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Abstract

Using a co-located ring laser and an STS-2 seismograph, we estimate the ratio of
Rayleigh-to-Love waves in the secondary microseism at Wettzell, Germany, for
frequencies between 0.13 and 0.30 Hz. Rayleigh-wave surface acceleration was derived
from the vertical component of STS-2 and Love-wave surface acceleration was derived
from the ring laser. Surface wave amplitudes are comparable; near the spectral peak
about 0.22 Hz, Rayleigh-wave amplitudes are about 20 percent higher than Love-wave
amplitudes but outside this range, Love-wave amplitudes become higher. In terms of the
kinetic energy, Rayleigh-wave energy is about 20-35 percent smaller on average than
Love-wave energy. The observed secondary microseism at WET thus consists of
comparable Rayleigh and Love waves but contributions from Love waves are larger. This
is surprising as the only known excitation mechanism for the secondary microseism,
described by Longuet-Higgins [1950], is equivalent to a vertical force and should mostly

excite Rayleigh waves.
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1. Introduction

One of the outstanding questions on seismic noise (microseism) is how much
Rayleigh waves and Love waves are contained in the primary microseism (about 0.05-
0.07 Hz) and in the secondary microseism (about 0.10-0.40 Hz). A precise answer to this
question is surprisingly difficult because the amount of Love waves is hard to estimate.
The main reason is that, while vertical component seismograms record only Rayleigh
waves, horizontal component seismograms contain both Rayleigh and Love waves and

their separation is not necessarily straightforward.

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 the two types of waves is in principle possible by an array
observation. 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 percent of Rayleigh-wave energy.

In this study, we take advantage of 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 co-located. Our basic approach is to 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 and its data consist of
pure SH-type waves. For the relatively low frequency range of microseism (0.05-0.5 Hz),

surface waves (Love waves) would be dominant in the records.

We describe the general characteristics of the ring laser data in section 2, our

stacking approach in section 3 and our results in section 4.
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2. Seasonal variation in Love waves in microseism

The ring laser at WET measures the vertical (z) component of rotation rate

w, =(1/2)(Vxv), where the dot denotes time derivative and v denotes ground velocity.

There is a small possibility that tilt can contaminate the data, thus signal related to P-SV
type seismic waves (Rayleigh waves) may sneak in, but Pham et al. (2009) showed that
the effects of tilt are negligible even for large earthquakes. We also make our own
estimate in the discussion. In practice, the data can be considered to be dominated by SH

type seismic waves (Love waves).

We analyzed the ring laser data at WET from 2009 to 2014. Fig. 1 shows the

power spectral density (PSD) for the frequency band 0.13-0.30 Hz. Each 6-hour long data
series was used to get Fourier spectra F(w)and the PSD was computed by |F(w)* /T

where T is the length of time series (six hours). Each point in Fig. 1 (left) corresponds to
one 6-hour time interval. Data over the span of five years were folded onto one-year
interval using the Julian days. There were points above the maximum PSD value in this
figure that were presumably caused by earthquakes but as our goal is to study the
microseisms, we focus on the small-amplitude range. Even in the data shown in Fig. 1,
there may be some effects from earthquakes, buried in the scatter of points. We

specifically use a catalogue of earthquakes to remove these effects later.

The seasonal variation is obvious in the raw PSD data (Fig. 1, left). The monthly
means (Fig. 1, right) show that the amplitudes in northern-hemisphere winter are about
10 times larger than the amplitudes in summer. This may not seem surprising as we have

seen such seasonal variations in the microseisms. But most past observations were for
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Rayleigh waves from vertical component seismographs. Here we confirm the fact that

Love waves in the secondary microseism also show very strong seasonal variations.
3. Stacked Spectra

The goal of this study is to estimate the amount of Love waves and Rayleigh
waves contained in the microseism. The basic approach we adopt is to create typical
spectra for the ring laser data and also for the vertical component data that are as much
free from earthquake effects as possible, ideally showing the effects of seismic noise

only.

Since data in Fig. 1 show scatter and may contain some effects from earthquakes,
we need to proceed carefully. In this study, we decided to focus on relatively small-
amplitude time intervals where the effects of earthquakes are more obvious. We initially
selected time intervals that had the PSD of 0.001 (nrad”/s) or less and checked the
selected time intervals against the list of earthquakes reported in the Global Centroid
Moment Tensor (GCMT) catalogue. We then removed the days of earthquakes from our
data set. This processing removed almost all days with earthquakes larger than magnitude

5.5.

For the selected time intervals, we stacked Fourier spectra and came up with the
typical (average) spectra of ground velocity for three components (Fig. 2, top) and the
spectra for the rotation (Fig. 2b, bottom). One of the most notable features in the rotation
spectra is the lack of a clean peak for the primary microseism (0.05-0.07 Hz). The same
peaks in horizontal components of STS-2 are sharper, although they are much smaller
than the peak in vertical component. Fig. 2 shows that the spectra from the ring laser is

generally noisy in comparison to the vertical-component STS-2 spectra and we believe
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this noise is the reason that the spectral peak for the primary microseism seems to have
almost disappeared. Although there still exists a broad peak around 0.05 Hz, the spectral
peak for the primary microseism is not clear-cut. Fig. 2 may be interpreted as Rayleigh
waves having larger energy than Love waves in the primary microseism, its
demonstration will require a good understanding of detailed local structure which we do
not have at the moment. In this study, we decided to focus on the secondary microseisms.
We will mainly discuss the secondary microseism for the frequency range 0.13-0.30 Hz

hereafter.

The peak frequencies in Fig. 2 (top) may appear to be different from previous
studies (e.g., Chevrot et al., 2007). This difference is mainly due to the fact that our
selected time intervals are from small-amplitude days and thus are somewhat biased to
the summer. If we computed spectra for a year, the peak between 0.15 and 0.20 Hz
becomes higher. We believe they are all generated in the oceans but the source locations
(oceans) differ to some extent in winter and summer. Seasonal variations are seen at all
frequencies between 0.13 and 0.30 Hz, thus an alternative explanation (for the peak at

0.22 Hz) by cultural noise does not seem to apply.

4. Conversion to Surface Amplitude and Kinetic Energy

Two spectra in Fig. 2 are in different units and cannot be compared against each
other directly. In order to compare them on an equal footing, we convert these data to
surface acceleration. Since the vertical-component data from STS-2 are given in ground
velocity, a simple multiplication of angular frequency converts the spectra in the top

panel in Fig. 2 to vertical acceleration spectra.
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For the rotation spectra in the bottom panel, we need a few more steps of
processing. We take advantage of the relation that a multiplication of 2C to the rotation
spectra, where C is the Love wave phase velocity, converts the spectra to surface
transverse acceleration. This relationship was originally pointed out by Pancha et al.
[2000] for two earthquakes and extensively used for further analysis by, for example, 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 the spectra in the bottom panel
consist of the fundamental-mode Love waves only. This assumption was shown to hold
for the secondary microseisms (0.1-0.2 Hz) by showing that phase velocity matches that

of the fundamental-mode Love waves [Hadziioannou et al., 2012].

In order to apply this approach, we need to know the Love wave phase velocity.
In this paper, we rely on an earth model reported by Fichtner et al. [2013], based on the
multi-scale waveform inversion for the European continent. Fig. 3a shows their P-wave
and S-wave model at WET. It is an anisotropic model and Fig. 3a shows PV, PH, SV and
SH velocities. Fig. 3b shows Love-wave phase velocity for this model up to 0.45 Hz. Fig.
3¢ shows the surface Rayleigh-wave ellipticity that we used to estimate horizontal

amplitudes of Rayleigh waves from vertical amplitudes.

Fig. 4a shows comparison between surface amplitudes; the red line is the surface
transverse acceleration, obtained by multiplying 2C (Fig. 3b) to the rotation spectra in
Fig. 2 (bottom). Blue line is the vertical acceleration obtained from the vertical spectra in
Fig. 2 (top). Green line is the surface horizontal amplitude of Rayleigh waves, obtained

from the blue line, multiplying by surface ellipticity computed in Fig. 3c.
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In Fig. 2, the peak frequency for the rotation spectra (bottom) appears to be
shifted toward higher frequency with respect to the peak for the vertical spectra (top).
Because phase velocity is frequency-dependent and tends to be faster for lower
frequencies, the multiplication by C moves the rotation peak towards the vertical spectra
peak as Fig. 4a shows. In other words, the mismatch between the peaks in Fig. 2 is
related to the frequency dependence of phase velocity and becomes small when 2C is

multiplied to the rotation spectra.

Fig. 4a shows that near the peak range of 0.22-0.23 Hz, Rayleigh-wave vertical
acceleration exceeds Love-wave transverse acceleration by about 20 percent. But outside
this frequency range, Love wave amplitudes become larger. Therefore, in terms of

surface amplitudes, Love waves and Rayleigh waves are basically comparable.

We also converted these surface amplitudes to the kinetic energy of Rayleigh and
Love waves. We assumed that the vertical spectra consist of fundamental-mode Rayleigh
waves and the rotation spectra consist of fundamental-mode Love waves. Fig. 4c shows
an example of the eigenfunction for Love waves (W) and the vertical (U) and the
horizontal (V) eigenfunctions of Rayleigh waves at 0.22 Hz, computed for the structure
in Fig. 3a. Since SH-SV anisotropy is strong in Fig. 3a (more than 10 percent), we also
computed those for an isotropic model (dashed) in order to examine the influence of
anisotropy on our results. For the isotropic calculation, velocities were simply averaged at
each depth. Close matches between the solid and dashed lines indicate that anisotropy

does not change our results.
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Using those eigenfunctions, the kinetic energies are computed by
EL=a)2f0RpW2r2dr and ER=w2f0Rp(U2+V2)r2dr for Love waves and Rayleigh

waves, respectively. The integrated results are plotted in Fig. 4b in blue. In terms of the
kinetic energy, the maximum value near 0.22 Hz is now slightly below 1. It shows that
Love wave kinetic energy is consistently larger than Rayleigh-wave kinetic energy for the

range 0.13-0.30 Hz.

In winter, seismic noise has more energy between 0.15 Hz and 0.20 Hz and thus
the peak frequency range of the secondary microseism throughout a year is
approximately 0.15-0.25 Hz at WET. If we average these kinetic-energy ratios for this
range, we get the Love-to-Rayleigh wave ratio of 0.79. If we average for the whole range
in this figure, 0.13-0.30 Hz, we get 0.65. We can thus conclude that there are
approximately 20-35 percent more Love-wave energy than Rayleigh-wave energy in the

secondary microseism at WET.
5. Discussion

Our analysis relies on an Earth model at WET [Fichtner et al., 2013] and phase
velocity for that model directly changes our estimate of transverse acceleration. Thus the
quality of our results hinges on this Earth model. But it is hard to believe that phase
velocity can be different by more than 10 percent. Also despite the concerns in Widmer-
Schnidrig and Zuern [2009], the quality of the ring laser data after (mid-) 2009 is
substantially improved [Hadziioannou et al., 2012] and a faithful recording of small-
amplitude waves by such ring laser systems is not a problem at all now [e.g., Igel et al.,

2011]. Therefore, our results indicate that there is at least comparable Love wave energy
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with Rayleigh wave energy in the secondary microseism and it is very likely that Love-

wave energy exceeds Rayleigh-wave energy.

Using Rayleigh wave phase velocity for the seismic model and our spectral

amplitude observations, we can estimate the effect of tilt directly. Tilt can be estimated
by ldu, /x|~ ku, IMv_/Cl~1.6x107/32001~5.0x107", where v_ is velocity and the
maximum peak in Fig. 2 is used for its estimate. Also phase velocity C=3200 m/s is

used. The peak rotation rate from the ring laser is 3x10™" (rad/s) (Fig. 2 is in nano
radians). The main contamination source in this case is the projection of the Earth’s

rotation rate because of tilt. Using equation (17) in Pham et al. [2009], we get the
fractional contribution of tilt is (5x107°x7.27x107/3x107™*)~1.2x10™ or 0.012

percent. This is negligible for this study.

Our result is an estimate at a single location (WET). But as seismic noise consists
of propagating surface waves, our estimate for Rayleigh waves and Love waves should

apply to broader regions.

Our result makes a contrast to a result in Nishida et al. [2008]. Their result
indicated that Love-wave energy is about 50 percent of Rayleigh-wave energy above 0.1
Hz, although Love-wave energy is larger for frequencies below 0.1 Hz. Because our data
and approaches are different, it is hard to pinpoint the cause of this difference but we
believe there is a possibility such Love to Rayleigh wave ratios may be different in Japan
from the European continent. But resolution of this question requires more careful study
for each region. On the other hand, it is important to note that both studies show that

Love-wave energy is quite high in the microseisms.
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Our conclusion clearly poses a challenge to our understanding of the excitation
mechanism of 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 essentially equivalent to a vertical
force, it only excites Rayleigh waves in a layered medium. Even in the real Earth, it
cannot be an efficient source to excite Love waves. A similar conundrum applies to the

toroidal hum whose source is not understood (e.g., Kurrle and Widmer-Schnidrig, 2008).

Conversion from Rayleigh waves to Love waves is certainly possible at ocean-
continent boundaries, but can it lead to a situation with comparable or more Love-wave
energy than Rayleigh-wave energy? Our results seem to require careful rethinking of

Love-wave excitation in the frequency band of the secondary microseism.
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Figure Captions

Fig. 1. (Top-Left) Power Spectral Density (PSD) of rotation rate (0.13-0.30 Hz),
recorded by the ring laser at Wettzell. Each point was computed from a 6-hour long time
series. Unit is nano-radians” /sec. Data from 2009 to 2014 are plotted, folded onto one
year using the Julian day. Note that all energy is shear (SH). (Top-Right) Monthly means
and the standard deviations from the left panel are shown, indicating amplitude variations
of about 10 between summer and winter. (Bottom) WET is denoted by the red mark and

close to the Germany-Czech border.

Fig. 2: (Top) Stacked spectral amplitudes of STS-2 from the vertical component (black),
the north-south component (blue) and the east-west component (red). The two horizontal
components basically overlap. (Bottom) Stacked spectral amplitudes from the ring laser
(rotation) data. Large earthquake days were removed from stacking and exactly the same

time intervals were used for computing both spectra.

Fig. 3: (a) Seismic model at WET from Fichtner et al. [2013]. Anisotropic P waves (PV
and PH) and S waves (SV and SH). (b) Phase velocities of fundamental-mode Love
waves. (¢) Ellipticity of Rayleigh-wave particle motion at the surface. This ratio is used

to estimate Rayleigh wave horizontal amplitudes at the surface.

Fig. 4. (a) Comparison among the transverse acceleration from the rotation
measurements (red), the vertical acceleration from STS-2 (blue) and the horizontal
acceleration from the vertical acceleration plus theoretical surface ellipticity (green). (b)
The Rayleigh/Love ratio of surface amplitudes (red) and the ratio of the kinetic energy
(blue). (¢) The eigenfunctions of Love (red) and Rayleigh waves (blue and green) at 0.22

Hz. They are used to estimate the kinetic energy.
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Rayleigh vs. Love in Seismic Noise
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