CALIFORNIA INSTITUTE OF TECHNOLOGY

Laser Interferometer Gravitational Wave Observatory (LIGO) Project

To/Mail Code: Distribution
From/Mail Code: Linda Turner/102-33
Phone/FAX: 395-3047/304-9834
Refer to: LIGO-1.950473-00-P
Date: June 1, 1995

Subject: Ambient Ground Vibration Measurements at the Hanford, WA LIGO Site

The referenced report, prepared by Battelle Pacific Northwest Laboratory, is attached for your
information. The submittal consisted of a summary report and nine appendices.

e:11t

cC:

Summary Report Only “#860-€950572-00-0
Fred Asiri Fred Raab Robbie Vogt/Bill Althouse - Detector Group
Barry Barish Gary Sanders Albert Lazzarini - Integration Group
Mark Coles Tyler Jackson - Parsons Stan Whitcomb - R & D Group

Summary Report with Appendices - LIGO-C950573-00-O through LIGO-C950581-00-0

Lisa Sievers MIT

Chronological File
Document Control Center

InterOffice Memorandum 1



Lo -C950572-00-17
(o] s

Ambient Ground Vibration Measurements
at the Hanford, Washington LIGO Site

Alan Rohay, Pacific Northwest Laboratory

1.0 Introduction

An analysis of ground vibration measurements taken at the Laser Interferometer Gravita-
tional Wave Observatory (LIGO) site at Hanford, Washington, was conducted to charac-
terize the ambient seismic noise conditions, anthropogenic noise, and wind and acoustic
noise sources at the LIGO site. The purpose of this study is to establish site-specific
ground vibration statistics 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 is 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. The plots of the data and analysis results are included as
separate appendices that generally correspond to each of the major sections of this report.
Special studies of highway traffic, heavy equipment, wind, and acoustic noise sources are
contained in Section 8. A study of wind noise at a large nearby building is presented in
Section 9. Section 10 briefly reviews the results and some lessons learned.

In summary, it was found that the original LIGO design spectrum is a close approximation
to the ambient ground vibrations measured at the site. The design spectrum below 1 Hz is
usually slightly lower than the observed “microseism peak” during the period of the mea-
surements. From 1 to 10 Hz, several transient phenomena including rush hour traffic,
heavy equipment operations within 4 km, and wind speeds in excess of 10 m/s are
observed to increase ground vibration to levels above the design spectrum. Above 10 Hz,
the design spectrum nearly always envelops the observed ground vibration.

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 at each site using a separate, low-speed data logger. This section describes
the components and systems used to make these measurements, and the parameters used
to record the data.
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Seismometers. The measurements at the LIGO site were made with a CMG-40 three-
component broad band seismometer, manufactured by Guralp Systems, Ltd. and distrib-
uted in the U.S. by Digital Technology Associates, Concord, CA. This instrument detects
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
attenuated by 3 dB (70%) at 0.05 and 50 Hz. The frequency response and noise floor of the
CMG-40T seismometer were measured and are described in greater detail in the next sec-
tion on system calibration and noise.

In addition to the CMG-40T seismometer, a second CM-40T seismometer and a CMG-3T
seismometer were used for some of the measurements. The CMG3-T has a similar design,
but has a different frequency response outside of the 0.05 - 50 Hz range, and has a noise
floor that is reported to be a factor of 10 or more lower than that of the CMG-40T. A com-
parison of these three seismometers is also included in the next section.

Digital Recorder. The data acquisition system was a Model 72A-02 from Refraction
Technology, Inc. (Reftek), Dallas, TX. It amplifies and then digitizes up to six input sig-
nals with 16-bit precision at 1000 samples/s and digitally applies an anti-alias filter to the
output stream at selected sub-rates. This data acquisition 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 thresh-
old triggers. All data collected at the LIGO site were collected continuously using a sam-
ple rate of 250 samples/s. 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 oscilla-
tor. Control of the data acquisition system was provided by a hand-held PC and software

- provided by Reftek.

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 IRIS software was used to convert selected portions of
the data to SAC format (Seismic Analysis Code, from Lawrence Livermore National Lab-
oratory), and the spectral analyses were conducted using the SAC programs. In addition to
the IRIS and SAC software, the Splus statistical package (from StatSci, Seattle, WA) was
used to generate histograms 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 sig-
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nals to date. The infrasound signals were recorded as the fourth channel on the Reftek dig-
ital 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

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. The current in the coil (deter-
mined by a 10 K ohm resistor) induces an acceleration of all three transducers. Two types
of input signals were used, step offsets and sinusoidal inputs. Sinusoidal inputs were input
for a duration of 10 or more cycles, at frequencies ranging from.0.025 to 150 Hz. Different
amplitudes of input signals were used in different frequency ranges to obtain as near to
full scale digitization when recorded on the Reftek recorder. The step test was repeated
over fifteen times at 20-s intervals with alternating polarity. The seismometer velocity out-
puts were digitized at 250 samples/s at a gain of 1, and the calibration input signal was
recorded as a fourth channel at a digitization rate of 1000 samples/s and the same gain. ‘
Figure 3-1 shows examples of the seismometer output for the vertical channel of the two
seismometers. The input and output signals recorded on the Reftek disk were then copied
to the workstations for spectral analysis.

Analysis of Step Calibration. Spectral analysis was performed on both the calibration
signal and the output signals of the six components tested. The fourier spectra of the
inputs and outputs was calculated over 16 different step intervals and the average taken to
reduce the variance. The ratio of the output to input voltage spectra (obtained by convert-
ing the input acceleration spectra to velocity spectra) was calculated, and normalized to
the calibration circuit resistance and the feedback coil constant appropriate to each com-
ponent. The result is shown in Figure 3-2 for the two three-component seismometers, nor-
malized to the velocity transduction constants provided by the manufacturer. The original
values agree with those measured to within 5%. This calibration begins to fail at frequen-
cies higher than approximately 5 Hz because background noise at this location is high and
the power in the step inputs is relatively low when referred to a velocity spectrum.

Analysis of Sinusoidal Calibration. Amplitudes were measured from the sinusoidal
input and output signals. The best results were obtained when the root-mean-square
(r.m.s.) amplitude of the signals was measured, although comparable results (not pre-
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sented here) were obtained for peak amplitude measurements. The ratio of the output to
input signal amplitude was again normalized to the calibration circuit resistance and the
feedback coil constant appropriate to each component. Figure 3-3 shows the results, nor-
malized to the velocity transduction constants provided by the manufacturer. The results
are again within 5% of the provided constants in the flat portion of the velocity spectrum,
‘and the high-frequency filters of the seismometer are well-resolved. The effect of the anti-
alias filtering done by the Reftek recorder appears at 100 Hz.

Spectral Amplitude Corrections 0.1-100 Hz. Equations to correct the velocity output of
the seismometers to be flat from 0.1 to 100 Hz were derived and their effect on the spec-
trum is shown in Figures 3-4 and 3-5. However, these have not been used to correct the
spectra in this report because the response of the seismometers above approximately 40
Hz is strongly affected by resonances or coupling problems in the field installations. No
correction would have been needed at frequencies as low as 0.1 Hz, the lowest frequency
considered here. The velocity output is flat within 10% for frequencies between -.1 and 30
Hz. The velocity output rolls off by 30% by 50 Hz.

3.2 Seismometer Noise

A different, quieter site than was used for the seismometer calibration was located at an
abandoned subterranean Nike missile bunker located 7.8 km southwest of the LIGO
Southwest End. The two CMG-40T were set on the concrete floor and covered with an
inverted 55-gallon drum lined with 3”-thick foam to maintain temperature stability, elimi-
nate air currents, and to reduce acoustic noises. The seismometers were mutually oriented
and recorded at the same gain and digitizing rate on the six channels of the Reftek
recorder. A one hour segment was selected that was among the quietest periods, and spec-
tra were calculated using identical methods to the spectral calculations made on the LIGO
site measurements. This involves taking 39 180-s overlapping samples and calculating the
mean of the logarithm of the squared spectral amplitudes (see below for greater detail).

Figure 3-6 shows the two spectra from the two vertical channels of the two seismometers,
which practically overly one another, and the spectrum of the signal obtained by subtract-
ing one 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. 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, the'signal and noise spectra overly one another and it
is clear that only sensor noise is recorded and not actual ground motion from 20-100 Hz.
The sensor noise is more than a factor of 10 below the LIGO design spectrum throughout
this entire range.

At frequencies nearl Hz, the signal difference spectrum is nearly equal to the individual
sensor spectra, and it is in this range that the two sensor spectra can be seen to diverge.
This indicates that these sensors have only marginally detected actual ground noise in the
1 Hz frequency range. The noise signal spectrum lies approximately a factor of 3 below
the LIGO design spectrum at 1 Hz (not including the sqrt(2) factor). The noise spectrum
falls as approximately f25/2 from 0.1 to 10 Hz and then flattens at higher frequencies.
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Figures 3-7 and 3-8 show the same spectra taken for the “north” and “east” horizontal
channels. Practically all of the comments made about the vertical channel also apply to the
two horizontals, but the horizontal noise is essentially a factor of two lower than the verti-
cal at frequencies below 10 Hz (along the portion with the fA5/2 fall off).

In addition to comparing the two identical seismometers, the CMG-40T #4160, used for
all measurements at the LIGO sites, was also operated in parallel with the CMG-3T that
was used to make the measurements at the Moses Lake aircraft hangar. The CMG-3T is
reported to be approximately a factor of 10 quieter than the CMG-40T at frequencies
below 30 Hz.

Flgures 3-9, 3-10, and 3-11 compare the spectra for an hour period on the vertical, north,
and east channels (note the amplitude scale is shifted from the previous figures). At fre-
quencies above 20 Hz, it is not apparent that the high frequency noise is any lower for the
CMG-3T sensor than for the CMG-40T. But around 1 Hz, the CMG-40 vertical noise
spectrum is observably higher than the CMG-3 vertical noise spectrum, confirming the
result obtained by the inter-comparison of two CMG-40 signals and differences. This
effect is significantly reduced on the two horizontal noise comparisons, being somewhat
more apparent on the “east” channel. '

3.3 Amplifier and Digitizer Noise

Figure 3-12 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, as observed previously. The lowest curve is a spectrum esti-
mated 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 agree-
ment with theory. This figure 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.

3.4 Coupling

Returning to the high frequency noise difference spectra in Figure 3-12, there an 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. These are 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
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plot). The coupling problem will also appear in the actual LIGO data, although this is ulti-
mately found to be worse in the sandy soil compared to the hard concrete surface at the
Nike missile bunker.

4.0 Description of Noise Measurements

4.1 LIGO Site Installation Description

Measurement Period and Timing of Seismic Data. Seismic data were recorded at the
LIGO site from November 23 through December 14, 1994. Data were taken at the North-
west End from November 23 to December 1, which included the Thanksgiving Holiday
weekend (November 24, Thursday to November 27, Sunday). Data were taken from
Thursday, December 1 to Wednesday, December 7 at the Southwest End and from Decem-
ber 7 to Wednesday, December 14 at the Corner. This resulted in obtaining at least two
week-end and three work-week days of recording at each site.

Sunday Monday Tuesday Wednesday | Thursday Friday Saturday
327 (11/23) | 328 (11/24) | 329 (11/25) | 330 (11/26)
NW End NW End NW End NW End

331 (11/27) | 332(11/28) | 333 (11/29) | 334 (11/30) | 335(12/01) | 336(12/02) { 337 (12//03)

NW End NW End NW End NW End NW End SW End SW End

338 (12//04) § 339 (12//05) § 340 (12//06) | 341 (12//07) | 342 (12//08) | 343(12//09) | 344 (12//10)

SW End SW End SW End SW End Corner Corner Corner

345 (12//11) | 346 (12//12) | 347 (12//13) | 348 (12//14)

Corner Corner Corner Corner

The measurements were conducted during the period of active grading, graveling, and
packing of the site, and although this presented the opportunity to evaluate the effects of

nearby construction activity, it prevented obtaining representative data during the daytime
hours of the work-week. It also prevented operation of the system at the exact location of
the planned location of the Corner and End Stations.

Time was synchronized to Greenwich Meridian Time (GMT) and day of year (termed
“Day” in this report) using the GPS receiver. It is important to reference these times to
local time and to the day of the week. GMT is 8 hours advanced from Pacific Standard
Time (PST). Therefore, 4PM PST on Wednesday, November 23 (when the first measure-
ments were made) represents the beginning of Day 328 in GMT.

Measurement Locations. A relatively flat location within approximately 200 m of the
center of the LIGO arms was selected which approximated the condition of the graded
arms. These sites were as close as possible to the edge of the graded area.
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One of the auxiliary outputs of the GPS clock used to synchronize time to GMT was the
latitude and longitude of the site. The locations determined by JUB Engineers, Inc. for the
LIGO site are shown below to an approximate precision of 10 m. The distance and azi-
muth between the corner and the end stations were calculated to be within 20 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 46.4551 119.4077 - -
LIGO Northwest End 46.4842 119.4383 3.993 324.00
LIGO Southwest End 46.4340 119.4496 3.983 233.89

The table below gives the locations where the seismic measurements were taken, and the
distances and azimuths to the corresponding sites of the LIGO construction. These loca-
tions are mapped in Figure 4-1.

Distance Azimuth
Seismometer Station From From
Location Name Latitude Longitude | LIGO LIGO
LIGO Corner Seismic 46.4534 119.4059 0.243 143.65
LIGO Northwest Seismic 46.4837 119.4369 0.121 116.73
LIGO Southwest Seismic 46.4358 119.4507 0.219 337.48

Equipment Installation. Figures 4-2 to 4-6 illustrate stages of the installation process. A
55-gallon drum (approximate dimensions 4’high and 2.5’ in diameter) with an open bot-
tom and a removable lid was emplaced in a hole dug in the sandy soil so that the top of the
‘drum was just exposed to the surface. This housed batteries and the Reftek data acquisi-
tion system and disk.

A second drum was cut to 3’ length and emplaced approximately 1’ below grade in a sec-
ond hole approximately 15° from the first (this was limited by the length of the provided
cable). A cement paving stone approximately 1.5’ in diameter was leveled in the sand
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 orientation of the LIGO facility was measured from a map that indicated the orienta-
tion of the LIGO arms were 22 degrees counter-clockwise from the principal directions.
The actual orientation of the arms is given in the table above, 36 degrees counter-clock-
wise from the principal directions. Therefore, the measurements reported here are not par-
allel and perpendicular to the LIGO arms, but are rotated by approximately 14 degrees
clockwise from the actual orientation of the LIGO arms. It may be important in future
analyses to note that no adjustment for this difference has been made to the data.
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The seismometer cable was buried in the sand at the bottom of the drum and was fed to the
data acquisition system through holes cut in the sides of the drums and along a shallow
trench dug between the two drums. The seismometer barrel was covered to grade to
dampen acoustic noise and the trench was filled to prevent damage to the cable from
rodents.

Data recording setup. As described in the previous section on system calibration and
noise, 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 resolu-
tion of lower noise levels at high frequency. As described in the seismometer noise sec-
tion, the seismometer noise is approximately 6-8 times lower than the LIGO design
spectrum at 1 Hz. Otherwise, the noise at the LIGO site is observed to be significantly
greater than system noise from 0.1 to nearly 40 Hz. Above 40 Hz, the recorded noise is
often comparable to the system noise, and is subject to coupling resonances especially on
the horizontal channels.

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 is frequently observable in the seismic
data at 90Hz, at intervals of approximately 880 seconds (the time it takes to fill approxi-
mately 70% of the 2.5 Mb of memory). Approximately 175 Mb of data were collected
each day on the combined 4 channels (including the infrasound channel), which filled the
1 Gb disk drives roughly every 5 days.

Infrasound measurements. Infrasound data was recorded in parallel with the seismome-
ter signals. Initially, the microphone was set on the ground surface, but even moderate
winds blowing past the microphone aperture created too much noise. On November 28,
the installation of the microphone was modified to an emplacement in a shallow pit cov-
ered by two furnace filters and a 4'x4’ 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. This installation
method was used for the rest of the recording period at all three sites, although the acous-
tic system power was accidentally disconnected December 7-12 while located at the Cor-
ner.

Wind measurements. Wind speed and direction data were collected from November 28
(after the Thanksgiving Holiday) to the last day of seismic data collection. 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 checked by compass and the data logger’s time synchronized to within
approximately 5 s of the time base of the Reftek seismic recorder.

Wind speed and direction data were obtained from an existing weather station located 7
km South of the Corner for the complete time period, but observed differences between
these records and the on-site measurements indicated these data could only be used as a
general indication of wind conditions for the period over Thanksgiving Holiday prior to
the beginning of on-site wind measurements.
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Video documentation of anthropogenic noise sources. A videotape recorder was oper-
ated on several occasions to record the visible activities that could affect the noise at the
measurement sites. In addition, narration by the video camera operator allowed for nota-
tions of activities not in the camera view, and for audible detection/description/location of
other effects, such as aircraft, hums, wind speed and direction fluctuations

Video tapes of construction activity were made to document the effect of construction
activities at various distances from the recording sites. Preliminary measurements were
made on November 18 and 21 at temporary sites near the construction activity. Only the
second provided useful data. Another time period was videotaped when construction
activity was limited to the Corner and Southwest Arm and the system was operating at the
Northwest End 4 km distant.

Video tapes of periods of heavy and light traffic were made at the three sites. The North-
west End is approximately 2.3 km from Highway 4 South. The Southwest End is approxi-
mately 1.9 km from Highway 240, and the Corner is approximately 0.6 km from Route 10.
High winds obscured any possible effect at the Northwest End. The effect of individual
vehicles was detectable only at the Corner.

The video tapes were reviewed and an annotated description of the observations was writ-
ten. The annotations and video tapes are included in the Video Data Package.

Data selected for analysis. The data were plotted for each day and each seismic compo-
nent. These plots were used primarily to make a selection of data that was not affected by
the construction activities. These plots are included as Appendix A.

In order to obtain a 24-hour long sample, the period of 4pm Saturday to 4pm Sunday was
selected for analysis, corresponding to Day 331, 338, and 345, GMT times 00:00 - 24:00.
This provides a 24 hour sample at the Northwest End, Southwest End, and Corner, respec-
tively. Also, the time period from 6am to 7am was selected to represent the day-to-day
variation in noise levels, because the LIGO construction workers did not arrive until after
7am with the exception of Days 342 and 343. This hour-long period also includes the
period of time that morning traffic is heavy past all three sites, and provides information
on the day-to-day variation of microseismic noise in the 0.1 to 1 Hz frequency range.

In addition to the above time slices through the data, selections of data for analysis were
made to examine the effect of anthropogenic and wind speed effects on the seismic data.
These special analyses are presented as descriptions of the individual phenomena.
Because many of the noise phenomena that will be observed during the 3 24-hour periods
and the 6am-7am periods selected, it may be preferable to read Section 8 prior to viewing
the large number of spectrograms, spectra, and histograms in the Appendices.

5.0 Spectrograms
Acceleration Spectrograms. Spectrograms were calculated for the vertical channel of the

seismic signals for the same periods that were used to calculate the spectra and histo-
grams, as a means of identifying the sources of the noise signals. The spectrograms were
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calculated using a 5-second sliding window on data that had been differentiated to acceler-
ation, to flatten the spectrum between 5-100 Hz. This also makes the scaling parallel to the
- LIGO design spectrum in the range 10-100 Hz. The range of the spectral amplitudes was
then reduced by taking the square root of the amplitudes and a contour plot of the resulting
time-frequency matrix was made at fixed ranges for all of the plots. In addition, spectro-
grams were calculated for the infrasound signals for one weekend day that was available
(Day 338). The 24-hour spectrograms are included in Appendix B.

A set of spectrograms was also constructed from the data sampled from 6am to 7am daily.
The spectrograms for the 6am-7am period clearly show the effect of traffic at the Corner
on work-week days and will be described in the section on traffic noise below.

Displacement spectrograms. In addition to the acceleration spectrograms, a set of dis-
placement spectrograms was generated for a subset of data decimated to a sampling rate of
25 samples/s, to highlight the noise phenomena below 10 Hz. The displacement spectro-
grams are now scaled parallel the LIGO design spectrum between 1 and 10 Hz. The win-
dow length for these displacement spectrograms was 30 seconds (to get finer spectral
resolution) and the window was again shifted 5 seconds each frame. The square root of the
amplitudes was again taken and the contour plot generated at fixed levels for this set of
plots. This maintains the same scale for the 1-12.5 Hz displacement spectrograms.

The reasons for calculating the displacement spectrograms was to investigate the temporal
variation of the multiple spectral peaks that are observed in the spectra at the Corner site
on Day 345 (see below), and to enhance the presentation of 6am-7am traffic noise, at fre-
quencies below 10 Hz which were not well-represented in the acceleration spectrograms.
These spectrograms indicate that there are systematic temporal variations in most of the
line spectra, and the effect of traffic below 10 Hz can be resolved. The displacement spec-
trograms for Day 345 are included in Appendix B.

Additional Spectrograms. Acceleration spectrograms were also used to analyze specific
time periods when videotaping potential noise sources, such as construction activity and
highway traffic. These observations provide correlative information about visible and
audible phenomena and the noise signals. In addition, the spectrograms were also useful in
evaluating the effect of wind speed as determined by the meteorological instruments. The
spectrograms for these special periods of analysis are included as separate appendices to
be described later.

6.0 Hourly Spectra

Amplitude spectra were prepared from one-hour segments of data for a 24-hour period at
each of the three sites. Spectra were also prepared for the 6am-7am time period for each
day of recording unaffected by on-site construction/vehicle activity (excludes Day 342
and 343). The hourly plots for the three days (331,338, and 345) correspond to GMT
hours 00-23, which is Saturday 4pm-Sunday 4pm at each of the three sites. The spectral
plots for each day include periods when there were vehicles on site; these time periods
include Day 331, Hours 03 and 23;Day 338, Hours 21 and 22, and Day 345, Hours 20 and
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21. The spectra for these time periods are not representative of ambient conditions,
because five of the six disturbed time periods were caused by data collection activities at
the sites. Spectra were also produced for the microphone data to assist in identifying atmo-
sphere-coupled versus earth-coupled noise. The spectra are in units of log-amplitude spec-
tral density; they equal one-half the log-power spectra. In addition to the seismic spectra,
spectra were also calculated for the same periods for the pressure signal of the infrasound
microphone for the 6 am - 7 am hour. The 24-hour spectra are included in Appendix C.

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 effec-
tive 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 2pi*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 are 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
are 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 obviously affected by outliers, especially evident in the
hours mentioned above that vehicles were operating at the site. A comparison of the indi-
vidual amplitude spectra to the r.m.s amplitude spectrum indicates that the r.m.s spectra
are exceeded by 1-3 of the individual spectra, suggesting an approximate interpretation as
the 90th- to 97th-percentile of the distribution. The former applies to the instances when
the difference between mean and median is small, and the latter generally applies to those
instances when the difference between mean and median is large (e.g., when a vehicle
passed near the site creating the outlying spectra).

It is apparent in practically all of the spectral plots that the poor coupling of the seismom-
eter to the sand is making the measurements inaccurate above 40 Hz, especially 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 concrete

floor. When the noise levels above 40 Hz approach the 10°12 level (the lowest level shown,
the noise is actually approaching the noise floor of the seismometer as indicated by the
seismometer difference spectra. The spectra have not been corrected for the amplitude
roll-off of the seismometers response (which would further amplify the coupling effect).
The raw 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%, and it appears to be above the sen-
sor noise level measured by differencing the seismometer signals at the NIKE site. The
noise levels around 1 Hz at the LIGO sites are significantly above those found at the NIKE
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site. At the NIKE site, the seismometer noise was estimated to be a factor of 6-8 times
lower than the LIGO design spectrum at 1 Hz.

7.0 Hourly Histograms

Histograms of the signal amplitudes were prepared from one-hour segments of data for a
24-hour period at each of the three sites, excluding segments that were affected by vehi-
cles travelling directly past the site (two segments for each of the sites). Histograms were
also prepared for the 6am-7am time period each day of recording unaffected by on-site
cornistruction/vehicle activity (excluding Days 342 and 343). The histograms for the three
24-hour periods and the daily 6am-7am periods 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. At this stage, the 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 frequency limits to pro-
duce separate displacement time series for each band (only a low-pass was needed for the
lowest frequency band). The effect of these filters on an example signal is shown in Fig-
ures 7.1-7.5. The stronger filtering below 0.5 Hz was needed to reduce the rising ampli-
tude of the low-frequency microseism noise. The spectral amplitudes are reduced 3 dB (to
70%) at the upper and lower band limits.

The band-passed time series were then segmented into short time samples that corre-
sponded 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
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.
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8.0 Sp_ecial Studies of Noise Phenomena

8.1 Highway Traffic

Traffic on nearby highways was documented for several periods of time on video tape.
Three segments of noise data taken during video documentation have been analyzed. One
weekend period was videotaped along Highway 240 at its nearest location to the South-
west End. The highway is approximately 1.9 km from the measurement site or the South-
west End. A second period that was analyzed was also a weekend period at the Corner
when traffic was so low that the video camera was left recording while a vehicle was
driven back and forth on Highway 10 past the LIGO entrance. These two periods of time
occurred during the days selected for 24-hour analysis (Day 338, 20:30-21:20 GMT, and
Day 345, 21:00-22:00 GMT, respectively, corresponding to 12:30-1:30 pm and 1-2pm
PST). A third period intermittently recorded evening rush hour on Day 347, 22:00 to Day
348, 01:00 (2-5 pm PST Tuesday, December 13). The spectrograms, spectra, and histo-
grams for these special analyses are included in Appendix E. A log of the video-taped
activities in included as Appendix J.

The analysis of these data assisted in the identification of a number of phenomena in addi-
tion to traffic that were apparent on the spectrograms, and also led to the use of the analy-
sis of the 6 am-7 am hourly spectra during morning rush hour. No rush hour videotaping
was successfully made at either End site, but the traffic is heavy on all the nearby roads
during this hour. The spectrograms, spectra, and histograms for the 6 am - 7 am hour are
included in Appendix F.

Highway 240 weekend video period. The vertical channel acceleration spectrogram for
this period that the video camera was documenting traffic passing by the LIGO Southwest
End is used to select the segments for this analysis. The video taped portion includes only
the first 2320 seconds of the hour shown in Figure 8.1.1. Traffic was limited to one to 3
cars, pickups, or passenger vans at a time, passing at intervals of 1-3 minutes, nominally at
speeds from 55-65 m.p.h. There was no observable effect of vehicle traffic at this site. The
time period after 3000 seconds is affected by a vehicle being operated near the seismome-
ter location. These data are not analyzed further for measurement of traffic effects, but
other features of the high-frequency noise spectrum were first discovered from this seg-
ment of data. '

The principal interest in this data was that the video camera microphone recorded the
sound of a propeller-type airplane for approximately 20 seconds at a time 300 s from the
start of the spectrogram. This is the location of a prominent “glide tone™ at frequencies
ranging from near 100 Hz to 50 Hz that reflects the Doppler shift as the plane flew past the
site. This was the only such event detected on the video camera microphone during this
period, but it is apparent that there were several other similar signals of lower strength
during the first 2320 s when the video camera was recording.

A spectrogram of the acoustic channel of the infrasound microphone shows the same pat-
tern of “glide tones”, but there is no observable effect of the vehicle operating near the site
in the last 600 seconds.
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Highway 10 weekend video period. The vertical channel acceleration spectrogram for
the period that the video camera was documenting traffic passing by the LIGO Corner is
used to select the segments for this analysis. The video taped portion begins 1280 s into
the spectrogram and ends at 3000 s. Prior to 1280 s, movement of a single person collect-
ing data from the nearby wind speed site creates impulsive, broad-band noise.

At 1320 s, a small propeller plane flew overhead, and at 2340 s, a jet plane was heard on
the video camera microphone; these again correspond to two of the largest “glide tones”
noticed in the previous section.

During the period 1650 s to 2940 s, a “Suburban” truck/van was driven away from the
measurement site and made 9 passes on Highway 10 past the entrance to the LIGO site
that are clearly visible on the spectrogram. Afterwards, the vehicle was left running for a
period before beginning final departure at 3240 s. In addition to the Suburban, a car passed
by the site at 2040 s just prior to pass #3, and a van passed at 2760 s at the same time as
pass #9; the former extending the duration of the apparent signal and the latter increasing
the amplitude of the Suburban’s signal slightly. For comparison, a patrol car passed the
site prior to this experiment at 1280 s that is barely visible.

It is also apparent on the spectrogram that there is a band of noise below 10 Hz that is
increasing in amplitude and to a slight degree in frequency that begins to interfere with the
later passes of the Suburban.

Spectra and histograms for this period are calculated for 3 overlapping segments of data,
each 360 s long. These cover the nine passes of the Suburban, 3 complete passes in each
segment, but the central segment overlaps the first and last by 60 s each. Spectra and histo-
grams are also calculated for a 360 s period from 1280-1640 s, prior to the Suburban
passes, that included a single, smaller car passing during the entire period. Spectra are cal-
culated from39 overlapping windows each with a 50% taper resulting in an effective win-
dow length of 9 s. This analysis is identical to the hour-long spectra described earlier, with
all time lengths scaled by 1/10.

A very slight effect is observed by comparing the spectra from the single-car spectrum
(segment 0) to the three-car spectra (segments 1-3) and only in the frequency range of 12
to 16 Hz. The main area where the LIGO design spectrum is exceeded is between 5 and 9
Hz and is unrelated to vehicle movement, as evidenced on the spectrogram for this time
period. The cause of this relatively wide-band noise is not identified.

Histograms of band-passed signals were also prepared for these same four segments. The
12-16 Hz band-pass is more affected by the wide-band continuous noise than a 12-16 Hz
band-pass, as indicated on two time series plots included with this set of plots.

Highway 10 weekday afternoon rush-hour video period. The vertical channel acceler-
ation spectrogram for the period that the video camera was documenting traffic passing by
the LIGO Corner is used to select the segments for this analysis. Video taping documented
traffic and other noise sources from 2:26 to 3:13 pm PST (1560 s into the 2 pm spectro-
gram to 780 s into the 3 pm spectrogram), and again from 3:43 to 4:30 (2580 s into the 3
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pm spectrogram to 1800 s into the 4 pm spectrogram). Between these two segments, the
engine of the observers vehicle was running.

An unsuccessful attempt was made to identify individual vehicles in the noise spectro-
gram. What is apparent is that as rush hour intensified from a few vehicles passing every
minute or so at the start of taping to a continuous stream of cars and small trucks by the
time video taping was stopped at 4:30, the spectrogram indicates a significant noise
increase in the frequency range of 7 to 30 Hz.

Audible aircraft were noted, including a small airplane at 2 pm + 2820 s, a jet airplane at 3
pm + 240 s, additional small airplane at 3 pm + 2580 s and + 2700 s. The first and second
of these are clearly evident in the spectrograms at the respective times. It is noted that
there are many more of these “glide tones” during the period of heavy traffic from 4:10 to
4:30, and these others are not noted on the video tape log.

Data selected for calculating spectra and histograms included three continuous 360-s seg-
ments from 4:12 pm to 4:30 pm (720 to 1800 s on the 4 pm spectrogram). This represents
a period when traffic was essentially continuous, when the observers were stationary, and
where the spectrogram has few impulsive events below 40 Hz. An earlier segment, just
prior to the arrival of the observers was selected from 680 to 1040 s on the 2 pm spectro-
gram, for comparison to the rush hour traffic segments.

A comparison of the noise spectra in the control segment O to the rush hour traffic seg-
ments 1-3 indicates that rush hour traffic increases ground noise in the frequency range
from 6 to over 30 Hz. The effect is strongest just above 10 Hz, reaching levels that are up
to a factor of 10 higher than the control segment. Also, the rush hour spectra exceed the
LIGO design spectrum from 6-16 Hz by approximately a factor of two for the r.m.s. spec-
tra (the higher of the two plotted spectra).

A comparison of the noise histograms illustrates the same conclusion. Only the 8-16 Hz
band-pass signal is significantly affected; this band is normally the lowest of the five plot-
ted, as is the case for the control segment. For the rush hour segments, this band is gener-
ally the second or third highest of the five bands.

Morning traffic 6 -7 am at all three locations. As described in a previous section, a one-
hour segment of data was chosen to represent morning rush hour traffic at the Northwest
end due to traffic on Route 4 South, at the Southwest end due to traffic on Highway 240,
and at the Corner due to traffic on Highway 10. Spectrograms, one-hour spectra, and one-
hour histograms were all generated for the three components of motion for each day of
data taken except Days 342 and 343.

Based on a comparison to the spectrograms of the video taped sections of traffic effects, it
is apparent that no significant morning traffic effects over the Thanksgiving Holiday, Days
328-331 were observed at the Northwest End, but traffic-like effects are observable for the
weekday periods at this station for Days 332-335. Note that this hour on Day 334 was
windy with winds in the 10 m/s range, and the noise in this spectrogram is significantly
higher in several frequency bands; wind speed effects are analyzed in a later section. Traf-
fic-like signals are not continuous as observed at the Corner but include a few relatively
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strong episodes mixed with a number of minor ones at low frequency. In addition, there
are bands of continuous noise present in some of these work-week early morning periods.

The Southwest End was extremely quiet over the weekend (Days 337-338), but weekday
traffic-like signals are apparent on the spectrograms for the work-week mornings, Day 336
‘and Days 339-341. On Friday (Day 336), wind speeds during this hour (14:00 GMT) are
relatively high, around 7 my/s; the rest of the morning hour segments had wind speeds
below 5 m/s. Monday, (Day 339) has a significant amount of high-frequency noise that
cannot be attributed to the wind (wind speeds were below 5 m/s)

At the Corner, the spectrograms again indicate higher amplitude line spectra, even over
the weekend (Days 344-345), and several vehicle-like signals per hour. The work-week
samples (Days 347 and 347) are quite similar to the evening rush hour documented above
at this site. Wind speeds were always below 5 m/s at this hour when the Corner station was
occupied.

Low-frequency (1-12.5 Hz) displacement spectrograms were also generated for the 6 am
to 7 am windows to provide better resolution of the temporal variation in noise below 10
Hz. These spectrograms also reveal the effect of traffic-like signals, and also reveal the
continuous vs. intermittent line noise sources at these frequencies.

8.2 Construction Activity

Construction activity was documented for several periods of time on video tape. Two seg-
ments of noise data taken during video documentation have been analyzed. The first was
at a temporary site approximately 300 m from a rock laying operation involving two front-
end loaders and a backhoe. The second was when multiple front-end loaders, a backhoe,
dump trucks, and a vibrating packer were operating near the Corner while seismic mea-
surements were being made at the Northwest End. Spectrograms, spectra, and histograms
are included in Appendix G.

Four short segments of data, each 360 s long, were selected from each of the two periods.
Spectrograms were scaled independently to illustrate the principal phenomena. Spectra
were calculated by dividing these into 39 overlapping, tapered windows in the exact same
manner as the hourly spectra, but with all time lengths now scaled by 1/10. Thus the effec-
tive length of the windows is now 9 s. Similarly, the histograms were normalized to the
appropriate number of samples available in these 360-s segments, keeping the window
lengths for the calculation of r.m.s. amplitude the same as previously done for the one-
hour histograms.

Noise at 300 m. The four segments selected were from 1100-1460 s, 1500-1860 s, 2240-
2600 s, and 2800-3160s as measured on the corresponding spectrogram. The large event at
the beginning of the spectrogram is the last dump truck to leave the site at the end of the
day. Pickup trucks travelled past the site at 2100, 2650, 3300, and 3350 s. The second win-
dow includes a line in the spectrogram at approximately 28 Hz.
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The spectra for the four segments are approximately a factor of 10 above the LIGO design
spectrum from 1 Hz to 30 Hz. It appears that the construction activity has increased the
noise out to above 30 Hz relative to the quiet periods analyzed hour-by-hour. But the noise
at 1 Hz and below does not appear to be significantly affected by the activity.

The histograms for these segments are again scaled in exactly the same way as the hourly
histograms, but the scale has been shifted one unit larger to accommodate the construction
noise. A comparison of these histograms to the quiet periods analyzed hour-by hour indi-
cates that the displacement at 0.5-1 Hz has not changed significantly. But instead of this
frequency band being the highest amplitude as in the hourly histograms, this band is now
the lowest because of the large increase in noise levels at the higher frequencies.

Noise at 4 km. The four segments selected were from 600-960, 960-1320, 2340-2700,
and 2700-3060 s. During this period of time, several additional phenomena were occur-
ring, including air shocks from the anti-tank weapons at the Yakima Firing Center, which
appear as the short-duration 5-35 Hz signals. There is an intermittent narrow line spectrum
at approximately 13 Hz and a somewhat wider one at approximately 26 Hz. Also, there are
two prominent glide tones at high frequency, the first at around 800 s, and a second, multi-
ple-sweep one at around 3100 s. The videotaped segment extends from 540 to 2700 s on
the spectrogram, but there was no note of the first glide tone being correlated with an audi-
ble aircraft.

The first three segments all include one of the YFC acoustic signals. The fourth segment
was just after the video taping was turned off, but was included to allow a comparison that
did not include this effect, which appears to be minor.

The principal conclusion from this analysis is that the construction activities 4 km distant
have significantly increased the noise level compared to the hourly spectra for the week-
ends and compared to the morning traffic hour. The morning traffic hour spectra were gen-
erally close to (horizontal components) or below (vertical component) the LIGO design
spectrum between 1 and 10 Hz. During the construction 4 km distant, the spectra are a fac-
tor of 3 larger than the design spectrum in this range for the horizontal components and the
vertical component is now increased to be approximately equal to the design spectrum.

8.3 Wind Speed

Interpretation of some of the morning traffic spectra above has mentioned some of the
wind measurements as a means of explaining noise periods inconsistent with a simple cor-
relation with nearby highway traffic. This section attempts to examine the effect of wind
speed on the measurements in a more controlled examination. The wind speed data was
examined for periods of time when the wind speed varied significantly during late evening
and early morning hours. The two periods selected were from 06:00 to 14:00 GMT (10 pm
to 6 am PST) on Day 335, and from 03:00 to 11:00 GMT (7 pm to 3 am PST) on Day
343.Wind speed plots, spectrograms, and spectra are included in Appendix H.

Description of wind noise, Day 335, 06:00 to 14:00 GMT. Wind speeds increase from
approximately 5 m/s to 10 m/s within the first hour of this period, and then drop rapidly
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just prior to 9:00. A comparison of the hourly spectrograms and hourly plots of wind
speed for the first several hours of this period shows a strong correlation of wind speed
and noise amplitudes. When mean wind speeds increase to approximately 5 m/s, a narrow
band of noise becomes visible between 26-28 Hz, and a second narrow band between 75-
80 Hz becomes visible as mean wind speed increases above approximately 7 m/s. Further
" increases in mean wind speed (up to 10 m/s) tend to broaden the detectable noise around
these two frequencies. For the lower frequency band, the noise tends to broaden towards
lower frequencies.

Description of wind noise, Day 343, 03:00 to 11:00 GMT. Wind speeds during this
period increase rapidly from 2 m/s to above 10 m/s within the first hour, and then gradu-
ally decrease to very low speeds. The noise band between 26-28 Hz is observed again at
this site, but a wide band from 55-65 Hz is observed at mean wind speeds above approxi-
mately 7 m/s. This band of noise also appears to have three peaks within it at approxi-
mately 55, 60, and 65 Hz. Another very broad band of noise between 80 and 110 Hz also
appears when mean wind speeds exceed approximately 7 m/s. These three band broaden
significantly and merge with one another when mean wind speeds exceed 9-10 m/s.

Spectra of Wind Noise. Two segments of data recorded at each of these two sites with
low mean wind speeds (approximately 1-2 m/s) were selected for spectral analysis. Two
additional segments of data from each site during periods of moderate winds approxi-
mately 6-8 m/s) were also selected. Two periods of data during high winds (10 m/s and
greater) at the Corner (Day 343) were also selected. The segments were 360 s long and the
calculation of spectra is exactly the same as conducted for traffic and construction noise.

The spectra for the three components all respond to the variation in wind speed in similar
ways. The characteristics observed in the spectrograms are also apparent in the spectra,
and there is a significant drop in the spectral amplitudes at all frequencies above 6-8 Hz
for low wind speed. The differences between moderate and high wind speeds is relatively
small, and these spectra are near or above the LIGO design spectrum from 1-10 Hz.

8.4 Acoustic Phenomena

Line spectra. Line spectra are represented by very narrow peaks in the sets of 24-hour
spectral plots, and their short-term temporal variability is evident on the 24-hour spectro-
grams of the vertical channels and acoustic channel. There is a set of narrow spectral
peaks at multiples of approximately 18.5 Hz (18.5, 37, 55.5, 74, 92.5, and even 111 Hz),
and less frequently a second set at approximately 23, 46, 69, and (again) 92 Hz. Line spec-
tra are least prominent at the Northwest End (Day 331), and most prominent at the South-
west End (Day 338) and Corner (Day 345). A set of spectrograms for the Southwest End
was generated for the acoustic channel, for comparison to those from the vertical seismic
channel. Although the scales are different, these spectrograms indicate that acoustic trans-
mission of these low-frequency sound waves into the near-surface soil is fairly efficient.
The amplitudes vary temporally, suggesting that the source of this noise varies with time,
or that the meteorological conditions change. It is unlikely that the temperature profile
changes rapidly, and there is no obvious diurnal dependence. A cursory examination of
wind speed and direction changes being correlated with changes in the amplitude of the
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acoustic noise was negative. Examples can be found where one of the two line sets men-
tioned above persists while another disappears (Day 338, Hours 4 and 5). An obvious
example of the source changes is found on the acoustic and seismic spectrograms for Day
338, Hour 17, when the line spectra waver in parallel, then disappear. No effort has been
made to obtain information from surrounding facilities about their operations during the
data collection, and it is likely that this source was not operating at the same level through-
out the measurement period.

Aircraft “Glide Tones”. Numerous signals were observed on the spectrograms that are
identified as aircraft acoustic signals. These narrow-band signals evolve with time from a
high frequency (100 Hz and above) to a lower frequency (as low as 40 Hz) consistent with
a Doppler shift. During several periods of video tape documentation, nearby aircraft could
usually be detected by the observer or by the microphone recording on the video camera
that would correlate with the strongest of these noise signals. These signals are also
directly correlated with the infrasonic microphone signals. They appear to occur most fre-
quently during daylight hours, but it is difficult to understand why these signals occur so
frequently. This noise source can observably increase noise levels at the measurement site
during quiet periods, but have a relatively minor effect compared to highway traffic, and is
limited to high frequencies.

Yakima Firing Center Activity. One of the acoustic phenomena that was recognized
from regional seismic array experience was the occurrence of acoustic signals from the
Yakima Firing Center anti-tank artillery exercises within roughly 50 mile Northwest of the
LIGO site. These signals are characterized on the spectrograms by short duration impul-
sive signals in the frequency band from approximately 5 Hz to over 30 Hz. These were
particularly evident at the Northwest End on Day 331. A comparison between the spectra
for Hour 0 to Hours 1-2, or between Hours 8-10 and Hours 11-13 shows that the acoustic
signals raise the r.m.s. spectrum to the level of the LIGO design spectrum at approxi-
mately 10 hz for all three components, and increase the spectral amplitudes to nearly the
LIGO design spectrum at 25-30 Hz for the horizontal components. The median spectrum
is affected much less by these short, transient events.

9.0 Wind Effects on a Large Structure: Moses Lake, WA

Seismic vibration, acoustic, and wind speed measurements were make at the Japan Air
Lines (JAL) aircraft hangar at the Grant County Airport in Moses Lake, WA (Figure 9-1),
located approximately 90 miles north of the Hanford LIGO site, from August 25 to
August 30. The JAL hangar measures 370’ by 268’ and is 66’ high. It is constructed of riv-
eted steel truss-work and corrugated steel siding with approximately 2" of fiber-board
insulation lining the walls. It contains three concrete-block enclosures between 15 and 25
feet tall that are coupled to the roof with steel truss and concrete pillars.The JAL hangar is
the last building on the flight line, so that the only buildings that could obstruct the wind
are located to the west in about a 60 degree arc. The remaining 300 degrees of surrounding
land is flat, level airport property. ~
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The Grant County airport was closed for the month of August, so that activity in the area
was at a minimum. However, daily activities generated significant noise and so only the
late evening and early morning hours were considered for analysis. The CMG-3T seis-
mometer was used to make these measurements, because the CMG-40T had not yet been
received. Based upon the cross-calibration results comparing this CMG-3T to the CMG-
40T used to make the LIGO site measurements, it is considered to be equivalent in the
range 0.1-50 Hz. The seismometer was set on the concrete floor near the middle of the
building with the horizontal North axis perpendicular to the long east-west dimension of
the building and close to true North. The insulated 55-gallon barrel was used to provide
acoustic shielding and temperature isolation.

Data were recorded at 125 samples/s on the Reftek recorder at Moses Lake because the
CMG-3T seismometer has a high-cut 50 Hz filter. The gain was set at 32, which was lower
by a factor of 4 compared to the LIGO measurements or the cross-calibration. This would
not be expected to affect the results because of this instrument’s low noise floor.

Results. After five days of operation, wind speeds only approached 10 m/s for approxi-
mate one-half hour on the first night of operation. Although data were collected continu-
ously, only the time period from 8 pm until 6am avoided interference from human
activities. Two 360-s segments when the wind speed was in the range of 7-8 m/s were
selected that avoided periodic noise in the building from mechanical sources (Hour 1,
2000 and 2640 s into the hour).A comparative pair of samples was also selected when the
wind speeds were in the range of 2-3 m/s (Hour 4, beginning 2540 and 3140 s into the
hour).

The spectra of noise during moderate wind speeds is to be comparable to that found for
similar wind speeds in the open desert at the LIGO site; the presence of the building does
not observably amplify wind-induced noise. The LIGO design spectrum is generally
higher than the noise spectrum from 1-10 Hz, except at 3-4 Hz, but this peak in the noise
spectrum in not entirely wind-induced. Above 10 Hz, there is little change in the noise
spectrum between low and moderate wind conditions, and the noise (apparently anthropo-
genic) is higher than found at the LIGO site for quiet conditions.

It is also interesting to note that the amplitude of the “microseismic noise” below from 0.1

to 1 Hz is significantly lower in these spectra compared to the LIGO site spectra. Because

the Moses Lake measurements were made in August, this could be caused by reduced sea-
sonal ocean storm intensities that generate this prominent noise peak.

10.0 Conclusion

In summary, it was found that the original LIGO design spectrum is a close approximation
to the ambient ground vibrations measured at the site. The design spectrum below 1 Hz is
usually slightly lower than the observed “microseism peak” during the period of the mea-
surements. From 1 to 10 Hz, several transient phenomena including rush hour traffic,
heavy equipment operations within 4 km, and wind speeds in excess of 10 m/s are
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observed to increase ground vibration to levels above the design spectrum. Above 10 Hz,
the design spectrum nearly always envelops the observed ground vibration.

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.
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many administrative ways. I also acknowledge the support of the LIGO Project, Caltech,
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NIKE Signal Difference Spectra

Frequency, Hz
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examples of band-pass filters in frequency domain

o~
[ ] o
. =
o - :
= oo
o ~
o
o
o
> o R
o — X
o O
X _
Lt 0O
oo
>~
O
<
[«3]
- )
o
. L
—
-
«©
| I
(e [a)

~

Ayisuap apnyjdwo |0J)0ads




examples of band-pass filters in frequency domain
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