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SECTION 1
INTRODUCTION

A thorough and comprehensive analysis of the ambient
seismic noise field existing at the Cumberland Plateau Observatory (CPO)
located E-SE of McMinnville, Tennessece, has been the partial goal of
Contract AF 33(657)-14648. Included in this investigation has been the
analysis of:

e Absclute noise power density spectra

o Spatially organized low velocity noise

e Spatislly organized high velocity noise

The purpose of this special report 's to summarize the
results of this analysis and present in datail the Jata used to derivc the

preaented conclusions. The data for this analysis covers the period
January to March 1963* and 1 May 1965 through 31 October 1966.

*
Texas Instruments Incorporated, 1963: Synthesis and Evaluation of Six:

Multichannel Filter Systems Based on Measured Correlation Statistics

of Ambient Noise at Cumberland Plateau Observatory Designed to Operate

on Rings of Seismometers. AF 33(657)-12331, 31 Dec. ». 1O-1.
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SECTION LI
SUMMARY AND CONCLUSIONS

0O @O

Results of this study have shown thct the ambient noise
field at CPO has not changed significantly over extended time periods,
nor has it changed on a daily or seasonal basis. However, there is a
change in the noise field which can be related to microseisms generated
along the Atlantic and Gulf Coast regions and, possibly, the Great Lakes
region.

These results imply that an accurate modeling of the CPO
noise field can be used to generate a multichannel filter set which can be
used in a digital MCF processor to reject ambient noise throughout the
year, except for periods of intense microseismic activity.

The remainder of this section presents a summary of
each of the different areas investigated.

A. SINGLE-CHANNEL AMBICNT NOISE POWER DENSITY SPECTR..

Single-channel power density zpectra were computed on a
daily basis during the period 1 May 1965 through 31 October 1965 and
on a weekly basis from 1 November 1965 through 31 October 1966. These '
spectra were computed from 8. 33 min of noise recorded at the center
seismometer of the array during various hours of the day. The 1.0 cps
ambient noise energy for this pericd averaged approximately 1.0 mp.z

4 D of the ground motion/cps with variations as large as #7 db. Variations

in the power density spectra were studied over various time periods and -
hypotheses for the source of the variations were formulated.

To study the periodic variations in the noise field, power
density spectra were computed hourly over a 48-hr period. These spectra
did not exhibit any large periodic changes in shape. However, in this
study some minor variations in power were observed at several defined
frequencies or frequency bande and are probably attributable to cultural
activity near the station. The largest variation in power, occuring at |

.4 ~ps, could not be restricted to any consistent time period and appears
to bo randomly generated by a cullural or natural source to the northwest
of the array. Only at 1.5 cps could a slight, regular increase in the noise
level be correlated with increased cultural activity.




N2

Studies for longer periods of time exhibited noticeable
variations at frequencies below 1.5 cps. These have been correlated B
with the development of low pressure areas off the Atlantic and Gulf of

Mexico coastlines. A direct correlation was noted between the intensity

of the low pressure areas and the increase in power at the lower frequen- ﬂ
cies.® Fluctuations in the power level were also noted in the frequency

band 2.25 to 2. 75 cps and were protably due to local cultural activity and

weather conditions. U

B, 3-DIMENSIONAL NOISE POWER DENSITY SPECTRA U

Analysis of the 3-dimensional noise power spectra for
CPO shows that several spatially organized noise sources exist in the
frequency range 0,25 to 2.25 cps. These rcsults also show that the
spatially organized noise field has remained time-stationary over the
extended time period of 1963 through 1965 except for changes which occur
during periods of low pressure and when tropical storms exist at sea.

¥
Nt

At frequencies below 1.0 cps, :he main contributor to the
organized noise field is high-velocity mantle P-wave energy and noise
generated in the area of the Atlantic Coast, Gulf of Mexico and possibly
the Great Lakes regi-n. Narrowband filtered playbacks of the ambient
| noise indicate that the loug-period energy traveling from the dizection of
the coastline propagates across the array with an apparent horizontal
velocity of approximately 3.2 km/sec. This velocity closely agrees with
the previously developed dispersion curves for Rayleigh wave energy at
CPO."™ The results also show that the contribution friom the direction of
the coastline becomes significantly large with the development of low
pressurc areas at sea. This increase iu power can be detected at fre-
quencies as high as 1. 75 cps.

il T

The 3-dimensional power-dc-nity spectra also show the
existence of neveral coherant noise sources in various directions around
CPO in the freyuency range 1,25 to 2.25 cps which propagate across the
array with an apparent horizontal velocity of approxim ately 3 km/sec.

The predominate noise contribution comes from a N-NW direction, an area
of numerous strezms and dams, but a definite generating source caunot

Appendix A gives a brief review of studies relating to storm- and ocean-
generated microseism.

e Texas Instruments Incorporated, 1965: CPO Quarterly Report No. 2,
AF 33(657)-14648, 15 Nov.
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U 3
be assigned to any of the coherent noisve due to the lack of information

U concerning possible generating sources in the various directions around
CPO. The various coherent noise sources seem to remain time-stationary
except for slight power fluctuations.

L) Prediction filtering results have indicated that the percentage
of spatially coherent noise changes significantly with the occurrence of

[ § tropical storms and low pressure areas off the cos “tline, indicating an

J increase in the spatially organized noise for all frequencies below 1. 75 cps.

This increase is comparable to an equivalent r,ower increase in the single-

channel power-density spectra during the same time period.

C. HIGH-VELOCITY 3-DIMENSIONAL NOISE POWER DENSITY SPECTRA

properties in the signal velocity regions of wavenumber space. A strong
coherent noise lobe in the signal velocity region will decrease the S/N ratio
for ‘signals from that direction. Therefore a study of this region was con-
ducted using high resolution waveaumber spectra techniques.

In the velocity region of interest (velocities greater than or
equal to 8.1 km/sec), the mantle P-wave energy is a strong contributor of
power to the spatially coherent ambient noise field in the frequency band of
0.25 cps to 1.5 cps. Directional power distribution curves of the CPO noise
energy were calculated fcr various directions and velocities of the signal
region. In each case, the distributions approached the estimated mantle
P-wave noise level.

0 This section was directed toward investigating ambient noise

C The 1.0 cps energy is particularly interesting since it was
found 2 be highly directional. Predominant 1.0 cps energy could be detected

0 from the south or Gulf Coast area for all velocitics studied. Also, significant

1.0 cps energy from S60°W exists with a velocity greater than or equal to

D 12.6 km/sec.

At 1.25 cps, the most significant noise energy appears tc
arrive from the direction of the Great Lakes region with velocities of
approximately 8.1 km/sec. Directional properties for the P-wava contri-
bution at other frequencies appcar to be random for the higher velocities.

D. IMPLICATIONS ON MCF ON-LINE PROCESSING

Results of this noise study indicate that on-line multichannel
ﬂ processing can be effectively conducted at CPO. Furthermore, they
indicate that a multichannel filter (MCF) designed from ensemble or average s
noise can L2 effectively used over extended periods of time. However, “
g during periods cf low pressure or storms at sea, greater efficiency may be y

4
acquired by using a filter designed from corresponding data. j
3

e




The high-resclution powey spectra over the high velocity
noise regions presented results which exhibit a possible interference with
rertain incoming signals. This noise energy pror gates from the south
or Gulf Coast region and, therefore, during the mentioned disturbances at
sea, could reduce signals from this direction with the same apparent P-wave
velocity. This result is discussed in tbe signal-to-coise study prescnted in
the CPO Annual Report No. 1.¥ However, it is important to note that the
low and high-velocity noise propagate from the same direction and p:obably

can be attributed to the same source.

.Te;xn Instruments Incorporated, 1966: Cumberland Plateau Seismological
Observatory, Annual Report No. 1, AF 33(657)-14648, 15 Sept.




]

%
3
LT
4 s
a1
I

o

B
I

e

) o O e e

SECTION 11
SINGI1.E-CHANNEL POWER SPECTRA |

The ambient noise data has been recorded continuously from
1 May 1965 through31Occober 1966 under this contract. Recorded data was
sampled and studied at various intervals so that the noise field could be
effetively analyzed over an extended period of time. The ambient noise
level rf the recorded data was observed to vary significantly during various
time periods. These variations can be evaluated through computing and 4
siudying single-channel absolute power density spectra.

This section presents a detailcd analysis of the single-
channel power density spect' *. The first three quarterly reports published
under this contract contain various examplec of single-channel power -
density spectra ‘which relate to this section.

A, AMBIENT NOISE RECORDINGS
1. Acquisition of Data

The 10-channel data for CPO was shipped to Dallas where
a 12-min sample of noise data was selected for each day during the period
of 1 May 1965 through31 October 1966. Also, an equivalent noise sample
was selected on an hourly basis for a 48-ur period on 2 October and
3 October 1965. These noise samples and corresponding calibration data
were then digitized at the Dallas facilities, and paper playbacks of the
records wers produced for preliminary analysis of the noise.

2. Ambiert Noise Levels

Visual analysis of the playbacks revealed striking changes A
in the noise level during various time periods. An average, or normal,
ambient noire level is shown in Figure I1I-1 whil - in extremely quiet
ambient noise period, 6 Auguzi 1965, is shown in Figure III-2. Several
periods of very high ambicnt noise level were recorded. These corresponded
to periods when low pressure areas were present in the Atlantic Ocean
and/or Gulf of Mexico. A representative recording of the high noise level
is presented in Figure IlI-3. These variations will be analyzed in greater
detail in the section on power density spectra.

B. COMPUTATIONS OF POWER SPECTRA

Single-channel power density spectra were computed daily
from 5-min ‘\mbient noice samples recorded during the period 1 May 1965 ‘
through 31 October 1965 and weekly from 1 November 1965 through 31 October .
1966. Power density spectra also were compnted hourly from data recorded
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during a continuous 48 -hr period on 2 October and 3 October 1965.

C. POWER DENSITY SPECTRA VARIATIONS

The power variation of the ambient noise over various time
periods was considered in great detail. Efforts were made to determine
the existence of periodic power fluctuations thzt could be restricted to a
particular time of day or to certain days or seasons of the year. The
results of the study are presented below.

1. Hourly Variaticas
a. General Variation

Every power spectra computed was analyzed with respect
to the time of day the noise was recorded. The 48-hr of continuously
recorded data previously mentioned serves as the best meanr of deter-
mining any hourly variations.

The six representative power spectia from the 48-hr period,
shown in Figure 1lI-4, do not indicate any large periodic changes in the
spectra. However, slight changes in the power spectra shape are observed
from one noise sample to another but cannot be considered as a function of
the time of day. Such changes are probably due to local weather conditions
or some other time-independent noise generator near the array. The power
at various frequenciss was measured from the spectra as a function of the
time of day and is presented in Figures 11I-5 through LI1-7. A periodic daily
fluctuation is not evident at any of the aelectec frequencies except, possibly,
1.5 cps. At this frequency, a slight increase in power occurs daily between
8 a.m. and 6 p.m. which correlates to a period of increased local cultural

activity.
b. Microseismic Variation

It is interesting to not~ that the significant increase in
power of the 3-sec period microseismic energy shown in Figure 1I1-6
occurs simultaneously with the passage of a cold front across the Atlantic
and Gulf of Mexico coastlines. The passage of the cold front may also
account for the slightly higher noise level of 2 October 1965. This increase
in energy is discussed further in Section 1II-C2.

c. Spectral Peak Variations

Large variations in the power density spectra have been
noted for the well-defined frequencies of 1.4, 1. 9 and 2.8 cps and appear
as sharp peaks in the spectra. Efforts to relate these variations to time of
day were unsuccessful as is shown in Figure III-7. Other efforts to relate
these peak fluctuations to the time of month and year also wers unsucces sful

111-5 sclence services division
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since the peaks seemed to fluctuate randomly and could not be restricted
to any consistent time frame. A further discussion of the 1.4 cps peak
is presented in Section IV-Blb.

2. Daily and Seasonal Voriations

Power density spectra were cormputed for the ambient noise
recordings shown in Figures DI-1 through IlI-3. These spectra, compared in
Figure LII-8, represent the extreme power variations relative to the normal
level of the noise at CPO. At frequencios below 1.75 cps, a very significant
separation in power is shown.

The regular occurence of such large variations has been
studied in great detail. Efforts were made to relate these variations to
their generating source. The power variations during the 3-month period,
1 August 1965 through 30 October 1965, are presented in Figure III-9 for
the frequencies of 0.5, 1.0, and 1.5 cps. The 4-sec and 3-sec period
microseismic energy fluctuation is shown in Figure Il-10.

In most cases, a very noticeable increase in power at the
frequencies presented can be directly related to the occurrence of tropical
storms and extreme low-pressure areas along the Atlantic and Gulf of
Mexico coastlines. Table IlI-] is a list of the previously mentioned storms
and low pressure areas which occurred during this period and which may
have contributed to an increased ambient noise lerel at CPO.

The occurrence of Hurricane Betsy, 2 September to 10
September 1965, shoild be noted as the best example of the correlation
between sforms »~d microseisms. It should alro be noted that as the
storm and low-pressure areas moved inland, the nois¢ level decreased
rapidly. Illustrated in Figures 1I-11, II-12, 1-13, and IlI-14 are weather
maps which show low pressure areas believed to be significant contributors
to the noise field at CPO.

. These results led to the conclusion that the extremely high-
level power density spectra are representative of time perinds when tropical
storms and low-pressure areas are present off the Atlantic and Gulf
coasts. In comparison, the extremely low-power density spectra, as pre-
sented previously in Figure I1I-8, represent a period of time when no storm
activity or low pressure areas exist off the coasts. Tkese results indicate
that the noise level at CFO is highly dependent upon the low pressure
activity off the coastline. Thus, a periodic, daily ~r seasonal power
fluctuation of the ambient noise is difficult to establish due to the masking
effect of the low pressure areas and tropical storms.
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Table III-]

STORMS AND LOW PRESSURE AREAS WHICH COULD HAVE
CONTRIBUTED TO THE CPO AMBIENT NOISE LEVEL

Date (1965)

Description

Aug.
Aug.
Aug.
Aug.
Aug.
Aug.
Aug.
Aug.
Aug.
Sept.

Sept.
Sept.
Sept.
Sept.

Sept.

Oct.
Oct.

Oct.

Oct.
Oct.
Oct.
Oct.
Oct.

1
2
3
4
15
16
29
30

31
2-9

10
24
25
26-29

30

4

10
16-18
19
21-22
23

Low .. Gulf of Mexico

Low in Atlantic

Low in Gulf of Mexico

Low moved inland

Low at Cape Hatteras

Low moved inland

Extreme low off ccast of Quebec
Extreme low off coast of Quebec
Low moving across Great Lakes

Hurricane Betsy developing in Atlantic
and moving into Gulf of Mexiro

Hurricane Betsy moves inland at New Orleans
Low at Cape Hatteras and in the Atlantic
Low entering Gulf of Mexico

Low develops into Hurr.cane Debbie ag it
moves toward New Orleans. Also low
pressure area in Atlantic

Hurricane Debbie moved inland. Low in
Atlantic moved further out into the Atlantic

Low pressurc storm in northern Atlantic

Extreme low pressure storm over Great Lakes
and along Atlantic coastline

Low pressur= near Great Lakes and Quebec
Low pres: ure off Cape Hatieras

Low off Flo' 4a coast in Atlantic

Low ir Gul' of Mexico

Low « Atlantic

Low 2ff Cuba coast

I0-14 sclence services division
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SECTION 1V
CPO MULTIDIMENSIONAL AMBIENT NOISE FIELD

This section presents an analysis of the organized noise
field existing at CPO which was made by considering the spatially organized
noise at various frequencies on the basis of its appareat horizontal velocity
and direction of propagation across the array. In the previous section, it
was shown that the ambient noise level at CPO changed significantly during
several given time periods. This section presents the frequency-waveoumber E
spectra of the spatially organized noise field for frequencies of 0.5 to 2.0 '
cps at 0.5 cps increments for the different ambient noise levels.

A, PREDICTION FILTARING
1. Introduction

Prediction filters were designed for various selecced samples
of data., Applying the prediction filter to the data from which it was designed
gives a measure of the spatially coherent noise. Subtracting the predicted
noise from the ambient noise recorded at the given location in the array
leaves an estimate cf tie unpredictable ambient noise. The percentage of
unpredictable noise as a function of frequency can then be obtained by taking
the ratio between the power density spectra of the unpredictable noise to the
power density spectra of the total noise. For the CPO array, the center
seismometer, Z10, was used for prediction purposes.

2. Results

Prediction filtering results for May, June, July, August,
October, November, and December 1965 are shown in FigureIV-1, Forall
results, excluding August and December, the percentage of spatially
coherent noise resolved by the 10-element 2rray does not change signifi-
cantly for all frequencies greater than 0.25 cps except for the frequency
of 1.4 cps which has shown a variation as large as 12 db between two given
noise samples. Otherwise, the prediction error power spectrum for
given frequencies withia this band varied only 1 to 4 db, which is probably
attributed to a change in the loca), random noise field. However, the
prediction fiiter designed from and applied to the low-level ambient noise
recorded 6 August 1965 showed a decrease in the percentage of spatially
organized noise. Aleo, the prediction filter designed from and appli¢d to
the high-level noise sample ivrom 21 December 1965 showed an increase in
the percentage o« spatially organized noise which is almost equivalent
to the increase in power of the high-level noise.
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A comparison of the percentage of predictablc noise for the
two extreme noise levels is shown in Figure IV-2. The comparison of these
with previous normal noise level results indicates that the fluctuating noise
power is predictable and spatially organized. Also, the increase in per-
centage of predictable noise can be detected at frequenciec as high at 1.75
cps, as will be shown more clearly in the subsection covering frequeacy-
wavenumber spectra.

B, FREQUENCY-WAVENUMBER SPECTRA

Sets of frequency-wavenumber spectra were computed at
various intervals during the recording period of this contract. Noise
samples were selected from each of the different noise levels previously
discucsed. Table IV-1 is a brief description of the noise samples from the
1965 and 1966 data used to compute the sets of 18 frequency-wavenvmber
spectra. Figures 1V-3 through IV-6 present 12 sets of frequency-wave-
number spectra computed for the 10-channel noise recorded at CPO. The
following paragraphs present a discussion of the individual lobes over
given frequency bands and for the different noise levels.

1. Coherent Noise Lobes
a Lobe 18

The predominant coherent noise lobe at the lower frequencies
(1.0 cps axd below) is denoted as lobe 18. Estimates of the appareat hori-
zontal velocilies across the array of the spatially organized noise at these
frequencies cannot accurately be determined from the frequency-wave-
number spectra due to the limited resolution of the array; however, a
directionality in the coherent noise can be detected. The lobe is usually
shifted to the rorth and west, indicating that the predominant contributor,
other than mantle P-wave energy, is probably microseismic energy generat~d
in the area of the Atlantic ar Gulf coastlines. Frequency-wavenumber
spectra, computed from normal-level noise samples, show this lobe at
frequencies as high «s 1.5 cps, although the lobe is not a strong contributor
to the ccherent noise f e1d at 1.5 cps.

- O o oD £ & G ..

Sa FNTARE 0

& B

Previous prediction filtering results indicated that the
increase in noise power was spatially coherent; therefore, a change in the
lobe or lobes representing thi: noise should be evident. This is the case for
loke 18, which fluctuates with the noise level.

A higher recorded noise level shifts the lobe further from
the center of the frequency-wavenumber spectra. This indicates that a
large portion of the increased :oherent noise is low velocity. Under the
high noise level, the peak point of the lobe is consistently at 4 km/sec
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Tabhle IV-1
NOISE USED TO COMPUTE WAVENUMBER SPECTRA
Date (196%) R- ord Start Time (GCT) Noise Level
May 1 00:00:00 Normal
May 4 02:58:45 Normal
May 8 06:55:00 Normal
May 12 11:00:12 Normal
May 16 19:58:3% Norma!
May 20 08:00:20 Normal l
May 24 22:03:15 Normal
June 2 04:57:10 Normal
July 3 02:00:00 Normal
July 7 08:19:00 Normal
July 10 09:18:40 Normal
July 14 13:14:00 Normal
July 17 15:00:00 Normal
Juiy 20 19:56:30 Normal
July 23 23:03:10 Normal
Aug 6 04:01:15% Low
Sept 3 11:02:00 High
Sept 8 13:58:48 High
Sept 11 15:59:00 Normal
Sept 15 01:01:50 Normal
Sept 21 02:01:36 Normal
Sepr 28 09:01:34 High
Oc: 13 11:00:90 Below normal
Cet 18 14:07:00 High
Nov 20 23:10:45 Normal
Dec 21 03:0):00 High
' Date (1966)
Jan 9 08:05:45 Normal
Jaa 22 22:15:24 High
Feb 19 22:58:40 High
Feb 27 07:05:29 Normal
Mar 15 22:33:16 High
Apr 1 12:23:17 Nermal
May 2 01:00:00 Normal
June 6 07:00:00 Normal
July 8 10:21:00 Normal
Aug 13 05:38:41 Normal
Sept 28 20:15:€2 Hormal
; Oct 13 LI meh
e e P ——— R —— i
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Figure [V-6b. CPO Ambient Noise Frequency-Wavenumber Spectrum, May 1965
to October 1966 (£=2.0 cpes)
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apparent horizontal velocity. The actuval horizontal veloci'y of this nnise

is probably slightly lower than this since the mantle P-wavs energy with

a velocity greater than 8 km/sec is contributing to the lobe The shift o :he
lobe is always vither from the direction of the Atlantic or Culf coastline
depending upon the location of the low pressure areas or tropical storms
which correspond with the increased noise level. The f-k spectra at 0.5 cps
for December was computed with a low pressure area 1a the Atlantic coast
region, as shown previously in Figure III-13, and exhibits a sbift in the
location of lobe 18.

Furthermore, a shifting of this lc-= svuthward in the fre-
quency-wavenumber spectra, for 20 November 1965 which was computed
during the passage of an extremely low pressure area ac:oss the Grent
Lakes as seen in Figurc IV-7, indicates a significant contribution from
that direction.

Not only does lobe 18 show a fluctuation in di-ection corres-
ponding to low pressure areas, but it also exhibits a corresponding increase
in power. Under high-level noise cc .ditions, lobe 18 is the predominant
noise lobe through 1.5 cps and a sigrificant contributor at 1. 7% cps as
shown in Figure LI-5 of CPO Quarterly No. .

b. Lobe 3

The spatially organized noise lobe, denoted as lobe 3 in the
frequency-waven:. .ber spectra, is generated by a source to the north of
the array. Under normal noise level conditions, lobe 3 is much lower than
lobe 18 at frequencics below 1.0 cps but becomes the predominant contri-
butor at 1.59 cps. Lobe 3 exists at all frequencies above 1.0 cps and
appears to have an apparent horizontal velocity of 3.0 to 4. 0 km/sec.

Previcusly mentioned in this report was a fluctuating peak
in the power ~nsity spectra at 1.4 cps. Prediction filtering results have
indicated that the peak is spatially organized noise and, therefore, should
be evident in wavenumber space. Frequency-wavenumber spectra computed
at the frequenrcy of 1.4 cps revealed that the noise causing the peak is coming
from the north and is represented as lobe 3 in the spectra. Figures 1V-8
and 1V-9 show the evident increase in power of lobe 3 when compared to lobe
18 for data containing the 1.4 cps energy. The wavenumber spectra for this
study were all computed from normal-level ambient noise recordings and,
therefore, lobe 18 can be considered relatively stable.

The noise that generates lobe 3 is propagating from a region
containing numerous streams and waterfalls. The fluctuating peax at 1.4 cps

*Texal Instruments Incorporated, 1966: Cumbe-land Plateau Seismological
Observatory Quarterly Rpt No. 3, AF 33(657)-14648, 29 March.
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Figure 1V .8. CPO Ambient Nois:* Frequency-Wavenumber
Spectrum (£ = 1. 4 cps) and Power-Density Spectra, 4 May 1965
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Figure JV-9. CPO Ambient Noise Frequency-Wavenumber
Spectrum (f = 1.4 cps) and Power-Density Spectra, 10 July 1965
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ed to s+ me kind of heavy industrial operation in this

area which would operate on a random schedule — possibly an electrical
aower plant. An operating schedule of all such possible noise generation
in this area is required before this question can be definitely answered.

c. Other Lobes

is believed to be reiat

spectra for frequencies above 1.5 cps
lobes propagating from various
ties between 2. 0 and 4.5 km/sec.
present only a small percentage
This is most clearly seen

t these frequencies,

The wavenumber
show several spatially organized noise
directions across the array with veloci
However, these coherent noise lobes re
of the total noise field at these frequencies.
from the percentage of spatially unpredictable noise a
as shown previously in Figure Iv-1.

The wavenumber spectra for frequencies above 1.5 cps
show two lobes, 2 and 9, propagating from the northeast. The noise that
generates lobe 9 appears to be of a velocity greater than 4 km/sec, while
that of lobe 2 is much lower.

The two coherent noise lobes, 4 and 6, are generated to the
southwest of the array. The predominant frequency at which they appear

is 1.75 cps.

The only other significant coherent noise at these higher
frequencies i3 generated northwest of the array and is represented by
lobe 11. All of the above-mentioned lobes are generally of the same level
and fluctuate slightly.

2. Comparison of 1963 Data
A set of frequcncy-wavenumber spectra was also computed

for the 10-channel array from a CPO 1963 'avcr',g: correlation set which
was developed under a previous AFTAC contract. This tet was used to
determine the time stationarity of the spatially organized noise field over

a 2-yr period, and is shown in Figure IV-10.

1963: Synthesis and Evaluation of Six

Multichannel Filter Systems Based on Measured Correlation Statistics of
Ambient Noise at Cumberland Plateau Observatory Designed to Operate on

Rings of Seismometers, AF 33(657)-12331, 31 Dec.

*
Texas Instruments Incor porated,




age Noise Sample

Figure IV-10. CPO Ambient Noise Frequency-Wavenumber
Spectrum, 1963 A ge N




A comparison of the frequeacy-wavenumber spectra set for
the 1963 average data with those computed from 1965 data indicates that the J
spatially organized field has not changed siguificantly over the 2-yr period,
The only significantly deviating 1965 wavenumber Spectra sets are those
relaling to the Previously mentioned storm and low pressure activity in the
Atla itic, Gulf of Mexico and possibly the Great Lakes areas.

In an effort to establish ihe apparent borisontal velocity of
the storm-related microseisms, trequency bandpass filters were applied
to data that was recorded during the occurrence of tropical storms off the

J C. BANDPASS FILTERING g
| coast.

Shown in Figure IV-1] is a playback of a record thar has been E
| bandpass-filte:ed by a filter designed to pass the 4-sec period noise. This :
fiiter has a passhand of 0.21 to 0.27 cps and a slope of 18 db/octave. This

data was recorded on § September 1965 during the period when Hurricane E
Betsy was nearing the tip of Florida. .

The three wave fronts, measured in Figure IV-11 are
vproaching CPO from the southeastern direction, indicating the hurricane
as the possible generating source,

The average velocity for the 0. 25-cps noise waves from the
cirection of the coast was about 3.2 km/sec. A stuly previously presented \
in CPO Quarterly Report No. 2* of the dispersion curves for CPO shows

this velocity to closely agree with that for Rayleigh waves and, hence, that Q
the microseisms probably tr:.vel as Rayieigh waves. The slight discrepancy

between the velocities presented in this report and those from the dispersion

curves is due to the limited ticcuracy of the method used in this study to U

i determine the velocity as is shown by the variance in the velocities in
o Figure 1V-1],

"jw' D, HIGH RESOLUTION P-WAVE NOISE STUDY

This noise study was conducted on the 19-channel array with
L the statistical average of five noise samples, A, B, E, F, and I, recorded ’
Tae in 1963 at CPO. The selection ard synthesis of these noise samples were

"i presented in a previous repert entitled ""Synthesis and Evaluation of a Nine- |
r teen-Channel Filter System for the Extraction of Teleseismic F-Waves from

x*
. Texas Instruments Incorporated, 1965: Cumberland Plateau Seismological g
y Observatory, Quarterly Rpt. No. 2, AF 33(657)-14648, 15 Nov.
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Ambient Seismic Noise at Cumberland Plateau Seismological Observatory. '*
The 1963 data was chosen due to the lack of other 19-channel data and also
because the ambient noise field at CPO has provex to be time stationary
over the 2-yr period under study.

!
i
[
g

1. Directional P-Wave Energy

Figures 1V-12 and I1V-13 show the directional power distri-
bution of CPO P-wave energy at 8.1 km/#ec and 12. 6 km/sec, respectively.
Six directions were examined beginning with 0° at true north and then taking
an azimuth increment of 60° in a clockwise direction. The 0° curve
represents P-energy propagating across the array from the south, the 60°
curve represents P-wave energy from the S 60° W, the 120° curve represents
P-wave energy from S 120° W, etc. It is apparent in both figures that the
power distribution from all six directions examined approaches the estimated
mantle P-wave noise level.** Also, predominate contributors are detect-
able at 1.0 and 1.25 cps. At the velocities of 8.1 and 12. 6 km/sec, the
1.0 cps energy arrives from the Gulf Coast region. The 1.25 cps energy
arrives with an apparent horizontal velocity of 8.1 km/sec and comes from
the Great Lakes region north of CPO.

Figure IV-14 shows the power distribution of CPO P-wave
energy at apparent infinite horizontal velocity. Again the power distribution
is ceen to follow the estimated mantle P-wave noise level. A predominyte
noise source again appears at 1.0 cps. Possibly the apparent infinite hor-
izontal velocity energy arrives from the Gulf region since it was observed |
that this was the case at 1.0 cps for apparent horizontal velocities of 8.1 7 }
km/sec and 12.6 km/sec. 2

ay =

Since it is necessary to smooth and normalize the data, the
normal deveclopment of frequency-wavenumber spectra yields power data
which is of low resolution. In the development of the frcquency wavenumber

spectra in this section, a special technique was utilized which yields high
resolutior. spectral estimates.

2. Frequency-Wavenumber Spectra U

Texas Instruments Incorporated, 1963: Synthesis and Evaluation of
Six Multichannel Filter System: Based on Measured Correlation o
Statistics of Ambient Noise at ",urnberland Plateau Obscrvatory Designed :
to Operate on Rings of Seismometers, AF 33(657)-12331, 31 Dec.

ek B
R.B. Roden, 1965: Vertical Array Experiments at Uinta Basin Seismo-
logical Observatory, paper presented at 35th Annual Merting of the @ "
Society of Exploration Geophysicists, Dallas, Texas, Nov.
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Below 1.0 cps, almost the entire nolse field, for volocities
greater than 5.0 km/soc, is spatially colierent ambient noise. However,
directional properties are detectable as illustrated in Figure IV-15 for
0.5 cps, where the noise powur appears out of the east or northeast.

Tigure IV-15 shows a strong noisc power peak arriving
from the south at a velocity from about 7.0 km/sec to 18. 0 km/sec at a
frequency of 1.0 cps. Signal detection of an event arriving from the south
under this noise condition would be difficult because of the strorg presence
of the noise power in the teleseismic signal velocity region. The predomi-
nate noise at 1.0 cps is [.robably correlatable with microseismic activity

in the Gulf of Mexico.

The noise field above 1.5 cps appears to be spatially random
to the 10-element array.
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APPENDIX A

J A BRIEF DISCUSSION OF STORM-GENERATED AMBIENT NOISE* ‘4‘
(] The subject of storm-generated seismic noise has been j

) |

. of great interest to seismoloygists for many years. Scientists have long
endeavored to understand how storms over large bodies of water generate '

seismic noise. A brief review of earlier work on seismic noise generation [ |
by various .cientists is presented in this appendix.

Generally, storm microseisms are reetricted to energy oi
periods from 2 to 10 sec. The energy is believed to travel mainly as
Rayleigh waves a1d, to a lesser degree, as Love waves. Most theories

assert that storm-generated noise can travel over long oceanic or con-
u tinental paths with little attenuation but is greatly attenuated when passing
from one medium to the other. The variations in noise energy from one [
place to another is related to the basic seismic proagation problem which
involves geologic structure.

LS S

The generation of the storm microseisms was first explained
by Wiec! ¢rt in 1907** His "surf" theory stated that seismic waves are
generate. by ocean waves breaking along rocky coasts and that they travel
long distauces with little attenuation. Until about 1930 all observed evidence
strongly favored the "surf' theory. However, during the next 20 years
observations of increased microseisms which correlated to deep-ocean
storms led to the development of other theories to explain the mechanism of
generations.

e

Imz]

L)

Banerji*** first attempted to explain theoretically the energy
transmission from the storm center to the ocean bottom by progressive
gravity waves. His theory was based on the compressibility of water, but

3|

%

University of Michigan Jnstitute of Science and Technology, 1964: The
history and science of microseisms, VESIAC State-of-the Art Report
4416-64-X, Apr.

k%
E. Wiechert, 1907: Discussion verb der Zweiten Tagung der Perma-

nenten Kommission and Ersten Generalversammlung der Interaat. :
Seism., Assoc., The Hague, p 61-65. ¥

*%

*
S.K, Banerji, 1930: Microseisni associated with disturbed weather in,
the Indian seas, Phil. Trans. Roy. Loc. London, No. 229, p 287-328.
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he was never able to determine how progressive ocean waves, wita
wavelengths of a few hundred meters, could communi-ate "in-phase'
pressure variations over several kilometers in the sea bed below to
generate microseisms with wavelength of ceveral kilometers. Ina
system of progressive ocean waves, the pressure fluctuation integrates
to zero over a few wavelengths. However, in 1950 the Longuet-Higgins'
theory* proved that this does not happen when the waves meet each other
from oblique directions. For such a case there is a nonlinear interaction
between the waves, transmitting in-phase pressure fluctuations to great
depths and \hus generating seismic waves. Such wave interference can
occur in the "eye" of a circular depression, behind a fast moving depres-
sion and by reflection of waves from coastal areas.

In 1963 Hasselmann™®* worked out the theory of general
exciti.tion of an elastic layered half-space by a random pressure field,
in the form of homogeneous and stationary oscillators, rather than dis-
crete harmonic oscillators. The pressure field may be either the pressure
fluctuation in the atmosphere or the nonlinear gravity-wave interaction.
He employed the concept that appreciable microseisms are generated
only by components of the pressure spectrum having the same phase
velocities as free seismic waves. In considering the response of a systemn
consisting of a homogeneous elastic half space to a random pressure field
acting on the free surface of the system, he found that even though the
applied pressure field is stationary the response was nonstationary owing
to resonant excitation of free modes of the elastic system.

As models of excitation for his theory, Hasselmann con-
sidered nonlinear interaction of ocean waves of almost the same frequency
traveling in opposite directions. He also considered atmospheric turbu-
lance which, by nonlinear interactions, produce pressure fluctuations with
phase velocities high enough to generate seismic waves. The Hasselmann
theory is in general agreement with the Longuet-Higgins theory.

*
N.S. Longuet-Higgins, 1950: A theory of the origin of microseisms,
Phil, Trans. Roy. Loc. London, Sep. A, No. 243, p. 1-35.

K

K. Hasselmann, 1963: A statistical analysis of the generation of
microseisms, Reviews of Geophysics, Vol. !, No. 2, p. 177-210.
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