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S U M M A R Y
The observed secondary microseismic wavefield is composed by Rayleigh and Love waves.
While the presence and amount of Rayleigh waves is well understood, the generation of Love
waves is still under debate. We investigate multiple scattering of surface waves as a possible
mechanism that could be responsible for the generation of Love waves in the secondary
microseism. We assume that the secondary microseism source generates mainly vertically
polarized waves, and that the Love waves are produced during the propagation of the wavefield.
To study this hypothesis, we model the wavefield in a highly heterogeneous 3-D half-space
with a free surface. To understand the relationship between the surface wave types and the
random medium properties, we perform a parameter study. We alter the model fluctuation
strength, the correlation length and the layering structure of the medium. We find that the
fluctuation strength has a major influence on the Love to Rayleigh ratio. We observe that the
Love to Rayleigh ratio reaches a maximum value of 0.4 after approximately 4 scattering mean
free paths. This value does not explain the observed Love to Rayleigh ratios in the secondary
microseism, which lies between 0.6 and 1.2. Moreover, we would need an unrealistically
strongly scattering medium to reach this value. Considering scattering properties similar to
those encountered in oceanic crust for wavefields around 0.2 Hz, we obtain a Love to Rayleigh
ratio of 0.1, which is significantly below the typically observed ratio of 0.6–1.2.

Key words: Numerical modeling; Seismic noise; Surface waves and free oscillations; Wave
scattering and diffraction.

1 I N T RO D U C T I O N

Oceanic microseisms are the seismic energy generated by the ocean
in a period band between 4 and 20 s (e.g. Gutenberg 1936; Webb
1998; Stutzmann et al. 2000). The better understanding of the
oceanic microseismic wavefield, in particular its source locations
and generation mechanism, is important when applying ambient
noise correlation-based techniques (e.g. tomography, monitoring,
e.g. Shapiro et al. 2005; Yao et al. 2006; Lin et al. 2007). The re-
covery of the Green’s function from ambient noise measurements
requires a diffuse and isotropic wavefield surrounding the receivers.
In reality, the wavefield is non-isotropic and is typically stronger in
certain directions (e.g. Traer et al. 2012; Hillers et al. 2012). This
can lead to biases in the reconstructed correlation functions (e.g.
Tsai 2009; Weaver et al. 2009; Zhan et al. 2013). Knowledge about
the spatial structure and evolution of the noise wavefield would al-
low us to correct the retrieved correlation functions (e.g. Froment
et al. 2010), and thereby improve noise-correlation techniques (e.g.
Weaver & Yoritomo 2018).

Typically, in microseismic noise, a spectral peak with a period
around 14 s is observed along with a peak around 7 s (e.g. Webb
1998). The peak around 14 s is referred to as the primary micro-
seism, and is thought to be generated mainly in shallow and near-
coastal areas, through the direct interaction of propagating ocean
gravity waves (OGW) with the sea floor (Hasselmann 1963). Pri-
mary microseismic noise has been shown to contain both Rayleigh
and Love waves (e.g. Friedrich et al. 1998; Nishida et al. 2008).

The seismic energy around the 7 s peak (the secondary micro-
seism) has been shown to consist mainly of surface waves, along
with a smaller portion of body waves (e.g. Friedrich et al. 1998;
Nishida et al. 2008; Gualtieri et al. 2014). While Rayleigh waves
account for the largest part of the surface wave energy, several stud-
ies have demonstrated the presence of a significant amount of Love
waves (e.g. Rind & Down 1979; Nishida et al. 2008; Tanimoto et al.
2015; Juretzek & Hadziioannou 2016).

The generation of Rayleigh waves in the secondary microseism
has already been explained quite well by Longuet-Higgins (1950).
Normally, the particle motion of propagating ocean gravity waves
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(OGW’s) decreases exponentially with depth, thus restricting the
interaction between OGW’s and the sea bottom to shallow areas
(e.g. near coastal regions).

Longuet-Higgins (1950) showed that two OGW’s with similar
frequencies, propagating in (almost) opposite direction, can interact
non-linearly and produce an acoustic wave-field that propagates
inside the water layer. As these pressure fluctutations can reach to
depths of several kilometres, they can couple with the solid Earth
and act as source for seismic waves.

Since the frequency of these seismic waves is twice the frequency
of the original OGW’s, we refer to the resulting spectral peak around
7 s as the double frequency peak. This proposed mechanism ex-
plains the observed amount of Rayleigh waves in the secondary
microseism well, as shown by for example Kedar et al. (2008),
Gualtieri et al. (2013) and Stutzmann et al. (2012). Gualtieri et al.
(2014) shows that Longuet–Higgins’ theory can explain part of the
body wave content as well. However, since the effective force ex-
erted by the pressure perturbations is mainly vertical, it is expected
that the mechanism mainly generates vertically polarized waves.
Therefore, the theory does not account for the considerable pres-
ence of Love waves in the secondary microseism. The proportion
of Rayleigh and Love wave energy in the secondary microrseism
has not been quantified in many studies to date. The proportion
is time- and location-dependent, as can be seen in Table 1. Most
studies show a L/R ratio between 0.5 and 1. For example, Friedrich
et al. (1998) observed a Love to Rayleigh ratio (L/R) ratio of 0.25
from an array study at the Gräfenberg array (GRF) in Germany.
Nishida et al. (2008) calculated a mean L/R ratio of 0.6 by apply-
ing a frequency-slowness analysis for the Japanese Hi-Net tiltmeter
network. The results of Juretzek & Hadziioannou (2016) were ob-
tained by a beam-forming analysis in Europe. They found a mean
L/R ratio in the range of 0.6 and 1.2, depending on location and
season. Tanimoto et al. (2015) used rotational measurements at a
ring laser in Wettzell, Germany to act as a wave type filter. Through
this, they found a L/R ratio of 1.25 for the corresponding location.
This result would imply an even higher amount of Love wave than
Rayleigh wave energy. Such high values are rather an exception,
and the cause for the outlying value at this location is not yet un-
derstood. In comparison, Tanimoto et al. (2016) used array-derived
rotation measurements at Piñon Flat to obtain the L/R in a sim-
ilar way to Tanimoto et al. (2015), and observed a ratio around
0.5.

Apart from Friedrich et al. (1998), all studies shown in Table 1
convert the surface amplitude to kinetic energy by integrating over
fundamental mode surface wave eigenfunctions. Friedrich et al.
(1998) only uses the squared velocity to obtain a measure of energy.

Longuet–Higgins’ theory, which is shown to be responsible for
the Rayleigh wave excitation, can not explain the amount of Love
wave energy in the secondary microseism. Here, we propose a
mechanism which does not happen at the source, but rather on
the propagation path between source and observation location.

The seismic wavefield undergoes strong scattering and conver-
sions through the heterogeneous structure of the Earth (Levander &
Holliger 1992). Scattering is more important for the high frequency
wavefield, but also plays a role in the microseismic frequency band
(Lee et al. 2003). The energy partition of the different wave types
is not a quantity only determined by the source but is also strongly
influenced by the heterogeneity of the medium (Aki et al. 1976).
Therefore, the observed amount of Rayleigh and Love wave energy
measured in the secondary microseism is not necessary a source
effect, but can also change during the propagation of the wavefield
through scattering and conversion (Rind & Down 1979).

In this study, we aim to give a better insight into the contribution
of this propagation effect. We try to quantify the change of the Love
and Rayleigh wave energy which results from internal scattering
and conversions of the propagating microseismic wavefield.

Only a few studies exist for surface wave scattering, mostly ap-
plied to Rayleigh to body wave conversion and single scattering.
Some studies, such as Kennett (1984), consider conversions to-
wards Love waves as well. Kennett (1984) calculated the reflection
and transmission matrices of a surface wavefield that passes a finite
heterogeneous area (e.g. sedimentary basin). He showed that the
wavefield in the perturbed area can be calculated by the coupling of
the surface wave modes of the background field (unperturbed field).
This approach was extended to 3-D structures in Kennett (1998).
They found that progressively more energy was coupled into the
transverse component, implying that a significant portion of the
wavefield ends up as Love waves. Snieder (1986) derived scattering
coefficients for surface waves under the restriction of the Born- and
far field approximation. By using a mountain root as an example, he
calculated the 2-D surface wave scattering patterns for periods be-
tween 20 and 200 s. Besides the coupling of the surface wave types,
the derivations are also usable for the coupling of different surface
modes. Although large scale scatterers such as mountain roots or
sea mounts could affect the secondary microseismic wavefield, the
mainly single scattering approach in this study would not suffice to
explain the relatively high Love wave content we observe. Maeda
et al. (2008) used the results of Snieder (1986), and calculated the
scattering coefficient for Rayleigh to body waves and vice versa.
They used these to synthesize the coda envelope on the surface of
a half-space. Love waves are not considered in this study. Maupin
(2001) extended previous scattering theory to an anisotropic scat-
terer. Using a fundamental mode as an incident wave, she showed
that less than 5% of the scattered energy is stored in higher modes.
Some studies have addressed topographical scattering of body and
surface waves (e.g. Bannister et al. 1990; O’Brien & Bean 2009;
Kumagai et al. 2011; Takemura et al. 2015), but since we focus on
internal scattering in this study, we will not discuss these studies in
detail here.

We address two cases in this study. In the first part, we try to get
better understanding of the Rayleigh and Love wave generation in
random media. To this end, we perform a parameter study where we
quantify the Love-to-Rayleigh (L/R) ratio depending on different
scattering parameters. In a second part, we investigate the role of
scattering in the secondary microseism frequency band, using real-
istic scattering properties of the Earth. Since there is no analytical
solution for this type of problem, we use numerical simulations to
calculate the surface wavefield in a random medium, and compare
our results to observed L/R ratios. For the numerical simulations we
use the finite difference solver Sofi3D (Bohlen 2002), which was
successfully tested for multiple scattering in random media (Bohlen
2002; Huang et al. 2006). We neglect intrinsic attenuation since we
seek for the maximum amount of scattering (Bohlen 2002).

This paper structured as follows: in Section 2 we discuss the the-
oretical background of scattering of seismic waves and the rotation
measurements that we use to separate the Rayleigh from the Love
waves. The model setup is detailed in Section 3. There, we explain
how we determine our numerical parameters and how we set up
the receiver geometry to calculate the vertical and horizontal rota-
tion. The data processing in Section 4 explains how we calculate
the L/R ratio. For that, we use the total L/R ratio in dependence on
the source–receiver distance. In Section 5, we show the results for
the parameter study and the realistic model. Finally we discuss our
results and give a short outlook in Section 7.
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Table 1. Love to Rayleigh energy ratios in the secondary microseism; 1st row: frequency-wavenumber analysis at
the Gräfenberg array (GRF); 2nd row: frequency-slowness analysis using a tiltmeter array in Japan ; 3rd row: ring
laser analysis at the Wettzell (WET) ring laser; 4th row: array-derived rotation analysis at Piñon Flat, USA; 5th row:
beamforming analysis at several locations in Europe.

Reference L/R ratio Location

Friedrich et al. (1998) 0.25 Gräfenberg, Germany
Nishida et al. (2008) 0.6 Hi-net, Japan
Tanimoto et al. (2015) 1.25 Wettzell, Germany
Tanimoto et al. (2016) 0.4–0.5 Piñon Flat, USA
Juretzek & Hadziioannou (2016) 0.6–1.2 Europe

2 T H E O RY

2.1 Scattering

As a result of processes ranging from mineralogical alteration to
tectonic deformations, the lithosphere is a quite complex medium
with heterogeneties from millimetre to kilometre scales (Levan-
der & Holliger 1992). Propagating seismic waves are affected
by the heterogeneous medium and undergo strong scattering and
mode conversions. The scattering properties of the crust can be
mathematically described by a deterministic part (e.g. mean ve-
locity) and a random fluctuation term (Wu et al. 1994; Holliger
1996)

q(x) = q0(1 + ξ (x)). (1)

Here q0 is the mean value (e.g. density or velocity) and ξ (x) is
the fractional fluctuation characterized by a Gaussian distribution.
To calculate the fractional fluctuation, we can use the 3-D inverse
Fourier transform of its squared power spectral density function
(PSDF). Depending on the problem to solve, different types of
PSDF’s can be used. Studies on borehole data (e.g. Holliger 1997;
Dolan et al. 1998) and numerical simulations (Frankel & Clayton
1986) confirm that the von Karman function is a good choice to
model the Earth’s crust. Its 3-D PSDF is given by (Sato et al.
2012):

P(m) = 8π 3/2�(κ + 3/2)σ 2a3

�(κ)(1 + a2m2)κ+3/2
. (2)

a is referred to as the correlation length and gives the corner
wave number of the PSDF, while the Hurst exponent (κ) gives
the decay of the PSDF after the corner wave number. σ is the
fluctuation strength, which determines the deviation from the mean
elastic parameter (e.g. vp). We choose m as the wave number of the
medium to differ from the wave number k of the wavefield. � is the
gamma function.

For am > 1, the PSDF exhibits self similar behaviour, which
means that the fluctuations have the same characteristics indepen-
dent of the wavenumber m. a can be a vector, where different entries
ai(i=x,y,z) lead to an anisotropic medium with different scattering
properties depending on the propagation direction of the seismic
field.

The random medium can be classified according to different
scattering regimes (Pyrak-Nolte 2002). To distinguish between these
regimes we can use the non-dimensional parameter ka. If ka ∼ 1,
the wavelength of the seismic wavefield is similar to the size of
the scatterers. The scattered wavefield is radiated with large angles
relative to the incident direction. Therefore, we call it the large
angle scattering regime. The interaction between the wavefield and
the scatterer is maximal and we observe a large coda (Pyrak-Nolte
2002; Sato et al. 2012). If ka > 1, the scatterers are larger than
a wavelength. The wavefield is scattered in forward direction and

diffraction becomes more important. The third case is the Rayleigh
scattering regime, where ka < 1. The fluctuations are weak and
scattering can be described by the Born approximation.

In the first part of this study, we concentrate mainly on the large
angle scattering case. We aim for a maximum amount of scatter-
ing, in order to obtain information about the L/R ratio for relatively
short propagation paths. In reality, it is more likely that the sec-
ondary microseismic wavefield is mainly situated in the Rayleigh
scattering regime. We discuss this case in the second part of this
study.

The scattering coefficient is the scattering power per unit volume
and is reciprocal to the scattering mean free path (SMFP) (Sato
et al. 2012). The SMFP gives distance after which the wavefield is
statistically scattered the first time. If the SMFP is larger than the
propagation path, the wavefield is in the single scattering domain,
whereas for a propagation of several SMFP the wavefield enters
the diffusive regime (Sato et al. 2012). In Section 4, we show a
method to determine the SMFP, which in turn helps us quantify the
scattering strength of the medium.

2.2 Rotation

In this study, we exploit the rotational components of the wavefield
to separate the Rayleigh from the Love waves. Rayleigh waves are
elliptically polarized in the vertical plane, and have a rotational
component around the transverse axis. Love waves, which result
from the interaction of SH waves, are transversely polarized and
have a rotational component around the vertical axis. Given a flat,
layered half-space, we can use the measurements of rotational mo-
tion around vertical and horizontal axes as a tool to separate the two
wave types.

To calculate the rotations, we use the array-derived rotation
(ADR) approach presented in Spudich et al. (1995). The displace-
ment is recorded by a three-component micro-array as shown in
Fig. 2. The distance ∂x between two receivers is given by the dis-
tance of two gridpoints in our model. The different micro-arrays are
separated by a larger distance, which is used later in equations (6)
and (7). First, we calculate the displacement gradients ∂ui

∂x j
where ui

is the displacement in i direction, and where i, j are 3-D Cartesian
components. The rotation for a micro-array can then be calculated
using:

�(t) = 1

2

(
∂u j (t)

∂x j
− ∂ui (t)

∂x j

)
, (3)

In the ADR approach, the aperture of the array limits the available
wavelengths. A limitation is that h < λ/4, where h is the array
aperture and λ is the minimum wavelength of the wavefield (Spudich
& Fletcher 2008).
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Figure 1. Two realizations of a random medium with different correlation
lengths; top: correlation length a = 50 m; bottom: correlation length a =
500 m; the different colours show the random distribution of the density
[kg m–3] given by the von Karman PSDF (see eq. 2). Both plots show a
single layer (SL) layering type, as detailed in Fig. 3.

3 M O D E L S E T U P

We solve the 3-D elastic wave equation in a semi-infinite medium
with the physical parameters (velocity, density) described by a von
Karman correlation function (see Fig. 1). As this study focuses on
conversions of Rayleigh to Love waves due to internal scattering, we
use a model without surface topography or oblique internal layers.
An efficient way to solve the wave equation in such cases is through
finite difference solvers. For all calculations, we use the SOFI3D
solver (Bohlen 2002), which has the advantage of having a parallel
MPI environment. The solver has already been successfully tested
for seismic wave propagation in random media (Bohlen 2002).

The models consist of an absorbing frame inside the medium and
a free surface at the top. To mimic the absorbing frame we use the
perfectly matched boundary condition (PML) which is implemented
in the solver. The solver documentation suggests using between 10
and 20 gridpoints to avoid edge reflections. In tests with and with-
out random media, the choice of 20 gridpoints showed negligible
boundary reflections, even in strongly scattering media.

Additionally, we choose a 8th order Holberg operator for the
spatial discretization. According to Holberg (1987) this gives a
minimum amount of 3.19 gridpoints per wavelength. However, the
strong scattering of the wavefield requires more gridpoints than in
normal propagation conditions. Therefore, we choose a relatively
dense grid to prevent grid dispersion: in order to have 20 gridpoints
per central Rayleigh wavelength, the grid size is chosen at 10 m.
In a second part, we consider a model which approaches realistic
conditions. The exact model setup of the realistic model is shown
and discussed in Section 5.4.

(a)

(b)

Figure 2. (a): Source and receiver arrangement at the free surface, as seen
from above; red circle: source location; blue triangles: receivers; (b): zoom of
the top plot (green square), illustrating the micro-array setup (red squares).

All models considered in this study have a similar source type and
receiver arrangement. To mimic the ’Longuet-Higgins’-type source
mechanism, we apply a vertical point force at the surface. While
this is a simple interpretation of the source mechanism, it ensures
that the source generates no transversal polarized waves. The source
time function is given by a Ricker wavelet with a central frequency
of 15 Hz. The source and receiver geometry can be seen in Fig. 2(a).
The source is located at the centre of the surface and the receivers
are placed at the free surface, radially in lines around the source. We
place 32 micro-arrays of receivers, which consist of a tetrahedral
shape with three receivers at the surface and one at depth. These
micro-arrays, with inter-receiver distance of 20 m, are shown in
Fig. 2(b). The radial ’star’-like shape of the receivers is chosen to
allow the calculation of the L/R ratio as a function of source–receiver
distance. Moreover, since the medium is isotropically scattering,
we can average over all directions to calculate the mean wavefield,
instead of simulating multiple realizations of the random medium.

The two sections of the study use two different model setups.
In a first part, we perform a parameter study where we consider
the effect of different scattering conditions on the Love-to-Rayleigh
ratio. We use a smaller model with a size of 20 x 20 x 10 km, and a
micro-array distance of 300 m.

We determine the L/R ratio for varying values of the fluctuation
strength σ and the correlation length a (see Table 2). While we vary
one parameter, we fix the others. For example, we vary σ while we
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1112 D. Ziane & C. Hadziioannou

Table 2. Statistical properties of the random media for the different model
implementations. All models use a Hurst exponent κ=0.3. a is the correlation
length; σ is the fluctuation strength; the acronyms for the layering types are
explained in Fig. 3; λmax/a is the ratio between the central wavelength and
the correlation length a; SMFP is the scattering mean free path around the
central frequency of 15 Hz; L/R is the maximum Love to Rayleigh ratio
reached for the corresponding model.

σ

[%]
a

[m] Layering λmax/a
SMFP

[m] L/R

15 50 MLGR ∼ 4 3855 0.21
5 200 MLGR ∼ 1 9536 0.06
10 200 MLGR ∼ 1 3266 0.24
15 200 MLGR ∼ 1 1741 0.44
20 200 MLGR ∼ 1 1196 0.47
30 200 MLGR ∼ 1 613 0.49
15 500 MLGR ∼ 0.4 1896 0.37
15 200 SL ∼ 1 1948 0.35
15 200 ML ∼ 1 1946 0.36
15 200 GR ∼ 1 1940 0.34
5 2000 ML ∼ 8 1.222 · 106 0.11
10 2000 ML ∼ 8 6.2 · 105 0.17

use a constant correlation length of 200 m and a multilayer plus
gradient (MLGR) layering type. This way, we can study the L/R
ratios for each scattering parameter individually. Table 2 lists all
combinations of scattering properties and layering types that we
use for this part of the study. The scattering properties are the same
for the velocities and the density, which ensures the best conditions
for the wave type conversion (Bannister et al. 1990). To create the
von Karman media we use the same method as Frankel & Clayton
(1986).

Following Imperatori & Mai (2012), we choose a Hurst exponent
of κ=0.3 for all models. We tested the effect of Hurst exponents in
the range of 0.1–0.5 (Takemura et al. 2015), but the influence on
the results was negligible compared to that of the other discussed
parameters (σ , a, layering).

The central source frequency of 15 Hz leads to central wavelength
of 200 m. For a correlation length of 500 m it means that we are in
the forward scattering regime. For the correlation length of 50 and
200 m we are in the large angle scattering regime.

Underlying each random medium is a layered velocity model.
Several different layering types, such as single, multiple, gradient
layers, are tested, as illustrated in Fig. 3(a). Here, the depth depen-
dence of the mean velocity <vp> and the mean density <ρ> are
shown for the different layering types. <vs> is determined with a
Poisson ratio vp/

√
3. The single layer (SL) type contains only one

layer, while the multiple layering (ML) type contains four layers.
We also test a gradient layer (GR), where the physical properties
of the model increase gradually as well as a a multiple layer plus
gradient (MLGR) type, where we combine both.

In the second part of the study, we consider scattering condi-
tions which are closer to typical crustal scattering conditions in
the secondary microseismic frequency range. Several observations
show correlation lengths below 1 km (Holliger & Levander 1992;
Sens-Schönfelder et al. 2009), but there are also studies with much
larger correlation lengths (e.g. Hillers et al. 2013).

We choose a correlation length of 2 km. In combination with a
scattering strength σ of 5 and 10% and a Hurst exponent of 0.3, the
modeled SMFP are comparable to those observed in the secondary
microseism frequency band. For a σ of 5% this leads to a SMFP
of 1222 km. Lee et al. (2003) calculate a SMFP of 1605 km for a
frequency of 0.25 Hz. For a σ of 10% we obtain a SMFP of 620

km, similar to the SMFP of 690 km observed by Sens-Schönfelder
et al. (2009) for a frequency of around 0.2 Hz.

The Ricker source time function used in this part of the study has
a central period of 5 s, to mimic the central period of the secondary
microseism. This leads to a central wavelength of 16 km and a λC/a
ratio of 8. This ratio is larger than in the smaller models in the first
part, and leads to less scattering events, which in turn explains the
significantly larger SMFP (see Table 2). We are still in the large
angle scattering regime. Since the central wavelength is quite large,
we now use a model size of 1000 x 1000 x 500 km to allow for >50
wavelengths propagation distance. We use a coarser grid, with an
element size of 500 m.

The physical properties of this model can be seen in Fig. 3(b).
Again, <vs> is determined with a Poisson ratio of vp/

√
3. The

receiver arrangement is similar to Fig. 2(a), but with the micro-
arrays placed at a distance of 15 km. The receiver–receiver distance
inside each micro-array is 1000 m.

4 DATA P RO C E S S I N G

We solve the elastic wave equation for several random model im-
plementations, as listed in Table 2. For that we use a Ricker source
time function with a central frequency of 15 Hz and a maximal
frequency of 30 Hz. In order to separate the wavefield into Love
and Rayleigh waves, we calculate the rotation around the vertical
axis (corresponding to Love waves) and around the transverse hor-
izontal axis (corresponding to Rayleigh waves). This is done for
each micro-array, using the approach described in eq. (3). Fig. 4
shows the seismograms for the vertical (red colour) and transverse
horizontal (blue colour) rotations for two different realizations of a
random model. Fig. 4(a) shows the seismograms for a correlation
length of the same order as the central wavelength (a = 200 m) and
a relatively weak fluctuation strength (σ = 5%). Fig. 4(b) shows
seismograms for the same correlation length (a = 200 m), but for a
much stronger fluctuation strength (σ = 20%).

For a weakly heterogeneous medium with a fluctuation strength
of σ = 5%, the Rayleigh wave first arrival is well pronounced for
increasing distance and the coda is weak. This confirms the small
amount of scattering that we expect for such a medium. For a σ

of 20%, the direct Rayleigh wave has disappeared after several
wavelengths propagation distance and the coda is well developed
for both Rayleigh and Love waves. Another interesting observation
is that, for distances larger than approximately 3 km, the coda of the
Love wave starts earlier than that of the Rayleigh waves. The Love
wavefield propagates faster and overtakes the Rayleigh wavefield
after a certain distance.

According to Sato et al. (2012), the energy density decrease of
a surface wavefield in a random isotropic medium is proportional
to:

E(t, r ) ∝ 1/r ∗ exp(r/ l), (4)

where l is the SMFP and r is the source–receiver distance. In
eq. (4), we distinguish between the geometrical spreading of sur-
face waves, given by the factor 1/r, and scattering attenuation, given
by the exponential factor. For simplicity we neglect intrinsic atten-
uation. The energy density of the field can be calculated by:

E(t, r ) = ρ0[u̇(t, r )2 + H2(u̇(t, r ))]

2
, (5)

where ρ0 is the mass density of the medium and H is the Hilbert
transform. Fig. 5 shows the energy density envelope for two different
realizations of the medium with fluctuation strengths σ of 10 and
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(a) (b)

Figure 3. Mean velocity profiles 〈vp〉 and mean density profiles 〈ρ〉 for the different models that we use in the parameter study (two left-hand panels), and for
the real Earth-like crustal model (two right-hand panels).

(a)

(b)

Figure 4. Seismograms for the rotations around the transverse axis �T

(Rayleigh waves, blue) and the vertical axis �V (Love waves, red) at different
distances from the source for two models with a varying σ of 10% (top panel)
and 20% (bottom panel) (see Table 2). The correlation length a is 200m and
the layering type is MLGR for both models.

Figure 5. Total mean squared (MS) envelope of the vertical velocity com-
ponent u̇z at source–receiver distance of 1.2 km for a fluctuation strength
of 10% (top panel) and 20% (bottom panel). The correlation length a is 200
m and the layering type is MLGR for both models.

20%. Similar to Fig. 4 we can see how the energy is redistributed
from the direct wavefield to the scattered wavefield in the strongly
scattering medium.

Eq. (4) can be used to calculate the SMFP. For that we take
the natural logarithm on both sides of the equation and apply a
linear regression of the log energy density versus the distance r.
The SMFP is then given by the inverse of the slope. Fig. 6 shows
the linear regression for four different models. Small σ corresponds
to weak scattering, and a high SMFP (Fig. 6, cyan line), while
high σ corresponds to strong interaction between wavefield and
scatterer and results in a small SMFP (Fig. 6, blue line). In our
different media, we have SMFP ranging from 0.5 to 10 km, which
ensures a wide range of scattering properties for the parameter
study.

Before we calculate the L/R ratio, we first have to verify that the
seismograms contain surface wave energy, and that both Rayleigh
and Love waves are present in the wavefield. As already mentioned,
we use the transverse and vertical rotation rates to separate the
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1114 D. Ziane & C. Hadziioannou

Figure 6. Linear regression of the normalized energy density peak of the
coherent Rayleigh wave versus the distance. As an example we see the
linear regressions of four different σ ’s (for MLGR). The dots show the peak
coherent Rayleigh wave for different distances and angles from the source
for σ = 20%. The central frequencies for all these calculations is 15 Hz. The
correlation length a is 200 m and the layering type is MLGR for all models.

Rayleigh and Love waves. To identify the individual surface wave
modes, we use a delay and sum method given by the following
equation:

�V/T (ω, v) = 1

N

N∑
l=1

�̂
V/T
l (ω)eiωrl /v. (6)

�̂l are the Fourier transformed rotation rate around the vertical
(V) and transverse (T) axis of the lth microarray (eq. 3) and N is
the number of micro-arrays in the radial direction. The exponent
applies a phase shift to the trace �l. For certain phase shifts, the
traces are in phase and add up constructively, which maximizes �.
Repeating this procedure for different frequencies and velocities, we
can find the phase-velocity frequency representation of the surface
wave modes. The parameters inside the exponent are the angular
frequency ω, the distance rl between the first receiver and current
receiver l, and the velocity v. The velocity range can be chosen
freely, but should contain the velocities of the modes that we intend
to study. In our case, we choose a minimum velocity of 2000 m s–1,
which is a little bit lower than the fundamental Rayleigh mode, and
a maximum of 5000 m s–1 which is enough to see the first four
higher modes of both Love and Rayleigh waves.

The centre and the right plot of Fig. 7 shows the result of such
a calculation for the transverse and the vertical rotation rates, for
a model without layering. The mean physical properties of this
medium are given by vp = 5000 m s–1, vs = 3500 m s–1 and ρ =
2900 kg m–3. In the centre plot, we see a good match between the
analytical fundamental Rayleigh mode, indicated by the dotted line,
and the strongly coherent energy. Since no layering is present, the
velocity is constant for all frequencies. The coherent energy in the
right-hand plot corresponds to the SH body waves. As expected, we
observe no Love wave energy in this case. Note that the Love-to-
Rayleigh ratio (left) is negligibly small.

The surface wave eigenfunctions are strongly perturbed due to
the heterogeneous medium, preventing us from integrating over
the depth sensitivity to obtain the wave energy. As a solution, we
calculate the signal energy instead. We calculate the L/R ratios by
averaging over all micro-arrays which share the same radial distance

l with the following equation:

μ
L/R
l = 1

M

M∑
k=1

∫ te
0 �V

kl (t)
2dt∫ te

0 [�T
kl (t)

2 + �R
kl (t)

2]dt
. (7)

where M is the number of micro-arrays in angular direction (k),
and l is the distance between the source and current micro-array (lth
micro-array in radial direction). The superscripts in � stand for the
vertical (V), the transverse (T) and the radial (R) components. We
integrate over the whole time series (te is the end of the time-series),
and do not separate the direct and the scattered wavefield, since
we are mainly interested in the change in energy distribution from
Rayleigh waves towards the transversal polarized wave types.

The L/R ratios will be slightly different for different realizations
of the random medium, following a normal distribution. The ex-
act L/R ratio (expectation value) can be approximated statistically
by taking the mean over many simulations, calculating the wave-
field for the same background model with a different realization of
the medium each time. Since this would be computationally very
expensive we follow another approach. Since our random veloc-
ity model has an isotropic autocorrelation function, the wavefield
scattering only depends on the source–receiver distance and not on
the propagation direction. We can make use of this simplification
and calculate the wavefield only once in a single random medium.
The wavefield is then recorded along 14 receiver lines, each em-
anating at a different angle from the central source location (see
Fig. 2). Under the assumption that each receiver line is roughly
equivalent to a different realization of a random velocity model,
the L/R ratio is measured as a function of distance along each
of these lines, subsequently the mean and standard deviation are
calculated.

The left plot in Fig. 7 shows the L/R ratio calculated with eq. (7).
The L/R is plotted in dependence of the distance r. The black
line shows the mean L/R ratio over different receiver lines, the
yellow filled area shows the standard deviation. The L/R ratio stays
consistently low over the whole distance, showing that no Love
waves are able to develop in the unlayered medium.

5 R E S U LT S

5.1 L/R ratio as a function of the fluctuation strength σ

In order to quantify the L/R ratio as a function of the fluctuation
strength σ , we calculate the wavefields for a random medium with a
constant correlation length of 200 m, such that a ∼λ. The fluctuation
strength σ is varied between 5 and 30%, which corresponds to a
maximum SMFP of ∼9500–600 m. (see Table 2). For each test
we use the multiple layers with gradient (MLGR) layering type (see
Fig. 2a). We quantify the L/R ratio using eq. (6) to extract the surface
wave modes from the signal, and eq. (7) to calculate the L/R ratios
as a function of the distance.

The top row of Fig. 8 shows the dispersion curves for a σ of
10%, the bottom row for σ= 20%. The left-hand column shows
the dispersion curves of the transversal curl axis, while the right-
hand column shows the dispersion curve of the vertical curl axis.
The analytical Rayleigh and Love wave fundamental modes are
plotted as black dotted lines. In all dispersion plots, the maximum
centred around the theoretical dispersion curves indicates the pres-
ence of Rayleigh and Love waves, respectively. We note that the
dispersion curves become less coherent with increasing fluctuation
strength.
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Love wave generation through scattering 1115

Figure 7. Model without layers and with the scattering parameters σ = 15% and a = 200 m; left-hand panel: L/R ratio as a function of the source–receiver
distance. Note that the vertical scale is much smaller than in subsequent plots. The black line shows the mean over the 14 angular directions (see Fig. 2) and the
yellow area shows one standard deviation; centre panel: dispersion curve for the rotations around the transverse axis �T (perpendicular to the source–receiver
direction). The black dotted line shows the theoretical Rayleigh wave fundamental mode; right-hand panel: dispersion curve for the rotation around the vertical
axis �V. The colour scale corresponds to rotation rate.

Figure 8. Dispersion curves for a σ of 10% (top row) and a σ of 20% (bottom row). The correlation length a is 200 m for both models. Both models use a
MLGR layering type; left-hand panels: dispersion curve for the rotations around the transverse axis �T (perpendicular to the source–receiver direction). The
black dotted line shows the theoretical Rayleigh wave fundamental mode; right-hand panels: dispersion curve for the rotation around the vertical axis �V. The
dotted line indicates the fundamental Love wave mode. The colour scale corresponds to rotation rate. Each �V dispersion curve is normalized by the maximum
of the corresponding �T dispersion curve.

Each dispersion plot is normalized by the maximum of the trans-
verse dispersion curve, which turns the maximum of the colour-
scale as a proxy for the L/R ratio. Similar to the L/R ratio cal-
culation of Fig. 9, we observe an increasing L/R with increasing
fluctuation strength. However, the ratio between the dispersion plot
maxima is overall smaller than the L/R calculated with the overall
signal energy. This could have two origins. A possible cause is that
the rotations around the vertical axis include S-phase energy of the
reflected and scattered waves, which would increase the total L/R
ratio in the left-hand column. Another possibility is the presence of
higher modes, which are not taken into account in the approximate
L/R ratio determined from the dispersion curves.

Higher modes are not visible, independently from the choice of
σ . Some coherent energy is visible above 3000 m s–1. This is an
artefact of the method we used, and is a result of the periodicity of
the phase.

Fig. 9 shows the L/R ratios as a function of the normalized
distance rs, which is the distance divided by the SMFP (see Table 2).
This way, we can describe the L/R ratio depending on the number

of scattering events. The fluctuation strength σ increases from left
to the right.

Two major things are visible: first, the L/R ratio increases with
increasing source–receiver distance; second, the maximum value
of L/R ratio is strongly dependent on σ . The increase of Love to
Rayleigh ratio with propagation distance points towards gradual
conversions of Rayleigh wave energy into Love waves.

All four models show a stabilization of the L/R ratio after several
SMFP. For a σ of 15 , 20 and 30% the stabilization is reached after
three to four SMFP, and the stabilization ratio has a mean around 0.4
(see red dotted line in Fig. 9). For a σ of 10%, the total propagation
distance, limited by the size of the model, only covers 2.5 SMFP,
which seems to be sufficient to reach the onset of stabilization
around a L/R ratio of approximately 0.2. For a σ = 20% or above
(SMFP ∼1000–500 m), the L/R ratio reaches values of more than
0.6. While this ratio is comparable to the observations of Nishida
et al. (2008), such scattering parameters are on the high end of what
is observed for the Earth’s crust at frequencies in the secondary
microseism range (see Table 3).
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1116 D. Ziane & C. Hadziioannou

Figure 9. L/R ratios as a function of distance, normalized by the SMFP (see Table 2), for varying fluctuation strength σ (increasing from left to right). The
correlation length a is 200 m and the layering type is MLGR for all models. The black line shows the mean over the 14 angular directions (see Fig. 2) and the
yellow area indicates one standard deviation; The red dotted line indicates the stabilized L/R ratio; The scattering properties of the random media are described
above the plots.

Table 3. Table summarizing different studies that characterized scattering mean free path (SMFP) in the Earth crust.

Reference Location SMFP (km) Frequency (Hz)

Fehler et al. (1992) Kanto-Tokai, Japan ∼250 1–2
Leary & Abercrombie (1994) Southern California ∼500 0.1–1
Sato & Nohechi (2001) around the world ∼100000 0.01
Bianco et al. (2002) Apennines, Italy ∼1000 10
Lacombe et al. (2003) central France ∼125 4–9
Lee et al. (2003) central asia ∼1605 0.25
Sens-Schönfelder & Wegler (2006) Germany ∼690 0.2–24
Hillers et al. (2013) San Jacinto fault, USA ∼ 70–100 0.2

5.2 L/R ratio as a function of the correlation length a

Next, we consider the dependence of the L/R ratio on the correlation
length a. We investigate three different correlation lengths of 50,
200 and 500 m and a constant σ of 15% (see Table 2). We use a
MLGR layering type for all models. In Fig. 10, we show only the
models with a correlation length of 50 and 500 m. The L/R ratio
with a correlation length of 200 m is shown in the second plot of
Fig. 9.

As explained in Section 2.1, we consider two different scatter-
ing regimes in these calculations (Pyrak-Nolte 2002). For correla-
tion lengths of 50 m (a < λ) and 200 m (a ∼ λ) we are in the
large angle scattering regime, while for a correlation length of 500
m (a > λ), we are in the forward scattering regime. As seen in
Table 2, the media with a = 200 m or a ∼ λ have the smallest
SMFP and therefore maximal interaction of the wavefield and the
scatterers. The calculation of the L/R ratios is again performed
as described by eqs (6) and (7). In Fig. 10, the L/R ratios as a
function of the normalized distance rS are shown in the left-hand
column, while the dispersion curves are presented in the centre and
right.

In Fig. 10, we observe that the L/R ratio increases again with
longer propagation distances. The maximum L/R ratio of 0.4 (see
Fig. 9), is only observed for the model with λ ∼ a (see Table 2).
This indicates that the L/R ratio is related to the number of scatter-
ing events, where the number of scattering events is maximal for
λ ∼ a.

For a a of 500 m the L/R ratio increases faster and reaches
a ratio of 0.3. The L/R ratio for a a of 50 m is only 0.2. The
larger L/R ratio correlates also with the amount of scattering
events.

The dispersion curves exhibit some interesting features. For the
models with σ = 15%; a = 50 m and σ = 15%; a = 200 m, the
fundamental Rayleigh and Love wave modes are visible, simi-
lar to Fig. 8. The fundamental Love mode is slightly weaker for
the case where a < λ, than for a ∼ λ. For the case where the
wavefield propagates mainly in the forward scattering regime (a
> λ), neither fundamental Rayleigh nor Love waves are clearly
pronounced.

5.3 L/R ratio as a function of layering structure

Each implementation of the random medium in Table 2 is calculated
for different underlying velocity layer structures.

The simulations in the previous two sections all focused on the
MLGR layering type. Here, we investigate the effect of three differ-
ent layering types, as shown in Fig. 3(a). Fig. 11 shows the results
for a gradient (GR), multiple layers (ML) and a single layer (SL).
For comparison, the MLGR layering type is shown in Fig. 9.

The correlation length a and the fluctuation strength σ are kept
constant at values of 200 m (a ∼ λ) and σ = 15%. The calculation
and the visualization of the L/R ratios are the same as in the previous
sections. The dispersion curves for the SL the ML and the GR
layering type are shown in Appendix A.

For each layering type we observe an increased L/R ratio with
increasing source–receiver distance and a sharp fundamental mode
in the dispersion curve, similar to the case where σ = 15%; a =
200 m in Fig. 9. The main difference to the MLGR model is that a
clear stabilization of the L/R ratio does not occur, even for similar
SMFP. The L/R ratio has a similar initial increase rate for the SL-
and the ML types, with a maximum L/R ratio between 0.3 and 0.4
after a propagation distance of 5 SMFP. The L/R ratio for the GR
model increases slower and reaches a maximum value of around
0.3.

The SMFP is similar for all models, which indicates that the
Rayleigh wavefield scattering is not strongly affected by the layering
structure. The Love wave generation, on the other hand, does depend
on the layering type. For layering types with sharp velocity contrasts,
the wavefield is converted to Love waves more effectively, resulting
in an increase and stabilization of the L/R ratio. Therefore, we
can state that the MLGR model gives the best conditions for the
generation of Love waves. This statement is also supported by the
dispersion curves: the ratio of the maximum energy in the Love and
Rayleigh dispersion curves is largest for the MLGR case.

This part of the study indicates that the layering structure has
some effect on both surface wave scattering and on the emergence
of stable Love waves. A thorough investigation using a real, 3-
D velocity model, including strong lateral variations in layering,
should be pursued in future studies.
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Love wave generation through scattering 1117

Figure 10. Results of two simulations with varying correlation length a. The top row of plots corresponds to a = 50 m and the bottom row to a = 500 m. The
fluctuation strength σ is 15% for both models. Both models have a MLGR layering type. Left-hand panels: L/R ratios as a function of distance normalized
by the SMFP (see Table 2). The black line shows the mean over the 14 angular directions (see Fig. 2) and the yellow area shows one standard deviation;
centre panels: dispersion curve for the rotations around the transverse axis �T (perpendicular to the source–receiver direction). The black dotted line shows
the theoretical Rayleigh wave fundamental mode; right-hand panels: dispersion curve for the rotation around the vertical axis �V. The dotted line indicates the
fundamental Love wave mode. The colour scale corresponds to rotation rate. Each �V dispersion curve is normalized by the maximum of the corresponding
�T dispersion curve.

Figure 11. L/R ratio as a function of the distance, normalized by the SMFP (see Table 2) for three models with varying layering types (see titles above plots).
All models have σ = 15% and correlation length a = 200 m. The black line shows the mean over the 14 angular directions (see Fig. 2) and the yellow area
indicates one standard deviation.

5.4 Realistic crustal model

In a final model, we simulate a case that more realistically represents
the scattering properties of the earth crust at frequencies in the range
of the secondary microseism, that is 0.1–0.2 Hz. The strength of
crustal scattering is very dependent on the study area and type the
of structure, with, for example oceanic crust less strongly scattering
than continental crust .

In Table 3, we summarize the scattering mean free path for differ-
ent studies of crustal scattering properties in different study areas.
The SMFP ranges between 125 and 1000 km (e.g. Bianco et al.
2002; Lacombe et al. 2003) which mostly corresponds to studies
in the frequency band between 1 and 10 Hz. Some observations of
the mean free path exist for lower frequencies. For example, Lee
et al. (2003) compared observed with calculated mean squared en-
velopes, and found a mean free path of approximately 1605 km at
a period of 4 s. An even larger SMFP was observed by Sato &
Nohechi (2001) in the lower crust, with a mean free path of 106 km
determined at 100 s period.

In most studies that quantify the fluctuation strength, it is smaller
than 3% (e.g. Sens-Schönfelder et al. 2009) but there are also some
studies with a σ around 10% (e.g. Holliger & Levander 1992).
These high values are rather exceptional, and found in regions with
stronger scattering properties such as volcanoes and volcanic arcs.

Finding a suitable value for the correlation length is not straight-
forward, since not many studies quantify it. Different studies, mainly
in the continental crust, find correlation lengths between 0.5 and
2 km. (e.g. Holliger & Levander 1992; Roth 1997; Sens-Schönfelder

et al. 2009; Sato et al. 2012). Other studies show a directional de-
pendence of the correlation length, which becomes more important
for the oceanic crust.

Note that when numerically simulating a scattering medium, the
effective scattering strength experienced by the seismic wavefield
does not correspond exactly to the scattering parameters of the input
medium. The effective scattering strength is strongly dependent on
the grid spacing and on the numerical domain (see Frankel & Clay-
ton 1986). In order to approach realistic crustal scattering values as
best as possible, we have therefore tested several input models, and
determine the resulting scattering strength by measuring the SMFP
of the wavefield. We choose a σ that leads to a SMFP that can be
compared with real values. The first σ is 5% which leads to a SMFP
of 1222 km. This value is comparable to the SMFP of Lee et al.
(2003), who use a similar frequency range to ours. We additionally
show results for a σ of 10%, corresponding to a SMFP of ∼600 km,
which should be similar to a tectonically active zone (e.g. transition
zone between oceanic and continental crust). We choose a constant
correlation length a of 2 km. This value is chosen to prevent that
it is smaller than the grid spacing (Frenje & Juhlin 2000). We set a
central period of 5 s, similar to the period of the secondary micro-
seism. This leads to a central wavelength of 15 km, which puts us
in the Rayleigh scattering regime (a < λ). The model size is 1000
km × 1000 km × 250 km, allowing for a propagation distance of
30 wavelengths. We choose a realistic layering structure, shown in
Fig. 3(b). The receiver geometry is the same as shown in Fig. 2,
but with a micro-array distance of 0.5 km. We also use the same
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1118 D. Ziane & C. Hadziioannou

methods to quantify the L/R ratios and the same method to calcu-
late the SMFP as described in Section 4.

The top plot of Fig. 12 shows the results for a σ of 5%, the bottom
plot for a σ of 10%. Compared to the results of the parameter study,
we see that L/R ratios are much smaller. This is mainly caused by
the small correlation length compared to the central wavelength:
the seismic waves are only weakly influenced by the comparably
small scatterers. Nevertheless, we see a steady increase in L/R for
both models. For a σ of 5%, the mean L/R ratio reaches a value of
around 0.1 after propagating the length of the model (approximately
30 λ). Due to the large SMFP, this corresponds to only 0.2 SMFP.
The maximum L/R ratio for σ = 5% would explain a quarter of
the observed L/R ratio (in e.g. Nishida et al. 2008; Juretzek &
Hadziioannou 2016). For the model with stronger scattering, with
σ = 10% (Fig. 12, bottom), the seismic waves cover 0.8 SMFP.
The L/R ratio seems to start stabilizing after ∼0.6 SMFP. The L/R
ratio reaches values of 0.15 and a maximum of 0.2. This could
even explain up to a third of the observed Love-to-Rayleigh ratios
(Nishida et al. 2008). The dispersion curves show that most energy
propagates in the fundamental modes, similar to the case in the
parameter study.

6 D I S C U S S I O N

In this paper, study the influence of internal scattering along the
source–receiver path on the L/R ratio in the secondary microseism,
in an effort to understand the origin of Love waves in the observed
ocean-generated noise. This is a different approach than the hypoth-
esis that the Love waves are generated directly at the source (e.g.
Fukao et al. 2010; Saito 2010). Based on this study, it is likely that a
significant contribution of scattering conversions through complex
crustal structures is responsible for the differences in directional
incidence of Rayleigh and Love waves that have been observed in
several studies (e.g. Friedrich et al. 1998; Behr et al. 2013; Juretzek
& Hadziioannou 2016).

Due to the nature of the ambient seismic wavefield, we are mainly
interested in scattering conversions between surface wave types. In
particular, we consider layered media and scattering conversions
from Rayleigh towards Love waves. Much of the theory of seis-
mic wave scattering is based on body wave scattering (Sato et al.
2012). Most of the applications of scattering in seismology use ap-
proximations to neglect the surface wave scattering part (e.g. Sens-
Schönfelder & Wegler 2006), which would make the calculations
far more complicated.

Here, we used numerical simulations of scattering in strongly het-
erogeneous 3-D media to investigate the emergence of surface waves
through conversions. Due to the large computational cost, the num-
ber of studies relying on numerical simulation of high-frequency,
deterministic seismological wave propagation in 3D random me-
dia has only recently started increasing (e.g. Hartzell et al. 2010;
Imperatori & Mai 2012; Obermann et al. 2016).

Imperatori & Mai (2012) used a finite difference solver to simu-
late scattering due to wave propagation through a 3-D von Karman
type random medium. They aim to explore the effect of scatter-
ing on ground motion in a region near a finite source. They find a
good fit between numerically simulated and observed waveforms
for correlation lengths between several hundred metres and a few
kilometres, which is comparable to the correlation length used in
our analysis of realistic crustal models, as is their standard de-
viation range of σ = 5−10%. Obermann et al. (2016) simulated
the 3-D wavefield random media in order to study the sensitivity

of coda waves to localized velocity perturbations. Although they
compute the SMFP with a method similar to ours, they used body
waves to calculate the maximum of the coherent phases. Comparing
SMFP between our two studies for similar scattering properties of
the medium (e.g. σ = 10%, correlation length a = 300 m, com-
parable to our model with a σ = 10% and a correlation length of
a = 200 m), we find SMFP differing by 10–40%. This could be
attributed to a difference in scattering behaviour between surface
waves and body waves, which have different theoretical scattering
coefficients (Snieder 1986). It could also be an effect of the different
solvers used in both studies. Obermann et al. (2016) use SPECFEM,
which is based on the spectral-element method, while we use a finite
difference solver.

The first part of this paper is a general parameter study inves-
tigating scattering conversions towards surface waves. We chose
higher fluctuation strengths than expected in reality, as well as a
correlation length close to the central wavelength of the wavefield
(a ∼ λ) to ensure strong scattering. We limit the fluctuation strength
to a maximum value of 30%, since beyond that, the wavefield is too
strongly scattered to allow the retrieval of clear Love wave disper-
sion curves. The parameter study shows that the fluctuation strength
has a stronger influence on the development of the Love to Rayleigh
(L/R) ratio than the correlation length or the type of layering. This
can be seen in Figs 8, 10 and A1, where the Love wave dispersion
curve energy varies stronger in dependence of σ than for the other
parameters. We also find a dependence between the SMFP and the
L/R ratios. The shorter the SMFP, the more scattering events for a
given distance, and thus the larger the final L/R ratio. Generally, we
observe that the L/R gradually increases as seismic waves propagate
over several SMFP.

For a σ larger than 15% and a a ∼ λ we observe a stabilization
of the L/R ratio at around 0.4 (see e.g. centre and bottom plots of
Figs 9 and 10, bottom).

The observed stabilization of Love to Rayleigh ratio is reminis-
cent of the stabilization of the ratio in energy in the horizontal-
to-vertical components which characterizes equipartitioning (e.g.
Hennino et al. 2001; Sánchez-Sesma & et al. 2011). Equipartition-
ing denotes the equal energy distribution of the seismic wavefield
to all possible modes of P and S waves (Weaver 1982, 1985). The
energy partitioning is no longer dependent on the original source
radiation pattern. For an infinite space with a Poisson solid, this ratio
is 10.4 (Weaver 1982). In Hennino et al. (2001), experimental and
theoretical values of the S-wave energy over P-wave energy (S/P ra-
tio) were found at S/P ≈ 7.2. Margerin et al. (2009) showed that this
state can also be reached in a layered half-space. The equipartition
ratio in this case decreases to a value of 7, while part of the body
wave energy is stored in surface waves. Several studies (Shapiro
et al. 2000; Hennino et al. 2001; Margerin et al. 2009) observe
that stabilization of the body wave equipartition ratio occurs after
a few (4–5) scattering mean free paths propagation distance. Al-
though we are focusing on surface waves, our L/R ratio stabilizes
after a similar propagation distance. This suggests that our obser-
vations are related to the equipartition regime. However, to explain
the low Love-to-Rayleigh ratio would require a theoretical model
for coupled body and surface wave multiple scattering, which is not
available to date.

For very strong scattering (σ = 20−30%), we obtain a maximum
L/R ratio of 0.6 (see e.g. Fig. 9). This ratio corresponds to the ratio
observed by Nishida et al. (2008) for the secondary microseism
around Japan. In a study by Gualtieri et al. (2013), the authors
found that the horizontal power spectral energy predicted by their
numerically calculated Rayleigh wave energy did not match the
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Love wave generation through scattering 1119

Figure 12. Results of simulations for the real model setup (see Table 2 and Fig. 3) with varying σ . The top row of plots correspond to σ = 5% and the bottom
row to σ =10%. All plots are given for a correlation length a = 2 km. Left-hand panels: L/R ratios as a function of distance normalized by the SMFP (see
Table 2). The black line shows the mean over the 14 angular directions (see Fig. 2) and the yellow area shows one standard deviation; centre panels: dispersion
curve for the rotations around the transverse axis �T (perpendicular to the source–receiver direction). The black dotted line shows the theoretical Rayleigh
wave fundamental mode; right-hand panels: dispersion curve for the rotation around the vertical axis �V. The dotted line indicates the fundamental Love wave
mode. The colour scale corresponds to rotation rate. Each �V dispersion curve is normalized by the maximum of the corresponding �T dispersion curve.

observed level. Introducing Love waves, with an energy ratio of
approximately 0.6, would be one explanation for the gap.

6.1 Case study for secondary microseism and realistic
Earth crustal scattering

As summarized in Table 3, the scattering properties of the crust are
typically not very strong on length scales similar to ocean micro-
seism wavelengths (0.1–0.2 Hz: approximately 18–35 km). In our
parameter study, we have opted to consider extremely strong scat-
tering properties, in order to make sure we include clear multiple
scattering effects. With this strong scattering present, we find Love
to Rayleigh ratios of the order of 0.5 (for a maximum fluctuation
strength σ of 30%). As can be seen in Table 1, this is on the lower end
of the L/R ratios typically observed in the secondary microseismic
band. We conclude that even in cases with very strong scattering,
we hardly obtain L/R ratios of the same order as those observed
in reality. When we now consider a simulation with more realistic,
crustal scattering parameters, we obtain a L/R ratio of at most 0.2,
after a propagation distance of 0.8 SMFP.

We calculate two models with fluctuation strengths σ of 5 and
10%. For a σ = 5%, we measure a SMFP of 1222 km, which is close
to the MFP of Lee et al. (2003). They found a SMFP of 1605 km
for central period of 4 s. We will compare these L/R values to real
observations. Juretzek & Hadziioannou (2016) measured the L/R
ratio at the Gräfenberg array for noise sources in North Atlantic,
and found a L/R ratio around 0.8. They point out the L/R ratio for
stations far inland, or behind complex crustal structures (e.g. Alps)
are likely more strongly affected by wave type conversions along
the propagation path. The distance from the French Atlantic coast
to the Gräfenberg array is around 1200 km. Therefore, assuming a
weakly scattering continental crust and negligible scattering in the
oceanic crust, the wavefield travels almost one SMFP through the
continental crust from the coast to the receiver. Our realistic crustal
models have a size of 500 km, which is a little bit less than half
this distance. Our maximum L/R ratio, obtained for σ = 10%, is
0.15. Taking twice this value to account for the larger propagation
distance, we would obtain a ratio of 0.3, still only less than the half
of the ratio observed by Juretzek & Hadziioannou (2016).

For noise sources in the Pacific Ocean, recorded, for example
in Japan, the wavefield has to pass the ring of fire to reach the
continental crust. In such a region with many volcanic structures,
the heterogeneity is stronger than in tectonically less active regions
(Takahashi et al. 2007; Sato et al. 2012). To mimic wave propagation
across the ring of fire, we suppose a σ = 10%, a SMFP of 620 km,
and 250 km for the width of the ring of fire. The wavefield must
therefore propagate approximately half a SMFP of more strongly
scattering crust to reach the continent. In Fig. 12, we find that
the L/R ratio reaches a value of approximately 0.2 after half a
SMFP propagation distance. Assuming that the wavefield again
propagates about 1000 km through continental crust before reaching
the seismometer, we would expect a L/R ratio of the order of 0.5.
This value is quite close to the L/R ratio of Nishida et al. (2008)
which has been observed in Japan (see Table 1).

It must be noted that in this study, we consider only fundamental
mode Rayleigh and Love waves. Some studies have also observed
higher modes in the secondary seismic noise (e.g. Kimman et al.
2012). The presence of higher modes would also influence the L/R
ratio, by affecting the energy redistribution upon scattering events.
Nevertheless, the study of Gualtieri et al. (2013) has shown that the
fundamental modes stores a major portion of the energy.

We conclude that even considering relatively strongly scattering
crustal features, wave-type conversions alone cannot account for
the observed L/R ratios in the secondary microseism. Other factors
to increase the L/R ratio must be taken into account. Possible mech-
anisms include conversions due to surface topography, complex
layering structures or sedimentary basins. Wave type conversions
as the wavefield reaches the continental slope could also have an
effect on the L/R ratio observed on land.

7 C O N C LU S I O N

The aim of this study is to investigate one of the possible mech-
anisms for generating Love waves in the secondary microseismic
noise field. We use a vertical pressure source on a flat seafloor, to
mimic the source mechanism proposed by Longuet-Higgins (1950),
which mainly generates Rayleigh waves and other vertically polar-
ized waves locally around the source. Through scattering conver-
sions along the propagation path, these vertically polarized waves
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are converted towards Love waves. We aim to quantify the hetero-
geneity of the medium necessary to generate a similar ratio of Love
to Rayleigh waves as that observed in the secondary microseism.

To that end, we model a vertical point source to initially generate
a wavefield composed of vertically polarized waves, which then
propagates in a random medium. We measure the wavefield with
lines of micro-arrays which extend radially from the source. With
these measurements, we evaluate the Love to Rayleigh ratio as a
function of distance from the source, for different random media.

This study consists of two parts. The first part considers the in-
fluence of different scattering parameters (fluctuation strength σ ,
correlation length a, layering structure) on the L/R ratio. Here, we
model wave propagation in random media with increasingly strong
scattering, including cases with scattering stronger than what would
be expected for realistic crustal structures. As can be seen from the
dispersion curves measured in our various model implementations,
the scattered wavefield still contains a significant portion of funda-
mental Love and Rayleigh modes.

Our parameter study shows that fluctuation strength σ has the
largest influence on the L/R ratio, while variations in layering struc-
ture and the correlation length a are less effective. We show that for
a strong fluctuation strength, the mean L/R ratio stabilizes around
a value of 0.4 after approximately 4 SMFP. The maximum L/R ob-
tained is approximately 0.6, for σ = 20%, and for a ∼ λ, where λ

is the central frequency of the Rayleigh waves.
In the second part of the study, we consider realistic scattering

parameters for the Earth’s crust, and propagation distances com-
parable to ocean—mid-continent paths. For a frequency range cen-
tred around 0.2 Hz, we obtain L/R ratios up to 0.2, accounting
for less than half of the Love wave energy typically observed in
the secondary microseism in most studies to date. We conclude
that wave conversions and scattering off internal heterogeneities
may contribute in a non-negligible way to the observed Love-to-
Rayleigh ratios in the secondary microseism. However, scattering
effects alone are not sufficient, and additional, different generation
mechanisms for Love waves are necessary to explain the observed
L/R values.
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A P P E N D I X A : D I S P E R S I O N C U RV E S

In Fig. A1, we show the dispersion curves for models with two
different layering types, as discussed in Section 5.3.

Figure A1. Dispersion curves for the transverse (left-hand) and the vertical curl (rigth-hand) for the single layering type (top row), the multiple layering type
(middle row) and the gradient layering type (bottom row). The correlation length a is 200 m and the scattering strength σ is 15%.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/217/2/1108/5306446 by Bibliothekssystem

 U
niversität H

am
burg user on 26 M

arch 2019

http://dx.doi.org/10.1121/1.5043406
http://dx.doi.org/10.1029/97RG02287
http://dx.doi.org/10.1029/94GL00772
http://dx.doi.org/10.1111/j.1365-246X.2006.03028.x
http://dx.doi.org/10.1093/gji/ggt170

