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Abstract The Earth’s hum is the permanent free oscillations of the Earth recorded in the absence of
earthquakes, at periods above 30 s. We present the first observations of its fundamental spheroidal
eigenmodes on broadband ocean bottom seismometers (OBSs) in the Indian Ocean. At the ocean bottom,
the effects of ocean infragravity waves (compliance) and seafloor currents (tilt) overshadow the hum. In our
experiment, data are also affected by electronic glitches. We remove these signals from the seismic trace
by subtracting average glitch signals; performing a linear regression; and using frequency-dependent
response functions between pressure, horizontal, and vertical seismic components. This reduces the long
period noise on the OBS to the level of a good land station. Finally, by windowing the autocorrelation to
include only the direct arrival, the first and second orbits around the Earth, and by calculating its Fourier
transform, we clearly observe the eigenmodes at the ocean bottom.

1. Introduction

The Earth’s hum is the continuous free oscillations of the Earth recorded at long period in the absence of
earthquakes (Nishida et al., 2000). The hum was first observed on a superconducting gravimeter in
Antarctica (Nawa et al., 1998), followed by observations on a STS-1Z seismometer (Kobayashi & Nishida,
1998; Tanimoto et al., 1998) and on a STS-2 seismometer (Widmer-Schnidrig, 2003). These studies all excluded
oscillations created by large earthquakes (Mw> 5.5). Several generating mechanisms have been proposed to
explain the hum signal. Cumulative excitation by small earthquakes was shown to be ineffective as a genera-
tion mechanism (Kobayashi & Nishida, 1998; Suda et al., 1998; Tanimoto & Um, 1999). The hum was also pro-
posed to be induced by acoustic resonance between the atmosphere and the solid Earth, but this can only
explain part of its amplitude (Lognonne et al., 1998; Watada & Kanamori, 2010). Later, different generation
mechanisms proposed that what they have in common is that the hum is generated by ocean infragravity
waves (Ardhuin et al., 2015; Bromirski, 2009; Nishida, 2013; Rhie & Romanowicz, 2004, 2006; Tanimoto,
2005; Traer & Gerstoft, 2014; Webb, 2007).

Since its discovery, the hum has been observed at a large number of terrestrial stations. Free oscillations
induced by a large earthquake (M = 8.1) were observed on a few ocean bottom seismometers (OBSs)
deployed in the Lesser Antilles region (Bécel et al., 2011), but no one has observed the Earth’s hum at an
OBS during periods of seismic quiescence. A low noise level is needed to observe the small signal amplitude
of the hum. At the ocean bottom, the noise level at long periods is generally much higher than at land sta-
tions, due to several factors such as ocean wave loading (compliance) and seafloor currents (tilt) (Crawford
& Webb, 2000; Webb & Crawford, 1999). Burying the OBS in sediment or in a borehole can remove part of this
noise (Montagner et al., 1994; Romanowicz et al., 1998; Collins et al., 2001; Stephen et al., 2003; Sutherland
et al., 2004; Crawford et al., 2006) but is technically challenging and requires the appropriate tools, expertise,
and funding. In the case of free-fall OBS (as in this study), noise reduction can only be performed by proces-
sing the data after the period of deployment.

The objective of this research is to lower the noise level on vertical broadband OBS data and to identify the
permanent normal modes of the Earth during periods of seismic quiescence. Although several authors were
able to reduce low-frequency noise (Crawford & Webb, 2000; Dahm et al., 2006; Dolenc et al., 2007;
Stutzmann et al., 2001; Taira et al., 2014), the hum remains challenging to observe. With our proposed noise
reduction methods, we improve the data quality of broadband OBS so that the data become useful for a
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variety of applications. For example, the Earth’s hum can be used to study the Earth’s deep interior (Nishida
et al., 2009, Haned et al., 2015). Station coverage in the oceans is much sparser than on land, leaving great
parts of the Earth uncovered. Including OBS data can substantially increase station coverage and hence
improve tomography models to help understand the Earth’s deep interior.

For the removal of tilt and compliance noise from the vertical channel of the seismometer we use two meth-
ods: a linear regression (Zürn & Widmer, 1995) and frequency-dependent response functions (Crawford &
Webb, 2000). Compliance is the vertical deformation of the seafloor under pressure forcing from ocean infra-
gravity waves. It can be quantified by correlating measurements of pressure and of vertical seismic displace-
ment. Tilt results from the drag of seafloor currents on the OBS or on seafloor topography. Even a slight
inclination of the sensor can cause tilt noise to be projected from the horizontal components onto the vertical
component (Crawford & Webb, 2000).

Besides the physical tilt and compliance noises, our data unfortunately also contain nearly periodic, impulsive
electronic glitches that increase the noise level. The glitches are present in all broadband OBS stations of our
data set. The origin of the largest glitch is a transient communication signal enhanced by the wiring of the
instrument. A more detailed explanation and suggestion for instrument improvement can be found in
Text S1 in the supporting information. In this article, we develop a time domain a posteriori method to
remove such glitches using an average glitch waveform that is matched to each individual glitch in time
and amplitude.

We first present the RHUM-RUM (Réunion Hotspot and Upper Mantle-Réunions Unterer Mantel) data set
(Barruol & Sigloch, 2013) we used and the problems we encountered with electronic glitches in the broad-
band seismograms. Next, we introduce a method for removing such glitches. We then describe the proces-
sing of data for tilt and compliance removal. Finally, we use a windowed autocorrelation of the time series to
enhance the hum signal in the Fourier transform. This allows us to observe the hum at the ocean bottom and
to compare it to a reference, high-quality GEOSCOPE land station TAM in Tamanrasset Algeria.

2. The RHUM-RUM Data Set

In the RHUM-RUM experiment, a total of 57 free-fall OBS stations were deployed in the Indian Ocean around
La Réunion Island, east of Madagascar, over an area of 2,000 km × 2,000 km from September 2012 to
November 2013 (Barruol et al., 2012; Barruol & Sigloch, 2013). The instruments of the RHUM-RUM project
include 48 wideband DEPAS OBS and 9 broadband OBS that were manufactured at the Scripps Institution
of Oceanography and at the INSU-IPGP OBS facility. The broadband OBS are equipped with a Nanometrics
Trillium broadband seismometer with a corner period of 240 s and a long period differential pressure gauge
(Cox et al., 1984). Seven of the 9 broadband stations had complete seismometer and pressure data. Stähler
et al. (2016) provide a comprehensive report on data quality. Here we use two of the nine broadband
OBSs from the RHUM-RUM project: RR28, the station with the best data quality and the longest time of
recording, together with station RR34. Stations RR28 and RR34 were dropped freely at (�22.7152 latitude,
53.1594 longitude) and (�32.0783 latitude, 52.2114 longitude), respectively, to a depth of 4,540 m and
4,260 m, respectively, and on 150 m versus 410 m thick sediments (Whittaker et al., 2013).

3. Processing Ocean Bottom Data I: Earthquake and Glitch Removal

We resample the data to 0.625 mHz and filter between 3 and 30 mHz—more information in supporting infor-
mation S1—to visualize the glitch. Figure 1b shows the result for the vertical channel as a red trace, in which
we can easily discern the glitch signal, which recurs every 3,620.3 s for station RR28.

From the continuous time series, we null time periods corresponding to earthquakes of magnitudes above 6
for a duration of 1.5 days per 1Mw increase above the threshold ofMw = 5.85. That is, for 5.4 h at magnitude 6,
for 41.4 h at magnitude 7, for example. To remove occasional other high-amplitude signals, we clip the ver-
tical channel data above the glitch amplitude (�5,000 and +5,000 for station RR28).

From the preprocessed, earthquake-free vertical trace, we can now remove the glitches in several steps: first,
we determine the average periodicity of the glitches, which can vary from station to station. We ensure that
the period is stable by cutting the trace in data pieces whose length is the glitch period and aligning these
data pieces. Figure 1b shows the alignment for station RR28 with the colored negative and positive values
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lining up for all hourly glitches. At other times, we occasionally see jumps in the glitch period, forcing us to
subdivide the monthly data set. We adjust the periodicity so that the blue and yellow lines align horizontally.

Second, we stack the aligned data pieces by correlating the signal with a comb. The comb was constructed in
the frequency domain in order to allow for a glitch periodicity that is not an integer multiple of the sampling
interval. In Figure 1c the first glitch wavelet is shown in blue and the average glitch (normalized stacked
pulse) in red. The comb is then convolved with the normalized stacked pulse to produce a series of average
glitches. This trace is used to mark the position of the glitches in the time series and is later used to suppress
residuals from the steepest part of the pulse.

For glitch removal, we now fit a sum of one left-shifted and one right-shifted average pulse to each glitch in
the data. This is a fit with two free parameters, roughly equivalent to fitting the amplitude and the position
within plus or minus one sampling interval. The resulting trace is shown in Figure 1d. Figure 2 shows the noise
reduction by glitch removal (from orange to black) for the month December 2012 for station RR28.

4. Processing Ocean Bottom Data II: Tilt and Compliance Removal

In order to reduce noise from the ocean environment—tilt and compliance—we use two methods: one
based on linear regression (Zürn &Widmer, 1995) that we adapted for OBS data, and one based on frequency
response functions (Crawford & Webb, 2000). The linear regression is based on the overall correlation of the
vertical trace with an estimation of the double derivative of the pressure, the horizontal channels and an esti-
mation of the gradient of the pressure (explained in supporting information S1). The frequency response
functions are based on the coherence between the four channels within a station.

Figure 1. Glitch removal example at station RR28. (a) The blue curve represents a raw trace of the first day of December 2012 with amplitudes between�5,000 and
5,000 counts. In red the same trace is filtered between 2 and 30mHz, so that the primary and secondarymicroseismic signals are removed, reducing the noise level so
that the glitch of period 3,620.3 s and amplitude between �1,000 and 500 becomes visible. (b) The horizontal aligning of the tranches of a month length trace
with the glitch period assures the correct glitch period and its continuity over the chosen time window. (c) The first glitch is shown in blue and the comb stack—the
cross correlation between the comb and the trace of a month’s length—in red. (d) We show the same day length trace as Figures 1a and 1b after correcting for
the glitch wavelet.
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Both methods make use of other channels that are more sensitive to this noise than the vertical channel. The
pressure channel is more sensitive to recording pressure fluctuation of infragravity ocean waves above the
OBS than the vertical seismic channel (Crawford et al., 2006). The horizontal seismic channels are more sen-
sitive to currents moving around the OBS than the vertical seismic channel (Crawford et al., 2006).

In the linear regressionmethod, we assume that a certain percentage of the pressure and horizontal channels
is recorded on the vertical channel. We solve a system of linear equations to find frequency-independent fac-
tors that describe this percentage. The factors describe the relation between the vertical channel and (1) an
estimation of the double derivative of the pressure, (2) the horizontal channels, and (3) an estimation of the
gradient of the pressure, chosen partly empirically. Supporting information S1 contains a detailed description
on the choice of these empirical factors. The factors are not exactly frequency independent, but this approx-
imation provides significant noise reduction: for station RR28, the raw signal rms is reduced from 11.36 counts
before regression to 3.49 counts after regression (about 1/3 of the previous rms amplitude). At this low noise
level, a second glitch type becomes visible with a period of 2.6 h, which we remove using the samemethod as
described before. This further reduces the noise level to a signal rms of 2.53 counts (about 1/5 of the original
rms amplitude) for the example of the month December 2012 of station RR28. At this stage we detect
another, very small glitch with a period of 24 h, for which we again apply the above glitch removal method.
In Figure 2 the effect of linear regression and these longer period glitch removals is visible between the black
and magenta curve.

Even after the linear regression, the residual trace can still contain some tilt and compliance noise for certain
frequencies. In Figure 2 we clearly see a remaining compliance effect between 10 and 17 mHz (in magenta),
whose shape resembles the increase in spectral amplitude of the pressure channel (in gray). The linear regres-
sion is not frequency-dependent, and to ensure that we remove noise for all frequencies, we also use an alter-
native frequency-dependent method that is readily available (Crawford & Webb, 2000). The linear regression
and the frequency dependent method give similar but not identical results for frequencies below 5 mHz. A
combination of both methods makes it possible to treat the data up to 30 mHz. Therefore, after linear regres-
sion, we follow the method of Crawford and Webb (2000), who uses a frequency-dependent response

Figure 2. Processing steps shown for average spectra—window length of 4 h—of December 2012 for station RR28. The cyan curve shows the raw data for the ver-
tical component BHZ between 2 and 250 mHz. The orange curve shows the effect of clipping and earthquake removal (Mw > 5.85). It is filtered between 2 and
30 mHz and shows the oscillations of the first glitch. To go from the orange to the black curve we remove the hourly glitches. From black to magenta we
perform clipping and a linear regression and remove the remaining glitches (consult text for detailed explanation). Next, we use a frequency response function
between the pressure channel (in gray) and the vertical component (magenta) to remove the effect of compliance, resulting in the green curve. The blue and red
curves show the removal of the tilt-related coherence between channel BHZ and channel BH2 and BH1, respectively. The black dashed lines indicate the low
and high noise model of Peterson (1993). The red curve is down to�182 dB in acceleration, comparable to a good land station. A peak at 60 s period remains in the
red curve but, due to its high frequency, poses no problems for the scope of this research.
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function to remove tilt and compliance noise. The main signal on the pressure channel is from the pressure
forcing responsible for compliance. The vertical channel records compliance among other signals. This way,
the frequency response function describes the vertical acceleration of the seismometer that is due to the
pressure forcing recorded on the pressure channel.

Rzp fð Þ ¼ γzp fð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Gzz fð Þ
Gpp fð Þ

s
(1)

In which Gzz(f ) and Gpp(f ) are the power spectral densities of the vertical seismometer channel Z and pres-
sure channel P, respectively, and γzp(f ) complex coherency between the two channels.

We use the frequency response function, Rzp(f ), to remove the compliance effect,R�
zp fð ÞP fð Þ (where the aster-

isk indicates the complex conjugate), from the vertical channel Z(f).

Z
0
fð Þ ¼ Z fð Þ � R�

zp fð ÞP fð Þ (2)

The green curve Z
0
(f) in Figure 2 shows the effect of compliance removal on the vertical channel. Next, we

remove all tilt noise from the cleaned vertical, using the same routine for different channels. We replace

the pressure channel P(f) by the horizontal compliance-corrected channel H
0
1 fð Þ and R�zp fð Þ by R�

zh
0
1
fð Þ. Here

we assume that the horizontal channels record predominantly tilt signal and the vertical channel records tilt
among other signals. This results in Z

0 0
(f), whose average is represented as the blue curve in Figure 2. After

repeating the procedure with the other horizontal channel, we arrive at the cleaned vertical channel Z
0 0
(f )

(red curve in Figure 2). The noise level is as low as �182 dB acceleration, which corresponds to a good land
station and is close to the low noise level of Peterson (1993).

5. Method for Finding the Hum at the OBS

With the OBS long-period noise level reduced to that of a good land station, the challenge remains to observe
the Earth’s fundamental spheroidal modes in the absence of earthquakes. Most observations have been done
by calculating the power spectral density of the continuous quiet data (Kobayashi & Nishida, 1998; Nishida
and Kobayashi, 1999; Nawa et al., 2000; Kurrle & Widmer-Schnidrig, 2008). This can require a large volume
of earthquake-free data to stack so that the signal-to-noise level is high enough for the small hum signal
to be observed at the ocean bottom. Here we introduce a method that increases the signal-to-noise level
without requiring very long time series.

We start by calculating the autocorrelation over a period of 2 days in which earthquakes are removed. We use
50% overlapping windows of 2 days length. We assume that the hum consists predominantly of surface
waves and that generating fundamental spheroidal modes requires constructive interference of multiple
orbits around the Earth. The benefit of using the autocorrelation is that we can identify the multiple orbits
by their predictable lag time. We calculate the autocorrelation up to a maximum lag time of 11 h, which
includes the first and second orbits around the Earth. In order to improve the signal-to-noise ratio, we then
null everything that is not in a window around the zero lag or the first and second circuits (for both positive
and negative lag times). Supporting information S2 provides a more detailed explanation of the autocorrela-
tion and the effect of this nulling.

Finally, we calculate the Fourier transform of the windowed autocorrelation, normalized by the length of the
autocorrelated series. In some of the autocorrelation windows, part of the signal, or even all of it, may be zero
as a consequence of the nulling of data during the time window of a strong earthquake. Since we are
interested in only the hum signal, we calculate and subtract the nonhum base noise level from the PSD.
In supporting information S2 and Figure S2 in the supporting information we present a detailed explanation
on this background-noise removal. With the background noise removed, we can make a comparison
between stations. We apply the method to two OBS (RR28 and RR34) and one high-quality GEOSCOPE land
station, TAM in Algeria, which is chosen as a low-noise terrestrial reference station (Stutzmann et al., 2000)
and is unaffected by electronic glitch noise. We now investigate and compare the hum on those three
stations for the year 2013.
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6. The Hum Observed at Two OBSs and on Land

Figure 3 shows the results of the Fourier transform of the windowed autocorrelations as a function of time
(top images) and the median of all data between December 2012 and October 2013 for the stations RR28,
RR34, and TAM (bottom images), all corrected for station self-noise. The bottom images clearly evidence
the eigenmodes observed at the ocean and terrestrial stations, with peaks at the eigenfrequencies of the fun-
damental spheroidal modes of the preliminary reference Earth model (PREM) (Dziewonski & Anderson, 1981)
between 2.9 and 4.5 mHz. The observed hum amplitudes are of the same order of magnitude on all three sta-
tions: the median amplitude of the modes varies less than 5 dB across stations. For all stations, the amplitude
is lower than �185 dB in acceleration for most frequencies between 2.9 and 4.5 mHz. At most frequencies
between 2.9 and 4.5 mHz, the OBS stations show slightly higher median amplitude than TAM. Note that this
amplitude is lower than the low noise model of Peterson (1993) because we subtracted the nonhum back-
ground noise. The observed amplitude should therefore correspond to the hum amplitude and demonstrate
how small this signal really is. For the absolute noise level we refer to Figure S2.

Figure 3. Temporal continuity of the eigenmodes presented for stations (a) RR28, (b) RR34, and (c) TAM. Fourier transform taken on autocorrelation windows of 50%
overlap. The light to red colors indicate an elevated spectral amplitude of autocorrelation, equal to power spectral density (PSD). The vertical dashed red lines are
the eigenfrequencies of the PREM model. The gray blocks indicate missing data due to earthquake removal. The horizontal white patches represent the absence of
data the PREM eigenfrequencies overlap on the spectral modes from the data for all stations. The spectral modes are continuous in time for all stations. (bottom) Mean
of the PSD shown above. The eigenmodes from the data of three stations are plotted in blue and coincide with the theoretical eigenfrequencies of the PREM
Earthmodel in red. All stations show clear peaks at the PREM eigenfrequencies. The amplitudes of the eigenmodes, corrected for the instrument self-noise, show little
variation between the stations (within an order of magnitude), nor between the different eigenfrequencies.
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Another point of interest is the modes at which acoustic coupling between atmosphere and solid Earth takes
place: 3.704 mHz for 0S29 and at 4.348 mHz for 0S37 (Nishida et al., 2000). In our data, we see no significant
difference between the amplitudes of these modes compared to other modes on any of the stations, nor do
we observe a significant difference in average amplitude between these modes recorded at OBS versus land
stations. In addition, we compared the seasonal variation by taking the average of the uncoupled modes and
comparing it to 0S29 and 0S37 in a similar way as Nishida (2013), for RR28, RR34, and TAM separately. Nishida
(2013) found the seasonal variation of mode 0S29 to be 40% higher than that of the noncoupled modes,
whereas we did not. In summary, we do not observe acoustic mode coupling on our OBS stations or on land
station TAM.

The top panels of Figure 3 show the temporal continuity of the eigenmodes by plotting the power spectra for
windows of 2 days with 50% overlap. The white spaces of stations RR28 and RR34 correspond to (long)
periods of missing data or data that were not used because we were not able to remove the glitches in
the noisiest parts of the data. The time intervals of removed earthquakes are shown in gray on the right side
for each station. At these times, we occasionally observe an absence of light colored vertical lines due to the
nulling of data for earthquake removal. All three stations (RR28 in Figure 3a, RR34 in Figure 3b, and TAM in
Figure 3c) show clear light colored vertical lines that correspond to the PREM eigenfrequencies (plotted as
dashed red lines).

The amplitudes are not constant over time, but we do not observe any significant seasonal variation of
the hum at frequencies between 2.9 and 4.5 mHz. Tanimoto and Um (1999), Ekström (2001), and Nishida
and Fukao (2007) did report seasonal variations. These studies were done in a wider frequency band
(between 2 and 7 mHz). Rhie and Romanowicz (2006) saw no seasonal variation around a frequency
of 4.1 mHz. We note that the OBS stations are located in the Indian Ocean, open to southern hemi-
sphere winter storms, but experiencing cyclones during northern hemisphere summer, and station
TAM is in the African continent not far from the equator. Their particular positions could therefore
explain the absence of detectable hum seasonal variations. In March 2013 at station RR28 we observe
some shifted, widened high-amplitude blobs, which we attribute to an elevated noise level that ren-
dered the glitch removal less effective. In May 2013 we observe increased amplitude of the normal
modes for frequencies below 4 mHz at stations RR34 and TAM. Elevated amplitudes occur only during
a few days and therefore do not appear to be related to any seasonal variation. Prior on 24 May was
a large earthquake in the Sea of Okhotsk of magnitude Mw 8.3. From 10 to 17 May 2013 the tropical
cyclone Mahasen moved over the northern Indian Ocean, and the eruption of Pavlov Volcano in the
Aleutian Arc took place from 13 to 18 May 2013. Previous studies had observed acoustic coupling during
a volcanic eruption (e.g., Kanamori & Mori, 1992; Widmer & Zürn, 1992) as an increase in amplitudes of
modes 0S29 and 0S37. We do not observe such an increase in mode amplitudes for these specific
modes in the period of the Pavlov Volcano eruption.

7. Conclusions

We demonstrate the presence of eigenmodes at two ocean bottom seismometers for the first time. We do so
by noise reduction and calculation of the autocorrelation of the seismograms. We successfully removed
electronic glitches of varying periodicity from vertical OBS data, which reduced the noise level by 28 dB.
Our technique filters the data and subtracts an average glitch wavelet, adjusted in position and amplitude.
We use linear regression with an estimation of the double derivative of the pressure, the horizontal channels
and an estimation of the gradient of the pressure as inputs to reduce the seismic noise level on the vertical
seismometer channel and remove the long period glitches. By further removing compliance and tilt using fre-
quency response functions based on the coherence between different seismometer and pressure channels,
we were able to reduce the noise level by another 8 dB. The final noise level at the OBS is only around
�182 dB in acceleration, which is close to the noise level of a quiet land station (Peterson, 1993).

On the denoised time series, we observe the hum signal on the ocean bottom, by windowing the autocorre-
lation around the direct arrival and the first and second orbits around the Earth, followed by a Fourier trans-
form. We observe very clear peaks that coincide with the Earth’s theoretical eigenfrequencies between 2.9
and 4.5 mHz. The same procedure applied to reference land station TAM in southern Algeria shows a hum
signal of similar amplitude on land and on the ocean bottom. We demonstrate the continuous presence of
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these modes over the whole 11 monthlong period of deployment of the OBS but observe no clear seasonal
variation of the hum between 2.9 and 4.5 mHz.
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