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Abstract

:

Internal solitary waves (ISWs) near the Dongsha Atoll in the northern South China Sea (SCS) can be divided into incident, reflected, and refracted waves. Compared with the incident and refracted ISWs, the reflected ISWs are less likely to appear, but their impact on the ecological environment and marine activity should not be underestimated. In this work, field experiments were performed and moderate-resolution imaging spectroradiometer (MODIS) images were collected to analyze the reflected ISWs. Satellite observations showed that they were excited by the collision between the incident ISWs and the Dongsha Atoll and are often in the form of a wave packet composed of 2 to 5 solitons. During propagation, its spatial range gradually increases and interacts with the incoming waves generated by the next tidal cycle until it dissipates at approximately 117.5° E. Eighty percent of the reflected ISWs occur from April to June. The length of the crest line is mainly between 50 and 150 km, and the average propagation speed is approximately 1.57 m/s, which is smaller than that of the incident ISWs. In situ observations showed that the amplitudes of the reflected ISWs were between 10 and 20 m, accounting for only 40% of the incident ISWs. Compared with the incident ISWs, the vertical, velocity, and zonal velocities of the reflected ISWs were all attenuated. The results of the depth-integrated horizontal energy flux calculation showed that the energy of the reflected ISWs was only 61% of that of the incident ISWs. The reflected ISWs accelerated the velocity of the surface flow field during propagation, and the maximum velocity on the sea surface was approximately 0.60 m/s. Strong tides are beneficial for the generation of reflected ISWs near the Dongsha Atoll. Incident and reflected ISWs are all first-mode ISWs.
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1. Introduction


Internal solitary waves (ISWs) are oceanic sub-mesoscale phenomena that are usually generated by the interaction between internal tides and topography, such as submarine sills, and gradually dissipate after undergoing nonlinear evolution [1]. ISWs propagate along the oceanic pycnocline and have a large amplitude, short period, and strong flow velocity, which have important impacts on the distribution of nutrients and biological activities [2,3] and the safety of submarine navigation. For example, the sinking of an Indonesian submarine near the Lombok Strait on 21 April 2021 was associated with ISWs [4]. Therefore, studying and analyzing the characteristics of ISWs in certain sea zones for oceanographic research and marine safety is of great significance.



ISWs modulate the redistribution of sea surface microscale waves during propagation, thereby changing the sea surface roughness distribution [5]; thus, they can be observed with the naked eye or imagery. The methods commonly used for studying ISWs include in situ, remote sensing, and numerical simulations. The effective combination of different methods can be used to obtain the characteristics of ISWs [6,7,8]. Remote sensing can also be used to analyze the sea surface characteristics of ISWs on a larger spatial scale and over a longer time range [9,10,11,12,13,14]. In addition, the generation and propagation of ISWs can be reproduced using laboratory and numerical simulations [15,16,17,18,19].



The South China Sea (SCS), known as an experimental field for internal wave research, has extremely strong ISWs [20,21] that reach amplitudes of 240 m [7]. The northern part of the SCS has the most frequent occurrence of ISWs, which are of different types with different characteristics [6,22,23,24] as well as ISWs of various modes [25,26,27]. Simultaneously, ISWs often interact with other oceanic phenomena, such as mesoscale eddies [28] and the Kuroshio current [29].



Using a variety of methods, researchers have learned the spatiotemporal distribution characteristics of ISWs in the northern SCS [30], the generation source, and the propagation process [11,31]. In addition, ISWs that originate in the Luzon Strait are mainly generated by the interaction between tides and submarine ridges [32,33,34]. They experience nonlinear evolution in the central deep-sea basin and finally dissipate on the western continental shelf [35]. During their propagation, ISWs undergo multiple refractions and reflections near the Dongsha Atoll, resulting in a unique wave-packet variation.



However, relatively few studies focus on the reflected ISWs near the Dongsha Atoll, whereas more attention is given to the refracted waves that form on its western side [36,37]. At present, although some literature discusses the generation characteristics of the reflected ISWs, Bai et al. simulated their generation based on remote-sensing images and numerical models and then discussed their propagation speed and energy changes [13]. However, considering the frequent military activities and engineering construction near the Dongsha Atoll, analyzing the evolutionary characteristics of the reflected ISWs is not only of great scientific significance, but it is also beneficial for marine safety.



To reveal the evolution of the reflected ISWs, an in situ experiment was conducted near the Dongsha Atoll in May 2021. In addition, 720 moderate-resolution imaging spectroradiometer (MODIS) images from May 2015 to May 2021 were matched and processed. The remaining sections of this paper are arranged as follows: Section 1 describes the research background; Section 2 introduces the research area; Section 3 analyzes the interpreted results of the remote sensing images; and Section 4 analyzes the reflected ISWs based on in situ observations. The properties of the waves are discussed in Section 5, and Section 6 concludes the work.




2. Study Area


Figure 1a shows the spatial distribution of ISWs in the northern SCS: the red stripes are the leading wave crest lines manually extracted from MODIS images. The figure also shows different types of ISWs on both sides of the Dongsha Atoll. The eastern side mainly contains the incident ISWs that extend north to south for hundreds of kilometers, as well as the arc-shaped reflected ISWs; the western side contains many the refracted ISWs, which appear as two branches and can propagate to the near-shore continental shelf. The black box in Figure 1a, the area delineated in this paper, is where reflected ISWs often appear and reach as far east as 117.5° E. Figure 1b shows a MODIS image, in which the incident, refracted, and reflected ISWs exist simultaneously. The reflected ISWs are in a semicircular arc and are composed of 3 to 5 solitons. The length of the crest line of the leading wave is approximately 150 km.




3. Results of Remote Sensing Images


To analyze the morphological and spatiotemporal distribution of the reflected ISWs further, information on ISWs was extracted from MODIS images. MODIS is an optical sensor onboard the Terra and Aqua satellites, which have a total of 36 channels; a swath width of 2330 km; spatial resolutions of 1000, 500, and 250 m; and a transit time interval of 3 h. This work downloaded and processed 720 MODIS images covering the continental shelf near the Dongsha Atoll from May 2015 to May 2021 with a resolution of 250 m. The channel locations for images were 0.62–0.67 µm and 0.841–0.876 µm. After geometric and radiometric corrections, 70 groups of reflected ISWs were obtained. Image information is shown in Appendix A.



3.1. Spatiotemporal Distribution


Using the crest lines of leading waves, the spatial distribution of the reflected ISWs is shown in Figure 2a. They mainly exist in the form of wave packets, which partially surround the Dongsha Atoll. Compared with the incident and refracted ISWs, the spatial range of the reflected ISWs is more concentrated, mainly from 116.5° E to 117.5° E and from 20° N to 21° N. The results of Sun et al. showed that ISWs in the northern SCS mainly occurred from April to September [29]. Consistent with their results, the time distribution map of reflected ISWs in Figure 2b shows that the reflected ISWs occurred mostly in May and accounted for 35% of the total number, and the total proportion from April to June reached up to 80%. Due to the relatively weak energy of the reflected waves, the features caused by the sea surface are not obvious, so they may not be detected by satellite imagery. However, according to the overall temporal distribution of ISWs in the northern SCS and the fact that the seawater stratification phenomenon is significant in summer, it can be inferred that April to June is a high-frequency period of the reflected ISWs.




3.2. Morphology


Figure 3 shows the generation and evolution of the reflected ISWs near the Dongsha Atoll using 8 MODIS images. Initially, the incident ISWs propagated westward in the form of a single soliton extending north to south for hundreds of kilometers (Figure 3a). After encountering the Dongsha Atoll, the reflected ISWs were generated, which initially appeared as a small wave packet with a small spatial extent and closely adjacent solitons in the packet (Figure 3b). Subsequently, as the ISW continued to propagate eastward, the soliton spacing in the packet gradually elongated, and the spatial range was further enlarged (Figure 3c). Figure 3d–g show that during the eastward propagation, the reflected ISWs may interact with incident ISWs generated in the next tidal cycle, producing a unique feature of arc-shaped reflected ISWs superimposed on straight-shaped incident ISWs. However, the collision of the incident ISWs did not change the shape of the reflected ISWs, which continued to propagate eastward in the form of wave packets (Figure 3h) and finally disappear near 117.5° E. This work suggests that the reason the reflected ISWs gradually dissipated is that they had less energy, and the continuous westward-propagating tides hindered the reflected waves and further consumed their energy.



Based on the preprocessed MODIS images, we extracted and calculated the characteristics of ISWs: position, number of solitons, and propagation speed. In addition to the 70 groups of reflected ISWs mentioned above, 100 groups of incident ISWs were processed. Figure 4 shows the characteristic parameter distribution of the incident and reflected ISWs. As shown in the figure, reflected ISWs often exist in the form of wave packets. The number of solitons in a packet is usually between 2 and 5, but packets with more than 8 can appear, while the number of solitons in the incident ISWs mainly ranges from 1 to 3. The lengths of the crest lines of the reflected ISWs were mainly between 50 and 150 km, accounting for more than 80% of the total, whereas the crest lines of the incident ISWs were longer, reaching 250 km. The number of solitons exceeding 100 km accounts for approximately 90%. Figure 4c shows that the propagation direction of the reflected ISWs centered at 90° was northeast and southeast. The proportion of reflected ISWs propagating to the southeast accounted for 70%. The incident ISWs propagate westward, ranging from 240° to 300° E, and more than 80% propagated to the northwest. Figure 4d shows an example calculation of the speed of an ISW based on the multiphase method (MPI) [31,38]. MPI is based on satellite images of the same ISWs acquired at different times, which means the propagation speed of ISW can be calculated according to the propagation distance and the time difference between the satellite images. In this work, 3 groups of reflected ISWs and 5 groups of incident ISWs were matched and processed. The average speed of the incident ISWs was 2.57 m/s, while that of the reflected ISWs was 1.57 m/s, accounting for only 60% of the incident ISWs.





4. In Situ Observations


From 18 to 28 May 2021, an in situ observation experiment was carried out near the Dongsha Atoll. A total of 3 sites were selected, of which site S1 was located on the eastern side of the Dongsha Atoll (117.385° E, 21.246° N), with a water depth of approximately 560 m. During the observation, 27 temperature probes and 2 temperature–salinity–depth profilers (CTDs) were used to form a temperature chain to obtain seawater temperature and salinity. The sampling interval of the instrument was set to 5 s; the deployment interval was 5 to 10 m; and the vertical spatial resolution was interpolated to 1 m during data processing. The underwater current velocity was measured using a 150 kHz acoustic doppler current profiler (ADCP) with a sampling time resolution of 1 min and a layer thickness set to 4 m. An AAnderaa current-meter, operating at a frequency of 20 Hz, was used to record the surface sea current.



As mentioned above, some incident ISWs collide with the Dongsha Atoll and then refract and continue to propagate westward, while the rest are reflected and propagate eastward. Figure 5 shows a set of measured data and two remote sensing images, of which Figure 5c is a MODIS image acquired at 02:55 UTC on 21 May; Figure 5d is a FengYun-3D image acquired on 21 May at 05:25 UTC. FengYun 3D is China’s polar-orbiting meteorological satellite having a resolution of 250 m and a swath width of 2800 km. As shown in Figure 5c,d, there was a large refracting ISW packet (ISW-1, blue) with a crest line up to 105 km propagating westward from the western side of the Dongsha Atoll, while there was an arc-shaped reflected ISW packet (ISW-2, red) on the northeast side of the Dongsha Atoll. The propagation speeds of the refracted and reflected ISWs calculated from the images were approximately 1.45 and 1.6 m/s, respectively. Combined with the speed and the distance between them, this work suggests that the two wave packets originated from the same incident ISW, which was recorded by in situ observations. It passed site S1 at 16:00 on 20 May, after which some of it propagated westward and evolved into ISW-1, as shown in Figure 5c,d; the rest of the ISW propagated eastward after reflecting off the Dongsha Atoll, evolving into ISW-2 and passing through site S1 again at 03:00 on 21 May.



Figure 5(a-1,a-2,b) depict the temperature profile and waveforms of the incident and the reflected ISWs. The incident ISW is a single soliton with a duration of approximately 50 min and an amplitude of approximately 45 m; the reflected ISW is in the form of a wave packet composed of 2 small solitons, which is consistent with the number of solitons in the remote sensing image. The entire wave packet existed for approximately 70 min. Compared with the incident ISW, the amplitude of the reflected ISW (approximately 16 m) was attenuated by 65%, indicating the energy loss.



Figure 6 shows the current velocity when the incident and reflected ISWs passed through. The vertical current velocity of the two ISWs first decreased and then increased along the propagation direction, indicating that they were all evaluating waves and without polarity conversion. The vertical velocity of the reflected ISWs was only 40% of the incident ISWs, which was approximately 4 cm/s. The horizontal current velocity profiles (Figure 6(a-1–a-3,b-2,b-3)) show that both the incident and reflected ISWs were first-mode ISWs, showing a two-layer structure. The boundary between the two layers was the maximum amplitude of the ISW, where the horizontal velocity was zero, but the shear force was at maximum. For the incident ISWs, the maximum radial and zonal current velocities in the upper layer were 50 and 80 cm/s, respectively; the maximum current velocities in the lower layer were 30 cm/s (radial) and 100 cm/s (zonal), respectively. For the reflected ISWs, the maximum radial velocity and zonal velocity of the upper layer were 40 and 20 cm/s, respectively, which were attenuated by 20 and 75%, respectively, relative to the incident ISWs. The maximum radial and zonal velocities of the lower layer were 90 and 30 cm/s, respectively. In general, the velocity of the reflected ISWs was smaller than that of the incident ISWs, indicating that some of kinetic energy was lost after collision with the Dongsha Atoll. In addition, upon careful examination, Figure 6(a-3,b-3) reveal that the zonal flow of both incident and reflected waves had a 180° inversion phenomenon in the upper and lower layers, which was reasonable in that the incident ISWs mainly propagated westward, while the reflected ISWs mainly propagated eastward.



Figure 7 shows the result of the change in sea surface current caused by the reflected ISWs measured by the AAnderaa current meter. Figure 7a shows that ISWs accelerate the velocity of the surface current, and the amplitude of the maximum velocity was approximately 0.60 m/s, accounting for 30% of the propagation speed, which doubled when there was no ISW disturbance. Figure 7b shows that ISWs did not cause a significant change in the direction of the surface current, which may have been due to the greater influence of surface waves and wind. Images of the sea surface when the ISWs arrived and after their passage were captured by the camera. As shown in Figure 7c,d, when the ISWs arrived, the wave-breaking phenomenon of the sea surface intensified due to convergence; then, due to divergence, the sea surface became smooth. Osborne and Burch described the phenomenon of current divergence after ISW passage as the “mill-pond effect” [8], and Craig et al. proposed an alternative explanation of radiative absorption into the bound states of the Schrödinger equation [39].




5. Discussion


5.1. Tides


As mentioned above, ISWs near the Dongsha Atoll are generated in the Luzon Strait, and studies by Bai et al. [40] and Jackson [41] showed that their propagation from the Luzon Strait (122° E, 20.5° N) to the Dongsha Atoll takes approximately 2  ±  0.5 days. In this section, we explored whether the tidal changes at the incident ISW generation point in the Luzon Strait (122° E, 20.5° N) affect the probability of generating the reflected ISWs near the Dongsha Atoll. Therefore, the generation time of all observed ISWs in the Luzon Strait was first determined; that is, it was estimated to be 2  ±  0.5 days ahead from the time when the satellite captured the reflected ISWs. The barotropic tidal energy (u2 + v2) at the generation point was obtained according to TMD software [42], where u and v are the radial and zonal barotropic tides, respectively. Tides contain eight principal components (M2, S2, N2, K2, K1, O1, P1, and Q1).



Figure 8 shows the tidal energy distributions at the generation points in May 2016 and May 2019, which were chosen because more reflected ISWs were detected during these two months. The barotropic tide at the generation site is a typical semilunar period, there are two spring tides and two neap tides per month. The shading in Figure 8 represents the ISW generation time with an uncertainty of 0.5 days. In the figure, there are 7 ISWs generated during strong tides and 6 during weak tides. Similar statistics were performed on all reflected ISWs observed in this work, and 55% of the observed waves were generated during strong tides; 45% during weak tides. Therefore, this work believes that tidal energy at the generation point was not the decisive factor affecting the generation of reflected ISWs, but strong tides were slightly beneficial for generating the reflected ISWs near the Dongsha Atoll because the initial energy of the incident waves was stronger, which was consistent with the conclusion of Bai et al. [13].




5.2. Mode


The mode is one of the main characteristics of oceanic ISWs. According to their vertical structure, they can be divided into first, second, and higher-order modes. The incident ISWs on the eastern side of the Dongsha Atoll were often in the first mode, but the mode of the reflected ISWs needs to be analyzed further. Cui et al. showed that the mode of adjacent ISWs can be accessed from remote sensing images according to light and dark changes and water depth conditions. That is, when viewed along the propagation direction, if the bright and dark characteristics of adjacent ISWs change and the seawater stratification is consistent, the mode changes [43,44]. In this section, the changes in the modes of the reflected and incident ISWs are analyzed. Figure 9 shows two MODIS images containing both ISWs. The dotted red lines are drawn along the propagation direction of the ISW, and the subgraphs in Figure 9 represent the gray value profiles of the images extracted along the lines. The blue boxes in the subplots show the changes in grayscale values where ISWs were present. The grayscale value curves in the blue boxes show a trend of first decreasing (dark) and then increasing (bright) from left to right, which is a typical characteristic of ISWs in the first-mode. Therefore, the reflected ISWs are consistent with the incident ISWs, and both are first-mode with no mode change. The cross-sectional analysis of 70 groups of the reflected ISWs in this work showed that they were classified as the first mode, and there was no mode change compared with the incident ISWs.



However, this conclusion seems to be inconsistent with that of Bai et al. [13]. In Section 3.2 of Bai’s study, they obtained the vertical velocity field of the reflected ISWs based on a fully nonlinear nonhydrostatic gravity wave model, and pointed out that the reflected ISW was second mode. Our explanation for this is that, relative to the research method of Bai et al., we conducted a modal analysis of the reflected ISWs based on measured data and remote-sensing images. These analyses were objective and no other assumptions were made. In addition, in the study on second-mode ISWs in the northern South China Sea by Cui et al. [43], second-mode ISWs were not detected in the area where reflected ISWs frequently occur, which was consistent with the conclusion of this work. We do not rule out the possibility of missing some high-mode ISWs due to the small amount of data in this work, which would require more field measurements and remote sensing images and the reproduction of reflected ISW generation near the Dongsha Atoll in combination with numerical simulation.




5.3. Energy


Through satellite and in situ observations, this work revealed some of the kinematic characteristics of reflected ISWs. To further understand the interrelationship between reflected and incident ISWs, this section analyzes their energy changes according to the depth-integrated horizontal energy flux F [13,33,45].



F is defined as   F = c 〈 K E + A P E 〉  , and c is the phase speed of the ISW. The average propagation speeds of the incident ISWs and the reflected ISWs calculated in Section 3.2 are 2.57 and 1.57 m/s, respectively. KE is the depth-integrated kinetic energy and APE is the depth-integrated potential energy:


  K E =  1 2    ∫   − H  0    ∫   − L  L   ρ 0     u 2  +  v 2  +  w 2    d x d z  



(1)






  A P E =   ∫   − H  0    ∫   − L  L  g   ρ −  ρ 0    z d x d z  



(2)




where    ρ 0    is the average background density; (u, v, w) corresponds to the current velocity of the three components; H is the depth-integration range; and L represents the horizontal range of the ISW. Based on the temperature and current profiles in Figure 5 and Figure 6, the KE and APE of the ISWs can be calculated by two-dimensional integration using formulas (1) and (2).



Figure 10 shows the density profiles obtained from the CTDs on 19 May 2021, with a calculated background mean density of 1024.237 kg/m3.    ρ 0    is substituted into the formula, and the energy is calculated according to the temperature and current velocity profiles of the ISWs in Figure 5 and Figure 6. The KE and APE of the incident ISWs were obtained as 1.44 and 1.018 MJ/m2, respectively, so F was approximately 2.461 MJ/m2. The KE and APE of the reflected ISWs were 0.807 and 0.69 MJ/m2, respectively, so the depth-integrated horizontal energy flux was approximately 1.497 MJ/m2, accounting for only 61% of the incident ISWs. The above analysis shows that the reflected ISWs had less energy and thus were easily dissipated and could not travel further distances. Where does the remaining energy of the incident ISWs go? Our hypothesis is that this part of the energy is dissipated near the Dongsha Atoll, which promotes the resuspension of local nutrients and is beneficial to the growth of ecological environments such as coral reefs.





6. Conclusions


Based on in situ experiments and remote sensing images, this work studied the characteristics of ISWs near the Dongsha Atoll in the northern SCS, and revealed the regular characteristics of the reflected ISWs. The results showed that the reflected ISWs were mainly concentrated from 116.5° E to 117.5° E and from 20° N to 21° N, and 80% of the reflected ISWs occur from April to June.



The reflected ISWs originated from the collision between the incident ISWs and the Dongsha Atoll. The morphology initially appeared as a small wave packet with a small spatial range and closely adjacent solitons. Then, the reflected ISWs propagated eastward and evolved, the spatial range increased; they interact with the incident ISWs generated by the next tidal cycle during propagation; and finally dissipated at approximately 117.5° E. The number of solitons of the incident ISWs were mainly between 1 and 3, while the reflected ISWs often existed in the form of a wave packet composed of 2 to 5 solitons, and the waveform changed significantly. The crest lengths of the reflected ISWs were mainly between 50 and 150 km. The average propagation speed of the reflected ISWs was approximately 1.57 m/s, accounting for only 60% of incident ISWs and 70% of the reflected wave propagation to the southeast.



A group of incident ISWs was observed in the field and lasted for 50 min as a soliton with an amplitude of approximately 50 m, while the reflected ISWs existed for 70 min in the form of a wave packet composed of 2 solitons. Compared with the incident ISW, the amplitude of the reflected ISW was attenuated by 60%, between only 10 and 20 m. Compared with incident ISWs, the vertical velocity of reflected ISWs is approximately 4 cm/s, accounting for only 40%. ISWs can accelerate the velocity of the surface current, and the maximum velocity of the sea surface caused by the reflected ISWs was approximately 0.60 m/s.



Strong tides are beneficial to the generation of reflected ISWs near the Dongsha Atoll because the energy of the incident ISWs generated during that time could be higher. The energy change between the reflected ISWs and the incident ISWs was calculated according to the depth-integrated horizontal energy flux. The results showed that the energy of the reflected waves accounted for only 61% of the incident waves, indicating that some of the energy was lost after the collision of the ISWs with the Dongsha Atoll. The mode of the reflected ISWs was analyzed using remote-sensing images, and the results showed that it was consistent with the incident ISWs, both of which were first mode.



In this work, based on remote-sensing and in situ measurements, the characteristics of reflected ISWs near the Dongsha Atoll were analyzed, but the physical mechanism of the reflected waves and the wave–wave interactions were not further revealed. We obtained more data on the incident waves and the reflected waves by placing long-term observation arrays on the eastern side of the Dongsha Atoll and then analyzed the mechanism of the reflected ISWs. In addition, through high-resolution numerical simulations such as MITgcms, it was also possible to reproduce reflected ISW generation on the computer and to further analyze the wave–wave interaction between the reflected and incident waves. Of course, marine AI technology is on the rise, and AI algorithms that fully combine remote sensing images, in situ data, and physical models are key for us to study submesoscale marine phenomena, such as internal solitary waves.
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Appendix A


Appendix A lists the MODIS image information used in this paper containing reflected internal solitary waves.
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Table A1. The MODIS image information used in this paper containing reflected internal solitary waves.






Table A1. The MODIS image information used in this paper containing reflected internal solitary waves.





	
The MODIS Image Information






	
MOD02QKM.A2015210.0315.006.2015210134246

	
MOD02QKM.A2019120.0255.006.2019120131518




	
MOD02QKM.A2016101.0315.006.2016104192540

	
MOD02QKM.A2019134.0310.006.2019134134851




	
MOD02QKM.A2016112.0255.006.2016112134539

	
MOD02QKM.A2019136.0255.006.2019136130917




	
MOD02QKM.A2016119.0300.006.2016119135647

	
MOD02QKM.A2019138.0245.006.2019138131141




	
MOD02QKM.A2016126.0310.005.2016126134210

	
MOD02QKM.A2020112.0315.061.2020112132006




	
MOD02QKM.A2016128.0255.006.2016128134800

	
MOD02QKM.A2020123.0255.061.2020123131040




	
MOD02QKM.A2016130.0245.006.2016130140621

	
MOD02QKM.A2020126.0325.061.2020126131416




	
MOD02QKM.A2016155.0240.006.2016155212324

	
MOD02QKM.A2020128.0315.061.2020128131829




	
MOD02QKM.A2017105.0300.061.2017314005750

	
MOD02QKM.A2020130.0300.061.2020130131719




	
MOD02QKM.A2017142.0320.061.2017314140232

	
MOD02QKM.A2020139.0255.061.2020139130347




	
MOD02QKM.A2017144.0310.061.2017314162342

	
MOD02QKM.A2021141.0255.061.202114116279




	
MOD02QKM.A2017157.0235.061.2017315000911

	
MYD02QKM.A2016099.0455.006.2016102085019




	
MOD02QKM.A2017194.0255.061.2017315120040

	
MYD02QKM.A2016113.0510.005.2016113155230




	
MOD02QKM.A2018078.0250.061.2018078133604

	
MYD02QKM.A2016127.0520.006.2016127154416




	
MOD02QKM.A2018092.0300.061.2018092134259

	
MYD02QKM.A2016152.0515.006.2016152155911




	
MOD02QKM.A2018094.0250.061.2018094134309

	
MYD02QKM.A2016166.0525.005.2016166191738




	
MOD02QKM.A2018117.0255.061.2018117132326

	
MYD02QKM.A2016296.0515.005.2016296154456




	
MOD02QKM.A2018119.0245.061.2018119133111

	
MYD02QKM.A2017099.0510.061.2018031035113




	
MOD02QKM.A2018122.0315.061.2018122133212

	
MYD02QKM.A2017156.0500.061.2018033001811




	
MOD02QKM.A2018133.0255.061.2018133133024

	
MYD02QKM.A2017157.0545.061.2018033002536




	
MOD02QKM.A2018147.0310.061.2018147134550

	
MYD02QKM.A2018075.0525.061.2018075161358




	
MOD02QKM.A2018149.0255.061.2018149134056

	
MYD02QKM.A2018077.0515.061.2018077155249




	
MOD02QKM.A2018176.0240.061.2018176132832

	
MYD02QKM.A2018091.0525.061.2018091162422




	
MOD02QKM.A2018177.0320.061.2018177133002

	
MYD02QKM.A2018123.0525.061.2018123155127




	
MOD02QKM.A2018181.0255.061.2018181133528

	
MYD02QKM.A2018146.0535.061.2018146181151




	
MOD02QKM.A2018211.0310.061.2018211133457

	
MYD02QKM.A2018148.0520.061.2018148172943




	
MOD02QKM.A2018213.0255.061.2018215195133

	
MYD02QKM.A2018262.0510.061.2018263153716




	
MOD02QKM.A2019049.0250.006.2019049130734

	
MYD02QKM.A2019133.0535.006.2019133161427




	
MOD02QKM.A2019081.0250.006.2019081131937

	
MYD02QKM.A2020104.0535.061.2020104153353
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Figure 1. Characteristics of ISWs near the Dongsha Atoll in the northern SCS. (a) Spatial distribution of ISWs, the red curves are the crest lines of ISWs manually extracted from the MODIS images; (b) MODIS image acquired on 7 May 2020. 
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Figure 2. Spatial and temporal distribution of the reflected ISWs. (a) Spatial distribution, in which the red solid lines are the crest lines of leading waves; (b) temporal distribution. 
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Figure 3. Evolution process of the reflected ISWs obtained from MODIS images. (a–h) are images acquired at different times, MOD and MYD refer to MODIS sensors mounted on the Terra and Aqua satellites, respectively. 
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Figure 4. Characteristic parameter distributions of the reflected ISWs and incident ISWs. (a) Number of solitons; (b) length of crest lines; (c) propagation direction; (d) multiphase method (MPI) to calculate the speed. 
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Figure 5. ISWs acquired at S1. (a-1) Incident ISW obtained on May 20; (a-2) reflected ISW obtained on 21 May; (b) comparison of waveforms; (c) MODIS imagery, 21 May 2021 02:55; (d) FengYun-3D imagery, 21 May 2021 05:25. The blue crest line is the refracted wave (ISW-1), and the red crest line is the reflected wave (ISW-2). 
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Figure 6. Current velocity profiles measured by ADCP (a-1–a-3) the incident ISWs on 20 May; (b-1–b-3) the reflected ISWs on 21 May. Panels 1 to 3 show the vertical, radial and zonal currents, respectively. 
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Figure 7. Variation in the surface sea current during the passage of reflected ISWs, 21 May 2021 UTC. (a) Change in the amplitude of the surface sea current; (b) directional change in the surface sea current. Shadings represent the passage time of the ISW. (c) Surface sea image during the passage of ISWs, acquired on 21 May at 3:16. (d) Surface sea image after the passage of ISWs, acquired on 21 May at 5:02. 
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Figure 8. Tidal energy at the wave generation point (122° E, 20.5° N) in the Luzon Strait. (a) May 2016; (b) May 2019. 
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Figure 9. ISW mode changes. (a) MODIS image acquired on 29 May 2018; (b) MODIS image acquired on 9 May 2020. The red dashed cross-sections in panels (a) and (b) are ISWs of interest, which are shown as (a-1,a-2) and (b-1,b-2) in the subfigures, respectively; the blue boxes in the subfigures are ISW cross-sections. 
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Figure 10. The density profile of the observation point without ISW disturbance. (a) 19 May 2021 10:00 UTC; (b) 19 May 2021 14:00 UTC. 
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