Earthquake Picket Fence Performance Analysis

Edgard Bonilla, Isaac Aguilar, Brian Lantz
November 2022

1 Background

During the periods where the interferometers are not locked, no astrophysical
measurements can be made with them. During O3b, the total coincident time
when the two LIGO observatories were in low-noise operation makes up for 66%
of the run [1], with the Hanford (LHO) and Livingston (LLO) observatories
running 78.3% and 78.1% of the time respectively. This means that the numer-
ous observations and events of this run [2], there is still a lot of science we are
missing out on. Consequently, improving the duty cycle of the observatories is
one of the main undertakings necessary to increase the scientific output of the
observatories.

As shown in [3], seismic activity (namely, earthquakes) is the leading cause
for lockloss in the interferometers. Much effort has been devoted to developing
early alert systems [4] and a special control strategy, the EQ mode [5] to help
the observatories survive earthquakes while in low-noise operation. These im-
provements have indeed played an important role in increasing the robustness
of the observatories, as shown in [5]. However, there is still room to improve.
The SEISMON predictions are more than a factor of 5 away from the measured
ground motion about 45% of the time, which limits our ability to use the EQ
mode effectively. Improvements in this predictive ability, as well as eventual
tuning of the controls will likely have a significant impact in the robustness of
the interferometers.

1.1 Picket Fence

The earthquake picket fence is one complementary and parallel addition to the
SEISMON predictions. It attempts to observe rather than predict earthquakes
before they arrive at the observatories. This is achieved by tapping into the
data of multiple seismic surveys, which is available online through the ObsPy
python package [6, 7, 8]. The idea is that by observing the measurements from
sufficient seismometers in a “fence” around each observatory, we can accurately
estimate the amplitude of the ground motion at the sites before the earthquake
waves get to them. This increased accuracy can be used to better inform the
control decisions at the observatories, ultimately leading to increased robustness
of the interferometers.
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Figure 1: Picket stations around the Hanford (LHO) and Livingston (LLO)
observatories. The green lines represent the equivalent virtual location where
a particular station would be to get the same warning time for surface waves
arriving from a different direction to the respective observatory in the center of
the map.

The first practical implementation of the picket fence idea for the LIGO
observatories is documented in [9], and it has gone through multiple iterations
to the form we analyze in this document.

In what follows, we compile a few details of the current implementation of
the picket fence. Then proceed to analyze a few performance metrics that will
be relevant for evaluating its effectiveness as part of an early alert system for
earthquakes at the observatories.

1.2 Picket fence stations

A map of the Hanford (LHO) and Livingston (LLO) observatories’ picket fence
stations is shown in Fig. 1. The image shows the stations in an equidistant
aziumuthal projection relative to the observatory they encircle. This projection
preserves the relative distance between all points in the map and the observa-
tory in the center. The green solid lines going through each station represent
the equivalent warning distance from the picket station to the corresponding
observatory if the earthquake is coming from a different direction. As such, it
represents the virtual zone of warning that the picket fence provides around the
observatories.
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Figure 2: Unwrapped picket fence distances to the respective observatory. These
diagrams are documented in [SEI log xxx], and [SEI log xxx].

1.3 Expected Warning times

Using the diagrams from Fig. 1 and an estimated Earthquake surface wave
speed of about 4 km/s, we expect that the picket fence will be able to provide
information about the surface waves between approximately 55 to 125 seconds
at LHO and 85 to 290 seconds at LLO.

2 Analysis of prior earthquake data at the picket
fence.

In this section, we analyze a shortlist of earthquakes as a first proof-of-concept
test for the predictive power of the picket fence.

For each event in the shortlist, we associate a picket station per observatory
(the closest one to the epicenter), and analyze the maximum amplitude, the
warning time and other metrics of interest below.

2.1 Data availability

2.2 Maximum amplitude comparison

We can compare the maximum amplitude of the lowpassed earthquake wave-
forms between the observatories and the relevant picket station for each earth-
quake event. The direct comparison is shown in Fig. 3, where it can be ap-
preciated that the amplitude of the ground motion is comparable at the sites
with the picket fence, this could represent an opportunity to improve the recent
results by SEISMON [10] also represented in Fig. 3. The amplitude of ground
motion at the picket fence appears to be within a factor of two of what is seen
at the observatories about 90% of the time for LHO and 70% for LLO (see Fig.
4, a significant improvement from the current accuracy of within a factor of five
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Figure 3: Comparison between the maximum earthquake amplitudes predicted
by SEISMON (blue dots) [10], and the predictions of the picket fence if we as-
sumed that the amplitude at the early warning picket station is equal to the one
at the respective site. For the events considered the picket fence measurements
are able to outperform the SEISMON predictions on average.

65% of the time from SEISMON. These results are preliminary, and likely will
change as more earthquake data is included, but are nonetheless a promising
indication of the potential of the picket fence.

2.3 Warning time comparison

2.4 First ground oscillations

As documented in [11], It has also been observed that the picket fence is very
good at predicting the first few oscillations of the earthquake waveform. This
has been shown to be related to direct observation of the P-waves of the seismic
event [12], however more analysis needs to be carried to exploit the potential
advantages of such detections. Two examples of this behavior are shown in
Figures 5 and 6 for earthquake events originating in Alaska.
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Figure 4: Coverage percentile versus factor of prediction for the earthquake
picket fence. We can see that the picket fence observes a max amplitude of the
earthquake that is within a factor of two of the one observed at the corresponding
site in 80% of the analyzed data.
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Figure 5: Comparison between first few oscillations of an earthquake as seen in
LHO (blue trace), and the NLWA picket station (orange trace). The waveforms
have been time shifted about 30 seconds to match the peaks [11].

2.5 P-wave prediction
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Figure 6: Comparison between first few oscillations of an earthquake as seen in
LHO (blue trace), and the NLWA picket station (orange trace). The waveforms
have been time shifted about 30 seconds to match the peaks [11].

References

1]
2]

The LIGO Scientific Collaboration, “Detchar summary pages.”

The LIGO Scientific Collaboration, The Virgo Collaboration, and The KA-
GRA Collaboration, “GWTC-3: Compact Binary Coalescences Observed
by LIGO and Virgo During the Second Part of the Third Observing Run,”
2021.

A. Pele, “Lockloss status at beginning of O3 (LLO),” LIGO Document
G1901122, 2019.

N. Mukund, M. Coughlin, J. Harms, S. Biscans, J. Warner, A. Pele,
K. Thorne, D. Barker, N. Arnaud, F. Donovan, et al., “Ground motion
prediction at gravitational wave observatories using archival seismic data,”
Classical and Quantum Gravity, vol. 36, no. 8, p. 085005, 2019.

E. Schwartz, A. Pele, J. Warner, B. Lantz, J. Betzwieser, K. Dooley, S. Bis-
cans, M. Coughlin, N. Mukund, R. Abbott, et al., “Improving the robust-
ness of the advanced ligo detectors to earthquakes,” Classical and Quantum
Gravity, vol. 37, no. 23, p. 235007, 2020.

M. Beyreuther, R. Barsch, L. Krischer, T. Megies, Y. Behr, and J. Wasser-
mann, “Obspy: A python toolbox for seismology,” Seismological Research
Letters, vol. 81, no. 3, pp. 530-533, 2010.



[7]

T. Megies, M. Beyreuther, R. Barsch, L. Krischer, and J. Wassermann,
“Obspy—what can it do for data centers and observatories?,” Annals of
Geophysics, vol. 54, no. 1, pp. 47-58, 2011.

L. Krischer, T. Megies, R. Barsch, M. Beyreuther, T. Lecocq, C. Cau-
dron, and J. Wassermann, “Obspy: A bridge for seismology into the scien-
tific python ecosystem,” Computational Science & Discovery, vol. 8, no. 1,
p. 014003, 2015.

G. Johns, S. Reid, and R. Send email to this author Fisher, “Earthquake
Picket Fence LVK Meeting 2020,” LIGO Document G2001601, 2020.

N. Mukund, “SEISMON repository of data.”

I. Aguilar, “Picket Fence Update,” tech. rep., LIGO SEI log 1981, Nov
2022.

I. bonilla, “Comment to: Picket Fence Timing Analysis,” tech. rep., LIGO
SEI log 2003, Nov 2022.



