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What is the W Phase?

Complex interference of body
waves at very long periods.

Arrives between the P- and
surface-waves ==> fast.

Travels in the upper mantle ==>
stable (unaffected by shallow
heterogeneity).

Analogous to a whispering
gallery effect - hence ‘W’ phase.

Can be synthesized by the
superposition of normal modes.
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W PHASE

Hiroo Kanamori

Seismological Laboratory, California Institute of Technology

Abstract. The recent Nicaragua tsunami earthquake
(September 2, 1992) produced a distinct ramp-like long-period
(up to 1000 sec) phasc which begins between P and S waves
on displacement seismograms. In terms of ray theory, this
phase consists of long-period P, PP, S, SS, SP, PS, etc and
its propagation mechanism is similar to that of a whispering
gallery. In terms of normal-mode theory, it represents a group
of higher-mode Rayleigh waves with a group velocity close to,
but slower than, that of P wave. This phase has not been
recognized as a distinct phase in the seismological practice
because of clipping of seismograms for very large
earthquakes. With the advent of modern wide-dynamic range
seismographs, this phase can be easily identified for all large
earthquakes. In view of its use for identifying slow
earthquakes, determining whether slow deformation is
precursory or coseismic to the regular short-period energy
release, and determining velocity structures between the source
and the station, we propose that this phase be called the "W
phase".

Typical seismograms exhibit distinct short-period (up to 30
sec) body-wave phases, such as P, PP, S, SS, SP, PS, etc,
which are followed by longer period (typically 10 to 250 sec)
surface waves. Since both body and surface waves originate
from the same source, the body-wave part of the seismogram
must also contain long-period energy. However, because of
the combined effect of seismic source spectrum of ordinary
dislocation sources and the conventional instrument response,
the long-period wave is usually not visible in the body-wave
part of the seismogram and has been seldom used for research.
Here, we use the term "body wave” to refer to the phase that
arrives before the regular surface waves.

To extract very long-period body waves from a
seismogram, short-period waves which dominate the record
must be filtered out. Unfortunately, this was not pos51ble until
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various body-wave phases such as P, PP, §, §§, PS, SP, etc,
these phases interfere in a complex fashion and cannot be
identified as distinct phases. At long period, these phases
interfere with each other to produce a distinct long-period
phase. Here we call this long-period phase the "W phase”. W
phase can be identified easily for large earthquakes, and can be
used effectively for studies of long-period source
characteristics and regional Earth structure.

The recent slow tsunami earthquake which occurred in
Nicaragua on September 2, 1992, produced a clear W phase,
because of its anomalously long-period character of the source
[Kanamori and Kikuchi, 1993]. The source preferentially
excited very long-period waves so that W phase was clearly
visible on displacement seismograms at many stations. Figure
ta shows the displacement record of the Nicaragua carthquake
recorded at Pasadena. For comparison, the record of an
ordinary earthquake (April 25, 1992 Cape Mendocino,
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Inversion Challenges

Large earthquakes...

==> clipped surface wave
records, even at moderate
distances.

==> difficult to deconvolve
and focus on low freq. WP
signal.
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Inversion Challenges

Large earthquakes...

==> clipped surface wave
records, even at moderate
distances.

==> difficult to deconvolve
and focus on low freq. WP
signal.

Time domain, causal
deconvolution (iterative)
retains signal up until
time of clip

==> W phasse can be
extracted
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Source inversion of W phase: speeding up seismic tsunami warning
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SUMMARY

W phase is a long period phase arriving befoiewave. It can be interpreted as superposition of
the fundamental, first, second and third overtones of spheroidal modes or Rayleigh waves and
has a group velocity from 4.5 to 9 km's' over a period range of 100-1000 s. The amplitude of
long period waves better represents the tsunami potential of an earthquake. Because of the fast
group velocity of W phase, most of W phase energy is contained within a short time window
after the arrival of theP wave. At a distance of 5¢, W phase energy is contained within 23
min after the origin time which is the distinct advantage of using W phase for rapid tsunami
warning purposes. We use a time domain deconvolution method to extract W phases from the
broad-band records of global seismic networks. The bandwidth of W phase is approximately
from 0.001 to 0.01 Hz, and we bandpass filter the data from 0.001 to 0.005 Hz in most cases.
Having extracted W phase from the vertical component records, we perform a linear inversion
using a point source to determirM,, and the source mechanism for several large earthquakes
including the 2004 Sumatra—Andaman earthquake, the 2005 Nias earthquake, the 2006 Kuril
Is. earthquake and the 2007 Sumatra earthquake. W phase inversion yields reliable solutions
and holds promise of the use of W phase for rapid assessment of tsunami potential.

Key words:  Tsunamis; Earthquake source observations; Surface waves and free oscillations;
Wave propagation, Early warning.

since seismograms can be used in many different ways, seismic
warning methods can be made very versatile. In view of the re-
The 2004 Sumatra—Andaman Is. Earthquake M,, = 9.2) excited cent extensive deployments of modern global seismic stations, we
Indian ocean wide tsunamis and caused widespread damage with an can now significantly improve the seismic warning method with
unprecedented magnitude with more than 283 000 casualties. This introduction of novel concepts and methodology. In this paper, we
event motivated a renewed interest in developing effective tsunami use seismic W phase which carries long period information of the
warning systems which can help mitigate tragic tsunami damage source at a much faster speed than the traditional surface waves.
in the future. Effective tsunami warning must have at least four  This wave has not been utilized because its suitability for rapid
elements: (1) detection of events, usually earthquakes, (2) detection  warning purposes has not been fully recognized. We will show that
of tsunami, (3) infrastructure for tsunami warning and (4) education W phases can be retrieved on the time domain and used for rapid

T INTRODUCTION




Designed for the Largest EQs...
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Source Inversion of the W-Phase: Real-
time Implementation and Extension to Low

Magnitudes

Gavin P. Hayes,! Luis Rivera,? and Hiroo Kanamori?

Online material: Results for W-phase inversions for 498 events
with M > 5.8 in 2007-2008, compared to results from the
global Centroid Moment Tensor catalog.

INTRODUCTION

We assess the use and reliability of a source inversion of the
W-phase in real-time operations at the U.S. Geological Survey
National Earthquake Information Center. The three-stage
inversion algorithm produces rapid and reliable estimates of
moment magnitude and source mechanism for events larger
than M, 7.0 within 25 minutes of the earthquake origin time,
often less, and holds great promise for vastly improving our
response times to such earthquakes worldwide. The method
also produces stable results (within +0.2 units of Global
Centroid Moment Tensor project estimates) for earthquakes
as small as M, 5.8 when using stations out to distances of 90°.
These applications extend the use of /#-phase far beyond the
higher magnitude events for which the inversion was originally
intended, facilitating its use as a complementary approach to
traditional body- and surface-wave methods for assessing the
source properties of an earthquake.

Kanamori and Rivera (2008) introduced the use of

The U.S. Geological Survey (USGS) National Earthquake
Information Center (NEIC) began implementation of
W-phase inversion in real-time operations for testing purposes
in July 2008. Here we assess the performance of this method
in real time and show that /#-phase not only provides rapid
and accurate results for large earthquakes but also that this
inversion can be applied successfully to earthquakes as small
as M, ~5.8. Such applications extend the magnitude range of
the inversion far beyond that from which accurate results were
previously expected (M, > ~7.0) and facilitate the use of this
method as a new moment tensor inversion algorithm for most
damaging earthquakes worldwide.

W-PHASE

For information on the details of the wave-theory and modeling
of W-phase, we refer readers to Kanamori and Rivera (2008);
here we give just a brief overview. The J#-phase is a long-period
(approximately 100-1,000 s) phase arriving between the P- and
S-wave phases of a seismic source, theoretically representing
the total near- and far-field long-period wave-field. For mod-
eling purposes, J#-phase can be synthesized by a summation
of normal modes (fundamental, 1st, 2nd, and 3rd overtones).
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SUMMARY

Rapid characterization of the earthquake source and of its effects is a growing field of interest.
Until recently, it still took several hours to determine the first-order attributes of a great
earthquake (e.g. My, > 7.5), even in a well-instrumented region. The main limiting factors
were data saturation, the interference of different phases and the time duration and spatial
extent of the source rupture. To accelerate centroid moment tensor (CMT) determinations, we
have developed a source inversion algorithm based on modelling of the W phase, a very long
period phase (100—1000 s) arriving at the same time as the P wave. The purpose of this work 1s
to finely tune and validate the algorithm for large-to-moderate-sized earthquakes using three
components of W phase ground motion at teleseismic distances. To that end, the point source
parameters of all My, > 6.5 earthquakes that occurred between 1990 and 2010 (815 events)
are determined using Federation of Digital Seismograph Networks, Global Seismographic
Network broad-band stations and STS1 global virtual networks of the Incorporated Research
Institutions for Seismology Data Management Center. For each event, a preliminary magnitude
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A Global Catalog - now in ComCat

M6+ EQs from 1990-2012 from Duputel et al., 2012.
Real Time W Phase inversions 2009-present.
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Global W Phase: Teleseismic Mww Inversion
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1920+ events published since July 2009.
Approximately complete above MOG.
Authoritative NEIC magnitude for M6+ EQs in response, and for PDE.




Global W Phase: Teleseismic Mww Inversion
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Global W Phase: Teleseismic Mww Inversion
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moment tensor
analyses.
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BUT - half duration
estimates can be
diagnostic of
‘unusual’
earthquakes - e.g.,
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Regional Applications




Global W Phase: Regional Mww Inversion (<12 mins)
Event-station distances of <20 deg.

60° 120} 180° -120° -60°

405 events published since June 2012
Smallest Mww published =M 4.45 (11-2014 Oregon, US EQ)
% of Mww’s published at regional distances - 12% in 2013; 47% in 2015.




Regional Mww,
Central/South
America

211 events since 2013
(plus one Mw7.2 EQ in
Colombia, 09-2012)

Mw 4.56-7.22
Most in Chile (170).

Mww catalog complete

at the M5 level in

Chile (All of 131 EQsin -so
PDE; 95 with regional
Mww).




Global W Phase: Rapid Mww Vs Published Solution

Solutions with at least Mww Difference (from Published Mww)
10 channels within

12 degrees (680 EQs) 0.0 O 0.2 Grt 0.4 0.5
67% within +-0.1 M

83% within +-0.2 M




Global W Phase: Rapid Mww Vs Published Solution

Solutions with at least Mww Difference (from Published Mww)
10 channels within

20 degrees (680 EQs) 0.0 O 0.2 Grt 0.4
76% within +-0.1 M

89% within +-0.2 M




Global W Phase: Rapid Mww Vs Published Solution

Solutions with at least Mww Difference (from Published Mww)
10 channels within

50 degrees (937 EQs) 0.0 O 0.2 Gr b 0.4
723% within +-0.1 M

86% within +-0.2 M




Global W Phase: Rapid Mww Vs Published Solution

Solutions with at least Mww Difference (from Published Mww)
10 channels within

90 degrees (937 EQs) 0.0 O 0.2 Grt 0.4
78% within +-0.1 M

89% within +-0.2 M




Global W Phase: Rapid Mww Vs Published Solution

Mww Difference (from Published Mww)
0.0 0.1 0.2 0.3 0.4 0.5

180° -120° -60° i

These results imply that, for response purposes, we can accurately
characterize magnitude very rapidly, given a locally dense distribution of
stations (i.e., a regional network).




Idealized Response Times: Current Data Coverage

i -' Minimum Response Time (min)

60 B60° |0 5 10 15 20

Given this information, and the current global distribution of broadband
seismic stations providing data to the NEIC in real time, this map shows
an idealized minimum response time anywhere on the global.




Beyond Realtime Applications...




Inversion Challenges - Complex Earthquakes

Through an extension of the single point-source inversion, large

earthquakes can be assessed for complexity with multiple sources.

=> Invert for multiple CMTs

-> Test whether improved solution fits are statistically significant.

Samoa EQ(s), 09-29-2009

b) -174° -172° -170°

Mw =80
ts=25s
99% normal event

Mw = 8.07
ts =91s
74% thrust event

-174° -172° -170°

-14°

-16°

0

- -10

i 299

- -30

L 40

-50

-60

-70

-80

-90

-100

Nealy & Hayes, in prep., 2015

Depth to Slab (km)




Inversion Challenges - Complex Earthquakes
a) ®) E 102° 104°
Through an '
extension of the Miw =781

ts=37s
single point-source 90% thrust event
inversion, large
earthquakes can be
assessed for

complexity with rtin

74% strike-slip event

multiple sources. TR T TR TR T 4T ' .

|l 1 Ll 1 T 1 1 Ll
0.021 0.022 0.023 0.024 0.025 0.026 0.027 0.028 0.02% 0.030 0.031 0.032 0.033 0.034 0.035 0.036 0.037 0.088 0.039 0.040

15% of M7.5+ EQs Wenchuan EQ(s), 05-1:-2008 ’
since 1990
demonstrate
resolvable
complexity.
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Inversion Challenges - ‘Disturbed’ Earthquakes

(a) Standard W phase algorithm
(1) 200910072203A (2) 200910072218A (3) 200910072250A (4) 200910072313A
M,,=7.59 M,.=7.93 My=7.66 M,,=7.31
|/'Q Mu=7.60 @ Mu=T81 O Mu=6.80 ‘ \ M.-’Ml i 1 1) 2) 3 4)
| {7 | |
| . I
\~ N/ \ 3 O ! |
(b) Modified W phase algorithm for disturbed events - ' 0 .\7-?#: T ¥ 00 e
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The Research Front W-phase using cGPS "'Vf,""\”

GPS: a Very LP green “function maker”, that doesn't saturate in the near-field

W-phase using cGPS 1 sps 2011
Mw 9.1 Tohoku Earthquake

W-phase using cGPS 1 sps 2014
Mw 8.2 (8.35) lquique Earthquake

W-phase using cGPS 1 sps 2010
Mw 8.8 (9.1)Maule Earthquake




The Research FrontFFM W-phase using BB CV"\"IW

* Next Steps: Include GPS The 2010 Mw 8.8 Male Earthquake
signals. [ R e e
FFM from cGPS W-phase

e Hopefully from RTX
technology

 Why FFM? provides a better
estimation for run-up, pga,
damage, economic losses
and fatalities.

Possible Scheme for Mw > 8

eHypocenter
o\WCMT cGPS
o\WCMT cGPS+BB
—-FM cGPS

-M cGPS+BB

From Benavente R. & Cummins P., 2013
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GEOPHYSICAL RESEARCH LETTERS, VOL. 40, 3591-3595, doi:10.1002/gr1.50648, 2013

Simple and reliable finite fault solutions for large earthquakes

using the W-phase: The Maule (M, =
(M, = 9.0) earthquakes

Roberto Benavente! and Phil R. Cummins'

8.8) and Tohoku

Received 6 May 2013; revised 5 June 2013; accepted 10 June 2013; published 22 July 2013.

[1] We explore the ability of W-phase waveform inversions
to recover a first-order coseismic slip distribution for large
earthquakes. To date, W-phase inversions for point sources
provide fast and accurate moment tensor solutions for
moderate to large events. We have applied W-phase finite
fault inversion to seismic waveforms recorded following the
2010 Maule earthquake (M,, = 8.8) and the 2011 Tohoku
earthquake (M,, = 9.0). Firstly, a W-phase point source
inversion was performed to assist us in selecting the data
for the finite fault solution. Then, we use a simple linear
multiple-time-window method accounting for changes in the
rupture velocity with smoothing and moment minimization
constraints to infer slip and rake variations over the fault.
Our results describe well the main features of the slip pattern
previously found for both events. This suggests that fast slip
inversions may be carried out relying purely on W-phase
records. Citation: Benavente, R., and P. Cummins (2013), Simple
and reliable finite fault solutions for large earthquakes using the W-
phase: The Maule (M,, = 8.8) and Tohoku (M,, = 9.0) earthquakes,
Geophys. Res. Lett., 40, 3591-3595, doi:10.1002/gr].50648.

1. Introduction

[2] Details of earthquake sources, such as fault orienta-
tion and the spatial variation of slip, are potentially useful in
the first phases of disaster response. Understanding the prox-
imity of fault rupture to population centers can be impor-
tant for rapid casualty estimates [Jaiswal and Wald, 2011].
Understanding the spatial distribution of slip is especially
important for large megathrust earthquakes, since tsunami-
genicity is very sensitive to the amount of slip concentrated
at shallow depth [Satake and Tanioka, 1999; Hill et al.,
2012]. These considerations have motivated recent work on
the use of GPS data to estimate earthquake slip distributions
in near real time [Ohta et al., 2012; Crowell et al., 2012].
These studies have demonstrated that dense GPS networks
deployed in the near field of large earthquakes are able to
obtain reliable estimates of slip distribution within minutes
of an earthquake’s occurrence, and are not prone to clipping,
which plagues seismometer recordings in the near field.

Additional supporting information may be found in the online version
of this article.

This article was originally published on line on 22 July 2013. Revised
supporting information was supplied, and the article was reposted on 1
August 2013.

'Research School of Earth Sciences, Australian National University,
Canberra, ACT, Australia.

Corresponding author: R. Benavente, Research School of Earth Sci-
ences, Austrahan Natlonal University, Canberra, ACT 0200, Australia.

[3] However, because not all megathrust earthquakes
occur adjacent to dense GPS networks providing near
real-time positioning, it is important to consider alternative
means of obtaining rapid and reliable earthquake slip distri-
butions. Seismic waves have long been used in finite fault
inversions to obtain slip distributions for large earthquakes
[see, e.g., Hartzell and Heaton, 1983], and several studies
have considered the rapid application of such techniques
[Mendoza and Hartzell, 2013; Mendoza, 1996; Ammon
et al., 2006; Dreger et al., 2005]. These studies either
use regional seismic waveforms or teleseismic body and sur-
face waves. However, these methods often require sophisti-
cated processing and manual review and can be sensitive to
3-D earth structure. Here, we consider use of the W-phase
[Kanamori, 1993] in finite fault inversion as an alterna-
tive that can potentially overcome some of the difficulties
with using seismic body and surface waves in rapid finite

fault inversions.
[4] The W-phase has gained special importance as a

technique for point source inversions for large earth-
quakes. First reported by Kanamori [1993], the W-phase
is a long period wave arriving at the recording station
together with the P wave. Because of its small ampli-
tude and the time window used (prior to S wave arrivals),
the inversion of W-phase waveforms provides an effec-
tive method for rapid determination of the moment tensor.
Moreover, if the instrument response is deconvolved in
the time domain, the clipping in the records typical for
large events can be avoided. Thus far, W-phase inversion
has been shown to be a robust and reliable method for
point source inversion for large earthquakes M, > 6.5
[Kanamori and Rivera, 2008; Duputel et al., 2012a], and it
is a standard solution in the U.S. Geological Survey (USGS)
catalog. In addition, multiple-point-source inversions of
W-phase waveforms were introduced by Duputel et al.
[2012b] in order to explain the source complexity of the
2012 Sumatra great strike-slip event (Mw = 8.6). These
characteristics have led us to evaluate the use of the W-phase

in the slip distribution problem.
[5] To recover the coseismic slip, different types of data

can be used (geodetic, teleseismic, tsunami records, etc.),
although far field seismic records play an important role
because they are widely available within minutes after an
earthquake occurs. The use of teleseismic data to con-
strain the spatial slip distribution was introduced by Hartzell
and Heaton [1983]. They considered a predetermined fault
plane divided into a number of subfaults and solved for
thelr moment using constant mpture VGIOCIty Wh11e many
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W Phase: Resources

GEOPHYSICAL RESEARCH LETTERS, VOL. 20, NO. 16, PAGES 1691-1694, AUGUST 20, 1993

W PHASE

Hiroo Kanamori

Geophys. J. Int. (2008) 175, 222-238 doi: 10.1111/).1365-246X .2008.03887.x

Abstract. The recent Nicar]
(September 2, 1992) produced ad
(up to 1000 sec) phase which be;
on displacement seismograms.
phase consists of long-period P
its propagation mechanism is sir}
gallery. In terms of normal-modg
of higher-mode Rayleigh waves W
but slower than, that of P wavd
recognized as a distinct phase i
because of clipping of seis
earthquakes. With the advent of
seismographs, this phase can be
earthquakes. In view of its
earthquakes, determining whe
precursory or coseismic to the
release, and determining velocity
and the station, we propose that
phase".

Typical seismograms exhibit
sec) body-wave phases, such a
which are followed by longer per]
surface waves. Since both body
from the same source, the body-y
must also contain long-period en
the combined effect of seismic {
dislocation sources and the convg
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part of the seismogram and has bqd
Here, we use the term "body wa
arrives before the regular surface
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seismogram, short-period waves]
must be filtered out. Unfortunate]
recently because of clipping of rg
With the advent of digital wide
now it is possible to obtain o
earthquakes, which allows seis:
period body waves for studying
structure. A distinct merit of u
studies is that the propagation paf
for surface waves so that the s
recovered from the observed recq
advantageous for determinati
earthquakes. For instance, whe
precedes or follows the onset o
been a matter of great interest
source studies, long-period s
Rayleigh and Love waves) and 1
long propagation paths were u
source phase from which th
determined. This procedure, ho
knowledge about the three-dimen|

A difficulty in using very
however, is that as the perig
comparable to, or longer than, t
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Source Inversion of the W-Phase: Real-
time Implementation and Extension to Low
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W phase source inversion for moderate to large earthquakes
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SUMMARY

Rapid characterization of the earthquake source and of its effects is a growing field of interest.
Until recently, it still took several hours to determine the first-order attributes of a great
earthquake (e.g. My, > 7.5), even in a well-instrumented region. The main limiting factors
were data saturation, the interference of different phases and the time duration and spatial
extent of the source rupture. To accelerate centroid moment tensor (CMT) determinations, we
have developed a source inversion algorithm based on modelling of the W phase, a very long
period phase (100—1000 s) arriving at the same time as the P wave. The purpose of this work is

1t finelv tine and validate the aloarithm for larce-tocomoderate-cized earthanakec neino three




W Phase: Tutorial http://wphase.unistra.ir/wiki/doku.php/wphase
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Introduction

The W-phase package is an extensive source-inversion tool allowing rapid characterization of the seismic
source and is a reliable and straightforward method to resolve first-order attributes of large earthquakes. Main
contributors are B8 Zacharie Duputel, B8 Luis Rivera and &8 Hiroo Kanamori.
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