J Seismol (2012) 16:669-681
DOI 10.1007/s10950-012-9298-3

ORIGINAL ARTICLE

Measurements of translation, rotation and strain: new
approaches to seismic processing and inversion

Moritz Bernauer - Andreas Fichtner - Heiner Igel

Received: 5 July 2011 / Accepted: 13 March 2012 / Published online: 28 March 2012

© Springer Science+Business Media B.V. 2012

Abstract We propose a novel approach to seis-
mic tomography based on the joint processing
of translation, strain and rotation measurements.
Our concept is based on the apparent S and P
velocities, defined as the ratios of displacement
velocity and rotation amplitude, and displacement
velocity and divergence amplitude, respectively.
To assess the capability of these new observables
to constrain various aspects of 3D Earth structure,
we study their corresponding finite-frequency ker-
nels, computed with a combination of spectral-
element simulations and adjoint techniques. The
principal conclusion is that both the apparent S
and P velocities are generally sensitive only to
small-scale near-receiver structure, irrespective of
the type of seismic wave considered. It follows
that knowledge of deeper Earth structure would
not be required in tomographic inversions for
local structure based on the new observables. In
a synthetic finite-perturbation test, we confirm
the ability of the apparent S and P velocities to
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directly detect both the location and the sign of
shallow lateral velocity variations.
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1 Introduction

Thanks to recent technological developments,
seismically induced rotation and strain are emerg-
ing as new observables that complement the tra-
ditional translation recordings. Dynamic strain
can be recorded by long-base laser strainmeters
(e.g. Agnew and Wyatt 2003), and ring lasers
are used for high-precision measurements of ro-
tational ground motions (e.g. Schreiber et al.
2009). Direct and array-derived rotation measure-
ments were compared for ring laser systems (e.g.
Suryanto et al. 2006), and recordings of seismically
induced strain have been analysed together with
seismometer data and theoretical computations
by Gomberg and Agnew (1996). For dynamic
strain measurements, entire station networks as
for example the EarthScope borehole strainmeter
array also exist. The testing of portable rotation
sensors has started only recently (e.g. BrokeSova
and Malek 2010; Nigbor et al. 2009; Liu et al. 2009;
Wassermann et al. 2009).
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While e.g. Mikumo and Aki (1964), Sacks et al.
(1976) and Blum et al. (2010) showed how to
derive local phase velocities from acceleration
measurements in conjunction with dynamic strain
observations, the newly developed rotation sen-
sors have also opened remarkable perspectives
in many branches of seismological research: Ob-
servations of near-field rotational ground mo-
tions induced by swarm quakes (Takeo 2009), and
fault ruptures (Wu et al. 2009) are likely to con-
tribute to our understanding of earthquake source
processes. As suggested by Pillet et al. (2009), ro-
tation sensors may be used to improve the signal-
to-noise ratio of ocean-bottom seismometers.

Also, various methods to infer Earth structure
from rotation measurements have recently been
proposed: Collocated measurements of transla-
tions and rotations were used to estimate local
phase velocities (Igel et al. 2005, 2007; Cochard
et al. 2006) or to identify the low seismic ve-
locities of sedimentary basins (Wang et al. 2009;
Stupazzini et al. 2009). Pham et al. (2009) ex-
tracted information about crustal scattering from
rotational signals in the coda of P waves. Ferreira
and Igel (2009) used full ray-theory modelling to
demonstrate a clearly observable effect of near-
receiver heterogeneities on rotational motions of
Love waves. Following these first successful appli-
cations based on single rotational ground motion
recordings, the next steps consist in (1) the in-
stallation of rotation sensor networks and (2) the
incorporation of strain measurements in order to
complete the set of seismic observables.

In anticipation of these developments, this pa-
per explores the potentials of future rotation and
strain sensor networks in the context of seis-
mic tomography. For this, we investigate an ap-
proach to seismic tomography that is based on the
joint processing of translation (u;), strain (e; :=
3(3;u; + du;)) and rotation (w; 1= j&;0;u) mea-
surements. Following Fichtner and Igel (2009)
and Bernauer et al. (2009), we consider the ap-
parent S and P velocities, defined as the ratios
of displacement velocity and rotation amplitude,
and displacement velocity and divergence ampli-
tude, respectively. Using adjoint techniques and a
spectral-element solver of the seismic wave equa-
tion (Fichtner et al. 2009; Fichtner 2011), we com-
pute the sensitivity kernels for the apparent P and
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S velocities. For a 1D model, the sensitivity of
the apparent S velocity of S and surface waves
is concentrated in the vicinity of the receiver
(Fichtner and Igel 2009). In this study, we extend
the work of Fichtner and Igel (2009) to P waves
and the apparent P velocity. Furthermore, we
combine the kernels with a finite-perturbation test
indicating that aspects of 3D Earth structure are
particularly well constrained by the newly defined
observables.

2 The characteristics of a 12-component data set

We begin our developments with the simula-
tion of a 12-component data set that illustrates
several characteristic properties of rotation and
strain measurements. For the computation of both
synthetic seismograms and sensitivity kernels, we
use a spectral-element solver of the seismic wave
equation (Fichtner et al. 2009; Fichtner 2011).
As Earth model, we use the isotropic version of
the Preliminary Reference Earth Model (PREM)
without viscoelastic dissipation (Dziewonski and
Anderson 1981). The seismic wavefield with a
dominant period of 20 s is excited by a point
source at 400-km depth beneath eastern Indonesia
and recorded at 30° epicentral distance, as illus-
trated in Fig. 1. The explicit source parameters can
be found in Appendix. The three-component dis-
placement velocity, three-component rotation and
six-component strain corresponding to the previ-
ously described setup are displayed in Fig. 2. The

gnit=200s, A= 30°
I f'. . ': _..'

0°

I
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Fig. 1 Source mechanism and snapshot of the vertical-
component wavetfield, 200 s after source initiation. The
source is located at 400-km depth, 130° E longitude and 0°
latitude in eastern Indonesia. The dominant period is 20 s.
The receiver is marked by the black dot (100° E longitude,
0° latitude, 0-km depth)
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Fig. 2 Synthetic 12-component data set: velocity, rotation and strain are simulated at one single seismic station on Sumatra.
The dominant period is 20 s. P and S phases are marked by dashed lines

symbols 6, ¢ and z denote colatitude, longitude
and depth, respectively. The arrival of the direct
P wave around 330 s is visible in the radial and
vertical components of the displacement velocity
vy and v;, as well as in the ¢¢- and zz-components
of the strain tensor. P-to-S conversions at the free
surface are responsible for the P wave signal in the
transverse rotation wy. The clearest S wave arrival
at ~600 s is contained in the transverse velocity
vy, the vertical rotation w, and the ¢¢ and 6¢
strain components. Love and Rayleigh waves are
present roughly from 700 to 800 s.

While the waveforms of the non-zero strain
and rotation components strongly depend on the
source-receiver geometry, the vanishing compo-
nents are of a more general nature. In partic-
ular, the radial-component rotation—w, in our
case—is always expected to be zero in a layered
medium (Cochard et al. 2006). Furthermore, the
free-surface boundary condition forces the strain
components ey, and ey, to zero, which leads us
to focus on the diagonal strain components in our
subsequent analysis.

3 New observables and their response to 3D
Earth structure

While rotation and strain measurements are in-
teresting already by themselves, we wish to go
one step further and define new observables from
combinations of velocity, strain and rotation. This
is motivated by a simple plane wave analysis: As-
suming a plane S wave u(x, f) in a homogeneous
and isotropic full space, the S velocity g can be
expressed as the ratio of velocity and rotation
amplitude:

1 ]v]
=-— 1
p 2 @]’ M)
with the time derivative of the displacement field
v = u. Similarly, for a plane P wave, the P velocity
o is given by
M

o= .
|tre|

@)

Due to our restrictive assumptions, Egs. 1 and 2
are of little practical relevance in heterogeneous
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media. Nevertheless, a slight generalisation
promises to yield rather direct information on
the Earth’s S and P velocity structures: Inspired
by Eq. 1, we define the apparent S velocity g,
measured at receiver position x" as (Fichtner and
Igel 2009)

1 v(x")

(X)) = = s 3
pul) = 3 s ®
with the velocity amplitude v(x") =,/ [ V2(x", 1) dt
and the rotation amplitude wx") =

/[ @*(x, 1) dt. In analogy to Eq. 3, we define the

apparent P velocity «, at the receiver position
x" as

v(x")
s(x")

(4)

o, (x') =

where the symbol s denotes the divergence am-

plitude s(x") =,/ [[tre(x", £)]* dt. Both definitions,

Egs. 3 and 4, are applicable either to complete
seismograms or to isolated waveforms, as dis-
cussed in Sect. 4. An exemplary measurement of
B. corresponding to the SH wave phases of the vy
and w, seismograms in Fig. 2 is shown in Fig. 3.

The apparent S velocity B, is equal to the S
velocity 8 in the case of a plane S wave in a
homogeneous, unbounded and isotropic medium.
A similar result holds for the apparent P velocity «,.

It is at this point important to keep in mind
that the apparent P and S velocities ¢, and g, are
measurements derived from various seismograms.
In contrast, the P and S velocities « and 8 are
material parameters, the 3D variations of which
are the target of a tomographic inversion.

Our primary interest is in the response of the
previously defined measurements to variations in
3D Earth structure. For this, we consider a generic
measurement x that represents, for instance, the
velocity amplitude v(x"), the apparent S velocity
Ba(x") or the apparent P velocity a,(x"). A change
in the observable, §x, that results from a model
perturbation §m is given, correct to first order, by
Sx = / K, (x,X)8m(x) d°x 5)
where m can be the S velocity g, the P velocity « or
any other Earth model parameter. The sensitivity
or Fréchet kernel K,,(x, x) describes how the ob-
servable y is affected by model parameter changes
dm at position x in the Earth. In the interest of a
succinct notation, we omit the spatial dependence
of the kernels from hereon.

In the following, we explore the properties of
sensitivity kernels for various rotation- and strain-
related observables, including the apparent S and
P velocities. This allows us to identify the ob-
servable’s capability to constrain different aspects
of 3D Earth structure. All kernels are computed
with the help of adjoint techniques (e.g. Tarantola
1988; Tromp et al. 2005; Fichtner et al. 2006).

4 Sensitivity kernel gallery

To illustrate the main characteristics of our newly
defined observables B, and «,, we present a
gallery of sensitivity kernels for P, S, Love and
Rayleigh waves. This is intended to aid in the de-
velopment of the physical intuition necessary for

Fig. 3 B, measurement
representing the SH wave

Ba = 7300 m/s

phases of the vy and @, Vo
seismograms in Fig. 2.
According to Eq. 3, B, is

calculated via

%\/ Jvo(x", Z)Zdt/\/ Jo(x" 07t
while vy and @, are

restricted to the SH wave
windows (grey column)

SH
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the incorporation of B, and «, into tomographic
inversions.

In the following figures, we show not only
the sensitivity kernels for the apparent P and S
velocities, K,,(«,) and K,,(B,), but also for the
velocity amplitude, K,,,(v), the rotation amplitude,
K, (w), and the divergence amplitude, K, (s). This
is because K,,(«,) and K,,(8,) are equal to the
differences

Kin(ag) = Kin(v) — Kin(s) (6)
and
K, (Ba) = Kin(v) — Kyp(w) . (7)

Equations 6 and 7 follow directly from the product
rule of differentiation. For a detailed derivation of
Eq. 6, we refer to Fichtner and Igel (2009). Equa-
tion 7 follows analogously. The necessary techni-
cal details for the explicit computation of K,,(v),
K, (s) and K,,,(w) can be found in Appendix.

4.1 P wave kernels

In our first series of examples, we consider the
direct P wave for the setup described in Figs. 1
and 2. Sensitivity kernels of the velocity amplitude
v, the divergence amplitude s and the apparent P
velocity «, are shown in Fig. 4. All kernels are with

respect to «, meaning that they describe the first-
order response of the respective observable to a
change in the P velocity. The velocity amplitude
kernel K, (v) has the typical cigar shape of a body
wave amplitude kernel with negative sensitivity in
the first Fresnel zone surrounding the geometric
ray path (e.g. Dahlen and Baig 2002). According
to Eq. 5, positive perturbations of « located within
the region of negative sensitivity reduce the P
wave amplitude and vice versa. The broad struc-
ture of the divergence amplitude kernel K, (s) is
similar to the velocity amplitude kernel K, (v),
meaning that both v and s provide nearly identical
constraints on 3D Earth structure. As shown in
Fig. 5, differences between K, (v) and K,(s) are
mostly restricted to the near-receiver region and
to the higher Fresnel zones.

These differences are particularly evident in the
apparent P velocity kernel K, («,), which, accord-
ing to Eq. 6, is equal to the difference K,(v) —
K, (s). The localisation of K, («,) near the surface
and the absence of a broad first Fresnel zone
suggest that the apparent P velocity of the di-
rect P wave constrains comparatively small-scale
variations of o near the receiver. We furthermore
note that K, («,) is predominantly positive so that
increases in « are expected to yield increases in
o, and vice versa. The non-zero sensitivity of «,

P wave (20 s), latitude = 0°|
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o
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Fig. 4 Left column: Vertical slices through the source-
receiver plane of the sensitivity kernels for the velocity
amplitude v, the divergence amplitude s and the apparent
P velocity «,. All kernels are relative to the P velocity
a. Ky(ag) is most sensitive to near-receiver structures.

Right column: Vertical slices through the source-receiver
plane of the rotation amplitude and the apparent S velocity
kernels for the 20-s P wave from Fig. 2. K,(B,) is most
sensitive to near-receiver structures
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Fig. 5 Vertical slices through various sensitivity kernels
perpendicular to the source-receiver plane. The slices are
close to the receiver in the left panel (a, ¢, e) and close
to the source in the right panel (b, d, f). The velocity
and divergence amplitude kernels, K,(v) and K,(s), are
hardly distinguishable in the source region. Differences are
most pronounced around the receiver. Consequently, the
a, kernel K, (ay) = Ko (v) — K, (s) is largest in the receiver
region (left) but vanishes closer to the source (right)

directly at the source is confined to a very small
volume, meaning that it is practically negligible.
While it is intuitively expected that the appar-
ent P velocity «, of the direct P wave is sensitive
to the P velocity «, the behaviour of the apparent
S velocity B, is less predictable. First, we note that
the apparent S velocity of the direct P wave takes
a well-defined finite value. This is mostly because
the transverse rotation of the P wave (wy in Fig. 2)
is non-zero as a result of P-to-S conversions as
the P wave reflects off the free surface. Changes
in the P velocity « affect the P wave and there-
fore also lead to perturbations of the converted S
wave. This explains why the sensitivity of the rota-
tional signal of the P wave, K, (w), is significantly
different from zero—and in fact very similar to the
sensitivity of the displacement amplitude K, (v)
(Fig. 4). Again, the differences between K, (v) and
K, (w) manifest themselves most clearly in the
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apparent S velocity kernel K,(8,) that is largest
near the receiver, similar to K, («,).

It is a particularly noteworthy observation that
the kernels K,(o,) and K,(B,) from Fig. 4 are
globally similar but differ significantly from each
other in the near-receiver region. This suggests
that the apparent P and S velocities provide inde-
pendent information on the near-receiver P veloc-
ity structure. This leads us to conjecture that the
combined use of both «, and B, in tomographic
inversions can improve the resolution of 3D P
velocity heterogeneity.

4.2 S wave kernels

The direct P waveform from the previous exam-
ple is clearly separated from later-arriving phases,
which allowed us to study unambiguously defined
P wave kernels. S waveforms, in contrast, are
more complex and appear in the form of an iso-
lated peak only in the transverse velocity vy, and
the vertical rotation w,. Thus, in the interest of
simplicity, we restrict our attention to the mea-
surement of the apparent S velocity 8,, computed
from the SH wave phase recorded in the vy and w,
seismograms in Fig. 2.

The corresponding kernels for the rotation am-
plitude, Kg(w), the velocity amplitude, Kg(v), and
the apparent S velocity, Kg(8,), are displayed in
Fig. 6. All kernels are with respect to the S velocity
B because the SH wave is practically insensitive
to the P velocity «. Except for the slimmer first
Fresnel zone that results from the shorter wave-
length of S waves compared to P waves, the S
wave kernels duplicate the main features of the
P wave kernels in Fig. 4. In particular, the large-
scale features of Kg(v) and Kg(w) are nearly
identical, meaning that the velocity amplitude and
the rotation amplitude of the SH wave do not
provide independent constraints on 3D S velocity
heterogeneity.

As for the P wave, the essential benefit comes
from the combination of the two measurements,
v and w, into one new observable: the appar-
ent S velocity B,. The sensitivity of 8, to the S
velocity, Kg(B,) = Kg(v) — Kg(w), highlights the
differences between Kg(v) and Kg(w) that can
mostly be found within the higher Fresnel zones
and near the surface. The apparent S velocity
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Fig. 6 Vertical slices through the source-receiver plane of
sensitivity kernels for the 20-s SH wave shown in Fig. 2.
The velocity amplitude kernel at the top and the rotation
amplitude kernel in the middle are similar. The apparent S
velocity kernel Kg(B,) at the bottom pronounces the small
differences between Kg(v) and Kg(w)

kernel Kg(B,) is therefore—similar to the appar-
ent P velocity kernels—only sensitive to compar-
atively small-scale near-receiver structure. It fol-
lows that g, provides additional information on
near-surface structure that is independent of the
S velocity at larger distances from the receiver.

4.3 Love wave kernels

For the computation of surface wave sensitivity
kernels, we slightly modify our simulation setup:
The source is placed at a shallower depth of 50 km,
and the dominant period is increased to 50 s. In
our study of Love waves, we follow the previous
SH wave example and consider only the vg- and
w,-components. As Love waves are insensitive to
the P velocity o, we concentrate on the sensitivity
of B, with respect to §.

Figure 7 demonstrates that the previously ob-
served phenomenon of sensitivity restricted to the
near-receiver region is reproduced by Love waves.
It follows that Love waves should also be well
suited to constrain small-scale variations in 8 close
to the surface. Vertical slices through the sensitiv-
ity kernels Kg(v), Kg(w) and Kg(B,) are shown
in Fig. 8. As expected, sensitivity for all measure-
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Fig. 7 Horizontal slices at 25-km depth through the sen-
sitivity kernels Kg(v), Kg(w) and Kg(B,) for a 50-s Love
wave

ments rapidly decreases away from the surface
and practically vanishes below 200-km depth.

4.4 Rayleigh wave kernels

To complete the gallery for the most prominent
phases in a seismogram, we consider 50-s Rayleigh
waves. The setup is identical to the one used

200} - = “““"‘KiLG)“““-“'
Al g
__ BOOLAT Ii.ON
E sl ——_—r T
£ Kgw) 5
g 5
O 800LAT llLoN =
s o |}
e KgBa) | U
800|LAT Hl..ON
100°E 130°E 7°S 7N

Fig. 8 Vertical slices for a constant latitude at 0° (left
panel) and a constant longitude at 115° (right panel)
through the sensitivity kernels Kg(v), Kg(w) and Kg(B,)
for a 50-s Love wave. The sensitivity of all measurements,
v, w and By, is restricted to the upper 200 km
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for Love waves. Fundamental Rayleigh waves are
sensitive to the P velocity o primarily within the
crust. We therefore focus on the sensitivity with
respect to the S velocity g8, displayed in Fig. 9.
The velocity and divergence amplitude kernels are
based on the v, and v, velocity components, and
the eyy and e, strain seismograms, respectively.
The rotation amplitude kernel contains only the
0-component of the rotation seismogram.

Figure 9 reveals a phenomenon that is similar
to the one encountered in Sect. 4.1, where the
rotation of the P wave was found to contain infor-
mation on P velocity structure: The divergence of
the Rayleigh wave is affected by heterogeneities
in the S velocity, as evidenced by the large non-
zero contributions to Kg(s) in Fig. 9. As already
expected, the kernels for the apparent P and S
velocities, Kg(a,) and Kg(B,), are restricted to the
vicinity of the receiver, with the most important

E

-

Rayleigh wave (50 s), depth = 50 km
L e “ Ka))

- u

e —— -
7

|

contributions located in the higher Fresnel zones.
Furthermore, the spatial patterns of Kg(e,) and
Kg(B,) differ strongly—as in the case of the P
wave in Sect. 4.1. This implies that g, and «,
provide linearly independent constraints on 3D S
velocity structure.

5 Perturbation test

In the previous sections, we studied the properties
of various observables with the help of sensitivity
kernels. The kernel Kz (B,), for instance, describes
an infinitesimal change of the apparent S veloc-
ity, 88,, in response to an infinitesimal S velocity
perturbation 5. From a purely mathematical per-
spective, the kernel corresponds to an exact first
derivative. Its physical meaningfulness, however,
depends on the linearisability of the observable.

[1x10"10km3)

100°E 115°E

[1x10-1%m3)

Fig. 9 Horizontal slices at 50-km depth through the sensitivity kernels Kg(v), Kg(w), Kg(s), Kg(B4) and Kg(e,) for a 50-s

Rayleigh wave
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Fig. 10 Chequerboard-like S velocity perturbation. The
blocks are 2° x 2° x 200-km wide and are located directly
beneath the surface. The perturbation amplitudes are max-
imum £10 % relative to PREM

How well does a kernel such as Kg(B,) describe
the finite change Ap, that results from a finite S
velocity perturbation AB?

To address this question, we perform a simplis-
tic perturbation test, summarised in Figs. 10 and
11. In terms of demonstrating precisely the nature
of the new observables, we abstain from more com-
plex scenarios. For this, we use the complete seismo-
grams from the shallow event of Sects. 4.3 and 4.4

that are clearly dominated by surface waves. The
synthetic waveforms are now recorded by a dense
array of 720 equally distributed stations shown in
Fig. 11a—c in the form of a regular mesh.

In the first simulation, we compute synthetic
velocity, rotation and strain seismograms for the
1D background model PREM (Dziewonski and
Anderson 1981). These provide reference values
for the velocity amplitude, v™f, the rotation am-
plitude, w™, and the apparent S velocity, .
For the second simulation, we add the +10 %
chequerboard-like S velocity perturbation in Fig. 10
to PREM.

The resulting observables vPe't, wPe' and prert
can then be used to compute the finite relative
changes (Upert _ 1)ref)/vref, (wpert _ wref)/wref and
(BY™ — prety/pret at each station. These are dis-
played in Fig. 11a—c. The finite response of the
velocity amplitude (Fig. 11a) corresponds well to
the prediction of the sensitivity kernels Kz(v) for
both body and surface waves that are dominated
by negative first Fresnel zones. An increase of g

Fig. 11 a Finite relative
change of the velocity
amplitude v across the
array of 720 receivers.
Each gridpoint represents
one station. b, ¢ The same
as a but for the finite
relative changes in the
rotation amplitude w and
the apparent S velocity B,

iobse_rvable: rotation amplitude ™ [_;5{_\_.3“’ Y

6N o |-

; |
— e = 1

100°E

110°E 120°E 130°E
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therefore leads to a decrease of v and vice versa.
This explains the approximate anti-correlation of
Ap and v in the vicinity of the perturbation. The
large spatial extent of Kg(v) is responsible for
the significant changes in the velocity amplitude
in regions that are far from the actual perturba-
tion. In other words, the spatial pattern of (VP —
vrefy /vt does not allow us to unambiguously iden-
tify the location of the S velocity perturbation.
The same arguments and conclusions are valid for
the rotation amplitude w, shown in Fig. 11b.

The finite perturbations of the apparent S ve-
locity, displayed in Fig. 11c, are localised directly
above the S velocity perturbations, with only small
tails extending towards the northwest and south-
west. This observation is in agreement with the
concentration of the g, kernels in the vicinity
of the receiver. We may therefore directly infer
both the location and the sign of lateral S velocity
perturbations—which was, in fact, the initial mo-
tivation for defining the apparent S and P veloci-
ties. While the previous example was designed to
demonstrate the ability of the apparent S velocity
to constrain local heterogeneities, a similar exper-
iment is possible for the apparent P velocity, with
nearly identical results.

6 Discussion

The sensitivity kernels for the apparent P and S
velocities share two essential properties that are inde-
pendent of the type of seismic wave considered:
(1) the localisation of sensitivity in the vicinity
of the receiver and (2) the comparatively strong
lateral variations of the kernels that result of the
nearly complete absence of sensitivity inside the
first Fresnel zone. The advantageous consequence
of the first property is that both «, and g, contain
information about 3D heterogeneities in the direct
vicinity of the receiver that is not contaminated by
potentially unknown deeper Earth structure.

The rapid oscillations of the «, and 8, kernels
are both an advantage and a drawback. They suggest,
on the one hand, that lateral variations smaller
than the width of the first Fresnel zone may be re-
solvable. On the other hand, they are responsible
for the small effect of larger scale heterogeneities
on the apparent P and S velocities. The relatively

@ Springer

large-scale chequerboard-like pattern in Fig. 10,
for instance, leads to nearly 15 % changes in
v and w. However, the effect on B, is almost
a factor of 3 smaller because the positive and
negative contributions of Kgz(8,) in the integral of
Eq. 5 tend to cancel. Consequently, high-precision
measurements of the new observables «, and B,
are required. In this context, providing reliable
amplitude data is still a challenging task in seismic
data acquisition.

The non-zero apparent S velocity of the P
wave provides additional constraints on the local
P velocity structure. This improvement—as well
as its analogue for Rayleigh waves—should also
be considered in the context of a multi-parameter
inversion for both P and S velocity structure. Ap-
parent velocities in the sense of Eqgs. 3 and 4 gen-
erally depend on both « and g. The solution of an
inverse problem therefore requires either precise
prior knowledge on one of the parameters (one-
parameter inversion) or a joint inversion (multi-
parameter inversion). In both cases, the benefits
of incorporating apparent velocities in the inverse
problem must be quantified with a proper resolu-
tion analysis (Fichtner and Trampert 2011).

The examples in this study are rather specific
but should be seen in a broader context. The
apparent P and S velocities are just two among
infinitely many combinations of translations, rota-
tions and strain that happen to have advantageous
properties. One obvious extrapolation would be
to construct combinations of measurements that
are particularly useful to constrain specific aspects
of 3D Earth structure. This could be achieved
through the optimisation of a design criterion, e.g.
large sensitivity or resolution in a certain region
of the Earth. This, however, is clearly beyond the
scope of this work.

7 Conclusions

The principal conclusions drawn from this work
are as follows: (1) Both the apparent P and S
velocities, o, and ,, are generally only sensitive to
small-scale near-receiver structure—irrespective
of the seismic wave considered. These properties
result from the different source mechanisms of
the adjoint wavefields for velocity, rotation and
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strain observables (see Appendix). This suggests
that measurements of «, and B, may be used
in tomographic inversion to constrain local struc-
ture without requiring knowledge of 3D hetero-
geneities in the deeper Earth. (2) As a result of
P-to-S conversions at the surface, the rotation of
the P wave is significantly non-zero. This leads to
a strong sensitivity of g, to the local P velocity «.
(3) The sensitivity patterns of K, («,) and K, (8,)
for the P wave are substantially different, meaning
that rotation measurements provide independent
constraints on the local P velocity structure. (4)
Similarly, ¢, and B, for the Rayleigh wave provide
independent constraints on the local S velocity.
(5) Perturbation tests confirm that finite perturba-
tions in ¢, and B, are indeed well predicted by the
sensitivity kernels that only capture the first-order
effect. In particular, o, and B, only respond to
near-receiver heterogeneities. These results pave
the way towards tomographic inversions for local
Earth structure on the basis of combined transla-
tional, rotational and strain measurements.

Acknowledgements We thank the members of the Mu-
nich Seismology group (LMU University, Munich) for the
many critical and fruitful discussions. The research pre-
sented in this article was supported by the International
Graduate School THESIS within the Bavarian Elite Net-
work. Andreas Fichtner was funded by The Netherlands
Research Center for Integrated Solid Earth Sciences under
project number ISES-MD.5. The numerical computations
were performed on the National Supercomputer HLRB-II
maintained by the Leibniz-Rechenzentrum. The construc-
tive criticism of two anonymous reviewers allowed us to
improve the first version of our manuscript.

Appendix: Details for the computation
of sensitivity kernels

The forward wavefield is excited by a bandpass
filtered Heaviside function between 20 and 200 s.
The moment tensor components given in Nm are

Mgy = 0.710 - 10"
Mys = —0.356 - 10"
M., = —0.355- 10"
Mg,y = 0.800 - 10"
My, =0.315-10"
My, = —1.150-10".

The sensitivity kernel K,,(v) is computed via the
adjoint source time function

e (xHo(x —x").

fix) = 7

v2(x", 1) dt

The adjoint sources for the sensitivity kernels
K,,,(w) and K,,(s) are dipolar sources described by
the moment tensor M. The explicit moment tensor
components for the computation of K, (w) are

My =0
M ! x", 0
= 0 N
T2, Ddt ¢
—1
My, = —————— "ot
= e nai ™!
—1
Myg =~ (X',
T2 (v, 1) TR
My =0
M ! &, 0
= — 0 .
92 2 [@*(x7, 1) dt b
1
My=—7—— "ot
= o na™ "
-1
M,y=—-"——"— "t
T2 (X, 1) a0
M,, =o0.

The moment tensor components corresponding to
K, (s) are given by

1

My = ——— tre(x, ¢
= Tlrew, ppdi <Y

My =0

My, =0

Mgy =0

Myy=—— tre(x,t
= Tireo, o ¢!

My, =0

M, =0

M.y =0

M, = — tre(x’, 1).

[ltre(x, 0> dt
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For a detailed derivation of the adjoint source
time functions, we refer to Fichtner and Igel
(2009).
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