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Abstract Monthly variations in the ratio of Rayleigh-to-Love waves in the secondary microseism are
obtained from a colocated ring laser and an STS-2 seismograph at Wettzell, Germany. Two main conclusions
are derived for the Rayleigh-to-Love wave kinetic energy ratios in the secondary microseism; first, the energy
ratio is in the range 0.8–0.9 (<1.0) throughout a year except for June and July. It means that Love wave energy is
larger than Rayleigh wave energy most of the year by about 10–20%. Second, this ratio suddenly increases to
1.0–1.2 in June and July, indicating a larger fraction of Rayleigh wave energy. This change suggests that the
locations and behaviors of excitation sources are different in these months.

1. Introduction

It has generally been assumed that there is more Rayleigh wave energy than Love wave energy in seismic
noise within the microseismic frequency band (0.05–0.4 Hz). This is because the mechanism for exciting
Rayleigh waves by ocean waves was established by Longuet-Higgins [1950], and it naturally explained an
important feature of double-frequency bands in the microseisms, i.e., the primary and the secondary micro-
seisms. On the other hand, the mechanism of exciting Love waves has never been clear. With the develop-
ment of dense seismic arrays of broadband stations, however, it is becoming clear that there is surprisingly
a large fraction of Love waves in the microseisms [e.g., Nishida et al., 2008]. This paper lends support to these
results and points out a new feature in the seasonal variation that is contained in the energy ratio between
Rayleigh waves and Love waves.

Our basic motivation for this study was that there are surprisingly few data that constrain the energy partition
between Rayleigh waves and Love waves in the microseisms. This applies to both the primary microseism
(about 0.05–0.07 Hz) and the secondary microseism (about 0.10–0.40 Hz). Answering this question has not
been easy because source areas are not well localized [e.g., Chevrot et al., 2007] and seismic arrays that are
needed to understand the sources have been scarce until recently [e.g., Friedrich et al., 1998].

In one of few contributions to this problem, Nishida et al. [2008] estimated the ratio of Love waves to Rayleigh
waves using an array of tilt meters in Japan. Since phase velocities of Rayleigh and Love waves are different,
separation of these two types of waves is possible by an array study. Their conclusion was that there was
more Love wave energy than Rayleigh wave energy below 0.1 Hz, but it changed above 0.1 Hz and Love wave
energy became about 50% of Rayleigh wave energy. Similar studies have been conducted in other regions
recently that take advantage of a number of seismic arrays, and we expect to see more results in this line
of work in the near future [e.g., Riahi et al., 2013; Juretzek et al., 2015].

In this study, we take a different approach; we use a unique set of instruments at Wettzell (WET), Germany,
where an STS-2 seismograph and a ring laser [Schreiber et al., 2009; Schreiber and Wells, 2013] are colocated.
We estimate the amount of Rayleigh waves from the vertical-component seismograph (STS-2) and the
amount of Love waves from the ring laser. The ring laser records the rotation in the medium, and the records
are dominated by SH-type waves, thereby allowing us to measure the amount of Love waves.

We already reported our basic method and preliminary results [Tanimoto et al., 2015]. Since then we have
extended our analysis to temporal changes in the Rayleigh-to-Love wave ratios for the secondary microseism.
In this study, we also correct for the minimum resolution problem (section 3.2) that was not included in the
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previous study. Because of the lack of this correction, our previous work led to some overestimates for the
amount of Love waves. After this baseline correction, we find that the ratio of Love wave kinetic energy to
Rayleigh wave energy is about 0.8–0.9 (<1.0) except for June and July. In these two months, this ratio
increases to about 1.0–1.2. These two points are the main conclusions of this study.

We present the general characteristics of data at WET in section 2, our approach in section 3, the main results
in section 4, and some discussions in section 5.

2. Data at Wettzell

In this study, we use a three-component seismograph (STS-2) and a ring laser at WET. For details on ring laser
instruments, we refer the reader to Schreiber and Wells [2013]. The ring laser at WET measures the vertical (z)
component of rotation rate :ωz ¼ 1=2ð Þ ∇�vð Þ where the dot denotes time derivative and v denotes ground
velocity. There is a small possibility that tilt can contaminate the data, thus signals related to P-SV-type
seismic waves (mostly Rayleigh waves) may get mixed in, but Pham et al. [2009] showed that the effects of tilt
are negligible even for large earthquakes. We also examined this point in Tanimoto et al. [2015] and showed
that the contribution from tilt is quite small (less than 0.1%) for seismic noise. Therefore, dynamically induced
tilt, generated by seismic signals, does not seem to cause any serious contamination in the rotation measure-
ment. There have been some reports of seasonally changing tilt due to thermoelastic effects [e.g., Prawirodirdjo
et al., 2006; Ben-Zion and Allam, 2013] whose magnitudes are large (~0.1μrad). But their main frequency bands
(~1day) are 3 orders of magnitude lower than that of microseisms (0.05–0.40Hz). Because of this difference in
frequencies, these tilts are not relevant to seasonal variations in our results. In practice, the ring laser data in the
frequency range of our analysis may be considered to be free from tilt contamination.

We rely on the vertical-component seismograph to estimate the amount of Rayleighwaves, but we also examine
two horizontal components. Since both Rayleigh waves and Love waves are present in horizontal-component
seismograms, it is hard to obtain clean information for each type of wave separately. But the comparison
between the ring laser data and the horizontal seismograms provides some constraints. For example, our choice
for the frequency range of this study was from 0.13Hz to 0.30Hz; this was influenced by comparison between

Figure 1. Station WET (Wettzell) is indicated by the red mark, close to the German-Czech border.
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ring laser data and horizontal-component seismograms as ring laser-derived transverse accelerations (pure Love
waves) and the horizontal-component accelerations (containing both Rayleigh and Love waves) cannot be
different very much. We found large deviations for frequencies 0.10–0.12Hz, for example, that were clearly
anomalous. We thus chose the minimum frequency of our analysis at 0.13Hz.

We analyzed the ring laser data at WET from 2009 to 2015. Figure 1 shows the location of Wettzell, in
the Bavarian forest close to the German-Czech border. The ring laser provides time series of rotation rate (unit
radian/second), and we used data that had 20 samples per second. Over this 6 year span, we computed the
power spectral density (PSD) for every 15min (Figure 2a). Each dot in Figure 2a shows an averaged PSD value
between 0.1 and 0.4Hz. PSD was computed by |F(ω)|2/T where F(ω) is the Fourier spectra at an angular
frequency ω and T is the length of time series (15min). To be more precise, we applied the Hanning window
to time domain signals, computed PSD using the above formula, andmultiplied the correction factor 8/3 which
compensates the reduction of power caused by the Hanning window [e.g., Osaki, 1976].

These PSD data are folded onto 1 year interval using the Julian days in Figure 2a. There are points above the
maximum value in this figure, most of which were caused by earthquakes. As our goal is to study seismic
noise, this study will focus on this small-amplitude range in Figure 2a. However, even in the data shown in
Figure 2a, there may be some effects from earthquakes that are buried in the scatter of points. We remove
these effects by using two earthquake catalogs.

Figure 2. (a) Power spectral density (PSD) of rotation rate (0.1–0.4 Hz), recorded by the ring laser at Wettzell. Each point was
computed from a 15min long time series. Unit is nanoradians2/second. Data from 2009 to 2015 are folded onto 1 year
using the Julian days. (b, left) Monthly averages of the ring laser data; the mean and one sigma standard deviation of the
power spectral density (for frequencies 0.10–0.40 Hz) are shown. The abscissa is month in number. (b, right) Monthly
averages of the vertical-component seismic data under the same conditions with ring laser data.
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Seasonal variations are obvious in the
raw PSD data (Figure 2a). The monthly
averages and error bars (one standard
deviation) are shown in Figure 2b (left).
The amplitudes in winter are about
8–10 times larger than the amplitudes
in summer. In Figure 2b (right), we
show the results of a similar analysis for
the vertical-component seismograms.
Since the ring laser data mostly contain
Love wave energy and the vertical seis-
mograph data mostly contain Rayleigh
wave energy, we can directly confirm
similar seasonal variations in both types
of waves.

3. Approach
3.1. Monthly Averages

We first create the monthly-averaged
Fourier amplitude curves both for the
vertical-component seismograms and
for the ring laser data. As the goal of this

study is to estimate the amount of Love waves and Rayleigh waves in seismic noise, it is essential to make
these data free of earthquake effects as much as possible.

We used two earthquake catalogs to remove earthquake effects. One is the Global Centroid Moment Tensor
catalog (www.gcmt.org) which includes all events larger than M= 5.5 where M is the moment magnitude.
This catalog also contains some smaller events than M= 5.5. In addition, we used a regional catalog from
the European-Mediterranean Seismological Center (www.emsc-csem.org) in order to remove earthquake
effects for events larger than M= 4.5 within the distance of 1000 km from WET.

Technically, we eliminate the portions in seismograms from our data set using the origin time of earthquakes
and time length that we assign based on the size of earthquakes; specifically, forM=8 or larger events anywhere
in theworld, we removed awhole day (24 h) after their origin time. ForM=6–8, we removed 12h, and for events
less than M=6 (M=4.5–6), we removed 6h from the origin time.

Figure 3 shows the monthly-averaged spectral amplitudes for vertical-component data. We show the average of
15min long Fourier amplitudes, not the power spectral density plotted in Figures 2a and 2b. A number by each
line indicates a month. We use 1 for January, 2 for February, 3 for March, and so forth. The winter months (1, 2, 12)
are shown in blue, and the summermonths (6–8) are shown in red. The springmonths (3–5) are in green, and the
fall months (9–11) are in yellow (with black circles). One can see that these amplitudes are relatively stable both in
summer and in winter but vary quickly in spring and fall months. In this plot, we can also see the peaks for the
primary microseism at about 0.05–0.07Hz and the predominant peaks for the secondary microseism between
0.1 and 0.3Hz. The fact that we observe smooth monthly transitions in spectral amplitude indicates that earth-
quake effects were removed to a large extent.

Figure 4 shows the results of a similar analysis to the ring laser data. Uses of the numbers for months and the
color scheme for each month are the same with Figure 3. The basic characteristics in monthly variations are
the same with seismic data; the spectra in winter months (1, 2, 12) and those in summer months (6–8) are
relatively stable. Amplitudes in spring months (3–5) and fall months (9–11) show quick transitions between
the two end-member seasons, i.e., summer and winter.

3.2. Baseline Correction

We have noted that the ring laser data hit the minimum resolution limit in the analysis (Figure 4). The dashed
(horizontal) line in Figure 4 indicates this limit that we refer to as the baseline (or a threshold) hereafter.

Figure 3. Monthly averages of Fourier spectral amplitude (normalized by
the length of time series) for vertical-component seismograms after
removal of earthquake effects. The numbers are used to denote months.
For example, 1 is January, 2 is February, and so forth. Winter months (1, 2,
12) are in blue, summer months (6–8) are in red, spring months (3–5) are in
green, and fall months (9–11) are in yellow with black circles.
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Existence of this minimum resolution is
the reason that we cannot observe the
peaks for the primary microseism (about
0.05–0.07Hz, Figure 4). This lack of the
peaks is in contrast with Figure 3 (from
STS-2 vertical data).

In order to take care of this problem, we
reanalyzed data and determined this
baseline value. Figure 5 shows an exam-
ple of such efforts where we focused on
small-amplitude summer days in 2010
(Julian days from 214 to 226). For the
time interval indicated by the red dash
box in Figure 5 (top), we computed
Fourier spectra for frequencies up to
0.5Hz (Figure 5, bottom). These Fourier
amplitudes show a clear peak asso-
ciated with the secondary microseism
(its maximum is about 0.22–0.24Hz
because this is summer), but amplitudes
are flat below about 0.15Hz. This feature

indicates that we have hit the minimum resolution for the ring laser. The mean and the standard deviation for
amplitudes within a box (solid horizontal line in Figure 5, bottom) were computed using data below 0.1Hz
and led to an estimate of 0.753±0.041prad/s for the baseline value. The unit is picoradian per second.
Further analyses from other time intervals led to an estimate of the baseline to be about 0.75–0.80 prad/s.

Figure 4. Same as Figure 3 except that this is for monthly averages of ring
laser data. We find the minimum resolution limit in data (horizontal dash)
which makes it difficult to study the primary microseism (0.05–0.07 Hz). This
study focused on the secondary microseism for frequencies 0.13–0.30 Hz.

Figure 5. (top) Using the average PSDs in 2010 (Julian days from 214 to 226), shown by red box. (bottom) Fourier spectral
amplitudes. Near constant amplitudes in the low-frequency range (up to about 0.15 Hz in Figure 5, bottom) are due to this
minimum resolution limit. We determined this level and subtracted it from the ring laser data.
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Hereafter, for most figures in this paper,
we show the results with the baseline
value of 0.80 prad/s. The only exception
is that the final monthly variation results
will show the effects from an alternative
choice of this value.

We recalculated the Fourier amplitudes
of the ring laser data using this baseline
value (ABL) by

Urot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
RL � A2

BL

q
(1)

where Urot is a corrected rotation-rate
amplitude and ARL is an uncorrected
Fourier amplitude shown in Figure 4.
The underlying assumption is that seis-
mic noise (our signal) is independent of
the cause of this minimum resolution.

3.3. Conversion to Acceleration

Monthly spectral amplitudes from the
seismometers (Figure 3) and the ring laser
(Figure 4) are in different units and cannot
be compared against each other directly.
In order to compare using the same unit,
we convert these data to acceleration.
Since the vertical-component data from
STS-2 are in ground velocity, a simple
multiplication of angular frequency con-
verts spectral amplitudes in Figure 3 to
vertical accelerations.

For the rotation spectra, we need a few
more steps of processing. We use the
relation that a multiplication of 2C to
the rotation spectra, where C is the local
Love wave phase velocity, converts the
rotation-rate data to surface transverse
acceleration. This relationship was ori-
ginally pointed out by Pancha et al.
[2000] for two earthquakes and later
used by Igel et al. [2005], Igel et al.

[2007], Ferreira and Igel [2009], Kurrle et al. [2010], and Hadziioannou et al. [2012]. This processing assumes that
Fourier amplitude spectra for the ring laser data consist of the fundamental-mode Love waves only. This
assumption is only approximate as body waves and higher-mode surface waves have been identified in seismic
noise; however, since the excitation sources for seismic noise are quite shallow, seismograms are dominated by
fundamental-mode surface waves and thus we believe this assumption is justified to a large extent.

In order to apply this relation to rotation data, we need to know the local Love wave phase velocity at WET. In
this study, we use an Earth model reported by Fichtner et al. [2013], derived for the European continent; we
used its structure at WET and computed theoretical Love wave phase velocities for further analysis. Figure 6
shows the P wave and S wave velocity models at WET. It is an anisotropic (transversely isotropic) model, and
Figure 6 shows PV, PH, SV, and SH velocities [e.g., Takeuchi and Saito, 1972]. Figure 6 (bottom) shows Love
wave phase velocity for this model up to 0.45Hz. Love wave phase velocity is about 3.2–3.3 km/s, but it
has a uniformly decreasing trend with frequency in the frequency band of this study (0.1–0.4 Hz).

Figure 6. (top) P wave and S wave structure at WET from a model
of European continent [Fichtner et al., 2013]. The right edge is the
Earth’s surface (radius 6371 km) and PV, PH, SV, and SH velocities
are shown. The abscissa is the radius from the center of the Earth.
(bottom) Love wave fundamental-mode phase velocity computed for
this model. The abscissa is frequency (Hz), and the ordinate is phase
velocity (km/s).
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Figure 7 shows comparisons between surface accelerations for the months of January, April, July, and
October. Each panel contains four curves. Red lines are surface transverse accelerations, obtained by multi-
plying 2C to the rotation spectra (after baseline correction of 0.8 prad/s). Blue lines are vertical accelerations
obtained from vertical spectral amplitudes in Figure 3. Green lines and black lines are surface accelerations
derived from the NS component and the EW component of seismic data.

Comparison between Figures 3 and 4 shows that the peak frequency in the rotation data (Figure 4) appears
to be shifted toward higher frequency with respect to the peak in the seismic data (Figure 3). The peak
locations match in Figure 7, because the multiplication by 2C moves the rotation peak toward lower
frequencies. This overall match in peak frequencies seems to support that the adopted seismic model for
WET is quite reasonable.

We also note in Figure 7 that amplitudes of transverse acceleration (red) are quite close to amplitudes of
horizontal acceleration from the NS (green) and EW (black) components. Since the NS and EW components
in seismic data should contain both Rayleigh waves and Love waves, they may differ to some extent but
should have similar amplitudes. The fact that they are all close in these linear plots suggests that our two
assumptions on the Earthmodel (Love wave phase velocity) and on the predominance of fundamental-mode
Love waves are reasonable assumptions.

However, we see some discrepancies in the low/high frequency ends in Figure 7. In the low-frequency end of
Figure 7, below about 0.12Hz, we find large transverse acceleration (from rotational measurements) and much
smaller horizontal accelerations (from the NS and EW seismographs). For example, transverse acceleration is 3–4
times larger than horizontal accelerations at 0.1Hz at face value. This difference suggests inconsistency because
transverse acceleration contains Love wave energy, while horizontal accelerations contain both Rayleigh wave

Figure 7. Transverse accelerations from ring laser are shown in red (pure SH signals). Vertical, NS, and EW accelerations are
shown in blue, green, and black, respectively. Results for (top left) January (month 1), (top right) April (month 4), (bottom
left) July (month 7), and (bottom right) October (month 10) are shown.
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and Love wave energy. Considering the
fact that the same Love wave energy is
in both data, such a large transverse
acceleration in comparison to horizontal
accelerations seems problematic.

We believe this large deviation is most
likely caused by the minimum resolution
problem we discussed in section 3.2. For
amplitudes near the baseline level (we
used 0.8 prad/s), the correct signal level
is hard to estimate from the use of
equation (1) because there always exists
some noise in addition to signals. When
the signal level is much higher than the
baseline value such as those in winter
months, the correction by equation (1)
works very well. In fact the corrected
signals in winter are slightly smaller
but are close to the original amplitudes
(as in Figure 4). Amplitude behaviors in
Figure 7 suggest that the transverse
acceleration may contain some anoma-
lous features below about 0.12Hz and
also above 0.30 Hz especially for summer
months. Therefore, in the following
analysis, we choose to analyze data
in the frequency range 0.13–0.30 Hz
only, where we do not see large devia-
tions of transverse acceleration from
two horizontal accelerations.

4. Rayleigh-to-Love Wave
Ratio in the Secondary
Microseism
4.1. Ratio of Surface Acceleration

We first measure the surface-amplitude
ratios between vertical accelerations and
transverse accelerations. This is simply
done by taking the ratio of the blue
curves to the red curves in Figure 7.

These ratios for each month are plotted in Figure 8 (top) using the same color scheme as in Figures 3 and 4.
The abscissa is frequency and varies from 0.13Hz to 0.30Hz. The ordinate is the Rayleigh-to-Love ratio whose
range is from 0.6 to 1.6. Most values exceed 1 in Figure 8, especially near the spectral peak range within
0.15–0.25Hz. The values from summer (red) particularly stand out near their maximum frequency range about
0.22–0.23Hz. On the average, the ratios between Rayleigh waves (vertical) to Love waves (transverse) are about
1.1–1.2. This ratio should be the same with ground velocity and displacement.

4.2. Ratio of Kinetic Energy

Next we convert these surface amplitudes to the kinetic energies of Rayleigh and Love waves. Our procedure
proceeds as follows: we compute the eigenfrequencies and eigenfunctions of Rayleigh and Love waves for the
seismic structure in Figure 6. Examples of eigenfunctions at 0.20Hz are shown in Figure 9; the red solid line is
the eigenfunction W(z) of Love wave fundamental mode. The blue and green solid lines are the vertical U(z)
and horizontal eigenfunction V(z) of Rayleigh wave fundamental mode. The depth coordinate z is from 0 (surface)

Figure 8. (top) Surface acceleration ratios between vertical acceleration
and transverse acceleration. Each curve is for a month and is denoted
by the same color scheme. These values are the ratios between the blue
curves to the red curves in Figure 7. (bottom) The kinetic energy ratios
between Rayleigh waves and Love waves. The same color scheme with
Figure 3 is used for each month.
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to infinity and is positive downward. These
eigenfunctions are defined for displace-
ment. In our definition, a Love wave
eigenfunctionW(z) for an angular eigenfre-
quency ω and a wave number (kx, ky) is
related to displacement as [e.g., Takeuchi
and Saito, 1972]

ux ¼ �i
ky
k
W zð Þei ωt�kxx�kyyð Þ

uy ¼ �i
kx
k
W zð Þei ωt�kxx�kyyð Þ

uz ¼ 0

where the wave number vector defines
the direction of propagation. A Rayleigh
wave eigenfunction U(z) and V(z) are
related to displacement by

ux ¼ �i
kx
k
V zð Þei ωt�kxx�kyyð Þ

uy ¼ �i
ky
k
V zð Þei ωt�kxx�kyyð Þ

uz ¼ U zð Þei ωt�kxx�kyyð Þ

Dashed lines in Figure 9 are the eigen-
functions of an isotropic medium when

we averaged two Pwaves (PH and PV) and two Swaves (SH and SV). Small differences between the anisotropic
model and the isotropic model exist, but our results are mostly insensitive to the anisotropy of the medium.

Using the surface acceleration ratios in Figure 8 (top), we arrange the relative surface amplitudes of eigenfunc-
tions between vertical and transverse components (U/W) and evaluate the kinetic energy integrals defined by

EL ¼ ω2∫
∞

0 ρW zð Þ
2
dz

ER ¼ ω2∫
∞

0 ρ U zð Þ2 þ V zð Þ2
n o

dz

for Love waves and Rayleigh waves. Ratios
of these kinetic energy integrals (ER/EL) are
plotted in Figure 8 (bottom). These ratios
become smaller than the surface accelera-
tion ratios because Love wave energy
penetrates slightly deeper than Rayleigh
wave energy for the same frequency
(Figure 9). The average of the kinetic energy
ratios becomes slightly smaller than 1.0
(Figure 8, bottom).

The integrated kinetic energy ratios over two
frequency bands are shown in Figure 10. The
abscissa is month denoted by numbers from
January (1) to December (12). The ordinate is
the kinetic energy ratio. The blue curve
shows the ratio for the frequency band from
0.13 to 0.25Hz where we find the amplitude
peaks of the secondary microseism. The red
line shows the case when we extend the
highest-frequency range from 0.25Hz to
0.30Hz. This case maintains the shape in
monthly variations, but the whole curve is

Figure 9. Examples of the eigenfunctions at 0.20 Hz used for computa-
tions of kinetic energy ratios. The seismic model in Figure 6 was used.
Red is the eigenfunction (W) for Love waves (fundamental mode), and
blue and green curves are the eigenfunctions (U and V) for Rayleigh
waves (fundamental mode). Solid lines are for the original anisotropic
model by Fichtner et al. [2013], while dashed lines are for the averaged
isotropic model. Effects of anisotropy are not important for our results.

Figure 10. Monthly variations in the kinetic energy ratios between
Rayleigh waves and Love waves (ER/EL). Blue is for the frequency range
0.13–0.25Hz where the amplitude peaks are found. Red is for the fre-
quency range 0.13–0.30Hz. Both data show relatively stable values
throughout a year except for June and July. Error bars are only shown for
0.13–0.25Hz in order to reduce clutter, but they are similar for 0.13–0.30Hz.

Journal of Geophysical Research: Solid Earth 10.1002/2016JB012885

TANIMOTO ET AL. RAYLEIGH AND LOVE WAVES IN SEISMIC NOISE 2455



shifted to lower values because the ratios
are small between 0.25Hz and 0.30Hz.

A characteristic feature in Figure 10 is the
relatively constant ratio except for June
and July. The blue curve (0.13–0.25Hz)
shows that the ratios are about 0.9 (0.8–
1.0) most of the year except June and July.
Therefore, except for these two months,
there is approximately 10% more Love
wave energy than Rayleigh wave energy.
In the frequency band 0.13–0.30Hz (red
curve), the ratio is about 0.8, meaning
Love wave energy is about 25% larger than
Rayleigh wave energy. Therefore, this
energy ratio depends on the frequency
range, but Love wave energy is always
slightly larger than Rayleigh wave energy.

The increase of ratios for June and July is
about 20–30% in both frequency ranges.
This feature seems to be relatively robust
in our results.

4.3. Effects of Baseline Values

As we discussed in section 3.2, the ring laser data have the minimum resolution limit and in our unit of Fourier
amplitude, it is about 0.75–0.80 prad/s. Our results in Figures 8 and 10 were derived for the baseline (threshold)
value of 0.8. Figure 11 compares the kinetic energy ratios for the baseline values of 0.7 and 0.8. We also included
standard deviations for the results with 0.8. standard deviations for the baseline value of 0.7 (red) are about the
same and are not plotted here to avoid clutter. Both curves are for the frequency range 0.13–0.25Hz, and the
blue curve is the same as the one in Figure 10.

Figure 11 shows that if we choose the baseline value of 0.7, the jump in the Rayleigh-to-Love wave ratio
almost disappears. However, our best estimate of the baseline value is 0.75–0.80 (prad/s), and the baseline

value is unlikely to be close to 0.70. For
the baseline value of 0.75, the jump will
be smaller than that for 0.80 but it is still
about 20%. Thus, we believe that there is
a jump in the kinetic energy ratio in June
and July, which reaches about 20–30%.

There is a hint of small Rayleigh-to-Love
wave ratio in May (5) and August (8) in
Figures 10 and 11. This could be true, but
the size of uncertainties weakens the signif-
icance of these features. We do not think
that the lower ratios in May and August
are robust features in our results.

5. Discussion and Conclusion

We have demonstrated that a colocated
ring laser and a three-component seism-
ometer (STS-2) at WET allowed us to sepa-
rate Rayleigh waves and Love waves in
the secondary microseism (0.13–0.30Hz)
and enabled us to estimate their kinetic

Figure 11. Effects of the baseline values (threshold) on the kinetic energy
ratios. Two cases (0.7 and 0.8) are shown. Our preferred value for the
baseline is 0.75–0.80 (prad/s). Higher ratios in June and July are affected by
this choice but within our preferred values, the ratio shows a sudden
increase. Error bars are only given for the blue curve, but they are quite
similar for the red curve.

Figure 12. Effects of a shallow low-velocity layer on the eigenfunc-
tions. Solid lines are the same with Figure 9 (anisotropic case).
Dashed lines are the eigenfunctions for a structure with a low-velocity
sedimentary layer in the upper 250m. Pwave velocity is 2 km/s, Swave
velocity is 1 km/s, and density is 2300 kg/m3 in this layer.
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energy ratios. We found that the Rayleigh-to-Love wave energy ratio is smaller than 1 most of the year.
However, this ratio depends on a chosen frequency band; in the high-amplitude range of secondary microse-
ism (0.13–0.25Hz), this ratio was about 0.9. This ratio means that there is approximately 10% more Love wave
energy than Rayleigh wave energy. In a slightly wider frequency band, 0.13–0.30Hz, this ratio became about
0.8, indicating that there was about 25%more Love wave energy. While our estimates contain some uncertain-
ties, Love wave kinetic energy seems to be consistently larger than Rayleigh wave energy for the secondary
microseism. These are relatively robust results, but they were derived based on some assumptions and limita-
tions in data. We will discuss three points below: (5.1) implications of large Love wave energy, (5.2) limitations
from the minimum resolution, and (5.3) a need for a local seismic structure.

5.1. Implications of Large Love Wave Energy

A large partition of Love wave energy with respect to Rayleigh wave energy poses a challenge to our under-
standing of the excitation and propagation of seismic energy in the secondary microseism. The Longuet-
Higgins mechanism, the wave-wave interactions of ocean waves [Longuet-Higgins, 1950], is generally
accepted to be the main mechanism of excitation but because it is equivalent to a vertical force, it only
excites Rayleigh waves for a layered medium. Even in the real three-dimensional Earth, it cannot be an effi-
cient excitation source for Love waves. One of the main arguments to explain a large amount of Love wave
energy has been to invoke Rayleigh-to-Love wave conversion at the ocean-continent boundary. This
structural effect should be important as the structural contrast at ocean-continent boundaries is generally
sharp; on this point there have been some careful studies by using numerical simulations [e.g., Gualtieri
et al., 2015] and undoubtedly there will be more such studies to come.

The question raised by our results is whether such conversion processes alone can explain a larger fraction
of Love waves than Rayleigh waves in the secondary microseism. The wavelengths of these seismic waves
are typically 10–30 km (period 5–10 s) and thus are not necessarily short in comparison to typical size of
crustal heterogeneity. Scattering effects cannot be ignored but their severity may not be as strong as
it would lead to an equipartition of energy between Rayleigh and Love waves. Therefore, a large fraction
of Love wave energy in our results seems to suggest that there must be processes of Love wave generation
through the interactions of ocean waves with the solid Earth; such interactions can be quite large close
to the coast as propagating ocean waves in shallow depths can exert horizontal forces on the solid Earth
[e.g., Saito, 2010].

Ardhuin et al. [2015] presented an attractive hypothesis of explaining the hum [e.g., Suda et al., 1998;
Kobayashi and Nishida, 1998; Tanimoto et al., 1998] and the microseisms by a unified mechanism, but their
arguments mostly applied to Rayleigh waves only. Our results indicate that the situations may be not so
simple, as there is a large fraction of Love waves in themicroseism. A similar conundrum exists for the toroidal
hum whose source has not been understood very well [e.g., Kurrle and Widmer-Schnidrig, 2008].

5.2. Limitations From the Minimum Resolution Limit

Monthly variations in the Rayleigh-to-Love wave energy ratio showed an increase in June and July by about
20–30%, regardless of the chosen frequency band. However, the size of this energy increase was dependent
on the choice of the baseline value. Among the preferred range of this value, 0.75–0.80 prad/s, this jump
varied between about 20 and 30%. This estimate cannot be improved unless the baseline value (minimum
resolution value for rotation) will be reduced further.

Theminimum resolution limit (baseline) was also the reason that we could not conduct similar analyses to the
primary microseism (0.05–0.07 Hz). Monthly amplitudes in Figure 4 suggest that if this limit can be lowered by
a factor of 5 through instrumental improvement, we can observe the primary microseism and conduct similar
analyses on it. This may appear a formidable challenge, but there is a precedence for it; an improvement of
the mirrors in the ring laser in 2009 led to a sudden improvement of the signal-to-noise ratio by approxi-
mately a factor of 10 [Igel et al., 2011; Hadziioannou et al., 2012] and removed the concerns for small signals
in ring laser data [Widmer-Schnidrig and Zürn, 2009].

5.3. Need for Accurate Local Structure

In our analysis, we relied on an Earth model for WET in a model of the European continent [Fichtner et al.,
2013] because a regional model was not available. The quality of our results hinges on the phase velocity

Journal of Geophysical Research: Solid Earth 10.1002/2016JB012885

TANIMOTO ET AL. RAYLEIGH AND LOVE WAVES IN SEISMIC NOISE 2457



for this model, as phase velocities are simply multiplied to the rotation-rate data in order to obtain
transverse acceleration.

This Earth model was also used to compute the eigenfunctions of Rayleigh and Love waves for the kinetic
energy estimates. This model does not have a sedimentary layer at top; however, if a low-velocity sedimen-
tary layer existed at WET, it may affect our energy estimates. This is because we determine surface amplitudes
of Love and Rayleigh waves from data and use them to infer the total energy of surface waves.

Figure 12 shows the effects of sedimentary layer on the eigenfunctions when we placed a sedimentary layer
with a thickness of 250m at the surface. This sedimentary layer had P wave velocity of 2 km/s and S wave
velocity of 1 km/s. Below 250m, the same structure with Figure 6 (top) was kept for the computation. The solid
lines are the same eigenfunctions with those in Figure 9 (anisotropic version), and the dashed lines are the
eigenfunctions for the modified structure with sediment. The eigenfunctions of Rayleigh waves (U and V)
change, but their deviations are not systematic with depth. Deviations are positive for some depths but are
negative for other depths. On the other hand, the eigenfunction of Love waves (W) becomes systematically
smaller from the presence of a sedimentary layer, and this leads to a smaller estimate of Love wave energy.
In this case, the Love wave energy becomes 5–6% smaller. Considering the uncertainties in our estimates for
the energy ratios (~10%), this is a concern but is not sufficiently large to change our conclusions.

If the thickness of this sedimentary layer can become thicker, we may need to revise our estimate for the
energy ratios. However, a report by Jena Geos Ingenieurbüro (personal communication, 1998) stated that
the thickness is less than 10m. Also from an independent H/V ratio measurements, a case for a thicker sedi-
mentary layer is not likely at WET; our measurement for H/V for the secondary microseism at WET indicates a
ratio of about 1/1.4, approximately 40% larger vertical amplitudes than horizontal amplitudes (in the Rayleigh
wave particle motion in the secondary microseism). Such a vertically elongated Rayleigh wave particle
motion indicates that the structure cannot have a thick sedimentary layer. In fact, this H/V ratio is fit quite well
by the model of Fichtner et al. [2013] which does not have a sedimentary layer. Therefore, we believe our
result of large Love wave energy is still supported for WET. In general, we have not found any inconsistency
between this Earth model (Figure 6) and other local data so far. But our results can be made more reliable if
we can derive a local seismic structure using regional data sets. The key is in clarifying seismic velocity
structure near the surface. We intend to do so in the future.
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