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Abstract Recentdevelopmentofrotational seismometers allows for detailed measurements of wave field
gradients, providing information previously unattainable. Knowledge about the full wavefield is imperative

to understand sensor errors from ground-motion. It is well-known from navigation solutions that rotational

data requires proper processing to be physically meaningful. This study focuses on investigating and quan- Co
tifying two errors affecting the recording of rotations: 1) misorientation of the sensor to the local coordinate
system called attitude error and 2) changing projection of the Earth’s spin in the sensor coordinate system -
Earth’s spin leakage. Using 6-component datasets, 3C translation and 3C rotation, from near-field events at
the Kilauea Caldera in Hawai‘i and the Mw 7.4 Hualien event on 2024-04-02, we perform a rotation-correction
for the 6C data. We find that the Earth’s spin leakage is negligible for rotations, while the attitude error of
rotations increases with ground-motion amplitude, potentially becoming significant for large earthquakes in
the near-field. The errors on the rotation sensor do not significantly affect corrections of accelerations in our
dataset. However, they may be relevant for high-amplitudes or in highly sensitive applications. This work
offers the first quantification of these errors in seismology and provides guidance for corrections in future
studies.
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1 Introduction The traditional way of observing seismic waves only
through 3C translations is a simplification, as 3/4 of the
information is not being tracked. This has proven prob-
lematic in the case of rotation-induced errors on tradi-
tional sensor systems, which derive from a change of
orientation of the sensor to the local coordinate system

(Crawford and Webb, 2000; Graizer, 2006). There have

Seismic waves propagating through the subsurface not
only include the traditionally measured translations
such as displacement, velocity, or acceleration, but con-
sists of a variety of additional motion types namely ro-
tation and strain. These additional degrees of freedom

contain the gradient information of the wave field, that
can help identify the direction of the propagating waves,
i.e. the back azimuth (Yuan et al., 2021), the source
mechanism (Ichinose et al., 2021) or subsurface imag-
ing (De Ridder and Curtis, 2017). Today’s seismic instru-
mentation allows tracking of all 12 components (12C) of
motion: 3C translation, 3C rotation, and 6C strain. How-
ever, this neither holds for the full frequency spectrum
nor for the full amplitude range. Every instrument has
limitations that must be considered, and even if the in-
strument records reality correctly, it doesn’t only record
the signal we are interested in. Corrections therefore,
have to be applied to remove these broadly defined er-
rors.

In recent years, a variety of rotation sensors have
made it to the experimental stage or even on the mar-
ket for sale. This has been an important step forward
to be able to verify the theoretically-known wave field.

*Corresponding author: rossi.yara@outlook.com

also been studies on how the tilt and torsion influence
accelerometers by analysing experimental data from
robot induced motion (Lin et al., 2010; Rossi et al., 2021).
These studies showed that gravitational leakage, atti-
tude error of translations, and inertial acceleration are
induced by rotations, falsifying the recorded accelera-
tion data. Studies using translational broadband seis-
mometers in ocean bottom and volcanic environments
found that there might be substantial error due to the
tilt of the sensors (Lindner et al., 2017; Bernauer et al.,
2020). However, corrections for rotation-induced iner-
tial forces have not yet been applied to seismic record-
ings and will not be covered in this study either. In
addition, the influence of antenna pole tilting on the
estimated displacement from GNSS data was studied
in a robot arm experiment in Rossi et al. (2021). The
study showed that, depending on the application, this
error could potentially be significant to demand a post-
processing correction. Nonetheless, we will not cover
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GNSS rotation-correction in this study. Kalman filter-
based real-time applicable rotation-correction schemes
have been developed by Geng et al. (2019) and Rossi
et al. (2021, 2024). The main theory of these correction
and fusion schemes are derived directly from naviga-
tion solutions (Kalman, 1960).

All the above mentioned rotation-correction schemes
rely heavily on rotational data, underlining the need
for precise angle information. The quality of the rota-
tional sensors has to be comparable to the translational
sensors, to avoid introducing new errors deriving from
sensor self-noise. Through the development and analy-
sis of new rotational sensors such as FOSREM (Kurzych
etal., 2016), Eentec-R1 (Bernauer et al., 2012), blueSeis-
3A (Bernauer et al., 2018), Rotaphone (Brokesova and
Malek, 2013) and Quartz Rotation Sensor (Venkateswara
et al., 2021), data availability for seismic, explosive and
volcanic ground-motion as well as datasets from build-
ing monitoring has increased. An extensive compar-
ison of some of these sensors, focusing on self-noise
levels and recording stability over time, has been per-
formed in Bernauer et al. (2021). However, the rotations
that induce errors on translational sensors, also influ-
ence the rotation recordings. The correction schemes
for these errors are derived from navigation theory and
are in fact quite elegant (Draper, 1981; Diebel, 2006).
The rotation-induced errors on rotation sensors are cor-
rected using the data recorded by the sensor itself.
While this approach may initially appear to be circular,
itis effective and is routinely implemented in navigation
solutions (Savage, 2000; Hasan et al., 2009). The first er-
ror is the attitude error of the rotations which can be
corrected using the attitude equation to relate the ob-
served rotation angles in the body system to the Euler
angles defined in the local system (Euler, 1775; Savage,
2000). This has been applied for seismic experiments
on a robot arm in Lin et al. (2010). The second error is
due to the spinning Earth. The rotation rate of the Earth
is measured by the sensor, but through the dynamic ro-
tation of the sensor, the projection of the Earth’s spin
onto the xyz-axis of the sensor will change. This er-
ror is not to be confused with the Coriolis effect that
affects translational accelerometers due to the Earth’s
spin. The magnitude of the two rotation-induced errors
on the rotational sensor remains uncertain, and it is not
yet determined whether correction is necessary in all
cases, in specific instances, or not at all.

In this study, we provide the first quantification of
the two rotation-induced errors on the rotational sensor
- attitude error and Earth’s spin leakage, offering seis-
mologists an estimate of the error magnitude and guid-
ance on whether a correction is necessary. Additionally,

we analyse whether these errors affect two rotation-
corrections for accelerometers, namely attitude error
of translations and gravitational leakage, and quantify
the resulting impact. To accomplish this, we are us-
ing the only two 6C datasets that exist globally that cap-
tured near-field ground-motion, 1) the earthquakes and
summit collapses from the 2018 eruption series at the
Kilauea Caldera, Hawai‘i and 2) the Mw 7.4 in Hualien,
Taiwan on 2024-04-02.

2 Data

In this study two different datasets were used. The first
consists of multiple earthquakes recorded at one sta-
tion location on the Island of Hawai‘i. Two sensors were
short-term deployed in the Uwekahuna station vault,
of the Hawaiian Volcano Observatory monitoring net-
work at the Kilauea Caldera on the Island of Hawai‘i.
The rotational data was recorded by a blueSeis-3A by
exail (former iXblue), which is unfortunately a discon-
tinued product line. The accelerometer was a Kine-
metrics EpiSensor recorded on a Kinemetrics Quan-
terra Q330 digitizer. The rotation sensor was set up due
to an ongoing volcanic eruption that lasted from May
to August 2018. It was initially published in Wasser-
mann et al. (2020) and rotation-correction algorithms
for rotation-induced errors on the accelerometer were
tested in Bernauer et al. (2020). This dataset is unique,
asit providesthe only near-field recordings of rotational
ground-motion, including three summit collapses with
Mw 5.3 and thousands of smaller earthquakes up to Ml
4.36 within 3 km of the station location. Although the
two sensors were placed in the same vault they were
not on the same pier, potentially causing a difference in
the shaking history as described in Wassermann et al.
(2020). The five Hawai‘i events discussed in this paper
are summarised in Table 1 and shown on Figure 1(a).
The second dataset consists of the Mw 7.4 earthquake
recorded at two station locations in eastern Taiwan. On
the 27 April 2024, Hualien was struck by a Mw 7.4 re-
verse fault near the Eurasia and Philippine Sea plate
boundary (U.S. Geological Survey, 2024). The earth-
quake was recorded by rotational sensors at two sta-
tion locations, where one of the two, MDSAQ, is lo-
cated directly above the largest slip, as seen in Figure
1 (b). Station MDSAO, located in a 0.5 m-deep vault in
Hualien, consists of an eaxil blueSeis-3A rotational sen-
sor, a collocated Nanometrics Titan accelerometer and
is recorded on a Reftek Wrangler digitizer (Ma et al.,
2024). The other station, NAO1, is located in a 2 m-deep
vault in Nanao and consists of an exail blueSeis-3A ro-
tational sensor, a collocated Kinemetrics EpiSensor ac-

Location Event type Time Magnitude  Depth  Distance from station Station
Hawai'i Earthquake 2018-07-12705:12:41 3.18ml < 1km 2.9km UWE
Hawai‘i Earthquake 2018-07-14T04:13:33 4.36 ml < 1km 1.6 km UWE
Hawaii ~ Summit collapse  2018-07-13T00:42:27 53 mw < 1km 3km UWE
Hawaii  Summit collapse  2018-07-14T05:08:04 5.3 mw < 1km 3km UWE
Hawaii ~ Summit collapse  2018-07-15T13:36:05 53 mw < 1km 2 km UWE
Taiwan Earthquake 2024-04-02723:58:12 7.4 mw 0-45 km directly below NAO1, MDSAO

Table1 Six events used within this study.
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Figure1l Summary of the station and event locations used in this publication. In (a) the Kilauea Caldera is shown with the
two earthquakes and three summit collapses denoted as stars. The dark red star marks the location of the Mw 5.3 event,
shown as a time series in this publication. In (b) the Hualien event in Taiwan is shown. The epicenter is marked with a light
red star. The fault rupture has a length of 35 km going north of the epicenter. The station MDSAO is on top of the rupture fault

patch U.S. Geological Survey (2024).

celerometer, and is recorded on a Kinemetrics Quan-
terra Q330 digitizer (Yuan et al., 2021; Chen et al., 2023).
The locations are noted in Figure 1(b), while the event
details are noted in Table 1.

3 Method

Three coordinate systems are used in this paper: body,
local, and global, and are visualized in Figure 2. The
body system ‘B’ is fixed to the instrument measuring
the sought after quantities, with the origin at the center
of the sensor. The seismic ground-motions are defined
within the local system ‘L’ (also called the topographic
coordinate system), that has the origin at the initial in-
strument location at the Earth’s surface and is oriented
according to East, North, and Up. The global system ‘G’
is defined as the Earth-centered inertial coordinate sys-
tem in Latitude and Longitude, which has the origin at
the Earth’s center and is fixed with respect to the stars.
All three systems have positive rotation according to the
right-hand rule. We are interested in two levels of dy-
namic rotation corresponding to two rotation errors on
rotation sensors; 1) the rotation of the body frame in the
local frame, and 2) the rotation of the local frame in the
global frame:

1. The body system will change both orientation and
location within the local system during seismic
ground-motion. The rotations measured by a rota-
tional seismometer are true only within their own
frame ‘B’ (body system), whereas seismologists are
interested in the ground-motion in the local system
‘L’ defined by East, North, and Up. The error on the
rotational sensor derived from this effect is called
attitude error in this study.

2. The local system is fixed at a point on the surface

of the Earth and rotates with it. Therefore, the lo-
cal system rotates around the global system at the
speed of the Earth’s rotation around the North axis.
The error on the rotational sensor derived from this
effectis called the Earth’s spin leakage in this study.

3.1 Attitude error of rotations

Through dynamic rotational motion of the body system,
the axes in the body frame are no longer oriented ac-
cording to the axes of the local frame. In other words, if
we have a rotation around the y-axis, the rotation mea-
sured around the x-axis will no longer point in the East
direction. This effect is called attitude error. To get the
equivalent measurements in the local system, a coordi-
nate system transformation has to be applied to the ro-
tation rates 6 observed in the body system using Equa-
tion 1 (Savage, 2000). This is a well known conversion
to correct for the attitude error in navigation, but has
only recently been applied for seismic applications (Lin
et al., 2010). The transformation matrix A (Equation 2)
is used to transform @ into the equivalent Euler rotation
rate We“e” in the local system.

- euler

. eul v . 95
v = | 9, =A-06=A-10, (1)
v, 0.

[1 sctan(¥,) c.tan(¥,)
A=10 Ce —Se
10 sesec(¥,) cesec(V,) (2)

with ce, Se : cos(V,),sin(P,)

The angles used within A in Equation 1 are Euler an-
gles Weue" and not the observed angles in the body

SEISMICA | volume 4.1| 2025



SEISMICA | RESEARCH ARTICLE | Quantifying Rotation-Induced Errors

a) Lat:

90° | global syst
Earth's spin global system

& local system

" Latitude |--..

b)

body system
local system

misorientation

. Longitude

Lon:
180°

Lon: <)
270°

Figure 2 Notation of global, local, and body system for the attitude correction of the rotation sensor. a) shows the orien-
tation of a local system in East, North, Up within the global system, defined through Latitude and Longitude. b) shows how
the body system can be misoriented within the local system. The angles relating the body frame to the local frame around
the three commonly defined axes of z (yaw), y (pitch), and x (roll) are called Euler angles. The Euler angles, ¥, are located in
the local system, and the observed angles 6 are located in the body system. c) is a schematic drawing of a rotational sensor
defined in the body system, being misoriented from its initial orientation in the local system.

frame. Additionally, Equation 1 does not take into ac-
count the Earth’s spin. The full derivation of the Equa-
tion 1is shown in Lin et al. (2010) and therefore not pro-
vided again.

3.2 Earth’s spin leakage

An absolute rotation sensor is sensitive to the direct cur-
rent (DC), i.e. static rotation rate. This means that with
a high enough resolution it will be sensitive to Earth’s
spin. Consequently, its data will exhibit an offset cor-
responding to the projected Earth’s spin on each com-
ponent, depending on its attitude. However, the Earth’s
spin affects a rotational sensor independently of its sen-
sitivity to DC. This is because the changing projection of
the Earth’s spin as the sensor rotates with respect to the
local system - due to an earthquake for example - has the
frequency range of the sensor’s motion. So each rota-
tional sensor has to be corrected for the false projection
of the Earth’s spin into the body system - Earth’s spin
leakage. A sensor located at the North pole will record
the spin only on the z-axis while a sensor at the Equator
will record only on the y-axis. With Equation 3, the pro-
jection of the Earth’s spin in the global system ‘G’ into
the local system ‘L’ at a specific latitude is calculated.

0
sin(Latitude) * ¥ garen,c |
cos(Latitude) * ¥ garth,c )

With T garen.c = 7.2921 - 10 %rad/s

T'Barth,I, =

The dynamic rotational motion of the sensor due to
an earthquake will change the orientation of the sen-
sor to the axis of Earth’s spin. This can be corrected as
shown in Equation 4.

P — 0 — T - Fparns (4)

The rotation matrix T is defined in Equation 5, where
CeySes Cny Sy Czy S5+ €OS(We ), sin(U,), cos(¥,, ), sin(V,,),
cos(V,),sin(¥,). T dynamically calculates the projec-
tion of the Earth’s spin f.4,¢p, 1, in the local system ‘L’ ac-
cording to the motion of the sensor using the 123-Euler
transformation according to Diebel (2006). The angles
used within T in Equation 4 are the Euler angles W*Pi",

CnCy CnSz —Sn
T= SeSnCz — CeSz  SeSnSz + CeCz  CpSe (5)
CeSnCz + SeSz  CeSnSz — SeCz  CpCe

Equation 6 combines both the attitude error and the
Earth’s spin leakage correction and is provided in con-
tinuous form. This allows us to provide rotation rates of
the signal alone defined as Wsigna!,

‘:'[,signal —A. 0 - T. i‘Earth,L (6)

For areal-time implementation the discrete form is sup-
plied in Equation 7, where \Ilzi-:qgal = [0,0,0]. Note that
Equation 7 is an approximation, because it is equiva-
lent to assuming that the axis of the local frame is not
rotating between k — 1 and k. In navigation, more ef-
ficient algorithms have been developed, especially for
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signal
e

signal

| v, o
‘Ilzzgnal _ \I/n _ \Ijn + dt -
v, U

k Fl k-1

integrated real time systems (Savage, 2000, Chapter 7),
but the computing error between Equation 7 and a more
rigorous expression is assumed negligible if the sam-
pling interval is very small. This algorithmic discussion
is therefore not the subject of this work.

3.3 Angle Notation

To compare the different correction schemes we define
four angles summarized in Table 2. The observed rota-
tion angle @ defined within the body system, has to be
demeaned before integration. Thisis due to the fact that
the Earth’s spin is generally recorded on all three axes
- including the East direction due to small misorienta-
tion from the deployment and consequent earthquakes.
This is done by subtracting the pre-earthquake mean
from the full time series as in Equation 8.

gdem.eaned = 0 - Wlean(gpre EQ) (8)

The angles derived thereof will be called ‘rot.” in fol-
lowing sections. The next are Euler angles where the
correction for attitude error is applied to 0 demeaned With-
out correcting for the Earth’s spin leakage, denoted by
‘attitude error rc.’. To allow an analysis of the Earth’s
spin leakage individually, we also provide the demeaned
observed rotation angles corrected only for the Earth’s
spin and not applying the correction for the attitude er-
ror, denoted ‘rot. + spin rc.’. The last angle represents
the full correction including demeaning, attitude error
and Earth’s spin leakage, which is denoted ‘attitude er-
ror +spinrc.” and corresponds to ¥ ;. from Equation
7.

3.4 Attitude error of translations and gravi-
tational leakage

As a next step we use the different angles to correct for
two rotation-induced errors on the accelerometer sen-
sor, i.e. attitude error of translations and gravitational
leakage. The rotation-correction is applied at every time
step k through the rotation matrix 7" defined in Equation
5. The angles U* W% W* are defined in each time step k

lIlsignal 0.-73 \Ilsignal
k—1 k—1 .
Ak71 ey - Tk,1 *TEarth,L (7)
0
k—1

and stand for the ‘attitude error + spin rc.” angles as de-
rived in Equation 7. These can be replaced by the ‘rot.’,
‘rot. + spin rc.” and ‘attitude error rc.” angles to analyse
the difference resulting from using different rotation-
corrections for the angles. Matrix T is then used to cor-
rect the accelerations at each time step & through Equa-
tion 9. Note that Equation 9 corrects both attitude er-
ror of translations and gravitational leakage simultane-
ously, and assumes that the observed acceleration time
series do not include gravitational acceleration.

avlfc = (Tk ' (ak + g)) -8 (9)
withg=[0 0 9.81%]

3.5 Acceleration and Displacement Notation

We define five types of accelerations to analyse the
rotation-correction using the four different angles (Ta-
ble 3). The first are the observed and demeaned acceler-
ations defined within the body system without any rota-
tion. Even though the accelerometers used within this
study theoretically record zero mean on all three axes
when at rest, it is normal to have small static misori-
entation errors from the deployment and consequent
earthquakes or even temperature variation. So the pre-
earthquake mean is subtracted from the full time se-
ries and will be called ‘obs. demeaned’ in the follow-
ing sections. The last four types of accelerations are
corrected for the rotation-induced attitude error of the
translations and gravitational leakage using one of the
four angles defined in Section 3.3. The new accelera-
tions derived are therefore called ‘rc. rot.’, ‘rc. attitude
error rc.’, ‘rc. rot. + spin rc.” and ‘rc. attitude error +
spin rc.’. The displacements derived through double in-
tegration have equivalent names.

4 Results

We apply the attitude error and Earth’s spin correc-
tion to events recorded at Kilauea volcano in Hawai‘i
and to recordings of the Mw 7.4 earthquake in Hualien,

Type of Angle Corrected Error Correction Scheme Equation Variable
‘rot. - demean 8 Odemeaned
‘attitude error rc.’ attitude error de_mea” . 1 geuler
attitude correction
g . demean .
‘rot. + J Earth’ k ) ) pepin
rot. +spinrc arth’s spin leakage e i conectar
attitude error demean
‘attitude error + spin rc.’ attitude correction 6and7 gsignal

Earth’s spin leakage

Earth’s spin correction

Table 2 The two rotation-induced errors on the rotation sensor can be applied separately or combined. This table sum-
marises the notation of these three variations or demeaning in column 1. Additionally, the type of error and the correction
scheme is noted, as well as the Equation used and the name of the variable.
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Figure 3 Timeseries of two large earthquakes and the peak rotation rate amplitude from global earthquakes. (a) shows
the unfiltered and demeaned time series of rotation angle (dashed, right axis) and rotation rate (solid, left axis) for a Mw 5.3
summit collapse at 2018-07-13T13:26:05 UTC in Kilauea, Hawai‘i. (b) is updated from Rossi (2023), which was based on Clinton
and Heaton (2002), showing the rotation rate amplitudes of global earthquakes for the near and far field. Additionally, the
peak rotation rate amplitudes of the Mw 5.3 (dark star) and the Mw 7.4 (light star) events are shown in perspective to global
earthquakes (dashed and solid lines), the sensor self noise (dashed dotted) and Earth’s spin (arrow). (c) shows the unfiltered
and demeaned time series of rotation angle (dashed, right axis) and rotation rate (solid, left axis) for Station MDASO during
the Mw 7.4 earthquake at 2024-04-02723:58:12 UTC in Hualien, Taiwan.

Type of Translation Angle for Correction Equation
‘obs. demeaned’ - -
‘rc. rot.” ‘rot” 9
‘rc. attitude errorrc.’ ‘attitude errorrc. 9
‘rc. rot. +spinrc. ‘rot. +spinrc’ 9
‘rc. attitude error + spinrc.’  ‘attitude error +spinrc’ 9

Table 3 All four angles defined in Table 2 are used sepa-
rately for the rotation-correction of the accelerations. This
table links the notation for acceleration and the angles used
for the rotation-correction. As provided in column 3, the
same Equation is used for all corrections.

Taiwan. We have to iterate again, as shown in study
Wassermann et al. (2020) for the Kilauea events; the
rotation and acceleration data do not perfectly match
even though the sensors are only 1 meter apart. This
slight difference is also visible in our results, so that
a perfect rotation-correction cannot be applied. How-
ever, as the amplitudes are in the correct range we can
give an estimate of the potential error. We would expect
to drastically reduce the drift in the low-frequency dis-
placement timeseries through rotation correction of the
gravitational leakage. However, the rotation-correction
scheme sometimes makes the data worse in the exam-
ples shown in the supplementary material (see Figures
S1-S8). Even in the Hualien recordings we see that the
rotation-corrections do not always reduce the drift (see
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Figure4 Difference between the three rotation-correction schemes (‘attitude errorrc.’, ‘rot. + spin rc.’, and ‘attitude error +
spinrc.’) and the observed angles ‘rot.” for the Mw 5.3 summit collapse at 2018-07-15T13:35:50 UTC. This is shown in percent
of the peak observed angle on that component. (a) shows the high frequencies (0.1 - 25 Hz) and (b) shows the low frequencies

(DC-0.1Hz).

Figures S9-S12), however it works better than for the
Kilauea events. This is probably due to the fact that in
Taiwan the instruments are on the same concrete slab.

The rotation time series of two events are shown in
Figure 3; the Kilauea Mw 5.3 summit collapse on 13y,
July 2018 (Figure 3a) and the Mw 7.4 earthquake in
Hualien on 02¢ April 2024 at station MDSAO (Figure 3c).
Figure 3b shows an updated version of the global ro-
tation rate amplitude (Figure 1.2 in Rossi, 2023). The
amplitudes derived from global earthquake magnitudes
for the near-field or far-field are calculated from Clinton
and Heaton (2002), taking advantage of the relationship
between acceleration and rotation rate ¥, = 3—; (Pan-
cha et al., 2000; Sollberger et al., 2018) where Vx is the
Rayleigh wave phase velocity. The distances in Clinton
and Heaton (2002) were 2000 km and 10 km, and there
were unfortunately no results for 1 km distances corre-
sponding to our Hawai‘i events. However, Brotzer et al.
(2025) predict a peak rotation rate of 1072 rad/s for a
Mw 5.3 event, consistent with what we see here.

The conversion from rotation angles to Euler angles
(Equation 1) is influenced by four factors; 1) compo-
nent of interest xyz, 2) motion on other components,
3) frequency content, and 4) amplitude. The Earth’s
spin leakage (Equation 4) is additionally influenced by
5) latitude of station. Table 2 lists the details on each
rotation correction for the rotation sensor. For this rea-
son we will always show all three components in two
frequency ranges, low frequency DC - 0.1 Hz and high
frequency - 0.1 Hz to 25 Hz. The different rotation-
correction schemes will be shown for an example event;

7

the summit collapse Mw 5.3, shown in Figure 3a. To fo-
cus on the influence due to various corrections, we show
the time series difference between the angles ‘rot.” and
the corrected data in Figure 4. The error for both the
lower and the higher frequencies is small. However, for
this event the correction for the attitude error render-
ing Euler angles has a larger influence than the Earth’s
spin leakage correction ‘spin rc.’. The largest error for
‘attitude error rc.” and ‘attitude error + spin rc.” is 0.06%
at 17 s for the high frequencies, while the error peaks
at 0.2% between 18 — 30 s for the lower frequencies.
This matches with the energy timing of the angles them-
selves.

We apply a scaling technique to allow us to compare
ground-motion amplitudes that are smaller than our
sensors can measure with ground-motion amplitudes,
that are larger than the Mw 7.4 we recorded. For this
processing, we chose a M1 3.18 from Kilauea (see Table
1) and scaled the ground motion amplitude of the earth-
quake to match a theoretical M1 to M9 at 10 km distance
according to Figure 3b. For each of these new scaled
earthquakes, the two angles ‘attitude error rc.” and ‘rot.
+ spin rc.” were estimated. The difference between ob-
served and corrected is estimated as error in percent
(%). We show this in Equation 10, where it is using the
calculations for the ‘rot. + spin rc.” angles as an exam-
ple.

'rot.4spin re.!  max(‘roty =" rot. 4+ spinrc.y)

ETTOT =

max('rot’;)
(10)
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Figure 5 A summary of the effect of the two rotation errors; attitude error (diamond) and Earth’s spin leakage (star), for
varying rotation amplitudes. The difference between the observed and corrected are shown as error in percent (%) plotted
against the total angle amplitude. The timeseries of the Ml 3.18 earthquake were scaled before estimating the influence of
the two errors on the data. The error distribution for these scaled events is shown with the small markers. Each of the big
markers shows the maximum error of either, real earthquakes (Ml 3.18, M| 4.36, Mw 7.4), or three summit collapses (Mw 5.3
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frequencies and the high frequencies individually.
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Timeseries Comparisons for an Mw 5.3
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Figure7 A Mw 5.3 summit collapse at Kilauea Volcano on 2018-07-15T13:25:50 UTC using a highpass filter. Top subfigures
show the timeseries of the four versions of the angles; uncorrected and three rotation corrected versions. The middle sub-
figures show the displacement, applying either demeaning or rotation-correction using each of the four angles from above.

The bottom subfigures show the same but for acceleration.

As mentioned before, the rotation-induced errors are
dependent on the amplitude of all three axes. There-
fore, we compare the errors in percent to the total angle
calculated with Equation 11.

max(abs('rot’;))?
+ max(abs('rot’y))? (1)
+ max(abs('rot'))?

mazx(total angle) =

The up and down scaling visualized in Figure 5 shows
that the error in percent of the Earth’s spin leakage stays
constant, independent of the amplitude of the signal.
Nonetheless, the three components East, North, and Up
do not all show the exact same error, which is due to the
relative angle amplitude distribution between the three
axes. However, if the relative angle amplitude distri-
bution stays the same, as is the case with our scaling,
the error in percent remains the same as well. In con-
trast, the attitude error in percent increases when the
amplitudes are increased, which is as expected. The ob-
served Mw 5.3 summit collapses show similar behaviour
as the scaled earthquake; attitude error is larger than
the Earth’s spin leakage. However, the match is not per-
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fectand this is due to the fact that the error does not only
depend on the amplitude of the component of interest,
but it also depends on the relative angle amplitude dis-
tribution of the three components. The two recordings
from the Mw 7.4 in Hualien do not match the scaling as
well as the other events. Especially the North and Up
component for the lower frequencies are showing the
opposite trend as the scaling (see Figure 5b). In general
though, the lower frequencies have a higher error for
the same mean amplitude, as seen at 1073 rad on the
x-axis. This is most probably due to the integration pro-
cess. The linear scaling shows that an increase of the
amplitude by one order of magnitude will increase the
error in percent by an order of magnitude as well. With
some of the Mw 5.3 and the Mw 7.4 having a 1% error,
these errors could become problematic when recording
even larger earthquakes in the very near-field.

The Earth’s spin leakage is also latitude dependent
and each component reacts differently when changing
the location on the Earth. Changing the latitude shifts
the amount of Earth’s spin that is recorded on the North
and Up component, while the East component in the lo-
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Timeseries Comparisons for an Mw 5.3
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Figure 8 A Mw 5.3 summit collapse at Kilauea Volcano on 2018-07-15T13:25:50 UTC using a lowpass filter. Top subfigures
show the timeseries of the four versions of the angles; uncorrected and three rotation corrected versions. The middle sub-
figures show the displacement, applying either demeaning or rotation-correction using each of the four angles from above.

The bottom subfigures show the same but for acceleration.

cal system does not record the Earth’s spin. However,
if there is a misorientation of the sensor and the sen-
sor system no longer aligns with the local system, it
will record some of the Earth’s spin on the East com-
ponent, especially at the North pole (90° latitude). Fig-
ure 6 shows how the error changes, when the latitude
of the station is changed. The original error in percent
for the M1 3.18 at the original location is shown with the
large marker. Then we assumed a latitude of 0 to 90°
and estimated the error due to the attitude error and the
Earth’s spin correction. In Figure 6a, one can see that
the attitude error is not affected as it is not influenced
by the Earth’s spin, so the error stays the same indepen-
dent of latitude. For the Earth’s spin leakage each com-
ponent reacts completely differently, but the high and
low frequencies have the same trend, even if the ampli-
tudes are different. The largest error for this earthquake
would be in the low frequencies at high latitudes in the
East direction with 0.5 % (see Figure 6b).
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4.1 Influence on acceleration and displace-
ment

The error due to the two rotation-corrections for the
rotational sensor could also influence the rotation-
correction of the accelerometer sensor. Here we show
how much each correction influences the accelerations
and the displacements derived thereof. One Mw 5.3 is
shown in detail in Figure 7 and 8. See Figures S1-S8 for
a timeseries of all the other earthquakes and summit
collapses. For the highpass filtered timeseries shown in
Figure 7 all of the solutions look exactly the same, even
though a minimal difference exists, as seen for the an-
gles in Figure 4. However, for the lowpass filtered time
series in Figure 8 there is a clear difference visible in
the displacements. The rotation-correction shown as
the light solid line varies from the demeaned solution.
The East and North components look much more realis-
tic, showing a constant offset after rotation-correction.
However, it does not seem to matter which of the four
rotation-corrections is applied, as all of them plot on top
of each other.
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are shown in (b). The large markers are from the Hualien Mw 7.4 event while the small markers are from the Kilauea events.
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Figure 11 A guide to facilitate the decision of correcting rotational data for rotation-induced errors. The ‘attitude error rc.’
and the ‘rot. + spin rc.” error acquired through scaling are shown in the dashed and dashed-dotted lines respectively. The
observation of these two errors for all three axes East, North, and Up are shown as the diamonds and stars. The shaded area
shows where the expected rotation-induced errors exceeds 1% and therefore a rotation-correction is needed. The effect is
shown for both the low frequencies and the high frequencies individually.

To analyse all five earthquakes shown in Figure 5, we
applied the different rotation-correction schemes to the
acceleration time series and integrated twice. We then
calculated the error in percent to the demeaned time
series for both acceleration and displacement (Figure 9
for acceleration and Figure 10 for displacement). The
high frequencies in the accelerations show errors below
0.3%, while the errors in the displacements are slightly
higher, but generally the error stays below 1%, seem-
ingly negligible. However, the low frequencies show an
error of up to 20% for the accelerations and > 300% for
the displacements. Again here the high displacement
errors for the lower frequencies are due to the double
integration. This can be seen in Figures S2, S4, S6, S8,
where it is visible that there is no stable offset after the
events.

5 Discussion

In this study, we have quantified 1) the percentage of er-
ror for two rotation-induced errors associated with ro-
tational sensors and 2) explored their implications for
rotation-corrections on accelerometers. While correc-
tions for both attitude error and Earth’s spin are well-
established in navigation solutions, they have not been
applied to seismic recordings. The community has been
aware of attitude corrections due to Lin et al. (2010), but
this error has not been quantified before. Our results in-
dicate that the Earth’s spin leakage in percent remains
constant independent of the amplitude of the ground-
motion, while the attitude error increases with increas-
ing amplitude and becomes the dominant error above
10~* rad of the total angle (as defined in Equation 11).
Both errors are present across the full frequency range.
The Earth’s spin leakage is low enough, at about 1072 %
for the high frequency range to be considered negligi-
ble. However, during the Mw 7.4, the Earth spin error
is almost 1% for low frequencies. On the other hand,
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the attitude error increases with amplitude and could
pose a problem for earthquakes larger than Mw 5.3 in
the near-field, or a Mw 7.4 at close distance. At a total
angle of 1072 rad, there is a 1 % error in the rotation
data for high frequencies, which increases tenfold for
low frequencies.

We cannot test how the scaled rotations impact the
correction of the acceleration data, since translations
and rotations cannot be scaled linearly. Additionally,
the local near-surface structure might increase the rota-
tion amplitude, without a corresponding linear increase
of the translations in the wave field. Our dataset is lim-
ited to earthquakes in the near field, with no compara-
ble data available for larger earthquakes as close to the
epicenter.

For all the earthquakes we analyzed, it did not matter
if we used the rotation corrected angles or uncorrected
angles when applying the rotation-correction for the ac-
celerations. The difference between the two is too small
to have an influence on the accelerations or the derived
displacements. However, we do find that, in general,
the influence of the rotation-correction of the acceler-
ations is as significant as demeaning at lower frequen-
cies. Both demeaning and rotation-correction are thus
necessary to retain the true ground-motion. For higher
frequencies, the rotation-induced error on the displace-
ments remained below 0.43%, which is negligible for
these earthquakes. Therefore, it is not a concern in our
current study.

Applying a rotation correction for rotation data be-
comes relevant for larger angle amplitudes, > 1072 rad
for high frequencies, and > 5 * 107° rad for low fre-
quencies. Above this range, it is recommended to ap-
ply a rotation-correction to the observed rotations, as
an error of ca 1% can be expected (see Figure 11).
The rotation-correction of accelerations is generally ad-
vised, as especially the lower frequencies are highly
contaminated due to gravitational leakage. This error
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is enhanced 10 — 100 times when integration to dis-
placement is applied. However, as seen in the rotation-
corrected displacements, it is imperative that the two
sensors, the rotational sensor and the accelerometer,
be on the same concrete slab and bolted to the ground.
Otherwise, the sensors do not observe the same part of
the wave field at the same time. In fact, full navigation-
style sensor correction will only be possible once all 6C
are mounted in one sensor, which should be the vision
for future instrumentation developments.

6 Conclusion

In conclusion, we were able to quantify the error of
dynamic attitude error and Earth’s spin leakage on
the rotational sensor for ground-motions ranging from
1079 radto 1073 rad of total angle. Through scaling, this
range was broadened to 10~® rad to 10~2 rad of total an-
gle. In addition, the rotation-induced error on acceler-
ations and the derived displacements were quantified,
using the two unique 6C datasets at Kilauea Volcano
Hawai‘i, USA and Hualien, Taiwan. We can conclude,
that the rotation-induced errors on rotation sensors are
less significant than initially anticipated and can be ne-
glected for small ground-motion amplitudes. However,
caution is warranted for larger amplitudes, particularly
in the near-field of epicenters, where correction may be
necessary. For those investigating very small changes in
the signal, this correction might be necessary even for
smaller amplitudes.
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