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Abstract: With the rapid development of modern seismic network, seismological signals can be digitally re-
corded in broad frequency band, larger dynamic range, and higher spatial density, which provide the possibility of
obtaining fine structures of the quality factor O in the earth by using a large number of high-quality seismic data.
Lg wave is one of the most significant seismic phases at regional distances. As a guided wave (or superimposed

higher-order surface waves) propagating in the crust, the Lg wave is often used for investigating crustal attenuation.
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This study systematically reviews the method for broadband Lg wave attenuation investigation, including the for-
mulation of the tomographic inversion system and its relation with the data. We address many practical details re-
garding the data processing, including the regional seismic data collection, sampling the Lg signals and noise series,
noise analysis, and data quality control, and the preparation of the single-station, two-station, and two-event data
sets. We also briefly describe how the attenuation results can be applied to understand various geology, geophysics,
and geodynamic problems. As an example, we demonstrate a complete workflow for investigating the Lg wave at-
tenuation in the Taiwan Island in China and the surrounding region. Based on 8 650 vertical-component seismo-
grams from 416 earthquakes recorded by 86 broadband digital stations, we construct a high-resolution broadband
Lg attenuation model in the study region. The frequency covers 0.05~ 10.0 Hz, and the resolution can reach to
about 0.25°%0.25° in areas with the best data coverage. The tomographic results reveal significant lateral variations
of crust Q values in the study region. The Taiwan Island is generally characterized by high Q. The surrounding re-
gions are mostly in low Q, e.g., the Nanri Island basin in northeast Taiwan, the Tainan basin in southeast Taiwan,
the collision zone between the Philippine and the Eurasian plates in eastern Taiwan, the Huadong basin, the Ryuk-
yu arc, and the Okinawa trough, are all highly attenuated. These low-Q areas are likely related to strong tectonic
activities due to plate collisions.
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Fig. 1 Frequency-dependent O, for different geo-blocks in the
Middle East. EP, the Eurasian plate; AP, the Arabian
plate; IP, the Indian plate; CC, the continental collision
orogenic; ET, the Eastern Turkish plateau; TI, the Turk-
ish and Iranian plateau; AB, the Afghanistan block; PA,
the Pamir; and TS, the Tianshan range, where blue sym-
bols represent the stable geo-blocks, whereas red sym-
bols indicate the active tectonic terranes (modified from
Zhao and Xie, 2016)
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Fig. 2 Schematics showing (a) event-station geometry for single-station data, (b) an ideal geometry for two-station data where the
stations and the source are perfectly aligned, and (c) a more practical geometry where the source and stations are roughly
aligned, (d) and (e) similar to (b) and (c), respectively, but for two-event data. To make the approximation valid, we require
the distances between locations i and /, 4 and ¢ smaller than half an inversion grid
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Xie and Mitchell, 1990):

In[A(f.)] =In[S ()] +1n[G ()] -

Mo S smlpg] A

ay Q(x,, f)
L1 80w gy
Qxy. /) Q°eyf) [Q0xy. NI
In[$ (H] =[SO ()| +8In[S ()] (13)
In[P(f)] = In[P° (/)] +8In[P(f)] (14)
/%:

N
hzzi:l[ai-San,-]+e~6(1nS)+u~6(lnP) (15)
o
h=In[A(f.4)]-In[$° (/)] - In[G )]+
nf ds
v 'Lay 0 vy, ) ~In[P ()] (16)
SN EI L SRRt 5 & s m ik 2, WA
FR O BT R LA 51— R R AR 2 (1)
&5 . SRRk 25, NAERUG XS B U o s, 7
A5 PHaE s R, e Muwt REL EH
bR H Bk £ i i B 5 e e R I E 1, IR R
faifk ik, BHRE (15 M (16) R NIEREEA,
[EAVEAS EA: RIS
H=A-5Q+E-58+U-5P (17)
W, XA (7) 1 (8) BUWHUML
PEALJE TR RN |
HZSta = A2sta : 6Q + EZSta - 08 (1 8)
bR 2sta FRORBUE HE. BT RE (9) Al
(10) B HORIZe A J5 T R 7R «
HZCvc = AZeve . 6Q + UZCvc 0P (19)
FHor N AR 2eve Ron W HAFHE. &I R (17-
19), WAMBIETRE . WEFWHEEIE T Le
W O H . REUR RER £ JE A N TR B S 8 R 4




B53E el R, 55 MRE Lg WS Usg vk, Sk, S A BRI RE AN « 727 o
H A E U % (Kirkpatrick et al., 1983; Kirkpatrick, 1984) 4%

Thsa (= Ao |00F) 005 *[ Uzsa }'5” KRBH RN, FARRAN

H 2eve A 2eve E 2eve 0

(20)
TR B 7 R s 5 M s 15k 22, sQ A
KIM QB IEAE, SSAISPSY il by 7= Y5 I AN 5 F It
B IEAE. A EFU AN REOGERE. BRI
F Lg P30 S 7e g 1) o A 50, 0 e K
Af LA 20X @ S IEAE. F HAE IE 4 3y S e 7Y
Ja AT N —IRER, HERWSRI 4R it
(20) wJ LA ] B/ —3f QR 73 fi#iE (LSQR) 3K
fit, LR FEEE RS A . BHJE R0 (i,
Paige and Saunders, 1982; Phillips et al., 2000) . ¥J4A
B ALY S R R W 5 SR U X P38 O i, 1%
AR S i S /MBI i 15 5 5 Pl i i 2 a) B
ZEH) L2 e Hse B ORGIE #5845, 2004; Zhao et al,
2010,2013b) .

2 HAth— 2o SR I R G R )

2.1 SHEE

FED SR IE I N TF AR5, s SEEAT MR i
ST AL, S BGY (Gauss—Kruger projection) & i
ST AL R H 772 (Deakin et al., 2010) . @
TR 2 MR TE B Jo AR HE RO 0% IR
VUL R AE PRk, BOERASEMENE, kg
PR KA, T R V-1 LA AR R 2R 12
POEH R HE, KEAKERE, & T3
TS B B oA 22 2 N2k m) A A8, B ok
g, RIBEA. m ol s RN E L
YRR IL AT 72 3080 600 T B, LR R REIX
AGARTI N e P58 A B I R BGE AR 7 70
A GaussProjCal (longitude, latitude, longitude0, X, Y)
1 GaussProjInvCal (X, Y, longitude0, longitude, lati-
tude), VLFfI1F gausspro.txt.

22 EUNE. WEHHEEANIEEMHRRER

W 2 Prn, oW G Hdliid 2 X,
it LA R F AR B Bt 5 il j 5 vl B i ATk
B ERH— s, % R E] T A S i s e
FAFRR BT N T R AR oG 1710, Hix
s 5y v a) 6 il e TR SR B AT e 5 w2 B
FHAE . SR ARZ Mk 08 75 1% RE W PR g i 12 1% 1 AR A2
bRy AEEORE BT I B 1. 24 R BEADLR ok

Obj = |dji +di — d | + ldi — dil (21)
e

Obj = |djq +dge —d | +|djg — d ] (22)
HrhdRoRIEE, j. Iv ks gFhRoR G o s i1
G5, WK 2¢ F 2e i, Hhiflg R R 2

(1 RN 4 5 A1 o 2™ £ BEH LAY
mgew — m;urr +§(mnmax _ mnmin) (23)

W SN o (UML) (FIESR A
=11
(1 - %) - 1] (24)

mne J J8 2 A R R IR B AL RS 2R A AR e R
mET S AR AT S n R (I AE. i Rl S n 2 1]
PR RO wi X 1[0, 11PN 3897450 20 A IR BE AL AL Bifi il
FERIBRAR,  HAT G 43 A 7= 2k RS R AT A v LR
BRI AT B s AR R ROR.

(2) UM PAEEWC PSR (1) P2 S
fr A

&=sign(u—0.5)-T-

L, AE <0

_(Enew _ECU\'T) ( )
T s

P(AE):{ A AE>0

eT =¢
P AEN R H A5 bR B Enew 5 BT B 1) H bR
BB Ecur 2 75, JMAE < O, SHHRE RS LIAER 1 4
%ﬂ%%%ﬁﬁ%?&; MAE > 0fF, 7 AR R DL 2
e T MFCR MR AL Horhr i LI K
WRLBE . BRI T %R Rothman (1986) R4

Titer = Titer—1 - B (26)
Horb, Thriter MIEARIREL, AR KHEE, —Kp
AT 0.9~1.0 2 8] {13 41

ENIVE R LS E/TEUN AL EE AR e S RFRILE
FLIE K RSP 4 fitting_sub (xlon0, zlat0, slon, slat, rlx,
12x, rlz, 12z), JWLFLF safitting.txt.

3 Lg BEIpAR 1AL PR

3.1 HIETHETALIE

W R A BB T R IX
I Lg P I AR T (1 B B4, RO b R 4
P WO« IR RN Tl A P BEAT RORS . Lg PRIk
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BRSPS EE RERIEI DX E i
R A s Kl A B 3 A A SR EAT T
fift, WERTFVEHEE, WO X O AR B TR AR
Je i E T BE A LR A 0 H o, SR EHSE NI
HiE, 5 PRSI Y 200~3000 km, 55 20 E
myd.0~6.0 2 ], 1 PR R] AR w3k B HCH i i
M. R G P R e R s AR, BRERG
BEAR L WG AR B B AR AEWT ST IX A R A
B4 A NS, ATLERI Tweed4.1.3
Chttp://ds.iris.edu/ds/nodes/dmc/software/downloads/;
weed/) FRHUHLRE H 3% FJH CRUSTI.0 Hb 5B A
(http://ds.iris.edu/ds/products/emc-crust10/) iz H
Hu 5T A I MR A O T e AN [ SR 2 1) TR AR
FA, R A R R IS ZAH 22 /N T2 AN I £
i A AT A 6 ol B Hds R B0ONT TR A B R I
AL T E A G b B, v LS E R S R
F L B SR 2 65 P 00 4% 4 v 0 BB H A
AR, H i — D seed %K. ALK RDSEED
A Chttps://github.com/iris-edu-legacy/rdseed) ¢
I SAC P I8 Bt R a5 wi . 1 SAC B AF 2 Bk
(https://ds.iris.edu/ds/nodes/dmc/software/downloads/
sac/) HBFZ AL P AR W . 1 [ A uti,  3RAN
B5T Python 157 Obspy J# (https:/github.com/obspy/
obspy/wiki/) R T — B4 BAFALE N T
H s AN W N I HEAT FUAL B R AT R, 0
1E https://github.com/Seislesley/Lg_wave attenuation
preprocess. H: 7' 1.0 mass_download.py I A 7] 4% 2%
5E SRS BN AT 56 BGIBTE H AASCAR i SE F) 4t
4%, 2.0 remove reponse.py WA W] 2 Ry Bk
RS M B 2R R AT 58 B2 A1 6 L= I BOE #L
Pt E N 8, RS E MR AT & 2 (IRIS,
http://service.iris.edu) + At B M H 5E £ 45 o0
( NCEDC, http://service.ncedc.org) « g Jl oM Hb 7%
B ¥ .y ( SCEDC, http://service.scedc.caltech.
edud . FE [F ¢ My 2R BE 7 M8 AR B I AT 5T P
( BGR, http://eida.bgr.de) KK ¥ ¥ 1 B P O
(EIDA, http://eida.ethz.ch) B P4 % 15 K 45 &
M ( GEONET, http://service.geonet.org.nz) « fi
b2z dty (GFZ, http://geofon.gfz-potsdam.de) . &
KR o Bk A 3 5 KL A58 B C(INGV, http:/
webservices.ingv.it) % [E Hb 5= F1 K Hb P & M
(RESIF, http://ws.resif.fr)« fif =% 52 5K G 05T Pt
(KNMI, http://rdsa.knmi.nl) . = F H P A1) K 3¢
& I M 7Z #F 57 Bt ( KOERI, http://eida.koeri.boun.

edu.tr). FEMEZFRKLE (NOA, http:/eida.gein.noa.
gr) IR E S 454 (UIB-NORSAR, http://eida.
geo.uib.no) . &R 'K ¢ M 5E 0 (USP, http/
sismo.iag.usp.br) 4. X 45 2] (1) K4 v] LA 37 I
s B A . Bul. RS RGN
DUME T2 5 it — D AL 3

32 HE&ETHXMmESER

XRS5 A G VLI (B B AR 4R A I b B
AR HiRE L i O (i BUG IR J5U 4 Bdis K A 58 Sy
B MR . kAL B 5 L PR, il
W0 S A A T R AT s, MRS AE 0.03~
8.0 Hz ¥y % W R AT PR s B B i 2k, SRFE %
3512 200 40, 50 5 100 s & 3 WoRp AR E G
T HL X HOJE KR, 45 T &b F SRR 47
HrhrhFom Guli, T RoR R FAE. 1R
MG WS H MH T ST, S2. B AT K
i, ZhREVEHE 22°N~25°N. L ETEH 120°E~
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FHIL 36188 km’. ‘& 15 v [B K il L 65 V25 i g A
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BN, A DGR AR R AT M 5T RO I g
AR Bk
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Fig. 3 Map showing the topography in the Taiwan Island and
its vicinity, overlapped by the locations of the stations
(square) and the epicenters of the earthquakes used in
this study
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S Lk R 5 SR BE RO, WTIA 45 km, (RPN
KA ALK I, 72 V3 )R 30 km, ARUK
AR HEVE ML T, JE 2 12 km. 1K 2 M5 45 KA
A % L BRI 45 /N b 752 R TR R 78 o) A5 BB 1 Lg %
( Zhang and Lay, 1995) . & {1 & CRUSTI.0
(Laske et al., 2013) ZEFEHL5E N KR4, BER
JBHITE 4.0~6.5 Z 0], IXAERE AT DL S g it /e
OV B K B B AR I Lg B, SNSRI KR
S (0 FE A R DR 2R AT A% A o 11 BT RS e TR R
ZRERER A, B/ ARSI m X
Z SN R, I R B B
A5 M LG, 7 AN B e A R R % . DR,
TR LR R R, AR RIS, R
S e 2 PR S R I, TR Lg BB AN PO AT
PRI TR ARIR S LS e b LM b E A0 B
AT R AL a5, R ORE . R R
HIERT A ] B S8 SR R LR, HRRE A
PRIRAT = = s, AR T RSB ER O
G 45 R
T H R FH R R N Lg R AT KA. Rk,
Lg P Es R 5 it M 2 S 4z —. Ry e
JEPE . HhSE PN M RE O E AR RIR S R, 4nd
AR AR 1) L P LA A — 2 AH[F). Pasyanos &5
(2009a) E I HFFEL 0.5~5.0 Hz 417 B 3B 1 Lg
AR, RINGE I B e S 0 B A AR e b ) Lg
PERERE R 43500 3.4 km/s A1 3.5 km/s. F Y% B g &
BN, Zhao F1 Xie (2016) 733 A X 1)
1Y Lg PR K 3.5 km/s, He %5 (2021) 53
TR R LXK Lg SRR 3.5 km/s. 55 5 (1 HL
TE RN 5% 5L B AR AL AR AR O, Rl AT D 252 Lg
(R L. (6] 4 S [ & 78 b X X 0% TE e & 0
g, Horb, &l 4a /22020 4F 8 JJ 11 HRAAESR
AU IX (L 122.757°E, 4 J¥ 24.152°N, ¥R
10.0 km) [ Hb % F {4 TW.TPUB & 3 (& )%
120.63°E, #iJ¥ 23.30°N, i FE 370 m) [ H 5
AN, BT 0.5~5.0 Hz, RE
PR 2 236.6 km. [§] 4b & H— LB RE R, Hrbs
T LA ST R (. 648 8650 4k X I 7%
WIEREAT B 0I5 3R1FA e 20 A an P e Fros. Wil
TSR R P R G B 200~1000 km. AR ]2 P ik
Sn P A Lg P Ae IR, ARG M. Le 1 #E 4
%24 3.5 km/s. Sn P AE HERIR KR B A IS HL X F g
TOUS ERTAR AR b 4 FH T B it ) b 25 A P
YERBIF, B S FE 6 43 Al T Ik E
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Fig. 4 Stacked waveform energy of vertical regional seismo-
grams. (a) An example waveform for vertical ground
velocity seismogram recorded at station TW.TPUB; (b)
Its normalized waveform energy, and (c) stacked energy
distribution for all regional seismograms used in this
study. Also plotted in (b) and (c) are the group veloci-
ties, which are 6.0 km/s, 4.5 km/s and 3.5 km/s for the
Sn- and Lg-waves, respectively
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Fig. 5

Observed seismograms for the earthquake on 11 August 2020. The stations are ordered according to their epicentral distances,

and the normalized vertical ground velocities filtered between 0.05 and 10.0 Hz are plotted. The station names, distances, and

maximum amplitudes are listed on the left-hand side and the sampling rates are listed on the right-hand side, where the ampli-

tudes are measured in micrometers per second. Marks on the waveforms indicate apparent group velocities

100 IR T, 45 ) H VA0 T8 1) de K B 43
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2003 4F 6 1 5 HbiE = A 1 il sk R b R Y 2
130~460 km, tE/RH Lg #E K TR 150 km
55 Sn B 8. AR P [EH S HLIX 416 AN Xt 7=
HAFALE 86 A v AUy £ 7 M5B & Ul 11 1 14> 2B
Wk, M RcHsT Lg % O E R FISERI B s (3 ST
FIZE S2) . N4 Bt Lg i TN 75 25 Jc g b B
i, FEST Lg A5 SRR &5 (#lhn, Xie and
Mitchell, 1990; Zhao et al., 2010, 2013b) .

3.3 Lg EiRiEn=E

7= Lg 9% O {52 M IX Sl 75 14 by 7 0k
B AN Lg K, il Fourier 2% 3 3k A5 HR s i3 ,
Hed M EAT O B I AN A5 52 2 57 YR 5 AN [+
Hiy X 5T 25 R AN PRI S, L U PR A I T
SAE DRI b e AR A O T R A T
(R BE SO L, FRATT A DX 1 S8 0 2 i il | oK
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i b e B R ) R N SR SRR . DR
VS O 0.5~5.0 Hz, 550 & 100 R 3 [

A& 3.72~2.80 km/s, s K A 0.01 km/s (Zhao
and Xie, 2016) . 7 P JEH) R HEH S Lg 955 i 1]
K SR FE T 2 O A5 e 41 (i, Xie and
Mitchell, 1990; Zhao et al., 2008) . 3315 5 Fllg: &
J 30 Ji 795 50 R i 25 16 0 T KRS 10% (1) 4R 5%
BRI . R 2 ad 10 A BRI A 5 HEAT L Fourier
A (FFT), 133 Lg BN /A 4R a5,
Zhao et al., 2010, 2013b) . & 7 J& — A HAK % ¥s
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Fig. 6 Similar to Figure 5, except these seismograms are for the earthquake on 5 June 2003
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Fig. 7 Data processing procedure for amplitude measurement of Lg wave spectrum illustrated by using observation recorded at sta-
tion TW.TPUB from the earthquake on 11 August 2020. (a) Original seismogram; (b) Velocity record after deconvolving with
the instrument response; (c) Velocity waveform filtered between 0.5 and 5.0 Hz for highlighting Lg phase; (d) Envelop wave-
form after Hilbert transform from waveform in (c); (e, f) Windowed Lg phase and pre-P noise; (g) Lg-wave and noise spectra;
(h) Signal-to-noise ratio, and (i) Lg-wave spectrum. Note that the data points have been dropped where the signal-to-noise

ratio is below the threshold of 2.0
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Fig. 8 The flow chart for data processing on seismic Lg wave Q tomography
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