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Abstract Oceanic internal gravity waves propagate along density stratification within the water
column and are ubiquitous. They can propagate thousands of kilometers before breaking in shoaling
bathymetry and the ensuing turbulent mixing affects coastal processes and climate feedbacks. Despite
their importance, internal waves are intrinsically difficult to detect as they result in only minor amplitude
deflection of the sea surface; the need for global detection and long time series of internal waves
motivates a search for geophysical detection methods. The pressure coupling of a propagating internal
wave with the sloping seafloor provides a potential mechanism to generate seismically observable
signals. We use data from the South China Sea where exceptional oceanographic and satellite time
series are available for comparison to identify internal wave signals in an onshore passive seismic data
set for the first time. We analyze potential seismic signals on broadband seismometers in the context of
corroborating oceanographic and satellite data available near Dongsha Atoll in May-June 2019 and find
a promising correlation between transient seismic tilt signals and internal wave arrivals and collisions in
oceanic and satellite data. It appears that we have successfully detected oceanic internal waves using a
subaerial seismometer. This initial detection suggests that the onshore seismic detection and amplitude
determination of oceanic internal waves is possible and can potentially be used to expand the historical
record by capitalizing on existing island and coastal seismic stations.

Plain Language Summary Oceanic internal gravity waves are similar to the more familiar
surface gravity waves that travel along the air-water density boundary at the surface of the ocean, but
instead travel along density boundaries within the water column. Internal waves are important for coastal
processes, climate feedbacks, and general oceanic dynamics and are therefore important to detect and
track on a global scale over time. However, since internal waves are buried within the water column, they
are difficult to detect. Seismology may be able to aid in detecting and measuring the size of internal waves
since a traveling internal wave will deform the underlying seafloor and generate a local tilt signal that
should be observable on coastal broadband seismometers. Here we perform an initial evaluation of the
seismic detectability of internal waves by using Dongsha Atoll in the South China Sea where we compare
an onshore broadband seismometer to internal waves identified in corroborating oceanic and satellite
data. We find correlations between the timing of transient seismic tilt signals and internal waves identified
in oceanic and satellite data. This is promising evidence of the first onshore seismic detection of internal
waves.

1. Internal Waves and Expected Seismic Signals

Oceanic internal gravity waves propagate along density stratification within the water column (Helfrich
& Melville, 2006). These waves are ubiquitous and can propagate thousands of kilometers before breaking
on shoaling bathymetry and the ensuing turbulent mixing affects coastal processes, climate feedbacks, and
marine ecosystems (DeCarlo et al., 2015; MacKinnon et al., 2017; Reid et al., 2019; Wolanski & Deleer-
snijder, 1998; Wang et al., 2007). Internal waves are of further importance for submarine navigation, subsur-
face structures, hydroacoustics, and marine organisms, and their critical role in mixing, energy dissipation,
and thermohaline circulation make them one of the most important factors governing oceanic dynamics
(Garrett & Kunze, 2007; Ferrari & Wunsch, 2009; Miropol’sky, 2001; Woodson, 2018). Internal waves of
tidal frequency, called internal tides or baroclinic tides, are generated in stratified waters when barotropic
tidal currents interact with seafloor topography. Internal tides play a particularly important role in oceanic

SHADDOX ET AL.

10of 17


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-3109-9878
https://orcid.org/0000-0002-6855-6860
https://orcid.org/0000-0003-1620-6794
https://orcid.org/0000-0001-8925-0433
https://doi.org/10.1029/2021AV000475
https://doi.org/10.1029/2021AV000475
https://doi.org/10.1029/2021AV000475
https://doi.org/10.1029/2021AV000475

. Yeldd
ra\* 1 V)
ADVANCING EARTH
AND SPACE SCIENCE

AGU Advances 10.1029/2021AV000475

dynamics because they are generated regularly and transfer energy from tides to mixing both in the deep
ocean and on continental shelves (Garrett & Kunze, 2007; Sandstrom & Elliott, 1984). Yet, they are not
always generated, even in the same ocean basin. Whether internal tides are generated depends on tide-to-
pography interactions and ocean stratification (Garrett & Kunze, 2007). Seasonal and climatological mod-
ifications in density stratification can result in dramatic changes in internal tide generation and propaga-
tion. Once generated, internal tides can propagate hundreds of kilometers and then break up into shorter,
higher-frequency nonlinear internal waves (Holloway et al., 1997; Ray & Mitchum, 1996; Zhao et al., 2004).

Despite their importance, internal waves are intrinsically difficult to detect from remote sensing approaches
as they produce only minor amplitude deflection of the sea surface. Detection of internal waves through
sea surface roughness variations visible on satellite images is possible (Alpers, 1985; Jackson et al., 2013)
but limited by cloud cover and temporal resolution, which is often greater than a tidal period, making it
challenging to create a continuous time series of internal waves. Therefore, short-term (weeks-months)
field deployments with in-situ oceanographic measurements of temperature, pressure and currents at ap-
propriate depths are used to successfully detect internal waves. However, these deployments only measure
deflections at certain depths and can miss some waves. More importantly, they do not provide basin-scale
spatial coverage or long time series records. The need for global detection and long time series of internal
waves motivates a search for geophysical detection methods.

The pressure coupling of a propagating internal wave with the seafloor provides a potential mechanism to
generate seismically observable signals. It is already well-established that oceanic surface waves generate
“noise” on seismometers (Orcutt et al., 1993). There is a ubiquitous seismic noise peak at periods of approx-
imately 2.5-25 s caused by ocean surface wave energy coupling into the ocean bottom, either from ocean
waves in shallow water interacting with coastlines (primary microseisms) or wave-wave interactions (sec-
ondary microseisms) (Bromirski, 2001; Bromirski et al., 2005; Tanimoto, 2007). Infragravity waves, ocean
surface waves with periods longer than swell and wind-driven waves, have generated long period (20-400 s)
signals on ocean-bottom seismometers (OBS) (Dolenc et al., 2008). Internal tides have also been recorded
by OBS, including at the ocean bottom from “tremor” signals on OBS geophones (Chang et al., 2016) and
infrequent (roughly twice per month) internal tidal bores identified as tilt signals on a broadband OBS
(Fukao et al., 2016). Breaking internal waves were also potentially detected on a seafloor distributed acous-
tic sensing cable (Lindsey et al., 2019). It is interesting to note that earthquakes can produce acoustic waves
that propagate along the low velocity channel of the ocean (T-waves), and travel times of T-waves are im-
pacted by the internal tide (Munk et al., 1981; Sugioka et al., 2005; Wu et al., 2020). Tsunami waves are a
type of infragravity wave that have induced tilt signals due to loading on the seafloor observable on both
island (Nishida et al., 2019; Yuan et al., 2005) and coastal (Boudin et al., 2013; Nawa et al., 2007) broadband
seismometers; it is therefore possible for seafloor pressure perturbations to generate near-field tilt that is
observable onshore.

A typical South China Sea internal solitary wave (i.e., nonlinear dispersive wave) of depression with an
amplitude of 100 meters results in a hydrostatic pressure change of approximately 2.5 kPa (Moum &
Smyth, 2006), which should generate a near-field tilt on the seafloor around 40 nanoradians (nrad) (see
Text S2 for calculation). Broadband seismometers record rotational motion/tilt in addition to translational
motion because the gravitational force due to a tilt change results in an acceleration (Wielandt & For-
briger, 1999). A tilt on the order of tens of nrad should be observable at long periods (>100 s) on a broadband
seismometer (Ackerley, 2014), and would be expected as internal waves approach and pass a seismic station
(Figure 1a). Since the seafloor is elastic, a broadband seismometer can also detect a near-field quasi-static
tilt signal from a wave not passing directly over the instrument if the wave is within a distance roughly equal
to the finite source length (i.e., the wavelength of the wave), similar to what has been observed on island
and coastal seismic stations from passing tsunami waves. This is a simplified view that provides a minimum
bound on the potentially observable seismic signals. As will be discussed later in this study, additional
pressure sources associated with propagating internal waves would provide additional tilt. For instance, the
dynamic pressure change on the seafloor from breaking or interacting internal waves may also result in a
seismically observable signal through the same type of elastic interaction illustrated in Figure 1a (Moum &
Smyth, 2006). In principle, seismology should be able to fill in the observational gap and provide long-term
time series of internal waves.
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Previous studies detecting internal tides and possibly internal waves using seismology have been based
on sparse ocean-bottom instrumentation with little oceanographic context or corroborating data. Here we
perform an initial evaluation of the subaerial seismic detectability of internal waves by analyzing potential
seismic signals in the context of corroborating data. This pilot project is possible because of exceptional in
situ data available from Dongsha Atoll in the South China Sea. On Pratas Island at the western side of Dong-
sha Atoll (Figures 1c and 1d) a permanent seismic station (VDOS) and two temporary seismometers (May-
June 2019) provide broadband seismic data. A temporary oceanographic deployment (May-June 2019) and
available satellite data provide constraints on the arrival times of internal waves at Dongsha Atoll. We find
a promising correlation between transient seismic tilt signals and internal wave arrival times in oceanic and
satellite data, potentially leading the way to utilizing seismology for both the detection and amplitude de-
termination of internal waves. Further, since there have been roughly 700 operational island stations since
the first island station was installed in 1957, the technique applied to global island as well as coastal seismic
stations could potentially provide information about the historic record and track the potential reaction of
internal waves to climate change.

2. Dongsha Atoll and the South China Sea

The largest amplitude (>100 m) internal solitary waves (i.e., nonlinear dispersive waves) in the world have
been observed in the South China Sea. Depending on the stratification, internal solitary waves can propa-
gate as waves of depression or elevation. The pycnocline in the South China Sea is <100 m, but the basin is
deep (up to 5,000 m depth). This type of stratification is expected to generate waves of depression as have
been observed in the northern South China Sea (Fu et al., 2012; Ramp et al., 2010; Simmons et al., 2011).
Large diurnal and semidiurnal barotropic tidal currents flow roughly east-west over two north-south trend-
ing ridges in the Luzon Strait (Figure 1b), generating strong internal tides that propagate westward into the
South China Sea in a narrow beam, steepening into internal solitary waves of depression (Alford et al., 2015;
Duda et al., 2004; Lien et al., 2005; Ramp et al., 2004). Internal solitary waves, typically two per day, are gen-
erated at peak tidal velocities and their amplitude is modulated on a fortnightly cycle, with the largest am-
plitude waves generated at peak spring tide when the barotropic tidal forcing is greatest (Duda et al., 2004;
Lien et al., 2005; Ramp et al., 2004). Internal waves occur regularly in the South China Sea between March
and November and occasionally from December to February (Simmons et al., 2011). Ocean stratification is
strongest in autumn and weakest in winter; since the generation of internal tides is dependent on stratifica-
tion, this is likely the cause for the significant decrease in internal wave generation in the winter.

Dongsha Atoll is a 28 km diameter coral reef at the edge of the continental shelf in the northern South
China Sea located approximately 500 km west of the Luzon Strait (Figure 1). It takes roughly 50 h for inter-
nal waves generated in the Luzon Strait to arrive at Dongsha Atoll (Davis et al., 2020). Both modeling and
observations of internal solitary waves as they propagate upslope at Dongsha Atoll suggests that an inci-
dent symmetric depression wave collapses into a packet of elevation waves during shoaling (Fu et al., 2012;
Rogers et al., 2019). These wave trains break into northern and southern arms that refract around the atoll,
eventually colliding and then reforming west of Dongsha Atoll (Figure 1c).

3. Data and Methods

In order to identify internal wave signals in passive seismic data, we compare seismic observations from one
permanent and two temporary seismic stations onshore of Pratas Island to established internal wave signals
in satellite and oceanographic data during a temporary deployment in mid-May to mid-June 2019.

Figure 1. Map of the study area and schematic of a propagating internal solitary wave in the South China Sea. (a) Cartoon of a typical internal solitary wave

in the South China Sea and the resulting (exaggerated) transient deformation (dashed brown curve), near-field tilting (dashed green curve) of the underlying
seafloor (brown line), sea surface roughness (solid blue line), and radar image intensity (black line). This is a simplified cartoon that does not account for the
interaction with the coast or nonlinear wave-wave interactions that would complicate an onshore signal. (b) Bathymetric map of the northern South China Sea.
(c) Himawari-8 standard red channel image of sea surface reflections on May 15, 2019 05:30 UTC near Dongsha Atoll. Westward propagating internal waves are
indicated by red arrows, including an incoming internal solitary wave from the Luzon Strait 500 km east of Dongsha Atoll, and the northern and southern arms
of internal wave trains that are interacting and reforming west of Dongsha Atoll. (d) Zoom in of Dongsha Atoll. Oceanic temperature sensors shown as blue
inverted triangles and subaerial broadband seismometers on Pratas Island are shown as green triangles.
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3.1. Satellite and Oceanographic Data

Alternating convergence and divergence zones above internal waves result in sea surface roughness chang-
es that are visible from sun glint on satellite images (Alpers, 1985; Jackson et al., 2013). We use the 10-min-
ute temporal and 500-meter spatial resolution standard red channel (0.64 um wavelength) data of the
Himawari-8 geostationary meteorological satellite operated by the Japan Meteorological Agency to identify
internal waves based on sea surface roughness changes for comparison to seismic observations (Figures 1a
and 1c). With these images we can identify internal waves near Dongsha Atoll during daylight hours when
there is little cloud cover.

Shoreward of the 100-meter isobath on Dongsha Atoll, internal solitary waves have transformed into pack-
ets of elevation waves (Davis et al., 2020; Fu et al., 2012). This is recorded as a sudden drop in water temper-
ature measurements, approximately 4-8°C within several minutes, and is a well-established indicator of the
passage of internal waves (Davis et al., 2020). We can therefore use the arrival times of internal waves from
in-situ oceanographic temperature measurements to compare to a potential internal wave signal in coastal
seismic data. To this end, we use 1-10 s sampling rate oceanic temperature measurements in the water
column and on the ocean bottom during a temporary deployment in May/June 2019 around the fore reef
of Dongsha Atoll (Figure 1d). We utilize a 20-meter mooring on the eastern side of Dongsha Atoll (FRE20)
at 19 meters depth from May 13-June 11, 2019 and an ocean bottom temperature sensor at approximately
16.8 meters depth on the western side of Dongsha Atoll (FRW15) roughly 4.5 km southwest of a permanent
seismic station onshore of Pratas Island from May 19-June 6, 2019. These shallow temperature sensors
are located at depths where the large internal waves have already broken down slope into nonlinear eleva-
tion waves or internal bores, but they will still capture an internal wave signal, albeit a more complex and
high-frequency one and lagged from the arrival time of the wave in deeper water as the wave decelerates
in shallow water (Davis et al., 2020). Further, these point measurements may miss internal wave arrivals
depending on stratification and reflection properties of the internal waves.

To help guide the detection of internal waves arriving from the Luzon Strait on these two shallow tempera-
ture sensors we rely on the timing of internal wave detections from two deeper (300 and 500 m depth) moor-
ings 6-9 km east of Dongsha Atoll before internal solitary waves of depression have interacted much with
the bottom or transformed into packets of elevation waves. In particular, we use the wave arrival times at
the 300 m mooring, wave velocities calculated between the 500 and 300 m moorings, and the distances from
the 300 m mooring to the eastern (FRE20; 6.7 km) and western (FRW15; 30.9 km) sensors to estimate the
wave arrival times at these shallow sensors. However, these are used as rough time estimates only since they
are based on the wave velocity between the 500 and 300 m moorings, which on average was 1.8 m/s during
the deployment, and wave velocities can decrease to below 0.5 m/s in shallow water (Davis et al., 2020; Fu
et al., 2012). Variations in wave velocity create uncertainty in arrival times at the shallow temperature sen-
sors. For example, a wave with a phase speed of 2 m/s would propagate around the 28 km diameter atoll in
approximately 3.9 h, while a wave with a phase speed of 1 m/s would propagate the same distance in 7.8 h. It
is therefore difficult to predict the exact arrival time of waves at the shallow sensors without measurements
of the wave velocities in shallow water.

3.2. Seismic Data

For seismic data we primarily use the three-component broadband seismometer VDOS operated by the
Broadband Array in Taiwan for Seismology network located onshore of Pratas Island on the west side of
Dongsha Atoll (Figure 1d). This Trillium 120-second posthole instrument is deployed near the ground sur-
face at 2.7 meters depth and has a 100-Hz sampling rate. We additionally deployed two temporary broad-
band seismometers (6M88 and 6M75 on Figure 1d) on Pratas Island near the surface from May 11-June 4,
2019. The signal-to-noise ratio for these two instruments is lower than for VDOS; these stations are primar-
ily used for confirmation of signals observed on VDOS.

Internal solitary waves of depression in the South China Sea propagate with velocities of 2-3.5 m/s (depend-
ing on water depth) and wavelengths of 1-2 km. Therefore, in the deep basin, the period of these waves is
about 285-1,000 s. As the waves shoal at Dongsha Atoll, they slow and break up into a packet of shorter
period (200-850 s) elevation waves (Davis et al., 2020; Fu et al., 2012). Therefore, it is reasonable to look for
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Figure 2. Oceanic water temperature and land seismic data from May 13-June 11, 2019. Oceanic water temperature measurements at 19 m depth from FRE20
(Figure 1d) on the east side of Dongsha Atoll are shown in blue. VDOS HHE (brown) and HHN (green) components are shown with an acausal 400-second low-
pass filter applied. Earthquake time periods are highlighted in gray. The Luzon Strait tidal velocities (black lines) were estimated using the Oregon State Tidal
Inversion Software (Egbert & Erofeeva, 2002) and plotted with a 50-hour time shift. Spring (yellow) and neap (gray) time periods are indicated. The days that
the seismic data is analyzed in more detail in Sections 4.2-4.5 are highlighted in red.

a long period tilt signal of passing internal waves on the horizontal components of VDOS. We anticipate a
seismically observable tilt signal within roughly 10 km of the source based on the 1-2 km wavelength of
these waves. We first decimate the 100-Hz VDOS raw seismic data to 1 Hz by downsampling by a factor of
10 twice, each time applying a low-pass filter. We then apply an acausal (two-pass) 400-second low-pass
filter to the decimated seismic data. We do not remove the instrument response when initially identifying
small, transient tilt signals in VDOS that are potentially from internal wave activity to prevent identifying
deconvolution artifacts as signals. The raw seismic data is in counts, which on VDOS is proportional to
velocity at periods below 120 s.

There is a diurnal seismic tilt signal on the horizontal components of VDOS (Figure 2), 6M75 and 6M88
during daylight hours (22:00-10:00 UTC; 6 a.m.-6 p.m. local time). This presents a challenge in differenti-
ating between other diurnal tilt-generating signals such as tidally modulated internal waves; the source of
this diurnal tilt “noise” is therefore important. Daily temperature fluctuations can cause a change in instru-
ment sensitivity at long periods. Daily temperature fluctuations for the tropical climate on Pratas Island are
~5°C (Figure S1). For this temperature change, the instrument sensitivity change is about 0.04% (Anthony
et al., 2018). The diurnal tilt changes are greater than this sensitivity change. In addition, the Trillium
120-second posthole sensor is buried at 2.7 m depth, below the depth where surface temperature variations
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are strongest. It is therefore unlikely that the diurnal tilt signal is from instrumental changes in sensitivity
with temperature. It is more likely that the diurnal signal is from Pratas Island tilting as a result of diurnal
temperature fluctuations as has been observed on other islands (Arnoso et al., 2001; Bilham & Beavan, 1979;
Ekstrom et al., 2006). The amplitude variations of the seismic signal do not correlate with the amplitude of
land temperature measurements recorded on the island (Figure S1). In particular, when daily temperature
fluctuations on Pratas Island are largest (May 16-May 21), the diurnal tilt signal in the seismic recordings
is lowest. However, the barometric pressure is larger at these time periods and may result in stronger ther-
mal coupling. The north-south seismic components experience larger diurnal tilt signals than the east-west
components; it is possible that Pratas Island preferentially tilts north-south due to its east-west elongation
(Figure 1d). It is possible that the preferential north-south tilt Pratas Island will bias transient tilt signals in
the north-south direction.

4. Observations

In order to find tilt signals on VDOS potentially generated by internal waves from the Luzon Strait we need
to (a) identify transient tilt signals on VDOS, (b) compare the transient seismic tilt signals to established
internal wave signals in satellite and oceanographic data, (c) verify that the tilt signals on VDOS are physical
by comparing them to the temporary seismometers 6M75 and 6M88, and (d) determine whether tilt signals
of interest are consistent with expected near-field tilt amplitudes generated by internal solitary waves in the
South China Sea.

4.1. Transient Seismic Tilt Signals

There are transient increases in tilt within the longer period diurnal noise on VDOS HHN and HHE (Fig-
ure 2). These signals appear to be largest and most frequent during spring tide at the Luzon Strait (Figure 2)
when the largest amplitude internal waves are generated. Further, transient seismic tilt signals appear to
increase at times when the oceanic temperature record at FRE20 has the highest variance, indicative of in-
ternal wave activity (Davis et al., 2008) (Figure 2). It is therefore possible that some of the observed transient
seismic tilt signals are due to internal waves arriving from the Luzon Strait. It should also be noted that the
thermal transients on FRE20 are also due to non-tidal currents, the local internal tide, and locally generated
internal waves, which may also generate tilt observable on VDOS.

4.2. Comparison of Seismic and Satellite Observations

We use the Himawari-8 geostationary satellite images on exceptionally clear days from June 6-7, 2019 (Fig-
ures 3a-3c; Movie S1) to identify internal waves on the western side of Dongsha Atoll for comparison to
transient tilt signals on VDOS. We find that the largest transient increases in tilt on VDOS HHN and HHE
are temporally correlated with times when internal waves are clearly visible on satellite images near the
western side of Dongsha Atoll near Pratas Island and VDOS (Figures 3c and 4i; Movie S1). The potential
seismic internal wave signals have durations of 30 min to 1 hour, are largest on the HHN component (Fig-
ures 3c and 4i), and are roughly 3.5-6 and 2-3 times the background noise on the HHN and HHE com-
ponents, respectively (Figures S2 and S3). There appear to be two seismic internal wave signals on June 6
separated by 1 hour (Figure 3c). On June 7, there were two peaks in the transient tilt signal (Figure 4i) but
there is little separation.

4.3. Comparison of Seismic and Oceanographic Observations

There was significant cloud cover from May 18-June 5, 2019 that prevented the detection of internal waves
on satellite images. We can therefore only compare transient seismic tilt signals to thermal transients indic-
ative of internal waves in oceanic water temperature data during this time period. However, differentiating
between internal waves arriving from the Luzon Strait, the local internal tide, and locally generated internal
waves at individual shallow oceanic temperature sensors is challenging, and all of these oceanic processes
may generate tilt observable at VDOS. Further, depending on the depth of temperature measurements and
the pycnocline, internal wave arrivals may be missed by individual shallow oceanic temperature sensors. We
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Figure 3. Comparison of satellite images and seismic observations as internal waves pass Dongsha Atoll. (a)-(b) Himawari-8 standard red channel images on
June 6, 2019 06:00 UTC and June 7, 2019 06:00 UTC. Dongsha Atoll outlined in light blue. Seismic station VDOS on Pratas Island (green triangle) and oceanic
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filter applied. Tilt signals potentially correlating with timing of internal wave arrivals on the western side of Dongsha Atoll are indicated in red. Earthquake or
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therefore rely on the deeper oceanic moorings located 6-9 km east of FRE20 before waves interact strongly
with the bottom as a guide of expected arrival times for internal waves generated at the Luzon Strait.

Guided by the deeper moorings we were able to identify internal wave arrivals from the Luzon Strait on
May 25 (Figure 5b) and May 27, 2019 (Figure 5a) during spring tide at both the shallow oceanic water tem-
perature sensors (FRE20 and FRW15), with arrivals at FRW15 lagging 2-4 h behind FRE20. There are clear
transient seismic tilt signals of similar duration on VDOS HHN and HHE that lag 1-1.5 h behind FRW15
(Figures 5a and 5b). These lags are consistent with a packet of internal waves arriving at Dongsha Atoll from
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Figure 4. Detailed comparison of satellite images and seismic observations as internal waves pass Dongsha Atoll. (a-h) Himawari-8 standard red channel
images on June 7, 2019 from 03:00-09:00 UTC. Dongsha Atoll is outlined in light blue. VDOS seismic station is shown as the green triangle on panel (a).
Internal waves passing around the west side of Dongsha Atoll are indicated by the red arrows. (i) VDOS components HHE and HHN with an acausal
400-second low-pass filter applied. The largest tilt signal is highlighted in red. Timing of the satellite images are indicated with dashed lines corresponding to
the border colors of the satellite images. The time period where internal waves are observed on the west side of Dongsha Atoll based on the satellite images is
indicated. Time is in UTC. See Movie S1 for a movie of satellite images and seismic data from June 6-June 7, 2019.

the Luzon Strait, breaking into northern and southern arms as they refract around the atoll, with the south-
ern arm passing FRW15 before reaching the nearest point to VDOS. We were additionally able to identify
internal wave arrivals at FRE20 on May 22, 2019 during spring tide (Figure 5c). An internal wave signal is
not clear on FRW15 at the anticipated arrival time; however, there are transient tilt signals in the seismic
data near the expected arrival time (Figure 5c).

The thermal transient signals on FRE20 and FRW15 on May 25 and May 27 both related and potentially
unrelated to internal wave activity warrant additional discussion. On May 27 the internal wave signal on
FRW15 appears to occur during the local steepened internal tide. It is therefore possible that the observed
seismic signal is from a combination of the internal wave arrival from the Luzon Strait and the local internal
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Figure 5. Comparison of shallow oceanic water temperature data to seismic observations at VDOS during spring tide on May 27 (a), May 25 (b), and May 22
(c). Top: Shallow water temperature measurements at 19 m depth (FRE20 on Figure 1d) on the east side of the Dongsha Atoll shown in blue. Middle: Shallow
water temperature measurements on the ocean bottom at 16.8 m depth (FRW15 on Figure 1d) on the west side of Dongsha Atoll shown in blue. Bottom: VDOS
components HHE (brown) and HHN (green) with an acausal 400-second low-pass filter applied. Internal wave signals arriving from the Luzon Strait on shallow
temperature data and corresponding potential internal wave signals on VDOS are highlighted in red on (a and b). A potential local internal wave signal is
highlighted in orange in (b). The approximate timing of internal wave arrivals on FRE20 is indicated by the red dashed line in (c) and a potential seismic signal
is indicated by the red dashed box. Time is in UTC.

tide. Further, there was a temperature drop on FRW15 two hours prior to the internal wave arrival, which
may also be related to the seismic signal (Figure 5a). On May 25 there was a large thermal transient propa-
gating from FRE20 to FRW15 (highlighted in orange on Figure 5b) approximately 5 h prior to the internal
wave arrival from the Luzon Strait. There is also a transient tilt signal on VDOS that is lagged 3 h behind
FRW15. This lag is longer than the 1-1.5 hour lag observed for VDOS following FRW15 for internal wave
arrivals from the Luzon Strait (Figures 5a and 5b). This signal was not observed at the deeper offshore
moorings and is therefore unlikely to arrive from the Luzon Strait. This transient may instead be a locally
generated internal wave. However, if this is an internal wave arrival from the Luzon Strait, the increased lag
may be due to a collision point farther north of Pratas Island or a slower wave velocity.

4.4. Signal Across Seismic Stations

To verify that the transient tilt signals of interest on VDOS are physical, we select a time period (May 15,
2019) when two temporary seismometers (6M75 and 6M88) were operating and at least partial satellite
identification of internal waves is available to corroborate the seismic signals. Internal waves are visible
on satellite images on the west side of Dongsha Atoll at 05:40 UTC on May 15, 2019 (Figure 6b). However,
internal waves have passed roughly 20 km west of Pratas Island by the time they can be clearly identified in
the satellite image due to cloud cover. It is expected that transient tilt signals observed on broadband seis-
mometers on Pratas Island would occur 3-5.5 h before this time depending on wave velocity ranging from
1-2 m/s. Two transient tilt signals are visible on VDOS, 6M75, and possibly on 6M88 (Figure 6a) starting
around 02:00 and 04:00 UTC that are consistent with the satellite time constraints.

SHADDOX ET AL.

10 of 17



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

AGU Advances 10.1029/2021AV000475

-~~~ >-—-—-5/15/2019 05:40 UTC

21°00'N

6M75 VDOS

6M88
20°30'N

18 20 22 00 02 04 06 08
5/15/2019

20°00'N

116°30'E 117°00'E 117°30'E

Figure 6. Comparison of tilt signal across seismic stations on May 15, 2019. (a) VDOS HHN (green), 6M75 BHN
(orange), and 6M88 BHN (black) with acausal 400-second low-pass filters applied. Large transient tilt signals are
highlighted in red. Timing of the satellite image in (b) is indicated by the gray dashed line. (b) Himawari-8 standard
red channel images on May 15, 2019 at 05:40 UTC. Dongsha Atoll is outlined in blue. Seismic station VDOS on Pratas
Island is indicated by the green triangle, the closest point of internal waves to Pratas Island and VDOS is marked with a
red X. Internal waves that have recently passed Dongsha Atoll are indicated by the red arrows.

4.5. Seismic Amplitude

We can estimate the seismic amplitudes during the 6 days of potential internal wave arrivals detailed in
Sections 4.1-4.4. We first deconvolve the instrument response to acceleration. We performed a simple lin-
ear detrend and then applied a cosine taper band-pass filter with four corner frequencies appropriate for
identifying long-period tilt signals expected from internal waves (1/2,400 Hz, 1/1,200 Hz, 0.5 Hz, and 1 Hz).
After the response was deconvolved we decimated the 100-Hz data to 1 Hz by downsampling by a factor of
10 twice, each time applying a low-pass filter. We then applied an acausal 400-second low-pass filter to the
seismic data and analyzed the previously identified potential seismic internal wave signals in the raw seis-
mic data (Figure 7). It appears that peak seismic tilt signals range from roughly 35-80 nrad on VDOS HHN
(Figure 7). Tilt amplitudes are smaller for VDOS HHE, ranging from 15 to 35 nrad.

5. Summary of Observations and Potential Mechanisms

We have found promising evidence of the seismic detection of internal waves. First, there are transient tilt
signals on a permanent broadband seismometer onshore of Pratas Island that appear to be larger and occur
more frequently during spring tide when the largest amplitude internal waves in the South China Sea are
generated at the Luzon Strait (Figure 2). These are also the time periods when the oceanographic temper-
ature records have the highest variance, indicative of internal wave activity (Davis et al., 2008). Second, we
were able to temporally correlate some of these transient seismic tilt signals with internal wave detections
near Pratas Island from satellite and oceanic water temperature measurements (Figures 3-6). Third, some
of the transient seismic tilt signals that correlate temporally with satellite and oceanographic measurements
are also observed on temporary seismometers on Pratas Island, indicating that these tilt signals are physical
(Figure 6). Finally, the seismic amplitude of the tilt signals of interest are on the order of tens of nrad, con-
sistent with expectations for a near-field elastic tilt signal generated by internal solitary waves in the South
China Sea (see Text S2 for calculation) (Figure 7). These observations taken together are strong evidence of
the seismic detection of internal waves.

‘We now consider two mechanisms to generate seismically observable transient tilt signals through the pres-
sure coupling of internal waves with the underlying seafloor.
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5.1. Passing of Internal Waves

The most straightforward mechanism for an internal wave to generate a seismically observable transient
tilt signal is simply by passing near a broadband seismometer. As discussed in Section 1, the hydrostatic
pressure change and resulting elastic deformation of the underlying seafloor from a propagating internal
solitary wave typical in the South China Sea would cause a near-field tilt of around 40 nrad (Figure 1a;
Text S2). This is a useful conceptual framework, though it is oversimplified for the geometry of Dongsha
Atoll and requires further discussion.

Internal waves arriving from the Luzon Strait refract around Dongsha Atoll. Therefore, the nearest point
internal waves reach to VDOS on Pratas Island is at the fore reef approximately 4 km west of VDOS (marked
on Figure 3a). It is anticipated that the largest hydrostatic pressure change and therefore near-field tilt sig-
nal observable by VDOS would occur at this point. This would generate a smaller tilt signal than expected
from our calculation (Text S2), which assumes the wave directly passes the seismometer. In addition, the
waves are broken into a packet of elevation waves, rather than a single solitary wave of depression, which
would further complicate the expected tilt signal.

It is worth noting that the two peaks in transient tilt observed on VDOS on June 6 (Figure 3c) are consistent
with the deeper mooring observation that this arrived as a two-packet wave. The June 7 wave was a single
solitary wave and only one primary peak was observed in the seismic data (Figure 3c).

5.2. Collision of Internal Waves

Another mechanism for internal waves to generate near-field tilt signals large enough to be observed seis-
mically is from wave-wave interactions or collisions. This is because breaking or interacting internal waves
can produce dynamic pressure changes on the seafloor in addition to hydrostatic pressure changes expected
from a passing wave (Moum & Smyth, 2006). The dynamics of nonlinear internal wave interactions are
complex and dependent upon the wave amplitudes and interaction angle (Wang & Pawlowicz, 2012). While
our measurements do not permit a detailed characterization of the interaction region, satellite imagery of
the Dongsha Atoll region clearly shows that as a soliton propagates past the shallow bathymetry of the atoll,
it breaks into northern and southern arms that collide after reaching the west side of Dongsha Atoll before
eventually reforming (Hsu & Liu, 2000; Li et al., 2013) (Figures 1c, 3a, 3b, and 4c-4f, Movie S1). These
nonlinear wave-wave interactions would generate both dynamic and hydrostatic pressure changes coupled
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to the seafloor, causing near-field elastic displacement and tilt that are expected to be larger and thus more
observable than for a single propagating wave. We favor this mechanism for several reasons.

First, the observed tilt signals on the north-south component of VDOS range from 35-80 nrad (Figure 7).
This is larger than the 40 nrad expected from the hydrostatic pressure change alone, although it is still
within the error of this simple calculation. Second, the seismic tilt signals lag 1-2 h behind internal wave
detections on the nearest oceanic temperature sensor (FRW15). The point of nearest approach to VDOS is
roughly 3 km north of FRW15; we therefore expect internal waves to first be detected on FRW15. However,
considering wave velocities ranging from 0.5-2 m/s, the seismic tilt signals are anticipated to lag 25-100 min
behind FRW15. The larger observed lag suggests that the peak seismic tilt signals are generated after the
waves pass the nearest point to VDOS, potentially when the northern and southern arms interact. The
seismic signal from wave-wave interactions may be from the collisions of multiple waves within a packet at
the crossover point of the northern and southern arms. Based on satellite images during the study period
(Figures 3a, 3b, and 4c-4f, Movie S1), these collisions occur north-northwest of Pratas Island, within the
expected observational limit of VDOS of roughly 10 km.

6. Caveats and Conundrums
6.1. North-South Dominant Tilt

The likely internal wave signals on VDOS are largest on the north-south component. This may be due to a
combination of the preferential tilt of the island as well as the source of the tilt signals. It is likely that the
east-west elongated Pratas Island preferentially tilts north-south, as is observed with the diurnal tilt signal
(Figures 2 and S1). It is unclear at this point if the preferential north-south tilt of Pratas Island would create
a north-south bias for other transient tilt sources. In addition, internal waves “wrap” north-south around
Dongsha Atoll (Li et al., 2013). When the northern and southern arms meet and collide on the west side of
Dongsha Atoll, they are still propagating in a north-south direction (Figures 3a, 3b, and 4c—4f). This may
produce a dominant north-south tilt. Further, the tilt experienced on Pratas Island may be amplified if this
collision point occurs farther north or south, rather than due west of the island.

6.2. Detection of Only One Type of Wave

During the study period all the potential internal wave signals identified in the seismic data occur between
02:00 and 11:00 UTC (10:00 and 19:00 local time). This is predominantly during daylight hours and within
the large diurnal seismic tilt noise. No potential internal wave detections are made more than once per day.
However, internal waves are generated up to twice daily at the Luzon Strait and have been classified as
type-a or type-b waves (Duda et al., 2004; Ramp et al., 2004). Type-a waves are generated primarily by the
K1 tide, typically have a large amplitude wave followed by smaller amplitude waves, and arrive at the same
time each day, 24 h apart (Duda et al., 2004; Ramp et al., 2004). Type-b waves have a larger contribution
from the M2 tidal constituent, propagate as a packet of waves, and arrive approximately one hour later
each day (Duda et al., 2004; Ramp et al., 2004). Type-b waves are generated in the northern portion of the
Luzon Strait while type-a waves are generated farther south (Du et al., 2008; Ramp et al., 2019). The deeper
moorings provide more detailed observations of type-a and type-b waves during the deployment period. In
general, type-a waves arrived as two or three-wave packets at an angle more south of east. Type-b waves ar-
rived from almost due east as solitary waves that then broke into multi-wave packets of approximately equal
amplitude and spacing between waves.

All of the potential seismic signals we identify are from type-b waves. During the study period, type-b waves
arrive on the west side of Dongsha Atoll during daylight hours which allows for identification of these
waves and wave-wave interactions on clear days near Pratas Island using satellite imagery. Type-a waves ar-
rive at the east side of Dongsha Atoll around 09:00 UTC (17:00 local time). We can therefore at times identify
their arrival but cannot track these waves to the west side for better temporal comparison to onshore seismic
data. This makes identifying a seismic signal from type-a waves difficult. Still, there are no clear transient
tilt signals on VDOS during expected type-a arrival times on the west side of Dongsha Atoll. Below is a dis-
cussion of why type-a waves, and some type-b waves, may not be detected by VDOS.
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The collision of the northern and southern arms refracting around Dongsha Atoll is likely a key generator
of seismically observable tilt (see Section 5.2). Therefore, refraction of waves around Dongsha Atoll and the
location of the western collision are important for tilt generation. It is thus potentially significant that in
this study only type-b waves have been observed to refract around Dongsha Atoll. This may be due to lack of
satellite observations of type-a waves, or lack of satellite signature of type-a waves refracting.

Potential reasons for type-b waves to generate a seismically observable tilt while type-a waves do not in-
clude systematic differences in incoming angle, frequency content, depth of the main thermocline upon
arrival during local internal tide, or interactions with the bottom. For instance, empirically it is seen that
type-b waves refract asymmetrically around Dongsha Atoll resulting in the western collision occurring
north-northwest of Pratas Island (Figures 3a, 3b, and 4c-4f, Movie S1). This may be due to the incoming
angle, bathymetry and bathymetry-related velocity differences around the atoll. This asymmetry can gen-
erate a larger north-south pressure change and therefore north-south tilt of the underlying seafloor. Since
the east-west elongated Pratas Island likely preferentially tilts north-south, this may be a more observable
signal. Alternatively, type-a waves arrived with the local tide, creating more disturbances in the thermo-
cline. Last and more speculatively, type-a and type-b waves may interact differently in the near-shore en-
vironment due to their frequency content. Type-a and type-b waves are generated in different parts of the
Luzon Strait (Du et al., 2008; Ramp et al., 2019). This difference in generation site may affect the frequency
content of the waves which may ultimately impact the interactions in the near-shore environment observed
in the seismic data.

Not all type-b waves are clearly detected in the seismic data above the noise. The amplitude of waves will
also determine the pressure change and near-field tilt signal. The diurnal tilt noise is around 5-10 nrad.
Therefore, the tilt signal from a relatively small amplitude internal wave, potentially during neap tide, can
likely be hidden in the diurnal tilt noise.

6.3. Seismic Performance Compared to Existing Methods

There are transient tilt signals on VDOS throughout the study period that we have not correlated with in-
ternal waves arriving from the Luzon Strait. This is partially due to incomplete satellite and oceanographic
measurement coverage; however, it is likely that some of these signals are not from internal waves generated
at the Luzon Strait. The local internal tide and locally generated internal waves may also cause observable
transient tilt signals on VDOS. Caution is therefore warranted at this time when identifying internal wave
signals and their origin using seismic data alone.

Satellite imagery can provide remarkable spatial detail and identification of internal waves. However, satel-
lite visible images are limited temporally, are unavailable at night and are highly unreliable during daylight
hours. The deeper oceanic temperature moorings reliably detect internal waves of depression before they
have interacted with the bottom and transformed, but are limited spatially. The shallow oceanic temper-
ature sensors record internal waves after they have transformed into packets of elevation waves and are
shoaling or breaking in the near-shore environment. The shallow temperature sensors are noisy, record-
ing complicated near-shore internal wave interactions as well as non-tidal currents, the local internal tide,
and locally generated internal waves. Other measurements, such as satellite images or deeper moorings,
are required to reliably identify internal waves arriving from the Luzon Strait in the shallow temperature
data. The seismic data also requires additional verification of internal wave identification at this time, but
is currently performing similarly to the shallow temperature sensors. This work is a first proof of concept
using onshore seismometers to detect internal waves. Necessarily, the proof of concept is being done where
independent data demonstrating the existence of the waves is available. The logical next step would be to
utilize the seismic data to identify waves in the absence of such ground truth and we hope to achieve that
in future work.

6.4. Mechanism

As discussed in Section 5, the mechanism for internal waves to generate seismically observable tilt signals
on Pratas Island is unclear. However, we favor large (i.e., observable by VDOS) transient tilt signals gener-
ated on the west side of Dongsha Atoll near Pratas Island as the northern and southern arms collide and
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reform, generating both hydrostatic and dynamic pressure changes on the underlying seafloor and therefore
near-field displacement and tilt.

7. Conclusion

It appears that we have successfully detected oceanic internal waves using a subaerial island seismometer
for the first time. We observe dominant north-south transient tilt signals on a broadband seismic station
onshore of Pratas Island with amplitudes similar to what is expected from internal solitary waves arriving
from the Luzon Strait. These seismic tilt signals appear correlated with internal wave detections in satel-
lite and oceanic data, and apparently occur when waves collide nearshore. The north-south dominance is
consistent with internal waves refracting around Dongsha Atoll and the east-west elongated Pratas Island
preferentially tilting north-south. This initial detection suggests that the onshore seismic detection and
amplitude determination of oceanic internal waves is possible and can potentially be used to expand the
historical record by capitalizing on existing island and coastal seismic stations.
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