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SUMMARY

A new approach is proposed for measuring the dispersion relation of surface waves in weakly
anisotropic media using a single station, which consists of translational displacement and rota-
tion or strain. The azimuth-dependent surface wave dispersion curve can be directly obtained
by using the amplitude ratio of translational displacement to rotation or strain. Using obser-
vations from earthquakes from a variety of azimuths allows us to characterize the anisotropy
of subsurface media. The amplitude ratio gives the localized azimuth-dependent dispersion
relations of the formation beneath a receiver without requiring knowledge of the source or
structure along the path. The theory shows that in anisotropic media the coupled quasi-
Rayleigh wave and quasi-Love wave will result in elliptically polarized rotational motions.
In addition, rotational motion information allows the determination of backazimuth even in
general anisotropic media. We carry out numerical experiments, investigate the effects of noise
and degree of anisotropy and demonstrate the potential for field studies.

Key words: Rotational seismology; Seismic anisotropy; Theoretical seismology.

1 INTRODUCTION

The study of seismic anisotropy has turned into a field of its own, relating material properties, stress-aligned heterogeneities or pore space, with
dynamic phenomena such as mantle flow or fluid flow directions in crustal rocks (Anderson 1965; Forsyth 1975; Crampin 1977; Anderson &
Dziewonski 1982; Nataf et al. 1984; Montagner & Tanimoto 1991; Legendre ef al. 2021). A complete understanding of seismic anisotropy
aids in characterizing the subsurface structure (e.g. Gupta 1973; Legendre ef al. 2021) and earthquake disasters (Teanby et al. 2004). Previous
studies on seismic anisotropy focus on translational displacement, including P-wave azimuthal anisotropy (Hess 1964; Francis 1969), P-wave
polarization (Schulte-Pelkum ez al. 2001; Al-Lazki et al. 2004; Mutlu & Karabulut 2011), shear wave splitting (Vinnik ez al. 1989; Silver 1996;
Crampin & Chastin 2003), surface wave azimuthal anisotropy and polarization analyses (Hess 1964; Forsyth 1975; Tanimoto & Anderson
1985; Montagner & Nataf 1986; Maupin 1989; Montagner & Tanimoto 1991).

Azimuthal anisotropy based on surface wave dispersion can be studied by determining the dispersion curves of different azimuth angles
using single station methods, interstation methods, or array-based methods. The single station method has been used principally to measure
fundamental mode dispersion curves (Levshin et al. 1972; Forsyth 1975; Ekstrom et al. 1997). Some of the more sophisticated approaches
require knowledge of prior information of the source function or approximate earth structure (e.g. Brown et al. 2022) limiting the domain of
application. The interstation or array-based method (Forsyth ez al. 2005; Pedersen 2006) makes use of phase differences between seismograms
measured at different stations to estimate phase velocity. This has been successfully applied to seismic ambient noise (Yao et al. 2006, 2008,
2010; Stehly et al. 2009; Legendre et al. 2021) combined with cross-correlation analysis (Shapiro & Campillo 2004; Shapiro et al. 2005). The
dispersion measurement of the traditional single-station method or multistation method is the average velocity between the source (earthquake
source or ambient noise fictional source) and the station, even if the average interstation dispersion can be related to the local phase velocity
via an integral over the interstation arc (Legendre et al. 2021). Heterogeneity will also greatly affect results using these methods because the
initially extracted dispersion curve is the average dispersion information along the surface wave propagation path.

Single-point anisotropy analysis of the polarization motion of surface waves (Park & Yu 1993; Tanimoto 2004) seeks to retrieve
azimuthal variations of amplitude or amplitude ratios and obtain constraints on the anisotropic structure directly under the receiver. However,
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the polarization anomaly of a given station depends not only on the structure below the station but also on the structure seen by the wave in a
significant part of the propagation path, unless the structure is uniformly anisotropic over a wide range (Maupin 2004).

Because of the limitations (heterogeneity effect and complexity of polarization) of the above surface wave anisotropy analysis, this paper
attempts to find a method, characterizing the azimuthal anisotropy of subsurface structure without the influence of heterogeneity along the
path or source effects.

The rapid development in rotational sensor technology (Pancha et al. 2000; Schreiber et al. 2005; Bernauer et al. 2021; Zembaty et al.
2021; Igel et al. 2021) allows us to exploit the potential application of rotational motions. Under the assumption of an isotropic medium
or transversely isotropic (VTI) medium with vertical symmetry axis, only an S-related wave (including conversions) can generate rotational
motions (Tang & Fang 2021a). This allows us to uniquely identify and separate the wavefield using polarization characteristics (Sollberger
et al. 2018; Schmelzbach et al. 2018; Wassermann et al. 2022). Because the rotational component of an S-related wave is perpendicular to
the wave propagation direction and should have the same phase as the corresponding translational displacement, the propagation azimuth of
an earthquake can also be easily estimated using a single station (Igel e al. 2007; Wassermann et al. 2016). This even works for the direction
of moving seismic sources (Yuan et al. 2021).

Fichtner & Igel (2009) gave the verification that the sensitivity kernels of the amplitude ratio (translational displacement and rotation)
of surface waves or S waves attain large absolute values only in the vicinity of the receiver, but not the source, and such measurements may
be used for local shear-wave speed tomography. The estimation of local phase velocity measurements from amplitude ratios has been verified
with real observations and a variety of different rotation sensors (Igel ef al. 2007; Wassermann et al. 2016; Keil et al. 2021; Fang & Tang
2021). Tang & Fang (2023) gave theoretical formulas of cross-correlation between displacement and rotation, and theoretically verified that
the local phase velocity can also be extracted from amplitude ratios derived from ambient seismic noise.

Recently, Noe er al. (2022) numerically exploited the characteristics of body waves in a general anisotropic medium, demonstrating
the feasibility to invert local anisotropic elastic parameters from rotational motions and strain by estimating the body wave velocity from
amplitude ratios. Consequently, we can expect to use the translational displacement and rotation or strain to retrieve locally anisotropic
parameters of subsurface structure from surface waves. To demonstrate this novel processing approach is the key goal of this study.

The paper is organized into two main sections. First, we establish the theoretical basis of the azimuth-dependent dispersion measurements
from a single seismic station in weakly anisotropic media. Secondly, we numerically investigate the capability of extracting the azimuth-
dependent dispersion curve from a single station and illustrate the effect of coupling terms. Furthermore, we compare our approach to the
more classic analysis using phase effects.

2 THEORY

In Cartesian Coordinates, the strain tensor and rotation can, respectively, be defined as (Aki & Richards 2002):
1
&ij = 5(”;‘,,‘ +uji) (1

1
Q; = E(uk,j - uj,k)7 2)

where u; ; represents the partial derivative of translational displacement of i component with respect to j component. 7, j and k vary among x,
yand z.
The relation between stress and strain can be given as:

Ojj = Cijklﬁkh 3)

where Cyy (i, j, k and [ vary among x, y and z) is the fourth-order elastic tensor and o; represents the stress tensor. Considering the free
surface boundary condition, where we assume that the surface is horizontal, the traction is equal to zero which indicates o, = 0. Therefore,

0iz = Cizuen = 0. 4)

Under the assumption that the media is only weakly anisotropic, the translational displacement of the anisotropic media can be written
as a combination of Rayleigh and Love wave eigenfunctions in the reference isotropic media (Tanimoto 2004), whose expressions are given
below:

u=asu; +arug, (5)

where u; and uy, are the Love and Rayleigh wave translational displacement of the reference isotropic medium, respectively, a; and ay are the
coefficients to be determined from the stationarity of the Lagrangian. The dispersion relation and polarization of translational displacement
in anisotropic media derived from the stationarity of the Lagrangian under the assumption of eq. (5) have been verified by comparison with
other direct integral results (Tanimoto 2004). Therefore, we will derive the polarization of rotation and strain under this assumption.

In isotropic media, uy, and ug have the form:

up = [—sin Y W (z), cos ¥ W (z), Qe tolcos vxsinpy)—ien

) . ) 6
up = [cos YV (2), siny V(z), iU(z)]e!*rolcos vatsinyy)—ior ©)
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where siny? + cosyr?> = 1, ¥ is the azimuth of the direction of propagation measured from the X-axis. « is the modulus of the horizontal
wavenumber vector K. kjy and ko represent the wavenumber of Love waves and Rayleigh waves in isotropic media, respectively. W(z) is the
depth-dependent eigenfunction of the Love wave, V(z) and U(z) of the Rayleigh wave. w is the circular frequency.

Substituting eqs (5) and (6) into the Lagrangian (Tanimoto 2004), we obtain:

0 0
E(u;‘,ui)za)z/ pufuidz—/ Cijue] endz. (7)

By using the relations 0L/da; = 0, dL/dar = 0 (Tanimoto 2004), the coefficients in the limit of weak anisotropy under |4 — B| > E can be
expressed as:
For quasi-Love (qL) waves:

E
(aLa aR) = <1, m) (8)
For quasi-Rayleigh (qR) waves:
E
=({-——,1). 9
(az. ap) ( - ) ©)

A and B are, respectively, the qL and Rayleigh waves’ eigenfrequency square and E is the coupling term. The detailed expressions of £, 4 and
B can be found in the appendix of Tanimoto (2004). The translational displacement of gL wave can be expressed from eqs (5), (6) and (8) as:

U, = [—siny W(z) + cos Yy TV (2), cos ¥ W(z) + sin TV (2), i TU(z)]e/ 1 (os vxtsinym)=iot (10)
The displacement of qR waves can be expressed from eqs (5), (6) and (9) as:
u,g = [siny TW(z) + cos Y V(z2), —cos T W(z) + sin yr ¥V (z), i U(z)]e"r(os v tsinyy)=iet (11)

where T = ﬁ. k; and k, represent the wavenumber of qL waves and qR waves in anisotropic media, respectively.

Egs (10) and (11) are obtained by Tanimoto (2004), indicating that because of the effect of coupling, the polarization of Love waves in
anisotropic media becomes elliptical instead of the linear particle motion in isotropic media. The particle motion of Rayleigh waves has a
transverse component, which is no longer confined in the radial-vertical plane. To derive the dispersion relations between displacement and
rotation or strain, in the next section, we first derive the polarization of rotation and strain combined with the free surface boundary condition

and then obtain the dispersion formulas.

2.1 Isotropic media

2.1.1 Polarization and dispersion relation of rotation and strain in isotropic media

Under the assumption of isotropic layered media, there is no azimuth-dependent velocity variation. Combining the boundary conditions
eq. (4) and displacement function eq. (6), we can derive the following equations of eigenfunctions:

V'(0) = U (0)
Q2+ NU0) 4+ AoV (0) = 0 (12)
w'(0) =0,

where © and A are the Lamé parameters for isotropic media. U s V and W represent the depth derivatives (9.|.-¢) of the first-order
eigenfunctions. Substituting eqs (12) and (6) into eqs (1) and (2), we obtain the polarization of rotation and strain at the surface (z = 0) in
Cartesian coordinate (see Appendix C for detailed expressions). To better understand the polarization of rotation and strain, we project the
polarization of eqs (6) and (C1)—(C4) onto the R—T coordinate system (cosys = 1, sinyy = 0) of the propagation direction (R direction) shown
in Fig. 1 with two identical vertical axes.

In this paper, we analyse the polarization of rotational components 2,;(i = r, #, z) and the radial strain component ¢,,, which correspond to
rotational seismometers and strain sensors or distributed acoustic sensing (DAS), respectively. After the coordinate projection [see section 5.4
of Chou & Pagano (1992) for the transformation relationship], the polarization of translational displacement, rotation and strain at the surface
(z = 0) in the R—T coordinate system can be expressed as For Love waves:

u, =0
u, =w (13)
u, =0
Q. =0
Q=0
14
sziKmW/Z ( )
& = 0.
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Figure 1. Diagram of coordinate transformation.
For Rayleigh waves:
u, =V
u =0 (15)
u. =iU
Q=0
Q, = «0U
16
Q=0 (16)
&y = ikpoV,

where we omit the exponential term e*” =’ In the following derivation we also omit this term.

From a theoretical point of view, it is known that the translational displacement of the Rayleigh wave shows elliptical polarization in
the R—Z plane and rotation shows linear polarization in the 7 direction. Both translational displacement and rotation of the Love wave show
linear polarization in two orthogonal directions, respectively. Previous studies of surface waves with rotational components assume isotropic
structure (Igel et al. 2007; Kurrle et al. 2010; Keil ef al. 2021; Fang & Tang 2021; Tang & Fang 2021b, 2023), except for the analysis of
body waves by Noe et al. (2022). In the following, we will demonstrate that in anisotropic media rotational motions are no longer linearly
polarized.

Comparing eqs (13)—(16), the surface wave dispersion relations can be directly obtained by combining the polarization of translational
displacement and rotation or strain.

For Love waves:

u
q@:zi. (17)
For Rayleigh waves:
cr(w) = |&|
o 18
{CR(w) 15, 19

where i represents the first-order temporal derivative of displacement. Eqs (17) and (18) indicate that the dispersion phase velocity of Love
and Rayleigh waves can directly be measured by the ratio of displacement to rotation or strain. This has been used widely in previous studies
(Igel et al. 2007; Kurrle et al. 2010; Keil et al. 2021; Fang & Tang 2021).

2.2 Anisotropic media

Because of the coupling between qR and qL waves in (weakly) anisotropic media (Tanimoto 2004), the polarization of rotation of the two waves
is no longer linear and shows elliptical form. An anisotropic medium is generally characterized by azimuth-dependent velocity variations. In
the following derivation, we will separately consider three media: vertical transversely isotropic (VTI) media, general orthorhombic media
[horizontal transversely isotropic (HTI) media is included] and general anisotropic media, whose expressions of the elastic tensor can be
found in Appendix A. Among them, qL and qR waves are completely decoupled in VTI media and the phase velocity does not show azimuthal
anisotropy. They are also decoupled for waves propagating along the symmetry axis and its perpendicular direction for HTT media.

2.2.1 Polarization and dispersion relation of rotation and strain in VTI media

The translational motion of VTI media has the same form as for isotropic media which can also be expressed by eq. (6). Therefore, the
displacement, rotation, and strain also have the same polarization form, except for the vertical strain component €., = — g—gi KV of gqR wave,

characterized by different elastic parameters. In addition, the dispersion formulas of VTI media generally also show the same form as isotropic
media in eqs (17) and (18).
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Translation Rotation —Love
| = Rayleigh

K

Figure 2. Diagram of polarization of translational displacement and rotation in isotropic media. The translational displacement of Rayleigh wave is elliptical
polarization, while the love wave is linear polarization. The rotations of Love and Rayleigh waves are linearly polarized.

2.2.2 Polarization and dispersion relation of rotation and strain in general orthorhombic media

Orthorhombic medium with nine independent parameters is characterized by azimuth-dependent velocity variations derived using the free
surface boundary conditions eq. (4) as:
For qL waves:

sinyy TV (0) 4+ cos ¥ W' (0) = «; sin y TU(0)
—sinyy W'(0) + cos T V'(0) = cos yi; TU(0) (19a)
C33TU'(0) + Ci3x; cos Y [— siny W(0) 4+ cos TV (0)] + Cazky sin y[sin T V(0) + cos ¥ W(0)] = 0.
For qR waves:
sin V'(0) — cos ¥y T W'(0) = k, siny U(0)
sinyy TW'(0) + cos ¢ V'(0) = cos ¥«, U(0) (19b)
C33U'(0) 4 Ci3k, cos Y[siny TW(0) 4 cos ¥ V' (0)] + Cask, sinyr[sin V' (0) — cos ¥y TW(0)] = 0.

We substitute eqs (19a), (19b), (10) and (11) into eqs (1) and (2), and the polarization of rotation and strain in Cartesian coordinates
can, respectively, be found in Appendix C. We project the polarization of eqs (10), (11) and (C5)—(C8) onto the coordinate system (R—7) of
propagation direction (R direction) shown in Fig. 1 and the polarization of translational displacement, rotation, and strain at the surface (z =
0) can be expressed:

For gL waves:
u, =TV
u =w (20)
u. =iTU
Q=0
Q, = K]T U
Q. =ikW)/2
& =1 K[T V.

2n

For gR waves:
u, =V
u,=—-TW (22)
u, =iU
Q=0
Q =x.U
Q. = —ik, TW/2
& = IK. V.

(23)

As illustrated in Fig. 3, the translational polarization of the qR wave deviates from the vertical-radial plane in general orthorhombic
media while the qL wave transforms into elliptical polarization, in which the coupled qR wave will appear on the transverse component and
the coupled qL wave will appear on the vertical component (Tanimoto 2004). The rotational components of both waves exhibit elliptical
polarization. However, both are only polarized in the vertical-transverse plane which is perpendicular to the direction of propagation.

Comparing eqs (20)—(23), the surface wave dispersion relations between translational displacement and rotation or strain can be easily
obtained in general orthorhombic media:

For qL waves:

e ) = |55

22,

(24a)
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Figure 3. Diagram of polarization of translational displacement and rotation in general orthotropic media. The translational displacement and rotations of
Love and Rayleigh waves are elliptically polarized.

(@, ) = ||
o 24b
{cL(w,w)=|;‘;,|. (24)
For qR waves:
er(@, ¥) = ||
o 25
{CR(CUJ/I)=|?{,| (252)
crlw, ¥) = I;g [ (25b)

Eqgs (24a) and (25a) give the local azimuth-dependent dispersion relation of general orthorhombic media. An interesting point is that the
additional dispersion of eqs (24b) and (25b) for general orthorhombic medium come from the coupled waves contributions but they are
generally smaller. From a theoretical point of view, the derived dispersion formulas from the coupling term contribution are correct. However,
from an observational point of view, measuring the dispersion curves using this approach is prone to errors due to the amplitude of the
coupling term. When the coupling term is equal to zero, 7' = 0, the eqs (24a), (24b), (25a) and (25b) degenerate into the isotropic dispersion
equations.

2.2.3 Polarization and dispersion relation of rotation and strain in general anisotropic media

Under the assumption of first-order perturbations, general anisotropic media with 21 independent variables degenerate into 13 (monoclinic
media in Appendix A; Smith & Dahlen 1973; Montagner & Nataf 1986). The free surface boundary conditions eq. (4) results in the following
form:

For gL waves:

Cys[cos y W'(0) + sinyy T V'(0) — k; sin y TU(0)] + Css[cos y T V'(0) — sinyy W'(0) — k; cos y TU(0)] = 0

Caa[cos Yy W' (0) + sinyy TV'(0) — x; sin y TU(0)] + Cys[cos Y TV'(0) — sinyy W' (0) — «; cos y TU(0)] = 0 2%
Cy3TU'(0) = Cy3k; cos Yr[siny W(0) — cos Y TV (0)] — Cosi sinr[cos ¥ W(0) + sinyy TV (0)]— (26a)

%[2 sin ¥ cos Yi; T V(0) + cos 2k, W (0) — sin 2k, W (0)].
For gR waves:

Cys[—cos Yy TW'(0) + siny V' (0) — «, sin y U(0)] + Css[cos ¥ V'(0) + sinyy T W'(0) — k, cos Yy U(0)] = 0

Cag[—cos Yy TW'(0) + siny V'(0) — k, sin y U(0)] + Cas[cos ¥ V'(0) + siny T W'(0) — k, cos y U(0)] = 0 (26b)
C33U'(0) = Cpzk, sinr[cos v T W(0) — sin V' (0)] — Cy3k, cos y[cos ¢ V' (0) 4+ siny T W (0)]—

% [2sin ¥ cos ¥k, V(0) + (siny? — cos Y2k, T W(0)].

Due to the complexity of the free surface boundary conditions which cannot simplify, the following derivation except for the third term
of'egs (26a) and (26b), we directly substitute eqs (10) and (11) into eqs (1) and (2). The polarization in Cartesian coordinates can be found in
Appendix C. We project the polarization of eqs (C9)—(C12) onto the coordinate system (R—T7) of propagation direction (R direction) shown
in Fig. 1, where translational components are the same as general orthotropic media, and the polarization of rotation and strain at the surface
(z = 0) can be expressed as:

For qL waves:

Q. =0
Q =TV +KkTU)/2
Q. =ikW/2
& =ik TV.

@7
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For gR waves:
Q=0
Q= +rU)/2
Q, =—ik, TW/2
& =ik, V.

(28)

The rotational polarization form in general anisotropic media is the same as that of general orthotropic media shown in Fig. 3. The polarization
plane is perpendicular to the propagation direction, which means that even in a generally anisotropic medium, we can still use the polarization
information of the rotation to obtain the backazimuth. There is a difference with orthotropic media where it is easy to obtain the dispersion
curves using ./ €2,. The additional term V in 2, will affect the ratio value, this point is discussed later.

Comparing eqs (20), (22) with eqs (27) and (28), we can obtain the surface wave dispersion relation between displacement and rotation
or strain:

For qL waves:

o) = 5| (9%)
cul@. ) ===, (29b)
For qR waves:

cr(@.¥) = =" (30a)
crl(@, ) = |2‘;;Z . (30b)

The dispersion eqs (29b) and (30b) in general anisotropic media come from the coupled wavefield contributions that are generally smaller.
Due to the complexity of the medium, the rotational polarization is difficult to simplify into a simple form in combination with the free
surface boundary condition equation. Thus, there is no rotational formula that can be used to calculate the qR wave dispersion curve.

2.3 Effect of the coupling on the calculation of dispersion curves

The complete decoupling of Rayleigh and Love waves in isotropic and VTI media allows us to easily measure the local dispersion curves. On
the contrary, the coupling effect in weakly anisotropic media results in polarization planes of the displacement not perpendicular or parallel
to the direction of propagation. Furthermore, the translational motion of the qR wave is no longer limited to the vertical-radial plane and the
qL wave is no longer limited to the radial-transverse plane. There is no clear separation between the two waves unless the group velocity
difference is large. Consequently, we have to assess the effect of the coupling when we apply our theory to real data. The effect of the coupling
term 7 depends on the phase velocity difference of the two waves and the degree of anisotropy. This can be described by explicit formulas
(Tanimoto 2004):

T = £ 3D
A-B’
The numerator and denominator of eq. (31) are simultaneously divided by the square of the wavenumber «:
E/i? E/ic?
/K _ _E/x (32)

- A/k? —B/k* A —c2
Eq. (32) indicates that if we fix the wavenumber, and the phase velocity difference of two waves is large enough, the 7 term tends to zero.

Then the coupling term can be neglected. When we use eqs (24a) and (25a) to calculate the dispersion curves and we cannot identify the
coupled qR and qL waves, using eqs (20)—(23), we obtain:

Uz _ [wTU]; + [wU]lyr (33)
2, (ki TU]yr + [k:-Ulgr

U, _ [wW];L + [T Wik (34)
2Q. kciWlgr + =6 TW]yr

As illustrated in eqs (33) and (34), the vertical translational displacement and transverse rotation contain not only the dominant qR wave
energy, but also the qL wave signal generated by the coupling effect, and the transverse translation and vertical rotation contain not only the
dominant qL wave energy but also the qR wave signal. As shown in eq. (32), the effect of the coupling term 7 will decrease and tends to zero
when the velocity difference between the two modes increases. Consequently, eqs (33) and (34) degenerate to:

& ~ [wU]qR (35)
Qt [KrU]qR

I'i/ [a)W]qL _

20, Wl " (36)
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Table 1. Layer properties of Model 1-reference isotropic media.

Layer Depth (km) Vy, (km sh Vs (kms™!) p (kgm™3)
1 0-30 6.6 3.8 3000
2 30-00 8.0 4.6 3300

It is generally appropriate to calculate the dispersion curves using eqs (35) and (36) for long-period teleseismic records because of the large
velocity difference between fundamental qR wave mode and qL wave modes in that frequency range. The coupling strength is very weak
regardless of whether the waveform can be distinguished in the time window. At this time, we do not need to separate the weakly coupled
waveform. In contrast, when the velocity difference between qR and qL waves is small, the coupling effect will become stronger. At this time,
it is difficult to distinguish the two coupled waves which will limit the validation of the derived dispersion formulas. In the numerical section,
we will compute the effect of the coupling term on measuring dispersion curves for data processing, and demonstrate that if the radiation
energy of the focal mechanism is large enough, it will weaken the effects of the coupling on the amplitude ratio.

2.4 Analytical azimuth-dependent dispersion relation

To verify the derived dispersion relations above, we use the following analytical solution, which is proposed by Smith & Dahlen (1973).
Mochizuki (1986) and Tanimoto (1986) also showed the equivalent formulas in a spherical earth for the first time. We use these to benchmark
our numerical results in the next section.

By solving eq. (7) simultaneously, the azimuth-dependent dispersion relation is obtained (Tanimoto 2004), having the same form as
derived by Smith & Dahlen (1973); Montagner & Nataf (1986) after neglecting the coupling term E.

Scp(w, ) = ero(@) [L1(®) + La(w) cos(2Yr) + L3(w) sin(2yr) + Ly(w) cos(4yr) + Ls(w) sin(4yr)] (37a)
cr(w, ¥) = dcp(w, ¥) + cro(w) (37b)
der(w, ¥) = ﬁ.(a))[m(w) + Ry(w) cos(2y) + R3(w) sin(2y) + Ry(w) cos(4yr) + Rs(w) sin(4vr)] (38a)
cr(w, ¥) = dcp(w, ¥) + cro(w). (38b)

Here we define 1 as the azimuth of the wavenumber vector measured anticlockwise from the X-axis. dc;(w, ¥) and Scg(w, V) are the
first-order perturbations in phase velocity dispersion of azimuth frequency-dependent qL and qR waves. ¢;o(w) and cgo(w) are phase velocity
of Rayleigh and Love waves, respectively, for a reference isotropic medium. ¢, (w) and cg(w) represent the phase velocity of the qL wave and
qR wave, respectively. L;(w) and R;(w) (i = 1,2, 3,4, 5) are, respectively, depth integration functions that involve some elastic parameters
and eigenfunctions, where we used a simple integration expression derived by Montagner & Nataf (1986), whose explicit expressions can be
found in eqgs (2), (4) and (5) of Montagner & Nataf (1986). We use the generalized reflection and transmission coefficients method (Chen
1993) to calculate the eigenfunctions which have been used successfully in many cases (Chen 1999; Tang & Fang 2021a).

It is known that eqs (37a), (37b), (38a) and (38b) are derived based on the assumption of first-order perturbation which can be called
the ordinary perturbation method without the contribution of mode coupling. An implicit assumption when utilizing this solution is that the
difference between any two-mode phase velocity is larger than their respective perturbations (Maupin 1989). This is generally valid for the
fundamental mode. Consequently, we will focus on the analysis of the fundamental modes in the following numerical section.

3 NUMERICAL ANALYSIS

In this section, we test the theory presented above for different anisotropic models. We analyse the effect of surface wave coupling on the
estimation of dispersion curves. Synthetic data are generated by simulating the complete seismic wavefield applying a 3-D standard staggered-
grid finite difference method (Fang ef al. 2014) which has been benchmarked with the generalized reflection and transmission coefficients
method (Tang & Fang 2021a). The free surface boundary condition is implemented, and the perfectly-match-layer (PML) boundary condition
is applied to the sides and bottom boundary. A moment tensor source with a Ricker wavelet source time function is used to generate the
synthetic waveforms. We output translational acceleration components 4;(i = r, t, z) and rotational velocity components 2;(i = r, t, z). For
the sake of simplicity, the synthetic data generated in a two-layer model will be used to validate the applicability of the derived theoretical
formulas for all models.

3.1 Reference isotropic case

Model 1 is set up to be the reference isotropic medium, whose parameters are listed in Table 1. This is used to calculate the eigenfunction W,
Vand U of egs (6), (10) and (11) and in the analytical solution of eqs (37a) and (38a). We focus on long-period seismograms which means that
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Figure 4. Theoretical dispersion curves of the reference isotropic Model 1. Rayleigh-Oth: The fundamental mode of Rayleigh wave. Rayleigh-1st: The first
higher mode of Rayleigh wave. Love-Oth: The fundamental mode of Love wave. Love-1st: The first higher mode of Love wave.

A station
@® Source

Figure 5. Distributions of sources (black circles) and station (black triangle) of reference isotropic Model 1.

(@) (b)

Figure 6. Beachball of focal mechanism in eqs (39) and (40).

we will neglect the higher-mode surface waves. However, the numerical modelling has to ensure that there is no (or negligible) higher-mode
signal in the selected period range. Then the selected period range is also used for the following weakly anisotropic models.

Fig. 4 shows that for periods longer than 12 s, there is only the fundamental (Oth) mode solution for Model 1. Therefore, in the following
numerical analysis, we focus on the period range of 1280 s. As illustrated in Fig. 5, all sources (black circles) are located at (0, 0, 1 km),
whose azimuth  is evenly distributed at 15° ranging from 0° to 90°. A station (black triangle) is located at the surface. The radial distance
between all sources and the station is equal to 2500 km. The source—receiver geometry of Fig. 5 is used for the following models to verify the
effectiveness of measuring the azimuth-dependent dispersion characteristics in anisotropic media.

Two sets of synthetic data with different central frequencies, 0.015 Hz (period = 66.7 s) and 0.034 Hz (period = 29.4 s) are generated
to ensure a 12—-80 s wide-band seismogram. The magnitude of the moment tensor source is given as (Beachball is shown in Fig. 6a)

0.1 0.2 0.35
M=1| 02 025 0.5 |(N-m). (39)
0.35 0.5 0.15
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Figure 7. Normalized seismograms of different azimuths with a 0.034 Hz (period = 29.4 s) central frequency of reference isotropic Model 1. 4;: translational
acceleration in the vertical direction; 4;: translational acceleration in the transverse direction; €2;: rotational velocity in the transverse direction; 2.: rotational
velocity in the vertical direction.
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Figure 8. Normalized seismograms of different azimuths with a 0.015 Hz (period = 66.7 s) central frequency of reference isotropic Model 1. 4: translational
acceleration in the vertical direction; A,: translational acceleration in the transverse direction; €2,: rotational velocity in the transverse direction; €2,: rotational
velocity in the vertical direction.

In this model, the grid spacing is 5 and 3 km for the two different central frequencies, respectively, and the time increment is 50 ms
for the 3-D finite difference simulations. Figs 7 and 8 show the seismograms using the same focal mechanism with different central
frequencies, where translational acceleration 4, and rotational velocity €2, are associated with Rayleigh waves and 4, and €2, are asso-
ciated with Love waves. This indicates that the radiation energy of the Rayleigh wave is evenly distributed in seven directions and the
radiation energy of directions of S4-S6 of the Love wave is much smaller. In combination with eqs (17) and (18) and simulated seismo-
grams of Figs 7 and 8, we can calculate the dispersion curves in different directions, where we introduce a robust weighted least-squares
method based on time—frequency analysis to measure the ratio (see Appendix B). The weight function is equal to 1 for all data points in
Model 1.

As illustrated in Fig. 9, the measured dispersion points of both the Rayleigh wave (red) and Love wave (blue) using the ratio dispersion
of egs (17) and (18) match with the analytical solution of the fundamental mode in any direction even with smaller radiation amplitude (see
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Figure 9. Comparisons of dispersion curves of different azimuths calculated using translation-rotation dispersion eqs (17) and (18) with seismograms in
Figs 7 and 8, and analytical solution of the fundamental mode of reference isotropic Model 1. There is no correlation between the calculated results and the
azimuth-dependent radiation pattern.

Table 2. Layer properties of Model 2-HTI media.

Layer  Depth (km) p (kgm™>) ay (kms™') “L¢X g, (kms™!) Lu-fv n
1 0-30 3000 6.6 0 3.8 0 1
2 30—c0 (HTI) 3300 8.0 5 per cent 4.6 Spercent 0.7721

source 4-5 of Love waves). In addition, it also indicates that there are no higher mode seismograms in the selected periods. Consequently,
we will select the period range of 12-80 s to analyse the effect of coupling waves on dispersion measurements in various anisotropic
models.

3.2 Contamination through coupled waves

Model 2 is set up to investigate the effect of coupling between qR and qL waves on calculating dispersion curves. For simplicity, we use a HTI
medium with a symmetric axis parallel to the X-axis. Model 2 consists of a half-space HTI medium based on Model 1, where the first layer
is the same as that of the reference isotropic Model 1. Table 2 lists the medium properties of Model 2. We use five independent parameters
as defined by Takeuchi & Saito (1972) to describe the HTI medium of Model 2, where oy is the P-wave velocity along the symmetric axis,
ay is the P-wave velocity perpendicular to the symmetric axis, B is the S-wave velocity along the symmetric axis and Sy is the SH-wave
velocity perpendicular to the symmetric axis. The anisotropic strength of HTI medium for both P wave and S wave is also 5 per cent. The
generated seismograms of Figs 10 and 11 of Model 2 are based on the same source—receiver geometry (Fig. 5), focal mechanism and period
ranges of Model 1.

Combining dispersion eqs (24a) and (25a) of HTI media with seismograms in Figs 10 and 11, the dispersion curves are evaluated
utilizing the least-square algorithm (Appendix B), where all data points are included indicating that the weight function is equal to 1. As
illustrated in Fig. 12, the qR dispersion curves (red points) calculated by eq. (25a) generally match well with the theoretical dispersion curves
(black points) showing azimuthal anisotropy. The phase velocity increases from 0 degrees to 90° in the long period range corresponding to
HTI medium. The results (blue points) of qL wave in the period range of 12-30 s also follow the trend of theoretical solution due to the reason
that the short-period wavefield propagates in the isotropic medium of the first layer without the effect of anisotropy. On the contrary, the
results of the qL. wave deviate from the theoretical solution in the period range of 35-80 s, especially in the direction of S4-S6, indicating that
the qL wave is contaminated seriously by the coupled qR waves. As illustrated by the seismograms in Figs 10 and 11, the radiation amplitude
of the qL wave in the direction of S4-S6 is much smaller, especially the S4 and S5 directions, so that the coupled qR waves cannot be ignored
(see eq. 34). This has an important influence on the results. The radiation amplitude of qR waves in all directions is relatively large which can
overshadow the influence of coupled gL waves.

€20z AInr 20 uo Jasn SUND Ad #1.2€91 L/2/LISEZ/a10M e B/wod dno-olwepede)/:sdiy wody papeojumod


art/ggad199_f9.eps

Single-point dispersion measurement 35

Az Qt
_——~~— Y VA AT —
® g———————~— © 6 —-—/\/\/\/\/"\/\[\o——
O —m———— AN 3] -——-—-—-—-—-WV\/\/\(-’V\/VH-H—-—
- e~ ANAN—— —_— NN\ ——
g 4 3 4
L | I W ey N L) I NN i P
——— e L ¥ A — —,\,W\f\/\,\__
500 600 700 800 500 600 700 800
{(s) t(s)
At 2,
—N= —\/\
i B S @ 6 — N\~
o =
8 . 8 . —\/\/
—_—
Dy, A W g— W
500 600 700 800 500 600 700 800
t(s) t(s)

Figure 10. Normalized seismograms of different azimuths with a 0.034 Hz (period = 29.4 s) central frequency of HTI Model 2 using the focal mechanism of
eq. (39). 4;: translational acceleration in the vertical direction; A;: translational acceleration in the transverse direction; 2;: rotational velocity in the transverse
direction; €2.: rotational velocity in the vertical direction.
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Figure 11. Normalized seismograms of different azimuths with a 0.015 Hz (period = 66.7 s) central frequency of HTI Model 2 using the focal mechanism of
eq. (39). 4;: translational acceleration in the vertical direction; 4;: translational acceleration in the transverse direction; 2;: rotational velocity in the transverse
direction; €2.: rotational velocity in the vertical direction.

To further illustrate the fact that the coupled wavefield is non-negligible when the radiation amplitude is very weak, we only change
the focal mechanism, leaving all other simulation conditions unchanged, using the moment tensor source can be expressed as (Beachball is
shown in Fig. 6b)

0.1 02 —0.35
M=| 02 -025 05 |(N-m) (40)
—035 05 0.15

As shown in Figs 13 and 14, the radiation energy of the qL and qR waves have strong amplitudes in all directions. We use the same
dispersion equation as in Fig. 12 to calculate the dispersion curve, and the results are shown in Fig. 15. It can be seen that the dispersion curve
of the qL wave has been improved compared with the results in Fig. 12. This is consistent with the theoretical dispersion trend, but there are
still some deviations affected by the coupling. We further note that the deviation of the qL dispersion curve in Fig. 12 is mainly because the
weak radiation amplitude will further amplify the coupling.
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Figure 12. Comparisons of dispersion curves calculated using translation-rotation dispersion eqs (24a) and (25a) with seismograms in Figs 10 and 11, and
analytical solution of the fundamental mode of HTI Model 2.
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Figure 13. Normalized seismograms of different azimuths with a 0.034 Hz (period = 29.4 s) central frequency of HTI Model 2 using the focal mechanism of
eq. (40). A.: translational acceleration in the vertical direction; 4,: translational acceleration in the transverse direction; 2;: rotational velocity in the transverse
direction; Q.: rotational velocity in the vertical direction.

3.3 Azimuth-dependent coupling effects

As the anisotropy of the medium increases, the influence of the coupled wavefield on the amplitude will be larger. However, it can be seen
from Figs 13 and 14 that even though the radiation amplitude of S4—S6 of the qL wave is relatively large, the calculated dispersion curve
shown in Fig. 15 still has a small deviation in certain azimuths. The difference in the strength of the azimuthal anisotropy of the two wave
types leads to the coupling being a function of azimuth. Fig. 16 shows the T'(coupling term) value related to the coupled wavefield calculated
theoretically for wavenumber ¥ = 5 x 1077 [the expression of T can be found in appendix of Tanimoto (2004)] in Model 2 which shows the
correlation with angle. With this wavenumber, the coupling of S4-S5 is stronger, and the effect on the ratio value is greater. Fig. 17 shows
the dispersion curve calculated under different degrees of anisotropy while other model conditions are kept constant. We conclude that the
influence of the coupled wavefield in the direction of 30-75° (S3—S6) is more stronger.
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Figure 14. Normalized seismograms of different azimuths with a 0.015 Hz (period = 66.7 s) central frequency of HTI Model 2 using the focal mechanism of
eq. (40). A: translational acceleration in the vertical direction; 4;: translational acceleration in the transverse direction; €2;: rotational velocity in the transverse

direction; 2.: rotational velocity in the vertical direction.

Figure 15. Comparisons of dispersion curves calculated using translation-rotation dispersion eqs (24a) and (25a) with seismograms in Figs 13 and 14, and

analytical solution of the fundamental mode of HTI Model 2.
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Figure 17. Comparisons of dispersion curves calculated using different anisotropic parameters and analytical solutions of the fundamental mode of HTI
Model 2.

3.4 Seismogram stacking to stabilize solution

In order to weaken the effect of coupled wavefield on the results in some directions when the station is in the radiation node of the
source, associated with a small amplitude, and to obtain a stable and reliable dispersion curve, we consider fitting data with multiple source
seismograms in the same direction to obtain a reliable phase velocity. This is also in line with the consideration of actual data processing.

The media parameters and geometry of Model 3 are the same with that of model 2, except that 23 seismograms are generated in each
direction with 23 different sources to estimate the dispersion value. The number of events is selected randomly, even one event with good
radiation amplitude can lead to satisfactory results (see Fig. 15). In Model 3, the depth of sources in each direction is randomly distributed in
the range of 5—15 km, the centre period of the wavelet is randomly distributed in the 30-80 s, and each magnitude of the focal mechanism is
randomly selected from —1 to 1. Unlike in Models 1 and 2, we also calculate the radial strain seismogram ¢,, and radial translation seismogram
A,, which are associated with the qR wave, to illustrate the applicability of the translation-strain dispersion in eq. (25a).

The least-square method of time—frequency analysis in Appendix B is also performed to estimate the dispersion value. To reduce the
influence of the coupled wavefield, the data with small radiation amplitude should be removed, which is demonstrated in the analysis of Model
2. A simple criterion is defined that the data points that are less than 10 per cent of the maximum amplitude in each periodic signal will be
removed, and only more than 10 per cent of the energy is retained. This criterion is not fixed and can be adjusted according to the strength
of actual anisotropy and noise level. Consequently, the weight function in Appendix B, which can also be called the filter function, can be
expressed as:

1; otherwise.

< 10percent

wf(w, ) = { (41)

Fig. 18 shows the time-period spectra of the first five seismograms (S1 direction) and the time-period spectra filtered by the weight
eq. (41). It can be seen that after the processing of the weight function, the energy below 10 per cent in each period is directly removed. And
the time-period spectra of seismograms associated with other directions (sources) can also be obtained in the same way, although we do not
show these spectra. This filtering is also suitable for the suppression of random noise. We will discuss this effect of random noise in the next
section. Fig. 19 shows the calculated dispersion results using the filtered spectra in Figs 18 combined with the dispersion eqs (24a) and (25a),
indicating that the results are consistent with the theoretical solution, whether it is a qR wave (red points) or a qL wave (blue points). At the
same time, the results (green points) in Fig. 19 obtained by the translation-strain dispersion eq. (25a) also match well the theoretical values.
It demonstrates that by using multiple seismograms, the unfavourable influence of the coupled wavefield can be eliminated, resulting in a
stable and reliable dispersion curve. These simulation results from Model 1-3 demonstrate the correctness and applicability of the derived
dispersion formulas which also means that the ratio of translational displacement to rotation or strain can identify the azimuthal anisotropy
from a single station 6C (three displacement components and three rotation components) measurement.

3.5 The effect of random noise

From the perspective of seismological observations, the influence of noise or the uncertainties of amplitude measurements cannot be ignored.
In particular, this paper uses frequency-dependent amplitude information to obtain the dispersion curves, and small amplitudes perturbations
may have a strong impact on the results (Kurrle e al. 2010). Therefore, the least-square solution based on linear regression in Appendix B
to fit the data helps to get a stable solution. The multiple seismograms of qR waves in the direction of azimuth y» = 0 (S1) in Model 3 are
used as input data for our noise analysis. Fig. 20 shows the first five seismograms (4.) of Model 3 perturbed with random Gaussian noise
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Figure 18. Period-normalized time-period spectra of the first five seismograms (S1 direction). From top to bottom: time-period spectra of 4;; filtered time-period
spectra of 4, using weight function of eq. (41); removed time-period spectra of 4.
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Figure 19. Comparisons of dispersion curves calculated using translation-rotation and translation-strain dispersion eqs (24a) and (25a) and analytical solution
of the fundamental mode of Model 3.

with varying signal-to-noise ratio (SNR). It can be seen that when the SNR is equal to 2, the noise covers the whole time window, and the
amplitude of each waveform will be greatly changed.

We add Gaussian random noise with different SNRs to 4, and €2, at the same time. To simulate the influence of noise when processing
multiple seismograms for one azimuth, each SNR is generated 100 times and we calculate the kernel density function (Botev et al. 2010) of
the phase velocity distribution, which represents its probability density distribution. When calculating the phase velocity using the approach
described in Appendix B, we still use the weight function in eq. (41) to exclude amplitudes less than 10 per cent in each period. Fig. 21 shows
the kernel density function under different SNRs, and the black solid line is its theoretical dispersion curve. When the SNR is equal to 2, it
can be seen that most of the energy is confined to the range within the 1 per cent error bar, especially between 40 and 60 s, benefiting from its
large amplitude energy. For this period range 70-80 s with small amplitude energy, its density function energy distribution is more dispersed
than that of other periods. With an improvement of the SNR, the energy of its kernel density function becomes closer to the theoretical
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Figure 20. The first five seismograms (4., S1 direction) of Model 3 with different SNR.
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Figure 21. Comparisons of dispersion probability energy distribution with different SNR, while each SNR is simulated for 100 times, and analytical solutions
of the fundamental mode of HTI Model 3.

dispersion curve. When the SNR is greater than 10, about 90 per cent of the energy is distributed between a 1 per cent error bar, showing that
the dispersion curve obtained from this SNR lets us resolve anisotropy of 3—4 per cent in the medium.

Consequently, for real data processing, the seismic data with a high SNR and large radiation amplitude should be selected as much as
possible to derive the dispersion value, and the solution obtained by using the linear regression method is more reliable.

3.6 Estimating local dispersion characteristics

The commonly used method to study anisotropy based on phase difference measurement dispersion is to extract the average velocity between
the source and the station (earthquake data), or the average velocity between stations (seismic ambient noise data). Therefore, if the measured
dispersion curve shows angular anisotropy, it is difficult to judge whether it is caused by heterogeneity or anisotropy.

Model 4 is used to demonstrate the advantage of the ratio method on lateral resolution compared with the traditional phase difference
method in analysing azimuthal anisotropy. As shown in Fig. 22, the medium in the outer circle where the source is located in an isotropic
medium, with parameters shown in Table 1. The inner cylinder with a radius of 500 km below the station is an HTI medium with 3 per cent
anisotropy of the first layer of body waves, and the second layer is also a half-space HTI medium model with 4 per cent anisotropy whose
parameters are shown in Table 3. The seismograms for Model 4, which are associated with qR waves, are generated using the moment
tensor source of eq. (40) whose central frequencies are 0.034 Hz (period = 29.4 s) and 0.015 Hz (period = 66.7 s), respectively. We still

€20z AInr 20 uo Jasn SUND Ad #1.2€91 L/2/LISEZ/a10M e B/wod dno-olwepede)/:sdiy wody papeojumod


art/ggad199_f20.eps
art/ggad199_f21.eps

Single-point dispersion measurement 41

A Sstation
® Source

Figure 22. Distributions of sources and receiver of Model 4.

Table 3. Layer properties of the inner cylinder of Model 4.

Layer  Depth (km) p (kgm™) ay(kms) 285 pydams™!) B
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Figure 23. Comparisons of dispersion curves calculated using translation-rotation ratio eqs (24a) and (25a) and analytical solution of the fundamental mode
of the inner cylinder in Model 4.

use the least-square method in Appendix B to calculate the dispersion points, where the weight function is equal to 1 for all data points. As
illustrated in Fig. 23, the estimated dispersion is consistent with the theoretical dispersion curve of the inner cylindrical medium, reflecting
the surface wave dispersion characteristics of the medium directly below the station. The derived ratio dispersion equation gives the localized
azimuthal-dependent dispersion relations of the formation right beneath a receiver. This suggests that the smaller the wavelength, the smaller
the influence of heterogeneity. Therefore, we expect that the ratio dispersion method will provide a higher lateral resolution imaging result on
azimuthal anisotropy analysis, where the lateral resolution can be smaller than one wavelength (Tang & Fang 2023).

3.7 Estimation of the azimuth using horizontal rotation

Accurate calculation of the azimuth of the wavefield incident on the station is crucial in the study of azimuthal anisotropy. It is the most basic
parameter in the subsequent correct inversion of the anisotropy and the evaluation of the azimuth of mantle flow or fracture orientation. The
error of the angle will directly lead to errors of the anisotropy parameters. As illustrated in Figs 2 and 3, the polarization characteristics of the
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rotation allow us to use the rotation component to calculate the incident azimuth of the phase velocity without distinguishing the properties
of the medium and considering the effect of the coupled wavefield. The expression for calculating the azimuth can be given as

QX
tan(y) = —Q—y. (42)
The rotational seismograms of Model 2 and 3 with different focal mechanisms are used to verify the feasibility of using only the rotational
component in eq. (42). Fig. 24 shows that the azimuth calculated from the rotational components is consistent with the theoretical azimuth
and is not affected by the coupled wavefield despite the weak radiation amplitude S4-S6 in Figs 9 and 10 and contamination by coupling.
The results, which are calculated with multiple seismograms in Model 3, are in good agreement with the theoretical values, indicating the
applicability of eq. (42).

3.8 Anisotropy study based on the rotation angle

The polarization characteristics of rotations in Fig. 3 show that there is an additional angle between the propagation direction of the qR wave
and the horizontal translation polarization direction in anisotropic media (see Fig. 25), which is called the rotation angle here. Similarly, there
is also an additional angle between the quasi-Love wave and T-axis. This rotation angle is also a function of the propagation direction, so it
can also be used to study azimuthal anisotropy. Taking the qR wave as an example, it can be seen from eq. (22) that the formula for calculating
the rotation angle of the qR wave is
u, w
tan(yo) = — = ——T, (43)
U, V

where the calculation of u, and u, from u, and u, requires the azimuth which can be calculated using rotation components in eq 42. The
tangent function of this angle is represented by the coupling term 7, which is an azimuth-dependent function. Its calculation is similar to
eq. (20) in Tanimoto (2004) who used the ratio of the vertical translation component of the coupled qL wave to the horizontal translation
component of the qL wave to analyse anisotropy, except that the amplitude is different.

Eqgs (42) and (43) provide an alternative method for studying anisotropy. The advantage is that the azimuth estimation based on the
rotation component will not be affected by the coupled wavefield, while the variables estimated based on the translation component will be
affected by the coupled wavefield.
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4 DISCUSSION

We derived concise polarization form of rotation and strain based on the first-order perturbation. This form allows us to clearly describe the
particle motion and the dominant surface waves can be verified by comparing with the numerical results. However, it is very hard to verify
the dispersion relation (eqs 24b and 25b) of the coupled waves whose amplitude is generally pretty small in a weakly anisotropic medium.

This first-order perturbation theory shows that the rotational vector is orthogonal to the wavenumber vector, so the radial rotational
component €2, is always equal to zero. From the observational point of view, the recorded seismogram will contain scattering waves from all
directions due to the heterogeneity in the Earth, especially in the short period range. Therefore, the signal in the radial rotational component
of an earthquake comes from the scattering waves rather than from the effects of anisotropy. As the frequency decreases, the earth structure
generally will become more homogeneous, the amplitude of the radial rotational component will tend to be zero. This amplitude-dependent
dispersion measurement approach requires very high accuracy for amplitude measurements. Even a very small amplitude perturbation
can results in larger deviation (Kurrle et al. 2010). Consequently, it is very necessary to use multiple seismogram to obtain a reliable
velocity.

For a general anisotropic medium, as illustrated by eqs (30a) and (30b), there is no available rotational component that can be used
to calculate the Rayleigh wave velocity because the retrieval of phase velocity from eq. (30b) which is from coupled waves is extremely
difficult from real data. Considering the fact that the earth structure is a general anisotropic medium, and that the amplitude recorded by a
rotational seismometer is more accurate than those of DAS at a single point observation, and the amplitude of fundamental Rayleigh waves
is less affected by coupled waves than Love waves. So, is it possible to combine the rotational component to calculate the velocity of qR
wave for a general anisotropic medium? Let us consider the assumption that « ¢ is close to «,, it means that the degree of anisotropy is very
weak. Then, V' = «,U in eq. (28) because in isotropic media, V' = «,oU (see eq. 12). Combining eqgs (28) and (22), we can also obtain the
same dispersion relation in eq (25a) for a general anisotropic medium. But there will be some errors when using the rotational waveform
directly measured by the sensor. An alternative method is to use the array derived rotation (ADR, Spudich ez al. 1995; Spudich & Fletcher
2008) approach to retrieve the rotational waveform. However, it requires that the stations should be distributed as uniformly as possible
in different azimuths and its frequency range is also limited by the aperture of a seismic array. It does not need to calculate the vertical
partial derivative 3., which means the V' in eq. (28) is equal to zero. Then we can also obtain the same dispersion eqs (25a) for accurately
calculating the velocity of qR wave by combining eqs (28) and (22). This method has been verified in our recent real data case (Tang et al.
2023).

In this paper, we only study the fundamental mode due to the following two reasons: (1) the perturbation theory used to derive the
dispersion formulas is valid only for the fundamental mode at short periods, and for fundamental modes and lowest overtones at longer
periods (Maupin 1989). The Rayleigh wave fundamental mode has a dispersion curve isolated enough from those of the other modes not to
suffer from strong coupling with neighbouring modes, while the Love wave fundamental mode will be affected by fundamental and higher
modes of the Rayleigh wave, and the higher modes of Rayleigh wave and Love wave will suffer from coupling with neighbouring modes
seriously and (2) another point to be considered is that the dispersion curve can be accurately obtained by using our approach only when there
is the energy of single-mode (fundamental mode) in the seismogram. When the higher mode energy of the surface wave is relatively strong,
it is necessary to separate the modes before calculating the dispersion, which is described in detail by Tang & Fang (2023) and Kurrle ef al.
(2010), but it is currently difficult to use a single station to achieve the mode separation. This is the reason why this method is more suitable
for long periods and teleseismic records of shallow seismic sources, when the higher modes are much weaker than the fundamental mode that
can be neglected. In the future, with enough rotation sensors, we can use the array method (Tang & Fang 2023) to separate and calculate the
local dispersion of higher modes.

5 CONCLUSION

We derived the expressions for calculating the dispersion curves in weakly anisotropic media, using a single observation point which consists
of translational displacement and rotation or strain. We analysed the influence of surface wave coupling, with effects depending on the
anisotropic strength. When the radiation amplitude of the wavefield is very small, the coupled wave will seriously affect the measurements of
dispersion curves. Therefore, it is necessary to select a waveform with strong radiation amplitude or use multiple seismograms to fit a stable
dispersion value. Even in general anisotropic media, the polarization plane of rotation is perpendicular to the propagation direction, which
provides a new method to extract the azimuth of wave propagation. We numerically demonstrate the effectiveness and applicability of the
frequency-dependent amplitude ratio method for deriving anisotropy in the Earth.
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APPENDIX A

The elastic tensor of VTI media can be expressed as:

CiCi—2-CCi3 0 0 0

Cy Cs 0 0 O
C; 0 0 O
C =
VTI Cu 00
sym. C44 0
C66

The elastic tensor of orthorhombic media can be expressed as:

Cll C|2 C|3 O 0 0
Cpn Cx 0 0 O
Cz 0 0 O

Cor =
o Cu 00
sym. C55 0
C66

The elastic tensor of monoclinic media can be expressed as:

Cii Ciu Ci3 0 0 Cig
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Ciz 0 0 Cy

Cay Cy5 0

sym. C55 0
Ces

Cmonu =
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In this appendix, we introduce the linear regression least-square solution of the ratio equation.

We first use the time—frequency transformation method (e.g. the wavelet transformation) to obtain the time—frequency spectra of
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2010), and then combine the least-square algorithm to calculate the dispersion curves. We use the dispersion eq. (17) of isotropic media as
an example to demonstrate how to calculate a stable phase velocity. In the time—frequency spectra, eq. (17) can be expressed as

i (w, t;)

2Q.(w, 1;) | (BD)

cr(w) =

where 7;(i = 1. .. N) represents any time point in the time window for qL wave. N is the number of data points. Eq. (B1) is written in the form
of a matrix

Gom = d(), (B2)

where Gy = 2[|Q:(w, H)l, ..., |1Q:(w, )17, m = ¢ (w) and dy = [|ti(w, 1)), ... , |t (o, ty)|]7. To select the appropriate data point, we
introduce a weight function wf{w, t;) for each data point whose value is equal to 1 or 0. Consequently, eq. (B2) can be given as

Gm =d, (B3)

where G = 2[wf (o, 1)|Q(w, 1), ..., wf(w, ty)|Q(w, t3))|]7 and d = [wf(w, )i (@, 1), ..., wf(w, ty)|i, (o, ty)|]". Consequently,
the least-square solution of eq. (B3) can be expressed as;
Y wf (@, 6|2, 1) (@, 1)

230 wf (@, Q. 0

when wf{w, t;) is equal to 0 which means that we remove this data point.

cL(@) = (B4)

APPENDIX C

In isotropic media, the polarization of rotation and strain at the surface (z = 0) can be expressed in Cartesian coordinate as:
For the Love wave;

Q, =0
Q,=0 (C1)
Q. =ik gW/2
Exx = —ikjoSiny cosy W
&,y = ikjp Sinyr cosy W
&..=0
&y = i Wipo(cos Y? — sin?)/2
;=0

(©2)

€y, = 0,
For the Rayleigh wave;

Q= —KkosinyU
Q, =K 9cosypU (C3)
Q. =0
Evy = ikyoCOS YV
&,y = ik sin Y2V
A .
_7(}»+2M)1K,0 V (C4)
Exy = [y SINY COSY V
Exz = 0

€z =

Eyz = 0,

where we again omit the exponential term e*(€osVx + i) —iot For the sake of simplicity, the following derivation will also omit the term.
In orthorhombic media, the polarization of rotation and strain at the surface (z = 0) can be expressed in Cartesian coordinate as
For the qL wave;

Q, = —k;sinyTU
Q, =xcosyTU (C5)
Q. =ikW/2
Exy = —ikjcosY(cos Y TV —sinyy W)
&yy = ikysinyr(sinyy TV + cosy W)
&, = —%zi/c, cosy(cosy TV —siny W) — %zi/c, siny(siny TV + cosy W)
&y = ik (2siny cos Y TV + cos Y2 W — sin 2 W)/2
g =0
g,; = 0.

(Co)
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For the qR wave;

Q, = —k, sinyU
Q, =k, cosyU (C7
Q. =—ik, TW/2

&xx = Ik, cOsY(cosy V +siny TW)

&yy = ik, siny(sinyy V — cos y T W)
£, = —C—;;i/c,. cos Y (cos YV +siny TW) — Lk, siny(siny V — cos y TW)

c C33 (C8)
&y = ik, (28N cos YV — cos Y2 TW + siny?TW)/2
Exz = 0
£,: =0.
In general anisotropic media, the polarization of rotation and strain at the surface (z = 0) can be expressed in Cartesian coordinate as
For the gL wave;
Q. = —(kysiny TU + cosy W' +sinyTV")/2
Q, = (cosY TV +k;cos Yy TU —sinyy W')/2 (C9)
Q. =ikW/2
&y = ikjcosy(cosy TV —sinyy W)
&yy = iky sinyr(sinyy TV 4 cos y W)
€1 = 7%[@3(7 siny cos W 4 cos Y2 T V) + Caos(siny cos Yy W + sin 2 TV) + %(2 siny cos Y TV 4 cos Y2 W — sin 2 )] (C10)

vy = ik (2siny cos Y TV + cos Y2 W — sinyr> W)/2
&x: = (cosY TV —kycosyTU —siny W')/2
&y: = (cosY W' +siny TV’ — Tk;sinypU)/2.

For the qR wave;

Q= —(k, sinyU — cosyy TW' +sinyV')/2
Q, = (cosy V' +«,cospU +sinyy TW')/2 (C11)
Q. =—ik,TW/2
&xx = ik, cosy(cos YV +siny TW)
&yy = ik, SinY(sinyy V' — cosy T W)
£ = *ICKB [Ci3(cos Y2V + siny cos T W) + Cas(—siny cos Y T W + sin Y2 V) + S&(2sin cos ¥V + (sin > — cos )T )]
&xy = ik (28inY cos YV — cos Y2 TW + siny 2T W)/2
&z = (cosY V' — Kk, cosyU + siny TW')/2
gy: = (—cosYTW +siny V' —k, sinyU)/2.

(C12)

It should be noted that under the free surface boundary condition, W(O) = 0.W|.- o = 0,. = 0 in the reference isotropic media (Takeuchi &
Saito 1972).
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