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"Ambient Ground Vibration Measurements
at the Livingston, Louisiana LIGO Site

Alan Rohay, Pacific Northwest National Laboratory

1.0 Introduction

An analysis of ground vibration measurements taken at the Laser Interferometer Gravita-
tional Wave Observatory (LIGO) site at Livingston, Louisiana, was conducted to charac-
terize the ambient seismic noise conditions, anthropogenic noise, and wind and acoustic
noise sources. The purpose of this study is to establish site-specific ground vibration sta-
tistics for the design of vibration-sensitive systems.

The instrumentation used, and its calibration and noise characteristics are described below
in Sections 2 and 3. The method of recording at the LIGO site and the observations that
were taken are then described (Section 4). The methods used to prepare spectrograms (a
time-frequency analysis), frequency spectra, and noise amplitude histograms are described
in Sections 5, 6, and 7. Plots of the data and analyses for 24 one-hour segments of the
measurement period are included as separate appendices that generally correspond to each
of the major sections of this report. Section 8 describes the operations during the measure-
ment period of two sets of pipelines that pass beneath the West Arm of the planned LIGO
facility, and characterizes the signals detected from the pipelines. Descriptions and charac-
terizations of other anthropogenic noise and wind noise are presented in Section 8, includ-
ing noise from trains, planes, and automobiles that affect the noise signals at the LIGO
site. ‘

Low-Frequency differential motions between the LIGO Corner and End stations are then
estimated and presented in Section 9. New measurements made at the Hanford LIGO site
are also analyzed for low-frequency differential motion and presented here. Section 10
briefly reviews the results from the Livingston LIGO site and makes a comparison to the
results from the Hanford LIGO site.

In summary, it was found that the noise at the Livingston LIGO site is consistent with ear-
lier measurements made in 1988 by the Louisiana State University; the low frequency
(Iess than 5 Hz) noise is consistently higher than both the LIGO design spectrum and the
measured Hanford noise spectrum. Train traffic observed twice daily increased the noise at
the South End by nearly a factor of 10 from 1 to 5 Hz. Above 10 Hz, the design spectrum
nearly always envelops the observed ground vibration, except when acoustic noise from
‘aircraft is transmitted into the ground.

The oil pipeline passing beneath the West arm appears to generate a significant portion of
the ambient noise at the West End in the frequency range 0.5 to 10 Hz.Measurements -
made directly over the other pipelines suggest that the noise attenuates with distance from
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the oil pipeline, especially at the higher frequencies. This source of noise can have signifi-
cant variations within a given day.

2.0 Instrumentation System Description

The instrumentation used to make the vibration measurements consisted of modern seis-

- mological instruments conventionally used to record small earthquake signals. This sys-
tem consists of three orthogonally-mounted seismometers to sense the ground motion and
a recording system that digitally records the data in the field. A low-frequency (infrasonic)
microphone was recorded in parallel with the seismic data. Wind speed and direction were
also recorded using a separate, low-speed data logger. This section describes the compo-
nents and systems used to make these measurements, and the parameters used to record -
the data.

Seismometers. The measurements at the LIGO site were made with three CMG-40T
three-component broad band seismometers, manufactured by Guralp Systems, Ltd. and
distributed in the U.S. by Digital Technology Associates, Concord, CA. These instruments
detect the relative displacement of the seismometer mass due to an input acceleration with
a capacitive transducer. This signal is amplified and a feedback force is applied to a coil/
magnet assembly to restore the mass position. The instrument has acceleration-, velocity-,
- and displacement-proportional outputs derived from the feedback signal. The data were
collected from the low-gain (nominally 800 V/m/s) velocity output. The velocity output is
different for one of the three seismometers, being attenuated by 3 dB (70%) at 0.033 Hz
instead of 0.05 Hz as on the other two. Although this does not significantly affect the
amplitude response in the frequency band of interest (above 0.1 Hz), it does affect the

~ group delay of the low frequency signals. There are also differences in the high-frequency
responses near 50 Hz. The frequency responses and noise floor of the CMG-40T seismom-
eter have been measured and are described in greater detail in the next section on system
calibration and noise.

Digital Recorder. The data acquisition systems were two Model 72A-02 and one Model
72A-06 from Refraction Technology, Inc. (Reftek), Dallas, TX. These systems are practi-
cally identical. These systems amplify and then digitize up to six input signals with 16-bit
precision (24-bit precision on 3 channels of the Model 72A-06) at 1000 samples/s and dig-
itally applies an anti-alias filter to the output stream at selected sub-rates. This data acqui-
sition system can record each input channel at a different amplification and digitizing rate,
and can record continuous data, data from pre-programmed time periods, or can record
based on a variety of signal threshold triggers. All data collected at the LIGO site were
collected continuously using a sample rate of 250 samples/s and the 16-bit digitizers. The
system used stores up to 2.5 Mb of data internally and periodically copies the data to one
of two 1 Gb disk drives. Precise time is obtained from a Global Positioning Satellite (GPS)
receiver and maintained by an internal crystal oscillator. For these measurements, the GPS
system was operated continuously to provide precise synchronization between the three
measurement locations. Control of the data acquisition system was provided by a hand-
held PC and software provided by Reftek.
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Playback and analysis software. The Reftek disk drives were connected to a SUN/UNIX
workstation and playback software, obtained from the Incorporated Research Institutions
for Seismology (IRIS, Arlington, VA), was used to copy the data from the field disk to the
computer system’s disk. IRIS software was then used to view the data on the computer
screen, and reformat, merge, and otherwise manipulate the data. All data were copied to
8mm tape in UNIX tar format. The software was operated on computer systems provided
by the Physics Department of Louisiana State University during the measurement period.
The IRIS software was then used to convert selected portions of the data to SAC format
(Seismic Analysis Code, from Lawrence Livermore National Laboratory), and the spectral
analyses were conducted using the SAC programs. In addition to the IRIS and SAC soft-
ware, the Splus statistical package (from StatSci, Seattle, WA) was used to generate histo-
grams and some additional graphics.

Infrasound Microphone. The infrasound instrument used was a Model 2 Microphone
from Chaparral Physics Consultants, Albuquerque, NM. It has a 0.4 V/Pa response at the
sensitivity selected and its response to pressure is essentially constant between 0.3 and 100
Hz. Its response is attenuated by 3 dB (70%) at 0.1 and 300 Hz. This instrument was not
calibrated and has only been used for qualitative comparisons to the seismic noise signals
to date. The infrasound signals were recorded as the fourth channel on the Reftek digital
recorder at the same rate (250 samples/s) as the seismic data.

Wind measurement system. Wind speed and direction were measured using an F-460
cross-arm assembly from Climatronix, Bohemia, NY, and recorded on a Campbell 21X
data logger (Campbell Scientific, Inc., Logan, UT). Wind speed was measured with a cup
anemometer and wind direction was measured with a vane. Wind speed and direction were
measured every second, and the average wind speed and direction over a one-minute
period were calculated and recorded by the data logger. In addition to the one-minute
* mean, the peak wind speed during the last minute and the time it occurred was also
recorded. The data were downloaded to a portable PC and converted to ASCII files using
Campbell PC-208 software.

3.0 System Calibration and System Noise

Two of the three seismometers were calibrated previously and the calibration and noise
results were reported previously in the report “Ambient Ground Vibration Measurements
at the Hanford, Washington, LIGO Site. Some of this information is repeated here for
completeness, and a re-calibration of the low-frequency (0.1 to 5 Hz) response of the two
original seismometers and the third seismometer is then presented. The new calibration
results are in good agreement with the original measurements.The manufacturers mea-
sured high-frequency calibration was adopted based on its agreement with the above
report’s measurements. The high frequency response is not used in this analysis because
the response of the seismometers is sufficiently flat to 20 Hz, where the seismometer noise
floor and installation or “coupling resonances begin to degrade the data.
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3.1 Seismometer Calibration

Calibration method. Electrical signals were input to the calibration coil of the seismom-
eters to check the calibration constants of the seismometers. Two types of input signals
were used, step offsets (for low-frequency response measurement), and sinusoidal inputs.
These two methods were previously used to measure the frequency response of the two
original seismometers. Only the low-frequency step calibration was conducted at the end
of the Livingston measurements on all three seismometers. This consisted of inputting a
step voltage into the calibration coil, repeated over twenty times at 45-s intervals with
alternating polarity. The seismometer velocity outputs were digitized at 250 samples/s at a
gain of 1, and the calibration input signal was recorded as a fourth channel. The input and
output signals recorded on the Reftek disk were then copied to the workstations for spec-
tral analysis.

Low Frequency Response. Spectral analysis was performed on both the calibration sig-
nal and the output signals of the nine components tested using the step signals. The spectra
of the inputs and outputs (or their derivatives) were calculated over 20 different step inter-
vals and the average taken to reduce the variance. The ratio of the output to input voltage
spectra (obtained by converting the input acceleration spectra to velocity spectra and pos-
sibly removing the pre-whitening effect from differentiation) was calculated, and normal-
ized to the calibration circuit resistance and the feedback coil constant appropriate to each
component. The result is shown in Figure 3-1 for the three three-component seismome-
ters, normalized to the velocity transduction constants provided by the manufacturer. The
original values agree with those measured to within 5% above 0.1 Hz. This calibration
begins to fail at frequencies higher than approximately 2 Hz because background noise at
this location is high and the high-frequency power in the step inputs is relatively low.

Although all three seismometers are practically flat to velocity from 0.1 to over 20 Hz,
there is a phase response difference at frequencies below 0.5 Hz that can slightly affect the
calculation of signal differences or signal correlations between the seismometers.
Although the phase response and group delay have been measured from these step calibra-
tions, this report will use the smoother results that can be generated analytically for equiv-
alent seismometers corresponding to these measured amplitude responses. The two
original instruments have a response that is simulates a seismometer with a 20-s period;
the third instrument has a 30-s period. These values are in good agreement with those pro-
vided by the manufacturer.

High Frequency Response. The high frequency response provided by the manufacturer
is shown in Figure 3.1 as the smooth roll-off at frequencies above 20 Hz. All nine compo-
nents are shown. The two points indicated as squares in Figure 3-1 show the range of mea-
sured high-frequency responses of the two original three-component seismometers at 50
and 100 Hz. The high-frequency response is within about 10% of the predicted values.

The importance of making a correction for this high-frequency response is diminished
because of the problems with coupling of the seismometers to the soil, resulting in an
amplifying resonance in the frequency range above 40 Hz. A significant portion of the
high-frequency noise above 20 Hz is instrument noise. However, The noise spectra at
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either LIGO site, accounting for the coupling problem, are practically always a factor of
10 or more below the LIGO design spectrum.

3.2 Seismometer Noise

Estimates of the seismometer noise floor and electronic system noise were made previ-
ously using the two original seismometers, as described in the Hanford Ambient Vibration
report. At a quiet site near the Hanford LIGO, signal differences between two identical
seismometers were spectrally analyzed using the same methods as used to calculate the
spectra of the Livingston LIGO measurement sites. Figure 3-2 shows the spectrum of the
signal obtained by subtracting each corresponding component of the time series from the
other. The latter represents the portion of the signal that is not common to both sensors and
which is interpreted as sensor noise. However, there are additional signal differences that
are due to the method of emplacement, including misalignment of the horizontal compo-
nents and possible differences in coupling on the concrete floor. Assuming each of the two
sensors contribute equally to this noise signal, the noise caused by each sensor would be
estimated to be reduced by a factor of sqrt(2) relative to the values plotted in the figure. At
frequencies above 20 Hz, signal difference spectra were previously observed to be as large
as the independent signal’s spectra, so it is clear that only sensor noise is recorded and not -

actual ground motion from 20-100 Hz, or levels below 10712 m/sqrt(Hz). The sensor noise
is more than a factor of 10 below the LIGO design spectrum from 0.1 to 100 Hz, except
for a band near 1 Hz where the seismometer noise is only 6 to 8 times lower than the
LIGO design spectrum.

3.3 Amplifier and Digitizer Noise

Figure 3-2 provides a comparison of the CMG-40T signal difference spectra for all three
channels and an estimate of the noise generated by the Reftek amplifier and digitizer (low-
est curve). The two horizontal signal difference spectra-are offset by factors of 10 for clar-
ity. The vertical noise spectrum is approximately a factor of two higher than those of the
horizontals to nearly 10 Hz. The lowest curve is a spectrum estimated from a simulated
white noise signal with a r.m.s. amplitude corresponding to 1 count on the digitizer. (The
evenly-spaced spikes in this spectrum are an artifact of the random number generator, as
using different seeds changed their position). At the gain actually used in making the
LIGO site measurements, this corresponds to 0.89 microvolts r.m.s. Actual tests by Reftek
indicate that at this gain, the noise is approximately 1.2 uV, so that the noise plotted here
should be increased nominally 30%. Actual quantization noise due to rounding (a signal
with a uniform distribution between -0.5 and +0.5 counts) was also checked and is found
to be a factor of 1/sqrt(12) below the plotted estimate, in agreement with theory. This fig-
ure shows that the seismometer noise signal is well resolved by the Reftek system at the
gain used, but the margin was quite small at frequencies near 10 Hz.
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3.4 Coupling

Returning to the high frequency noise difference spectra in Figure 3-2, there a large
increase in the noise signals for the two horizontal sensors at frequencies between 70 and
80 Hz. A second peak at approximately 90 Hz is also observed. The first is attributed to an
amplification of the actual noise by a rocking oscillation of the seismometers, termed a
“coupling” problem. The effect is much smaller for the vertical channel (not offset in this
plot). The second peak at 90 Hz may also be due to a coupling problem, but may be
affected by the vibration of the disk drive that is used to record the data. The coupling
problem (and sometime the disk drive signal) will also appear in the actual LIGO data,
although the coupling problem is ultimately found to be worse in the soil compared to the
hard concrete surface at the Nike missile bunker.

4.0 Description of Noise Measurements

Measurement Period. Continuous seismic data were recorded at the LIGO site from
October 26 to November 3, 1995. The seismic systems at the South End and West End
were installed on October 26. On October 27 the third seismic system was installed at the
Corner, along with the infrasound microphone and wind measurement system. All these
systems (seismic, acoustic, and wind) operated over the weekend until Tuesday, October
31, when the sites were revisited. Moderate rain had flooded the microphone installation at
.the Corner shortly before recovering the disks from this site. The failure of the micro-
phone system was coincident with a temporary problem noted on the seismic signals, but
the seismic signals had returned to normal by the time of the site visit. Seismic data from
the South End and West End sites was normal throughout the 5-day period (mid-day
Thursday to mid-day Tuesday).

All three sites continued to operate until Thursday, November 2, when heavy rain flooded
the instrument vaults, immersing most of the equipment. Although the recorders contin-
ued to function, the seismometer signals became erratic Thursday morning. The recording
systems were removed on Friday, and the seismometers and remaining equipment were
removed Saturday. Although neither the seismometers nor the recording systems and disks
appeared to be damaged, various internal fuses were blown and the interconnecting cables
and plugs were damaged and/or shorted. Data collected between Tuesday, October 31 and
Thursday morning, November 2, appeared to be normal on the seismic channels at all
three locations.
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Sunday Monday Tuesday Wednesday | Thursday Friday Saturday

299 (10/26) § 300 (10/27) § 301 (10/28)

Corner Start

S End Start

W End Start
302 (10/29) ¥ 303 (10/30) § 304 (10/31) | 305 (11/01) § 306 (11/02) [ 307 (11/03) | 308 (11//04)
Central Microphone Heavy Rain J Recorders Seismic
Standard Removed, & Flooding J| Removed Sensors
Time begins New Disks Removed
309 (11//05) 310(11//6) 311 (11//07) § 312 (11//08)

Pipeline

In summary, the data collection program produced valid seismic data measured simulta-
neously at all three sites for a 6-day period from mid-day Friday, October 27 to Thursday
morning, November 2. Wind measurements were made at the Corner throughout this
period. The acoustic microphone operated for the first four days of this period.

On Wednesday, November 8, the systems were re-deployed at various distances from two
pipelines that cross the West Arm of the LIGO site. These measurements are described in
Section 8. Some of these data were not usable because of damage to the cables, when con-
densation apparently generated cross-connections between some channels or interrupted
power to the seismometer system.

Timing of Seismic Data. Time on all recording systems was synchronized to Greenwich
Meridian Time (GMT) and day of year (termed “Day” in this report). In this report, a one-
hour period will be referred to as “Hour”, so that referring to Day 300, Hour 2200 refers to
the time period 22:00-23:00 GMT on Day 300. It is important to correlate the observed
noise phenomena with anthropogenic noise sources that may occur at times better corre-
lated with local time and calendar day. The measurement period unfortunately included
the change from Central Daylight Time (CDT) to Central Standard Time (CST). GMT is 5
hours advanced from CDT from the beginning of the measurements to Sunday, 2:00 a.m.
CDT, or Day 302 07:00 GMT. Hour 0600 (the one-hour period beginning at 06:00 GMT
and ending at 07:00 GMT) corresponds to 1:00 - 2:00 a.m. CDT. This one-hour period is
immediately followed by the one-hour period 1:00-2:00 a.m. CST, which is Hour 0700
(07:00 to 08:00 GMT). From this time on is GMT is 6 hours advanced from local time
(CST). '

Timing on all three seismic recording systems was synchronized to external GPS clocks
that operated continuously at each site. The recording system is programmed to gradually
adjust its internal time to maintain a time difference of less than 0.1 milliseconds, and
revises the rate of time adjustment whenever the time difference exceeds 0.1 milliseconds.
If a comparison of the internal and external clocks indicates a difference of 16 millisec-
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onds, the internal time is abruptly changed (*“jerked”) into conformance with the external
clock.

During the deployment at the Livingston LIGO sites, prior to the flooding, the timing sys-
tems maintained accuracies of better than 0.05 milliseconds at the two End sites, but the
timing system at the Corner sometimes drifted by up to 0.25 milliseconds when the satel-
lite clock lost sufficient satellite signals for time locking. Although the performance of the
Corner site timing system was inferior to the other two, the larger inaccuracies only repre-
sent a maximum time difference of 1/4000 of a second, which is small in comparison to
the 17250 of a second sampling interval.

Measurement Locations. Measurement locations were selected to be as near to the sur-
veyed locations of the Corner and Ends as was convenient. At the Corner, the site was
moved approximately 100 m North from the survey markers to avoid a roadway. The two
End measurement sites were situated about 30 m external to the surveyed locations. The
entire area had been cleared of trees and bushes, leaving a relatively flat grassy surface
along both arms. Trees left from the logging and bushes left from the grubbing were no
closer than 50 m from any of the measurement sites.

One of the auxiliary outputs of the GPS clock used to synchronize time to GMT is the lat-
itude and longitude of the site. However, this output was not available because the soft-
ware for the clocks does not allow location determination in parallel with continuous time
synchronization. The locations of the measurement sites were instead determined with a
separate, hand-held GPS location system. Below is a comparison of the locations obtained
from Woodward-Clyde Engineers for the LIGO site (map dated 12/22/94). The distance
and azimuth between the corner and the end stations were calculated to be within 23 m of
the 4 km length specified, and the azimuths of the two arms were within 0.1 degrees of
being perpendicular.

Location Name , Latitude Longitude | Distance Azimuth
LIGO Corner | 30.5630 90.7744 - -
LIGO West End 30.5519 90.8143 4.022 252.28
LIGO South End 30.5284 90.7616 4.023 162.28

The table below gives the locations where the seismic measurements were actually taken,
and the distances and azimuths to the surveyed locations above.
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Distance Azimuth
Seismometer Station From From
Location Name Latitude Longitude | LIGO LIGO
LIGO Corner Seismic 30.5637 90.7749 0.097 326.95
LIGO West Seismic 30.5515 90.8145 0.051 203.02
LIGO South Seismic 30.5283 90.7615 0.013 139.12

The azimuths from the surveyed sites to the measurement sites are calculated precisely,
but are not accurate because the distances from the survey points and measurement loca-
tions are small, comparable to the accuracy of the GPS locations. Figure 4-1 shows an
areal view of the LIGO site.

Equipment Installation. Figures 4-2 to 4-6 illustrate stages of the installation process
described below. A 55-gallon drum (approximate dimensions 4’ high and 2.5’ in diameter)
with an open bottom and a removable lid was emplaced at one end of a trench dug in the
clay soil so that the top of the drum was just exposed to the surface. This housed batteries
and the Reftek data acquisition system and disk.

A second drum, cut to 3’ length, was emplaced approximately 1’ below grade in at the
other end of the trench, approximately 8’ from the first. The trench was then filled to grade
except for the area near the barrel for the seismometer. A cement paving stone approxi-
mately 1.5” in diameter was leveled in the clay exposed at the bottom of this drum, and the
seismometer was set on the paving stone and oriented using a compass to an estimated
precision of 2 degrees.

The cable from the seismometer was fed to the data acquisition system through holes cut
in the sides of the drums. A lid was placed on the seismometer barrel and was covered to
grade to dampen acoustic noise. The seismometer cable was buried to prevent damage
from rodents and to reduce electrical noise.

Seismometer orientation. The orientation of the LIGO facility was measured from a
map that indicated the orientation of the LIGO arms were 18 degrees counter-clockwise
from the principal directions. The geodetic calculations using the latitude and longitude
from this map agree with this orientation. The seismometers were oriented using a mag-
netic compass to an estimated precision of 2 degrees. This compass measured the orienta-
tion of the LIGO arms to be only 19 degrees counter-clockwise from magnetic North,
instead of the 22.5 degrees that would be expected from the 1980 magnetic declination
(+4.5 degrees) on a U.S. Geological Survey map. The seismometers’ orientations and the
LIGO arms’ orientations were all measured consistently, and no orientation error has been
introduced. The compass was later found to give the correct azimuths at the Hanford
LIGO site.
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Data recording setup. All measurements were made at a gain of 128 at a sample rate of
250 samples/s. This gain level represented a compromise between recording higher noise
levels and the resolution of lower noise levels at high frequency.

The disk was connected to the switched power connection of the data acquisition system,
so that the disk drive only consumed power when data was dumped from memory to disk.
The vibration caused by the disk drive operating was reduced by wrapping the disk drive
in foam rubber, it is not observable in the ambient noise measurements described here.
However, this noise was observable during the later surface noise measurements made at
the oil pipelines.

Approximately 150 Mb of data were collected at each site each day, which fills the 1 Gb
disk drives roughly every 5 days.

Infrasound measurements. Infrasound data was recorded in parallel with the seismome-
ter signals at the Corner.The microphone was emplaced in a shallow pit covered by two
furnace filters taped between two3’x3’ pegboard panel (the pegboard has 1/4” holes at 2”
spacing in it). This was found to give sufficient isolation from the wind, and is not thought
to affect the amplitude of the low-frequency pressure fluctuations. The acoustic system
was damaged by rain and disconnected November 30.

Wind measurements. Wind speed and direction data were collected from Friday, Octo-
ber 27, (when the Corner seismic system was installed) to the last day of seismic data col-
lection, Friday, November 3. The assembly has a cup anemometer and a wind vane at each
end of a 1-m arm. This assembly was mounted at the top of a rigid tripod assembly
approximately 2.5 m high. The orientation of the wind vane was set by compass to 4.5
degrees West of magnetic North, which was indicated to be true North based on the USGS
map. (This orientation was not set with the same convention as the seismometers, which
were oriented parallel to the LIGO arms.) The data logger’s time synchronized to within
approximately 5 s of the time base of the Reftek seismic recorder.

Observations of anthropogenic noise sources.

The LIGO site is bordered by forested land to the north, but is near roads and rural homes
on the west, south, and east sides. During various site visits, various audible and visual
cues to potential noise sources were noted. There were observations of both low-flying
propeller-driven airplanes (strongly audible) and high-flying jet aircraft (generally barely
audible). It was usual to observe other vehicles on the dirt roads in the area, mostly groups
of hunters with dogs (after dark), and hunters hunting for lost dogs (during the day). On
several occasions, chain saws were audible from the forest to the north of the Corner and
West End sites, and also from the direction of homes to the south of the West and South
Ends. There were groups of cows about at all measurement locations. A railway was
noted, located about 2.5 km south of the South End.

Data selected for analysis. The data were plotted for each day and each seismic compo-
nent. These plots were used primarily to identify sections of data that were affected by a
variety of noise phenomena, or that indicated malfunctions of the systems due to flooding
of the installations. These plots are included as Appendix A.
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For the purpose of characterizing the spectra over a 24-hour period, the time period from
Day 303, 0600 GMT to Day 304, 0600 GMT was selected. This period corresponds to
Monday, October 30, 00:00 to 24:00 CST. This period was chosen instead of the preceding
- Sunday because there appeared to be more seismic and acoustic noise on the Monday
period, without many direct (vehicle drive-by) signals that strongly affect the results.

Data from several other days will also be used for special studies of wind effects, anthro-
pogenic noise, and other phenomena such as low-frequency inter-station signal correla-
tion. Spectrograms of the vertical seismic signals and microphone were generated for
these other days to identify time periods for these special studies. These spectrograms
(described in the next section) principally illustrate the high-frequency (above 5 Hz) noise
variations that generally characterize most anthropogenic noise sources. A subset of these
spectrograms, corresponding to the 24-hour period selected, is included in Appendix C.

5.0 Spectrograms

- Acceleration and Infrasound Spectrograms. Spectrograms are included in Appendix B
for the vertical channel of the seismic signals for the same period that are used to calculate
the 24-hour spectra and histograms (Sections 6 and 7, below), as a means of identifying
the particular phenomena that affect the spectra and histograms. The spectrograms were
constructed by calculating the amplitude spectrum of 720 sequential 5-second segments of
a one-hour time series (900,000 points). The time series data had previously been differen-
tiated to acceleration to flatten the spectrum between 5 to 100 Hz (this also makes the scal-
ing parallel to the LIGO design spectrum in the range 10 to 100 Hz).The display of a
spectrogram consists of arranging each spectrum (one from each 5 s of data) into a
sequential table, so that the table entries correspond to the spectral amplitude at each fre-
quency as a function of time. This table or matrix of amplitudes can then be color-coded,
gray-scaled, or contoured to produce a quantitative representation of the time-frequency
patterns of spectral amplitude variations. For the Livingston data, color spectrograms were
produced for the appendices, and gray-scaled versions of these are included as examples
in the text. One disadvantage to this presentation is that each color/gray scale is different
(the color scale is shown on the left of each spectrogram) depending upon the range of val-
ues being represented. A time series plot of the acceleration signal is included above the
spectrogram at fixed scale on all the spectrograms for reference to absolute noise levels.

An example of an acceleration spectrogram is shown in Figures 5-1. Spectrograms were
also calculated in the same way for the infrasound signals the same day (October 30), and
an example is shown in Figure 5-2. These two spectrograms are for a quiet period at the
Corner measurement site. For comparison, Figure 5-3 shows an acceleration spectrogram
at the Corner during daytime hours, when a vehicle passed the site, and Figure 5-4 shows
the corresponding infrasound spectrogram. Figure 5-5 shows an example from the West
End when a plane flew overhead, and Figure 5-6 shows and example from the South End
when a train passed to the south.
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6.0 Hourly Spectra

Amplitude spectra are presented in Appendix C that were prepared from one-hour seg-

ments of data for a 24-hour period at all three sites. The hourly spectra for Monday, Octo-

“ber 30 from 00:00 CST to 24:00 CST correspond to Day 303 Hour 06 through Day 304

- Hour 05 GMT. Examples of the spectra for a quiet period are shown in Figures 6-1 to 6-.5
for all three components at the Corner site and the vertical components of the South End

~ and West End. The spectra are in units of log-amplitude spectral density; they equal one-

- half the log-power spectral density.

The amplitude spectra were calculated by averaging 39 180-s windows that overlapped the
adjacent windows by 90 s. A 50% cosine taper was applied to each of the windows so that
the effect of the overlap is practically compensated, and the windows have an effective
length of approximately 90 s. Each window was first de-meaned prior to tapering, and
scaled by the appropriate velocity transducer constant. The FFT was then taken of each
window, and the result divided by 2*pi*f to obtain a displacement spectrum, and squared
to produce a power spectrum. Corrections for the window length and taper were made, and
the results saved to temporary files. Averaging is done in two ways: the simple mean of the
power spectra is calculated frequency-by-frequency, and the mean of the logarithm of the
power spectrum is similarly calculated. Claiming that the distribution of the power spectra
is nearly log-normal, the latter provides a robust central estimate that should be close to
the median of the distribution. The mean power spectrum is equivalent to the mean-
squared amplitude spectrum. The spectra are presented on a log displacement amplitude
scale. Therefore, the “median” estimate represents the median amplitude spectrum of a
log-normal distribution of amplitude spectra, and the “mean” estimate represents the r.m.s.
amplitude spectra.

The r.m.s. amplitude spectra are more strongly affected by temporally limited noise events
during the one-hour periods. Figure 6.6 shows an example when a small earthquake signal
was present, Figure 6-7 shows an example when a train passed to the south of the site, and
Figure 6.8 shows an example when a vehicle was driven past one of the sites. These and
other noise phenomena will be described in greater detail in a later section. Identification
of the source of the noise variability is needed to chose whether it is most appropriate to
use the r.m.s. or median spectra for any particular application.

A comparison of the individual amplitude spectra to the r.m.s amplitude spectrum indi-
cates that the r.m.s spectra are exceeded by 1 to 3 of the individual spectra, suggesting an
approximate interpretation as the 97th to 90th percentile (respectively) of the distribution
of the 39 total spectra. The 90th-percentile approximation generally applies to those
instances when the difference between mean and median is small (temporal noise varia-
tions are small), and the 97th-percentile approximation generally applies to those
instances when the difference between mean and median is large (when there are signifi-
cant bursts of noise). If the cause of the noise burst is known, a determination can be made
as to the representativeness of the r.m.s. spectrum versus using the “best estimate” median
value.,
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It is apparent in practically all of the spectral plots that the poor coupling of the seismom-
eter to the clay soil is making the measurements inaccurate near 40-70 Hz, particularly for
the two horizontal components. The apparent amplification of noise now covers a wider
range than was observed when the instruments were calibrated/compared on a solid con-
crete floor. For the horizontal components, there sometimes appears to be an artificial

- “hole” in the spectrum at about 35 Hz.

When the noise levels above 40 Hz approach the 10°12 Jevel (the lowest level shown in
these spectra), the noise is actually at the noise floor of the seismometer as indicated by
the seismometer difference spectra. Because of the coupling problem and the limited noise
resolution at high frequency, the spectra have not been corrected for the amplitude roll-off
of the seismometers’ response, which would merely amplify these effects. The raw
(uncorrected) spectra are accurate to within 10% for all frequencies between 0.1 and 30
Hz. At 50 Hz, the seismometer response is attenuated by 30%, but most spectra have
reached the noise floor of the seismometer in this frequency range.

7.0 Hourly Histograms

Histograms of the signal amplitudes were prepared from one-hour segments of data of the
same 24-hour period used for calculating the spectra at each of the three sites. The histo-
grams for the 24-hour period and the three sites are included in Appendix D.

- The histograms are derived from a set of band-pass filters that isolate the motions in the
frequency bands 0.5-1 Hz, 1-2 Hz, 2-4 Hz, 4-8 Hz, and 8-16 Hz. The data were first fil-
tered and decimated to 50 samples/s with the same anti-alias filter as is applied by the
Reftek recorder. This filtering maintains the full signal amplitude to a frequency of 40 Hz.
The data were then demeaned, a taper applied to-the 0.36 seconds of the beginning and
ending of the data (2/10,000 of the data was affected), and a high-pass, 8-pole Butterworth
filter was applied at 0.5 Hz. The stronger filtering below 0.5 Hz was needed to reduce the
rising amplitude of the low-frequency microseism noise. These time series were corrected
by the appropriate velocity-transducer constants and integrated to produce displacement
time series. A set of 4-pole Butterworth band-pass filters was then applied at the above fre-
quency limits to produce separate displacement time series for each band (only a low-pass
was needed for the lowest frequency band, having already applied the 8-pole high-pass at
0.5 Hz). The spectral amplitudes are reduced 3 dB (to 70%) at the upper and lower band
limits by the Butterworth filters. The spectral effects of the different filters on an example
signal are shown in Figure 7-1. The band-passed time series were then segmented into
short time samples that corresponded to a single cycle of the lowest frequency represented
in each band. This results in the time sampling shown below for each one-hour period.

Frequency Band (Hz) Sample Length (s) Number of Samples
05-1 2 1800
1-2 1 3600
2-4 0.5 7200
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Frequency Band (Hz) Sample Length (s) Number of Samples
4-8 0.24 15000
8-16 0.12 30000

The r.m.s. amplitude was calculated in each sample, and a cumulative histogram of the
number of times r.m.s. ground displacements exceeded levels spaced at logarithmic inter-
vals of 0.05 units were calculated.

Figures 7-2 to 7-6 show examples of the histogram from one of the quietest periods for all
three components at the Corner and for the vertical components at the South End and West

End. Note that the scale of these histograms has been increased to an upper limit of 10°6
m; histograms previously calculated for the Hanford LIGO site had a maximum of 107 m.

There was a slight, brief exceedance of 10% m in the set of histograms for the two horizon-
tal channels at the West End and the north component at the Corner during Hour 14 Day
303 for the frequency band 0.5-1.0 Hz. Figure 7-7 shows the effect on the North Compo-
nent at the West End. A smaller effect is also seen in this set of histograms for the fre-
quency band 1.0-2.0 Hz. This noise burst at relatively low frequency is caused by a
magnitude 5 earthquake that occurred at 1448 GMT near the west coast of southern Mex-

ico (16.6°N, 99°W).

_[[[The seismic signal can be observed to arrive at all three LIGO sites at approximately

' 1454 GMT although the signal on the West horizontals at 1452 is the actual beginning of
the signal (see the time series in Appendix A). The increase is also observable in the r.m.s.
spectra for this Hour in Figure 6-6 and Appendix C.}]]

The effect of short-duration noise events that occur during each hour period generate a
characteristic effect on the histograms that is a complementary presentation of the differ-
ences described in the previous section between the r.m.s. and median spectra. In the spec-
tra in Figure 6-6, the frequencies that are increased by the noise phenomenon are found in
the histogram of Figure 7-7 to be shifted to the right (higher amplitudes) at lower probabil-
ity of exceedance values (approximately 10%). Figure 7-8 and 7-9 show the histograms
corresponding to the train and car effects shown on the spectra in Figures 6-7 and 6-8.

8.0 Pipeline Noise
There are several identifiable sources of noise at the Livingston LIGO facility, primarily
resulting from anthropogenic sources including pipelines, train traffic, and aircraft. The

most significant noise source appears to be a crude oil pipeline that crosses the West Arm
of the LIGO site and most strongly affects the West End measurements.

8.1 Description of Pipelines.

Two sets of pipelines cross the West Arm of the LIGO site along two north-south-oriented
right-of-ways (see Figure 4-1. The flow of material within the pipelines and/or pressure
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fluctuations from nearby pumps may generate seismic vibrations that are transmitted into
the ground along the pipelines. The western right-of-way crosses the LIGO West Arm 0.5
miles from the West End (approximately one-fifth of the distance from the West End to the
Corner), and contains the three Transcontinental pipelines. The eastern right-of-way
crosses the LIGO West Arm 0.8 miles from the West End (approximately one-third of the
. distance from the West End to the Corner), and contains the two Shell pipelines, called the
' “Capline” and the “Choctaw pipeline”, and the smaller Enterprise pipeline.

The potential noise effects of the pipelines are expected to be largest at the West End com-
pared to the Corner or South End measurement sites, and to be larger still at the point
where the pipelines cross the beam tube. These pipelines and their levels of operation dur-
ing the measurement period are described below, followed by a description of data analy-
ses that sought to detect and characterize the seismic vibrations from the pipelines at the
West End measurement location. Limited measurements made directly over the pipelines
(and at short distances away) were also collected and analyzed, and these results are
described at the end of this section.

Transcontinental Gas Pipelines. This set of three pipelines crosses the LIGO West Arm
along the western right-of-way (0.5 miles from the West End). One 24-inch-diameter and
two 30-inch-diameter pipelines carry natural gas (gaseous phase). The pressure is esti-

mated to b approximately 750 psi (52 times atmospheric pressure) near the LIGO site. The

combined flow of natural gas through all three pipelines averages 1.0 to 1.2 billion ft3/day
(equivalent volume at 1 atmosphere or14.7 psi). Flow rates during the period of measure-

ments ranged from 0.93 to 1.07 billion ft3/day. Flow in the pipelines is to the north, gener-
ally driven by Compressor Station 62, located 70 miles to the south, but during periods of
high need Station 63, located 35 miles to the south, will also be used. During the measure-
ment period, pressure measurements at Station 62 and 63 were within a ten percent of 900
and 825 psi, respectively. Station 62 has nine integral compressors ranging in horsepower
from 1440 to 5500, and all operate at 325 r.p.m.

These three pipelines have been in continuous operation over the past 10 years. During the
measurement period there were no significant fluctuations or interruptions in the operation
of this pipeline. Station 63 was not operating during the measurement period, but 3% of
the gas flow was being diverted to a gas storage field (Station 64) at a branch in the pipe-
line from Station 63, thereby reducing the operating pressure and flow somewhat near the
LIGO site.The pressure at the LIGO site is estimated to drop an additional 75 psi in the 35
miles between the measurement point to the south. In the period of time following the
pipeline vibration measurements, Station 63 has been brought on line and is scheduled to
remain operational until further notice, potentially increasing pressure levels and noise
near the LIGO site.

Shell “Capline”. The Capline is the easternmost of the three pipelines within the eastern
right-of-way and carries a wide variety of crude oil grades northbound in a 40-inch diame-
ter pipe. The Capline is pressurized at the St. James pump station (Mile Pole 0) to pres-
sures ranging from 500 to 700 psi and is later measured in the range 250 to 400 psi at the
block valve at Mile Pole 28 (located twelve miles south of the LIGO site). The Capline is
repressurized at the Pine Grove Station (Mile Pole 46), six miles north of the LIGO site.
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Throughputs on the Capline ranged from 0.95 to 1.2 million barrels/day during the mea-
surement period. During this time, the Capline experienced two periods of downtime,
from 3:30 a.m. to 6:55 a.m. CDT on October 27, and from 9:28 p.m. CST November 2 to
7:46 a.m. CST November 3. This first of these two periods was observed at the West End
seismic site. The second period when this pipeline was not operating occurred after the
flooding and has not been examined. During the first shutdown, all 5 of the pump units at
the St. James pump station were off and the pressure measured at Mile Pole 28 dropped to
60 psi for two hours. :

The Capline flow rate throughout the year reaches a maximum of 1.2 million barrels/day,
so the pipeline was flowing practically at the maximum during the measurement period.
Capline flows are maintained above 0.7 million barrels/day to minimize the mixing of dif-
ferent crude oil grades in the pipeline. Once or sometimes twice per week, the flow in the
Capline will be shut off for several hours, when oil is input to the pipeline network at a dif-
ferent point, north (upstream) of the Livingston area. These characteristic periods of
downtime were noted during the measurement period. The grade of oil is changed 3-5
times per day, with each “batch” containing 200,000-300,000 barrels. Oil batches are
changed on an irregular schedule throughout each day. A “pig” is sent through the Capline
only 2-3 times each year to clean the inside of the pipeline (it is not used to separate differ-
ent grades of crude oil). The pig is a 40” diameter rubber sphere weighing about 1500 1bs.
An instrumented device for measuring the condition of the pipe is only used once every 5-
6 years. No “pigs” were run through the pipeline during the measurement period.

Shell Choctaw Pipeline. The Choctaw pipeline is 20 inches in diameter, and is the west-
ern-most of the three pipelines within the eastern right-of-way. The Choctaw carries liquid
CO2 at pressures between 1200 and 1350 psi. This pipeline is operated solely by the natu-
ral pressure at the source well (there are no pumps), and to a lesser extent by gravity. The

density of the liquid is approximately 22 1bs/ft3 at 105°F at the top of the well, but is
cooled to ground temperature (50°F) in the pipeline and there has a density of approxi-

mately 53 Ibs/ft3. Flow of material is to the south, even though the pressure increases
southward due to gravity. During the measurement period, the operating pressure mea-
sured at Mile Pole 142 (2 miles south of the West Arm) was constant within 3% of 1300

psi. Throughputs on the Choctaw averaged 6.7 million ft3/day during this time period. The
flow in this pipeline does not vary significantly throughout the year and the flow rate dur-
ing the measurement period is near the maximum of the range.

Enterprise Pipeline. Enterprise operates a 6 inch diameter pipeline down the center of the
eastern right-of-way, between Shell’s Choctaw pipeline and Capline. The Enterprise
pipeline is carries liquid propane at pressures ranging from 600 to 1400 psi. The LIGO
facility is about half-way between two pumping stations 20 km north and south of the site.
This pipeline routinely transports S00 to 700 barrels/hour, up to 1000 barrels/hour during
the months of November-February. During the measurement period, the system was oper-
ating in the 500 to 700 barrels/hour range, but was shut down over the weekend, from 6
am CDT Saturday, October 28, to 7am CST Monday, October 30. On November 8, when
measurements were being taken at the pipelines, this pipeline was shut down at 8:40 pm
CST, but the data taken after 7:40 p.m. were suspect and were not examined.
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Summary of Pipeline Information. The table below summarizes the overall characteris-
tics of the pipelines. Clearly, the Capline oil pipeline has the largest mass flux of any of the
pipelines, and this pipeline therefore is expected to have the largest potential for generat-

ing vibrations. This pipeline carries a wide variety of crude oil grades and these will have
different densities and viscosities, and has weekly shutdowns..

Western Right-of-Way Eastern Right-of-Way

Transcontinental - Choctaw  Enterprise Capline
Diameter (in.) 24 30 30 20 6 40
Material Natural Gas Liquid Liquid Crude Oil
Description CcO2 Propane (various)
Pressure (psi) 750 (est.) . 1300 600-1400 250-400
Flow Volume 1000 @s.t.p. - 0.13 0.1 6.2
100 ft3/day 20 @51atm.
Est. Flow 18 0.7 5.8 8.2
Rate(ft/s) ‘
Density, Ib/ft> 0.036 33 32 44
Mass Flow 0.7 6.7 3 260
108 Ibs/day

Volumes were calculated based on a 42 gallon or 5.6 ft* barrel. Densities of propane and
crude oil are estimated from average specific gravities of 0.5 and 0.7 relative to the density
of water. Density of natural gas estimated from average specific gravity of 0.55 relative to
air compressed to 52 atm. (750 psi). Flow rates are estimated from the flow volume
divided by the pipeline cross-section area.

8.2 Pipeline Noise at West End.

Measurements taken on Friday morning, October 27 at the West End measurement loca-
tion provide isolation of the noise component due to the Capline. The Capline was shut
down from 03:30 to 06:51 CDT, corresponding to the middle of Hour 8 and the end of
Hour 11 on Day 300. Spectrograms were generated for the frequency range 0-25 Hz for all
three components of motion at the West End for Hours 06 through Hour 14 that span the
period when the Capline was shut down and re-started. Figures 8.2-1 to 8.2-3 show the
acceleration time series and spectrograms from the selected eight hour period. The effect

of the pipeline is strongest on channel 2 or the “North” component, (actually N18°W, par-
allel to the South Arm but also most nearly parallel to the pipeline). On shutdown, there is
an increase in the noise amplitude and then a repetitive, decaying series of impulsive sig-
nals that are interpreted to be due to a “water-hammer” or “surging” effect of the pressure
drop that ultimately propagates back and forth in the pipeline. This can be seen more
clearly in the one-hour spectrogram shown in Figure 8.2-4. The restarting of the pipeline
flow is less definitive. The time that the pumps were noted to be restarted corresponds to a
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large spike in the time series of Figures 8.2-2 and 8.2-3 (the two horizontal components) at
just after 21,000 s on the time series, but there are additional, or unrelated, noise sources

that gradually increase the noise in this frequency band (also note the sudden onset of two
lines in the spectrograms at 2 and 4 Hz) prior to the onset of flow. Also, there appears to be
a gradual increase in the amplitude and bandwidth of the noise after the pumps are started,

- suggesting a relationship to increasing flow rates.

| Figures 8.2-5 to 8.2-13 show the spectra for the three components at the West End for a

one-hour period each before, during, and after the shutdown. Noise on the vertical channel
is not much different between the periods before and during shutdown, but is significantly
greater after the shutdown. The spectral signature of the pipeline noise prior to the shut-
down is a modulated (or scalloped) spectrum between 2 and 8 Hz. In contrast, the noise
spectra after restart are increased to higher levels on all three components over a broader
frequency range that extends below 1 Hz. During this later period, the modulated spec-
trum, observed prior to the shutdown, is generally superseded by this relatively smooth
noise increase. Either this pipeline generates varying levels and spectral characters of
noise when operating conditions change, or another noise source is superimposed over the
pipeline noise during the later period.

Low Frequency Spectrograms. The variability of low-frequency noise, potentially due
to the Capline, or due to other noise sources that might be superimposed upon this source,
was investigated by generating low-frequency spectrograms (0.5 to 5 Hz) for several entire
days of measurements. These spectrograms and time series are for the vertical and infra-
sound channels only, and are included in Appendix E.

Figures 8.2-14 to 8.2-16 show examples of these spectrograms for the vertical components
at the three measurements sites for Day 303, which corresponds to 6 pm Sunday, October
29 to 6pm Monday, October 30. Figure 8.2-17 shows the spectrogram for the Corner site’s
infrasound microphone signal for this same time period. There is generally an increase in
seismic (and acoustic) noise during working hours (the left half of the spectrograms, 0-
43,200 seconds, correspond to nighttime, 6pm to 6am, and the right half of the spectro-
grams, 43,200 to 86,400 seconds, correspond to daytime, 6 am to 6 pm). Similar increases
are observed at all three measurement sites during daylight hours, but each site has dis-
tinctly different characteristics during daylight hours. The Corner and South End sites
have numerous high-amplitude short duration noise bursts, compared to the West End,
where a steady noise is observed for the morning hours (6 am to 1 pm CST). Monday,
October 30, was the day chosen for complete analysis (the spectrograms, spectra, and his- -
tograms in Appendices B, C, and D), and appears to have as much or more low-frequency
noise during daylight hours compared to the other days measurements were taken.

It was noted above that the Enterprise pipeline was shut down over the weekend from
approximately 6:00 am CST Saturday, October 28, until 7:00 am CST Monday, October
30. No significant reductiomof noise was observed at the time of shutdown at the West
End measurement location, but a large increase was observed Monday morning at 7 am
CST that persisted unchanged until 4 pm that day. The pipeline, however, continued to
operated at nominal flow volume throughout the remainder of the measurement period.
Note that flow in the Enterprise pipeline is only 1% that of the Capline; this noise observa-
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' tion is not attributed to the Enterprise pipeline. The source of this frequent “work-hour”

noise has not been identified.

Changes in the viscosity of the crude oil in the Capline might account for changes in the
noise levels at the West End measurement site. However, these changes do not occur on a
| regular basis, and occur more frequently (several times each day) than the observed

- “daily” noise fluctuation.

|

8.3 Noise Measurements near the Pipelines.

After the measurements were made at the Corner, South End, and West End locations, the
systems and cables were repaired from water damage and redeployed at various distances
(see Figure 4.1 for measurement locations) from the two pipeline right-of-ways for peri-
ods ranging from one to 4 hours. In many cases problems were noted in the field that indi-
cated un-characteristic noise signals were being recorded. On later analysis, it was
determined that cabling was sometimes developing cross-channel connections from con-
densation and these data had to be discarded. Other data were also noted to be uncharac-
teristic of previous measurements and were also discarded. There were measurements
made at several sites for several components that appeared to be correct and these are pre-
sented here. Figure 8.3-1 shows some photographs of the deployments at the pipeline mea-
surement locations.

These installations made at the pipelines were made by setting the concrete paving stone
on the grassy surface, and packing soil beneath it until a stable platform was obtained for

the seismometer. The seismometers were oriented so “North” was directed N20°W paral-
lel with the South Arm of the LIGO facility. The seismometer and pad were then covered
with a 55-gallon barrel cut to 2/3 height, and lined with 3” thick foam rubber for thermal
and acoustic isolation (Figure 8.3-1). The recorders and batteries were simply set on the
soil adjacent to the barrel. When some electrical connections were determined to be fail-
ing, some shorter cables had to be used that had not been damaged, resulting in placing the
disk drive in close (3 feet) proximity to the seismometer. This generated some periodic
noise when the disk drive operated. Figure 8.3-2 shows the measurement location at the
Shell pipelines and 0.1 miles east of the Shell pipelines. Flgure 8.3-3 shows the measure-
ment location on the Transcontinental pipelines.

Measurements made November 8 directly over the Transcontinental and Shell pipelines
were limited to the vertical channel. Spectra for the two sites for the same half-hour peri-
ods are shown in Figures 8.3-4 and 8.3-5. The spectra virtually overly one another at fre-
quencies below 3 Hz, but the measurements made over the Shell pipelines exceed those
measured over the Transcontinental pipelines from 3 to 10 Hz. The spectra for the Shell
pipeline look similar and have comparable amplitudes compared to those measured at the
West End during the measurement period. Considering that the distance from the Shell
pipelines to the Transcontinental pipelines is approximately 0.25 miles, this can be inter-
preted as a measure of the attenuation with distance of the vertical-component noise from
the Shell pipeline. Above 20 Hz, there appear to be resonance or coupling effects on these
vertical-component spectra. This problem is usually not as noticeable on the vertical chan-
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nels, but may be due to the installation of the seismometer pads on the natural grass-cov-
ered surface at the pipelines.This resonance is stronger for the spectra made at the
Transcontinental pipeline, and may be excited by these three pipelines, but the true effect,
if any, is obscured by the potential resonance problem interpretation.

Three-component measurements were successfully made at two additional locations 0.1
and 0.3 miles east of the Shell pipeline. The spectra for these two different time periods
are shown in Figures 8.3-6 to 8.3-11. Spectra for the vertical component are progressively
reduced with increasing distance from the Shell pipeline in the frequency range of 3 to 10
Hz compared to the measurements made directly on the pipeline (Figure 8.3-4). The hori-
zontal components also show an apparent decrease with distance, in addition to significant
high-frequency resonance effects. These spectra also show that there are significant |
~ changes in the overall noise spectrum between the three time periods, with changes due to
distance potentially being created by temporal changes in the noise source.

The set of measurements made near the pipelines tend to indicate that the Shell pipelines
are the primary noise source, and that the high-frequency differences between sites are
artifacts of the installations. There is some evidence for attenuation of the noise with dis-
tance, but the known temporal variability of the noise makes this interpretation subject to
error.

9.0 Other Noise Sources.

9.1 Train Traffic

An Illinois Central Railroad passes approximately 1-1/2 miles south of the South End sta-
tion of the LIGO site. Long-duration (10 minute) noise increases were observed on the

" time-series traces each day, generally during Hour 02 and Hour 05, corresponding to 7-8
p.m. and 10-11 p.m. CST. The spectrogram for the Hour 05 train was shown in a previous
section for the South End site (see Figure 5-6). Spectrograms for the Corner vertical com-
ponent and infrasound channel are shown in Figures 9.1-1 and 9.1-2. These spectrograms
are dominated by a high-frequency signal, but a low-frequency signal can also be observed
(see Figure 5-6 where the seismic signal is stronger at the South End, and the color spec-
trograms in Appendix B). The high-frequency component consists of a multiple-banded
signal that sometimes shifts in frequency in a complex way (considered to be related to the
speed of the engine), but which has an overall frequency sweep consistent with a doppler
shift. The low-frequency component does not appear to have similar structure. The high
frequency component is observed mst clearly on the infrasound microphone spectrogram
(located at the Corner) and so is likely to be acoustically transmitted to the sites.

The seismic signal is strongest at the South End but is observed at all three measurement
sites, and can be observed on the low-frequency spectrograms in Appendix E at approxi-
mately 10,000 and 20,000 seconds into the time series and spectrograms. Figure 9.1-3
shows a low-frequency spectrogram for the South End station showing the two night-time
train signals from October 30. Figures 9.1-4 and 9.1-5 shown the low-frequency spectro-
grams for the Corner vertical component and infrasound channels. The second train can be
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faintly detected on the infrasound spectrogram at low frequency. The train signals for the
previous day are also clear on the low frequency spectrograms shown previously (see Fig-
ures 8.2-14 to 8.2-16). '

Illinois Central Railroad’s Baton Rouge office confirmed that trains pass Livingston at
about these times each day, but in addition, trains also pass at 2-3 a.m. and 8-9 a.m local
time. A search for similar effects during these periods indicates that these two morning
trains did not generate signals as large as the evening trains (02 and 05 GMT), although
other noise sources sometimes obscured the 8-9 a.m. train signal.

Figure 9.1-6 to 9.1-8 show the spectra of the Hour 0500 GMT train signal at the three
sites. The r.m.s. spectrum is increased by a factor of three in the frequency range from 1 to
5 Hz. Figure 9.1-9 shows the train’s effect on a set of histograms for the vertical channel at
the South End.At probability levels below 10%, the two bands 1-2 and 2-4 Hz exceed the
amplitude of the 0.5-1 Hz band (normally the largest). The 4-8 Hz band is also affected by
the train signal.

9.2 Acoustic Phenomena

There is an overall similarity between the spectrograms of the acoustic microphone and
the vertical seismic signal at the Corner measurement site. In many cases, some of the
larger episodes of higher noise on the seismic channel can be attributed to anthropogenic
acoustic noise that is transmitted into the ground at the measurement site, particularly at
high frequencies. Such noise phenomena affect different components of the LIGO facility
in ways that are different from noise transmitted through the earth. In fact, it appears that
much of the high-frequency noise can be attributed to atmospheric sound sources. Appen-
dix F contains a set of infrasound spectra for the 24 hours of October 30. '

Low Frequency Acoustic Noise. The acoustic spectra measured at LIvingston have a sig-
nificantly different character than observed at Hanford. Some of this difference may be
due to improved shielding from wind-induced noise and significantly lower winds during
the measurement period. At low frequency, the Livingston infrasound noise is sometimes
peaked at 0.6-0.8 Hz during quiet periods (Figure 9.2-1). At Hanford, the spectrum of
infrasound was peaked at frequency below 0.2 Hz and was interpreted as the equivalent
“micro-barom” signal with the same source as the 0.15 Hz “microseismic” noise. This
infrasound noise will sometimes be correlated with the low-frequency seismic signals in
its temporal variation, and will be considered again when the low-frequency correlation
studies are presented in the next section.

Line spectra. These features appear as spikes in the spectra and as horizontal lines in the
spectrograms. The spectrograms shown previously for the vertical and infrasound chan-
nels (see Figures 5-1 and 5-2) tend to emphasize a set of high frequency lines above 30
Hz. These are not as notable as previously observed at Hanford. The most conspicuous
line in the spectra occurs at 10 Hz for the infrasound microphone and for the vertical seis-
mic channels (Figures 9.2-1 and 9.2-2). Additional lines at approximately 2.1 and 6.5 Hz
are evident at lower frequencies in the acoustic spectra, and these are common to nearly all
the acoustic spectra in Appendix F. In contrast, the seismic spectra do not appear to admit
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the 2 Hz acoustic noise, yet another spike appears at 5 Hz on some of the horizontal chan-
- nels (see Figure 9.2-3 for example). The 5 Hz line was not present in the acoustic spec-

. trum. At higher frequencies, the spectral lines are more variable, but commonly include

. spikes at 20 and 30 Hz as shown in Figure 9.2-1. Line spectra at the other two stations are
- consistent with the above comments relating to the 5, 6.5, and 10 Hz spectral lines, and

. also commonly exhibit the 20 and 30 Hz or other additional line spectra.

~ Aircraft “Glide Tones”. These are common features in the infrasound spectrograms and
occur as sigmoidal or “s-shaped” patterns in the spectrograms. Flgure 9.2-4 shows an hour
spectrogram with several good examples of these features. The aircraft glide tones can be
a dominant source of acoustic noise, as shown by the relatively louder one in Figure 9.2-5.
These signals are transmitted into the ground and are recorded on the seismic channel. The
corresponding seismic seismograms are shown in Figures 9.2-6 and 9.2-7.

During the quietest periods at the LIGO site, the same frequency range occupied by the
aircraft glide tones is discerned to have very faint tones that decrease linearly with time
instead of the s-shaped pattern described above. The source of these signals is not known,
but could be due to very distant or very high aircraft. Although these too are observed on
the seismic channel, they do not for a distinct temporal increase in the time series, but may
represent a minimum background of acoustic noise that will always be present.

Also distinct from the glide tones are “amorphous acoustic blobs” that can be seen fre-
quently in the spectrograms of the acoustic and seismic signals in Appendix B (see Fig-
ures 9.2-4 through 9.2-7 for additional examples). These are not related to bursts in wind
speed, and wind speeds for the day chosen for analysis have maximum peak wind speeds
of approximate 4 m/s (see below); such winds do not usually create significant noise.
These are not associated with corresponding low-frequency noise that is observed from
passing vehicles (see Figure 5-3 and 5-4).

9.3 Wind Speed

Wind speed measurements for the measurement period are shown in Figure 9.3-1, and for
October 30 for a 24-hour period that was chosen for analysis.Peak wind speeds during the
day chosen for analysis never exceeded 5 mv/s. Two one-hour segments of data from the
end of Day 305 were chosen to observe any potential wind speed effects. The wind speeds
measured during these two hours at the Corner are shown in Figures 9.3-3 and 9.3-4. The
spectrograms of the thrge components of the seismic signals at the Corner are shown in
Figures9.3-5 and 9. Z%/{é';here is no apparent correlation of the spectrogram with the
period of 5-10 m/s winls in the earlier of the two periods, and so it is concluded that winds
of this magnitude have no appreciable effect on the noise amplitudes. The same negative
result was obtained by observing the amplitude of time series band-passed in a variety of
frequency ranges. Because this is one of the periods when the wind was the strongest dur-
ing the measurement period, it can be concluded that no detectable wind signals are
expected for this set of measurements.
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- 10.0 Inter-Site Signal Correlation

' Analysis of earthquake signal correlation. As a means of checking the timing, phase
response, polarity, and amplitude response of the signals at the three sites, signals from an
earthquake located near the coast of central Chile were selected from the data on Day 305.
This earthquake occurred at 00:35:32 at latitude 28.9 S, longitude 71.4 W, at a depth of 20
km, and had a magnitude of approximately 6.4. According to additional information about
this earthquake, positive polarity compressional waves are predicted at the Livingston, LA
site with an apparent velocity of 16 km/s from azimuth161 degrees. This practically coin-
cides with the orientation of the South. Arm of the LIGO facility, so it implies that the
South seismic station should detect these waves in advance of the Corner by 0.25 s, and

“the West seismic station should detect these waves simultaneously with the Corner.

Figure 9.1 shows the time series from all three vertical-component channels. It clearly
illustrates the positive polarity of the first-arriving wave at about 952 seconds on this plot,
and the strong coherence of the earthquake signals. It also illustrates the lack of coherence
of the noise preceding the arrival of the earthquake signals. Other sections of the seismic
waveform were also examined for the three north-south and three east-west channels to
insure that all signals had the same polarity and amplitude. :

In order to check the timing and phase response of the three seismic systems, a sample of
the three vertical signals was taken from 950 to 970 s, the ends of the signal were tapered
to zero to remove end effects for the subsequent two-pass (forward and reversed) band-
pass filtering from 0.4 to 0.6 Hz. (This isolates the higher-frequency component in the sig-
nal which is better for determining the time delays; there is an obvious lower-frequency
content to the waveform as well.) A conventional frequency-wavenumber analysis pro-
duces the contour plot in Figure 9.2, which indicates that the azimuth of wave approach is
measured to be 121 degrees and the apparent velocity across the array is 22 km/s.

A second method used to determine the azimuth and velocity of the waves uses the lag
time of the maximum of the cross-correlation function, shown in Figure 9.3. This mea-
surement indicates that the South End was advanced relative to the Corner by only 0.16 s,
but that the West End was also delayed by 0.12 s relative to the Corner. This implies a
travel time over a 4 km distance equal to the geometrical sum of the delays (sqrt(0.16"2 +
0.1272)) or a 4-km travel time of 0.2 s. Using simple geometry, the result is that the signals
are crossing the array at 20 km/s from an azimuth of 125 degrees, in approximate agree-
ment with the frequency-wavenumber result. Similar results were obtained using other
portions of the earthquake signal as recorded on these horizontal components. The effect
of converting the 30-s response seismometer signals at the West End to be equivalent to
the 20-s seismometer signals at the Corner and South End also did not significantly affect
these tests, which are effectively made at a 2-s period. '

It is common for earthquake travel times to be systematically delayed or advanced by
0.05-0.1 s at different locations, but there are no significant elevation differences between
the sites, nor any significant geophysical differences expected beneath these three loca-
tions. This suggests that there may be instrumental and/or numerical limits to the resolu-
tion of ambient noise correlation at this time scale (0.05 to 0.1 s). The difference in the
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phase responses of the instruments was effectively corrected, but was not a large factor at
the dominant frequency of the earthquake signals. The phase differences, relative to those
expected based on geophysical predictions, could result from the relatively low signal-to-
noise ratio of the data. Additional, larger, earthquake motions were not available to further
test the limits of the signal phase measurements.

NOW need to complete this section on the noise signals

11.0 Conclusion

In summary, it was found that the noise at the Livingston LIGO site is consistent with ear-
lier measurements made in 1988 by the Louisiana State University; the low frequency
(less than 5 Hz) noise is consistently higher than both the LIGO design spectrum and the
measured Hanford noise spectrum. Train traffic observed twice daily increased the noise at
the South End by nearly a factor of 10 from 1 to 5 Hz. Above 10 Hz, the design spectrum
nearly always envelops the observed ground vibration, except when acoustic noise from
aircraft is transmitted into the ground. The oil pipeline passing beneath the West arm
appears to generate a significant portion of the ambient noise at the West End in the fre-
quency range 0.5 to 10 Hz.Measurements made directly over the other pipelines suggest
that the noise attenuates with distance from the oil pipeline, especially at the higher fre-
quencies. This source of noise can have significant variations within a given day.

The seismometer selected for these measurements, and it’s method of installation, limited
the reliability of the measurements above 30-40 Hz. This “coupling” problem could possi-
bly be reduced by a re-design of the emplacement. However, this single instrument
strongly indicates that there are no significant noise sources above 30 Hz and so has served
its purpose. An absolutely water-sealed installation would be recommended in the future.
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Recalibration of All Seismometer Channels
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