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Summary 
 

This project has supported a graduate student researcher and the PI to research several topics 
pertaining to the use broadband displacement waveforms from integrated GPS/seismic regional 
networks for enhanced earthquake early warning (EEW) and rapid earthquake response. The 
addition of the GPS component provides at least two benefits: (1) the ability to compute accurate 
broadband displacements in real time at the precision and rate of collocated accelerometer data 
for any size earthquake, in particular in the near field and (2) to enhance EEW algorithms by 
consideration of finite fault slip. We have made progress in all our four objectives and published 
several papers referenced below: 

 
(1) Improved real-time estimation of earthquake magnitude and intensity from highly-accurate 

broadband displacement (and velocity) waveforms derived from GPS/seismic integration, in 
particular for large earthquakes and using the first few seconds of data (Melgar et al., 2013; 
Crowell et al., 2013). 

(2) Developed scaling relationships to predict coseismic deformation on-the-fly from peak 
ground displacements, to enhance rapid earthquake characterization including CMT solutions 
and finite fault models (Crowell et al., 2013) 

(3) Placed a lower bound on the size of earthquakes that can be detected with displacement 
waveforms estimated from a combination of GPS and low-cost MEMS accelerometer data. 
(Geng et al., 2013). 

(4) Tested five prototype low-cost strong-motion packages. The units, consisting of a Geodetic 
Module and a MEMS accelerometer package, are designed to plug into existing real-time 
GPS stations and stream 1-5 Hz GPS and 100 Hz accelerometer data. The five units will be 
deployed at five CRTN stations in southern California after laboratory tests at UCSD are 
completed, which are in their final stages. The merged data streams will then be input to a 
Kalman filter to estimate displacements (and velocities) in real time on a continuous basis to 
test the EEW algorithms. 
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Technical Report 
 

Our progress this past year 
is summarized in this report 
under the title of each of the 
four proposed objectives.    

(1) Improve real time 
prediction of earthquake 
magnitude and intensity 
from highly-accurate 
broadband displacement 
(and velocity) waveforms 
derived from GPS/seismic 
integration, in particular 
for large earthquakes and 
using the first few seconds 
of data. 

Figure 1 from our analysis of 
the 2011 Mw 9.0 Tohoku-oki 
earthquake in Japan provides a 
general overview of our 
research.  

We used the Tohoku-oki 
event to further establish the 
benefit of our seismogeodetic 
approach compared to double 
integration of accelerometer 
data through automated 
baseline correction schemes. It 
is well known that data from 
strong motion stations, which 
have been the workhorse of seismology for analyzing large events close to the source, are 
problematic due to unresolved rotational motions as summarized in Bock et al. (2011). However 
renewed efforts into automatic correction schemes for strong motion data have once again 
become a research topic of seismology. For example, Wang et al. (2013) demonstrated that these 
corrections might be feasible.  

Figure  1.  Shown  are  the  displacement  and  velocity waveforms 

estimated by  combination of GPS and accelerometer data  for a 

coastal station during the 2011 Mw 9.0 Tohoku‐oki earthquake in 

Japan (from Crowell et al., 2013) derived by real‐time simulation. 

The  critical  points  here  are  that we  can  detect  the  incoming  P 

wave  in  the  near‐source  region  allowing  for  rapid  magnitude 

estimation using  scaling  relationships, observing  the permanent 

displacements here at the several meter  level, and reducing the 

time  for CMT and  finite  fault slip  inversions to 2‐3 minutes. The 

actual response times are shown in the top left panel. 
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 Figure 2 demonstrates the time 
domain performance of the 
combined approach against the 
automatic correction of seismic data 
alone. In Melgar et al. (2013) we 
found by analysis of 48 stations that 
recorded the Tohoku-oki event that 
automatic correction to seismic data 
alone is not guaranteed to converge 
to the correct displacement solution. 
Furthermore we also found that 
waveforms may be corrected to 
levels that look plausible with no 
way to objectively determine 
whether the correction was 
successful or not. Additionally we 
analyzed in that work the frequency 
domain performance of our 
combined GPS/Accelerometer 
Kalman filter approach and that of 
the automated correction of seismic 
data alone. We found that the frequency error incurred from corrections to seismic data alone is 
well within the frequency band of interest to source modeling as well as seismic engineering. 
Thus, we concluded that while it is desirable to have an algorithm to objectively and 
automatically correct accelerometer data from accelerometer data alone it is currently not 
feasible. Finally we concluded that the seismogeodetic (Kalman filter GPS/Accelerometer) 
combination produces reliable results, automatically and objectively, which allows one to resolve 
the full spectrum of seismic energy radiated from the source. 

(2) Develop scaling relationships to predict coseismic deformation on-the-fly from peak ground 
displacements, to enhance rapid earthquake characterization including CMT solutions and 
finite fault models. 

P-wave scaling relationships (from Crowell et al. 2013). Real-time seismogeodetic 
displacement and velocity data are useful for earthquake early warning systems (EEW) that are 
based on the amplitude (Pd) or predominant period ( 	 	 ) of the initial P wave 

[Nakamura, 1988; Wu and Kanamori, 2005]. The use of Pd to predict magnitude has been 
particularly troublesome because the relationship appears to saturate at high magnitude, that is, 
for events with M > 7. The seismogeodetic displacements may provide a significant 
improvement in the scaling relationship with Pd because they contain the low frequency 
component of shaking for large amplitude signals, and do not require the typical high pass 
filtering at 0.075 Hz (13 s) that is applied to seismic records to assure stable integration to 

 

Figure 2. Results of applying  the automatic  correction  to 

seismic data alone, using  the baseline  correction  scheme 

(ABLC) of Wang et al.  (2013). The comparison  is made to 

the Kalman  filter, uncorrected accelerometer  integration, 

and  1  Hz  GPS.  Station  AOM011  is  296  km  from  the 

centroid.  Station  GNM004  is  430  km  from  the  centroid. 

The dashed blue lines indicate the P‐wave arrival. 
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displacement. For large events at nearby stations, the amplitude of the P-wave displacement 
monotonically increases with time within the few seconds, making it a robust estimate of 
earthquake size independently of the predominant frequency. Using the first three to five seconds 
of horizontal P-wave displacement for seven events ranging in size from Mw 4.6 to 9.0 including 
the Tohoku-oki earthquake, we derived a Pd relationship that appears to hold for large 
earthquakes. We estimate M 9.1 ± 0.3 within 39 s of origin time using a single station, or M 9.0 
± 0.3 in 42 s with three stations for the Tohoku-oki earthquake (Figure 1). Our scaling 
relationship indicates that earthquake rupture may be deterministic [Olson and Allen, 2005]; 
however, we need to investigate the scaling of more large earthquakes to back up this claim. The 
lack of saturation indicates that the sensitivity to low frequencies of the seismogeodetic data 
provides important source physics information that cannot be obtained with seismic data alone. 

Line-Source CMT Solutions (from Crowell 
et al., 2013)  
We outlined the success of centroid moment 
tensor (CMT) computations from GPS-derived 
static field data (Melgar et al., 2012). We 
discussed its importance in terms of rapid 
source modeling and addressed the fact that 
for very large sources like the Tohoku-oki 
event the point source assumption fails. We 
thus proposed to model such large sources 
with higher order moment tensors. We have 
found that such a procedure is burdensome. 
The computation of derivatives of the Green 
functions and the non-linear iterative nature of 
the inversion algorithm necessary for such 
computations led us to conclude in our initial 
tests that it was not a robust approach for 
higher order modeling. 

We refocused the rapid CMT computation 
effort into distributed point sources with good 
success. Because the CMT derived from static 
field data has no temporal dependence one can 
superimpose point sources arbitrarily while 
maintaining the inversion linear. Figure 3 
demonstrates the results of applying this technique to the Mw 9.0 Tohoku-oki event where we 
superimpose point sources into a line source. As before (Melgar et al., 2012) we combine a 
formal L1-norm minimizing inversion for the line source with a grid search over many possible 
line source locations and orientations, and assign the final solution to the line source with eh best 
fit to the observed data. The final moment tensor is the average of all point sources that 

 

Figure  3.  Results  of  the  superposition  of  point 

source  CMTs  into  a  line  source  (beach  ball 

labeled  fastCMT  and  red  dots).  The  moment 

release from the line source is in the white panel 

and  compared  to  the  static  slip  inversion  (from 

Crowell et al. (2013) 
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constitute the line weighed by their individual moment release.  
This technique is described in Crowell et al. (2013) and compared to the results of a rapid 

static slip inversion. What we find in that work is that the moment release from the line source 
result brackets the main asperity from the slip inversion. This is an important result; slip 
inversions provide a view of the heterogeneous nature of the source but require one to assume a 
faulting surface. The subduction environment is complex and in addition to regular mega-thrust 
rupturing events it can also accommodate outer rise normal-faulting events or even strike slip 
events if there is a non-negligible oblique component to the plate convergence direction. Thus 
simply assuming that all large events rupture with a thrust mechanism and on the plate interface 
might be unwise. The line source CMT solution allows one to test this assumption by providing 
information on the faulting mechanism location and the longitudinal extent of rupture in real-
time. This then guides the decision on how to carry out the higher order modeling such as slip 
inversions. That is whether it is correct to assume the event is rupturing the mega-thrust or if it is 
occurring on an auxiliary fault plane.  

(3) Place a lower bound on the size of earthquakes that can be detected with displacement 
waveforms estimated from a combination of GPS and low-cost MEMS accelerometer data. 

We analyzed data from smaller 
events recorded during the 2012 
Brawley seismic swarm in 
southern California (Geng et al., 
2013) and demonstrated the lower 
limit of applicability of our 
combination algorithm which 
could resolve small amplitude P-
waves for these events at local 
distance scales. Similarly, in 
Crowell et al. (2013) we 
demonstrated that P-wave 
measurements can also be made in this fashion for great earthquakes. These 3 papers, Melgar et 
al. (2013), Geng et al. (2013) and Crowell et al. (2013) coupled with our previous work in Bock 
et al. (2011) in aggregate demonstrate that the seismogeodetic (GPS/Accelerometer) 
combination is superior to GPS-only or seismometer-only approaches at recovering the full 
spectrum of seismic motions for medium to large events. Also we demonstrated in Geng et al. 
(2013) that the methodology is suitable for measurement of events ranging from local distances 
and magnitudes as low as M4-5 to regional distances (Figure 4) and magnitudes as high as Mw 
9.0; that is all events that can have a significant societal impact. 
 

Figure 4. Small amplitude P‐waves from a M4.6 event from 

the Brawley seismic swarm recorded at station P506/WLA 

~20 km from the source. The comparison is made between 

the Kalman filter combination of GPS and accelerometer and 

the integrated result of a nearby broadband seismometer. 
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(4) Test five prototype low-cost strong-motion packages 

We have built five prototype units consisting of a Geodetic Module, a low-cost MEMS 
accelerometer package, and a low-cost MEMS meteorological package to support a prototype 
early warning system (Figure 5) being developed with NASA funding. The units are designed to 
upgrade existing real-time 
GPS stations and transmit 
time-tagged 1-5 Hz GPS 
data, 100 Hz 
accelerations, and 0.1 Hz 
meteorological data 
(pressure and 
temperature). We are 
currently testing the units 
and will be deploying the 
first one at PFO in the 
next few weeks. The 
merged data streams will 
then be input to a Kalman 
filter to estimate 
displacements (and 
velocities) in real time on 
a continuous basis to test 
the EEW algorithms. In 
the first phase of the 
project, the estimation of 
displacement and velocity 
waveforms will be 
performed at a central 
server at Scripps; in the second phase this will be done within the Geodetic Module as shown in 
Figure 5. For Phase 2 we have transitioned from GPS relative network positioning to precise 
point positioning with ambiguity resolution (Geng et al., 2013). Using P-wave scaling 
relationships for magnitude described above, this opens up the possibility of providing early 
warnings based on semi-autonomous single stations. 
 
 

  

Figure 5. Schematic of prototype early warning system using Scripps 

hardware units designed to upgrade existing real‐time GPS stations. 

The GPS and two MEMS sensors (accelerometer & met package) are 

connected to the Geodetic Module and time synchronized. In Phase 

2,  displacement  and  velocity  waveforms  will  be  estimated  in  the 

Geodetic Module. These data will be the basis for real‐time alerts. 
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Outreach Activities 

Our SCEC research was presented at the following venues: 

Bock, Y. (2012), SOPAC/CSRC Update, The League of California Surveying Organizations, La 
Jolla, Dec. 13. 

Bock, Y. (2013), Early Warning and Rapid Response for Mitigating Natural Hazards, E.W. 
Scripps Associates Science Event: Behind-the-Scenes at Scripps: “Shaken, Not Stirred,” SIO, 
February 7. 

Bock, Y. (2012), Earthquake & Tsunami Early Warning and Structural Monitoring with 
Seismogeodesy, Society of American Military Engineers (SAME), San Diego, Dec. 12. 

Bock, Y. (2012), Director’s Report, CSRC Fall Meeting, SIO, October 25. 
Bock, Y. and A. Andrew (2012), Director’s Report, CSRC Spring Meeting, SIO, May 25. 
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