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Oceanic internal waves generated by the Tongan volcano eruption
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Internal waves (IW) are widely distributed at the marginal seas or continental shelves (Liu et al., 2013; Zhao and Alford, 2006;
Zheng et al., 2007). They have an amplitude of up to hundreds of meters and wave crests of several hundreds of kilometers, and affect
ocean environments significantly (Wyatt et al., 2019; Zhang et al., 2022). Satellite images have played an essential role in studying IWs
owing to their global-scale observation ability and multi-band sensors in orbit (Alpers, 1985; Apel et al., 1976; Lindsey et al., 2018;
Zheng et al., 2001). IW generations are generally reported closely related to wind, tides, topography, and currents (Li et al., 2008;
Whalen et al., 2020). Large-amplitude long-wave-crest IW is frequently generated by tide-topography interactions, lee wave
mechanism, resonant mechanism, or internal tide steeping in the marginal seas (Xie et al., 2022). Small-scale IW is generated by
plume mechanisms or other small-scale disturbances in coastal ocean areas (Alford et al., 2015; Jackson et al., 2012). However, IWs are
rarely observed in open ocean areas because of the strong dispersion effect in the deep ocean. Here we report the first observation of
IWs generated by a volcano, the Tongan volcano, eruption in the southwest of the Pacific Ocean on January 15, 2022.

Tongan volcano lies on the Pacific Plate and the Indo-Australian Plate boundary. The plate collision results in a chain of volcanoes.
On January 15, 2022, the Hunga Tonga–Hunga Ha’apai, an underwater volcano (20.57°S, 175.38°W), erupted explosively and lasted 11 h.
The eruption released massive energy into the ocean and triggered a tsunami, which attacked islands around Tonga. The Japanese
Himawari-8 geostationary satellite images have captured the eruption sending ashes into the sky and causing atmospheric shock
waves to ripple globally. An example is shown in Fig. 1a. The Himawari-8 image was downloaded from the Worldview at https://
worldview.earthdata.nasa.gov/.

The European Space Agency’s Sentinel-1 synthetic aperture radar (SAR) image was acquired 13 h after the initial eruption. The
SAR image (Fig. 1b) shows IWs in the northern area of the volcano eruption location. SAR can observe IW because it modulates the
surface gravity capillary waves and manifests as bright-dark bands on SAR images (Alpers, 1985). The Sentinel-1 SAR data were
provided by European Space Agency and are available at https://scihub.copernicus.eu/dhus/#/home. Clear IW packets propagating
in different directions are observed. The length of the IW crests ranges from less than 20 km to 67 km. The north propagating IWs are
separated by Tofua Island, forming IW patterns similar to the IWs in the Dongsha Atoll of the South China Sea. The cross-interactions
patterns imply that these IWs may not generate at a single source. Figure 2 shows the synergy observation of IWs using the Moderate-
resolution Imaging Spectroradiometer (MODIS) and Sentinel-1 images with a time difference of about 5 h. The propagation speed of
IWs is about 0.95 m/s. We have taken the profiles along the black line on the Sentinel-1 SAR image, as shown in Fig. 2. The
characteristic wavelength of IWs ranges from 860.9 m to 1 530.4 m, which is the typical value of IWs. The length of the leading IW wave
crest is 67 km.

We examined two Sentinel-1 SAR images (Figs 3a, b) acquired before (January 3) and after (January 27) the volcano eruption but
did not observe IWs in this area. IW generation requires two necessary conditions: stratification and disturbing force in the water
column. Figure 4 shows the stratification profiles at the IWs observation and the volcano eruption sites. The density and buoyance
frequency profiles show that this area has a uniform stratification with a mixed layer depth of 65 m.

The Tongan volcano is an underwater volcano with a depth ranging from tens to 250 m (Witze, 2022). The lower heavier seawater
will blow upward to the ocean surface when the volcano erupts. According to the conversation law, the lower seawater will flow to the
volcano location. When the volcano eruption finished, the seawater around the volcano had a larger density in the same depth than
far-field ocean areas. Therefore, the heavier seawater will move downward and spread around, disturbing the stratification. This IW
generation process is similar to the IWs generated at the lab with the gravity collapse mechanism (Du et al., 2019). The heavier
seawater will collapse because of the force of gravity and create a vertical shear force. An overturning potential will cause vortex
motion, and the disturbance propagates along the thermocline.

On the other hand, magma will first meet seawater when the volcano erupts. The water will transform the thermal energy of the
magma into kinetic energy (Witze, 2022). The kinetic energy will mainly blow upward and spread around, amplifying the oscillations
induced by the collapsed heavier seawater.
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From the three-dimensional underwater topography shown in Fig. 4, we can find that the energy is separated by the volcano
chains, in one way propagate along the deep channel formed by collisions of Plates, and in another way leaks into the left side of the
volcano chains (brown arrows in Fig. 4). When the spreading energy meets other volcanoes, the thermocline-propagating disturbance
will finally evolve into IWs. Figure 4 shows that the stratification is uniform but not very strong, suggesting that disturbances, like the
volcano eruption, must be extreme to produce enough energy for IW generation.

The massive power of the volcano eruption excited shock waves in the atmosphere and oceans. In previous studies, meteorological
satellites have observed volcano-excited atmospheric waves (Nakashima et al., 2016). To our knowledge, this is the first time oceanic
IWs are excited by a volcano eruption. The gravity collapse of seawater induced by the volcano eruption is why IW generation. The
satellite images allowed the in-time observation of the volcano eruption and enriched IW generation mechanisms. No such occasions
have been observed before. This fact may be attributed to three factors: fewer satellites in orbit and long revisit period of SAR images,
cloud contamination of optical satellite images, and small-scale features of IWs. The bloom developing remote sensing techniques
gives humans much more opportunity to observe volcano activities and their influence on the ocean.
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Fig. 1.   Pseudo-color Himawari-8 image showing the volcano eruption (a) overlaid with Sentinel-1A image showing signatures of
crescent internal waves in northern Tonga (b). The Himawari-8 image was acquired at 04:30UTC, and the Sentinel-1A synthetic
aperture radar image was acquired at 17:08UTC. The red star indicates the volcano eruption location. The pseudo-color SAR image is
composed with different polarization channels (VV and VH).
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Fig. 2.   Moderate-resolution Imaging Spectroradiometer (MODIS) (a) and Sentinel-1 (b) image showing signatures of internal waves
in the northern Tongan. The red lines indicate the internal wave crests extracted from the Sentinel-1 image. The green line indicates
the internal wave crest extracted from the MODIS image acquired 5 h later. The insert map shows the profiles taken along the black
lines on the Sentinel-1 image.
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Fig. 3.   Sentinel images before (a) and after (b) the Tongan volcano eruption were acquired on January 3 and January 27, 2022.
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Fig. 4.   Internal waves (IW) crests overlaid on the topography. The red dot indicates the location where the volcano erupted. Two
yellow triangles indicate where IWs are observed and where the density information is extracted. The green lines indicate the IW crests
extracted from the Sentinel-1 image. The brown arrows indicate the energy propagation path.
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