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1. INTRODUCTION

The rapid assessment of the tsunamigenic potential of ahcgeake is crucial for reliable tsunami early warning. Foean-
wide tsunamis, knowing the tsunami potential within an hofithe event is critical. For coastal areas in the vicinity of
seismogenic faults, warning times are on the order of terutef;1 For great earthquakes, initial estimates of the niadgmi
from seismological observations tend to be too low due taw@raton [1], although recent improvements in rapid magphet
estimation have addressed this problem (e.g., [2]). Es#isnaf the seismic moment magnitudé,, are used to assess the
order of the tsunamigenic potential. The generation ofasua depends on the potential and kinetic energy transféore
the ocean by rapid co-seismic displacement of the oceanrbd8]. In order to improve prediction of the likely propaigat

of a tsunami, the surface displacement field of the earthejualeds to be known with latencies of a few minutes after the
earthquake. Coseismic surface displacements determimradiisplacement time series measured at GNSS (Global Bl
Satellite System) tracking station in real-time can be tis@uprove early estimates of earthquake magnitude antbadisments
and thus support the assessment of the tsunamigenic @dtehtin earthquake and also helps to improve predictionkef t
propagation pattern of the tsunami.

Real-time and low-latency processing of GPS observatiasgéached a level of precision sufficient for the deterranat
of coseismic permanent displacement at the GPS sites withatency [4]. Real-time stations are increasingly avddathus
opening the opportunity for operational use of GPS displaa# time series in tsunami early warning.

We have developed a fingerprint methodology for the rapiinesion of AM,,, and the determination of the surface dis-
placement field from GNSS-determined displacements. Thkihad depends oa priori knowledge of the faults potentially
involved in a rupture. The procedure is implemented in aqgiype system, which is run in real time as a component of a
comprehensive early warning system. The prototype is gahteoGPS-aided Real-Time Earthquake and Tsunami (GREAT)
Alert Systenfi5]. The prototype can also be used for delayed-mode studies

2. THE FINGERPRINT METHOD

To our knowledge, a theory for the full inversion of the ceseaic permanent displacements observed by GNSS trackitignsta
for a source model is currently not available. Availablesirsion methods for the slip distribution on predefined faldments
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using a Green'’s function approach (in the strict matherabhtense of this term, see below) tend to be cpu-time intensiv
(Wang, 2011, personal comm.). Therefore, they are cugrent implemented for real-time use, and they require wefirged
constraints in the fault geometry.

In order to minimize the requirements farpriori knowledge of the rupture area and direction, we have deeelap
regression approach for the determination of the slip ibigtion on the ruptured fault area, which we denotdiagerprint
method In many geographical areas, the location of seismogenitsfare known, and these faults can be approximated
by a sequence of predefined fault elements. For each finitedimment we compute the 3D surface displacement field due
to a unit slip. We denote these displacement field&iragerprints since they are for finite elements and hence not Green’s
functions. Fingerprints for dip-slip and strike-slip areeded in order to represent all possible slip directiors)ltieg in six
scalar fingerprints each fault element.

The displacemenf (givenag(de, on, du) wheree, n, u are east, north, and up-displacements) observed at a GBl&Sy
station on the Earth’s surface at locatidand timet is modeled by

N
K1) = Y {0 A7) + B,B5() f H(t — t,(7) + 6X.(71) (1)

j=1

whereffj and ij are the fingerprint displacement vectors at locatidor the j-th fault element for dip-slip and strike-slip,
respectively;H is the Heaviside functiory; the predicted arrival time of the permanent displacemensed by element

at location?, andé X, the predicted displacements caused by seismic waves ar ditarbances [6]. In the regression, the
scaling factorsy; andg; for dip-slip and strike-slip, respectively, at thi¢h fault element are determined in a least-squares fit
of eg. 1 to a set of observed displacement time series.

Based on the approximate location of the epicenter as peaig¢ seismological methods, the set of fault elements poten
tially participating in the rupture can be determined, dmel $et of GPS stations potentially having experienced actdtie
coseismic static displacement can be identified. The mgdalesfor the regression analysis contains all physicadigaaable
combinations of fault elements, which could have ruptuoggther during the earthquake. A search is being performeutier
to determine the “best fit” combination. Several statis$fim@ameters of the fit are used to identify the “best fit” conalion.

3. FINGERPRINT DATABASE

Computation of the fingerprints using a forward-modelingraach is demanding in cpu-time and cannot be done as part of
a real-time warning system. In order to apply the fingerpmiethod, we have populated a database of fault elements with
fingerprints sampled with sufficiently high spatial resmnotso that the displacements can be interpolated to the GN&S
used the fault database of the NOAA's Center for Tsunami &ebe[7], which ensures consistency with NOAA's tsunami
warning model. This database comprises 573 fault elementmdst major tsunamigenic faults. The fault segments have a
length of 100 km. Each segment is represented by a pair ofexted shallow and deep elements [7], resulting in a total of
1,146 fault planes. We computed fingerprints using the dtgorof [8]. The elastic Earth model used in the computation
is derived from PREM. The uncertainty in the dip of the eleteés accounted for by computing fingerprints for several dip
values. The total number of available fingerprints is cutyeabout 4,500.

The requirement that the interpolation error at GNSS sitesilsl be< 1% necessitates a high spatial resolution in the
near-field of a fault element and a much lower resolution éfé-field. We chose to sample the fingerprints for a set ofesr
centered around the midpoint of the element, and an azinesthlution of 2 degrees (180 points per circle) was found to be
sufficient. For the radius; of thei-th circle, the relatiom; = (zg+i-0z)% ;i = 1, K, with zg = 0.3, §z = 0.03, andK = 112
is sufficient to keep the interpolation error below 1%. Thialtarea covered by a fingerprint sampled with these paramete
ranges from a radius of about 3 km to about 5,400 km.



4. INTEGRATION OF THE GPS-COMPONENT INTO A TSUNAMI EARLY WARNING SYSTEM

The overall architecture of a tsunami early warning systetegrating a GPS-based component for the determinatioartf-e
guake magnitude and displacement field is sketched in Figh& GPS-component provides refined magnitude estimatbs to t
decision makers as well as estimates of magnitude and despkent field to a modeling component for tsunami propagation
predictions.

Earthquake Event Fig. 1. High-level architecture of a tsunami early warning sysiate-
Information from grating GPS-determined displacements. For event detec@smolog-
Seismology/GNSS"C GREAT-GDIS ) ical observations are used, and the approximate epicertation and
time are provided to the component for the GPS-based matgind
Magnitude Estimare; || displacement field estimation (GREAT-GDIS). This compdrmequires
Displacement Field || displacement time series from a sufficiently dense regiGi network.
The estimates of the magnitude and coseismic permanerackspent
Information for Tsunami Propagation:, | field for the ocean bottom are used in the prediction of tsursanplitude
Decision Makers <_<Coastal Hazard Levep and propagation pattern in support of the decision for whizdistal areas
to issue a tsunami warning. From [6].

The implementation of the GPS-component is sketched inr€igu Real-time GPS displacement time series with 1 s
temporal sampling are computed by the Jet Propulsion Ladwyr@PL) for a global network with currently about 130 &ias.
These time series are transferred to the GPS-componenawiitie delay< 10 s, where the prograaptureupdates the data
archive. The quality of the time series in the archive is tamity improved by eliminating infrequent spikes and ajpmdya
sidereal filter ¢leane). Alert messages based on seismic observations are algn@iddy JPL. These messages have time
delays of 8-12 minutes. The alerts triggmarthquaketo issue a notice fogeqdisto initiate a fingerprint analysisgeqdis
identifies the relevant GPS sites and the time window to bd uinsthe analysis. A request for time series is sergriss-server
While waiting for the responsgeqdiscomputes all parts of the normal equations that are indep#raf the displacement
time series. In case the event notice was for a synthetibepaake, e.g., in delayed-mode sensitivity studies andsassmnts,
earthquakelso provides the synthetic offsetsgnss-servergnss-serveextracts the requested time series from the archive. In
case of a synthetic earthquak@ss-serveadds the synthetic offsets to the time series before daligénese tgeqdis geqdis
then embarks on a search for the “best fit” element combinafifter completing the search, it produces a message filéor
tsunami propagation component, which includes the madeigstimate and the displacement field.

The main time-limiting factors are the delay of the initiéd¢ra message and the requirement for sufficient data after th
onset of the earthquake to capture the co-seismic permaiiggiacement at a sufficiently large number of stations. The
network density close to the rupture area is a critical depayameter for the overall system.
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5. CONCLUSIONSAND PERSPECTIVE

The fingerprintmethod is a fast and efficient method for usiadrtime or low-latency GNSS displacement time serieapidly
determine the moment magnitude and coseismic permangiiacisnent field. Compared to currently available inversion
methods, the fingerprint method has the advantage of beig faster in terms of computation time. The applicabilitytiod
fingerprint method depends on the quality of the fault dagabahe currently available database of off-shore faulesdmve
gaps that can cause problems for some earthquakes.

The prototype has been running in a semi-operational mode gipril 2009. Based on the available experience, the main
issues limiting the quality and accuracy of the results heestation density of the real-time network, and the qualitthe
displacement time series with 1 s sampling interval. Foresoegions such as the Pacific Northwest, additional statoas
being added to increase the station density. New algorifontime series with 5-minute sampling rates are under tasich
would still allow rapid determination of the static offsets

The prototype is designed to allow for an easy exchange dittimgy procedure. It is planned to implement also an invarsi
based on Green'’s function (Wang, 2011, personal commuoimatDifferent geophysical models are under comparison to
assess the impact of model assumptions. The largest eakibgisince 2004 are being used for validation and systesitiséy
studies.

6. REFERENCES

[1] R. Kerr, “Failure to gauge the quake crippled the warreffgrt,” Sciencevol. 307, pp. 201, 2005.

[2] Y.M. Wu and L. Zhao, “Magnitude estimation using the fitlstee seconds pwave amplitude in earthquake early watning,
Geophys. Res. Letirol. 33, no. 16, pp. doi:10.1029/2006GL026871, 2006.

[3] V. T. Song, L.-L. Fu, V. Zlotnicki, C. Hi, V. Hjorleifsddtr, C. K. Shum, and Y. Yi, “The role of horizontal impluses of
the faulting continental slope in generating the 26 decer®®@4 tsunami,"Ocean Modelingvol. 20, no. 4, pp. 362-379,
2008.

[4] G. Blewitt, W. C. Hammond, C. Kreemer, H.-P. Plag, S. 8taind E. Okal, “GPS for realtime earthquake source determi-
nation and tsunami warning systems,"Geodesyvol. 83, pp. 335343, doi 10.1007/s00190-008—-0262-5, 2009

[5] V. Bar-Sever, R. Gross, T. Song, F. Webb, G. Blewitt, HPRg, W. Hammond, C. Kreemer, J. Sundstrom, V. Hsu,
K. Hudnut, and M. Simons, “GPS-aided real-time earthqualcetaunami (GREAT) alert system,” Invited presentation,
AGU 2009, San Francisco, available at https://ppp.gdgs 2009.

[6] H.-P. Plag, G. Blewitt, C. Hammond, W.and Kreemer, an®ar-Sever, “Rapid GPS-based determination of earthquake
displacement field and magnitude for tsunami propagatiodetimg and warning,” inProceedings of the 2010 IEEE
International Geoscience and Remote Sensing Symposurd039-3042. IEEE, ISBN 978-1-4244-9564-1, 2010.

[7] E. Gica, M. C. Spillane, V. V. Titov, C. D. Chamberlin, add C. Newman, “Development of the forecast propagation
database for NOAAs short-term inundation forecast for asais (SIFT),” Noaa technical memorandum oar pmel-139,
Pacific Marine Environmental Laboratory, Seattle, WA, 2008

[8] F. F. Pollitz, “Coseismic deformation from earthquakelting on a layered spherical EartiGGeophys. J. Intvol. 125, pp.
1-14,1996.



