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1.0 Introduction

Seismic ‘measurements taken simultaneously at the Corner and two Ends of the Laser
Interferometer Gravitational Wave Observatory sites are used to estimate the relative posi-
tion differences between the Corner and each of the Ends. This analysis is conducted for
data taken at the Livingston, Louisiana and Hanford, Washington, LIGO sites, where pre-
vious studies primarily described the motions at each measurement location independently
from each other, and the analysis was conducted in the frequency range from 0.1 to 100
Hz. The analysis of the high-frequency vibrations primarily supported the design of pas-
sive vibration-isolation systems. In this study, the analysis is conducted on frequencies
below 1 Hz, where active feedback systems may be used to maintain arm lengths within a
prescribed tolerance.

A significant reduction of relative motion (compared to independent motions) is observed
along the two perpendicular arms at the Hanford LIGO site. The reduction is greatest
along the Northwest Arm, especially for the lower frequencies that comprise the largest
ground motions. At Livingston, an increase in relative motion results, comparable to that
which would be expected from completely un-correlated motions at the different loca-
tions. These differences are explained by the dominance of relatively fast-propagating
waves at Hanford compared to slow-propagating waves at Livingston.

Cumulative histograms of differential motion along the arms of the Hanford LIGO site
indicate that the 90th-percentile differential displacement has an amplitude of approxi-

mately 4x10”7 m in the 100-250 mHz band. This compares to an approximate 90th-per-

centile value at the Livingston LIGO site on the order of 4x107® m. These values
correspond to strains, rotations, or tilts of the 4-km arms by 0.1 and 1.0 parts per billion
for the Hanford and Livingston LIGO sites, respectively.

2.0 Data Description

Measurements were taken at the Livingston, Louisiana site from October 26 to November
2, 1995. These measurements were taken with three independently-operating seismometer
and recorder systems that were timed to within 0.25 milliseconds using continuously-syn-
chronizing GPS receivers. Earlier data collected at Hanford in 1994 were collected one

location at a time, so synchronous data were collected there from January4-8, 1996 to pro-
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data for the current analysis. Data were sampled at 250 samples/second and 125
second at Livingston and Hanford, respectively. For the purposes of this analysis
requency correlation, both sets of data were decimated to a uniform 25 samples/
A twelve-hour time series was analyzed for each of the two sites. At Livingston,
used are from the period 1200 - 2400 GMT on Day 303 (6:00 a.m. CST to 6:00
I' on Monday, October 30, 1995). At Hanford, the data used are from the period
DO - 1400 GMT on Day 005 (6:00 p.m. January 4 to 6:00 a.m. January 5, 1996).
period for the Livingston data was chosen because it represented a period when
+ amplitudes near 0.2 Hz were at the maximum observed during the recording

At Hanford, the time period avoided complications from transient instrument
ities.

mometers were oriented so that the “North” axis of the horizontal component seis-
- was aligned with the LIGO arm nearest the north-south direction, as shown in
Seismometers were calibrated before and after the deployments, and system
asurements were made that indicate the seismic noise is resolved above 0.1 Hz.
pration results confirmed the responses measured by the manufacturer, showing
of the instruments had an equivalent 20-second-period seismometer response and
instrument had that of a 30-second-period seismometer. Although either response
ently flat to ground velocity above 0.1 Hz, there is a slight phase response differ-
he 30-second seismometer that was corrected to be the same as the two 20-second
nts.
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Orientation of seismometer components at LIGO sites at Livingston and Hanford.
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The average of twelve one-hour displacement spectra for the vertical, “north”, and “east”
components at Livingston and Hanford are shown in Figure 2. The spectra from the three
measurement locations (Corner and two Ends) are superimposed in each of the panels in

Figure 2} and generally overlie each other between 0.1 and 1 Hz. The Livingston spectra

exhibit 4 broad peak near 185 mHz, and the peak is higher on the horizontal components.
At Hanford, the peak is much narrower and at lower frequency (near 125 mHz), and all

significantly smaller than those at Livingston across most of the frequency range shown.

The Ha

three coEponents have about the same amplitude. The noise amplitudes at Hanford are

ford spectra show a uniform decrease in amplitude from 0.2 to 1 Hz. The Living-

ston spectra show secondary peaks near 0.3 and 0.7 Hz, particularly on the vertical spec-

tra.

Appendix A contains a set of color spectrograms that illustrate the temporal variation in
the noise from 0.1 to 1 Hz.The spectrograms show the amplitude of ground velocity (as
output by the seismometer) color-coded as a function of frequency and time. Spectra are
taken from 180-s windows that are shifted 90 s. Each plot shows the spectra for a 24-hour
period, when available. For the Hanford site, data from the 1994 deployment are shown
from one day at each of the three measurement sites in addition to the 12-hour period in
1996 when the simultaneous measurements were taken.
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Figure 2| Amplitude spectra for Livingston and Hanford. Each spectrum is an average of
12 spectra computed from one-hour samples. Each plot overlays the spectra from the three
measurement locations (Corner and two Ends) for parallel measurement directions. See
Figure 1 for orientation. Livingston data are shown in top row, Hanford data in bottom

row.
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3.0 Noise Model

Ambient seismic noise measured on land in the frequency range 0.1 - 1 Hz is usually dom-
inated by a noise peak near 0.15 - 0.2 Hz, termed the “microseism” noise. Seismic array
studies dre consistent with a model of microseism noise generation that involves the inter-
action of ocean waves travelling in different or opposite directions. The interaction of the
waves establishes a standing-wave pattern, and pressure fluctuations are then transmitted
into the pcean floor. Seismic studies identify areas where different sets of ocean storm
waves interact or where ocean storm waves reflect off of particular beaches. Three-compo-
nent polarization and analysis of seismic array data indicate that microseismic noise is
usually dominated by Rayleigh-wave propagation at velocities near the average crustal
shear-wave velocity (typically 3.5 km/s), although higher-velocity body waves are also
detected| It has been observed that the average microseism noise is higher in the northern
latitudes| during the first and fourth quarters of the year, when storm activity is more fre-
quent and intense.

A wavenjumber analysis of the microseism noise at Livingston and Hanford is described in
Appendix B that is interpreted in terms of the distribution of source directions and propa-
gation velocities. A summary of the wavenumber results for the frequency peak of micro-
seism naise at Hanford (125 mHz) and at Livingston (185 mHz) is shown in Figure 3. At
Hanford|the dominant wave speeds are higher than 3 km/s at the frequency peak near 125
mHz, but at Livingston, the dominant wave speeds are less than 3 km/s at the frequency
peak nedr 185 mHz. At Hanford, there are many periods when wave speeds are estimated
near 6 km/s (and a few higher). At Livingston, the clusters of velocities near 1 km/s (at
western and southeastern azimuths) are most frequently considered artifacts of the “beam-
pattern” of the array.

The high wave-speed estimates at Hanford result from relatively small phase differences
in the nojse time series at the three measurement sites. The wavenumber results at Hanford
typically imply seismic waves travelling at 3.5 km/s with a period of 8 seconds, corre-
sponding to a wavelength of 28 km. This wavelength is 7 times longer than the 4 km arms
of the L+shaped array formed by the LIGO measurement locations. For a sinusoidal wave
travelling parallel to a 4-km arm, this leads to a 50-degree phase delay and will a produce
a sinusoidal positional difference 15% smaller than the original input. In Figure 2, the azi-
muth histogram and polar plot for Hanford shows that the most frequently-observed direc-
tions of wave approach are nearly perpendicular to the Northwest Arm, and in this
situation| a larger reduction in differential motion results on this arm.

The wavenumber results at Livingston imply a wave velocity near 2 km/s at the frequency
peak near185 mHz, corresponding to a wavelength near 11 km. If these waves were travel-
ling parallel to one of the arms, a phase delay of 135 degrees would result. However, the
azimuth histogram and polar plot in Figure 2 show that the dominant wave direction is
from the|north-northeast, which practically bisects the arms’ orientations. In this situation,
a phase delay of just over 90 degrees results on both arms and the differential motion will
be just oyer 40% larger than the original input.
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Summary of wavenumber analysis. The determination of apparent velocity and
of the peak microseismic noise is described in Appendix B. At Hanford, the
ion velocity is most frequently determined to be faster than 3 km/s. At Living-
propagation velocity is most frequently determined to be slower than 3 km/s. The
ppagation velocity at Livingston creates artificial concentrations at velocities near

1 km/s at western and southeastern azimuths (due to the beam-pattern effect). The larger

symbols
(upper 2

in the polar plots (bottom) correspond to the largest coherent noise amplitudes
5th percentile) measured.
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4.0 Differential Motions

The r.m.5. difference in position of the Corner and End stations is determined in three one-
octave frequency bands, using a sample length that corresponds to one cycle of the lowest
frequendy in the band or two cycles of the highest frequency, as shown in the table below.
The effect of the band-pass filters on a sample spectrum from Livingston is shown in Fig-

ure 4.
Frequency Band (Hz) Sample Length (s) Number of Samples
0.1-025 8 5400
0.25-05 4 10800
05-1.0 2 21600

Effect of Low Frequency Band-Pass Filters

T T |I||II[ T T lllllll T T T 1T T 17

Log Displacement Amplitude Spectrot Density, m/Hz~1/2

Frequency, Hz

Figure 4| Effect of band-pass filters on an example spectrum. Spectra are averages of 39
spectra taken within a one-hour time sample at Livingston. Plot superimposes spectra
from the|unfiltered and three band-passed time series. The filters are two-pole Butterworth
filters that operate twice (forward and backwards through the time series) to eliminate
phase shift. Filter frequency limits are 100-250 mHz, 250-500 mHz, and 500-1000 mHz.
The effect of the anti-alias filter used to decimate data to 25 samples/second is seen at 12.5
Hz.
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The lowest frequency band includes the peak amplitude of the ambient noise spectra at the
Hanford and Livingston LIGO sites that were described in the previous sections. The pro-
cessing of the data for calculating the position differences from the recorded signals is
similar to that used for the wavenumber analysis, using one-hour segments of 25 samples/
second time series that have had the first and last 0.5% tapered to zero to avoid transient
effects (18 s of data at the start and end of each hour are affected). Note that this tapering
will affect the extreme tail of the distribution of small displacements but does not signifi-
cantly affect the distribution of displacements above 99% probability of exceedance (it can
randomly remove up to 1% of the population of higher displacements).

The tapering above was also necessary to eliminate transients from the conversion of the
30-s seismometer to be identical to the two 20-s seismometers. The gain factor for each
time series was applied to obtain ground velocity from the digitally-recorded seismometer
outputs. Band-pass filters were applied to each one-hour time series, and then the time
series were integrated to obtain ground displacement from the filtered velocity time series.

The Corper-to-End difference between the displacement time series was determined for
each component of the seismometer systems. The vertical difference corresponds to a ver-
tical tilting of the two arms. The north difference corresponds to an arm-parallel displace-
ment or strain of the Northwest Arm at Hanford or the South Arm at Livingston (see
Figure 1), and rotation (about a vertical axis) of the Hanford Southwest Arm or the Living-
ston West Arm. The east difference similarly corresponds to an arm-parallel displacement
of the Southwest Arm at Hanford or the West Arm at Livingston and rotation of the corre-
sponding perpendicular arms.

Comparison of differential motions to independent motions. Figures 5 to 10 show his-
tograms |of the ratio of the r.m.s. displacement differences to the r.m.s. of the two contrib-
uting independent motions. At the bottom of each histogram are two triangles marking the
mean and median value of the ratios. The value of this ratio can range from 0 to 2, if the
two displacement time series are identical or opposite. The r.m.s. amplitude of the differ-
ence between two random time series is expected to have a ratio of 1.4 (assuming equal
r.m.s. amplitudes of the original signals). The difference between two sinusoidal signals
with a phase difference of 90 degrees will also have this ratio.

The distributions of ratios for the vertical motions at Livingston are shown in Figures 5. In
the two higher frequency bands (250-500 and 500-1000 mHz), the mean and median val-
ues are njear the value expected from the difference between two un-correlated time series.
The ratigs for the lowest frequency band (100-250 mHz), where the motions are largest,
are slightly higher than this value. This is consistent with the results of the wavenumber
analysis that was conducted within this frequency range. The wavenumber analysis of the
vertical components most frequently detected phase differences near 100 degrees between
the Corner and the two Ends.
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ibutions of ratios for the horizontal motions at Livingston are shown in Figures 6
1e east-component distributions are similar to the vertical component, and the

north component distributions are similar except for a slightly increased ratio (up to 1.6) in
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and intermediate-frequency bands for the West Arm (this motion is perpendicular
m or a rotation of the arm). In the low-frequency band, the South Arm has a ratio
instead of the higher value of 1.5 observed for the vertical and east components.

shows that at Hanford, significant reductions in differential motion result, partic-

r lower frequencies and for the Northwest Arm. This is consistent with the wave-

inalysis that showed small phase differences due to high propagation velocities

e array. The reduction of differential motion relative to independent motion is

on the Northwest Arm, which is perpendicular to one of the principal azimuths

> northeast) determined in the wavenumber analysis. Figures 9 and 10 show the
the north and east components, which have similar distributions. Along the

st Arm, there is a significant reduction in differential motion only for the lowest

y band, but the ratios determined for the intermediate and higher bands are close
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Figure 6] Histograms of End-Corner difference ratios for Livingston r.m.s. north compo-
nent of ambient ground motion.
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mbient ground motion.

tial Motion Histograms. The set of twelve figures at the end of this report, Fig-
hrough 22, show the cumulative exceedances of r.m.s. differential displacements
ree frequency bands and set of sampling windows used above. Each figure dis-
cumulative distribution of r.m.s. displacement for each of the contributing inde-
motions and their differences, for each of the three frequency bands. The

histograms have a resolution of 0.05 log units. A complete description of the differential

motions
tion) is p
both site

The r.m.
within 0
the vertig
frequenc

in three directions (vertical tilting, arm-parallel stretching, and horizontal rota-
rovided for Livingston (Figures 11 to 16) and Hanford (Figures 17 to 22). For
5, the largest displacements are found in the 100-250 mHz band.

5. amplitude of the independent motions at the Corner and either End are usually
05 log units (about 12%) of each other. However, independent r.m.s. motions for
cal components at Livingston and the horizontal components at Hanford in the

y band 0.5-1.0 Hz show a variation of approximately 0.15-0.20 log units. This is

consistent with the higher variability of the spectra in this frequency range shown in Fig-

ure 2.
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Hanford North Difference Ratios
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Figure 9| Histograms of End-Corner difference ratios for Hanford r.m.s. north component
of ambient ground motion.
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At Livingston differential displacements exceed 10°m approximately 90% of the time for
the horizontal motions, and approximately 30% of the time for vertical motions in the low-
frequengy band. Differential motions are larger than independent motions in all frequency
bands. In the lowest frequency band (100-250 mHz), this increase is 40-60%, in agree-
ment with the distribution of ratios in Figures 5-7. In the highest frequency band (500-
1000 mHz) at occurrence rates below 1%, the plots show the effect of an earthquake (a
magnitude 5 event from southern Mexico) that occurred during the 12-hour period ana-
lyzed. This earthquake’s ground motion had a greater effect on the horizontal motions.

At Hanford, differential displacements rarely exceed 10 m in the low-frequency band.
The differential motion is reduced relative to independent motion in the low-frequency
band, especially for the Northwest Arm where the reduction is 30%. Higher signal coher-
ence and smaller phase differences along this arm were detected by the wavenumber anal-
ysis. The Southwest Arm was oriented parallel to the dominant microseism propagation
directions and so the phase differences on this arm were larger. The correlation progres-
sively degrades for the mid- and high-frequency bands, and the increase of differential
motion relative to independent motion attains values near the expected value from com-
pletely un-correlated signals.

5.0 Conclusion

‘The microseism noise, peaked in amplitude near 125 mHz at Hanford and near 185 mHz
at Livingston, produces the largest displacements at the two LIGO sites. This noise is
expected to be produced from oceanic or coastal areas and to propagate at velocities near
the average shear-wave velocity of the earth’s crust, approximately 3.5 km/s. This model
should produce a reduction or at worst a slight increase in the amplitude of differential
motions between the End stations and the Corner because of the long wavelengths
implied. However, at both Hanford and Livingston, the observed phase relationships
between|measurement sites differ from this model.

At Hanford, wavenumber analysis in the 100-150 mHz band most frequently indicates
velocities of 3.5 km/s and higher, from a range of western azimuths that would be appro-
priate for sources in the Pacific ocean or along the coast. But there are also many periods
when a northeast azimuth is determined. The periods when a northeast or southwest azi-
muth is determined result in coherent motions at the Northwest End and Corner, which
significantly reduces the average differential motion along this arm. The high average
velocities produce a reduction of Corner-to-End differential motion on both arms relative
to that expected from un-correlated motions. This reduction is most effective in the fre-
quency range that the peak microseism amplitudes are observed, but the microseism sig-
nals become progressively less coherent at higher frequencies.

At Livingston, the phase relationships between the Corner and Ends indicate unusually
slow velocities (near 2 km/s) for propagation of microseism noise, and a direction of prop-
agation that does not correspond to sources near coasts or in the oceans. The slow velocity
may resylt from a thick layer of sediments, but the velocity structure of this region is not
well known. If velocities slower than 1 km/s are possible for these low-frequency waves,
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imuths are also possible. It is also possible that patterns of interfering waves fre-
quently establish stable phase relationships between the Corner and Ends that do not nec-
essarily correspond to the actual propagation direction of the components of the wave
field. Although the results at Livingston indicate larger phase differences between the
Ends and the Corner than expected, they only modestly increase the average ratio of dif-
ferential motions to independent motions relative to that expected for completely random
signals (@ ratio of 1.6 compared to the expected ratio of 1.4).

The difficulty in characterizing the propagation modes of microseism noise from 0.1 to 1
Hz arises because the array geometry is suitable only for wavelengths significantly longer
than the spacing between measurement locations. In order to determine whether multiple
signals might be present in the wave field, more than three measurement locations must be
occupied. The anomalously slow wave velocities implied by the wavenumber analysis at
Livingston suggest that the propagation characteristics of the microseismic noise there
may not be consistent with previous characterizations of this noise as fast, long-wave-
length Rayleigh waves.

Cumulative histograms of differential motion along the arms of the Hanford LIGO site
indicate that the 90th-percentile differential displacement has an amplitude of approxi-

d to strains, rotations, or tilts of the 4-km arms by 0.1 and 1.0 parts per billion
for the Hanford and Livingston LIGO sites, respectively.

Analysis of Differential Motions 2/27/97 13




Livingston South Arm Vertical Difference

&
8
- —— Difference
---- South End
---------- Comer
ke
<
g
g q lg
3 S &
d -
H o
«
g
g
=
€ 8
23
§ :
|
i
% 0.50-1.00 Hz ,‘
= Ui
S !
N 8 |
. p |
[
[o 1
P Vi
[
1
[
- 0.10-0.25 Hz
(=]
S ! |
IS
-9 -8 -7 -6 -5

Log Root-Mean-Square Displacement, m

Figure 1. Cumulative distribution of independent and differential r.m.s. vertical-compo-
nent displacements at Livingston South Arm.
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Appendix B

Wavenumber Analysis

Introdugtion. A wavenumber analysis conducted on the low-frequency signals at the
LIGO sites at Hanford and Livingston indicates substantial differences in the structure of
the nois¢ wave field. At the Hanford site, fast-propagating waves are observed with veloc-
ities near 3.5 km/s, consistent with Rayleigh wave propagation in the region, but there are
many periods when higher velocities are observed that are more typical of body waves.
Sources from westerly directions are frequently observed, as expected from sources in the
Pacific Qcean or near the Pacific Coast, but noise travelling from northeastern directions is
observed just as frequently.

At Livingston, wave propagation velocities are concentrated at slower velocities near 2
km/s, and the dominant direction of approach is north-northeast. The geography of the
Livingston LIGO area suggests that the microseism noise might be generated from
sources in the Gulf of Mexico, although sources in the more distant Atlantic Ocean are
also expected. Wind-generated waves in Lake Pontchartrain could also generate a “lake-
effect” that might be observed at Livingston. There may be significant differences in how
microsejsm waves are generated and propagated from these potential sources because of
the differences in the areas and depths of the water bodies, and in the characteristics of
shorelines bordering them. The geologic structure is known to be dominated by a thick
sedimentary sequence at shallow depths implying low seismic velocities in the uppermost
5 km, but the velocity structure is very poorly known at greater depth.

At Hanford, particular wave shapes observed in the time series can be tracked from loca-
tion to location, but this is not the case at Livingston, where wave shapes have different
appearances. This may be indicative of an interference pattern from sets of waves crossing
the array from different directions and at different velocities, but this cannot be resolved
with just the tripartite array formed by the three measurement locations. The dissimilar
wave shapes, combined with large phase differences (approaching 180 degrees) make
interpretation of the wavenumber results ambiguous at Livingston. To insure that the data
were properly taken and analyzed at Livingston, the following analysis of a series of fast-
moving waves from a distant earthquake is presented, which provides an introduction to
the wavenumber method used.

Analysis of earthquake signal correlation. The timing and response of the three mea-
surement installations at Livingston can be demonstrated to be empirically correct by ana-
lyzing the signals from a distant earthquake. The earthquake had a magnitude of 6.4 and
was locdted near the coast of central Chile (28.9 S, 71.4 W) on Day 305 at 00:35:32 GMT.
Positive jpolarity compressional waves are expected at Livingston, and a standard earth
velocity [model predicts an apparent velocity of 16 km/s (the waves arrive from a near ver-
tical inclination) from an azimuth of 161 degrees. This practically coincides with the ori-
entation|of the South Arm of the LIGO facility, so it implies that the South End should
detect these waves in advance of the Corner by 0.25 s, and the West End should detect
these waves simultaneously with the Corner.
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enumber analysis attempts to determine the vector velocity of a plane wave cross-

ing the array formed by the three sensors. The analysis projects the power of the combined

three sig
number
velocity,
were tap
reversed

Wavenu
shown i1
function|
0.035 cy
quency {
velocity
16 km/s
southeas

nals onto the two-dimensional wavenumber plane. The peak power on the wave-
plane is then selected to represent an azimuth of approach and a propagation

A segment of the three vertical signals was taken and the ends of the segment
ered to zero to remove end effects for the subsequent two-pass (forward and

) band-pass filtering.

mber analyses for two filter bands, from 0.1 to 0.2 Hz and from 0.8 to 1.0 Hz, are
1 Figure B-2, where the combined power of the three signals is contoured as a

of the two horizontal wavenumbers. The peak amplitude occurs at 0.008 and
cles/km. The propagation velocity is determined by the ratio of the peak fre-

[ (in cycles/s or Hz) and the wavenumber k (in cycles/km) using v = f/k. The
determined for the two analyses is 19-25 km/s, for comparison to that predicted,
The azimuth estimated from the wavenumber diagrams is from an eastern or
tern direction, compared to the predicted southeastern azimuth of 161 degrees.
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Figure B-2. Wavenumber results from compressional-wave time window for Chilean
earthquake.The contour plots show the combined power of the three vertical-component
signals gontoured as a function of wavenumber in the two horizontal directions. Left con-
tour plot is for earthquake signals band-passed from 100-200 mHz. Right contour plot is

for 800-

1000 mHz.

Direct measurements of time delays between earthquake signals from signal cross-correla-
tion indicate 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 wi
other po

th the higher-frequency wavenumber result. Similar results were obtained using
rtions of the earthquake signal as recorded on the horizontal components.

It is common for earthquake travel times to be systematically delayed or advanced by 0.1 s
at different locations, but there are no significant elevation differences between the three
measurement locations, nor any significant seismic velocity differences expected beneath
these locations. This suggests that there are physical and/or numerical limits to the noise

correlati
period a

on results within a resolution of 0.1 s, but this is a relatively small portion of the
nd expected transit time of observed microseisms.

Wavenumber analysis of peak microseism noise. The amplitude spectra at Hanford and
Livingston indicate that the microseism peak occurs at different frequencies at the two

sites. At

Hanford, a sharp peak is consistently near 0.125 Hz (8 second period). At Living-

ston, a broader peak is observed between 0.15-and 0.2 Hz (5-7 second period). The wave-

number
two sites

analysis focuses on a narrow frequency band at the peak frequency at each of the
5. Frequency bands of 100-150 mHz and 150-200 mHz were appropriate for a

compargtive analysis of the maximum noise peak at Hanford and Livingston, respectively.

The anal

ysis was conducted using both frequency bands at each site for comparison. Only

the vertical channel has been analyzed, because the amplitude changes with wave direc-
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tion when a preferred horizontal polarization exists (as is expected for Rayleigh wave
propagation). Filtering in these two bands was done with a 2-pole Butterworth filter oper-
ated on both the forward and reversed time series to eliminate the filters’ phase shifts. Fil-
tering was conducted on one-hour data segments with the first and last 0.5% (18 seconds)
tapered to zero to eliminate filter transients.

The onethour filtered data were then windowed into overlapping 60-s segments using a
squared,| raised cosine bell to strongly enhance the middle 30 s of the data. This obtains 4-
5 cycles jof the noise for each wavenumber measurement. The window was shifted 30 s for
each subsequent measurement. The windowed time series amplitudes were normalized so
that the peak amplitude output of the wavenumber analysis at Hanford was approximately
unity for the 100-150 mHz band.

The wavenumber analysis selects the peak power on the two-dimensional wavenumber
plane to frepresent the azimuth of approach and propagation velocity. The search for the
peak power was restricted to a wavenumber k (in cycles/km) less than the highest fre-
quency { (in cycles/s or Hz) of the filter pass band. The slowest velocity allowed is thus 1
km/s, given the rule f/k >1 km/s. The restriction to propagation velocities greater than 1
km/s is partially based upon the expected propagation velocity, but there can remain ambi-
guity in the determination of the direction and propagation velocity within this limit.

Figure B-3 shows two examples of wavenumber analyses at Hanford. The example on the
left shows a time segment when all three signals were practically identical in phase, result-
ing in the central peak at zero (infinite apparent velocity that corresponds to vertically-
propagated body waves). The example on the right shows the opposite extreme, where two
peaks are observed with nearly equal wavenumbers having azimuths separated 180
degrees from each other. The ambient noise at the Southwest End and Corner during this
time segment are out of phase by 180 degrees, and the Northwest End and Corner are
nearly in phase. The wavenumbers for either peak are near 0.125 cycles/km, and from the
frequendy of 125 mHz, a propagation velocity of 1 km/s along either direction of the
Southwest Arm results (which is much slower than expected for Rayleigh waves). This sit-
uation simply corresponds to a time delay/advance of 4 s, half of the 8-s period.

At Livingston, where the frequency is higher, near 185 mHz, it is more difficult to select a
unique maximum on the wavenumber plane. Figure B-4 shows two examples of the wave-
number analyses there. The contour diagram on the right has a unique (closest to zero)
peak on the wavenumber plane, and choosing this as the correct value, a velocity near 2
km/s is determined (the wavenumber near 0.09 cycles/km). This example (the right side of
Figure B-4) is the typical result at the Livingston site. The phase at both Ends is delayed
equally by 1.4 s relative to the Corner in this example.

The example on the left side of Figure B-4 shows a similar example, but in this case, there
can be alternative choices within the limitation f/k>1. The two maxima have wavenumbers
near 0.14 cycles/km and so a velocity of approximately 1.3 km/s results, either in a north-
erly or ajsoutheastern direction. If even slower velocities are possible, then the two max-
ima on the left half of the wavenumber plane could also be considered.

Analysis of Differential Motions February 27, 1997 B-4
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sult of a vertically-propagating body wave). The plot on the right shows a result
ere is nearly a 180-degree phase shift at the Southwest End relative to the Corner
thwest End. Propagation velocity implied is 1 km/s. A 180-degree phase shift cor-
5 to a wavenumber of 0.125 cycles/km for the peak frequency of 0.125 cycles/s.
elength is twice the arm length, and the time-delay is half the period. The propa-
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on. The frequency band is 150-200 mHz (the peak noise band). The plot on the
vs a result with two peaks on the wavenumber plane that are nearly equidistant
origin. The wavenumbers corresponding to these peaks are near 0.14 cycles/km,
r a velocity near 1.3 km/s, from north-northeast or southeast directions. Lower

s are implied by the peaks at west-northwest and southwest azimuths. The plot on
shows a typical result at Livingston, where the peak on wavenumber plane 0.085
m from the origin implies a velocity near 2.2 km/s from a northeast azimuth.
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Because| of the geometry of the array, there are maxima in the wavenumber plane sepa-
rated every 0.25 cycles/km in directions parallel to the two 4km arms. This cyclic effect,
termed beam-pattern, represents potential full-cycle jumps in the cross-correlation of the

signals.

Using the f/k >1 restriction eliminates most situations where the peak selected from the
wavenumber analysis aligns the noise signals with phase shifts greater than 180 degrees. A
more restrictive limit can, however, produce biases because of the “flatter” aperture of the

array in
tionship

the direction parallel to the bisector of the two arms. For example, the phase rela-
s intermediate to those that produced the wavenumber diagrams in Figure B-4 will

preferentially pick a northeastern azimuth of wave approach if a restriction to velocities
higher than 1 km/s are considered. A trade-off exists between attempting to fit the datato a
model that predicts fast propagation velocities versus a model that suggests southeastern

azimuth

5 as possible sources for the noise.

Wavenumber results at Livingston. Figure B-5 shows the result of the wavenumber

analysis
noise is

for the Livingston site in the frequency band 150-200 mHz. At Livingston, the
naturally peaked in this frequency range. The three plots on the left of Figure B-5

show the¢ temporal distribution of the 12-hour, moving-window wavenumber analysis. The

top plot

shows the azimuth estimate, the middle shows the wavenumber estimate, and the

bottom shows the peak amplitude of the wavenumber analysis. A slight variation in ampli-
tude over time reflects the overall amplitude variation observed on the spectrograms in

Append

x A. The azimuth of wave approach is most frequently from a north or northeast

direction (azimuth 0-45 degrees), with azimuths near 135 and 270 degrees occurring less
frequently. The middle plot on the left rarely shows wavenumbers less than 0.05 cycles/

km, and
tions at

The top
associat

wavenumbers range from 0.05 to the maximum, 0.20 cycles/s, with no concentra-
any particular value.

plot on the right of Figure B-5 shows that most of the low-wavenumber results are
ed with azimuths in the 0-45 degree range of approach directions, and the azimuth

determinations that cluster near 135 and 270 degrees are associated with the largest wave-

numbery
cate sloy

(see Figure B-4). It is these latter situations (large wavenumbers) that would indi-
v propagation velocities, large phase differences, and ambiguous phase

determinations. The middle plot on the right of Figure B-5 shows that the amplitudes of

the wave
than tho
tude dis
wavenui

The mos
wavenus
most fre]
velocitig
below 0
ciated w

znumber results outside of the three azimuth groups are systematically smaller

se within the three azimuth groups. The bottom plot on the right shows the ampli-
ribution as a function of the wavenumber, and here there is a slight tendency for
mbers near 0.10 and from 0.15-0.20 cycles/km to have higher amplitudes.

it significant result of this analysis is that there are very few instances where the
mber of the dominant noise field is less than 0.05 cycles/km. The wavenumber is
quently near 0.1 cycles/km (and frequently higher), so that the noise propagation
s are interpreted to be near 2 km/s or slower, given that the dominant frequency is
2 Hz (the peak is near 185 mHz). The low-wavenumber results are primarily asso-
ith a direction of approach of north-northeast. This result is inconsistent with the

expected sources in the Atlantic Ocean or other possible sources such as the Gulf of Mex-

ico. The

analysis consistently indicates that large phase differences exist, and by
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Wavenumber Analysis 0.15 - 0.20 Hz, Livingston Wavenumber versus Azimuth
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Figure B-5. Wavenumber results for the twelve-hour period at Livingston for the fre-
quency band 150-200 mHz containing the peak noise amplitudes.

restricting the result to minimize the phase differences, the north-northeast direction
results. This direction is approximately 45 degrees from the orientation of the two arms,
indicating that the Corner is out of phase from either End by about the same amount (1.5
s). For ajlwavenumber of 0.1 cycles/km, the phase difference is approximately 100 degrees.

Figure B-6 shows the results of a wavenumber analysis for the Livingston data when the
time serjes are filtered to a lower frequency range, 100-150 mHz. This is below the peak
frequencgy analyzed above, so the amplitudes of the wavenumber results are smaller, but
similar results are still found. The azimuths are consistently in the north-northeast direc-
tion, and the wavenumbers cluster near 0.05-0.07 cycles/km. This again implies propaga-
tion velocities near 2 km/s. The concentrations near 135 and 270 degrees are suppressed
indicating that these azimuth concentrations are artifacts of the beam-pattern of the tripar-
tite array geometry.

The wavenumber results at Livingston are considerably different from the model of propa-
gating plane waves with velocities above 3 km/s from source regions in oceans or seas. If
propagation velocities are instead actually as low as 1 km/s, the wavenumber results could
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-6. Wavenumber results for the twelve-hour period at Livingston for the fre-

pand 100-150 mHz, lower than the peak noise amplitude band.

admit nearly 360 degree phase differences between the two Ends, and intermedi-
degree) phase differences at the Corner, with propagation from an azimuth of

approximately 120 degrees. The azimuth of 120 degrees would appear to be consistent

with sou
unrealis|
random,
south-sg
small va
ingston |
of azimu
ture is n

Waveny
for the p
distribuf
number
westerly
northeag

rces in the Gulf of Mexico, but the propagation velocity required is considered
ically low. As noted previously, if the relative phase of the noise is completely
a concentration of azimuths that bisect the two arms (in the north-northeast or
uthwest) directions could occur when the wavenumber estimate is limited to a

lue (maximizing the velocity). The azimuth distribution determined for the Liv-
data is consistent with one of these two directions, but the stronger concentration
ith estimates from north-northeast directions suggests that the unequal array aper-
ot controlling the result.

imber results at Hanford. Figure B-7 shows the wavenumber results at Hanford

eak noise frequency 100-150 mHz. The three plots on the left show the temporal
ion of, from top to bottom, the azimuth, wavenumber, and amplitude of the wave-
analysis. The azimuth of approach of the peak noise is from a wide, generally
azimuth range from 180 to 360 degrees, with an additional concentration near a
tern azimuth of 45 degrees. There appears to be an increasing frequency of the
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-7. Wavenumber results for the twelve-hour period at Hanford for the frequency

band 100-150 mHz containing the peak noise amplitudes.
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tern azimuth in the later portion of the time period. The wavenumbers appear to
red near 0.035 cycles/km. Using the peak frequency of the noise in this range (125
1e velocity determined from the relationship v = f/k is 3.5 km/s.

-7 also shows, on the right half of the page, that the wavenumber distribution
1 the amplitude distribution (middle) are similar for either the northeastern or the
azimuths. The bottom plot shows that the higher amplitude wavenumber results
ith high amplitudes and high signal coherence) are concentrated for the wavenum-

3-8 shows the results of the wavenumber analysis at Hanford in the higher fre-
band 150-200 mHz, above the peak frequency at Hanford but at the peak fre-
bbserved at the other site at Livingston. Similar results are found as for the lower
'y band at Hanford, with amplitudes reduced by the fall-off of the underlying
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Figure B-8. Wavenumber results for the twelve-hour period at Hanford for the frequency
band 150-200 mHz, higher than the peak noise amplitude band.

The wavenumber results at Hanford are generally consistent with the expected model of
propagating waves with velocities near 3.5 km/s from sources in the Pacific Ocean. How-
ever, there are many periods where much higher velocities are observed (suggesting a
body wave component), and there is an additional source of noise that appears to propa-
gate across the site from the northeast.
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