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Earthquake early warning basics

Early warning basics :

® Seismic networks + communications
® Aim : provide warning prior to significant ground shaking

e Velocity difference between (fast) P-waves and (damaging) S-waves

Earthquake Early Warning Basics

In an earthquake, a rupturing 2 Sensors detect the P-wave and 3 A message from the alert center is
fault sends out three different immediately transmit data to an mmediately transmitted to your
types of waves. The fast-moving earthquake alert center where the computer or mobile phone, which
P-wave is first to arrive, but the location and size of the quake are calculates the expected intensity
damage is caused by the slower determined and updated as more and arrival time of shaking at your
S-waves and surface waves. data become available. ocation.
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Blind zone of conventional EEWS :

At

radius = \/52 (\/d2+22/oz—|—At)2 — Z2

seismic waves velocity
epicentral distance

[Kuyuk and Allen, 2013]
depth of the earthquake

system delay



Early response of a ground-based seismometer

What is recorded by a seismometer : g1 : gravitational perturbation

E

f. = 5 + glL =5 + g, + s-Vgg Sy : gravity-induced inertial acceleration

s-Vgo : coupling terms to the static gravity field
[Dahlen and Tromp, 1998]
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Early response of a ground-based seismometer

What is recorded by a seismometer : g1 : gravitational perturbation
f = s -+ glL = 5, —+ glE + s- Vg Sy : gravity-induced inertial acceleration

s-Vgo : coupling terms to the static gravity field
[Dahlen and Tromp, 1998]

Air Detection of every > M6.5 earthquakes ?
Seismometer
2 Induced inertial acceleration . . . .
) Earthquake 2 main limitations :
F
Seismic waves . . . .
o e ambiant seismic noise
\/ NN

e cancelling effect close to onset time

Gravitational perturbation

4 e
o — == Coupling terms to static gravity field s, - VQq

LI) 5 4 = Elasto-gravitational perturbation g + Sr =
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Gravity-based earthquake early warning system

Next generation of gravity strainmeters : Z  Tidal forces by

gravitational waves

{ &

N ‘
e

-- ass N\, " Fabry-Perot
/,ba/i, ¥ interferometer

e Superconducting gravity gradiometers

e Atom interferometers

e Torsion bars antennas (e.g. TOBA)

) /

from http://www.gw-indigo.org

e noise reduction

e differential measurement



http://www.gw-indigo.org

Gravity-based earthquake early warning system

Next generation of gravity strainmeters :

(m/s?) x le—9

(1/s?) x le—14

(1) x le—13

Superconducting gravity gradiometers
Atom interferometers

Torsion bars antennas (e.g. TOBA)

< Tidal forces by

Detector sensitivity model :

R &/ gravitational waves
/a /f/ i (y

~ " Fabry-Perot

¥ interferometer
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[Harms, 2016]

gravitational perturbation gj |\

V' ( Power spectral density )

gravity gradient Vg

—e— expected TOBA data
—e— analytical TOBA gravity strain
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Future « recorded » data :

gravity strain I5[Vg;]

___________________________________________________________________

0 20

40

60

80

Time after initiation of the rupture (seconds)

Frequency (Hz)

analytical gravity strain perturbation + expected instrumental noise



http://www.gw-indigo.org

25

1
1
1
1
1
1
1
[}
[}
1
1
1
4
1
1
1
1
1
1
1
1
1
1
1
—————————— e ————————
[}
[}
1
1
1
1
1
1
1
1
1
1
!
1
1
1
1
1
1
1
1
1
1
1
1
1

4
1
1
1
1
1
1
1
1
1
1
!

5

0

e sl ey ety ey
L
5 e e B A
e el ey e Tm——mmm————

ion of the likelihood of an earthquake rupture

Time from initiation of the rupture (seconds)

—100

L LT T eye pIpRpys S Y ————l e e e |- S — T T P —— —-R-0-1 -4 }- -

expected TOBA data - station 1
expected TOBA data - statién 3
—125
-time » estimat

« Real

B B e e e P L
e e e e e e e

—150

2
1
0
1
3
2
1
0
1
3
2
1
0
1

€T—9OT X uleJis AlAedn) €T—9T X uleais AlAeun) €T—9T X uleJis AlAedn)

100

40
Time (in seconds from initiation of the rupture)

0,
Nl
=
4
oN
-
r
0,
'
Qv
-
O
~C
4
—
(0
),
-
Qv
G
O
-
O
O
h|
K
—
—

Q
n
©
] | o
0
i)
g
— ®)
@) c
= O
S S -
u n I I I I I I
ol 5 2 3 & 3 S8 3
= G
c O 6191 X (W'N) uswWoly
O
O =
X +
| -
o O
2 b
2 3
O
= Op)]




25

1
1
1
1
1
1
1
[}
[}
1
1
1
4
1
1
1
1
1
1
1
1
1
1
1
—————————— e ————————
[}
[}
1
1
1
1
1
1
1
1
1
1
!
1
1
1
1
1
1
1
1
1
1
1
1
1

4
1
1
1
1
1
1
1
1
1
1
!

5

0

e sl ey ety ey
L
5 e e B A
e el ey e Tm——mmm————

ion of the likelihood of an earthquake rupture

Time from initiation of the rupture (seconds)

—100

—125
-time » estimat

expected TOBA data - station 1

« Real

B B e e e P L
e e e e e e e

—150

2
1
0
1
3
2
1
0
1
3
2
1
0
1

€T—9OT X uleJis AlAedn) €T—9T X uleais AlAeun) €T—9T X uleJis AlAedn)

100

40
Time (in seconds from initiation of the rupture)

0,
Nl
=
4
oN
-
r
0,
'
Qv
-
O
~C
4
—
(0
),
-
Qv
G
O
-
O
O
h|
K
—
—

Q
n
©
] | o
0
i)
g
— ®)
@) c
= O
S S -
u n I I I I I I
ol 5 2 3 & 3 S8 3
= G
c O 6191 X (W'N) uswWoly
O
O =
X +
| -
o O
2 b
2 3
O
= Op)]




0,
Nl
=
4
oN
-
r
0,
'
Qv
-
O
~C
4
—
(0
),
-
Qv
G
O
-
O
O
h|
K
—
—

lguration

Network conf

—————————— e ————————

...... N T~ N~ L
" " " " " " " " " AN
...... e S o R R e o] e Y N
| | - A
“ “ “ “ “ % “ “ “
m m m m | “ m m m
m m m m m i m m m o —
...... sl e e s 4 A R B SR .
" " " " " " " " | T
" " " " " " " " <
" " " " " " " " Q
" " n " " s " " " Y
1 1 —— 1 1 1 1 1 e
" " " " " " " 0
" " " " " " " ~
m m m m m m m 0
1 1 1 1 1 1 1 | .
m m m m m m m =
m m m m m m m 2 &
...... [ B T S N I e S [ e S N -
| | | | | | | =
m m m m m m m v
" " " " " " " <=
" " " " " " " +
“ “ “ “ “ “ “ G
m m m m m m m o
m m B m m B m m m S
" " " " _ " " " .
" " " " " " " " o B
S S e ~ @
" " " " " " " " | £
m m m m m m m m c
m m m m m m m m o
I I I I I I I I —
" " " " " M " " " =
— m o~ m m | R m >
1 1 1 1 1 O m
c " c " " : c " " S =
9 L 2 EIR poommoms i S 9o prommmeee h — =
= “ = “ “ $ = “ “ _
S “ © “ “ 4 S “ “
-+ 1 -+ 1 1 -+ 1 1
» " 0 " " » " "
| m ! m m 1 ' m m
ool | © | | : 3 ool | |
+2 " +2 " " 4+ " "
o " 3 " " “ o " "
O " Y " " b4 O " "
< m < m m . < m L0
.o ERR S < A B S ERR S— . T L X
O | o | | o m |
- m = m m | = m
B " o " " L o " "
0] " 0] " " 0] " "
) 1 42 1 1 -+ 1 1
O " O " " O " "
@ " @ " " @ " "
o “ Q- “ “ o “ “
5 “ ) “ “ ) “ “
e I e I I e I I
" " " " " Q
" " " " " Lo
. . . I I I 1
m m m m m |
! ! ! ! ! ! ! ! ! !
(@ — o — o™ N — o — ™ (Q\ — o _|__

€T—9OT X uleJis AlAedn)

€T—9T X uleais AlAeun)

€T—9T X uleJis AlAedn)

-time » estimat

« Real

ion of the likelihood of an earthquake rupture

Source time function database :

I
<
—

02 -

T T T
© © <
o o o

6191 X (W'N) uswWoly

100

80

60

40

20

—~
(0]
—
jun
-
o
>
—
(D)
<
s}
(U
(@)
c
.0
-
.G
it
B
£
O
el
Sy
[%2]
)
c
(@)
(@)
(D]
wn
[
N
(D)
k=
T



0,
Nl
=
4
oN
-
r
0,
'
Qv
-
O
~C
4
—
(0
),
-
Qv
G
O
-
O
O
h|
K
—
—

Network configuration

...... N L T~ e N L e
" " " " : " " N
m m m m m N m m m
...... e [ e o e e T o et I R o N
m m m m m m m 0 —
...... R SRS B!
" " " " " " " | T
" " " " " " " <
" " " " " " " Q
" " " " " " " Y
1 1 1 1 1 1 1 e
" " " " " " " 0
" " " " " " " ~—
m m m m m m m 0
1 1 1 1 | | | -
! ! ! ! ! ! ! 3
m m m m m m m 2 &
...... e SN SnbiER el TR
| | | | | | | =
m m m m m ! ! )
" " " " " " " <
" " " " " " " +
“ “ “ “ “ “ “ (.
m m m m m m m o
! ! ! ! ! ! ! c
" " " " " " " e
" " " " " " " Ly -
S N S ) N S L~ ©
" " " " " " " |
m m m m m m m =
m m m m m m m S
1 1 1 1 1 1 1 r
" " " " " " " =
— | o~ o | g
1 1 1 1 O m
c ! c ! c : " o =
B S F S .o . .o A oy — — =
) i ) i + i i _
@ “ I “ I “ “
-+ 1 -+ 1 -+ 1 1
0 " n " " " "
| m | m C m
3] i o] i o] i i
2 " = " = " "
@ " 4 " D " "
O " Y " O " "
< m < m < m m LO
.o ERR S < A B S . T (A S - A
O m o o m |
= m = m = m
geo) " o " o " "
o) " ) " ) " "
) 1 42 1 -+ 1 1
O " ] " O " "
9] " v " ) " "
o “ o “ o “ “
x “ x “ x “ “
e 1 e 1 e 1 1
" " " " o
" " " " LO
R - R T T T T T N I . —
" " " " _
_ _ _ _ _ _ _ _ _
(@\ — o — o (@\ — o — o™ (@\ — o —i

€T—9OT X uleJis AlAedn)

€T—9T X uleais AlAeun)

€T—9T X uleJis AlAedn)

Source time function database

« Real-time » estimation of the likelihood of an earthquake rupture
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Which sensitivity is needed 7

Early estimation of the M9.1 Tohoku
earthquake magnitude :

Detector sensitivity model :

Gravity strain x 1e—13

V' ( Power spectral density )

Gravity strain x 1e—13
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Frequency (Hz)

Gravity strain x 1e—13
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Which sensitivity is needed 7

Early estimation of the M9.1 Tohoku
earthquake magnitude :

Detector sensitivity model :

Estimated magnitude

V' ( Power spectral density )

Likelihood
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Frequency (Hz) i




Which sensitivity is needed 7

Early detection of the M7.4 preshock earthquake :

Detector sensitivity model :

#
—
&
—
X
c
"o
5
2
>
’“ ©
fry O
‘n
(e
(D)
9
= 3
B |
Q 2
wn X
s =
= o ( | .
o Iz AL Ak B MILLL WAL :
- 2 8 (0Tl ol s
|> "§ l‘ H : i | i
© ! ! ! !
G | | | | |
I I I I i i I i
o
i | | AL
LI) 0.5 — -1, l‘1 AN "‘é-; -----
- e gl |
' 1 Lod Ll A ANkl L s A bt etk a2 7 :
_E 0.0 —fyrvgs f ” \ f , \ A H MY "ff‘ """"""""""""""""""""""""""""""""" o
102 10-1 10° 10! S o5
Frequency (Hz)
I I I I I I I I
—10 -5 0 5 10 15 20 25 30

Time from initiation of the rupture (seconds)




Which sensitivity is needed 7

Early detection of the M7.4 preshock earthquake :

Detector sensitivity model :

625 fromrorme i i illlllllibiiilnlli B
\
L S e e e
© : o\ : : : : : :
= : A : : : ' '
'l_) ] 1 1 1 1
go (.05 4 x\\‘\,, """" ;___, """"""
\ ! o\ N e ——=8p
e NV N NS TN
o ! ! ‘ .
e
g 7.25 .
. —_ \V
0 ' \ ' i | | i
w 700 4 \ N #ﬁSg\(‘\'t;;Z’t\“}"ll“:r;“ """"""" A E— gl Pomosomosooossoooo- poosmTommoosoososoooe- pooToomToossosoooooe- [
—~ ! \ 27°N N5 a 0 7 /) ’ ! ! !
> : \ AN ,5' N, Re / : : : : :
E 675 4 rlrx\:7' ----- = {____\_1___::_§__—__-fr-_,_=_-_-_-_-__-:_{ -------- oo oo oo oo fommenee
c B SR N AN/ i i i i : :
Q ! == 5 ! ! ! ! ! !
O i i i i i i i i
— 6.50 [ [ [ | | I I |
s
U 1 1 1 1 1 1 1 1
Q) 1 1 1 1 1 1 1 1
o
(7p]
)
<
)
Q.
L .
o)
o)
<
O
X
j
S iR | | | | | | | |
102 101 10° 101 10.0 12.5 15.0 17.5 20.0 225 25.0 275 30.0

Frequency (Hz)




Conclusions / Perspectives

Early response to an earthquake rupture :

® Seismometer = gravity perturbation + gravity-induced inertial acceleration + noise

Observed ! Motivation for instrumental developments to increase
the range of magnitude where it can be observed

e Gravity strainmeter = gravity strain perturbation + expected instrumental noise

Gravity-based early warning :

e Next generation of instruments (sensitivity : 10-15)

e Early detection and magnitude estimation

e Complement of conventional EEWS based on seismic

waves rapid detection : tsunami warning ?
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Early response of a ground-based seismometer

What is recorded by a seismometer : g1 : gravitational perturbation
f = s -+ glL = 5, —+ glE + s- Vg Sy : gravity-induced inertial acceleration

s-Vgo : coupling terms to the static gravity field
[Dahlen and Tromp, 1998]

Air Detection of every > M6.5 earthquakes ?
Seismometer
2 Induced inertial acceleration . . . .
) Earthquake 2 main limitations :
F
Seismic waves . . . .
o e ambiant seismic noise
\/ NN

e cancelling effect close to onset time

Gravitational perturbation

4 e
o — == Coupling terms to static gravity field s, - VQq

LI) 5 4 = Elasto-gravitational perturbation g + Sr =
x
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Gravity-induced inertial

acceleration

_S> : seismic waves

_S> : gravity-induced elastic

WaVves

P 816

>pg1go

Gravity-induced elastic waves are summed into inertial acceleration

Convergence of the 2-step computation : cancellation of elasto-gravitational terms

in full-space geometry [Vallée et al, 2017]

memmm  Gravitational perturbation g;
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—— Reversed gravity-induced inertial acceleration —5;
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Computation of all elasto-gravitational terms in PREM model :

4 __________________________':___________________________r___________________________: _____________________________________________________________________________________________________
o — == Coupling terms to static gravity field s,-VQg
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First evidence of an early signal Elasto-gravitational response Detection of an early signal Gravity-based EEWS Conclusions / Perspectives

Observations and modeling of early elasto-gravity signals

Modeling of the elasto-gravitational perturbations : —— Acceleration waveforms
— Mode simulations ULN

-== MS8.5 mode simulations
e Data and synthetics systematically in good agreement XAN

MA?2

arI estiti f a mnud ‘ 9 |
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[Vallée et al, 2017]




