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Crowdsour ced Earthquake Early Warning

Supplemental Material
1. Operational Early Earthquake Warning

EEW is the subject of active research in many partee world. There are few regions,
however, where EEW systems are currently operaimpsending information to users other than the
researchers developing the warning system (FigEEW operates throughout Japan and Taiwan. In
Mexico, the cities of Mexico City, Oaxaca City, Tiok, Chilpancingo, Acapulco, and Morelia currently
receive warnings (Juan Manual Espinosa Aranda,\8&hina Singh, Carlos Valdes, personal
communication, 2014). Warnings are sent to thenhdaa region of Turkey including Istanbul province
(Erdik Mustafa, personal communication, 2014). rHauclear power plants in Switzerland currently
receive warnings (John Clinton, personal commuiunaR014) as do assorted nuclear facilities, dams,
and public and private emergency responders in R@{&onstantin lonescu, personal communication,
2014). An EEW system has recently begun operatitige Chengdu region of China (Tun Wang,
personal communication, 2014.) Finally, while &VE system is currently in beta testing for most of
the west coast of the United States including Galifi, Oregon, and Washington, at present only
California has external users of the U.S. EEW systall of these EEW systems utilize seismic data
only, although GNSS data are beginning to be imm@ated into the U.S. and Japanese EEW systems
(Yusaku Ohta, personal communication, 2014) andvierico system will soon use GNSS data as well
(Juan Manual Espinosa Aranda, Shri Vishna Singhp€&aldes, personal communication, 2014).
Background color in Fig. 1 is peak ground accelenatvith 10% probability of exceedance in 50 years
given a 475 year return period from the Global ®&dHazard Assessment Program. Most regions of
the world with high seismic hazard have no EEW bdpes (Fig.1).

2. Empirical Noise Characterization

We assess a typical smartphone’s capability toctieErmanent surface displacements by first
empirically characterizing positioning noise fromaiety of different consumer GNSS receivers
(including those found in Google Nexus 5 smartplspfiest-generation Apple iPad tablets, u-blox
receivers, and Garmin eTrex handheld receiverg)etisas Japan’'s GEONET GNSS receivers. All
GNSS data analyzed are coarse acquisition (C/A¢ (). For the time periods most pertinent to
EEW application (seconds to tens of seconds), methat noise character depends both on the device
model version and whether it is stationary or mg\iRig. S1-S2). When stationary, epoch-to-epoch
repeatability (the ability to recover position ath epoch) for modern devices (e.g., Nexus 5) 81~-0.
0.02 m and for older devices it is less than ~1 . (éPad) (Fig. S1). When moving at a constant
velocity, the Nexus 5 repeatability is ~1.5 m (F$d.). This strongly suggests that, when statiortagy,
Kalman filter onboard the smartphone assumes angally constant velocity model — an assumption
that would hold for most pedestrian navigation agions where it would be desirable to minimize
accelerations due to bodily motion or device malaiipon.

The repeatability for all of these devices depamutn the time-span of the measurements
because they all have background noise that exhdmtporal correlations (i.e., the noise spectea ar
“red”). Consequently, the time series of positestimates exhibit drift that we assess followiBd)

(Fig. S2). At intervals of a few seconds, the @& code positions can resolve displacements of 10
cm; but for longer intervals (e.g., 60 secondsirteensitivity decreases to 2-3 m. (Note thatehe

less drift in positions estimated from C/A codeadi@corded at GEONET GPS stations than from C/A
code data recorded on a consumer receiver. Thisdguse scientific GPS stations have higher gualit
hardware. The most significant difference is plpahe reduction in multipathing made possible by



the choke ring antennas at scientific GPS sit8siellite Based Augmentation System (SBAS)
corrections or phase smoothing significantly img®the precision of the consumer devices by airfacto
or 10 or more.

3. Offset Tests

As discussed in the main text, we subjected thiégpfa to a series of displacements ranging
from ~0.1-2.0 m (Fig. 2, §&nd find that the raw C/A positions (with SBASItHéully records the
entire displacement range. In contrast, the srhang is essentially insensitive to the displacement
because its onboard data processing uses a KalieautHat removes most of the external motion to
which the device was subjected.

To assess the full potential of consumer grade GAI®SINS devices for earthquake monitoring,
we constructed our own extended Kalman filter usawy C/A code data from the u-blox receiver and
accelerometer data from the Nexus 5. The Kalniter fises a constant jerk state space model for
system dynamic2(). Given GNSS positions and three-component acmleter observations, the
filter simultaneously estimates displacement aral@cometer bias. Fig. 2A in the main text shawes t
results of a 50 cm offset test and demonstratédhibaKalman filtered solution could accuratelyaeer
the displacement time history to which the recewas subjected even though the twice-integrated
(yielding displacement) accelerometer record deltnates a large amount of drift over earthquake time
scales.

4. Earthquake Monitoring Capabilities of Consumer Devices

Fig. 2B compares the empirical drifts we estimdted variety of instruments (Fig. S2) with
observed displacement time series for recent n@@dninaging earthquakes (Table D), 23, 2%. The
strong motion accelerometer drift was estimatedifigrencing a twice-integrated observation of the
2011 Tohoku-oki earthquake recorded on the easpooent of K-net strong motion station MYG011
and a corresponding displacement time series freanty GEONET GPS station 0550. The consumer
accelerometer drifts were obtained by averagir@2£225 observation locations the absolute value of
the difference between ground motion time seriesftheM,, 7 Hayward fault scenario and twice-
integrated corresponding simulated acceleratioe 8Bries using noise from a Nexus 5 smartphone’s
onboard accelerometer. Similarly, the Kalman ffitteft time series were obtained by averaging at
those same observation locations the absolute vl difference between the ground motion time
series and corresponding simulated Kalman filteetseries computed by combining the same
acceleration records with simulated C/A code GNB8f® series in the same manner as Section 4. These
simulated time series were originally 90 sec doraéind then extrapolated from 90 sec to 100 seth B
the simulated and empirical noise time series wareothed for plotting purposes. Note that noise
characteristics for data involving accelerometesapbations are very sensitive to the type of motwon
which the instrument was subjected. This can barlt seen for the Kalman filter drift curve which
was calculated for aMl,, 7 earthquake. Once the ground shaking ceaseKath®an filter acts to damp
further drift of the estimated displacement.

Figure 2C shows the minimum magnitude observalsl@ f@nction of distance) with a signal-to-
noise ratio (SNR) of at least 10 for the deviceBim 2B. The SNR for displacement observations wa
computed by assuming that the signal is the peakngt displacement (PGD) as a function of
magnitude and distanc2), which we assume occurs at approximately the @vaarival time. Thus
the noise is the amount of drift that accumulatstsvben the P-wave arrival and S-wave arrival
assuming wave speeds of 6 km/s and 3.5 km/s, resglgcwhere the drift accumulation follows the



curves shown in Fig. 2B. The SNR curve for thesbgration observed by a consumer accelerometer
was computed by assuming the amplitude of the bigaa given by the peak ground acceleration
(PGA) (27), and that the noise over short time durations @asssian with an amplitude of 0.031 /s
based on the noise characteristics we observedsbeer time periods for the accelerometer in a
Nexus 5 smartphone. As in Fig. 2B, the curvesign ZC were smoothed for plotting purposes.

5. Hayward Fault Rupture Simulation

We simulated a crowdsourced EEW response to a seenagnitude 7 earthquake on
California’s Hayward fault using two different typef data. In the main text (Fig. 3), we presented
results from assuming that different fractionshef population contributed data from consumer device
containing both an accelerometer and a simple G8/&Scode receiver equipped with neither SBAS
differential corrections nor phase-smoothed L1 défdmost all smartphones record acceleration and
C/A code data.) We then Kalman filtered the twirttegrated acceleration time series and GNSS
position time series, and modeled the resultingldement estimates. In Fig. S4, we show the tesul
from assuming different fractions of the populateamtributed data from consumer devices with SBAS-
enabled GNSS receivers with phase smoothing batoelerometer. (This is the highest quality type o
GNSS receiver commonly found in consumer devicg$i¢ results in Fig. 3 and Fig. S4 are nearly
identical. Both types of positioning data yieldtbguake detection in 5 seconds (assuming 0.2%eof t
population submits usable data), earthquake lagsitiath errors <5 km and very accurate moment
magnitude estimates at all times for all levelpaiticipation.

Data Generation

The uncertainties of GNSS vertical positions apecgily much worse (at least a factor of two)
than horizontal positiond 9). Accordingly, all of the modeling in this papgas accomplished using
only the 2-D horizontal displacements calculatedrfthe east and north position time series.

To simulate the horizontal displacements we woulghim from consumer devices located near
the rupture of a moderate magnitude earthquakdegan with the predicted horizontal ground motion
time series for th#l,, 7 Hayward fault scenario rupture called hs+hn_h@$oO_vr92_tr1532).
Smartphone GNSS (raw C/A code) and acceleratiardsovere then simulated by adding to these time
series the empirical noise spectra of displacenm@taned from a stationary raw C/A code GNSS
receiver (Garmin eTrexB() and the accelerometer on a Nexus 5 smartphoreethewh applied a
Kalman filter to combine the resulting C/A code awite-integrated acceleration time series. The
choice of the Garmin eTrex is a conservative onieiaghe noisiest of all the devices (Fig. S1-S@je
also simulated consumer GNSS data with real-tinmeectons by adding to the original synthetic
displacement time series the noise characteristickad determined empirically for the stationary u-
blox receiver with SBAS and phase smoothing. Thesesimulated datasets allow us to explore the
results obtainable from two hardware configuratimesare likely to encounter in a crowdsourced
earthquake monitoring system: one that provides &Bi&l accelerometer data without SBAS or phase
smoothing, and one that provides GNSS data wiflergifitial corrections from SBAS.

In the Kalman filter case, we computed east anthrmymponent displacement time series with
a one second sampling rate from independent Kafittars using a constant jerk state space model for
system dynamic2(). Given a position time series and an accelerenighe series, the filter
simultaneously estimates displacement and thefbidbe accelerometer measurements. This is a
dynamic model that accounts for the changes irtipasivelocity, and acceleration that these devices



will be subjected to during an earthquake. Sinmdatarthquake displacements only give three degrees
of freedom (X, y, and z displacement). For aifwdrtial system simulation 6 degrees of freedom (3
displacements and 3 rotations) are required. Wiernttze simplifying assumption that the sensitivesax
of the accelerometer triad were always aligned #ighsimulated motion directions of the earthquake.
With this assumption, because the accelerometeniatually orthogonal (as are the simulated
displacements), we can treat the x, y, and z dieph&nts separately as three 1-D estimation problems

Observation locations were chosen to mimic theidigion of data we might obtain if a certain
percentage of the population participated in crawdsed earthquake monitoring. Our approach was to
choose a random distribution of land-based obsgnaications within a 35 km-by-100 km rectangular
box centered on the Hayward fault with the numbetservations equal to a percentage of the
population within that box (Fig. 3, S4). Sinceyalsmall fraction of the population might choose t
participate in a crowdsourced EEW system and omsiyall fraction of those participants may be
contributing usable data at any given time, we psefully chose to consider cases where a very small
percentage of the population reported observabbtize earthquake. Specifically, we considered the
cases where we obtained data from 0.0125%, 0.0@9%%, 0.1%, and 0.2% of the population in the
35 km-by-100 km region. These cases correspo284p587, 1174, 2348, and 4696 observations,
respectively (Table S2).

Earthqguake Detection

At each second, we counted the number of obsedenges that detected a trigger where we
determined that a device had been triggered ifdtthe four devices nearest to it each have acateul
a horizontal displacement in excess of 5 cm. Thisrion requires that the displacement signal be
spatially coherent as we expect earthquake displacts to be. We then declare that an earthquake ha
been detected when at least 100 observers simalialyereport triggers. This criterion is reached i
less time with increasing numbers of observatiomply because, with a denser set of observatites, t
seismic waves do not have to travel as far to ra@€hobservers (Table S2).

Locating the Epicenter

At each second after detection, we obtain an eaatke epicenter by fitting a power law to the
amplitudes of the horizontal offsets reported byrajgered observers and searching for the source
location that minimizes the L1 norm of the residu@ig. S5). This estimation is not computatiopall
expensive and so the time required to obtain areeper depends on the time required for the
displacements to propagate from the earthquakemipd the receivers. Our errors in the epicenter
location are always less than 5 km (Figs. 3, S4).

Note that we use a power law regression of unknpewrer: logA = ¢y + ¢; logr, whereA is the
amplitude of the observed horizontal displacemeistthe distance between the observer and the
proposed epicenter, agglandc; are the unknown linear regression parameterseridtively, we
might have fixedc,;=—2 because surface offsets exhibitrasguare decay in the far-field)( However,
we are using near-field observations for whichrtsguare decay does not necessarily hold. Therefore
we solve for the power of the decay in the linegression.

Determining Earthquake Magnitude




We determine the magnitude at each second bychistlating a finite fault slip model and then
computing the moment magnitude associated withdliaitmodel. The finite fault slip models are
computed using the Bayesian linear regression approf 5). In that paper, the authors solved for
the fault geometry and distributed slip model stanously using three-component real-time GPS data.
However, here we only have the two horizontal congmds of motion. Our initial tests indicated that,
without the vertical component of deformation, veelld not constrain the fault orientation. Instead,
used the accurate epicenter locations obtainagstdy assuming that the rupture was located on the
Hayward fault, and then assumed a planar fault eistrike and dip represented the average strike and
dip of the Hayward fault in the region of the epitar (strike 325.0000°, dip 76.2309°). (For global
application, existing maps of the largest faultaildaneed to be employed.) We sub-divided the fault
plane into one row of patches in the down-dip dioecand eight patches in the along-strike direttio
each patch having a length of 10 km on a side. @aen’s functions were computed for rectangular
dislocations in a homogeneous elastic half-spdte moment magnitudes derived from the results of
our slip inversion at each second show high acguaad low latency (relative to the scenario
earthquake’s actual moment release as a functitimej for all data sets tested (Figs. 3, S4).

6. Tohoku-oki Earthquake M odel
Data

As part of routine collection of dual frequencyiestific-grade GPS carrier phase data, the
GEONET GNSS stations also record the same pseuglodata that are used for positioning in
consumer deviced ). To simulate real-time positioning using sinfylEquency data on a consumer
device, we estimated positions based only on Cegqseudorange values on the L1 frequency (“C1”
observations) from a selection of GEONET GPS gtat{@able S3) using the pr2p (pseudorange to
position) algorithm developed by Dr. Mark Miller #PL as part of the GIPSY-OASIS software package
(33) (Fig. S6). The algorithm calculates the positmal receiver clock bias at each epoch by
minimizing a penalty function, the RMS of residydts that epoch. An outlier detection algorithen i
triggered when the penalty function or individuadiduals do not satisfy solution tolerance critefie
residual threshold for individual pseudorange oletgwns was 40 m, and the RMS pseudorange
threshold was 20 m. Once outliers are identified deleted, the penalty function is minimized again
Broadcast satellite orbits and satellite clock ections were used. There are no troposphere or
ionosphere models applied. The estimation useprtbeepoch’s position and receiver clock biagas
initial value for the next epoch’s position andakdias value, but there is no temporal smoothing
between position estimates.

Fig. S6 compares the displacement time series fhenpr2p processing of the GEONET data for
the Tohoku time series to displacement time seixained through scientific-quality processing that
takes advantage of the dual-frequency data thesetisic GPS stations collect. At displacementsle
than 0.5 m, the comparison is degraded by a sob$at-field stations that experienced a spatially
confined ionospheric disturbance combined with lafssatellite lock. However, at the vast majoofy
stations, the offsets estimated from the C/A catte@ost-processed scientific-grade time series are
nearly equal (Fig. S6C).

Earthquake Detection

We use the same method for detecting the Tohokeakhquake as we did for the Hayward
fault simulation. However, because the estimatB& @ositions include ionospheric noise and spurious
jumps due to loss of satellite lock, we increagertiinimum horizontal displacement required for



triggering to 75 cm. Further, rather than declatimat an earthquake has been detected when acerta
number of triggers have been received, we instagdhait we have detected an earthquake when the
number of triggers exceeds Belative to the triggering rate during the pre+gvgeriod. This accounts
for the fact that, at any given time, some subE&RS stations exhibit spurious displacements.s Thi
threshold is reached at 77 sec after the origie.tim

Locating the Epicenter

We used the same approach to calculate the eakib@pécenter as we used for the Hayward
fault simulation (Fig. S7).

Determining Earthquake Magnitude

At each second, we estimated the total magnitudase for the Tohoku-oki earthquake by
estimating a finite fault slip model and calculgtihe moment magnitude associated with that slip
model. We used the same inversion methodologyveri for the slip distribution as we did for the
Hayward fault simulation combined with the 1-D leg@ elastic structure and 3-D curved fault
geometry of 84). The resulting magnitude release as a functidime closely matches the source-time
function obtained by a full kinematic inversiontbé Tohoku-oki earthquake rupture using scientific-
grade kinematic GPS, static GPS offsets, seafleodgsy, and both near-field and far-field tsunami
data @4).

Tsunami Arrival Times

The tsunami arrival times in Fig. 4 were estimdtedh the time of the first increase in sea level
recorded by the ocean-bottom pressure gauges, @GP&gauges, and coastal tide and wave gauges
included in £8).

7. Determining Pre-Earthquake Position

Detecting, locating, and modeling the slip disttibn of an earthquake requires estimating the
observed offset at each second of time relatithésensor's position prior to the beginning of the
coseismic deformation. Note that the later theetohthe prior position, the less long-period dmiidy
accumulate between the prior position and the s&ngosition during the earthquake. In fact, grsr
position need not be from a time before the origire of the earthquake, only before the first
displacement at the sensor's location.

We leave for a future study determining the best twadentify the pre-earthquake position. In this
paper, we presented results for earthquake detefttn two end-member cases. For the Tohoku-oki
earthquake, we used a pre-event position that stasated from one minute of data observed 1,000
seconds before the current epoch. In contrasthéoHayward scenario, we used as our prior positio
the instantaneous position of each observer atrigen time.
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Figure S1. Background position noise for various GNSSreceiversfound on consumer devices.
Although each receiver is stationary, there is gsvsme uncertainty in its computed position. The
magnitude of the apparent horizontal displacenseshown for position time series computed using
C/A code pseudorange-based positioning for sixifie grade GEONET GPS stations in Japan, a
first-generation iPad, a Nexus 5 smartphone, abbxiand Garmin eTrex consumer GNSS receivers.
The position time series for the GEONET stationsenmmputed using the pr2p program, part of the
GIPSY-OASIS software package. All other positiarese obtained directly from each receiver
according to each one’s onboard proprietary pracgsoftware. Note that the GNSS receiver in the
Nexus 5 smartphone applies a Kalman filter to tipat position time series and that the parametiers
the filter differ depending on whether the receigppears to be stationary or in motion. The output
position time series for both the stationary and/img cases are shown. (For the moving receiver,
positions are relative to actual position of theereer determined from scientific-grade GNSS.) dAls
note that the u-blox time series is phase-smoatineldaugmented with satellite-based differential
corrections (SBAS) that significantly reduce thésedevel of its position estimates relative to thieer
receivers and processing schemes (with the exeeptithe heavily-filtered positions output by the
Nexus 5 in stationary mode).
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Figure S2. Spectra of drift of position time seriesfor various GNSS receivers found on consumer
devices. The drift can be characterized by computing tMSRf (X(t+1)-x(t)) as a function of various
intervals,t, for position time series obtained as in Fig. $iitially, the background noise is quantified
by computing a power spectral density (PSD) anthéurrefined by characterizing the PSD as a
combination of a power-law and white noise procgesdgsing the parameters obtained for the power-
law and white noise, time series data are simulabtedthe drift is evaluated to obtain a confidence
interval. For each set, the solid line is the ntdhRMS of the drift while the dashed lines represbe
95% confidence interval determined from 200 simaie.
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GNSS receiver when they are subjected to the dispiant time history shown in black.
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Figure $S4. Hayward fault earthquake scenario. Same as Fig. 2 in the main text except simulated
consumer-quality GNSS data with SBAS different@rections and phase smoothing is used instead of
Kalman filtered simulated smartphone data. (A)rd@sentative displacement time series from Hayward
fault rupture scenario. Black line: true displaesin Red line: simulated smartphone GNSS with

SBAS and phase smoothing. (B) Diamonds showingastd epicentral location colored by time after
origin. Contour: S-wave position (assuming 3.5%r#locity) when detection criterion is satisfiéd (
sec). Yellow text denotes major cities: SF=Saméiszo, SJ=San Jose, OK=0Oakland. Blue dots denote
observer locations assuming 0.2% of the populatitinin the blue box contribute data. (C) Number of
observers who have detected a potential earthqugker, (D) epicenter location error, and (E)
estimated moment magnitude release as a functibmeffor different levels of participation. Black

line in (E) is true magnitude release.
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Earthquake

2011 Tohoku-oki

2010 Maule

2003 Tokachi-oki

2010 El Mayor-Cucapah

2004 Parkfield
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8.3

7.2

6.0
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77 km
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11 km

Station
0550

CONS

0015

P494

HOGS

Component
East

West

East

South

North

Description

Post-processkdion @4)

Post-processedisolaburtesy of S. E. Owen

Recreatioreaf-time processing using a network solution
with ultra-rapid orbits and a network adjustmentdma
for each epoch2@Q)

Read-8oiution from the Southern California Earthquake
Center available at: http://www.data.scec.org/nedea
tools/MayorCucapah20100404/

Post-processdution @3)

Table S1. Description of observed GPS earthquake displacement time series shown in Fig. 2B.

Per cent of population Number of
observations

0.0125% 294

0.025% 587

0.05% 1174

0.1% 2348

0.2% 4696

Timeto reach 100 triggers

10 sec

8 sec
7 sec
6 sec
5 sec

Table S2. Number of data used and detection response times for Hayward fault simulation.



Station Latitude Longitude

0001 45.402992 | 141.750435
0033 38.758595 | 140.318736
0065 34.465387 | 136.851128
0002 44.433686 | 143.224179
0128 42.971378 | 141.290333
0035 38.331027 | 140.366086
0251 36.401879 | 136.920558
0221 36.507995 | 138.552713
0190 39.327002 | 140.559778
0160 40.048600 | 141.461945
0004 43.915690 | 144.675842
0037 38.317487 | 140.954184
0252 37.850496 | 136.919268
0222 36.421628 | 139.330387
0191 39.206062 | 139.907717
0130 42.802718 | 140.603519
0161 39.980574 | 141.225065
0005 43.507860 | 144.449008
0283 35.757783 | 136.975302
0316 33.741273 | 136.010900
0253 37.446027 | 137.270049
0223 35.986891 | 139.075685
0162 39.869370 | 141.950542
0531 42.982571 | 144.719147
0131 42.786434 | 140.233203
0284 35.657189 | 137.424773
0007 43.589658 | 142.482479
0102 45.275968 | 141.038213
0040 37.643696 | 139.791506
0565 38.023687 | 138.369882
0255 36.394456 | 136.388942
0501 45.137712 | 141.167097
0595 34.737613 | 139.358585
0193 39.051902 | 140.629588
0163 39.851246 | 141.164861
0532 42.125587 | 143.315695
0132 42.729441 | 141.863983
0285 35.636153 | 136.488768
0318 35.466286 | 136.053666
0103 45.002398 | 142.537089
0008 43.854011 | 141.510373
0566 37.535832 | 138.706939
0041 37.090714 | 140.902515
0596 34.519633 | 139.270932




0225 35.657206 | 140.048093
0164 39.849176 | 141.803851
0533 41.404706 | 141.447587
0814 34.719474 | 138.876472
0781 44.639926 | 141.793917
0286 35.632897 | 136.611394
0627 36.103635 | 140.086307
0104 44.892461 | 141.741397
0042 36.539928 | 140.611836
0567 37.348539 | 138.516369
0257 36.145619 | 136.278945
0503 44.219722 | 143.615670
0876 43.240529 | 141.345959
0597 34.333121 | 139.210938
0165 39.701092 | 140.964501
0195 38.759721 | 139.957373
0907 39.639369 | 141.426128
0134 42.699268 | 143.103257
0287 35.612086 | 137.174145
0937 37.669288 | 139.972663
0628 34.698904 | 138.939326
0105 44.728496 | 142.265247
0043 36.401847 | 139.726422
0010 42.963261 | 144.431936
0568 37.319871 | 139.020252
0504 44191942 | 143.076819
0258 35.984908 | 136.504924
0598 34.239914 | 139.137575
0847 35.160451 | 137.868762
0166 39.596572 | 141.172105
0535 41.145546 | 140.821985
0817 35.066974 | 138.209984
0196 38.594037 | 139.831767
0783 44.148753 | 141.664599
0752 36.539259 | 139.056735
0135 42.667876 | 141.074955
0011 43.028625 | 143.459231
0044 36.697027 | 138.906264
0106 44.427048 | 141.330057
0569 37.056681 | 138.242586
0599 34.093764 | 139.561764
0848 45.514114 | 141.955250
0537 40.862361 | 141.131807
0753 36.003735 | 139.269328
0136 42.655530 | 141.602260
0784 43.722779 | 144.506409
0012 42.980515 | 142.401972




0939 37.461289 | 139.835523
0107 44.294568 | 142.625589
0169 39.338056 | 141.534158
3031 35.415350 | 139.045179
0570 36.950871 | 137.893871
0506 43.908405 | 142.577715
0260 35.792782 | 136.197394
0600 34.075781 | 139.478805
0819 34.902051 | 137.946810
0849 45.230106 | 141.881787
0198 37.963607 | 140.093526
0879 43.171330 | 143.027763
0910 39.235375 | 141.311673
0538 40.706276 | 140.589225
0170 39.253519 | 141.798042
0137 42.646290 | 140.825684
0785 43.624329 | 141.370584
0631 34.984394 | 136.862749
0046 36.499766 | 137.851122
0940 37.444871 | 140.464031
0971 37.432258 | 137.033941
3065 35.610274 | 139.157225
3001 36.295162 | 139.542301
0230 35.268600 | 139.142414
0507 43.828078 | 144.115255
0601 33.884124 | 139.612852
0171 39.023782 | 141.739846
0820 34.849413 | 138.176745
0199 38.197543 | 140.077573
0850 44.990504 | 142.292258
0788 43.101691 | 143.901986
0138 42.551647 | 143.461144
0172 38.902859 | 141.572589
0109 44.019183 | 145.186094
0941 37.326210 | 139.686345
0972 37.226436 | 136.908772
0014 42.983253 | 141.730671
3066 35.428518 | 139.204867
0231 38.465392 | 139.253348
3002 36.263269 | 140.174264
0508 43.738523 | 142.409610
0572 36.736958 | 137.369515
0602 32.463502 | 139.764616
1158 37.000719 | 136.772705
0821 34.752041 | 137.680777
0851 44.916065 | 142.021781
0881 43.149392 | 144.496498




0912 38.995463 | 141.148523
0293 35.261967 | 137.405606
0789 43.013652 | 142.870059
0540 40.624345 | 140.478527
0048 35.590335 | 138.583298
0139 42.549801 | 141.361481
0110 44.006778 | 142.151690
3067 35.267094 | 139.664837
0015 42.321594 | 143.331004
0942 37.293041 | 140.212745
0263 35.855978 | 138.316396
0232 38.319346 | 138.513087
0973 36.537266 | 136.540675
3003 36.203672 | 139.810527
1129 34.603334 | 136.431937
0573 36.649562 | 137.031898
0174 38.748937 | 140.801635
0509 43.740840 | 141.873847
0326 34.869327 | 136.054828
0822 35.300837 | 136.788824
0201 37.560553 | 140.755075
0882 43.140396 | 141.203293
0790 42.933772 | 142.084600
0294 35.227906 | 136.593445
0913 38.934027 | 140.833189
0758 35.616428 | 139.369897
0111 44.005620 | 143.333701
3068 35.245516 | 139.049338
0016 42.356904 | 142.364605
0943 37.210562 | 140.450970
0264 35.746875 | 138.695131
0974 36.229563 | 136.361645
0233 38.063279 | 138.471681
0510 43.771414 | 142.903019
0574 37.306970 | 137.138544
0202 37.566947 | 140.072680
0914 38.743220 | 141.317863
0791 42.806508 | 143.494972
0853 44.546500 | 142.571168
0542 40.910177 | 140.451565
0050 37.896470 | 138.988865
0759 35.160867 | 139.613842
0883 43.123895 | 143.597702
0141 42.481279 | 142.060223
0944 37.183092 | 140.715997
0017 42.450735 | 139.857668
3005 36.120951 | 139.345170




0234 37.929383 | 139.351465
0575 37.156744 | 136.718760
0511 43.670502 | 143.578155
0176 38.539480 | 141.147540
0915 38.686135 | 141.004335
0792 42.420548 | 141.081058
1101 35.104762 | 136.503757
0543 39.953080 | 141.066330
0113 43.549398 | 144.986963
0884 43.082596 | 140.811119
3070 35.496589 | 138.814037
0636 34.431442 | 136.628399
1162 38.511196 | 139.533822
0945 37.023581 | 140.376270
0204 37.473462 | 139.528628
0018 42.374215 | 140.942406
0606 35.649518 | 138.690381
0177 38.411756 | 140.851369
0235 37.815902 | 138.273068
0576 37.123156 | 136.996068
0512 43.232105 | 145.258951
0916 38.660630 | 141.160719
0297 34.865589 | 138.922254
0052 36.928958 | 137.487230
0544 39.351300 | 140.769184
0114 43.848897 | 143.787257
0793 42.486411 | 143.151974
0607 35.511868 | 139.025776
0205 37.325468 | 140.662112
0019 42.005856 | 143.156531
0267 36.665155 | 138.247467
0946 36.932620 | 140.690150
0977 35.888217 | 136.339579
0236 37.685906 | 139.477888
0577 36.817478 | 136.755651
0513 43.438836 | 144.079621
0546 39.143088 | 141.575489
0179 38.029659 | 140.843988
0053 37.382375 | 136.889166
0856 44.260854 | 143.364587
0115 43.661823 | 145.131435
0886 42.800343 | 143.655538
1008 34.493872 | 136.173149
0794 41.934853 | 140.371234
0638 35.420357 | 136.264746
0144 42.130936 | 142.935389
0608 36.239029 | 137.984550




0020 42.153546 | 139.519600
0947 36.475850 | 140.385691
0547 39.596124 | 141.675287
0268 36.386176 | 138.322523
0578 36.370069 | 136.605333
0180 37.989930 | 140.442574
0514 43.336265 | 142.395347
0237 37.667523 | 138.780505
0054 36.663412 | 136.649940
0299 35.190106 | 136.828832
0548 38.546216 | 140.847874
0116 43.408688 | 144.774327
0857 44.165474 | 142.400900
0795 39.849017 | 141.452591
3073 35.289461 | 138.445699
0887 42.803340 | 142.953686
0609 36.228369 | 137.871750
0021 42.008075 | 140.107324
0269 36.346013 | 138.637796
0579 35.968887 | 136.184992
0181 40.325047 | 140.577349
0515 43.307009 | 144.597660
0238 37.662295 | 139.059120
0549 38.425057 | 141.212910
0300 35.138752 | 137.253563
0919 38.177119 | 140.943689
0055 36.231172 | 136.172974
0117 43.404680 | 141.431175
0364 34.567032 | 136.050386
3074 35.200979 | 138.253514
0796 39.127008 | 140.988456
0858 44.114449 | 142.601247
0888 42.685336 | 140.011777
0022 41.826073 | 140.747826
0980 35.753871 | 138.949989
0270 36.322371 | 137.902815
0580 35.836841 | 136.055983
0949 36.872247 | 139.505314
0516 43.248411 | 141.890933
0182 40.271156 | 140.263661
0239 37.467718 | 138.998010
0920 37.824600 | 140.727664
0797 37.984407 | 140.645637
0301 35.039465 | 137.313164
1106 34.297927 | 136.388492
0118 43.382527 | 145.114961
0210 37.126294 | 140.259928




0147 42.042968 | 140.805541
0859 44.065033 | 144.993504
0023 41.466377 | 140.040652
0889 42.673963 | 143.312796
0271 36.208467 | 138.216485
0981 35.467692 | 138.606868
0611 36.084663 | 137.682627
0551 39.891134 | 139.848935
0517 43.209509 | 140.860617
0183 40.215440 | 140.787335
0950 36.537633 | 139.752790
0240 37.311315 | 138.789982
0799 38.434342 | 140.094631
1107 33.932948 | 136.139969
3044 35.111861 | 140.079268
0860 44.052106 | 141.860750
0272 36.130639 | 138.460973
0149 41.599025 | 140.315890
0024 41.300772 | 141.213275
0890 42.554262 | 142.395924
0582 36.300705 | 139.987766
0612 36.026163 | 138.214484
0184 40.247295 | 140.048679
0241 37.231122 | 138.333571
0800 37.018449 | 140.841646
0120 43.292584 | 140.597072
0212 36.862093 | 140.413270
0185 40.006878 | 140.401988
0273 36.121109 | 137.983011
0983 36.706647 | 138.096727
0150 41.455298 | 140.880506
0026 40.778984 | 140.272982
0861 43.909926 | 143.534157
0553 39.702681 | 140.732849
0583 36.114813 | 139.931499
0519 43.195165 | 145.520496
0059 35.800483 | 137.248373
0801 37.036934 | 139.402233
0952 36.837355 | 139.060852
0242 37.166035 | 138.933720
0121 43.289471 | 143.562424
0213 36.650567 | 140.293423
0274 35.783618 | 137.696260
0027 40.133449 | 141.789096
0554 39.199096 | 140.506691
0520 43.077589 | 141.540116
0151 41.043221 | 140.635892




0802 36.778061 | 138.944817
3047 34.954084 | 139.864078
0243 37.160790 | 138.100191
0954 36.591377 | 138.847891
0924 39.921391 | 140.535855
0028 39.572385 | 141.939962
0122 43.232934 | 144.325031
0214 36.800309 | 140.753912
0275 35.556130 | 138.038317
3079 35.103911 | 138.134901
0187 39.749162 | 140.597045
0615 35.726293 | 137.983889
0555 39.015972 | 139.927495
0863 43.878722 | 143.176695
0521 42.938860 | 143.170567
0893 41.711325 | 140.535026
0152 40.968244 | 141.367963
0803 38.288982 | 140.199916
0244 37.079132 | 138.608723
0029 39.110624 | 141.203919
3015 35.803329 | 140.407007
0955 36.395346 | 139.016710
0123 43.231993 | 143.298020
0215 36.364912 | 140.077947
0925 39.527565 | 140.053927
1174 40.575183 | 140.294993
0188 39.658309 | 140.234213
0586 36.979581 | 139.805748
0616 35.343734 | 137.676399
0556 38.496769 | 140.365152
0864 43.794028 | 145.056862
0986 35.944601 | 137.785436
0804 35.419268 | 139.521923
0153 40.625070 | 141.197831
0522 42.884431 | 141.577417
0245 37.045173 | 137.873847
3049 34916115 | 138.924823
0030 39.967903 | 139.776150
0277 35.317144 | 137.925272
0216 36.344369 | 140.476333
0124 43.120607 | 144.126529
0189 39.549292 | 140.386625
1175 40.921155 | 140.990227
0587 36.776371 | 139.854257
0063 35.128109 | 137.041285
0557 38.148096 | 140.271138
0805 37.828158 | 139.226038




0154 40.577642 | 139.928117
0523 42.773190 | 141.407093
0246 36.993459 | 138.830845
0031 39.398697 | 140.048241
0278 35.246999 | 137.587668
0217 36.854234 | 140.039256
1144 34.970567 | 138.794657
3085 34.776075 | 138.786062
0125 43.057595 | 144.843024
1176 37.336698 | 140.808446
0618 36.285642 | 137.363020
0559 37.615952 | 140.205652
0988 35.815553 | 137.450879
0155 40.523654 | 140.578148
0806 37.776990 | 138.880441
0866 43.710323 | 143.381084
0525 42.551380 | 140.767623
0896 41.160934 | 141.385693
0247 36.865404 | 138.198674
0279 36.335510 | 137.147172
0032 38.894603 | 139.808852
0218 36.665983 | 139.619247
0126 43.056828 | 140.499172
1145 38.901934 | 141.283192
3019 35.710371 | 139.488263
0619 35.911634 | 137.200668
0156 40.515359 | 141.511282
0526 42.473902 | 140.876372
0897 41.121723 | 140.293529
0807 37.498656 | 138.779540
0280 36.033048 | 136.952763
0219 36.598946 | 139.923466
0311 34.547047 | 136.550657
3088 34.939797 | 138.074862
0127 42.985252 | 140.543938
0959 35.143803 | 139.968470
0620 34.855033 | 138.776523
0929 39.054380 | 140.447334
0590 36.542216 | 140.179308
0561 37.424507 | 140.135877
0157 40.291075 | 141.076475
0527 42.060505 | 139.446149
0249 36.634336 | 137.195197
0868 43.644561 | 143.991734
0220 36.769692 | 139.224904
0281 35.973458 | 137.534867
3053 34.751349 | 138.989815




0312 34.433140 | 136.334258
0991 35.723488 | 136.784620
0930 38.938103 | 140.183474
0591 36.616317 | 138.591445
0158 40.405200 | 141.713135
0250 36.578705 | 137.439896
0810 37.589737 | 138.920278
0528 42.123143 | 140.666868
0869 43.555994 | 145.220367
3090 34.941345 | 137.817940
0961 37.540342 | 139.111448
0842 34.954346 | 138.249899
0992 35.523129 | 137.309093
0564 38.056183 | 139.461685
0592 36.234670 | 139.066641
0901 40.508759 | 141.331994
0529 41.976687 | 140.715436
0870 43.545927 | 144.719044
2005 43.528644 | 141.844819
0871 43.521577 | 142.187612
1150 42.557933 | 140.898795
0594 34.761544 | 139.434017
0844 40.834407 | 140.810538
0933 38.628414 | 140.220506
0778 45.219767 | 141.598230
0813 35.114167 | 138.973867
0903 40.271043 | 141.484864
3059 34.121068 | 139.503849
3093 34.715251 | 138.053542
0964 37.107085 | 138.457359
0934 38.170440 | 140.393881
0845 37.361823 | 140.324390
0779 45.126774 | 142.351840
3060 34.059111 | 139.547153
0873 43.473581 | 143.753855
0965 36.778956 | 140.296488
0996 34917341 | 137.152388
0905 39.970955 | 141.662180
0935 37.920585 | 139.879406
0966 36.919508 | 137.026432
0967 36.864344 | 137.551326
3097 34.792836 | 137.791792

Table S3. Locations of GEONET GPS stations used in analysis of Tohoku-oki earthquake.



