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ABSTRACT

Air-noise in seismic records creates a loss in signal quality, reducing seismic image

clarity. A microphone may be used to estimate and remove amoise in seismic

records. This thesis covers thecharacterization of air-noise on a prototype 4

Component geophone(3-C geophone plus microphone), as well as the development

of two air-noise removal filters. Vibration-isolated, mise characterization

experiments were performed to determine the 4C geophodd O AEOAAOET T A
frequency dependent response to ainoise. Sensor placement within the geophone
APPAAOAA O AEEAAO AAAE CATPEITTA ATIbBITAI
increased sensitivity to sounds from the same side the sensor was mounted. In

addition, a walk-away seismic survey was performed to determine the effect of

distance on geophone ahnoise. Peak amplitude decay rates differed from the

theoretical 1/R, R representing total distance. The microphone and inline geophone

decayed at 1/R4, the crossline component at 1/R15, and the vertical component at

1/R181 These results indicate a loss of energy to heat through -@round

interactions. Results from the noise characterizationtests were used to develop two

air-noise filters; a real-time filter, which could remove air-noise from geophone

signals before they are recordedand a postacquisition filter, which could be used

to more precisely remove airnoise. Both filters were effective at reducing airnoise,

up to 21 dB reduction fornear offsets. However, thereal-time filter affected seismic

data due to microphone recorded seismic events.
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CHAPTER 1: INTRODUCTION

Noise in seismic records cambscure desirable signalscause a loss of etalil,
and even create spurious events; thuslegrading the seismic image. Fortunately,
some noises are removed relatively easily by stacking data or using filters (FK,
frequency, etc.). However, not all noise is so easily removed. -Abise is a
significant source of noise in seismograms. The most obvious source ofa@ise is
from the seismic $ot. Whether it is dynamite orvibroseis, all seismic sources
generate air-pressure waves that travel past the geophones. As this noise travels
across the gephone spread, it vibrates the geophonegreating noise in the seismic
records. There are other ways for ainoise to affect a geophone. Since the near
surface is porous, pressure waves from sound can more easily penetrate into the
subsurface. This crefes additional vibrations, which can be recorded by the

geophone.

To remove air-noise from seismic records, its character and strengtin the
geophone signal must be estimated. A microphone can be used for this purpoge.
will record the air-wave, and aher air-noise that affects the geophone. There will
not necessarily be a direct correlation between the microphone and geophone
recorded air-noise. The purpose of this thesisvas to characterize therelationship
between microphonerecorded air-noise and geophonerecorded air-noise. The

knowledge obtained in this processwvas used to create a reatime filter, which can



be applied in the field to remove aifrnoise from the geophone signalbefore it is

recorded by the seismograph.

A series of experimentswere undertaken to understand the microphone-
geophone relationship Controlled experiments wereperformed to determine the
CAI PEITABO OAODPITOA O1 O1TOT A AT ETC &EOIIT A
varying frequencies. By recording these sounds umgy the microphone at the same
time, a microphone-geophone transfer function was calculated, which wasised in
the development of the filter. An experiment wasalso performed to determine how
the geophonemicrophone pair reacts to sounds coming from diffeent distances.
This experiment was performed in the field because large sourceeceiver offsets

are required to fully characterize the relationship.

After the relationship between microphone and geophone was well
characterized a filter was designed towork in real-time. The filter was tested on
field data, in reattime and postacquisition settings, to determine its effectiveness.
This filter could be programmed to a digital signal processor, anuilt into a special
4-C geophoneto create a geophonehat automatically removes airnoise before
outputting clean signal. However, this implementation was not tested here, and is
reserved for future work. Before analyzing the microphonegeophone relationship,

an overview of the many ways ainoise can aféct the geophone is presented.



1.1: Types of noise that affect a geophone

The operational portion of any geophone contains two mai parts, a
reference frame and oscillatingproof mass. Analog geophones contain a coil that
surrounds a moveable magnet (or a ntal case surrounding moveable coils)while
MEMS accelerometers contain two electrodes that sandwich a moveable mass acting
as a capacitor. The reference frame being stationary is only relative. In reality, the
reference frame moves about the mass, Wwhil® EA BI C® | AOO O0OAUO
geophones it is this relative movement of the mass compared to the reference
frame that creates the desired signal. In the analog geophone, the velocity of the
moving magnet creates a voltage in the surrounding coil. In the MEMS
accelerometer, accelerations displace the mass (capacitor) changing the voltage
detected in the reference frane (Hons and Stewart, 2007) Thereference frame
(referred to as the geophone element) attaches to a housing structure (the
geophone case) that contains a spike for planting in the gund. Visual diagrams for

analog and MEMS geophones can be seerfigure 1.1.

In a seismic experiment, vibrations from seismic waves will move the spike
and thus the entire geophone (except for the proof mass). These movemeiai®e
recorded and analyzed later to create seismic images. Other, undesirable, vibrations
can affect the gophone in two ways;spurious ground vibrations cause movement
in the geophone through the spike embedded in the ground, or air vibrations
directly move the geophone case without transferring through the spike first. All of

these excess movements of the geophone create noise in the seismic record. Air
3



vibrations and ground vibrations caused by air vibrations are collectively calledir-

noise. Removabf air-noise helps to create sharp andiccurate subsurface images.

Top electrode

Seismic mass

Figure1.1: Left: Diagram of a NEMSaccelerometer(Hons and Stewart, 2007)As
ground accelerations displace the seismic mass there is a capacitance change at the
top and bottom electraes. Right:A cutout analog geophone. Thgophone case
moves about the seismic mass (copper coiken subjected to ground motion. The

voltage created by the coil is proportional to ground velocity.



1.1.1: Noise that affects the geophone case

The most @mmon source ofair-noise for any seismic survey is the aiblast
or air-wave. This acoustic wave is produced, and defined, by the source used in the
seismic experiment; airwave is created by a seismic vibrator and aiblast by an
impulsive source. Thee waves travel through the air at the speed of soun(B46
m/s at 25° C) andstrike the geophone case, causing it to shake. This creates noise in

the seismic record.

Wind is another common phenomenorthat creates noise in seismic records.
This disturbance, which directly affects the geophone case, is created by turbulent
eddies and vortices, referred to as turbules. These towles, carried by the wind,
vibrate the geophone case as they movaast (Hedlin and Raspet, 2003) This type
of wind noise isgenerally spatially coherentand can be followed across geophone
traces. The correlation coefficient, for windnduced noise, between seismic traces

is estimated by

where x and y are the downwind and crosswind geophone spacing, respectively
(Shields,2005). Q is the spatial wavenumber of the turbulentwind flow and is

given by



- “ 0
Q ~—h
V)

where U is the wind velocity and "Ois the frequency of the pressure fluctuations
produced, i.e. the frequency of the noise present on the geophon&he remaining

codfficients are given by

| T ¢ Q% I % LTI

38
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Identification and reduction of wind noise is very important for infrasonic
monitoring stations. These stations are used to detect swdudible signal (<20 Hz),
which can be used to identify nuclear blasts, battlefield noise, meteors entering the
AAOOESBO AOi T OPEAOAh AOGAT 1 AOGCA 0OO0I Oi O AT A
use either microbarometers or specially designed microphones capabté detecting

sound down to, and below,1 Hz (Kromer, 2000; Shields, 2005) These infrasonic

microphones would be suitable forair-noise cancellation from seismic records.

The final sources of aifinduced noise are transient sources. These sources of
noise are finite in time and may or may not affect multiple geophones at a time.
Examples of transient noises include vehicled)elicopter and other aircraft, oilfield
equipment, and human/animal movement near geophones. Essentially, transient

sources are any noise source not previously categorized.



1.1.2:Noise that affects the geophone eleents

Air-noise does not solely affect geophones by directly striking their caseAir-
noise may couple to the ground and directly vibrate the geophone elements to
produce unwanted noise. This can happen in three separate way®ne of the more
obvious iswind-noise coupling. Wind not only directly vibrates the geophone case
but every structure that impedes is movement: trees, buildingseven grass become
secondary sources of noise(Stewart, 1998). Wind may also directly couple to the
ground without shaking any intermediary structure. Withers et al. (1996)
performed wind noise experiments in a remote area iMNew Mexico, which had
gentle topography and little surface vegetation. Even with the favorable conditions
there was still significant ground-coupled wind noise. A covered seismometer near
the surface (30 cm burial) detected wind noise at speeds as low as 3 m/s (10.8
km/hr). Furthermore, a magnitude 1.6 event was barely detectable at a wind speed

of 8 m/s (28.8 km/hr), as seen irFigure 1.2.

It has been recommended to bury gophones to decrease wind effects. Bland
and Gallant(2001)measured a 3 dB increase in signdb-noise ratio for every 10 cm
of burial depth. The total depth to bury the geophone depends on desired noise
reduction, but Withers et al. (1996) generally recommend a minimum buial depth

of 43 m.
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Figure 1.2: Left: Power spectral density (PSD) comparison of wind noise (lower line)
and M1.6 seismic event (upper line) at varying wind speeds for a geophone located on
the surface andat depth. Right: Superimposed M1.6 event on time records of wind
noise at varying wind speeds for a geophone located at the surface aade@th.

(Withers et al., 1996)

Since the acoustic impedance of air is not zero, there will be some transfer of
energy from any compressional wave in the ajrto the ground. However, the
coupling of acoustieto-seismic waves is 1000 times larger than would be calculated
from direct transmission (Sabatier et al., 1986a)This increase in energy transfer
occurs because the aito-ground interface is not sharp. The upper few decimeters
(or in some cases metes) of the earth are highly porous and permeable. Any sound
that propagates in air will easily penetrate into this region. A BieStall medium is a
good model for this nearsurface layer. A BiotStall medium is poroelestic, with fuly
interconnected pores saturated by fluid. Both the matrix and pore fluid are

considered isotropic, homogeneousand elastic. In thenear-surfacecase, the matrix
8



is the unconsolidated sedimentsand the pore fluid is air. A peculiar feature of a
Biot-Stall medium is its ability to support the propagation of two compressional
waves, one fast and one slow. The fast compressional wave is analogous tenafe
and travels mainly through the matrix. The slow compressional wave, on the other
hand, travelsmostly through the pore fluid. This slow wave igarely detected in
seismic records because it is extremely attenuative. In ther-noise case, acoustic
waves propagating in the air refract more easily to the slow wave than the fast wave
in the poroelestc, near-surfacelayer. Energy is then transferred from the afilled
pores to the matrix creating seismicmotion (Sabatier et al., 1986b) Becausehe
slow wave in the ground is highly attenuative, the ground motion will only occur
directly beneath the current location of the acoust wave in theair (Sabatier et al.,
1986a). In other words, an airwave will not spawn a leading or lagging

compressional seismic wave.

Lastly, ar-waves may also couple to the ground through Rayleigh waves.
This occurs when the airwave velocity is similar to the phase velocity of the
Rayleigh wave Since surface waves are dispersive, only one frequency tok
Rayleighwaved @indamental mode will have a phase velocity matching the air
wave. Thus, the ground roll created by the aiwave will oscillate at a singular
frequency. Furthermore, the group velocity is typically one half that of the awave
velocity (Press and Ewing, 1951) This means that thenduced ground roll will lag
behind the air-wave that created it. For any given point in the subsurface, the wave

train that follows the air-wave arrival will last for the same duration as the original
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travel time of the air-wave. An example for clarification, for an airwave velocity of
345 m/s, the Raylegh-wave with a matching phase velocity will have a group
velocity of approximately 173 m/s. The airwave will constantly couple to this
Rayleighwave. However, due to the Rayleigh AOABO 11 xAO COIl Ob
induced ground roll will lag behind. Afer one second, the ahwave will have
travelled 345 m, but the firstcoupled Rayleighwave will have only travelled 173 m.

If a geophone were place at this point, it would detect the awvave arrival at one
second, which would be immediately followed bythe monofrequency Rayleigh
wave. Due to the lagging velocity, the Rayleighave train continues for one second
after the air-wave arrival. An example cartoon of the expected geophone response
to air-noise and seismic signal is shown inFigure 1.3. This air-to-ground roll

coupling will occur for any air-wave, addirg noise to seismic recordings.

Ground roll coupling is not a oneway transfer from air-to-ground, Rayleigh
waves can also produce motion in the air. Grountb-air coupling is the inverse of
the air-to-ground process. The ground roll at the correct phase velocity will couple
to the air and create a train of constant frequency aiwaves that trail behind (Press
and Ewing, 1951) Air-waves created by ground roll are an additional sourcef
noise that dfects the geophone cse, and may bealetectable by microphone. While
the air-noise effects of ground roll can be actively cancelled, the concept cannot be
extended to the cancellation of all ground roll from geophone records. This is due to
the differing frequency content of the microphone-recorded ground-to-air-wave

signal and the seismic ground roll recorded by the geophoneFor every seismic
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event (hammer shot, Vibroseis) there is a concurrent air event. Any receiving
geophone will record signal from both events. To exaict the seismic data, their-

noise signature must be determined andemoved from the geophone record

dispersive ground roll
P-wave
air blast monofrequency air-induced ground roll
| | |
T=0 T=1 =2 T=3

Figure 1.3: Synthetic seismic traces showing a vertical geophone's response to a
theoretical impulsesource according toPress and Ewing (1951)The top trace shows

the source generate@round motion only. The bottom trace shows th&-wave
induced ground motion The true geophone response will be the combination of these

two traces. Time is to scale, however the amplitude response is not.

11



1.2: Prior wak

The CREWES projecat the University of Calgaryhas worked extensively in
the area of geophone noise cancellation usingicrophones. The work performed
here is the contnuation and advancement of thaperformed by CREWES. The first
experiment performed was during a hospital implosion inCalgary, Alberta in1998.

It was found that the microphone and geophone recordings of the blast showed
distinct similarities. In fact, the airblast recorded by the microphone appeared to
be 180°out of phase with he blast recorded by the geophone. Thus, tlsim of the
microphone and geophone traces showed a reasonable reduction of -fiast.
Stewart (1998) proposed two noisereducing multi-sensors that could be used
during seismic data acquisition to reduce the noise present in geophone i&ds.
One of the sensors was anulti-channel setip consisting of microphone data
recorded simultaneously with geophone data. The microphone data could later be
used to filter noise as necessary. The other sensor consisted of an integrated
filtering circuit that would use the signal from a collocated microphone to suppress
noise in the geophone signal. Noise ceellation was performed at geophone level
and the resulting signal was output to the data acquisition system as an unfiltered

geophone would. A comparison of these sensor types can be seekigure 1.4.
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Filter circuit
/

&~ Microphone ~~Microphone

Geophone Geophone
element element

Figure 1.4: Schematic of noise cancelling geophones. Left: A ruliéinnel system,
which would record geophone and microphone data separately to be processed after
acquisition. Right: A singlehannel system, which would recoenhd filter air-noiseat

OEA CAT PEITAs 4EA AAOA AANOEOEOEITT oOuUCc
(Stewart, 1998)
Deyet al.(2000) used amultiline survey to analyze the cability of air-blast

attenuation using microphones. A 3.8 Il seismic survey was performed with
microphones and vertical geophones placed every 20 m;@ geophones every 10 m,
and vibroseis shot points every 20m. The data from each sensor type were
compared for similarities in time and FK domains which are shown in Figure 1.5.

The microphone record contained not only the aublast but also significant low

frequency data, although it was spatially aliased.
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Figure1.5: (A) Time record from vertical geophones. The-aave is easily visible.
(B) Time record from microphones. (C) FK spectrum of geophone data. (D) FK
spectrum of microphone data. The low frequency seismic dataghlighted.

(Dey et al., 200)

Data cross correlation was also performed to indicate similarity. The largest
correlation between microphone and vertical geophone records occurred at 6 ms
offset, indicating a phase mismatch between the data. After phase analysis, the

phase mismatchwasdeteri ET AA O1T AA Figirel6A0 OAAT EI
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Figure1.6: Top cross correlation of the vertical geophone and microphone
componentswith lag in milliseconds. BottomTime record compason of the
geophone record and microphone record with phase rotations of plusbriT OO0 01 ©

(Dey et al., 2000)
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suppression.
geophonesduring data acquisition.

time-frequency domain using the Gabor transform. For each microphone channel, a

Alcudia (2009) performed E E O

i AOOAOGO OEAOmMst ET
As part of his work, Alcudia utilized collocated microphones and

The recorded data were transformed to the

null mask was created surrounding the microphonerecorded air-wave from the

seismic source. This mask was multipliedybthe geophone data (in timefrequency

domain) to cancel the source induceair-noise. Sample data can be seen Figure

1.7.
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Figure1.7: (A) Geophone trace showing ablast at0.35 seconds. (B) Microphone

record showing the akblast at the geophone location. (C) Gabor spectrum

(frequencytime) of microphone record, showing ailast at 0.35 seconds. (D) Gabor

spectrum of microphone record. (E) Filtered geophareord afterremoving the air

blast using a null mask from the microphone recorAlcudia, 2009)

16

OE



CHAPTER 2: NOISE CHARACTERIDANISTUDY

The basis of any noiseancdlation filter is the estimation and removal of
noise present inan incoming signal. There are various clases of noise cancellation
filters, including static and active. Static filters are ones that do not change over
time; however, this does not mean they are simple. Active filters, on the other hand,
change over time using input from any number of sourcesEach class of filter has
particular strengths and weaknesses. Static filters are typically smaller than active
filters, in terms of resources used. They are also less flexible, requiring an accurate
characterization of the noise present in the signal.Active filters are much more
flexible since their parameters change over time. This means that the noise does not
need to be perfectly characterized, as any discrepancies are updatedreal-time.
The goal of the noise characterization test is to deterime how sound affects a 3C
geophone, which will help determine which filtering method is best suited for

removing air-noise.

2.1: Hardware design

A significant portion of the work presented here revolves around the design
and use of a prototype 4C geophone. fie prototype consists of a 3C geophone
with an attached microphone. The overall design of the prototype has evolved

through multiple iterations throughout the course of this thesis.
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The first microphone design considered was anelectret condenser
microphone purchased from a local electronics storeThis microphone produces a
voltage when the electret film is vibrated by sound. This type of microphone is
inexpensive and is used in many electronics, such as cell phones and webcaifise
electret microphone was chosen as a test candidate for the@ geophone because
design documentation is readily available. The basic design of an electret
microphone consiss of three parts: the microphoneelement, a power source, and a
low-cut filter to isolate the microphone output from the power source. The
microphone element is simple enough to find, purchased for less than $1 at any
electronics supply store. The electret useth the microphone is a standard sized
i p¥t1 0 Iwde)elénent. The power source is alswery simple, consisting of
either a 9V or AA batteries. The battery is used to power an internal amplifier in the
microphone element. This is where battery choice becomes important. The higher
voltage 9V battery will power a higher amplification by themicrophone, increasing
sensitivity, but a low power density means the device will have a short battery life.
AA batteries, on the other hand provide a lower voltage, reducing the power of the
internal amplifier and decreasing sensitivity. The tradeoff i@ much longer battery
life. The choice of battery thus becomes a balance between microphone sensitivity,
battery life, and size. AA batteries were chosen after a few quick tests determined
the voltage they supplied the amplifier produced suitable resu#t for field work. The
final part of the microphone design is the lowcut filter. The filter serves two

purposes, removing low frequency noise and isolating the signal output from the
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battery. Typical low-cut filters could be 60 Hz orhigher, depending m use. The
desired microphone for the 4C geophone cannot use a standard design; it requires
lower frequency content to pass through to the recording system. A corner
frequency of about 1 Hz was chosen to keep the signal output isolated while still

allowing sound in the seismic band to pass.

The next design considred was a pressure capsukdased microphone It is
constructed using two piezoelectric transducers, consisting of a piezoelectric
ceramic atop a brass disgusing a method similar toShields(2005). These discs are
cemented to a metal ring, creating a small air pocken between. The discs are
attached facing opposite directions, ensuring the piezoelectric surfacesfacing
inward have the same polarity. The two elements are then wired in series, doubling
voltage produced by any pressure changes. Because this microphone creates a
sealed cavity it can theoretically detect atmospheric variations down to 0 Hz. In
practice, however, the rgidity of the elements, and imperfect sealing restrict
response to a few Hz or more. One great benefit to the piezoelectric design is that it
requires no power, or supporting filtering circuit. Thus, it can be permanently
mounted on a geophone without tle need for future maintenarce. One weakness of
the piezoelectric transducer design is its potential susceptibilityo motion-induced
noise. When the piezoelectric element is shaken, bent, or otherwise moved, the
resulting flexing of the element will produce a voltage. Since the two elements are
mounted in opposing directions, any motion that creates a positive voltage in one

element will create a negative voltage in the other element, cancelling out. This
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process is not perfect, so small lefover charges can remain to be detected by the
recording system. To prevent motioAnduced noise the piezoelectric pressure

capsulecan be mounted in a vibrationdamping housing.

After considering each microphone proof of cocept, the piezoelectric
pressure capsulewas chosen for use in the 4C geophone prototype. It was chosen
because it has a better low frequency response than the electret microphone, and
does not require a power source. The issue with motion sensitivity may be avoided
by making sure the microptone is properly damped in the geophone designThe
first piezoelectric microphone was built from two, 15 mm buzzer elements from an
electronics supply store. The elements were mounted to a hard butyl ring and
connected in series. This unit was only usetdb evaluate the piezoelectric pressure
capsuleconcept. A second, sturdier microphone was built using 25 mm professional
PDEAUT A1l AAOOEA Al Ai AT 66h xEEAE xAOA 11 01 OAA
holds the piezoelectric element is a few mm widethan the actual piezedisc). The
larger element size, and stiffer mounting ring give this microphone a more
consistent lowfrequency response. A secondary benefit of piezoelectric
transducers is their low cost; the total cost for materials was under $5 This
microphone element was used during all experiments in this thesis, and can be seen

in Figure 2.1.
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Figure2.1: Final piezodectric microphone. Arass disc cordins a piezokectric
ceramicon one side. This glued, facing inward, to a steel ringA similar element is
glued on the opposite side of the ringrhe two pairs of wires coming from the
microphone are from each piezelement. They are wired in series to doublet

voltage produced by pressure changes on the microphone.

2.2: Experimental setup

The noise characterization tests consist of playing a sound and recording the
CAi PEITA8O OAODPI 1T OAR xEET A EIT A ATTOOI 11
collocated with the geophore during the test to create a mirophone-to-geophone
transfer function. This function describes how a sound recorded by a microphone
relates to the same sound recorded by a geophoneTo conduct the test, all
unnecessary sources of noise, both mechanicaind air vibrations, need to be

reduced or accounted for. This ensures the transfer function created by the
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characterization tests only applies to sounds picked up by both microphone and

geophone, and nothing else.

The chosen test site was a large room, facience and Research Building 1 on
the University of Houston campus, which has thick cindeblock walls. To ensure
lower levels of background noise the characterization tests were run at night. The
only significant source of noise was an industrial aiconditioning system, located
outside the test room approximately 20 m away. This system created noise from 10
Hz to 30 Hz, mostly within narrow bands at 15 Hz and 30 Hz. To isolate the test
setup a vibration isolation platform was built (seeFigure 2.2). The isolation system
consists of a series of springs connected to a wooden frame, suspended from the
ceiling. The springs slightly stretch and compress when subjected to vibration,
damping motion for the suspenad platform. Air-noise created by the air
conditioner still affects the test setup, but this is an unexpected benefit, as it allows

for the analysis of lowfrequency sound.

There is also a small amount of 60 Hz noise from electrical interference. To
reduce this noise, all lights were turned off during testing and ancillary electronic
devices were unplugged from their outlets. Any record stored by the StrataVisor
seismic recording system can be converted from amplitude to true voltage using a
scaling facbr, determined by the system recording gain. For the noise

characterization tests, this scaling factor is 1.69854 mV. To determine the
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Vibration Isolation
System

Figure 2.2: Picture of the noise isolation system. Inset shavwdoseup of the isolating

spring system

background noise level in the room a 16econd recording was made with no

sources present. Originally, the geophone was planted in a foam block, as if it were

planted in the ground, and placed on the floor. Thbackground noise level in the

test room was 2850 or 0.48 mV RMS, and 9500 or 1.61 mV peak. With the isolation

system, the background noise level dropped to 1500 or 0.25 mV RMS, and 5000 or

0.85 mV peak (sedrigure 2.3, Figure 2.4, and Figure 2.5). The background noise

level on the micophone is an order of magnitude smaller than on the geophone.

A4EA AAAECOTI OTA TTEOA 1AOGAI EO ¢nm 1O om ¢
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Figure2.3: Timedomain signal comparison of the isolation system used to decouple
the test apparatus from background noise vibrations. The isolation system decreases

background noise levels to less than half, compared to no isolation system.
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Figure 2.4: Frequencylomain spectra comparison of the isolation system used to
decouple the test apparatus from background noigerations. The isolation system
significantly reduces background noise levelsltow 40 Hz. The remaining noise is in

the 15 Hz, 30 Hz, and 60 Hz bands.

25



WITHOUT VIBRATION ISOLATION

200 3ed

160

12e4
120

80

11led

40 [N SN Y
SRR S Mad Y
2 4 8 12 6 2
%_ WITH VIBRATION ISOLATION %D
@ 200 3e4

160

{12e4

120

80

L dled

40

QT (SRR A YTV VP RO T Uad Vi b

Figure2.5: Timefrequency domain spectral comparison of the isolation system used to
decouple the test apparatus from backgroundise vibrations. A large portion of the
background noise below 40 Hz is reduced. Remaining noise occurs at 15 Hz, 30 Hz,

and 60 Hz.
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Thetest setup consistedof a geophone, microphonetecording system and a
sound source. The micropone is the piezoeleatc pressure capsule which allows
for very low frequency operation. The geophone used was a 14 Hz, 3C unit from
OYO GeoSpace. The recording system used was a Geometrics StrataVisor NZXP.
, AOOI Uh OEA ODPAAEAO OUOOAI xAO udio. amen 7h
microphone-geophone pair was placed on the vibration isolation platform, and the
recording system and sound source were set up 8 m away. This distance is smaller
than one wavelength for sounds up to 45 Hz, so care must be taken to avoid source
geometry effects on the microphonegeophone pair. To minimize these effects, the
microphone was placed on top of the geophone, separated by a piece of foam 1 cm

thick.

The noise characterization test consisted of a sound sweep across the seismic
band, from 15 Hz to 150 Hz. For the first test, the geophone was placed with the
inline component pointed toward the subwoofer; this will be referred to as the
starting position or 0° position. The microphonegeophone pair recorded the
sweep, which was repeatedwo additional times to create one test. After each test,
the microphone-geophone pair was rotated 30° counterclockwise, and the-8weep
test was repeated until the pair completed one revolutionKigure 2.6). A picture of
the recording location, without the microphone, can be seen ifigure 2.2. A picture
of the subwoofer sweep location, and recording equipment can be seen kigure
2.7. Noise characterization tests were perfaned at positions from 0° through 330°,

for 12 total positions. One benefit is gained by keeping the subwoofer stationary.
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Sound propagates from the subwoofer in all directions. These sounds may bounce
off walls constructively or destructively interfering with the main wave. By keeping
the subwoofer in one position, these interferences remain constant, and can be
identified in the seismogram as frequencies with a consistently weak, or strong,

response.

There are a few positions of note: at 90° the crosske component points at
the source, at 180° the inline component points away from the source, and at 270°
the crossline component points away from the source. The positions at 0°, 90°, 180°
and 270° had additional 3sweep tests performed, in which the mimphone was
aligned with the other two geophone components, inline and crossline. These tests
were used to confirm the omnidirectional response of the microphone. After all
noise characterization tests were acquired, a final test was conducted at the 0°
position to determine test repeatability. A table describing each test position is seen

in Figure 2.8.
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* Subwoofer sweep points . Geophone/microphone

Figure2.6: Apparent shot points, relative to the microphone/geophone setup.
ubwoofer sweeps were performed three times at each position, which were 30° apart.
Due to space constraints, it was actually the microphone/geophone pair that rotated,

while the subwoofer remained in one position. The subwoofer was located eight

meters fom the test apparatus.
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Figure2.7: Subwoofer sweep location, and recording equipment. The laptop
generated a linear audio sweep from 15 Hz to 150 Hz, which was amplified and played
AU OEA v ¢ drhe(s@atayisof NEXROr&corded theG3geophone/microphone

response to the sound sweep.
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Position | Geophone | Microphone | Number of tests| Type of test
name orientation | orientation at position

v 0° Vertical 2 Background noise
Y 0° Vertical 3 Sound swe@
1X 0° Crossline 3 Sound sweep
1I 0° Inline 3 Sound sweep
2V 30° Vertical 3 Sound sweep
3V 60° Vertical 3 Sound sweep
Y 90° Vertical 3 Sound sweep
4X 90° Crossline 3 Sound sweep
4] 90° Inline 3 Sound sweep
5V 120° Vertical 3 Sound sweep
6V 150° Vertical 3 Sound sweep
v 180° Vertical 3 Sound sweep
7X 180° Crossline 3 Sound sweep
71 180° Inline 3 Sound sweep
8V 210° Vertical 3 Sound sweep
Vv 240° Vertical 3 Sound sweep
10V 270° Vertical 3 Sound sweep
10X 270° Crossline 3 Sound sweep
10l 270° Inline 3 Sound sweep
11V 300° Vertical 3 Sound sweep
12V 330° Vertical 3 Sound sweep
1V 0° Vertical 3 Sound sweep

Figure2.8: Summary of acquired dat&or noise characterization tests.

2.3: Data analysis

The noise characterization study produced 65 data files from 22 tests. Given
the amount of data, a standardized method was conceived to summarize and
analyze the results. Before fully analyzing the noise characterization tests the data
should be looked w@er, to become familiar with the sound sweep and expected
response. Summaries of data from the first noise characterization test (geophone at

0°) are shown below for each omponent: microphone, vertical,inline, and crossline
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(Figure 2.9, Figure 2.10, Figure 2.11, and Figure 2.12 respectively). Thesubplots
within help characterize the sound recorded ky each component. The time domain
signal shows exactly what was recorded. The FFT chart displays the overall
frequency content of the signal. The FFT cannot distinguish short sounds, of high
amplitude from long sounds, of low amplitude. This means thahe sound sweep
cannot be distinguished from background noise from the nearby air conditioners.
The only way to distinguish between these sounds is by converting to the time
frequency domain using the Gabor transform. The Gabor transform is a type of
STFT that applies a Gaussian window. This type of window strikes a good balance
between time localization and frequency localization, which is usually a trade off
when converting to the timefrequency domain. The window length used for this
analysis was 10ms. In essence, this gives a windowed Fourier transform every 10
ms across the entire signal, showing exactly which signals are present at each point

in time.
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Figure2.9: Data characterizationof themicrophone componentThe recording is of a

16 s subwoofer sweep from 15 Hz to 150 Hz.
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Figure 2.10: Datacharacterization of the verticalcomponent. The recording is of a 16

s subwoofer sweep from 15 Hz t6A Hz.
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Figure2.11: Datacharacterization of the inlinecomponent.The recording is of a 16 s

subwoofer sweep from 15 Hz to 150 Hz.
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Figure2.12: Datacharacterization of the crosslin&eomponent. The recording is of a

16 s subwoofer sweep from 15 Hz to 150 Hz.
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The noise characterization test was of a sound sweep from 15 Hz to 150 Hz
over 15 s, with a total recording time of 16 s. This simulates an uncoteged
seismic trace from a field survey using a vibroseis source. The upper limit of the
sweep is seen by the microphone FFT, but the range from 130 Hz to 150 Hz is much
weaker. Because the subwoofer has an integrated higlut filter of 120 Hz, any
sound above this frequency is played at a reduced volume. The lower frequency
IEITEO EO Al 01 O1 A1l AAO AOA O1 OEA OOAxT 1T £EA
Again, if any sound is below this frequency it will be played at a significantly
reduced volume. Wiile the true sound sweep was from 15 Hz to 150 Hz, the
operational response is closer to 25 Hz to 130 Hz. From the timt®main signal of
the microphone, the mid frequencies appear to be stronger (70 Hz to 100 Hz),
compared to frequencies on the edges ohé range (similarly indicated by the FFT).
This means that the subwoofers output is not flat across the frequency range of the
sound sweep. While the signal response of the subwoofer is important to keep in
mind, it should not affect the characterizationof sound between geophone and
microphone. The important thing is that the microphonegeophone pair records the
same sound, whatever it may be. Looking at the Gabor transform of a signal is a
quick way to determine the presence of background noise. Ti@&abor transform for
the microphone clearly shows the sweep, and shows very little background noise in
the seismic band. This is confirmed by the time domain signal, which shows
background noise levels of 500. The RMS amplitude for this trace is 2250 athe

peak amplitude is 8400. This gives a RMS sigrtaknoise ratio of 4.5:1, and a peak
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signalto-noise ratio of 16.8:1. Having a low background noise level on the
microphone is important, because any noise present may be combined into the

geophone recod during noise cancellation.

The vertical geophone component has a similar story, compared to the
microphone. From the FFT, the high frequency data weakens past 130 Hz and cuts
off at 150 Hz, but the low frequency data are different. Below 30 Hz, the sal
sweep entangles with background noise from nearby air conditioning units. This
noise is low in amplitude, but constant throughout the entire test, creating a large
response on the FFT. There is also 60 Hz power line noise, which manifests as a
spike on the FFT. The Gabor transform shows the sweep down to near 20 Hz or 25
Hz. The spectrum does help separate the sweep from the air conditioning and
power line noise. Since these noise sources are constant, they show up as lines of
constant frequency inthe Gabor transform. The air conditioning noise is contained
below 30 Hz, with two distinct sources of noise at 15 Hz and 30 Hz. The power line
noise is seen at 60 Hz. The RMS background noise is around 1000 with peak
amplitudes of 2000, and the RMS dhe signal is 3750 with peak amplitude near
14000. This gives a RMS sign#éb-noise ratio of 3.75:1 and peak signato-noise

ratio of 7:1.

The inline geophone component is quite different from the vertical
component. The FFT of the inline component mostlrecorded signal from 50 Hz to
100 Hz, with small additions at lower frequencies. The background seems stronger

on this component, due to the sweep signal being weaker. There is general
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background hum below 25 Hz; large noise spikes at 15 Hz and 30 Htmam the air
conditioner; and 60 Hz powerline noise. The Gabor transform confirms the signal
bandwidth from the FFT, although it is able to separate the 30 Hz signal from the 30
Hz background noise. The background noise is clearer on the Gabor transform
compared to the vertical component. The background noise level remains the same
as the vertical component, RMS amplitude of 1000 and peak amplitude of 2000.
However, the signal is weaker, with a RMS amplitude of 2350 and a peak amplitude
of 9500. Thisgives a RMS signati-noise ratio of 2.4:1 and peak signato-noise

ratio of 4.8:1.

The crossline component is even weaker than the inline component because
it is orthogonal to the sound source. The FFT shows a weak response across the
entire frequency band. The background noise from the air conditioner and power
line appear even stronger, dictating the scale of the FFT diagram. Even with the
relatively stronger response of the noise, the Gabor transform is still able to
distinguish the sweep. Again,ite background noise has a RMS amplitude of 1000
and a peak amplitude of 2000, with a RMS signal level of 1700 and a peak amplitude
of 8000. This gives a RMS signtd-noise ratio of 1.7:1 and peak signalo-noise

ratio of 4:1.

Now that a general descripton of each component has been determined, full
AT ATUGEO 1T £ OEA CAT PETTAGO OAOPITOA O1 111
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sound, RMS and peak amplitude values are calciddt When plotted as a function of
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incoming sound angle, these results show the directional response of that geophone
component. Results are averaged from three consecutive noise tests to reduce
variance. There are 13 total results, 12 from the test pd&ns spaced 30° apart, and

one repeat test at station 0° for control. The response charts indicate the geophone

is directionally sensitive to air-noise and are showrin Figure 2.13.

Each component within the geophoneexhibits a different directional
sensitivity. The inline geophone component shows a bidirectional response to
sound, with increased sensitivity to sound coming from 0° and 180°The crossline
geophone component shows a similar bidirectional sensitivitywith peaks at 90°
and 270°, but with overall increased sensitivity to sound coming from the leftThe
increase sensitivity for left incoming sounds could be caused by the geophone
element being attached to the left side of the case. This can be seeth@picture of
the 3-C geophone construction inFigure 2.13. This bidirectional sensitivity of the
inline and crossline components is expected; when these components are in line
with the sound source their response sbuld be stronger. The vertical geophone
component remains pointing the same direction during all rotation tests, therefore
it should not show any directional sensitivity to airnoise. Looking at the actual
response for the vertical component shows a diérent story. The vertical geophone
component exhibits a mild unidirectional response, weaker to sounds coming from
0° and stronger to sounds from 210°. Looking ahe geophone construction, the
vertical component is located at the back left of the geoplhe. This could explain

the directional sensitivity.
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The microphone used in these experiments was built to be omnidirectional.
To confirm this, the microphone was tested athte same time, and in the same way,
as the geophone. The directional response diagram is also kigure 2.13. The
diagram shows the microphone to be very nearly omnidirectional, producing an

equal response to soundsrbém all directions.

2.4: Microphoneto-geophone transfer function

To determine the microphoneto-geophone transfer function we must find
how they relate in two ways, amplitude and phase. The amplitude comparison
sounds simple enough; it is the difference in aplitude between the microphone
and geophone records, but stopping here would be a gross approximation. In the
characterization study, the geophone and microphone responded differently to
sounds of different frequencies. Typically, the microphone has arghger response
to high frequency sounds while the geophone has a stronger response to lower
frequency sounds. Thus, the amplitude relation must be determined at each
frequency of interest. Phase shows similar frequency dependent response, so its
transfer function will need to be determined for each frequency. Each geophone
component has a different response to sound, so each component will have its own
unique transfer function. A useful, firstorder comparison between two signals is
the crosscorrelation. This operation calculates the similarity between two signals

at various offsets. The higher the correlation value, the more similar the two signals
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are to each other. If the correlation value is one, the two signals contain the same

signal, but migh still have differing amplitudes.

Figure 2.14 shows the comparison between the microphone and vertical
geophone component for the first noise characterization test at 0° (position 1V).
The crosscorrelation shows a $rong positive correlation, 0.58, but this value does
not occur at the expected O ms offset. It instead occurs & ms, indicating an
overall phase mismatch between the microphone and geophone signals. Looking at
the phase chart confirms this, the micrphone record remains close to 180° out of
phase with the geophone record, for the entire band of the sound sweep. One issue
with using a simple correlation to determine signal similarity is that it does not
consider these phase differences. A more efféat correlation method would occur
in the frequency domain, where phase differences arise as offsets in a cross
AT OOAT AOGET T 8 ) AAI1l OERAAIT AQUEAA ODAI AOBDRI A
done in the Gabor domain. The process is as follows. eéfperforming the Gabor
transform of the microphone and geophone data, the resulting spectra are divided
into frequency slices. These are, essentially, spectrally decomposed signals. These
spectrally decomposed signals can then crosrrelated in much the same manner
as normal signal crosscorrelation. Each frequency band from the microphone
spectrum is crosscorrelated with the corresponding frequency band from the
geophone spectrum. After every frequency band correlation is calculated, they are

all stacked atop each other to produce a frequency dependent similarity chart

between the two signals. A cartoon of the process is shown Figure 2.15, with the
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results of this correlation shown in the data summaryn the bottom frame of Figure

2.14.

The middle frame of Figure 2.14 shows the maximum frequencyband
correlation value for each frequency level. This is a more accurate estimate of the
similarity between the microphone and geophone records, compared to a standard
signal crosscorrelation. This chart indicates a similarity between microphone and
vertical geophone component above 0.7, a very strong similarity, across much of the
frequency band of the sound sweep. The main exception occurs at 60 Hz, where
power line noise interferes with the signals. The other exceptions occur at 80 Hz,
120 Hz and from 135 Hz to 145 Hz. The weaker correlation at 80 Hz is persistent
across many experimens and may be related to a dead spot in the room. A dead
spot occurs when signals interfere destructively. In audio applications, this typically
happens near walls and corners where a wave can bounce back and interfere with
itself. This type of dead spots located ¥4 wavelength away from a wall, where a
reflecting wave would be completely out of phase with an incident wave. For an 80
Hz sound, this dead spot would be 1.07 m away from the wall. This is approximately
how far the microphone-geophone pair was from the wall. The weaker response
between 135 Hz and 145 Hz may be related to the subwoofer output. Since this
AOANOAT AU AAT A EO AAT OA OEA OOAxIT T £ZAOB6O 1
volume. The final exception at 120 Hz is caused by akaof signal on the geophone
component. This notch in the frequency content is consistent across most

characterization tests, but its explanation is unclear.
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Figure 2.14: Correlationbetween the microphonand vetical geophone component.

Each plot contains unique information about the phase and amplitude relationship.
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Geophone Microphone
Gabor Transform Gabor Transform

Figure 2.15: Cartoonprocess showingéquencybandcorrelation. Frequency slices
are taken from theGabor domain @) and (b), thencrosscorrelated. The result is

placed in theappropriate frequency slot in (c

The summary of the microphoneto-inline comparison, for test location 0°
(position 1V) is shownin Figure 2.16. Forthis test position, the inline component is
most sensitive to the sound sweep. This is appropriately reflected by a high
maximum crosscorrelation value with the microphone, 0.59. Similar to the vertical
geophone component, the inline alsoow evidence of phase shift in the cross
correlation, because the maximum correlation value occurs at 2 ms offset. Looking
at the phase diagram, the difference between the microphone and inline geophone

component remains near-90° for most of the sound swep, only deviating at
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frequencies above 110 Hz. The frequency band correlation shows a higher and
more consistent correlation than the vertical geophone. The similarity is above 0.7
from 30 Hz to 130 Hz, and is above 0.9 for much of that frequency baad well.
There is still a weak similarity notch at the 60 Hz power line. The notch from the
dead spot has weakened, compared to the vertical component, and is now closer to

75 Hz.

The summary of the microphoneto-crossline comparison for test location 0°
(position 1V) is shown inFigure 2.17. While the inline component is in its strongest
position to detect sound from the subwoofer, the crossline geophone component is
in its weakest. The maximum crosgorrelation value between crossline and
microphone components is only-0.37, which occurrs at 35 ms offset. This indicates
a very inconsistent phase difference between the two records. Looking at the phase
difference plot tells the whole story. For over half of the aund-sweep band, the
phase difference is either rapidly progressing or regressing, as is indicated by the
continual wrapping around the vertical axis. Only between 80 Hz and 120 Hz does
the phase difference stay relatively constant. Even though the migbone and
crossline component are significantly out of phase they still show good similarity in
the frequency band correlation. Correlation values are above 0.7 from 25 Hz to 40
Hz, and are above 0.9 from 75 Hz to 135 Hz. The weak similarity between 45 &hd
70 Hz is due to a weak response by the crossline geophone component to sounds in

this frequency range, which is consistent across multiple test locations.
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To determine how each geophone component relates to the microphone,
cross-correlation has been performed for data at all 13 test points. Displaying the
maximum correlation value as a function of angle is a proxy for the similarity
between microphone and geophone. In addition, plotting the time lag at which
these maximum values occur, as afigtion of angle, is a proxy for phase similarity.
The results of the max crosgorrelation are in Figure 2.18, and the maximum

correlation lag times are n Figure 2.19.

The results from the maximum crosscorrelation are similar to the amplitude
sensitivity charts. The inline component has a higher similarity to the microphone
when it is detecting more airnoise, resulting in a bidirectional chart with lobes at 0°
and 180°. Similaly, the crossline component shows higher similarities to the
microphone at angles where it records more aHnoise, resulting in bidirectional
chart with lobes near 90° and 270°. The results from the vertical component are
different from the unidirectional response from the amplitude sensitivity
measurements. The crossorrelation chart shows a bidirectional response, with

increased similarity to the microphone for sounds coming from 45° and 240°.

The maximum correlation lag offset is an indication of phge mismatch, with
higher values indicating a larger phase mismatch between microphone and
geophone records. Knowing this, this type of plot should show an orthogonal image
compared to the maximum correlation chart. The inline component almost
responds asexpected, there is one lobe at 90°, indicating a large amount of phase

mismatch to the microphone component. The expected lobe at 270° is missing
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Figure 2.18: Maximumcrosscorrelation valueof each geopone record and the
microphone record.Values further from the center indicate higher correlationand

higher similarities.
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Maximimum correlation lag offset
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Figure 2.19: Maximumcorrelation lag offset for each geophone componeatter
crosscorrelation with the microphone. Values furtmdrom the first ring indicate
positive lag offsets, andalueslower than the first ring indicatenegative lag offsets. A
bigger lag offset indicates larger phase mismatch betweeatthomponentand

microphone.
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however. The crossline component responds as expected, with lobes at 0° and 180°,
indicating high phase mismatch to sounds coming from those angles. The vertical
component continues to show results contrasting with its earlier unidirectional

sensitivity. There are lobes at 120° and 330°, indicating increased phase mismatch

to sounds coming from those directions.

The final piece of information to come from the microphonegeophone
transfer function is the amplitude relationship. The frequencyband correlation is
an indication of similarity between two signals in the timefrequency domain, but it
does not give any information about amplitude. A quick way to compare amplitudes
in the time-frequency domain is to multiply two Gabor spectra together.This has
been performed for the first test at 0°, position 1V Eigure 2.20). Stronger values
indicate frequencies where both the geophone and microphone are strong, but not
necessarily how strong the geophone is compared to theicrophone. All charts
show relatively strong responses betwen 70 Hz and 100 Hz, with theniine
component being the strongest. This could be caused by an increase in
geophone/microphone response to the sound sweep, or by an increase in
subwoofer output. What is important is the comparison between geophone
channels. The inline component shows a stronger response than the crossline
component. For this test position, the inline component is pointing toward the

subwoofer, thus it should have a strongeresponse.
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2.5: Conclusions

The data acquired here, and subsequent analysis, forms the framework for
the noise-cancellation filter design. A éw conclusions about aifnoise in seismic
records can be made from these characterization studies. First, geophones are
directionally sensitive to sound. In a multicomponent geophone, each component
has its own directional sensitivity. The nline geophame component is more
sensitive to sound coming from inline noise source (0° and 180°), and the crossline
geophone is more sensitive to sounds from crossline sources (90° and 270°). For
this particular geophone, the vertical geophone also shows directionaensitivity,
showing an increased response to noise coming from behind the geophone (180°)
and less to noises coming from the front (0°). The relation between microphone and
geophone records is also not simple. While the two records may be highly sinmiia
the time-frequency domain, there could be a frequenecgependent phase shift
between them. This means that filtering ahnoise from a geophone using the
microphone signal must be done, at least partially, in the frequency domain. This

will introduce problems when creating a filter that works inreal-time.
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CHAPTER 3: FIELD EXPERIMENT

The previous study explored the effects of ainoise on the geophone case,
mimicking the process direct interaction of airnoise would have as it struck a
geophone in the field. Thre are other methods in which a gephone is affected by
air-noise and can only be characterized in the fieldjke air-to-ground interactions

and distance dependent amplitude response.

3.1: Experimental setup

A walk-away seismic experiment was performed to detrmine the effect of
air-noise on geophones during a seismic survey. AGgeophone plus microphone
was placed beside a road at the University of Houston Coastal Center. The Coastal
Center, a remote facility in La Marque, Texats approximately four km? in size,and
is used for atmospheric monitoring and contains producing oil wells. It has large,
open areas and long, isolated roads, ideally suited for seismic experiments. The
experiment consisted of one 3Cgeophone, piezoelectrianicrophone, and vibroseis
truck. The 3C geophone is the same 14 Hz unit used in the noise characterization
tests. The prototype microphone was also the same unit, but was outfitted in a
vibration damping material. To reduce motiorinduced noise, the microphone was
wrapped in polyester fiber. This fiber is composed of small corkscrew shaped
strings. These spiral strings act like tiny springs supporting the microphone,
isolating it from vibrations. The 4C geophone with microphone padding can be

seen inFigure 3.1.
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The geophone and microphone (4 geophone) were placed along a dirt road
inside the facility, and the shot line continued down the road. The first shot point
was 2.5 m behind the 4C geophone and shots were taken every 5 m, to 702.5im
front of the 4-C geophone Figure 3.2). Each shot consisted of a single sweep from
the vibroseis truck, from 15 to 150 Hz over 12 s. Sixteen seconds of uncorrelated

data were recorded for each shot, so that analysis could tlplace on the raw data.

Figure3.1: The "pillow-top" vibration isolation system. The piezmicrophone is
placed inside delt pocket surrounded by polyester fibers. These springy fibers

dampenvibrations that affect the microphoneShown attached atop a-& geophone
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Figure3.2: Survey location and schematic. Satellite imagery of the northern portion
of the UH Coastal Center, near La Marque, Texds Blue circle shows the
approximate 4C prototype geophone position, defined as 0 m. The red line indicates
the shot line, from2.5 m to 702.5 m shot at a 5 m interval.

Imagery sourcgGoogleMaps 2012)

The test site had little cultural noise;i.e. noise created from nonnatural
sources such as traffic, construction or other human activities. There was, however,
a large amount of environmental noise, or natural background noise, mostly from
wind. The nearest roads were located approximately 400 and 1000 meters away,
behind a large sand of trees. Audible noise from the roads was occasiohal
discernible, but any vehicleinduced ground vibrations were undetectable. The dirt
road on which the experiment took place carried sparse traffic. Shooting was halted
when traffic passed to enare clean data were acquired. Winds on the day of the
survey ranged from 15 to 25 km/hr. This caused discernible noise in both the

seismic and acoustic records.
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After the survey, all shot records were combined in a common receiver
gather, to simulate a D0 m, 4C geophone line. This process allows the
experimentation of noise cancellation along a full seismic record without needing to

make 140 4C geophones.

3.2: Geophone data analysis

Before analyzing the aifnoise data, it is best to define from theory whato
expect.  While expectations about transient ainoise response cannot be
determined beforehand, vibratorinduced air-wave is easily characterized. The
majority of the air-wave energy transmits directly through the air. When travelling
across a spreadf geophones, this is seen as a linear event, originating at the shot
location, travelling around 345 m/s (dependent on temperature and pressure). The
air-wave will interact with the ground, creating groundroll and compressional
waves. The conversiond compressional waves occurs across a wide range of
frequencies, and depends on many factors, such as the acoustic impedance of the
weathering layer. The groundroll conversion only occurs at a single frequency,
which depends on the weathering layer thickess. Any ai-wave-induced ground
roll will be seen as a monofrequeny wave-train following any air-noise arrival. The
reverse of these processes occur as well, ground motion will convert to air motion.
Ground roll will couple to monofrequency airwave, and compressional waves will
convert to air-wave as well. In short, in the seismic record, the linear awave

should be easily seen, which should be followed by a monofrequency watrain.
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The acoustic record will also show the direct awwave arrival, and the
monofrequency wave train following it. Microphones may also record the energy
from other compressional seismiewave arrivals, but recorded evidence of this

process has yet to be published for seismic experiments.

The raw data werecorrelated in MATLAB for initial analysis. The correlated
geophone gathers can be seen iRigure 3.3, Figure 3.4, and Figure 3.5. Even with
the high levelsof wind noise, and only single vertical fold, the geophone collected
good data. Using only 500 ms AGC, reflectors can be seen deeper than 1000 ms on
the vertical component. The crossline component detected reflectors down to 650
ms, but the inline compament only detected the shallowest reflectors, below 400 ms.
The headwave response is very strong on the vertical and crossline components,
but weaker on the inline component. There appears to be only a single visible
refracting layer with a velocity of 1750 m/s. This refracting layer is also very
shallow, evidenced by the lack of a visible direct arrival at near offsets. The weaker
recordings by the inline component, compared to the crossline component, are of
interest. Typically, the inline componentshould see a strong headvave response
while the crossline component is weaker. The nearby road could cause this. The
high-velocity, well-compacted roadbed may bend incoming arrivals toward the

crossline direction.

The air-wave response from the geophoe is much more atypical. According
to the sensitivity diagrams for the 3C geophone, the vertical and inline components

should show a strong response to aiwave, while the crossline component response
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Figure 3.3: Vertical component correlated shot gather. Displayed using 500 ms AGC,

showing the first 2.5 s of the recordNote the very weak akwave.
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Figure3.4: Crosslineeomponent correlated shot gathe Displayed using 500 ms AGC,

showing the first 2.5 s of the record.
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Figure3.5: Inline componentorrelated shot gather. Displayed using 500 ms AGC,
showing the first 2.5 s of the recordNote the stong air-wave. There is also shear

wave refractions located beneath the awave.
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should be weaker. The data areontrary to this estimation. While there is a strong
response from the inline component, and a relatively weaker response from the
crossline component, the airwave is nearly absent in the vertical record. This is
particularly strange since previous surveys in this same location, using vertical@

geophones, showed strong atwave presence.

The laboratory experiments in the previous chapter were used to
characterize airnoise coming from differing directions, but not from differing
distances. The ahblast recorded during this seismic survey is a useful marker for
AAOAOI ETETC A CATPEITABO OAODPI 1T OA mbhks OT O A
away from the geophone the ahwave arrival becomes weaker, as do all seismic
arrivals. A typical seismic arrival, which propagates in three dimensions (e.g. arrival
from a reflector) will decay at about 1/R, where R is the total travel distanceThe
air-wave from the seismic source also propagates in three dimensions, which means
it should also decay at 1/R. However, the awwvave interacts with the ground
surface. At the airto-ground interface some airwave energy will be absorbed or
converted to ground motion. This increases the aiwave energy fall off, meaning

the air-wave amplitude decay will be higher than 1/R.

To calculate the airwave decay, each geophone record was processed to
isolate the airrwave. This was accomplished using top arabttom surgical mutes in
" AAAT 60 6EOOA 3AEOI EA $AO0Avawe @asAsBlfdedBieC OOE ¢
peak amplitude at each shot distance was recorded. Plotting these maxima against

distance shows the airwave amplitude decay for each geophone. Fceach
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geophone component, the amplitudes from the first 50 m were discarded because
they are affected by near offset effects. All data past 500 m was also discarded
because the airwave response was obscured by background noise. A power trend
line was fit to the data from each geophone component to determine the amplitude
decay. The data for each component, with trend lines, are kiigure 3.6. None of the
air-wave arrivals had a decay rate of 1/R. The vertical cqgonent decayed at
1/R*1.8, while the inline components decayed at 1/R"1.4, and the crossline
component decayed at 1/R"1.1. This indicated that each geophone element

behaves differently to the same aiwwave that passes the geophone.
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Figure3.6: Geophonamplitude decaycomparison for the airwave arrival. The

vertical component amplitude decays much faster than the horizontal components.
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3.3: Microphone data aalysis

The microphone, as it should, shows a largair-wave presence across the
entire spread (Figure 3.7). In its entirety the air-wave lasts for 200 ms in the near
field and 150 ms in the far field. The record shows the constant presence of
electrical crosstalk with the pilot channel. This is evidenced by the persistent high
amplitude event between 0 and 75 ms. This crosstalk occurs because the
microphone was not specifically designed to connect with this recording system. An
optimized design would eliminate this effect. e peak crosstalk magnitude on the
microphone is 1.3*101, compared to 2.5*10° for the auto-correlated pilot trace,

giving a crosstalk ratio of 19000:1 or-86dB from pilot to microphone.

The air-wave amplitude decay was analyzed in the same manner as the
geophone. The ahwave was isolated in the microphone record using surgical
mutes, and the maximum amplitude at each shot point was recoed. The first 50 m
of data were discarded to ignore neafield effects, but the restof the data (out to
702.5 m) were used for analysis because the awwvave remained strong across the
entire shot spread. A plot of the data with a power trend line ishown in Figure 3.8.
Like the geophone, the microphone amplitude does not decay &/R; it decays at
1/R"1.4. The difference in amplitude decay between the microphone and each
geophone component is important and must be taken into consideration when

designing anair-wavefilter.
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MICROPHONE COMPONENT—-SHOT GATHER
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Figure 3.7: Microphone componertorrelated shot gather. Displayed using 500 ms
AGC, showing the first 2.5 s of the recoitbte the heaewave and reflections present

in the record.
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Figure 3.8: Microphonerecorded airwave amplitude decay. The microphone decay

rate is similar to the horizontal geophone components.

There are other visible events in the microphone record, consisting of a
series of monofrequency arrivals, which coincide with the head wave, and
uppermost reflections. One of three things could cause these peculiar events:
electrical crosstalk with the adjacent inline geophone component, physical motion
of the microphone converting to spurious recorded voltage, or it could be the record
of ground-to-air converted seismic energy. If these events were caused by electrical
crosstalk, it should have a similar crosstalk ratio when compared to the pilet
channel crosstalk. The peak microphone heagtave response is 2.2*1® whereas

the inline geophone conponent only has a peak magnitude of 1.1*20. This gives

69



an inline-to-microphone crosstalk ratio of 1:2 or +6 dB. This is much too large for
electrical crosstalk. In fact, it would suggest microphon&-inline crosstalk since

the microphone magnitude s greater. Even the vertical geophone component, with
the strongest head wave response, has a peak magnitude of 1.6¥10This gives a
vertical-to-microphone crosstalk ratio of 1.45:1 or-3 dB. Therefore, these events

are most likely not caused by crogsalk.

The microphone is constructed of two piezoelectric discs glued on opposite
sides of a ring. Each piezelement is inherently susceptible to noise induced by
motion of the element. However, the elements are mounted in opposing directions.
This mears, a motion that induces a positive voltage on one element produces a
negative voltage on the other element. When wired in series these voltages
effectively cancel out. This process is not perfect, so small voltage anomalies may
arise when the microphoneis moved, shaken, or vibrated. To reduce excess motion
of the microphone, it was decoupled from the geophone. This was achieved by
wrapping the microphone loosely with polyester fiber called polyfill. When used in
small amounts, it is acoustically trasparent. The polyfill fibers consist of small
spirals of polyester, which actas a spring, absorbing vibration. If, after decoupling,
the microphone were still moved by vibrations of the geophone, a visible response
should be seen in the microphone remrd for each seismic event in the geophone
record. The only events that correlate between microphone and geophone are the
headwave and uppermost reflections. Furthermore, any mechanical coupling

recorded by the microphone should havesimilar frequency wntent when compared
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to the geophone record. The headave and reflections recorded by the
microphone are almost exclusively monofrequency, near 130 Hz. These factors

strongly suggest that theseeventsare not caused by mechanical vibration.

If the seismic waves recorded by the microphone were caused by grouro-
air interactions, how did this energy couple across the interface?his question is
beyond the scope of this thesis, and additional experimentation and analysis are
required for any full explanaion. However, basic analysis may be used to rule out

two conversion methods, and analyze a third possible method.

Since the weathering layer velocity is typically muchlower than the
refracting near-surface layer, most seismic waves will be travelling ragly vertical
within the weathering layer. Thus, the normaincidence, energy transmission

equation may be used to calculate the grountb-air energy coupling

. .[ z (b ” z d) ”
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Given a weathering layervelocity of 245 m/s and density of 1200 Kg/n#, and air
velocity of 345 m/s and density of 1.2 Kg/nth wbid@d be 0.006. One important
factor to consider when describing the conversion process is the frequency content
of the recorded waveforms. Again, themicrophone recorded headwave and
reflections consist mainly of 130 Hz acoustic waves. This suggests the grotiodair
conversion process acts as a filter when passing energy. trAnsmission coefficient
of 0.006is very small andwould apply to waves ofall frequencies producing low-

amplitude, broadband response on the microphone.
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The conversion of groundroll to air-wave occurs at only one frequency,
which would explain the monofrequency microphone responsé€Press and Ewing,
1951). However, all microphonerecorded seismic data were from compressional
events, so some form of compressiongb-Rayleigh wave conversion would have to
occur before the final conversion to akwave. This3-stage conversion process is
unlikely, and there is no evidence ofany converted Rayleigh waves in the
seismograms, suggestinghis is not the cause of the microphongecorded seismic
events. Other nearsurface models, visoelastic, poroelastic, and othersmay induce
ground-to-air conversion. The conversion mechanisms allowed by these models
may help explain the microphonerecorded seismic events, but more

experimentation would be required before conclusionsan bemade,

A simple method of groundto-air conversion is presented here that may
explain the microphone-recorded seismic events and their monofrequency
composition. As fismic waves travelthrough the unconsolidatedweathering layer,
they may affect the pore space. The compressionalaves would cause the pore
space to expand and contract. These volume oscillations would create pressure
waves in the pore space. At thsurface,the pressure waves would alternately draw
in and expelair, from the atmosphereinto the pore space in a fashion similar to
blowing air across the mouth of a soda bottle. This process of creating sound from
the vibration of air at the opening ofa cavity is called Helmholtz resonance.
Helmholtz resonators create sound at a singular frequency based on many factors,

such as cavity size, opening size and shape, and the velocity of sound in air.
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A simplified near-surface may be mathematically modelecs a Helmholtz
resonator. The weathering, layer is extremely low velocity. Any upward travelling
waves will refract nearly vertically when entering the weathering layer. This allows
the pore space to be simplified to a series of vertically oriented @ular pores. The
resonant frequency of these pores can be calculatedsing the equation for a

Helmholtz resonator

8

——h
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where "Ois the resonant frequencyw is the velocity of sound in air9 is the area of
the open port, andw is the main cavity volume. 0 is the effective port length,

calculated using

0 0 pdYh
where 0 is the port length and'Y is the radius of the circular port. For the
weathering layer the vertical pore is the port, sdY is the radius of the pore and) is
the length (i.e. weathering layer thickness). Since there is no independentain

cavity, the entire resonant volume is contained within the pore. Thus, the area and

volume of the pore can be calculated using:
0 “Ywe@ “YO08

Substituting into the original equation gives
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which simplifies to:

w P
0 @Y

The pore radius is typically very small, 1 mm or less. For a suitably thick weathering
layer, greater than 10 cm, thep®'Y Oterm becomes insignificant. This allows a

further simplification

VYLD O ——8

Typical changes in air velocity will only produce a 5% variation in resonant
frequency. This means that the resonant pore space only depends on the thickness
of the weathering layer. Using 345 m/s for the air velocity, and 130 Hz for the
resonant frequency, the calculatedpore length, and weathering layer thickness, is
42 cm. This thickness is suitable for the UH Coastal Center because the water table
in the area is very high, evidenced Y the presence of standing water in roadside
ditches less than a meter deep. The simplified Helmholtz equation presents an
additional use for microphone recordings of seismic surveys, determining
weathering layer thickness. This is especially useful foareas with weathering

layers that are too thin to be seen in seismic records, like the UH Coastal Center.
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3.4: 4-C geophone prototype

The need for a fieldready prototype was realized during the field experiment
at the UH Coastal Center. It would require a wiier mounting area for the
i EAOT PETT AR xEEAE xi O A Al O DOi GERABS
system could provide. The requirements for this design are protection, vibration
isolation, and acoustic permeability. The case must protect the micrbpne from
impacts, possibly being tough enough to be stomped on during the planting of the
geophone, and must also protect the microphone from water. The case must also
allow the microphone to be mounted in such a way that it is isolated from
vibrations. Lastly, the case must not significantly block the passage of sound, as this

would affect the filter designed for use with the microphone.

After a few design iterations, a final 4C geophone prototype was determined.
The case is constructed of a steel aricexan frame. Two Lexan squares are used as
top and bottom plates, to protect the microphone from impacts. Two steel strips are
placed on the top and bottom of the Lexan plates for added impact protection and
increased rigidity. The entire microphone cae is wrapped in a Gordex backed
nylon. This Goretex makes the case waterproof, and the nylon protects the
microphone from pebbles, and sharp objects. The microphone is mounted in the
center of the case using thin silicone sheets. These sheets angedlto the perimeter
of the microphone, making sure not to cover up the pressure capsule area, and are
secured to four posts using washers. The silicone is very thin and elastic, creating a

spring mounting system that works regardless of the microphone & orientation.
75

ey



This mounting method mimics the spring mounting used in professional
microphone stands. To ensure the case remains acoustically transparent, holes
were drilled in the top and bottom Lexan plates. In addition, the sides of the case
are only surrounded by fabric, which should allow ample sound through. This case
design creates a rugged fieldeady microphone for use in the prototype 4€
geophone. Another benefit of this design is that it can be made for remarkably little
money. Even wherutilizing expensive materials, such as the waterproof nylon and
silicone sheets, the entire microphone setup costs less than $20. A crssstional
diagram can be seen irfrigure 3.9, and pictures of the final 4C geophone prototye

are in Figure 3.10, and Figure 3.11.

waterproof outer liner thin silicone sheet

% (vibration isolator)

. Microphone

Lexan protective plates

steel frame

Figure 3.9: A simplifieddiagram of the microphone casel'he diagram shows a cross

section running through the nddle of the microphone and case.
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Figure3.10: The finished microphone case. The steel plates on top allow the

microphone to be stomped on, while the blue nylon keeps the microphone dry.

Figure3.11: The finishedprototype 4C geophonesitting atop a 3C geophonén the

field.
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3.5: Conclusion

The presence of headvaves and reflections in the microphone record is
quite surprising. This phenomenon, thus far, #s been unseen in published
research. That is why extreme care was taken to consider other possible factors
before suggesting these seismic events were recorded from growtd-air converted
energy. Electrical crosstalk was ruled out, due to the large aiipde of the events,
relative to geophone records. Mechanical coupling is also very unlikely, due to the
narrowband response of the events and care taken to decouple the microphone
from ground motion. This leaves grouneto-air conversion as theexplanation for
theseevents Helmholtz resonance of the near surface poresffectively explains the
ground-to-air conversion causing themicrophone-recorded seismic events This
resonance depends mainly orweathering-layer depth, which for the UH Coastal
Center is defined by the water table Calculaing this depth from Helmholtz
resonanceagrees with field observations of a shallowwater table, supporting this
simplified conversion method However, there are many other ways to convert
seismic waves to atmosphec waves, and full testing of each methodneeds to be

made before a full conclusion may be drawn
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CHAPTER 4: NOISECANCELLING FILTER

The previous chapters covered the characterization of how noise affects

geophones, and how microphones behave in the field. Theyear

1. The geophone is directionally sensitive to noise

2. Each geophone component has a different directional sensitivity

3. The geophonemicrophone amplitude transfer function is dependent on
frequency and incident sound angle

4. The geophonemicrophone phase transfe function is dependent on
frequency and incident sound angle.

5. AAE CATPEITA ATiIibPI1TAT 060 Ai bl EOOAA £
other and the microphone.

The information gained from these characterizations helps define the structure and

process of the airnoise filter.

4.1: Filter design

A geophone responds differently to sounds coming from differing directions.
This means that the aifnoise filter must be able to detectAT ET AT 1 ET ¢ O1 O
direction. Furthermore, each geophone component responds differenttp sounds
coming from the same direction, so individual filters must be used for each
CAITPEITA ATibpilAl O8 4EA CATPEITA8O TTEO
direction but distance as well. Thus, the filter must also determine the distance the
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sound has tavelled before hitting the geophone. Fortunately, a few behaviors of the
geophonemicrophone system may be exploited to greatly simplify the filtering

process.

Because the sound phase varies between the microphone and geophone,
their phases must be recfied before filtering. This solves the problem of
the microphone with the phase from the geophone to create an effectively phase
shifted microphone signal. This step nobnly accounts for the differing incoming
sound directions, but the geophonanicrophone phase transfer function as well.
One weakness of this solution is that it will phase shift all data from the microphone,
including background noise. For example, in ivdy environments, the wind noise
will be phase shifted to match the geophone, possibly affecting geophone data. This
factor can be controlled by housing the microphone in a protective case, which could

block wind yet still pass sound.

The amplitude kernd is the relative air-noise response strength of the
geophone compared to the microphone. It cannot be calculated during the filtering
process because the filter cannot separate amoise from seismic signal on the
geophone component. Thus, it must be hé& coded in the filter. An amplitude
kernel is calculated by dividing the maximum Gabor amplitude from the geophone
by the maximum from the microphone, for every frequency. This is performed

using the equation,
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where 0 is the defined amplitude kernel, DGT represent the discrete Gabor
transform of a signal,"Ois the geophone signal, an@ is the microphone signal. The
amplitude kernel for the filter has been calculated by averaging all amplitude
kernels from each noise characterization testKigure 4.1). This has the effect of
removing any directionally dependent amplitude effects from the geophone
responses. This is an unfortunate sacrifice, but is necessary to create the static
kernel necessary for the filter. A result of this process is that the crossline and inline
amplitude kernels are almost identical. In all cases, the kernel is set to oneldw 20
Hz. This reduces amplification of low frequency noise on the microphone, such as
wind. Each kernel is only defined up to 400 Hz, because the noise characterization
tests were performed at 1000 samples per second. Furthermore, the kernel above
150 Hz is small, and mostly defined by background noise during the
characterization tests. Thus, the most important portion of the filter is between 20
Hz and 150 Hz, which includes most of the seismic band used during UH field

surveys (15 Hz to 150 Hz).
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Figure4.1: Amplitude kernels for each geophone component. The crossline and inline
kernels are almost identical. This is the result of averaging kernels from multiple

directions, removing directional dep®lency from kernel response.
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The geophone and microphone respond differently to sounds from varying
distances. This means that a filter designed to remove sounds coming from 20 m,
might not work on sounds coming from 100 m. A method must be developed to
rectify this distance effect. This is accomplished using the amplitude decay curves
from the field survey. The microphone decay rate is 1/R"1.4, while the geophone
decay rates are 1/R"1.8 for the vertical, 1/R"1.2 for the crossline, and 1/R"1.4 for
the inline component. The Inline component decays at the same rate as the
microphone, so no amplitude modulation is necessary. In addition, the crossline
component decay rate is close enough to the microphone rate that modulation

should not be necessary eithe

The vertical component decay rate is significantly different from the
microphon. With the given rates, sounds at close range will be relatively louder on
the geophone, but will die away quicker. To rectify this, the microphone data must
be altered to mimic the 1/R"1.8 response before the filtering process occurs.
Unfortunately, this process is not as simple as squaring the magnitude of the

microphone data. Instead, the following equation is used:

The modification process must be able to discern far, loud sounds from close,
quiet sounds. This requires the peak magnitude for an incoming sound, , to be
known. In addition, a calibrationfactor is required for the modification process.
The calibration factor,”Y , is unique to the microphone used in the system. Itis the
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peak amplitude, recorded by the microphone, of a vibroseis sweep 8 m away. Eight
AAAAAA AEOOAT AA AAAAOOA EO
the microphone-geophone amplitude relation. Sounds closer than 8 m away are

relatively louder on the geophone, and sounds further than 8 m are relatively louder

on the microphone. Thus, sounds ater than this distance must be magnified in
microphone records while sounds further than this must be diminished. The peak

incoming sound magnitude, divided by the calibration factor, effectively performs

this transformation. When multiplied by the orignal microphone signal,0 ha

new microphone signal, 0 his created with appropriately magnified or

AEI ET EOEAA O1 601 AGh AAOGAA 11 OEA DAOAAEOGA,
microphone a pseudo 1/R"2 response, which is suitably matchetb the geophone

decay rate for the filter process to work effectively.

Each of the previous pieces fit together to make the complete aioise filter.
From start to finish, the filter works in the following way. An incoming sound is
detected by the micrgophone and geophone, and is digitally sampled. The sample is
triplicated for use on each geophone component. The sample bound for the vertical
component is modified using a scaling factor determined by the maximum previous
amplitude recorded by the microphone. Using the current time sample and the
previous 127 samples, a frequency spectrum is calculated for the microphone,
vertical, crossline, and inline components. The magnitude of the microphone
spectrum, and the phase for each geophone component, acalculated. Using

microphone magnitude and the three geophone phases, a new spectrum is created
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called the noise estimate spectrum. These spectra mimic what the geophone- air

noise response should be. The spectra are transformed back to the time domain,
creating the noise estim&e signal. The data point thatorresponds to the current

time sample is then subtracted from the correspondinggeophone component. This

removes the expectedal | EOA AEEZAAO £OT I OEA CAI PEITA
outputs. A diagram summarizing this process is irFigure 4.2, and the complete

filtering program is located in Appendix A.

This program has been run on uncorrelated seismic data from the UH Coastal
Center survey, to test its dectiveness and ability to run in realOE [ A8 4EA FEE]
effectiveness will be discussed in the next section, but a few statements can be made
about its speed. It can process 16 s of uncorrelated data in 18 s. This is not true
real-time processing, butthe original program has not been optimized for speed and
had significant overhead. The program runs on data already acquired, so it is
merely simulating the reaktime process of data acquisition. Each shot point is run
separately in the program, and mst be loaded from SEG Y files. Time samples are
passed to the reattime filter, one at a time, simulating the live filtering process.
After removing this overhead, and with minimal optimizations, this program should

be able to run in reattime.
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Figure4.2: Fiter process diagram.Data inputs areamplitude modulated for distance,
thentransformed to the frequencylomain. Three amplitude kernels arapplied to
the microphone spectrunto estimate the magrude of noise for eacheophone
component. Theseoise-magnitudeestimates arecombined with thecorresponding
geophonephase to create noisspectra estimates Each noise spectrum is converted
backto the time-domain,wherethe newly creatednoise signis subtracted from the
geophone signalThe postacquisition filter includes an additional step; it applies a
windowing function to the noise signal to isolate the amoise for improved precision

during air-noise removal.
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4.2: Filter results

The data acqired at the UH Coastal Center has been processed through the
real-time filter. Before discussing the results, a rubric should be created to evaluate
the effectiveness of the filter. Primarily, the filter should remove a significant
portion of the air-wave from the data. The filter should also not affect seismic
information, such as the headvave or reflections. Ground roll could possibly be
affected, depending on how much groundoll-coupled air-wave is present. The
largest source of airnoise in the fismic records is the airwave from the vibroseis
truck. The filtering of this event will serve as the benchmark for the filter. The real
time filter results will be compared to other basic filtering methods, including a
high-cut Ormsby filter, and Fkdomain velocity filter. The high-cut Ormsbyfilter is a
simple method of removing noise from seismograms, typically used for quality
control checking in the field. The least restrictive filter that was able to remove the
air-noise had highcut corners at 9 Hz and 100 Hz. The next filter, a FHomain
velocity filter is typically used as a first attempt to remove noise during processing.
To remove airwave, a rejection zone is highlighted in the FK spectrum around
events traveling 345 m/s. This method i©nly partially effective because airwave is
usually spatially aliased. Lastly, a pogtrocessing version of the reatime filter will
be shown. For each component, the awave in the noiseestimate signal is isolated,
and the result is subtracted fromthe raw data. This filter shows how microphone

data may be used to remove noise postcquisition, and in the time domain.
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4.2.1:Vertical component

The vertical component will be the first result shown, mostly because it is the
most common in seismic data. Thigdataset has the weakest awvave response, so
any effect the filter has will be subtle. Comparison diagrams of the varying filter

methods are shown inFigure 4.3 and Figure 4.4

Air-wave noise in the original vertical seismogram is very small, so filter
comparison is fairly limited. The most visible presence of aiwave occurs between
1 s and 1.5 s, in the middle of the spread. This is the area of focus for the
comparative discusion. The noise estimate shows a small amount of airave, but
there is also seismic data included in the noise estimate. This is partly from the
presence of seismic data in the microphone record, which is the result of groutd-
air conversion. While his is good for the prospect of seismic exploration using
microphones, it is not beneficial for airnoise filtering. It can be argued that since
there is a true air response to seismic events, the air pressure created is affecting
the geophone as well, adh that it should be removed to retrieve true ground
response to the seismic events. The filtering process, however, is not perfect and
seismic event amplitudes may be affected more than just the intended removal of air
effects. Thus, it is best to leavéhe seismic arrival amplitudes as close to their
original form as possible. There is also the presence of groumdll in the noise
estimate. This is an error on the part of the filter. The survey site had a large

amount of background noise, mostly fromwind, which was picked up by the
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microphone. This noise has been phase shifted to match the geophone, creating a
false noise estimate by the filter. Fortunately, this false noise is an order of

magnitude smaller than their corresponding signals in the oginal seismogram.

The reattime filter removes what little air-wave is present in the original
seismogram. Grouneroll, and other seismic effects, are only minimally affected by
the noise removal process. The windowed pogirocessing filter produces resilts
very similar to the realktime filter. The air-wave is effectively removed, but any
effects the false noise estimates had in the retime filter are gone due to the
windowing process. The highkcut filter is also effective at removing airwave. It has
the added benefit of removing other higkhfrequency noise making the reflections at
0.5 s and 0.6 s more visible. However, the filter not only removes higtequency
noise, but data as well. A loss of detail can be seen in the head wave between 0.1 s
and 0.2 s. The FiKlomain filter is the only filter that is unsuccessful in removing the
air-wave. The minor presence of aiwave is present between 1 s and 1.5 s. This
filter also affects a linear event, most likely an -8ave refraction, that is present
between 1 s and 1.6 s on the left side of the seismogram. Because there is so little

air-wave present in the seismogram, a definitive best filter cannot be chosen.
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Figure4.3: Verticalcomponent: omparison of the reatime and windowed post
processing filtes,to the original vertical seismogram and the filteproduced noise

estimate.
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Figure4.4: Vertical componentcomparison of the higltut and Fkdomain velocity

filters, to the original vertical seismogram and the windowed pgstocessing filter.
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