnocline centers corresponding to ISW1-427 

ISW7 all deviate upwards (see the degree to which the mid-depth of the pycnocline deviates from 1/2 seafloor depth in Table 428 

1, the positive sign indicates that the pycnocline deviates upward, and the negative sign indicates that the pycnocline deviates 429 

downward). Among them, ISW1-ISW4 (Fig. 11a-d) and ISW7 (Fig. 11g) were only picked up one reflection event in the upper 430 

half of the pycnocline. From ISW6 (Fig. 11f), it can be seen that the amplitude of ISWs in the upper half of the pycnocline 431 

decreases with the increasing seawater depth. From ISW2 (Fig. 11b), ISW4 (Fig. 11d), ISW5 (Fig. 11e), and ISW7 (Fig. 11g), 432 

it can be seen that the amplitude of ISW in the lower half of the pycnocline firstly increases and then decreases with the 433 

increasing seawater depth. The pycnocline centers corresponding to ISW8-ISW10 all slightly deviate downwards (see the 434 

degree to which the mid-depth of the pycnocline deviates from 1/2 seafloor depth in Table 1, the positive sign indicates that 435 

the pycnocline deviates upward, and the negative sign indicates that the pycnocline deviates downward). From ISW8 (Fig. 436 

11h) and ISW10 (Fig. 11j), it can be seen that the amplitude of ISW in the upper half of the pycnocline decreases with the 437 

increasing seawater depth. Figure 12 shows the vertical structures of the amplitude of the four mode-2 ISWs (ISW11, ISW12, 438 

ISW16, and ISW17) in the survey line L74. The pycnocline centers corresponding to ISW11, ISW12, ISW16, and ISW17 439 

significantly deviate downwards (see the degree to which the mid-depth of the pycnocline deviates from 1/2 seafloor depth in 440 

Table 2, the positive sign indicates that the pycnocline deviates upward, and the negative sign indicates that the pycnocline 441 

deviates downward). It makes the ISW structure at the top more developed. From ISW11, ISW12, and ISW17 (Fig. 12a, b, d), 442 

it can be seen that the amplitude of the ISW in the upper half of the pycnocline firstly increases and then decreases with the 443 

increasing seawater depth. 444 

 445 



20 

 

 446 

Figure 11. (a)-(j) respectively demonstrate the vertical structure characteristics of the amplitude of the 10 mode-2 ISWs ISW1-447 
ISW10 in the survey line L84 as well as the vertical mode function fitting results. The black circles denote the observed ISWs’ 448 
amplitudes at different depths. The blue curves are the linear vertical mode function (nonlinear correction is not considered). And 449 
the red curves are the first-order nonlinear vertical mode function (nonlinear correction is considered). 450 

 451 

 452 

Figure 12. (a)-(d) respectively demonstrate the vertical structure characteristics of the amplitude of the four mode-2 ISWs (ISW11, 453 
ISW12, ISW16, and ISW17) in the survey line L74 as well as the vertical mode function fitting results. The black circles denote the 454 
observed ISWs’ amplitudes at different depths. The blue curves are the linear vertical mode function (nonlinear correction is not 455 
considered). And the red curves are the first-order nonlinear vertical mode function (nonlinear correction is considered). 456 
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 457 

To study the vertical structure of the mode-2 ISW amplitude in more detail for the study area, we respectively compare 458 

the observation result with the linear vertical mode function (nonlinear correction is not considered, the blue curves in Figs. 459 

11 and 12) and the first-order nonlinear vertical mode function (considering nonlinear correction, the red curves in Figs. 11 460 

and 12). The linear vertical mode function can be obtained by solving the eigenvalue equation that satisfies the Taylor-461 

Goldstein problem (Holloway et al., 1999):  462 

𝑑2𝜑(𝑧)

𝑑𝑧2
+
𝑁2(𝑧)

𝐶2
𝜑(𝑧) = 0 463 

                                                                             𝜑(0) = 𝜑(−𝐻) = 0                                                                             (6) 464 

where φ(z) represents the linear vertical mode function, C is the linear phase speed, N(z) is the Brunt-Väisälä frequency. We 465 

use the temperature and salinity data coming from CMEMS (Copernicus Marine Environment Monitoring Service) to compute 466 

Brunt-Väisälä frequency. The first-order nonlinear vertical mode function is obtained by adding a nonlinear correction term to 467 

the linear vertical mode function (Lamb and Yan, 1996). It can be expressed by the equation as follow: 468 

                                                                                 𝜑𝑚(𝑧) = 𝜑(𝑧) + 𝜂0𝑇(𝑧)                                                                          (7) 469 

where η0 is the ISW maximum amplitude in the vertical direction, and T(z) is the first-order nonlinear correction term. T(z) 470 

satisfies an inhomogeneous equation as follow (Grimshaw et al., 2002, 2004):  471 

                                                              
𝑑2𝑇(𝑧)

𝑑𝑧2
+

𝑁(𝑧)2

𝐶2
𝑇(𝑧) = −

𝛼

𝐶
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+

3

2

𝑑

𝑑𝑧
[(

𝑑𝜑(𝑧)

𝑑𝑧
)
2

]                                                       (8) 472 

𝑇(0) = 𝑇(−𝐻) = 0            473 

𝛼 =
3𝐶

2

∫ (
𝑑𝜑(𝑧)
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)
3
𝑑𝑧

0
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∫ (
𝑑𝜑(𝑧)

𝑑𝑧
)
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𝑑𝑧

0
−𝐻

                                                                                  (9) 474 

where α is the quadratic nonlinear coefficient. Equation (8) has a unique solution by adding the restriction condition of 475 

T(zmax)=0 (Grimshaw et al., 2002), where zmax represents the depth of the maximum amplitude of ISW. The detailed calculation 476 

process is described in Gong et al. (2021). The fitting effects of the linear vertical mode function and the first-order nonlinear 477 

vertical mode function in Figs. 11 are shown in Table 6. We comprehensively evaluate the goodness of fitting by the computed 478 

R2, the depths corresponding to the maximum amplitude between the observation results and the fitting results, and the overall 479 

trends between the observation results and the fitting results. Observing Fig. 11 and Table 6, it can be found that the overall 480 

nonlinearity of the ISWs ISW5 (Fig. 11e) and ISW8 (Fig. 11h) on the survey line L84 is relatively strong. And the first-order 481 

nonlinear vertical mode function considering nonlinear correction can be used to better fit the vertical structure of the amplitude 482 

(the red curves in Fig. 11e, h). The nonlinearity is relatively strong at the bottom of ISW2 (the seawater depth range is 60-80 483 

m in Fig. 11b), the top of ISW7 (the seawater depth range is 40-60 m in Fig. 11g), and the top of ISW10 (the seawater depth 484 

is about 40 m in Fig. 11j). And the first-order nonlinear vertical mode function considering nonlinear correction can be used 485 

to better fit the vertical structure of the amplitude (the red curves in Fig. 11b, g, j). The overall nonlinearity of ISW1 (Fig. 11a), 486 

ISW3 (Fig. 11c), ISW6 (Fig. 11f), and ISW9 (Fig. 11i) is relatively weak. And the linear vertical mode function can be used 487 



22 

 

to better fit the vertical structure of the amplitude. The nonlinearity is relatively weak at the top of ISW2 (the seawater depth 488 

range is 40-60 m in Fig. 11b), the bottom of ISW7 (the seawater depth range is 60-90 m in Fig. 11g), and the bottom of ISW10 489 

(the seawater depth is below 40 m in Fig. 11j). The linear vertical mode function can be used to better fit the vertical structure 490 

of the amplitude (the blue curves in Fig. 11b, g, j). The above analysis reflects that the vertical structure of the mode-2 ISW 491 

amplitude in the study area is affected by the nonlinearity degree of the ISW. The fitting effects of the linear vertical mode 492 

function and the first-order nonlinear vertical mode function in Figs. 12 are shown in Table 7. We comprehensively evaluate 493 

the goodness of fitting by the computed R2, the depths corresponding to the maximum amplitude between the observation 494 

results and the fitting results, and the overall trends between the observation results and the fitting results. Observing Fig. 12 495 

and Table 7, it can be found that neither the linear vertical mode function (without considering nonlinear correction) nor the 496 

first-order nonlinear vertical mode function (with consideration of nonlinear correction) can be used to well fit the vertical 497 

structure of the amplitude of the ISWs ISW11, ISW12, ISW16, and ISW17 on L74 (especially the position of the upper half 498 

of the pycnocline). The ISWs ISW11, ISW12, ISW16, and ISW17 on the survey line L74 have the large downward deviation 499 

of the pycnocline center (see the degree to which the mid-depth of the pycnocline deviates from 1/2 seafloor depth in Table 2, 500 

the positive sign indicates that the pycnocline deviates upward, and the negative sign indicates that the pycnocline deviates 501 

downward). We have observed the fitting result of the vertical amplitude of the ISW with the large downward pycnocline 502 

deviation on other lines of the study area (not shown in this article). And we found that the fitting result of the vertical amplitude 503 

is usually poorer than that of the ISW corresponding to the upward deviation of the pycnocline (especially the position of the 504 

upper half of the pycnocline). We believe that when the pycnocline center has a large downward deviation, the vertical mode 505 

function (including the linear vertical mode function without considering nonlinear correction and the first-order nonlinear 506 

vertical mode function considering nonlinear correction) cannot be used to well fit the vertical structure of the mode-2 ISW 507 

amplitude in the study area. The above analysis once again reflects that the pycnocline deviation (especially the downward 508 

deviation of the pycnocline) affects the vertical structure of the mode-2 ISW amplitude in the study area. In addition, we could 509 

not find a good way to fit the vertical amplitude structure in Fig. 12 based on the basic KdV theory. Maybe it needs other 510 

theory to fit this kind of vertical amplitude structure. We hope it could be solved in the following study.  511 

 512 

Table 6. The Fitting Effects of Each Curve in Figure 11 on the Observation Points. 513 

ISW# seawater depth range fitting curve R2 

ISW1 39-70 m 
blue curve 0.98 

red curve 0.99 

ISW2 39-63 m 
blue curve 0.96 

red curve 0.88 

ISW2 63-73 m 
blue curve less than 0 

red curve 0.09 
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ISW3 39-72 m 
blue curve 0.59 

red curve 0.4 

ISW4 42-86 m 
blue curve 0.72 

red curve 0.71 

ISW5 38-97 m 
blue curve 0.81 

red curve 0.94 

ISW6 36-82 m 
blue curve 0.97 

red curve 0.94 

ISW7 41-66 m 
blue curve 0.8 

red curve 0.91 

ISW7 66-85 m 
blue curve 0.77 

red curve less than 0 

ISW8 36-85 m 
blue curve 0.95 

red curve 0.95 

ISW9 41-74 m 
blue curve 1 

red curve 0.8 

ISW10 36-42 m 
blue curve less than 0 

red curve less than 0 

ISW10 42- 73 m 
blue curve 0.99 

red curve 0.65 

 514 

Table 7. The Fitting Effects of Each Curve in Figure 12 on the Observation Points. 515 

ISW# seawater depth range fitting curve R2 

ISW11 37-101 m 
blue curve 0.22 

red curve 0.3 

ISW12 30-75 m 
blue curve 0.47 

red curve 0.68 

ISW16 29-78 m 
blue curve 0.46 

red curve 0.25 

ISW17 29-79 m 
blue curve less than 0 

red curve less than 0 
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4 Discussion 516 

As for the relationship between the dimensionless propagation speed Ũ and the dimensionless amplitude ã of the mode-517 

2 ISW in the study area, as well as the relationship between the dimensionless wavelength λ0 and the dimensionless amplitude 518 

ã, both of them are not strictly monotonous in the case of smaller amplitude (ã<1) and show the characteristics of multi-519 

parameter controlling. For this reason, we analyzed the influence of seawater depth on the Ũ and λ0 of the mode-2 ISW in the 520 

study area. The results are shown in Fig. 13a and b, respectively. Observing Fig. 13a, it can be found that in the shallow 521 

seawater (the seafloor depth is less than 120 m) the Ũ variation range is small. And there are both the large-amplitude mode-522 

2 ISWs (ã>2) and the small-amplitude mode-2 ISWs (ã<2). In the deep seawater (or at the shelf break, the seafloor depth is 523 

greater than 120m), the smaller-amplitude mode-2 ISWs (ã<1, dark blue filled circles in Fig. 13a) have a large Ũ variation 524 

range. The maximum Ũ can reach 2.45, and the minimum can reach 0.5. In particular, the smaller Ũ values are mainly 525 

concentrated in the deep seawater, so that in Fig. 7 when ã<1.18 the relationship between the Ũ and the ã of the mode-2 ISW 526 

seems to have the trend given by Kozlov and Makarov (1990). The sharp decrease in the Ũ values of the mode-2 ISWs with 527 

smaller amplitudes in the deep seawater may be caused by the collision of the ISWs with the seafloor topography (including 528 

the step) at the shelf break. In addition, from Fig. 10a and b, it can be found that on the whole, the pycnocline depths and the 529 

pycnocline thicknesses of the larger-amplitude mode-2 ISWs (ã>1) are respectively smaller than the pycnocline depths and 530 

the pycnocline thicknesses of the smaller-amplitude mode-2 ISWs (ã<1). Therefore, the propagation speeds of the larger-531 

amplitude mode-2 ISWs (ã>1) are generally smaller than the propagation speeds of the smaller-amplitude mode-2 ISWs 532 

(ã<1). In Fig. 7 when ã>1.18, this makes the relationship between the Ũ and the ã of the mode-2 ISW is closer to the result 533 

predicted by the deep-water weakly nonlinear theory (Benjamin, 1967). The above-analyzed influences of the seawater depth 534 

(seafloor topography), the pycnocline depth, and the pycnocline thickness on the mode-2 ISW propagation speed of the study 535 

area, have caused the diversity of the relationship between Ũ and ã. That is, when ã<1.18, the relationship between the Ũ 536 

values and the ã values of the observed mode-2 ISWs in the study area seems to have the trends respectively given by Kozlov 537 

and Makarov (1990), as well as Salloum et al. (2012). When ã>1.18, the relationship between the Ũ values and the ã values 538 

of the observed mode-2 ISWs in the study area is closer to the result predicted by the deep-water weakly nonlinear theory 539 

(Benjamin, 1967). 540 

Observing Fig. 13b, it can be found that the mode-2 ISWs with the smaller amplitudes (ã<1, the dark blue filled circles 541 

in Fig. 13b) have a relatively large variation range of the dimensionless wavelength λ0 in the deep seawater (the seafloor depth 542 

is greater than 120m). The largest λ0 can reach up to 9.55 (corresponding to ISW2 on the survey line L84, whose pycnocline 543 

deviation is large and waveform is asymmetric). And the smallest λ0 can reach 2.44, so that the λ0 of the vertical axis in Fig. 8 544 

can be reduced to 2.44 when ã<1. The sharp decrease in the λ0 values of the mode-2 ISWs with the smaller amplitudes (ã<1) 545 

in deep seawater may be caused by the collision of the ISWs with the seafloor topography at the shelf break. The sharp increase 546 

in λ0 values of the mode-2 ISWs with the smaller amplitudes in deep seawater may be related to the waveform asymmetry 547 

caused by the pycnocline deviation. 548 
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 549 

 550 

Figure 13. (a) the relationship between the dimensionless propagation speeds and the seawater depths of the mode-2 ISWs observed 551 
in the study area. The color of the filled circle indicates the dimensionless amplitude. (b) The relationship between the dimensionless 552 
wavelengths and the seawater depths of the mode-2 ISWs observed in the study area. The color of the filled circle indicates the 553 
dimensionless amplitude. (c) The relationship between the propagation speeds and the seawater depths of the mode-2 ISWs observed 554 
in the study area. The color of the filled circle indicates the maximum amplitude. (d) The relationship between the wavelengths and 555 
the seawater depths of the mode-2 ISWs observed in the study area. The color of the filled circle indicates the maximum amplitude. 556 

 557 

Fig. 13c and d respectively show the relationship between the propagation speed Uc and the seawater depth, and the 558 

relationship between the wavelength λ and the seawater depth of the mode-2 ISW in the study area. The color of the filled 559 

circles in the figures represents the maximum amplitude. Observing Fig. 13c, we find that the seawater depth in the study area 560 

has a great influence on the Uc of the mode-2 ISW. In the shallow seawater area (the seawater depth is less than 120 m), the 561 

Uc variety range is small. In the deep seawater area (the seawater depth is larger than 120 m) the Uc has a large variety range. 562 

The maximum Uc is 1.52 m/s and the minimum Uc is 0.21 m/s. In Fig. 9a, when the maximum amplitude is between 6 m and 563 

11 m, the Uc has the larger variety range. And there is a significant increase in the Uc. The above phenomenon is controlled by 564 

the seawater depth. That is, in the deep seawater area (seawater depth greater than 120 m), for the ISWs with the maximum 565 
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amplitude of 6-11 m, the Uc varies widely. And the maximum Uc of 1.52 m/s appears (Fig. 13c). Observing Fig. 13d, we find 566 

that the seawater depth in the study area has a great influence on the wavelength λ of the mode-2 ISW. On the whole, the λ of 567 

the ISW increases with the increasing seawater depth. For the ISWs with the maximum amplitude of 7-13 m, considerable 568 

parts of them are distributed in the deep seawater area (the seawater depth is larger than 120 m), making their λ values increase 569 

significantly. As a result, when the maximum amplitude is between 7 m and 13 m in Fig. 9b, there is a significant increase in 570 

the wavelength λ. 571 

McSweeney et al. (2020a, 2020b) conducted observational studies on the cross-shore and alongshore evolution 572 

characteristics of internal bores near Point Sal, California. They used the quadratic nonlinear coefficient α calculated by KdV 573 

theory to characterize the stratification. And they found that when the α calculated from the background density is greater than 574 

0, the waveform of the internal bore becomes steep as the internal bore passes the site. When the α calculated from the 575 

background density is less than 0, the waveform of the internal bore becomes rarefied as the internal bore passes the site. 576 

Background stratification affects the evolution of internal bores. And the passage of an internal bore will also change the 577 

stratification, which in turn affects the evolution of a subsequent internal bore. They found that the change in the α after the 578 

internal bore passed is positively correlated with the background α. By analogy with the work of McSweeney et al. (2020a, 579 

2020b), we calculated the background quadratic nonlinear coefficient α (corresponding to the stratification before the arrival 580 

of the ISW) and the linear phase speed C, at the position of the ISWs in the study area by solving Eq. (6) and Eq. (9). Because 581 

the theoretical vertical structures calculated based on the KdV theory cannot well fit the observed vertical structures of the 582 

ISWs on the survey line L74 (Fig. 12). We are not sure that the KdV theory can well describe the ISWs appearing on the 583 

survey line L74. Therefore, we have only calculated the α and C at each ISW position on the survey line L84. The calculation 584 

results show in columns 12 and 13 of Table 1, respectively. Observing the calculated α values in Table 1, we find that the α 585 

values of ISW1-ISW4 are all less than 0. And the α values of ISW5-ISW10 are all greater than 0. It corresponds well to the 586 

waveform characteristics of the ISWs in Fig. 3. That is, for ISW1-ISW4 whose α values are less than 0, their waveforms are 587 

relatively rarefied. For ISW5-ISW10 whose α values are greater than 0, their waveforms are relatively steep. It indicates that 588 

the background stratification has an influence on the shape of the mode-2 ISWs in the study area. Observing the calculated C 589 

values in Table 1, we find that from ISW1 to ISW4,  the calculated C values gradually decrease with the decreasing seafloor 590 

depths. It is consistent with the observed trend that the propagation speeds Uc of the ISWs (column 11 of Table 1) also gradually 591 

decrease with the decreasing seafloor depths. ISW5 is shallower than ISW4. But the calculated C and the observed Uc of ISW5 592 

are both greater than those of ISW4. From ISW5 to ISW10, as the seafloor depths gradually decrease, the calculated C values 593 

and the observed ISW Uc values overall show a decreasing trend again. We think the above phenomenon is caused by 594 

background stratification. That is, ISW1-ISW4 have a similar background stratification. And ISW5-ISW10 have another 595 

similar background stratification. It makes the calculated C values and observed Uc values of SW1-ISW4 decrease with the 596 

decreasing of seafloor depths. The calculated C and observed Uc of ISW5 are greater than those of ISW4. On the whole, the 597 

calculated C values and the observed Uc values of ISW5-ISW10 decrease with the decreasing of seafloor depths. The above 598 
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discussion indicates that the background stratification has an influence on the propagation speeds of the mode-2 ISWs in the 599 

study area.  600 

 601 

5 Conclusions 602 

We carried out a regional study of the mode-2 ISWs in the Pacific coast of Central America using the seismic reflection 603 

method. Through the analysis of the typical seismic sections L84 and L74, we find that when the degree of downward 604 

pycnocline deviation is large, the influence of pycnocline deviation on the stability of the mode-2 ISW is more complicated 605 

than when the pycnocline deviates upwards. There are mode-2 ISWs with the large degree of downward pycnocline deviation 606 

but with the relatively symmetrical waveform. 607 

The observed relationship between the dimensionless propagation speed Ũ and the dimensionless amplitude ã of the 608 

mode-2 ISW in the study area is analyzed. When ã<1.18, Ũ seems to increase with the increasing ã, divided into two parts 609 

with different growth rates. When ã>1.18, Ũ increases with the increasing ã at a relatively small growth rate. The observed 610 

relationship between the dimensionless wavelength λ0 and the dimensionless amplitude ã of the mode-2 ISW in the study area 611 

is also analyzed. When ã<1, λ0 seems to change from 2.5 to 7 for a fixed ã. When ã>1.87, λ0 increases with the increasing ã. 612 

As for the relationships between Ũ and ã, as well as λ0 and ã of the mode-2 ISW in the study area, both of them show the 613 

characteristics of multi-parameter controlling. The seawater depth (seafloor topography), the pycnocline depth, and the 614 

pycnocline thickness have influences on the mode-2 ISW propagation speed of the study area. It causes the diversity of the 615 

relationship between Ũ and ã.  616 

The vertical structure of the mode-2 ISW amplitude in the study area is affected by the nonlinearity degree of the ISW. 617 

Part of the mode-2 ISWs with the strong nonlinearity (or the part with strong nonlinearity of the ISWs in the vertical direction) 618 

can use the first-order nonlinear vertical mode function (nonlinear correction is considered) to better fit the vertical structure 619 

of the amplitude. The pycnocline deviation (especially the downward deviation of the pycnocline) affects the vertical structure 620 

of the mode-2 ISW amplitude in the study area. When the pycnocline center has a large downward deviation, the vertical mode 621 

function cannot be used to well fit the vertical structure of the mode-2 ISW amplitude in the study area. 622 

Code and data availability. The full seismic data are provided by MGDS (The Marine Geoscience Data System) 623 

(http://www.marine-geo.org/), available for academic research at www.marine-geo.org/tools/search/entry.php?id=EW0412. 624 
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