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Violent
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Ground-motion Prediction Equations

Cua and Heaton, 2007
Wordon et al., 2012
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Ground-motion Prediction Equations
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Tolerable Alert Delay
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Example: ShakeAlert (California)

La Habra

M 5.1, March 28, 2014. 9:09 pm PDT

ShakeAlert Timeline
09:09:42.3
09:09:43.3
09:09:46.

CISN/sc Shake

Origin time
15t P-wave
15t Alert

(1.5 mi) NW of Brea, CA

34.5

34"

33.5°

-119° -118" -117°
Map Verslon 10 Processed Mon Aug 4, 2014 04:11:02 PM GMT

PERCENED [ Notfelt | weak | Light Strong |Very strong| Severe | Violent | Extreme
POTENTIAL none | none | none |Verylight| Light | Moderate |Mod.Hoavy | Heavy |Very Heavy
PEAKACC{%g) | <0.1 0.5 24 6.7 13 24 44 83 >156

PEAK VEL{cms) | <0.07 | 0.4 1.9 58 11 22 43 83 >160
g | 1 e | W v || e
3 'upon Wald, et al; 1

South Napa
M 6.0, Aug. 24, 2014. 3:20am PDT

ShakeAlert Timeline
10:20:44.4

10:20:49.

CISN ShakeMap : 6.3 km (3.9 mi) NW of American Canyon, CA
Aug 24,2014 03:20:44 AM PDT M 6.0 N38.22 W122.31 Depth: 11.2km  1D:72282711

Origin time
15t Alert

38.5°

37.5°

-123°

Map Version 31 Processed 2015-05-18 03:14:56 PM PDT

PERCEMEY | Not felt| Weak | Light Strong |Very strong| Severe | Violent | Extreme

P none | none | nome |Verylight| Light | Moderate |Mod/Heawy | Heawy |VeryHeavy
PEAK ACCi%g) | <0.1 0.5 24 6.7 13 24 44 83 >156
PEAK VEL{om's) | <0.07 | 04 1.9 5.8 1 22 43 3 2160
WSTRUMENTAL [ | [ | IV v Vi Vil

wan CEN
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Tolerable Alert Delay
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Tolerable Alert Delay
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w) 1. Station density

M<6.5
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1. Station density
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Kuyuk & Allen, 2013 M. BOse 16



1. Station density
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1. Station density
Crowd-Sourcing (e.g. Community Seismic Network)

Public and Emergency Responders

Google
App Engine

Stationary Sensors Cell-phone sensors

Clayton etal., 2011 M. Bose 18



w) 1. Station density

M<6.5
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1. Station density
»2. Fast algorithms
M<6.5
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2. Fast algorithms

Usage of

Usage of Sensor 2
- Single stations v L S et
- First few seconds ~

H - /| Sensor 1
of seismic record

Time ——

- Sensor 1 c Sensor 1
K] —k O [ SN
5 | 5 |

= Sensor 2 = Sensor 2
O WWWWWMWWMMWW o WWMMWWWWMWW
c c

-] S

o Sensor 3 o Sensor 3
U] " V“\FW“UW“‘”W““W““”' NS Q)] - “"“"‘”“MMUWH"‘W““"“"‘”“4‘ oI

Fast but Less Reliable Reliable but Slow

M. Bose 21



2. Fast algorithms
Tauc-Pd Onsite algorithm Kanamori, Wu

431 records for M4, M5, M6, and M7 within
3‘30, 100, 200, and 300 km from epicenter, respective

Seismic record P compressional wave
carries the information

S shear wave 2 -
carries the energy

Kanamori, 2005 M. Bose 22



2. Fast algorithms
Filterbank algorithm Meier, Heaton, and Clinton

12.0-24.0

1.5-3.0
Magnitude

2
(=]
1
<X
o

0.4

1——PGV™ of 30 most similar traces 3 c . *
PGV™ of target trace 5 : = ‘ \

24.0-48.0 6.0-12.0 1.5-3.0 0.4-0.8 0 1.0 5 10 20 50 100
Frequency bands [Hz] . ypocentral Distance [km]
Meier et al., 2015




2. Fast algorithms

Limitation

log,, (Pd) [m]

Vertical Pd on records with O<=r<25km

e

,Largé earthqﬂjakes aré not

—— 7<=m< 8 (nval=27)

—— 6<=m< 7 (nval=109)

—— 5<=m< 6 (nval=539)
4<=m< 5 (nval=561)

Y e A PO SO B
3 | i | !
0 2 4 6 8 10

Time since p-onset [sec] )
Meier, 2015 M. Bose 24



M<6.5
Maximum

Speed
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Magnitude Saturation

... in large earthquakes

M9.0 Tohoku-oki

JMA Early Warning System
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Finite-Fault Ruptures

... in large earthquakes M9 Tohoku-Oki, Japan

N W 000 N

Earthquake intensity

1

Yamada



Finite-Fault Ruptures
... in large earthquakes

325

32°

ShakeMap for Basel1356ECOS Scenario
Scenario Date: Mar 18, 2014 12:00:00 AMUTC M6.9 N47.47 E7.60 Depth: 0.0km

EANK \ !

S a\ >

e

X

-

W\

N

USGS ShakeMap : Kocaeli, Turkey
1:339 GMT M7.6 N40.77 E30.00 Depth: 13.3km 1D:199908170001

PERCEIVED  |not foit| Weak | Light |Moderate| Strong |Very strong|  Severe Violent | Extreme
POTE‘N“AL none | none none | Very light | Light Moderate Moderate/Heavy] Heavy [Very Haavy
PEAK ACC.{%q) | <717 |.17-1.4| 14-3.9 | 3.9-9.2 | 9.2-18 18-34 34-65 65-124 >124
PEAK VEL.[cmvs) | <01 |0.1-1.1 | 1.1-3.4 | 3.4.8.1 | 8.1-16 16-31 31-60 60-116 >116
%E‘L I 1-1 v \ Vi Vil i
SU')akemaps.org M.Bose 28



M<6.5
Maximum

Speed
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M<6.5
Maximum

Speed

»» 1. Geodetic algorithms
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M<6.5
Maximum

Speed

1. Geodetic algorithms
» 2. Finite-fault detector M. Bése 31



FinDer (Finite-Fault Rupture Detector)
Template Matching

image |

result

template T

opencv.org M. Bése 32



FinDer (Finite-Fault Rupture Detector)
... estimates rupture centroid, dimensions & orientation

(with uncertainties) from seismic real-time data

4 A

Peak Ground Acceleration (PGA):
| * little directivity effects
* mainly controlled by distance to
rupturing fault y

Observations

observed
(high-frequency)
ground motion
amplitudes

interpolated
ground motion
map

near/far sourcq classification

binary map
“im age » ‘

Bése et al., 2012 M. Bose 33



FinDer (Finite-Fault Rupture Detector)
... estimates rupture centroid, dimensions & orientation

Observations Models (“templates ”)k GMPEs!
strike © N 3 SetS:
observed ® . . . . . ( 1 )
(high-frequency) generic
ground motion length L symmetric
amplitudes <D ‘ ‘ ‘ ' ... templates
A YL Y
interpolated - ( 2 ) .
ground motion ‘ ‘ ' ‘ e asi Z’;’Z;ic
map templates
-_— \ ‘ ‘ ' . (for subduction-
near/far sourcd classification zones)
=[INENV [/
binary map ( 3)
mase” - K empiies

Bése et al., 2012 M. Bose 34

subduction-zones



FinDer (Finite-Fault Rupture Detector)
... estimates rupture centroid, dimensions & orientation

Observations Models (“templates”)
strike © N 3 SetS:
observed ® . . . . ( 1 )
(high-frequency) generic
ground motion length L . symmetric
amplitudes L ‘ ‘ ' templates
it I IR YR Y
interpolated - ‘ ( 2 ) .
rond motion NIV e,
map templates
S \ ‘ ‘ ' . (for subduction-
near/far sourcg classification zones)
“Matching by \ \ ‘ , o ( 3)
binary map Correlation”, : : Sfault-specific
“image” minimization tom I;a teos
of misfit P

M. Bose 35

subduction-zones



FinDer (Finite-Fault Rupture Detector)
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FinDer (Finite-Fault Rupture Detector)

USGS ShakeMap : Kocaeli, Turkey
Tue Aug 17,1999 00:01:39 GMT M 7.6 N40.77 E30.00 Depth: 13.3km 1D:199908170001

h M7.6 Kocaell 1999 (Turkey)

. bt 1t Corr=0.88, 40.87/ 30.52/M7.5 134 km/ 80 deg),
28° 29 30° 31 33
. FK\Y———— 0 = |
N estimated:
N Ve <} | length=134 km =» M7.5
N v strike = 80° //
\E"\ v \“s. N
“ X \ - - \ ! W
R3 K\\ S - ¥ ~ “ l

. \'- ‘g '\ 5 \
s . - . 40°
ROSE e . ‘

Ve \ LS <
4 5 ' log(PGA) [cm/s/s]
\ — \‘ . ~ T T T T T T T T T
N . \ E .Gg . \ \ L L L L L L L L L L L L L
\ . - “ ¥ \ ag: ....... . IO i E)g T, N
N " pa g " g 06 - 06 | . .
3 : \ € 0.4 et 3 0.4 . .
—Ly Y \ Q 0.2 B 0.2 1 .- 3
- R &b . . % 0.0 T T T T T T T T 0.0 T T T T T
v 5 0 20 40 60 80 100120140160180 0 50 100 150 200 250 300
lelmUMENTvAL I ll-"l 'V v VI VI' 1; strike [deg] length [km]

28° 30° 32°  (ijfferent color scales! M. Bose 37



FinDer (Finite-Fault Rupture Detector)

M6.9 Basel 1356 (ECOS) Scenario
| | (Switzerland)
—— Earthquake Planning Scenario —

ShakeMap for Basel1356ECOS Scenario Corr=0.87, 47.44/ 7.59/M6.4 (24.5 km/ 55 deg),
Scenario Date: Mar 18, 2014 12:00:00 AMUTC M6.9 N47.47 E7.60 Depth: 0.0km

I
& /
ar W S I
-
’
. La
46.5° &/
o 117 / N
i~ //,' v 2'0 v v v Y,
- > v . v v
- e
1\ a2
O
9] i T i
estimated: Boe | - oo’ *
0:27 ...................... B 0:2: B
length= 25 km =» M6.4 06— ‘ 08— ‘
. 0 20 40 60 80 100120140160180 0 50 100 150 200 250 300
strike = 55° strike [deg] length [km]

different color scales! M. Bose 38



FinDer (Finite-Fault Rupture Detector)
... iIs actively contributing to ShakeAlert since 04-2015

FinDer Real-Time Performance
() Tl ./ i

i

FinDer
rupture

e .
/ Ay B
3 -+
AZON
P
Okm 10km

2014 M5.1 La Habra

39°

38.5

38"

2014 M6.0 South Napa

37.5

Bése et al., 2015 B ) M. Bose
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1. Station density
2. Fast algorithms

1. Geodetic algorithms
2. Finite-fault detector M. Bése 40



Algorithms

point-source (M<6.5)
single sensor-based
network-based

finite-source (M>6.5)

M. Bose

41



high-quality

Data

seismic
geodetic
gravity

Algorithms

point-source (M<6.5)
single sensor-based
network-based

finite-source (M>6.5)

M. Bose
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low-quality high-quality

Data

seismic
geodetic
gravity

seismic
geodetic
gravity

Algorithms

point-source (M<6.5)
single sensor-based
network-based

finite-source (M>6.5)

M. Bose

43



How to combine?

Data Algorithms Warning
e seismic point-source (M<6.5) ground-shaking
e geodetic * single sensor-based
* gravity * network-based

finite-source (M>6.5)
* seismic

e geodetic

* gravity

low-quality high-quality

M. Bose 44



How to combine?

low-quality high-quality

Data

incomplete

seismic
geodetic
gravity

seismic
geodetic
gravity

Algorithms
optimized
for event-class

point-source (M<6.5)
single sensor-based
network-based

finite-source (M>6.5)

Warning

uncertain

ground-shaking

M. Bose 45



Reliability
How to combine?

e geodetic
* gravity Algorithms Posterior PDF

Data Algorithms Warning
incomplete optimized uncertain
for event-class
E * seismic point-source (M<6.5) ground-shaking
g e geodetic * single sensor-based
_u":n e gravity * network-based
= finite-source (M>6.5) Probabilistic
& ° seismic
c approach
e
3
o

Mw
ElarmS e==\/S W= Cumulative Posterior PDF

Mw

M. Bose 46



Reliability
How to combine?

Data Algorithms Warning
incomplete optimized uncertain
for event-class
E * seismic point-source (M<6.5) ground-shaking
g e geodetic * single sensor-based
_b":o * gravity * network-based
= finite-source (M>6.5) Probabilistic
E e seismic appbroach
S ¢ geodetic PP
(o n .
: ° gravity
2 . . But:

Output parameters and uncertainty estimates
from various algorithms/models are usually
inconsistent!

M. Bose 47



Combined Systems
require
1. Consistent models

M<6.5

Maximum
Speed

Maximum
Accuracy

M26.5

M. Bose



Combined Systems
require

1. Consistent models
W FinDer2

Maximum
Speed

Maximum
Accuracy

M26.5

M<6.5

M. Bose



1. Consistent Models
FinDer2 algorithm Bése, Smith, Heaton

e extension of FinDer (Finite-fault Rupture Detector) from finite-fault to
point-source events (entire magnitude range)

* smooth transition from small to large event with consistent (normalized)
output and misfit values

finite-source template

point-source template

PGA

M. Bose 50



Reliability
1. Consistent Models
FinDer2 algorithm Bése, Smith, Heaton

Corr=0.95, 34.32/-118.47/M2.6 ( 0.1 km/175 deg), Tl me 1
-120° -119° -118° -7

M3.4 Pacoima, Southern CA
2015-11-06

point-source

misfit

[elelelalalt

FinDer2:
R = 0.95 (correlation with best template)
M,.2.6
Misfit values for strike and length:
0- ! ! ! ! ! ! ! ! 1.0 7_“\-----\ —
-8 ] 0.8 -
6] 06 -
P 0.4
o L EEEL T LT R . 8
0 20 40 60 80 100120140160180 0 50 100 150 200 250 300 (O Observe PGA
strike [deg] length [km]

v I
33° -1.0-05 0.0 0B\1.0 15 20 25
log(PG /s/s]

M. Bose 51



Reliability
1. Consistent Models
FinDer2 algorithm Bése, Smith, Heaton

Corr=0.90, 34.32/-118.47/M3.3 (0.2km/175deg).  Time 2
-120° -119° -118° -7
[

misfit

M3.4 Pacoima, Southern CA JPI
2015-11-06 ‘.. ’
C _/
point-source il N - T
FinDer2:
R = 0.90 (correlation with best template)
M...3.3

34°

Misfit values for strike and length:

,\ .
1.0 1.0 je————nasss s = = =
0.8 0.8 - u
0.6  memy 0 mam, 0.6 B
044 =" ., =t " 0.4 B M
0.2 q=="  Cmmmax® 0.2 B
00 1 1 1 1 1 1 1 1 00 1 1 1 1 1
0 20 40 60 80 100120140160180 0 50 100 150 200 250 300 RN Observe PGA
strike [deg] length [km] v
33° -1.0-0.5 0.0 05\1.0 1.5 2.0 25
log(PGi /s/s]
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Reliability
1. Consistent Models
FinDer2 algorithm Bése, Smith, Heaton

Corr=0.93, 34.32/-118.47/M3.3 ( 0.2 km/170 deg), TI me 3

-1’ -118° 17
I

M3.4 Pacoima, Southern CA

2015-11-06
point-source 3
FinDer2:
R = 0.93 (correlation with best template)
M,.3.3 »
Misfit values for strike and length:
10 - _ 1_07—-------‘- =
= 0.8 0.8
% 06 - . . 06 -
E 04 _am TE. g Eay 0.4
88 7 1 1 1 ---\.-.\--- 1 1 1 88 7 1 1 1 1 1
0 20 40 60 80 100120140160180 0 50 100 150 200 250 300 LAY Observe PGA
strike [deg] length [km] v I
33° -1.0-05 0.0 0B\1.0 1.5 2.0 25
log(PG: /s/s)

M. Bose 53



1. Consistent Models
FinDer2 algorithm Bése, Smith, Heaton

M7.1 Hayward Scenario, Northern CA

point-source

Reliability

Corr=0.86, 37.79/-122.21/M2.4 ( 0.1 km/ 45 deg), TI me 1

-123° -121°

-122°

misfit

[e]elelelely

ohvrO®O
Ll

FinDer2:
R = 0.86 (correlation with best template)
M_.2.4

est

Misfit values for strike and length:

38

o PO
L1l |

[e]eleleleH

1 1 1 1 1 1 1 1
0 20 40 60 80 100120140160 180 0

strike [deg] length [km]

1 1 1 1 1
50 100 150 200 250 300

b7

00 05 1.0 15

log(PGA) [cm/s/s




Reliability

1. Consistent Models

FinDer2 algorithm Bése, Smith, Heaton

Corr=0.87, 37.79/-122.21/M4.6 ( 1.5 km/ 70 deg), Time 2
-123° -122° -121°

M7.1 Hayward Scenario, Northern CA

point-source

misfit

OCOO000O—

o hrmoO
L1l

. 38°
FinDer2:
R = 0.87 (correlation with best template)
M,.4.6
Misfit values for strike and length:
—_— 1.0 I—oooo oo T
08 ;
................................... 04 § ¥
641
0 20 40 60 80 100120140160 180 0 50 100 150 200 250 300
strike [deg] length [km]
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Reliability
1. Consistent Models
FinDer2 algorithm Bése, Smith, Heaton

Corr=0.91, 37.79/-122.15/M6.4 (24.5 km/135 deg), Ti me 3
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Reliability
1. Consistent Models
FinDer2 algorithm Bése, Smith, Heaton

Corr=0.91, 37.79/-122.15/M6.8 (45.5 km/145 deg), Time 4
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1. Consistent Models
FinDer2 algorithm Bése, Smith, Heaton

M7.1 Hayward Scenario, Northern CA

Corr=0.92, 37.83/-122.21/M6.8 (45.5 km/145 deg), Time 5
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1. Consistent Models

FinDer2 algorithm Bése, Smith, Heaton

Corr=0.89, 37.70/-122.10/M7.1 (72.3 km/145 deg), Time 6
-123° -122° -121°

M7.1 Hayward Scenario, Northern CAs
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1. Consistent Models

FinDer2 algorithm Bése, Smith, Heaton

Corr=0.87, 37.70/-122.04/M7.3 (98.5 km/145 deg), Time 7
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M7.1 Hayward Scenario, Northern CA:
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Combined Systems

require

1. Consistent models
FinDer2

W) FinDer-BEFORES

all

Maximum
Speed

Maximum
Accuracy

M26.5

M<6.5

M. Bose



1. Consistent Models

FinDer-BEFORES Minson, Bose, Smith, Heaton et al.

Seismic and geodetic data observe complementary parts of the earthquake. Combining the
two datasets constrains rupture dimensions, slip and magnitudes without saturation in large

earthquakes.

observations

BOse et al., 2012 & 2015

dynamic acceleration

observations ‘

Minson et al., 2014

static displacement

Minson et al., under review M. BGse 62



1. Consistent Models
FinDer-BEFORES Minson, Bose, Smith, Heaton et al.

Seismic and geodetic data observe complementary parts of the earthquake. Combining the
two datasets constrains rupture dimensions, slip and magnitudes without saturation in large

earthquakes.

seismic
observations

dynamic acceleration

GPS
observations

static displacement

BOse et al., 2012 & 201

Minson et al., 2014

Minson et al., under review

M. Bose
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1. Consistent Models

FinDer-BEFORES minson, Bése, Smith, Heaton et al.
Seismic and geodetic data observe complementary parts of the earthquake. Combining the
two datasets constrains rupture dimensions, slip and magnitudes without saturation in large
earthquakes.

seismic
observations

dynamic acceleration

BOse et al., 2012 & 201

prior probability

GPS
observations

Minson et al., 2014

static displacement .
Bayesian!

Minson et al., under review M. BGse 64



1. Consistent Models

FinDer-BEFORES minson, Bése, Smith, Heaton et al.
Seismic and geodetic data observe complementary parts of the earthquake. Combining the
two datasets constrains rupture dimensions, slip and magnitudes without saturation in large
earthquakes.

seismic
observations

dynamic acceleration

BOse et al., 2012 & 201

prior probability

GPS
observations

Minson et al., 2014

static displacement = :
Bayesian! maximizes fit to both

seismic & GPS observations

Minson et al., under review M. BGse 65



1. Consistent Models

FinDer-BEFORES Minson, Bose, Smith, Heaton et al.

t=35 sec Mw 7.2

t=80 sec Mw 8.3
\_{

FinDer-BEFORES

Reliability

M9.0 Tohoku-Oki

TS
e
FO

<}

)

/
i

S K

Minson et al., under review

PGA

Observations

M. Bose
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Combined Systems
require

1. Consistent models
2 Robust platform

all

M<6.5
Maximum

Speed

Maximum
Accuracy

M26.5

M. Bose 67



2. Robust Platform/Modularity
ETH: Probabilistic combination Behretal.

‘ EEW amplitudes

* Based on SeisComP3’s
modular approach: every
module is a standalone
program that communicates
through message groups

L

User Interfaces

e EEW modules receive
and send source
parameter PDFs

* Modules can be easily

103ep0ssR WA

Probability density function
o o o

o 9o ¢
P R S

replaced and more s
than one module can Virtual Setsmologst N — e
S a\* - [l 12-24Hz
send and receive the = veswgegows s ==
@» Amplitudes — e
same type of - i Iy Se——
. . Associated picks _’\/\/_—ni:_z;::—HZ
|nformat|0n @ Traveltime locations 0 2 4 6 8 10 12 14 16 18
Time [seconds]
@ Parameter PDFs
Gutenberg Algorithm

FinDer

Behr M. Bose



2. Robust Platform/Modularity
ETH: Probabilistic combination Behretal.

* Tested with a large global
dataset of local seismic
records originally compiled
by Meier (2015), which can
be continuously extended.

Behr

TO DO:

Map with test data

M. Bose



Reliability
2. Robust Platform/Modularity
ETH: Testing the new system world-wide Behr et al.

e Virtual Seismologist in SeisComP3 (VS(SC3)) is already operating in real-time in
Switzerland, Iceland, Romania, Greece, Turkey, California, and New Zealand

* Real-time testing the new system will be facilitated by the already existing
SeisComP3 setup necessary to run VS(SC3)

—~ e

47°N 22°W 18°W 14°
57

43

29
26
23

20
17

14
11

Optimal no-warning zone radius [km]
Optimal alert delay (Af,,,) [s]

| 6
164°E 168°E 172°E 176°E 184" m ) 3

2°E 6°E 10°E 14°E 18°E 22°E 26°E ° 34°E 38°E

Behr M. Bose

~
w

~
[e3}

A N O NN~
~ A 0 O ORN
Optimal magnitude with positive EEW zone

a
_

wul
~

vl
(<)



Combined Systems

require

1. Consistent models

2. Robust platform
»3. Central mediator

all

Maximum
Speed

Maximum
Accuracy

M26.5

M<6.5

M. Bose
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Reliability
3. Central Mediator/Reality Check
Posterior hyper-robust predictive PDF Minson, Wu, Beck, Heaton

Procedure

* For each algorithm report (+“No event”) compare the predicted
and observed waveform envelopes (Cua, 2005)

waveform envelopes

 Compute probability in favor of each algorithm (+“No event”)

e Qutput hyper-robust predictive GM PDF (e.g. PGA) by
appropriately weighting predictions from each algorithm (+“No
event”) by their probabilities

Minson /2



Reliability

3. Central Mediator/Reality Check
Posterior hyper-robust predictive PDF Minson, Wu, Beck, Heaton

Example: 2014 M6.0 Napa

500 O Site NC-NHC Z — T |
B ElarmS
© BN On-site
Onsite 4 14,
: £
Algorithm
60 F 11.3 sec: First On-site report,
0 = o) = 0
: > M. 3 but Pgys=99.99%
Time (sec) : o
= o
S50 ElarmS NC.NHC Z B go;
0 5.5 sec: First ElarmS report,
o Pelams=92.35%
ElarmS &
. = 100
Algorithm g
. Time (seconds)
0 50

Time (sec) M. Bose 73



Early Warning: Objectives, Challenges & Solutions

Combined Systems
require

1. Consistent models

2. Robust platform

3. Central mediator

1. Station density
2. Fast algorithms
all

1. Geodetic algorithms
2. Finite-fault detector M. Bése 74



