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1.0

Analysis of Differential Motions at the
Hanford, Washington and
Livingston, Louisiana LIGO Sites

Alan Rohay, Pacific Northwest National Laboratory

Introduction

Seismic measurements taken simultaneously at the Corner and two Ends of the Laser

Interd

the re

erometer Gravitational Wave Observatory sites provide the data needed to estimate
lative position 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 previous studies primarily described the motions at each measurement loca-

tion 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 passive vibration-isolation systems. In this study, the emphasis is on frequencies
below 1 Hz, where active feedback systems may be used to maintain arm lengths within a
prescribed tolerance.

A sigpificant reduction of relative motion (compared to independent motions) is observed

along
along
groun
that
tions.

2.0

the two perpendicular arms at the Hanford LIGO site. The reduction is greatest

the Northwest Arm, especially for the lower frequencies that comprise the largest

d motions. At Livingston, an increase in relative motion is determined, compared to
rhich would be expected from completely un-correlated motions at the different loca-

Data Description

Measyirements were taken at the Livingston, Louisiana site from October 26 to November

2, 1995. These measurements were taken with three independently-operating seismometer

and r

order systems that were synchronized to within 0.25 milliseconds using continu-

ouslyrsynchronizing GPS receivers. Earlier data collected at Hanford in 1994 were col-
lected one location at a time, so synchronous data were collected there from January4-8,
1996 to provide the data for the current analysis. Data were sampled at 250 samples/sec-
ond and 125 samples/second at Livingston and Hanford, respectively. For the purposes of
this analysis of low-frequency correlation, both sets of data were decimated to a uniform

25s

ples/second. A twelve-hour time series was analyzed for each of the two sites. At

Livingston, the data used are from the period 1200 - 2400 GMT on Day 303 (6:00 a.m.
CST to 6:00 p.m. CST on Monday, October 30, 1995). At Hanford, the data used are from
the period from 0200 - 1400 GMT on Day 005 (6:00 a.m. January 4 to 6:00 p.m. January
5, 1996). The time period for the Livingston data was chosen because it represented a
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period when the noise near 0.2 Hz was near the maximum observed during the recording
period. At Hanford, the time period avoided complications from transient instrument
irregularities.

The seismometers were oriented so that the “North” axis of the horizontal component seis-
mometer was aligned with the LIGO arm nearest the north-south direction, as shown in
Figure 1. Seismometers were calibrated before and after the deployments and system
noise|measurements were made that indicate the seismic noise is resolved above 0.1 Hz.
The calibration results confirmed the responses measured by the manufacturer, showing
that two of the instruments had an equivalent 20-second-period seismometer response and
the third instrument had that of a 30-second-period seismometer. Although ecither response
is sufficiently flat to ground velocity above 0.1 Hz, there is a slight phase response differ-
ence of the 30-second seismometer that was corrected to be the same as the two 20-second
instruments.

The average vertical displacement spectra for the 12-hour period are shown for the three
meas}I)rement locations at Livingston in Figure 2. Figures 3 and 4 show the spectra for the
two horizontal components. Figures 5 through 7 shown the spectra measured at Hanford.
The spectra from each measurement site generally overlie each other between 0.1 and 1
Hz. The Livingston spectra exhibit a broad peak just below 0.2 Hz, and the peak is higher
on the horizontal components. At Hanford, the peak is much narrower and at lower fre-
quendy (near 0.13 Hz), and all three components have about the same amplitude. The
noise measured at Hanford is significantly lower than at Livingston across most of the fre-
quendy range shown. The Hanford spectra show a uniform decrease in amplitude from 0.2
to 1 Hz. The Livingston spectra show secondary peaks near 0.3 and 0.7 Hz, particularly on
the vertical spectra. These two higher-frequency, secondary peaks may be associated with
different sources, potentially with sources in the Gulf of Mexico and Lake Pontchartrain,
respectively. .

Appendix A contains a set of color spectrograms that illustrate the temporal variation in
the noise (ground motion in terms of velocity) from 0.1 to 1 Hz.The spectrograms show
the amplitude of ambient noise 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 are shown from one day at each of
the thfee measurement sites occupied in the 1994 deployment in addition to the 12-hour
period in 1996 when the simultaneous measurements were taken.

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” or “microtremor”
noise. Seismic array studies indicate that the microseism noise is usually generated where
large storm wave hit particular beaches, but can also be generated from sources in the deep
ocean, There are several proposed mechanisms for the generation and propagation of
microseisms, generally involving the interaction of ocean waves travelling in different or
opposite directions that establish a standing-wave pattern. Such effects can occur near a
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coastline or beach that is capable of reflecting a set of waves without much loss, or when
sets of ocean waves from different storms interact.

Thre¢-component polarization and array analysis of seismic data indicate Rayleigh-wave
propagation at velocities near the average crustal shear-wave velocity (near 3.5 km/sec-
ond).| It has been observed that the average microseism noise is higher in the northern lati-
tudes| during the first and fourth quarters of the year, when storm activity is more frequent

_and intense.

Rayleigh waves travelling at 3.5 km/s with periods ranging from 6 to 8 seconds (corre-
sponding to the peak noise frequencies observed at Livingston and Hanford, respectively),
have wavelengths of 21-28 km. This is 5 to 7 times longer than the 4 km arms of the L-
shaped array formed by the LIGO measurement locations, implying a phase delay of 70 to
50 degrees, respectively. Assuming purely sinusoidal motion, these phase delays will
affect the displacement differences by +15% and -15% for the shorter (6-second) and
longer (8-second) period waves for two locations separated by 4 km parallel to the wave-
propagation direction. Variation in the direction of wave approach can result in one End
and the Corner being in-phase (along the arm that is perpendicular to the wave-propaga-
tion direction), while the other End and Corner (along the arm parallel to the wave-propa-
gation direction) will be out of phase by the above amounts. This model of propagating

~ waves indicates that a reduction or at most a modest increase should result when differen-

tial motions are compared to the independent motions at each end of an arm. Longer peri-
ods and wavelengths reduce phase differences.

The geography of the Hanford LIGO area suggests that the microseism noise will be dom-
inated by sources located on the Pacific coast or more distant sources within the Pacific
Ocean, and will therefore arrive from a broad range of generally western azimuths. The -
lowertfrequency (0.125 Hz) peak in the amplitude spectrum will tend to reduce the phase
differences and differential displacements by at least 15% The seismic velocity structure is
well known at Hanford and a Rayleigh-wave velocity near 3.5 km/second is appropriate in
this frequency range. Assuming propagation from western azimuths (approximately 45
degrees to both of the LIGO arms), the differential motion along both arms should be
reduced by a total of 40% relative to independent motion.

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 Atlan-

tic Ocean are also expected. Wind-generated waves in Lake Pontchartrain could also gen-

erate a “lake-effect” that might be observed at Livingston. There may be significant
differences in how microseism 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
charagteristics of shorelines bordering them. The geologic structure is known to be domi-
nated by a thick sedimentary sequence at shallow depths implying low seismic velocities
in the uppermost 5 km, but is very poorly known at greater depth. The above factors make
a prediction of the expected microseism directions variable and velocities uncertain. The
shorter period (6 seconds) of the peak amplitude spectrum at Livingston and the indication
of lower seismic velocities in the region suggests that a modest increase in differential
motion relative to independent motion may result. Assuming a lower Rayleigh-wave
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velocity of 2 km/second for the peak noise at 6 seconds the phase difference is 120
degrees for a 4-km separation, suggesting that dlffercntlal motion would be 70% larger
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4.0 'Wavenumber Analysis

A wayenumber analysis conducted on the measured signals at the two sites indicates sub- ’
differences in the structure of the noise wave field at the two sites. At the Hanford
t-propagating waves consistent with Rayleigh wave propagation are observed, but

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 located near the coast of central Chile (28.9 S, 71.4 W) on Day 305 at 00:35:32 GMT.
Positive polarity compressional waves are expected at Livingston, and a standard earth
velocity model predicts an apparent velocity of 16 km/second (the waves arrive froma -
near vertical inclination) from an azimuth of 161 degrees. This practically coincides with
entation of the South Arm of the LIGO facility, so it implies that the South End
detect these waves in advance of the Corner by 0.25 s, and the West End should

the o
shoul
detect

Figure 8 shows the time series from all three vertical-component channels (the lower plot
the corrected response of the 30-s seismometer). This plot clearly illustrates the
tency of the earthquake signals. (It also shows an example of the lack of coherence
noise preceding the arrival of the earthquake signals.) Other sections of the earth-
signal were also examined for the three north-south and three east-west channels to
that all signals had the correct polarity and amplitude.

showsg
COnsis
of the
quake]
nsure

The W

venumber method used.

these waves simultaneously with the Corner.

avenumber 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 signals onto the two-dimensional wavenumber plane. The peak power on the wave-
number plane is then selected to represent an azimuth of approach and a propagation
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velocity. A segment of the three vertical signals was taken and the ends of the segment
were tapered to zero to remove end effects for the subsequent two—pass (forward and
reversed) band-pass filtering.

Wavenumber analyses for two filter bands, from 0.1 to 0.2 Hz and from 0.8 to 1.0 Hz, are
shown in Figure 9, where the combined power of the three signals is contoured as a func-
tion of the two horizontal wavenumbers. The peak amplitude occurs at 0.008 and 0.035
cycles/km. The propagation velocity is determined by the ratio of the peak frequency f (in
cycles/s or Hz) and the wavenumber k (in cycles/km) using v = f/k. The velocity deter-
mined for the two analyses is 19-25 km/s, for comparison to that predicted, 16 km/s. The
azimyth estimated from the wavenumber diagrams is from an eastern or southeastern
direction, compared to the predicted southeastern azimuth of 161 degrees.

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 crpssing the array at 20 km/s from an azimuth of 125 degrees, in approximate agree-
ment with the higher-frequency wavenumber result. Similar results were obtained using
other portions 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
tion results within a resolution of 0.1 s, but his is a relatively small portion of the
period and 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 0.12 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-
numbegr analysis is designed to focus on a narrow frequency band at the peak frequency at
each of the two sites. Frequency bands of 100-150 mHz and 150-200 mHz were appropri-
ate for a comparative analysis of the maximum noise peak at Hanford and Livin gston,

respectively. The analysis was conducted using both frequency bands at each site for com-

. Only the vertical channel has been analyzed, because the amplitude changes with
irection when dominant horizontal polarization exists (as is expected for Rayleigh

ralsed cosine bell to strongly entiance the middle 30 s of the data. This obtains 4-
s of the noise for each wavenumber measurement. The window was shifted 30 s for
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each subsequent measurement. The windowed time series amplitudes were normalized so
e 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 represent 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-
quengy f (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 less than 1 km/s
is partially based upon the expected propagation velocity, but there can remain ambiguity
in the determination of the direction and propagation velocity within this limit.

Figure 10 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 and therefore inconsistent with
horizontally-propagating Rayleigh 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 Cor-
ner during this time segment are out of phase by 180 degrees, and the Northwest End and
Comer are nearly in phase. The wavenumbers for either peak are near 0.125 cycles/km,
and from the frequency of 125 mHz, a propagation velocity of 1 km/s along the either
direction of the Southwest arm results (which is much slower than expected for Rayleigh
waves). This situation simply corresponds to a time delay/advance of 4 s, half of the 8-s

peri

At Liyingston, where the frequency is higher, near 185 mHz, it is more difficult to select
the correct maximum on the wavenumber plane. Figure 11 shows two examples of the
wavenumber 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 11) 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 11 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 (.14 cycles/km and so a velocity of approximately 1.3 km/s results, either in a north-
erly or a southeastern direction. If even slower velocities are considered possible, then the
two maxima on the left half of the wavenumber plane could also be correct. There are
maxima in the wavenumber plane separated every 0.25 cycles/km in directions parallel to
the two 4 km arms of the tri-partite arrays, and 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 festrictive limit can, however, produce biascs because of the “flatter” aperture of the -

array jn the direction parallel to the bisector of the two arms. For example, the phase rela-
tionships intermediate to those that produced the wavenumber diagrams in Figure 11 will

Analysis|of DIfferential Motions September 19, 1996 6
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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
mode] that predicts fast propagation velocities versus a model that suggests southeastern
azimyths as possible sources for the noise.

Wavenumber results at Livingston. Figure 12 shows the resuit of the wavenumber anal-
ysis for the Livingston site in the frequency band 0.15 - 0.20 Hz. At Livingston, the noise
is natprally peaked in this frequency range. The three plots on the left of Figure 12 show
the temporal distribution of the 12-hour, moving-window wavenumber analysis. The
uppermost of these plots shows the azimuth estimate, the middle shows the wavenumber
estimate, and the lower shows the peak amplitude of the wavenumber analysis. A slight
variation in amplitude over time reflects the overall amplitude variation observed on the
spectrograms in Appendix A. The azimuth of wave approach is most frequently from a
north or northwest direction (azimuth 0-45 degrees), with azimuths near 135 and 270
degreges occurring less frequently. The middle plot on the left rarely shows wavenumbers
less than 0.05 cycles/km and wavenumbers range from 0.05 to the maximum, 0.20 cycles/
s with no concentrations at any particular value.

The top plot on the right of Figure 12 shows that most of the low-wavenumber results are
assocjated with the north-northwest approach directions, and the azimuth determinations
that cluster near 135 and 270 are associated with the largest wavenumbers (see Figure 11).
It is these latter situations (large wavenumbers) that would indicate slow propagation
velocities, large phase differences, and ambiguous phase determinations. The middle plot
on the right of Figure 12 shows that the amplitudes of the wavenumber results outside of
the three azimuth groups are systematically lower than those within the three azimuth
groups. The lower plot on the right shows the amplitude distribution as a function of the
wavenumber, and here there is a slight tendency for wavenumbers near 0.10 and from
0.15-0.20 cycles/km to have higher amplitudes.

The rIost significant result of this analysis is that there are very few instances where the

wavenumber of the dominant noise field is less than 0.05 cycles/km. The wavenumber is
most frequently near 0.1 cycles/km (and frequently higher), so that the noise propagation
velocities are interpreted to be near 2 km/s or lower, given that the dominant frequency is

below 0.2 Hz (the peak is near 185 mHz). The low-wavenumber results are primarily asso- -

ciated with a direction of approach of north-northwest. 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 restrict-
ing the result to minimize the phase differences, the north-northwest direction results. This
directjon 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 a wave-
number of 0.1 cycles/km, the phase difference is approxnmately 100 degrees.

Figure 13 shows the results of a wavenumber analysis for the Livingston data when the
time series are filtered to a lower frequency range, 100-150 mHz. This is below the peak
frequency analyzed above, so.the amplitudes of the wavenumber results are lower, but
similar results are still found. The azimuths are consistently in the north-northwest direc-
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tion, and the wavenumbers cluster near 0.05-0.07 cycles/km. This again implies propaga-
tion velocities near 2 km/s.

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
possibly admit nearly 360 degree phase differences between the two Ends, and intermedi-
ate (180 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 sources in the Gulf of Mexico, but the propagation velocity required is considered
unrealistically low. As noted previously, If the relative phase of the noise is completely
random, a concentration of azimuths that bisect the two arms (in the north-northeast or
southtsouthwest) directions could occur when the wavenumber estimate is limited to a
small|value (maximizing the velocity). The azimuth distribution determined for the Liv-
ingston data is consistent with one of these two directions, but the stronger concentration
of azi’nuth estimates from north-northeast directions suggests that the unequal array aper-
ture is not completely controlling the result.

Wavenumber results at Hanford. Figure 14 shows the wavenumber results at Hanford
for the peak noise frequency 100-150 mHz. The three plots on the left show the temporal
distribution of, from top to bottom, the azimuth, wavenumber, and amplitude of the wave-
number analysis. The azimuth of approach of the peak noise is appears to be from a wide,
generally westerly azimuth range from 180 to 360 degrees, with an additional concentra-
tion near a northeastern azimuth of 45 degrees. There appears to be an increasing fre-
quengy of the northeastern azimuth in the later portion of the time period. The
wavenumbers appear to be centered near 0.035cycles/km. Using the peak frequency of the
noise|in this range (125 mHz), the velocity determined from the relationship v = f/k is 3.5
km/s, 0

Figure 14 also shows, on the right half of the page, that the wavenumber distribution (top)
and the amplitude distribution (middle) are similar for either the northeastern or the west-
ern azimuths. The bottom plot shows that the higher amplitude wavenumber results (those
with high signal coherence) are concentrated for the wavenumbers below 0.05 cycles/km.

Figure 15 shows the results of the wavenumber analysis at Hanford in the higher fre-
quengy band 150-200 mHz, above the peak frequency at Hanford but at the peak fre-
quency observed at the other site at Livingston. Similar results are found as for the lower
frequency band at Hanford, with amplitudes reduced by the fall-off of the underlying
noise| spectrum. : ‘

The jlavenumbcr results at Hanford are generally consistent with the expected model of
propagating wave with velocities near 3.5 km/s from sources in the Pacific Ocean. How-

ever, there are many periods where higher and slower velocities are observed, and there is -

an additional source of noise that appears to propagate across the site from the northeast.

Histograms of wavenumber results. Figures 16 and 17 show histograms of the azimuth
and wavenumber results for the Hanford and Livingston sites. Comparison of the azi-
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that the peak azimuths are near 30 and 230 degrees in the lower (peak) frequency band, but
that the azimuth in the higher frequency band is peaked more strongly for the 30 degree
azimyth. The azimuth distribution at Livingston is concentrated near 20 degrees, except
for the secondary groups near 120 and 280 degrees that were associated with large wave-
numbers and phase shifts approaching 180 degrees.

muthﬁl distributions at Hanford for the 100-150 mHz and 150-200 mHz bands indicates

The peak in the wavenumber distribution at Hanford for the peak frequency band (100-
150 ) is frequently as low as 0.02 cycles/km, implying propagation velocities are fre-
quently as high as 6 km/s. The range of frequently-estimated wavenumbers from 0.01 to
0.04 ¢ycles/km indicates a range of propagation velocities from 3 to 12 km/s.

At Liyingston, the peak in the wavenumber distribution is found at 0.07 and 0.11 cycles/
km for the lower and higher frequency bands, respectively. These wavenumbers corre-
spond to propagation velocities near 2 km/s. The range of wavenumbers observed for the
lIower|frequency band (100-150 mHz) is 0.04 to 0.11 cycles/km, indicating a range of
propagation velocities from 1 to 4 km/s.

5.0 Differential Motions

The r.m.s. difference in position of the Corner anci End stations is determined in three one-
octave frequency bands, using a sample length that corresponds to one cycle of the lowest
frequency in the band or two cycles of the highest frequency, as shown in the table below.

Frequency Band (Hz) Sample Length (s) Number of Samples
0.1-025 8 5400
025-0.5 4 10800
05-10 2 21600

The lowest frequency band includes the pcélc amplitude of the ambient noise spectra at the

¢ processing of the data for calculating the position differences from the recorded

y remove up to 1% of the population of higher displacements).

ismometer to be identical to the two 20-s seismometers. The gain factor for each
ries was applied to obtain ground velocity from the digitally-recorded seismometer
outputs. Band-pass filters were applied to each one-hour time series, using the same filter
types as above (2-pole Butterworth filters passed twice over the data, once in a forward
directjon and once in a reversed direction). The effect of the band-pass filters on a sample

The \Eering above was also necesSary to eliminate transients from the conversion of the
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spectrum from Livingston is shown in Figure 18. After filtering, the time series is inte-
grated to obtain ground displacement from the velocity time series.

The Comer-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 r strain of the Northwest Arm at Hanford or the South Arm at Livingston (see
Figure 1), and rotation of the perpendicular arms (about a vertical axis). The east differ-
ence similarly corresponds to an arm-parallel displacement of the Southwest Arm at Han-
ford or the West Arm at Livingston.

Comparison of differential motions to independent motions. Figures 19 to 24 show
histograms of the ratio of the r.m.s.displacement differences to the r.m.s. of the two con-
tributing independent motions. The value of this ratio can range from 0 to 2, if the two dis-
placement time series are identical or opposite. Two completely random signals are
expected to have an average value near 1.4. At the bottom of each histogram are two trian-
gles marking the mean and mcdian value of the ratios.

The distributions of ratios for the vertical motions at Livingston are shown in Figures 19.
In the two higher frequency bands (250-500 and 500-1000 mHz), the mean and median
values are near the value expected from the difference between two un-correlated time
series, The ratios 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 wave-
number analysis that was conducted within this frequency range. The wavenumber analy-
sis of the vertical channel most frequently detected phase differences near 100 degrees
between the Corner and the two Ends. The ratio of r.m.s. differences formed from two
equaliamplitude sinusoids with this phase offset of 100 degrees is 1.5, as compared to 1.4
if the phase difference is just 90 degrees.

The distributions of ratios for the horizontal motions at Livingston are shown in Figures

. 20 and 21. The east-component distributioris are ‘similar to the vertical channel, and the

north component distributions are similar except for a slightly increased ratio (up to 1.6).in
the low- and intermediate-frequency bands for the West Arm (this is motion perpendicular
to thi§ arm or a rotation of the arm). In the low band, the South Arm has a ratio near 1.4
instead of the higher value of 1.5 obscrvcd for the vertical and east components.

Figure 22 shows that at Hanford mgmﬁcant reductlons in differential motion result, par-
ticularly for lower. frequencles and for the Northwest Arm. This is consistent with the
wavenumber analysis that showed small phase differences or high propagation velocities
acrosg the array. The reduction of differential motion relative to independent motion is
stronger on the Northwest Arm, which is perpendicular to one of the principal azimuths
(from|the northeast) determined in the wavenumber analysis, so the phase difference is
small¢r during those periods when this azimuth is dominant. Figures 23 and 24 show the
ratios [for the north and east components, which show similar results, except that the north-
component differences are higher than 1.4 for along the Southwest Arm (again, this is
motion perpendicular to this arm or a rotation of the arm).

H
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Differential Motion Histograms. The final set of twelve figures, Figures 25 through 36,
show the cumulative exceedances of r.m.s. differential displacements in the three fre-
quency bands and set of sampling windows used above. Each figure displays the cumula-
tive distribution of r.m.s. displacement for each of the contributing independent motions
and their differences, for each of the three frequency bands. A complete description of the.
differential motions in three directions (vertical tilting, arm-parallel stretching, and hori-
zontal rotation) is provided for Livingston (Figures 25 to 30) and Hanford (Figures 30 to
35). For both sites, the largest displacements are found in the 100-250 mHz band.

At Livingston differential displacements exceed 10°m approximately 90% of the time for

the harizontal motions, and approximately 30% of the time for vertical motions in the low-
frequency band. The slightly larger ratios of differential to independent motions at low fre-
quency is only subtly visible in these diagrams. In the higher frequency band (500-1000
mHz)|at occurrence rates below 1%, the plots show the effect of another earthquake (a
magnitude 5 event from southern Mexico) that occurred during the 12-hour period ana-
lyzed, The earthquake ground motions have a signiﬁcant effect on the horizontal motions.

nford dlffcrentlal dlsplacements rarely exceed 10°¢ min the low—frcquency band

at were observed to have hlgh signal cohcrence that the wavenumber analysis
as propagation in a direction perpendicular to this arm.

icroseism noise, peaked in amphtude near an 8 s period at Hanford and between 5-6
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 veloci-

ties near the average shear-wave velocity of the earth’s crust, approximately 3.5 km/s. This
mode] should produce a reduction or at worst a slight increase in the amplitude of differen-
tial mptions between the End stations and the Corner because of the long wavelengths
impligd. However, at both Hanford and Livingston, the observed phase relationships
between mcasurcment sites are not wholly consistent with this simple model.

At Hanford, wavenumber ana]ysm frequently mdlcates velocities near 3.5 km/s from west-
ern azimuths that would be appropriate for sources in the Pacific ocean or along the coast.
But there are also many, periods when a northeast azimuth is determined, and many peri-
ods when significantly higher velocities are determined, The periods when a northeast azi-
muth is determined is the result of coherent noise at the Northwest End and Comer, which
significantly reduces the average differential motion along this arm. At Hanford, the gen-
erally high velocities confirm the expected reduction in Corner-to-End differential motion
relative to that expected from un-correlated motions at the three measurement locations.
This reduction is effective in the frequency range that the peak microseism amplitudes are
obseryved, but the microseism vibrations become progressively less coherent at higher fre-
quencies. P : ,

Analysis|of DIfferential Motions o Septerber 19,1996 1
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At Livingston, the phase relationships between the Corner and Ends indicate unexpectedly
slow velocities (near 2 km/s) for propagation of microseism noise, and a direction of prop-
ign that does not correspond to sources near coasts or in the oceans. The slow velocity

own. If velocities lower than 1 km/s are possible for these low-frequency waves,
imuths are also possible. It is also possible that patterns of interfering waves fre-
y establish stable phase relationships between the Corner and Ends that do not nec-

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 sug-

gests that the propagation characteristics of the microseismic noise there may not be con-
sistent with previous characterizations of this noise as fast, long-wavelength Rayleigh
waves. ‘ b
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Figure 1. Ori

Figure 2. Liv
spectra comp

Figure 3. Liv)
tra computed

Figure 4. Liv]
tra computed,

Figure 5. Liv
spectra comp

Figure 6. Livj
tra computed|

Figure 7. Livj
tra computed
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entation of seismometer components at LIGO sites at Livingston and Hanford.

ingston vertical-component amplitude spectra. Each spectrum is an average of 12
uted from one-hour samples. The Corner, South End, and West End are overlaid.

ingston north-component amplitude spectra. Each spectrum is an average of 12 spec-
from one-hour samples. The Comner, South End, and West End are overlaid.

from one-hour samples. The Corner, South End, and West End are overlaid.

ingston vertical-component amplitude spectra. Each spectrum is an average of 12
uted from one-hour samples. The Corner, South End, and West End_ are overlaid.
from one-hour samples. The Corner, South End, and West End are overlaid.

ingston east-component amplitude spectra. Each spectrum is an average of 12 spec-
from one—Fhour samples. The Cqmer, South End, and West End are overlaid.

Figure 8. Time series from Chilean earthquake recorded on vertical components at Livingston -

LIGO site.

Figure 9. Wa
tour plots shq
tion of waver
band-passed

Figure 10. Ex
The frequeng
with “infinite
tically-propaj
degree phase

¢ . !

venumber results from compressional wave window for Chilean earthquake.The con-

jumber in the two horizontal directions. Left contour plot is for earthquake signals
from 100-200 mHz. Right contour plot is for 800-1000 mHz.

tamples of wavenumber results for vertical-component ambient noise at Hanford.

y band is 100-150 mHz (the peak noise band). The plot on the left shows a result

» apparent velocity, indicating all three signals are in-phase (as might result of a ver-
sating body wave). The plot on the right shows a result where there is nearly a 180-
shift at the Southwest End relative to the Corner and Northwest End. Propagation

velocity imp

ied is 1 km/s. A 180-degree phase shift corresponds to a wavenumber of 0.125

cycles/km for the peak frequency of 0:125 cycles/s. The wavelength is twice the arm length, and

the time-del

the southwest.

is half the period. The propagation direction could be from the northeast or from

Figure 11. Examples of Wavenumbcr results for vertical-component ambient noise at Livingston.
The frequency band is 150-200 mHz (the peak noise band). The plot on the left shows a result

with two pe.
bers corresp
pretation as p
velocities are;
right shows a
from the orig

on wavenumber plane that are nearly equidistant from the origin. The wavenum-
nding to these peaks are near 0.15 cycles/km, implying a velocity near 1 km/s. Inter-
ropagation at this slow velocity from north-northeast or southeast directions. Lower
implied by the peaks at west-northwest and southwest azimuths. The plot on the
typical result at Livingston, where the peak on wavenumber plane 0.85 cycles/km
in implies a velocity near 2 km/s and a preferred azimuth from the northeast.

ingston east-component amplitude spectra. Each spectrum is an average of 12 spec-

w the combined power of the three vertical-component signals contoured as a func-

Er014

ingston north-component amplitude spectra. Each spectrum is an average of 12 spec- -
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Figure 13.
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Figure 14.
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Figure 15.
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Figure 16.
Figure 17.

Figure 18. E
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Figure 19.
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venumber results for the twelve-hour period at L1v1ngston for the frequency band
containing the peak noise amplitudes.

venumber results for the twelve-hour period at Livingston for the frequency band
, lower than the peak noise amplitude band.

venumber results for the twelve-hour period at Hanford for the frequency band 100-
taining the peak noise amplitudes.

venumber results for the twelve-hour period at Hanford for the frequency band 150-
er than the peak noise amplitude band.

stograms of azimuth and wavenumber results at Hanford.
stograms of azimuth and wavenumber results at Livingston.

ect of band-pass filters on an example spectrum. Spectra are averages of 39 spectra
one-hour time sample at Livingston. Plot superimposes spectra from the unfiltered
d-passed time series. The filters are two-pole Butterworth filters that operate twice
backwards through the time series) to eliminate phase shift. Filter frequency limits
, 250-500 mHz, and 500-1000 mHz. The effect of the anti-alias filter used to
to 25 samples/s is seen at 12.5 Hz.

istograms of End-Cormner difference ratios for Livingston r.m.s. vertical component of

nd motion.

Figure 20. Histograms of End-Corner difference ratios for Livingston r.m.s. north-component of
ambient ground motion.

Figure 21. Histograms of End-Corner difference ratios for Livingston r.m.s. east component of
ambient ground motion.

Figure 22. Histograms of End—Corner difference ratios for Hanford r.m.s. vertical component of
ambient ground motion.

Figure 23. Histograms of End-Corner difference ratios for Hanford r.m.s. north component of
ambient ground motion.

Figure 24. Histograms of End-Corper difference ratios for Hanford r.m.s. east component of
ambient ground motion.
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Figure 25. Cymulative distribution of independent and differential r.m.s. vertical-component dis-
placements at Livingston South Arm. '

Figure 26. Cymulative distribution of independent and differential r.m.s. vertical-component dis-
placements at Livingston West Arm.

Figure 27. Cumulative distribution of independent and differential r.m.s. north-component dis-
placements at Livingston South Arm.

Figure 28. Cumulative distribution of independent and differential r.m.s. north-component dis-
placements af Livingston West Arm.

Figure 29. Cumulative distribution of independent and differential r.m.s. east—compbncnt dis-
placements af Livingston South Arm.

Figure 30. Clﬂmulative distribution of independent and differential r.m.s. east-component dis-
placements at Livingston West Arm.

Figure 31. Cumulative distribution of independent and differential r.m.s. vertical-component dis-
" placements at Hanford Northwest Arm. :

Figure 32. C\ﬁmulative distribution of independent and differential r.m.s. vertical-component dis-
placements af Hanford Southwest Arm.

Figure 33. Cumulative distribution of independent and differential r.m.s. north-component dis-
placements at Hanford Northwest Arm.

Figure 34. Cymulative distribution of independent and differential r.m.s. north-component dis-
placements af Hanford Southwest Arm.

Figure 35. Cumulative distribution of independent and differential r.m.s. east-component dis- -
placements at Hanford Northwest Arm.

Figure 36. Cumulative distribution of independent and differential r.m.s. east-component dis- -
placements at Hanford Southwest Arm.
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Hanford Azimuths and Wavenumbers ]
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Livingston North Difference Ratios
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Livingston East Difference Ratios
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Hanford North Difference Ratios
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