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SUMMARY

We present spectra concentrating on the lowest-frequency normal modes of the Earth obtained
from records of the invar-wire strainmeters and STS-1 broad-band seismometers located in
the Black Forest Observatory, Germany after the disastrous earthquakes off the NW coast of
Sumatra in 2004 and off the coast near Tohoku, Japan in 2011. We compare the spectra to ones
obtained from synthetic seismograms computed using a mode summation technique for an
anelastic, elliptical, rotating, spherically symmetric Earth model. The synthetics include strain—
strain-coupling effects by using coupling coefficients obtained from comparisons between
Earth tide signals recorded by the strainmeters and synthetic tidal records. We show that for
the low-frequency toroidal and spheroidal modes up to 1 mHz, the strainmeters produce better
signal-to-noise ratios than the broad-band horizontal seismometers. Overall, the comparison
with the synthetics is satisfactory but not as good as for vertical accelerations. In particular,
we demonstrate the high quality of the strainmeter data by showing the Coriolis splitting of
toroidal modes for the first time in individual records, the first clear observation of the singlet
ZS? and the detection of the fundamental radial mode (Sy with good signal-to-noise ratio and
with a strain amplitude of 10~!!. We also identify the latter mode in a record of the Isabella
strainmeter after the great Chilean quake in 1960, the detection of which was missed by the
original studies.

Key words: Transient deformation; Broad-band seismometers; Surface waves and free os-
cillations.

1 INTRODUCTION

Models of 1-D and 3-D Earth structure have greatly benefited
from observations of the free oscillations of the Earth since 1960.
For example, the Preliminary Reference Earth Model (PREM) by
Dziewonski & Anderson (1981) is based on information from nor-
mal modes as well as on traveltimes of body waves and surface wave
phase velocities. The very first global 3-D model of the Earth’s man-
tle was derived from the peak shifts of free oscillation multiplets
by Masters et al. (1982). After these early applications, numer-
ous studies exploiting free oscillation observations were performed
based on a dramatic increase of relevant observation stations all
over the globe (e.g. Widmer-Schnidrig & Laske 2007). Ritzwoller
& Lavely (1995), Widmer-Schnidrig (2003) and Héfner & Widmer-

Schnidrig (2013) pointed out that only very low frequency normal
modes can provide information on the density structure of the Earth
independent of seismic velocity structure. In addition, for studies
of the source parameters of the greatest earthquakes information
from normal mode seismology is of vital importance (e.g. Gilbert
& Dziewonski 1975; Stein & Okal 2005; Lentas et al. 2014). How-
ever, in both types of studies normal modes observed with vertical
component accelerometers outnumber the ones observed with hor-
izontal components. For example, splitting functions and/or coef-
ficients are virtually non-existent for toroidal modes to the best of
our knowledge.

When after the great 1960 Chilean earthquake (M, 9.5) the
Earth’s free oscillations were for the first time clearly identi-
fied in the spectra of seismic records from a small number of
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Figure 1. Identification of (7> in the spectra of strain records from BFO after several very large quakes. For every event, the data from the three linear
strainmeters were linearly combined to represent shear strain in a coordinate system rotated with respect to the local geographical system to obtain maximum
SNR for ¢75. Time-series were multiplied by a Hann taper and padded with zeros before FFTs were computed. The presence of peaks at the well-known
frequency of (7> (0.38 mHz) was in each case corroborated by the absence of a peak in the linear combination representing areal strain (not shown). For each
quake, the length of the Hann window and the counterclockwise (ccw) rotation of the local coordinate system are given in parentheses below. The pressure
admittances to linear strains are given in Table 1 for the four later quakes. No pressure correction was applied to the records from the Macquarie event. Note
that the efficiency of the pressure correction for shear strain is much lower than the one for areal strain (see Fig. 2). From bottom to top: 1989 Macquarie Ridge
(36 hr, 85°, no pressure corrections applied), 1994 Shikotan (64 hr, 112°), 1998 Balleny Islands (30 hr, 35°), 2000 Wharton Basin (60 hr, 22.5°) and 2001 Peru

(60 hr, 120°).

long-period instruments, the 24 m quartz-tube strainmeters at Is-
abella, California (Azimuth N32°W) and Nafia, Peru (Benioff 1959;
Benioff ef al. 1961) were among them. The spectrum from the best
record (Isabella) shows all the low-degree fundamental spheroidal
and toroidal modes (with the exception specified below) above the
noise, with clear splitting of (S, and (S;. The strainmeters at Is-
abella also recorded the 1964 Alaskan earthquake (Smith 1966)
with good quality. In that paper, the author makes the statement:
‘The largest gap in data on free oscillations of the Earth remains
the period of the fundamental toroidal mode of order 2. It is not
clear that this mode has ever been observed and adequately mea-
sured’. In contrast, Derr (1969) in his summary calls the Isabella
strainmeter record the best evidence for (7. However, the statement
by Smith was repeated by Gilbert (personal communication, 1981)
long after the records from the 1977 Sumbawa quake had been ex-
ploited. Widmer et al. (1992) reanalysed a digitized version of the
Isabella record from the Chilean quake and verified that (7> cannot
really be identified in that record. In Section 7 of this study, we
revisit these observations comparing the Isabella strain data from
1960 with the strain data from the Black Forest Observatory (BFO)
in SW-Germany (48.33°N, 8.33°E, 589 m amsl) recorded after the
disastrous N-Sumatra—Andaman Islands quake (hereafter referred
to as Aceh quake) on 2004 December 26.

Using data from the strainmeter array at BFO, Widmer et al.
(1992) were able to unambiguously (Dahlen & Tromp 1998, p. 287)
identify (7, after the 1989 Macquarie Islands (May 23, M,, 8.0)
event. They were also able to repeat this identification in the strain
records from the following strong earthquakes (Ziirn & Widmer-

Schnidrig 2002): 1994 Shikotan (October 4, M,, 8.3), 1998 Balleny
Islands (March 25, M,, 8.1), 2000 Wharton Basin (June 18, M,, 7.9)
and 2001 Peru (June 23, M,, 8.4). The Balleny Islands result is also
reported by Ziirn et al. (2000; Fig. 1).

The strainmeter array at BFO consists of three 10 m long invar-
wire extensometers with azimuths N2°E, N60°E and N300°E. These
are improved versions of the instruments described by King &
Bilham (1976; see also Agnew 1986). The improvements consist of
better displacement transducers (TESA-Group, Switzerland) with
much less self-noise, the addition of in situ calibration devices at
the opposite end from the transducers (crapaudines, e.g. Agnew
1986) and more extensive shielding against ambient temperature
variations. They are located 170 m below the surface in tunnels cut
into granite and are additionally shielded by an efficient air-lock
which strongly attenuates ambient pressure variations at mode fre-
quencies. Actually a second air-lock was installed in 2009 (between
the two megaquakes). Forbriger (2007) has found that despite the
ferromagnetism of invar the strainmeters at BFO do not respond vis-
ibly to geomagnetic storms. Descriptions of the observatory and the
strainmeter array can be found in Richter ef al. (1995) and Widmer
et al. (1992).

Fig. 1 summarizes observations of mode (7> at BFO’s strain-
meters after several large earthquakes. For each spectrum, the three
strainmeter records were linearly combined to yield the shear strains
with the local coordinate system selected by rotation (with respect
to the local geographical system) to give optimal signal-to-noise
ratio (SNR) for o 75. The strain records were calibrated, detided, and
using an optimal real air pressure admittance to strain the noise
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was reduced with the help of the locally recorded atmospheric pres-
sure (see Section 3.2 below). The identification of the peak at the
predicted frequency of (75 in the spectra of the shear strains is in all
five cases corroborated by its absence in the corresponding spectra
of areal strain (Widmer et al. 1992).

In this paper, we present new spectra of strain-seismograms from
the three strainmeters at BFO and compare them with spectra of
seismograms from the horizontal broad-band STS-1 seismometers
at the same station recorded after two megaquakes. In the next sec-
tion, these quakes are briefly identified and previous free oscillation
work from corresponding records is referenced. The processing of
the data from BFO is described in Section 3, with two subsections
concentrating on the effects atmospheric pressure noise has on the
seismograms and on the improvements which can be obtained by
simple linear regressions with locally recorded barometric pres-
sure. Our computations of corresponding synthetic strain and ac-
celeration seismograms are described in Section 4. In Section 5,
we compare and discuss the observed linear, areal and shear strain
spectra with horizontal acceleration spectra and the corresponding
synthetic spectra. We find that for the lowest frequency modes the
SNR is better for the strain records than for the horizontal accelero-
grams. Section 6 deals with the rare observation of the fundamental
radial mode (S, in strain and with an internal consistency check
between strain and vertical acceleration observations. In Section 7,
we compare different spectra from our best strainmeter with similar
ones from the Isabella strainmeter obtained after the great Chilean
earthquake in 1960 and show that the mode (S, can be identified
in that famous record. Section 8 summarizes our conclusions. In
Appendix A, we compare vertical accelerogram spectra from BFO
from the two quakes with the corresponding synthetics and in Ap-
pendix B we demonstrate that normal mode spectral shapes differ
locally for different horizontal accelerometers.

Our amplitude spectra (Fast Fourier transforms, FFT below) of
the time-series multiplied by Hann tapers are normalized such that
a harmonic oscillation with constant amplitude 4 would have the
value 4 in the amplitude spectra.

We use the abbreviations ne and pe for 10~° and 1072, respec-
tively for strain (or relative displacement) throughout the paper.

2 MEGAQUAKES

The Aceh quake on 2004 December 26 (M,, = 9.1-9.3) was the
strongest event since 1964 and, of course, excited the free vibra-
tions of the Earth to large initial amplitudes. The global seismic
network (GSN) with its broad-band seismographs provided an un-
precedented large data set for free oscillation studies (e.g. Butler
etal. 2004; Davis et al. 2005; Park et al. 2005). Moreover, the Global
Geodynamics network (GGP) of superconducting gravimeters pro-
vided high-quality vertical acceleration records especially for stud-
ies of the low-degree spheroidal modes (e.g. Rosat ez al. 2005, 2007;
Lambotte et al. 2006a; Roult et al. 2006; Hifner & Widmer-
Schnidrig 2013). Lambotte ef al. (2006a) first demonstrated that
it is possible to use the phases of normal modes to constrain source
finiteness.

In addition, fine free oscillation spectra were also obtained from
a few more exotic instruments: long baseline fluid tiltmeters in
Luxembourg and at BFO (Ferreira ef al. 2006), the giant horizon-
tal pendulums in the Grotta Gigante near Trieste (Braitenberg &
Zadro 2007), the laser strainmeters in the Gran Sasso observatory
(Park et al. 2008) and a stack from a small-aperture array of five
Askania borehole tiltmeters installed around the site of the 9 km
deep Continental Deep Drillhole (K7B) in southeastern Germany

Normal mode strain observations 1789

(Jentzsch et al. 2005). Takemoto et al. (2004) describe 100 m long
laser strainmeters in the 1000 m deep Kamioka mine in Japan. Araya
et al. (2010) claim that these are the most accurate strainmeters in
the world, however, unfortunately to our best knowledge they have
not published free oscillation spectra from these devices.

On 2011 March 11, the Tohoku quake with a moment magni-
tude M,, = 9.1 struck and provided excellent normal mode spectra
again (Okal 2012; Tanimoto et al. 2012; Bogiatzis & Ishii 2014;
Lentas et al. 2014). For example, Lentas ef al. (2014) succeeded in
constraining not only the moment tensor of this event, but also its
source duration and fault length (giving average rupture speed) in
good agreement with totally different types of data. Tanimoto et al.
(2012) found that a slow slip component was not identifiable for
this event, while for the Aceh event this was an important feature to
explain the low-frequency data.

We concentrate in this paper on these two largest quakes of the
last half century: Aceh 2004 and Tohoku 2011.

3 DATA PROCESSING

3.1 General

In the following, we show spectra from strainmeter data and broad-
band seismograms with a length of 220 hr. This length was chosen
because all five singlets of the ‘football’ mode (S, are resolved
when a Hann window is multiplied onto these time-series to reduce
spectral leakage. Mean values and tides are removed from all the se-
ries first, the latter by least squares fitting sinusoids and cosinusoids
with the frequencies of the tides M,, K, S, Oy, N, K, Py, O,
M; and My. The transfer function of the strainmeters is frequency
independent and their output is proportional to the relative change
in length from 0.04 Hz down to zero frequency. However, the in-
strumental drift of the wire strainmeters due to creep is rather large
and limits their usefulness for signals with periods longer than a few
days. These data are converted to units of pe. For the seismograms
from the STS-1 horizontal seismometers, the instrument response is
removed in the frequency domain and the data converted to ground
accelerations in units of pm s~2. While these steps are not necessary
to compute spectra and compare SNRs, they are needed for reduc-
ing the noise caused by barometric pressure fluctuations in both
types of data (e.g. Ziirn et al. 2007) and for computing areal and
shear strains. These pressure corrections are described in Section
3.2. After the pressure corrections have been applied the data are
multiplied by a Hann window and then Fourier transformed.

3.1.1 Gain loss of the N60° E-strainmeter during the Tohoku event

Unfortunately the N 60° E -strainmeter suffered a loss of gain around
the time of the Tohoku quake in 2011. In situ calibrations were
performed on 2011 January 26 and April 11 using the crapaudines
(e.g. Agnew 1986). On the first date the gain was found nominal,
on the second date it was reduced to 0.26 per cent of nominal
(i.e. by a factor of 400). The second calibration was carried out
because a strong suspicion had arisen that something was amiss and
subsequently a corroded cable between the displacement transducer
and its electronics was detected as the culprit. The comparison of
the uncorrected 220 hr Tohoku record from this instrument with
the synthetics indicated that during this time the problem already
existed. However, we are unable to explain physically why this
damage started to appear at the time of the Tohoku quake. In the
Supporting Information to this paper, we demonstrate in Fig. S1 that
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after the event the recorded amplitudes of the Earth tide decreased
conspicuously.

Since the tidal signal is much larger than the quake signal after a
few hours, the former can be used to follow the gain deterioration
even during this huge quake. Therefore we compared all 3-d records
overlapping by 2 d of the observed tide with a theoretical tide during
the period spanned by the two calibrations. This synthetic tide for
each strainmeter consisted of the body tide computed using a mod-
ified version of Longman’s prediction program (Longman 1959)
with Love and Shida numbers in agreement with seismological
Earth models. In addition, a model for the strain-coupled local dis-
tortions was included in the synthetics (Harrison 1976). To estimate
the free parameters of that model the horizontal tidal strains €4,
€4y and €gy were computed by again using Longman’s formulae
and fit to the observed tidal strains from the three instruments. The
regression coefficients from these fits are the sums of the trigono-
metric functions describing the linear strains for the particular az-
imuths plus an additive contribution from possible strain—strain-
coupling coefficients due to local heterogeneities. For the fit, two
clean records were selected near the times of the two megaquakes:
February 2005 and December 2010. The coupling coefficients (see
Supporting Information Tables S1 and S2) from the two records
are in agreement with each other and with the estimates published
in Emter & Ziirn (1985). We are aware of the fact that ocean tidal
loading effects were neglected in this approach. However, the effect
of those small tidal signals is partially absorbed in the coupling co-
efficients and partially left in the residuals. A time-series of relative
calibration factors and in addition real admittances of barometric
pressure to strain were obtained by a least squares fit of the theoreti-
cal model and the simultaneously recorded atmospheric pressure to
the observations. Fig. S2 in the Supporting Information shows the
estimated gains as a function of time for the original time-series.
This again demonstrates the clear loss of gain at about the time of the
quake.

In a second attempt, we determine the temporal history of the
instrument gain by doing a tidal analysis of a 9 month long stretch of
data after this instrument had been repaired. We then extrapolated
the obtained tidal model backward in time and compared it with
the Tohoku data. This approach has the advantage that it implicitly
contains the effect of ocean tide loading. Its disadvantage is that any
non-tidal noise sources in the analysed 9-month stretch of data will
degrade the tidal model. Thus the two methods are complementary
in a way and since the results agree well, we have appreciable
confidence in them.

These analyses indicated that the gain appeared to be nominal
at the start of the record, started to decrease immediately after the
Tohoku event and dropped to about 45 per cent within the initial
220 hr (see Supporting Information Fig. S2). The pressure admit-
tances obtained with the first method show very similar behaviour
but are, of course, less stable than the calibration values. A sixth
degree polynomial in time correcting the data for this gain deteriora-
tion was inversely multiplied with the time-series and the corrected
series is used in Sections 5.2.2 and 5.3.2. Supporting Information
Fig. S3 shows the estimated gains together with the polynomial
model which describes the gain loss very well.

It is clear that this correction is by no means perfect but only
approximately compensates for the loss of the gain. It has to be
kept in mind that the Tohoku data for the strain in N60°E and
to a lesser extent the areal and shear strains have been corrected
following an approximate approach. Notwithstanding this defect
the spectra are of a rather high quality as will be shown in Section 5
below.

3.2 Reduction of strain noise and tilt noise induced
by atmospheric pressure variations

At low frequencies (below 10 mHz) conspicuous correlations exist
between local barometric pressure (outside of the airlocks) on the
one hand and recorded strains and horizontal accelerations on the
other hand. Translational horizontal accelerations and tilts cannot
be distinguished by inertial horizontal seismometers or inertial tilt-
meters (e.g. Dahlen & Tromp 1998). Therefore we use horizontal
acceleration and tilt in the following as synonyms.

Ziirn et al. (2007) discuss simple models of atmospheric phenom-
ena which cause gravity changes and deformations of the Earth and
hence affect the signals. Such effects must be distinguished from
instrumental effects caused by ambient air pressure variations, such
as compression of the length standards (invar wires at BFO), and
buoyancy effects on the tensioning mass for the strainmeters, de-
formation of instrument cases and base plates for the broad-band
seismometers, and so forth. At BFO the effects of ambient pressure
on instruments are minimized for seismic frequencies by the effi-
cient airlock. In 2009, a second airlock was inserted into the mine
tunnel providing even stronger attenuation of external pressure fluc-
tuations in the case of the Tohoku quake.

For both models suggested by Ziirn et al. (2007), the ‘local de-
formation tilt model’ (LDT) and the ‘travelling wave tilt model’
(TWT), the strain variations are in-phase with the local barometric
pressure. Local tilts (mimicking horizontal accelerations as mea-
sured by broad-band horizontal seismometers) are in-phase with
the pressure for the LDT-model, but in quadrature for the TWT-
model. Thus the tilts from the LDT-model are directly proportional
to local atmospheric pressure and the tilts from the TWT-model
are proportional to the Hilbert transform of that pressure. Using
locally recorded barometric pressure and the above two models
these authors were able to successfully reduce the noise in many
horizontal seismograms with variance reductions sometimes up to
80 per cent.

The point Ziirn et al. (2007) are making is that the noise in a strain
record can be reduced by subtracting the scaled locally recorded
barometric pressure from the data. For horizontal accelerograms,
both the pressure and its Hilbert transform must be subtracted from
the data, but with different scale factors. Thus we need to estimate
two unknown coefficients in the case of horizontal accelerations
while we only need one in the case of the strains.

To find the optimal scale factors we have carried out a grid
search and optimized a penalty function consisting of the sum of
the squared Fourier coefficients in the three frequency bands 0.20—
0.29, 0.32-0.36 and 0.43-0.45 mHz (i.e. bands between the free
oscillation peaks).

In Table 1, the optimal coefficients found for the three strain-
meters and for the Aceh and Tohoku quake series are presented.
For the corresponding horizontal accelerations in addition the co-
efficients for the Hilbert transform of pressure determined simul-
taneously are listed. The reductions in the noise levels achieved
by the corrections are also given. The coefficients for the broad-
band seismometers may be compared with the ones found by Ziirn
et al. (2007; Table 2). The resulting coefficients of 0.30-0.90 ne
hPa~! for the strains (obtained in this section and for the spectra
shown in Fig. 1) as well as the coefficients of up to 35 nm s>
hPa~! for the accelerograms (see Ziirn et al. 2007) are physically
reasonable. Considering the complexity of the atmospheric phenom-
ena and the near-surface heterogeneities we cannot expect constant
coefficients in time and space, as is almost the case for vertical
accelerations.
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Table 1. Atmospheric pressure admittances to strain and horizontal accelerations determined for different earthquake records as described in Section
3.2. In the case of the horizontal accelerations, the admittances of atmospheric pressure and its Hilbert transform were determined simultaneously and
the latter are given in parentheses. For the records of the two megaquakes, the percentage in noise reductions V.4 obtained by pressure corrections are

also given.

Figure Event Units N2°E

N60°E

N300°E

STS-1/NS

STS-1/EW

Length (hr)

1994 Shikotan

1998 Balleny Island
2000 Wharton Basin
2001 Peru

ne hPa~! 0.50
ne hPa~! 0.34
ne hPa~! 0.36
ne hPa~! 0.32

0.90
0.80
0.66
0.75

0.75
0.88
0.44
0.60

64
30
60
60

ne hPa™! 0.47
Vied (per cent) 62
nm s~2 hPa~! -
Vied (per cent)

2004 Aceh

2004 Aceh

Bl S S

0.74

0.69

220

74 65
- - +33 (+10) —12(=2.5) 220
54 18

ne hPa~! 0.58
Vied (per cent) 54
nm s~ hPa~! -
Vied (per cent)

2011 Tohoku

2011 Tohoku

W L

0.40 0.59 - - 220

67 56
- +32(=22) —14(=2.0) 220
44 5

Farrell (1972) gives the following equation for the influence of
an arbitrary distribution of surface barometric pressure P(r, 6) on
areal strain ¢, on an elastic half-space:

B P(r,0)
2+ )

A and u are the Lamé parameters of the half-space, r and 6 are
coordinates in a cylindrical coordinate system. This equation is
consistent with the equations in Ziirn et al. (2007) for the TWT. It is
expected that areal strain is directly affected by the local pressure,
while shear strains can only be produced by air pressure in the pres-
ence of lateral heterogeneities (including cavities and topography).
Fig. 2 shows the dramatic reduction of areal strain noise achieved
with this pressure reduction method for the 1994 Shikotan quake
strain records used for Fig. 1. For the horizontal accelerograms, the
improvement in SNR is less dramatic but still significant. This is
illustrated in fig. 27 of Ziirn et al. (2007) for the case of the N-S
component recorded after the Aceh event.

(M

&y = (Srr + 866);:0 =

3.3 Noise in strain records

In order to quantify the noise levels in the BFO strain observations
in the long-period seismic band, we computed power spectral den-
sities (PSDs) in a series of fourteen 48 hr windows overlapping by
50 per cent for a largely quake—free period from 2005 March 1 to
15. During this time the highest-Q mode (S, excited by the Aceh
quake was still clearly visible in the vertical accelerations recorded
at BFO but not in the strainmeter records. We did this for the data
from each of the three strainmeters as well as for their linear combi-
nations (see Section 5.1 below) for areal strain and horizontal shear
strain (70 windows in total). In each window and for each signal,
we determined by least squares the admittance of the barometric
pressure to strain and calculated residual strains. PSDs were then
computed (using Hann windows) for the original and residual strain
series. Then we determined the first quartile of the PSD values at
each frequency for the 14 windows in each case.

Fig. 3 shows the results for the least noisy strainmeter in azimuth
N2°E and for the areal strain both for original and pressure-corrected
data. The results for the horizontal shear strain in a coordinate sys-
tem rotated 45° counterclockwise (ccw) with respect to the geo-
graphical one lie below the ones for the N2°E-instrument (by a
factor of two to three at 0.3 mHz) and are not shown. The reduction
of noise with the help of barometric pressure is marginal for the

BFO - areal strain 1994 Shikotan

I I I I I

40 - -

35 without barometric correction -

30 A 3

25 -

20 0S4 ? 0S5 ? L

strain (pe)

15 4
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0 " T - . .
0.2 0.4 0.6 0.8 1.0
10 I I I I I

with barometric correction (S, 0S5

strain (pe)
()]

O T T T T
0.2 0.4 0.6 0.8 1.0

Frequency (mHz)

Figure 2. Spectra of the areal strain derived from the same three strain
records at BFO after the Shikotan Quake in 1994 from which the shear
strain in Fig. 1 was deduced. Top panel: no pressure correction applied.
Bottom panel: strain records were corrected for local air pressure using the
regression coefficients given in Table 1. Modes (oS4 and (S5 emerge from
the noise after the correction.

shear strain while it is substantial for the areal strain. This makes
sense if the noise is mostly caused by vertical loading of the sur-
face. These PSDs are compared to PSDs (1. quartiles also) for linear
strains observed with the NS-, EW- and NW-laser strainmeters at
Pifion Flat (PFO), California, installed at the surface but optically
anchored to depths of 28 m (Barbour & Agnew 2011, data kindly
provided by D.C. Agnew). The PSDs for the raw data from the best
BFO strainmeter and the areal strain clearly lie below the PSDs from
PFO. Pressure correction improves on this already favourable condi-
tion for frequencies below about 2 mHz. Of course, linear, areal and
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Figure 3. First quartile (25 per cent) of PSDs for the best linear strainmeter
at BFO (N2°E, black) and areal strain (cyan). Thin line is for original, and
thicker line is for pressure-corrected data. The red, green and blue lines are
the st quartile of the PSDs for the linear strains (LSM) at PFO in 2009
(courtesy of D.C. Agnew).

shear strains should not be compared without some reservations but
we do this here due to the lack of a reference PSD for the latter two
variables. Not surprisingly the PSD for areal strain noise is clearly
higher than for our best linear strainmeter. The variance reductions
for the 70 windows are between 22 and 99.5 per cent with a mean
value of 81 per cent. The range of barometric admittances to linear
strain obtained for the total of 70 2-d windows is between —0.14
and 2.12 ne hPa~! with the mean at 0.49 ne hPa~!, positive sign
corresponding to rock dilatation with increasing pressure. A nega-
tive coefficient is not consistent with pressure loading and probably
rather indicates the uncertainty of the admittance estimates. Using
eq. (1) and letting A = p we obtain an effective shear modulus p of
50 GPa for the crust for pressure loading, which is a realistic order
of magnitude.

4 SYNTHETIC SEISMOGRAMS

The Higher Order Perturbation Theory (HOPT) method of
Lognonné & Clévédé (2002) was used to compute realistic ultralow-
frequency (f < 1 mHz) synthetic acceleration and strain seismo-
grams taking into account rotation and ellipticity, for the anelastic
1-D Earth model PREM (Dziewonski & Anderson 1981). Specif-
ically, normal mode eigenfrequencies and eigenfunctions are de-
termined for PREM. In the non-dispersive approximation, pertur-
bations up to the third order in frequency due to Earth’s rotation
and ellipticity of figure are then added using the exact formula-
tion described by Dahlen & Tromp (1998). Full coupling between
different modes is included up to 1 mHz; interaction matrices are
calculated following the theory developed by Woodhouse & Dahlen
(1978) and, for each coupling matrix, its Frobenius norm is calcu-
lated, which characterizes the coupling strengths between modes.
In order to speed up our calculations, we only use modes which
are significantly coupled, using the Frobenius norm as criterion. We
then compute receiver modulation functions for each station and
source modulation functions for each earthquake and then combine
them to obtain the synthetic seismograms (Clévédé & Lognonné
1996).

Synthetic acceleration and strain spectra are compared to ob-
served spectra for the Aceh quake and the Tohoku event in the
following section and in the Supporting Information. We applied a
Fourier transform to the 220 hr long synthetics after multiplication
by a Hann window the same way as with the observations. The
earthquake source models used to calculate the synthetics are the
5-point model of Tsai et al. (2005) for Aceh and the GCMT solution
(Global Centroid Moment Tensor; Ekstrom: www.globalcmt.org;
Dziewonski et al. 1981) for the Tohoku quake. The vertical acceler-
ation spectra are compared to corresponding synthetics in Figs Al
and A2 in Appendix A.

We used HOPT to calculate theoretical displacements for a 100 m
spacing array around BFO, which were used to compute the strain
tensor components in a spherical coordinate system. Since the
HOPT code is set up to compute synthetic seismograms for in-
ertial sensors we had to take care first that the contributions of tilts
and gravitational potential changes were removed from the com-
puted accelerations before integrating those to get displacements.
The equivalent of eq. (2) below was used to compute the strain
synthetics to be compared with the observed strain components.

These raw synthetic strain spectra are compared to the observed
strain spectra in Figs S4 and S5 in the Supporting Information. Since
it is known from earlier Earth tide analyses of records from the BFO
strainmeters that local distortions of the strain fields occur, we used
coupling coefficients determined again from recent tidal records as
described in Section 3.3.1, the Supporting Information and listed in
Table S1 to modify the synthetic strains (as also done by Park et al.
2008). We obtained overall reductions of the misfits and therefore
in Figs 4-7 the strain synthetics include these local distortions of
the large scale strain field caused by cavities, topography and rock
heterogeneities (in the following called ‘cavity effects’ for short;
Harrison 1976).

5 COMPARISON OF OBSERVATIONS
WITH SYNTHETICS

5.1 Linear, areal and shear strains

The response of a horizontal linear strainmeter of length /, and sen-
sor azimuth i (measured from N to E) is (e.g. Turcotte & Schubert
1982):

3l
E(‘” = &40 - COS’ () + €45 - SIN° () — €0y - SINQ2Y), 2

where 6 and ¢ are the coordinates of a spherical coordinate system
with the 6-axis oriented towards the South Pole and the ¢-axis
pointing East. At BFO there are three similar strainmeters of length
lo = 10 m and with ¥ equal to 2°, 60° and 300°.

These angles constitute a nearly 120°-array and if the calibrated
signals of the three instruments of such an array are simply added
one obtains the areal strain in very good approximation:

84 2
4y 3
The approximations consist of (1) a small deviation (2°) of one
of the devices from the 120° configuration, (2) the spatial separa-
tion of the three instruments of mutually about 50 m and (3) the
possibility of differently disturbed amplitudes due to local elastic
effects caused by cavities, topography and inhomogeneous geology
(Harrison 1976).

To find the angle & for which the spectral SNR for the toroidal
modes is a maximum we essentially rotate the local coordinate

[‘il(zo) + 2607y + 8—1(3000)] : ©)
lo Iy lo
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Figure 4. Spectra of 220 hr time-series from the invar-wire strainmeters and horizontal STS-1 broad-band seismometers (black) at BFO after the Aceh quake
and corresponding synthetics (red) including the cavity effects for the strains. Time-series start at 2:30:00.0 hr UTC on 2004 December 26. Data were calibrated,
instrument corrected, detided, corrected for air pressure effects and multiplied by a Hann taper before the Fourier transform. The calibrated pressure was
multiplied by the factors given in Table 1 and subtracted from the strainmeter records and seismograms. In addition, the Hilbert transform of the pressure was
subtracted from the seismograms using factors also given in Table 1. The resulting variance reductions are listed in Table 1 as well. Instrument orientations are
listed in the panels. Dashed vertical lines represent degenerate multiplet frequencies from model 1066A (Gilbert & Dziewonski 1975).

system with respect to the geographical one by adding a constant
angle & to each of the strainmeter azimuths . Then we have three
egs (2), one for each strainmeter, with which we can solve for the
shear component in this new coordinate system. A positive angle &
rotates the coordinate system in a counter-clockwise direction. The
coordinate axes for which the shear strain component vanishes are
the principal axes of the strain tensor.

In the next subsections, we first compare spectra of time-
series from the linear strainmeters and the broad-band horizon-
tal STS-1 seismometer records as well as the corresponding
synthetics after the Aceh and Tohoku events and then areal and
shear strains derived from the linear strainmeter records. The
lengths of the time-series, 220 hr, are optimized for (S, singlet
resolution and SNR when a Hann taper is applied before the
FFT.

5.2 Linear strain versus horizontal acceleration

Before comparing the spectra from strain and acceleration seis-
mograms we refer the reader to Appendix A, where we compare
the spectra of the vertical accelerograms from BFO for the Aceh
(Fig. A1) and Tohoku (Fig. A2) quakes with the corresponding
synthetics. In both cases, the amplitudes and splitting of the ob-
served spectra are predicted very well by our synthetic spectra.
This demonstrates that the earthquake source models and the for-
ward modelling scheme used are accurate, capturing the dominant
signals in the low-frequency vertical acceleration spectra.

Figs 4 and 5 depict spectra of 220 hr long time-series of the
three strainmeters and the EW- and NS-component STS-1 broad-
band seismometers obtained after the Aceh and Tohoku quakes,
respectively. We point out first that in the frequency band of the
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Figure 5. Same as Fig. 4 after the Tohoku quake. Time-series start at 6:45:00.0 UTC on 2011 March 11. The calibrated pressure was multiplied by the

factors given in Table 1 and subtracted from the strain records and accelerograms

. In addition, the Hilbert transform of the pressure was subtracted from the

seismograms using factors also given in Table 1. The resulting variance reductions from the pressure corrections are listed as well in Table 1.

normal modes the STS-1 broad-band seismometers at BFO and
especially the horizontal ones are acknowledged by seismologists
to be performing among the best ones of the GSN (Berger ef al.
2004) in the frequency band of the normal modes. Kurrle & Widmer-
Schnidrig (2008) used the data from the STS-1/EW—seismometer
at BFO for their discovery of the toroidal and spheroidal horizontal
background oscillations (horizontal ‘Hum’). Although the Hum is
seen at frequencies above 2 mHz its observation still demonstrates
the high quality of these horizontal seismograms from BFO.

5.2.1 Aceh quake

For the Aceh quake (Fig. 4), all five singlets of (S, are resolved
in the strains while at most one of them can be barely identified
in the NS-acceleration. The m = +1 singlets are much smaller
than the other three. Overall, the synthetics slightly underpredict

the observed amplitudes. Clearly at this frequency the SNR of the
strainmeters is superior to both horizontal seismometers, even in the
case of the N60°E-strain with the smallest SNR. In the frequency
range up to 0.85 mHz, the SNR even for the worst strainmeter is
better than for the horizontal accelerograms.

The mode (7, can be identified both in the three strains and
the EW-acceleration and it is visibly split in the top panel. To
our knowledge this is the first single record in which the split-
ting of (7, can be identified directly, while all the singlets have
been resolved by stripping methods using a multitude of seismo-
grams and earthquakes (Laske, personal communication, 1992).
The amplitude is well predicted by the synthetics except for the
N300°E-instrument.

In the case of widely split ,5; two (m = £1) of the three singlets
can be identified in all strains and the EW-acceleration, only one
of them in the NS-acceleration. In all cases, the predictions are
reasonably good given the low SNR.
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Figure 6. Spectra of two combinations of the linear strain data from the BFO strainmeters (black) and corresponding synthetics including the cavity effect
(red) after the Aceh quake: shear strain (top) and areal strain (bottom). To calculate the shear strain, we rotated the coordinate system by 65° ccw. Dashed
vertical lines are located at the multiplet frequencies from model 1066A from Gilbert & Dziewonski (1975). All toroidal mode peaks are essentially absent in
the areal strain spectrum. The relative amplitudes of spheroidal modes relative to the toroidal ones have strongly decreased in the shear strain. Especially oS
has disappeared from the shear strain, while it has very good SNR in the areal strain spectrum.
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Figure 7. Same as Fig. 6 after the Tohoku quake: shear strain (top) and areal strain (bottom). To calculate the shear strain, we rotated the coordinate system
by 45° ccw. Again the toroidal modes have essentially disappeared from the areal strain spectrum (a residual of (74 may still be identified), while they are
enhanced relative to the spheroidal ones in the shear strain spectrum. Radial mode ¢Sp, prominent in the areal strain, has disappeared from the shear strain.
The toroidal modes (7> and (73 are clearly split.
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The mode (S; shows splitting in essentially all components, but
not all seven singlets can be resolved with the 220 hr records. The
predicted spectral shape and amplitude fit reasonably well for all
components with the exception of the NS-acceleration, where the
inner singlets are conspicuously underpredicted in contrast to the
outer singlets which are somewhat overpredicted. From earlier stud-
ies by Ziirn & Emter (1995), Lambotte ef al. (2006b) and Lambotte
(2007), it is known that the STS-1/NS seismometer at BFO is
influenced by a strong cavity effect enhancing for example tidal
tilts by a factor of about 2. This could easily be one of the reasons
for the observed enhancement of the inner singlets of this mode
compared with the synthetics. In Appendix B, we show that the
spectral line shapes for modes with appreciable tilt contributions
to the signal obtained from different inertial horizontal sensors in-
stalled less than 100 m apart in the mine differ considerably. These
differences in the observed spectra can possibly be explained by
‘cavity effects’.

Toroidal mode (73 has relatively low amplitude and is well pre-
dicted in all five cases. This mode is observed at higher SNR in the
acceleration spectra.

The overall amplitudes of (S, are relatively well predicted. How-
ever, there are some discrepancies in the shapes of the only partially
resolved multiplet.

The overtone |5, also shows splitting in essentially all compo-
nents. The predicted amplitudes compare well to the observed ones.

Toroidal mode (74 is very well predicted except for the EW-
acceleration, where the observed amplitude is nearly twice as large
as the theoretical one. Especially the differing amplitudes for the
strainmeters are well reproduced by the synthetics.

The radial fundamental mode (S is identified with good SNR in
all three strain records, while it is completely absent in the horizontal
accelerations as it ought to be. We discuss the (S, observation in
more detail in Section 6 below. The predicted amplitudes are equal
for the three strainmeters but the observed ones are not. Especially
for the N60°E-strain the observed amplitude is about half of the
theoretical one without the cavity effect, but when this is included
it fits very well.

Overall the amplitudes of (S5 are fairly well predicted, for all
components with only small discrepancies in spectral shape.

It appears that the SNR near (S, is clearly better for the strain
records while it is still slightly better up to 0.85 mHz. Of course,
these conclusions must be taken with a grain of salt, since we com-
pare spectra of different observables with each other and because
orientations of the instruments, source properties, distance to the
source and back-azimuth all have an influence on the signal am-
plitude and consequently SNRs. Barbour & Agnew (2012) present
a more rigorous comparison of noise levels of seismometers and
strainmeters which is only possible if the phase velocities of the
seismic phenomena responsible for the noise are known.

5.2.2 Tohoku quake

In the case of the Tohoku quake (Fig. 5), we have to keep
in mind that the record for the N60°E-strainmeter was cor-
rected in an approximate way for the time variable loss in gain
(Section 3.1.1)

For (S, the m = *1 singlets are very strong in the three strain
spectra, while m = 0 is missing in all spectra, except for the EW-
acceleration, where a noise peak happens to appear at the frequency
of the m = 0 singlet. One singlet only is observed in the NS-
acceleration (m = +1). The predicted spectra compare well in shape

with the ones derived from observations for the strainmeters, but
predicted amplitudes are somewhat smaller for the strains. If the
only singlet observed in the NS-acceleration is real, which its SNR
suggests, it is much larger than the predicted one. This is probably
due to a ‘cavity effect’ again.

The split multiplet (7, can be identified only in the strains but with
less SNR than for Aceh. On the other hand nothing appears above
the noise in the acceleration spectra. Predictions fit the observed
peaks rather well.

This situation repeats for the three singlets of ,S; with the strain
data clearly showing larger SNR than the accelerations. The predic-
tions are reasonably good. The elusive m = 0 singlet of this mode
is observed with rather high SNR here.

The mode (S; is clearly observed in the strain and NS-
acceleration spectra, while in the EW-acceleration it is buried in
the noise. Again the SNR for the strain records is much better than
for the accelerations. In the N60°E-spectrum, the SNR is really
good despite the problem of decreasing gain in the record.

Toroidal mode (75 is observable in all spectra except the N60°E-
strain. In this case, the EW-acceleration has a good SNR. The pre-
dictions reproduce the observations rather well when the SNR is
taken into consideration.

The mode (S, has good SNR again and is well predicted in spec-
tral shape and amplitude for all three strains and EW-acceleration
in spectral shape and amplitude. The NS-acceleration has larger
amplitude than predicted which could be due to an enhancement by
the cavity effect. The SNR is clearly better for the strainmeters than
for the seismometers.

The SNR for ;S is not really high in all five spectra, except
maybe for the N2°E-strain. Considering this the agreement between
observations and predictions is rather good, especially the splitting
is well reproduced by theory.

Toroidal mode (7% is observed with good and similar SNR only
for N2°E-strain and EW-acceleration, while hints of it can be seen
for NS-acceleration and for N60°E-strain. In the N300°E-strain,
it is very small and swamped by noise. Where SNR is high the
predictions are fairly good.

The fundamental radial mode (S, appears again very clearly in
the spectra with good SNR for N2°E- and N300°E-strain. It is
not clearly above the noise for the N60°E-strain, but this apparent
amplitude seems well predicted. The fact that it is smaller in this
component as compared to the others again must be blamed to the
strong cavity effect on this instrument (see Supporting Information
Tables S1 and S2). This cannot be blamed to possible deficiencies
of our modification due to calibrations, since these would not af-
fect the SNR if the noise is caused by strains (e.g. uncompensated
meteorological noise). However, if a substantial part of the noise is
instrumental a drop in the gain of the strainmeter would cause a de-
terioration of the SNR. Unexpectedly the NS-acceleration spectrum
shows a small peak very near the frequency of (S,. Fichler-Fettig
et al. (1986) predicted this effect for the case when strong cav-
ity effects exist: strains cause tilts which show up in horizontal
accelerograms.

For (S5, again in some cases, the predicted spectral shapes dif-
fer somewhat from the observed ones. Overall amplitudes agree
fairly well for both accelerations components, while for N2°E- and
N60°E-strain theory predicts amplitudes which are too small and
too large, respectively.

Although the information contained in the areal and shear strain
spectra is not independent of the linear strains above we still discuss
them in the next subsection. One advantage of inspecting areal and
shear strains is that toroidal modes should disappear for the areal
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strain and appear enhanced relative to the spheroidal modes in the
shear strains.

5.3 Areal versus shear strain

From the three linear strain records prepared as described in Sec-
tion 5.1 above, we can calculate the areal strain and horizontal shear
strains (in a rotated coordinate system) as described in Section 5.1.

5.3.1 Aceh quake

For the Aceh quake shear strain records, we found the best angle
of rotation to be near 65° for the toroidal modes (7>, (75 and (7.
In Fig. 6 (bottom), we depict the spectrum of 220 hr following the
Aceh quake of the areal strain computed from the three individual
linear strains following eq. (3). All toroidal modes have disappeared
in the areal strain spectrum while the spheroidal modes stand out
more clearly when compared with the linear strain spectra. However,
small peaks appear at the frequencies of the toroidal modes in the
synthetic spectra. We interpret this as the small effect of Coriolis
coupling (Ziirn et al. 2000) which becomes visible in the noise - free
synthetics. We also combined the three records to obtain the shear
strain and show its spectrum in Fig. 6 (top). Compared to the linear
strain spectra the toroidal modes appear enhanced with respect to
the spheroidal modes.

All five singlets of (S, are resolved and stand clearly above the
noise floor in the areal strain while they have essentially disappeared
in the observed shear strain, except possibly for a hardly significant
little peak for singlet m = —2. All the predicted singlet amplitudes
are too small by about 25 per cent.

The mode (75 is clearly split in two and the modes (73 and (74
have good SNR and are very well predicted by the synthetics in the
shear strain.

The singlets m = £1 of ,S; are very clear and well predicted by
the theory, while the m = 0 singlet has low SNR, in the areal strain.
The m = +1 singlet is unexpectedly visible above the noise in the
shear strain.

The mode (S; is much better predicted by the synthetics with the
cavity effect included than without. Observed areal strains for this
mode are still about 15 per cent larger than the predicted ones. The
shear strains are rather well predicted. The situation for (S, is very
similar.

The mode | S, clearly shows splitting; it is slightly underpredicted
in the areal, but very well predicted in the shear strain.

Mode (S, is missing in the shear strain as predicted and slightly
underpredicted in the areal strain.

The mode (S5 is well predicted in the shear strain. For the areal
strain, the predicted amplitude is about 85 per cent of the observed.
So there is similar agreement between observations and predictions
for 0S3, 0S4 and ()S5.

To conclude the discussion of the shear strain spectrum we note
that it compares favourably in quality with the spectrum of 90 hr of
data from the two laser strainmeters at Gran Sasso, Italy (Park et al.
2008; Fig. 3).

5.3.2 Tohoku quake

For the Tohoku quake strain records, we found the best angle
of rotation (in terms of SNR) to be near 45° for the toroidal
modes (7, and 80° for modes (75 and (7. Since the observa-
tion of (7, is the most important one we chose the angle 45° to

Normal mode strain observations 1797

solve for the shear strain and the SNRs for (73 and (7} are still
pretty good. In Fig. 7, we compare the spectra of the calculated
areal strain (bottom) and the shear strain (top) in a coordinate
system rotated 45° ccw with respect to the geographical one for
the 220 hr records after the Tohoku quake. We remind that one
of the strain recordings has been corrected for a time dependent
gain in an approximate way and hence we have to be careful with
conclusions.

As expected the toroidal modes have disappeared from the areal
strain with the possible exception of (7. All spheroidal modes are
clearly split with the exception of (,S,, which again has a high SNR.
Again in the noise-free predicted spectrum of the areal strain small
peaks appear at the fundamental toroidal mode frequencies which
we believe to be due to Coriolis coupling. The spheroidal modes
are reduced in the shear strain spectrum with respect to the toroidal
modes.

The gravest mode (S, is well predicted in shape by the syn-
thetics for the areal strain, however the predicted amplitudes are
a little too small. In the shear strain spectrum it is not above the
noise.

Modes (75 and (75 are visibly split in the shear strain spectrum
and rather well predicted. All three singlets of rarely observed ,S)
stand out well above the noise in the areal strain and are well pre-
dicted also. This observation alone is an achievement which must
be emphasized since the m = 0 singlet has been very elusive up to
this quake and is also missing in the vertical accelerations from this
quake. This mode is essentially missing in the shear strain.

The modes (S; and (S, show very similar behaviour as after the
Aceh event with slight underprediction in amplitude.

The mode 5, is almost in the noise in the shear spectrum, how-
ever has fair SNR, is visibly split and rather well predicted in the
areal strain spectrum.

Radial mode (.S, has good SNR in the areal strain and has disap-
peared in the shear strain.

The mode (S5 is split and rather well predicted in the areal strain,
while it is overpredicted in the shear strain spectrum.

The SNRs in these spectra are excellent compared to the spectra
obtained with two of the top-notch broad-band horizontal STS-
1 seismometers at BFO. Admittedly the modes shown here are
all located in frequency below the passband of the seismometers.
Since good observations of these long-period modes in horizontal
components are rare it is worthwhile to exploit the available strain
records. Barbour & Agnew (2011) compared noise levels of the
borehole strainmeters of the Plate Boundary Observatory (PBO) in
Southern California with each other, but also with other strainmeters
including the ones at BFO. It appears from their study that the PBO
strainmeters have higher noise levels in the normal mode frequency
band than those at BFO, and, to our knowledge, no normal mode
spectra based on PBO strainmeter data have been published yet.

6 BREATHING MODE S,

For a non-rotating laterally homogeneous spherical Earth with ra-
dius Rg, a simple geometrical relation exists between the radial dis-
placement amplitude u;, of (Sy and the linear strain in any azimuth
€, measured by a horizontal linear strainmeter (both measured at
the surface):
8 SRg  u,

€y(0S)=—=—=—. 4

v (050) h- R R “)
This relation holds for any radial mode ,.Sy, at any instant of time,
at any point on the surface, and independent of the strainmeter’s
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Table 2. Estimates of Earth’s radius R from the radial acceleration and
strain amplitudes of ¢Sy observed at BFO after the Aceh quake. The ratio
of Rg to the mean Earth radius of PREM (a = 6371 km) is given in the
last column. The upper part of the table uses the raw strain amplitudes, in
the lower part these amplitudes were corrected for strain—strain coupling.
These estimates only show that strain and gravity amplitudes are consistent.
ET-19 is the LaCoste—Romberg Earth Tide Gravimeter at BFO (Richter et al.
1995).

Instrument Amplitude of oSy Units Re Rg/a
(km)

ET-19 1.49 nm s—2 - -

St-0 (N2°E) 8.35 pe 6111 0.96
St-3 (N300°E) 9.51 pe 5364 0.84
St-4 (N60°E) 8.00 pe 6378 1.00
&, (areal) 14.12 pe 7099 1.11
St-0 (N2°E) 8.79 pe 5805 0.91
St-3 (N300°E) 11.19 pe 4559 0.72
St-4 (N60°E) 13.79 pe 3700 0.58

azimuth. The change in length of the strainmeter 4/ is equal to the
radial displacement amplitude multiplied by the (very small) ratio
of the length /; of the strainmeter over Earth’s radius. Simply put,
the relative change in Earth’s circumference is equal to the relative
change in Earth’s radius. The corresponding areal strain amplitude
€4(0S0) would be 2 - €, and the dilatation amplitude €, measured
by volumetric strainmeters would be:

S =2 2 e 150), )
where v is the Poisson ratio of the rocks near the surface.

The displacement u, can be estimated using data from a vertical
accelerometer (for the spherical Earth the two instruments do not
even have to be collocated). However, for the estimation of the radial
displacement amplitude at the low frequency fo(ySy) = 0.8145 mHz
one has to take into account the contributions of the free air effect
and the inertial effect (e.g. Dahlen & Tromp 1998, eq. 10.71; Ziirn
& Wielandt 2007). The vertical gravity gradient in the vault, where
the gravimeter is operated, is only about two thirds of the free air
gradient, however, since the rocks move with the sensor the free air
gradient must be used here. This leads to an estimate of the Earth’s
radius:

R _ a,~'l()
FT ol [Am2f2 4 |

arl]

where a, is the observed vertical acceleration amplitude and the
second term in the denominator is the vertical gravity gradient. The
free air effect is on the order of 10 per cent of the total acceleration
signal, a substantial contribution. We do not suggest to get a precise
value for the Earth’s radius here, however, with this relationship we
can check the consistency of the measured amplitudes. We estimated
the initial amplitudes of gravity and strains by fitting to the narrowly
bandpass filtered time-series decaying sinusoids and cosinusoids
with the known eigenfrequency and Q of (S,. For gravity, we used
a 36-d time-series obtained with the LaCoste—Romberg gravimeter
ET-19 recording at BFO, for the strains (because of higher noise)
time-series of only 8 d. Of course, we should correct these observed
strain amplitudes for the locally produced strain—strain coupling.
We do this by dividing the observed amplitude by the coefficients
in the first row of Table S2 in the Supporting Information. We then
used eq. (6) to find estimates of Earth’s radius Rg. The results are
listed in Table 2. Although the raw estimates are closer to the true
radius than the corrected ones, they all give the correct order of

(6)

magnitude. Thus, the observed vertical acceleration and horizontal
strain amplitudes are geometrically consistent.

7 COMPARISON OF STRAIN RECORDS
FROM A BFO STRAINMETER WITH THE
1960 ISABELLA RECORD

In the original papers on the famous Isabella strain record, an identi-
fication of the fundamental radial (‘breathing’) mode (S, is nowhere
mentioned. Even for the strongest earthquakes the amplitude of this
mode in strain is very small. As explained in the previous section,
for a horizontal strainmeter of length / the amplitude is given by the
radial displacement amplitude u, divided by the Earth’s radius Rg.

Widmer et al. (1992) reanalysed a digital version of that record to
see if (7> could be identified using multiple taper spectral analysis
but which turned out to be not the case (see the lower two panels
of Fig. 8). However, in the spectrum of a 444 hr record (S, could
clearly be detected with an SNR at best of 3:1. Fig. 8 shows these
spectra after multiplication with a Hann window of 60, 140 and
444.5 hr of this record.

For a qualitative comparison, we produced a similar diagram for
the data from the N2°E invar-wire strainmeter at BFO after the Aceh
quake. Despite the lower moment magnitude of that quake (S, can
be identified in all three panels of Fig. 9. Mode (75 can clearly be
identified in the lower two panels of Fig. 9 as mentioned before. It is
evident that despite the lower moment magnitude of the Aceh quake
the SNR in each of the three spectra in Fig. 9 is superior to the ones
in Fig. 8. Especially mode (S, has a much higher SNR in the new
data. However, a more quantitative comparison of all the modes
would have to take focal mechanism, source and station location
and differing sensor azimuths into account. It is unknown whether
the Isabella record could have been improved by application of a
pressure correction as applied to the BFO data in previous figures
of this paper. However, to make the comparison more fair the BFO
records used for Fig. 9 were also not corrected for atmospheric
pressure effects.

Although the SNRs for the modes are better for the modern
records the quality of the Isabella strain record is impressive. This
and a few other records added a new spectral range to seismology.
It is basically to be expected that 44 yr of technological progress
would necessarily lead to improved SNRs. However, the basic strain
sensors, their coupling to the Earth and their shielding have not
changed that much, while the electronic displacement transducers,
data acquisitions and timing accuracy have improved dramatically.
The Isabella record is experimental proof that Hugo Benioff was an
instrumental genius, and together with the new data shown in this
study, highlights the strong potential of strain data for normal mode
Earth structure and earthquake studies.

8 DISCUSSION AND CONCLUSIONS

For the lowest-frequency spheroidal and especially toroidal modes
excited by the Aceh and Tohoku quakes, the observed SNRs in the
BFO-strainmeter records were found to be superior to the SNRs
obtained with the broad-band STS-1 horizontal seismometers up to
about 1 mHz. We repeat here the fact that these seismometers at BFO
provided some of the best quality data in the GSN as demonstrated
by the detection of the horizontal Hum (Kurrle & Widmer-Schnidrig
2008) with the data from these instruments. The quality difference
is best seen for the modes (S,, ¢7> and ,S;. For both types of
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Figure 8. Spectra of a time-series from the Benioff N32°W-strainmeter at
Isabella, California, starting on 1960 May 22 at 19:11:20 UTC, after the
Great Chilean earthquake 1960. Different time-series lengths (multiplied by
a Hann taper) were used to optimize the SNR for different modes having
different Os. Top panel: 444.5 hr, needed to bring ¢Sy out of the noise.
Middle panel: 140 hr needed to observe the rotational splitting of the low
order fundamental spheroidal modes (S, and (¢S3. Bottom panel: 60 hr to
look for the elusive fundamental toroidal mode (75 in this famous record.

instruments, significant parts of the noise induced by atmospheric
pressure loading were removed by our barometric corrections.

The high quality of the strainmeters is also demonstrated by the
facts (1) that these records are the first in which splitting of toroidal
modes can be seen in an individual record, (2) that the fundamental
radial mode (S is observed with all three of them with good SNR
at amplitudes of about 0.01 ne and (3) that all three singlets of ,S)
are well above the noise for the Tohoku event, and last but not the
least, (4) by the low noise PSD-values, lower than at PFO or any
PBO strainmeter.

For the vertical broad-band seismometers, the agreement between
observed and synthetic spectra for both events is almost perfect.
For the strain and horizontal broad-band seismograms, the toroidal
modes are rather well predicted for all components and events. The
prediction for the overtones ,S, and |5, is also satisfactory con-
sidering the SNRs. However, for these components the comparison
of observed and synthetic spectra for the fundamental spheroidal
modes (53, oS and to a lesser extent (S, and (S5 leaves something
to be desired.

Part of the problem might be associated with the modelling ap-
proach; for example, seismic source models are often determined
dominantly from vertical component data due to their higher qual-
ity. Moreover, local structure effects may also play a role. More
generally, our results agree with previous studies showing a bet-
ter agreement between normal mode synthetics and data for verti-
cal components than for horizontal component observations (e.g.
Lentas et al. 2013). Not to be able to model horizontal accelerations
as well as vertical ones without a clear understanding of the cause
is of course a most unsatisfactory situation.

On a heterogeneous Earth the global strain fields of tides and
normal modes produce additional local strains and local tilts (e.g.
cavity effects) and the superposition of global and local signals is
what is being sensed by strainmeters and horizontal seismometers.
Cavity effects in tilt and strain recordings of the Earth Tides have
been observed at BFO (and many other stations) and discussed in

Normal mode strain observations 1799

x10°° ACEH 2004 ——- BFO strain N2E
2 T T T T T T T T T
15[ 456 h 1
- oo -
L1k B
w
0.5 4
N A A L A )
0.7 072 074 076 078 0.8 082 084 086 088
x107°
8 s~ 5
6 0“2 03 4
-
L 4-140h 0T2° * 271 b
[T
ok 4
0 L ) A
0.2 0.3 0.4 0.5 0.9
] T T T ]
.
-
toos 172 ]
0
0.1 0.6 0.7 0.8 0.9 1

mHz

Figure 9. For comparison with Fig. 8: linear strain spectra of Hanned time-
series (lengths: 60, 140 and 456 hr from bottom to top) after Aceh 2004 from
the N2°E wire strainmeter at BFO. Although the quake was less energetic
than the Chilean in 1960, the SNR in all three spectra is much improved
in comparison to Fig. 8. Especially (7> is clearly identified here for the
Aceh quake in the lower two spectra. No pressure correction was applied to
the BFO strain data for this figure because the Isabella data were also not
corrected.

previous studies (Berger & Beaumont 1975; Emter & Ziirn 1985;
Ziirn & Emter 1995).

In this paper, we demonstrate that local disturbances of the large
scale strain fields for low-frequency normal modes occur which nor-
mally are not included in the synthetics. For horizontal accelerom-
eters, this is demonstrated by the observations shown in Fig. Bl
(Appendix B). It is also demonstrated for the strainmeters by the
fact that the synthetics including strain—strain coupling fit the data
better than synthetics without this coupling. This is by no means
unexpected (King ef al. 1976).

Park et al. (2008) used previous estimations of the coupling fac-
tors from tidal observations for their strainmeters at Gran Sasso and
introduced them into their synthetics. We also estimated coupling
coefficients for our strainmeters using the tidal records listed in the
second paragraph of Section 3.1 and applied those to the synthetic
strains (see Supporting Information Table S1). The modified syn-
thetic spectra significantly reduced the misfits between predictions
and observations. In our work on cavity effects at BFO, we have
always conjectured that the locally produced signal-generated dis-
turbances (the ‘cavity effects’) are neither dependent on frequency
nor on the phenomenon driving the local inhomogeneities, and that
coupling coefficients derived from tides can be applied to other
quasi-static signals like the low-frequency free oscillations (King
et al. 1976). This assumption was also implicitly taken by Park
et al. (2008). Our tidally determined coefficients did improve the
situation. It appears here that the conjecture holds in our case and
that the tidally determined strain—strain-coupling coefficients help
to explain low-frequency normal mode strain observations as well.

What are the physical conditions primarily responsible for strain—
strain coupling in the case of the strainmeters and for strain-tilt
coupling in the case of the horizontal accelerometers? In Fig. B1,
we show that observed horizontal normal mode acceleration spec-
tra differ significantly from installation to installation within the
mine. This is with high probability due to strain-coupled tilts by
the cavities in the rocks and has been studied previously using
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Earth tides (Emter & Ziirn 1985; Ziirn & Emter 1995; Lambotte
2007). The three 10 m long strainmeters, however, are installed in
the centres of 60 m long tunnels with 2 m diameter and therefore
tens of tunnel diameters away from the ends of the tunnels. These
are conditions which minimize elastic disturbances (Harrison 1976)
and the measured local strains should be very close to the strains
at distance unless other features cause disturbances. Therefore to-
pographic and rock heterogeneity effects rather than cavity effects
must be invoked to explain the significant local effects in the strain
observations. One interesting study made by Harrison (1976) con-
cerns the strains observed in a two-dimensional hill, where at the
top of the hill the observed strains in the direction perpendicular
to the hillsides are reversed with respect to the strains applied at
the base. Our largest effect, a reduction of the synthetic strain by
40 per cent occurs for the N60°E-instrument. The axis of the ridge
in which BFO is located is nearly NS, so this strainmeter approx-
imates Harrison’s (1976) topographic model better than the other
two. Since topography is rugged in the vicinity of BFO, that is the
most likely candidate for the distortions in the strains (see Tables
S1 and S2 in the Supporting Information).

Agnew & Wyatt (2014) recently investigated seismic strains at
stations in California and found large deviations from expectations,
albeit at higher frequencies, where effects like focusing—defocusing
and wave-front healing of surface waves play an important role.
This is a completely different problem and not to be confused with
the effects discussed in this paper.

It is well known that below about 1 mHz the best supercon-
ducting gravimeters (including the help from again a barometric
pressure correction) provide better SNRs for the spheroidal modes
than the best vertical STS-1 seismometers (Widmer-Schnidrig
2003). A similar statement may be made for toroidal modes
and the best strainmeters in comparison to the best horizontal
STS-1s.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this paper:

Table S1. Estimates of the strain-coupling coefficients (dimension-
less) as defined in the equation in this Supporting Information.
Numbers are only given to two decimal places.

Table S2. Estimates of the strain-coupling coefficients (dimension-
less) as defined for coordinate systems aligned with each strain-
meter. The coefficients A; y, A; 4 and A, are the coefficients
multiplying the strain along the instrument, perpendicular to the
instrument and shear strain in that coordinate system, respectively.
If no cavity effect existed, all A; ; should be 1.00 and the A; ,, and
A, j, should be 0.00. Numbers are only given to two decimal places.
Figure S1. Time-series starting at 0:00:0.0 UTC on 2011 February
26 and 30 d long. Depicted are linear strains in azimuth N60°E:
the theoretical body tide (top) and the raw data from the St-4
invar-wire strainmeter (bottom). The oscillations recorded after the
Tohoku megaquake (day 13 = March 11) are easily recognized.
While the amplitude of the observed strain is appreciably smaller
than the predicted one before the quake due to a local elastic ef-
fect, the further diminishing of the observed tidal strain after the
quake due to the loss of gain can clearly be identified. The data
also show long-period noise partially due to atmospheric pressure
loading.

Figure S2. Apparent tidal admittances estimated for the time period
between the two absolute calibrations of the N60°E instrument on
2011 January 26 and April 11 as described in the main paper and
the text. These admittances are a representation of the strainmeter
gain. The quake is indicated by a red vertical bar and the 220 hr
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record used in the paper is indicated with the colour-shaded area.
Short horizontal bars represent results for 3 d each, in black for
the raw data and in red for the data after correction for the loss in
gain. Thick green horizontal bars are results for five longer stretches
of data. Before the quake the apparent gains are nicely centred on
unity, while right after the quake they diminish quickly. Since the
problem was later identified with a corroded cable, it is difficult to
understand physically why this happened in time near this distant,
albeit huge quake.

Figure S3. Selected apparent gains from the time after the Tohoku
event (see Fig. S2) as a function of time (red circles). The blue curve
is our representation of the instrumental gain as function of time
with unity up to the time of the quake and a sixth degree polynomial
afterwards. The quake is indicated by a red vertical bar and the
220 hr record used in the paper is indicated with the yellow shaded
area.

Figure S4. This figure is equivalent to Fig. 4 in the paper but
here the strain synthetics do not include the local strain-coupling
contribution.

Figure S5. This figure is equivalent to Fig. 5 in the paper but here
the strain synthetics do not include the local strain-coupling con-
tribution. (http://gji.oxfordjournals.org/lookup/suppl/doi:10.1093/
gji/ggv381/-/DC1)

Please note: Oxford University Press is not responsible for the
content or functionality of any supporting materials supplied by

the authors. Any queries (other than missing material) should be
directed to the corresponding author for the paper.

APPENDIX A: COMPARISON
OF VERTICAL ACCELEROGRAMS
WITH SYNTHETICS

For reasons of completeness and for helping to find the source of
our misfits, we compare the spectra of the STS-1 vertical accelero-
grams for the Aceh (Fig. A1) and Tohoku (Fig. A2) quakes with
the synthetics computed as described above. Data were processed
in the same way as with the horizontal accelerograms. For both
events, the comparison of data with synthetics is excellent and
much better than for the horizontals and the strains. We take the
excellent fits as a justification for the source models used and for
not using a heterogeneous mantle model in our synthetics.

APPENDIX B: EVIDENCE FOR
SIGNIFICANT LOCAL EFFECTS

IN NORMAL MODE ACCELERATION
SPECTRA

At the time of the 2004 Aceh quake BFO was operating three hori-
zontal accelerometers, both for the NS- and EW-direction: the STS-
1 and STS-2 broad-band seismometers, and the Askania borehole
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Figure Al. Spectrum of a 220 hr acceleration time-series from the STS-1 vertical broad-band seismometer (black) and corresponding synthetics (red) at BFO
after the Aceh quake. Time-series start at 2:30:00.0 UTC on 2004 December 26. Data were calibrated, instrument corrected, detided, corrected for air pressure
effects and multiplied by a Hann taper before the Fourier transform. Calibrated air pressure was multiplied by 0.40 nm s~ hPa~! and subtracted from the
record. Dotted vertical lines represent degenerate multiplet frequencies from model 1066A (Gilbert & Dziewonski 1975). The corresponding synthetic spectra

are plotted in red.
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Figure A2. Same as Fig. Al but for the Tohoku quake. Time-series start at 6:45:00.0 hr UTC on 2011 March 11. Calibrated air pressure and its Hilbert
transform were multiplied by 3.3 and —0.95 nm s~2 hPa~! and subtracted from the record.
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Figure B1. Spectra of data obtained from 120 hr time-series after the Aceh quake from the STS-1, STS-2 and Askania tiltmeter and of the corresponding
synthetics (see Section 4). Time-series start at 2:30:00.0 hr UTC on 2004 December 26. Before computing the FFT, a Hann window was applied and the
time-series padded with zeros. NS-components are shown in the top panels, EW-components at the bottom. The left panels show fundamental spheroidal mode
0353, the panels on the right the group fundamental toroidal mode (73, fundamental spheroidal mode ¢S4 and spheroidal overtone 1.5;.

tiltmeter (e.g. Agnew 1986). The first two are mounted less than 2 m
apart on two adjacent piers in the seismic vault, both at the bottom of
the southern wall (e.g. Ziirn & Emter 1995). The Askania borehole
tiltmeter was mounted on the northern wall in the tiltmeter vault,
about 105 m south of the seismic vault (e.g. Emter & Ziirn 1985).

In Fig. B1, we compare spectra of selected low-frequency modes
obtained from these instruments and the synthetics for the Aceh
quake. The time-series in this case were shortened to 120 hr to
improve the SNR, but start times are the same as in the main text.
The data were calibrated, converted to acceleration where neces-
sary (seismometers), detided and a pressure correction was applied
as described in Section 3.2. Then a Hann taper was applied and
the time-series were zero-padded before computing the FFTs. The
synthetics were treated correspondingly.

Overall the Askania data are much better predicted by the syn-
thetics than the seismometer data. The toroidal mode spectra all
agree very well and the overtone spectra are also all very similar.
The spectral shapes for the two seismometers agree fairly well with
each other in all cases depicted. However, conspicuous discrepan-
cies occur between seismometers on the one hand and Askania and
synthetics on the other hand, especially for the NS-components,
which must be explained by different local effects due to strain-tilt
coupling at the different locations and by the different mounting of
these instruments.

To determine strain-tilt coupling is beyond the scope of this paper
but the observation presented in this appendix alone may be a key
to understanding why low-frequency horizontal earthquake signals
are notoriously worse fit by synthetics than vertical ones.
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