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Abstract: In this study, we performed comprehensive statistical studies for the characteristics
of the modeling error in Lg-wave attenuation model and obtained a two-dimensional crustal Lg-
wave attenuation model. The amplitudes of Lg-wave can be strongly influenced by the geome-
trical spreading function and it is essential to reasonably evaluate the error of the inversion pro-
cess if we use the inverted method under the meaning of least squares. Based on the modeling
error samples collected in the Sichuan-Yunnan region and its adjacent areas, we use three stati-
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stical test methods, namely the K-S test, the Q-Q plot, and the normal distribution plot, to
analyze the distribution characteristics of modeling errors in the input data of Lg- wave attenu-
ation tomography inversion. We used both the SVD-based tomographic method and the back-
projection method to invert for the Lg O model of the Sichuan-Yunnan region and its adjacent
area respectively. Then, we calculated the covariance matrix and the resolution matrix of the
model and evaluated the resolution and error of each grid point in the Lg Q model quantita-
tively. Our results indicate that the modeling errors in the input data obeyed a normal distri-
bution under first-order approximation. By using the data screening technique, we generated a
new dataset with nearly perfect normally distributed for Q tomography. Compared with the
result of back-projection, the SVD-based method could allow for obtaining a finer resolution of
crustal Q value in the areas with dense ray path coverages, where the model resolution can be
resolved within a range of 100 km with a relative error of less than 3%.

Key words: Lg-wave attenuation model; O value; modeling errors; two-station method;

Sichuan-Yunnan region; uncertainty estimation
=
515

b 7R L W XoF 4 5 ) R 1) A48 Ah Al 8 SO, AR AR E A A DS, e 3 R 4F L I
A IR % 2 3 000 km DAAM . {H2Y Lg P 28 it KBl b7 51X | Hhoe J2 B A8 X B R BT 4
Hiy B A7 AE S A A Rl TR X, Lg 9 2 5P B S A 5 08 22 5% (Nuttli, 1980; Kennett,
1986; Mitchell, Hwang, 1987; Bostock, Kennett, 1990; Mitchell et al, 1997; Rodgers
etal, 1997; Schurr et al, 2003; Xie et al, 2004) . 1] 4N 7€ T 78 = B AL 0 0 3 Z 22 98 X, Lg P m 1%
& A #3700 km (McNamara e al, 19965 Xie, 2002) . H 52 I 9% 8 58 Uk 19 22 /0 0T DL LR A 5
i TR O R i, B TR R BRI B FLIRE S A, LR P AR S i DL S
SEIR B T B S ) 0 R R Lg 3 O (A I (29 5 100—200) , Chen Fl Xie (2017) ANy
X AT RE A2 T R R b ST NI TR Y L A R R B0 O (AR Ak L R AUk,
UL A% B Lg 9 Xt O fH#E A7 B 58 0] LUK T fif b T A 03 42 A1 B 22 114 249 53 1A B¢ (Akinci et al, 1995;
Rietbrock, 2001; Gung, Romanowicz, 2004) .

O fHZNT UG 2 — B8 E 40y 8, PRl O [ 5 V8 BT (58 FH 1)t 7 0 e et 280 40 S A 32
FFR QE M50, T H R A7 = 2 R 25 0 P T B R T S BN oK Y 4R L O
Ml (Nolet, 1987) . 7€ /i Q fH B, — e 5E FH & fba 09— 4 JLAn 4™ FofE 1 L 21 ) 1 1142 3 3k
e, K5 RN B, R A5 AR O (8 BT i s A KR . BT AR B A H A B B AT R AR IR
%" (Menke et al, 2006; Chen, Xie, 2017) . B3 o — 4 JUM P HUE IE, H AR H 0 =4
JUAT 3 58 i A9 TFL AR B8 A i A B8 7 . Chen T Xie (2017) 53X 26 5% 57 (9 = 4 TU AT 37 i 69 5% iy
VR FUOHE 1% 25 00 A 3O FR L O A U 25, AR A T AR IR I R S BUW R 22, LR ZE A 2
O UM (1 32 21 22 R IR (XKie, 1998) . AWFFEMFHALE B & O (A, JFH WA & 3l A0 X 3 =
B 5 A e gl AT AR R 22
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EA A0 (R BR A, 2008) . AN 2R — 20 B8040 70 X HOl 52 (RS 40 A, IS4 8080 A4 5 3k vl g AN )2 E
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oy —J7 T, HbER A B E AT BUAR 32 EA HE [ B 2% AR EE A 5 (simultaneous iterative
reconstruction technique) . JZ #% 5 1= (back-projection) Al & /N F J5 QR 43 fif % (least-squares QR)
ALY QA Z BT UG {04 iR e EHE AF B RN ZaR EE  BOR Y, XS R )i
{fi FTE O {5 )2 7 i 18 v (Pei et al, 2006; Xie et al, 2006; Hearn et al, 2008; Pasyanos et al,
2009; Zhao et al, 2010, 2013; Zhao, Xie, 2016) . X8y 3k #SJ& F F — A i S0 #) bR O (A
L O S R W U i Wl v R BN L € 1 G I AR SR K 1 S NI 7 S 6 G | R ¢
P 5% 25 /DALY O H e AR, SRS Rl “HLEAR” MK (Gok er al, 2003; Zhao et al,
2010, 2013; Liang et al, 2014) . A AL “m Y A% (Dai e al, 2020) B3 S5 Wl S5F 28 % 42 19 SR iR
% B 1 X3 (Zhao , Xie, 2016) 55 & B 43 ¥ 22 I 7 vk > 4k Hh 3 S50 1) 305 R0 43 3% 238 A A
B2, T BRI, XS TR I SRR A R TR (Y A BRI 25 (H, (R A SE B R
TXSEAE AR, o i B S PR AR R 22 R AR R Y L B, XSS A Y 43 PR R R 25 4 1R O
BT B 45 SR A B T4 W i A5 30 09 0 BEAY Y AT FEFR 43, DA 3 J AT AR A O R AL R A2 RRAE K A
W bl 5 . S RS B AT LR O BERY Y Ay B R AR 22, JF ARG A AT 2 [H] 9 52 1 ( Backus,
Gilbert, 1970) , HZFRRN AR EATSZ 2056 I B9 FR &) . KU AE B 77 5 {8 (singular value
decomposition, 45 A SVD) 43 fif W BUE 1A 2 A ik, (Bl TAHRITEREE, BT
BRI A R e R AL B b S B W e L IE s, T B 24 (1) SVD 43 fif & AN e By, B
IFAEFT A B AT 5 R AR AR R IE 22 . AR e A B T R EE T A A S R s E A, MRS
Ve RT3 5 AN AT . Chen Hl Xie (2017) JF 4 T — Bl 2 T PROPACK $ 3% B8 1 2D JZ Hr i 1%
T, BEENISTE T EEEA R b HE X R R IEA A R R iR %, TR AR
A FUR AR Ay A S O i, PR TR B R A A S SR R /b L T IE PR S PROPACK B3 16 44 3
WA A Sk AR RE T IEASHE, BT RAVEATAN AT DU R ISR R 28k, &l DA B AL Y
53 BEF S B P 5 22 46 B (Larsen, 1998) .
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FERE IR 22 G T RRAE 093 PR L E IR B AR 2 i DR N TE A A A A R b, (R D e ik
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YRR R 5 25 R, DUNAR BE w0 BORLAr BRAORIR 22 . AT, SRR R JE AT R
T kR iR Q (EAE Y, 58 axk B A5 S A5E 0 285 L 04 S [] R A8 06 8T J2 A A5 T 12k B A Ak R T SR
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Fig. 1 Distribution of epicenters of events (a) and seismic stations (b) in this study
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2.3 GIHEFERBER
JE 46 ) ers, erts Tl erre MR 7R 23 A0 HAT o0 (B I R AIE 2 0 3 19 IE 28 40 A I AR A,
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A A Bk S % B O 2o o U, B |8—median(s)| >2std(e), X WA G L) “68-95-99. 7" #E N

(4




6 11 WA AN A5 Lg B RE IR rp AR 22 19 7 1 DA 1025

10 15 20 25 0 20 40 60 80 100 120 0 10 20 30 40 50 60 70

PRV € IR W VR
K2 HETEERAAIER oS I KB 1
(a) TS Ji¥%; (b) RTS Jiik; (C) RTE Fik
Fig. 2 Distribution of the number of repeated two-stations based method over individual paths
(a) TS method; (b) RTS method; (¢) RTE method

40% 50% 15%
(a) (b) ()
40% H
30%
10%
B $30% H N
Zo0%t - Z
= " 5
= 23 20% A H
5%
10%
10% H
||||I||||.. . ku.. .
5

F 1 {fiH] TS, RTS I RTE J7 At ¢ B3E401E 2
Table 1 Estimated ¢ information using TS, RTS and RTE methods
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gk o o K-STR%E Evar(e) Pl BEMKTa
W Bfedit HIERH g (e NEVare)
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RTE 2839 93.59% 99.64% TEEEEN5% F 2R 0.1049  0.0110  0.280 1 0.05

(Pukelsheim, 1994), 68.27% (n=1), 95.45% (n=2) F1 99.73% (n=3) [ {H J 5 1| B 5 FE A %
P R ESBE AN T —A L DR = e E 2 N A o L, Bt = PR e 22 s T RE 2 = W
B, JF B A0 G 1 28008 Mk = bR 22, A Bl J5 S8 B E 19 1E S M (Wheelan, 2013) .
AR e 250 B ER G 95% 1B AR 7K1, AT LA [R] B S 4 R AR 18 % 0 RS B2 R BE . QiR 1 T
N, GRS, XTI A MR AR e, BB E A SR 12%. =
Var(ers), Var(ggrs) Ml Var (sgre) 43 1 4 0.025 1, 0.006 7 F10.011 0, ershf J7 223 K T egrs Ml
ertel 22, U‘E%STsE/‘Jﬁ%EITKSRTsﬁERTEEr, Var (egps) Ml Var (egrp) 2 [B] B9 i3 /)N 22 55 AR 7T E f2&
P B> 7 1 OB 1) B 0 e A AR BN (R 3 Y, Var Ges) B S5 R AT DLIE BT TS O 5 76 il 1
AN TR TH B 7 b %00 1Y) R )

K-S (Kolmogorov-Smirnov) i % & —Fh AE 2 H0M ik, MR 76 B9 IE SRR, B M IES
WE 2353 A 5 BOHE A i 43 A (28 56 43 AT pR ) #E 47 5 46 B XS (Massey, 19515 Vrbik, 2020), fiff
I ZAR B B R RS A . AT R BURRE AR K-S K5, p (B & ik 1) A% i
F MK (Vibik, 2020) . K-S K50 58 i p (B 5 B3 MKV o FE47 O, DR P 5E J2 75 18 44
Frik. R 1R, p (EEK T B E MK, B LLAE 95% M B A5 K T H252 ik, iR
ZEIER AR . HIBE S EE B0 e BEAR I K-S R 50 I an &1 3, A IR 7~ . (8 0 358 /5 1)
erskE A 1B B /045 iR 41 (cumulation distribution function, 455 & CDF) {n1& 3a &5 E i~ , Jf
S5IEZA A6 ) CDF #E47 Hedse, S0 A i 5% 1) 28 56 2 B0 75 pR 8 (empirical cumulation distri-
bution function, %5 4 ECDF) 5 # it 4 15 & 2 #1437 PR % (normal cumulation distribution
function, 45 & NCDF) 22 [A] 1 K 56 2 B 99.99% (UL 1), 38 a3 K-S K 56 A I B 1 0 1 vf
WA AT SEYE , R GED] T 0 K 5 1 erstE A R B 408 T IE A 4340 REL . errs P errs I AE A 1 62 0



1026 H = S Eire 4 5

25% 1.0
2std=0.3742
20% + 0.8+
{% 15% | = 0.6+
E10% | 041
5% 0.2+
—— %1% CDF
- - MIRIEZ CDF
0 1 L L L L
—04 —03 —02 —0.1 0 01 02 03 04
&
(a)
40% 1.0
2std=0.1919
35%
0% 0.8+
Al
5 25% o
o - 0.6
2 20% + A
R =
= 159 | 0.4+
10% r
0.2}
5% —— %45 CDF
4 - - MIRIEA CDF
0 =l m. 0 I I I I
—2 0 2 —0.20 —0.15 —0.10 —0.05 0 0.05 0.10 0.15 0.20
& &
(b)
35% 1.0
2std=0.2428
30% +
0.8+
25%
£ oom | = 00T
10% r
0.2F
St —— %45 CDF
" - - MIRIEA CDF
O L L
—2 0 2 —03 —02 —0.1 0 0.1 0.2 0.3

LY
o

(©

B3 ERRLR e B (F0) F1 K-S Rl & OF)
(a) TS J¥%; (b) RTS Jrik; (¢)RTE Jrk. AP HIs& B A HLARC T EARHELEHEN] |e-median(e) | >2std(e) B X [f],
LI ARFIR IR IE SR B SR B AT TR BEFRE 95% EARIXH Y CDF [y 1 F FHHR,
L/ NRB ARG K-S Kefny 2 CDF FIHEE CDF 2 [A) i) 5 ATl ol 2 E
Fig. 3 Distribution of samples of modeling error & (left)and results of K-S test (right)

(a) TS method; (b) RTS method ; (c) RTS method. The black lines in the left figure mark the interval of |e-median(e)|>2std(e),
which we use as criteria for data screening and the best-fit theoretical normal PDF of the screened samples is plotted over the
distribution map with the red line. The grey lines in the right figure indicate lower and upper 95 percent confidence
bounds for the CDF and the green segment indicates the maximum distance from the empirical CDF

to the theoretical normal CDF which is used in the K-S test
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Z5 R E 3b, o i B, Wig il TA R B 458 .

W5 ik 4 Q-Q (Quartile-Quartile ) 7337 $i &1 ke 46 I 2 75 ik A TE 25434 . Q-Q J3 i H I
M EDE G TR 5 7 vk, R 7 2T DL P 2H B 2 A ok A TRl — g3 A . A 2R AE Q-Q 7 i
B R b YRR R IE A A A LR, RN A SR TR, LA R B R R 2R A y=x 1
2 b, X F I REA SR & IFE 70 1 (Marden, 2004; Wheelan, 2013) . WA 4a fiF 7R, ersf) Q-Q
GBI R ers T IE S A 0 A — 3, ANA T ARG LAAE—EmE, REREFEATH
bR T KESE, BEBHAREE, (A AT LHEMH el MIE 5310 . errs Ml erre I FE A 1) K I
2R 4b, ¢ s, WA T AHE SIS

0.15 | 020 F
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& g & 005F
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Fig. 4 Q-Q plots of samples of &
(a) TS method; (b) RTS method; (¢) RTE method

WEE bk (i F T 8 (RIR A 50 5k G 1 25 E 5 1 L R B8 A6 38 J7 125 40 Shapiro-Wilk il 3
I FH TG 36 0 3 ) eRE A, BT AR 3 B SRR O T R I B LR A A — E EAR K T AR A IE
A A R BT Y, JF TAR S IE MR S5 R . AR B K 5 45 2R 5 Chen Fl Xie (2017) FF
Jr ) O {H AR Y AR IR 22 B GE THARRAE — B, (E AR B 58 4 K-S K 36 . Q-Q 40 K A 1%
Chen il Xie (2017) [ 45 R — £ X TS Fl RTS J7 2 19 1 A PR D &L, TR A 36 26 5 v 02 S A X6
B/NCANE LT ) MRy, B ST XY O (158 70 (Y S 80 038 2 MR AR HRAE JL T /948
B, AT DAARG7 b 52 BE AR RS . i A o 2 R e T E A 36 5 ik, #PUE W] 1 AR SO SR H 0% %5 is
O e M DU 5 3 Y, AT DA BR R 2R A S, A — N T 58 38 TR AR A AT BB Y
B, M A B/ AR L SR AR O (EAR T

3 JIEMK O EEE R IEMN

3.1 QEEWRBAE

WFFEIX Lg % O {8 A5 1 A5 Ak mT DL = 4k 52 982 A R e, B 01 58 X3 ) 43 o M A7)
HIEk S8 O E RS AR Ak, BB RIT T O EE . EUE N AME— AR W
A]QUHMEAE Z I, Xof 4 4% B AR HB T UMY B 2k 14 J7 72 (Chen, Xie, 2017)

M

An Anm

= ) (6)
0.(f) = 0u(P
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AXp, n=1, 2, -+, NIREEF n FHLHE, m=1, 2, ---, MIRKREH m DAL/ H
TG. Qu(PORES n R AT B 0 OCF) IS THE, 5 n SR IT A IS IR K EE N4, e d iR
DR 5 m A /N IT R IR, RS/ NBUIE B BE R A4, 2(6) B B 2
dy=Anx My D

X, BHERE AT RITERNA,/0,(, BT TTR N Ay, MBS R G m THIT
RNQu(P). 5456/ A S — DM G R B, AT 5 n FR S 2R A% 5 i B T Bl i L
MY ICAR B M DA 2. D34, SEBR IO AR R 1/0, HORH4R IR BT BRI h ik 0.

— FEB T O A 5T 0 B0 4R 32 1E A 40 A0 A R 2252 M, D0 AT DL A /N e ik of e T
VO EREARY . B s () 77 22 7] LB el 7 245 4

4\ V2
Var(Qe(f))—nzszar(s). (8

kT G M R 3 3 AR A Q, (O T (B 22T 25 0k s AR ASE AR Y OR i E L i ad 5K
(8) A LA 3 T XU 5 T i B9 AT A 45 5 B 42 b 1 Var[4/ Q. (O ME . EBFFEF B A — P NXNIY
G ZHBEC, EREE n DX AL ITE H Varld,/0, (O 14 1, K5 10— 2 T

C:Am=C:d. (9

e/ e T ST SR At B R s SR SR B AL, {ELE A 2 A AR P R T AR
KRN, BOARZ ARk RE AR, IR IE (Xie eral, 2004, 2006) . %
O EEE N T AT — AWK, BB 0 B0 AS VT R 5 1k R . BT
BT 19 2D J2 BT S O7 AN R AR E AR, i & 3 if PROPACK 537k (Larsen, 1998) X Ji [ A ilf
TTAE A9 SVD 43 fif , DT SR 755 P A 11 305 J G
3.2 JIIE#X QEERE S #HE

A AR 8 B A AR I3 L2 BT A I JE AT IR T TR 38R I — AT A B AT S Y
. kT RIS 8 Y L I AT B I 50 4R BB S AR AF MK 2 Lg PR WURRAE 0 R AR A AR
A Sy A 0 A Y f T R k2 —, AR S BT . IR T A [A] AR R ST G R R S R Ak
Ml B AR 10X 10 RS Bt R/ . i i PR A5 (2008) R SR R B, JIELHb IX f = Q (EAS B
it 800, AR QEA/NT 100, I E T O (A2 H 7 100 F1 800 A4 AL 4% A% o Az il & B
B BB 1 B AR L R ACRE 5 S PR AR AR TR, SR i A G BB R K D G 1 B A TR ok
VPG B8 ) L. 3T SVD BT A 2 AT AR 7 125 T LA 5 B Hb R 2 H AR 1 Hz 1) O 578 1
BUREAR , JF LKA A B0 P 22 5 S 4 0 5 9 L (4] 6a) — K.

JRUAE AR S A DK 150 B R o AR R R T AR I, L AR AR G B SR A /I 11 10 B S A X A
B, ACRE UL B S 5 A IR, (AR AR TR IR —E B BB AL = HER . —
ol R i 155 0 2, 0 SR AR b, DX AN SO [ — 1o ) S R B L B2 58 O R S 2k, T8 AR
T DU 2 0k AR 4 i it A

B 2 BT BUAR J7 1k TR B 25 T R A 4 B R [, W7 LAGE 3 # 2 Backus-Gilbert 47 PR
#4 (spread function, 455 N SF) 3k i & P74 B AL (1) 43 #¥ F (Chen, Xie, 2017), i i 43 B R4 Bf
19 T R i 4 Tl A 2 O AR BE R, AT DA ASE A 1) A B 43 SRR HE AT T BLRE ik, DT 45 o A S A
SBT3 I R L 1 6b MR A BT Pl i Backus-Gilbert $ i R % )1 E Hb X O AR 4 43
PERDEAT VP, , 76 % 5 26 55 RAF MO F 5T X dsk b, 0 BKS BEE AT LUK 3] 100 k. 3 2 A 45 4%
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(a) The path coverage of two-station based method over the studied region; (b) Spread function of the tomographic Q model

I3 A Backus-Gilbert 4 HC o KCERIE BT 1T F 7 H 45 2 B9 )M IX. Lg 3 1/0 AR AT 5EAY
HET SVD R 4J2 M7 AR D5 3k R AR O 3k ARAS B O X f 7 O (RS R A 1 7 iy
NI R B o N N 2R T S e B Sl R N LR L e P T | 9B
S8 AN R BT AR BN, AN [ J5 3 Y O 19 D02 A fB1F- A1 2 — B, B R {E KT 700,
HR/NME/N T 80, 1) AR X A PR A, AU R 5 0%t DCOE 45 A4 A DL REAE (I Tian 2%
(2021)) . H & 7 AT LA, 1 DXV 78 S FL AR 3T M DX O (i35 5 AR T AR, U1 43t B 9
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Fig. 7 The Lg Q model of Sichuan-Yunnan area and its neighborhood
(a) Result from the new tomographic method; (b) Result from the back projection method

SR P 1) A8 46 5 Chen Fil Xie (2017) B9 A5 R AHMRL, [F] B 280 b A< 58 19 &5 Q {55 Zhao 45 (2013)
A B BEAS DU )1 A b AE Bl . 5 e R A O AR i (IR ), AAWE H A0k 3 O (EARAR (&
FEW) . AW 5T P S B QL 45 R 5 Wei #1 Zhao (2019) B NI HLIX. 1 Hz ) Qp Y IX 38k 43 A HE A
— B0 AT b R TG 00 R R W — AR S P, R B R AR B 25 BT SRS A Y 45
F, (BN PEREE R AT LA 1, T Bk 1 Backus-Gilbert 4™ # p& B {8 (SF) £ 7E 100 km, T1fij
P — H 708 S8 VG 0 A B = VTR J2 5 0 A9 SF {7 200 2 300 km. JIT LA ZE AR [ 59 43 B3R
BEATR I D8, BT 7 TR A LG T SRR T 1 B8 AR 3 TR A 11 b 5S8R AR A5 R L R TR
WOTEW RAF N SHGERE, £ RZHUEN T SN SR LR YE N, PR km i
RS A RE M IR S8, B LA TSRS A ] S 2T R A R R R AR £, filn
S AT BCE — D RIAR B, R [E A6 A5, B R S5 SR AL T REAS W] . BT 5 vk AT LA
i i PROPACK %43 T 32 X6} 56 490 40 B4 E 41 SVD 40, P LA T SR R B A, H A ot R B
BT 53 00 78 5 40 B, DA DR T AR TR iy 5 Bt ) 45 4 7 AT S
3.3 HENARHEME

Wik SVD #F A3, 53] T Le i 1/Q BERYRY B Iy 22 6 B . RO IE S8 1 B0HE 1R 25 IR A
EAA A, RERNKRANE T LURIR2Z M 22w ((8)) . R B, Bods o & i iR 2%
S A BT v B BRAE AR () P 5 25 B v, DT PR AR 152 25 S 300 1/ RSB 1Y) a5 2 T LA
F A R (1 Ty 2 0 o A i Ak . O (U2 AT I A S 80 190 S Bl A R 19 o3 A 43R 25 A [ e
FE . — BRI, H 80/ Kb e A AU AH X R 22, XN AT LA P O 25 M R OT R
14957 7 AR ORI U TF . EJE LXK, 1 Hz (9 O BRI X R 22 Qi 18] 8 fT /s, — AR ifE 25 T i A
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