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The Banda Aceh earthquake and tsunami claimed
250,000 lives without warning ...

Phuket Island, Thailand
December 26, 2004
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What questions are asked when there Is an earthquake in
tsunami prone regions?
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Where was the earthquake? Lat/Lon/Depth
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Real-time GNSS can help address many of these questlonsl

for most earthquakes

Where was the earthquake? Lat/Lon/Depth ./

Measurement of the land surface deformation
Measurement perturbations in the ionosphere
Improves latency and accuracy of models

—

Next generation models include coastal subsidence _-

Real-Time
GNSS




@ The READI Working Group

Real-Time Earthquake Analysis for Disaster
mltigation network (READI): —~750 GPS

Super set of GNSS networks maintained by earthquake & tsunami

Scripps Institution of Oceanography/SCIGN

stations, a NASA driven project

(sorted according to largest to smallest
number of stations):

- UNAVCO/PBO
- CWU/PANGA
USGS/Pasadena-SCIGN & Menlo Park
- UC Berkeley/BARD

. JPL/Caltech

Uniyersity of California
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Cascadia Subduction
Zone — Mw 9.0

similar to 2011 Japan
events

45°N

San Francisco Bay
Area — Increasing risk
of large earthquake on

Hayward fault

Southern San
Andreas fault —
overdue for large
earthquake

35N

&USGS
seience for a changing worki

Jet Propulsion Laboratory
California Institute of Technology
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GNSS Earthquake and Tsunami Early Warning

Sendai Earthquake (2011-03-11 M 9.0) displacements | aria JpL 4] & symbol [ label & arrow ™ error

[ e e ] man J  Data courtesy of the Geospatial
- g Information Authority of Japan
GSI

&

GEONET GPS Array

Great East Japan Earthquake and
Tsunami

Maximum GPS displacement
~5 meters

Imagary ©2011 TerraMatrics, Map data ©2011 Geocentrs Consulting, ZENRIN, Mapabc - Tarms of Usa
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GSI GEONET GPS Array Earthquake Displacement Pattern

Horizontal Displacement : Vertical Displacement
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. 1m— =i Geophysical Institute, Univ. Alaska Fairbanks 0.5 m 200 km

Preliminary GPS time series provided by the ARIA team at JPL and Caltech. All original GEONET RINEX datd provided to Caltech by the Geospatial Information Authority (GSI) of Japan.

http://gps.alaska.edu/ronni/sendai2011.html: Ronni Grapenthin
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GSI GEONET GPS Array Earthquake Displacement Pattern

Horizontal Displacement . Vertical Displacement

Maximum Vertical
Subsidence
-1.2 meters

Maximum Horizontal
5.3 meters

5:46:23 UTC, M 9.0

i
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5 Wy 05:54:30 UTC
g im - TR Geophysical Institute, Univ. Alaska Fairbanks &m 200 km

Preliminary GPS time series provided by the ARIA team at JPL and Callech. All original GEONET RINEX da{a'ﬁrfwided 1o Callech by the Geospatial Information Authority (GSI) of Japan.

http://gps.alaska.edu/ronni/sendai2011.html: Ronni Grapenthin

07 - November - 2016 11% Meeting of the International Committee on GNSS — Sochi, Russia Dr. Gerald Bawden, NASA HQ




s,

FADHEILLLIAD S AW A d B

e

) R B s
1 it O R R R

3 3 R R R R

ot O R R
ot R o

ot o o R R o R
R o o

o e e e et sl i

i
i
R

m
R L R R R

08 I 5 R A R

I s ARG

R 3 R B S

0 O i
TR T s SRR,

W, T E D EEIEE TR
RRRE. %, SENRIE ERLCORRHERGERS

TR GRS O RN R R
e e

R RGIER 5 Rl R ROl

LR RCTIER Rl O IR R

R R 0 R

IRl 8 T

RIS O AR R

LRI 0 R R

LR R IR Ol i

R AR R s
R L R O
R G i R B R

?

Lat/Lon/Depth

T
e
L
-
-
=
=
R

AERIRG B S aRh  S
BRI R e D

regions

IR ol RO R L
IRt 0 R Rt

BRI BRI B Ol T R R

L SRR i

R AR G e TR 0 R 0 R
O R 0 A k0 R R R
- L I 0t 0 R
0 TRl 0 R 0 D A
EEEEEEEEE@E&M%&»J
SRt ORI
LR SRR L e B G R

R G R R
ot i

| prone

tsunam

R i i
5 i R
R i RO
R i i

R I R R R

R R R R

RN ol A i ﬁﬁﬁﬂﬁ%ﬁ%&ﬁ
PR I i R i 5 ol R B R B
R i R i 0 8 i R
Rl i Eﬂ%ﬁﬁ@ﬁ&ﬂ%

L

R i o Rt
R i A i
PR ol Rt
PR R
EEEEEEEEEE

Where was the earthquake?
ch

uc

i R
e e e |
e e |

I ol R A |
I o I ot i

EE RS Ee e

R

0

s e,
O R R G

;mgﬁmwﬂwmmm
R
EEEEE s

£

b
2
qv]
s
@3
oo
)
-
q0]
b
C
q0]
R
<)
-
D
=
)
e
(b
i
=
©
b
"
(Vp)
qv]
(¢
S
@
(Vp)
=
@
=
(7p)
b
i)
@)
Sl
©
M

i
i
i
i
i
i
i
Ji
i
i
Ji
Jid
Jid
Jid
Jid
Jid
Ji
Jid
Jid
Jid
fid
fid
fil:
fid
fil
fid
B




t=0 sec Mw —Inf

42°N

41°N

Real-Time GNSS for 4o
Rapid Earthquake
Magnitude Determination
and Fault Slip
Distribution

39°N

38°N

37'N |

36'N |

35°'N [

Case 1 — model determines
fault location

34'N
138°E  139°E  140°E 141°E  142°E  143'E  144'E 145'E 146'E 147°'E 148°E

S. E. Minson et al, 2013
JGR
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@ GNSS Static Slip Model 157 seconds

« Magnitude estimates from seismic data-only tend to 2011 Mw 9 Great East Japan
saturate for large events. Earthquake

 Regional seismic data are band limited, they cannot _
adequately capture long periods in real-time. - cowtimesion e

.~ fastCMT moment releacse

Diraction of slip

. Create rapid models with the GNSS static
field

. Static = simple and fast
MYGOLL East compenent

L

static offset

IV B

o
Y]

vl Illl.l“!I DiEpim)
&

%6 100 153 200 350 U
Seconds &ftar OT

Source: Melgar et al., GRL, 2013

07 - November - 2016 11% Meeting of the International Committee on GNSS — Sochi, Russia Dr. Gerald Bawden, NASA HQ



GNSS Earthquake Source Model for a Predefined Fault

Case 2 —Real-time displacements on a fixed fault surface

Prototype running in real-time on a fixed fault surface
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Japan seismic data =>
magnitude => tsunami
Impact based on
precomputed database

Japan seismic data &
teleseismic data =>
magnitude => tsunami
impact based on
precomputed database
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USGS Results for 2011 Tohoku-oki Earthquake
from Teleseismic Data

23 minutes after OT
ZUSGS (O B
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M 7.9, NEAR THE EAST COAST OF HONSHU, JAPAN ARES | PAGER
Origin Time: Fri 2011-03-11 05:46:23 UTC (14:46:23 local) \

Location: 38.32°N 142.37°E Depth: 24 km Version 1

Greated: 22 minutes, 58 seconds after earthquake

Yallow alert lavel for aconamic losses. Some -~ Estimated Economic Losses
damage iz poasible and the impact should ba

ralatively localized. Estimated sconomic loesss

are laes than 13: of GDP of Japan. Past

events
with thia alert level have required a local or
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Green alart level for shaking-related fatalities.
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~The 2011 Tohoku-OKi Tsunami

1panese
- 0 minutes after Japan MwS Eq 0 icting the

used

1 i
100 150

Bawden, NASA HQ
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Currently — DART Buoys are only way to track tsunamis
In open ocean

a DART Il System @
i Bi-grectional
comenurication
rigium 8, ooneol Optional
ateiily met sensors
| e e
P
i Tommgege e
I I e
GPS anternas,
Fytems
EMW ﬂhumu\__\ 20m
i
L£TAlain latmam 11 Mo~k 7N11 Cartor
I TURYU, Jdpball, 11 Iviaiull £Zu il - Surface Buoy
- 2.5 m diamatar -
4000 kg displncement I _1
pree LEm
Acoustc ransdcers _l_
Tsunamater -
X 25 mm chain 3.5 m)
- Tigral Rag o
n i Swivel
e - givnctional. = 25 mm nylon
:j'_:_ C;‘:?;!z:i‘ SeusT
i it 22.mm ylon 1060-6000 m
palyester

19 mm ryica

. 13mm chain S m)

5845,40

Anchar 3100 kg
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The Tsunami Generated Displacement of the Ocean Surface
Couples to the lonosphere

" altitude

~350 km: maximum
TEC = [

Jl

Sea level 4
Tsunami

From Artru et al., 2005
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GSI's GEONET Captured the lonospheric Coupled Waves and

Imaged the Tsunami Generation and Propagation
UT Time: 11-Mar-2011 05:30:45

1 SON 1
. By 2020 5%
> 100 GNSS satellites ,
- 06 .f . 0.6
U
0.4 ﬁ L 104

0.2

Sea Surface height (m)

-0.2

=
Change in VTEC (TEC Units)

-0.4 -0.4

06 4 -0.6
0.8 g ‘ 0.8
. spe® A .
120" ¢ : :
-1 130 E 1400 E 150 E '1

lonospheric Response to Mw 9.0 Tohoku Earthquake and Tsunami in Japan on March 11, 2011, A.Komjathy, D.A.Galvan, M.P
Hickey, P.Stephens, Mark Butala, and A.Mannucci, (http://visibleearth.nasa.gov/view.php?id=77377)
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Tsunami travel times for 2011 Mw 9.0 Tohoku-oki earthquake
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Dynamic Coastal Inundation Maps
rtGNSS + Tsunami Rise-Up models
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Real-time GNSS can help address many of these questlonsl

for most earthquakes

Where was the earthquake? Lat/Lon/Depth ./

Measurement of the land surface Y

Measurement perturbations in the ionosphere
Improves latency and accuracy of models

—

Next generation models include coastal subsidence _-

Real-Time
GNSS




@ GNSS Earthquake and Tsunami Early Warning

Expanding the earthquake and tsunami early warning globally
requires access to shared real-time GNSS data in areas that are:

« Seismically active
» Coastal communities that may be impacted by a tsunami

Partnership with regional/national tsunami and earthquake early
warning Centers.

« The GNSS Early Warning approach enhances current capabilities

Partnership with the International GNSS GGOS/IGS Rial-
and Earth Observation’s communities NI CLEI %

e |CG - UN International Committee on Global
Navigation Satellite Systems + UNOOSA

* IGS - International GNSS Service
 GGOS - Global Geodetic Observing System
 GEO - Group on Earth Observations
 CEOS - Committee on Earth Observation

- _ th i i i _ i i
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Known and Publically Accessible
Continuous GNSS sites — 14,667

UNAVCO,
—

UNAVCO




Known and Publically Accessible
Real-Time GNSS sites — 2,287

UNAVCO,
—

UNAVCO




Available Real-Time GNSS sites — 2,287

Most were installed for science or
commercial requirements —
Not earthquake and tsunami early warning

UNAVCO,
—

UNAVCO




@ GNSS Earthquake and Tsunami Early Warning

SENDAI FRAMEWORK FOR DISASTER RISK REDUCTION

A real-time GNSS network would support a number of
goals described the Sendai Framework T —

for Disaster Risk Reduction
2015 - 2030

18. To support the assessment of global progress in achieving the
outcome and goal of the present Framework, seven global targets
have been agreed.

(a) Substantially reduce global disaster mortality by 2030, aiming to lower the
average per 100,000 global mortality rate in the decade 2020-2030 compared to
the period 2005- 2015;

(f) Substantially enhance international cooperation to developing countries
through adequate and sustainable support to complement their national actions for
implementation of the present Framework by 2030;

(g) Substantially increase the availability of and access to multi-hazard early
warning systems and disaster risk information and assessments to people by 2030.

“q yl/ UN Woarld Contarance on
07 - November - 2016 11t Meeting of t =& Disostet Rik Reduction
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@ GNSS Earthquake and Tsunami Early Warning

SENDAI FRAMEWORK FOR DISASTER RISK REDUCTION

A real-time GNSS network would support a number of
goals described Sendai Framework T

for Disaster Risk Reduction
2015 - 2030

IV. Priorities for action

20. Taking into account the experience gained through the
Implementation of the Hyogo Framework for Action, and in
pursuance of the expected outcome and goal, there is a need for
focused action within and across sectors by States at local, national,
regional and global levels in the following four priority areas:

RECTR : : : GNSS 99.99% of the time
Priority 1. Understanding disaster risk. < | Scientific Research

Priority 2: Strengthening disaster risk governance to manage disaster risk.
Priority 3: Investing in disaster risk reduction for resilience.

Priority 4: Enhancing disaster preparedness for effective response and to
“Build Back Better” in recovery, rehabilitation and reconstruction.
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GNSS Site Installation Costs

Costs to build a PBO-quality station:
» Deep Drilled-Braced Monument ~$50K/station
» Shallow Drilled-Braced Monument ~$25K/station

UNAVCO

TYPICAL PBO GPS STATION
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GNSS Site Yearly Costs

. COST PER STATION PER YEAR
Mean Median Min Max number £
stations (n)
All Stations $5.5k $3.9k $13.7k | 100
Critical Stations $5.5k $4.0k $13.7k 331
Volcanic Targets $6.7k $4.1k $13.7k 102
Alaska Stations $7.5k $4.9k $13.7k | 140
Low Strain Targets $5.2k $5.2k $4.0k $8.4k | 260
High Strain Targets $5.5k $5.4k $4.0k $9.8k 628
Stable North America $5.0k | $5.0k $3.9k $7.2k | 28
evesailiolae $5.7k $5.4k $4.0k $13.2k 149

Targets
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GNSS Site Yearly Costs

E MEAN COST PER STATION (1100 STATIONYS)
Mean Cost Per PBO Station Per Year
Field Operations Fixed Costs (Facilities, Storage, Shipping) $255
Sub-Award Data Processing $365
Archiving and Data Operations (staff, servers, software, etc) $899
Realtime Data Handling $305
Field Travel $626
Labor (with fringe) $1,267
Materials/Supplies/Equipment $471
Station Permitting $469
Data Communications $386
Indirect Rate (15.79%) $796

TOTAL $5.8k
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@ Global Navigation Satellite System (GNSS)
will increase to over 110 satellites by 2020

— — o~ - m B A o o~ — - n —

UNAVCO

GPS
Cellular ... Antenna/-
ﬁntenna et S S o ,'_,__.Rad_o_me' -

W Sl




Next Generation of GNSS will Include Accelerometers
Seismogeodetic Earthquake Early Warning at Scripps Institute of Oceanography

20T T TooRO-OKT ear thgtake
GEONET GPS station 0914 and
K-NET accelerometer MYG0O3, Seismogeodesy detects arrival of
155 km from the JMA . . ) i
hypacenter seismic P (primary) waves used in
North earthquake early warning to predict
5 APy Ik arrival and intensity of more damaging
@ ' S (secondary) and surface waves,
E J| Ehst better than accelerometers alone for
Z o = “’“"’“"\*"W \ kr large earthquakes, because of
§ a | W magnitude saturation of latter (Crowell
5 |
g Ub et al., GRL, 2013)
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@ Seismogeodetic Displacements and Magnitude Estimation

Ground Motion (meters)
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2011 Tohoku-oki earthquake

GEONET GPS station 0914 and K-NET accelerometer MYGO0O3,

155 km from the JMA hypocenter
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Source: Melgar et al., GRL, 2013
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Seismogeodesy
improves on
traditional seismic
monitoring by
accurately
determining
magnitude of large
=>M7)
earthquakes
without saturation
and by estimating
both ground
motions and
permanent
displacements



@ Components of a Real-Rime GNSS Tsunami Early Warning System

07

GNSS sites located in seismogenic region streaming phase and range in
real-time

Precise Point Positioning (PPP) estimates calculated and accessible in real-
time

Dynamic change detection algorithms — in real-time

Earthquake source modeling — in real-time

Tsunami source modeling — in real-time
— Continued iterations as new GNSS data are available
— Continued iterations as other data become available

into warning assessment and protocols
— Initial rtGNSS solution
— lIterative rtGNSS solutions
Tsunami run-up modeling
— Including GNSS vertical deformation measurements

lonosphere-tsunami linkage — wave propagation
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