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MICROSEISMS IN GEOTHERMAL EXPLORATION:
STUDIES IN GRASS VALLEY, NEVADA

Alfred Liang-Chi Liaw
Lawrence Berkeley Laboratory
University of California, Berkeley
ABSTRACT

Frequency-wavenumber (f-k) spectra of seismic noise iﬁ the bands
1 <f <10 Hz in frequency and |k| < 35.7 cycles/km in wavenumber,
measured at several places in Grass Valley, Nevada, exhibit numerous
features which can be correlated with variations in surface geology and
sources associated with hot spring.activity. Exploration techniques for
géothermal reservoirs, based upon the spatial distribution of the
amplitude and frequency éharacteristics of short-period seismic noise,
are applied and evaluated in a field program at a potential geothermal
area in Grass Valley, Nevada. A detailed investigation of the spatial
and temporal characteristics of the noise field was made to guide
subsequent data acquisition and processing. Contour maps of normalized
noise-level derived from carefully sampled data are dominated by the hot
spring noise source and the generally high noise levels dutlining the
regions of thick alluvium. Major faults are evident when they produce
a shallow lateral contrast in rock properties. Conventional seismic
noise mapping techniques cannot differentiate noise anomalies due to
buried seismic sourcés from those due to shallow geological effects.
The noise radiating from a‘deep reservoir ought to be evident as body
waves of high phase velocity with time-invariant source azimuth. A

small two-dimensional array was placed at 16 locations in the region
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to map propagation parameters. The f-k spectra reveal local shallow
sources, but no evidence for a significant body wave component in the
noise field was found. With proper data sampling, array processing
provides a powerfui method for mapping the horizontal component of the
vector phase velocity of the noise field. This information, as well as
the accurate velocity structure, will enable us to carry out seismic
ray tracing and eventually to locate the source region of radiating
microseisms. In Grass Valley, and probably in most areas; the 2-10 Hz
microseismic field is predominantly fundamental mode Rayleigh waves

controlled by the very shallow structure.
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I. INTRODUCTION

Two methods have been proposed for attempting to utilize microseisms
for delineating geothermal reservoirs. The first is based on the specu-
lation that hydrothermal processes deep in the reservoir radiate seismic
wave energy in the frequency band 1 to 100 Hz. If this'phenomenon exists,
the exploration method becomes a relatively straightforward ''listening"
survey, using stations on a 0.5 to 2 km grid. Contours of noise power
on the surface should delineate noise sources. This is the ''standard"
noise survey used widely in geothermal exploration. A second approach
interprets the noise field as propagating elastic waves of appropriate
type, e.g., fundamental mode Rayleigh waves, and inverts their propaga-
tion characteristics to obtain the distribution of medium properties, i.e.
velocity and attendation, both laterally and vertically. The propagation
parameters of ambient microseisms so measured will also locate distinctive
radiation sources. With sufficient knowledge of the wave nature of the
microseisms and a reasonably accurate velocity-depth model, a fixed,
non-aliased array can be used in a beam-steering mode to define the source
region of radiating noise. Both~approach¢s, as used in typical surveys,
suffer greatly when data are contaminated by non-seismic noise, by
interfering seismic wave trains, or by improper temporal and spatial
data sampling. These pervasive problems have combined to render noise
analysis at best a qualitative geophysical method and have substantially
limited the acceptance of the seismic noise sur§ey as an integral element
in geothermal exploration.

This study attempts to avoid such problems by sophisticated analysis

of microseismic data in an evaluation of the feasibility of ground noise
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studies in geothermal site delineation. We ;eport a series of investi-
gations undertaken near Leach Hot Springs in Grass Valley, within the
region of generally high heat flow in northern Nevada. We first
quantify the spatial and temporal variations of ground noise in the
region and find that the seismic noise spectrum is strongly affected by
the near-surface geology at the recording site. In fact, with broad-
band seismic sensors in a mapping technique using amplitudes and frequen-
cies, one can outline lateral variations in alluvial thickness. This
"standard"' mapping technique cammot differentiate noise enhancement due
to shallow structure from noise enhancement due to buried seismic source.
On the other hand, we find that the mapping of wéve propagation param-
eters provides additional information about the noise field. However,
the successful application of this technique requires some understanding
of the wave nature of microseisms. We used multiple-sensor arrays to
study the seismic coherency as a function of frequency and spatial
separation. Based on this information, we designed an array to collect
propagating microseismic data. The array data were processed by both
the frequency domain beam-forming method (BFM) and the maximum-likelihood
method (MIM). From the dispersion curves obtained in our array study,
we verify that the seismic noise consists primarily of fundamental mode
Rayleigh waves.

In Chapter 2, I consider the geothermal ground noise within the
content of wide-band microseisms and discuss the origin of seismic
noise in three different period ranges. In Chapter 3, I describe the
area of field study and the systems used for field data acquisition.

The conventional seismic noise power contour technique is evaluated
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in Chapter 4. Finding weakness in the conventional mapping method, I
present a sophisticated array mapping technique in Chapter 5, along
with field procedures, data processing sEhemes, and the results of the
Grass Valley study. In the concluding chapter, I summarize the results

of the study and present recommendations for extensions of the work.
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IT. EARTH NOISE

2.1 Introduction

The study of microseisms, or earth noise, involves interplay of
meteorology, oceanography and seismology. The investigation of micro-
seisms has attracted seismologists since the beginning of this century. .
A bibliography covering work up to 1955 (Gutenberg and Andrews, 1956)
lists over 600 articles on the subject. In a recent review, Bath (1974)
prévided an additional 69 articles related to spectral studies of
microseisms.
A typical seismic noise spectrum recorded at a quiet site (Figure 2.1)
shows:
1) The amplitude increases with period for periods longer
than 30 sec: Over this band seismic noise is due to
atmospheric loading (Savino, et al., 1972).

2) Two diétinctive maxima appear around 6-8 sec and
14-20 sec. These are related to ocean waves.

3) Low amplitude short-period noise (T < 0.8 sec) asso-

ciated with human activity and local natural disturbances,
including weather.

A distinct worldwide minimum in seismic noise occurs around 30 to
40 sec, separating the very long-period microseisms of atmospheric
origin ffom those long-period waves due to ocean swell. (Savino, et al.,
1972;'Whorf, 1972). Another prominent minimum around 0.8 sec separates
short-period local noise from long-period ocean swell (Figures 2.1 and 2.2).

The noise spectrum, S(f) can be expressed as

S(f) = I(f) E(f) G(f) , (2.1)



where:
I(f) = the source spectrum,
E(f) = the transfer function of entire path, excluding near
surface effects at the sensor; and |
G(f) = the transfer function of the shallow section at the

recording site.

The noise spectrum reflects the nature of the source spectrum, and
the acoustic properties of the medium both along the path and beneath
the recording site. At a quiet bedrock location, away from strong local
surface or subsurface sources, the noise spectrum generally exhibits a
frequency dependence of f_l to f—S, with local reversals at the peaks
(Figures 2.1 and 2.2). 1In Figure 2.1 the power spectral density obtained
by Fix (1972) corresbonds to the minimum value recorded at a quiet site
(Brune and Oliver, 1959) and to the tyﬁical background noise spectrum
in 10 to 100 sec range at Albuquerque (Peterson et al., 1976). The
results of Peterson et al. (1976) were recorded by the broad-band bore-
hole seismometers of the Seismic Research Observatories.

In this chapter, I discuss the sources of seismic noise, emphasizing
those observations of particular relevance for geothermal ground noise.
In the last section, I discuss the effect of local geology on seismic

noise.

2.2 Short-period seismic noise (T <0.8 sec)

Microseisms in the period range 0.8 sec to 0.01 sec (1.25 Hz to
100 Hz) are generated by human activity such as traffic or machinery

(usually called "cultural" noise), by natural surface disturbances due
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to wind, or by subsurface activity such as microearthquakes or geothermal
processes. Over this frequency range thé seismic energy attenuates
rapidly with increasing distance from the source. As indicated by

Douze (1967), short-period surface seismic noise consists mostly of
fundamental mode Rayleigh waves. He also found that at depths of 2 to

3 km beneath the earth's surface, where the fundamental Rayleigh mode

has decreased to negligible amplitude, the remainder of the noise

consists of random body waves.

- Cultural noise. Noise sources related to human activity are responsible
for diurnal variations of background noise level as seen in the Waiotapu
region of New Zealand ‘(Whiteford, 1970), and at East Mesa, California
(Iyer, 1974), both geothermal regions. At East Mesa the freeway, with
frequent . truck traffic, produces wide-band (up to 10 Hz) noise as well
as large amplitude variations which can be detected at distances up

to 8 km. Measurements near roads in the Waiotapu region show that
traffic can produce ground motion up to 700 x 10_9 m/sec about 13 dB
above a quiet site, in 0.5 - 100 Hz, at a distahce of 0.5 km

(Whiteford, 1970).

Rivers, canals, and waterfalls. Iyer and Hitchcock (1976) reported that

the river fiowing in Long Valley, California, generates noise at
frequencies above 6 Hz and that the noise is attenuated by 12 dB 1 km
from the river. In East Mesa, irrigation canals seem to be continuous
wide-band sources of noise attenuating rapidly with distance, reaching

a fairly steady level beyond 3 km. At the power drops (small waterfalls)
along the canals, however, a distinctive noise component 1is generatéd in

a narrow frequency band around 2.5 Hz (Iyer, 1974). Iyer and Hitchcock
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(1974) found that in Yellowstone National Park the waterfalls generate
a narrow band seismic noise at 2 Hz which is clearly different in
appearance from the noise generated by the hydrothermal process.

Wind. Although both Whiteford (1970) and Iyer (1974) reported poor
correlation between the amplitude of short-period seismic noise with
wind speed, Frantti (1963) reported that high wind influenced short-
period noise. His results are presented in Figure 2.3 for three
components of motion. The wind effect influences a broad frequency
range, particularly on the horizontal component oriented parallel to
the wind direction. Peterson et al. (1976) have shown that the effect
of wind-generated noise decreases as the depth of sensor location
increases.

Geysers, hot springs, and fumaroles. Reports relating short-period

microseisms to geothermal processes are numerous. We will discuss

this topic in more detail in Section 2.5.

2.3 Long-period seismic noise (2 sec < T < 20 sec)

Early studies of microseisms concentrated on the observation and
the origin of 6 - 8 sec microseisms which have been reported as a
world-wide phenomenon. The amplitude of microseisms varies from site
to site and it varies temporally at a given site. The term "microseismic
storm" is used to refer to the occasional periods of unusually large
amplitude microseismic activity. Since the dominant microseism period
at 6 - 8 sec corresponds to half the period of a pronounced peak in the
ocean wave spectrum, and since large amplitude microseisms are always

observed near the coast, these microseisms are inferred to be of
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oceanic origin. Longuet-Higgins (1950) has shown theoretically that
the 6 - 8 sec microseisms are generated by the standing wave phenomenon
in ocean wave motion. The standing waves are caused by the interference
of groups of waves of the same wavelength, but not necessarily of equal
amplitude, travelling in opposite directions. The mean pressure on the
bottom beneath a train of standing waves is not constant, as in a
progressive wave, but fluctuates with an amplitude independent of the
depth and proportional to the square of the wave height. The oscillation
of standing waves produces the type of energy required for the generation
of ground movement. This type of energy is unattenuated by water
depth, and in phase at ail points of the bottom, suitable for producing
coherent seismic waves. Further, the frequency of this pressure variation
is twice the fundaméntal frequency of the waves. The favorable environ-
ments in which the standing wave motion may be strong are:

1) the wake of a moving sform,

2) the center of a storm, and

3) reflection from a coast.
The generation of 6-8 sec microseisms by ocean storms has been reported
(Iyer, 1958; Toks6z and Lacoss, 1968; Haubrich and McCamy, 1969; and
Vinnik, 1971), suggesting the first or éecond possible source of generation.
Other observations related to ocean waves near the coastline indicate
the third possible source (Haubrich et al., 1963).

" The double-peaked spectral feature characterized by two distinctive

maxima at 6-é sec and 14-20 sec respectively has attracted attention
since the development of high gain long period seismographs. Microseisms

with the same dominant period as ocean surface waves are referred to
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as primary frequency microseisms (PF), as distinct from double frequency
microseisms (DF) or secondary microseisms, which have half this period.
The microseisms of the double frequency contain more energy than those
of the primary frequency. The primary and secondary microseisms are
generated from the same meteorological disturbances at the east and

west coasts of the United States (Oliver and Page, 1963; Haubrich et al.,
1963). The primary microseisms are probably generated as a result of
the incidence of gravity waves in water upon a coastline; this is in
general agreement with the classical "surf" theory. The generative
strip is presumably confined to shallow water, 100 miles up or down the
coast (Haubrich et al., 1963). The secondary microseisms are apparently
due to standing water wave oscillation, in agreement with Longuet-Higgins'

theory, in shallow and/or deep water.

2.4 Very long period seismic noise (T > 30 sec)

The power spectral density of very long period seismic noise in
30 to 130 sec range rises smoothly with period, as shown in Figure 2.1

for the vertical component. Haubrich and Mackenzie (1965) and Capon

(1969) have observed that noise in this period range consists of non-
propagating energy, as indicated by low coherency between two seismometers
separated a few km, plus some fundamental Rayleigh mode energy. The
non-propagating seismic noise is apparently generated by atmospheric
pressure variations. Sorrells et al. (1971) have noted that during

windy intervals there is strong correlation between local atmospheric
pressure changes and the noise recorded by a vertical seismograph

located on the surface. In contrast, over the same range of periods,
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there is no correlation between seismic noise recorded in a mine at a
depth of 183 m and local atmospheric pressure changes, except during the
passage of acoustic gravity waves. The model for generating earth

noise in this period range is related to atmospheric pressure disturbances
that are relatively coherent over a fraction of a wavelength and propagate
with jet stream velocities (30-100 m/sec) which are much slower than
seismic waves (Savino, et al., 1972). An idealization of this model
corresponds to a static, atmospheric pressure loading consisting of
random pressure disturbances acting over equal areas on the earth

surface. This idealized model explains the level and shape of the
spectrum of very long-period earth noise and the attenuation of

microseismic ground motion with depth.

2.5 Geothermal ground noise

New Zealand. Clacy (1968) first suggested that seismic noise increased
near geothermal reservoirs. His first results northeast of Lake Taupo,
New Zealand, were based on contours of total noise amplitude in the
frequency band 1 to 20 Hz. In subsequent surveys at Wairakei, Waiotapu,
and Broadlands geothermal areas, he found that the local noise amplitude
anomalies were characterized by a dominant frequency of 2 Hz, whereas,
away from the area of the anomaly, frequencies higher than 3 Hz
predominated. On the other hand, Whiteford (1970) found in repeat
surveys of the same areas that neither the shape of the frequency
spectrum nor its dominant frequency conformed to any regional pattern.
Whiteford measured the absolute ground motion in the Waiotapu geothermal

area and found that, within a distance of 1 to 2 km of the high heat
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flow area, the average minimum ground particle velocity was greater than

150 x 10-9 m/sec, while further away, the amplitude of the ground move-

ment decreased by a factor of about 3 and, in addition, exhibited
pronounced diurnal variations.

Imperial Valley, California. In the United States, a similar survey was

first carried out southeast of the Salton Sea by Goforth et al. (1972)
who suggested an empirical relationship for geothermal reservoirs

between high temperature gradient and high seismic noise level. Their
results showed a significant increase in the noise power in the frequency
band of 1 to 3 Hz at sites above the reservoir. ‘They estimated the

power spectrum at each site with ten 200-second data segments taken

over eight hours of night-time recording. The contour map of the total
power in the frequency band of 1 to 3 Hz was similar to the temperature
gradient contour map. Douze and Sorrells (1972) conducted a similar
survey over the nearby East Mesa area, where they found that the total
seismic power in the 3 to 5 Hz band exhibited spatial variations similar,
in general, to the gravity and heat flow fields. East Mesa was later
surveyed by Iyer (1974), with significagtiy different results. Iyer
measured seismic noise by averaging 20 of.the .lowest values of the RMS
amplitude in several narrow frequency bands, using data blocks of 81.92 sec
selected from four hours of digital data. _He did not find an anomaly in
seismic noise associated with_gebthéfmal'activity but only the noise

from canals and freeway traffic. |

Yellowstone National Park. The seismic pulsation associated with several

 geysers in Yellowstone National Park is believed to be indicative of
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the heating of water in the underground reservoir and the eruption
triggered by the superheated system. Nicholls and Rinehart (1967)
have studied the seismic signature of several geysers in the park and
inferred that their predominant pulse frequencies ére quite similar,
in the range of 20-60 Hz, presumably due to steam action. The very
low frequency seismic pulses recorded at Old Faithful, Castle; Bead,
Plume and Jewel geysers are believed to be associated with some type of
water movement. The maximum amplitude of seismic pulses recorded in
the park is 5.08 x 10" m/sec. At 01d Faithful Geyser the maximum
amplitude is 2.54 x 10_5 m/sec at 30-50 Hz.

Iyer and Hitchcock (1974) have also found good correlation
between geothermal activity and high seismic noise levels in 1 to 26
Hz in the park. The ground noise level in non-geothermal areas of
the park is approximately 13 to 15 x 10-9 m/sec at 1 to 26 Hz. In the
Lower and Upper Geyser Basins where there are numerous geysers and
hot springs, the average noise level is in general higher than
50 x 10_9 m/sec, and reaches a value of 672 x 10_9 m/sec near the
01d Faithful Geyser. In the Norris Basin, another highly active geyser
basin in the park, the noise level varies frpm 50 to 500 x 10_9 m/sec.
Part of the observed noise in the Lower, Upper, and Norris Geyser Basins
is no’ doubt generated by the hydrothermal activity at the surface.
The measurements near Old Faithful indicate that high-frequency noise,
in the 8 to 16 Hz band, is generated during the geyser eruption; the
noise level of lower frequencies is not affected by the eruption
cycles. Noise levels around Mammoth Hot Springs are two to five times

higher than in the surrounding area. There is no geyser or fumarole
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here, and the geothermal water is relatively cooler than at Norris and
the other geyser basins. Hence, it is very unlikely that the seismic
noise observed here is generated near the surface. The noise anomaly
observed in the area between Lower Falls and Mud Volcano could be caused
by ground amplification effects in the soft sedimentary deposits.

Other Areas. Correlations have also been reported between geothermal
activity and high seismic ground noise in the Vulcano Islands, Italy
(Luongo and Rapolla, 1973), the Coso geothermal area, Chiha Lake,
California (Combs and Rotstein, 1975), and Long Valley, California

(Iyer and Hitchcock, 1976). High frequency noise, f > 8 Hz, in the
vicinity of geysers, fumaroles, and hot springs is associated with
hydrothermal activi@y near the surface and during the geyser eruption.
Low frequency noise, f < 8 Hz, is not affected by geyser eruption cycles
and is probably generated at depth. Other than those active sources the
noise power anomaly may also result from lateral variation in near-

surface velocity, particularly where low Vélocity alluvium is involved.

2.6 Local geological structure effects

It has been noted that the seismic waves observed from earthquakes
and explosions are strongly affected by the near-surface geology at
the recording site. The amplitude of seismic waves is generally smaller
at a bedrock site than at an alluvium site. Low-velocity surface
materials tend to amplify incident body waves. (Borcherdt, 1970;
Murphy et al., 1972) and surface waves (Lysmer and Drake, 1972) in
selective frequency bands. The amplification effects of body waves

result from resonance phenomena caused by large reflection coefficients
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related to velocity and thickness of the overburden. In the case of
the surface waves, the shallow structure can provide a waveguide at
particular frequencies corresponding to the maxima and minima in the
group velocity dispersion curve. Similar effects have been reported
for seismic noise, where amplitude and dominant frequency are character-
ized by the geology of the recording site (Kanai and Tanaka, 1961;
Borcherdt, 1970; Iyer and Hitchcock, 1976). In general, the seismic
noise at a quiet bedrock site exhibits a smooth spectrum and small
amplitude, whereas on a surface of deep weathering or thick sedimentary
overburden, the noise spectrum shows a large peak in a particular
frequency band. |

For a normally incident-plane SH wave at the lower boundary of an
elastic layer over aﬁ elastic half-space, the theoretical resonance
frequencies are

- (2n-1)8

f=  a— form=1, 2, 3, .. .N,
where B = shear-wave velocity of the layer and
h = thickness of the layer.

This relation also holds for the case of P-wave, using the compressional
wave velocity. Consequently, the spectrum of recorded motion will show
distinctive peaks at the resonance frequencies. In practice, however,

complex geological structure will complicate the nature of the spectrum

(Kanai and Tanaka, 1961; Kanai, et al., 1966).
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FIGURE CAPTIONS
Power spectral density of the vertical component earth noise
recorded at the Queen Creek Seismological station, Arizona
(after Fix, 1972). This spectrum is typical of a quiet site.
The distinctive humps at 8 and 15 sec arise from ocean sources.
Power spectral density of the vertical component short-period
earth noise recorded at the surface and at a depth of 5486 m
in Grapevine, Texas (after Douze, 1967). Noté the attenuation
with depth.
Earth noise spectra showing the effect of high wind (>20 mph)
and low wind (<5 mph) in three components of short-period
partic1¢ motion at Rural Valley, Pennsylvania (after Frantti,

1963).
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ITII. FIELD PROGRAMS

3.1 Introduction

In this chapter I discuss the data collection phase of the seismic
ground noise study. The location, geological setting and tectonic
history of the potential geothermal resource region are presented.

Data acquisition is discussed in the concluding sections.

3.2 Area of Study

Leach Hot Springs, in Grass Valley, Nevada, is located 30 km south .
of Winnemucca (Figure 3.1). Grass Valley is a typical valley of the Basin
and Range province with normal faulting, major eérthquakes, and hot
springs occurring along the valley margins. The valley is bounded by
the Sonoma and Tobin.Ranges to the east, and the basalt-capped East
Range to the west. The valley narrows south of the hot springs as it
approaches the Goldbanks Hills (Figure 3.2). These ranges are composed
of Paleozoic sedimentary rocks, or Triassic siliceous clastic and
carbonate rocks. Some granitic intrusions, probably of Triassic
age, are found in the Goldbanks Hills; elsewhere the granites are
probably of Cretaceous age. The valley is filled with Quaternary
alluvial sediments. Thére are sparse occurrences of Tertiary rhyolite
and basalt, and in the’vicintiy of Lea?h Hot Springs there are Quaternary
sinter deposits. The distribution of éajof iithologic units in the
regién is 1llustrated on the geologic map (Figure 3.3).

As is characteristic of hot spring systems found'in northern
Nevada, Leach Hot Springs is located on a fault, strongly expressed by

a 10 to 15 m high scarp trending NE. Normal faulting since mid-Tertiary
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has offset rock units vertically several tens to several hundreds of
meters. As shown on the fault and lineament map (Figure 3.2), the
present day hot springs occur at the intersection of a major NE-trending
fault and the more common NNW-SSE trending lineament on the eastern side
of the valley. | \
Leach Hot Springs is within the high heat flow area of northern
Nevada indicated in Figure 3.1. This high heat flow area is often
called the "Battle Mountain high" (Sass et al., 1971) and exhibits
heat flow values in the range of 1.5 to 3.5 HFU (1 HFU = 10 cal/m2 sec).
The diffuse region of elevated heat flow over the Basin and Range
province is generally thought to be an expressioh of high temperature
in the lower crust and upper mantle, and it seems reasonable to
interpret the 1ocalized Battle Mountain high as anAeffect of fairly
recent intrusion of magma into the earth's crust. Quaternary volcanism

within the province supports this hypothesis.

3.3 Other geophysical data in this area

Geophysical data were obtained primarily along 17 survey lines
(Figure 3,4), although not all methods were employed on every line.
Line E is typical. Bouguer gravity anomaly, P-wave delay data, and
seismic reflection data, presented in Figure 3.5 for line E, indicate
that the greatest thickness of sediments and major faﬁlting occur near
the eastern valley margin. The major lithologic units from the seismic

reflection section are Quaternary alluvium (1.8 km/sec), Tertiary

sedimentary and volcanic rocks (2.9 km/sec), Paleozoic rocks (4.0 km/sec),

and deep basement (5.0 km/sec), respectively. The basement surface

<
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rises gently to the west, but is apparently up-faulted at the eastern
boundary faults as indicated by the Bouguer gravity map (Figure 3.6).

The low apparent resistivity zone beneath E2W-E4W (Beyer, et al.,
1976), found in the dipole-dipole resistivity survey, has been
identified with Tertiary sediments. Since the heat flow value in this
zone is not high by Battle Mountain standards (2.24 HFU), the
accumulation of conductive sediments, such as ancient playa deposits
in the deepest portion of the valley, is probably responsible for the
resistivity anomaly.

The only portion of the Grass Valley area that is seismically
active is in Panther Canyon and in the valley immediately west of it.
This seismic zone is one of complicated faulting and frequent micro-
earthquakes. The afea is dominated by a strong NE trending gravity
feature which offsets topography and the Bouguer gravity anomaly
(Figure 3.6). There is a strong electrical conductivity high and a
high heat flow of 4.9 HFU. More details of the geophysical data

obtained in the Grass Valley area are given by Beyer, et al., (1976).

3.4 Seismic data acquisition system

A portable seismic network, with up to 12 stations linked by
radio telemetry to a recording system mounted in a small two-wheeled
trailer, was designed for simplicity, flexibility and.ease of
installation. It proved possible for two men to deploy the sensors
and check out the telemetry in about one day. Ease of network
emplacement made it possible to modify the array as data were collected

and to design field experiments with multiple objectives.
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A 4.5 Hz vertical-component geophone, a high-gain amplifier
(60-120 dB), a voltage controlled oscillator, and a radio transmitter
constitute the station site equipment. The block diagram of one
typical station is shown in Figure 3.7. A 0.1 watt transmitter gives
a range of about 20 km for average topography. In applications using
all 12 geophones spaced over a small aperture array (50m), the radio
links were eliminated and signals were transmitted by wire to the
recording trailer. In the trailer are housed the radio receivers,

FM discriminators, a 14-channel slow-speed FM tape recorder (0.12 ips,
0-40 Hz, 8 days; or 0.24 ips, 0-80 Hz, 4 days), the timing system, and
batteries. A slow-speed smoked-paper recorder was used as a monitor.
Figure 3.8 gives the details of the central recording system housed in
the trailer. The system has about 40 dB dynamic range (peak-to-peak
measurement), limited primarily by the tape recorder.

Data are played back at the Seismographic Station on the Berkeley
campus and selectively digitized at a rate of 40 samples per second.
The transfer function (ground particle velocity to volts from playback
discriminator) of the recording and playback system before digitization
is expressed as the product over the transfer function of all system

elements

. Hp(f)l volts/m/sec. (3.1)

p— . o4 ( i 4
H(E) = Hy(6) - |Hy * Hpe(®) * yrors

The phase term of Hg(f) is different in some channels. Other terms

are recording/playback/digitization systems which are the same for

all channels, so no phase term is involved.
RD - fZ
s [eeg-£5) 2 (2ntgh)

H (f) = G - 7177 ORU (0-P1, (3.2)
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where G = generator constant of geophone = 77 volt/m/sec for the

GEOSPACE GSC-8D. and HS-1 geophones,

Pl
]

D damping resistance in ohms, typically 2000 to 3000 ohms,

coil resistance of geophone = 3400 ohms or 1310 ohms,

U?U

fS = natural frequency of geophone, nominally 4.5 Hz,

¢ = damping factor,
4 2¢ff
e=tan1—7——§ . : (3.3)
f -fS

The exponeﬁtial term in Equation (3.2) is the phase difference introduced
by the geophone. In the small-aperture array data acquisition mode, we
have used geophones of two different damping factors, i.e. ¢ = 0.3 and
¢ = 0.6. The phase-correction is, therefore, necessary to correct those
data used for f-k analysis. The geophone phase is the only phase
correction term required in the data processing, since we have used
matched phase responses to every other system element. We define the
positive phase term exp[jo(f)] to be phase delay for 6 > 0. The
characteristics of geophones used in this study are listed in Table 1.
The modulus of transfer functions of the two-pole RC low-pass
filter and the high-pass filter in the SPRENGNETHER AS-110 amplifier

with mid-band gain, HA,is

1 - 1
Hy, * Hy(£)] = |H,| - . , (3.4)
A "RC AV edS?T L
ty C,

where fH and fL are cut-off frequencies of the filters. 'VCOFS" in
Equation (3.1) represents the maximum voltage of the amplified signal

set to correspond to +250 Hz of full-scale FM modulation about the
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TABLE 1

Damping Characteristics of Geophones

Geophone ‘ Damping ‘ Coil Damping
identification resistance resistance factor
Ry(ke) Rg (ke)

3 3.3 1.31 0.6
4 1.5 1.31 0.6
5 3.0 1.31 0.6
6 3.0 1.31 0.6
7 4.3 1.31 0.6
9 5.0 1.31 0.6
11 2.0 1.31 0.6
12 3.0 1.31 0.6
13 3.5 1.31 0.6
14 3.0 1.31 0.6
16 3.0 1.31 0.6
17 3.5 1.31 0.6
18 3.0 1.31 0.6
Bl infinite 3.4 0.3
B2 . infinite 3.4 0.3
B3 infinite 3.4 0.3
B4 infinite 3.4 0.3
B5 infinite 3.4 0.3
BY1 infinite 3.4 0.3
BY?2 infinite 3.4 0.3
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VCO (voltage controlled oscillator) frequency. The tapes playback

discriminators contain 4-pole Butterworth filters with

[H,(O)] = [1+(§iag]1/2 , (3.5)
P

where fp is the tape recorder bandwidth (e.g., 40 or 80 Hz, depending

on the tape recorder used). Since full-scale voltage from the tape

playback discriminator is +4V, and the digitizer full-scale is +2048

counts, the transfer function to the digitized signal is

2048 -

Hy(£) = H(E) - 2%« |Hy, ()| counts/m/sec. (3.6)

where HBw(f) is the anti-alias filter (3 four-pole Butterworth filters)

at low-pass corner wa;

(3.7)

The modulus of transfer function of the system in counts/millimicron/
second is shown in Figure 3.9, assuming RD /(RS +-RD) to be unity.
This is the only correction required;fof VSD estimation, since the

phase information is not essential.
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FIGURE CAPTICNS
Prominent thermal springs and the Battle Mountain high
heat flow region in northwestern Nevada. Leach Hot Springs
is located in the center of the high heat flow area.
Mapped faults and pertinent geophysical traverses in the
Leach Hot Springs area. Hachured lines indicate down-faulted
sides of scarplets; ball symbols indicate downthrown side
of other faults. Star shows location of Leach Hot Springs.
Heavy solid lines are survey lines E, B, and G with tick
marks every 1 km. AC, A2N, and GP are observation sifes
discussed in text.
Lithologic map, Leach Hot Springs area, Qal: Alluvium,
Qos: older sinter deposits, Qsg: sinter gravels, Qtg:
Quaternary-Tertiary gravels and fanglomerates, Tb: Tertiary
basalt, Tr: Tertiary rhyolite, Tt: tuff, Ts: Tertiary
sedimentary rocks, Kgm: quartz monzonite, Kg: granitic
rock, md: mafic dike, TRg: Triassic granitic rocks,
TR: Undifferentiated Traissic sedimentary rocks, P: undif-
ferentiated Paleozoic sedimentary rocks. |
Geophysical survey lines in Grass Valley, Nevada.
Profiles on line E of'Bouguer gravity anomaly, P-wave
delay, migrated seismic reflection section, and the
instantaneous microseismic field, showing east margin
fault (trace at 1E) and the maximum sediment thickness
around 2W. Averaged section compressional velocities

shown: (A) 1.8 km/sec Quaternary alluvium,



Figure 3.6 -

Figure 3.7

Figure 3.8

Figure 3.9
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(B) 2.9 km/sec Tertiary sediments, and (C) 4.0 km/sec
Paleozoic rocks. A detailed explanation of the microseismic
field contour is given in Figure 4.6.

Bouguer gravity anomaly map of Grass Valley, Nevada.

Station locations are shown as dots on the map. The gravity
low axis along the eastern side of the valley corresponds

to the greatest thickness of sediment.

Block diagram of a typical seismic station.

Block diagram of the central receiving and recording
system.. The splitter box at the center of the figure
indicates the device distributing a‘multiplexed signal

to two or more discriminators.

The modﬁlus of transfer function of data acquisition,
playback, and digitizing systems. The gain of the amplifier
is 120 dB. ¢ represents the geophone damping factor.

Hp(f) and HRC(f) are not included.in the response shown

(see text). R.D / (RS + RD) of Hg(f ) is assumed to be

unity in calculating these responses.
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Iv. AMPLITUDE VARIATIONS OF GROUND NOISE

4,1 Introduction

The mapping of ground noise amplitude in selected frequency bands
has often been used to locate presumed noise sources in geothermal areas.
Such surveys, however, rarely give repeatable or easily interpretable
results. We have investigated this exploration technique in Grass Valley
by first establishing the general characteristics of the microseismic
field, and then using this knowledge to design and execute an appropriate
survey for more quantitative measurements., In this chapter, the field
procedures, data processing techniques, and the observed temporal and
épatial variations of seismic noise in Grass Valley are discussed.
Weaknesses of the amplitude mapping technique in delineating buried
noise sources are revealed in the discussion. In the final section of
‘this chapter, the characteristic site-responses along line E and line G
are compared for seismic noise and for waves from mine explosions.

This comparison illustrates the amplification effects by the valley
alluvium with respect to bedrock sites for shallow surface waves and

for body waves.

4.2 Field Procedures

To study the spatial variations of ground noise amplitude, we
occupied a reference site at E2W (see Figure 3.2) throughout the survey
peri&d. Normally, we recorded overnight, with stations spaced at 1 km
intervals along the sﬁrvey lines. Thé smokéd-paper monitor record was
checked every morning to verify the occurrence of low seismic noise

level at the reference site; otherwise, the sites were re-occupied
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|

another night, until low-noise conditions prevailed. Geophones were
buried about one foot below the surface. Before and after a survey, all
geophones were buried in a common hole to verify uniformity of their

responses.

4.3 Data processing techniques: frequency spectrum estimation

It is well known that a stationary random process can be charac-
terized by means of a power spectral density function. This function
provides information on the power as a function of frequency for the
process. For random processes, there are two power spectral‘density

estimating techniques widely used, the autocorrelation method and the

modified periodogram method.

4.3.1 Autocorrelation method

The power spectrum, Snn(f) of a function ¢n(t) is defined as the
Fourier transform of its autocorrelation‘function, Cnn(r). To estimate
the power spectrum, we filter, pre-whiten and detrend the time series,
and then calculate the unbiased autocorrelation function for the ith

data window of length L samples by the discrete formula,

L-1-1
i -1 :Z: i i =0, 1, . . . , J-1,
Cnn(T) N -I—;Tl: =0 q)n(l) ¢D(Q+T)’ i= ’ 2, LY I. (4.1)
The autocorrelation functions are averaged to give
1 L, ;
PN i
Cnn(T) =T E Cnn(T), =0, 1, . . . , J-1. (4.2)

i=1
We utilize the Fast Fourier transform to obtain the power spectral

density estimate by:
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J-1
8 (f) = }[; w(r)C__ (t)exp(-janfpr), (4.3)
T:
_R : : : 1 1
where fR = f-frequenc1es of discrete Fourier transform, —73...,0,...,23

and w(t) is a data window function, or so-called lag window.

The autocorrelation method is a reasonable technique to estimate
the smooth spectrum. However, problems may arise in obtaining the power
spectral density ‘from the autocorrelation function due to certain kinds
of the data window w(t). Unless the transform of the window is entirely
positive, there is a possibility that the computed power spectral
density may be negative, a highly undesirable result, if the spectrum
has a sharp peak. This is because the computed.power spectral density
is the convolution of the window transform and the transform of the
estimated‘correlatién functions. Unless the transform of the window is
positive for all frequencies, the possibility exists that, due to
statistical variation in estimating the correlation function, the

resulting convolutions may produce negative values for the power spectrum

at some frequencies. There are windows whose transforms are entirely
positive, e.g., the triangular window, etc., and such windows should

be used in cases where other windows lead .to the undesirable result.

4.3.2 Method of modified periodogram

The second and entirely edﬁi%éient estimation technique is based
on the relation:
s () = 1im 4| [ s)exp(-j2net)de|? (4.4)
nn oo 2T XpL-) : :
-T
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For a finite duration of time series, Equation (4.4) can be approximated C;
to be
T
s 5 =4 [ Y exp(-janeryat|? (4.5)
nn T n ) ’ '

The left hand side of Equation (4.5) results from the modulus-squared
of the finite Fourier transform, which is called the periodogram. In

terms of discrete time series, the periodogram can be expressed as

. -1 . : -
o (£ = 2w, (Wexpl-j2ne ()] (4.6)
2=0
& L L
= QZ(; W) 6 (Mexp[-32mef ], Rem 5yene,71,0,1, 00,5, (4.7)

where w(%) is a data window whose purpose is to reduce the side-lobe
amplitude hence reddcing the effect of spectral leakage. The transform
of Equation (4.7) is effected through the Fast Fourier transform

algorithm, which requires the correction factor:
i i
x,(5) = 2060)7e (fp), (4.8)

where At is the sampling interval of the discrete time series.

The disadvantage of the periodogram as an estimate of the power
spectrum is that the variance of i@n(fR) is approximately Sﬁn(f),
under conditions of reasonable regularity, even when based on a lengthy
stretch of data (Brillinger, 1975). One way to reduce the variance of
the estimate is to average several statistically independent periodograms

according to

1
) i 2
SNGEEEE WS RGIE (4.9)
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where I is the number of periodograms, and U is the energy in the data

window, defined as
2
w (L) ]T. (4.10)

where T = At(L-l).

As L approaches infinity §nn(f) approaches asymptotically
S(E)x/v if 21£= 0 (nod ), and asymptotically S(E). /(v/2) if
2nf = +4mw,+3m,... etc. (Brillinger, 1975), where Xg is a chi-squared
variate with v degrees of freedom. The number of degress of freedom
v of the smoothed estimator is

v=2-1°¢ bl’ (4.11)

where b1 is the standardized bandwidth of data window (Jenkins and Watts,
1968) given by
b = L 4.12
R STt (412
SR

2=0
b1 = 1 for rectangular data window. This leads to the 100y percent

confidence interval for S(f) to be:

vS__ (f) v8_ ()
- <S(B)  — for 2rf# 0 (mod m, (4.13)
Xy(=) X,z

where vy = 0.9 for 90% confidence limits. The velocity spectral density,
VSD or Vh(f), is obtained by taking the square root of the power spectral
denéity and correcting it for system response HD(f) as follows:
§ ()
nn -1, -1/2
2 (4. 14)

Vn(f) = IHD(f)I m sec "Hz
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where HD(f) is given in Equation(3.6). We normally present VSD in

units of millimicrons (nanometers, 10_9m)sec_1Hz—1/2.

4.3.3 Grass Valley data processing method

Data were selected‘from the quietest recording period in the early
morning hours. At least 28 simultaneous blocks of data were chosen
from each of the recording stations, avoiding any spurious transient
events. Each dafa block of length 12.8 seconds was filtered and
digitized. The resulting 512-point records were tapered by a 10% cosine
data window and Fourier transformed. The power spectral density function

is estimated by the method of modified periodogram.

4.4 Temporal variation of ground noise
The total seismic noise amplitude o(x,y,t,f) can be modeled very

generally as the sum of three sorts of noises,

o(x,y,t,6) = 0;(y,t,6) + 0 (x,y,t,0) + o (x,y,t,6),  (4.15)

where
oi(x,y,t,f) is the intrinsic noise at the site, including geothermal
noise,
om(x,y,t,f) is the microseismic component from distant sources, and
oz(x,y,t,f) is the noise generated locally at the surface by human
activity and atmospheric distrubances.
If we are interested only in intrinsic noise, the samﬁiing and
processing pfocedures must exclude the effect of the other two noise

sources. To minimize local sources, cg(x,y,t,f), the data must be

taken between midnight and dawn, because normally the noise level is low.
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Figure 4.1 presents the diurnal variation of seismic noise at the
reference site E2W. To construct this figure, transient-free noise
data were chosen to estimate the VSD every hour for a 30 hour period.
Roughly 6 minutes of seismic noise actually went into each hourly
average. The spectral density was then contoured as a function of
time and frequency. It can be seen that noise is high over the whole
band of analysis from 9 A.M. to 7 P.M., the result of more disturbed
daytime meteorological conditions and cultural activity. This confirms
a well known result that seismic noise VSD is minimum at 2-4 A.M. local
time, and this was the period we sampled for the best data.

We found, in Grass Valley, that the time of.minimuﬁ ground noise
at the reference site, E2W, coincides with the quietest period at all
other sites in the fegion. For example, simultaneous data were sampled
every hour from stations E2ZW and K1.5E, located approximately 11 km
apart. The time-varying VSD over a 12 hour period from 9 P.M. to
9 A.M. next morning are presented in Figure 4.2. The figure indicates
that at 2 A.M. the data are the quietest at both sides.

A typical survey is carried out over a period of several days, so
that long term secular variations_are apparent in the data. The nature
of this variation over a 9 day period'at the reference site, E2W, is
shown in Figure 4.3. We estimate one VSD every 24 hours, using the
quietest data during early morning hours, éﬁd cont?ur the VSD from day
211 to day 219. In this figure, the high:amplitude seismic noise
appears from day 214 fo day 216 and_is related to regional weather
conditions. On those three days, there were thunderstorms starting

in the afternoon and ending in the early evening throughout the region.
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In order to eliminate temporal variations of the observed microseisms,
the band-limited powef of seismic noise at each site, obtainedbby
integrating VSD over the frequency band of interest, is normalizéd by
the simultaneous power in the same frequency band at the reference site,
provided that data are both sampled from the quiet peridd in early
morning. Mapping the normalized power gives the spatial distfibution

of relative intrinsic noise power level.

4.5 Spatial variation of ground noise

Estimation of ground noise VSD from simultaneous sampling in the’
early morning, with stations at 1 km spacing, yields relative intrinsic
noise power contour maps as illustrated for the frequency band of 2-4 Hz
(Figure 4.4A), 5-7 Hz (Figure 4.4B) and 10-12 Hz (Figure 4.4C). High
noise levels are found at Leach Hot Springs and near the center of
Grass Valley, as anticipated, but there are also local anomalies such
as in the areas around G2W and G3W,. HI1E and H2E (see Figure 3.2 for
site locations). Those grouhd noise anomalies, especially in 5-7 Hz
band, correlating spatially with the occurrence of Bouger gravity
anomalies (Figure 3.6), imply the occurrence of thickest alluvial
deposits. 1The long-term stability of these anbmalies is reproducible
as indicated by close agreement with the results of a preliminary
survey carried out in the summer of 1975, a year earlier than the time
at which data shown were taken.

Leach Hot Springs clearly generates seismic noise, but the noise
is localized and does not propagate unattenuated more than a few km.

In the vicinity of the springs, noise spectra show the high amplitude
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seismic noise over a wide frequency band; 500 meters northwest of the
hot springs (A3.7N) the amplitude of the noise at all frequencies
greater than 1 Hz has attenuated nearly 20 dB. The spectrum of the
hot springs noise can be seen in Figure 4.5 (top) which compares the
hot springs site with A3.7N and the valley edge site, AC. Note the
wide-band nature of the hot springs noise.

In the valley center, station E5W, the noise has a distinctive
broad peak around 5.5 Hz, as can be seen at the bottom of Figure 4.5.
The character of the broad valley peak varies from site to site, -
probably as a consequence of changes in near surface properties. In
Figure 4.4B, the areas of high amplitude seismic noise in 5-7 Hz band
generally correspond to the areas of thick alluvium. The details of
noise variation acréss the valley are illustrated by data for three
typical survey lines, E, B, and G, shown in Figures 4.6, 4.7, and 4.8.

The instantaneous ground noise level along 8.25 km of line E is
presented in Figure 4.6 for three different times of recording. Data
were taken simultaneously from sites at E6W, SW, 4W, 3W, 2W, 1w, 1E,
1.25E, and 2.25E. In this figure there is .a clear peak at 5.5 Hz
extending westward. The source of this well-defined and band-limited
peak is not clearly understood, though it is doubtless related to
near-surface properties. (We know it is a surface_wave with a wave-
length of about 50m). A wide-band ridge Qf.felativelyvlarge amplitude
noise appears at E3W, and is frequently seen to extend to 1W. Maximum
valley fill and lowest topography occurs around 2W. A remarkable
feature seen in the figure is the dramatic 10 dB contrast between

points 1E and 1.25E, spanning the Hot Springs fault. It seems the
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local noise field, generated by hot springs, is less attenuated east C;
of the fault thén west of it, probably due to high-Q surface rocks on
the east being in faulted contact with alluvium west of the fault.
This geological feature can be seen in the faults map (Figure 3.2) as
well as in the Bouguer gravity anomaly, the P-wave delay profiles,
and the seismic reflection section (Figure 3.5).

Asymmetrical ridges of wide-band noise with sharp gradients to
the east are seen near 2W in line B (Figure 4.7) and near 1E in line G
(Ficure 4.8). These ridees in the noise contours, as was the case
for line E, correspdnd in position to the location of the minimum
Bouguer anomaly along each line and to the location of the thickest
alluvium (Beyer, et al., 1976). The positions of high gradients in
ground noise east of the noise ridges on lines B and G apparently
correlate with locations of shallow faults. The prominent broad peak
of 6.5 to 7 Hz, seen at G3W in Figure 4.8 and C2.5W and C4.5W in
Figure 4.9, are probably also related to properties of shallow alluvium.

At the south end of Grass Valley, the ground noise level is generaliy
lower than at the north, and this contrast is presumably due to larger
distance from the hot springs and thinner alluvial depOsits to the
south. The noise profiles along those survey lines in the southern
part of the valley, e.g. line H (Figure 4.10), line K (Figure 4.11)
and line R (Figure 4.12), do not show high gradients. Thé close
similarity in the noise profiles along lines H,K is not surprising
since the shallow geology is similar along the lines. The consistent
anomaly appearing in the Qicinity of H2E, K1.5E and R1E in the frequency

band of 3 to 6 Hz may result from the localized occurrence of thick alluvium.c;
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We see strong evidence, then, that the conventional ground noise
survey reveals anomalies due not only to radiating sources, but also to
variation in shallow geological structure, even after diurnal and secular
variations are carefully eliminated. The noise power mapping technique
cannot discriminate between the anomaly due to a buried seismic source
and that associated with alluvial response. The method does provide
an alternate way to map shallow geology and to detect lateral variations

of near-surface structure.

4.6 Site-response characteristics

We coﬁclude from the previous section that“the spatial distribution
of microseismic amplitude in a particular frequency band is strongly
affected by the properties of near-surface material. The VSD of a
bedrock site, away from active sources, always shows a smooth spectrum
with no dominant peaks, whereas the VSD at an alluvium site always
shows a well-defined peak in the spectrum. The spectral peak doubtless
results from frequency-selective amplification related to the propaga-

tion characteristics of surface waves in the section of alluvium.

Similar site-responses have been reported by Kanai and Tanaka (1961)

and Katz (1976). Kanai and Tanaka (1961) suggested that at a given site
the microtremor response correlates with the\period distribution curve

of local earthquakes. In Japan, microtremor recording is used extensively
to determine the predominant frequency. associated with.various subsoil
structures (Kanai, et al., 1966). The results of such measurement have
been used to determine '"foundation coefficients' in earthquake-resistant

construction. In a similar study in the San Francisco Bay area,
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Borcherdt (1970) compared the microseism-derived site-responses with
the spectral amplification factors derived from nuclear explosion data.
Borcherdt observed that the spectral peaks of the horizontal component
of the microéeisms agree with those of the nuclear‘explosion data, but
that the predominant frequencies of horizontal microseisms do not
always coincide with those of the vertical component. In contrast to
the above authors, Udwadia and Trifunac (1973) found no correlation
between the spectra of microtremors and the ground's response to earth;
quakes recorded in El1 Centro, California.

In Grass Valley, we have investigated the correlation between
earth noise spectra and seismic event spectra using signals generated by
mine blasts at the Duval Mine, some 50 km to the east. Vertical-
component data were‘recorded simultaneously along survey lines. The
VSD of the explosion arrival at each site is estimated from a data
block of 6.4 sec (256 data points) and averaged over 5 adjacent
frequency components. The explosion arrivals along line E are presented
in Figure 4.13. The corresponding background noise data taken a féw
minutes before the explosion arrivals are shown in Figure 4.14. The
analog records of the explosion do not show significant diffegences in
amplitude and frequency characteristics over the line, while the back-
ground noise in the valley sites (E2W, E3W, E4W, ESW, and EbW) is
apparently different from that in hill sites (E2, 25E, El1, 25E, ElE,
ElMU. The spectra of explosion arrivals and background noise, presented
in Figure 4.15, show little similarity. We removed the source character-
istics of mine blast afrivals by normalizing the VSD at each recording

site, using the VSD of site EIE as a reference. The identical
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normalization was applied to the VSD of background noise. The normalized
results along line E are shown in Figure 4.16, where the resonant effect
of valley fill in the band around 5 Hz is clearly shown on the noise
spectrum but not on the blast spectrum. There is very 1itt1e similarity
between variation in the mine blast arrival and Variafion in background
noise, The similar data set along the survey line G also shows very

little correlation between blast arrivals and noise (Figure 4.17).
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FIGURE CAPTIONS
Diurnal vériatign of ground noise level at reference site
E2W, from hour 10, day 212 to hour 16, day 213, in 1976.
Noise levels are normalized with respect ‘co.10_11 m/sec/vﬂf}
(0dB), and contour interval is 2 dB. Note the minimum
noise level (hachured) between 2-4 A.M. for all frequencies
greater than 2 Hz.
The simultaneous temporal variation of ground noise over
a 12 hour period at sites EZW and K1.5E, approximately
11 km apart. Noise levels are normalized with respect
to 1071 m/sec/sHz, (0dB), and contour interval is 5 dB.
Note thgtbthe minimum noise level is coincident at both
sites in the early morning.
Secular variation of early morning quiet ground noise level
from day 211 to day 219 of 1976 at E2W with repsect to
1071 n/sec\Hz, (0dB). Contour interval is 2 dB.
Thunderstorm and unsettled'regional weather éharacterized
days 214-216, the period of greatest early morning noise
level.
The power contours of relative intrinsic noise with respect
to reference site E2W in three frequency bands. Contour
interval is 3 dB. Solid circles indicate sampling points.
(A) 2-4 Bz, (B) 5-7 Hz, (C) 10-12 Hz.
Velocity spectral density CVSD) of ground noise at Hot
Springs and at site A3.7N; 500 m NW of the hot springs

(upper) and at ESW, at center of the valley (lower)
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Figure 4.7

Figure 4.8
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compared to bedrock site AC, at the valley edge. The error
bars for A3.7N and AC siteé are 95% confidence limits for
the estimated VSD. Data represent spectral averages over
32 data blocks of 12.8 sec length, for each site.
Instantaneous noise field along survey line E for three
different quiet periods. Abscissa is station location,

with 1 km spacing, and ordinate is frequency. Contour

interval is 2 dB. Note the high wide-band noise level

at 1W (A and B) and 3W (C), the region of thick alluvium,
and also the consistently sharp gradient across the valley
margin fault traced to 1E. Note aléo the typical valley
resonant peak near 6 Hz to the west.

Instantaneous noise field along survey line B. Abscissa

is station location, with 1 km spacing, and ordinate is
frequency. Contour interval is 2 dB. Note the high
wide-band noise level at the valley center near ZW.
Instantaneous noise field along survey line G. Abscissa is
station location, with 1 km spacing, and ordinate is
frequency. Contour interval is 2 .dB. Note the high
wide-band noise level at the valley center near 1E. Sharp
gradients may indicate valley faults.

Instantaneous noise field along portion of survey line C.
Abscissa is station location, with 1 km spacing, and ordinate
is frequency. Contour interval is 2 dB. Note the band-
limited peaks at both 2.5 W and 4.5 W, probably the result

of alluvial resonant effects.




Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14
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Instantaneous noise field along survey line H. Abscissa is
station location, with 1 km spacing, and ordinate is
frequency. Contour interval is 2 dB. Note the gentle
increase in noise level toward the east reaching a peak at
2E, which may correspond fo resonance of the alluvial layer.
Instantaneous noise field along survey line K. Abscissa

is station location, with 1 km spaciﬁg, and ordinate is
frequency. Contour interval is 2 dB. Note the gentle
increase in noise level toward the east, reaching a high
frequency ridge at 1W and a low frequency peak at 1.5E,
which corresponds to local thick alluvial layer.
Instantaneous noise field along survey line R. Abscissa

is stafion location, with 1 km spacing, and ordinate is
frequency. Contour interval is 5 dB. Note the quiet nature

of the noise field along the line, the low frequency peak

“at 1E corresponds to the same features at H1E, H2E and

K1.5E.

Mine blast arrivals recorded at sites along survey line E.
Note the early arrival at ElE, in the vicinity of Leach Hot
Springs. The scale factor is 1230 x 10_9 m/sec per cm of
the amplitude of displayed record at 4.5 Hz. The geophones
of identical response were used.

Typical seismic noise data at sites along survey line E.

The scale factor is 129 x 10_9 m/sec per cm of the amplitude
of displayed record at 4.5 Hz. The geophones of identical

response were used.

S
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Figure 4.15 Velocity spectral densities (VSD) of the mine explosion event
(upper curve) and the seismic noise (lower curve) at each
recording site along line E. Abscissa is frequency and
ordinate is VSD in 10 ° m/sec/AJHz . Scale is indicated in
Frame H.

Figure 4.16 Relative VSD at sites along survey line E. VSD in Figure
4.15 are normalized with respect to site E1E. Solid curves
are mine blast arrivals and the dotted curves are seismic
noise.

Figure 4.17 Velocity spectral densities (VSD) of the mine explosion
event (upper curve) and the seismicvnoise (lower curve)
at each recording site along line G. Abscissa is frequency

and ordinate is VSD in 10_9 m/sec/VHz.
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V. PROPAGATION CHARACTERISTICS OF GROUND NOISE

5.1 Introduction

We have shown in Chapter 4 that conventional noise power mapping
techniques provide little information to make it possible to differentiate
the effects of shallow geology from those due to buried sources. Seismic
waves emitted from a buried reservoir source should be amenable to
detection through local array measurements, because such Vertically incident
body waves have high apparent phase velocity and time-invariant propa-
gation direction. The measurement of apparent phase velocity and azimuth
is complicated for microseisms by multipath arrivals of both body waves
and ambient surface waves. The reliable estimation of these propagation
parameters therefore requires a properly designed array in conjunction
with frequency-wavenumber (f-k) analysis. The horizontal propagating
surface waves will appear in the f-k diagram as low velocity waves
crossing the array, differing from the vertically incident body waves.

The accurate estimation of the propagation parameters can provide the

added data necessary to interpret the ambiguous noise power anomaly
obtained by the method described in the previous chapter.

This chapter opens with a coherence study of seismic noise in
Grass Valley conducted in order to design the array. The array design
and the field program are presénted in the following section. To my
knowledge this work represents a first attempt at mapping the propagation
parameters of microseisms in a géofhermal area by using a non-aliasing
roving array and advanced arfaf proceésiﬁg techniques. The frequency-

wavenumber (f-k) processing schemes used are the frequency domain
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beam- forming method, BFM (Lacoss et al., 1969), and the maximum-like-
lihood method, MIM (Capon, 1969). We compare the two array processing
techniques in terms of their response to identical input data. The

f-k analyses of Grass Valley data are presented in the last two sections.

5.2 Coherence of ground noise

To design a full-scale ground noise survey, we first deployed a
" pilot 12-element L-shaped array on alluvium and‘at the hot springs to
determine the coherence properties of the noise field as a function
of sensor separation.
‘The coherence function estimate, ﬁmn(f), between signals m and n is
given by
18, (D]

R () = e , (5.1)
fn Smm(f)snn(f)

where gmn(f) is the estimate of cross-power spectral density. gmn(f)
and gnn(f) are estimates of auto-power spectral density. This was
defined in Equation (4.9). The 100% confidence interval for coherence
estimates in the range of 0.59 < Rmn(f) < 0.97 with 21> 40 degrees of
freedom is calculated, according to Equation (6.111) of Bendat and

Piersol (1971), by

[tanh{g(f) - (21 - )71 - ogZy/z}]l/z <R_(£)
(5.2)
1 1/2
[tanhig(f) - (21 - 2) +og%/2H ,

where ZY/Z is a standard normal variate and
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1+ R (£ 1a
g(f) = %m[l - ﬁﬁ(f)] - tanh 1Rmn(f) , (5.3)

and I = number of data blocks being averaged, and
_ 21
Og'J7T77 G.4)

Coherence of ground noise in Grass Valley decreases as the geophone

with 2T degrees of freedom.

spacing increases, the relation between coherence and geophone spacing
varying from site to site. In the vicinity of Leach Hot‘Springs, high
coherence between two geophones 10 m apart is seen in the frequency
bands of 2 to 8 Hz and 10 to 20 Hz (Figure 5.1). As geophone spacing
‘increases to 30 m, 40 m, and 60 m, the coherence decreases at high and
low frequencies. At 60 m separation we can still observe high coherence
in the 5-7 Hz band. There seems no obvious correlation between

frequency bands with high coherence and the VSD (Figure 5.1E). In the
valley, for example, at the intersection of line E and line M (EM),

the frequency band of maximum coherence is 2 to 5 Hz when geophones

are separated by 20 m (Figure 5.2). The coherence level and the width

of the coherent frequency band decrease with increased geophone spacing
to 40 m-60 m separation. The estimated coherence at nearby site E2.75W
indicates some degree of coherence at 3 to 6 Hz, even at 120 m separation
(Figure 5.2E). The degree of coherence seen, while variable, is generally
low at valley sites, presumably -the result of attenuation effects and
interference from multi-path arrivals. Phase velocity and wavelength

can be measured for the coherent part. Wavelengths as short as 10-20 m

are present at the valley sites.
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5.3 Roving array experiment

A small-aperture 12-geophone array was used. The array configuration
and its impulse response in wavenumber space are shown in Figure 5.3.
The existence of short wavelength noise components and the low coherence
seen at large geophone separation, both dictated the tight array spacing
used. An array of 100 m element separation or more, commonly used in
ground noise studies elsewhere, would give spurious results because
spatial aliasing folds the high—wavenumber noise compdnents'(which we
have seen dominant in the valley alluvium) into low-wavenumber noise
components. The spatial aliasing results in thevdetection of erroneously
high-velocity microseisms, which are interpreted as body waves. We
illustrate the effeqt of spatial aliasing due to inadequate element
separation in Figure 5.4, where we processed a simulated 4 Hz plane
wave with 50 m wavelength, propagating with phase velocity of 200 m/sec
across four arrays. Those arrays have identical array shapes and numbers
of sensors but different sensor spacing. The diameters of the arrays
are 50 m, 75 m, 250 m, and 500 m, such that the sensor spacing for each
array is proportional to the array size. Since the plane waves are
propagating toward the azimuth of 60°, the folding effects are evident
along the directions of 60° and 240°. Many interpretations of microseisms
as body waves, based on coarse sensor separation, may well be incorrectly
based on aliased low-velocity surféce waves, as seen in Figure 5.4C.
It is true, of course, that when the array is made small enough to
accommodate the short-wavelength noise components, resolution for near-
vertically incident body waves is seriously degraded, though the evidence

of body waves should be visible and could be studied by appropriate array
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expansion and spatial filtering.

To map the propagation parameters of the microseismic field, this
12-element arréy was placed each evening at a site. Sixteen sites in
the region have been occupied. Data were transmitted by cable to the

recording vehicle some 500 m from the array.

5.4 Frequency-wavenumber power spectral density estimation

5.4.1 Definition

The frequency-wavenumber power spectral density function (FKPSD)
was introduced into seismology by Burg (1964) in the development of the
thimum three-dimensional filter derived from the Wiener multichannel
theory. Burg (1964) illustrated the optimum three-dimensional filter
by a theoretical préblem of P-wave enhancement in the presence of
ambient Rayleigh waves. The FKPSD, a three-dimensional equivalent of
ordinary spectral dénsify function, is given by the relation‘

o« 0 o

P(f,k) =//fC(T,9_)€Xp[-j21T(fT +k * p)ldrdp,do, (5.5)

where c(t,p) is the correlation function with time delay T and spatial
lag p, k is the vector wavenumber in cycles/km.

The correlation function of the noise field is defined as
c(t,p) = E[¢(t,r) * d(t+T,r+p)] , (5.6)

whete E denotes the averaged Value,-or :expectation, and ¢(t,r) is the
time series of the noise field at seismometer locations r = (X,y).
The array processing is normally carried out in the frequency

domain rather than in the time domain because of computation time considerations.
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With carefully designed filter coefficiénts, however, the time domain
operation hés the advantage of better resolution than the frequency
domain operation (Capon, et al., 1967 and Lacoss, et al., 1969).

In the following sections, I compare the techniques for estimafing
FKPSD using the conventional and maximum-likelihood method in the

frequency domain.

5.4.2 Conventional method (BEM)
The conventional method, commonly known as the frequency domain

beam forming method (BFM), estimates the FKPSD, P(f,k), by the relation

Loar- S:a, ' (5.7)

P(£,k) = = a
ot NZ

where N is the number of geophones in the array and a', the conjugate
transpose of a, is the row vector
a' = (632“§f£1, ejZ”kTEZ’ eJZ"EfES, C ., eJZWK'EN) , (5.8)

where r, is the coordinate of nth geophone location. S_is the estimate

of the spectral matrix between sensors. Each entry of §, §mn(f),
is obtained from the averaged cross-power,
N I . : :
= _ i i
5D = T 2o e, (0@ , (5.9
i=1
by the normalization
. 5 (£)
8§, (F) = , (5.9A)
‘/Smm(f)sm(f)

where l@ﬂ(f) is the Fourier transform of block noise sample i, from

seismometer n located at r,-
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The BFM estimate of FKPSD, by re-arranging Equation (5.7), is

N~ N
A 1 o .
P(EK) = 55 DD WWS (Dexpl-jonk - (r, - 1)1 , (5.10)
N™ m=1 n=1
or
I N
a 1 1 i . 12
Pt = 1 20 Iy 2w e (Dexpl-jank - r 117 (5.11)
1=1 n=1

The term exp(-j2mk - gn) in Equation (5.11) has the effect of
advancing the phase of sinusoid observed at T, by the amount of the
time delay with respect to the origin of the array assuming a plane
wave propagating toward the azimuth k with phase velocity V. V is

given by

V= T:IET In/sec . (5.12)

Taking Wﬁ = Wﬁ = 1, the BFM applies uniform weighting to each array
element before the delay-and-sum operation. The BFM is efficient in
computational time and provides an accurate estimate of azimuth and
phase velocity if the noise field has high signal-to-noise ratio in a
unique direction and represents a single mode of wave propagation.

On the other hand, in the presence of multi-path propagation, the
result in waveﬁumber spacé alwayszshows an ambiguous pattern of peaks
due to smearing of the true spectrum. .The big side-lobes in the impulse
response of the array (Figure 5.3).éause serious leakage in estimating
spec£ra1 density.

Statistical properties of the estimator ﬁ(f,k) were given by Capon and

C > Goodman (1970). The a priori assumptions in deriving the probability
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distribution are the following:

1) The sensor outputs comprise a multi-dimensional Gaussian random
process with zero mean and stationary discrete time series, and

2) The length of the segments employed is long so that %@m(f)
is statistically indenendent of k@ﬂ(f), m # n, then &1» Gps Tzs eees Tp
are I independent and identically distributed N-variate complex Gaussian

random variables, where Ci is a column vector defined as

c; = CoL[0y; (6,0, (1,05, (F), . . . 04, (D] , (5.13)

where @Ni(f) is the Fourier transform of data in the ith segment, nth

channel, frequency f

The N x N matrix-valued random variables, é(f) defined in Equation
(5.9), have a complex Wishart distribution of dimension N and 21 degree
of freedom (when ‘ko‘ # 0). The random variable ﬁ(f,g) thus is a

multiple of a Chi-square variable with mean and variance given by

f o o
N
E{P (£, %0} =/[/ p(x,g)|B(g-}_<o)wL(x-fo)|2cbcdkxdky, (5.14)
£ -0 -0 ,
N

) LE{pee k)P, £, = 0,£,
var{P(f,0} = | (5.15)

2rc§D 2 -
T{F{p(fosk )} ], fo - Ony s

where fN is the Nyquist frequency and P(f,k) is the frequency-wavenumber

power spectrum. |B(5)12 is the array response function

. |
L D em(k 1) . (5.16)

n=1

B(k) =

2|
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IWL(x)|2 is the frequency window function
>
2 _ 1ysin(L/2)x|*
IWL(X)I - flslnil72ix . (5.17)
E{ﬁ(f,ko)} is obtained by means of a frequency-wavenumber window
Bk )|% - W (x-£)]%. Hence B(£,k) will be an asymptotically

unbiased estimate of CP(f,k) as

’n’ [o¢) (o0
/ / f W, (x-£) - B(k-k,) | “dxdlodky = C. (5.18)
- -0 -0

The var {ﬁ(f,ko)} approaches zero as I approaches infinity such that
ﬁ(f,k) is a consistent estimate for CP(f,k). The stability of the
estimate is independent of the FKPSD, seismometer locations, or the

weights Wn’ n=1,...,N (Lacoss, et al., 1969) and is given by

v (5.19)

) ZE{P(fO,KO)}Z . {ZIb1 for fo # 0 or fN
= 3k

var{P(fo,ko)} b, forf = 0orfy ,

where b]_is dependent on the spectral window defined in Equation (4.12)

and the 100y percent confidence interval for ﬁ(fo,ko) is

vﬁ(fo,go) | vﬁ(fo,ko)
—-2-*-—?—13)— < P(fo,l_(o) < -2"—(?'__"1-‘ . (5.20)
Y2 Xy V2

For 24 data blocks, each block tapered by the rectangular data window,
v = 48, the 90% confidence 1limits are about 1.58 dB above and -1.24 dB

below P(fo,ko) for_f0 # 0 or fN.
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5.4.3 Maximum-1likelihood method (MIM)

The maxiﬁum-likelihood estimate for FKPSD is based on the application
of optimal weighting functions which(correspond to a maximum-1likelihood
filter in 2-dimensiona1‘wavenumber space to control the shape of the
frequency-wavenumber window function, i.e., the beam pattern of the
array impulse response. The construction of the maximum-likelihood
filter is based on the coherence characteristics of the data among array
sensors. These optimal weighting functions, when applied to the output
~of each array element, result in the maximum signal-to-noise ratio in
the array signal estimation. At a selected frequency component, the
maximum-1likelihood filter is able to pass undistorted a monbchromatic
plane wave traveling at a velocity corresponding to a steering wavenumber,
ko’ and to suppress in an optimal least squares sense the power of
those waves traveling at velocities corresponding to wavenumbers other
than ko' The weighting function changes as the spectrum changes.

The maximum-likelihood estimate for FKPSD can be written as

N N
Bf,l0 = D, D ADADS (Depl-j2nk - £)] (5.21)
m=1 n=1

‘where Am(f) and An(f) are weights applied to the outputs of array
elements m and n respectively. Note that Am(f) and An(f) are functions
of frequency, wavenumber, and spatial coordinates of the array element.

~ To consider the optimal weighting function in the "distortionless"
sense and with optimal suppression of noise, we rearrange Equations (5.21)

into the form
N N N 3 ,
PEK) = D D ADAIDS () (5.22)

m=1l n=1

‘
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where
S (£ = S (f)exp(-j2nk * X )exp(jZnE . En) , (5.23)
is the spectral matrix with delays.
Define a weighting vector
W= col[Al(f), A2(f), C e ey An(f)] . (5.24)
Equation (5.22) becomes
B(£,k) =W'-S5-W , (5.25)

where W' is the conjugate transpose of W.

In this optimization problem, we desire minimum array output.
power for k # _150, which is equivalent to minimizing the quantity
(W' g * W). The constraint of distortionless filter response at
k= _lgo requires the sum-of all N coefficients to be unity over the

narrow wavenumber band around k = 1_<O, i.e.

N
2 AEk) =1 | (5.26)
n=1
or
chow=1, (5.27)
where C = col[1l, 1, . . . , 1]. ' (5.28)

The problem of finding the optimum set of filter weights, V—Vopt’ is

summarized by Equations (5.25) and (5. 27) as

minimize (W':

[fone

- W) with respect to W (5.29)
subject to C ~W=1 . (5.30)

Using the method of Lagrange multipliers in the calculus of variations,
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we set up the equation as:

HW) =%E“ C W ACW - 1), (5.31)

flone

where the coefficient 1/2 is introduced to simplify later arithmetic and
X is an undetermined Lagrange multiplier.
Taking the gradient of Equation (5.31) with respect to W and equating

to zero,

[jne

V,HM) =S5 - W+ =0 (5.32)

yielding

w=-5ton, (5.33)

substituting (5.33) into (5.30) we obtain

= -5t (5.34)

From Equations (5.33) and (5.34), the optimal weighting vector is

obtained as

— -1 - T - ~—1 - —1 v;
Wt = 8 - OC - 87 -0, (5.35)
and the optimal weighting functions are:
N
()
A () = — "y , n=1,...,N, (5.36)
2, 2,
m=1 n=1

where the matrix {ahn(f)} is the inverse of the delayed spectral matrix,
{émn(f)}-l = Sﬁl, as defined in Equation (5.23).
The filter obtained from the above optimization procedures is a G;

distortionless form of a constrained least squares filter, or constrained
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IMS filter (Frost, 1972). The right hand side of Equation (5.36) is
identical to the coefficients of the maximum-likelihood filter derived
by Capon (1973) using the maximum-likelihood estimation technique.

Substituting Equation (5.35) into Equation (5.25), the estimate for

FKPSD 1is:
~ (_:.T 5._1 ~ §_1 C
P(f,k) = T - S - T:= T (5.37)
c s & — \C -5 c
= (QT . Efl . Q)'l (5.38)
= ((':_l_' g‘l . a)_l

This is just tﬁe high-resolution estimate for P(f,k) given by Capon(1969).

The justification for the usage of ﬁ(f,k) as an estimation for
P(f,k) is provided by an important property of the maximum-likelihood
estimator. When the maximum-likelihood estimator is used in signal
estimation, it is identical to the minimum-variance unbiased estimator
of the signal (Capon et al., 1967; and Capon, 1973). This is the
consequence of minimizing the variance of the array output, (W'- EA- W),
in Equation (5.29). Therefore, ﬁ(f,k) is a minimum-variance unbiased
estimate for P(f,k).

The statistical properties of ﬁ(f,k) have been discussed by Capon
and Goodman (1970), who show thatlﬁ(fbk)'is almu1tip1e of chi-square
‘variable with 2(I- N + 1) degrees of freedom, if fo = 0, or fN. The

mean and variance of ﬁ(f k) are given byi

E{B £,k )} - IN"l)/ffP(xknw (x-£)B(E, kk)|dxdkxdky

(5.39)
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var{B(_, k)b = (TtﬁxiJ[Eiﬁ(fo,Eo)}]z , £ #0or £ (5.40)

or (e EIBCE kNP, £ = 0 or £y (5.41)

The confidence 1limits for ﬁ(fo,ko) can be obtained in a manner similar
to that discussed for the BFM. If I = 24, N = 12, and the rectangular
taper is used, there are 26 degrees of freedom and the 90% confidence
_ limits are 2.28 dB above and -1.76 dB below ﬁ(fo,ko), for fo # 0 or fN.
In the article discussing the frequency domain beam forming method,
Lacoss et al. (1969) have shown ‘ghat as long as the requirement an = P\fm
'is satisfied, the stability of any frequency domain beam forming estimate
is independent of the seismometer location, FKPSD, or the weights Wh,
n=1, . . ., N. Wﬁn represents WhWﬁ and Wm is the weighting functibn
applied on mth sensor output. The requirement Whm = W;n ensures that
ﬁ(fo,go) be real. Since the weighting function of MIM satisfies the
above requitements, the confidence limits of the MIM estimate depend
only on the number of data blocks and array sensors.

Equation (5.39) indicates that E{P(fO,KO)} is obtained by means of

. ~ 2
a frequency-wavenumber window, ]WL(x—fo) . B(fo,k,ko)! where

N
B ,k:k,) = 2:1 Aok - k) - 1] s (5.42)

therefore ﬁ(fo,ko) is an asymptotically unbiased estimator for CP(fo,go),

if the window approaches a three-dimensional delta function in such a way that

f. o o
o N L
(I NI 1)/ f f [WL(x-fO)B(fo,E;lfo) [2 dxdkxdky = C . (5.43) C
_fN oo '
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5.4.4 Comparing the FKPSD estimation techniques

The term "high resolution f-k spectrum’ is commonly used for
maximum-1likelihood (MIM) estimation of FKPSD, because, under favorable
conditions, this method always results in a spectrum with sharper peaks
and lower side-lobes than that estimated by conventional (BFM) methods.
Based on theoretical analyses, however, Cox (1973) has found that the
MIM has a disadvantage relative to the BFM in terms of its sensitivity
tobmeasurement errors, especially in the case of channel mismatch.
Mismatch may result from distortion in the waveform during propagation,
from amplitude, phase and position errors in the sensors, or in the

sampling and‘digitization. We have examined the effects of mismatch by

processing simulated data with both MIM and BFM. Input data are 4 Hz plane

waves superimposed upon random noise of varying amplitude level. The

4 Hz plane wave propagates with phase velocity of 200 m/sec across an
array in 50 m diameter. A block of data without random noise components
is shown in Figure 5.5. We have found from the results of BFM that,
regardless of the signal-to-noise ratios of input data, the f-k diagrams
at 4 Hz are all identical to Figure 5.6A. This figure shows a shifted
array response, centered around the wavenumber of the simulated signal.
The peak value of f-k spectrum at 4 Hz is independent of the signal-to-
noise ratios between 48.8 dB and 10.6 dB. On the other hand, the results
of MIM analysis indicate,that_MlM‘is sqnéitive_to signal-to-noise ratio
of the input data. This effect is illustrated by the f-k plots for
signal-to-noise ratio of 48.8 dB (Figure 5.6B), 30.6 dB (Figure 5.6C),
25.6 dB (Figure 5.6D), 20 dB (Figure 5.6E) and 10.6 db (Figure 5.6F).
Those figures clearly indicate that MIM suppresses the side-lobes more

efficiently and produces higher resolutions than BFM. The high
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resolution effect is a distinct advantage in the case of multiple arrivals.
The desirable characteristics of MIM are results of the combination
of the side-lobe suppression and the noise rejection. We shall discuss

these operations by assuming that § consists of signal-plus-noise,

so that we may express S as the form
S = 026 + ozd - d’ (5.44)
= o= 1= — ’
where
2a . . .
oog is the noise spectral matrix,
Q_ is normalized to have its trace equal to the number of
sensors,
Og is the input noise spectral level averaged across the sensors,
O% is the averaged input power spectrum of the coherent micro-
seismic signal,
d is a directional vector of microseismic field, defined as

“exp(iznk - x;)
exp(jank - x,)
d= | : (5. 45)

| exp(j2nk - x) ]

ko is a wavenumber vector in the direction to which the microseismic
field is propagating.

We can also write a general expression for estimate FKPSD as

P(f,k) = W' - § - ¥ (5. 46)

.
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where W is the vector of generalized weighting functions,

W = _]_- '
W=g2 (5.47)
for BFM, and
R IR TR o M IV LRI R R
for MIM.

Substituting Equation (5.44) to Equation (5.46)

260 A . 2y 12
P(£,5) = o W' - Q - W+ op[W'-d|”. (5.49)

We define an inner product between two column vectors a and d by

a'- C + d, where C is a positive definite Hermitian matrix, and the

cosine-square of the generalized angle between a and d to be

cos’(@,d;0) = la* - ¢ - d|’/{@ - C- @@ LD . (5.50)

BFM. For BFM, the output spectrum can be written as

g

Pifkiky) = S~ 8- o) + 0% cos?(a,d;1) . (5.51)

1w

The first term is the noise response, the second term is the
signal response, and cosz(g,g;l) is the array impulse response shifted
by the steering vector a to the 'direction" d, as shown in Figure 5.6A.
It is evident that signal response depends on the cosine square of the
generalized angle between a and Q;in'inner’product space and is not
affected by the noise spectral matrix:Q, Therefore, the signal
response is relatively insensitive to small mismatch between a and d,

as well as input signal-to-noise ratio. The noise response is reduced
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by increase N which is the number of sensors in the array.
MIM. The output spectrum of MIM is obtained by substituting Equation

(5.48) into Equation (5.49),

1)]2

: {1 L 26N+ (/2 Jsina,dsQ )}
" a [1 + (S/N)m sin (a d;

!lO>

. (5.52)

2()-@?"g . cos ( a;0° )
YO\ T :
1 al . g'l . 2) ({1 + (S/N)m Slnz 9_ ;Q 1)}2)

where (S/N)maX is the maximum output signal-to-noise spectral ratio

‘defined as:
02
(S/N)maX =@ - g:l - d) _%_ , and (5.53)
%
sinf(a, ;0 = 1 = cos’(a,d:0h) . (5. 54)

The expressions for signal and noise responses appearing in
Equation (5. 52 are more complicated than those of the BRM. It is
evident from Equation (5.52) that both (S/N)max and sinz(a}§5gf1)
play important roles in signal expression and noise rejection. The
suppression of spurious side-lobes due to finite dimension array
response can be seen from the behavior of the second term in Equation

(5.4). As a deviates away from d, the quantlty of cos (a d; 1)

HO)

becomes smaller while sin (a d; Q_ ) becomes larger. The signal

suppression can be significant at a # d when (S/N)max is larger than

Y

unity.
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Let us turn our attention to the first term of Equation (5;52),

i.e. the noise response. To examine the unusual nature of the noise
-1

>

response, we let

jo

= I, such that the quantity (a'

o

- a) is a
. 2 . .
constant. Then as sin”(a,d;I) varies from zero to one, the noise

response increases from the value oz/N at sinz(g,§31) = 0, until it
0§, [2+(S/N)_ 1?2 N

reaches a maximum of CTT IS at Sinz(i,QJEJ = 1/(2+(S/N)max).
max =

This peculiar noise response is due to the fact that the MIM

estimator treats the mismatched signal as an unwanted interference and
performs a compromise between suppressing the signal and rejecting the
real noise. The stronger the mismatchea signal, the more importance
the estimator puts on suppressing it. In suppressing the mismatched
signal it accepts a lesser rejection of noise. Near the point
sinz(g}g5l) =0, thé signal suppression is minimum. As sinz(g}§3£)
increases, the greater suppression of the signal is possible with a
corresponding increasing penalty in noise rejection. Eventually the
mismatch reaches the point where the signal suppression is sufficient
so that a further penalty in noise response is not justified. The
processor then reverses the trend and piacés greater emphasis on
rejecting the noise.

The MLM, howéver, is not an optimal array processor. The terms in
large braces in Equation'(S;SZ) déviate the output spectrum of MIM
away from that of an optimal afray processor. We will discuss the
optimal array processor later in this section. Look back at
Equation (5.36) where we used the cross-power spectral matrix of the
signal-plus-noise to construct the weighting function for MIM.

The optimal array processor, on the other hand, uses the cross-power spectral
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matrix of noise alone to construct the weighting functions in order to
enhance the transient signal, such as earthquake or explosion arrivals.
Unfortunately, such an optimal array processor is not applicable to
microseismic data because of the difficulty in separating signal from
‘noise <in microseismic data. It appears that, at present, MIM is the
best way to process two-dimensional array data for high resolution in
the presence of multi-path interference, the normal situation in
ground noise studies. It is worthwhile, nevertheless, to consider the
responses of the optimal array processor.

Optimal Array Processor. The output spectrum given by Cox (1973) is

o 2d' Q1 -d o
P(f,k;k)) = 1t O =g —)cos"(2,d;Q ) (5.59)
(3' . 9_ . _a-) 9‘_' . 9 . 2 i
. L~ a] LAl -1,
which results from substituting W' = (Q = - a)(@' - Q = - a) ~ into

Equation (5.49). Again, the first term corresponds to the noise response
and the second term corresponds to the signal. Notice that Equation
(5.55) reduces to Equation (5.51) for the case of spatially uncorrelated

noise, Q = I, and a = d.

In order to realize the effects of optimization, one must understand
the effect of the matrix g—l, since we have defined Q as a noise spectral
matrix in Equation (5.44), the small eigenvalues of Q'correspond to the
eiements of array with less noise. The effect of introducing Qfl in
cosz(g)g3g—1) can be compared with cosz(g,ggl) of Equation (5.51) where
there is no optimization involved. Cox (1973) pointed out that éfl in

cosz(§,§5§f1) is equivalent to c052(§)§51) with multiplications of

o>

scaling factors to the projections of a and d on the eigenvectors of
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N
Since‘@_has been normalized to have its trace equal to N, :E: An = N,
- n=1
The scaling factors associated with Qfl areﬂyfl/xn which emphasizes

components of a and d corresponding to small eigenvalues of Qj and

de-emphasizes components corresponding to large eigenvalues of
ar-. 61.4 , A
Therefore the quantity /= fil = cosz(g,g5g_1) gives rise to

a'.Q .é é'-@'l-c_l}

o>

signal gain, for the assumed signal direction. - E?l
a' . . a

defines the maximum possible gain, and (a' - 9_1 - a) sﬁppresgés the

noise. The choice of E' results in the optimal estimator which provides

the maximum gain for a = d and optimal suppression for a # d.

5.4.5 CGrass Valley data processing method

Transient-free quiet-interval data blocks from each of the 12
elements of the array are selected for processing. The number and length
of the data blocks are selected on the basis of resolution and statistical
stability of the estimated power spectral density. A MIM comparison
for different numbers and lengths of data blocks, holding the total
number of data points constant, is illustrated with array data from
site E5.9W (Fieure 5.7). The results of nrocessing the identical data
using three different leneths are shown in Figure 5.8 for 12 blocks x
128 points, 24 blocks x 64 points, and 48 blocks x 32 points. The
12 blocks x 128 points (Figure 5.8A) provides the highest resolution,
indicating the multiple directions of propagation. However, the greater
number of data'points‘in the time domain fequires the'analysis of more
frequency components and the FKPSD estimated in such a way is statis-
tically less stable than the smaller number of data points. The

48 blocks x 32 points (Figure 5.8C) has only 16 discrete frequency
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components from DC to Nyquist frequency. In this case, the coarse
frequency interval may result in an erroneous phase velocity estimate.

I, therefore, have selected 24 blocks x 64 data points (Figure 5.8B).

to process Grass Valley array data; this combination provides adequate
fesolution in wavenumber space and reasonable stability in the statistical
estimation. In the figures, FKPSD are esfimated for a desired frequency
component at each of 41 x 41 grid points in wavenumber space, then
normalized with respect to peak value and contoured in dB. Normaliy,
data are processed in a wide frequency band and the maximum FKPSD of each
frequency component is plotted as shown in Figure 5.9 for data from

sites E5.9W, GP, and A2N. Those frequencies corfesponding to the

FKPSD maxima are selected for interpretation. The wavenumber and
frequency of a FKPSﬁ maximum provides the estimate of apparent phase
,yelocity and direction of propagation for the most coherent propagating
plane wave in the data sample. In case the microseismic field has very
low coherence across the array sensors, the plot of maximum FKPSD over

a wide frequency band will show a low normalized curve without distinct
peaks. Accordingly, in Figure 5.9, the coherence of array data recorded
at site A2N is higher than that recorded at site GP in the frequency
band of 2.54 Hz to 12.9 Hz. A comparison of BFM and MIM is provided

in Figures 5.8B and 5.8D for the case of 24 blocks x 64 points. The
greater resolution in MIM is apparent in resolving the multiple directions
of pfopagation. Consequently, our processing method was normally MIM

using 24 blocks x 64 points.
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5.5 Grass Valley data interpretation

Valley sites. The noise anomaly in the center of the valley, e.g.

E5.9W at 5 to 7 Hz (Figure 4.4B), can be explained by the superposition
of multi-path surface waves propagating in the shallow alluvial section.
The absence of a unique and time-invariant propagation direction, as
seen in Figure 5.10, indicates clearly that the high amplitude ground
noise at this site is not due to a local buried source. Further, the
uniform propagation velocity, |k| = 16 cycles/km, seen at all azimuths
suggests a surface wave nature of the noise field. Similar multi-
azimuth surface waves are seen also in the f-k results at 5.71 Hz for
the array data at sites EO0.5W and M2.9N (see Figure 3.4 for site
locations).

Leach Hot Springs. Time-invariant azimuths of propagating noise fields

are seen at sites AZN, B0.35W, E2.9E, and GP (see Figure 3.2 for site
locations) in the vicinity of Leach Hot Springs. Typical noise data
recorded in this area show highly coherent energy in the array. Data
from site AZN are shown in Figure 5.11. Except at B0.35W, the dominant
frequency of the propagating noise field in the area is 4.4 Hz. The
f-k plots at this frequency are shown in Figures 5.12A, 5.12C, and
5.12E. The unique azimuth in each plot is in a direction away from the
hot springs. At B0.35W the dominant frequency of noise field is

2.8 Hz. In the same‘frequency band, we also see distinct 2.5 Hz noise
comﬁonents at sites A2N and GP. Noise in this lower frequency band
propagates constantly during quiet reCording periods at an azimuth
around 210°, as indicated in Figures 5.12B, 5.12D, and 5.12F for sites

A2N, GP, and BO.35N. The phase velocities estimated from these plots
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indicate that the microseisms are apparently fundamental mode Rayleigh
waves.

Another interesting feature appears at COW and at the intersection
of lines L and H (site LH) where f-k analyses indicate that the noise
fields at both sites propagate away from the hills (Figures 5.13C,
5.13D, 5.13F and 5.13F). There is a possibility that the hills

respond to gusty winds and generate ground noise.

5.6 Dispersion characteristics and shallow structure

. On the assumption that the microseismic field consists of surface
waves, the f-k analysis technique allows direct measurement of the local
dispersion curve by selecting phase velocities corresponding to the
frequencies with peak FKPSD. As an example, in Figure 5.14 we show
phase velocities so estimated, along with computed fundamental and first
higher mode Rayleigh wave dispersion curves, for a model based on P-wave
velocities from a shallow refraction survey in the area. The effect
of the very shallow velocity structure is illustrated clearly. Lateral
variations in the upper 10-20 m will control the surface wave propagation
characteristics. In estimating dispersion curves, we do not restrict
sampling to the quiet periods, since 1érger microseisms are very coherent
across the array. The dispersion measurements, besides providing local
observations of phase velocity for shallow structure mapping, also
provide a method of verifying the wave nature of the microseisms. It
ié clear that waves with periods of 1 sec and greater must be analyzed
for structural information at geothermal target depths, if the micro-
seisms are fundamental mode Rayleigh waves (see, for example, McEvilly

and Stauder, 1965).
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FIGURE CAPTIONS
Figure 5.1 Estimated coherence near Leach Hot Springs for various geo-
phone spacings of (A) 10 ﬁ, (B) 30 m, (C) 40 m, and (D) 60 m
in a single line. Note the coherence decreases as geophone
spacing increases, along with narrower coherent frequency
bands. Frame E is the typical VSD of this site.
Figure 5.2 Estimated coherence at valley sites, EM (A-D) and E2.75W (E),
for linear geophone spacingé of (A) 20 m (NSvdirection),
(B) 20 m (EW direction), (C) 40 m, (D) 60 m, and (E) 120 m.
Figure 5.3 Array configuration and its contoured impulse response
in wavenumber space, plotted to kx and ky = 71 cycles/km.
The effective Nyquist wavenumber can be seen to vary with
azimuth in the range of about 50 - 70 cycles/km. The
interior square outlines the standard f-k plot range of
35.7 cycles/km, used in subsequent figures. Radii of
the concentric circles in array are indicated.
Figure 5.4 High-resolution f-k power spectral density estimates for
a simulated 4 Hz plane wave signal propagating N60°E
across the array at horizontal phase velocity 200 m/s
(k=20 cycles/km), to illustrate spatial aliasing. The
array configuration is .the same as shown in Figure 5.3.
The array dimension'sCalés-are (A) 1 time, (B) 1.5 times,
(C) 5 times, (D) 10 times, the rgdii values indicated in
Figure 5.3. The maximum kx and'ky values in the plots are
(A) 71.4, (B) 47.6, (C) 14.3, (D) 7.1 cycles/km corresponding

approximately to the effective Nyquist wavenumbers for the arrays.




Figure 5.5

Figure 5.6

Figure 5.7
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The f-k power spectral density contours are -1.0, -3.0,
-6.0, -9.0, -12.0 dB below the main peak. Circles indicate
the constant velocities shown, expanding with array size.
Aliasing is appafent in the high phase velocities in

Frames (B), (C), and (D), easily misinterpreted as detected
body waves. The 90% confidence limits on the estimated
FKPSD are +1.9 dB, based on the multiple of chi-square
variable with approximately 26 degrees of freedom.
Noise-free simulated 4 Hz plane waves crossing the array
of Figure 5.3 with horizontal phase velocity of 200 m/sec.
Comparison of f-k resolutions usinngFM (A) and‘MLM (B to
F) on the simulated plane waves shown in Figure 5.5, with
noise édded. MIM resolution deteriorates as the signal-
to-noise ratio of the input data varies from

(B) 48.8 dB, (C) 30.6 dB, (D) 25.6 dB, (E) 20 dB, ;o

(F) 10.6 dB, whereas BFM is insensitive to signal-to-noise
ratio in the same range. The BFM resolutions for all noise
levels are all identical to (A). Contoured lines are at
-1, -3, -6, -9, and -12 dB below the main peak.

Typical seismic noise data in the valley, at site E5.9W,
recorded by the array shown in Figure 5.3. The difference
in signal amplitude among traces is a consequence of the
difference in geophone damping resistor of each channel.
The scale factor, in 10_9 m/sec per‘cm of displayed record
amplitude, at 4.5 Hz, are shown for each trace on the right

margin.

C



Figure 5.8

Figure 5.9

Figure 5.10
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f-k results for site E5.9W for different data block lengths,
comparing MIM and BFM.
(A) 12 data blocks, each with 128 points, processed by
MIM, with 90% confidence limits of +7.7 dB.
(B) 24 data blocks, each with 64 points, processed by
MIM, with 90% confidence limits of +1.96 dB,
(C) 48 data blocks, each with 64 points, processed by
MIM with 90% confidence limits bf +1.16 dB,
(D) 24 data blocks, each with 64 points, processed by
BFM, with 90% confidence limits of +1.4 dB.
The frequency on each frame correspbnds‘to a maximum FKPSD
(see Figure 5.9). The range of wavenumber plotted is
35.7 cfcles/km. Contour lines are at -1, -3, -6, -9,
and -12 dB below the main peak.
Examples of maximum FKPSD plots as é function of frequency,
independent of the wavenumber. The maximum FKPSD at each
frequency is normalized with respect to a common, reference
power level. Array data are taken froi sites A2ZN, ES.9W
and GP.
The time-variant nature of propagating seismic noise at
valley site E5.9W. Data are selected from the 4th, 5th,
7th, 8th, 9th, and 10th hours-of the recording period,
as indicated, and processed by MIM using 24 blocks with
64 points per data block. Circles indicate velocities of

peaks given along with azimuth in each plot.




Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14
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Typical seismic noise data at site A2N, 1 km SE of Leach

Hot Springs, recorded by the array shown in Figure 5.3.

Note the high coherence across the array. The difference

in signal amplitude among traces is resulted from the different
geophone damping resistor of each channel. The scale factof,
in 10_9 m/sec per cm of displayed record amplitude, at

4.5 Hz, are shown for each trace on the right margin.
High;resolution f-k results in wavenumber space for sites
A2ZN, GP, E2.9E, and B0.35W located near Leach Hot Springs.
The frequency on each frame corresponds to a maximum in

the maximum FKPSD plot (Figure 5.9). The maximum wavenumber
plotted is 35.7 cycles/km, except for frame (F), where it

is 17.é cycles/km. The contoured lines are -1, -3, -6,

-9, and -12 dB below the main peak. The horizontal phése
velocity and the time-invariant direction of the propagating
seismic noise field are indicated on each frame. These
noise components ére apparently fundamental mode Rayleigh
wave generated at the hot springs, where near-surface
velocities exceed 4 km/sec.

High-resolution f-k results in wavenumber space for sites
B2.6W, CO6W and LH. The maximum wavenumber plotted in

35.7 cycles/km. The contoured lines are -1, -3, -6, -9,

and -12 dB below the main peak.

Rayleigh wave dispersion curves for fundamental and first
higher modes, computed for the model shown, compared with

observed ground noise phase velocities at site E5.9W.

-
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The observed phase velocities were determined at various

times by f-k analysis, the hour indicated by symbol type.
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VI. SUMMARY AND RECOMMENDATIONS

6.1 Summary

The main results of a study of miéroseisms in Grass Valley,
Nevada, using a simple field system, are 'summarized below:

Diurnal variation in the 2-20 Hz noise field is regular. A consis-
tent diurnal Variation‘that repeats from day to day is due apparently
to meteorological.and cultural sources, with typically 15 dB variation
seen from the mid-day high noise level to the low noise level in the
early morning hours of 2-4 A.M. Secular variations, due to regional
weather patterns, can produce a 5-10 dB range in the early morning
minimum noise levels over a duration of a few days.

For spectral stability in investigating spatial variation of
noise, at least 28 quiet data blocks, each 12.8 sec long, were taken
simulfaneously at the network stations and the spectra were averaged
for each site. This'procedure produced consistent results throughout
the area, revealing a characteristically low amplitude smooth noise
spectra at hard rock sites, a prominent peak at 4-6Hz aﬁ valley sites,
and wideband, high amplitude noise, apparently due to very shallow.
sources, at hot springs sites. Contour maps of noise level, normalized
to a reference site, are dominated by the hot springs noise levels
outlining the regions of maximum alluvium thickness. Major faults are
evident when they produce a shallow lateral contrast in rock properties.

Microseisms in the 2-10 Hz band are predominantly fundamental mode
Rayleigh waves, characterized by low velocities and wavelengths as small

as 20 m, requiring closely spaced arrays for adequate spatial sampling.
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High resolution f-k processing, with proper data sampling, provides
a powerful technique for mapping the phase velocity and the direction of
propagation of the noise field, revealing local sources and lateral
changes in shallow subsurface structure.

No evidence for a significant body wave component in the noise
field was found, although it becomes clear that improper spatial sampling
can give a false indication through aliasing. Noise emanating from
a deep reservoir would be evident as body waves and could be traced to

its source given a reasonably accurate velocity model.

6.2 Recommendations

Conventional seismic ground noise surveys, conducted as outlined
in this study, require a large number of stations for economical
implementation. With 100 stations, for example, a week-long survey
could provide maps of noise amplitude distribution, P-wave delay time,
and microearthquake locations, as well as f-k analyses at many sites,
utilizing a 2-3 man crew. It is not clear, however, that such data
will be of significant value in delineating a geothermal reservoir.

The amplitude mapping of ground no%se in certain frequency bands
1s a poor exploration technique for delineating buried geothermal
systems. The results of the survey described in Chapter 4 indicate that
the amplitude variations of microseisms in an area are controlled by
the near-surface geology, especially lateral variations in thickness of
the alluvial layer. The large amplitude surface wave generated by
surface sources and propagating horizontally, will mask weak seismic

waves emitted from a buried source. Therefore, amplitude mapping only
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reveals information on the very shallow structure.

On the other hand, the technique éf f-k analysis can, theoretically,
map the wavenumber of the microseisms, discriminating the Verfically
incident body waves from the surface waves. The yet open question of
whether a reservoir acts as a radiator of seismic body waves can be
answered through careful f-k analyses in existent géothermal areas.
The array to be used for further study must be a non-aliased array of
larger diameter than that used in this study. The expansion in array
size will improve the resolution around the origin of the f-k diagram.
This improvemenf would provide a more‘accurate estimate for power at
the small wavenumbers, such that the azimuth and the apparent' velocity
of the long-wavelength body waves are estimated more accurately.
The amplitudes of bbdy waves radiating from a source at depth are
apparentiy much smaller than those of the ambient surface waves. In
order to extract useful information from the body waves, a sophisticated
signal detection and processing scheme is required. However, the f-k
analysis technique may fail to detect the geothermal system at depth if
our assumption of body wave radiation from the reservoir is not valid, or if
the emanating body waves are either attenuated or completely masked by the
ambient surface waves. It is fortunate that the ambient surface
waves have shorter wavelengths that the body waves because then the
detection of weak body waves can be improved by designing a more
sophisticated array to cancel short wave-lengths, as is cdmmonly done
in conventional seismic reflection surveying.

If the assumption about radiated body waves is indeed valid, and

such body waves are detectable, we can trace the recorded wavefronts
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to their source, given a reasonably accurate velocity model. There are
two schemes which have been used for projecting waves observed at the
surface back into the earth and locating the source region, and these
methods may be applicable to the geothermal reservoir delineation
problem.

The first method is seismic ray tracing described by Julian (1970);
Engdahl-and Lee (1976). If the array diameter is much smaller than the
distance to the buried source, the microseismic field propagates as a
plane wave across the array. Estimation of the azimuth and the apparent
velocity of the propagating noise field from f-k analysis along With
the knowledge of the near-surface velocity distribution, can give us
the incident angle of noise. Given a reasonable velocity structure
in the area and simﬁltaneously occupied array sites, we can reconstruct
ray paths to each site. The intersection of these ray paths outlines
the region of the radiating source.

Another approach is much like that used in a conventional reflection
survey with two-dimensional surface coverage but without a surface
controlled source. The coherent noise fields recorded by a two-dimensional
surface array are projected downward into the assumed subsurface model.
The reconstruction of the coherent noise field propagating in an upward
direction, at a selected frequency, can be carried out by the wave
equation migration technique, using a finite-difference approximation
such as described by Claerbout (1976). Tﬁe restriction of this approach
to microseismic data is that the noise field must propagate as a
spherical wavefront across the geophone array. The spherical wavefront

exists in the situation where the array dimension is greater than the
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distance to the source. In this case, we can outline the region of
radiating sources in terms of the convergent pattern of the extrapolated
wave fields.

It is clear that the ray tracing and the wave equation migration
are applicable at different source-array distances in the application of
delineating geothermal reservoirs. In a practical exploration program,
we do not know the depth of geothermal reservoirs, nor do we know the
shape of the wavefront across the array. One way of solving the problem
is to place a non-aliased array at several sites and search for the
evidence of time-invariant, high velocity body waves. As soon as the
body waves are detected, one may compare several f-k diagramé, using
data of identical recording periods but of different éizes of sub-array.
The deteriorafion of the resolution in the.f-k diagrams as we exﬁand the
size of the sub-array, indicates that the plane wave assumption is
violated and the wavefront migration techniques should be applied.

On the other hand, if theinoise fields propagate as plane waves across
the large array, the resolution in the f-k diagrams will be improved
as we expand the size of sub-arrays andithe f-k analysis with seismic
ray tracing are the proper techniques to locate the noise source.

Based on this study, I coﬁclude that, if the geothermal system
is indeéd emanating detectable body waves, the analysis of ambient
ground motion or seismic noise, can be applied to the delineation of
geothermal reservoirs. In fact, if the radiated body waves exist, the
method can be one of the most effective geophysical methods in geothermal

explorations.
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APPENDIX A
NOTATION

maximum-likelihood filter coefficients
standardized bandwidth of data window
array response function
cross-correlation function
autocorrelation function
directional vector of microseismic field
expectation
transfer function of earth medium

frequency, Hz

cut-off frequency of a low-pass filter

cut-off frequency of a high-pass filter
tape recordér band width

natural frequency of geophone, Hz
generator constant of geophone

transfer function of local geology
thickness of the layer

transfer function of all system element
amplification of the amplifier

transfer function of Butterworthvfilter
transfer function of the digitized signal
transfer function of geophone

transfer function of the low-pass filter in the
playback system

transfer function of RC low-pass filter
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number of data blocks

source characteristic of seismic waves
complex i

vector wavenumber

number of data points in each data block
. th

index for m geophone

. th

index for n~ geophone

number of geophones in the array
frequency-wavenumber spectrum (FKPSD)
the BFM estimate for FKPSD

the MLM estimate for FKPSD

‘the inverse of delayed spectral matrix

random noise spectral matrix

vector of geophone location

damping resistance of geophone

coherence function estimate between sensors m and n
geophone coil resistance

power spectrum

power spectral density estimate for the nth SEnsor

output

averaged cross-power spectrum
normalized cross-power spectrﬁm
normalized spectral matrix

time

length of each data block in seconds

sampling interval of the discrete time series
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energy of the data window

phase velocity vector

velocity spectral density

VCO full scale

data window, lag window, weighting function

weighting vector; Q = vector of generalized weighting
function

Fourier transform of the time series i¢n(t)
shear-wave velocity

damping factor of geophone

phase angle

number of degrees of freedom

.spatial lag

observed microseisms

intrinsic noise at the site

local noise component

microseismic component from the distance source
noise component

component of coherent microseismic signal
temporal lag

time series of nth geophone output

discrete Fourier transform of time series i¢n(t)

chi-square variable with v degrees of freedom




-126-

APPENDIX B
DATA PROCESSING NOTES

B.1 Introduction

Three programs have been written in FORTRAN IV for the CDC 7600
machine and RUN 76 compiler at the Lawrence Berkeley Laboratory. Program
DUMP reads the digital data from the tape (TAPE 5) generated by the
digitizer located in Haviland Hall of the University of California at
Berkeley. It then unpacks each 12 bit tape word into one 60 bit CDC
word, and writes the data onto another tape (TAPE 3) in binary mode.
Program VSD reads the data from TAPE 3, estimates the velocity spectral
density of the time series from each geophone output by the method of
modified periodogram, and plots the result using both the Graphical
Display System (GDS).at the University of California, Berkeley and the
line printer (see subroutine YPLOTLG). Program FKPSD reads the array
data from TAPE 3 and estimates the frequency wavenumber power spectral
density (FKPSD) by either the conventional frequency domain beam forming
method (BFM) or the maximum-likelihood method (MIM), and finally presents

the result of f-k analysis by the GDS and the line printer.

B.2 Digitization

The field tape is played back at 3 inches per second, i.e., 25 times
faster than the recording speed. This shifts the band of 0.25 Hz to 10 Hz
up to the band of 6.25 Hz and 250 Hz, which are the limits of our filters.
The 12 bit digitizer in Haviland Hall is normally set to digitize 2500
data points per record at the rate of 1000 data points per second (real

time), which results in the digitization of 62.5 sec analog data into 2500

.
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digital data in TAPE 5. The header (starting time of each record) and

the tailer (the stop time of each record) are written in front of and
behind each record in TAPE 5. If the header and/or tailer are not written
along with the digital data, the variable NSUP needs to be reset in the

subroutine READTAP which is called from the program DUMP.

B.3 Program DUMP

i) Data structure in TAPE 5

As an example, we digitize five records (NSEG = 5) from each
geophone output at each channel of the tape recorder, the starting time
(header) of each record is denoted by T(I), I =1, 2, 3, 4, 5. The

sequence of data in TAPE 5 is as follows:

.Ch.2 Ch.3 Ch.4 Ch.5. . . . Ch.14
T(1) 1 6 11 16 . . . .(NREC-4)
T(2) 2 7 12 17 . . . .(NREC-3)
T(3) 3 8 13 18 . . . .(NREC-2)
T(4) 4 9 14 19 . . . .(NREC-1)
T(5) 5 10 15 20 . (NREC)

End of file (EOF)
An end-of-file mark is required behind the last record.

ii) Input data cards

(1) The first input data card defines the number of records in the
file and the record to be plotted by-the GDS.

(2) An input data card is required for each geophone output. Each
card defines the numbér of the record digitized from the geo-
phone output, the correction factor for geophone polarization,
the identification of the geophone output, and the gain factor

of the playback system.
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iii) Output

The time series of each digital record (2500 data points) with its
starting time and étop time are printed, such that the bad record is
recognizable and can be deleted. When the number of records in TAPE 5
is large, e.g., NREC > 50, it is recommended to dispose the output into
microfiche. The unpacked digital data are written in another magnetic
tape (TAPE 3) for further processing.

Three types of bad record may occur during this prdcess. The
record with a parity error can be skipped by the computer operator under
the specification on the control card. In case of parity error, bqth!the
number of record in the file (NREC) and the number of the record af
that particular geophone output (NSEG) must be reset in input data cards.
then. the data in TAPE 5 ought to be reprocessed. Another kind of bad
record may happen when the number of words per record does not equal
to 502 words (when both the header and tailer are written). If this
happens, the translation of this record is skipped by the program and is
not written in TAPE 3. The last kind of bad record is the record with
clipped amplitude. In this case, the values of clipped data points are
listed in front of the printed output data. This kind of bad record_
shall be deleted by the user under the specifications in the input data
cards of programs VSD or FKPSD.

iv) Data structure in TAPE 3

For each record, the unpacked data are written onto TAPE 3 in binary
mode by the statements
(1) WRITE (3) (NDAYS, NHOURS, MIN, NSEC) for the starting time of

the record,
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(2) WRITE (3) (NDAYS, NHOURS, MIN, NSEC) for the stop time of the
record,

(3) WRITE (3) (STAT, NB, J) for the record identification, the
sequence of record at each geophone output,

(4) WRITE (3) (NVAL (I), I = 1, 2500) for the values of digital
data,

(5) WRITE (3) (MORE) to-indicate the last record of the geophone
output if MORE = 0, otherwise MORE = 1.

v)  Sample input and output

To unpack and translate one record in TAPE 5 from the site HO.5E
sampled from the first record of the 10th hour (STAT = H0.5E1001),
the sample input cards are:

INPUT DATA CARDS FOR PROGRAM DUMP

1 0 0
1 1.0 HO.5E1001 1.0

and the printed output is:
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B.4 Program VSD

The program VSD estimates the velocity spectral density of each
geophone output stored in TAPE 3. Each record of 2500 data points
is divided into several data blocks of (2**NPOW) points per block. The
maximum number of data point per block is 512 which is set by the
dimension of arrays in the program. Fach time series is multiplied
by a 10% cosine bell taper before FFT. The power spectral density
estimate of each geophone output is'obtained by the method of periodogram
described in section 4.3.2. This program also calculates 90% confidence
limits of the estimated VSD.

i)  Input data cards

(1) The first data card specifies the option for punched data deck
of VSD, thé NPOW to define the data point per block, and the
record length in second.

(2) An input data card is required for each geophone output. This
card specifies the termination of data processing, the option
for VSD plot by the GDS, the identification of each geophone
output, the bad records to be deleted, and the parameters of
acquisition and playback systems.

ii) Output

The VSD estimate of each geophone output is plotted by subroutine
YPLOTLG in a log-linear scale and GDS in a log-log scale along with 90%
confidence limits. The estimated VSD are punched on decks for further

processing, if the variable TPUNCH is set to be 1.
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iii) Sample input and output

To estimate VSD of the digital daté obtained from both site HS
and site A3.7N, we need the digital data in magnetic tape (TAPE 3)

and the following input data cards

INPUT _DATA CARDS FOR_PROGRAM VSD

0 9 62.5
10102 HS 3.40999.00 0.30102.00 30.00 5.00310.00
00102 A3.7N 3.40999.00 0.30114.00 30.00 .5.00310.00

Portion of the printed output (VSD of site HS from DC to 8.99 Hz) is

presented as follows:
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1.36QE4C0 .
_1.031E+00

_ 4<136E-01

__3.458E-01.

4,531E-01

6.061 €01

1 ___7.208E-01_

S.l44E-01

-9¢T1-

1)
ts
s0
91
92

93
S4

95
s¢
97
e
99
100
161
102
102
104
108
166
107
108
10
110
111
A
12
114
11
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B.5 Program FKPSD

The program FKPSD estimates FKPSD of the array geophone outputs
stored in TAPE 3. This program is set up to process the data obtained
by the maximum of 12 array elements and the maximum of 512 data points
per block. Each data block is multiplied by a Hamming window to reduce
thevleakage effect in the Fourier transform. The FKPSD can be estimated
by either BFM described in Section 5.4.2, or MIM described in Section 5.4.3.

The variable T(ONVEN

i

1 directs the program through the conventional

BFM, and the ICONVEN = 0 directs the program through MIM. At a
frequency component the FKPSD are estimated at each of 41 x 41 grid
points in a two-dimensional wavenumber space. In addition to estimate
FKPSD, this program also provides the options to calculate the coherence
between two geophone.outputs with its confidence limits and the VSD

by specifying ICOHER = 1 and NVSDPL > 1.

We have found that the starting time of each digital record can
drift a few msec to 250 msec from the designated starting time on the
‘front panel of the digitizer; this results from inconstant acceleration
of the tape drive before recording the digital record on tape. In order
to correct the effect of random drifting, the digital data must be
plotted by the GDS and compared with the analog data before the estimation

of FKPSD.

i)  Input data cards

'(1) The first card specifies the record length, the variable NPOW
to define the number of data points per block, the number of
data points per record, the maximum rumber of data blocks

to be processed, and the number of records per sensor output




ii)
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of which starting-time correction is required.

(2) The second card defines the contour levels in the f-k plot.

(3) The third card specifies the options for BFM or MIM, for f-k

| plot by GDS, and for VSD plot.

(4) A card specifies the termination of the data processing, the
number of array elements, the parameters of the playback
system, the station identification, the minimum geophone
spacing in the array, the scale of output wavenumber, and the
options for coherence calculation and FKPSD estimations. This
card is required for each array data set.

(5) Specification of the desired frequency component for estimating
FKPSD. This card is required for each array data set.

(6) Correction time for each record. This card is required for
each array data set.

(7) The coordinate of array elements. Thislcard is required for
each array data set.

(8) This card specifies the identifications of each geophone
output, the parameters of geophone, and the option to skip
the bad record. A card is required for each geophone output.

Output

The estimated FKPSD in the wavenumber space are normalized with

respect to the peak-valued FKPSD at each desired frequency component.

The normalized FKPSD are multiplied by -10 to save space of the sign

and the decimal point, then, printed in integer format, contoured by

symbols, and plotted by GDS. The maximum FKPSD over the frequency

band are plotted by the subroutine YPLOT.
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1ii) Sample input and output

There are two array data sets, E5.9W04 and ES5.9W05, stored in
TAPE 3. This example skips the array data at E5.9W04 and estimates
the FKPSD of the array data at E5.9W05 in four frequency components,,
i.e. the 7th, 8th, 9th and 10th discrete frequency components. The
sequential number of discrete frequency components is defined by the
statemenﬁs FK2.153 and FK2.154 of program FKPSD. The starting-time

correction for each record is as follows:

ES.OW0501(1) = 0.0 sec ,  E5.9W0501(2) = 0.04 sec
ES5.0W0502(1) = 0.0 sec ,  E5.9W0502(2) = 0.04 sec
E5.9W0503(1) = 0.0 sec ,  E5.9W0503(2) = 0.02 sec
ES5.9W0504 (1) = 0.0 sec ,  FE5.0W0504(2) = 0.0 sec
E5.9W0505(1) = 0.0 sec ,  E5.9W0505(2) = 0.04 sec
E5.9W0506(1) = 0.0 sec ,  E5.9W0506(2) = 0.04 sec
E5.9W0507 (1) = 0.0 sec ,  E5.9W0507(2) = 0.04 sec
E5.9W0508 (1) = 0.0 sec ,  E5.9W0508(2) = 0.0 sec
E5.9W0509(1) = 0.0 sec R E5.9W0509(2) = 0.0 sec
E5.9W0510(1) = 0.0 sec o, A55{9wp510(2) = 0.04 sec
ES.9W0511(1) = 0.0 sec , E5.9W0511(2) = 0.04 sec

E5.9W0512(1) = 0.0 sec . -,  E5.9W0512(2) = 0.04 sec.
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We take only the first record of each geophone output to estimate

FKPSD and set the maximum number of data blocks taken from each

channel to be 24, and the number of data points per block to be

26 = 64. The sample input data

cards are following:

LR e R i R I R R R R s R RS 2222223222222 222 2Ld

*
*

INPUT CATA
» .

*
*
€

CARCS FCR PROGRAM FKPSD

PXEXRRBXEREBELISLY I BAF YA LB R ALV A AR R LS EX RNV I RTINS RX P ARV KSR ERRSE

€2.50 6 25008 24 2
S5 —leV =340 —6.0 ~9.0-1¢.0
G V] 0
1 J 1 1 12 c Q 3 10.0 0.50.007 E5.9004
20 1 2 3 4 5 6 7 8 9 10 11 L2 13 14 15
16 17 le 1< 20

Cel20040U0U41200,500C412CC4C0C0.1200.0000.1200.0600,0C00.0000.1200.0000.1200,000

€e1200.000Ue0800.00LL+1200.0000.1200.000

-0.0190 0.011C C€.000C 0.0250 C.C1S0 U.0110 ~C.0104 0.0063 0.0000 0.0177
0.0108 0,0063 -0.0153 -0.0(89 0.0000 —0.0125 0.0153 -0.0089 -0.0217 =0.0125

€.0000 -0.0219 CeC217 =-0.C12%

ES.9W0401 2 1 3 1.0 3.4955.0 0.30

£5.9W0402 2 1 3 1.0 1.35 3.00 0.60

E5.5W0403 2.1 3 1.0 1.35 3.00 C.6Q

ES.9W040« 2 1 3 1.0 3.4C55%.0 0.30

E5.9nC405 2 1 3 1.0 1.35 3.00 0.60

E5.9W04Uc 2 1 3 1.0 3.4C$55.0 0.30

E5.9W0407 2 | 3 1.0 3.40699.0 0.30

E5.5n0403 3 1 2 4 1.0 4.30999.0 0.60

ES.9WC409 3 1 2 4 1.0 1.35959.0 0.60

E5.9W0410 2 1 3 . 140 3.40999.0 0.30 e

E5.9w0411 2 1 3. 1.0 3.4C995.0 0.30

ES.9W0412 2 1 3 1.0 1435 3.50 0.60 o
0 by 1 o 12 0 0 3 10.0 0.50.007 E5.9W05
4 7 8 9 10

€.0000,0406.0000.0400.0000.02(G.0000.0000.,0000.0400.0000.0400.0000.0400.0000.000
€.0000.0000.0000.0400.0000.0400.0000.040 . F
-0.0190 0.01iC C.000C 0.0250 ¢C.C150 :0.011C ~0.0108 0.0063 0.0000 0.0177

0.0103 0.0063 -0.0153 -0.0039 0.0000 -0.0125 0.0153 -0.0089 -0.0217 —0.0125

€.0000 —0.0219 . 0.C217 ~0.0125
E5.9W0501 2 2 3 ‘ 1.0 3.4999.0 0.30
. E5.9W0502 3 2 3 4 1.0 1.35 3.00 0.60
E5.9W0503 2 2 3 1.0 1.25 3.00 0.6C
E5.9WC504 2 2 3 1.0 3.40999,0 0.30
E5.9WC505 2 2 3 1.0 1.35 3.0C 0.6
E5.9W0506 2 2 3 1.0 3.40999.0 0.30
ES.9W0507 2 2 3 1.0 3.4C555.0 0.30
E5.94C508 2 2 3 1.0 4.30599.0 0.60
E5.9W0509 2 2 3 1.0 1.35995.0 0.60
E5.9w0510 2 2 3 1.C 3.40995.0 0.30
E5.9W0511 2 2 3 1.0 3,4C555.C 0430
" E5.9w0512 2 2 3 1.0 1.35 3.50 0.60
114.0 5.0 30,0

LR R T e R R R e R R e 2 it il i

The printed output for the 9th Frequency component at E5.9W05 is




-

-

!
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FREJJEN.Y 0 VENUNBER POWER SPECTRAL DENSITY AT FREQUENCY = 5.71 AT ES.9W0S
MARL4AL" P50 10332E¢04

NITE THAT ms VALUES PRINTED ARE (-10)(PSD/PMAXL) IN DB.

K293 o =3,.Tle JELTA K = « 786

NFY = 9’

® o e & s e e & » 8 e & e s e e e * o 8 S & s e = T e & © 8 e © s o &6 o & + =, .

. 22621629.1841751641551501471471481501531561611671751631921992022010991951911871831791 763731721721 73175177100182184155155284

. 180130L7416Y1661631611601591581571561551541551561591641701771821861891901901891391891901

_16616817017v169167165161155149162133124114105 96 89 86 85 87 921001101231351451%56164175006197207215221225228230232233234234

2162031911741691611551521501501511521531361591641701771851921961981971951921891.05182180179179160102185188191193195195195193
2001701341 751661611581561551561541541541551571601651711781651901931941931911891.07186165185186189192196199202204205206205203
194198202206209212214215215214212

LT70741701691671660651641621611591561541521511511531561611671731781082184186187109191193197201205210216217220222223223222220
LTLL701569)6716916816T166164162159156152149146144145147151156162168172176180153107191195200205210215219223226228229229228226
_167168197,671701691691671651611501531491441391361351352138143149155161167172177102188194200206232218223227230231232232232230_

1650671591 74070070169166163159154149143136130125122122126120134140148155162169176102190197205212219224228231233234234234233
1654681271 TULTOL691671641601551491421351271191121071051061091151221311401501581066174183193202211218224228231232234234234234

167409470i6216816516115504914113212211% 99 88 7T 69 &4 62 63 66 73 83 98116130140351164170191202210215220223226228230232234

~

169LTOL72160166161156149141131120108 94 81 68 57 49 &4 42 43 44 47 S4 67 821101241371531681821932012008242217220224227230233

. M72072074160163156150142131119105_90_75_60 49 4)_37 36 36 37 37 38 39 43 57 82104121139156170162190197204209214219224228231

LISL74L740671611564145133120105 38 71 54 &) 36 36 38 40 43 44 44 43 42 41 45 50 80101120138154166177186194202208215220225230
1784760721 67160151139125109 90 70 49 34 32 37 43 48 52 54 54 54 54 53 53 53 56 65 80 97115133149162175185195203211218224229

182LTI175160160149135118 98 T5_50 28 24 35 66 54 60 63 64 64 65 65 65 68 69 69 &7 65 71_89111132149165178189199200216222228

1371861791 7.162149133114 90 62 33 17 29 46 58 66 70 72 73 13 74 76 80 05 88 86 17 62 51 66 92117139157172185196206214221227
19310043+177 0661531306114 88 ST 27 22 39 56 68 75 79 81 62 83 85 90 96101103 97 03 62 41 49 78107132152169183195205214220225

. 20009719218+173160143122_95 65 39 34 48 64 76 64 88 90 92 95 99106111113108 97 80 S5 33 38 70102129131168183195205213219222

.4931911321841831

_AT6LTALI L 141181771 7517216916516 1156152148144 142141143148155163172179186191 195 197 1981971941 89165183162184187191

2082062041951831T1455136113 90 65 44 55 71 84 93 98103107111116119216313104 91 73 49 22 26 66103130152169184195204210213214
221324524429+196184171155136120 81 51 61 78 93104112119124126125121115107 98 8¢ 69 ¢5 15 6 56101130152169182192198202203201
22722522¢240208159187173156130 86 57 67 8710511912913413612912311711110¢ 96 85 09 &7 18 0 33 8512014316017216118618815818¢
23623320c224229211199183161128 87 63 Te 9912113%139137130124118114110105 97 87 72 51 25 7T 26 6610312081461581661700721073172
2442442+123722921920518515812¢ 88 66 80113135130133127122118115113110106 99 89 75 56 34 21 33 64 94116133145152157160162162

2512512092 42234222204182154122 86 65 T4111126123118115114114114113111107100 91 17 60 43 34 45 69 92112127137144149153155157 _

25T256252245236219200176151121 90 64 59 83100101103105108110112112110106100 90 78 63 50 47 59 78 97113126135141146150152155
2602332332432302141951 73149122 94 67 49 56 70 80 88 95101103108108107103 97 B8 75 64 57 60 72 69105118126136142146149152155

. 260255260423/223207189169140125100_T4_50 39 46 60 73 63 92 97101102101 98 91 83 T3_65 64 T2 86101114125133140144148151156156

256249240221214199163167148129107 84 39 39 33 42 56 69 60 87 91 93 92 89 83 76 70 68 74 86100113124133139145149152154157159
2#72J92&1211205!93{79165150136!15 95 73 50 34 31 40 53 65 73 19 8, 8) 19 75 T2 72 T7 88101110125134141146151154156159161162

2192432J>194191183173166156143132118102 85 68 52 42 4L 46 54 62 69 T8 82.90 98300118127136144150155158161164166168169171172
205201190191186181174167159150140128116102-88 75 635 61 63 70 80 91103114123130137142148153158161164066168170172174175177178

1851851018181 781750 71165159153145137129022025111110116124135146)56163168172175178179160179178178178179161183186168190191
L7908013.180179176175172168163157152146140134130128129134242151161169175001104187189190188106183161181182185188191194196198

1751761770 771761751731 T1169166163160156154151150151153158165173181188195200203206205202197190184181181184188192197202206209
RT5LT617017217641731T11701681681641611591501361561571601651721001881952022072102112102051971881811781791621087193199204209213

1771751':[1&168166165163162152l‘llbll&llb!l&ll62lb;l61[72119157!952021092[!2l§214108199180110171l691121!1100191199206212217

4 % s & e & 4 o . s e s e s s e e s e s ° B e e & o & e 6 e * s s e 6 & ®w e o &

VELDITY (AN/SEC) = -353

23422620720119T1671771651531439424107 88 67 48_35 33 40_50 59 66 70 72 T3 73_77 63 941051181291371441501341571601621641 65167, _

5169163155147138127117108 97 90 88 91100111124136145151136159162165168170174172173174175617818010218318%_

$19820220¢

176475071 151711701681 671651641 631621 611601591 601611 651701 T7184192200206211 2142142112041941 08177174 175180186193199206211246

AZIMUT4 LOcGREE) = . %




-142-

B.6 Program listing

*EHPEEFAEEDRR I AL BB ERRBEERER AR RLE RS AR KA PEE LB AR EERER RS RS ERE RS R SR RS SEREEE XX R E R KX

° *
* _ _PRCGRAVM DUMP _ _ S *
* - . *

F0XVXBERAER PR EHRBIZI VRN RECIDREARALEFRARER SRR XN R ABRESSRNR KRR R R RN E SRR R R R A RN DK K

CUMP,7955.4712CS L 1AM
DISKHGG, 14000,
RUNTO o SCLoNLTTTTT.
FETCHMT,TAPES,05¢P 44322644 1F.
FETCHPS,BKYULIUTEMP,GCS.
FETVCHPS 8KYLGUBGUSCC,GDSCC.
COPYIZTEMP,LIB.
RETURN yTEMP. :
LINKyX9F=LGO,P=LIByP=BKYIC. L . . L
STAGE yTAPE3, DBy W, 08665,
ENTERMT,TAPE3,CHEL5.
RETURN,TAPE3.
EXIT.
DUMP, 0.
FIN.
GCSCC.
DISPUSE,UUTPUT ¢MF.
RETURN LGUsLID.
RETURN,TAPE9G,CGCSCC.
PRUGRAM DUNMPLINPUT yUUTPLT ¢PUNCHy PUNCHD » TAFEL=PUNCHB,TAPE3 s TAPES  TADUMP.2

1PEYG,y TAPEY2,TAPEG3,TAPEG4) DUMP. 3
CrIeb bkt r s R E 440 H LNk VAT REI DAL XXRRSREREEE WL BEFEXASERTESRESEEDUMP, &
C DUMP.5
C P DUMP. 6
C PROGRAM cuMe DUMP.7
o SUbRUUTINE REACTAP DUMP,. 8
C TRANS DUMP.9
C UAPK : DUMP. 10
C TIME OUMP,. 11
C APLCY DUMP. 12
C DUMP.13
C DUMP.14

. DUMP.15
C DUMP. 16
CeevesTHIS PRUGRAM REACS THE TAPE (TAPE 5) WRITTEN BY THE DIGITIZER DUMP. 17
C OF HAVILAND HALLy TRANSLATES THE DATA, AND UN~PACKS EACH WORD OUMP.18
C INTO 60 BITS WORD, ANC PLCTS THE TIME SERIES BY CALCOMP UNDER DUMP. 19
C REQUESTED. DUMP. 20
C . . DUMP. 21
Ceeees o [IPRINT, WHEN IPRINT = J THAT RECORC WILL BE PRINTED IN OCTAL FORM.DUMP.22
Ceeesod = THE SEQUENCE NUMBER OF RECORD IN TAPE 5. DUNP.23
CoeeeeNB = THE SEQUENCE NUMBER CF EACH GECPHCNE ObTPUT. . DUMP. 24
Ceeee s NNPL = THE TOTAL NUMBER CF NPL. DUMP. 25
CeceeoNPL =Jy THE JTh TIME SERIES WILL BE PLGTTED. DUMP.26
CeeeesNREC = THE TOTAL NUMBER OF RECORC CIGITIZEDC ON TAPE 5.  DUMP,27
CeweeoNSEG = THE NUMBER OF RECORD FRCM EACFH CGEQPHONE CUTPUT. DUMP. 28
CeeaaeNSKIP = THE SEQUENCE AUMBER IN THE TAPE YO HE SKIPPED. DUMP. 29
CeceeoPB = THE GAIN FACTLR OF THE PLY-BACK SYSTEM. DUMP. 30
CeeeesPULA = THE CORRECTION FACTOR OF PLLARIZATIUN UF THE SEISMOMETER ANDUMP, 31
C. D/CR ANPLIFIER. . DUMP, 32
CeeeeaeSTAT = STAVIOUN IDENTIFICATION. ) . DUMP. 33
C DUMP. 34
CeeesoTHE INPUT DATA (ARCS ARE AS FOLLUWING DUMP.35
C (1) NREC +NNPLyNSKIP(313) . DUMP. 36

[ (2) NSEGsPULAYSTAT,PUIPRINT(12+F8.24A10,F5.2,13) FOR EACH GEOD- DUMP.37
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[% PHONE OUTPUT. DuUMP. 38
C . _ OUMP.39
Ceove s AUTHOR ALFREC LIANG-CH] LIAW
C ENGINEERING GEUSCIENCE
Cc "UNIVERSITY ULF CALIFCRNIA, BERKELEY -
CeoeeoDATE SEPTEMBER 1977
CHABAABEERGERSEEBINERXNRERN AP SRR AB S SRR ABNSA RS AE R R OBREE XX AR S SR RETEE DUMP L 40
. DUMP,. 41
DIMENSIGN SPECS(1Z) DUMP. 42
DIMENSTION NPL(55) DUMP. 43
COMMON /ulLKLI/NL1(512)4LEMN, MCATA - DUMP. 44
CUMMON /8L K2/NByNSKIP DUMP. 45
CCMMGN 78LK3/N(2500)4NHEL2)D4NTEL2) DUMP. 46
DUMP. 47
DUMP. 48
Cosoea s GVERRIDES INSUFFICIENT CATA REAC ERROR ON BKYIO. - DUMP.49
’ CALL FEY{5,04CC 00CO 00CO 0000 00D0O0B,8%64) N ‘DUMP.50
DUMP.51
SPECS(12)=99. DUMP,. 52
MUATA=2500 DUMP.53
IDEC=1 DUMP, 54
J=0 . DUMP .55
N8=Q DUMP. 56
READ 9 NRECsNAPL,NSKIF X DUMP. 57
9 FURMAT (s13) DUMP.58
G9 READ 104nNSEGePULA,STAT,PBy IPKINT DUMP <59
10 FORMAT {124F8429A8104F5.2,13) DUMP. 60
KPu=1.0/P8 DUMP.61
98 J=J+] DUMP. 62
Nu=NB+1 DUMP.63
CALL KEALTAP(NRECvJv[PRIN'-NNPL.SPECS-NV“L' OUMP. 64
IF (NVAL.EGC.0) GO TO 51 DUMP. 65
20 CALL THANS (MCySAMP,ICEC,STAT,J) DUMP .66
7 DUMP.67
DO 5 I=1.MDATA DUMP.68
N(L)=NI]1)*PCLA DUMP. 69
IF (IABSIN(I)).LE.2040) GO TG 5 DUMP. T0
PRINT 641 N{1)} ' DUMP.T1
6 FURMAT (LHOyLXy®N( #,14,4%) = 9,]€) DUMP. T2
5 CONTINUE . DUMP. T3
IF (JoLEJNSKIP) GO TO 4 ) ’ ’ DUMP. T4
DU 55 1=1,MDATA DUMP.T5
NIT)=N(1)*RPB DUMP.Té
55 CONTINUE _ DUMP.TT
PRINT 800+POLA,PB DUMP. 78
800 FORMAT (1HOs1X,*THE CORRECYIONAL FACTOR FOR POLARIZATION =  *4FS5. 1,0UMP. TS
15X #GAIN OF THE PLAY BACK SYSTEM = 8,F5.24/7}) ° . DuUMP.80
PRINT 2,(N(1},1=1,2500) DUMP.B81
2 FORMAT (1X+51693X,51693%X¢51653X4516) n o DUMP.B2
4 WRITE (3) (STAT,NB+J} DUMP. 83
WRITE (3) (N(1),1=1,250C) ’ i V DUMP. B4
C PUNCH 3,(N(1),1=1,2500). DUMP. 85
C 3 FORMAT (2004} o e o mn oo DUMP, 86
- DO 40 NL=1,NNPL o DUMP. 8T
IF (J.EQ.NPLINL}) GO'TO 41~ s T T DUMP. 88
40 CONTINUE . . ) ) DUMP.89
T . e e e e e e e . Co " DUMP.90
41 CALL APLOT(STAT,NB) - - DUMP.91
TR LY eGESNREC) TGO TQ T T T T T S s ST T T T DUMPL 92 T
CALL NXTFRMISPELS) DUMP.93
7 CONTINUE ' i T - - - DUMP. 94

49 MORE=1 . DUMP .95
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50 CONTINUE

51

IF {(NB.GEJNSEG) MCKRE=C
1F (NG.GELNSEG) NB=0
WRITE (3) (MURE)}

GU TO 52

PRINT 53,STAT.NBsJ

DUMP. 96
DUMP. 97
DUMP. 98
DUMP.99
DUMP. 100
DuUMP. 101

53 FURMAT (1HO+5Xy*THE PROGRAM SKIPS THE RECGRD OF *,Al0,12,* AS REQUDUMP.102

54

52

60

70

LESTED.%,*

-SPECS(17)

IF (J.GE.NREC) GC TC 6C
IF (NG.LT.NSEG) GG T0O Sb
PRINT 54

FURMAT (1HO,*AAAAA®)
MORE=D

N3=0

IF (J.GE.NREC) GG TO 6C
IF (MURE.EG.1) GG TG 98
60 TO 99

CONTINUE

CALL GDSENL{SPECS}

STUP

EnD

SULRLUTI NE APLCT{LAEELZ2,NBY}

CUMMON /oLK3/N(25C0) .

DIMENSION SPECS(30),X(2500),Y12500),BUFX(500),BUFY(500)
DIMENSIUN GXSPEL(4) yXTICKI34239YTICK(3,2)

OIMENSTON LINEL2)

SPELS{LI)=0.0

SPELS(Z) =led:

SPECS(3)=25CC.C

SPECS(4)=1.0

SPECLS(5)=2Cad.U

SPE(CS(6)=-2048.0

SPELS(T7)=46.80

SPELS(8B)=10.0

SPECSI11=1.0

SPELS(12)=95.0

SPECS{131=25CJ.C

SPELS(l4)=l.0

SPECS(151=1.0

DI 1 I=1,2500

Xx{l)=1

Y{I)=FLUATIN(I))

CONTINUE ~

CALL PFLILI{X,Y¢BUFX,BLFY,SPECS)

LINE(L)=LABEL2

LINE(2})=0

RJLE =3.0

=0.2
SPECS(18)=0.2
SPELS(19)=0.0
SPECS{201=0.0

SPELS(21)=1.0

SPECS(22)=45.0

SPELS{23)=10.5

CALL TITULEGURULELLINE,SPECS)
SPECS(22)=46.0

SPECSI(28)=0,

VALUE=FLOAT(NB)

CALL DECVAL(RULE,VALUE,SPECS)
SPELS{T7})=45.0C

J = R 033 //IIIT10I 7000077 700708001708707178774117177)DUMP.103

DUMP . 104
OUMP. 105
DUMP,. 106
OuMP. 107
DUMP.108
ouMP,. 109
DUMP.110

DUMP.111

DuUMP.112
OUMP.113

DuUMP. 114

DUMP. 115
DUMP.116

APLOY.2

APLUT .3

APLCT.4

APLOT.S

APLOT.6

APLOT.7

APLOT.8

APLOT .9

APLOT. 10
APLOT.I11
APLOT.12
APLOT. 13
APLOT.14
APLOT.15
APLOT .16
APLOT .17
APLOT.18
APLOT.19
APLCT.20
APLOT.21
APLOT.22
APLOT.23
APLOT .24
APLUT .25
APLOT.26
APLOT.27
APL(OT .28
APLOT.29
APLOT.30
APLOT.31
APLOT .32
APLOT .33
APLUT.34
APLOT.35
APLOT .36
APLOT.37
APLUT .38
APLOT.39
APLOT.40
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GXSPEC{1)=

GXSPECI(2)=
GXSPEC(3)=
GXSPEC(4)=
XTICK({1s1)} o
XTICK{142) 0
XTICK(2,11) 1
XTICK(2y2) 2
XTICK(3,1) .
XTICK(3,2) O
o]

YTILK(2410=0.1

YTILK{3y1)=6.0

YTICK{Lly2)=140

YTILK(2y2)=20.2

YTICK{3421=24C

CALL bXLILl(GXSPEL'X1ICKlelLK'SPELSl

RETURN

END

SUbROJTINE READTAPINKECyJr JPRINT S NNFL, SPECS,NVAL)

THIS PRUGRAM KEtALS 4 TAPE WRITTEN BY THE HAVILAND HALL

QIGITIZER AND DUMPY THF FILES AS PRINTED OuTPUT ANEC MAGNETIC TAPE

AND/OR PUNCHED DECKS.

LCocens SUP=HIU FLrR THE KRECLPL w/L FEADER AND TALILEF. .
Cesaes NSUP=501 FUR THE KELCRC W!TH HEADER OR TAILER CNLY.
Ceeunae NSUP=50¢ FGK Tht KELLRL WITH HEACER AND TAILER.

[

[aNaEaN ol

[aNaNal

—

2

14
8l
15

80

3

60

50
70

71

COMMUN /7 ULKL/NLLELe ) o LEN,MCATA
DIMENSTIGN SPECSI(1)

SPELSE1I=99.0

NSUP=502

READ (51 (wltl)yI=1ywSULF)
IF [ECFeb) TCH12

CONTINUE

IF (IOCHECK. ) Luylb

PRINT wlyd

FUKMAT (1HL,#% PARITY ERKCR [N RECORC®,14,///,)
CONTINUE

LEN=LENGTHI(S)

TFULEN«LT.Ua) LEN=—LEN

CUNTINUE .

IF (LEN.EQ.NSUP) GO TU 60

PRINT 3y JsLEN

FORMAT {1H1#* ThE NUMBER CF WCRCS 1IN RECORD®*y 14+ * ]1S%,15,/7,

1% THIS DOES NOUT AGREE WITH THE EXPECTED NUMBER®*:///4)

NVAL=0

GO 1O 50

CONTINUE

PRINT 42 JsLEN

FURMATULH]L ,# RECURDG NUVBER #,13,% CCATAINS #,05,% HORDS *y/7/4)
NVAL=1

1F (J.NELIPRIANT) GC TC 50
PRINT 54 (N1(I)sI=14LEN)
FURMAT (40251}

RE TURN

CONTINUE

PRINT 71

FURMAT(* EOF ERCLULATEREC. STOP.#)

APLOT .41
APLOT .42
APLOT .43
APLOT .44
APLOT .45
APLOT .46
APLOT.47
APLOT .48
APLUT .49
APLOT .50
APLOT .51
APLOT. 52
APLOT .53
APLLT .54
APLOT. S5
APLOT .56
APLOT.57
APLOT.S8
APLOT .59
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP.
READTAP,
READTAP.
READTAP,
READT AP,
READT AP.
READTAP.
READTAP,
READT AP.
READTAP.
READTAP.
READTAP.
READT AP,
READT AP,
READT AP,
READTAP.
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IF (NNPL.EG.O) GU TG 72 READTAP.

CALL GDSENC(SPELS) READTAP.

72 sToP ‘ READT AP,

END S ) ) . ] ) READTAP.
SUBROUTINE TIME (LyADAYS,NHCURS,MIN,NSEC) TIME.2
DIMENSION L(12) _ TIME.3
NDAYS=(L (1) +ANDo1)%2004(L (27 .AND.4)#25+4(L(2) .AND.3)%40+(L(3)  AND.6TIMELG
1)%54 (L(3) L AND. L)%+ (L (4) <ANC. T} - TIME.S
NHOUKS=(L(5) JANCo L) #2C+ ({L{E) AN 4) /41 %10+(L(6) ANDL3)%4+{L(T) ANTIME.6
10.6)/2 TIME.7
MIN=(LEB) e ANCLTI®104(LIS).ANDLT) 22+ (LE10) 4ANR 4D/ 4 TIME.8
NSEC=(L{10)eAND 11240+ (LE11) AND.O)®5¢(LULL) JANDL)¥84(L{12) LAND.TTINE.9

1) TIME.10
RETURN o o e TIME.11
END TIME. 12

SUBRGUTINE TRANS (MC,SANP, ICEC,STAT,J) . TRANS. 2
TKANS.3

COMMENT ..o THE FIWST [CATA CARD (12,FB.2,A10,F10.0) INDICATES THE HEADER-TRANSJ4

C

GPTIUN,THE SANMPLE INTERVAL IN SEC.»T+HE STATION 10+AND THE DEFAULT OPTTRANS.S

C DEFALLT OPTICN I1S-ALwWAYS LEFT BLANK THE PKCGRAM TERMINATES If ANYTHINGTRANS .6
CHED IN THIS FIELU. THL HEACEW-TAILER (CPTICN COCE 1S AS FOLLOWS 1=NO HEATRANS.7

c

TAILER 2=HEADER ANU TAILER 3=HEADER ONLY 4=TAILER ONLY. THE ITRANS.8

C TA -ARE THE WRITTEN GUTPUT LUF THE PRUGRAM DUMPTAPE FUR THE HAV.HALL DIGTRANS.9

[aXal ol

, TRANS. 10

CUMMON /8LK1/N1(512)4LEN,MDATA ‘ TRANS .11
CURMGL /3LK2/NBWNSKIP TRANS.12
COMMUN 7 2LK37N(25C0) 4AHLL2) yNT (12} TRANS.13
IF (MDATA oLE. 1) MDATA =250G0 TRANS. 14
MD3 = MUATA-3 TRANS. 15
MD2 = MDATA=2 . TRANS .16
READ 2, NCFEK, SAMP,STAT,CEFAULT . TRANS.17

2 FORMAT(12,F8.44A10,F104C) TRANS. 18
. TRANS.19

NCHEK=2 TRANS .20
SAMP=0,0125 TRANS .21
DEFAULT=0.0 TRANS .22

' TRANS. 23

1F (DEFAULLT.L1..0001) GC TG 110 TRANS . 24
PRINT 12 TRANS .25
12 FORMAT (* PROBLEM WITH NUMEER CF CARCS IN THE INPUT DECK. PROGRTRANS.26
1AM TERMINATED. *) TRANS .27
SToP N ) o . . o _ . _TRANS.28
110 CONTINUE TRANS .29
IF (NCHEK=2) 10,20, 30 TRANS.30
10 CUNTINUE TRANS.31
TRANS .32

11=0 TRANS.33
00 3 I=1,500 : TRANS .34
DO 2 JW=1,5 TRANS .35
11=11+1 TRANS. 36
NCLTISSHIFTINLUL) 4 12%JW) JANC. 271778 TRANS .37

2 CUNTINUE TRANS. 38
3 CUNTINUE TRANS . 39
TRANS .40

READ (443) (N(1)e1=1,MCATA) , TRANS.41

3 FURMAT(2004) TRANS .42’
PRINT 11,4STAT,NB TRANS .43

11 FORMAT{1HU,*NDO HEADER~TAILER INDICATED BY CONTROL CARD FOR %,A10,1TRANS. 44
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22

23

24

25
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12)

Gu TG 40

CONT INUE

READ (4,4) C(INHIL) 41214120 9(N{IF) IF=1,17)}
FURMAT (1201,1704) ‘

READ (4y3) (NCIF),IH=18,MD3)

READ (445) ((N(TU), [U=MD2,MDATA), INT{JE) 4JE=1,12))
FORMAT(3G4,12C1)

CALL UNPK(IWORD)

PRINT 22, 1n0RD

FORMAT (LHO 35X +* IWORD = *,15)

OU 23 J2=1,0
NT(J2)=SHIFTINL{IWURO)13%J2+3€)AND.TB
CONTINUE

DO 24 J42=9,12 . B L
NY(J2)=SHIFTINL(LEN),»3%(J2-8)).AND.7B
CONTINUE

CALL TIME(NHyNDAY S, NHLURS 4MIN yNSEC)

WRITE (33 (WDAYSyMNHUURSMINJNSEC)
PRINT 25,4

FORMAT (1HGy* J = #,15)

CUONTINUE

PRINT 64STAT ¢NG +ADAYS JAHCURSyMINyNSEC

TRANS <45
TRANS . 46

" TRANS.47

TRANS .48
TRANS. 49
TRANS.50
TRANS . 51
TRANS., 52
TRANS .53
TRANS. 54
TRANS.55
TRANS . 56
TRANS .57
TRANS.58
TRANS.59
TRANS .60

" TRANS.61

TRANS .62

"TRANS .63
TRANS 64 .

TRANS. 65
TRANS. 66
TRANS .67
TRANS . 68
TRANS . 69
TRANS. 70
TRANS.71

6 FORMAT(LHO.% DIGITISATICN STARTInG TIMF FULR %,A10,124% IS *,13,% DTRANS.72
1AYS, #,12,% HOURS, %,12,% MINUTES, *,12+% SECONDS.%*,/+* NOTE THAT TRANS.73

2)

31

51

7

30

T CALL TIME(NH¢NDAYS  NHCURS,MIN,KSEC) ~ 77

35

9

102
103

DO 103 I=1,500 7

CALL TIME{NT,NDAYS,NHLURSMIN,NSEL)

wRITE (5) (NDAYSyNHUURSyMINyNSEC)
CUNT INUE
PRINT T,NCAYS NECURSyMEN(NSEC

FORMAT (% STOP TIME®,14.% LAYSy *,129% HOURSy *,12+% MINUTES,

1*¥ SECUNDS.%y///)

GJd YO 40

CONT INUE

IF (NCHEK.EQ.4) GC TO 35

READ (4+4) (UNHUIY) 1Y=1,s12)s(N{IRDs1IR=1y1T7))
READ (443) (N(KJ)yKJI=169MDATA)

CALL UNPKI{IWORD)

PRINT 645 STAT,NDAY Sy NHCURS yMIN,NSEC
GU TO 40

CONTINUE

READ (4+3) (N{Iw),IW=1,NCATA)

READ (4,9) (NTIKN)+KN=1,12)
FORMATI1201) T T

11=0

DO 102 Jh=1,5
Il=11+1
N{TI)=SHIFT(NL(I),12%JW) AND.TT778
CONTINUE )

CUNTINUE

1DATA WILL STAKT 3 SAMPLES LATER CUE TO THE WRITING CF THE HEADER.*TRANS.74

TRANS. 75
TRANS .76
TRANS . 77
TRANS.78
TRANS .79
TRANS.80
TRANS .81

*,12+,TRANS .82

TRANS. 83
TRANS . 84
TRANS. 85
TRANS . 86
TRANS .87
TRANS.88
TRANS. B9
TRANS. 90

TRANS.91

TRANS .92
TRANS.93
TRANS .94
TRANS .95
TRANS.96
TRANS.97
TRANS .98

" TRANS.99

TRANS.10
TRANS.10
TRANS. 10

"TRANS.10

TRANS.10
TRANS. 10
TRANS .10
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DO 104 J2=1,12
NT(J2)=SHIFTUNLI501) y3%J2).AND. 78
CUNT INUE

CALL TIME(NT,NDAYSyNHCURS,MIN,NSEC)
PRINT 74+NUAYSyNhOQURS ¢y MINyNSEC

CUNT INUE .

IF (IDEC LY. L) lOEC = 1

MD = MDATA/ICEC

SAMP = SAMP®FLOAT(IDEC)

- DU 120 JM=14MC

120

1

14

15

16

12

17

21

0

Ja = [DRL*{JM-1)+]

IF (N(JK).GEL2048) NIJAI=N(JA)-40906%]
IF (N(JA).EQ.4095) N(JA)=~1]

CONTINUE

RETURN

END

SUBROUTINE UNPK(InORD)

CuMAUN JBLKRLI/NLID12) s LEN,MDATA
CUMMUN 7 0LK3/I(2500) yN-EL2YWNTHLZ)

DO 43 I=1,LEN
IF (1.NE.L1) GL TC lo

DU 14 1I=1,12 .
NHUIT)=SHIFTINLUL)3%11).ANCLT8
CONTINUE

DO 15 11=1,2
NCEI)=SHIFTINI(L),12%11436).AND.TT7TB
CONTINUE

GO TO 43

IF (1.NE.2) GO 10 12

11=2

03 17 12=1,5

[I=11+1
NOLEd=SHIFT(NLC(E),12%12),ANC.TTTTD
{WORD=1

IF (I11.GF.MDATAI GO TC 21

CONTIRNUE

CUNT INUE

RETURN

END

0
1.0 HO.5EL001 1.0

TRANS. 10
TRANS.10
TRANS .10
TRANS. 11
TRANS.11
TRANS. 11
TRANS.11
TRANS.11
TRANS. 11
TRANS. 11
TRANS.11
TRANS.11
TRANS .11
TRANS.12
TRANS .12

_ TRANS.12

TRANS.12

UNPK. 2
UNPK. 3
UNPK. 4
UNPK.5
UNPK. 6
UNPK. T
UNPK. 8
UNPK. 9
UNPK. 10
UNPK. 11
UNPK. 12
UNPK. 13
UNPK. 14
UNPK.15
UNPK. 16
UNPK. 17
UNPK.18
UNPK.19
UNPK, 20
UNPK. 21
UNPK, 22
UNPK, 23
UNPK. 24
UNPK. 25
UNPK. 26
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BEBGRFE ARG ERE X SR AAF SR IEARL LR PENZN RS X E RS RX RS L DA RE RV ER R R R R R AEREER R R AL R EX OB KT K

* &
R SO s .. ... .PRCGRAM VsC o mem e e e *
* *

SVERREEEERRSERBALOEH B SARSRARRIEXRL RO ORBRBNNCARFCARASRSEABEREERES R E AR R SRR ER XN EF XK

VSD 73554471209, L1AN

DISKHOGY 14000,

RUNT6+SCINLTT7T7T7. o

FETCHMT ,TAPE3,D8,32277,1F .

FETUHPSBKYULIB,TEMP,LGDS.

FETCHPS +BKYLGOByGOSCL,GESCC .

COPYI TEMP,LIB.

LINKy Xy F=LGLyP=LIE,PP=[LL=999991].

CEXITe e

RETURN,LGO,L1B.

DUMP, 0.

FIN.

DISPOSEOUTPUT yMF.

RETURN,TAPEY9,GDSLC.
PROGRAM VSDUINPUT OUTPLT yPUNCHB, TAPE6G=PUNCHD +TAPEI?,TAPE99+ TAPE3,TVSD.2

1APE92,TAPE93, TAPEG4) vSD.3
VSD.4
(A AR AAAAAARA AR AAAAARARAR AR AR AR A A AR AAAAAARA A AL A A A A A AR AAA A A AA AR A A A A A o A AT P
C. VsD.6
Ca : vSD.7
Ce PRUGRAM VSL KEADS THE DIGITAL DATA FRGM TAPE 3 AND ESTIMATES vSD.8
C. THE VELOCITY SPECTRAL DENSITY (VSD) UF THE TIME SERIES BY THE vSD.9
C. METHGO OF MOCIFIED PERICDUGKRAM. VSD.10
C. A 10 PERCENT .COSINE BELL TAPER IS APPLIED TO EACH DATA BLOCK. vSD.11
C. VSD IS DEFINED AS THE SCUARE RGUT GF PUWER SPECTRAL DENSITY. VSD.12
C. THE TAPE 3 IS GENERATED BY THE PRUGRAM DUMP WHICGH UNPACKES AND vSD.13
C. TRANSLATES THE TAPE 5. THE TAPE % IS GENARATEC LY THE DIGITIZER  VSD.l4
C. IN HAVILAND HALL. EACKF CATA BLCCK CONTAINS 29#NPOW DATA POINTS.  VSD.15
Ce THE ARRAY UDIMENSIGNS ARE SET UP TU PKUCESS THE DATA BLOCK WITH VS§D.16
C. MAXIMUM OF 512 DATA PCINTS PER DATA BLUCK. THEREFORE, EACH vSD.17
Ce RECOKD OF 2500 PCINTS IN TAPE 3 IS DIVIDED INTG 4 DATA BLOCK vsD.18
C. WITH 512 PGINTS PER BLCCK. v$D.19
C. ) ~ VSD.20
C. vSD.21
Ce BWLUT = CUT OFF FRECUENCY (FZ) CF THE BUTTERWORTH FILTER({LOW-PASS). VSD.22
C. DMPFT = DAMPING FACTOR OF THE SEISMOMETER. vSD.23
C. ENW = ENERGY GF THE LAG WINDOW. v$D.24
C. ERRBD = LO&ER ERROR BAR AT 90 PERCENT CONFIDENCE. - VSD.25
C. ERRBU = UPPER ERKOR BAR AT 90 PERCENT CONFIDENCE. _ ___ . _ ___ VSD.26
Lo FS = SQRTIPURER SPECTAL DENSITY) . ' VSDa.27
C. GAIN = THE GAIN OF THE AMPLIFIER, IN DECIBAL. vsD.28
C. LIVSPL=]1 WILL PLCT THE INCIVIDUAL FUURIER SPECTRUM. vSD.29
C. IMVSPL=1 WILL PLOT THE AVERAGED FOURIER SPECTRUM. . VvS$SD.30
Co INDEX3 CAN BE ANY INYEGER. vs$0.31
C. INDEX4 CAN SE ANY INTEGER. o L o . VSD.32
C. IPUNCH=1 WILL PUNCH VSU ON CARD. v$D.33
Co LABELL = STATIUN IDENTIFICATIGN, VSD.34
C. MOREZ =0 INDICATES NO MURE INPUT DATA CARD. V$0.35
C. MTAPER = THE PERCENTAGE OF THE FIRST AND THE LAST TIME DATA BEING TAPVSD.36
C. BY A CCSINE BELL. o i : Vv$D.37
Co NBW = NUMBER OF BUTTERWCRTF FILYER USED AS ANTI-ALIASING FILTER. vSD.38
Ce NPUW NPTT = 2%%¥NPUMW ’ vSD.39
C. NPTF = THE NUMBER CF FREGUENCY LOMPUNENTS, ) VSD.40
C. NPTT = THE NUMBER GF DATA POINT IN TIME DCMAIN. ’ VSDa.4l
C. NREC = NUMSBER GF vSC T0O BE AVERAGEC. vSD.42




 DATA NSMP/2500/,MTAPER/10/,2/1.645/

TNPTERI=(NPTT/ZN+1 7 7 7
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C. NSKIPINNSKIP) = SEQUENTIAL NUMBER OF DATA BLLCK TO BE SKIPPED. VSD.43
C. NVAL(NSMP) = DIGITAL TIME SERIES UF GNE RECURD BLOCK. VSD.44
C. NSMP = NUMBER OF SAMPLINC PCINT IN EACH RECORD VSD.4S
C. POWDST = POWER SPECTRAL DENSITY v o VSD.46
"Ce RLCUT = CUT OFF FREQUENCY(FZ) CF 2<PCLE RC LOW-PASS FILTER. ™ 777 VSD.4T T
Co RD = DAMPING RESISTANCE UF THE SEISMOMETER, IN KILO-OHMS. . VSD.48
Ce RECLEN = LENGTH CF EALHW RECLORD BLUCK LF 2500 POINTS {(IN SECOND). VSD.49
C. RS = COIL RESISTANCE OF THE SEISMOMETER. IN KILO-OHMS. VS0.50
C. SAMIN = SAMPLING INTERVAL IN REAL TIME DCMAIN. : VSD.51
C. VCOFS = FULL SCALE VOLTAGF CF VOLTAGE CONTROLLEC OSCILLATOR. VSD.52
Co VS = VELUCITY SPECTRAL DENSITY, IN MILLIMICRON/SEC/SQRT(HZ) = VS$D.53
Ce ' VSD.54
C. VSD.55
C. THE INPUT DATA CARDS ARE VSD.56
Ce (1) IPUNCH,NPUN,RECLEN (2[5,F5.0) VSD.57
c (2) MORE2,1IVSPLy IMVSPL o INDEX3, INDEX4,LABELLJNNSKIP, (NSKIP(T),I=1,VSD.58
TS T T B sRSyRDYDMPFT yGAIN RCCUT y VCOFSyNBW o BWCUTE511+A10,712,6F6.2, VSD.59
C. I1,F4.1) FLUR EACH SEISMCMETER QUTPUT. VSD.60
Co VSD.61
CaeeeAUTHOR ALFRED LIANG=-CHI LIAW
C ENGINEERING GEOSCIENCE
C UNIVERSITY CF CALIFCRNIA, BERKELEY
CaeaesDATE SEPTEMBER 1977
Ce. . : vSD.62
[ o o o o o o' 6 o Of O o 0 o 531 O o 51 0 8 O 1 Y 5 R o o o OO N0 O o o O 1 A o L O o 5 6 o o o o o oL % Y o6 L 1 o o ot o R o o o o o o o o o "9 s P 5 Y
VSD.64
CUMPLEX DATA4FUATA,LFCATA,PCWDST VSD.65
CUMPLEX X VSh.66
COMMON /B8LK1/FREGI257) VSD.67
COMMON /BLK2/VS(257) VSD.68
COMMUN /BLK3/ EKPLUI(257),ERRBD(257) vSD.69
COMMON /8LK4/NKEC,LABEL] VS0.70
COMMON /BLKS/INCEXLy INDEX2 VSD.T1
LOMMDN /BLXO/RLES1257) vSD.T2
COMMUN /BLKT/STAT VSD.T3
CCMMLN /BLKB/II vSD.74
DIMENSION NVAL(2500)yDATA(S512),FDATA{257),CFDATA(257) PONDSTI257) VSDWT5
DIMENSION SUMFS(257)4FS(257)ySPECS(12) 4RFFS(25T) VS0.76
DIMENSION PHASE(257) VSD.17
DIMENSIUN NSKIPU6),CHIS(10),CHISS5(2C) VSD.78
DIMENSIUN DATAWID(512) VSD.79
DIMENSION A(257412)4X(12) VSD.80

DATA CHI95/0.0C39,0.052+0.117+0.178+0+422990¢27210431040434240.369,VSD.81
106394+0.4169Ue436400495390446990048490.498906451090.52240.532,0.543/VSD.82

DATA CHI5/3.8493.0092.609243792.2192.1C+2.0191294¢1.8851.83/

READ 1y IPUNCHyNPGhyRECLEN
FURMAT (215+F5.0)

SPECS{12)=99%.
NPTT=2%%NPOK

NPTF=NPTF1-1
SAMIN=RECLEN/{NSMP-1)
PERIUD =(SAMIN)#(NPTT-1)

TPl=4J¥ATAN(L.)

PL2=P[%2.0
TMUENPTT®MTAPER/100™ ~ 7777
M2=NPTT-M]

NTAPER=0

NTRFUN=0

VSD.83
VSD.84
VsD.85
VsD.86
vSD.87
vsD.B8
vSD.89
vSD.90

S VSD.91

vsD.92
VSD.93
VSD.94
v5D.95
VSD.96

“VeDL9T "

VSD.98
vSD.99
v50.100
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Coees «GENERATING THE AKRAY CF FREGUENCY
00 21 I=1,NPTF
21 FREQUIN=1/PERILD S - '
97 1A=0
NS=12

vSD.101
vSD.102
vsSD.103
VSD.104
vsD.105
VSD.106
vsD.107

98 READ 2¢MURE2,11VSPLy IMVSPL 4 INDEX3 ) INDEXS,LABEL Ly NNSKIP INSKIP(]1),IVSD.108

1=1,96) yRSyRD,DMPFT,GAINRCCUT ) VCUFS o NB o BHCUT
2 FORMAT (511+A10,712,6F6.2,11,F4.1} °

vsD.109
vVsSD.110

PRINT 108+ MORE2 LIVSPLyIMVSPLy INDEX3 ) INDEX4+LABELLyNNSKEPy INSKIP(IVSD.111

L) gl1=146) s RSeRU¢OMPHT4GAIN,RCCUT»VCOFSyNBWBWCUT
108 FURMAT (2X+5114ALCT12+6F06429114F4.1)

1a=1A+]
IF (EUFISLINPUT 1 NELO) GO TC 999
DU 20 KI=1,NPTF
SUMFS(K11=040
20 CUNTINUE
NREC=0

99 READ (3) (NDAYS,NHUURS,MIN,NSEC)
IF (EOF(3)eNEL.U) GUL TU S99
READ (3) (NDAYSTNHOUST «MINT,NSECT)
READ (3) {STATNINB+J)
ENCUDE (1Us%9STAT) STATAWNG
5 FORMAT {RbsA2)
READ (3) (NVALEI)41=142200)
READ (3) (MORE)

PRINT 3,STATivelvity Jo MURE

vSD.112
VSD.113
VSO0.l14
vsD.115

vSD.116

VSD.117
vsD.118
vsD.119
vSD.120
vSD.121
VSsD.122
VsD.123
VS§D.124
vSD.125
vsD.126
vSD.127
v50.128
VSD.129
vSD.130
VSD.131

3 FORMAT (1HO9%* STATN IN TAPE 3 = %4A10,% N8 = *,11.% J = *,[3,¢ MOVSD.132

LRE = #,11)
If (IMVSPL.NE.Ll) GG TC 33

C PRINT 44 STATNPIT,LIVSPLIMVSPL, INCEAD

v50.133
VSD.134
VSD.135
vSD.136
vSD.137

4 FORMAT (MHL1 /7747771772 77777,50X%+%THE FOLLOWING OATA CAME FROM #*, A10VSD.138
19/ +50Xe ¥*NUNMLER CF PUIAT IN TIMF DGMATIN = #®,144/450X*INDEX]L = #,[LlVSD.139

Lo/ 450K o2 INUVEXZ = #3114/ 450X % INDEX3 = 24114/7//7171)
00 19 I=1sNNSKIP
IF (NL.EG.ASKIP(I)) GL TU 331
19 CONTINUE
Ceese s ADJUSTING THE DC SHIFT.

SHIFT=0.0
DO 666 1DC=1+2500
SHIFT=SHIFT+FLOAT (NVALLIEC))

666 CONTINUE
SHIFT=SHIFT/2500.0 -
00 667 I1DC=1425C0 :
NVAL LLDC)=NVAL(ICC)=SHIFTY

667 CONTINUE

29 Ly=1

Ceaees APPLYING CUSINE BELL TAFER,
90 EiwW=0.0
DU 10 J=1+NPTT
NVAL (J)=NVALLJ+LY)
IF (JaLTeM1) GU TG 7
IF (J.GT.M2) GO TO 9
TAPER=1.0

VSD.140
VSD.141
VSD.142
vSD.143
VSD.144
VS0.145

_VSD.146

VSD.147
VS0.148
vSD.149
vS$D.150
vSD.151
VS§D.152
VSD.153
VSD.154
VSD.155
vsD.156
V$D.157
vSD.158
VSD.159
vsD.160
vS0.161
VSD.162
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7

11

331
332

333
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GO TG &
ARG=PI#(M1-J+1)/M]
TAPER=(1.0+C0S(ARG))}/2.C

GO TO 8

ARG=PI%(J-M2) /M1
TAPER={1.0¢CUS(ARG)I/2.G
CONTINUE

ENW=ENW+ TAPER*TAPER
DATALJ)=CMPLXITAPER#NVAL(J),0.0)
DATAWIDIJ)=TAPEK

CUNT INUE

PRIKT 109 +ENW

FORMAT (LHO95CR,#ENW = #,E12.3)

IF (NTAPER.NE.O) GC TC 25

PMAX1=1.3

PAINL=DATAwID(1}

CALL YPLOTLG(DATAWIO¢LoNPTT 41 ,PMAXL,PMINL,STAT)
NTAPEK=1

CUNTINUE :

IF (LJ.LT.512) GG 1G 15

PRINT 14

FORMAT (////177)

CONTINUE

PRINT L1y {NVAL(J)+J=1,APTT)

FORMAT (2X951613X951643X451643X,516)

GJd TC 3313

PRINT. 332,STAT,AE

FURMAT (LHUs10X4*THE PPRLGRAM SKIPS. THE RECORD €,410,13)
60 Ta 33

CALL FFTIDATAWNPLANPTT,PL)

DU 30 KJ=1,NPTF
FOATA(KJI=DATAIRI+]1)*2,0%SAM] N
CFDATA(KII=CCNJGIFUATA(K YY)
FREWIKJI) =(KJ=-1)/PERTOD
PUWDST(KJ)=FUATAIKJIIS(FCATA(KY)

_ PURDST(KJI=PCWDSTIKJ)/PERIOC

30

CeeeeoPLUT THE INCIVIDUAL FCURIER SPECTRUM BY THE YPLGT RGUTINE.

cp
ce
cep
ce
cp
CP220
ce

POWDSTIKJII=PCWDSTIKJI)}/ENW
FSiKJ)= SuPT(REAL(PLhDST(KJ)))
SUMM=FS{KJ)

SUMFS(KJ )= SUMFS(KJ)+SUMM
CONTINUE

PMAX1=0.00

PMINL=FS(1)

DO 220 I=1,NPTF

IF(FSUI).GT.PMAXL) PMAXLI=FS(I)
IF(FS{T}.LTPMINL) PMINI=FSL(I)
CUNTINUE "
CALL YPLOTLG(FS,)1yNPTF414PMAXL4PMIN]L,STAT)
LJ=LJ+NPTT o
NREL=NRE(+]

If (1IVSPL.NE.L) GL TG 36

I1=0

IF (NREC.EQ.1) GC TO 34

CALL NXTFRM(SPECS)

VSD.163
VS0.l64
VS50.165
VSD.166
VSD.167
VSD.168
vSD.169
vSD.170
VS§D.171
VSD.172
VSD.173
VSD.174
VSD.175
VSD.176
VSD.177
VSD.178
VSD.179
vsD.180
vsD.181
vSD.182
vSD.183
VSD.184
VSD. 185
VSB.186
vS$D.187
vsO.188
vsD.189
VSD.190
VSD.191
vSD.192
VSD.193
VS5D.194
VSD.195
vSD.196
VSD.197
vsD.198
vsD.199
vsD.200
vsD.201
vs0.202
vsD.203
VSD.204
vsD.205
vs50.206
vsD.207
VSD.208

'VSD.209

V5D.210
vSs0.211
vSD.212
vVSD.213
VSD.214
VS$D.215
vVsD.216

- VSD.217

vsD.218
vsD.219
vS§D.220
vsD.221
VsD.222
vsD.223
v¥SD.224
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CALL PLOTFSINPTF)
36 IF {LJ.LT.2049) GG Tu 90
33 IF (MORE.NE.OQ) GC TC 99

1F
1f

(NREC.LT.NNREC) GO TC 99
(IMVSPL.NE.2) GL TUL 44

DO 40 KK=14NPTF
FSUKK)=SUMFS(KKJ)/NREC
40 CONTINUE .

Cewee o CURRECTING THE SYSTEM RESPUNSE

CALL GEOPHONIVS 1FSyDMPFT4PIZ24NPTIF RS, RD)

IF

UNBW.NELC) CALL ANTIALT(VSPI2oNBWy BnlUT,NPTF}

CALL AMPVCO(VS NPTF.GAIN, VCLFS,RCCUT)

_CeeessCALCULATING THE CONFICENCE LIMITS

52

35 FURMAT
1TES OF vELOCITY SPECTRAL DENSITY#®,/,35X,
LALOy /+35Xs*CHISC OVER DF =#,2F10.3)

350 FURMATY

230

443

444

50
44

NFRDM=2%NREC

IF

(NFRDM.GT.10) GC TC 51

CHI2=CHIS5(NFRDM)

GO TG 52

51 LALL CHISC(NFRDM,Z,CHIZ2)
IFINFROMLGTL20) GL TU 53
CATl=LHISSINFROV)

60 Tu 54

53 7Il=-/

CALL CHISCINFRDM,Z1,ChIl)
54 CONTINUL

Du 55 KK=1,NPTF :
ERRUBU(KR)=VS(KK}/SCRT(LHIL)
ERRBUIKK )=VSAKK3/SCGRT{CHI2)
55 CONTINUE

PRINT 35, NRECsLABELLCHIL,CHIZ

PRINT 350.,NPTT,SAMIN

PMAX1=0,00

PAINLI=VS{1]}

D3 230 I=1,NPTF

LFIVSLL) GT.PMAXL) PMAXE=VS(])

IF(VSUTI) LT.PMINL) PMINLI=VS(I}

CUONTINUE

CALL YPLOTLGIVS 1 4NPTF 1 oPMAX]1,PMINL,LABELL)

iF

(IPUNCHWONELL) GO TC 443

ARITE (6) (VSU1)yI=1,NPTF)
WRITE (6) (UHIL,CHIZ)

CALL 'SECONDUTIME)

PRINT . 444y TIME™ o
FURMAT (15X, #TIME = #*,F15.4)

1F

{IMVSPL.NE.1) GO TO 44

CALL NXTFRM{SPECS) .
1i=1 ) :

CALL PLOTFSINPTF)
CONTINUE

(35Xs%THERE ARE*,15,% DATA PLINTS IN EACH RECORD,
LLING INTERVAL #,F12.34% SECUNDS.#*)

vs§D.225
¥SD.226
vSD.227
VSD.228
v$D.229
V$D.230
vSD.231
¥SD.232
vsD.233
VSD.234
VSD.235-
vSD.236
v5D.237
vSD.238
vsD.239

 VSD.240

VSD.241
vSD.242
VSD.243
VSD.244
VSD.245
VSD.246
VSD.247
VSD.248
VSD.249
v50.250
VsD.251
VSD.252
v3D.253
VSD.254
V5D.255
v¥5D.256
VSD.257

CYRL 7/ 277777717777/435X43THE FCLLUWING DATA ARE THE ESTIMAVSD.258
#JVER®,[4,% RECORDS UF #,V5D.259

VSD.260
vsD.26l

WITH SAMPVSD.262

vSD.263
V5D.264
V$D.265
VSD.266
V5D.267
vSD.268
vSD.269

..vsb.270

VSD.2T1
vsD.272
vsD.273
VSD.274
VSD.275
VSD.276
vSD.277
vSD.278
vSB.279
vs$D.280
VSD.281
vsD.282
vSD.283
vSD.284
vsD.285
vV5D.286
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4% IF (MORE2.NE.O} GO TO 98 ’ ’ vsD.287
999 CALL GDSENC({SPECS) o o ) ) o vsD.288
' STuUP V50,269
_END e e e e 48D 2290
SUBROUTINE AMPVCU(VSoNPTF,GAIN,VCCFS,RCCUT) AMPVC .2
) ) o AMPVC.3
Ceoess SUBROUTINE AMPVCO 1S USEC TC CCRRECT YHE GAIN AND THE LOW~PASS AMPVC .4
C FILTER OF THE AMPLIFIER AND THE VCO FULL SCALE. AMPVC .5
C THE LOn=-PASS FILTER AT AS110 IS A 2-POLE RC FILTER. LT AMPVC .6
_ AMPVC .7
COMMUN /BLK1/FREQ(257) AMPVC .8
DIMENSION VS(25T) ) AMPVC .9
GAIN=GAIN/20.0 . AMPYVC.10
_GAIN=10.0%%GAIN o o AMPVC.11
T A=GAIN*2048.0/VCOFS AMPVC .12
DO 1 I=14NPTF ‘ ) N ~ AMPVC.13
B=FREQUI}/RCCULT AMPVC .14
B2=B%B+1 AMPVC.15
VSUI)=VS(1)#32/4 . AMPVC .16
VS(I)=VS(L)*1.UE+CY AMPVC .17
1 CUNTINUE T AMPYC .18
RETURN AMPVC .19
END AMPVC .20
SUBRUJTINE ANTIALI(VSsP12,NBWyBWCUT 4NPTF) ANTAL.2
. ' o " T ANTAL.3
CeaeesSUBROUTENE ANTIALI IS USED TC COREECT MCDULUS CF THE TRANSFER ANTAL .4
C FUNCTIGN OF 'ARBITRARY BUTTERWORTH LOw PASS FILTER USED AS ANTI-ALIANTAL.5
C ASING FILTER. ANTAL .6
C NBW = NUMBER CF STAGE OF FILTERS.
C NPOLE = NUMBER CF PCLE CF ThE FILTER. ANTAL .7
o o ANTAL .8
CUMAON /BLKL1/FREC(257) ANTAL .9
DIMEANSION vS(257) ANTAL .10
NPULE=4 ANTAL.11
DU 1 I=1,NPTF ANTAL.12
N=2*NPOLE ANTAL.13
A=FREQ(I)/BWCUT ) T T T ANTAL W14
C FOR HIGH PASS FILTER, A=1.0/A
A=A%EN ANTALA15
B=SQRT(1+A) ANTAL.16
B=p**NBW ’ T B o ’ ’ T ANTAL .17
VSUI)=VS(1)®E ‘ ANTAL.18
S TTRONTINUE e e e e e B R
RETURN ANTAL » 20
END ) T o © ANTAL.21
SUBRUUTINE CHISCINFRDM,2,CHI} o CHIS2.2
CeeeooTHIS SUSROUTINE CALCULATES PERCENTILES CF THE CHI-SQUARE/DEGREE OFCHIS2.3
" Ceeees FREEDOM DISTRIBUTIONS FCR LARGE VALUES OF CEGREE OF FREEDOM. CHIS2.4
CHIS2.5
TTTUOF=FLUAT (NFROM) T T T T T T T T T CHES2 06
A=2.0/(9.0%DF) . CHIS2.7
T B=8QRTUA) T o . ) CHIS2.8 —
C=l.0-A¢Z%4 . CHIS2.9
CHI=C*C*C ’ ’ T T T T EHIS2.410

RETURN ) CHISZ.11
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END

SUBROUTINE FFT{AyMyh,P1}

CocaeaTHIS FHT SUBRLUTINE PERFURMS THE FCRmARD FAST FOURIER TRANSFORM
C CNLY. AFTEK COOLEYsLEWISyWELUH+OBTAINEC FRCM L.R. RABINER AND 8.
C GOLD==-- THEORY AND APPLICATION OF DIGITAL SIGNAL PROCESSING.
ConeaoNz=2%%M

CavasoAln) = THE ARRAY UF DATA TUu BE TRANSFURMED,

Ceeae s FUURIER TRANSFORM IS THE FORM CF (kEAL)I-T1LIMAG),

CLUMPLEX Aii) yUse T
NV2=N/2
NM1=N-1
J=1
DU 7 i=1,NM1
IF (1.GE.J) GC TC 5
T=A(J)
AtJ)=A(1)
AlLL)=T

5 K=hV2

6 l1F{K«.GEaJ) GL TC 7
J=J-K
K=K/2
Gu Tu b6

T J=J+K
DO 20 L=1,M
LE=2#%%L
LEL=LE/Z
U=s(1ls0s0,) .
W=(CMPLXCCCSIPLI/LEL) oSIN(PE/LEL))
L0 20 J=1,4LEL
0J 10 I=JsN,LE
I1P=1+LEL
T=A{IP)*uU
ALLIP)=ALT1}~-T

10 AtTII=AL1)+7

20 U=U*W
RETURN
END

SUBROUTINE GEOPHCN(VSyFS OMFFT 4PI24NPTF,RS+RD)

CaeaseMODULUS CORRECTICN GNLY.

CaveeoeSUBRUUTINE GEUPHUN IS USED TC CURRECT THE VELOCITY SENSITIVITY,

[ DAMPING RESISTANCE+ANC CGENERATCR CCNSTANCE. “
CoacaocWi NATURAL FREQUENCY CF THE SEISMCMETER (IN HZ).

C GS = GENERATUR CUNSTANCE UF THE SEISMUMETER (IN VOLT/METERISEC).
C RS = LCIL RESISTANCE.

C ki) = DAMPING RESISTANCE. -

C DMPFT = DAMPING FALTCR. e s

CLUMALN 78LKL/FREQI25T) :
DIMENSION VS{257),F5(257) : .
DATA WG/445/4GS/717.17/ ¢ T N

WS=WG*P 12 . . .

WS2=hS*WS | v o L
ROZ=2.0%OMPFT - SURRRIE P
RD=RD*1000.0- . . Co e R e
RS=RS*1060.0 . R

CHIS2.12

FFT*R .2

FFT%R.3

FFT*R .4

FFT*R.S

FFT*R.6

FFT#*R .7

FFT*R,.8

FFT*R .9

FFT*R.10
FET#R .11
FFT*R .12
FFY*R.13
FFT*R .14
FFT*R .15
FFT*R.16
FFT*R.17
FFT*R.18
FFT*R .19
FFT#R .20
FRT®ER, 21
FFT*R .22
FFT*R .23
FFT%R .24
FFT*R .25
FFT*R, 26
FFT2RL27
FFT*R.28
FFT*R .29
FFT#R .30
FFT*R.31
FFT#R .32
FFT#*R.33
FFT#*R, 34
FFT*R.35
FFT*R .36
FFT#R .37
FFT®R.38

GEOPH. 2
GEOPH.3
GEOPH. G
GEOPH.5
GEOPH. 6
GEOPH.7
GEOPH. 8
GEOPH.9
GEOPH. 10
GEOPH.11
GEOPH.12
GEQPH,.13
GEOPH.14
GEOQPH.15
GEOPH.16
GEOPH. 17
GEOPH.18
GEOQPH. 19
GEOPH.20
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DO 1 I=1,NPTF
WE=PI2%FREQ(I)
WE2=WE*WE
A=nE2-wS2
TA2=A%A
.B=RO2*WS*WE
B2=B%13
. C=SQRT{A2+B2)
AMP=WE®WE/(
VSLIV=FS(1)/ANP
VSULE=VS(L)/GS
IF (RD.GE.999000.0} 6C TU 1
R=RS+RD
VSUI)=VS(I)*R/RD
1 CONTINUE
RETURN
“"EnD

SUBROUTINE PLOTFSINPTF)

CeaeesTHIS SUBRUUTINE PLUTS THF VELCCITY SPECTRAL DENSITY IN LCG-LGG
CaeeooSLALE.

OIMENSIUN SPECS(30),LINE(4)
CUMMON /BLKL/X{257)
COMMUN /BLK2/Y(25T) Y
COMMON /OdLK3/ERRBU(257),ERRELC{257)
COMMON /3LK4/NKECLABEL]
COMMUN /BLKS/INCEXL o INDEX2
COMMON /3LKT/STAT
COMMON /bLK8/11
SPECS(1)=1.0
SPECS(2)=1.5
SPECS(3)=25.u
SPECS(4)=0,3
DO 8 I=154NPTF
IF (Y(I).GT.1.0E+03) GL TQ &
IF (Y(1).LT.1.0€6~01) GC TO S

8 CONTINUE
SPECS(5)=1.0E+U3
SPECSt6)=1.0E-01
6o TU 5

6 SPECS(5)=1.0E+04
SPECS{6)=1.0
GO TO 5 .

"9 SPECS(5)=1.0E+01 ~ 77
SPECS(6)=1.0E-03

5 SPECS(7)=7.875
SPECSI(8)=5.2
SPECS(11)=1.0
SPECS{12) =99,
CALL AXLGLG(SPECS) ~ 7 rommrmmmmems e oo
YMAX=SPECS(5)
'YMIN=SPECS(6)
DO 10.1=1,NPTF

TTTIF UYL JGTLYMAX)Y Y(I)=YMAX
IF (Y{I)LLT.YMIN} YUI)=YMIN

e CONTINUE T
c PRINT 11o(X{T)eY(I),1=1,409)
C 11 FORMAT {1OUXy*FREQ = *,F10.7,10X, *AMPLITUDE SPECTRUM *,E13.3)

SPECLS(25)=~0415 -

GEOPH. 21

 GEOPH.22

GEOPH.23
GEOPH. 24

" GEOPH.25

GEOPH.26
GEOPH.27
GEOPH.28

" GEOPH.29

GEOPH.30
GEOPH.31
GEOPH.32
GEOPH.33
GEOPH.34
GEOPH.35
GEOPH.36
GEOPH.37

PLFS. 2
PLFS.3
PLFS. 4
PLFS.S
PLFS.6
PLFS.T
PLFS.8
PLFS.9
PLFS.10
PLFS.11
PLFS.12
PLFS.13
PLFS. 14
PLFS.15
PLFS. 16
PLFS.17
PLFS.18
PLFS.19
PLES,20
PLFS.21
PLFS.22
PLFS. 23
PLFS.24
PLFS.25
PLFS.26
PLFS.27
PLFS. 28
PLFS.29
PLFS.30
PLFS.31
PLFS. 32
PLFS.33
PLFS.34

" PLFS.35

PLFS.36
PLFS.37
PLFS.38
PLFS.39
PLF 5. 40

T PLFS.41 T

PLFS.42
PLFS. 43
PLFS.44



12

13

15

20

CALL SAXLGT(SPECLS)
SPECSE27)=-0.15

CALL SAXLGKRUSPECS)
SPECSU13)=FLCATINPTF}
SPECS(1l4)=1.0
SPECS(15)1=1.0 '
SPECS(30)=97.

CALL SLLGLG(XyY,SPECS)

IF (11.EQC.0) GO TC 15

SPECS(13)1=FLCAT(NPTF)

DU 12 I=l,1064

Y{I)=ERRBU(I]}

IF (YUID.GT.YMAX) Y{I)=YNMAX
IF IV{T)eLTLYMIN) YLI)=YMIN
CONTINUE

SPECS(16)=17.C
SPECS(17)=0.05
SPECS(18)=0.05

CALL PSLGLGEX,YySPECS)

03 13 [=],NPTF
Y(1)=ERRBD(I)

IF (Y{I)GT.YMAXR) YLI)=YMAX
IF (Y{L1)LT.VYMIN} Y{I)=YMIN
CUNTINUE

CALL PSLGLG(X,Y,SPECS)
SPECS(LT)=.1

SPECS(18)=.1

SPECS(91=10.0

SPECSI19}=U.C

SPECLS(21)=1.0

SPECS(24)=0.0

SPECS(29)=2.0

CALL NCLGE(SPECS)
SPECS(201=0.0

SPECS(2061)=0.0

CALL NOLGLISPECS)
SPECS{171=0.15
SPECS(18)=0.15
SPECS(24)=C.2

CALL TITLEB{14HFREGUENLY {HZ),SPELS)

SPECSL20)=90.0
SPECS(26)=V.4

CALL TITLEL(30HVSD (MlLLlMlCRCN/SECISQRT(HZ)):SPECS)

SPECS(17)=0.15
SPECS(18)=0.15
SPECS(191=0.0

SPECS(20)=0.0

SPECS(21)=1.0

SPECS(231=6.6

RULE=1.0 _
IF (11.EC.0) GO TO' 20" B
SPECS(22)=2415
SPECS{23)=0.0

VALUE=NREC -

CALL DELVAL(RULE.VALU&;SPECS)
LINE(1)=LALELL

LINE (2)=10H . RECORDS
LINE(3)=0

63-T0 21

LINE(1)=STAT

LINEL2)=0
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LI

PLFS. 45
PLFS.46
PLF5.47
PLFS.48
PLFS.49
PLFS.50
PLFS.51
PLFS.52
PLFS.53
PLFS.54
PLFS.5%
PLFS.56
PLFS.57
PLFS.58
PLFS.59

_ PLFS.60

PLFS.61
PLFS.62
PLFS. 63
PLFS. 64
PLFS. 65
PLFS.66
PLFS.67
PLFS.68
PLFS.069
PLFS.70
PLFS. 71
PLFS5.72
PLFS.73
PLFS.T74
PLFS.T75
PLFS.T6
PLFS. 77
PLFS. 78
PLFS.T9
PLFS.80
PLFS.81
PLFS.B82
PLFS.83
PLFS. 84
PLFS. 85
PLFS. B6
PLFS.8T
PLFS. b8
PLFS.89
PLF5.90
PLFS.91
PLFS.92
PLFS.93
PLFS.94
PLFS.95
PLFS.96
PLFS.97
PLFS. 98
PLFS.99
PLFS.100
PLFS. 101
PLFS.102
PLFS.103
PLFS.104
PLFS. 105
PLFS.106




21

2

5

Cenne

13

14
10

2

Coanne
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SPECS(22)=0.5 PLFS.107
CALL TITLEG(RULE.LINEZSPECS) PLFS.108
RETURN PLFS.109
END ' PLFS.110
SUBROUT IivE YPLOTLGUY s IEBsIEIKyPMAXyPMIN,TITLE) YPLLG.2
COMMUN /BLKL1/X(25T) YPLLG.3
OIMENSTUN Y1) ohMAP(100), ISCALELLL) YPLLG W4
DATA KbLANKPKY/ 1k ¢1H%®/ YPLLG.S
CATA ISCALE/ 04109209230440450,60,70,8C95C,100/ YPLLG.6
DO 2 1=1,100 ' YPLLG.T
KMAP (|} =KbLANK YPLLG.8
CaeeoePRINT BELINNING CF GRAPH YPLLG.9
QMAX=ALOGLO(PMAX]) YPLLG.10
WMIN=ALOGIO(PMIN) YPLLG.11
C=100.0/(CMAX-QMIN) YPLLG.12
B=L *QMIN YPLLG.13
SCulb=1.0/C YPLLG.14
PRINT Ly TITLEWIBsIE+IKyPFAX,PMIN YPLLG. 1D
FUKMAT (LML o LlUXe*YPLUTceeaea® s ALCo/ o LCX %2 JB=%,15,2Xy®1E=%,1542X,#IYPLLG. 10
IK=% 31542 K¢ 2PMAXR =¥, E124342X%¥PMIN=%,EL12.34//71) YPLLG. L7
PRINT Gy (ISCALECIN,F=1,411) YPLLG.18
FURAAT(L1Xe5012482) 9 LAy 12,047X413)) YPLLGW L9
D 7 1=142 YPLLG.20
PRINT 8 ] YPLLG.21
FORMATULIX 9 (LL01H. 294D 1)) YPLLG. 22
PRINT 12 YPLLG.23
FUKAAT 1 6As1HXsTXy10CFaaosanacssancncsssonacccccccionasccnsensaVPLLG.24
l........................................................... 2 TKy IHYPLLG .25
1Y) YPLLG.26
PRIKT BLLY LF GRAPH YPLLG. 27
Ji) 10 I=184.1E41K YPLLG.28
YLG=ALUGLO(Y (1)) YPLLG.2S
Ly=C*YL5-b YPLLG.30
CHELK THAT Y IS UN SCALE YPLLG.3]
IF(1Y ot Te 1 +ORe Y oCT. 100) GU TL 13 YPLLG.32
’ YPLLG.33
KMAP (1Y }=KY YPLLG.34
PRINT 9y X(1)s(KMAF(J)»d=1,100),Y(1)yI ) YPLLG.35
FORMAT ( 2X3F9a341XelHI»100AL 1 1HT42X9EL0.391Xy14) YPLLG.36
GU TG 14 . . YPLLG. 37
PRINT 9y X(I)s(KMAP{J)»d=1+100),Y(1) YPLLG.38
GO 10 10 YPLLG.39
KMAP (1Y) =KBLANK YPLLG.40
CUNTINUE ’ YPLLG.41
RETURN YPLLG.42
END YPLLG .43
SUBROUTINE YPLOTUY yIE+IE9IKyPFAX,PMIN, TITLE) YPLLIL2
CUMMLN /BLKL/X(257) YPLLI.3
DIMENSION Y (1)} KMAP(L1CO),ISCALE(LL) YPLLI .4
DATA KBLANKoKY/1H y1H%/ YPLLIWS
DATA [ISCALE/ 0410+20430,40450,60,70, bO 90,100/ YPLLILG
DI 2 1=1,100 YPLLILT
KMAP(1)=KELANK YPLLI.8
PRINT BEGINNING CF GRAPK T YPLLI.O
C=100,0/{PMAX-PMIN) YPLLI.1O
B=C*PMIN YPLLI. 1L
SLALE=1.0/C YPLLI.12



¢

-159-

PRINT S,TITLE+IB, LEy IKyPMAXPMIN YPLLILL1]
5 FORMAT (1HL 910Xy ®YPLCTueooaa®yAl0y/ g 10Xy*IB=%,]5,2X6JE=®y1592Xy*IYPLLIG14
LK=% g IS5y 22Xy #PMAX=% ¢ b 1243 42Xo#PMIN=®,EL2.34///) YPLLIS1S
. PRINT 6, (ISCALE(ID)I=1,11) . o o YPLLI.16
6 FORMAT(11Xs5(12+8X)e1Xy1295(7X,13)) YPLLIWLLT
D0 7 I=1,y2 YPLLI.18
T PRINT & YPLLI. L9
8 FORMAT{13Xy(1l1{1He »9X))) YPLLI.20
PRINT 12 YPLLI.21
12 FORMAT { OXylbXeTx 10t eeecreoaceasccensccnsnaacosscnnncsssssnanssessYPLL1LZ22
Lecoeavessosencssvecoccsacnscssassasesssconcscscscsscccsancncee 9 /XylHYPLLIL23
1Y) YPLLI.24
CeeeePRINT BLDY OF GRAPH YPLLIWL25
D0 10 I=1BsIE,IK YPLLIL26
1Yy=C*Y(I1)~B ’ YPLLI .27
[ ChECK THAT Y IS ON SCALF . YPLLI .28
IFCIY otT. 1 «O0Re 1Y 4GTa 100) GU TG 13 YPLLIL29
KMAP({IY}=KrY YPLLI.30
PRINT 9y X{I) y{KMAP(J)J=14100),Y{1),1] YPLLI.31
9 FORMAT { 2X9F9e341Xe1HI 2 100AL91HE42X9E20.35 11Xy 14) yeLLl.32
Gd TC 14 YPLLI .33
13 PRINT 9y X(I)e (KMAP(J)yJ=1+100),Y(1) YPLLI.34
GO TO 10 . YPLLT L3S
l¢ KMAP(IY)=KBLANK YPLLIL36
10 CUNTINUE YPLLIL3T
RETURN YPLLI.38
END YPLLI 39
0 Y 0v2.5 .
10102 HS 3.40999.00 0,30102.00 30.00 5.00310.00
00102 A3L TN 3.40969.0C 0.30114.00 30.00 5.00310.00
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AR EEEKE R E AR ARG G PR AR SR L C A AR IR RIS AR R AR F QARG F S AR RS ARG X E R ARG o R A aEE

»* «
* : PROGRAM FKPSOD *
» B : *

e PR L s s R s L e i e e R R R R RSS2 s 22 Ed

FKPSD 374500471209, L1AN
DISKHOGy14900.
RUNTE s SCyNLTTTTT,
FETCHMT y TAPES3,U3922304 1t .
FETCHPS 8KYULT U, TEMP,GDS.
FETCHP Sy BKYLGObyGDSLL 4 GLSCL . -
COPYI,TEMP,LIB. :
RFL+e 310000,
LINKyXyF=LGOyP=LIBPP=ILL=999%9).
EXIT.
RETURN,LGO,LIb.
DUMP, 0.
Fin.
GDSLC.
RETURN,TAPEYY,GUSLC.

PRGGKAM FRESDOINPUT yulTRUT o TAPE3 2 TAPEYG  TAPLI Ty TAPESZ TAPES3, TAPEYFKZ L2

14) FK2.3

. FKZ ot

CLCLOLLCLLCOllietlt Ll Ll LllLeCu CLLLLLlL Ll LLCuClllLlluLlClLLLCLLlLLLFK2LS

[« FKZo6

Ce THIS PxuUGHA READS Tht DICITAL DATA Iin TAPE 34y THEN CUMPUTES THE FK2 .7

C. COHERENLE BFTWEEN AMY Twi SEISMOMETER GUTPJTS AND/UR ESTIMATES THE FK2.8

Ce FREGQUENCY-WAVENUNMBER PIwtP SPECTRAL CENSITY (FKPSD) AT THE FK2.9
Co FREQUENCLIES SPEUIFRIED Y FREQINFYINNFY)). FK2.10
Ce THE TAPE 3 1S GENERATED bY THE PRUGKANM (LUMP)} WHICH UNPALKES AND Fr2e.1ll
Co. TRANSLATES THE TAPE 5. THE TAPE 5 1S CGENERATED BY Tot UIGITIZER IN FK2.12
C. THE HAVILAND HALL. EACLH DIGITAL RECORL FF 2500 PCINTS IS NOKMALLY FKZo13
Ce DIVIDED INTU 24 DATA bLLULKS EACH HAS €4 PLINTS. THE NUMBERS OF DATA FKz.l4
C. BLUCK AND DATA PCINTS akDl ASSIGWEL LY THE INPUT CARUS AND THE FK2el5
Ce. DIMENSICN 0OF SUME VARIAGLES. ' FK2.16

Ce FKPSD CAN uf ESTIMATED oY CONVENTICANAL BEAM-FCHMING METHUD (BFM) QR  FK2.17
Co HIGH-RESOLUTICNAL METHOD (PAXIMUM-LIKELIHCCO METHOO, MLM) BY SPECI-  FKZ.13

Ce FYING ICGNVEN=1l Ck O. ' FK2419

FK2.20
C. AMGAIN = GAIN OF THL AMPLIFIEK SET JN THE FIELDs IN UB. FK2.21
Coe DMPFT = DAMPING FALTUR UF THE SELISMUMETEK. FK2.22
Ce GAIN = THe CORRELTIONAL FACTCK FOR AMPLIFIER ANOD VLU FULL SCALE AND/ FK2.23
Ce OR THE PGLARIZATIGN OF THE SEISMGMETER. FK2.24
C. ICOHER=1 THE PROGRAM (CMPLTES THE CCHERENCE. FK2.25
C. ICONVEN=1 THE PROGRAM ESTIMATES THE FKPSL BY COUNVENTIONAL METHOD. FK2.26
Co IFKPLUT=1 THE PRUCRa4NM GENERATES A CECK FUR CALLLNMP PLLTTER. FK2.27
C. IFKPSD=1 THC PRUGRAM ESTIMATES FKPSC. FK2.2¢d
C. ISKARR=1 THE PRUOGKAM SKIPS THE GATA CF THE WHCLE AKRAY. FK2.29
C. [TRANS=1 THE PRUGRAM GLIVES THE TRANSFER FUNCYIUN CF THE ARRAY INSTEADFK2.30
C. OF FKPSD, FK2.31
Ce MLF = MAXIMUFM LIKELIHUGCD FILTEK. FK2e32
C. MTAPER = PERCENTAGLE CF OATA PGINT IN ThE FEAC AND TRE TAll OF EACH FK2.3>
C. © DATA BLOCK ARE TAPERED BY HAMMING WINDOW. FK2.34
Co (NAVIX*Zzj+] = NAV = NG. OF THE AUJECENT FREQUENCY CUMPUNENTS BEING FK2.35
C. AVERAGELD. . FK2.30
Cs NBMAX = THE MAXIMLM NUNBLR OF DATA BLTCK USED TO ESTIMATE FKPSD. FK2.37
Ce NB512 = NUe. UF DATA BLGUK SELECTED FRUM EACH SEISMOMETER UUTPUT. FK2.34d
Co NFY(NNFY) = AN ARRAY OF SEQUENTIAL NUMLERS CF FREQUENCY CUMPUNENT FK2.39
C. OF PLKXyKY FKREC). FK2.40

C. NNFY = NUMBER OF FREQUENLY COMPONENT CF P(KXKYyFREQ) TO BE CALCULATEFK2.41
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Oe

SECUENTIAL NUMBER €F FRECUENLY LUMPCNENTS BEING USED TO

CALCULATE F~K SPECTRUM.

NKA = Nue UF THE X-WAVENUMBER CUMPUNENTS.

NKY = NO. OF THE Y~nAVENUMEER CCMPUMENTS.

NPLEV = NO. 0OF THE CONTOUK LEVELS IN A FKPSD PLOY.

NPTF = NUMBER OF FREGUENCY COMPUNENT.,

NPTT = NU. OF DATA PCINT IN cACH CATA BLOCK.

NS = NUMGER OF SEISMCMETEF IN THE AkRAY,

NSMP = Nite OF THE SAMPLING POIKT IN Facr KECHIRD.

NVAL = DIGITAL TIML SERICS.

NVSDUNVSDPL)Y = Nuae CF ARRAY FLEMENT EXPECTING TL HAVE VSD PLLT.

N2500 = NG. OF RECOKD (2500 DATA POINTYS) CF EALH SENSGR OUTPUT
NEEDS TIMe COKKECTIUN CUE TU IMPHROPER STARTING TIME IN THE
TAPE DRIVER NDF THE DIGITIZEP, C

PMAXREF = REFERENT PUOWER LEVEL FGR THF MAXIMUM FKPSD.

RCCUT = CUT UFF FREQUENCY CF THE RC FILTER SET IN THE AHPLIF[ER.

RECLEN = THE LENGIF OF FALH RECURC, IN SECCNDS.

RD DAMPING RESISTANCE OF THE SETSMOUMETER, IN KILOC=GHMS,

RS CUIL RESISTANCE Lt Thb SEISMULMETEER, IN KRILO=-OHMS,

SM = SPILTRAL MATKIXK, COHEPENCY MATP LA, NOKMALIZeL SPECTRAL MATFRIX

SMNFP = UPERATICNAL MATHIX

SPACIN = THE MINIMOM DISTANCFE EETwhEnN Twf) SEISMOMETERS TN THE ARRAY,
READ 1IN METFR, )

STA = AERAY LECATIUN

STaT = JOENTHFICATILN FUR EACH SEISMUNMETER LUTPJUT I[N THE ARRAY,

X = (KitykM) THE (UCRDINATE CF THE SeISMUMETER LCUCATIUON.

XF = MODIFIELD FOURIER COEFFICTENTS CF NVAL.

XKIN = LuvFk LEFT CCRNEPEU VALUE CF XKA AND YKY

NPLEV = S1Zc UOF ThE ARKAY (PLEVELI.

PLEVELINPLEV) = CuNTLUR LEVFLS UF FKPSEC PLLTe IN Do.

VCOFS = VLU FULL SCUALE SET AT FIELDs IN VCLT.

VSINPTF) = VELGLITY SPECTKAL DENSIETY

WINPTT) = HAMMING wlwliun WEIGHTING FUNLTION APPLIED ON TIME DCOMAIN.

WSPA(NS) = SPATIAL WwWEIGHTING FiUNLTIUN.

NFP

I non

CoeneoTHE INPJUT DATA CARDS ARE

[l aNeNaaNaNalsNalaN ol ol allie]

CeaeesDATE SEPTEMBER 1977 - ) - . ji .

C

vees s AUTHUR ALFREU LIANG—th L1AW,

(1) RECLENyNPUWoNSMP,NENMAX ¢N2DCCIF5.0,415)

(2) WPLEVo{PLEVELUI)y1=1,10) (15,1UF5.01

(3) ICONVEN, LFKPLCT NVSCPL,y (NVSDL{T),1=1412) (1515)

(4) MUKE2TCOHER g LFKPSD o ISKARKo NSy NAVL e TTRANS oNBWy BWCUT SCALK,
SPACINGSTA(L) (815,3F5.0,A10) FOR EACH ARRAY DATA SET

(5) NNFY INFY(IloI=1oNNFY) (1615} FOR EACH ARRAY DATA SET

(6) (DTIME(I} 1=14N2500*NS) .(LoF5.3) FOR EACH AKRAY DATA SET

(7) {X(1)sI=1,NS) {10F8.4) - © FOR EACH ARRAY-DATA SET

[£-2) SYAT,(NNSKIP,(NSKIP(l)vl qu)).GAlN.RS:vaDMPFT {A10,1012,
4F5.0) . ) . FGR' EACH bEOPHONE GuTPUT

R “

ENGINEERING GEUSCIENLF CoLn
UNIVERSITY UF CALlFLRNlAv EERKELEY

CUMPLEX LZtRu'DATA.CENoSi'EKx.A'Tl'E'SLPQJL.MLFvSUMFUF'LFuN'SUHQL
CUMPLEX F JUETyFF L K

COMPLEX SMTEMP L B LIRS
COMPLEX Wy SMNPF <7+ 7 7% "l aT e e T

CUMPLEX ToCl , SR
LARGE C.SM(12,124226) "

FK2.42
FK2,43
FK2.44%
FK2e45
FK2446
FK2 47
FK2.48
FK2.4%
FK2.50
FrR2.51
FKZ2.52
FK2.53
FK2.54
FK2.55
FK2.56
FK2.57
FK2.58
FK2.59
FK2.60
FK2.01
FRat &
FKZet3
FKEaED
FK24L5
FK2.C L
Frz.ef
FK2.65
FK24€9
FK2.73
Fr2eli
Fre.12
Fr2.73
FK2.74
FK2.75
FK2.T0
FK2.T17
FR2.78
FK2.T9
FK2460
FKZ2.81
FK2.62
FK2.63
FK2.84
FK2.85
FK2.86
FK2.87
FK2.88
FKZ.89
FK2.90

FK2.91

CLCCCLLCCCLLCCCLCLLCCLCCCLCLLL&LCCLCCLCLCLLCCCCCLLCCLCCLCLLLCCL&CCCCCLCCFKZ 92

FK2.93
FK2.94
FK2.95
FK2.96
FK2.97
FK2.90
FK2.99
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LAKRGE C.XF(12424464) FK2.100
DIMENSION PMAXDE(20),FYP(30) FK2.101
DIMENSTON.SMNPF{12,12) FK24102
DIMENSIUN V(12424 FK2.103
DIMENSIUN NV AL(25uQ) . FK2.104
DIMENSION X{12)sMLF{12)4EKX(L12) FK2.105
DIMENSION NFY (50) +FKPMAX{50) FK2.106
DIMENSIUN DATA(S51Z)NPt4aly4l) FK2.107
DIMENS Ui SPECS(12) NSKIP(10) . FK2.100
DIMENSION PHASE (226) s WI512) o T(226) yNIBIL1Z2)ewWSPA(L12) 4DTIME(T2)4NVSUFK2.13%
12 : FK2.110
CUMALN /BLKL/FREQ(226) FK2.111

- CUMMUN /BLK2/COHI226) FK2.112
CUMMON /BLKS/STATN(12) FK2.112
COMMON /8LKT/XK{4L1),YK{4]) FK2.1l4
COMMUN /BLK8/P(41441) : FK2.115
COMMUN /7 bLK9/NKX;NKY FK2.116
COMMON /BLKL1O/PLEVEL(10),NPLEV FK2.117
COMMGN /BLK1L1/STALZ) . FK2.118
CUMAUN /OLKL12/VELIS)yNVEL,AZIMULS) FK2.113
CCMMUN /BLKL3/ERRBU(LG64 ) ERRBLLLES) FKZ2.120
COMMION /3LKL4/VSIZ20) yNESL2 +WPTF FR2.121
DATA MT4LPER/1U/ FK2.1¢2
DATA 295/1.645/7. ) FK2.123%
DATA INKX/al/ysKY/Z4L/ FR2.124
DATA PMAXREF/100CU.0/ FK2.125%
FK2.126

CALL SECULNOD(TIME) . FKZ.127
FrZ.12E

Cavaaommmm e oo e e e e e e FKZel2Y
CoeesssREAD INPUY DATA FK24130
(e aosmm o o o e e e m e FK2e131
PRINT 14,TIME FK2.132
READ 1yFECLENINPCRyINSFMP,NBMAXyN2LHIU FK2.133
ICON=0 . ‘ FK2.134
STAa(2)=0 FK2.135
CZERO=(MPLX(U.C,0.0) FK2.13¢
CI=CMPLX{U.Cy1.0} FK2.127
SPECS(121=9Y, . FK2.138
NPTT=2%%NPCW FK2.13G

Ce DUE TU THE LIMIT UF LCMy SET MaX. NPTF=226. FK2.140
NPTF=NPTT/2 FK2.141

IF (NPTF.GE.226) NPTF=2206 FK2.142
SAMIN=RECLEN/FLOAT {NSMP~1) FK2.143
PERIOD =(SAMIN)*FLOAT (NPTT-1) } FK2.144
Pl=4.%ATAN(1.0} ) FK2.145
PI2=2.0%P1 FK2.146
CALL HAMMININPIT,PIZyh,ENW) . FK2.147
M1=NPTT*MTAPER/100 FK2.148
M2=NPTT-M] ) FK2.149
NTAPEK=0 FK2.150
READ 24 NPLEV, (PLEVEL{I)},1=1,10) ‘ FK2.151

) . FK2.152

DO 110 I=1,NPTF . ] FK2.153

110 FREQ{I)=FLOAT(1)/PERICD FK2.154
: . FK2.155

READ 34 ICONVEN, IFKPLLT ¢NVSDPL, (NVSDIT1),41=1,12) FK2.156

IF {ICUNVEN.NE.1) GU TC 198 FK2.157

DU 140 I[=1,12 . FK2.158

140 wSPA(1)=1.0 FK2.159

198 READ 4MORE2+JCCHERyIFKPSDy ISKARRyNSyNAVL e ITRANS ¢NEW, BWCUT»SCALK,SFK2.160
1PACINSSTALL) ) FK2.161
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READ S5eNVFY INFY(1)o1=]14NNFY)
NFL=NFY(2}=NFY(1)
DO 220 1=2,NNFY
Tl=1+1
NF2=NFY(IL)-NFY (]}
IF (NFLJNELNF2) GU T0O 227
IFKYPL=1
IF (11<GELNNFY) GU 10 229

220 CUNTINUE
G TO 229

227 IFKYPL=U

229 LUNTINUE

Ce STATEMENTS FK2.170 AND FKZ2.22¢C ARE USED ONLY wHEN THAT

C. 3 RECURDS/ARRAY ELEMENT, N2500=2, AND THE FIRST KECORL BEING TO

C. ESTIMATE FKPSD.
{DEL=-1
NDTIME=N2500#%NS
READ 6y (DT IME(1)+I=1oNDTIME)
NAV=NAV1*2+]
NAV2=NPTF=-NAVI]
XKIN=(=-140)/(2.0%SPALIN)
XKIN=XKIN®SL ALK
DELK=(-2,0%XKINJ/FLUAT(NKX=]1)
RZAD To(x{1)4]1=14NS)
If (EGF(OLINPUT Nk «D) CGU TU c67¢
CALL SELUNULTIME)
PRINT 1l4,T1ME
NSKCON=Q
Du 733 J=1sNS
NSCON=NSCUN+] |
READ BoSTATyINNSKIPo{NSKIPLI)1=1+9))sCGAIN,RSRD,DHPFT

PRINT 15,STATNPTTyICCHER,y IFKPSO,STALL)2SPACINGXKINyDELK,X{J)

PRINT 1osICONVENs TFKFLUT  NVSUPLGAIN
n3512=90
M=D
G TCL 377
373 PRINT 17

377 READ (3) (NDAYS NHCURS,NMIN,ANSEL)
IF (EOF(3).NEL0O) GG TC 373
READ (3) (NCAYST,NFCUSTMINT,NSELT)
READ (3) (STATN(JI NGy JJ)
IF (STATN{J).NELSTAT) GC TU 2675
READ(3) (NVAL(I1)4I=14NSMP)
READ (3) (MORE) :

IF (ISKARR.NE.O) GO TO €02 ,
DU 460 I=1,NNSKIP . :
IF (NB.EQLNSKIP(1)) GG TO 602

460 CONTINUE

SHIFT=0.0

DU 480 10C=1,NSMP

SHIFT=SHIFT+FLOAT (NVALLIDC))
480 CONTINUE

SHIFT=SHIFT/FLOATINSMP}

D0 510 T0C=1,NSMP

NVALLIDC)=NVALCIDC)=SHIFT
510 CONTINUE

FK2o102
FK2.163
FK2.164
FK2.165
FK2.166
FK2.167
FK2.,168
FK2.169
FK2.170
FK2.171
FK2.172 '
FK2.173
FK2.174
FK2.175
FK2.1751
FK2.176
FK2.177
Fr2.170
FK2.179
FK24180
Frz.lal
FK2elc2
FK2.183
Fr2.1b4
24188
FKZa186
FK2.187
FK2.183
FK2.149
Fr2.193
FK2.161
FKZ.192
FK2.,19%
FK2.194
FK2.1%5
Fil2419¢
FKeolo7
FKZ41l98
FK24199
FK24200
FK2.201
FK2.202
FK2.203
FK2.204
FrR2.,205
FK2.206
FK2.207
FK2.20¢
FK2.209
FK2.210
FK2.211
FK2.212
FK2.213

FK2.215
FK2.216
FK2.217
FK2.218
FK2.219
FK2.220
FK2.221
FrZ2.222
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LJ=1 FK2.223
FK2.224

C. SEE NOTE AT Fr2.174 ABCUT THE STATEMENT FK2.226 FK2.225
10EL=1DEL+2 : FK2.226

, FR2.221
NADV=CTIME{ IDEL )/ SAMIN ’ FK2.228
FKZ2.229

Coeaeommmmmm oo e -~ ---FK2.23GC
Ceesa e APPLYING HAMMING wiINDCw . FK2.231
Coomeammm o oo o o e e e e e e e e FK2.232
521 Dy D30 A=1,NPTT ) ) FrZ2.233
RANZ (RANF (01 ~0.51%3.65 FK2.234

[« NVALIK+LJ)=NVALIK+LJI) +KAN FK24239
DATA(K)=CMPLX(NVALIK+LJ+NACV)2CAIN*W{K)+0.0) FK2+23¢

540 CONTINUE . : FKz.237

' . FK2.233

PRINT L8,STATN(J)»NB,CTIME{ICEL),NADV o FK2.239
FK24240

IF (NUS12.NELO) GUL TU €323 : : FK2.241

PRINT 19y (NVALGJN) yJN=1,NPTIT) : : FK2e242

IF (TCUNGNELQ) GO TN 6322 o FK2.243

CALL SECOND(TIME) ' C FK2.244

PRINT Loy TIME FK2,24%

G TG 633 : FK2.240

6062 PRINT 20,STATNIJI AL : FRZ.241
IF (MUKE«EW.0.ANUNLS512.EQ.0) GU TC 621 : FK2.248

GO TG 723 ‘ FK2.24%

621 PRINT 214STal FK2425%
: IF (NSKCULNL.GEenS) GL TU 193 : FK2.251
GO 10 732 FK2.252

. FK2e25%

R e T L -— ——meme~~—-FKZe254
CeeseoFFT AND THE CORKECTICN FUR SYSTEM RESPUNSE FK2.255
Cavansomm o e e e e e e e e e e FrRZ.256
€33 CALL FFT(DATA,NPORNPIT,PL) FK2.257
DU 640 NF=14NPTF FK2.256
DATAINFI=CUNJGICATACNF )} FK2.259

640 CONTINJE FRZ.260
IF (kS«GT.1.0) CALL GECFHGN{UATA,PIZ2,CMPFTRUsKSyNPTF) FK2.261

1IF (iimenEsU) CALL ANTIALI(CATA,PI24NLwyLWLUT)NPTF) FK2.262

IF (ICONGNELD) GC TC 072 FK24263
ICUN=1 , - FK2.264

CALL SECUND(TIME) : FK2.265

PRINT 14,TIME ) FK2.,260

672 NB512=NB3512+1 ’ ’ FK2.267

- DO 700 NF=1,NPTF : FK2.268

700 XF(JyNB512yNF)=DATAINF+1)%2.0*SAMIN : FK2.269
FK2.271

) FK2.270

IF (NBS12.GEJNBNAX) GO TU 726 ’ FK2.2172
FK2.2173

720 CONTINUE : FK2.274
Ld=LJI+NPTIT FK2.275
LJCK=LI+NPTT FRZa2TE

IF (LJCK.LTONSMP) GO TL 521 FK2a2117

725 IF (MORE.NEL.U) GO TU 377 FK2.270
726 IF (MUKEJNELO) GL TU 371 : FR2.279
NREC=NBS12 FKZ.2380

T30 CONTINUE \ FK2.281
CALL SECUNDITIME} . FK24282

PRINT l4,T1ME FK2.283

PRINT 22,NBS12,NAV FK2.284
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IF (NB512.EC.0) GN 10 1%8
TERMZ=1.U/{2.0%FLCAT(NBS512*NAV)=-2.C)
TERM3=SURT(FLUATINDSL2*NAV ) *TERM2 ) *Z95
CALL SECOND(TIME)

PRINT leyTIME

FK2=265
FK242380
Fr2.2817
Fr2.258
FK2.289
FKZ290
FKZe291

R — -

Ceeee s CONSTRUCTING THE SPETRAL MATRIX SM{JS,LSyNF),IN THE UPPER TRIANGLE

Coooen

OU 1070 wNF=1,4NPTF
DO 1050 JS=1,NS
00 1050 LS=JSyNS
SF =CZEKDT
DO 1040 M=1,NREC
F=XF{JSyMyNF)
FF=CONJG(XF{LSysMsNF))
F=F*FfF
SF=SF+F

1040 CONTINUE
- SMUJSHLSINFI=SF/FLCAT(NKEC)

1050 CONTINJE

1060 CuUnNTIiNJc

1070 CanTInUE
CALL SECOUNDITIME)
PRINT 14 ,TIME
PRINT 8749 (SM(L1s1oNF)WNF=1,NPTH)
PRINT ul9,(SMULa640F) NF=] ,NPTF)

BT79 FURMAT (L1HC 9 Z2Xe®SML1#%y//42402X+128104247) )

IF (RVSDUPLLLT.1) GM TL 1227
DJ 1220 1v3bL=1,NVSLPL
NV=NVSO(IVSD)
REAL 24y AMGAIN,VOCFSyRLLUT
PRINT 295y AMGATHy VCLFS,RCCUT JENW
DO 1200 NF=1,N+TFH
TVS=KEAL(SMINVyNVyNF )}/ (PERICC*ENRW)
VSINF)I=SURTITVS)
1200 COnTINUE
IF (VCOFS.LT.1.0) GUL TL 1212
CALL AMPVCO(VSyNPTF,ANMGAIN, VLCFS,RCCUT
1212 CONTINUE
PRINT 8794 (VS{NF)yNF=1,APTF)
CALL PLOTVS
CALL NXTFRMUSPECS)
1220 COUNTINUE
1227 CONTINUE

)

vy

L )

CGMFPC

FK2.292
FK2.293
FK2429%
FK2.295
FK2.29¢
Fr2.297
FR2.2Gb
FK2.2Y99
FK2,300
FK2.301
FK24302
FK24302
FK2e304
FKZ2.305
FK243 00
FKca3GT
FKZe30d
FK2.30%
FK24312
FrKZo311
FKZ.312
FK2.,312
FR2.214
Fr2.315
FX2.3)u
FKZ3217
FKZ2.31%
FK2.319
FK2e320
FK¢e3Z21
FK2.322
FKZe3d2%
FK2.324
FK2.,32%
FKZe3co
FK2.327
FK2.328
FK2.329
FK2.330
FK2.331
FK2.332
FK2.323
FK2.334
FK24335
FK2.336
FK24337
FK2.330

IF (NAVJLE.L) GC TU 1377

DU 1360 JS=1,NS

D3 1350 LS=JS,AS

DO 1320 NF=1,NPTF

IF (NF.LEJNAVE) GO TO 1216 .

IF [NFJGEWNAVZ) GU TO 1316 T
SF=10.0,0.0) - o b -

NENTS.

FK2.339
FK2.340
FK2.341
FK2.342
Fr2.343
FK2.344
FK2.345
FK2a340




1300

1316
1320

1340
1350
1360

1377

1460

1530
1540

156C
1570
1569
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DO 1300 NA=1,NAVI]
I1=NF-NA
12=NF +NA. . :
SF=SF+SHM(JSsLSsI1I4SMIUSHLSHI2)
CUNTINUE
SFaSF+SMIJSILSINF]
TINF)=SF/FLOAT(NAV)
GJ TG 1320
TINF)=SM(JS+LS,NF)
CUNTINUE
U0 1340 NE=14NPTF
SM{JS LS NED=T(NF)
CUNTINUE
CUNTINUE
CONTINUE
Js=1
LS=1
PRINT 264 (SMIJS,LSyNF)yNF=1,APTF}
CONTINUE

IF (ITCUHEKRNELLD GL TU 15¢%
DU 1540 JS=1,H%
DU 1530 LS=JSyNS-
IF (JSCEQ.LS) GC TL 1520
DJ 1400 HWF=14NPTF
SMTEMP=SM(JSyJSyNFI*SM{LSLSINF)
DEN=CSQRT(SFTEMP)
SMUJSeLS oNF}=SM{USyLSyNF)/DEN
CUHINF)=CALSISMIJSHLS NF) )
CONT IWUE
CALL CONFLIM(TERM2,TERNZ,NPTF)
CALL YPLOT {COHsLoNPTFo141.Ca0aUsSTATRNEIS)LS,FPEL)
PRINT 274Nbblz
PKINT 24
PRINT 294t ERRBUMLE) 4 EPKEDITE) s JE=TWNPTF)
TSTA=STATN(JS)
IF (JS.6T42) GU TO 1530
CALL PLOTCUR{ISTAWLSNPTF)
CALL NXTFRM(SPECS)
CONTINUE
CUNTINUE
D0 1570 JS=1,NS
DO 1560 NF=1,NPTF
SM{JSsJSyNF)=1.C
CUNTINUE
CONTINUE
IF (IFKPSD.EQ.0) GG TO 2671

PRINT 30

Call SECOGND(TIME}
PRINT 14,TIME
PDB=0.0

DG 2600 NF=1,NNFY
NVEL =0

FRZ2TH
FK24376
FK2.2T71
FRZ.3T¢C
FK2.279
K238V
FK2.361L
FK2.382
FK2.335
FK2.304
FK2.385
FKz.3b0
FKee3817
Fr2.383
FK2.38Y
FK2.390
FK2.39%1
FK2.392
FK2.393
FR2.394
FK2.395
FK2.35%6
FK2.397
FK2.398
FK2.397
FK2.400
FK2.401
FKR.402
FKZ.403
FK2.404
FK2.405
FK2,400
FR2.407
FX2.408



16217

Cevoen

Connee

1690
1700

1710
1716

1722
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NFP=NFY{NF)

FREQCY=FREQ(NFP)

IF (FREQCY.LT.B.0) GO TC 1627
XKIN={~1.0)/(2.0%SPACIN)
KKIN=XKIN®2, 0%SCALN
DELK=(—2.0%XKIN)/FLOAT(NKX-1)
CONTINUE

NOEMALTZED THE SPECTRAL MATRIX Al

FK2.409
FK2.410
FK2.411
FK2.412
FKZze4l3
FK2.,414
FK2.415
FKZ2.416

IF (ICOHERGEQ.L) GU TU 171¢

DO 1700 JS=14NS

D3 1690 LS=JS¢NS

IF (JS.EQ.LS) GO TU 1l6%C
SMTEMP=SM(JS s+ JSNFPI®SM(LS LS NFP)
DEN=CSUKT(SMTEMP}
SM{JSLSINFP)=SNMLUSLSyNFP)/DEN
CUNTINUE

CUNTINUE

OL 171G JS=14NS
SHLUSHJSeNFPI=1.0

CONTINUE

COnNTINUE

PRINT 41

PMAX1=0.0

DO 2350 KX=14NKX
XKAKX)=XKIN+DELKAFLOAT(KX~1)
Du 2340 KY=1,NKY
YK(KY)=KKIN¢UELK2FLCAT(KY-1)

IF (ICONVENGEC.L) 6O TC 2213

Ceaaa s CONSTRUCTING THE WAVE AUMSEPRP MATRIX.

Convan

Cocnea—

Coneea

DU 2350 JS=1,4NS
D3 2040 LS=JS¢NS
SMNPFLJS oL SI=SM{JUS,LSsNFP)
IF (JS.EQ.LS) G TG 20z1
TL=x{JS)-X{LS)
DX=REAL(TL)
OY=AIMAG(T1)
AEXP-XK(KX)*DX*YK(KY)*DY
AEXP=AEXP*P 2
E=CMPLX(0,0yAEXP)
E=CEXP(E)
SMNPF(JSyLS)= SMNPF(JS'LS)‘E
SMNPF(LS,JS)= LONJG(SFNPF(JS,LS)D
GO TO 2036

R

FK2.,417
FKZ.414
FKZe4ly
Fr2.420
FKZ2.421
FK2.422
FKZz.423
FK2.424
FK2.425
FK2.426
FK2.427
FK2.423
FKZo429
FK2.430
FK2.431
FK2o.432
Fr2.433
FK2.434
FK2.435
FK2.436
FKZ437
FR2.,438
FK2.43%
FRK2.440
FK2.441
FK2.442
FK2.443
FK2o444
FK2.445

CUNS]RULT[NG v MATle (VN = (SMy 1)

V{iJsS,LS)=1.0

GO -T0 2040~
VlJS,LS)=SMNPF(JS.LS)
VLS yJS)=SMNPF(LS,JS)
CONTINUE ’
CONTINUE

NSS=NS+1

FK2.44¢
FK2.447
FK2.448
FR2.449
FK2.450
FK2.451
FK2.452
FK2.453
FK2.454
FK2.455
FK2.456
FK2.457
FK2.458
FK2.456
FK2.460
FK2.461

FK2.462

FK2.463
FK2.464

- FK2.465

FK2.4606
FK2.467
FK2.408
FK2.469
FK2.470
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NSE=NS%#2 i
DO 2100 JS=1sNS
D0 2070 LS=NSS,NSE
LS1=LS=NS ' '
IF (J5.EQ.LSL1) GG TO 2Ce67
VUJS+LS)=CLERD
' GO TG 2070
2067 VIJSyLS)=1.0 "
2070 CONTINUE
2100 COUNTINUE

FK2.4T1
FK2.4T2
FK2.473
FKZo4T4
FK2.475
FK2.4706
FK2.477
FK2.478

FK2.479 :

FK2.480
FK2.461

FKZ2.482
FK2.463

CALL CMXDIVINSyNS+DET+12,4V)
DO 2130 JS=14NS
DO 2120 LS=14NS
NSS=LS+NS
SMNPF{JSysLS)I=VIJSINSS)

2120 CONTINVE

2130 CONTINUE

FK2.484
FK2.485
FK2.486
FK2.487
FK2.4B8
FK2.489
FK2.492
FKZe491

FKZe492°

SUMQJL={U.040.0}

DO 2160 JS=1,4NS

DU 2150 LS=14NS

S SUMGJLESUMGUL+SMAPF(JS4LS)
2150 CONTINGUE
2160 CONTINUE

DU 2210 JS=14NS

SUMWL=(0.040.0G)

DO 217J LS=1,4NS

SUMQL=5UMQL+ SMNPF(JS,LS)
2170 CONTINJE :

MLF(JS)=SUMIL/SUMQIL

MLF{JS)=CuNJGIMLFLJS))
2210 CONTINUE

GO TO 2224

2213 DO 2220 -LS=14NS
MLFILS)=CMPLXIWSPA(LS)»C.0)
2220 CONTINUE

2224 DO 2250 JS=1,NS
TX=REAL(X{JS})
TY=AIMAG(X(JS)]}
BEXP=XK{KX)*TX+YK(KY)*TY
BEXP=BEXP*P[2
E=CHPLX{ 0.0y BEXPI
EKX{JS)=CEXP(E)

2250 "CONTINUE !

~FK2.493

FK2.494
-=~FK2.495
FKZe49c
FK2.497
FK2.4%94
FK2+:499
FK2.500
Fk2.501
FK2.502
FK2.503
FK2.504
FK2.505%
FK2.50¢
FK2.507
FK2.508
FK2.506
FK2.510
Fr2.511
FK2.512
FKZ.513
FKZ2.514
FK2.515
FK2.516
FK2.517
FK2.518
FKZ2.519
FK2.520
FK2.521
FK2.522
FK2.523
FK2.524

D0 2320 M=1,NREC
SUMFUN=CZERD
DO 2310 JS=14NS

FK2.525
FK2.526
-——-FK2.527
FK2.52b
FK2.52Y
FK2.530
FK2.531
FK2.532



¢
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CFUN=MLF (JS)*XFLJSyM NFPY2EKX(JS)
SUMFUN=SUMFUN+CFURN
2310 CONTINUE
FUN=CABS(SUMFUN)
SUMM=FUN*FUN
SUM=S{MeSUMM
NBC=NB(+1
2320 CUONTINUE
PIKXyKY)=SUM/FLGATINBC)
IF (PIKXyKY)LTPMAX]L) GUL TL 2340
PMAX1=P{KA+KY}
2340 CUNTINUE
2350 CONTINUE
EKPMAX INF)=PMAXK]
1F (FKPMAX{NF).LT.PDB} GU TO 2353
PDB=FKPMAX (NF)

72353 CUNTINUE

Cecane

FK2.533
FK2.534
FK2.535
FKZ.53¢
FK2.537
FK2.538
FK2.539
FK2.540
FK2.541
FK2.542
FK2e542
FK2.544
FK2.545
FK24.546
FK2.547
FK2.548
FK2.549
FK2.550
FK2.551

Cooes s TRANSFORMING THE FKPSU INTO DECIEAL SCALE WITH RESPELT TC THE PEAKFK2.552

CoeooesfKPSND IN FALH FREQUENLY CGMPCAENT,

THEN PRINT THE RESULTS.

PRINT 31,FFEQLYsSTA(L) sFMAX]1 9 XKIN,CELKyNFY (NF)

PRINT 3¢
PRIAT 33
DG 2480 KY=1,yNKY
DO 2470 KX=1¢NKX

P{KAYRY) =10 0%ALLGLUIP KX KY ) /PMAXTL)

NPIKAyRY)==10%P (KA, KY)
TF (PIKXgKY)LTL0,0) GL TC 2470
XKPMAX=XK{ KX ) 2XK(KX)
YKPHAXTYK(KY)*YK{KY)
NVeb=nvel+]
DELKH=U.5%DELK
TEMPK=SURTIXKPMAX+YKPMAX)
IF (TEMPRKLLTLDELKH) GL TU 2454
VELINVEL)=FREQLY/TEMPK
GO T 2457

2454 VELINVEL}=99%.999
THETA=u. U00
AZIMUINVEL)=CL0I0
GO TJO 2470

2457 CONTINUE
THETA=57. 2955#ATAN2(YK(KY)'XK(KX))
AZIMUINVEL)=90,0-THETA- = v+t .

IF (AZIMU(NVEL).GE.0.0} GU TO 2470 )

‘ALIMUINVEL)=36U. OOAZIMUINVEL)
2470 CONTINUE
2480 CUNTINUZ

DO 2530 JKY=1,NKY

JY=NKY=JKY+1l - * . S

IF (JY.EQ.21) 6L TO 251¢ 5

PRINT 34, (NPIKXyJY)yKX=1oNKXH

G0 TO 2530 O
2516 PRINT 35,(NPIKX,JY ) KX= I.NKX)
2530 CONTINUE

PRINT 33 . :

PRINT 32 © .~ : A

PRINT 3&.(VEL(1V).IV=I.NVEL) S

PRINT 37,(AZIMU(IVI'IV=X‘NVFL) ST : )
IF (IFKPLOT.EQ.1) CALL FKPLCT(FPEQCYvlCONVEN'NAV;PMAXI)

~

CE R

FKZ4553
FK2.554
FK24555
FR2.556
FK24557
FK2.558
FK24553
FK2+5060
FK2.5L1
Fr2.562
FKZe5L3
FK2.504
FK24565
FK2.506
FKZ2.567
FK2e506E
FKZe50y
FK2.570
FK2.571
FK2.572
FK2e5T3
FK2.574
FK2.575
FKZe576
FK2.577
FK2.578
FK2.579
FK2.560
FK2.581
FK2.582
FK2.583
FK2.584
FK2.585
FK2+580
FK24587
FK2.588
FK2.589
FK2.590
FK2.591
FK24592
FK2.593
FK24594




CALL SYMCUNT (P NKXyNKY) FK2.595
CALL SELONDITIME) FK2.596
PRINT 14,TIME FR2.597

IF (NF.EQ.NNFY.AND.MOREZ.EQ.0)} GC TG 2600 FKZ.5%%
CALL NXTFRM{SPECSI . FK2.599
2600 CUNTINUE . FK2.600
PRINT 38+STA(1}) FK2.601

DO 2650 I=1,NNFY FK24602
NFP=NFY{I) FKZ2.603
FYP(I)=FREWINFP) FR2.604
PMAXDE(1)=10.0%ALOGLO(FKPMAX L) /PMAXREF) - FK2.605
PRINT 39,1 4NFPsFYP(1)sFKPMAALL}PKAXDEL]) FK2.600
2650 CONTINUE FK2.607
1F {JFKYPL.EGel) CALL YPLOT(PMAXDE+LsNNFY31930e9-30.9STA{L)}1+FYPIFK2.600
2671 IF (MORE2.NE.O) GG TO 198 FK2.606
2672 CALL GOSEND(SPECS) ’ . ‘ FK2.610
GO TO 2710 FK2.0611
2675 PRINT 404JySTATN(J)STAT FK2.612
2710 CONTINUE FK2.613
Call SECONDITIME) FR2.614
PRINT 14,TIME FK2.015
FKZ.61¢C

FKZ2.617

1 FORMAT (F5.0,415) : FRZ.618
2 FORMAT (1541CFu.0) ' FK2.619
3 FURMAT (1515) FK2.620
4 FORMAT (a13,3F5.0,A10) FKZeb¢l
5 FORMAT (1415) FrR2.622
6 FURMAT (lofF5.3) FRK2.622
T FORMAT (10FB.41 FK2.624
8 FURMAT (ALlUy1012,44F%.0) FK2.€25
14 FORMAT (15K #TIME = %,F15.4) . FK2.62¢
15 FIRMAT (1HOQW///41TH 933Xy *THE DATA CAME FROM *,Al0FKZ2.627
Lo/ 950Xy *NUMBER GF PCINT IN VIME DUMAIN = #%,J49/450X+*ICOHER = #,[1FK2.626
13/ 950As*JEKPSD = %,114/ 450X #STA = *4AL0y /950X *SEISMOMETER SPACINFKC.027
16 IN KM = %,F643,/ 950X *INITIAL KX AND KY = ®4F7,2¢/450X,*DELTA K FKZ2.630
1= %,F7.3,/,50Xy*COOPD INATFS OF THE SFISMOMETER IN KM = #,2F7,3,/) FK2.631
16 FORMAT 11HO,4SX, ¥ JCUNVEN = %,12,/4SOXs*IFKPLOT = #,12,/+50Xy*NVSDPFK2.632
1L = #,124/+50Xy%GAIN = #,4,E12,3,//) FKZ.633
17 FORMAT (1HO,10X,*END OF FILE MARK ENCCUNTED*,//) FR2.634
18 FURMAT (LHU,LOXs#*STATICN *4AL0oI3¢% TIME CCRRECVION 1S *,FB8.3,% SEFK2.635
LCUNDS, WHICH CURRe TU *415,% POINTS ADV. IN OIGITAL DATA.*} FK2.6306
19 FORMAT (2Rr151093X951693Xy51€43Xy516) . FK2.637
20 FORMAT (LHU, LOXy*THE PRCGRAM SKIPS THE RECORD *,A10,13,% AS REQUESFKZ2.638
1TED.*) FK2.639
21 FORMAT (1HO,/410Xs2THE DIGITAL DATA FRCM THE STATION *,AL0y* GIVE FK2,040
INBS512=0 WHEN MURE=0.%) . FKZ.041
22 FORMAT (LHO,9Xe%NC. OF 512PTS CATA BLOCK = %, 15, % RUNNING AVE. OUVEFK2.642
IR %4144% POINTS.*,/) ) FK2.643
23 FURMAT (1HO 12Xy ®SML*y//424(2X412E10425/7)) FK2.644
24 FORMAT (3F5.0) FR2.645
25 FORMAT (1HOs* AMPLIFIER GAIN = *,FEa2,* VCU FULL SCALE = #,F5.1,%FK2.06406
1 RC CUT = #,F5.1+% w ENERGY = #*,£10.3) : ' FK2.647
26 FORMAT (L1HO 2ZX+%5M2%, /7924 (2X912E10429/)) FK2.048
271 FUKMAT (//742Xe%NB51l2 = #4151} : FK2.649
28 FORMAT (3X,y%95 PERCENT CONFIDENT LIMIT#*,/) FK2.650
29 FORMAT (10(3Xy2F5.2)) : FK2.651
30 FURMAT (1lHo) FK2.652
31 FORMAT (LlHL+1Xs*#FREQUENCY WAVENUMBER POWER SPECTYRAL DENSITY AT FREFKZ2.653
LUUENCY = %,FT.2,% AT%,A10,/2Xo*MAXTIMAL PSD = *#,E12.34/792Ky*¥NCFK2.654
LTE THAT THE VALUES PRINTEC ARE (-10)(PSO/PMAXL) IN Du.#*4/+2X¢*X295FK2.655

-170-

1 = #4F9.3,2Xy#DELTA K = *,F9e3¢//22Rs*NFY = *4,134///111171117) FK2.656



32
33
1
1
34
35
36
37
38
39
i
40
1
41

FURMAT (64 Xy 1HO)
FORMAT (2Xy123H . .
. e) ’ .
FORMAT (1HO1Xy41013))

FORMAT (LHO,#0%,41(13),% 0%)
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s e o o o e o e e o

FORMAT (1HO,2X o*VELOCITY (KM/SECL) = #,5F10.3)
FORMAT (1HO.2Xy*AZIMUTH (UREGKEE) = *,5F10=3)

FORMAT (1H1,4X,A10,/)

FORMAT (2154% FREQUENLY

vE DOY)

FORMAT (LHO/// 4% Tt PROGRAM STCPS CDUE TGO STATN(#*412,%) -
2 ¥ wHICH CONFLICTS WITH STAT = ¥,A10)

FURMAT (1HQ)
STQP -
END

SUBROUTINE AMPVCO(VS;NPTF.GAIN.VCCFS'RCCUYO

FK2.057
e oFK2.658
e oFK2.659
FK2.660C
FKZ.061
FK2+662
FK2.663
FK2.664
FK2.665

$9F7.29% MAXIMUM FKPSD = *,E12.3,F10.3FK2.600

FK2.6417

*yAl0OFKZ2.bbC

FK2+607
FK2.0T0
FK2.671
FK2.6T2

AMPVY(C .2
AMPVC.3

Coeees SUDRDUTINE AMPV(L CURRELTS THE GAIN ANL THE LGW=-PASS FILTERP LF THEAMPV(.4
AMPLIFIER ANOD THE vCO FLLL SCALE.
THE LOn~PASS FILTEK AT 25110 1S 2-FCLE RL FILTER.

C
C

1

CUMMUN /BLKL/ZFREG(226)
DIMENSION VS(226)
GATiN=GAIN/20.0
GAIN=10.0*%GAIN
ASGAIN®2048.0/VIOFS
D} L I=1yNPTF
U=FREGLIV/RLLUT
B2=p*B+1
VSII)=VSLiI®E2/A
VSUL=vS(1)1#]1.0F+0%
CONT INUE

RETURN

EnND

SUCRUOJTINE ANTTALIUVSPIcoNEWsBWCUT NPTF)

Ceeees SUBROUTINE ANTIALI 1S USED TU CUREECT MODULUS GF THE TRANSFER
FUNCTION UF ARBITRARY LOW PASS BUTTERWCKTH FILTER SUCH AS THE
ANTI-ALIASING FILTER USED IN THE HAVILAND hALL.

C
4
C
[

1

N3h = NUMEBEPR LF FILTER STAGE

NPOLE = NUMBER wF POLE CF THE FILTERG ' 1o cone

CUMPLEX VS

CUMAUN /BLK1/FREG(226)
DIMENSION VS(226)
NPOLE=4

DU 1 I=14NPTF
N=2#NPULE
A=FREQ(1)/8wWLUT
AzA®%N

B=SQKT (1+A)
B=b*ENBW
VS(L)=vS(ld)*8
CUNTINUE

RETURN

END

s

AMPVL .5
AMPVL . 6
AMPVC T
AMPV(C .8
AMPV( .Y
AMPV( a19
AMPV( .11
AMPVC.12
AiPVCe13
AMP /L. 14
AMPVC .15
AMPY( .16
AMPVC .17
AMPY( .18
AMPVC.19
AMPVC .20

ANTAL .2
ANTAL.3
ANTAL o4
ANTAL .S
ANTAL. 6
ANTAL .7
ANTAL .8
ANTAL .9
ANTAL .10
ANTAL.LL
"ANTAL. 12
ANTAL.13
ANTAL. 14
ANTAL.15
AhTal.l6
ANTAL .17
ANTAL .18
ANTAL.1lY
ANTAL .20
ANTAL .21
ANTAL.Z2
ANTAL .23




202

20y

219

238
239

249

250,

252
253
259
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SUBRDUTINE CMXDIVOINyIMyUET101MaV)

REPLACES B BY (A INVERSE}*B. CESTRCYS A. :
A 1S N BY Ny b IS iv BY Ma A AND E ARE STURED IN VINehtn},

CUMPLEX SAVE PIVOT,DETERM,DETsVyCALS
OIMENSILN VIIDINM, 1)

INTEGER P

N=TN

M=1M

NAl=N-1
NP1 =N+1
NPM=N+M |
DETERM=(1.0E040.0EC)
p=1
CONT INJUE
IMIN=P+]
FIND PIVIT

PRIViIT=0.,0E0
DO 233 [=PyN
RSAVE=LAGS{VIIP})
1F (RSAVE «LEe RPIVLT) GC T1C 209
PPIVUT=RSAVE
1316=1
CORTINUE
If (#PIVOT «0T. CeOkui) GC TCL 21C
DETECA=(JeVEUYyULUEQ)
6o Tu 29

. FOn TALHANGE ANL PO REDUCT TJiv
PAVUT=VIID1GHP)
DETERM=DETEFMEPIVCT
DJ 219 J=PoiNPH
SAVE=V(I3I1G+J)/PIVLT
VIIBlGyd)=vIPyJ)
VIP +J)=5SAVE
CJINTINUE
IFUIBIG oNEs #) DETERM=-DETERM
IF (P «GEe N) GO T 250
V(PePI=(1eGEVyCLUED)
cLCCK KREDUCTICKN
DU 239 1=IMINsN !
D0 238 J=1MINyNPM
VT JI=sVIL o JI=VI1yPI*VIP )
CUNTINUE .
VII+P)=(UaCLOy0.UEC)
CONT INUE
P=P+]
GO TU 232

LACK SUBSTITUTION

CONTINUE
IF (M JLEe 0) GO TO 290
DU 259 K=NPLlNPH
DJ 253 P=1,NM]
I=N=-pP
D 252 J=1,NM1
VIIoKI=VIT K)I=-VIJ+1,K)¥VIT4J*])
CONTINUE
CUNT INUE
CONTINUE

CuXDVe2
CMADV. S
CMXDV.4
CMAVV .S
C"XDVeo
CMXUV.T
CMXDV,.3
CMXDV.9
CMXOVel3
CMXDvV.ll
CHMXDVelZz
CMADV.13
CMXDVa.la
CMXIV.l5
CMXDVele
CMXDV,.17
CMXDV.18
CHUXDV. 19
CMADVS 2V
CMXDVe2ZL
CAXDV 22
LMXDY 23
CMXDV. 24
CHXUVe25

CHXDV.23

CMXOVL27
CAXDVae2h
CMXIV. 29
CMXOV.3D
CMXUV.2l
CMXOV 32
CMXIVe 33
CMAIV,. 24
CHKOVe3D
CMXIVe3L
CHMADVL3T
LMADV. 3y
CMXUVed2
CMXDV .40
CMXDVa4l
CMXDVes2
CMADV .43
CMXOV . 44
CMXDV .45
CMXDV.atl
CMXOV.aT
CHXDVead
CMXDV. 49
CMXDV.5D
CMXOV.51
LMXOV.5¢
CMXDV. 55
CMXDV.54
CMXOV.e5D
CHXDV .50
CMXDV.57
CMXDV.58
CMXDV .59
CMXOVebd
CMXOV.61
CHMXDV.62
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290 CONTINuUE
DET=DETERM
RETURN
END

SUBROUTINE CONFLIMITERMZ,TERM34NPTF)
CeweasTHIS RUUTINE CALCULATES THE: CONFIDENT LIMITS OF COHERENCE ESTIMATE

CuMdCh ZELK2/Cutr{2206)
COMM N /OLKL3/ERRBUILLU4) yERFBCIL1O4)
DIMENSIUON Wllo4)
Du 2 NF=14HPTF
A={1.,0+LUHINF) ) /(1.0-LCHINF))
WINF)=0.5%aL0G(A)
B=WINF)-TERM2
CU=B+TERM3
CO=3-TERM3
ERRLUINF) =TANH(CU)
ERRBUINF)=TANHILD)

2 LONTINUE
RETURN
END

SUBRMNUTINE FRTLA MyNyFIT)

CoancelrlS FFT SunRNUTINE PERFCKMS THE FCRWARC FAST FOURIER TPANSFURM
UNLY. AFTER CLCCLEYyLEWISywELCH,OBTAINEC FKCM L.F. RABINER AND B.
GulD-==- THEJRY AND APPLICATIGN CF DIGITAL SIGNAL PROCESSING.

c
C

CooeeeN=2%%M
CeeeecAlN) = THE ARKRAY OF DATA TC BE TKANSFCKMEL.

CUMPLEX AlN) ¢Uyh,T
NV2=N/2
NML=h-1
J=1
Du 7 1=1,nNM1L
IF (l.uvEed) GC TG S
T=A{J)
AlJ)=ACl)
AlT}=T

5 K=NV2

6 IF(K.GE.J) GC TC 7
J=J-K
K=K/2
G Tu &

T J=d+K
DU 20 L=1,M
LE=2%%|
LEl=LE/2
U={1.040.)
N=CMPLX(CCS(PI/LEI)QSKN(PI/LEI))
0G 20 J=1lysLEL : : '
DO 10 I=JeNsLE
1P=1+LEL
T=a(1P)*y
ALIPI=ACL)-T

10 A({l)=A(])+T

20 yYsJ*w
RE TURN

CMXDV.63
CHMXDV . G4
CMADV. 65
CMXDV.66
CMXDV. 67

CONFL. 2
CONFL .3
CUnFL .S
CUNFL WS
CONFL .6
CUNFL W7
CONFL 3
CONFL .9
CONFL.10
CONFL.11
CUNFL.12
CONFLG1>
CUNFL .14
CONFLL15
CONFL. 16
CONFLL17
CUNFL.13

FFT.2
FFT.3

FFT.4

FFT.5

FFT.6

FFTLT

FFT.8

FFT.9

FFT.10
FFT.11
FFT.12
FFT.13
FFT.l4
FFT.15
FFT.16
FFT.17
FFT.16
FFT.19
FFT.20
FFT.21
FFT.22
FFT.23
FFT.24
FFT.25%
FFT.26
FFT .27
FFT.238
FET.29
FFT.30
FFT.31
FFT,.32
FFT.33
EFT.34
FFT.35
FFT.36
FFT.37
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(Y FFl1.3%0:
SUBRUUTINE FKPLCT(FRECCYy ICONV NoNAY  PMAK FKPL.2
. . = FKPL.3
ves o THIS. SUBRGUTINE CONTGUKS THE FuEGQUENDY wavis . NSTTYFKPL.4
AT A SELECTED FREQUENLY ON A K: -KY PLAN: . - EKPLeS
FKPLAO
CUMMLN ZolKT/X1al)yYi41) FKPL.7
COMMLN fULKe/2(41441) FKPLe 8
CUMMUN ZBLKI/INK X yNKY . . FKPL. Y
Ludiuh /BLK10/ZLEVELCLU T WAL . . FKPLLLOG
COMMON /BLRLL/LINET2) FKPLLLL
COMMIN /BLKLI2/VELI5) ¢NVELyAZIMI. %) S FRPLL12
DIMENSIUN BUFXYZ(100)SPECS(35] : . FKPL.13
SPECS(1)=1.0 . FKPL. 14
SPELS(2) =145 . " FKPL.1b
SPECS(3)=X{NKX} FKPLL16
SPECS(4) =X(1) } FKPL,17
SPECS(5) =Y {NKY) ’ FKPLL 13
SPECS(6) =Y (1) FKPLL1Y
SPELS(7)=5,0 FRKPLLZQ
SPELSlu)=5.0 FKPL.Z1
SPELSELL)=1.9 : FKPL.CZ
SPLLST12h=594. FRPLL2Z
SPTCS(y)=2,0 FKPL .24
SPELSILO)=ca0 FKPL.2S
LaLt GDLILLUSPECS) FRPL.2CL
SPECS (300247, FKPL.2T
SPECS(3LIENKA ) FKPL, 28
SPECS(32)=NKRY . F&PL.2 7
SPeCS(33)=FLGAT(NL) FKPL o3y
LEUGTH=CLT FKPL.31
CAlL CONLI(XoYyZdyZL EVEL BUFXY LW LENGTR,SPELS) FKPL.32
SPELSI1T7)=0.15 FrpL .33
SPECS(1)=0.15 FRPL. 34
SPELSILY)=0.9 FKPL.3Y
SPECS(200=0.2 FKPLL 2O
SPELS(211=1.G FKPL.3T7
$PECSIZ22)=L.1 FXPL.3U
SPECS(23)=0.6 " FKPL.39
SPECS(29)=3,0 FKPL . 4D
KULE=1.0 FKPL.41
CALL SIGVAL (RULE,FREGCY.04SPECS) FKPLL 42
SPECS(221=6.9 FKPL.%3
CALL TITLEG(RULE.2HHZ,SFECS) FKPL.44
SPECS(22)=1.4 FKPL.45
SPECS(281=0,0 FKPLL 4O
VALUE=NAV FKPL.4 7
CALL DECVAL(RULE,VALUE,SPELS? FKPL.4&
SPECS(22)=4.5 FKPL.49
CIF L1CUNVENGEGCQ) CALL TLITLEGIRULE,4FHR., SPELS) FXPLLSG
IF (ICONVENCEQ.1) CALL TITLEG(RULE,SHCCNV .S - . : FKPL.51
SPECS1220=2.5 FKPL .52
CALL TITULEG(RULE,LINE,SPELS) FKPLLS3
SPELStLTI=0.1 FKPL,.54
SPECSI181=0.1 ' FKPL.55
SPECS{191=0,0 ) FRPL.5o
SPECS(24)=C.0 FKPL.57
SPELSI208)=1.0 FKPL.DE
CALL NUDLIB(SPECS) FKPL.5 Y

SPECS(26)=0.0 FKPLa GO
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CALL NUDLIL(SPECS)
SPECS(17)=0.15
SPECS(18)=0.15
SPECS(241=0.2
CALL TITLELU(14HKX (LYCLES/KM) 4 SPECS)
SPECS(z6)=0.4
CALL TITLEL(L14HKY (CYCLES/KM),SPECS)
SPECS(22)=6.1
SPECS(23)=6.0
SPELS(17)=0.1
SPELSI{LBI=u.1
CALL TITLEGURULESLLIFLEVELS (CL)+SPELS)
SPECS(23)=4.0
CALL TITLEGU(RULEyITHVELCCITY (KM/SEC),SPECS)
SPECS(17)=0.1
SPECS(18)=0.1
SPECS(22)=6.3
SPECS(28)=1.0
DN 5 L=1,NL
SPECS{23)=5.7-C.2%FLCATIL-1)
VALUE=ZLEVEL (L)
CALL CEFUVALIRULE.VALUE,SPECS)
S CONTINUE
SPECS(281=3.0
D3 o L=LyNVEL
SPELS(23)=3.8-0.2*FLiaTIL~1)
VALJE=VELIL)
CALL BELVAL (RULLEZVALLE,SPECS)
6 CUNTLivuC
SPELS(22)=1.C
SPECS(Z3)=120
DO 7 L=1,NVEL
SPECS(23)=3.8-0.2%FL0ATIL~1)
VALUE=AZEMUL)
CALL DECVAL(RULE,VALUE,SPECS)
7 CONTINUZ
SPECS(22)=0.4
SPELSI23)=1.5
SPECS{24)=4.0
CALL STGVAL(RULEPMAY L, JPCRER, SPELS)
SPECS(24)=641
CALL TITLEG(RULE,13FPPAX = EoSPELS)
SPECSI22)=17.4
SPECS(28)=0.
VALUE=FLOAT (1POWER)
CALL DECVAL(RULE,VALUE,SPECS)

RETURIS A -
END :

L E Tl 4:; EMNIS AP, ',)f;f' Ca
SJbRJUTlhE GEUPHbN(DATﬁ'PII’CMPFT'ﬁD'RS'NP'F)

e 1 KRR

Coeees SUBRCUTINE GECFHCN 1S USEP TO CORRELT THE, VELOCITY SENSlTlVlTY, :

C DAMPING RESISTANCE yAND GENERATCR CONSTANCE.
CoeeeoWG = NATURAL FREQUENLY CF. THE SEISMCMETER :LIN"HZ) .

C 6S = GENVERATCGR CONSTANCE OF THE s&lsuovs1en CIN vULT/METER/SEC).
C RS = COIL RESISTANCE, = i9%°F Tt o
c RD = DAMPING RESISTANCE. : iﬂ~‘ -
C DMPFY = DAMPING FACTCK, .
.3

COMPLEX DATA,EyPF ‘ ' . T
COMMIN /BLKL/FREQL226) B ”

FKPL.61
FKPL.62
FKPL.63
FKPL. G4
FKPLL6S
FKPL. GG
FRPL .67
FKPL.6B
FKPL.6Y
FXPL.TD
FKPL.T1
FXPL.T2
FKPL.T3
FKPL.T4

FKPLT5

FKPL.T6
FKPL.TT
FKPL.78
FKPL.T9
FKPL.BO
FKPL.B]
FKPLLB2
FKPL.B3
FKPL.B4
FXKPL.85
FKPLJBO
FKPL.B7
FKPL.BH
FRPLed"
FKPL.9J
FKPLLYL
FRPL.9Z
FXKPL.93
FKPL.94
FKPL.GS
FKPL.GC
FuPLa%7
FKPL. 95
FKPL.99
FKPL. 100
FKPL.101
FrRPL.1D2
FXPL.1U>
FKPL.104
FKPL. 105
FKPL.106
FKPL.107
FKPL.L0B

GEQPH.2
GEUPH.3
GEOPH. 4
GEOPH,.5
GEDPH.6
GEQOPH.T
GEUPH. 8
GEOPH.9
GEOPH.10
GEUPH.11
GEOPH.12
GEUPH.13
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DIMENSIIN PHASE(257)
DIMENSTION DATA(SLZ) , .
DATA WG/4.5/4GS/TT1T/ .
DATA LAG/lUHPFASE TEST/
WS=wieP 12

nS2=WS*WS

RUZ=2.0%0MPFT

RO=R0O*1000.0

RS=RS#1UV.0

D} 1 132,APTF
WE=PI2%FREUL1-1)

WEZ=ab¥nk

A=WE c—W52

A2=A%A

BSRU2#AS*nE

B2=i%Y

L=SQRT(A2+02)

AMP=wE2/L
PHASE (1) =ATAR2(t,A)
PA=PHASE( 1)

E=CH4PLX(S4GePA)

PH=LEAF ()
PKINT,Z.PHABE'PA,PF.ANP.UAYA(I)
FORMAT (DX,8E12.3)
Datall)=DATA(1)/CAVPEPE)

IF (RD.Gz4$97005.0) 6 TU 1
REKS+RT )
DaTAL1)=DATALT}SF/RD

CONT LM

Ke VURi

Env

SUSHOUTINE HAMYINIAPTT ok 120heENWD
DIMEASTUN WilNPTT)
ALFASD .04

ALFAL=1.0-ALFA

ASFLUAT({NPYT=}}/2)
ENL30.0 :

D3 5 M=l yNPTT

B=rLiAT (M4=1)
ARG=PI2%{B-A)}/FLOAT(NPTY)
W(M) =ALFA+ALFAL2CCSLARG)
ENR=ENw+N(M) 2R (V)

CUNT INVE

RETURN

END

SUBROUTIIWE PLOTCCHULABELL L oNPTF)

C.....THlS SUSPCUTINE PLhTS THE COHF"ENCE BETREEN 'TWO SEISMOHETFﬁ

c

UJTPUTS.

CUMMUN /3LK1/X(22¢) .

COMMON. 76LK2/Y(226)

COMMON 7BLK1 3/ ERRuL L1641y ERRBE(164)
DIMENSIUN SPECS(30),LINEL4)
SPECLSIL)=1.0

SPEC5(2)=1.%

SPECS(3)=25.0

SPECS(41=0.3 ,

GEOPH. 14
GEOPH.1Y
GEUPH.16
GEUPHGL1T
GEUPH.18
GEJPH.19
GEOPH,. 20
GEOUPHL21
GENPH, 22
GEOPH,23
GEUPH 24
GECPH.Z5
GEUPH.Z0b
GEOPH. 27
GEUPH. 20
GEUPH,.29
GEOPH.30
GEOPH.31
GEOPH .32
GEOPH .33
GEUPHG 34
GEGPH3S
GEGPHG 3L
GtuwPH .37
GEUPHL 3G
GEOPHLG3T
GELIPH .40
GELPR.aL
GELPH .42
GEGPH. 43
GEPH 4o

HAMMN ¢ 2
HAMMN . 3
HAMMN . &
HAAIN e &
HAMMN. &
Hammh, 7
HAMAN . 3
HAMMN . Y
HAMMN, 1O
HAMMN. L]

CHAMMN,. 12

HAMMN,. 13
HAMMIN. 14
HAMMN, 15

PLCOMHA2
PLCUH.3
PLLOR. &
PLLONLS
PLLOW. 6
PLLUHLT
PLLUH.B
PLCONH.9
PLLUH.10
PLCUH.LL
PLLOM.12
PLCOH.13
PLCOH. 14
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SPELSI5) =140
SPELSHIO)=0L0
SPELS(T)I=T.015
SPELS(B) =ba2
SPElS{lUl=10.0
SPECStLILY=1.0
SPeLS{12)=59,.

CALL AXLGLI(SPECS)
SPECS{¢viI==Galo
CALL SAXLGT{SPECS)
SPELS(27)=-0.1Y
CALL SAXLIRUSPELS)
SPECSEL3)=FLUATINPTE)
SPELS(14)=1.0
SPelS{l5i=1.0
SPELS(30)=9T,

CALL SLLGLTIUXyY4SPELS)
DU 10 I=1,NPTF
Y{I)=ECRbUll}
CONTINUZ
SPELSIL)=1T.u
SPECSIITI=0.0%
SPELS(154=0.04
CALL PSLLLIUK,Y,5PELS)
Ui bl I=s)NDTE
Yllbi=eriol1)

LMY INGE

CALL PSLoLTUXx,Y,8PELS)
SPILLllT)=aLl
SPELL(lal=,]
SPELH(EF17040
SPELS(21i=1a40
SPELS(24)=0,2
SPELSlE41=2.9

CALL MNOLGEZISPECS)
SPELSIL25)=0.0
SPELS(2u=0,.u
SPelbi2ud=le)

Cabe NCoilTi{SvelSi
SPECSLIT)=ullY
SPELSULIYI=UWLY
SPELSE2a)=0.2

Lall TITLES(LlarFrREQUERLY (HZ)4SPCLS)

SPELS(20)=90.0

SPFCS126120.4

CALL TITLEL(YHCLCHERENLE,SPFCS)
SPECSUITI=0.15 :
SPECH(Llol=gal)

SPECS(19)=0.0

SPECS{20)=0.C

SPECS(21)=1.0

SPELS(22)=2.C

SPECS(23)=6.0

RJLE=1.0

LINECL)=LabtELL

LINE(2)=U

CAll TITLEG(RULE,LENE,SFECS)
SPFELS(22)=4.5 oo
SPELS(28)=30.

VALUE=FLUATIL)

CALL DECVALIRULE,VALUE,SPECS)
RETURN :

PLOCOH . 1Y
PLCLH LG
PLCOUM 17
PLLUHL LG
PLLOML LY
PLLURL 20
PLCLH, 2]
PLLOH. 22
PLCUH .23
PLCUH G 24
PLLU 2y
PLlukezt
PLLUH. 27
PLLIHW 2o
PLLLHG2Y
PLCLUH.30
PLCUH.3]
PLLUH .32
PLLUMG 35
PLLUH. 34
PLLCHGSS
PLCMOH . 30
PLOu 3T
PLLUHL 3
PLL H .57
PLLOH L4
PLLub 4]
PLLCLH.42
PLLULM w3
PLLUH .44
PLLLH GO
PLLGH .4
PLUIH G T
PLLLF 40
PLLULHG G
PLCOH.Y S
PLCOHL 2]
PLLUHGES
PLCCHL S
PLC IR . 0%
PLLGH LSS
PLLLH DY
PLCOH O/
PLCOR.53
PLCOH,. 59
PLLUH .60
PLLUH .61
PLLOH02?
PLLHLG3
PLLUH G O4
PLLUH .65
PLCOHG GO
PLLOHGCT
PLLOH. 68
PLCUh by
PLLORL IO
PLLCUHL T
PLiun,. 72
PLLCOH. T3
PLLUH T4
PLCOHL TS
PLLUR . 76
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END ’ i PLLOHGTT
: : PLCUH. 78
SUBRUOJTINE PLUTVS : PLVS.2
: . ' PLVS.3
CeeoneTHIS SUSBRUJUTINE PLOTS THE VELCCITY SPECTRAL DENSITY IN LEG2LOG PLVS. &
CeoocasSCALE, PLVS.5
) . : PLVS.6
DIMERS 1IN SPECS(30) 4L INE(4) . PLVS.T .
COMMUN /BLKL1/X(226) © . PLVS.B
LUMMUN /BLKLL/STAT(2) . PLVS.Y
CUMMUN /BLKLG/Y(226) +NRECNPTF . PLVS.10
SPECS(1)=1.0 ) PLVS.11
SPECS(2) =1.5 PLVS. 12
SPECS(3)=25.0 . PLV3.13
SPECS(4)=0.3 . PLVS.14
D0 & 1=1,4NPTF PLVS.15
If (¥{1)eGT.1.06403) GC TC ¢ ) PLVS.1E
IF (Y{I)eLT.1.,0E-01) GC TN & PLV3e17
8 CONYINUE PLVS.18
SPELS(5)=1.UE403 . PLVS. 17
SPELS{G) =Ll UE~31 PLVS5.20
GO T 5 . © PLVS.2l
6 SPECIH(D5)=1.UF+04 PLVS. 22
SPECS(4)=1e0 . PLVS. 23
GU TO S5 PLV3.24
Y SPELSI5)=1.0E+0L : PLVS.25
SPECSLO=140E-03 PLYS. 206
5 SPELSIT)=T.075% . PLV3.27
SPECS(B)=5.2 PLVS.28
SPELS(11)=1.0 } PLV3.29
SPELS(L121=99, PLVS.30
CALL AXLGLG(SPECS) PLVS.31
YMaX3SPECS(5) ) PLVS. 32
YMIN=SPECSI6) . . PLVS. 33
DU 10 1=1,NPTF . PLVS.34
IF (Y(1).GT.YMAX) YUl)=YMax PLVS.35
IF LYUI) LT YMIND Y(I)sYMIN PLVS. 36
10 CuiT INUE PLVS.37
SPELS(25)=~0.1% : PLVS. 38
CALL SAXLGY{SKECS) PLVS. 3G
SPECSI271=-0W1b PLVS. 40
CALL SAXLGR{SPECS) PLVS.41
SPECS(13)=FLOAT(NPTF) : PLVS.42
SPECS(14)=1.0 ) . PLVS. 43
- SPECSILS)=L.0 : PLVS. 44
SPECS(30)=97. PLVS .45
CALL SLLGLGE XY, SPECS) PLVS. 46
15 SPECSE1T)=.1 PLVS.47
SPECS(18)=,1 PLVS.43
SPECS(9)=10.0 PLVS.49
SPECS(19)=2u.0 PLVS.50
SPECS(2L)=1.0 ‘ PLVS.51
SPECS{24)=0,0 PLVS. 52
SPECS(29)=2.0 PLVS.53
CALL NOLGHB(SPECS) PLVS.5%
SPECS(20)=0.0 : ) PLVS.55
SPELSI26120.0 PLVS. 56
CALL NOLGL(SPECS) PLVS.57
SPECS(17)=0.15% PLVS.58

SPECS(18)=0.15 PLVYS.5Y
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SPELS )= 0.2

CALL TITLEE(LlA4HFREQUENRCY
SPELS(2U1=9340
SPECLS(20i=3.4

CaLl TITLEL({30UHVSD
SPELSLILTI=alb
SPECS(15)=0.15
SPECS(19)=0.0
SPECSIZII=0. 3
SPELS(21)=1
SPCMS((J)*bcg
RULL=1.0
SPECSI22)=2.1°%
SPeisS{24)=0.0
VALUE=NREC
CCALL DFCVAL(RULE,VALUE,
LINE(L)=STATI(1)
LINE (2)=10hn
LINE(3)=0
SPECS(221=0.5
LALL TITLEG(RULEZLINEZSFECSH
RETURN

END

(HZbsSPELS)

(MILLIMICRON/SEC/SURTIHZ)I)SPELS)

SPECSI

RELCRDS

SUERESTI 0 SYRLERT Py N X NKY)

SUrUNTINE PLULTS THE FKPSE LY SYMELLS AT 4 FrECUENLY

CMPAENT,

COMALA /LK1 G/PLEVELEIU)»NPLE Y
DIMENSTUN Plalybl)yKEY(4L])
DATA KLy KZy K20 Ka gk hE/ 1RO LHTE 1R/ [H= o 1HS  [He/
DATA K171 /
PRINT T45C
750 FURMAT {1Ho}
PRINMT To0y (PLEVEL(I),i=1,NPLEV)
760 FurMAT {LWly%  CURTOUL LEVELS =
PRINT Y62
762 FURMLY (LWC e/ 0/07177117117077)
PRINT 7oy
700 FORMAT (o4x,it0)
PRINT T61
TOL FURAAT (2X4123F o+ o o o o o o o « o o o o =
L v v e s e e v e e e e e e e ee e e
1 . )
DO 100 JKY=] gNKY o,
JYSUKY—JRY+ ] - . o .
DU 200 KX=1,NKX PR - i
IF (P(KXyJY).CELPLEVFL(L1)Y) GG TO 10 R
IF {PUKAyJY) .GE. PLEV[L(Z)) GG TG 2¢ . . AR
IF (PIEX,0Y) . GL.PLEVELEZ)) 6L 1C 307 ° o
IF (D(KXy YD oGE PLEVEL(4)) -GG TG 40
IF (PLEAyJY)GELPLEVELLSY) GG TL 50
IF (P(KK'JV).GF.PLLVFL(L)) GC TC &G |
KEY{KX)=KT : I S
U TG 200 - STl ST
60 KEY(Kr)=K6 . : R
GJ TH 29D
50 KEY(KL)=K% G
G0 TU 200 oL
46 KEY(KX)=K4 Co o e

*,7E12.3)

PLVS. 60
PLV>.01
PLVS. 62
PLV5.063
PLVS. 04
PLVS.65
PLVS. 6t
PLV5.67
PLV3.b60
PLVS. 6y
PLVSe 73
PLVS. 71
PLVS.T2
PLVS. 73
PLVS. T4
PLVS.T75
PLVS. 76
PLYS.T77
PLVS.TE
PLV3. 79
PLVS. By
PLVS. 8L
PLYS. 82

SYM(LL .2
SYNMCE . 3
SYML lan
SY'4Liuet
SYrlied
SYML(Ge 7
SYMLP. &
SYMCULaer
SYMCU. 1o
SYMCU. 11
SYsM{t.12
SY¥udels
SYMCL L4
SYMLL1 Y
SYMLLie 1t
SYMetal?
SYMUD .10
SYMI( .19
«SYMLOL 2u
«SYMCU.21
SYMLU.22
SYM((.23
SYACU 24
SYMCL.25
SYMLC. 20
SYMLGa27
SYMLC. 28
SYMLGUa2y
SYMCu.30
SYMLO. 31
SYMLUa32
SYMLU .34
SYVLGa 34
SYMCDL 55
SYMLD 36
SYMLCa37
SYMCua 3¢t

- -
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GC TN 200 SYMLU.39

30 KEY(KX)=K3 SYMCO,. 49
GJ Tu 200 S SYM{LU .41
20 KEY(KX)=K2 SYMCG .4z
GO T 200 L, SYMLU 43
10 KEY{KX)=h1 ) : SYMCC.44
200 CLUNTINJE SYMCG . 45
IF (JY.Ewe. 21’ GL TG 151 SYMLUL46
PRINT 1509 (KEY(J)yJ=1yNKX) SYM(CU.47
150 FORMAT (1HUs 1X941(2X9A1)) SYMCO.48
Gu TL 109 . SYMLO .49
151 PRINT 1524 (KEY(J)9Jd=1ahKX]) . SYMCO.H)
152 FORMAT (1HU+®%0%,4L(2XsA10¢ 0%} "SYMCuabl
100 CUNTIWUE SYMLG. 52
PRINT 761 . . SYMCD .53
PRINT 700 SYMLU .54
RETURN ’ SYMCG.55
END SYMCG.56
SUBROUTINE YPLOTUY T8y 1EIKyPVAXyPMINyTITLEWL W X) YPLUT.?2
’ ' YPLUT.3
DIMENSTION X(1) YPLGT 4
DIMENSTGN Y(L) oKMAPLLLUO )y ISCALECLL) YPLUT WS
DATA KBLANKoKY/Z1b 4 1H=/ . YPLUT O
CATA ISCALE/ Uylus20930440450+60970+8C+5C+100/ YPLOT L7
DU 2 I=14100 YPLOT W8
2 KMAP({I)=KELANK YPLIT.
CoooolrINT GEGINNING CF GKAFH YPLUT .19
C=100.0/(PMAK=PVMIN) YPLIUT.11
B=L*PMN . YPL3Te12
SCaL&=1.9/L YPLUT.12
PRINT SyTITLEsLylosIE IKsPMAX, PMIN YPLCOT. 14
5 FORMAT (lHL'lqu‘VPLDT.-.-co"A101151/1lOXn*lB="|5'2X"IE=‘11512XYPL37 15
Le%lK=%g 159 2Ry #PMAR=2, 1203924y *PMIN= *vle-’v///, YPLIT. 1o
PRINT 65 (1S5CALELL)sI=1y11) ) YPLOT.17
6 FURMAT(lle5(|£|OX)!K%v1215(7X'l3)) YPLUT.18
D0 7 I=1y2 ) YPLOT.19
T PRINT o YPLOT .29
8 FORMAT (i3Xe(1L01H. 43X)})) YPLOT .21
PRINT 12 YPLOT.22

12 FURMAT { 66Xy 1HXy7Xy10CHeocooocovsanscsecssscescssssosnscoossosesasYPLLT,.23

Lleceveassonosvacsonancssncaccscosanncesssasceccssnccavacassesces 9 XslHYPLOT.24

7 : YPLOT. 25
C..««PRINT BCDY CF GRAPH YPLOT.26
00 10 I=1by1E,IK YPLOT,. 27
LY=C*Y([)-8 YPLOT. 28

c CHECK THAT Y IS CN SCALE YPLUT. 29
IFCIY oLTe 1 GKe 1Y .GT. 100} GG TO 13 YPLOT.30
KMAP(1Y)=KY . YPLGT. 3L

PRINT 9, XU(I)y(KMAP{J)}¢J=1410004YC(1)s1 YPLOT. 32

9 FORMAT {  2X,F9.3,1X,1HI9100ALsLF1,2XsE1043y1Xs14) YPLOT.33

GU TU 14 . YPLOT. 34

13 PRINT Gy XUI)y(KMAPLJIDod=L1s1000,V(I) YPLCT .35

GO TO 10 - YPLUT .36

14 KMAP (1Y) =KLLANK YPLUT .37

10 CuNTINUE YPLOT.34d
RETURN YPLOT. 39

END : : YPLUT .40
YPLOT.41

€2.50 6 2500 24 2
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