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Geophysical methods

Method Measured parameter “Operative” physical 

property

Application

Gravity Spatial variations in the 

strength of the gravitational 

field of the Earth

Density Fossil fuels

Bulk mineral deposits

Construction

Magnetic Spatial variations in the 

strength of the geomagnetic 

field

Magnetic susceptibility

and remanence

Fossil fuels

Metalliferous mineral 

deposits

Construction

Seismic Travel times of 

reflected/refracted

seismic waves

Seismic velocity (and density) Fossil fuels

Bulk mineral deposits

Construction

Electromagnetic

(SeaBed 

Logging)

Response to electromagnetic 

radiation

Electric conductivity/resistivity

and inductance

Fossil fuels

Metalliferous mineral 

deposits

Electrical

-Resistivity

-Self potential

Earth resistance

Electrical potentials

Electrical conductivity

Electrical conductivity

Widely used

Radar Travel times of reflected radar 

pulses

Dielectric constant Environmental

Construction















Gravity

• Gravity surveying measures spatial variations in the Earth’s 
gravitational field caused by differences in the density of sub-surface 
rocks

• In fact, it measures the variation in the accelaration due to gravity

• It is expressed in so called gravity anomalies (in milligal, 10-5 ms-2), 
measured in respect to a reference level, usually the geoid

• Gravity is a scalar



Gravity: Newton’s Law of Gravitation
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• Newton’s Universal Law of Gravitation for small 
masses, m1 and m2 separated by a distance r, at 
the earth surface:

• With G (’big gee’) is the Universal Gravitational 
Constant: 6.67x10-11 m3/kg1·s2

m1 m2

rforce force



Gravity: Earth
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• Spherical

• Non-rotating

• Homogeneous  g (’little gee’) is constant!



Gravity

• Non-spherical  Ellipse of rotation

• Rotating  Centrifugal forces

• Non-homogeneous
• Subsurface heterogeneities

• Lateral density differences in the Earth

 g (’little gee’) is NOT constant



Gravity units

• 1 mGal = 10 g.u. = 10-5 m/s2 ~ 10-6·g



Gravity anomalies

The Gravity anomaly is positive if the 
body is more dense than its 
surroundings, negative if less

Gravity is a scalar: 
the combined pull 
has approx. The 
same direction as 
the Earth pull; we 
measure therefore 
only the size, or 
magnitude, of g



Gravity anomalies of specific bodies



Gravity anomalies of specific bodies



Measurements of Gravity

• Spring or Beam

• Corrections
• Instrumental drift
• Latitude (due to Earth rotation)
• Elevation

• Free-air correction
• Bouguer correction
• Terrain correction

• Tidal
• Eötvös (due to measurements on moving 

vehicles)

m

m

m·g m·(g+dg)

extension



NGU, 1992



Magnetics
• Magnetic surveying aims to investigate the subsurface geology by 

measuring the strength or intensity of the Earth’s magnetic field.

• Lateral variation in magnetic susceptibility and remanence give rise 
to spatial variations in the magnetic field 

• It is expressed in so called magnetic anomalies, i.e. deviations from 
the Earth’s magnetic field.

• The unit of measurement is the tesla (T) which is volts·s·m-2 In 
magnetic surveying the nanotesla is used (1nT = 10-9 T)

• The magnetic field is a vector

• Natural magnetic elements: iron, cobalt, nickel, gadolinium

• Ferromagnetic minerals: magnetite, ilmenite, hematite, pyrrhotite

















NGU, 1992



Electromagnetics

Electromagnetic methods 
use the response of the 
ground to the propagation 
of incident alternating 
electromagnetic waves, 
made up of two orthogonal 
vector components, an 
electrical intensity (E) and a 
magnetizing force (H) in a 
plane perpendicular to the 
direction of travel



Electromagnetics

Transmitter Receiver

Primary field Secondary field

Conductor

Primary field

Electromagnetic anomaly = Primary Field – Secondary Field



Electromagnetics – Sea Bed Logging

SBL is a marine electromagnetic method that has the ability to map the subsurface 
resistivity remotely from the seafloor.

The basis of SBL is the use of a mobile horizontal electric dipole (HED) source 
transmitting a low frequency electromagnetic signal and an array of seafloor electric 
field receivers. 

A hydrocarbon filled reservoir will typically have high resistivity compared with shale 
and a water filled reservoirs.

SBL therefore has the unique potential of distinguishing between a hydrocarbon filled 
and a water filled reservoir



Reflection Seismology

• Principle of reflection seismology
• What is reflection seismology
• Seismic wave propagation
• Acquisition – collecting seismic data
• Prosessing

• Limitations and Pitfalls
• Resolution (Horizontal and Vertical)
• Velocity Effects (Seismic velocities – Depth Conversion)
• Geometrical Effects (Migration)
• Seismic Modelling (Synthetic seismograms)

• 2D vs. 3D seismic reflection



Reflection Seismology



Reflection Seismology



Reflection Seismology



Reflection Seismology

• Spherical spreading
• Absorption
• Transmission/conversion



Reflection Seismology
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Incident ray
Amplitude: A0

Reflected ray
Amplitude: A1

Transmitted ray
Amplitude: A2

1, v1

2, v2

2, v2  1, v1

Acoustic Impedance: Z = ·v

Reflection Coefficient: R = A1/A0

R = 0  All incident energy transmitted (Z1=Z2)  no reflection
R = -1 or +1  All incident energy reflected  strong reflection
R < 0  Phase change (180°) in reflected wave

Layer 1

Layer 2
Transmission Coefficient: T = A2/A0

-1 ≤ R ≤ 1



Reflection Seismology



Reflection Seismology



Reflection Seismology













Reflection Seismology

• SEISMIC PROSESSING
• The objective of seismic prosessing is to enhance the signal-to-noise ration by 

means of e.g. filtering



Reflection Seismology

• Limitations and Pitfalls
• Interference

• Horizontal and Vertical Resolution

• Velocity Effects

• Geometrical Effects

• Multiples



INTERFERENCE



Reflection Seismology

Interference



Reflection Seismology
Interference



VERTICAL RESOLUTION



Reflection Seismology

100 Hz

67 Hz

40 Hz

Wavelength increases
with depth

Frequency decreases

Reduced vertical resolution

f           v          ll/4 z   

100 Hz    2 km/s      20 m           5 m         ~250 m

40 Hz     4 km/s     100 m        25 m        ~2250 m



Reflection Seismology

(Brown 1999)



HORIZONTAL RESOLUTION



Reflection Seismology



Reflection Seismology

~25 m

~690 m

~2500 m



Reflection Seismology



GEOMETRICAL EFFECTS



Reflection Seismology







VELOCITY EFFECTS









MULTIPLES









Gravity survey



Seismic survey
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:انواع امواج الاستيك

كه           مهبه غير از مجاورت چش)اگر پوسته زمين را يك محيط كاملاً الاستيك فرض كنيم 
.ناميده مي شودموج الاستيكموج صوتي عبوري ، ( تغيير پلاستيك داريم 

:  دامواج الاستيك را بر اساس نحوه ارتعاش ذرات و انتشار آنها ، طبقه بندي مي كنن
(موج فشاري، برشي)موج پيکري -1
(موج ريلي، لاو)موج سطحي -2

.داردبستگيهالايهنوعبهامواجانتشارسرعت



Seismic Waves

Body

Surface

P

S

Love

Rayleigh
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موج فشاري ، اوليه -1
)P- wave(

.جهت ارتعاش ذرات در اين موج ، در جهت انتشار موج است-
و چگالي (rigidity)تابعي از مدول برشي Pسرعت موج -

. مي باشد (density)محيط 

متر بر 7000–2500در سنگهاي سخت بين Pسرعت موج -
متر بر ثانيه 500-300ثانيه و در سنگهاي نرم و متخلخل بين 

.است

باعث انتشار امواجي در (shot)در روي خشکي ، منبع انرژي -
اين . گويند(air blast)كه به آن  (air wave)هوا مي شود 

كه امواج مي توانند جبهه موج ثانويه را در سطح لايه ايجاد كند
– airبه آن  coupled waveاين موج با سرعت . مي گويند
ز موج متر بر ثانيه حركت مي كند كه سرعتي كمتر ا350حدود 

به دما و رطوبت بستگي دارد و air waveسرعت .  فشاري دارد
.متر بر ثانيه تغيير مي كند300-400بين 



P-Wave 



78

موج برشي ، ثانويه-2
(S- wave (

.حركت ذره براي موج برشي بر جهت انتشار آن عمود است-

رشي سرعت موج برشي تابعي از مقاومت محيط در برابر تنش ب
P، نصف سرعت موج Sبه طور تخميني، سرعت موج . مي باشد

شي بركرنش در سيالات مانند آب، بعلت آنکه تنش و. است 
. نمي تواند منتشر شودSوجود ندارد، موج 

بالاتري نسبت S/Nركوردهاي دريايي ، نسبت به همين علت 
.به داده هاي خشکي دارند

نمي تواند در Sبخشي از اين مسئله مربوط به آن است كه موج 
يدها آب توليد شود و توسط گيرنده ها دريافت شود و تمام رس

ركوردهاي خشکي معمولاً . مربوط به موج فشاري مي باشد
ي مي سرعت موج برش. تلفيقي از امواج فشاري و برشي هستند

 براي سنگ مثلاً. تواند در اثر لايه بندي و شکستگي تغيير كند
ست ، لايه بندي شده كه شکستگي هاي آن با سيال پر شده ا

سنگ نسبت به) مقاومت در برابر نيروي برشي بيشتر شده 
به عبارت ديگر شکستگي ها درجه حركت برشي ( هموژن 

.ذرات را محدود مي كنند



S-Wave
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Seismic Wave Speeds
Material P wave Velocity (m/s) S wave Velocity (m/s) 

Air 332 

Water 1400-1500 

Petroleum 1300-1400 

Steel 6100 3500 

Concrete 3600 2000 

Granite 5500-5900 2800-3000 

Basalt 6400 3200 

Sandstone 1400-4300 700-2800 

Limestone 5900-6100 2800-3000 

Sand (Unsaturated) 200-1000 80-400 

Sand (Saturated) 800-2200 320-880 

Clay 1000-2500 400-1000 

Glacial Till (Saturated) 1500-2500 600-1000 
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:Surface waveموج سطحي 

در روي خشکي ، سنگهاي سطحي هوازده شده و به صورت يك لايه هوازده 
(weathering layer) يا لايه كم سرعتLVLبدان علت است كه . در مي آيد

هوا همچنين موج سطحي از مرز بين. با سرعت پائين در آن منتشر مي شودPموج 
.و زمين عبور مي كند

ن با رفتن به عمق ارتعاش ذرات امواج سطحي با دامنه كاهش يافته و جهت نوسان آ
.نيز معکوس مي شود

83



L-Wave

• Love Waves

• The first kind of surface wave is called a Love wave, named after 
A.E.H. Love, a British mathematician who worked out the 
mathematical model for this kind of wave in 1911. 

• It's the fastest surface wave and moves the ground from side-to-side.



L-Wave



Rayleigh Waves

• Rayleigh Waves

• The other kind of surface wave is the Rayleigh wave, named 
for John William Strutt, Lord Rayleigh, who mathematically 
predicted the existence of this kind of wave in 1885. 

• A Rayleigh wave rolls along the ground just like a wave rolls 
across a lake or an ocean. Because it rolls, it moves the 
ground up and down, and side-to-side in the same direction 
that the wave is moving.

• Most of the shaking felt from an earthquake is due to the 
Rayleigh wave, which can be much larger than the other 
waves.



Rayleigh Waves
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:تبديل امواج 

ك بر اساس خواص الاستي. در مرز لايه ها ، بخشي از موج بازتاب شده و بخشي عبور مي كند
.مي توانند به يکديگر تبديل شوند يا به امواج ديگرSيا موج Pمرز لايه بندي، موج 

90
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:كاهش انرژي لرزه اي 

دامنه موج به صورت عکس فاصله از
.چشمه ، كاهش پيدا مي كند
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:دسته بندي امواج لرزه اي



93



94



95



96



97



98



99



100



101



102



103



104

موج مستقيم

(Direct wave)امواج مستقيم 

بخشي از انرژي لرزه اي كه از لايه
مجاور با هوا حركت مي كند، موج 

ناميده مي شود و سرعتمستقيم
آن معادل با سرعت لايه سطحي 
.  است كه از ميان آن عبور مي كند
يم در برداشتهاي دريايي، موج مستق
براي تعيين سرعت موج در آب 

ار بک( متر بر ثانيه 1500حدود ) 
.مي روند
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Refraction Seismic Survey
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موج شكست مرزي

Head waveدر ، بخشي از جبهه موج اوليه هستند كه به طرف سطح پائين لايه هوازده حركت مي كنند و
اين امواج . دو دوباره به سطح زمين بر مي گردن( تحت زاويه بحراني ) سطح پائين لايه هوازده شکسته مي شوند 

.هستند(refraction)همان امواج شکست مرزي 

107
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Two horizontal layers

TSA  TBD 
z

Cos

1

V1

x  AB 2tanz

This is the travel time of the refracted wave. The refracted wave propagates along a 

buried interface at the velocity of the lower medium. They are normally the first phases 

to arrive at a receiver and hence are called head waves.
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Time-Distance Plot

Intercept time 
2z

V1V2

(V2

2 V1

2 )1/2

At the the cross-over

distance, xcros, travel

times of the direct and

refracted arrivals are 

equal.

xcros

V1


xcros

V2


2z

V1V2

(V2

2 V1

2 )1/2

        xcros  2z
V2 V1

V2 V1











1/2

       xcros  always  2z

The thickness of the upper of the two layers, z, can be determined from the cross-over 

distance and the velocities or the intercept time and the velocities.
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Multiple layers

ABCDEF is the refracted ray path through the bottom layer of a three layer model. The travel

time curve for the direct and two head waves are shown above.



This gives the travel time, Tn of a ray critically refracted along the top surface of the

n th horizontal layer

  TSD 
x

V2

 2
zCos

V1

,             V2 
V1

Sin
   

By analogy:

    TABCDEF 
x

V3

 2
z1Cos1

V1

 2
z2Cos2

V2

           Tn 
x

Vn


2ziCosi
Vii1

n1



where

                       i  sin1 Vi

Vn








The velocity V3 can be estimated from the slope of the second head wave.  V1 and V2

can be estimated from the direct and first head wave and z1 and z2 from the intercept 

times



Mendips field data



Dipping layers
Shoot down-dip Shoot up-dip



Down-dip:
t2 x 

xsin    
v1


2zcos

v1

t2
' x 

xsin    
v1


2z ' cos

v1

Up-dip:

θ and γ can be estimated from the velocities V1, V2u and V2d and hence z and z’ and h

and h’ calculated.

See Keary & Brooks (Chap 5) + Practical 4

 
1

2
(sin1(V1 /V2d )  sin1(V1 /V2u ))

 
1

2
(sin1(V1 /V2d )  sin1(V1 /V2u ))

               ti  2zcos /V1

z  V1ti / 2cos,       z '  V1ti
' / 2cos

      h  z / cos ,       h '  z '/ cos



Offsets in the travel time Vs. distance plot for head waves from opposite sides of a fault

Δt

The throw on the fault, Δz, can be calculated from the travel time offset, Δt

z  t
V1V2

(V2

2 V1

2 )1/2

Note: Valid only for small throws cf. refractor depth.



A thin layer that does 

not generate a head 

wave that is a first 

arrival 

A low velocity layer that does not generate a head wave

Thin and low velocity layers



Non-planar refractor geometry

Reference (dashed lines) 

show the planar case

M (e.g.) is nearer the surface than the reference interface, the actual travel time to M’

plots below the reference line. Conversely, that for N’ is above it. These

observations can be quantified using the concept of delay time.



2تمرين 

شليكيكازابتداشيبدار،مشترکفصلباتختلايهدورويمرزيشکستنگاريلرزهمطالعهدر•

2.2اوللايهسرعتفاصله،–زماننمودارهايبهتوجهبا.استشدهاستفاده(S1)جلوببمستقيم

در.استثانيهبركيلومتر4برابرفروشيبجهتدرانکساريافقظاهريسرعتوثانيهبركيلومتر

زمانحالايندركهشدهجابهجاجلوطرفبهمتر150هاژئوفونوS1شليكنقطهبعدمرحله

اطلاعاتبهتوجهبا.استيافتهافزايشثانيهميلي5ژئوفونهربهمرزيشکستامواججبههورود

لهفاص–زماننمودارقطعزماناگر.كنيدمحاسبهراانکساريافقواقعيسرعتوشيبشده،داده

افققائمعمقباشد،ثانيهميلي20برابر(S1)اولشليكدرزمانمحوربامرزيشکستموج

.استمقدارچهS1نقطهزيردرانکساري



3تمرين 

استفادهبا.استآمدهبدستمتر275طولبهبرداشتخطيكاززيرمرزيشکستهايداده•

سطحخصوصدرممکناطلاعاتوكردهتفسيرراهادادههاگدرونمنهايوعلاوهبهروشاز

.آوريدبدسترالايهدو



شليك عقبي شليك جلويي

(ms)زمان  فاصله ژئوفون از نقطه 
(m)شليك 

(ms)زمان  فاصله ژئوفون از نقطه 
(m)شليك 

6.00 12.50 6.00 12.50

12.5 25.00 12.5 25.00

17.0 37.50 19.00 37.50

19.5 50.00 25.0 50.00

25.0 75.00 37.0 75.00

30.5 100.00 42.5 100.00

37.5 125.00 48.5 125.00

45.5 150.00 53.0 150.00

52.0 175.00 57.0 175.00

59.0 200.00 61.5 200.00

65.5 225.00 66.0 225.00

71.0 250.00 71.0 250.00

76.5 275.00 76.5 275.00
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موج بازتابي-3



Convolution

• A mathematical operator which computes the “amount of overlap” 
between two functions.  Can be thought of as a general moving 
average

• Discrete domain: 

• Continuous domain: 



Discrete domain

• Basic steps
1. Flip (reverse) one of the digital functions.

2. Shift it along the time axis by one sample.

3. Multiply the corresponding values of the two digital functions.

4. Summate the products from step 3 to get one point of the digital convolution.

5. Repeat steps 1-4 to obtain the digital convolution at all times that the functions overlap.

• Example

http://130.191.21.201/multimedia/jiracek/dga/filtering/discreteconvolution.html






Continuous domain example



Continuous domain example



LTI (Linear Time-Invariant) Systems

• Convolution can describe the effect of an LTI system on a signal

• Assume we have an LTI system H, and its impulse response h[n]

• Then if the input signal is x[n], the output signal is y[n] = x[n] * h[n]

Hx[n] y[n] = x[n]*h[n]



Mathematics of Waves

• Periodic phenomena occur everywhere
• vision, sound, electronic communication, etc.

• In order to manipulate physical world, we need mathematical tools



Fourier Series

• Any reasonable function can be expressed as a (infinite) linear combination of 
sines and cosines

F(t) = a0 + a1cos (ωt)  + b1sin(ωt) +
a2cos (2ωt) + b2sin(2ωt) + …

=

F(t) is a periodic function with
))sin()cos((
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Reasonable?

• F(t) is a periodic function with 

• must satisfy certain other conditions
• finite number of discontinuities within T

• finite average within T

• finite number of minima and maxima

T

 2




Calculate Coefficients
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Example

• F(t) = square wave, with T=1.0s  (             )
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Example
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Example

• What if 
• T = .01s; 

• T = .05s; 

• T = 50s; 
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• Time

• Frequency

Time vs. Frequency Domain
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Why Frequency Domain?

• Allows efficient representation of a good approximation to the original function

• Makes filtering easy

• Note that convolution in the time domain is equivalent to multiplication in the 
frequency domain (and vice versa)

• When you are faced with a difficult convolution (or multiplication), you can switch domains 
and do the complement operation



Fourier Family



Discrete Fourier Transform

• Rarely have closed form equation for F(t)

• Must sample at periodic intervals
• generates a series of numeric values

• apply transform to a time window of values

• N = number of sample points

• x[ ] contains sample points



DFT Notation

• ck[i] and sk [i] are the cosine and sine waves, each N points in length
• ck is cosine wave for amplitude in ReX[k]

• sk is sine wave for amplitude in ImX[k]

• k refers to the frequency of the wave
• usually between 0 and N/2

)/2sin(][ Nkiisk 

)/2cos(][ Nkiick 



Complex exponentials

• Alternatively, we can use complex exponentials

• Euler’s formula: eiw = cos(w) + i*sin(w)



Calculate DFT

• Separate sinusoids

• Complex exponentials
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Calculate Inverse DFT

• Coefficients first need to be normalized

• With two special cases

2/
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Calculate Inverse DFT

• Corresponding points within the basis function contribute to each 
input value

• Equation uses the normalized coefficients

• Result is exactly equal to original data (within rounding error), ie 
IDFT(DFT(x[n])) = x[n]
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DCT (Discrete Cosine Transform)

• DCT is very similar to DFT
• Sine wave + phase shift equals cosine wave

• N coefficients of cosine basis functions

• Advantage: Result is purely real

• Most common is “Type II”

• Used in JPEG and MPEG



FFT (Fast Fourier Transform)

• FFT is an efficient algorithm for computing the DFT
• Naïve method for DFT requires O(N2) operations

• FFT uses divide and conquer to break up problem into many 2-point 
DFT’s (which are easy to compute)

• 2-point DFT: X[0] = x[0] + x[1]

X[1] = x[0] – x[1]

• log2N stages, O(N) operations per stage => O(N log N) total operations

• Ideally, want N to be a power of 2 or close to a power of 2



4-point FFT “butterfly” diagram



Fourier Transform

• Definitions:

• Can be difficult to compute => 

Often rely upon table of transforms 



Delta function

• Definition:

• Often, the result of the Fourier Transform needs to be 
expressed in terms of the delta function 



Fourier Transform pairs

• 

• 

• 

• There is a duality in all transform pairs



Basic Filters: Basic Concepts

Filtering is an important computation process in Geophysics that can

be divided in two principal categories:

Natural filtering. It is produced when an observation or record is

deformed or affected by the media characteristics.

Artificial filtering. It is produced by the observer when the

observation or phenomena is recorded. In general, the record will be

constituted a complex mixture of several components that will be

necessary to separate (or filter), for a subsequent analysis.



Basic Filters: Basic Definition

A filter operates converting an input signal x(t) to an output signal y(t):

where h(t) is determined by the system properties. This general definition

of a filter must be restricted to apply the spectral analysis, performed by

the FFT. For it, the system given by h(t) must satisfy the fundamental

properties listed below (bath, 1974).



Basic Filters: Fundamental Properties

Property of linearity. The differential equations of the system are linear

equations. Thus, the system is a linear system:

The system is stationary. The differential equations of the system have

constant coefficients. Then, the system properties are time independent.
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
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 d)-t(h)(f)t(g

g t f t t( ) = ( )  h( )      G( ) = F( ) H( )    

)( )(=)(          )H()F(=)G( HFG   +

F() = input-signal spectrum ,,   H() = filter-response spectrum

G() = output-signal spectrum

Basic Filters: Convolution Formula

When a filter satisfy the properties above mentioned, the output signal g(t)

can be computed by the convolution formula (bath, 1974):

amplitude spectrum                 phase spectrum



Basic Filters: Distortions

Amplitude-distorting filters. When the amplitude spectrum of a filter is not

a constant, this filter produces distortions in the amplitude spectrum of the

output signal (bath, 1974).

Phase-distorting filters. When the phase spectrum of a filter is not zero,

this filter produces distortions in the amplitude spectrum of the output

signal. The output signal will be displaced on time respect to the input

signal (bath, 1974).

No-distorting filters. When the amplitude spectrum of a filter is a constant

and the phase spectrum is zero, this filter doesn’t produce distortions in the

amplitude spectrum of the output signal (bath, 1974).



Basic Filters: Low-pass Filter

When the amplitude spectrum of a filter is written as (bath, 1974):

This filter is a low-pass filter. The

effects of this kind of filter can be

observed by using of the program

SPECTRUM.

 for   0=)H(

http://airy.ual.es/www/spectrum.htm


Basic Filters: High-pass Filter

When the amplitude spectrum of a filter is written as (bath, 1974):

This filter is a high-pass filter. The

effects of this kind of filter can be

observed by using of the program

SPECTRUM.

 for   0=)H(

http://airy.ual.es/www/spectrum.htm


Basic Filters: Band-pass Filter

When the amplitude spectrum of a filter is written as (bath, 1974):

This filter is a band-pass filter. The effects of this kind of filter can be

observed by using of the program SPECTRUM.

http://airy.ual.es/www/spectrum.htm


Basic Filters: Instrumental Response

The problem arisen in the recording of a physical phenomena is well

illustrated below. The instrument used to perform this record distorts the

original true-signal x(t) given the output signal y(t).

For this reason, a further process called deconvolution must be performed

to recover the input signal x(t). Unfortunately, the input signal x(t) is never

recovered completely. Thus, the signal recovered by the decondition filter

is not exactly equal to x(t). Nevertheless, if the deconvolution process is

well done, the recovered signal can be used instead of the original signal

x(t), with a small error (Brigham, 1988).
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Basic Filters: Instrumental Response

The distortions produced by the instrument give the output signal g(t).

This perturbed signal g(t) is the convolution of the true signal f(t) and the

system response h(t), written as

When the true spectrum F() is computed from the output spectrum G()

and the instrumental spectrum H(), the original true-signal f(t) is

recovered computing the FFT backward applied to the true spectrum

F().
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Basic Filters: Instrumental Response

The instrumental response or spectrum H() is always known for the

instrument used in the recording of the input signal f(t). In the case of

seismological instruments, the amplitude and phase of H() are plotted

below for two typical seismographs.

http://airy.ual.es/www/response.htm
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Basic Filters: Instrumental Response

The instrumental response or spectrum H() will produce distortions on

the amplitude and phase of the signal recorded. The figure presented

below shows as the true amplitude and phase can be recovered, after the

instrumental correction performed for the LP-WWSSN instrument.
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Basic Filters: Instrumental Response

The instrumental response or spectrum H() will produce distortions on

the amplitude and phase of the signal recorded. The figure presented

below shows as the true amplitude and phase can be recovered, after the

instrumental correction performed for the broad-band instrument.



Basic Filters: References

Bath M. (1974). Spectral Analysis in Geophysics. Elsevier, Amsterdam.

Brigham E. O. (1988). The Fast Fourier Transform and Its Applications.

Prentice Hall, New Jersey.

Basic Filters: Web Pages

http://airy.ual.es/www/series.htm

http://airy.ual.es/www/spectrum.htm

http://airy.ual.es/www/spectrum2D.htm

http://airy.ual.es/www/series.htm
http://airy.ual.es/www/spectrum.htm
http://airy.ual.es/www/spectrum2D.htm
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Filtering Geophysical Data: Be careful!

Filtering: basic concepts

Seismogram examples, high-low-bandpass filters

The crux with causality

Windowing seismic signals 
Various window functions
Multitaper approach
Wavelets (principle)

Scope: Understand the effects of filtering on time series 
(seismograms). Get to know frequently used windowing 
functions. 
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Why filtering

1. Get rid of unwanted frequencies

2. Highlight signals of certain frequencies

3. Identify harmonic signals in the data

4. Correcting for phase or amplitude characteristics of instruments

5. Prepare for down-sampling

6. Avoid aliasing effects
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A seismogram
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Digital Filtering
Often a recorded signal contains a lot of information that we 

are not interested in (noise). To get rid of this noise we 

can apply a filter in the frequency domain.

The most important filters are:

• High pass: cuts out low frequencies 

• Low pass: cuts out high frequencies

• Band pass: cuts out both high and low frequencies and 

leaves a band of frequencies

• Band reject: cuts out certain frequency band and leaves 

all other frequencies
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Cutoff frequency
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Cut-off and slopes in spectra
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Digital Filtering
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Low-pass filtering
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Lowpass filtering
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High-pass filter
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Band-pass filter
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The simplemost filter

The simplemost 
filter gets rid of all 
frequencies above 
a certain cut-off 
frequency (low-
pass), „box-car“
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The simplemost filter

… and its brother 
… (high-pass)
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… let‘s look at the consequencse






 dtekFtf ik


)(

2

1
)(

-100 -50 0 50 100
0

0.2

0.4

0.6

0.8

1

 Frequency (Hz) 

 F
ilt

e
r 

A
m

p
li
tu

d
e

 






 dteFHtf ikfilt 


)()(
2

1
)(

)(H

… but what does H() look like in the 
time domain … remember the 
convolution theorem?
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… surprise … 






 dteHth ik


)(
2

1
)(

-100 -50 0 50 100
0

0.2

0.4

0.6

0.8

1

 Frequency (Hz) 

 F
ilt

e
r 

A
m

p
li
tu

d
e

 

)(H

-40 -30 -20 -10 0 10 20 30 40
-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2



Computational Geophysics and Data 
Analysis

184

Zero phase and causal filters

Zero phase filters can be realised by

 Convolve first with a chosen filter

 Time reverse the original filter and convolve 

again

 First operation multiplies by F(), the 2nd 

operation is a multiplication by F*()

 The net multiplication is thus | F(w)|2

 These are also called two-pass filters
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The Butterworth Filter (Low-pass, 0-phase)
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… effect on a spike … 
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… on a seismogram … 
… varying the order …
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… on a seismogram … 
… varying the cut-off frequency…
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The Butterworth Filter (High-Pass)
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… effect on a spike … 
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… on a seismogram … 
… varying the order …
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… on a seismogram … 
… varying the cut-off frequency…
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The Butterworth Filter (Band-Pass)
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… effect on a spike … 
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… on a seismogram … 
… varying the order …
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… on a seismogram … 
… varying the cut-off frequency…
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Zero phase and causal filters
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When the phase of a filter is set to zero (and simply the amplitude spectrum is 

inverted) we obtain a zero-phase filter. It means a peak will not be shifted. 

Such a filter is acausal. Why?
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Butterworth Low-pass (20 Hz) on spike
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(causal) Butterworth Low-pass (20 Hz) on 
spike
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Butterworth Low-pass (20 Hz) on data
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Other windowing functions

So far we only used the Butterworth filtering window

In general if we want to extract time windows from (permanent) 
recordings we have other options in the time domain. 

The key issues are 
Do you want to preserve the main maxima at the expense of side maxima?

Do you want to have as little side lobes as posible?
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Example
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Possible windows
Plain box car (arrow stands for Fourier transform):
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Possible windows
Hanning

The spectral representations of the boxcar, 

Bartlett (and Parzen) functions are:
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Examples
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Examples
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The Gabor transform: t-f misfits
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[ t- representation of synthetics, u(t) ]

[ t- representation of data, u0(t) ]

phase information:

• can be measured reliably

• ± linearly related to Earth structure

• physically interpretable

amplitude information:

• hard to measure (earthquake

magnitude often unknown)

• non-linearly related to structure
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The Gabor time window
The Gaussian time windows is given by
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Example
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Multitaper

Goal: „obtaining a spectrum with little or no bias and small uncertainties“. problem comes down to finding the 
right tapering to reduce the bias (i.e, spectral leakage). 

In principle we seek:

This section follows Prieto eet al., GJI, 2007. Ideas go back to a paper by 
Thomson (1982).
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Multi-taper Principle

• Data sequence x is multiplied by a set of orthgonal sequences 
(tapers)

• We get several single periodograms (spectra) that are then 
averaged 

• The averaging is not even, various weights apply

• Tapers are constructed to optimize resistance to spectral 
leakage

• Weighting designed to generate smooth estimate with less 
variance than with single tapers
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Spectrum estimates
We start with 

with

To maintain total power. 
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Condition for optimal tapers
N is the number of points, W is the resolution bandwith (frequency increment)

One seeks to maximize l the fraction of energy in the interval (–W,W). From this 
equation one finds a‘s by an eigenvalue problem -> Slepian function
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Slepian functions

The tapers (Slepian functions) in 
time and frequency domains
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Final assembly

Final averaging of spectra

Slepian sequences (tapers)



Computational Geophysics and Data 
Analysis

216

Example
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Classical Periodogram
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… and its power … 
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… multitaper spectrum … 
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Wavelets – the principle

Motivation: 

Time-frequency analysis

Multi-scale approach

„when do we hear what frequency?“
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Continuous vs. local basis functions
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Some maths
A wavelet can be defined as
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With the transform pair:
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Resulting wavelet representation
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Shifting and scaling
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Application to seismograms

http://users.math.uni-potsdam.de/~hols/DFG1114/projectseis.html
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Graphical comparison
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Summary

 Filtering is not necessarily straight forward, even the 

fundamental operations (LP, HP, BP, etc) require some thinking 

before application to data.

 The form of the filter decides upon the changes to the 

waveforms of the time series you are filtering

 For seismological applications filtering might drastically 

influence observables such as travel times or amplitudes

 „Windowing“ the signals in the right way is fundamental to 

obtain the desired filtered sequence
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CORRELATION

• Introduction

• Correlation Function – Continuous-Time Functions

• Auto Correlation and Cross Correlation Functions

• Correlation Coefficient

• Correlation – Discrete-Time Signals

• Correlation of Digital Signals
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INTRODUCTION

Correlation techniques are widely used in signal 
processing with many applications in 
telecommunications, radar, medical electronics, 
physics, astronomy, geophysics etc . . .. .
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Correlation has many useful properties, giving for 
example the ability to:

• Detect a wanted signal in the presence of noise or 
other unwanted signals.

• Recognise patterns within analogue, discrete-time or 
digital signals.

• Allow the determination of time delays through 
various media, eg free space, various materials, solids, 
liquids, gases etc . . . 
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• Correlation is a comparison process. 

• The correlation betweeen two functions is a 
measure of their similarity. 

• The two ‘functions’ could be very varied. For 
example fingerprints: a fingerprint expert can 
measure the correlation between two sets of 
fingerprints.
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• This section will consider the correlation of signals 
expressed as functions of time. The signals could be 
continuous, discrete time or digital.

• When measuring the correlation between two 
functions, the result is often expressed as a 
correlation coefficient, , with  in the range –1 to +1.
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• Correlation involves multiplying, ‘sliding’ and 
integrating
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• Consider 2 functions
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• Consider 2 more functions



243

• Consider 2 more functions
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• CORRELATION FUNCTION – CONTINUOUS TIME 
FUNCTIONS

• Consider two continuous functions of time, v1(t) and 
v2(t). The functions may be random or deterministic. 

• The correlation or similarity between these two 
functions measured over the interval T is given by:
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• The functions may be deterministic or random. 

• R12() is the correlation function and is a measure of 
the similarity between the functions v1(t) and v2(t). 

• The measure of correlation is a function of a new 
variable, , which represents a time delay or time shift 
between the two functions. 
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• Note that correlation is determined by multiplying one 
signal, v1(t), by another signal shifted in time, v2(t-τ), 
and then finding the integral of the product, 

• Thus correlation involves multiplication, time shifting 
(or delay) and integration.
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• The integral finds the average value of the product of 
the two functions, averaged over a long time (T ) 
for non-periodic functions.

• For periodic functions, with period T, the correlation 
function is given by:
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• The correlation process is illustrated below:

• As previously stated:
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• The output R12(τ) is the correlation between the two 
functions as a function of the delay τ. 

• The correlation at a particular value of τ would be 
solved by solving R12(τ), 
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AUTO CORRELATION AND CROSS CORRELATION 
FUNCTIONS

• Auto Correlation

• In auto correlation a signal is compared to a time 
delayed version of itself.  This results in the Auto 
Correlation Function or ACF.

• Consider the function v(t), (which in general may be 
random or deterministic). 

• The ACF, R() , is given by 
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• Of particular interest is the ACF when  = 0, and v(t) 
represents a voltage signal:

• R(0) represents the mean square value or normalised 
average power in the signal v(t)
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• Cross Correlation

• In cross correlation, two ‘separate’ signals are 
compared, eg the functions v1(t) and v2(t) previously 
discussed.

• The CCF is 
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• Diagrams for ACF and CCF

• Auto Correlation Function, ACF

• Note, if the input is v1(t) the output is R11()

• if the input is v2(t) the output is R22()
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• Cross Correlation Function,  CCF
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• CORRELATION COEFFICIENT

• The correlation coefficient, , is the normalised 
correlation function.

• For cross correlation (ie the comparison of two 
separate signals), the correlation coefficient is given 
by:

• Note that R11(0) and R22(0) are the mean square
values of the functions v1(t) and v2(t) respectively.
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• For auto correlation (ie the comparison of a signal with
a time delayed version of itself), the correlation
coefficient is given by:

• For signals with a zero mean value,  is in the range –1
   +1
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• If  = +1 then the are equal (Positive correlation).

• If  = 0, then there is no correlation, the signals are 
considered to be orthogonal.

• If  = -1, then the signals are equal and opposite 
(negative correlation)
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• EXAMPLES OF CORRELATION – CONTINUOUS TIME 
FUNCTIONS
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• The above may be used for the demodulation of 
PSK/PRK (Phase Shift Keying / Phase Reversal Keying)  
signals.

• For PSK/PRK, the input signal is v1(t) = d(t)cost, d(t) = 
+V for data 1’s and d(t) = -V for data 0’s.

• The second function, v2(t) = cost, is the carrier signal.

• Analyse the above process to determine the output  
R12(0) for the inputs given.
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