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Abstract

For observations of vertical-component acceleration in the normal-mode band
(0.3-10 mHz), the detection sensitivity for signals from the Earth’s body can be improved
to levels below the Peterson low-noise model (PLNM). This is achieved by deterministic
procedures that (at least partly) remove the accelerations originating from atmospheric
mass fluctuations. The physical models used in such corrections are still too simple and fail
at frequencies above 3 mHz. Anticipating improved atmospheric correction procedures,
we explore the prospects of lowering the detection level. From recordings of excellent
vertical-component sensors operated under exceptional site conditions at the Black
Forest Observatory, we select time windows of very low background signal, for which
all of the contributing broadband seismometers showed their best performance.
Streckeisen seismometers of type STS-1, STS-2, and STS-6A, a Nanometrics Trillium T360,
and the superconducting gravimeter (5G) SG056 manufactured by GWR Instruments take
part in this comparison. Because of their low level of self-noise, the STS-1 and the SG056-
G1 benefit the most from a correction with the best currently available improved Bouguer
plate model for atmospherically induced signals at frequencies below 1 mHz. As far as we
know, this is the first case in which the background level of a broadband seismometer
could be lowered below the PLNM. At signal periods beyond the normal-mode band
(investigated up to 12 hr), the gravimeters show the lowest level of self-noise, directly
followed by the STS-6A. In the band from 0.3 to 10 mHz, the STS-1 has the lowest level of
self-noise, which is at least 4 dB below the PLNM, directly followed by the T360 and the
STS-6A. Sensors of lower self-noise than the currently manufactured STS-6A or T360 are
needed before improved atmospheric correction procedures lead to a significantly lower
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vertical-component detection threshold.

Introduction

Why does it matter?

There are several good reasons to strive for the detection of
small amplitude signals at frequencies of 1 mHz and below.
(1) Observations of the Earth’s normal modes at very low
frequencies, and analyses of their splitting and coupling
provide unique constraints on deep structure (including
anisotropy). Not all of them have yet been identified in obser-
vations (Laske and Widmer-Schnidrig 2015, their fig. 16).
With improved signal-to-noise ratio (SNR), these observations
may contribute to improvements of models of 1D and 3D
structure, and dynamics of the Earth’s core as pointed out
by Widmer-Schnidrig (2003). (2) Because of the sensitivity
of the low-frequency modes to 1D and 3D density structure,
their observation at higher SNR will help to resolve the density
structure independently from bulk and shear moduli (Héfner
and Widmer-Schnidrig, 2013) and, thus, help to better
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understand the driving mechanisms of mantle (and core) con-
vection. (3) Models of the large-scale anelastic structure of the
mantle could benefit from enhanced SNR in observations of
the attenuation of normal modes. Amplitude measurements
suffer much more than frequency determinations from poor
SNRs. Viscoelastic properties of the mantle are of vital impor-
tance for mantle convection and plate tectonics (Romanowicz
and Mitchell, 2007). (4) Long-period observations are essential
for a better understanding of the mechanisms of very deep
earthquakes (Houston, 2007). (5) The W-phase, first described
by Kanamori (1993), is promoted by Kanamori and Rivera
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(2008) and Duputel et al. (2012), for a rapid determination of
the source mechanism and magnitude of megathrust earth-
quakes, and is composed of signals in the normal-mode band.
(6) The so-called “prompt elasto-gravity signals” from seismic
sources can be detected before the arrival of the P wave, and
have been observed and modeled by Juhel et al. (2018) and
Zhang et al. (2020) for very large magnitude quakes. Because
of the emergent waveforms of these signals, only instruments
with low levels of noise at very long periods are capable of
unambiguous observation and can help to extend the observ-
ability to smaller magnitude earthquakes. (7) The background
free spheroidal oscillations of the Earth (the so-called “hum”),
first proposed by Benioff et al. (1959), are clearly observed
between 2 and 7 mHz in vertical-component data (Kobayashi
and Nishida, 1998; Nawa et al., 1998; Suda et al., 1998) and are,
as well, present in horizontal-component recordings (Kurrle
and Widmer-Schnidrig, 2008). Because the Earth is also a res-
onant physical system below 2 mHz, at some level, there should
be background oscillations down to the gravest elasto-gravita-
tional normal mode (;,S, near 0.3 mHz), whatever the driving
mechanism is. Presently, the steep rise of the noise level below
2 mHz prevents this observation. (8) The so-called Slichter-
Triplet (Slichter, 1961a,b), three translational modes of the
inner core, should exist due to accepted physics, but have never
been observed. If observed, their parameters (eigenfrequency,
splitting, attenuation, and amplitudes) would provide unique
information on the Earth’s structure near the inner-outer core
boundary (Smith, 1976; Rosat et al., 2003; Rosat and Rogister,
2012). The amplitude of the signal, however, is estimated to
remain far below present detectability thresholds. This is the
case for the excitation by sporadically occurring megaquakes
(Rosat, 2007) as well as for continuous excitation by outer core
turbulence, as suggested by Busse (1974). (9) So-called core
undertones (Crossley and Rochester, 1980) are also expected
at very low frequencies, to provide signals. These are more
speculative than the Slichter modes. Two types of waves in
the liquid outer core, gravity waves on interfaces, and a kind
of Rossby waves with the Coriolis force as a major part of the
dynamics, could cause observable effects at the surface, given
their amplitude is large enough and observation techniques are
sensitive enough.

Where is the problem?
Observations in the frequency band of elasto-gravitational free
oscillations of the Earth are particularly challenging. This is
because with decreasing frequency the amplitude of the signal
components carrying the desired information become small
compared with other signal components (which include
instrumental self-noise and local disturbances due to atmos-
pheric attraction and loading). For this reason, instruments
must be carefully shielded against thermal fluctuations and
changes of air pressure (Forbriger, 2012). As the case may
be, magnetic field-induced noise must be considered as well,
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like demonstrated by Forbriger et al. (2010) and recently dis-
cussed by Tape et al. (2020) and Diaz et al. (2020). The major
issues remaining after all efforts of shielding and optimized
coupling are the consequences of mass fluctuation in the atmos-
phere and, of course, instrumental self-noise of the sensor.

To provide observations with lower noise floor, not only
valid correction models for signals induced by atmospheric
mass fluctuation must be improved, but also the seismic instru-
ments themselves must be capable to properly measure signals
at this level.

Where are the current limits?
Low-noise models. Low-noise models are commonly

taken both as a reference and to set the design goals for sensi-
tive broadband seismometers. At frequencies below about
3 mHz, they, however, do not represent the signal level pro-
duced by vibrations of the Earth’s body. Rather, they specify
the lower envelope curve for a certain data set, under a certain
statistical evaluation (which might be different for each
model), and provide an estimate of the floor level of the back-
ground signal for this data, but no more.

At frequencies below 3 mHz, the background noise level of
seismic observations, in terms of acceleration power spectral
density (PSD), typically increases with decreasing frequency.
This is demonstrated by standard low-noise models. A classic
and still frequently used model for the Global Seismographic
Network (GSN) was published by Peterson (1993). He calls this
model "new low-noise model” to distinguish it from an older
one. We refer to his model as the Peterson low-noise model
(PLNM). The GSN noise model by Berger et al. (2004) is a more
recent analysis. Both use different approaches of statistical analy-
sis. Anthony et al. (2020) discuss how this may result in slightly
different levels for the final model curves. When comparing these
curves to PSD, as computed for seismometer recordings, we shall
keep in mind that the low-noise models do not represent a single
recording but a lower envelope (PLNM) or the 1st percentile
(GSN noise model) for a large collection of data. In the current
study, we use the PLNM just as a reference level in diagrams,
which display the analysis results for specific recordings.

In any case, low-noise models represent the lowest back-
ground signal level, whatever the cause. At or below this level,
there exist signals containing valuable information on Earth
structure and dynamics. The background free oscillations set
the level from 2 to about 10 mHz (Berger et al., 2004, their
fig. 8). At frequencies below 1 mHz, seismic sensors of most
types, obviously, are limited by self-noise, as a comparison by
Berger et al. (2004, their fig. 9) shows. The signal levels pre-
sented in the PLNM as well as in the GSN noise model, at
frequencies below 1 mHz, represent the smallest level observed
with STS-1 vertical-component seismometers. Whether this
represents instrumental self-noise or the effect of fluctuations
of masses in the atmosphere is under discussion. We investi-
gate this in the current study.
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Anyhow, the low-noise models do not represent the noise
floor originating from the Earth’s body, at frequencies below
1 mHz. Ziirn and Widmer (1995, their fig. 1) demonstrate this
by a partial correction for disturbances originating from the
atmosphere as well as Rosat and Hinderer (2011, their fig. 1)
do in an analysis of recordings from superconducting gravim-
eters (SGs). At frequencies below 1 mHz, the presented levels
tend to be below the PLNM.

Environmental sources of noise. To resolve signals at
the level of the PLNMV, at frequencies in the normal-mode band
(0.3-10 mHz) and below, the instruments must be operated in
a very low noise environment. In particular, temperature, air
pressure in the vault, and magnetic field must be kept stable.
The levels of fluctuations, which must not be exceeded, are
challengingly low (Forbriger, 2012, his section 5.1: less than
107% K for temperature and less than 10~ hPa for air pressure
at the minimum of the noise floor near 3 mHz). Nevertheless,
seismometers can be effectively shielded against these environ-
mental conditions. It is, however, impossible to shield against
Newtonian attraction caused by atmospheric masses and water
fluctuations in the hydrosphere. Crossley et al. (2013, their fig.
2) point out that the Slichter Triplet and core modes are still
hidden below the level of noise originating from environmental
sources at frequencies below 1 mHz.

Models of noise caused by fluctuations of atmospheric
mass.
siderable research has been done, which resulted in models
linking local atmospheric pressure to recorded vertical accel-
eration. Ziirn and Widmer (1995, their fig. 1) demonstrate the
effectiveness of a frequency-independent correction on seis-
mometer data. At the time, this type of correction was already
common in tidal analysis of gravimeter data (Warburton and
Goodkind, 1977; Merriam, 1992; Crossley et al., 1995). For the

For the impact of atmospheric mass fluctuations, con-
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Figure 1. Floor map of the Black Forest Observatory (BFO). The
instruments are installed in a former silver mine. The gallery leads
gently up into the granitic rock of a hill. The vault of the
superconducting gravimeter (SG; with sensors SG056-G1 and
SG056-G2) is located behind the first air lock. The seismometers
(STS-1, STS-2, T 360, and STS-6A) are additionally protected by a
second air lock. The thickness of overburden increases from a few
meters at the entrance to about 150 m at the SG and 170 m at
the STS-6A. The barometer (Paro6016B) is located at the surface
in a hut, about 60 m above the gallery. The color version of this
figure is available only in the electronic edition.

LaCoste-type gravimeter earth-tide (ET)-19 at Black Forest
Observatory (BFO) Ziirn and Widmer (1995, their fig. 2) dem-
onstrate the ability to lower the detection threshold even below
the PLNM, for frequencies below 1.5 mHz.

The mechanisms by which the atmosphere acts on the seis-
mic sensor often are expressed in terms of an admittance «(f)
(possibly depending on frequency f) by which the change of
locally recorded air pressure Ap(f) appears in the record of
acceleration Ag(f). The currently most advanced model for
local admittance proposed by Ziirn and Wielandt (2007, their
equation 4) is called the improved Bouguer plate model
(IBPM). It accounts for (1) the direct Newtonian attraction
of atmospheric masses, (2) the change in gravity to which
the sensor is exposed due to its vertical motion, when the
Earth’s crust is depressed by the atmospheric surface load,
as well as (3) the inertial acceleration of the seismometer going
along with this. This model is frequency dependent, due to the
consideration of inertia. The three contributions cancel near
3 mHz, in which the exact notch frequency depends on the
elastic properties of the crust. This model, hence, predicts
an absence of atmospherically induced noise in a narrow fre-
quency band near 3 mHz. It proves applicable in many cases;
however, is still too simple in that it (1) inherently assumes
Volume 92« Number 4 .
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Figure 2. Power spectral density (PSD) computed for the signal
recorded by eight vertical-component sensors in the time of four
days, beginning at 17 May 2020 00:00 UT. PSD is displayed in decibel
referred to corresponding ground acceleration with 1 m? s Hz™'.
The Peterson low-noise model (PLNM; Peterson 1993) is displayed as
a reference level by the thick solid gray line. The signals are taken
from vertical components of the instruments listed in Table 1. The
signal level displayed by a solid gray line with open squares is
computed from a local recording of air pressure (barometer:
Paro6016B in Table 1) by application of the improved Bouguer plate
model (IBPM; Zirn and Wielandt 2007). It represents the expected
contribution due to mass fluctuations in the local atmosphere. This
curve is truncated at 4 mHz, because the effect is unrealistically
overpredicted at higher frequency by the simple model. The color
version of this figure is available only in the electronic edition.

a stratified layering of atmospheric masses and in that it
(2) neglects the inertial response of the crust to the loading force.
These shortcomings let the model overpredict the induced signal
at frequencies above the minimum of the admittance (i.e., above
3 mHz). Nevertheless, Ziirn and Meurers (2009) could demon-
strate that the observed admittance changes its sign near 3 mHz,
like predicted by the model. A corresponding minimum at 3 mHz
is present in the global low-noise models (Peterson, 1993; Berger
et al., 2004), as pointed out by Ziirn and Wielandt (2007).

We make use of a slightly modified IBPM-model, to inves-
tigate the composition of the noise floor of the instruments
under investigation. For this reason, a few introductory remarks

_ Ag(f)  2nG D

seem appropriate. The admittance function
og
= = + Ar?f2 4| = ) 1
Ap(f) & )H‘Zﬂ( / ‘& .
as given by Ziirn and Wielandt (2007, their equation 4) relates the
recorded change in vertical acceleration expressed as a change in

a(f)
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gravity Ag = aAp to a change in local air pressure Ap. The term
271G g,' expresses the Newtonian attraction of a stratified
atmosphere, for which G = 6.673 x 107! Nm? kg2 is the gravi-
tational constant and g, = 9.81 m s™2 is gravity. The effective
admittance is reduced by the fact that the Earth’s crust is
deformed by the surface loading of the atmosphere, which results
in a vertical displacement of the sensor in the Earth’s hetero-
geneous gravity field. The model accounts for this by a homo-
geneous elastic layer of thickness D on a rigid substratum. If the
compressional wave modulus of the layer is A + 2y, with the
shear modulus y and A being Lamé’s constant, vertical subsidence

D

Az=—"
‘ A+ 2u

Ap, )

results from an increase Ap of air-pressure. In equation (1),
|0g0z7!| = 3.08 x 107® s72 is the free-air gradient of gravity,
and, f? results from inertial acceleration, with f being signal
frequency.

A characteristic parameter is the zero frequency (DC)-
admittance

2nG D
= = 0 = - —
apc = a(f ) 2 +/1+2‘u

g
0z

, (€)

the asymptotic value at lower frequency. At the lower limit of
the frequency band of investigation (0.2 mHz in our case) in
many cases, we find « to be near —3.5 nm s> hPa™!. The sec-
ond characteristic parameter is the notch frequency

0

fu= . , (4)
which is near 3 mHz, as indicated by the low-noise models. The
model in equation (1) has only one free parameter, namely the
elasticity of the layer expressed by the factor D (A + 2u)™'. A
layer with a DC-admittance near —3.5 nm s~ hPa™! would have
a notch frequency of 0.594 mHz and for a notch frequency near
3 mHz the DC-admittance would be close to the pure gravita-
tional effect —27Ggy' = —4.27 nm s™2hPa™!. The model is
clearly oversimplified, and, indications for that are also seen
in the data, as discussed subsequently. With the available data,
we currently see no point in developing a more elaborate model.
However, to allow the model to satisfy the two characteristic
parameters, DC-admittance and notch frequency at once, we
parameterize the model by

chC(l _}(_j) (5)

such that both parameters can be set independently. Values for
the DC-admittance, apc, and the notch frequency, f,, are then
adjusted by fitting the model predicted signal to the observed
vertical acceleration record. The optimal values typically vary

_ Ag(f)

“m_wm‘
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with time window and frequency band, which is another indi-
cation of the oversimplification of this model. Equation (5) is
identical with equation (1), if equations (3) and (4) are satisfied.

What do we contribute here?

We use signals from nine vertical-component instruments
operated at BFO (1971), to analyze the composition of the
noise floor of observations made in the normal-mode band
(0.3-10 mHz). We limit this study to vertical-component sen-
sors, because horizontal components, additionally, experience
tilt-coupled gravity (Wielandt, 2012, his section 5.3.3) and,
therefore, typically show a higher level of background signal
at frequencies below 10 mHz, as demonstrated by Berger et al.
(2004, their fig. 7). A discussion of horizontal components,
therefore, would, additionally, have to address coupling to bed-
rock, horizontal gradients of surface loading, cavity effects, and
other issues, like discussed by Ziirn et al. (2007).

Tilt-coupled gravity is a first-order effect in the horizontal
component and a second-order effect in the vertical compo-
nent, which is obvious when decomposing the gravity vector
into the components of the tilted seismometer. Thus, if the
level of the 1st percentile of the horizontal-component GSN
noise model (Berger et al, 2004) would be controlled by
tilt-coupled gravity (which we assume), then the same signal
would contribute to the noise level of the vertical component
at 200 dB below the level of the PLNM. Conversely, because
tilt-coupled noise is of second order in the vertical component,
tilt-coupled gravity that would exceed the level of the PLNM in
the vertical component would produce a background level in
the horizontal component about 100 dB above the GSN noise
model. This is not what we see. For this reason, we have evi-
dence that tilt-coupled gravity does not contribute to the ver-
tical-component noise floor.

For the vertical component, we discuss the prospects of the
application of current deterministic models of noise induced
by the atmosphere and required improvements for them.
Furthermore, we investigate the level of self-noise observed at
the most capable broadband vertical-component seismometers
currently available in deployments of the GSN. For instruments
with a homogeneous triaxial Galperin-type arrangement of
oblique internal sensors (Wielandt, 2012, his section 5.3.7),
the level of self-noise of the vertical component is controlled
by all three internal sensors, and such is also a measure for
the instrumental self-noise expected in the horizontal-compo-
nent data.

Observations

Sensors and data

An essential prerequisite to detect small-amplitude signals from
the Earth’s interior, at long signal periods, is proper shielding
against local disturbances acting on the sensors. For vertical-
component inertial seismometers, the most prominent of such
disturbances result from thermal fluctuations and changes in
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TABLE 1
Instruments Used in This Study

Sensor Serial Number Net Station Loc Chan
STS-1 SN 28740 I BFO 00 LHZ
STS-2 SN 19123 GR BFO LHZ
STS-6A SN 176254 I XBFO 50 LHZ
STS-6A SN 150804 I XBFO 55 LHZ
STS-6A SN 176241 I XBFO 60 LHZ
T 360 SN 0052 I XBFO 70 LHZ
SG056-G1 SN 056 I BFO 00 LG1
SG056-G2 SN 056 I BFO 00 LG2
ET-19 SN 19 I BFO 00 LGZ
Paro6016B SN 90720 I BFO 10 LDO

Instruments are identified by the sensor type and serial number. The data source
(Black Forest Observatory [BFO], 1971) is specified by the SEED network code
(Net), station code (Station), location code (Loc), and channel code (Chan).
Metadata can be obtained from the IRIS MetaData Aggregator (see Data and
Resources), based on these SEED codes. Results for ET-19 are shown only in the
supplemental material (Fig. S10). Station code XBFO (experimental) is used for
temporary deployments. ET-19, earth-tide 19; IRIS, Incorporated Research
Institutions for Seismology; SEED, Standard for Exchange of Earthquake Data.

ambient air pressure. Seismic instruments are sensitive to these
environmental conditions, due to finite temperature coefficients
of their components, deformation of their casing, or buoyancy
acting on the probe mass (if not properly shielded). For this rea-
son subsurface installations are mandatory. At BFO, air locks,
additionally, shield the instruments against fluctuations of ambi-
ent pressure and prevent convective heat exchange with the
exterior. Ziirn and Wielandt (2007) and Forbriger et al. (2010)
describe the shielding provided at BFO, which makes this
observatory one of the most suitable places for the observation
of the Earth’s normal modes on the globe. An extensive over-
view of research done under these favorable conditions is pro-
vided by Ziirn (2014).

Figure 1 shows a map of the gallery. The instruments used in
the current investigation are listed in Table 1. Signals are
recorded with Quanterra Q330HR digitizers, with 26-bit resolu-
tion and preamplifiers being disabled in all cases. Data are avail-
able through the Data Management Center of the Incorporated
Research Institutions for Seismology (network code II, Scripps
Institution Of Oceanography, 1986) and (in case of the STS-2,
network code GR) as a part of the German Regional Seismic
Network through the Data Management Center at the Federal
Institute for Geosciences and Natural Resources (BGR) (1976,
Germany).

STS-1. The STS-1 broadband seismometer was developed
by Wielandt and Streckeisen (1982). Its vertical-component
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sensor uses a leaf-spring suspension (Wielandt, 1975). The
approximate geometry of the leaf-spring and the pendulum is
sketched by Wielandt (2012, his fig. 5.7a) and is reproduced
by Aki and Richards (2002, their fig. 12.23) from Wielandt
and Streckeisen (1982). The later very broadband version uses
the same mechanical sensor but a feedback for an eigenperiod of
360 s (Wielandt and Steim, 1986). The invention of this instru-
ment marks the advent of modern broadband seismology. It still
sets the standard in the GSN, in terms of low self-noise at low
frequency. Low-noise models (Peterson, 1993; Berger et al.,
2004), at low frequencies, mainly represent the signal level
recorded with instruments of this type. Ringler and Hutt
(2010, their fig. 11) provide a self-noise analysis for the STS-1.

The STS-1 has been out of production for more than a
decade, and the manufacturer, Streckeisen, no longer provides
support for maintenance of existing sensors. For this reason,
the GSN urgently searches for a competitive replacement sen-
sor for stations, where sensors of STS-1 type are irrecoverably
damaged. Hafner et al. (2018) report the efforts to identify such
sensors, after funding was made available by the National
Science Foundation.

In comparison to the other broadband seismometers used
in the current investigation, the STS-1 is unique in several
respects: (1) A set consists of two dedicated horizontal sensors
and one vertical sensor, existing as individual instruments.
(2) The mechanical sensors are installed in a partially evacu-
ated housing. (3) The feedback electronics is separate from the
mechanical sensor, resulting in excess heat only marginally
affecting the mechanical system. (4) The free period of the
mechanical system, which controls the overall sensitivity
together with the resolution of the displacement transducer,
is adjusted manually, as a part of the setup procedure and typ-
ically is longer than what is achieved for other seismometers.
(5) The instrument uses an inductive displacement transducer
(linear variable differential transformer), which typically is less
sensitive than the capacitive (three-plate capacitor) transducer
used in the other instruments (Wielandt, 2012, his section
5.3.9). The first four have the potential to improve perfor-
mance, whereas the fifth is expected to reduce sensitivity.

The STS-1Z, at BFO, is installed at the southern wall of the
seismometer vault (Fig. 1).

STS-2. The Streckeisen STS-2 has the shortest eigenperiod
(120 s) of the seismometers in the current comparison and
is less sensitive in the normal-mode band by design. It contains
a homogeneous, triaxial Galperin-type arrangement of three
identical sensors that use leaf-spring suspensions. Wielandt
(2012, his figs. 5.7b and 5.10) provides schematic sketches.
Wielandt and Widmer-Schnidrig (2002) describe the instru-
ment and provide a self-noise model for the standard version.
Ringler and Hutt (2010, their fig. 12) provide a self-noise
analysis for a high-gain version of the STS-2, with improved
sensitivity in the Earth’s normal-mode band.
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Compared with the STS-1, the STS-2 provides some con-
venience and became very popular in the 1990s for this rea-
son: (1) All three components are contained in a single
compact casing, together with the feedback electronics.
(2) The instrument benefits from the more sensitive capaci-
tive displacement transducer. As a consequence, manual
adjustment of the mechanical free period is not necessary
(not even possible) during setup. (3) The balance of the
mechanical sensor (torque due to suspension versus torque
due to gravity) is adjusted automatically by electronic cir-
cuitry. (4) During adjustment the sensor is operated in a
1 s mode, thus avoiding the long (several minutes) transients
in the response of the STS-1 to manual adjustment. (5) The
sensor comes in an air-tight and warp-free casing. A vacuum
pump, such as with the STS-1, is not needed. (6) This instru-
ment has a significantly reduced power consumption (1.8 W
for the STS-2, compared with almost 11 W for one set of STS-
1s). All these benefits come at the cost of increased self-noise
to some degree. Still, the STS-2 is an excellent and sensitive
broadband seismometer.

The STS-2 at BFO is installed at the southern wall of the
seismometer vault, next to the vertical component of the
STS-1 (Fig. 1).

STS-6A. The Streckeisen STS-6A is one of the sensors
selected by IRIS, as a replacement for primary sensors in the
GSN (Hafner et al., 2018). It is designed to meet the latest
requirements set by the U.S. Geological Survey (USGS). The
STS-6A is a borehole instrument by design and the only instru-
ment of this form factor in the current comparison. It contains
a homogeneous, triaxial Galperin-type arrangement of three
identical sensors that use leaf-spring suspensions. In the hud-
dle test at BFO, we operate three of these sensors in about
160 cm deep boreholes drilled (through a concrete pier) into
the rock of the floor of the mine. The installation follows
the recommendations by the Albuquerque Seismological
Laboratory (USGS), which includes a stainless steel pipe of
17.5 cm in diameter with closed bottom to separate the sensor
from the water, which unavoidably accumulates in the bore-
hole. All three sensors are installed, approximately, along the
symmetry axis of the gallery, with 50 cm spacing between bore-
holes. Their location is shown in Figure 1.

T360. The Nanometrics Trillium T360 is another one of the
sensors selected by IRIS, as a replacement for primary sensors
in the GSN (Hafner et al., 2018). The instrument is provided by
the manufacturer in three different casings, alternatively. This
comprises a traditional vault sensor, a posthole sensor, and a
borehole sensor. It contains a homogeneous, triaxial Galperin-
type arrangement of three identical sensors that use leaf-spring
suspensions. The instrument in the current investigation is a
vault sensor, which was installed on a pier next to the STS-2 at
the southern wall of the seismometer vault (Fig. 1). The cover
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supplied together with the instrument was used for thermal
insulation, as recommended by Nanometrics.

SG056-G1 and SG056-G2.
for the observation of tidal and secular gravity changes.
Instruments of this type typically provide a drift rate smaller
by up to a factor of 1000, with respect to the drift observed with
the best spring-type gravimeters. The only manufacturer for
commercial instruments of this design, currently, is GWR
instruments at San Diego (U.S.A.). SGs were developed as early
as the 1960s (Prothero and Goodkind, 1968). In the 1990s, they
were still challenged by spring gravimeters (Richter et al., 1995)
but were significantly improved since then. Goodkind (1999)
and Hinderer et al. (2007) describe this type of instrument and
developments involved. Widmer-Schnidrig (2003) points to
the potential of these instruments in application to normal-
mode research.

The SGO056 operates, since 2009, at BFO (Fig. 1). Forbriger
and Heck (2018, their section 2) describe this particular instru-
ment. It is a so-called dual-sphere observatory SG and contains
two sensors in a single package within a common dewar. The
sensor SG056-Gl is special in that it has a larger probe mass of
17.7 g, whereas SG056-G2 has the standard mass of 4.34 g.
SGO056-Gl is the lower sensor in the package and, for this rea-
son, potentially is better shielded against ambient conditions
(magnetic field, in particular). Rosat and Hinderer (2011) con-
clude that SG056-G1 provides an exceptionally low noise level
in the normal-mode band in a comparison of SGs in the data
base of the International Geodynamics and Earth Tide Service
(Voigt et al., 2016).

SGs are the current standard

ET-19. The ET-19 is a spring-type gravimeter, using the
suspension invented by LaCoste (1934). It is instrument
number 19 in the ET series manufactured by LaCoste.
Ness et al. (1961) reported the first observation of normal
modes, made with instrument number 4 after the Chilean
earthquake of May 1960. Afterward, the mechanical feedback
of these instruments was replaced by an electrostatic one,
because of nonlinearities in the mechanics (Weber and
Larson, 1966). The success of these instruments encouraged
the project IDA to use LaCoste gravimeters (of a slightly less
sophisticated type than the ET series) for their first deploy-
ment (Agnew et al., 1986). They provided the first globally
distributed network observations of normal modes. ET-19,
for more than two decades, challenged other instruments
recordings of exceptional quality.
Unfortunately, it got damaged by a lightning surge, and lost
its air-tightness and never fully recovered from this. We show
an analysis of the noise floor in the supplemental material
only (Fig. S10), because, the instrument could not compete
with the others in May 2020, due to a nonlinear response

with normal-mode

to the short-period surface waves generated by the M,, 5.7
earthquake at 18 May 2020 23:22:34 UTC near Crete. The
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integral (only) electrostatic feedback of the instrument loses
control of the pendulum in such cases.

Paro6016B. As a consequence of research reported by Ziirn
and Widmer (1995), which made the effect of atmospheric
mass fluctuation in long-period and tidal records obvious,
barometers nowadays usually are collocated with gravimeters
and long-period seismometers. At BFO, we operate several
barometers at the surface as well as behind the air locks. In
the current study, we use a digital barometer model 6000-16B
produced by Paroscientific. It is installed at the surface, in a
separate building, as shown in Figure 1. Schaad (2016, his fig. 7)
reports a noise floor for this type of instrument for which PSD
increases with decreasing frequency in the millihertz range. At
1 mHz, the PSD of the incoherent signal component is about
5x 1077 hPa? Hz!. With the standard frequency-independent
admittance of —3.5 nm s™2 hPa™! for atmospheric effects, this
would result in a level of 6 x 107 nm?s™* Hz™!, which is at
about —230 dB with respect to 1 m?s™ Hz"!. Self-noise of the
barometer, hence, does not compromise the validity of the
conclusions drawn later. Barometers of the class of the
Paro6016B make use of a correction procedure, to reduce effec-
tive sensitivity for temperature variation. With the available
data, we cannot estimate the level at which residual disturb-
ances due to imperfect temperature correction would compro-
mise the pressure data. This level definitely is below the level of
signals discussed here, but, it should be reconsidered, once seis-
mometer self-noise and improved models for atmospheric
effects allow a correction of seismometer data to lower levels.

Signal levels
We select a time window in 2020, which lasts from 17 May
00:00 UT to 21 May 00:00 UT. In this time window, only earth-
quakes of magnitudes smaller than M 6 occurred. They, practi-
cally, do not contribute to signals in the normal-mode band. At
the same time, the local atmosphere is quiet and produces only
a minor contribution to the signal in the band of interest. In the
supplemental material, we show additional results for a time
window in January 2019.

Figure 2 shows PSD of signals recorded with the instru-
ments in this study, during the four day time period mentioned
earlier. We average 100 segments for each time series, for
which segments are overlapping by 50%. The obtained values
of one-sided PSD (i.e., twice the Fourier transform of the auto-
covariance function, see Blackman and Tukey, 1958) are aver-
aged over 1/20 decade. Harmonics at tidal frequencies of QI,
01, K1, N2, M2, S2, and M3 were removed prior to spectral
analysis. These are all outside the investigated frequency band
but could affect the results through spectral leakage due to the
large amplitude of these harmonics, in particular, in the gra-
vimeter data. Instrument output level is compared with the
PLNM (Peterson, 1993) and the signal level expected due to
mass fluctuation in the local atmosphere (curve IBPM in
Volume 92« Number 4 .

www.srl-online.org July 2021



Fig. 2), if the IBPM-model (Ziirn and Wielandt, 2007) is
applied to a recording of local air pressure (Paro6016B in
Table 1).

Signal levels are consistent at larger values of frequency
(>20 mHz) where acceleration due to ground-motion domi-
nates, such that all instruments record the same signal. A mag-
nitude 5.7 earthquake in Crete (Greece) on 18 May 23:22 UT
dominates the signal level in this frequency band. All curves
coalesce at low frequency (<1 mHz), except for the STS-2.
At frequencies below 3 mHz, the latter typically produces a
level of self-noise, about 10 dB (and more) above the PLNM,
which is well represented in the GSN noise model (Berger et al.,
2004, their fig. 9). Ringler and Hutt (2010) report that the high-
gain version of the STS-2 produces long-period noise at a lower
level than seen here for the standard version. The fact that the
curves including the predicted contribution by the atmosphere
(curve IBPM in Fig. 2) coalesce indicates that the signal level at
low frequency is controlled by the atmospheric mass fluctua-
tions. The fact that this happens at the level of the PLNM may
indicate that the PLNM itself might represent smallest contri-
butions of the atmospheric mass fluctuations at frequencies
below 1 mHz. This suggests that we should be able to reduce
the signal level by subtracting the signal predicted by the
IBPM-model from the seismometer recording in the time
domain. We test this subsequently.

The minimum of the admittance predicted by the IBPM-
model is obvious from the minimum of the corresponding
signal level (curve IBPM in Fig. 2) near 2.3 mHz. Consistently,
the level of background signal is reduced near this frequency,
which corresponds with a minimum in the PLNM. The STS-1
and the T360 are able to detect the cancellation of different
mechanisms through which the atmosphere contributes to
the signal, for which the STS-1 clearly presents the smallest
signal level of all instruments. The three sensors of STS-6A
type, the SG056-G1, and the STS-2, show only a slight mini-
mum in signal level in the frequency band between 2 and
5 mHz. At least, for the SG056-G1, the minimum is clearly
shifted in frequency and, apparently, is not due to the cancel-
lation of effects of atmospheric origin but rather represents the
frequency characteristic of other signal components.

The upper sensor SG056-G2 of the SG presents a signal level
larger than the level of most other sensors in the band from 0.6
to 20 mHz. This is discussed to possibly be a consequence of
the smaller probe mass (4.34 g), which may result in a higher
level of thermal noise when compared to the lower sensor
(SG056-G1, 17.7 g). However, this is not yet confirmed by
experiment. The signal level of the T360 is elevated with
respect to the others, at frequencies below the band of the
Earth’s free oscillations (<0.3 mHz).

For other time windows of quiet atmosphere, low-
earthquake activity, and absence of instrumental glitches, we
find similar signal levels. See the example shown in
Figure S5. The results follow a similar general characteristic,
Volume 92« Number 4
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with differences of only a few decibels, which are not consid-
ered to be statistically significant.

Analysis of the noise floor

To investigate the composition of the noise floor for the different
sensors, we apply a correction for signals induced by the atmos-
phere. This is just like the correction introduced by Ziirn and
Widmer (1995) but using the frequency-dependent IBPM-
model. If the detection level, in fact, would be limited by signals
caused by the atmosphere, the correction should result in lower
PSD levels. We show that this is the case, indeed. By comparison
with the observations, we adjust the two parameters of equa-
tion (5) to the DC-admittance apc = —3.5 nm s2hPa~! and
the notch-frequency f, = 2.25 mHz. We apply the correction
in the time domain prior to computation of PSD. The very same
correction time series is used for each of the investigated seis-
mometers. Within the framework of a homogeneous
elastic layer of granite (A =y = 25 GPa) with rigid base,
apc = —3.5 nm s2hPa™! would be obtained for thickness
D =190 km and f, = 2.25 mHz for D = 17 km.

Further, we compute the signal level of the incoherent signal
of each sensor, by application of a three-channel correlation
analysis (TCCA, Sleeman et al., 2006). The latter is understood
as the level of instrumental self-noise. The available set of
instruments allows us to choose various combinations of
TCCA reference instruments in this analysis, which provides
a welcome opportunity to check consistency. If a subset of the
sensors should experience coherent disturbances, this will
become obvious in a deviation of incoherent PSD in cases
in which they are used as a reference. No correction for atmos-
pheric effects is applied in this analysis, and levels of incoher-
ent signal do not depend on the parameters of the IBPM-model
for this reason.

The levels obtained from the instruments listed in Table 1
are compiled in Figure 3. Analysis results, with respect to addi-
tional reference sensors, are displayed in Figures 4-7 and in the
supplemental material. Unstable results of the TCCA are com-
monly obtained in the band of marine microseisms, and are
present in Figure 3 at 50 mHz and above, for which signal level
rapidly rises with frequency (Fig. 2). This incoherent compo-
nent is only a small fraction of the total signal and is a short-
wavelength-phenomenon, apparently caused by slight mis-
alignment of the sensors. We do not apply the correction pro-
posed by Gerner et al. (2016), because these issues are located
outside the frequency band of interest in the current study. The
results are discussed in the following sections, in detail.

Part of the instrumental self-noise is contributed by digitizer
noise. We estimate the level of the latter contribution. All
signals (except air pressure) are recorded with Quanterra digi-
tizers of type Q330HR, with 26-bit resolution. These digitizers
are designed such that quantization noise sets the noise floor
near the Nyquist frequency only. In the frequency band of
investigation, the digitizer noise is dominated by noise with,
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Figure 3. PSD of the incoherent component of the recorded
signals for the time of four days, beginning at 17 May 2020
00:00 UT. The levels are computed by a three-channel correlation
analysis (TCCA) for the signals recorded by eight vertical-com-
ponent sensors with respect to two reference sensors each (given
in parentheses in the legend). The signals are taken from vertical
components of the instruments listed in Table 1. No correction
with a model of atmospheric disturbance is involved. One-sided
PSD is displayed in decibel referred to corresponding ground
acceleration with 1 m2s™4 Hz™'. The PLNM (Peterson, 1993) is
displayed as a reference level by the thick solid gray line. The
color version of this figure is available only in the electronic
edition.

approximately, a 1/f-characteristic of PSD that originates in
the electronic circuitry. We take this level as if it were the
output of the sensors and compute corresponding values of
recorded acceleration for comparison. In all cases, the level
of incoherent signal is controlled by the seismometer alone,
with no significant contribution from the digitizer.

To estimate the PSD of digitizer noise, we record the ver-
tical-component output of an STS-2 on three inputs of the
Q330HR SN 4409, simultaneously, and compute a TCCA to
estimate the PSD of the incoherent signal component. This
turns out to be identical with the PSD level of signals recorded
with open unterminated inputs and to be about 15 dB below
the manufacturers specification at 1 mHz (Kinemetrics, 2020).
We compared recordings made in the extremely stable thermal
environment of the mine, on the one hand, with recordings
made in the laboratory with a peak-to-peak temperature varia-
tion of 6°C recorded internally by the Q330HR SN 4409 over
20 days, on the other hand. Temperature stability does not
appear to be an additional benefit for the low-noise level of
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the Q330HR, which, in both cases, is observed to be lower than
specified by the manufacturer.

Subsequently, we discuss the composition of background
signal for the STS-1, SG056-G1, STS-6A, and T360. Results
for the STS-2 (Fig. S1), the SG056-G2 (Fig. S2), and two of
the STS-6As (Figs. S3 and S4) are shown in the supplemental
material.

The STS-1. The results for the STS-1 are displayed in
Figure 4. We focus on the signals in the normal-mode band
below 10 mHz and truncate the frequency axis at 0.2 mHz.
PSD values at lower frequencies are of questionable statistical
significance, due to too few signal cycles being present in the
time window.

At frequencies of 1 mHz and smaller, the PSD of the
recorded signal (solid red line, open diamonds) and the PSD
of the signal contribution predicted by the IBPM-model (solid
gray line, open squares) align with the PLNM (thick solid gray
line). That suggests that the recorded signal at these frequen-
cies is dominated by the effect of atmospheric mass fluctuation
and that, possibly, the PLNM reflects the signal level caused by
the atmosphere during the quietest conditions. The difference
of the seismometer signal and the IBPM-prediction should
then be at a lower level of PSD, which, in fact, is the case for
frequencies below 1 mHz (solid, dark red line, filled squares).
The detection capability of the STS-1 in that frequency band,
obviously, can be improved to below the level of the PLNM, by
an appropriate correction for atmospherically induced signals.
This is well known from the analysis of gravimeter data (Ziirn
and Widmer, 1995, their fig. 2), but is here reported for a seis-
mometer for the first time. Although, the level predicted by the
IBPM-model does not exceed the PSD of the output of the
STS-1 up to 3 mHz, the difference of both signals is larger than
the original output level for frequencies above 1.5 mHz. This
clearly indicates that the IBPM-prediction does not match the
actual recording at these frequencies. The limitation of the
model becomes obvious at frequencies above 3 mHz, for which
the inertial component of the IBPM-model strongly overpre-
dicts the effect.

The STS-1 and the TCCA reference sensors provide a sig-
nificant amount of coherent signal, although, not being closely
collocated. The level of incoherent signal obtained by TCCA,
with respect to three different pairs of TCCA reference instru-
ments (solid, dashed, and dotted green line with filled triangles,
diamonds, and squares, respectively), is at least 4 dB below the
seismometer output level (solid red line, open diamonds) and
the PLNM (thick solid gray line) in the entire displayed fre-
quency band. The level is slightly below that reported by
Ringler and Hutt (2010). At frequencies below 0.5 mHz, the
effectiveness of the correction with the IBPM-model appears
limited by the self-noise of the STS-1.

The level of noise contributed by the digitizer, as displayed
in Figure 4 (dashed blue line, open downward triangle), is well
Volume 92« Number 4 .
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Figure 4. Analysis of the noise floor, as observed for the STS-1.
The solid red line (open diamonds) gives the PSD level of the total
output signal, as shown in Figure 2. The PSD of the signal
contribution due to mass fluctuations in the atmosphere, as
computed with the modified IBPM-model (curve IBPM), is dis-
played by a solid gray line (open squares). The PSD level obtained
for a signal after correction with the IBPM-model is displayed by a
solid dark red line (filled squares). The latter two are truncated at
4 mHz, because the signal contribution of the atmosphere is
unrealistically overpredicted at higher frequency by this simple
model. The dashed blue line (open downward triangle) indicates
the signal contributed by the digitizer self-noise. The PSD of the
incoherent signal component with respect to two TCCA refer-
ence sensors (given in parentheses in the legend) each are dis-
played by a solid, dashed, and dotted green line with filled
triangles, diamonds, and squares, respectively. The level of the
PLNM (thick solid gray line, Peterson, 1993) is displayed as a
reference. The color version of this figure is available only in the
electronic edition.

below the PSD of the incoherent signal component presented
in the seismometer output. Currently, it does not limit the
detection level. However, if the self-noise of the sensor would
be reduced by 5 dB, digitizer noise would become an issue.

The SG056-G1. A design goal of gravimeters is low drift and
low noise for the observation of tidal and secular changes of
gravity. The instruments are optimized for recording accelera-
tion at ultra-low frequency. Accordingly, the output level of the
SG056-G1, as displayed in Figure 5 (solid red line, open dia-
monds), reflects the level of the atmospherically induced signal
(solid gray line, open squares) at low frequency. Moreover, the
incoherent signal presented by this sensor (solid, dashed, and
dotted green line with filled triangles, diamonds, and squares,
Volume 92« Number 4
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Figure 5. Analysis of the noise floor as observed for the SG056-
G1. See caption of Figure 4 for details. Because of the system
response of the gravimeter, the noise contributed by the digitizer
lies below the displayed range. The color version of this figure is
available only in the electronic edition.

respectively) is lower at the lowermost frequencies than for
the STS-1, and the IBPM-correction is even more effective.
However, at frequencies above 1 mHz, the SG056-G1 is limited
by self-noise at a level larger than the PLNM. This limitation of
SGs is well known (Rosat et al., 2004). Noise levels are different
for different instruments, and SG056-G1 clearly shows a smaller
level of self-noise than SG056-G2 (Fig. 2). This is also reported
by Rosat and Hinderer (2011) and is consistent with our result
(Fig. S2). Richter et al. (1995) discuss thermal noise as a possible
cause, which would be consistent with the heavier sensor
SG056-G1 presenting a lower noise level than the lighter sensor
SG056-G2. This hypothesis, however, is not yet confirmed by
thorough investigation.

The level of the incoherent signal PSD is locally higher near
13 mHz (solid, dashed, and dotted green line with filled trian-
gles, diamonds, and squares, respectively). This is a conse-
quence of a parasitic resonance, which exists because none
of the six degrees of freedom of the probe mass in the sensor
is constrained by hinges or guides, as discussed by Imanishi
(2009). Because the frequency response of the gravimeter is flat
with respect to acceleration, and the gain of the gravimeter is
adjusted to let the tidal amplitude consume the dynamic range,
the contribution of digitizer noise is negligible here and offscale
in Figure 5.

The STS-6A. The three sensors of type STS-6A all perform
similarly well. In Figure 6, we display results for the sensor with
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Figure 6. Analysis of the noise floor as observed for the STS-
6A.50. See caption of Figure 4 for details. The color version of this
figure is available only in the electronic edition.
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Figure 7. Analysis of the noise floor as observed for the T360. See
caption of Figure 4 for details. The color version of this figure is
available only in the electronic edition.

serial number SN 176254. Results for the others are provided in
the Figures S3 and S4, and do not differ essentially from those
presented here. Although, the PSD of the recorded signal (solid
red line, open diamonds) is slightly larger than the PSD of the
IBPM-model (solid gray line, open squares), the correction
(solid dark red line, filled squares) still can lower the detection
level below the PLNM (thick solid gray line), at frequencies
below 1 mHz, though not as much as for the STS-1 (Fig. 4).
Between 1.5 and 3 mHz, this sensor, however, presents a level
of self-noise (solid, dashed, and dotted green line with filled tri-
angles, diamonds, and squares, respectively) that lies above the
PLNM (thick solid gray line). This elevated level appears for all
three instruments and is independent of the choice of TCCA
reference sensors and, hence, cannot be blamed on those.

We computed the arithmetic mean of the time-domain out-
put signals from the vertical components of the three STS-6A
(not shown in the figure). This is an acceptable test, because
of the high similarity of the three sensors and their proximity
to each other. The PSD of the average signal is lower than that
of the individual sensor in the band from 1 to 5 mHz by a few
decibels, and places the output level to between that of the T360,
on the one hand, and the STS-1, on the other hand, in this band.
This is a clear indication that the STS-6A is limited by incoherent
self-noise in that band and not by some local disturbance, which
would act coherently on each of the three sensors.

The Trillium T360. The PSD of the output of the T360
(solid red line, open diamonds), as shown in Figure 7, is
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slightly above the PLNM (thick solid gray line) and the PSD
of the IBPM-model (solid gray line, open squares) from 0.3 to
3 mHz. The correction with the IBPM-signal does not lower
the level below the PLNM. The PSD of the incoherent signal
component (solid, dashed, and dotted green line with filled tri-
angles, diamonds, and squares, respectively) hugs the PLNM
between 1 and 3 mHz, and, is slightly below the PLNM, for
frequencies between 0.4 and 1 mHz. At lower frequency,
the instrument is limited by self-noise, with a PSD level clearly
rising above the PLNM. Although, the sensor does not exceed
the PLNM level with its self-noise in the normal-mode band, it
does not provide a margin, which would allow to reduce the
detection level below the PLNM by a correction for atmos-
pherically induced signals.

Time-domain perspective
During a time period of several months, the T360 suffered
from episodic long-period narrowband noise. Because of still
unknown causes, the instrument produced oscillatory signals
with a period of about 30 min to one hour, thus, compromising
the observation of the lowest frequency normal modes. The
STS-1 produced occasional glitches. At times, they appeared
as frequently as once per day. For both of the instruments,
the amplitudes of these disturbances were not larger than a
few nanometers per second squared in most cases. Nevertheless,
the conditions for a low detection threshold at long signal period
were less fortunate for these two instruments in many time win-
dows. Although, the origin of the problem in the T360 is still
Volume 92« Number 4 .
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gravity signal, which is domi-
nated by the effect of atmos-
pheric mass fluctuation in this
frequency band. This again indi-
cates that the atmospheric
model behind this approach is
too simple. Merriam (1992)
shows that, at long-signal
period, the 3D nature of the
mass distribution in the atmos-
phere must be taken into
account for gravity correction.

Conclusions

In the comparison with all other
instruments, the SG056-Gl
presents the lowest level of
self-noise at the lower margin of

the investigated frequency band
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Figure 8. Seismogram comparison for signals with long signal period beyond the band analyzed in
our spectral analysis. Output signals of the sensors are filtered to represent acceleration in a
passband from 1000 s to 12 hr. Tidal signals are removed at frequencies of Q1, O1, K1, N2, M2, S2,
and M3. No IBPM-correction is applied. The traces are offset for better comparison. Signals are (top
to bottom): STS-1, T360, STS-6A.50, STS-6A.55, STS-6A.60, SG056-G1, SG056-G2, and IBPM-
prediction. As always in this study, only vertical-component signals are displayed. The signal
recorded by the STS-2 is not displayed. In this period range, it is dominated by self-noise at a level
that would by far exceed the scale range attributed to traces in this diagram. The color version of

this figure is available only in the electronic edition.

sdoh T qh 49 (ie, 0.3 mHz), as shown in
Figure 3. This, however, is
clearly not the case at frequen-
cies above 1 mHz, for which the
level of self-noise of the SG056-
Gl is equal or higher than that
of all broadband seismometers
in the comparison, except the
STS-2. The broadband seis-
mometers of type STS-1, STS-
6A, and T360 resolve signals

unknown, for the STS-1, the problem could be resolved by
replacing the signal cable between sensor and feedback electron-
ics. In both cases, we were unable to detect any external cause
that would reliably coincide with the individual glitches or tran-
sient oscillations. The STS-6A seismometers in our installation
provided a more reliable and stable signal quality.

The analysis of PSD and incoherent signal component can-
not easily be extended to longer signal period within the time
window of four days, as used so far. A time-domain compari-
son for signals filtered to represent acceleration up to 12 hr
period is displayed in Figure 8. By a least-squares fit, we
removed major harmonics of the tides, but applied no
IBPM-correction. Although, the noise level in the signals
recorded by the T360 and the STS-1 obviously increase rapidly
when bandwidth is extended to lower frequency, the signal
level of the STS-6A is not much larger than that of the gravim-
eters, and its waveform is quite similar to the waveform of
gravity changes. The STS-6A demonstrates a high stability out-
side their natural passband (i.e., far beyond their eigenperiod of
360 s). The IBPM-model (bottom trace in Fig. 8) shows only a
Volume 92« Number 4
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at the level of the PLNM
(Peterson, 1993) throughout
the normal-mode band up to 10 mHz, with one minor exception.
The self-noise level of the STS-6A appears slightly larger than the
PLNM between 1.5 and 3 mHz. The STS-6A, on the other hand,
performed very reliable and stable over a longer period of time,
producing less instrumental glitches than the STS-1 or the T360.
In fact, it produced signals comparable to the gravimeter records
for signal period up to 12 hr, despite the rolloff of the instru-
ments frequency response. The STS-1 is the only sensor for
which the level of self-noise is about 4 dB or more below the
PLNM, for all investigated frequencies (Fig. 3).

The background signal recorded at frequencies below
3 mHz, in this study, is clearly caused by the effect of atmos-
pheric mass fluctuation. This is the case, even though we chose
a time window of exceptionally low air-pressure fluctuation.
The IBPM-model proposed by Ziirn and Wielandt (2007)
allows us to lower the detection threshold, by applying a signal
correction. The effectiveness of this correction varies, depend-
ing on the instrument and frequency band. It is limited by the
self-noise of the sensors, and the signal level obtained by the
correction corresponds to the incoherent signal component, as
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derived by TCCA (Sleeman et al., 2006). At frequencies above
1 mHz, the IBPM-model, apparently, wrongly predicts parts of
the atmospherically caused signal component (which was
known, when the model was invented). This suggests further
improvements of respective correction procedures could be
possible. One avenue that we pursue is to capture the atmos-
pheric variations not only with one single barometer but also
with a network of barometers. These data might be assimilated
in time stepping simulations of the local atmosphere, to
capture the 3D evolution of atmospheric mass and 2D evolu-
tion of surface pressure. The latter is not a trivial task.

Nevertheless, the current study demonstrates the potential to
lower the detection limit to values below the PLNM, by an
appropriate model for the signal component originating in
the atmosphere. Currently, the STS-1 at BFO is the only sensor
in the comparison, which could benefit from a correction
throughout the entire normal-mode band, having a level of
self-noise of at least 4 dB below the PLNM. It is the sensor that,
most clearly shows the notch in the atmospherically induced
signal near 3 mHz, in a time period of small level of fluctuation.
Near the notch, all other sensors are, at least, partly limited by
their self-noise. Similarly, the STS-1 is the only sensor that could
contribute to the development of appropriate correction proce-
dures at these levels, as is obvious from Figure 3.

Data and Resources

All data were recorded locally at Black Forest Observatory (1971,
https://doi.org/10.5880/BFO, last accessed January 2021). Data are
available from Scripps Institution Of Oceanography (1986, https://
doi.org/10.7914/SN/II, last accessed January 2021) and Federal
Institute for Geosciences and Natural Resources, BGR (1976,
https://doi.org/10.25928/ MBX6-HR74, last accessed January 2021).
Data can be requested using channel codes listed in Table 1. The sup-
plemental material for this article includes a document with additional
analyses and diagrams. This is published online on the journals
website. Data analysis was carried out with Seitosh (https://
git.scc kit.edu/Seitosh, last accessed January 2021). We used
PGPLOT (https://sites.astro.caltech.edu/tjp/pgplot/, last accessed
January 2021), gnuplot (http://www.gnuplot.info/, last accessed
January 2021), and xfig (https://xfig.org/, last accessed January
2021) to prepare the figures. The article is prepared in LaTeX
(http://www.tug.org/texlive/, last accessed January 2021) with support
by vim (http://www.vim.org/, last accessed January 2021) and GNU
make (http://www.gnu.org/software/make/make.html, last accessed
January 2021). Metadata can be obtained from the Incorporated
Research Institutions for Seismology MetaData Aggregator available
at http://ds.iris.edu/mda/ (last accessed February 2021).
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