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Anisotropy analysis with beamforming

Figure 1. (a) Trans-Mexican Volcanic Belt (TMVB), with location of LHVC (Azarte et al., 2018) (b) Volcanotectonic map of the Los

Potreros caldera area, being illuminated from the east (on a DEM). The three key fault zones illuminated and sectioned off: 1 – Maxtaloya-

Los Humeros Fault Swarm, 2 – Arroyo Grande Fault Swarm and 3 – Las Papas Fault and Parallel Faults.
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Figure 8. Histogram computed from data recorded between 2001 Novem-
ber and 2002 April at a frequency of f = 0.32 Hz and Love wave polar-
ization. The orange curve is the best fit of eq. (14), the white line indicates
the isotropic component a0 = 2.04 km s−1, the anisotropy coefficients of
eq. (14) are shown in the bottom left corner; the magnitude of anisotropy is
8 per cent.

wave types and in the frequency range investigated in this study, the
dominant noise contribution comes from westerly to southwesterly
directions, which corresponds to the direction of the closest shore
line. Note, however, that while in general more Rayleigh waves than
Love waves are detected, the origin of Love wave energy is more
widely spread covering an angle of almost 180◦ compared to only
90◦ for Rayleigh waves.

As suggested by Riahi et al. (2013), we request a minimum az-
imuth range of 100◦ to capture the π -periodicity of the anisotropy
equation (eq. 14) used for curve fitting. As a second criterion, we
demand a unimodal velocity distribution to make sure that all de-
tected waves belong to the same mode. These requirements limit
the anisotropy analysis to Love waves at frequencies between 0.2
and 0.4 Hz. Fig. 8 shows an example of a 2-D histogram over the
velocity–azimuth space computed for 0.32 Hz and Love wave po-
larization. The superimposed curve is the best fit of the anisotropy
equation with coefficients a0 − a4 shown in the inner box. The
global maximum of the curve indicates the fastest propagation di-
rection and the global minimum indicates the slowest direction,
respectively. Both are repeated with a periodicity of π . We define
the magnitude of anisotropy as half the difference between fastest
and slowest velocities as a percentage of the isotropic velocity a0. In
this example, the anisotropy magnitude amounts to about 8 per cent,
exceeding the magnitude of apparent anisotropy caused by the ar-
ray geometry (cf. Section 4 and Fig. 5) by 5 percentage points.
In Fig. 9(a), the fastest direction of propagation plotted against
frequency occurs predominantly around 120◦ (North-north-west),
while in Fig. 9(b), the slowest direction of propagation shows a
bipolar distribution fluctuating between values around 70◦ (North-
north-east) and 160◦ (West-north-west).

5.3 Temporal stability of anisotropy results

We obtain the isotropic velocity a0 and the anisotropy parameters
a1 – a4 at different times between 2001 November and 2002 April
by computing 2-D histograms in the velocity–azimuth space using
detections over a period of 30 d with an overlap of 10 d. We then
fit an anisotropy model to each histogram and extract the coeffi-
cients ai . Fig. 10 shows the variation of the isotropic component a0

as a function of time computed for different frequencies. Fig. 11
shows the same for the anisotropy parameters a1 – a4 for selected
frequencies of (a) f = 0.32 Hz and (b) f = 0.48 Hz. From the

Figure 9. (a) Fastest and (b) slowest direction of Love wave propagation as
functions of frequency based on anisotropy curves fitted to 1000 bootstrap
resamples of 6-months histograms (e.g. Fig. 8).

fitted curves, the fastest and slowest directions of propagation are
determined and plotted as a function of time in Fig. 12.

Since during the time of study no major structural changes, such
as earthquakes, occurred close to the Parkfield area, we do not ex-
pect to observe temporal changes neither in surface wave velocities
nor in anisotropy; all observed variations are therefore likely to be
caused by changes in the noise wavefield itself. While for frequen-
cies between 0.2 and 0.4 Hz, the isotropic velocities seem relatively
stable, outside this range variations become unphysically large and
abrupt. Comparing the anisotropy coefficients measured at 0.32
and 0.48 Hz (Fig. 11) as well as the fastest and slowest directions
(Fig. 12), we see again larger variations in the higher frequency bin.

The corresponding histograms (Fig. 13) computed from 30 d of
data in February and April, respectively, reveal that both the source
distribution and the velocity spectrum change significantly over
time. Consequently, the anisotropy curve changes, too, and hence
the anisotropy coefficients and the fastest and slowest directions.
The untypically high apparent velocities of some of the new events
(Fig. 13b, around an azimuth of 120◦) imply that these might result
from erroneously analysed body waves rather than surface wave
noise. For example, it is not possible to distinguish between Love
and SH waves on account of their polarization, thus we cannot fully
exclude that body wave energy is misinterpreted by the algorithm
as fast surface wave energy.

We conclude that both velocity and anisotropy measurements
are affected by changes in the source distribution, especially if the
azimuthal coverage is poor or only few events are detected, or both,
as is mostly the case for frequencies below 0.2 Hz or above 0.4 Hz.
Within this range, however, we obtain reliable and temporally stable
anisotropy information that should allow us to observe anomalies
caused by actual changes in the system. Note that this frequency
range is site dependent and would have to be evaluated for each
array separately.
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Since during the time of study no major structural changes, such
as earthquakes, occurred close to the Parkfield area, we do not ex-
pect to observe temporal changes neither in surface wave velocities
nor in anisotropy; all observed variations are therefore likely to be
caused by changes in the noise wavefield itself. While for frequen-
cies between 0.2 and 0.4 Hz, the isotropic velocities seem relatively
stable, outside this range variations become unphysically large and
abrupt. Comparing the anisotropy coefficients measured at 0.32
and 0.48 Hz (Fig. 11) as well as the fastest and slowest directions
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time. Consequently, the anisotropy curve changes, too, and hence
the anisotropy coefficients and the fastest and slowest directions.
The untypically high apparent velocities of some of the new events
(Fig. 13b, around an azimuth of 120◦) imply that these might result
from erroneously analysed body waves rather than surface wave
noise. For example, it is not possible to distinguish between Love
and SH waves on account of their polarization, thus we cannot fully
exclude that body wave energy is misinterpreted by the algorithm
as fast surface wave energy.

We conclude that both velocity and anisotropy measurements
are affected by changes in the source distribution, especially if the
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(1) Avoiding apparent anisotropy

avoided

à isotropic array design:



(2) Correcting the array response

Original response:



(2) Correcting the array response

Original response:

𝑠!𝑠"∗𝑠!𝑠!∗

𝑠"𝑠!∗

𝑠$𝑠!∗

𝑠!𝑠$∗

𝑠"𝑠"∗Array response matrix = 
matrix of station-pair

cross-correlations



(2) Correcting the array response

Original response:

maniso = 2 %

𝑠!𝑠"∗𝑠!𝑠!∗

𝑠"𝑠!∗

𝑠$𝑠!∗

𝑠!𝑠$∗

𝑠"𝑠"∗Array response matrix = 
matrix of station-pair

cross-correlations

distribution of 
station-pair
orientations



(2) Correcting the array response

Original response:

maniso = 2 %

𝑠!𝑠"∗𝑠!𝑠!∗

𝑠"𝑠!∗

𝑠$𝑠!∗

𝑠!𝑠$∗

𝑠"𝑠"∗Array response matrix = 
matrix of station-pair

cross-correlations

distribution of 
station-pair
orientations

use to scale
overrepresented orientations

𝑤!"𝑤!!
𝑤"!
𝑤$!

𝑤!$
𝑤""

x Scaling matrix



(2) Correcting the array response

maniso = 1 %
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