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This study of infrasonic signals and noise w^: under- 

taken in cooperation with our research group in seismology. 

Digital data acquisition equipmcr.t was used to record both 

infrasonic and long period seismic data, and the data pro- 

cessing programs for our XDS 925 system were common to both 

kinds of studies.  The seismic systems mentioned in this 

report were provided by the Long Range Seismic Measurements 

program (Project VELA UNIFORM) under a cooperative agreement 

between Southern Methodist University and Teledyne-Geotech. 

Out of this work has come an extensive library of computing 

programs, considerable experience in the handling of synoptic 

infrasonic and seismic information and the background know- 

ledge needed to pursue further research in the acquisition, 

processing and interpretation of infrasonic data.  The major 

technical accomplishments of this study are described in the 

8 papers which comprise the following chapters of this report 
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SUMMARY 

i 

Turbulent boundary layers at the surface of the earth 

limit the detection of infrasonic wa'ves with periods greater 

than one second.  Pipe arrays designed to improve the signal- 

to-noise ratios of infrasonic waves usually assume that the 

background noise due to this turbulent boundary layer is inco- 

herent between the array .vnlets.  The power at various points 

on a surface wa? measured; coherences between these points 

were determined and they were foundl to be significant in the 

period range 1 to 100 sec.  Such coherent noise must be con- 

sidered when pipe arrays are desigrJpd. 
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INTRODUCTION 

Infrasonic waves of periods greater than one second travel 

long 'distances due to low absorption and are, therefore, important 

in studies of the structure of the atmosphere.  The detection of 

such waves is limited, however, by the presence of a turbulent 

boundary layer at the surface of the earth.  The effects of such 

turbulent noise can be reduced by using multiple sampling pipe 

arrays as inlets to the pressure measuring transducers (Daniels 1959) 

A lack of statistical data on the nature of this turbulent boundary 

layer has hampered the design of pipe arrays.  There have been in- 

vestigations into the variations of turbulence with altitude (e.g. 

Davenport 1961) but few data qre available for determinations of 

the horizontal structure of turbulence in the period range common 

to the periods of infrasonic waves. 

The objective of the research presented here was to determine 

the power due to turbulence on a flat surface and then to find 

the coherence between thc4se points as a function of distance of 

separation, confining the observationa and results to the period 

range 1-100 sec.  This information was' then used to design pipe 

arrays with optiir.dm signal-to-noise ratios. 

* 



-3- 

In our studies we uncd as the nourco of turbulence the steady 

prevailing wind of high summer in North Texas. Velocities wore 

determined from cross-spectra and t)jeEe clearly indicated that 

the turbulence travelled at the velocity of t^e wind as determined 

by an anemometer.  The coherence fell rapidly with increasing 

distance and we concluded that the power levels were associated 

with the wind derived turbulence and not with propagating signals. 

I 



.EfflEHTMEHTAL CONDITIONS 

t 

■ 

prientlcy (10G6) bar; performed one of the fov; Invaotigationa 

of the ntructure of ntmocpheric, turbulence in the period range 1 

to 100 sec.  The present investigation wan intended, initially, 

to repent and extend that of Priestley, but, as will be shown 

later, different criteria were used in the selection of the data. 

At the height of suimner in North Texas the weather conditions 

afford air flows which are stable in velocity and direction.  Dur- 

ing the period June through 7vugust when the data were collected 

the prevailing wind wac of almost constant velocity from the north- 

north-west.  A site was chosen on the campus of the University of 

Texas at Dallas which provided virtually uninterrupted passage of 

air flow from the prevailing direction. All major obstructions 

were a hundred or more meters to the south of the pressure detect- 

ing transducers. 

The recording trailer was placed about 80m east-south-east 

of the transducers, and the wind speed and direction were measured 

at the trailer at a height of 7m above the ground. 

10 



The transducers used for measuring tlic pressure variations 

were IfSS, Model N3 designed and built by the National Bureau of 

Standards.  These microphones have been explained in principle by 

Priestley (1966) and in detail by Herrin et al. (1971).  The 

electrical analog of the transducer is shown in figure 1. 

The data from these transducers were digitized and recorded 

on punched paper tape at a rate of 5 samples per second.  The samp- 

ling rate and the length of rolls of paper tape restricted the 

data samples to maximum of about 40 minutes. 

The input to the system can bo a pipe array or a single tube, 

the length and internal diameter of which determine its resistance. 

In the present research the input resistance was chosen so that 

the time constant of its combination with the fore-volume approx- 

imated to that used by Priestley (1966).  To ensure that the samp- 

ling point was remote from any turbulence due to the microphone 

can, 50 ft. of thick walled garden hose was attached to each inlet, 

the open end of the hose was then the effective inlet to the 

microbarograph system.  The overall system response is shown in 

figure 2. ' 

11 
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SamplcB of data wore taken wj.t)i t}io three Inlets tied to- 

gethcr and in the same piano;* coherence meacurements were very 

nearly 1.0 over the period range of interest.  Phase measurements 

indicated that the three microphones could bo considered to be 

identical within the limits of experimental error. 

19 
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phTh  ApOUTSITION f*  PROCRSBXNn 

Data wcro taken with the wind blowing along the line of 

microbarograph inlets and for the wind blowing perpendicular to 

the line of inlets.  The wind speed and direction were not re- 

corded continuously but measurements were taken at a number of 

times during a run.  During a typical run the wind speed was sam- 

pled at 30 second intervals, resulting in a mean speed of 2.68m/sec 

with a standard deviation of 1.07m/sec. 

The data were processed-on an XDS 925 computer.  The punched 

paper tapes were transferred to magnetic tape and a computer 

program was written to enable the latter to be viewed in analog 

form on a display oscilloscope.  If digitizing errors were seen 

to seriously affected»the data, the data were rejected.  If an 

error was minor, such as an occasional drop-out, another program 

removed them and wrote an error free edited tape. The latter was 

o^cj1 as the input to the     and cross-spectra programs. 

13 



ANAT.Vr.TS OF THF! INFl^AHONTC NOTSK 

Although auto-and crocn-correlntionü may be calculated before 

transformation into the frequency domain, the fact Fourier trans form 

(Cooley & Tukey, 1965) provides a more efficient method.  The spec- 

tra may be estimnted by transforming the digital time series into 

the frequency domain and then smoothing the data in a suitable 

manner. 

The method used in this research is outlined below and is de- 

scribed in detail by Welch (1967). 

The data are divided into M segments, each segment being identi- 

fied by a subscript from 1 to M.  Each segment consisting of K data 

points, is transformed into the frequency domain by the use of the 

fast Fourier transform   !%■*• r 

The spectral estimates are then computed by averaging over the 

number of segments (M)        M 

p ff)-&£ s.ii).s.a) 
where the Pnn are the estimates" of the     spectra of the multiple 

time scries and the Pmn are the cross-spectra.  The star indicates 

the complex conjugate. 

It can be shown that the bias in the estimates of P   (f) 

depend directly on the time lag between sensors caused by the 

Kb 



travcl tiiTic of the noir.o.  The time ncgraont chosen to be tranr.- 

forrocd roust be larqe compared to the probnble time lag and in the 

present analysis the lag did, nd^cxeced 5 percent of the total 

segment.  It should be noted that this problem is not caused by 

the method used; v;hcn .the cross-spectra are compute'! by the indi- 

rect method the cross-correlation must be calculated for lags well 

beyond the peak in the cross-correlation. 

The number of segments used determines the reliability of 

the results, for example, averaging over 10 segments is equiv.i- 

lent to taking 10 percent, lags using the auto-correlation method. 

The number of segments used in the present research varied between 

12 and 20 depending on the amount of data that were available. 

The length of the data samples wpre limited by the physical length 

of a roll of paper tape.  This in turn limited the analysis to 

periods of less than about 100 sees. 

The relative power of the background noise for two different 

wind velocities is shown in figure 3.  It will be seen that the 

power increased by a factor of approximately 10 when the  wind 

velocity olmost doubled, and that this increase in power is inde- 

pendent of the period.  It is not known if this simple relationship 

- ft 
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extcnds to a grentcr rnngo of.  wind velofcittcc an data were not 

obtained for higher wind velocities.  Figure 4 chov.'f: the coherence 

of the noise and its relationship to the microphone spacingr; for 

wind parallel to the line of the microphones.  The coherence, 

K  (f), is defined in this paper as, 

wheMsCmr^f) is the cospectrnl density, -mn 

Cm(i)' Ee(P,.n(^), 
and Qmn(f) is the guadrature spectral density 

(Robinson, 1967).  The P  (f) are then the     spectral densities 

and Pj^Cf) the cross spectra^l densities'. 

In figures 4 and 5 the coherence is not plotted when the values 

fall below the expected zero coherence level. 

It will be seen that the coherence decrenscs rapidly for in- 

creasing separation of the.microphones and the decrease is even 

more rapid when the microphones are perpendicular to the direction 

of the wind (fig. 5).  Appnjrently the turbulent cells that are the 

source of the wind-generated noise chnnye very rapidly as they 

migrate downwind. 

1* 



Prier.tley (19Gf.) alr.o ntvicliccl the  npatial organization of 

tho noir.c for periods of less than 100 soc. h  comparicon of the 

two sets of data shown that in both cases the coherence of the 

noise falls off rapidly at shorter periods; however, Priestley 

shows a less rapid decrease in coherence with increasing distance 

of separation, ht  a separation of 30m or more we find that the 
t 

coherence at a period of 10 sec. is essentially zero, while Priest- 

ley still shows a measurable coherence of greater than 0.2.  In 

general, the overall shapes Oif the curves are similar but Priestley 

shows a greater coherence at all spacings and at all periods. 

The difference in the results appears to come about because 

of a difference in methods used to select the data.  Priestley 

(1069, personal communication) monitored the wind speed and direc- 

titn until very stable conditions were obtained.  In our work data 

were taken during periods when the wind conditions were reasonably 

constant. Thus the results presented by Priestley (1966) may well 

constitute an upper bound on the spatial coherences to be expected 

from wind generated infrasonic noise, while the coherences pre- 

sented in this paper are more representative of average field condi- 

tions. 

The phase angles obtained from individual cross-spectra are 

a measure of the velocity at which the coherent fraction of the 

17 



noise travelled between inlets.  Knowing the distance between in- 

lets the apparent velocity of the noise can thus be Cölculöted. 

Table 1 shows an example of the results obtained with the wind 

vector parallel to and*perycndicular to the direction between in- 

lets.  7\t those periods where the coherence fell below 0.1 the 

r 
velocity could not be calculated and the appropiate space has 

A 

been left blank in the table.  The results show that the noise 

is travelling at the snmo velocity as the wind for the inlets 

parallel to the wind vector.  The velocities calculated perpendi- 

'   cular to the wind vector show the expected large apparent velocities 

The large variations in velocity are caused primarily by fluctua- 

tions in the spectral estimates. ' A few degrees of change in the 

estimated phase angle is sufficient to cause the variations. 

These measurements indicate that the infrasonic noise field 

was almost entirely wind-generated.  However, other types of noise 

may sometimes be present, and they may be dependent on the locality 

and season. 

In the period range"JL-100 sec wind-generated disturbances are 

* 
the dominant cause of background noise and the noise power is direct- 

ly related to the wind velocity.  Other sources of noise can be 

identified only under rather unusual circumstances.  For example 

16 
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microharomr,, nimilcir in period to the well known 6 to 8 sec 

microsclstnSi can BOroetimes be identified, (e.g. Donn, and Pos- 

mentier, 1969).  But almost alv;ays the operational sensitivity 

of a microbarograph system is liipitcd by wind-generated noise. 

In review and long after this paper was first written, 

it has been suggested that the data presented in figures 4 and 5 

may be partially invalid due to a statistical uncertainty in the 

stationarity of them. Recent research for a paper now in prep- 

aration has indicated that the spectra are repeatable for similar 

wind speeds. The spectra shown in figure 6 are from longer data 

samples than those in figures 4 and 5 but we feel that the 

stationarity is proven. 

U 



PIPK ARRAYS 

pipe arrays have been used extensively in conjunction with 

roicrobarographs to improve the signal-to-noir,o ratio for acoustic- 

gravity waves (Daniels, 1^S9), under the assumption that the back- 

ground noise is incoherent between the inlets.  With this nssumption 

and with a perfectly coherent signal, a signal-to-noise improvement 

equal to the square root of the number of inlets should be obtained. 

The experiments discussed in the preceding section indicate that 

some coherence in the background noise may exist between inlets in 

the period range 1 to 100 seconds; therefore, this coherence must 

be considered when the noise reducing properties of a pipe array 

are determined. 

Except for the delay caused by the travel time in the pipe, 

the pipe array provides, at a single infrasonic microphone, the 

direct sum of sample points spread over a considerable area. 

Should the dimensions of the pipe array become an appreciable 

fraction of the signal wave-length; however, response to the signal 

if, degraded.  Thus, the maximum dimension of the pipe array is 

controlled by the shortest wave lengths of interest.  On the other 

hand, if the pipe array is made small enough so that it docs not 

degrade the shorter period signals, it will not be very effective 

20 



in improvinq the  Bignal-to-noioc ratio because of the hirjh colier- 

ence of the noise. 

In order to determine the response of different pipe arrays, 

a computer program was written to calculate the signal-to-noisc 

ratio improvement,  The signal was assumed to be perfectly coher- 

ent across the pipe array, and its amplitude was affected only by 

the time delays between inlets caused by the finite travel time of 

the wave and by the travel time within the pipe from the inlet to 

the microphone.  A noise model was constructed based on the ob- 

served coherences and phase angles from field experiments which 

were presented in the preceding section of this paper. 

The coherences between inlets for a longitudinal orientation 

to the wind vector can be expressed as 

C«KL<f,*)-exf>-E<f)^, 

and for a transverse orientation as 

Cola   (f cD) = exp-?-p ( f ) ^ 

where d is the inlet spacing and f is the frequency.  Basically 

the same expressions were used and theoretically justified by 

Priestley (1966).  The value of the constants 6^ and  A   were 

determined by a best least squares fit.  The cross spectra can  en 

21 
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be exprcnncd as 

P (f) = <z^o'^clcosQl-ßcZsine). . (1) 
e^-(eiT'CfXcose/v), 

0 being the  orientation with respect to the wind vector and v the 

wind velocity.  The first exponential describes the effect of the 

loss of coherence between inlets and the second the effect of the 

time delay between inlets caused by the turbulence travelling at 

the wind velocity (Table 1).  Equation 1 thus describes the norma- 

lized cross-spectra between inletg. By "normalized" we mean re- 

duced to unit power in the auto-spectra.  Knowing the auto and 

cross-spectra the complete spectral matrix can be computed.  The 

array response is then simply the sum over all the inlets (n) 

nej mal 

It must be emphasized that the model is an idealized one using 

wind-generated noise.  Ideally, the frequency-wave number spectrum 

for the pips array should be computed, but because of the large 

number of inlets this approach is impractical. 

The signal-to-noise ratios for a large number of pipe arrays 

were computed, and some typical examples are shown in figures 7, 

Ö and S-.  Signal-to-noise ratio is defined as the signal amplitude 

divided by the root mean square of the noise amplitude.  Two impor- 

tant features are immediately evident from figure T,  irrespective 

2S. 
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of wind direct.ion the signal is significantly degraded at periocls 

below about 5 seconds, and this degradation effectively controls 

the signal-to-noise ratio.  At pcrioc  jreater than 10 seconds 

the signal wave-length is large enough to eliminate any signal de- 

gradation and the signal-to-noise ratio is controlled by the high- 

in phase coherence of noise between inlets 5m apart. 

In figure 6 can be seen the effectiveness of inlet spacing 

for three different signal periods.  As would be expected the 

larger spacings are more suitable for the longer periods. 

Figure £ shows a comparison of pipe arrays of different con- 

figurations but of the same total overall length.  It is evident 

that the dimensions of the pipe array control the signal-to-noise 

ratio, and not the overall pipe length. The -larger is more effec- 

tive at long periods and the smaller is more effective at shorter 

periods. 

23 
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CONCLUSIONS 

It is important that typical infrasonic noise fields should 

be considered in the design of pipe arrays.  The data selection 

criteria used by Priestley (1966) tends to produce data that 

are more coherent than may be found in general.  In the short 

period region (1-10 sees) optimal pipe arrays can be designed 

for the improvement of signal-to-noise ratios. As the wind gen- 

erated noise is reduced with respect to the signal amplitude, 

the limiting noise may be due to 6 to 8 second microbaroms.  Pipe 

arrays will have essentially no effect on this type of noise. 

It would appear that the turbulence which is the cause of 

the background noise consists of turbulent cells of all dimen- 

sions. They contribute to the noise in relation to their size, 

the bigger cells causing the appreciable coherence at longer 

periods while the smaller cells contribute to the shorter period 

noise. 2^ 
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FIGURE CAPTIONS 

1. Electrical analog of the transducer assembly. 

2. Response of the microbarograph system. 

3. The relative power of the background noise as a 

function of period and of wind velocity. 

4. Coherence of the noise for wind parallel to the line 

of microbarographs. 

5. Coherence of the noise for wind perpendicular to the 

line of microbarographs. 

6. Illustrating the stationarity of the noise for three 

different 3-hour time periods with similar wind speeds 

'/.  Signal degradation and signal-to-noise ratio for a 

linear pipe array of length 300m with the transducer 

in the center and inlets at 5m intervals. 

0.  The effect of different inlet spacings for a linear 

array of length 150m with the transducer at one end. 

9. A comparison between pipe arrays of the same total 

lengths but different configurations; inlets at 5m 

intervals. 
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TABLE CAPTION 

1.     Measured  apparent  velocities  of the   turbulent  noise 

28 



to in 
'£'£ 

•_    «f» - , . 
Ü o ic 'c IC 
Q)   Q) 
V)   w 
|      1   «-*% 
c c   c c "E 

tO     m    00    CO 
O O 'Q'O 

CO 
lQ 

XX XX X 
Q 
go cvj N ro in 

-J 
O 
> 

O 

UJ 

c7>o 

< 
O 

to 
O 

tr 

LU 

I 
o 
LL. 

^' 

+• 



o 
C i 

3SN0dS3a 3AllV13a 



!000 

100- 

Lü 

o 
0. 

Lü 
> 

< 
_J 
Lü 
cn 

» 
• 

. WND 
• 

SPEED X^\ 
« ^4.3 

• 

m/s              / 

■ 

• 
• 

■ /WIND SPEED 

/^ 

y A; 2,8 m/s 

• 

• 
/ ■ 

I         » 

] 1     f 
* 1 

/ 

/ 33 Wan 

■ 

/ J 1 

10 — 

10 100 



o 00 
Ö 

CD ^ 
O O 

30N3d3HOO 

(M 
1 

O 
O 

Cl 



V \n \ n 
c/)\ 

\ 

Q:\ \ 1 

Ui\ \ 

h N \ 

ÜJ \ \ 

2 \ \ 
I                   * A o\ OV VoN v Q 

2 2\ roV Ntf \io 
O \ \ 
H i \ 

< 
\ v,. ^v. \.   j 

Q: \ ^^o vN. / 
< 

v^^ 7 ^vi 1 
Ö- ^^v. / M   1 
UJ •^^^^ \ ft 1 55 • ^^^^ V A\ 

^ I • 
- * i 

• 

^ 

1 

• 
• •i 

1 
• 

• 

i                   * 

• 
• 

I             • » 

■ 

! 

o o 

o 00 ID           «sf- OJ 
o 

30N3d3H00 
Ö 

o 
O  ^ 

Q 
Q 
(r 
n 

o 

C 3 



o 
o 
o 

10 
<7> 

> u 
Q 

+1 CO ^fö 
(f) « * • 

•^ 

S +1 +1 41 
1^- in o 
0^ ro oo 

2 • 
io io 

Q 
■ • • 1 1 

UJ 1 

^ 

o 
o 

CO o 
if) 

Q 
O 
cr 
UJ 
CL 

1 
^: ^ o o 
o O "" 
mm —• 

d3M0d   3AliV13d 



SIGNAL AMPLITUDE 
o 

c 
c 
c 
L 

C 
c 
L 
C 

o 
in 

o ^ 
OliVd 3SI0N Oi nVNOIS 



ro    \c\i     \~ 

CD 

o 10 
OliVd 3SI0N 01 IVNOIS 



o 
in 

SIGNAL   AMPLITUDE 

o 
ID 

ID 

' ' 
i 
/ / 

• 

• 

CVi / 
/. 

E
Q

U
IA

N
G

U
LA

R
 

, E
Q

U
IA

N
G

U
LA

R
 

co7 
'/ 

CO 

E E 
•   §8 

1 

/ 

• 

« 

E
A

C
H

 
EA

C
H

 

/ 
/ 

• 

X 

— 

1.
 

2
 P
IP

E
S

 
PI

PE
S f   . 

• 

J- 

/)C/ 
\ 

J                        <*• oo 
\                              . 
1                              —• OJ 
5 
5 

■ « 1   - 
• 

• 
•*            1 

• • "W    ^ 

\ 
if, 

• 

• \l \\ 

i 

o 
ID 

— O 

ID 

C 
c 
I 
L 
C 

Q io 

ouva 3SION oi nvNOis 



i 
0 

•H 

•0 

•0 1 • 
•ri i   u E 
> 1     <» o 

1    o en 
0 i sL 
*i 

u 1  0 

a • •     1 
H vO 6 u 
9 1 o w 
u o M J 

•H • "S 
•0 ^ e 1 
V % 1 
0« w 
u £ Q> i o •r» 
il H 

1 
0) 
> i 

0 +» 
•H ß •p 0>  1 
u u 

0) 

.a • I 
•0 Ü g < i o 
•0 (0 ' n 

1 > 
^ o 
0 • 

■p -st! 

H 
1 1 
in a 

0) 11 f» 
H ' H ! 
H 
n> 
M 

ft 

i 
0 

•H a +> >i 0 
m +J •M 
P •H 4J 
c y (0 1 0 ' 0 M 0 

•M H i •H 
u 0) CU ^ 
0 > 0) Q)  I i PM 1 
>1 •d 
«J c 4J 
n •r» 0) u ' & r-l 
rt c 

H 
0) 
& 

•H 
Ik 

rM oi co m 
•   •   • ■ 

oo <r> co o 
er» ^ N rt 

co n ** n N 
t   • •   ■   • 

o »t H r» H 
cs cs r» cr» o 

f-4 

Or*cocoinin^fo 
H CS CM H H CM 

VD (T» CO CN «* CO 
•        ••!•• 

0 ro m ^ "'I' ^ 

i0C0C0C0HMOv0r--O 
i   •   •   •   i   #   t   #   •   # 

5tvocMO>aN(MOcovo\ovoininvoincvj<s<* 

Nn<!j"friro'*'*n(nr»rofr)rn(nr)fn(nfo 

foOCOr^noco^fHroCOi-inOCNj^ 
sf(M«HvO'*Ovoconf^fninoonco^,Ovo 

(MH'5j'ino>^j,rviHO(r»cor»i^*X)vovoin 
Oinn<N(Ni-<iHr-IHfH 



VERY LONG PERIOD WAVES ASSOCIATED 

WITH ATMOSPHERIC DISTURBANCES 

John A. McDonald 
Eugene Herrin 

(Text of a paper de liver«-d to the 

American Geophysical Union, 10 December 1970) 

Dallas Geophysical Laboratory 
Southern Methodiat University 

Dallas, Texas 75222 



ABSTRACT 

(EOS, Trans. AGU, 51, 760, 1970) 

Data have been collected in digital form  from a triangular 

microbarograph array with sides approximately 5 km in length. 

This array was operated in East Texas during the spring of the 

year; a period of maximum atmospheric turbulence.  The array was 

particularly well situated for the prevalent tornado paths to the 

west and north, hurricanes to the east and south and spring thun- 

derstorms typical to the area.  Data were recorded over a wide 

band of period; from the order of units to the order of hundreds 

of seconds.  Filtering and decimation of the individual channels 

and beam forming of the array data indicate that very long period 

waves may be associated with these violent atmospheric disturbances 

However, acoustic waves are dominated by large amplitude waves of 

lower velocities; probably associated either with the jet stream 

or with large cells of atmospheric turbulence. 

Ll 



INTRODUCTION 

A microbarograph array was operated in East Texas for the 

period January through August 1970.  The array data are being 

used to study: 

a) Propagating atmospheric acoustic signals, 

b) Earth motions due to turbulence and due to acoustic waves, 

c) Atmospheric effects due to violent disturbances in the 

atmosphere. 

During the period of the operation of this array various im- 

portant atmospheric events accurred, such as: 

a) the Lubbock tormado, 

b) the Oklahoma city tornado 

c) Hurricane Celia 

d) the passage of many frontal systems. 

In this presentation we indicate that we have recently started 

to search for acoustic waves associated with severe weather dis- 

turbances.  This research is being pursued with the plan of trying 

to understand the mechanisms which generate such waves. 

Our array in East Texas wa^ in a particularly good locality 

and operated in a very suitable time period for violent atmospheric 

disturbances.  The association of patterns of acoustic waves with 

such "events" is still tenuous.  However, our preliminary results 
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indicate that energy propagating at acoustic velocities can be 

detected after the passage of a frontal system.  The use of a 

small array for such an analysis will be ^hown here. 

' 0 ". if. 



RESULTS 

The first figure shows the array at Grand Saline; the 

small array should be disregarded.  The array had legs of 

approximately 5 km with the stations designated CH 2, CH 7 and 

CH 8.  The base station (CH 2) was located at the Morton Co. Salt 

Mine.  The microbarographs were operated without pipe arrays. 

The short period end of the response at 2 sees, was deter- 

mined by the input leak resistance, and the corner at about 45 

sec. (figure 2) by a capillary leak in the capsule.  The excur- 

sions in the y-direction have been calculated in counts/iubar 

in order to obtain an absolute value for the amplitude of the waves. 

Figure 3 shows data taken from the ESSA daily weather maps 

for the days of 20 and 21 April 1970, when a frontal system 

passed through the area of Grand Saline, Texas.  One would guess 

that the front passed through the town in the early hours of 21 

April 1970. 

We show in figure 4 five channels of digital data displayed 

in analog form.  Three represent microbarograph data from CH 2, 

CH 7, CH 8 (see figure 1), one shows the variation of wind velocity 

(in m/sec) and the other the variation of wind direction with time. 

The abscissa represent almost 12 hours of data which have been 
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decimated by a factor of 10; thus, the bar in the figure repre- 

sents 2000 sec. 

The frontal system can be seen to arrive at 0200 z accompanied 

by a wind shift. 

The data from the microbarograph array were searched for 

energy with acoustic velocities before the arrival of the front; 

during the passage of the front and after the passdge of the front. 

Figure 5 shows the output from a beam steer program during the 

frontal passage.  In this program signals are brought into coin- 

cidence by time shifting and the relative increase in the amplitude 

of the summed channels is detected when coincidence is achieved. 

The average power in a beam is compared with the sum of the power 

of the individual channels; if the ratio of these powers increases 

above the value for uncorrelated noise a signal is said to have 

been detected.  In this particular program time is averaged by 

means of a recursive filter.  In figure 5 it will be seen that 

the passage of the front (0200 g) is accompanied by energy of 

acoustic velocity ( at ^•320 m/s).   The beam steer output for 

the two hours beginning at 0342 g can be seen in figure 6. 

Energy can still be seen to be travelling at acoustic velocities 

from about the arc from which the front travelled.  A similar 
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analysis prior to the arrival of the front showed no significant 

energy at acoustic velocities. 

In figure 7 can be seen the definition of coherence used 

in this study.  The phase lag or lead is then the arc-tangent 

of the ratio: 

Quadrature spectral density,- 
cospectral density 

or the ratio of the imaginary to the real parts of the cross 

spectral density. 

Using these formulae the coherences and phase lags were 

calculated during the frontal passage and are shown in figure 8. 

The high coherences and systematic phase differences over the 

S km of these very long period energy movements should be noted. 

< 6 
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CONCLUSIONS 

The results presented here and other data indicate that 

energy travelling at acoustic velocities can be related to 

frontal systems.  But at the present time we would not like 

to speculate on the nature of the generating mechanism. 
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ABSTRACT 

(EOS, Trans. AGU, 51, 777, 1970) 

Observations have been made of the long period seismic 

and atmospheric pressure fields at the surface of the earth 

and at a depth of 183 m in a mine.  In the period range 20- 

100 sec. and during intervals of moderate atmospheric turbulence 

the seismic noise field at the surface is highly correlated with 

the changes in atmospheric pressure.  In contrast there is 

little correlation between the seismic noise field in the mine 

and these pressure changes unless they are moving with acoustic 

velocities.  These observed seismic disturbances are not related 

to buoyancy in the seismometer but are due to the response of 

the earth to changes in the atmospheric pressure. 

5« 



GROUND MOTIONS ASSOCIATED WITH 

ACOUSTIC WAVES 

G. G. Sorrells 

John A. McDonald 

Eugene Herrin 

(Nature Physical Science, 229, 14-16, 1971) 

57 

Dallas Geophysical Laboratory 
Southern Methodist university 

Dallas, Texas 75222 



GROUND MOTIONS ASSOCIATED WITH 

ACOUSTIC WAVES 

On July 4, 1970, a signal travelling with acoustic velocity 

was observed at a 5 km triangular microbarograph array at 

Grand Saline in East Texas.  There is a computer program which 

can search any given arc for a signal of any given velocity.  At 

a particular velocity, data from the elements of the array are 

brought into coincidence by time shifting.  The correlator detects 

a relative increase in the summed signals at coincidence, and 

it compares the power in a beam to the sum of the powers of the 

individual elements.  If this ratio increases significantly 

above the value for the uncorrelated noise, a signal is said to 

have been detected.  The advantage of this particular program 

is that the use of a recursion filter instead of a conventional 

convolution filter reduces considerably the data processing 

time required.  The program was run on data from the three elements 

of the array for the time period during which the signal was ob- 

served.  Fig. 1 shows the output from the program and a signal can 

be seen clearly beginning at approximately 0140 GMT with an azi- 

muth of 220°. 5* 
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Two three-component, long period seismographs are in 

operation at the same location.  One system is at the surface 

and the other almost directly below the first in a salt mine 

at a depth of 183 m.  These seismographs have their long period 

response electronically amplified to produce the overall response 

shown in Fig. 2. 

2 
Crary and Ewmg have shown that the buoyant response of 

ther vertical seismograph to changes in the atmospheric pressure 

can be an important source of long period seismic noise.  It is 

also known that small variations in temperature can cause con- 

siderable long period noise.  Extreme care was taken during the 

installation of the seismic system to reduce these effects to a 

minimum.  The surface seismometers are heavily insulated and the 

mine seismometers are in a thermally stable environment.  The 

vertical seismometers were sealed in rigid steel cases with time 

constants of several hours.  These seismometers were placed in 

sealed vaults with time constants ranging from 10 to 26 h. 

Tests showed that external pressure variations of about 100 jubar 

at a period of 200 s produced pressure variations within the vault 

which were of the same order as the system noise of the microbaro- 

graph ( -^0.02 pbar). 
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The mine, which has only one entrance, acts as a low pass 

filter to surface pressure variations.  The time constant of the 

mine is greater than 4 min.  Nevertheless seismic disturbances 

which were practically identical were recorded both at the surface 

and in the mine during the passage of the acoustic wave.  The 

coherences between the base station microbarograph and the surface 

and mine vertical seismographs, which are shown in Fig. 3, indicate 

that at periods from 20 to 100 s the seismic disturbance is closely 

related to the acoustic wave.  In view of the precautions taken 

during the installation of the seismographs, we believe that the 

disturbance recorded by the seismographs represents true Earth motion, 

J-f 
It has been shown that although the energy transfer between 

the atmosphere and the Earth is very slight a disturbance in one 

medium can cause motions in the other. Bolt observed a dispersed 

acoustic signal from the Great Alaskan Earthquake some 2 h 40 min 

after the earthqueake.  The signal resembled the acoustic waves 

generated by nuclear explosions. 

Our results are in general agreement with unpublished theo- 

retical studies by G.G.S. of the response of the Earth to slowly 

moving plane pressure waves. These studies show that in a half- 

space of reasonably competent rock, a pressure wave moving at 

66 
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330 ms would generate a vertical displacement at the surface 

of the Earth of 10 to 15 rm "per «bar in the period range from 

20 to 100 s.  These studies also show that the amplitudes of 

the seismic disturbance recorded at a depth of 183 m should be 

within 5 per cent of the amplitudes recorded at the surface. 

6t 
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ABSTRACT 

(GSA Abstracts with Programs, 3, 198, 1971) 

Experimental frequency response of the earth to local 

atmospheric pressure changes have been calculated from data 

collected at a combined infrasonic and seismic observatory 

operated temporarily in the vicinity of Grand Saline, Texas. 

Theoretical frequency responses computed for reasonable earth 

models of the structure in the vicinity of the recording site 

compare favorably with the experimental observations. The im- 

plications of the results with regard to the detection of long- 

period seismic signals and to the measurement of shallow earth 

structure f^re discussed. 
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INTRODUCTION 

When the wind blows across the surface of the earth it can cause relatively 

large perturbations in the local atmospheric prossure field. Since the earth is not 

a perfectly rigid body it will deform in response to these pressure changes. 

An experiment to measure the magnitude of the response of the earth to wind 

generated pressure changes was jointly conducted at the Morton Salt Co. mine 

near Grand Saline, Texas, by the Dallas Geophysical Laboratory of Southern 

Methodist University and Teledyne Geotech of Garland. Texas. Details concerning 

the sensing and recording systems used at the site are given by Herrin et al 

(1971).  The basic sensing equipment consisted of two sets of three-component 

long-period seismographs with responses peaked between 50 and 60 seconds, an 

anemometer, and six microbarographs. 

The seismographs were installed at the surface and in the mine at a depth of 

183 meters; while the microbarographs were distributed in a 5 km array with 

the base microbarof.-aph and the anemometer located 60 meters south of the 

surface seismic installation. All data were transmitted to a TC-200 digital 

acquisition system housed in a recording trailer, sampled at 1 second intervals, 

and stored on digital tapes. This particular report will be concerned with 

the data recorded by rte surface and mine vertical seismograph and the base 

mlcrobarograph during calm and windy periods. 

• 

PRESENTATION OF RESULTS 

Calm Period. Power spectral density and coherence estimates calculated from 

data recorded during a 3-hour Interval when the mean wind speed was less 

than or equal to 3 meters/sec are displayed in figures 1-a and b. The spectral 

density estimates have been corrected for their respective frequency responses. 

M 



2. 

The anticipated spread of the estimates at the 90% confidence level is shown 

by the vertical bar in the lower right hand corner of figure 1-a. 

As shown by the dotted curve in figure 1-a the variations in the local atmospheric 

pressure field arc quite low.  In the period range 20-100 seconds, the RMS amplitude 

is only about 0.5 vibars. That is, during this interval and within this period 

range the mean change in the local atmospheric load is about 5 parts in 10 . 

The solid and dashed curves shown in this figure are the spectral estimates 

of the seismic noise recorded in the mine and at the surface. Notice that they 

are, for all practical purposes, identical. The existence of the prominent gap 

in the spectra which occurs roughly between the periods of 20 and 100 seconds 

has been shown by Molnar et al (1969) to be potentially important to the. 

detection and identification of surface waves generated by low magnitude earth- 

quakes and underground nuclear explosions. Within this particular period range 

the noise level is relatively low, the RMS amplitude being only about 15-17 mp. 

This means that systems with responses peaked somewhere between 40 and 60 seconds 

can potentially be operated with relatively high magnifications. 

The squares of the estimated coherence between the seismic noise recorded 

at the surface and in the mine is shown by the solid curve in figure 1-b. The 

relatively high values between 8 and 20 seconds are not surprising since most 

of the noise within this period range is known to consist of fundamental mode 

Rayleigh waves with wavelengths much longer than the vertical distance between 

the two locations. Notice, however, that the range of significant coherence exte 

out to periods on the order of 200 seconds. This result demonstrates the 

important point that the detection threshold for surface waves is not system 

noise limited. The source of by far the greater part of the noise beyond the 

classical microseism band is unknown at the present time. Despite the relative 

low coherence between local atmospheric pressure changes and the seismic noise 

4f 
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recorded at both locations ve feel that a substantial fraction of this noise 

could be pressure generated and we are presently investigating this possibility 

through field experiments near Canton, Texas. 

Windy Period. Power spectral density and coherence estimates calculated from a 

3-hour interval in which the mean wind speed was 9.4 meters/sec are shown in 

figure 2. As shown by the dotted curve in figure 2-a the wind blowing across the 

surface of the earth causes relatively large fluctuations in the local atmos- 

pheric pressure field.  In the period range 20-100 seconds the RMS pressure ampli- 

tude is 16.7 vibars or about 28 dB greater than RMS pressure amplitude calculated 

from data recorded during the calm period. It will be observed that the increase 

in the amplitude of the pressure changes is accompanied by an increase in the 

seismic noise recorded at the surface relative to that recorded in the mine. 

During this interval the RMS amplitude of the surface noise increased to 65.2 my 

while the RMS amplitude of the mine noise is only slightly greater than that 

recorded during a calm period. The solid curve in figure 2-b is the square of 

the estimated coherence between the seismic noise recorded at the surface and 

in the mine. Notice that the coherence is quite low in comparisor to similar 

measurements made during the calm period. The loss of coherence plus the in- 

creased njise observed at the surface implies that during windy periods, noise 

is added to the surface spectrum but not to the mine spectrum. As shown by 

the dashed curve in this figure the principal sources of this noise in the 

period range 20-100 seconds are the local variations in atmospheric pressure 

caused by the wind. In contrast, the coherence between local atmospheric pres- 

sure and the seismic noise recorded in the mine is negligible below 300 seconds 

Indicating that this particular eource does not contribute significantly to 

the mine spectrum in the period range of present interest. The spectrum of 

the surface seismic noise caused by atmospheric pressure changes is compared 
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to the total spectrum in figure 2-c. Power levels which drop below the clashed 

line are not significantly different from zero at the 95% confidence level. 

From this comparison it can be seen that in the period range 20-100 seconds 

all but about 3 dB of the surface noise is caused by local atmospheric pres- 

sure changes. 

DISCUSSION OF RESULTS 

It is obvious from the results presented in the previous paragraphs that 

during windy periods local atmospheric pressure variations can cause a sub- 

stantial fraction of the noise recorded by long-period vertical seismographs 

located at the surface of the earth. The two most likely explanations for 

this noise are that either the seismometer is responding buoyantly to pressure 

changes acting directly on the mass or the elastic deformations of the earth 

caused by local- atmospheric pressure changes are large in comparison to the 

noise from other sources. The evidence concerning buoyancy has been considered 

in some detail in a previous paper (Sorrells et al, 1971) and has led us to 

conclude that It contributes only a negligible amount of power to the noise field 

at periods less than 100 seconds. The evidence concerning elastic deformations 

of the earth Is discussed below. 

Elastic Deformations. There is considerable experimental evidence which 

Indicates that the pressure field caused by the wind is spatially organized 

and tends to propagate at the mean wind speed. On the strength of this evidence 

Sorrells (1971) suggested that to a first approximation the wind-generated pressure 

field could be considered to be a plane wave propagating at the speed and in the 

direction of the mean wind. A computer program has been developed which 

calculates the displacement frequency response of a layered elastic half space 

to a slowly moving plane pressure wave (Sorrells et al, 1971). This program 



has been used to calculate the responses of two earth models which approximate 

the structure at and about the Grand Saline Salt dome. Model 1 which 

approximates the structure at the salt dome is shown in figure 3-a. The salt 

dome itself is assumed to be infinitely extended in the horizontal dimension 

and is represented by the semi-infinite layer in this model. The second layer 

represents the salt dome cap which is remarkably thin at Grana Saline, while 

the upper layer represents the poorly consolidated Tertiary sediments overlying 

the dome. With the exception of the P and S velocities of the upper layer, the 

properties of this model are reasonably well established. There is, however, 

a considerable uncertainty associated with the estimates of these quantities. 

Sonic log data from a nearby well shows the P wave velocity to be 1.9 km/sec 

at a depth of 183 meters. We would anticipate the velocity above this level 

!to be somewhat lower. Cores from test holes in the immediate vicinity of the 

recording site show that the upper layer consists primarily of sandy clay with 

■ 

interbedded sand lenses. Measurements reported by Press (1966) indicate that 

P wave velocities could be as low as 900 meters/sec. We have assumed a value 

of 1.3 km/sec; however, it could be as high as 1.5 km/sec or as low as 1.1 km/sec 

without substantially changing the calculated response. The shear v.ave velocity 

in the upper layer was assumed to be O.A75 km/sec because that value provided 

a theoretical response which agreed reasonably well with the experimental data 

at periods less than 30 seconds. As we shall see, however, the velocity could 

be as low as .A00 km/sec or as high as .550 km/sec. 

Since the salt dome is in fact limited In horizontal extent it is necessary to 

consider the sediments surrounding the dome as well. Model 2 which is shown in 

figure 3-b, approximates the structure in this region. Down to a depth of 88 

the 
meters it is same as that used in Model 1.  Below that depth the P wave velocities 

1 
and thicknesses were taken from a sonic log which was made approximately 5 miles 
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northwest of the recording site. The S wave velocities were calculated from 

P wave data under the assumption that Poisson's ratio was 0.33. Likewise 

densities were calculated from the P wave data assuming a linear relationship 

between the two quantities. 

An estimate of the actual response function  |H(w)|  is given by 

\*zW\        fin» 

where |l\n((j) |  and  [^(w) | are respectively the estimated frequency response 
A 

functions of the microbarograph and the vertical seismograph; Gzm(w) is the 

cross power spectral density estlmatt of the outputs of the two systems and 

A 

(^(u) is the power spectral density estimate of the output of the microbaro- 

graph. An example of a response calculated from windy period data recorded 

at the surface is compared to the theoretical responses of models 1 and 2 in 

figure 3-c. Notice that at periods less than about 30 seconds the response 

of models 1 and 2 are virtually identical. While there is considerable scatter 

in the experimental data in this period range, its basic trend is satisfactorily 

approximated by the predicted response. The shape of the response curve below 

30 seconds is determined largely by the structure in the uppermost 80 meters. 

The observed scatter suggests that the structure within this zone may be 

considerably more complex than was assumed in constructing the models. The 

two dashed curves which form the envelop enclosing the experimental data 

are the responses obtained from model 1 when the shear wave velocity in the 

first layer is changed to 400 meters/sec and 550 meters/sec. These probably 

represent the limits on the value the shear wave velocity can assume in the 

upper layer. 

73 



7. 

Observe that at periods greater than 30 seconds the experimental data favors 

model 1. This is encouraging since the recording site is located above the 

salt dome and the wavelengths involved are less than the diameter of the dome 

('v 3 km). Notice, however, that there is a systematic divergence between 

the observed data and the model 1 response at periods greater than about 

50 seconds  (wavelengths ^ 470 meters). We feel that this reflects tn;- 

influence that the sediments surrounding the dome excercise on the observed 

response.  This influence should increase with ir.creasing wavelength until at 

wavelengths large compared to the diameter of the dome the observed response 

should closely resemble the model 2 response.  Indeed we have found (Sorrel!s 

et al, 1971)   that the observed response to the pressure field caused by 

acoustic waves with wavelengths greater than 12 km is in good agreement with 

the model 2 response. The apparent absence of pressure generated noise in 

the mine can be explained by comparing the responses of model 1 at the surface and 

at a depth of 183 meters.  It will be observed that at periods less than 

100 seconds the amplitudes of tho pressure generated noise recorded 

in the mine should be at least a factor of 7 below those recorded at the surface. 

On the basis of the results presented in this figure we conclude that during 

windy periods most of the noise recorded at the surface within the period range 

20-100 seconds is earth motion in response to the local atmospheric pressure 

variations caused by the wind. 

The Response of Other Geologic Media to the Wind Generated Pressure Field.  The 

relatively good agreement between observed and calculated responses impliec that 

we may use the theory with some confidence to predict the pressure generated 

contribution to the long-period noise field recorded by a vertical seismograph 

located in other geologic media.  In figure 4 we compare the experimental response 

7^ 
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obtained at the surface at Grand Saline with theoretical surface responses 

calculated for a granitic half space and for a granitic half space overlain 

by a two-meter thick low velocity zone. The parameters used in the calculations 

are listed in table 1.  These models were selected for examination because they 

represent the general type of geologic environment that experience has led us 

to associate with a "quiet" seismic installation.  Observe that the predicted 

response for both media are well below the Grand Saline response. This 

implies that earth motion caused by the wind generated pressure field will be 

significantly lower at surface installations on these media than that observed 

at Grand Saline.  In fact, it can be shown that given atmospheric conditions 

identical to those observed during the windy period at Grand Saline the 

pressure generated noise at sites located on granites should be negligible 

in comparison to noise from other sources. (This implies that through the careful 

selection of an appropriate geologic medium it should be possible to obtain noise 

levels at surface installations which are comparable to those obtained in mines. 

It is well to recall at this point that our discussion has baen restricted to 

the noise recorded by the vertical seismograph.  Because of the sensitivity of 

the horizontal seismograph (Rodgers, 1968) to tilts, the wind generated pressure field 

will cause substantial noise on horizontal seismograms; even those which are 

recorded in competent geologic media (Sorrells, 1971). 

CONCLUSIONS 

From the results presented previously we conclude that deformations of the 

earth in response to the wind generated pressure field can contribute significantly 

to the noise recorded by a vertical seismograph in the period range 20-100 seconds. 

The occurrence of this noise can strongly limit the use of vertical seismographs 

located at the surface to detect surface waves from small magnitude events. 

The noise will be most severe on the surface of geologic regimes characterised 

7 *' 
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by a low velocity surficial layer. Apparently this layer does not have to 

be very thick in order for the noise to occur. In regions of this type both 

theory and experiment indicate that the pressure-generated noise can be 

eliminated by installing the seismographs at depths on the order of several 

hundred meters.  In regions where high velocity material extends to the sur- 

face the theory indicates that the contribution of earth motion caused by 

the wind-generated pressure field to the noise recorded by a vertical seis- 

mograph should be negligible at periods less than 100 seconds in comparison 

to earth noise from other sources even if the seismograph is located at the 

surface. This implies that it may be possible to obtain relatively low noise 

levels on long-period vertical seismographs at very shallow depths providing 

that care is exercised in the selection of the site geology. Experiments 

to verify this particular inference are obviously desirable. 

7B 
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Abstract 

The displacement response of an elastic halfspaco to 

a plane pressure wave is examined in order to establish the 

conditions under which sources of this type can contribute 

significantly to the long period seismic noise field.  The 

study is restricted to pressure waves which propagate at 

spaces well below the seismic wave velocities characteristic 

of the halfspace.  The numerical studies indicate that pres- 

sure waves with amplitudes of 100 /abars or more can contribute 

significantly to the long period vertical background observed 

at the surface provided that the detectors are located on 

sections of alluvial fill or poorly to moderately indurated 

sandstones and shales whose thicknesses are greater than 

about a kilometer.  These same waves can also create signifi- 

cant tilt noise on long period horizontal seismographs located 

at or near the surface, regardless of the rock type.  The seismic 

disturbances created by pressure waves decays rapidly away from 

the surface.  Therefore, it appears that it may be possible 

to eliminate the effects of atmospherically generated noise 

by placing the detectors at moderate depths. 
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A Preliminary Investigation into the Relationship between Lonq 

Period Seismie Noise and Local Fluctuations in the 

Atmospheric Pressure Field 

INTRODUCTION 

In a recent article Capon, (1969), suggested that a signifi- 

cant fraction of the long period seismic noise field observed at 

the Montana LASA could be generated by local fluctuations in the 

atmospheric pressure field acting upon the surface of the earth. 

This hypothesis is examined in the paragraphs below in order to 

establish the conditions under which it is valid.  For the purposes 

of this preliminary investigation it shall be assumed that the 

atmospheric pressure field consists of a system of plane waves which 

propagate at speeds well below the seismic wave speeds characteristic 

of the medium and that the medium can be approximated by a homo- 

geneous, isotropic, elastic half space.  Arbitrary pressure fields 

and the response of layered media to such fields will be considered 

at a later date if the outcome of this preliminary investigation 

■justifies the study of more sophisticated models. 



THEORY 

Let X and r.  denote cartesian coordinates in directions parallel 

and normal to the surface of an elastic half space.  Let the plane 

2=0 coincide with the surface of the half space and take * positive 

into the medium and x positive to the right of an arbitrarily chosen 

origin.  If a pressure field of the form p(x,t) is imposed upon the 

surface of the half space then, as shown by Dunkin and Corbin, 1970, 

the components of the displacement field generated by the disturbance 

are given generally by  ^ --« #  . 

w.*) =^v J  fWrtRM*)^  **K<t-tet*    (1) 

where U and W are the displacement components in the x and s direc- 

tions respectively; Ru and Rw are the corresponding medium responses, 

and P(k(w) is complex frequency wave number spectrum of the source 

function which is defined by 

P(^co)« f" ["pi'&^C^cfKd* (3) 

In the case of a homogeneous and isotropic elastic half space which 

is characterized by a compressional wave velocitycC/ a shear wave 

velocity/J? and a density p,   the medium response functions are 

(Ewing, Jardetsky & Press, 1957). 

O I? 



jf   = Sät (6) 

v'%.^>-^> (8) 

Suppose that the pressure field is a plane wave which travels 

at a speed c,   where C ^"^ /£? 

The complex frequency wave number spectrum of this particular 

field is given by 

PCfe.«) = £ £ V- D^V4" rfi^      (10) 
The right side of equation 10 may be integrated to yield 

PU,«) * Ä7T PCO<K^-.g) (11) 

Now using equation 11 to replace the appropriate terms in equa- 

tions 1 and 2 and performing the indicated integration over the 

variable k yields     -** /AI^-A) 

(13) 

«  (12) 

A further simplification is possible,  since it has been 

assumed that c is much less than the elastic wave velocities of 

the medium a satisfactory expression for the medium responses in 

equations 12 and 13 can be obtained by expanding these functions 

c    & in powers of 2' and 77 and neglecting all terms in which these 

ratios are raised to powers greater than 2.  To this degree of 

'T 
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approximation it can be shown that the components of displacement; 

given by equations 12 and 13 become   ,  .  «ti4!!^ • /.i  Ji\ 

uix,*.*)* ^ j^-—-: (i4) 

Equations 14 and 15 describe a seismic disturbance which propagates 

at the same rate as the imposed pressure field.  It nay be readily 

verified that this disturbance is identical in form to that created 

by a static load p(x) imposed upon the surface of the half space 

(cf, Sneddon, 1951).  Furthermore, it is important to note that in 

this particular case there is no energy transport by the normal 

seismic waves (i.e., waves traveling at speeds c^ or/J or the Rayleigh 

wave velocity).  To an observer moving at the same speed as the load, 

the disturbance would remain fixed and would be identical to that 

created by a static load. 

' , i 



DISCUSSION 

Let  us  restrict  our  attention to one  sinusoidal  component  of 

the  pressure disturbance.      If  this  component  has  a  pressure  ampli- 

tude  of  P0 microbars,   a   frequency of oscillation   O^  radians     and 
sec 

propagates a,speed of c0 meters/sec it is clear from equations 14 

and 15 that the associated displacement components will be 

we«,».*.) « -^P>   U^ -^   ^ ^   SLJ5  

which at the surface reduce to 

(16) 

(17) 

Ü<x,o,*) 5 JSeS ^. (18) 

p.    .   ^.(6-4) (19) 

Equations 18 and 19 have been used to compute the amplitude of 

the displacement components for the models whose elastic properties 

are listed in table I.  For the purposes of these computations it 

is assumed that P0 -• 1, c0 = 5 and that O, takes on values between 

■JL and ~" .  The corresponding period range is from 20 to 100 

seconds.  The results are displayed in figures 1 through 4, where the 

vertical and horizontal components of displacement are plotted as a 

function of period. 'J^ 
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Model 1 is clearly an extreme case and was included to show 

■} 

li 

11 

the worst possible conditions.  As shown in figure 1 this model i :' 

is quite sensitive to small changes in atmospheric pressure. For 

instance, in the period range 20-40 seconds, the average vertical 

displacement is 80 nya for a pressure amplitude of 1 /ibar. In the 

same range the average horizontal displacement is 10 nju/ubar. ' 

These results imply that one of the reasons that long-period in- * 

stallations located on thick sections of alluvial fill are gener- 

ally characterized by high noise levels is that the unit is quite 

sensitive to small changes in atmospheric pressure. 

Models 2a-2b have velocities and densities characteristic of 

many sadstone shale sequences found in the mid-continent and Gulf 

Coast regions of the United States.  Model 2b differs from 2a only 

in that the shear wave velocity has been increased to 1 km/sec. 

The curves shown in figure 2 indicate that the pressure sensitivity 

of these models is considerably lower than the unconsolidated sedi- 

ments model. 

In the period range 20-40 seconds the average vertical displace- 

ment is about 1 nvVjubar for model 2a and 0.6 nya/jubar for model 2b. 

However, if we assume pressure amplitudes on the order of 100 /abars, 

the corresponding vertical displacements of the surface would be 

100 and 60 xvp  for models 2a and 2b.  Now, in general, the vertical 

seismic background observed at periods greater than 25 seconds is 

somewhere on the order of 100-200 m^a.  Thus pressure waves with 

i 
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of 100 ^bars or more can generate a significant fraction of the 

seismic background at periods greater than 25 sec, if the installa- 

tions happens to be located on a thick section of moderately to 

poorly indurated sandstones and shales.  By thick, it is meant that 

the dimensions of section are much larger than the wavelength of the 

disturbance.  For the periods and speeds considered above the cor- 

responding wavelengths would be less than 200 meters.  Consequently, 

these results could be applied to sections whose dimensions are as 

small as a kilometer.  It is important to note that the shallow 

structure beneath the Montana LASA is quite similar to that used in 

model 2b at least down to depths of about 1.5 km (cf, Glover and 

Alexander, 1968).  Thus, it appears reasonable to expect that, at 

the Montana LASA, atmospherically generated seismic noise can con- 

tribute significantly to the vertical long period noise spectrum, 

as suggested by Capon (1969). 

The situation is quite different for the more competent rocks 

which are represented by models 3 and 4.  As shown in figures 3 and 4, 

the sensitivity of these models to atmospheric pressure fluctuations 

has been reduced by about an order of magnitude relative to the 

sandäione-shale models considered previously.  Therefore, in rocks 

of this type, displacements caused by atmospheric loading cannot 

contribute significantly to the long-period seismic noise background 

unless the pressure amplitudes are on the order of a millibar or more. 

< ■ r» 
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Thc previous paragraphs have boon concerned with the displace- 

ments at the surface of the earth caused by a plane pressure wave. 

i 

: 

i 

: 

5 
These waves also produce tilts, which can be a major source of noise 

on the long-poriod horizontal seismograph system.  The tilts pro- 

duced by a plane pressure wave may be determined in the following way.      \ 

Let &(itt&)£)   be the angle of tilt measured from the horizontal. 

Then   Tan 0 s*   ^^ 

or using eq. 17 

Tan &  m AJJl  V^ ' *  c.  y<2. &«»  C        (20) 

Since ^ is generally small i' 

Tan &»   & 

Consequently at z = 0 

# ^ iJLA^c^ 
V ttJ (21) 

Thus at the surface the amplitude of the tilt  is dependent only upon 

the elastic constants of the medium and the pressure amplitude and 

is  independent of  frequency.     The  tilts associated with a  1 wbar 

pressure amplitude  in each of the 4 models described above  is   listed 

in  table  2. 

It can be  seen  from this  table  the tilts at  the  surface are 

quite  small.     However,   because of  the tilt sensitivity of the  long- 

period horizontal  seismometer,   even  these small  tilts can produce 

large  apparent  horizontal displacements.     Rodgers   (1968)  has  shown 

that  the apparent horizontal displacements caused by  tilt  is given 

■Jl, 
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4rrv 

where U6 is the apparent horizontal displacement; g is the local 

value of gravity and T is the period of the oscillation. U^ was 

computed for models 1 through 4 using the values of G    listed in 

table 2 and g = 980 CSL,. .  The resulting values are plotted as a 
sec2- 

function of increasing period in figure 5.  The apparent displacements 

are surprisingly large. A pressure change as small as one /abar in 

the period range from 20 to 40 seconds can generate 340 to 1200 mp 

of noise at the surface of a half space characterised by the para- 

meters of model 1.  In the same period range, the noise caused by a 

one /abar pressure change at the surface of a half space characterised 

by the elastic parameters of model 2a would increase from about 5 n^u 

at 20 seconds to 18 np at 40 seconds.  At the surface of the more 

competent units which are represented by models 3 and 4 a one-^bar 

pressure change would generate less than a mp of noise.  However, 

it is interesting to note that even in the most competent unit 

pressure variations of the order 100 ;jbars can generate as much as 

100 nip of noise.  It would appear, therefore, that during intervals 

of moderate turbulence the apparent horizontal displacements caused 

by pressure related tilts will contribute significantly to the long 

period noise field observed by a horizontal seismograph, regardless 

of the properties of the medium. 

'.■2 
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2.3 ATTENUATION WITH DEPTH 

An interest incj feature of the half space response to slowly 

movincj piano pressure waves is the rate at which the disturbance 

decays away with depth.  Let Gw(a) denote the ratio of the vertical 

displacement: at a depth a  to the vertical displacement at the surface. 

Then from eqs. 17 and 19   j^U \   /W, L5 

Similarly, if Gu(z) denotes the ratio of the horizontal displacement 

at depth z  to the horizontal displacement at the surface, then from 

equations 16 and 18 . ^     IS&lgV    l^l^ 

If we let GQ  (Z) define a similar ratio for the tilts it is clear 

from eqs. 20 and 21 that 
(25) 

GdC<3> •    <awca> 

Gw(2) is plotted as a function of z  in figure 6 for the cases where 

c = 5, ji-f 2n = 1.0 and 1.5, and for periods 20, 40, and 60 sees. 

Generally, the results show that the attenuation with depth is weak- 

ly dependent on the elastic properties of the medium.  The values 

1.0 and 1.5 span the practical range of values that the ratio (\ + 2^) / 

(A + p)   can assume for rocks, with the higher values being associated 

with the more competent rocks.  It can be seen from the curves in 

this ficjure that the differences in attenuation with depth between 

poorly consolidated and competent rocks is only 2 dB. 

?1 
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Furthermore, the seismic disturbance will decay rapidly with 

increasing depth.  For example, at a depth of 100 meters (328 ft.), 

the amplitude of a 2Ü-sccond period sinusoid would be 40 d)3 below 

the amplitude observed at the surface.  At the same depth, waves 

with periods of 40 and 60 seconds would be reduced by about 11 and 

6 dB, respectively.  However, in order to obtain a 40 dB reduction 

of the noise generated by atmospheric pressure variations over the 

period range from 20 to 60 seconds, the detectors would have to be 

placed at least 300 meters deep. 

These results suggest that in regions where local atmospherically 

generated seismic noise can be anticipated to be significant at the 

surface (i.e., in regions of thick sandstone-shale sequences or alluvial 

fill) much of this type of noise can be eliminated by placing the 

detector at moderately shallow depths. 

One further point requires emphasis.  Recently there has been 

considerable interest in extending the response of long-period systems 

to cover a pass band from 30 to 100 seconds (cf. Pomeroy et al, 1969). 

From eqs. 16 and 17 it is seen that the displacement response of the 

half space increases linearly with increasing period.  Furthermore, 

eq. 22 shows that the tilt response of the horizontal seismograph 

system will increase as the square of the period.  Consequently, on 

the basis of these results, one can anticipate that atmospherically 

generated seismic noise will place severe restrictions on the magni- 

fications that can be obtained with ultra long-period systems which 

are operated near the surface. Y\ 



CONCLUSIONS 

The basic purpose of this initial study was to determine 

the conditions under which the displacements and tilts generated 

by plane pressure waves can contribute significantly to the long- 

period noise field.  On the basis of the results presented in the 

previous paragraphs it appears that the vertical displacements 

generated by these waves can contribute significantly to the long- 

period noise field provided that 

a. the installation is located at or near the surface of a 

section of alluvi.1 fill or poorly to moderately indurated 

sanstones and shales which is at least 1 km thick, and 

b. the pressure amplitudes are of the order of 100 ^»bars 

or greater. 

Pressure waves with amplitudes of the order of 100 pbars will 

also create significant tilt noise on long-period horizontal seis- 

mograph systems located at or near the surface, regardless of the 

rock type.  However, the noise will be much less severe on compe- 

tent units. 

The results also show that the seismic disturbances created 

by plane pressure waves will decay rapidly with depth.  Further- 

more, the rate of decay is virtually independent of the rock type. 

The implications are that the contribution of atmospherically 

gent rated noise to the long-period background can be virtually 

eliminated for periods less than a minute by placing the detectors 
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at depths on the order of 3 00 meters. 

Finally, it appears that atmospherically generated noise will 

be more severe on ultra long-period systems than on presently 

operating systems. 

These results arc considered to be sufficiently significant 

to warrant the study of the response of more complex media to more 

xealistic pressure fields.  Consequently, numerical teehniques to 

compute the response of layered media to arbitrary pressure fields 

are being developed. 
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Table 1.  Parameters of the models used to compute vertical 
and horizontal components of displacement 

Model No.   «<     Q Geology ß       F 
km     km 

3 sec    sec     enr 

1 0.3 0.1 1.6 

2a 2.9 0.7 2.3 

2b 2.9 1.0 2.3 

3 4.8 2.8 2.3 

4 5.8 3.25 2.85 

Unconsolidated sediments 

Sedimentary rock 

Sedimentary rock 

Sedimentary rock 

Granites 

Table 2.  Tilts caused by a plane pressure wave with 
 a 1 Aibar amplitude  

Model No. Tilt (radians) 

1 3.5 x 10-9 

2 4.6 x lO"11 

3 3.5 x 10~12 

4 2.2 x 10"12 
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ABSTRACT 

In the fall of 1969 we accepted delivery of three TC-200 

digital data acquisition systems from Geotech-Teledyne.  These 

systems can record up to 16 channels of long period, digital 

data with a specified sampling rate (currently 1 per sec) on 

magnetic tape in an "IBM compatible" format.  Identifying 

headers are automatically written at the beginning of each file 

on tape and Universal Time is written each minute.  The actual 

dynamic range of the recording system is about 70 dB, but an 

operating range of 120 dB is automatically assured by the use 

of binary, gain-ranging amplifiers.  The systems have been 

tested and are now operating satisfactorily at Blacknest Labor- 

atory near Reading in England, at the University of Alaska and 

at a field site east of Dallas, Texas. 
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INTRODUCTION 

In 1969 we composed a set of specifications for a 

digital system expressly designed to acquire infrasonic 

and seismic data in a period range from 1 to 1000 sec. 

Three systems, trade-named TC-200, were designed and built 

by Geotech-Teledyne of Garland, Texas, and delivered for 

field tests in early 1970. All three are now in operation 

at a field site near Dallas (Canton Experiment), at the 

University of Alaska, and at Blacknest Laboratory (U.K.A.E.A.) 

near Reading in Berkshire, England. 

The TC-200 system which we have operated at field 

sites east of Dallas has been very reliable and has pro- 

vided data of superior quality.  in fact, we cannot imagine 

how experiments which have been carried on at these sites 

during the last year could have been attempted without such 

a data acquisition system. While the hardware was being 

constructed and tested, software was being written for 

use in acquiring, quality controlling and processing the 

long period information.  In March of 1970 field 
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testing was completed, and the system has operated routinely 

since that time.  The following sections provide a general 

description the TC-200 geoacoustic data acquisition systems. 



^f 

DATA ACQUISITION SYSTEM 

Hardware;  A block diagram of the TC-200 is shown in Figure 1 

and a photograph of the system is shown in Figure 2. Sixteen 

inputs channels are available, and in the system we have used 

for our field studies, there are 8 FM and 8 analog input modules. 

The FM discriminators operate with a center frequency 1550 Hz and 

+ 45% deviation for a maximum output of +_ 10 V. The dynamic 

range is 70 dB (peak to peak noise to 20 V p-p) from 0.001 Hz to 

0.5 Hz, the passband required in our studies of infrasonics. The 

discriminators are followed by high-pass filters having a 3dB 

downpoint at 0.001 Hz and a rolloff of 6 dB/oct. 

The direct analog input modules are balanced and have 10 Kohm 

nominal input impedance. Equivalent input noise is less than 15Jü V 

rms in the passband of 0.01 Hz to 0.5 Hz. The input offset is ad- 

justable to within +. 25p V. 

All 16 input modules are followed by anti-alias filters. 

These units are low pass filters with a 3 dB down point at 0.5 Hz 

and a roll-off of 30 dB/oct. Data sampled at a rate of 1 sample 

per sec may show significant aliasing at periods between 2 and 4 

sec. At a ampling rate of 4 per sec, there should be no possible 

aliasing. With our currently available TC-200 software, we can 

101 
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select sampling rates of 4, 2 or 1 per sec. 

A TC-203 analog multiplexer follows the anti-alias filters. 

Upon command, this unit switches to any one of 16 channels and 

after a very short delay provides a channel-ready pulse to the 

anolog-to-digital converter.  The command to switch and the 

channel code is provided by the Raytheon 703 central processing 

Unit (CPU). Analog voltages thus selected are converted to a 

16 bit computer word which contairs 4 bits of gain information 

and 11 bits, plus sign, of data. The details of this conversion 

process are described in the next paragraph. 

Upon receipt of the channel ready pulse from the multiplexer, 

the binary gain amplifier (BGA) is set to unity gain and its out- 

put is tracked and held by the sample and hold amplifier (SHA). 

The voltage is then converted to digital form using 11 bits plus 

sign.  The analog to digital converter (ADC) then resets the gain 

of the BGA such that its output will lie between 1/4 and 1/2 full 

scale (between 2.5 and 5.0 volts, positive or negative). The SHA 

again tracks and holds the BGA output and another conversion is 

made by the ADC. The computer input driver then transmits a 16 

bit word consisting of a 4 bit gain character followed by 11 bits 

plus sign (twos complement) to the CPU.  The central processer 

stores the word in core, readdresses the analog multiplexer 

110 
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and, after the sampling cycle is complete, transmits the informa- 

tion to the tape unit. The sampling cycle is initiated by an 

interrupt pulse provided by the timing system interface unit. 

The binary gain-ranged amplifier (TC-214) is a low-noise 

amplifier with eleven gain settings in binary steps from XI to 

X1024. When the gain is set a binary gain word is provided 

along with the analog output voltage as illustrated below: 

Gain Word Gain Selected 

0000 1 
0001 2 
0010 4 
0011 

1 
1 
1 

1001 

8 
1 
l 
i 

512 
1010 1024 

The maximum output voltage from the BGA" is + 5V for all gain 

settings except Xl for which ±  10V is allowed. When used with the 

12 bit ADC, as is done in our TC-200, the actual dynamic range 

approaches 70 dB; however, the gain-ranging capability allows 

an operating range of about 120 dB. The 70dB data word is effec- 

tively positioned within this operating range on a sample by 

sample basis. All inputs to the TC-200 are conditioned so that 

the analog level at the multiplexer will not exceed +, 10V, thus 

I 
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no gain adjustment are ever required, even for input levels 

less than a millivolt. 

The sample and hold amplifier (TC-213) has an aperture time 

of less than 50 nanosec and will reacquire a voltage after 

switching from the hold mode in less than 10 jusec. The analog 

to digital converter (TC-201) is capable of 20,000 corversions 

per sec. 

Recording is on a Peripheral Equipment Corporation (PEC) 

7-track, 556 ips tape unit.  The tape drive and controller has 

incremental-write and synchronous-read cap«, lity when used with 

the Raytheon 703 CPU.  The recording format is "IBM compatible" 

and thus has standard inter-record gaps with longitudinal as 

well as horizontal parity check bits.  Tapes, generated by incre- 

mental recording in the field can therefore be read at any standard 

digital computer facility which employs 7-track tape drives. 

Software;  The data acquisition system is controled by a real-time 

monitor whose master clock is a timing system capable of main- 

taining Universal Time within approximately + 10 msec.  The 

monitor allows considerable flexibility in the selection of a data 

format and makes possible on-line calculations during the sub- 

stantial periods of time when the CPU is not actually controlling 

/a 
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the sampling and recording of incoming data. 

Data acquisition is initiated after a number of questions 

have been properly answered on the teletype. An improper answer 

is not accepted by the CPU; in this case the question is re- 

peated.  Parameters thus provided to the CPU include the numbers 

of the active channels, the sampling rate for each channel (current- 

ly 4, 2 or 1 sample per sec), the length of a tape record in real 

time (we now use 60 sec), a four-character tape identifier, and 

a "GO" command which   initiates sampling  precisely on the 

first second of the next minute as read on the timing system. A 

header is written containing the information provided to the CPU, 

and Universal Time is encoded on each record. Data acquisition 

continues until the operator has set a sense-switch on the CPU or 

the end-of-tape marker is sensed. In either case an end-of file 

is written and the tape is rewound. 

We are currently sampling 14 channels, each at 1 sample per 

sec. With a 60 sec data-record, a 2400 ft. roll of computer 

tape will last for three days. 



DATA PROCESSING SYSTEM 

Reformatinq Routines;  The header record at the beginning of 
in 

each file recorded by the TC-200 is used for control   all 

future processing.. All S.M.U. programs are required to read 

the header record and the information contained therein is always 

output with the processed data.  Thus, there can never by any 

confusion as to either the origin of a tape or of the period covered h- 
the data 

or of the original channel allocations. 

At the present time we are sampling all channels at a rate 

of 1 per second; thus a 60 sec output record has three time words 

followed by 60 scans of data. Each scan contains a 16 bit word 

for each channel selected and an error flag. At our computer 

laboratory the 16 bit words are reformated to 24 bit words for 

further processing.  The twelve bits comprising the data and its 

sign are placed in the top half of the 24 bit word, and these data 

are then right shifted within the 24 bit word according to the 

gain information in'the first four locations of the 16 bit word. 

Zeros are placed in any remaining location and the sign information 

expands to fill the beginning o.l? the word. 

A quality control program checks the header record information, 

the allocation of data channels and obcclto fer parity and timing 

errors.  In addition the program may be used to strip data from 
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a Raytheon field tape allowing a choice of channels and of 

start and stop times.  The program also has an option for the 

removal of "glitches". 

Routine quality control and all other programming is per- 

formed on an XDS 925 Computer. This computer has facilities 

for input from magnetic tape, paper tape, card reader or type- 

writer and can output to magnetic tape, line printer or Cal. 

Comp. plotter. 

As data are stripped from a tape and rewritten they are 

blocked in a format called Tape 10.    The header record is written 

at the beginning of the tape and the channels are serially multi- 

plexed in records 1025 words in length.  The data take up 2^ (1024) 

of these and the last word is used as an identification flag.  The 

flag contains the channel number of the data block and the sequen- 

tial number of the block within the present set of data. All sub- 

sequent S.M.U. programs check the flag for correct channel number 

and for the sequential numbering of the blocks. 

Various routines are available which rewrite specified channels 

from the Tape 10  format, omit a specified number of points from 

each channel or test for dropouts. The basic plot routine for 

the cal. Comp. plotter uses the Tape 10 format.  The routine scans 
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the data for the maximum excursion along the ordinate and can 

remove any zero offset. All the data are then scaled to the 

maximum excursion for plotting, or, optionally, the data can 

be prescaled.  One point is plotted on the abscissa every 0.01 

inches, thua for an original sampling rate of 1 per second, one 

inch on the abscissa represents 100 sec. Figure 3 is a typical 

plot of microbarograph data after it has been arranged in the 

^.ape 10 format.  The figures on the abscissa represent the ends 

of blocks of 1024 points, thus 3072 points or 3072 seconds (about 

51 minutes) is shown in this figure. 

Processing Routines; various programs are available which per- 

form routine analysis of data in the Tape 10  format. A digital 

filter qan be computed which will high-pass, low-pass or band-pass 

the data as required. These filters form part of a program which 

will decimate the data by a  given   factor provided the .inform- 

ation has been appropriately reblocked. The filtered and dec- 

imated data are then output in tho Tape 10  format.  Figure 4 shows 

microbarograph data from the three elements of a triangular array 

and the wind velocity and direction after decimation by a factor 

of 30.  The abscissa now represents over 25 hours of data. 

//6 
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The more efficient methods of determining spectra and cross 

spectra of time series depend on the Fast Fourier transform al- 

gorithm (cooley and Tukey, 1965).  The data from any two time 

series are segmented, transformed into the frequency domain and 

then averaged (Welch 1967).  The storage capability of the com- 

puter is not a limiting factor in this method and, thus, high re- 

solution can be obtained with high confidence. The present program 

computes auto-and cross-spectra for any two of a number of channels 

and, as an option, an adjustment can be made for the frequency 

response of the system during the computation. Auto-power, cross- 

power, coherence and phase can be plotted if desired. 

Array Processing Techniques;  There are essentially two array 

processing techniques in use; one calculates frequency wave number 

spectra and the other forms beams for an array, 
first 

The/program calculates the wave number spectrum at a given 

frequency for multi-channel time series recorded by an array.  The 

peak within the two-dimensional plot in wave number space is de- 

termined and from this the velocity and azimuth of the energy peak 

are ca3culated and output to the typewriter. A high resolution 

form of this program is available which reduce the side lobes of 

111 
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the array response and sharpens the peaks in wave number space. 

A separate program computes the fast Fourier transform of the data 

The array beam steering program scans a sequence of azimuths 

for energy moving at a particular velocity by time shifting data 

from the elements of an array.  If the energy in a beam is above 

a predetermined level a signal is said to have been detected. 

The use of a digital recursion filter (Shanks, 1968) allows the 

data to be "remembered" for a while and also reduces the computa- 

tion time. lit 



THE GRAND SAT.INE EXPERIMENT 

As part of a cooperative project undertaken by Southern 

Methodist University and Geotech-Teledyne, a synoptic, seismic 

and infrasonic experiment was undertaken at the site of the 

Morton Salt Company's Grand Saline Mine    about 60 

miles east of Dallas.  Infrasonic, long-period seismic and meteor- 

ological data were recorded on the TC-200 system and analyzed 
laboratory. 

using the XDS 925 in the /  Detailed results of this study are 

reported in Sorrells et al., (1971). The following paragraphs 

briefly describe the Grand Saline experiment which served as an 

extensive field test and a first practical application of the TC- 

200 data acquisition and processing system. 

A  5km triangular geoacoustic array was esta- 

blished with the base station near the recording trailer at the 

Morton salt Mine. The data from the two remote stations were 

transmitted by VHF-FM radio-telemetry and received at the record- 

ing trailer. 

Two other microbarographs were placed so as to create an 

0.3km triangular array. A sixth microbarograph was 

placed in the mine near three long period        seismometers. 

The microbarographs used in the experiments are NBS model N3 

designed by the National Bureau of Standards and built by NBS 
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and by Geotech.  These microphones measure pressure variations 

with reference to a known volume that is connected to the atmos- 

phere by an acoustical resistance, a combination which determines 

the long period response of the microbarograph. The short period 

response is controlled by an acoustical capacitance, a fore- 

volume which is fixed, and an acoustical input resistance which 

can be varied.  In these experiments the short period 3db point 

was placed at about 2 sec. 

The remote microbarographs were housed in small trailers along 

with the VHP transmitting equipment. Use of short hose allowed 

pressure fluctuations to be sampled outside the trailer. Those 

microbarographs close to the recording trailer were buried to in- 

crease the thermal stability of the backing and fore-volumes, and a 

50 ft. piece of garden hose was connected to them in order to place 

the sampling point away from the microphone body. 

An anemometer and a weather vane installed at a height of 4 m 

above the recording trailer provided a continuous monitor of the 

wind speed and direction. 

The seismograph systems used in these experiments were de- 

signed, built and maintained by Geotech-Teledyne.  They consisted 

of a seismometer with a free period of 20 seconds and a photo 

lU' 
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tube nmplifior using a galvonameter with a free period of 30 

seconds.  A combination of a 200 sec high-pass filter, a 60 sec 

low-pass filter and an operational amplifier effectly boosted 

the long period end of the response of the seismographs. 

Considerable care was exercised in the installation of the 

seismometer systems to ensure that buoyancy and temperature 

effects were at a minimum.  Both the vertical and horizontal 

seismometers were housed in steel cases which, in the case of 

the vertical seismometers, were tightly sealed.  These cases acted 

as low pass acoustic filters which, according to the manufacturer's 

specifications, had a time constant of about 4 hours. The cases 

for the horizontal seismometers were left unsealed in order to 

avoid spurious tilts.  The atmospheric pressure fluctuations were 

additionally attenuated by enclosing the seismometers in sealed 

10 gau<je steel tank vaults. The space between the instrument and 

the vault was filled with fiberglass. After sealing, the time 

constants of the vaults were found to be between 10 and 26 hours. 

A time constant of 10 hours indicates that at periods of less than 

200 sec the pressure variations inside the vaults should be at 

least 3 orders of magnitude lower than the ambient pressure fluc- 

tuations. Fhj 
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During the first half of the Grand Saline operation elec- 

trical power was provided by the mining company.  Later we changed 

to commercial power in order to improve recording reliability; 

any momentary loss of power caused the data acquisition system to 

halt until the program could be manually restarted.  Overall, we 

were on site in an operational configuration for 200 days,  satis- 

facotry digital recordings were obtained for 80% of this period 

with the largest cause of dropouts being power failures.  During 

the last 30 days of operation we visited the site only two or 

three times each week and had no backup in case of power loss or 

system component failure.  In this period satisfactory records 

were obtained for 90%  of the total time. 

AT- 



FUTURE DEVELOPMENT OF THE SYSTEM 

We are in the process of adding multiply/divide electronics, 

a high-speed paper tape punch and reader, and an additional 4K, 

16 bit words  of core memory to the TC~200 acquistion sytem now 

located near Canton in East Texas.  This new hardware Will allow 

the development and testing of on-line, real-time programs which 

can significantly expedite the processing of infraso/iic data. We 

expect to be able to run beam-steer program for an array on the 

Raytheon 703 while we are acquiring data.  In addition, we can 

record on tape, in place of one of the 16 input channels, pro- 

cessed output which might be an array beam in a preset direction 

or in the direction in which the on-line, beam-steer routine last 

detected a significant amount of coherent energy crossing the array, 

programs which may run in real time while the TC-200 is acquiring 

data are currently being simulated and tested on our XDS 925. 
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FIGURES 

1. Block diagram of the TC-200 data acquisition system. 

2. Photograph of the TC-200 data acquisition system. 

3. An example of microbarograph data blocked in the Tape 10 
format. 

4. Three channel microbarograph and wind data after decimation 
by a factor of 3 0. 
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ABSTRACT 

Observations have been made of the local atmospheric 

pressure field and the long period seismic noise fields both 

on the surface of the earth and in a mine at a depth of 183 

meters.  The observations show that during windy intervals and 

in the period range 20-100 seconds there is a strong correla- 

tion 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 there is no correlation 

between the seismic noise recorded in the mine and local atraos- 

pheric pressure changes except during the passage of acoustic 

waves.  It is shown that the noise in this pass band is not 

due to the buoyant response of the seismograph, but it is 

caused by the motion of the earth responding to atmospheric 

pressure changes. ' n'h 



INTROPUCTTON 

Since the earth is not a perfectly rigid body it must deform 

in response to atmospheric pressure changes.  Theoretical studies 

(Khoroshcva, 1950, Sorrells, 1971) indicate that given certain 

geological and meteorological conditions this deformation can 

constitute a significant fraction of the seismic noise power re- 

corded with periods greater than 20 seconds. However, experimental 

evidence demonstrating that changes in the "local atmospheric 

load can generate earth motion is sparse. Haubrlch and MacKenzie 

(1965) have reported noise with periods greater than 100 seconds 

which they tentatively identify as earth motion caused by atmos- 

pheric gravity waves. More recently Capon (1969) found that the 

long period seismic noise field recorded at the Montana IASA often 

contains a non-propagating component which is apparently related 

to local atmospheric pressure variations.  In the period range 

20 to 40 seconds this component was responsible for 40% of the 

noise power 50% of the time. Unfortunately on the basis of the 

available evidence it was not possible to determine whether this 

noise was true earth motion or caused by buoyant effects within 

the seismograph.  Observations by Sorrells%änd Der (1970) suffer 

from the same defect. f4'\/h 
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The purpose of this paper is to report the results of 

an experiment to measure the response of the earth to local 

changes in the atmospheric load.  This experiment was performed 

at the Morton Salt Company mine near Grand Saline, Texas.  Seismic 

and microbarometric data were recorded at a temporary observatory 

operated jointly by Southern Methodist University and Teledyne 

Geotech from May to mid August, 1970.  The seismic data were 

recorded by two 3 component sets of long period seismographs in- 

stalled at the surface and in the Morton Salt Co. mine. The 

vertical and horizontal distance between the two installations 

is shown in figure 1. Also shown in thin  fianrc.  are the relative 

positions of the microbarographs, the anemometer and the record- 

ing trailer.  Data from the sensing systems were transmitted to 

a digital acquisition system housed in the recording trailer 

which sampled the observations at one second intervals, then 

recorded the results on magnetic tape.  Details regarding the 

digital acquisition system, the microbarographs, and the seismo- 

graphs are given by Herrin et al (1971).  The average frequency 

response of the microbarographs and seismographs are shown in 

figure 2. M 



EXPERIMENTAL RESULTS 

The rcGults presented in this section are power spectral 

density and coherence estimates calculated from data recorded 

by the surface and mine vertical seismographs and the base micro- 

barograph.  The sample records used in the calculation are free 

of obvious earthquake signals.  They were chosen to illustrate 

the noise levels observed during system noise tests, during calm 

and turbulent atmospheric conditions, and during the passage of 

an acoustic wave. All records are approximately 170 minutes 

long with the exception of those obtained during the passage of 

the acoustic wave which were 120 minutes long.  The power spectral 

density estimates shown in the subsequent figures have been cor- 

rected for system response.  They were calculated using a block 

averaging technique described by Welch (1957).  Their stability 

at the SCP/O  confidence level is +1.4 db for 170 minute records 

and 4^1.8 db for the 120 minute records.  Squares of the estimated 

coherence which exceed 0.06 for the 170 minute records and 0.09 for 

the 120 minute records are significant at the 95% confidence level. 

System noise;  In figure 3-a we compare 'power spectral density 

estimates of the noise recorded in the mine during calm and 
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and windy periods with that observed during an interval v/hen 

the seismometer was replaced by an equivalent resistance.  This 

comparison demonstrates that sources within the system do not 

contribute significantly to the spectrum of the noise at periods 

less than about 200 seconds. 

A similar comparison for data recorded at the surface is 

made in figure 3-b.  The prominent difference between the noise 

levels observed during calm and windy periods will be discussed 

in some detail in the following paragraphs.  The intent of this 

particular illustration is to demonstrate that even though the 

surface system noise is almost 12 dB greater than that observed 

in the mine its contribution to the total noise recorded at the 

surface can generally be neglected in a period range extending 

from about 5 to 150 seconds.  It should also be pointed out that 

both system noise spectra were found to remain relatively con- 

stant despite extreme changes in meteorological conditions and 

the level of mining activity. 

Calm Period;  The results shown in figures 4-a through 4-d were 

calculated from data recorded during an interval when the mean 

wind speed was  3.1 meters/sec.  As shown by the power 
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spcctral density estimate plotted in figure 4-a the local atmos- 

plieric pressure field was relatively stable during this interval. 

In the period range 20-100 seconds the RMS amplitude of the pres- 

sure changes was found to be only 0.7 ubars.  The spectral esti- 

mates of the seismic noise recorded at the surface and in the 

mine during this period are compared in figure 4-b.  These results 

demonstrate that provided that the fluctuations in the local 

atmospheric pressure field are low, practically identical noise 

levels will be recorded at both locations.  A prominent gap in 

the spectrum of the noise is observed to occur between the periods 

of 20 and 100 seconds.  Within this range the RMS ampli- 

tude of the noise was found to be approximately 17 mu.  It has 

been demonstrated by Molnar et al (1969) that the existence of 

this gap can have important implications with regard to the detec- 

tion and identification of surface waves generated by low magnitude 

earthquakes and underground nuclear explosions. 

The square of the estimated coherence between the noise re- 

corded at the surface and in the mine is shown in figure 4-c. 

The strong coherence at 8 and 16 seconds is not surprising since 

most of the noise at these periods consists"of fundamental mode 



-4- 

Raylcigh waves with wavelengths much greater than  the distance 

separating the two seismographs.  Note, however, that a signifi- 

cant degree of coherence is observed to exist out to periods on 

the order of 150 seconds.  The source of the greater part of 

the noise beyond 20 seconds is unknown; however, estimates of 

the coherence between the data recorded by the base microbarograph 

and the two vertical seismographs which are shown in figure 4-d, 

suggest that a small fraction may be caused by local atmospheric 

pressure changes. 

.Windy Period;  Power spectral density and coherence estimates cal- 

culated from data recorded during an interval when the mean wind 

speed was 7.8 meters/sec. are presented in figures 5-a through 5-d. 

Comparison of the spectral estimate shown in figure 5-a with that 

shown in figure 4-a shows that as the wind blows across the sur- 

face of the earth it creates relatively large fluctuations in the 

local atmospheric pressure field.  In the period range 20-100 

seconds the RMS amplitude of the pressure fluctuations was found 

to be 12 ubars or about 24 dB greater than that observed during 

calm periods.  As shown in figure 5-b the increase in pressure 

variations is accompanied by an increase in the seismic noise ob- 

served at the surface relative to that observed in the mine.  In 

At 
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tho period range 20-100 seconds it was found that during this 

interval the RMS amplitude of the noise recorded at the surface 

had increased to 54 inu while that observed in the mine remained 

at 1.7 mu.  This amounts to a difference of about 10 dB between 

the noise levels recorded at the two locations.  Comparison of the 

data displayed in figure 5-c with that shown in figure 4-c shows 

that during windy periods the coherence between the seismic noise 

recorded at the two locations is significantly reduced particularly 

in the period range 20-100 seconds.  This result coupled with those 

shown in figure 5"b implies that during windy periods noise is 

added to the surface spectrum but not to the mine spectrum. The 

primary source of this noise may be inferred from the coherences 

between the base microbarograph and the two vertical seismographs 

which are shown in figure 5-d. Note that in the period range 20- 

100 seconds the seismic noise recorded at the surface is strongly 

coherent with variations in the local atmospheric pressure.  In 

this passband 48% of the noise power is directly related to local 

pressure fluctuations and thus accounts for about 7dB of the lOdB 

increase in the surface noise level.  In contrast there is no 

significant relationship between the seismic noise recorded in 

the mine and pressure variations at the surface. 

'    /3f 
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Acoustic WavGS;  Spectral density and coherence estimates calcu- 

lated from data recorded during the passage of an acoustic wave 

are shown in figures 6-a through 6-c. As shown in figure 6-a 

the fluctuations in the local atmospheric pressure field during 

this interval are larger than those observed during a calm period 

but are considerably smaller than those recorded during the 

windy period.  The RMS amplitudes of the pressure variations in 

the period range 20-100 seconds during this interval was 2.4 

ubars.  Despite the relatively small fluctuations in atmospheric 

pressure it can be seen from the spectral estimates shown in 

figure 6-c that the seismic noise is quite high not only at the 

surface but in the mine as well. The RMS amplitude of the noise 

was found to be 73 mu at the surface and 52 mu in the mine. 

Estimates of the square of the coherence between local atmos- 

pheric pressure changes and the seismic noise recorded at both 

locations are shown in figure 6-c. These particular results 

were presented recently by Sorrells et al (1971) as evidence for 

earth movement accompanying acoustic waves.  It can be shown 

with these data that within the period range' 20-100 seconds 35% 

of the surface noise power and 62% of mine noise power is caused 

m 
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by local atmospheric pressure change«.  Thus the pressure fluc- 

tuations associated with the passage of an acoustic wave, despite 

their relatively small amplitudes, contribute significantly to 

the seismic noise recorded at both locations. 

HI 
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DISCUSSION OF RESULTS 

From the results presented in the preceding section it is evident 

that during periods of atmospheric turbulence a pressure related component 

contributes significant energy to the seismograph system in the period 

range 20-100 seconds.  The two most likely explanations for this phenomena 

are that either the vertical seismometer is responding buoyantly to pressure 

changes acting directly on the mass or the earth motion caused by local 

atmospheric pressure changes is large enough to be observed against the 

background of noise from other sources. 

Buoyancy;   It has been known for jsome time that vertical long period 

seismometers exposed to the atmosphere are quite sensitive to local pressure 

changes. This effect '.^s described by Crary pnd Ewing 0952) who showed 

that the apparent vertical earth displacement W   caused by a sinusoidal 

pressure change of amplitude 6p and frequency to acting on the mass of the 

seismometer could be expressed by 

Wa (a,) - ^1L_ JE_ (1) 

Pm Po  w 

where pQ IS the density of the air, p0 is the ambient pressure, g is 

the local value of gravity and pm is the density of the seismometer mass. 

The apparent earth motion in mu/ubar predicted by 

in 
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this equation were calculated using parameters appropriate to 

our system and are listed as a function of increasing period in table 1, 

column 2.   Notice that in the period range 20-100 seconds the 

apparent displacements increase from about 16 to 400 rau/ubar. Thus, 

unless steps are taken to isolate the vertical seismometer from 

the alraospheric pressure field, buoyant motion of the mass can 

be the primary source of noise in this period range. 

In Oj:der to reduce possible buoyant effects the vertical 

seismometers used in the present experiment were placed in tightly 

sealed rigid steel cases which were then enclosed in sealed steel 

vaults.  The time constant of the low pass acoustic filter formed 

by the seismometer case according to manufacturer tests was 14 

hours.  The time constants of the vaults were measured after the 
. > A 

seismometers had been sealed inside; the minimum was found to be 

about 8 hours. The apparent displacement that an external pressure 

change would cause in a system consisting of a sealed vault and a 

sealed seismometer case is given by 

|Wa| - IMIM We. .    •       (2) 

• •       • 

where | F,y|  and | f?c |    are the frequency'responses of the 

acoustic filters formed, respectively, by the vault and the seis- 

mometcr case.  Both responses are of the form 

/</ 
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|R (to)' = |l +./^i)Z| 

where x is the time constant of the fliter.  In order to (leterminc the 

direct contributions that external pressure fluctuations could make on the 

data recorded by the surface vertical seismop.rnph, Kq 2 was used to predict 

the amplitudes for a system consisting of a vault with an 8 hour time constant 

and a case with a two hour time constant.  The results are listed in column 3 

of table 1.  Observe that at periods less thyn 100 seconds the anticipated 

contribution is less than about 0.02 mu/ubar.  The time constant of the vault 

containing the mine vertical seismograph was found to be approximately 24 hours. 

In addition, the mine Itself acts as a low pass filter. At periods less than 

100 seconds the pressure variations recorded in the mine were found to be 

greater than 20 dB below those observed at the surface.  Thus, the direct 

effects of surface pressure variations on the mine vertical seismograph should 

be at least a factor of 30 below those anticipated for the surface system. 

Theoretical studies of the response of the earth to the wind generated 

pressure field indicate that for rocks similar to those found at Grand Saline 

the vertical displacements should be of the order of a mu/ubar in the period 

range 20-100 seconds (Sorrells, 1971). Therefore, if the observed time 

constants accurately describe the pressure attenuateion characteristics of the 

vertical seismometer cases and vaults^, the results listed in column 3, table 1, 

indicate that at periods less than 100 seconds the buoyancy contribution should 

be negligible in comparison to the anticipated earth motion caused by the wind 

generated pressure changes. 

There is a more direct line of evidence bearing upon the buoyancy question. 

Suppose |H (w)I  is the frequency response of the unknown operator which 

relates local atmospheric pressure changes to one of the Inputs to the 

11 



seismop.raph and suppose all other inputs arc uncorrclatod with local pressure 

changes then an estimate of the frequency response function may be obtained from 

K, M  I Gzm C«)| 
|ii (u>)I = -7: ; *  W 

where [l^l and  |RZ| are respectively the estimated frequency response functions 

of the mlcrobarograph and the vertical seismograph;   G,_  is the cross 

spectral density estimate between the outputs of the two systems and (^ is the 

power spectral denoity estimate of the output of the microbarograph. Eq A 

has been used to calculate  |ll (u)| from data recorded by the surface vertical 

seismograph and the base microbarograph. Examples of the responses calculated 

from data recorded during a windy period and during the passage of an acoustic 

wave are listed together with their respective 95% conflo'ence limits in table 2. 

These results assume no errors in the estimated frequency response functions 

of the base microbarograph and the surface vertical seismograph. In order 

to account for errors of this type it is necessary to multiply both the 

estimated response and its confidence limits by the factor 

1+ eJL-  '•. (5) 
1+ S 

where 

cz 

and 

.Kl-kl (6) 

Now generally speaking in the period"range-20 to 100 seconds cz and r m 

probably do not exceed +0.1. Thus the actual vajues.could be as much as 

WS 
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1.23 (+ 1.8 dB) times grciter or 0.823 (- 1.8 dB) times less than tlioüc 

listed in table 2.  In figure 7 we compare the experimentally determined 

"unctions with the buoyant responses of open and closed systems which were 

listed in table 1.   It can be seen that the open system buoyant response 

lies well above the upper 95 percent confidence limits of both observed 

functions.  From this, it may be inferred that at least one of the time 

constants is greatly in excess of 100 seconds.  Therefore, if the observed 

functions are caused by the buoyant response of the vertical seismographs 

they should be increasing with increasing period at a rate of at least 

18 dB/octave throughout the entire range of observation. However, a brief 

inspection of the experimental data is sufficient to demonstrate that a line 

with an 18 dB/octave slope cannot be fitted to either observed response and 

still remain within the 95% confidence limits for an appreciable range of 

values.  This result strnnHy indirrifes that buoyancy does not contribute 

significantly to the observed results at periods less than 100 seconds. 

Finally, it can be seen that the response to atmospheric pressure changes 
., •  at 

caused by the acoustic wave is significantly greater than the response to 

pressure changes generated by the wind, at least over the period range from 

about 30-100 seconds.  Even if we assume combined errors in the estimated 

instrument responses of -1.8 dB for the acoustic data and +1.8 dB for the 

windy period data there will still be no overlap of their respective 95% 

confidence regions in the period range 40-100 seconds.  This observation 

is completely at odds with the buoyancy hypothesis since the response of 

a vertical seismometer to a pressure change acting directly on the mass 

must be same regardless of the cause of the pressure change.  Therefore, 

m 



on the basis of the results presented In this section we conclude that the 

pressure related seismic disturbances ob'Served during windy periods and 

during the passage of acoustic waves are not caused by the buoyant response 

of the vertical seismograph. 

Ml 
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Elastic Deformation:  Considerable experimental evidence cxlstu 

which Indicates that the pressure field created by the wind is 

spatially organized and tends to propagate at the mean wind speed 

(McDonald et al.t 1971, Priestley, 1966, Cook and Young, 1962). 

On the strength of this evidence Sorrells (1971) suggested that, to 

a first approximation, the wind generated pressure field could be 

considered to be a plane wave propagating at the mean wind speed. 

Using this source an approximate solution was derived for the dis- 

placement frequency response of a homogeneous, elastic half space. 

An interesting property of the solution is that the dynamic response 

** 111 
may be obtained from the static response by substituting — for the 

c 

static wave number k, where c is the speed of the pressure wave. 

This approximation is valid as long as 

uz  < <  2ß (5) 

where z is the depth of observation and (5 is the shear wave velocity 

of the medium. A method for computing the static response of a 

iHi 
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laycrcd elastic solid is given in the Appendix.  It has been 

used to obtain the displacement frequency response to a plane 

pressure wave using the substitution given above.  Theoretical 

responses have been calculated for two models which approximate 

the geologic structure at and around the Grand saline salt dome. 

The vertical distribution of velocities and densities assumed for 

the dome arc shown in figure 8-a.  The densities and layer thick- 

nesses were taken from Peters and Dugan (1945). The velocities 

in the semi infinite layer are typical values reported for rock 

salt (Anderson and Liebermann, 1966).  The compressional and 

shear wave velocities in the second layer, which approximates 

the limestone and anhydrite cap, were assumed to be 4.7 and 2.7 

km/sec. The velocities in the upper layer are poorly determined. 

Data from a sonic log taken in h  nearby well showed the compres- 

sional wave velocity to be 1,9 km/sec. at a depth of 183 meters 

and it is reasonable to assume that it is somewhat lower in the 

uppermost 78 meters. Cores from test wells at the mine indicate 

that this layer consists primarily of sandy clay with interbedded 

sand lenses.  Measurements reported by Press (1966) show that 

the compressional velocity could be as low as 900 meters/sec for 

such a medium.  We have assumed a compressional velocity of 1.4 



km/sec and a shear wave velocity of 0.^75 melors/ccc for the upper layer. 

The apparently hifih value of Polsson's ratio (0.A3) lias been observed 

in similar rock types (Press, 1966). 

The vertical distribution of seismic velocities and densities in 

the earth surrounding the dome arc approximated by the model shown in 

figure 8-b.  The structure down to 88 meters is the same as that shown 

in figure 8-a. Below that depth down to 4000 meters, the compressional 

velocities and thicknesses were determined from a sonic log taken some 

5 miles from the recording site. The shear wave velocities were calcu- 

lated from the compressional wave velocities under the assumption that 

Poisson's ratio was 0.33. Likewise the densities were calculated from 

the compressional wave velocities assuming a linear relationship between 

the two quantities. The compressional and shear wave velocities used for 

the semi infinite layer below A00O meters were 6.2 km/sec and 3.56 km/sec. 

The corresponding density was assumed to be 2.65 g/cm^. 

In figure 8-c, we compare thß windy period response listed in table 2 

with theoretical responses calculated for the two models. The mean wind speed 

during the interval of observation was 8.0 meters/cec. 

/ft 
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Notc that  the response for the salt dome model  (figure 

8-a) agrees quito well with the experimental results particularly 

at the longer periods.  The response at the shorter periods 

is controlled by the structure above the cap rock.  The difference 

between the observed and calculated values suggests that the 

structure in this region is considerably more complex than was 

assumed in the construction of the model.  It should also be noted 

this model predicts that the earth displacements created by the 

pressure changes will be substantially reduced at a depth of 183 

meters. At a period of 100 seconds the earth motion should be 

26 dB below that observed nt  the surfnec. ht  the shorter periods 

the attenuation is seen to be even greater reaching a value of 

about 50 dB at a period of 20 seconds.  This phenomenon accounts 

for the absence of a pressure related component in the noise re- 

corded in the mine during windy periods. 

In figure 8-d we compare experimental frequency responses 

estimated from acoustic wave data with theoretical responses cal- 

culated from the well log model assuming a velocity of 330 meters/ 

sec.  The theoretical responses are seen to provide a relatively 

good fit to the observed data at periods greater than 40 seconds. 

<. 
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The response calculated  from seismic data  recorded at  the  surface 

runs consistently  lower than its  theoretical counterpart,   but at 

periods greater  than 40 seconds  the maximum difference amounts  to 

only 3db.     This could be caused by an error  in the estimated gain 

of  the vertical  seismograph.     At  periods   less  than 40 seconds bcth 

observed frequency responses depart systematically  from the  theor- 

etical responses.     The cause of this departure  is not known at the 

present time. 

The close agreement between observed and calculated frequency 

responses shown In figures 8-c and 8-d lead us  to conclude that most of    the 

noise observed during windy periods and during the passage of acoustic waves 

is earth motion in response to slowly propagating pressurci waves. 

V 
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It can be concluded from the results presented in the 

previous sections that during windy intervals earth motion 

caused by the turbulent pressure field can contribute substcin- 

tially to the noise recorded at the surface within the period 

range 20-100 seconds.  Most of this noise can be eliminated 

by placing the detector several hundred meters below the 

surface. Acoustic waves and, by inference, other relatively 

fast moving atmospheric disturbances can also generate earth 

motion which will contribute significantly to the noise in this 

pass band even though the perturbations they produce in the 

local atmospheric pressure field are relatively small. The 

attenuation of earth n9ise from these sources is potentially 

a more serious problem because it will not decay rapidly with 

depth.  However, disturbances of this type with periods on the 

order of 20-100 seconds may not occur often enough to constitute 

a major noise source. More study in this particular area is 

obviously required. /Cn 
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APPENDIX 

METHOD OF COMPUTATION  OF  TWO-DIMENSIONAL 
DEFORMATION CAUSED  BY  SINUSOIDAL LINE  LOADS 

The  theory  is based on the  extension of results described 

by Sneddon   (1951)   for two-dimensional deformation of elastic 

solids,   the Fourier transform G of the Airy stress  function 

with respect to the horizontal coordinate x^ is  satisfied by 

the equation 

(1) 

r.ion       2. 

where k is the horizontal wave number, x^ is the vertical co- 

ordinate.  This equation has the general solution 

^ = (A + B^ä)^     1-(C> D X3) C (2) 

The Fourier transforms of tve stresses and displacements can be 

derived  from this equation- the following way 

I + cr        <Lz '-   -7—5   *-   v d )i. J 

v • i^ L0 ^i J 

'as 

To 
it   cl X3 

(3) 
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where u# v, t33, t^ arc the vertical and horizontal displace- 

ments, normal and shear stresses at the surface, respectively, 

os is the poisson ratio, E is the Young's modulus of the elastic 

media. 

For a layered medium consisting of homogenous Isotropie 

layers the solution (2) can be propagated by the Thompson-Haskell 

matrix method where A, B, C, and D take the place of the sums and 

differences of constants h'mt  A"m, A'TO» Vm in Haskell's paper. 

The matrix which is equivaleit of Haskell's Dm for this boundary 

value problem can be obtained by substituting 2 into 3.  It takes 

the form,  Dm - 

l+tf) m 

0 

0 

il+6 Üf 0  o' 

0 

^m 

0 1 hk^  -k2d m 

-v2 

i 

|kl  l+/k|dm-2^m  ikj 

-jki  kVs^-a |kl   |kJ?m-2V2 

trk' -k2d m 

k2|k|(i-^dm)        k2  -N(H*m) 

e"kdm    0    0       0 

0    e-^dm 0       0 

0    0 ekdm    0 

0    0       0    ekd 
m 
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where dm is thp layer thickness, Em and o^ are the elastic con- 

stants for.layer m. 

This matrix relates the vector of displacements and stresses 

to the vector of displacements and stresses to the vector of coeffi- 

cients A, B, C and Din the following way in layer m 

In the halfspace below the layers C and D must vanish in 

order to have decreasing displacements and stresses with depth. 

The rest of the algebra is analogous to that riven by liaskell, 

(1953). 

Many other algorithms for the computation of static deforma- 

tion in layered solids with more general geometric distribution 

of stresses are given in tne literature (Kuo, 1969, Ben Menahem, 

and Singh, 1968). 

A computer program LOAD.2 has been written for the calcula- 

tion of the displacements and tilts.  The program computes the 

responses of the layered medium to sinusoidal stresses at the 

surface as functions of wavelength and depth.  Both normal and 

shear stresses can be applied.  The program reads the densities, 

the stresses and seismic velocities of the layers,and the range of 

horizontal wave numbers at the "surface.  It is a simple matter to 
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use the program to compute the static deformation of the layered 

medium due to stresses of arbitrary shape by Fourier synthesis of 

sinusoidal loads.  The same program can be used to compute strains 

due to surface stresses at any depth. 

In case of random pressure fields the power spectrum of the 

tilt response and the cross spectrum between the tilt and the 

pressure variations can be estimated by integrating the output of 

this program in the plane of the horizontal wavenumbers k.and k,. 

Some numerical problems can arise if the displacements are 

computed for greater depths using large wave numbors; after read- 

ing the value near zero at a certain depth the displacements start 

to increase without bound with increasing depth. The problem is 

purely numerical and is similar in nature to that encountered in 

surface wave calculations (Dunkin 1965).  It can be remedied by 

double precision calculations or the elimination of the large (and 

obviously erroneous) displacement values below a certain depth. 

The matrix algebra is analogous to that presented by Haskell 

(1953). The program has been checked out against formulas derived 

by Sorrells (1971) and several other examples in the literature. 
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FIGURE CAPTIONS 

1. The microbarograph and ceinmograph installations at the 
Morton Salt Co. mine near Grand Saline, Texas. 

2. The average frequency responses of the microbarograph and 
seismograph systems.  For the digital system used in this 
experiment there are 0.838 x 10^ counts per volt into a 10k 
ohm input impedance. 

3. A comparison of the power spectral density estimates calcu- 
lated from data recorded during calm and windy periods, and 
during equivalent resistance tests. (a) Data recorded in 
the mine. (b) Data recorded at the surface. The small ver- 
tical bar appearing in the lower right hand corner of these 
and subsequent figures indicates the expected spread of the 
estimates at the 90% confidence level. 

4. Data recorded durirg a calm interval; wind speed 3 m/sec or 
less (a) Power spectral density estimate of the noise recorded 
by the base microbarograph.  (b) A comparison of the power 
spectral density estimates of the noise recorded by the two 
vertical seismographs.  (c) The square of the estimated co- 
herence between the noise recorded by the two vertical seis- 
mographs,  (d) The square of the estimated, coherence between 
the base microbarograph and each seismograph. 

5. Data recorded during a windy period;mean wind speed 7.8 m/sec. 
(a) Power spectral density estimate of the noise recorded by 
the base microbarograph.  (b) A comparison of the power 
spectral densicy estimates of the noise recorded by the two 
vertical seismographs.  (c) The square of the estimated co- 
herence between the noise recorded by the two vertical seis- 
mographs'  (d) The square of the estimated coherence between 
the base microbarograph and each seismograph. 

6. Data recorded during the passage of an acoustic wave (a) 
Power spectral density estimate of the noise recorded by the 
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base mlcrobaiograph.  (b) A comparison of the power spectra] density 

estimates of tbe noise recorded by the two vertical seißmoßrnphs. 

(c) The square of the estimated coherence between the base mlcrobarograph 

and each seismograph. 

7. A comparison of predicted buoyant frequency responses with 

experimentally determined responses calculated from data recorded during 

a windy interval and during the passage of an acoustic wave. The open 

system buoyant response is proportional to the square of the period. 

The closed system buoyant response In the period range shown is pro- 

portional to the 4th power of the period. 

8. (a) The estimated velocity and density structure of the Grand Saline 

salt dome.  (b) The estimated velocity and density structure of the 

sediments surrounding the Grand Saline salt dome,  (c) A comparison 

of observed and calculated frequency responses for a windy period. The 

solid dots represent the estimated frequency response. The solid lines 

are theoretical displacement frequency responses of the models shown in 

figures 9a and 9b to a plane pressure wave propagating at a speed of 

8 m/sec. (d) Comparison of observed and calculated frequency responses 

for period characterized by the passage of an acoustic wave. The speed 

of the wave is assumed to be 330 m/sec. 
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Tnblci 1.  The buoyant ror.ponse of a  vertical scistnoornph 

Period 
(seconds) 

10 

20 

30 

AC 

50 

60 

70 

80 

90 

100 

120 

140 

160 

180 

200 

Buoyant 
Open system 

mvi/jibar 

Response 
*CloGed  system 

mji/iibar 

3.92 1.89 x : LO-6 

15.68 3.02 x : 10-5 

35.28 1.53 x : L0-^ 

62.72 4.84 x ] L0-« 

98.00 1 18 x ] L0"S 

141.12 2.45 x ] L0-3 

192.08 4.54 x ] L0-3 

250.88 7.74 x ] L0-3 

317.52 1.24 x ] Lo-
? 

392.00 1.89 x ] L0-2 

564.48 3.92 x ] 10-2 

768.32 7.26 x 3 LO-2 

1003.52 1.24 x ] lo-i 

1270.08 1.98 x ] L0-1 

1568.00 3.02 x 3 .o-i 

* The closed system response is calculated under the assumption that the 

seismometer is enclosed in a sealed case and vault which have time 

constants of 2 and 8 hours, respectively. 
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Period 
(Seconds) 

« 
20.5 

♦                21.3 
22.3 
23.3 
2A.A 
25.6 
26.9 
28.A 
30.1 
32.0 
34.1 
36.6 
39.A 
A2.7 
A6.5 
51.2 
56.9 
6A.0 
73.1 
85.3 

102.A 

Table 2.  F.r.timatod I'roqnency Ko.r.pou^i-* 

A  Windy Period Data* 

Estimated         95% Confidence Interval 
response Upper limit     Lower limit 
mu/ubar mu/ubnr mu/ubar 

3.59 
3.86 
3.56 
3.62 
3.96 
3.A8 
3.38 
3.56 
3.66 
3.70 
A.00 
A.18 
A.30 
A.06 
3.70 
3.60 
3.73 
3.78 
3.A7 
3.36 
3.3A 

A.65 
A.89 
A.66 
A. 76 
5.00 
A;39 
A.25 
A.Al 
A.51 
A.62 
A. 88 
5.03 
5.17 
A.83 
A.37 
A.29 
A.39 
A.A0 
A.13 
A.05 
A.26 

2.56 
2.83 
2.A6 
2.A8 
2.92 
2.57 
2.51 
2.71 
2.81 
2.78 
3.12 
3.33 
3.A3 
3.29 
3.03 
2.91 
3.07 
3.1A 
2.81 
2.67 
2.A2 

* The estimated response given above was calculated from 9 hours of data 

recorded at 3 hour intervals when the mean wind speed was 8.0 + 0.2 

meters/sec.  The equivalent degrees of freedom for the calculation 

are 168. ^ n 

r m 



Table 2.  (Continued) 

B  Acoustic Wave Data* 

Estimated 
response 

95%  Im torval 
Period Upper limit Lower Limit 
(Seconds) mu/ubar tnu/ubar 

— 

mu/ubar 

20.5 0.0+ 
2.3 0.0+ - M 

22.3 0.0+: m — 

23.3 0.0+ 
M - 

24.A 11.0 19.7 2.3 
25.6 13.0 20.5 5.5 
26.9 11.5 18.2 4.8 
28.4 11.0 17.8 4.2 
30.1 12.1 19.7 4.5 
32.0 13.5 20.6 6.4 
34.1 12.7 18.9 6.5 
36.6 15.8 21.6 10.0 
39.4 19.1 23.4 14.5 
42.7 18.6 22.8 14.4 
46.5 18.1 22.3 13.9 
51.2 18.5 24.0 13.0 
56.9 17.5 23.5 11.0 
64.0 17.9 25.4 10.4 
73.1 20.4 30.8 10.0 
85.3 21.1 34.8 7.4 

102.4 21.5 39.5 3.5 

* The estimates response given above was calculated from 2 hrs of data. 

The equivalent degrees of freedom for the calculation are 39, 

+ Not significantly different from zero at the 95% confidence level. 
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