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Received Abstract

19 January 2022 In the seismic interferometry (SI) method, cross correlation of seismic recordings at two receivers is

Final version Received performed to retrieve an estimate of the seismic trace at one of the receivers while the other acts as a

19 April 2022 so-called “virtual source” to obtain subsurface information. In this article, basic SI theories are
described, and past cases in which SI methods were used are analyzed. SI, which mainly uses cross

Accepted correlation, can be performed using deconvolution or coherence, and each SI method can be applied

26 April 2022 to seismic reflection, refraction, and surface wave survey data. Because the virtual source can be

positioned at all receiver locations and active sources are not necessary, Sl is an extremely effective
monitoring technique. SI has been applied to such fields as geological imaging, fault detection, and
structural health.
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e u} BhAl= =27 AA|al(Body wave) 2} 3 H IR Surface
wave) S o] §5He FhA .2 745 5= oIk Puk(Primary
wave)?} STl(Secondary/shear wave) 2 U R+ AlA| 7}
£ 245k Sk o2 WS Hakels ae) whit B
ol g3k HhAY FARE 2 WALE o) 87 A TS
ol gl A 7EE Tolgich Hein Ak Eelsho] 2
AF BAGERT BAN S o] §3510] ST} 4= P Tolgl
THO’Connel and Turner, 2011). G¥FA o2 ZAH TAL
L HIARH EAl= 558 EAPH QI W, A S weh A
gshs AT SR $41Y 50 et 558 5
FO g m 4= Qlth Al7|olA 715 B A2
of A Mube i -, AX L& QIS A%, A5t 5 ¢l
T4 EA=l oal Wl 4% Te|al Q1S4
of 93t Al S E7IR| = 3§ 4= QITH(Curtis ef al., 2006).

gt T} 7Hd(seismic interferometry; SI)H-& 245k E
glo] & Abo] &) THI LS o]-8-5to] X[l ale] Tet A
= GO R Rt skl dEE A WUk
4 ©A), AR dlS 1] AR A ok ol 2E-E]
11 QltiMiyazawa et al., 2008; Nakata and Snieder, 2014;
Matzel et al., 2017; Zhang et al., 2019;). AT} 7HdH->
S AT F Apolof BAYsH= 7] SAI Y O R HE A2
ST A ZE Aot AW, Ak, 1E] L u)alE
T TheFRh e A vlol B ol A8 4= QItk(Schuster,
2001; Forghani and Snieder, 2010; Dong et al., 2006). €t
At 7P wAdal F3(seismic noise)] A7
(autocorrelation) & E3j A& AAH] ARE A& 49
Th= A-E Cleaerbout(1968) 7} 2| 2 & Y& U HA] A2}
S 9ck. ol 5 Akl that S xa-E S5 utele] Yue o
ol 4= Qltk= H-L(Fink, 1997) 52 7| #], Schuster(2001)
7F AR o2 Y319 A7 oA S A A 5 wat
sto] 71 S4lY(virtual source)ofl o3t 4155
= Utk Aol YA HA] SIE E2]7] AR <)
AYE o8tz 55 BT I A= =53l
H|3j| H]-§-4 T-E&/dT} TAF8HE O] FA| 5 FAFA] AL sfiof
ool B e =m g du) Il M= a5 AR Bl
73712 ebAla) 7H4d HH(ambient noise seismic interferometry,
ANSD)o] 2 0 & Wol ARG-E|L Qlri(o] %, Sgt A
9] §l+= 3 SI= ANSIE £3]) (Boullenger ef al., 2015).

7152291 et du} 7HIH-S AT cross correlation)
& 2 g3k Wl 7V Aol o ofo] tie 487} o]
EE0] ol A=Atk Larose et al., 2006; Schuster,
2009; Snieder et al., 2009). 2= 7](deconvolution) & ©]-&
bR RS BUE el &4 9IS BATs}] 919

oo
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o &

Ml - 2 R

o] ARR-E|w(Curtis ef al., 2006; Vasconcels and Snieder,
2008) Z92(cross coherence)S ©|-83F HIH-2 2|28}
(seismology) Hofo| A =2 A8 Prieto ef al., 2009;
Nakata et al., 2011). 71 &]o]| = X]5-2 3} 4l(Shapiro et al.,
2005), B85S0l 7HdH-E o8-8l RiAle) 4= E=5)
+=(Draganove et al., 2009) 5-9] 5% 0 2 A}8-3c}
o2l Sl= XAt 2 motolut 7= &4 B7F 52 218l
ol 2 Fofol| A 8= 11 §low el A GA] 2|7 vl R
AR S o] 89t A S 9 SO FEfol thgt At
(Jang et al., 2009; Kang, 2011; Ko and Jang, 2017), =3}
A% 2R A(Kim et al,, 2011), 7H1H-S o] @3t 7Pk
Akl A EA(Kim et al., 2018) 5 thesl A1 Eo0] 2
Y= et Tt o] & 9 ghg-Fofo] th3) 7R argk AL
2|7F =ell §171 wiell o] 7leE e A= e w 7Hd
o] A8 3} o] 5 o] 85t AA| FALF A EE &N sH
12} gkt WA 7 ] 724 91 o] &1 A} F
71, A% o83 1T ZH2he) Wi S0 o2 A
22 4= Q=R ol e} Alestal B/dw grAPH QL REARH,
AN, HI} ghAtel -85 = BT 1M Y] 28
tfsto] 7185l o 7 Fokd] AR AgAl & w415t

.
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and Weaver, 2001; Wapenaar et al., 2004), ttoFst gH4du}
AL HlofEl S AR 4= Qick. o] el7t KAl ol mALA)
o 5E7], A9 5% o83k Wil ok

HEEMo| 7= W

WA

7P Sl e pAEE e A2l B
RHEo) A, At vl Aol Wt RS A= Alolek 1 A9
Aol HiAf Zhts] A EL7] Qfsl, A o 5o YT
S s oA AR SAITR(s() = F el 417 2y
otz A ST AT E thSa} o] kT

ulzy, zgt) =Gz, zg6 t)*s(t) @)

u(xB, Ty t)= G(IB, T t)*s(t) 2)
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o]7]4] *= F7](convolution) ©] 1L, G= £AI 1= v 2o
A ATto] 3 £A190]] 2|5k (impulsive source) A15.¢1 713
3F(Green function) F+= 524 §H=HH-(impulse response
function; IRF)o]th. T3 o4 S wj Ao Az, HHu}7}
Asto] T A9 241 AR (, 0 zp)0l A S8 E= 54
3h=dle- o 7b7} rh-2 3} Zro] Tt 4= )t Wapenaar ef
al., 2010).
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Gz, zg,t)=06(t—t,) 3

Glag, g t)=d(t—ty) 4)
714 6= Auto] 2 FAIY 0] 4284 32l Dirac-delta
ol 1,2t x, O 1, O, A BT} 247
3= Al7kolTh o, 9k 2, 9] F AT (3), 4] (4) S
WA oA SAldo] Aof S uf, Bof| A &) A E=1t
H Gy, xy, )2 ThFTF Zo] G2 4= QUL

Gy, v t)=Glay, x4 t)* Glay, ve—t) 5)
o714 % A o] A7He ol slol, 5 F TS B
71 e m R 9] A E A5 o] Wkl n, ol g Ak

© 2 gdsid oS3 At
G(CUB,:rA,t)=/G(xB, Tg t+t)Glay, xg t)d’  (6)
ojuf, &3

‘/6(t+t'*t3)5(f/'*ﬁ4 )dt'
=01ty =,)) =30~y 2,/

(7)

17141 ¢ = ke Lo, X G oA 4] (7)E et
WA 2 A7) @, 0k 2 oA Q) ARFE G, Gyl
A3 AE w Ae 9o SIS Hlo) S H5
2o Ao geht Gyw) & Gy(w) 2] B¥(conjugate)
oltt.

H(w) =21G,(0) G, (w)
=2 (G, ()] | G, (w) | (8)
IR A] A1 ASkBo] SRk o] B B g0l H
TA7F 38 AAE Glay, zg, 1) 2k Glag, x4, t) 2] THA
7ol FFH ko] ZRE o] Gl 9, SR
= 3419 Aot LeFig. 1), webAl, B4R ¥ 5
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Fig. 1. One-dimensional example of direct-wave interferometry:
a) a right traveling plane wave represented as an impulse
function at xs, b) impulse reaching a receiver located at point
XA attime tA, ¢) impulse reaching a receiver located at point
xB at time tB, and d) result of cross correlating the impulse
functions in b) and ¢) (modified by Wapenaar et al., 2010).

w7
5 tp—t, A FA iR S AT 2 FA = o] F
e 7 SAIY o, ol BT 27 A7) 2 p ol A
e dlolH 2 s A e 4= L, o= A-Y Glay, 240t
7} Eth(Fig. 1(d)). Tref ¢ =0 dial ¢ =t 0l 4 SAlo] Ty
SHA| FERtE 2, 9} 2ol M ST S AR DT A2 A
t,WhE A= o] A4l E7] mhigol a0l sS4l A
O] HE= IA Y= vAA etk AR S F
3, oM 2 2 I TG = Glay, oy, 1) 7 E AL
A R A (S)2F o] UEhA ok

BRE ATz, oA 2y 2 7He B2 O] AR =
= A
hl h

o> 8

N

ZE7I0l 7|z

FAATHS o] 85 Bk H ] e 7 T o]
o] ke ol 4 485131 QA% 37} A5k of of 1 2]
&4o] Glrks 7PEE 3171 uhel) A4 o] A wht
Akt o) 2417 ayste] MAAEE 0§ Hlolel 7}
584 92 4= 9k ]2 B3] 913 AT IS

Z7|2 JA|3}7] = $FcK(Sneider, 2006; Wapenaar et al.,
2011). F=7](deconvolution)S 283t 7|Ho| A= w2t
AR RS o] §3 T} bR 2 5 ) o]4Fe] Al
718 Waw sh, 4199 AuEd A% WEkE 1y
Shoe WAAFHEAS o §e A on o 2rjejE oz
52 35354 It Vasconcelos et al., 2008). E5F 3

2715 o182 drole A =de Eefs) 1™ I
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53 4 917wl olF o] g3k} Holi TAZ

HBEAS 22517 9I9) wol A8 it
(Todorovska and Trifunac, 2008; Nakata and Snieder,
2014; Wen and Kalkan, 2017; Garcia-Macias and Ubertini,
2019). WE% JolA 2ol HEH ulz, . 0) =
Glay e ) S(0) 2 HAT 2= )00 o]n) FE7]= ch23}
o] Lehd % glck.

ulz,,s) Glz,s) Glx,s)GClx,,s)

Dap = U(a:;s’) - G@;‘*) - 2‘(953,5);B ©)
AZIA D, pi= A5 G0l A FE7= dojAl= T4
Fukgoln o] AL FATY S(w) 7F AAE R 541 1t
ol FakS A = Sk ol = ulay, w) B ulzy, w) O &
A Hlol8 & FE&73th= AL ofn|sh mAp gt 4]
W3} o] z ol A B/ E 7ol a7t AubE L« of 4] 7]
S5 AS HoErk

AL A Glay,s)Glag, s) 7F V= AR =HE=
Dypi= WAVST M T} v] S5k @ SEANE A
2 IH%Ero] Tk A E H(power spectrum)- 7HH &
aEo] A3 uf Mgol weh 2A gekleh 53, o,
A 4% dlolElet zyol A S8 HolE7t FYE A
A 9= Dyp =10] HH ARIEHL D, ,(t) = d(t) 2F ot
Rk ol=6(t) ez ¢lsf 00 obd AXHE A &fskale
7] 277t 03} Aokar & 4 glom uAH AA =21
(clamped boundary condition)®]] SjEE T Vasconcelos
and Snieder, 2008).

A0l 7|= W

Aur-S{(cross-coherence)> A3} ¥ WAAIHO 2 E
4 STk A5 13} A7 ol A] W A7 Fambient
noise field)Z} 1T Alo| F-7H4] Aul-S(spatial cohe-
rency) ] A4S ERso] 24 o] ot 4w S
& 4= 9] S H(Prieto et al., 2009) 0| & A0 2 &5

o3} et

o u(rA,s)u(rB,s) B G(TA,S)G(TB,S)
Az |u(r‘4,s)||u(7"3,5)| N |G(7‘A,S)||G(7"B,S)|

(10)

e AT vl e AakE HolAek FE71
18t whot o] 441 T o) ofare A A w ] R gt
ol 11 %o dg A o 4] AR whebd 2} ks

o

=
o] g)atol oieh 4wk ] Ho] A% Afe) £4), A3 %
ool $A1L 0w olgt Ak Aee AE sk 5
O] AFgtof 288 4= Q1K Snieder et al., 2009).
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ShARHOl M2 ZHIY 28

egu AR 2 RS gAY et 2 2
A2 A LA sk= o) A5 AHEE T Curtis ef al., 2006).
TR, 7150 vl EALR = BIsh] AERiE At
AEZ2] FH 59 HAIE WAk HolEof| 7S A
3to] AL AT SNRE $7141717] $13) 2
Ar] dlolgo= 7HHe 28 4 AtHDong et al.,
2006). 7)ol iz FERTF AL WEARY B 2 AL
o THHE& 28k "Rioll sl droh iz} Fich

HIARY EfAL

BRI} AT LS Seel w48 Wlgo® 4
A2 Y12 4G S ok 7l o] 2L hkabto] 2
LA17) WhAF: 74D E-E Schuster(2001) 7} 3-8 ARk
WO, A4 SA190] A B A5} S A7) E
A} TR 424170 2A 7] o) 54l AR Aol A 1wk
P} A1 5 2 0] St 2, 1,0l 4 B A5 76}
0] ofa) hALE]o] 3 A 241710 2Ao] B o 1,
7H2) ep) AT, 2,04 2RF B o, of 23
415 of 8] A]7k0] x| ALt 0] S0 A 1D 2% w}e}
GA Ao mRE Aot ode A R w4
Pof =gl BEE kA Rs 2 et 5 £ A5E
ARSI BEE AR AR D A 0w 3 A
24171014 R} o] WAl o] 5 A SA17] 2 e
sl A ERt g HrkFig. 2)

=R

et 2N gt A= 2 7 7MY Sagh,
FEALY JYO 2 25 WL ofel Wt ek 53]
MYA 2 4407] dlolele] 252 Al w7
A= o 73t $A1¥0] 2 sltHLu and Chavez-
Pérez., 2020). =783} TH]H-2 AREE 0 = 34-3-9] gFgFo]
A Agsk= A7 dlofe] 2] Al sl 1h-SH(signal
to noise ratio; SNR)Z gFAA|A Kl oty Ao g 2% dh
H2 & 4= QL= s ZTHDong et al., 2006). E3, 250
A YA B} 0] thA] AT Bole thol )z}
(diving wave) ] §5-5 2115101 24 40 542 %7}
3= d|of = -85 4= Qlti(Bharadwaj ef al., 2012).

A Aol A = 22417] A, Bo) 217t 7|2 Ao}
of Yol S-S AT AlA Zhatel AlFuke B5)
(Fig. 3a). o]o} Z-& IHAE& 4171 A, Bol 7155 2t 541
QA] ol A 2] Ho]Elof| HHEA| 0. = 2|-8-5}0] stacking2 >
5P SNRE 441 1M 2] AF(VN) 28 e
ok, SR/ gk AERS o] 85 B 714 4le] b
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Fig. 2. Principle of reflected-wave interferometry (Schuster, 2009).
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Fig. 3. Steps for creating 2D super virtual refraction arrivals: a) correlation of the recorded trace at A with that at B for a source
at x and b) virtual far-offset refraction arrivals by a combination of both a) correlation and convolution (solid rays are associated
with positive travel times and dashed rays are negative travel times) (Bharadwaj et al., 2012).

ARE & 4= glom SAYT A7)0 HYAeE Ta
A7) HEE SRS 48T T BU)E Fa M
o] YA 2] $A1Y-S A sfof it Bharadwaj et al., 2012;
Lu and Chavez-Pérez, 2020). AA| YA HIA 2 =24
1} dlolE e} 7o 249 HlolHE wd7Iske] 7
7] W7 e] 24aE Sk HrkFig 3b).
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|4 Ent ol Rtz §A,
sl H7t At ol e A-G-= 1L QTH(Park et al. ;
Louie, 2001; O’Connel and Turner, 2011). 1. 5 ¥H1} 7¢
RS 2w A g3olA s g6l o] & o83t
= ypHog ARgE| 3 QIti(Campillo and Paul, 2003;
Shapiro and Campillo, 2004; Gerstoft et al., 2006).
FT S A A R AR e R 2
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AR o 510] 714ko) HATHE 25 FTFig. da). T
H AL Ao, Ze volHE2 i Ysa ZE P AF
FA|(linear trend) A|A 5] Hlo|E] AA 2] HF-& HH &
v dlo]El7} o) 417 kel 4 Gl bt A A2y
& 7170 ofEl i, 74te] 419 927} 8 4417) 8 A4
3k % 52417]9) o]l Soll mAAEE 25 Hek
oA mAPLTCOZ 53 HlolH = BRI e
AIZE B4 (frequency-time analysis; FTAN)S 53 &&=
HAE A1 Hol(Fig. 5, 6) 7S] T} Hlo B & 14
St Bensen et al., 2007; Czarny et al., 2018).

EHu} 7Hd HH-L refraction microtremorS AFE-5= 4=
E3 MASW EHAPH T} SPAC, f-k method S 0]-8-3) S =3t
dlofe] i} Hlo]e] o] SNRo] & = 47d0] glckHarba
etal,,2019). 3}, TAAITFS 3 2S5t 7pake] Eulu)
dloJe|el 7|29 HAI Hlo|E| & FE 7|5t dA 2] ¥
1} g|o|E|(Fig. 4b)& AT == Qlth(Dalen et al., 2014).
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Fig. 4. Schematic diagram of reconstruction of surface waves generated by a) correlation-type interferometry and b) convolution-type

interferometry.
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Fig. 5. Seismograms of the vertical component after
preprocessing, recorded by two receivers: the Rayleigh wave
can be easily identified (red boxes) (Czarny et al., 2018).
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Fig. 6. Result of cross-correlation: the negative time in the
position of the virtual source corresponds to the estimated
impulse response between receivers (Czarny et al., 2018).
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7% A g Rob 27 Askr Asiel A%E o
A H7hR U 4 9Lk S 7P Bl 218
She Rokmis, AW T2 AT 59 47 Bk vk
nho] Bxe}ghe A% A T2 GAsler muEHolch
(Miyazawa et al., 2008; Voisin et al., 2016; Guillemot et
al., 2020). 3+8 AZE A ﬁ7}°ﬂ£ @%El—tﬂ, a5
o] 4A) o] 4z}
A 4T o) POl £ AT %7}§¢ ole.

l:\__L_

HEE =T

ZHROR A TR LA Slal WA g ol A
2 A] o] el 8 2 5to] Abbe) Al m |, 2|2t
S5 72, B4 A GO vkt B, AFE 5 ot A
A7 314 Hofoll A AHgsta ol

AR x5 RE G

A A TS 5] ThE AheSol ek Ao
A QFAQl Bl RARE sk o ofelgo] Lo, B
Aok P BARE S-S S AL O R o §5to] Fhat
3R 3 Ak =0 DA 2 R ERa)
g AL HolHE ol 830 05 ) 2
Folut 452 wobsiz | o 85 Zhang e al., 2019;
Nilot et al., 2020).

Zhang et al.(2019)2 A 719 EA] 7ie-S ¢35t 7t
tol A7 sfelotnd A BB aisin =
o] 2Hd& el a F32 o83k eIk grALe]l
He A8 o 1171945 Hz ©Yd A& A&
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2

P &2 e BHto) 71 37) Al ES A A 5te] ZF
S &St dlolEE FSsalet ol %, wAp Akt
7HA S A &ste] S5t mHuke] 24T
goFSaL ol & F3l 71ukeke] zlolE o = AU
Ok Al EAL 2 e} v sl S ) Mo 221713 m o]
Y= uehgtom o= ag 3 g2 Ao 21 4
Al ol Al o] FAt Bg A o2 43 7R the HolEth
AR oA = WA S FFE A7 IR AR
FohlE Wl 11714 5ol vhas EAISHL stefs e Tt
HAFSAIR O 2 0]8517] ofH7] mize] 72 Gl
= A5t ol tiai A 'abslr] of . oloF 22 2 A
A& s astaa A7REel A= Aot ti5-& whefstr|
3] 917 2] Z(teleseismic) ©. 2 BHAYEE v A S-S 83
7P SRS 8 RTi(Nilot er al., 2020). A2 =S 9
) A3t RA71 ) Hlol B2}k A7 HE Sl AR 6712
A A7 ol A SA7E HloTH & o8- 3o 1
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Fig. 7. Distribution of structural damage along the height in Sherman Oaks 12-story office building during the San Fernando 1971
earthquake (left; drawn based on John Blume Associates) and the two-layer shear beam model to be fitted (right).
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