3. Calculating phase velocities

Phase-difference

Cross correlation

T-p transform in time domain

t-p transform in Frequency domain (MASW)
Spatial Auto-correlation (SPAC)

Seismic interferometry
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1.Phase difference

Calculate the phase difference between two waves; f(t) and g(t).
Fourier transform

— i e . —iat _ i o . —iot
F(w)= > [ f@t)-exp™dt G(w)= - Log(t) exp ' “dt

Amplitude and phase
F(0)= A @)-exp @ G(w)= A (w)-exp

Phase difference Ap(w)= ¢, (0)— ¢, ()

Phase velocity (c(w)) (o) = @ - AX

Ap (0)+2n7z

@ - AX
C(Cf)) B Ag, (a))




2 .Cross-correlation

Fourier transform

_i e . —iot _i o . —iot
F(w)= Sy [ ft)-exp™dt  G(w)= . | g(t)-expdt

Cross-correlation

CC (@)=F(w)-Glo)= A (a))Ag (@)- exp™)



Phase difference and cross-correlation

Time domain

Amplitude
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v
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Amplitude
4

Frequency domain
Phase Phase wrapping

Difficult to calculate t. ~

Phase phase difference

No phase wrapping
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.
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Simple example of phase-velocity
calculation using cross-correlation

Time domain

time(sec)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5

Cross-correlation (CC):

10m

0
0
1
3

|
N

OO OO0 O0ODO0OOCOOoO —

N
w =0 0o g

|
N

OO OO0 OCOoOOoOOoO —

Frequency(Hz)

0
0.666666667
1.333333333
2
2666666667
3.333333333
4
4.666666667
5.333333333
6
6.666666667
7.333333333
8
8.666666667
9.333333333
10

Frequency domain

Re(10m)

3
1.472474
-0.82843
—-2.55487

-3
1.140652
4828427
-0.05826

-5
-0.05826
4828427
1.140652

-3
—-2.55487
-0.82843
1.472474

Im(10m)

0
-2.40262
-2.41421
-1.17637

2
4.237841
-0.41421
—-4.98841

0
4988411
0414214
—-4.23784

-2
1.176373
2414214
2.402625

Re(20m)

3
0.440944
-2.29289
-2.06453

2
3.478745
-3.70711
-1.85516

9
-1.85516
-3.70711
3.478745

2
-2.06453
-2.29289
0.440944

Cross-correlation Phase-

Im(20m)

0
—-2.78323
-1.12132
1.91021
3
—-2.67558
-3.12132
4.630986
0
-4.63099
3.12132
2675577
-3
-1.91021
1.12132
2.783227

Phase-difference (A9): A @ = tan™ E

a

Re(CC)

9
7.336329
4.606602
3.027483

0
-7.37063
-16.6066
-22.9932

-25
—-22.9932
-16.6066
-7.37063

0
3.027483
4.606602
7.336329

Im(CC)

0
3.038807
4.606602
7.308989

13
17.79427
16.6066
9.524088

0
-9.52409
-16.6066
—-17.7943

-13
-7.30899
-4.6066
-3.03881

difference

Phase—
difference
0
0.392699
0.785398
1.178097
1.570796
1.963495
2.356194
2.748894
3.141593
-2.74889
-2.35619
-1.9635
-1.5708
-1.1781
—-0.7854
-0.3927

CC =(a+bi)c—di)=ac+bd +(bc—ad i



Simple example of phase-velocity
calculation using cross-correlation

Time-domain waveform Phase-difference
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Simple example of phase-velocity
calculation using cross-correlation

Phase—-velocity(m/s)

100 Phase-velocity (c(w))
100
100
100
100
100
100
100

Phase — velocity =

Frequency - 2 - Receiver — spacing

Phase — difference
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Simple example of phase-velocity calculation using
cross-correlation

Phase-difference Phase-velocity

4
3 /‘\ 120
2
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3 =
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o )

(2]
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|
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Cross-correlation by Python

cc=F*np.conj(G)

orint(cc) Results
dc=np.angle(cc)

orint(dc) Results
pv=fregq*2*math.pi*10/dc

orint(pv)

Results

[ 9. +0.j 7.33632883 +3.0388069;

4.60660172 +4.60660172j 3.02748251 +7.30898934]

0. +13.) -7.37062826+17.79427071]j
-16.60660172+16.60660172j -22.99318308 +9.52408827]
-25. +0.j -22.99318308 -9.52408827]
-16.60660172-16.60660172j -7.37062826-17.79427071]
0.-13.j 3.02748251 -7.30898934]j

4.60660172 -4.60660172j 7.33632883 -3.0388069j |

[ 0. 0.39269908
0.78539816 1.17809725
1.57079633 1.96349541
2.35619449 2.74889357
3.14159265 -2.74889357
-2.35619449 -1.96349541
-1.57079633 -1.17809725
-0.78539816 -0.39269908]

[ nan 100. 100. 100. 100. 100. 100. 100.
-100. 100. 100. 100. 100. 100. 100. 100.]
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Real data example

Raw data Cross-correlation
Time (ms) Time (ms)
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Distance (m)

Real data example

Phase spectrum of cross-correlation

Phase spectrum of cross-correlation .
Frequency (Hz)

6 - — " |
e
o AATSAD
U ¢
20 /\/\/M /\/M/\A/—/\/%/\/\/ _ 160
2 /W\//\//W % & 140
26 WMM /\/\//\/\/\ g 100
- i
: NP A

Phase velocity

0 2 4 7] & 10 12 14 16 18 20 22 24 26 28 30
Frequjilcy (Hz)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Frequency (Hz)
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Real data example

Use 2 traces

Source= -0.5m Time (msec)
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Real data example

Waveform
data

Dispersion
curve

Amplitude

0.10
0.08
0.06
0.04
0.02
0.00

-0.02
-0.04
-0.06
-0.08
-0.10
-0.12

0.0

Phase-velocity(m/s)

200
180
160
140
120
100
80
60
40
20

Time(sec)

Dispersion curve

0.3

0.4

10 15 20 25 30
Frequency(Hz)
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Real data example
(Use all traces and calculated by MASW)

Phase velocity (m/sec)
150 200

100

b0

Frequency(Hz)
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3. T-p transform (in time domain)

T-p transform
F(z, p)= foo f(x,t+xp)x

D = l r—t T :Intercept time
C p:ray parameter
c:(phase) velocity

Fourier transform

F(a),lj — LJ‘WOF(T, Ej . e_i“”dz-
C 27T 4= C



T-p transform (in time domain

Source=-1.5m Time (ms)

.
o 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 tl I I I‘ !(t)

T-p transform f (X, t)

f(z,p)=[ f(xt+xp)x e ==

Distance {m)

53 = (msec) -
0 200 400 600 800 1000 1200 1400 1600 1800 QO 2200 tlme(T)

P=— =1
rC:intercepttime f (T, p)

p:ray parameter
c:(phase) velocity

Ray-parameter p (sec/km)

Fourier transform p
TR L e S Frequency(w)

Ray-parameter p (sec/km)

- a),E
C
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T-p transform for non-dispersive data

Time domain T-p domain
Distance p(ray-parameter)

Direct(300m/s)

_7Reflection I

)

Refraction(1500m/s)

Time (msec

0 - S ——

90
100 100 f———— _———

110

teurp earpesg2 tarp earpesg2
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T-p transform for dispersive data

Time-distance to =p
Time domain

Distance
Sauce= 00m Distance (m)
2222222222222222222222
S — —
200 L <

taup eenple2sg2

._..2000m/s
E;(zﬁi ‘ 88(500 to 700m/s P e e e e

s . a0

g ' i E

é’ 1000 ‘ 1000
1200 i i W 1200

= Sur'E%lfgﬁ,%%%ﬂl§c1nsform -
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T-p domain
p(ray-parameter)

Surface-waves

Body waves

. 100m/s

I sETDRE 502

18



T-p transform for dispersive data
7-p to c-w(dispersion curve)

._...2000m/s

' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' '

T-p domain c-w domain(dispersion curve)

p(ray-parameter) rav-parameter
S 100m/s . 2000m/sp( y-p - )

100m/s

'

Surface-wave =

Body waves

Fourier transf

Frequency (Hz)

quency(Hz)

3

8

8

100

- eEmple2 552

tarp earpe2sg2

3. Calculating phase velocities
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4. t-p transform in frequency domain
(phase shift and stack : MASW)

Observed waveform

F(a))—— CE(t)-edt
f (x t) = (X a))
Fourier transform
F(z, p):f: (X,t+ xpdx F(c,w)= f (X @)- e dx
T-p transform Phase shift and stack

(Slant stack)

F(02)- 2[R p)erar
F(r, p) =————— F(c,o)

Phase-velocity

3. Calculating phase velocities 20



4 1-p transform in frequency domain (MASW)

f(x,t)

- Preaaias
Fourier transform _ et
Distance (x) ¥ -4 ﬁ;&g%&&;:r

1 oo —l
F(m):zj_w f(t)-e ' “dt

F(X,a))

Phase shift +Stack

F(c.w)=["F(xa)-e dx

Park et al. (1999a) = (C, CO)

3. Calculating phase velocities

Frequency [Hz)

Time (t)

o 200 400 600 800 1000 1200 1400 1600 1800 @

Source= -1.6m

Frequency (o)

EEEEREEEENEEsERSEwroano

rsion curve | MC732_SX sg2

“Frequency (o)

21



Saurce= 00m Time (msec)

000 1200 1400

MASW (Fourier decomposition)
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Read a SEG2 file using ObsPy

pip install obspy

import obspy.io.seg?2.seg?
Import 0s

_colab_dir = "/content/drive/MyDrive/python"
os.chdir(_colab_dir)

obspy.io.seg?2.seg?. is_seg?("sxdx2681.sg2")

st=obspy.io.seg?2.seg?. read_seg?("sxdx2681.sg2")

i=0

for tr in st:
tr.stats.distance=i
i+=3

st.plot(type='section")
tr=st[0]

tr.plot()
tr.data

MASW.ipynb

Network: []- (24 traces /1970-01-01T00:00:00)

Time [s]

0.0

A
| i
\J O

A

L

| 'WM"L- ——
“‘\
|

|
i

AN Ar A |
'_—’“’“'n“"'[ I|II I I|UII "I“'\_.' \J"r\\.- |
H | A H H H H

H | H H
j— _J\,f\“.'slnllll 1YLV VS S S—
3 ] i

Vi | | |
iy f . i |
IR VATA -
ﬂl f i Y i i i
AW _ i |

Y \ I,\; I';,'I YA J{\/WN-— — ]
\ H : H

___-_.:aw\uln'wl"\wll Ilr\'{?". I|'\j\ J"\fs_/\,-i-\/xﬁ.r. .—h_.-_:_—_ R _
| | WV | i :

- N

N p ! ! i
W\ M ee——— L ————

e ﬂ’\m"\/\ W
v

Results

Offset [km]

1970-01-01T00:00:00 - 1970-01-01700:00:01.023

30000 A

15000 1

0

—15000 1

—30000 4

00:00:00

T
00:00:00.5

T
00:00:01

array([ 435., 493., 800., ..., -103., -104., -105.], dtype=float32)
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Convert to distance-frequency domain

[ 13490. +0.j -931176.54037123 +66977.21680847]

:Qggﬁ ;“anpl(y)t?ii ?)F))/plot s plt 397914.86873977+1392909.39828941; ...
' 1514227.04638442 +390369.4001934]
_ Results  397914.86873977-1392909.39828941] -
spl=[] # complex number 931176.54037123 -66977.21680847]]
for trin st: 0

# convert to frequency domain
spl.append(np.fft.fft(tr.data))

nrint(spl[0])

dl=tr.stats.endtime-tr.stats.starttime # data length (sec) 10

df=1/d| # frequency sampling (Hz)

15
spa=np.array(spl) Results

plt.imshow(abs(spa),aspect='auto’) 20

] 200 400 600 800 1000

3. Calculating phase velocities 24



Convert to phase velocity-frequency domain

import math b
import cmath

nf=41 # frequency

nc=250  # phase velocity B
dc=1 # phase velocity sampling (m/sec)

nt=len(spl) # number of traces

pvi=[[0] * nf for i in range(nc)] Results 100

foriinrange(nc): # phase velocity loop
cv=dc*i # phase velocity (m/sec), real scalar 150 4
cv=max(0.1,cv)
for jin range(nf): # frequency loop

all=0j # complex number —
f=df*] # frequency (Hz)
for k in range(nt): # trace loop
d=abs(dist[k]-dist[0])/cv; # time shift (sec)
amp=abs(spl[k][j]) # absolute amplitude (complex to real number)
a=spl[k][j]/amp # normalized by amplitude (complex/real)
w=complex(0,f*math.pi*2*d) # phase shift (complex) calculated from time shift
w=cmath.exp(w) # complex number
a*=w # apply phase shift to waveform data (complex)
all+=a # stack alltraces with time shift (complex number)

pvili][jl=abs(all) # take absolute value (complex to real number)
phase_velocity_image=np.array(pvi)
plt.imshow(phase_velocity_image,aspect='auto’)

3. Calculating phase velocities 25



5.Spatial Auto-correlation (SPAC)
Calculating phase velocity from micro-tremors (passive method)

Z

«p
@)
195 SITE) «——— £ 2D SITET SITE2 / %,
2 e ® Z
P o ¢ %
1 — %
A

%
Micro-tremor does not propagate parallel to a survey line.

TIME Propagation direction is known
Micro-tremor propagates parallel to survey line. -> phase velocity can be calculated.
Phase velocity can be calculated directly. Propagation direction is unknown

-> apparent velocity is higher than true phase velocity




Spatial auto correlation (2D)

MICROTREMOR We do not know the direction of microtremors
propagation before measuring.
l l l J l And the sources of microtremors is generally unstable.
SITET SITE2 Microtremors random and stochastic phenomena.
e @

WAVA

TIME

Microtremors propagate perpendicular to survey line.
Phase velocity can’t be calculated.

Isotropic sensor arrangement Is need.
Like triangle array

3. Calculating phase velocities 27



How to calculate phase velocity from ambient noise
based on Spatial Auto-correlation (SPAC) ?

1D wave propagation

Receiver Receiver

Waves propagating parallel to the receiver array

3. Calculating phase velocities
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Spatial Auto-correlation (1D)

2 Delta functions 2Hz
L /
== 10m
— 20m 25Hz
s
0.00 0.02 0.04 0.06 0.08 0.10
Time(sec
(sec) S0Hz
/5Hz
100Hz
R AR
HiNININININIwIwAn VAR A
HANANANANANANANEN ATTARVE ARV RRVARRVE ARV AR R e
IEVENANEVRNRURYAN —20m WAV AV AV AV AV AV
TRITRTHIRTRTRYRIERIE RV ARY.VERV.VERY VARY.VERY.VARY VAR
VL L A A Y
000 001 002 003 004 005 006 007 008 009 010 Tlme(SeC)
Time(sec)

3. Calculating phase velocities

\-\

~—

0.00 0.01 002 002 00

07 008 009 0.10

Time(sec)

NN

X VAR AR VAR AR

TAN N A A N Y VA WA

=—10m
==20m

/N N\ [ /NN [ [\ [—om
\\//\\//\

\\ / NN/ \

\ A7 N\ A7 \

0.00 0.01 0.02 0.03 004 0.05 006 0.07 0.08 009 0.10

Time(sec)

AN I\

\WAWAVAWAVAWAVAWAVWA!
VRYAVRVAVRYAVE!

| \L\J
VvV

|
A A A

_—

-1
<\

/

N

\d

\ [
] u
AW AW IWAW WA
JAVAVAY YAV

v A d v v
s s s

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Time(sec)

= 10m

= 20m
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Coherency

... Spatial Auto-correlation (1D)

T 25Hz
= IO OO N 50Hz
AN AN == \ANANANNANAN
0.00 0.01 0.02 0.03 004 005 006 0.07 008 009 0.10 \ \ / \ \ l / \ \l \ \ \ I I I \I \I \
. \\X/l \\\)(// \\ X ] XXX
Time(sec) > bl ) N T
000 001 002 003 004 005 006 007 008 009 0.10 / \VI \vl \VI \VI \VI \v/ \v/ \v/ \vl
Time(sec) 0.00 0.01 002 0.03 004 0.05 0.06 0.07 0.08 0.09 o0.10
Time(sec)
1 5Hz
08 AN AR AA A
VLN I T
0.6 \ / \ HIAWIAWIANI AN AWAA
\ / VLY T Y TR
0.4 \ / IITRRVARRVE ARV AV ARVEA
\ / WAV AWV
0.2 YR VARVVARY VARY.VARY VAR
O 0.00 0.01 0.02 0.03 0.04 0.05 006 007 0.08 0.09 o0.10
_ Time(sec
02 \ 100Hz (sec)
'O.'q' A A A A A A A
\ / T T Y Y
0.6 HINIWIWININ
HANANENANAN
-0.8 HAVANRUANAN
1 TRTRYERTEIAY
VAV
0 20 40 60 80 100 120 g

Frequency (Hz)
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Spatial Auto-correlation (1D)

. Aki (1957)
Cross-correlation

CC (a)) =F (a)) G(a)) = A; (w)Ag ((0) eXP ad(@)
Phase velocity (¢(w)) Substitute >

) Ny T MG

CC (@)= F()-G(@) = A, (@)A, (@)-exp

l Take real part

Re(CC ()= A (@)A, (a’)cos[ aé(cﬁ;j

)

Coherence

COH (@)=



Spatial auto correlation (1D)

Spatial auto correlation

Time domain

cc(Ax,t)= f(x,t)* f(x+ Ax,t)

_ Two traces with Ax separation
Frequency domain

CC(AX,w)=F(x,) - G(Xx+ AX, ®)

h
Coherence  _ | (Ax, @) — Re(CC(Ax, w))
AC (X, @)AC(X+ AX, )

COH (Ax,a))zcos( @w ij . Cosine

C(w) function




1D real data example

Raw data
Time (ms)
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Distance (m)

1D real data example

Imaginary part (sin)

Real part (cos)
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Distance (m)

i

1D real data example

Real part (cos)

0] 10

Frequency (Hz)
20 30

f
:~

V_/ﬂfﬂ'rrm
—
Moo
L
Tn‘h‘"—‘—\—\_,—!—
Mo
L —
mﬂTh\f
L
/’"*”""m‘ku.
rdh'\__/-——“
™_ ]
]
p AT
T, T
B WL,
I LN

Distance (m)

T RN

Normalized real part (cos) = Coherency

1

o

Frequency (Hz)

2

o

3

o

4

o

5

o

60

e |

-
ﬂb
W

S BB )

M
T
/41THWImm
™~
AT e

R
=
§

st
SRS A




Distance (m)

1D real data example

Normalized real part (cos) = Coherency
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COH (AX, ) = CO3 —— AX

()
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o ®
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1D example

Time domain

Source= -0.5m Time (msec)
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Spatial Auto-correlation (2D)
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Micro-tremors does not propagate with constant direction
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Spatial Auto-correlation (2D)
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Spatial Auto-correlation (2D)
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Spatial Auto-correlation (2D)

Bessel function
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Spatial Auto-correlation (2D)

Spatial auto correlation in 1D

Re(CC,. ()= A, (@)A, (a))cos[a; (A)Xj
Angular averaging(Integrating over 360 degree)

I¢_2 Re(CC ()¢ = I¢ A, (w)A, (a))cos[
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[ " Re(CC, ()l = VZZ” A (@)A (0)g ] | e ( ) jd¢
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Spatial Auto-correlation (2D)

cc(Ax, Ay, t)= f(x,y,t)* f(X+AX,y+Ay,t)

CC(AX, Ay, w)=F(X,y,w) - G(X+AX, y + Ay, ®)

AX =T COS @
AY =rsin @

CC(r,mw)=F(x,y,®)-G(x+AX,y + Ay, ®)
CC(r,m)
AC(X,Y,@)AC(X+AX,y + Ay, ®)

COH(r,w)=

p=27 ) Bessel
L:o COH(r, @)= JO(C(@) rj = function




Trigonometric and Bessel functions

Active method Passive method
Trigonometric functions Bessel functions
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2D example
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2D example

Time domain
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6. Seismic interferometry (Sl)

Active methods

Source *

Receiver 1

Receiver 2

Propagation of surface waves

3. Calculating phase velocities

Passive methods
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Receiver 2
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X
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Cross correlation

Propagation of surface waves Raw data Raw data

(Impullse)l (Ambient noise)

Receiver 1 o

Receiver 2 @

@ Cross correlation @

=0 T=0
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Cross correlation of ambient noise

A
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* @ Cross correlation @ @

Receiver 2 T= T= T=0
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Cross correlation of ambient noise
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Active and passive surface-wave methods

Passive methods
» X

Receiver 1

Active methods

Source *

Receiver 1

Receiver 2
Receiver 2
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SPAC and seismic interferometry (SI)

Seismic interferometry (Sl) Green'’s function

Fl(a))' Fz(a)) =CC s 2(60) —

Time domain

. Cross-correlation
Q¢

2 Receivers

Fl(a))' F, (w) — CCflfz(w)

%, o _ _ Frequency domain
Spatial autocorrelation (SPAC) (Real part)
Omni-directional Coherenc Bessel function

Propagation

% 52
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Active and passive surface-wave methods

Active methods Passive methods

\/\/ Cross correlation




Active and passive surface-wave methods

Passive methods
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Active and passive surface-wave methods

Passive methods

Cross correlation

i
i
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Number of Sources can be Easily Increased in Passive
Methods based on the Theory of Seismic Interferometry

Active methods

vy v v v v v vV vV VvV ¥V

One shot gives us one shot record.



give us 10 virtual shot records.

AAAAALLL B

10 min. of ambient noise



Assume we need 10 receivers and 10 shots

Active methods

10 shots take 10 min.

Same information

Passive methods

VIPYFPIPRE

10 min. of ambient noise give us 10 virtual shots

3. Calculating phase velocities
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Assume we need 100 receivers and 100 shots

Same information

10 min. of ambient noise give us
100 virtual shots

Active methods
100 shots take 100 min
Passive methods

59
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Seismic interferometry (Sl) Vs Spatial autocorrelation (SPAC)

Seismic interferometry (time domain) Spatial autocorrelation(frequency domain)
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Seismic interferometry (SI) Vs Spatial autocorrelation (SPAC)

Seismic interferometry (SI) Spatial autocorrelation (SPAC)

Receiver Receiver Receiver Receiver

' o
=
JWJW —\\

Aliased data Un-aliased data
Calculate group velocity in time domain Calculate phase velocity in frequency domain
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Active and passive data processing
in terms of stacking

Active data Passive data (random stochastic data)

A

M&/W@NM

s

3. Calculating phase velocities
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ow to stack passive data ?




Comparison of dispersion curves

T-p transform
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Comparison of dispersion curves
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Comparison of dispersion curves
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