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SUMMARY

Since gravity changes propagate at the speed of light, gravity perturbations induced by earth-
quake deformation have the potential to enable faster alerts than the current earthquake early
warning systems based on seismic waves. Additionally, for large earthquakes (M, > 8), grav-
ity signals may allow for a more reliable magnitude estimation than seismic-based methods.
Prompt elastogravity signals induced by earthquakes of magnitude larger than 7.9 have been
previously detected with seismic arrays and superconducting gravimeters. For smaller earth-
quakes, down to M,, >~ 7, it has been proposed that detection should be based on measurements
of the gradient of the gravitational field, in order to mitigate seismic vibration noise and to
avoid the cancelling effect of the ground motions induced by gravity signals. Here we simulate
the five independent components of the gravity gradient signals induced by earthquakes of
different focal mechanisms. We study their spatial amplitude distribution to determine what
kind of detectors is preferred (which components of the gravity gradient are more informative),
how detectors should be arranged and how earthquake source parameters can be estimated.
The results show that early earthquake detections, within 10 s of the rupture onset, using only
the horizontal gravity strain components are achievable up to about 140 km distance from
the epicentre. Depending on the earthquake focal mechanism and on the detector location,
additional measurement of the vertical gravity strain components can enhance the detectable
range by 10-20 km. These results are essential for the design of gravity-based earthquake
early warning systems.

Key words: Time variable gravity; Transient deformation; Earthquake early warning.

Recently a new method of earthquake early warning has been

I INTRODUCTION proposed that is based on ‘prompt gravity signals’, the transient

Earthquake early warning systems (EEWSs) are valuable tools for
disaster risk reduction. Current systems detect earthquakes and es-
timate their source parameters based on the initial P waves, which
precede the most damaging shaking carried by S waves (Allen &
Melgar 2019). However, the promptness of current systems is lim-
ited by the fact that P waves, the information carrier, are less than
twice as fast as .S waves, the damage carrier: earthquake detection
and alert take a substantial portion of the traveltime of the hazard,
especially if seismometers are not located near the epicentre. For
offshore earthquakes, the Japanese EEWS has been improved by
using cabled ocean bottom seismometers, although at a high cost
and difficulty of maintenance, and elsewhere the emerging technol-
ogy of distributed acoustic sensing on seafloor fibre-optic cables is
being explored (Sladen ef al. 2019).

© The Author(s) 2020. Published by Oxford University Press on behalf of The Royal Astronomical Society. All rights reserved. For
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gravity perturbations caused by the mass redistribution induced
by deformation during earthquakes (Harms et al. 2015; Juhel et al.
2018). Since gravity propagates at the speed of light, prompt gravity
signals are a faster messenger for earthquake detection than P waves.
In addition, their amplitude is directly linked to the earthquake
seismic moment. Therefore, gravity signals observed by future-
generation high-sensitivity sensors are expected to provide a more
robust early magnitude estimation than conventional seismic signals
(Juhel et al. 2018).

Prompt elastogravity signals preceding seismic waves by 10—
100 s have been detected on data recorded by superconducting
gravimeters and broad-band seismometers during several large
earthquakes, including the Tohoku-oki earthquake (M,, = 9.1;
Montagner et al. 2016; Vallée et al. 2017; Vallée & Juhel 2019).
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The observed signals showed good agreement with simulations
(Vallée et al. 2017; Juhel et al. 2019; Zhang et al. 2020). These
results suggested the potential of gravity measurements for EEWS.
However, the capability of conventional inertial sensors, such as
gravimeters and seismometers, to detect prompt gravity signals
of earthquakes with magnitudes less than about 8 is almost im-
possible within a few tens of seconds. In fact, due to the equiv-
alence principle, gravity changes cannot be distinguished from
ground acceleration, thus background seismic noise severely chal-
lenges the detection of small-amplitude gravity signals (Heaton
2017). Moreover, gravity signals are partially cancelled by the
ground accelerations they induce, especially during the initial
portion of the signal (Vallée et al. 2017). In contrast, gravity
gradiometry is not hampered by these fundamental limitations,
as demonstrated in the context of gravitational wave detection
(Harms 2015). Therefore, gravity gradient measurements are use-
ful to detect earthquakes over the range of magnitudes and time
scales that are critical for EEWS (Harms et al. 2015; Juhel ef al.
2018).

For the purpose of earthquake detection, it is important to mea-
sure gravity gradient perturbations at frequencies around 0.1 Hz,
which corresponds to the typical timescale of moderate-to-large
earthquakes (few tens of seconds) and early warning (~10 s).
Several concepts of gravity gradiometers have been proposed to
measure gravity gradients at such frequencies, originally in the
context of low-frequency gravitational wave observation (Ando
et al. 2010; Paik et al. 2016; Canuel et al. 2018). As explained
later in Section 2.3, each detector is sensitive to different compo-
nents of the gravity gradient tensor, thus their capability to detect
earthquakes may be different. This is an essential consideration
for the design of an actual gravity-based EEWS. Additionally, the
spatial distribution of the signal amplitude is expected to depend
on which components are measured, which should affect the op-
timal arrangement of a network of gravity-gradient detectors for
EEWS.

The detectability of earthquakes of M,, > 7 with gravity gra-
diometers was assessed via simulations by Juhel ef al. (2018),
who found that the sensitivity required for prompt detections is
about 10~'5Hz /2 at 0.1 Hz. That study was limited to the two
vertical-horizontal gravity gradient components, zx and zy. Here,
we generalize these calculations to the gravity gradient signal in-
duced by earthquakes for all components of the gravity gradient
tensor. Based on the result, we compare the detectability of prompt
gravity signals with different types of gravity gradiometers. We
then analyse its dependence on the azimuth between the detec-
tor location and the earthquake epicentre, to determine the most
favourable positions to install the detectors. The assumptions of
the simulations are explained in Section 2. The simulation results
for each component are presented in Section 3. The differences of
detectability between the three gradiometer types are analysed in
Section 4.

2 SIMULATION ASSUMPTIONS

2.1 Medium and source models

The gravity perturbation signal generated by a point source is cal-
culated as the convolution of the Green’s function and the source
time function. To evaluate the Green’s function, we assume a ho-
mogeneous half-space. The speed of P wave and S wave are set
to 7.8 and 4.4 km s~!, respectively, as in Juhel e al. (2018). We

assume a buried point double-couple source with prescribed focal
mechanism.

The fundamental solution for the gravity-gradient perturbation in
this half-space model was derived in Harms (2016). The model is in-
tentionally simplified: it ignores complexities such as the layering of
Earth’s materials, the finite size of earthquake sources, non-double-
couple components, and self-gravitation. Such ingredients can be
taken into account by more computationally demanding methods,
such as the normal mode theory (Juhel ez al. 2019). However, they
only have second-order effects on the gravity gradient within the
first few tens of seconds relevant for EEWS (Harms 2016). Thus,
the simplified model adopted here is expected to provide first-order
insight on the detectability of gravity perturbations.

We adopt the source time function model introduced by Juhel
et al. (2018):

a®l(t/T)
a (1— (/T —1y)

where T is the half-duration of the rupture and a ~ 1.48 is a coef-
ficient designed to satisfy foﬂ Moydt = M,. The rupture duration is
taken from the empirical relation 27" = (M,/10'® N'm)!/3 (Houston
2001). Self-similarity of the fault rupture is assumed in this model.
In particular, the initial evolution (¢ < T) of the source time function
is independent of the final magnitude. In the following calcula-
tions, the magnitude of the earthquake is set to M,, = 7.0, hence
T=38s.

We investigate three representative focal mechanisms: a vertical
strike-slip fault and reverse dip-slip faults with two dip angles. Their
strike, dip and rake angles are (strike, dip, rake) = (0°, 90°, 0°),
(180°, 10°, 90°) and (180°, 20°, 90°), respectively. The hypocentre
depth is set to 20 km.

O<t<T)

M) = (T <t <2T)"

(M

6

2.2 Gravity gradient tensor

The gravity gradient tensor is defined as
I'(x,1)= -V (V¢(x,1)), 2)

where ¢(x, t) is the gravitational potential at coordinate x and at
time 7. The gravity strain tensor /(x, ¢) is defined as the double time
integral of the gravity gradient (e.g. Harms 2015):

h(x,t) = — /(;f dr /: dt'T(x, 7). 3)

Note that gravity strain is a quantity different from deformation
strain. Due to the symmetry I';; = —aix[%_/d) =T, @, j=x,72)
and to Poisson’s equation V2¢ = 0 yielding Tr(T") = 0, both T and
h have only five independent components. Here, we set the five
independent components of % as depicted in Fig. 1. They are based
on the radial (r), tangential (t) and vertical (z) directions relative to
the epicentre and detector positions. Two horizontal components,
‘plus’ (+) and ‘cross’ (x), are defined as

hy = (hy — hy)/2
{ hy = hy = hy, (4)

which are like the shear strain and the 45° rotation of it. These two
components are the measurable degrees of freedom of horizontal
detectors such as the torsion-bar. Their names (plus and cross) are
derived from the polarization of gravitational waves. The other three
independent components are chosen to be vertical: 4,,, A, and A,.
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Figure 1. Definition of radial (r), transverse (t) and vertical (z) coordinates. The colour arrows show the direction of the gravitational tidal forces for each

component of the gravity strain tensor.

In this paper, the perturbation of the gravitational field
V¢(x,t) is computed based on the half-space model devel-
oped by Harms (2016) and the source time function model eq.
(1). Then each component of the gravity gradient is approxi-
mated numerically as the finite difference of the gravity pertur-
bations at two closely located points; for example, I, (x, y, z, 1) ~
- (%d)(x +d/2y.z 0 — B —d/2.y.z, t)) /d, where d =
10 m. Gravity strain /4 is obtained by integrating the gravity gra-
dient twice over time as defined in eq. (3). We calculated grav-
ity strain at various distances up to 200 or 1000 km, and var-
ious azimuths ranging from 90° to 270°. Here the azimuth an-
gle v is set to 0° at the North and increases clockwise. Assum-
ing symmetries, gravity strains at ¢ < 90° and at ¥ > 270°
were inferred from the calculations at 90° < ¢ < 270° by con-
sidering (¢ < 90°, ¥ > 270°) = h(yy + 180°) for the strike-slip
event and h(y < 90°, ¢ > 270°) = h(180° — ) for the dip-slip
events.

2.3 Proposed gravity gradiometers

Here we briefly present the three main types of low-frequency grav-
ity gradiometers: superconducting gravity gradiometers (SGGs),
torsion bar antennas and atom interferometers (Als).

A SGG measures differential motion between levitated masses
induced by fluctuations of gravity gradient. The levitated masses be-
have like free-falling objects, so they are sensitive to the fluctuations
at low frequencies. By combining the motions of several masses,
all the components of the gravity gradient tensor can be measured.
Such a configuration based on six levitated masses was proposed as
the SOGRO concept (Superconducting Omni-directional Gravita-
tional Radiation Observatory; Paik e al. 2016, 2020), whose target
sensitivity is around 10~'* Hz/? at 0.1 Hz with a 30-m-scale size
sensor.

A torsion-bar antenna measures the relative rotations of hori-
zontally suspended bars induced by gravity gradient perturbations.
The bars have low resonant frequency about horizontal rotations. A
torsion bar is mainly sensitive to the horizontal components of the
gravity gradient, 4, and h,. Although it can measure 4,, and A,
via the vertical rotations (multi-output configuration; Shoda et al.
2017), we do not consider that possibility here because its sensi-
tivity has not been well discussed yet. Two configurations, TOBA
(TOrsion-Bar Antenna; Ando et al. 2010) and TorPeDO (Torsion
Pendulum Dual Oscillator; McManus et al. 2017), have been pro-
posed. TOBA is designed to achieve 107" Hz~'/? at 0.1 Hz with
10-m-length bars. Although a single detector with two bars is sensi-
tive to only one component, /1, 4, or a linear combination of them,

both of the horizontal components can be measured by using two
detectors with different azimuths.

An Al measures gravity field perturbations via free-falling atoms
(Keith ef al. 1991). It uses matter waves to probe the gravitational
field. The components of gravity gradient measurable with Al de-
pend on the configuration. Original configurations of Al measure
vertical gravitational acceleration which directly affects the atoms,
hence they are sensitive to vertical gravity gradient. The recently
proposed high-sensitivity configuration MIGA (Matter wave-laser
based Interferometer Gravitation Antenna; Canuel ef al. 2018) mea-
sures the gravitational effect on horizontally propagating lasers via
the atoms, hence it is sensitive to horizontal gravity gradients.

Prototypes of some of these detectors are currently under devel-
opment before targeting the extreme sensitivity mentioned above
(~ 10" Hz /%) with large-scale configurations. The current best
sensitivity at 0.1 Hz is 107'° Hz~"/? achieved by an SGG (Moody
et al. 2002). As the next step, some 1-m-scale prototype detec-
tors are aiming for a sensitivity of about 10~ Hz"/? at 0.1 Hz,
and worse at lower frequencies. This sensitivity target is adopted
here to calculate the detectability of earthquakes by next-generation
gravity-gradient instruments.

2.4 Signal-to-noise ratio of detection

Following Juhel et al. (2018), we consider an optimal matched-filter
detection procedure. The optimal matched-filters are pre-whitened
signal templates. The templates A(¢) are computed following the
same procedure described in Sections 2.1 and 2.2 for a complete set
of earthquake locations, magnitudes and focal mechanisms. Both
the signal templates and the recorded data s(z) = A(¢) + n(t), where
n(t) is detector noise, are whitened by deconvolving them by the
power spectrum of the detector noise. In other words, the whitened
time-series /4, () and sy (?) satisfy

*© il(f) 27riftd 1) = « E(f)
s Y M= mD

() = SRV

©)

where A(f) and 5(f) are the Fourier-transforms of A(f) and s(¢) at
frequency f, respectively. S, (f) is the power spectral density (PSD) of
detector noise. The matched-filter output s,,¢(#) at time ¢ is obtained
by correlating the whitened template with the whitened data as

Aw®=/ (T = to)su (). ©)

Here ¢ = t, is the time of the rupture onset. The onset is set at T =
0 for the template /(7). The signal-to-noise ratio (SNR) is defined
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as the ratio between the matched-filter output and the standard devi-
ation of the matched-filter applied to noise alone. The SNR value is
denoted p(7) hereafter. A detection is declared if p exceeds a certain
threshold py. Under the assumption of Gaussian detector noise, the
false-alarm probability is erfc(pg) and the detection probability is
erfc(pg — p), where the complementary error function is defined
as erfe(x) = le7 [ e~"*/2dt (eqs 1.11 and 1.12, respectively, from
Chapter IV of Helstrom 1968). Here, we choose py = 5 as the
threshold SNR, which corresponds to a false-alarm probability of 3
x 1077 for Gaussian noise. Note that this value underestimates the
real SNR if the actual detector noise is not Gaussian. Noise statistics
of the detector need to be properly characterized for a more realistic
estimation of the false-alarm rate.

In this paper, the following PSD of detector noise is assumed, as
in Juhel et al. (2018; ‘model 2’ noise in their fig. 1):

Vi) = 107" (L+ (f/f)) Hz "2,

The floor noise level of 107" Hz~? and the corner frequency f;
of 0.1 Hz are close to the design noise levels of proposed gravity
gradiometers (Shimoda e al. 2020). A case study of the actual
design sensitivity of TOBA is given in Supporting Information
Section S1. Though the actual noise spectrum may differ in detail
for each tensor component and for each type of detector, in the
first-order approach taken here we assume a common noise level.
For real-time application, whitening is implemented in time domain
as an iterative second-order high-pass filter, namely a Butterworth
filter, with 0.1 Hz cut-off frequency, whose absolute value of the
frequency response turns out to be 1/,/S,(f).

To evaluate the matched-filter detection performance we could
draw many random realizations of noise, compute the SNR for each
signal plus noise realization and average, as done by Juhel et al.
(2018). A more efficient approach adopted here is to evaluate the
following expression of the optimal SNR (Turin 1960; Jaranowski
& Krolak 2012):

0 }Nl, 2 t
pom(n:/z / | S((’;))' df=/2 /0 (0T ®)

at the detection time 7 (the origin of time is set at the rupture onset).
Here, /1,(f) is the Fourier transform of the template until the time
t. In this paper, the optimal SNR is computed in time domain; that
is, the rightmost side of eq. (8) is used, and the whitened template
hy(7) is calculated by filtering the template A(t) with a second-
order high-pass filter as mentioned above. The signal template 4(7)
is prepared for each gravity strain component, each distance, and
each azimuth as described in Section 2.2. The optimal SNR is
achieved in the ideal case when the template used for matched-
filter detection is a perfect representation of the real signal. This
idealization is not severely restrictive, since prompt gravity sig-
nals depend on a smoothed version of the source time function.
For example, in an unbounded space, the gravity strain signal is
proportional to the fourth time-integral of the source time function
(Harms et al. 2015). As a result, the signal is dominated by the
low-frequency components of the source time function, and high-
frequency fluctuations of the source have much less effect in the
detection SNR.

fi=01Hz. (1)

3 SNR DISTRIBUTION FOR EACH
GRAVITY GRADIENT COMPONENT

Here we show the calculated distribution of the optimal SNR pq(?)
(eq. 8) for each component of the gravity strain tensor, calculated

at two reference times: 10 s after the onset of the fault rupture
and at the arrival time of P waves at each detector location. The
former is essential for rapid detection in EEWS. Although de-
tection before 10 s would be better, in Supporting Information
Section S2 it is shown to be challenging with the proposed grav-
ity gradiometers. The latter reference time is important for the
robust estimation of earthquake source parameters such as final
magnitude.

3.1 SNR at 10 s after rupture onset

Fig. 2 shows the SNR distributions at 10 s after rupture onset, at
epicentral distances up to 200 km, for the three focal mechanism and
the five gravity strain components. We define a ‘high-SNR region’
as the region where SNR >5 (inside the dashed contour), in which
we can expect a reliable detection with a single detector.

The symmetry of the volumetric ground deformation produced
by the different focal mechanisms, which controls the density per-
turbations, explains the azimuth distribution of SNR. The resulting
pattern of SNR has four lobes for the strike-slip earthquake and two
lobes for the dip-slip earthquakes.

For the strike-slip earthquake (left column of Fig. 2), the gravity
gradient perturbation is largest in the two horizontal gravity strains,
plus and cross. Their high-SNR region extends up to about 140 km
from the epicentre. Only the cross strain has high SNR at azimuths
0°, 90°, 180° and 270°. The ZZ and RZ strains are also important;
their SNRs are about 50 and 70 per cent of the plus strain, respec-
tively. Though the TZ strain has the lowest SNR, in particular much
lower than the cross strain, it is the only vertical gravity strain which
can detect the earthquake at ¥ = 0°, 90°, 180° and 270°.

For the dip-slip events, the vertical gravity strains are as important
as the horizontal strains. The ZZ strain is dominant at 270° and the
RZ strain is largest at 90°, whose high-SNR region reaches over
135 km. Among the horizontal gravity strains, the plus strain has
almost the same SNR (~95 percent) as the ZZ strain at 270°. At
the along-strike azimuths (0° and 180°), all the strains have small
SNR, because the ground is not initially compressed or dilated in
these directions. Only the cross and the TZ strains have detection
capability in these azimuths.

As the dip angle of the dip-slip event increases from 10° to 20°,
the asymmetries of the SNR distributions between the east half and
the west half tend to be larger. The SNRs increase by 5—20 per cent
in the azimuths of largest high-SNR region (270° for the plus and
the ZZ strains, 90° for the RZ strain), and decrease significantly in
the opposite directions.

3.2 SNR at P-wave arrival time

Fig. 3 shows the SNR distribution at P-wave arrival time up to
1000 km distance. In the region with SNR >100 (inside the dotted
line) the signals can be measured very precisely and the earthquake
source parameters can be estimated reliably. The general trends of
the SNR distributions are similar to those at 10 s.

For the strike-slip event, at least two components provide good
SNRs at each azimuth. The detectable region (SNR >5) extends over
more than 1000 km at all azimuths. The horizontal components have
the highest SNR within 350 km to the epicentre, while the SNR of
the RZ strain is highest beyond 350 km distance at 45°, 135°, 225°
and 315°.

For the dip-slip events, the plus, ZZ and RZ strains contribute
to the detection in the along-dip directions (around 90° and 270°).
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Ivertical strike-slip (20 km) l I reverse dip-slip (20 km, 10°) l Ireverse dip-slip (20 km, 20°)

0° 0° 0°
200 km 200 km 200 km

——ry .
10!
Signal-to-noise ratio at t = 10 s

Figure 2. Azimuth—distance distributions of the SNR of matched-filter earthquake detection with gravity strain measurements at 10 s after rupture onset. The
detector noise level is set to 10715 Hz=/2 at 0.1 Hz. The magnitude is My, = 7.0. Colours indicate the SNR according to the colour bar shown at the bottom.
Each column corresponds to one of the three focal mechanisms mentioned in Section 2.1, and each row to one of the five components of gravity gradient
tensor defined in Fig. 1. The dotted grey circles indicate distances of 50, 100 and 150 km. The dashed black curve is the contour SNR = 5. The white blank
area (<80 km) is the region where seismic P waves arrive within 10 s after rupture onset.
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Signal-to-noise ratio at P-wave arrival time

Figure 3. Same as Fig. 2 but gravity strain measurements at the P-wave arrival time and up to an epicentral distance of 1000 km. The magnitude is M, = 7.0.
The dotted grey circles indicate distances of 250, 500 and 750 km. The dashed and dotted lines are contours for SNR = 5 and 100, respectively.

However, the appropriate range for parameter estimations (SNR
>100) is narrower than for the strike-slip event, while the appro-
priate range for detection (SNR >5) at 10 s is almost the same
in the optimal directions for both type of events (Fig. 2). As the

dip angle increases, the distance with SNR >100 increases at all
directions except at distances <250 km. In the along-strike di-
rections (0° and 180°), only the plus strain has a wide detectable
range.
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[vertical strike-slip (20 km) l [reverse dip-slip (20km, 10°)] [reverse dip-slip (20km, 20°) l

10!

Signal-to-noise ratio att = 10 s

Figure 4. Total SNR for the three types of detectors at 10 s after rupture onset, up to 200 km distance. Each row corresponds to a different set of components
of gravity strain: all (top), only horizontal (middle) and only vertical (bottom). The magnitude is M,, = 7.0.
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Figure 5. Azimuth distribution of total SNR at 10 s after rupture onset, at 100 km distance. The magnitude is M,, = 7.0.

4 SUM OF SNR FOR DIFFERENT SETS
OF GRAVITY STRAIN COMPONENTS

Here, in order to assess which of the three kinds of gravity gradiome-
ters described in Section 2.3 is preferred, we separate the horizontal
set (plus and cross) and the vertical set (ZZ, RZ and TZ) of gravity
strain components because some of the gradiometers are sensitive
to only one of them, while an SGG like SOGRO can measure all
components. The total SNR of all gravity strain components, all

horizontal strains and all vertical strains are calculated by taking
the square root of the sum of squares of SNRs of individual compo-
nents, based on Jaranowski & Kroélak (2012). The detector noises
in the measurements of the gravity strain components are assumed
to be uncorrelated to each other. Although all the results shown in
this section are the direct consequence of the previous section (Sec-
tion 3), they are presented here to enable easy comparison between
the types of gradiometers.
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Figure 6. Total SNR for the three types of detectors at P-wave arrival time, up to 1000 km distance.

[vertical strike-slip (20 km) ]

[ reverse dip-slip (20 km, 10°) ]

[ reverse dip-slip (20 km, 20°) ]

200 200 200
.g —— all
@ . . . - | | —<— horizontal
; 150 /\\ /\ / 150 vertical ‘ 150
.5 RHR P 7N RUQ._ - o
; 100 P w W e 100 f 100
g) 50 50 /ﬁ\ / : 501
g : | : | - :

i | 1 B " i | ;
00 90 180 270 360 00 90 180 270 360 O0 90 180 270 360

Azimuth [deg]

Azimuth [deg]

Azimuth [deg]

Figure 7. Azimuth distribution of total SNR at P-wave arrival time, at 300 km distance.

4.1 SNR at 10 s after the onset of the fault rupture

The total SNRs at 10 s after rupture onset are shown in Fig. 4. Fig. 5
shows the azimuth distribution of the SNR at 100 km distance from
the epicentre.

For the strike-slip event, the total detectable range at 10 s is
roughly the same at all azimuths. It is about 140-150 km for all
gravity strain components and for horizontal-only components. This
is because the plus and the cross strains are dominant for this event
as shown in Section 3. Compared with the horizontal gravity strains,
the SNR of the vertical strains is about 80 per cent at the optimal

directions, while it is less than 40 per cent at the least favourable di-
rections (Fig. 5). Adding the vertical gravity strains to the horizontal
strain observation, the detectable distance is slightly improved from
145 to 150 km at 45°, 135°, 225° and 315°, but the benefit is smaller
in other directions.

Thus, for strike-slip earthquakes, the horizontal components
of the gravity strain perturbation are essential for rapid detec-
tion. Hence the measurement of the horizontal gravity strain, us-
ing torsion-bar detectors or Als like MIGA, seems sufficient for
EEWS. There is no preferred direction in which such detectors
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should be placed, since their total SNR distribution is almost
isotropic.

For dip-slip events, the detectable distance with all gravity strain
components has minima in the along-strike directions (0° and 180°),
because no component has very good SNR there, though the de-
tection before the P-wave arrival is possible at every direction.
The detectable distance for the event with 10° dip using horizon-
tal gravity strains only is about 135 km around 270°. The set of
vertical strains provides a better detectable distance of 145 km at
270°, and 150 km at 90°. As the dip angle increases from 10° to
20°, the detectable distance with the horizontal gradients slightly
grows to 140 km at 270°, which is almost the same as that with
the vertical strains. The SNR of the horizontal gravity strains is
similar to that of the vertical strains at 270°, but much less at 90°
(Fig. 5).

It should be noted that strike of dip-slip subduction thrust
earthquakes is usually parallel to the coastline and detectors can
only be installed on land. This corresponds to the 180°-360° az-
imuth range here, in which the horizontal and the vertical gravity
strain have similar SNR (Figs 2-7). Prompt detection is achiev-
able with only the horizontal gravity strain up to 135-140 km
at 270°. Additional observation of the vertical gravity strain can
improve the detectable distance to 150 km. Therefore, torsion-
bar detectors or Als seem sufficient for subduction earthquake
detection, while SGGs like SOGRO can improve SNR by a
factor ~ +/2.

4.2 SNR at P-wave arrival time

The total SNRs at P-wave arrival time are shown in Fig. 6. Fig. 7
shows the SNR at 300 km distance from the epicentre.

For the strike-slip event, the observable range with the horizon-
tal gravity strains is almost isotropic, while the vertical strains can
observe earthquakes in more limited directions. For dip-slip earth-
quakes, the detectability strongly depends on azimuth for any sets
of strain components, and the SNR is higher in the half area around
270° direction. Especially the SNR of the horizontal strains is small
at 90°. The observable range of the dip-slip earthquakes is narrower
than the strike-slip event, but it becomes wider as the dip angle
increases.

5 CONCLUSIONS

The detectability of earthquake prompt gravity signals using differ-
ent components of the gravity gradient tensor (or combinations
thereof) that could be recorded by next-generation gravity gra-
diometers has been quantified here through simulations. The SNR of
optimal matched-filter detection has been evaluated for earthquakes
with magnitude M,, 7 as a function of relative position (azimuth and
distance) between the sensor and the earthquake centroid, and for
three different earthquake focal mechanisms.

‘We find that the horizontal strain components are essential for the
detection of strike-slip earthquakes, and the horizontal and the ver-
tical strain components have similar SNR for dip-slip earthquakes.
Thus, a multicomponent detector like SOGRO is a better choice
only ifitis available with less technical difficulties than a horizontal-
gradiometer like TOBA or MIGA. However, if the measurement of
vertical gravity strain with SOGRO is technically difficult, it is bet-
ter to use two horizontal detectors instead. The detectable range at
10 s after rupture onset with horizontal gravity strains is 140 km for
strike-slip earthquakes and 135-140 km for dip-slip earthquakes.
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Future experimental work is necessary to determine the optimal
choice of the detectors.

Our results are focused on earthquake detection, but the prob-
lem of earthquake location may bring additional constraints on
the choice of gravity gradient components to measure. It has been
proposed that the ratio of signal amplitude between two horizontal
gravity gradient components is useful for source location (McManus
et al. 2018). That approach can be applied more generally to the five
components, which should improve the location accuracy. There-
fore, observing all components of gravity strain may be important
for event location, even if some do not have high SNR.

We adopted simplifying assumptions in our calculations, such
as the source time function model (eq. 1) and the homogeneous
half-space. For actual earthquakes, the SNR can be different than
in our calculations due to the diversity of the source time func-
tions, especially their onsets (Meier et al. 2017). Future work is
required to address how the heterogeneities of the Earth struc-
ture may affect the gravity strain signals. However, our results
provide insight on the fundamental differences between the dif-
ferent proposed types of gravity gradiometers. Such information is
useful for the design of a gravity-based earthquake early warning
system.
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SUPPORTING INFORMATION
Supplementary data are available at GJI online.

Figure S1 Design sensitivity of 35-cm-scale torsion-bar antenna
(Shimoda et al. 2020). The amplitude spectral density of the detector
noise in unit of gravity strain (blue line), and the whitened noise
to calculate the SNR (green line). The model sensitivity (eq. 7, red
line) is also shown for comparison.

Figure S2 Azimuth—distance distributions of SNR using 35-cm-
scale TOBA at 10 s after the onset of the fault rupture. Sum of the
SNRs of two horizontal gravity strain components is shown in each
colour map.

Figure S3 Azimuth—distance distributions of SNR using 35-cm-
scale TOBA at the P-wave arrival time of each point. Sum of the
SNRs of two horizontal gravity strain components is shown in each
colour map.

Figure S4 Azimuth—distance distributions of SNR at 5 s after rup-
ture onset. Inside the white area (<45 km) seismic P waves arrive
within 5 s. The other assumptions are the same as in Fig. 2.
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