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SUMMARY

The broad-band surface wave magnitude equation assigns magnitudes based on source—
receiver distance and peak surface wave amplitude. It is standard practice to use the vertical
component of peak ground velocity to determine magnitude, such that only contributions from
the vertical motion of Rayleigh waves are present in the surface wave train. With the advent
of rotational ground motion observations from instruments such as ring laser gyroscopes, it
is possible to measure rotational ground motions about three orthogonal axes. For surface
waves, observations of rotations about the vertical axis are theoretically only sensitive to the
transverse nature of Love waves, unaffected by either component of Rayleigh waves. We use
this concept to separate and study the amplitude information of surface waves independently.
With a large database of recorded seismic waveforms for colocated translations and rotations,
collected in Wettzell, Germany, we empirically define magnitude scale attenuation constants
as a method for quantifying amplitude decay. Through this differential analysis, we determine
a necessity for separate surface wave magnitude equations through measurements of transla-
tions and rotations. Synthetic seismograms were concurrently produced using an open-source
spectral-element wave propagation code, for comparisons against observations. Although syn-
thetically derived amplitude decays agree for translations, they do not accurately predict the
decay found for rotations. Synthetics also overpredict amplitudes for both rotations and trans-
lations. Results from observations imply that rotation amplitudes decay faster over distance
with respect to velocity amplitudes, and that the current surface wave magnitude equation is
insufficient for predicting observed translation and rotation amplitudes. We attribute variations
in amplitude decay characteristics to the different effects of attenuation on Love and Rayleigh
waves, with potential influence from local velocity structure and scattering effects. The lack of
agreement in synthetics is attributed to the insufficiency of synthetic attenuation and velocity
structure to replicate the effects seen in observations.
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velocities (Igel et al. 2005), automatic standardized processing of

1 INTRODUCTION rotation and translation data (Salvermoser et al. 2017), and vari-

For over a decade, the application of ring laser gyroscope tech-
nology to the field of seismology has allowed for near-continuous,
direct measurements of rotational ground motions. An ever grow-
ing number of observations from seismic events of varying size,
distance and source mechanism, have been collected in an expan-
sive catalogue of waveform recordings for both direct rotation, and
colocated translation measurements. Some examples of previous
work on this unique waveform data set include phase comparisons
of translations and rotations with estimations of horizontal phase

ations of surface wave energy in oceanic microseisms (Tanimoto
et al. 2016).

In this paper, we aim to characterize and understand the differ-
ences in amplitude decay behaviour of rotational and translational
ground motion. To accomplish this, we make use of a catalogue
of earthquake observations from an observatory based ring laser
gyroscope, and a colocated broad-band seismometer. By process-
ing rotation and translation observations in a near identical manner,
we differentially compare amplitude measurements over a range of
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epicentral distances and azimuths. Through this comparative study,
we seek to better understand decay characteristics of surface waves,
with emphasis towards vertical component rotation measurements
and their connection to Love waves.

This study builds on results previously shown by Igel et al.
(2007), who explored whether observed peak amplitudes of ro-
tation matched with expected amplitude values given by the surface
wave magnitude equation; they found good agreement for a mod-
ified version of the equation, but were limited to a small number
of events. We attempt to readdress the question by determining our
own magnitude scales through estimation of attenuation constants,
with which we quantify decay characteristics of rotations and trans-
lations. We concurrently perform global 3-D synthetic simulations
with a spectral-element based wave propagation code (Specfem3D
Globe), in order to provide a comparative set of synthetic obser-
vations. In comparing estimated magnitude scales and expected
amplitudes, we are able to make quantitative statements on surface
wave amplitude decay. We also seek to provide station-specific,
Love wave sensitive, rotation-based magnitude scale equations, that
allow for quick approximation of expected rotation amplitudes from
teleseismic surface waves.

2 ROTATIONAL GROUND MOTIONS

In continuum mechanics, rotation defines displacement due to the
skew-symmetric portion of the strain tensor, and is required to fully
describe displacement of a point relative to neighboring points,
alongside rigid body translation and the symmetric portion of the
strain tensor (Aki & Richards 2002; Igel et al. 2005). Standard
seismological practice makes extensive use of translation, how-
ever these measurements are intermixed with rotation signals, and
therefore only provide an approximation of motion at a point. Ro-
tational ground motions induced by seismic events can currently
be observed through direct measurement, and through array anal-
ysis of translation sensors (e.g. Spudich et al. 1995; Donner et al.
2017).

Observations for this study were recorded by the Grofring (G-
ring; BW.RLAS, Schreiber et al. 2006a,b), a4 m x 4 m helium-neon
ring laser gyroscope, located at the Geodetic Fundamentalstation in
Wettzell, Germany (49.144°N, 12.87°E). The G-ring operates on the
principle of Sagnac interferometry (Stedman 1997), which relates
interference of counter-propagating light beams to absolute rotation
rate through,

4A
of = )\Pn , ()
where an observable beat frequency df [Hz] is related to absolute
rotation rate  [rad s~*], with constants given by instrument area A,
perimeter P and operating light wavelength A.

It is important to note that given stable instrument geometry and
lasing, changes to the beat frequency of, can only be introduced
through changes to the inner product of the plane normal n with
the rotation rate direction ~ (e.g. through instrumental tilt), and
through externally induced rotations (e.g. the passing of seismic
waves). It has been shown that changes to the inner product as
produced by tilt are one to two orders of magnitude smaller than
rotations produced by seismic waves (McLeod et al. 1998; Schreiber
et al. 2006a,b), which provides the unique benefit that instruments
operating on Sagnac interferometry are theoretically insensitive to
translations, an important feature that we take advantage of in this
work.
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2.1 Phase velocity relation

It has been shown that for a transversely polarized plane wave, the
amplitudes of vertical rotation rate , and transverse acceleration
Uiy can be related by

— @)

z

where ¢ [ms™] represents an apparent horizontal phase velocity
(e.g. Igel et al. 2005). Given a sufficient source—receiver distance to
allow for a plane wave assumption, eq. (2) states that rotations show
similar sensitivity to seismic waves as the transverse component
of translation; in teleseismic waveforms, transverse translation is
sensitive to SH and Love waves. Eq. (2) also shows that waveforms
of transverse acceleration and vertical rotation rate should be in
phase, with oppositely polarized amplitudes scaled by local phase
velocities. Phase matching can be seen in Fig. 1, which shows two
superimposed traces of rotation rate and transverse acceleration
filtered at 10-60 s for an My, 6.67 event near Japan (see Table 1).
For both observations (top panel) and synthetics (bottom panel),
we can see that rotation rate and transverse acceleration are near-
identical in the surface wave train.

2.2 Peak correlation coefficient

Correlations are a useful measure of similarity between two signals.
For colocated measurements of vertical rotation rate and transverse
acceleration, high values (>0.9) of zero-lag correlations can be ob-
tained in time windows centered around S-wave or surface wave
arrivals (Igel et al. 2007). Zero-lag correlation coefficients are rou-
tinely computed for events measured by the G-ring (Salvermoser
et al. 2017), and are used in this study as a filter to remove events
that exhibit low signal-to-noise ratios, or dissimilar waveforms,
which may arise due to breakdown of the plane wave assumption,
or non-physical effects such as instrument problems. The largest
correlation coefficient obtained for a seismogram is labelled the
peak correlation coefficient (PCC), and is used as a representation
of data quality. To ensure that we are using quality waveforms in
our analysis, we calculate correlations of vertical rotation rate and
transverse acceleration, and only use waveforms which fall within
the bounds 0.7 < PCC < 1.0.

3 SURFACE WAVE MAGNITUDE
SCALES

Amplitude based magnitude scales provide empirically derived rela-
tionships between maximum trace amplitudes and source-receiver
distances. Magnitude scales offer quick estimates of relative sizes
for seismic events in a simple, standard manner. A magnitude equa-
tion for teleseismic surface waves was first developed by Gutenberg
& Richter (1936), and was based on maximum recorded horizontal
ground displacements, at a period of 20s, where traditional seis-
mograms showed their most prominent surface wave signals (Aki
& Richards 2002). Displacement was later replaced by maximum
ground particle velocity Vmax/21T = (A/T)max (Soloviev 1955), be-
cause it more closely relates to seismic energy, and better accounts
for the wide range of periods at which surface waves exhibit their
largest amplitudes (Bormann 2012); the quantity 21t is used asa cor-
rection term for velocity magnification relative to the displacement
term. The standard surface wave magnitude equation, known as the
Prague (or Moscow—Prague) formula, was derived using globally
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Figure 1. Phase matching between observed (top panel) and synthetic (bottom panel) vertical rotation rate and transverse acceleration, for an My, 6.67 event
near Japan (Table 1). Waveforms bandpass filtered at 10-60 s. Insets show zoomed-in portions highlighted by the boxes around each waveform.

Table 1. Events used as sources in synthetic simulations. Event information taken from the GCMT catalogue.

Date Time (UTC) Lat (°) Lon (%) Depth (km) Mwec Flinn-Engdahl Region
1 2011-09-16 19:26:41 40.27 142.78 35.0 6.67 Off East Coast Of Honshu, Japan
2 2013-04-19 19:58:40 49.97 157.65 15.0 6.06 East Of Kuril Islands
3 2015-09-13 08:14:12 25.14 -109.43 10.0 6.6 Gulf Of California
4 2016-01-25 04:22:02 35.65 -3.68 12.0 6.38 Strait Of Gibraltar

averaged attenuation functions, and has the form
Ms = 10g,5(A/ T )max + 1.66 - log;o( ) + 3.3, 3)

where A [um] is the maximum ground displacement, T [s] is the
period where maximum particle velocity (A/T )max [MMs™*] oc-
curs,and  [7]is the epicentral distance (Karnik et al. 1962; Vangk
et al. 1962). Despite the term T in eq. (3), the Prague formula is
defined for periods between 18 and 22 s, following the original
definition by Gutenberg & Richter (1936).

A maodified Prague formula, more compatible with modern broad-
band seismometers, was proposed by the International Association
of Seismology and Physics of Earth’s Interior (IASPEI) (Bormann
& Dewey 2013). The broad-band surface wave magnitude equation
is given as

MEB =109 (Vmax/21) + B - logy( ) +C, (4)

where Ve [nms™!] is the peak surface wave amplitude for a
vertical-component seismogram proportional to velocity. The two
attenuation constants B = 1.66 and C = 0.3, correspond to the slope
and intercept, respectively. A period range of 3s < T < 60 s, ensures
that peak surface wave energy at a wide range of periods is captured.
Epicentral distances range 2° < < 160°, and only shallow focus
earthquakes (z < 60 km) are considered, as eq. (4) has no depth
dependent correction term (Bormann & Dewey 2013).

Amplitude based magnitude scales are empirically derived and
therefore not linked to physical sources. They also incorrectly use
logarithms (quantities within logarithms should be dimensionless),
and exhibit saturation effects at large magnitudes (Stein & Wyses-
sion 2009). Eqg. (3) has also been shown to exhibit distance bi-
ases, requiring alterations to the attenuation functions (e.g. Herak
& Herak 1993; Ambraseys & Free 1997). Regardless, M values are
still published and cited regularly (e.g. Ekstrom et al. 2012), and

more modern quantities such as the moment magnitude M,,, were
derived to roughly agree with Ms. Additionally, for historical events,
Ms may be the only comparative measure to modern earthquakes,
which makes it a useful quantity despite underlying inaccuracies.
We therefore use eq. (4) as a template for estimating attenuation
constants in order to compare amplitude decay characteristics of ro-
tations and translations, while acknowledging the above mentioned
limitations of magnitude scales.

3.1 Instrumental proxies for Love and Rayleigh waves

The broad-band surface wave magnitude scale takes amplitudes
measured on the vertical component to isolate vertical motions
of Rayleigh waves; vector sums of horizontal components are in-
fluenced by Love and Rayleigh waves. In the same vein, velocity
measured on the transverse component should only show sensitivity
to Love waves. It is not common practice to use radial or transverse
components in calculating magnitude due to the necessity of rotat-
ing horizontal components to the correct azimuth. Vertical rotation
measurements are however, insensitive to translations, and should
only be sensitive to Love waves in the surface wave train. In this
study, we use instruments as physical wave filters, in order to study
individual sections of the surface wave train. By comparing the
vertical and transverse components of translations, to the vertical
component of rotation, we can analyse the influences of Love waves
and Rayleigh waves separately.

In order to compare translations and rotations using derived mag-
nitude scales, a rotation parameter complementary to velocity is re-
quired in eq. (4). Eq. (2) relates rotation rates  with accelerations
U, so it would make sense to use rotation w as a comparative variable
for velocity U (by time integration of both variables). We present
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here observations of both rotations and rotation rates, noting that
rotation rate is the direct measurement from the G-ring.

3.2 Derived magnitude scales

We adhere to the standard procedures for magnitude calculation
provided by IASPEI (Bormann & Dewey 2013) as a stencil for
estimating attenuation constants. We in turn use these constants
as a tool for comparing amplitude decay of different measured
observables. We rearrange eq. (4) to give

B -log;p( )+ C = M —logy,(X/2m), (5)

where vertical velocity Vimax in €qg. (4) has been replaced with a
general peak amplitude measurement X. For simplicity we leave the
quantity 2rt and do not alter X for measurements of rotation. If we

have N observations of amplitudes X,, and distances ,, we can
formulate eq. (5) as the matrix—vector equation
IOglO( 1) 1 Ml - |0910(X1/2T[)
logio( 2) 1 g M, — log,o(X,/21r)

. . C = : (6)
logio( n) 1 My — log,o(Xn/21)

Using a simple linear regression, described in Section 4.2, we can
solve for the vector containing unknown attenuation constants B and
C, thereby deriving dimensionless quantities to compare amplitude—
distance relationships of various observables.

3.3 Attenuation constants

The magnitude equation describes a logarithmic decay, where B
represents the slope and C the intercept. Due to the logarithmic
nature of the scale, and the fact that amplitudes can be expressed in
arbitrary orders of magnitude, the value of C is relative; for example,
converting velocities from pum s to nm s will change the value
of C by 3. To see how changes in B relate to changes in expected
amplitudes, we allow the value of B to vary and compare expected
amplitudes estimated from the inverse of the magnitude equation.
Fig. 2 shows that small changesto B (B = 0.25), for a fixed value of
C, result in a factor of two, to a factor of four difference in expected
amplitudes, depending on epicentral distance. In this study, velocity
amplitudes on the order of nm s and rotation amplitudes on the
order of prad s~ relate to values of C ranging from 1.0 to 2.0.
Results indicate that B ranges from roughly 1.0 to 2.0.

4 METHODS

4.1 Data processing

Events were processed in a similar fashion as in Salvermoser et al.
(2017). Raw, continuous, translation data in north, east and verti-
cal components, as well as vertical rotation rate data, was fetched
based on event origin time. Instrument response correction pro-
duced translation seismograms proportional to units of ground ve-
locity (nm s™?), with a flat response between 120 s and 10 Hz.
Epicentral distances ( ) and theoretical backazimuth values were
calculated from source and receiver latitude longitude values. Trans-
lations were rotated into the transverse, radial, vertical coordinate
system by the appropriate backazimuth. Measurements from ring
laser gyroscope instruments do not require frequency dependent
instrument correction (Schreiber et al. 2006a); a scale factor was
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multiplied with the data to retrieve seismograms proportional to ro-
tation rate (nrad s™*), and then time integrated to give seismograms
proportional to rotation (nrad).

A bandpass filter was applied to all traces for periods between
35 <T =< 60 s. Peak amplitudes were chosen by finding mini-
mum and maximum trace values and the largest associated peak or
trough, respectively. The larger of the two was recorded, alongside
associated arrival time and dominant period. Through manual in-
spection, picked amplitudes that fell outside the surface wave train
were removed. An example of peak amplitude picking is shown in
Fig. 3, where isolation of surface waves can be seen when comparing
vertical velocity to the other three components. A more technical
explanation of processing steps is given in the Appendix.

To calculate peak correlations, traces of transverse acceleration
and vertical rotation rate were segmented into two minute time win-
dows, in which zero-lag cross correlation was performed. From the
entire trace, the maximum correlation value were taken to represent
the peak correlation coefficient.

4.2 Linear regression

To quantify amplitude decay, we fit attenuation constants to data us-
ing a simple linear regression. To make use of the linear regression
method, we assume amplitude and distance are logarithmically re-
lated, that distance measurements are error-free and that our ampli-
tude measurements are log-normally distributed, and independent
from one another. We assume that the errors in calculated great-
circle distances are negligible. After removal of outliers, we assume
a log-normal distribution (Fig. A1) for translation and rotation mea-
surements. Residuals between observed and expected amplitudes
using our estimated attenuation constants (Fig. A2), show random
scatter, implying that a linear regression is suitable for this data set.

Eq. (6) can be expressed in the general form Gm = d, with un-
knowns B and C represented in the vector m. In solving for m,
we create an empirical magnitude scale that best describes the am-
plitude decay behaviour of our observations. 95 per cent confidence
intervals were constructed for each parameter of the vector m. These
were calculated by the equation m;j ¢ var(m;), where the value
of ¢ is given as 1.96 for a confidence level of o = 0.95. The confi-
dence level of a = 0.95 was chosen as a standard confidence with
an acceptable margin of error for this study.

5 EVENT CHOICE

The G-ring has been continuously recording at its current resolution
since May, 2009 (e.g. fig. 2 in Hadziioannou et al. 2012). Events used
in this study span from 1 June 2009 to 1 September 2016. We set our
magnitude range at 6 < Mg < 7; Shearer (2009) states that moment
magnitude ‘M,, was defined to agree with Ms mainly for events
between M6 and 8,” and that ‘we should expect Ms to underpredict
M,y at both small and large magnitudes.” We set the upper limit M
= 7 to avoid unwanted effects of magnitude saturation, and we take
M; = M,, in this range.

An initial earthquake catalogue was retrieved from the Global
Centroid Moment Tensor (GCMT) catalogue (Ekstrom et al. 2012),
with events filtered by magnitude, source depth and epicentral dis-
tance from the G-ring. We impose the restriction that ‘derived mag-
nitudes’ as given by our magnitude equations, should fall as close
to a catalogue-published moment magnitude as possible (that is

M derived < M, where we use the symbol < to mean ‘should be
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Figure 2. Expected amplitude variations due to changes in the amplitude decay constant B. Varying values of B for M = 6 event with a fixed value of C = 0.3.
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Figure 3. Peak amplitude picking. Left-hand column shows full seismograms for a 2011 My, 6.67 event (see Table 1). From top to bottom panels: rotation
rate, rotation, vertical velocity, transverse velocity. Central dots show zero crossing for the chosen peak to peak amplitude. Outer dots show largest peak and
trough values. Right-hand column shows a zoomed in portion, focusing on the surface wave train. Note the difference in arrivals of the Love wave and the later

arriving Rayleigh wave.

equal to’). This ensures that our derived scales do not stray far from

established scales.

To remove events with low signal-to-noise ratios, zero-lag cross
correlations of transverse acceleration and vertical rotation rate were
taken in order to calculate peak correlation coefficients. Events were

rejected if their peak correlation coefficient fell below 0.7. A final
event catalogue of roughly 200 events was created. An event map is
shown in Fig. 4, which highlights the events used in the regression,
and events and stations used in deriving synthetic seismograms
(Section 6).
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® 6.0 <M, <6.5
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Figure 4. Event map. Circles represent events used for amplitude measurements. Inverted triangles show GSN station locations used in simulations. Hashed
circles show events chosen for synthetic seismogram generation (see Table 1). Circle size represents moment magnitude My in bins of 0.5. Equidistant lines
from Wettzell, Germany, shown in black, with approximate distances annotated. Wettzell marked by a white star (49.144°N, 12.87°E).

6 SYNTHETIC SEISMOGRAMS

Rotations are a relatively new observable in seismology, and includ-
ing measurements from other rotation instruments for comparison
would lead to more robust results. However, due to the unique in-
strumental setup of the G-ring, there are no other comparable data
sets to draw comparisons with. It should be mentioned that other
rotation instruments exist, and have been used for earthquake anal-
yses (e.g. Donner et al. 2017; Shaa et al. 2017), however they lack
suitable earthquake catalogues. One possibility for gathering more
rotation observations would be through array derived rotations—
this option was noted but it proved difficult to identify arrays with
optimal station spacing, and sufficient earthquake catalogues. In-
stead, synthetic rotation and translation waveforms were generated
for use in deriving synthetic attenuation constants, which we then
compare against our observation-derived constants.

The spectral-element wave propagation code Specfem3D Globe
was employed (Komatitsch & Tromp 2002a,b), featuring the 3-D
crustal velocity model Crust2.0 (Bassin et al. 2000), mantle model
S40RTS (Ritsema et al. 2011) and 1-D PREM radial attenuation
model. Ocean loading, Earth ellipticity, self gravitation and Earth’s
rotation were included in the simulations, due to their potential
influence on long period surface waves. Event locations and moment
tensors were taken from four seismic events in our catalogue, chosen
based on high peak correlation coefficients, as well as sufficiently
varied locations and depths of source-receiver pairings. Table 1
provides more detailed information on the chosen events, which are
shown on a map in Fig. 4.

Events were initiated as point sources using GCMT moment
tensor inputs. A simulation corner frequency was set to 10 s, and
simulations were run for one hour seismogram length. As computa-
tional cost is independent of number of stations, more than one hun-
dred real stations were included—locations were taken from Global
Seismic Network (GSN) stations, with the addition of the G-ring

and the German observatory station Furstenfeldbruck (48.163°N,
11.275°E).

Outputs of Specfem3D were synthetic translation and rotation
waveforms at each station location. The source code was altered to
output the curl of the displacement field at each numerical integra-
tion point, which was then used to calculate rotation and rotation rate
(eq. 2.2, Aki & Richards 2002). Preprocessing followed the same
steps as observations, with the addition of convolution of waveforms
with triangle source-time—functions of length corresponding to the
published centroid half-duration, as well as a bandpass filter with
cornersat 10 s < T < 60 s (as opposed to 3 s and 60 s) due to the
computational limitations of the simulation set by the simulation
corner.

7 RESULTS

Attenuation constants were estimated for multiple stations and com-
ponents (Table 2). Comparisons are made between attenuation con-
stants derived for rotations and translations recorded at Wettzell,
where the differential nature of this study ensures that source effects
are captured in both observables. Estimated attenuation constants
are compared against the broad-band surface wave magnitude equa-
tion. Path and site effects will, however, have an effect on local at-
tenuation constants not seen in a globally averaged scale; to address
this, the same analysis was performed on broad-band translation ob-
servations at three other stations: GR.FUR (Furstenfeldbruck, Ger-
many; 48.163°N,11.275°E), 11.PFO (Pifion Flats, California, USA;
33.61°N, 116.46°W) and I1.ERM (Erimo, Hokkaido Island, Japan;
42.02°N, 143.16°E). The same event catalogue was used, though
some stations make use of less events due to data availability. Val-
ues of B and C for these stations mostly agree with those derived
for Wettzell (Table Al). A comparison of translation and rotation
attenuation constants for M = 6.5 is shown in Fig. 5. Abbreviations
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Table 2. Rotation and vertical velocity attenuation constants for eq. (5) (M = logio(X/2m) + B - logio( ) + C).
Attenuation constants B and C presented together with 95 per cent confidence intervals. The second to last column
gives consideration to the wave type that each instrument component should provide a proxy for, the last column gives
the number of samples in the linear regression (BB, Broadband; WET, Wettzell; SYN, synthetic; RLAS, ring laser; 2V,
vertical velocity component; RT, vertical rotation component; RR, vertical rotation rate component).

Scale Label B C Units Wave N

IASPEI MBB 1.66 0.3 nms—1  Rayleigh -

Vertical velocity (WET) MWVET 1.18+0.3 0.95+0.58 nms~? Rayleigh 195
Synthetic vertical velocity VEMN 1.18+0.09 057+0.16 nm st Rayleigh 562
Rotation (RLAS) MRELAS 159+041  122+0.79 prad Love 191
Synthetic rotation MaIN 1.09+013  157+0.24 prad Love 569
Rotation rate (RLAS) MELAS 176 £039 129+0.75 prads™! Love 189
Synthetic rotation rate MagN 113+013  1.81+024  prads~? Love 562

Figure 5. Comparison of amplitude decay from various magnitude scales. For a M6.5 event, vertical velocity MAWET, rotation MREAS, rotation rate MRGAS

and the broad-band magnitude equation MSBB. Values of B and C for respective magnitude scales provided in legend. Expected amplitude values, grouped by
shading, annotated next to markers for 20°, 80° and 140° epicentral distances.

used to denote each site and component are given in the caption of
Table 2.

Alongside attenuation constants, expected amplitudes were cal-
culated using the inverse of the magnitude equation by solving eq.
(5) for the amplitude X, with given values of B, C, Mand . Ex-
pected amplitude comparisons for chosen scales are given in Table 3.
Through analysis of the attenuation constants and expected ampli-
tudes, we determine that rotation based attenuation constants exhibit
faster amplitude decay with distance, compared to velocities on both
horizontal and vertical components. Rotation rate and transverse ac-
celeration amplitude decays show similar values, and estimates of
transverse velocity amplitude decay fall between estimates for ver-
tical velocities and rotations. Synthetic attenuation constants on the
other hand, show little variation between translations and rotations,
and also overpedict amplitudes for both translations and rotations,
with respect to observations.

7.1 Rotation magnitude scales

Peak rotation amplitudes were scaled to the order of prad or prad
s to ensure that estimated values of C fell between 1 and 2, for

Table 3. Expected amplitudes from magnitude scales. Values calculated
by solving for X in eq. (5), with M = 6.5. Rotation and translation based
magnitude scales related to labels defined in Table 2. Amplitudes given for
epicentral distance values , of 20°, 80° and 140°. Rotation based magni-
tude scales show faster overall amplitude decay with distance, compared to
translation scales. Synthetic magnitude scales overpredict amplitudes com-
pared to observation based magnitude scales.

Scale =20° = 80" = 160°
MEB 69.0 um st 6.9 ums™t 22pumst
MWVET 65.0 um s~1 13.0 ums—t 5.6 ums~1
MSN 160.0 pum s~* 30.0 ums~? 13.0 pms!
MWET 62.0 ums~1 95 ums~t 3.7ums1
MEEAS 5.2 nrad s™* 0.5nrad st 0.1nrads™t
MM 10.0 nrad s71 2.2nrad s™? 1.0nrads™?
MELAS 10.0 nrad 1.1nrad 0.4 nrad
MmN 20.0 nrad 4.5 nrad 2.1nrad

easier comparison with translation attenuation constants. We present
expected amplitudes however, in the more natural units of nrad
and nrad s™*. The estimated attenuation constants and 95 per cent
confidence intervals for vertical rotation rate measured on the G-
ring ( MREAS), are B =1.76 + 0.39 and C = 1.29 + 0.75. Expected
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