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Abstract

Infragravity waves on the sea surface near coastlines are occasionally excited by static
displacement caused by large local earthquakes and recorded as tsunamis. However,
tsunamis induced by ground motions from seismic waves are rarely observed, especially
far from earthquake focal areas. We investigated seafloor pressure variations in the
infragravity band at the Hikurangi subduction zone following the M 7.8 Kaikoura
and M 7.1 Te Araroa earthquakes. Anomalous infragravity waves were observed at
0.2-20 mHz at sites overlying a low-velocity accretionary wedge offshore of the east
coast of New Zealand’s North Island accompanying the Rayleigh-wave arrivals. The
maximum amplitude of these ultra-low-frequency waves was similar to the tsunami
that propagated from the earthquake focal area hours later. The amplitude of the pres-
sure signal from these waves observed offshore varied inversely with water depth, sug-
gesting that sea surface gravity waves were excited by Rayleigh or Love waves
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amplified within the accretionary wedge.

Introduction
Ocean-bottom pressure recorders (OBPRs) are powerful tools
for measuring ground motions over a wide spectral range,
including permanent and dynamic ground motions, and also
to observe tsunamis, and ocean tides and mesoscale eddies
(e.g., Webb, 1998; Matsumoto et al., 2018). The large dynamic
range of pressure recorders ensure these signals never saturate.
Signals from quasi-permanent displacements and dynamic
ground motions have been observed on OBPRs at several sub-
duction zones. Coseismic displacement exceeding 5 m was
observed at one ocean-bottom pressure (OBP) gauge near
the Japan trench, in response to the 2011 Tohoku-Oki earth-
quake (Ito et al., 2011). Small displacements of several centi-
meters occurring over 2-4 weeks were also observed offshore
northern Japan, possibly due to slow-slip events (SSEs; Ito et al.,
2013). Kubota et al. (2017) calculated centroid moment tensor
inversions using dynamic pressure seismograms from the sea-
floor in the 5-50 -mHz band from M 7 class local earthquakes.
The Hikurangi margin offshore the North Island of New
Zealand has been the site of rolling deployments of OBPR
instruments for the last several years (Fig. 1). The Hikurangi
Plateau, a Cretaceous Large Igneous Province, subducts
beneath the North Island along the Hikurangi trough, east
of the island. The northern Hikurangi margin is characterized
by tectonic erosion and is impacted by seamounts on the
subducting Pacific plate (Barnes and de Lépinay, 1997; Bell
et al., 2010). The highly variable seismic reflections near the
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subduction interface and within the wedge are thought to
be related to seamount subduction and sediment underplating
(Bell et al., 2010). SSEs occur proximal to the seamounts every
1-2 yr at the northern Hikurangi subduction zone, where the
Hikurangi Plateau subducts westward beneath the eastern
North Island along the Hikurangi trough (Wallace et al., 2012,
2016). Uplift of the seafloor, on the order of 1-5 cm, was
observed during a 2014 SSE with an OBPR network deployed
along the northern Hikurangi margin (Wallace et al, 2016;
Muramoto et al., 2019).

Two large earthquakes struck New Zealand in 2016; the
13 November 2016 M 7.8 Kaikoura earthquake and the 2
September 2016 M 7.1 Te Araroa earthquake (Fig. 1). Both
earthquakes generated tsunami (Bai et al., 2017; Kubota et al,
2018). SSEs were dynamically triggered in this region following
the Kaikoura earthquake (Fig. 1) (Wallace et al, 2017), and
an ongoing SSE was reinvigorated by the Te Araroa earth-
quake (Koulali et al., 2017). Anomalously long durations of
long-period ground motions at 10-100 mHz were observed,
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Figure 1. Map of the study region. (a) Epicenters of two large earthquakes and slow-slip events
(SSEs) triggered by the 2016 M 7.8 Kaikoura earthquake. Yellow stars correspond to epicenters
(GeoNet; see Data and Resources) and red shading indicates the areas of SSEs (Wallace et al., 2017).
(b) Seismic station locations. Red circles and black squares show the locations of ocean-bottom
pressure recorders (OBPRs) and high-rate Global Positioning System (GPS), respectively. Solid con-
tours show the bathymetry (General Bathymetric Chart of the Oceans [GEBCO]; see Data and
Resources), and broken contours show the low-velocity accretionary wedge (Kaneko et al., 2019).

modes and Rayleigh waves
especially near continental
shelves in shallow water depths
(e.g., Bertin et al., 2018). Such
behaviors  emphasize  the
importance of understanding
wavefields in the infragravity
band observed at the seafloor.
Here, we present observations

especially after the Kaikoura earthquake, at seismic stations on
the east coast of the North Island (Fig. 2; Kaneko et al, 2019).
Similar long-lasting ground motions were also observed at off-
shore OBPRs (Fig. 2; Kaneko et al, 2019). Both Wallace et al.
(2017) and Kaneko et al. (2019) concluded that the dynamic
stress changes caused by the long-lasting and large-amplitude
seismic waves triggered the SSEs 250-600 km away from the
epicenter of the Kaikoura earthquake.

Tsunami waves usually form due to static deformation from
fault ruptures, but dynamic ground deformation from the
propagation of Rayleigh or Love waves, is also a potential
source of sea surface gravity waves (i.e., tsunami). Ohmachi
et al. (2001) investigated the effects of dynamic ground
motions, such as Rayleigh waves, and concluded that such
motions can cause sea surface gravity waves that precede the
arrival time of the primary tsunami wave excited directly by
static deformation in the rupture zone. Although there have
been a few reports of sea surface gravity waves excited by
dynamic ground motions from near-field large earthquakes,
excitation of sea surface waves by earthquakes at regional dis-
tances has rarely been observed as amplitudes of Rayleigh
waves decays with epicentral distance (Ohmachi et al, 2001).
One of the few examples of excitation at regional distances
is from the large Tohoku earthquake, which excited sea sur-
face gravity waves in the vicinity of the Dense Oceanfloor
Network System for Earthquakes and Tsunamis array (Nosov
et al., 2015).
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in the infragravity band from

OBPRs  after the 2016
Kaikoura and 2016 Te Araroa earthquakes in New Zealand;
our results reveal that the infragravity waves were induced
by seismic waves from these large regional earthquakes.

Data and Methods

Data acquisition

Four OBPRs were deployed along the northern Hikurangi
margin from June 2016 to June 2017 to investigate offshore
SSEs and their relationships to earthquakes and interseismic
coupling along the margin (Fig. 1). These gauges were de-
ployed at water depths ranging from 1000 to 2500 m using
the New Zealand Research Vessel (R/V) Tangaroa. An absolute
pressure gauge produced by Paroscientific Inc. (United States)
(Polster et al., 2009) was used to record the continuous abso-
lute pressure variations for one year, with a logging interval at
either 1 or 2 s. Further descriptions of our OBPR systems are
provided in detail by Hino et al. (2014).

Converting OBPR data to seismograms

Dynamic pressure changes caused by seismic-wave motions
observed by seafloor pressure gauges can be converted to the
acceleration of the ground motion assuming Rayleigh-wave
propagation. The conversion is applied based on both the fre-
quency of the ground motion and the water depth (H) of the
OBP station for frequencies below the fundamental acoustic res-
onant frequency: f, = ¢,/(4H), in which ¢, is the velocity of
marine acoustic waves (e.g., Webb, 1998; Bolshakova et al., 2011;
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Figure 2. Long durations of long-period ground motion in the northeastern North Island of New
Zealand following the M 7.8 Kaikdura earthquake. (a) Map of the study region. The inverted
triangles show strong motion (black), and ocean-bottom pressure (OBP) gauge sites (pink). The star
corresponds to the epicenter of the Kaikdura earthquake. Seismic record sections showing

(b) vertical, (c) east-west, and (d) north—south components of particle velocities filtered between 2
and 50 mHz. Strong motion (black) and OBP gauges (pink) waveforms are shown. All the traces are
scaled by a constant value and hence are on the same amplitude scale.

Results and
Discussion

Analysis of OBPR data
Large ground motions lasting
more than 500 s were observed
at all the OBPRs as the 2016

Matsumoto et al., 2012; Kubota et al., 2017; Saito, 2017). When
the frequency of ground motion, or the acoustic frequency, f is
sufficiently low compared to f, the vertical acceleration of the
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Kaikoura earthquake wave train passed through the region
(e.g., Kaneko et al., 2019). In addition, there were two ultra-
low-frequency (ULF) waves (<10 mHz) in the velocity
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Figure 3. Seismic records and spectrogram observed after the 2016 Kaikoura earthquake.

(a) Accelerogram converted from seafloor pressure records at 1-200 mHz. (b) Velocity seismograms
inferred from pressure records at 1-200 mHz. (c) Spectrogram in velocity at site KU16-4. White
double arrows indicate two ultra-low-frequency (ULF) waves lasting from 500 to 2500 s and 4500

to 6500 s after the origin time.

The waveform of the ULF
waves on KU16-4, which is
closest to the coastline, is sim-
ilar to Rayleigh waves observed
as the vertical and radial dis-
placements observed at MAHI
(Fig. 4), but with an inverted
polarity and longer period,
because increasing pressure
indicates downward motion
at a site. The vertical displace-
ment at MAHI shows a time
advance of ~100 s relative to
KU16-4,
which is not consistent with
seismic surface-wave propaga-
tion, given the ~70-80 km dif-
ference in the
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the waveform at

epicentral
distances. Clear surface waves
were observed at both onshore
and offshore seismometer sites
in the 50-100 mHz band,
producing long-duration and

seismograms (derived from the pressure records), especially at
site KU16-4, at 300-2500 and 4500-6500 s from the origin
(Fig. 3). The first UFL wave in the infragravity wave band
is identified immediately after the arrival of the surface wave
from the mainshock and continues to at least 2500 s from the
origin in the spectrogram (Fig. 3c). The second ULF wave
arrives 4500 s after the mainshock, and is due to the pressure
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high-amplitude ground
motions lasting for 200-400 s
(Kaneko et al, 2019). These
observations suggest that the first ULF waves observed on
the OBPRs at 2-20 mHz are associated with the oceanic water
layer above the OBPRs, as no ULF waves are observed at
onshore sites.

After the 2016 M 7.1 Te Araroa earthquake, similar ULF
waves to those from the Kaikoura earthquake were observed
on the same OBPR network (Figs. 5 and 6). Three ULF waves
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were observed, the first of which was recorded near the lapse
time of ~150 s; it had the same spectral structure as that
observed after the Kaikoura earthquake. The second and the
third waves were observed at ~1800 and ~5500 s, respectively.
The latter two waves correspond to the phase arrivals of direct
tsunami from the source area of the mainshock and a reflected
tsunami wave from the east coast of the North Island (Kubota
et al., 2018). The first set of ULF waves was observed immedi-
ately after the arrival of body or early surface waves, and before
the arrival of the two tsunami phases radiated from the source
region.

The ULF waves following the 2016 Kaikoura earthquake,
and the 2016 Te Araroa earthquake exhibited a water depth
dependence in amplitude (Fig. 7). The largest amplitude in
pressure was observed at the shallowest site, with a water depth
of 1049 m. The amplitude in the 2.5-5, 5-10, 10-20 mHz
bands from the earthquakes decreased with the increasing
water depth of the OBPR site. In contrast, the amplitudes of
20-40 and 20-40 mHz observations following the Kaikoura
earthquake and 40-80 mHz observations following the Te
Araroa earthquake also varied with water depth, but with
the largest amplitude observed at the deepest site, KU16-5
(at 2468 m). The amplitude of the ULF (infragravity wave
band) waves offshore was observed to be roughly inversely

2272 Seismological Research Letters

Downloaded from https://pubs.geoscienceworld.org/ssa/srl/article-pdf/91/4/2268/5082076/srl-2019267 .1.pdf
bv Kvoto Liniv Riaaku-bu 20207

—~
(*))
N

e 50 - 100 mHz
Nﬂ 0.025 MAHI
£ 0.0001 AN 1A
c
S =0.025
3 MAKO .
& 0.000 1 i
8 -v02s
2 ° 200 400 600 800 1000
Lapse time (s)
0.05 4 MAHI vertical
0.00 —-u-m/\ f\m\/\ﬁﬂm’\h‘v‘y‘ W v
@ =005
E 0054 MAHI radial
> 000 NV~
G ~0.054
o
o 0.05 1 MAHI transverse
> 0.00- ¥ W
—0.05 -
0 200 400 600 800 1000
Lapse time (s)
0.28 -
£ MAHI vertical
= 0.00 A~ \ANVUUUWW”W v
g -o02s8
£ MAHI radial
g 000 —«wf\}\/VWWWW«wm———'»w————————
K
5 028 MAHI transverse
o 0.00 4
-0.25 v T T T
0 200 400 600 800 1000
Lapse time (s)
10,000 1 KU16-4
0 '—VVJMMNMWMMWMMWWW"
iy 1888 es
Y [ —-—«MMMMWMM Wi W
3 -
a R rr
& 91
18688 KU16-5
04
~10,000
0 200 400 600 800 1000
Lapse time (s)

Figure 4. ULF (infragravity) waves following the M 7.8 Kaikdura
earthguake on onshore and offshore sites. (a) Top: Onshore
accelerograms from high-rate displacement time series at two
GPS sites, MAHI, and MAKO (location shown on Fig. 1); middle:
velocity seismograms at MAHI; and lower: offshore pressure
records at 2-20 mHz in the infragravity band. A downward arrow
and dashed line indicate Rayleigh wave. A left-right arrow
indicates a time difference of 100 s. (b) Same as (a) but in the 50—
100 mHz band (above the infragravity band).

proportional to the water depth at each OBPR site, and approx-
imately proportional to the water depth in the higher fre-
quency bands (Fig. 7). The spectral amplitude increases
with depth for higher frequencies may be explained with equa-
tion (1), assuming that the ground accelerations across the
OBPR network were similar (i.e., nearly constant). This sug-
gests that the pressure observations at high frequencies
(> ~ 0.1 Hz) were dominated by an elastically induced (seis-
mic) motion of the seafloor.

Amplitudes in the infragravity wave band on power spectral
densities between 2 and 20-40 mHz showed no obvious fre-
quency dependence, whereas amplitude increased as a function
of frequency at the higher frequencies of 20 and 40 mHz in the
Kaikoura and Te Araroa earthquakes (Fig. 8). The Fourier
Volume 91 '+ Number 4 .
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spectral amplitude for long-period Rayleigh waves from an
earthquake source generally increases as frequency to the
fourth power (in acceleration), which is consistent with the
observed spectra in a frequency range of 20 ~ 40-100 mHz.
This further supports the idea that pressure records in this
bandwidth were dominated by the solid earth surface-wave
ground motion. The lower frequency waves (>20-40 mHz)
observed after the Kaikoura and Te Araroa earthquakes, how-
ever, show no easily interpretable frequency dependence,
although the spectra from KU16-2 near the trench show some
slight frequency dependence.

Infragravity wave coupling

The inverse proportionality of ULF wave amplitudes with
water depth (i.e., depth dependency) observed in this study
may be explained by coupling between Rayleigh or Love waves
and infragravity surface waves through interaction with sea-
floor bathymetry similar to the mechanism believed to excite
single frequency (or primary) microseisms (Hasselmann, 1963;
Ardhuin, 2018). We can only observe the Rayleigh waves in the
seafloor pressure data, but Rayleigh and Love waves will arrive
at very similar times, so coupling between Love waves and sea
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evant to the study area). The
wavelengths of the sea surface
waves are roughly consistent
with a 100-500 km width of the region with the low-velocity
sediment layer exciting long-duration motions at 10-100 mHz
(Kaneko et al., 2019), as well as to the area of slow slip triggered
by the Kaikoura earthquake (Fig. 1) (Wallace et al, 2017). The
long-duration motions observed onshore and offshore were
distributed within epicentral distances between 580 and
730 km along the east coast of the North Island, where an
extremely low-velocity accretionary wedge above the plate
interface is required to produce the observed long-period
ground motions, and this contributed to the triggering of
the SSEs (Kaneko et al., 2019). The sea surface waves observed
after the two regional earthquakes were excited just above this
wedge, and these excited sea surface gravity waves caused pres-
sure variations at the seafloor, which were observed in the
infragravity band at less than 20-40 mHz.

The amplifying effects of sedimentary basins on strong
ground motions have been recognized in other subduction
zones. Similar effects to those reported here have been shown
within sedimentary basins as resonance periods of 7-12 s in
Kanto, Japan (Furumura and Hayakawa, 2007), and 2-3 s in
the basin of Mexico City using seismograms (Cruz-Atienza et al.,
2016). Nakamura et al. (2015) also demonstrated amplified
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Figure 6. Offshore pressure records at (a) 2-20 mHz of the
infragravity band and (b) at 50-100 mHz higher than the
infragravity band after the 2016 M 7.1 Te Araroa earthquake.

offshore seismograms in a low-velocity accretionary wedge
along the Nankai trough, Japan. These observations suggest
surface waves amplified within a low-velocity accretionary wedge
or a basin filled with low-velocity sediments under a water layer.

The infragravity waves observed from seafloor pressures at
shallow water depth (<1000 m depth) may induce errors into
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the estimates derived from source models of tsunamis. The
observed amplitudes of the sea surface gravity waves were
1000 Pa (equivalent to ~10 cm water height) in the cases of
both the Kaikoura and Te Araroa earthquakes. This amplitude
is large enough that its effect should be considered in tsunami
modeling, especially for the early portion of tsunami wave-
forms at sites with shallow water depths. Indeed, the observed
amplitudes of induced infragravity waves at site KU16-4 in the
Kaikoura and Te Araroa earthquakes were nearly identical to
those of the tsunami due to static deformation from the fault
rupture (Figs. 3 and 5). Some discrepancies in tsunami models
have been reported in comparisons of models with seismic and
tsunami data (e.g., Shuto, 1991; Ohmachi et al., 2001), which
could stem from infragravity waves such as those we describe
here. This suggests that careful attention must be paid to the
contributions of infragravity waves in tsunami models when
using regional bottom pressure data (<800 km from the
source areas of large earthquakes), as well as for near-field bot-
tom pressure data.

Conclusions

OBP fluctuations in the infragravity band were observed fol-
lowing both the 2016 M 7.8 Kaikoura and M 7.1 Te Araroa
earthquakes. ULF ocean waves were observed following the
arrival of Rayleigh or Love waves excited by the mainshocks.
The pressure amplitude at a shallow water depth site was
almost the same as that of the tsunami directly radiated from
the source region and observed at the OBPR sites later. The
observed pressure amplitude varied approximately inversely
with depth. The observed signals were interpreted as infragrav-
ity waves (i.e., sea surface gravity waves or sea surface wave)
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caused by the dynamic ground motions of Rayleigh or
Love waves.

Data and Resources

The data reported in this study were recorded in our ocean-bottom
pressure (OBP) gauges network, except for the high-rate Global
Positioning System (GPS) and strong-motion records, which belong
to New Zealand’s GeoNet website (https://www.geonet.org.nz). Some
plots were made using the Generic Mapping Tools version 5.3.1
(v.5.3.1; www.soest.hawaii.edu/gmt; Wessel et al, 2013) and the
MATLAB software v.R2018b (www.mathworks.com). GeoNet earth-
quake details are available at https://www.geonet.org.nz/earthquake/
story. General bathymetric chart of the oceans (GEBCO) is available
at  https://www.gebco.net/data_and_products/gridded_bathymetry_
data/. All websites were last accessed in July 2019.
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