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Abstract: Ground motion models (GMMs) are a critical component of seismic hazard analysis. Ergodic assumption is

employed by typical GMMs for ground motion prediction using a number of physically meaningful functions and parameters
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for source, path and site effects. If the parameters are identical, the prediction by these models would neglect the spatial
variation of source characteristics, propagation media quality, and site conditions. This simplification can lead to significant
biases for a given "source-path-site" system and become one of the main reasons limiting prediction accuracy. To address this
limitation, this study further introduces spatial modeling techniques based on the typical ground motion prediction equations.
The spatial variation of the attenuation in path effects is evaluated by cutting the study area into geographic cells. The spatial
variation of source effects, path effects, and site effects is modeled as Gaussian stochastic processes and an exponential kernel
function is selected to characterize the spatial variation discipline. This framework is capable of predicting ground motions for
specific source-path-site system. Using 5957 ground motion recordings from the shallow crustal earthquakes in Japanese
subduction zone, a nonergodic ground motion model is developed. Bayesian inference is employed to estimate the non-ergodic
ground motion terms. The results show that incorporating nonergodic effects allows the model to more accurately capture the
spatially non-uniform variation character of source effect, ground motion attenuation and site effect. Compared to ergodic
models, the nonergodic model achieves significant reductions in between-event and between-site standard deviations of up to
40%, and a maximum reduction in total standard deviation of 26%. In regions with sparse recordings, the epistemic uncertainty
remains relatively large. These findings provide valuable insights for the development of nonergodic ground motion models
in China.

Keywords: Ground motion model; Nonergodic assumption; Seismic effects; Random error; Epistemic uncertainty
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Figure 1 [llustration for the evaluation methods and prediction effects of strong ground motion based on ergodic and non-
ergodic assumptions

LR, B aRkom it RO SR AN BN, - o 52 20 DX sk 23 18] 22 57t (0 VPl 32 8 g e
N YA Bt TR A S AR B 3 0% A AR AT H ORI 5T\ T DX 48 R 45 Zhang 45 (2021)

3



B X 8 )1 DX ST ) X b R B S O R o MR B R R-BR AT X — RGN R A,
FH T 5 4 368 45 DR 3 P A £ 1) 2 ) AR AL AN X0 22 S R AR, =38 P 5 DR 3R AE 28 ) b R AR B4 T g
B R W EE R AR A . EAME MK EY (Lin 5, 2011; Parker &8, 2022), Xf T 345 E
CTRRIE-BRAT-H” RGP AR E SRS A, HOR B SR R RS X B i kb R B A A
TRIME < [AAEAE 35 R I 22, 3K B80S 1) B ATL B AR i 9, B o DR RURE DX 3 P e 1 7= S A AR 1)
BRI, PRIk, M TR D BGE M R s 58, DLSRBRRE “TRIR-IAT-th” RGN HE
ST, AT SR b DAty LA 5 0 BT 2% 1R X3k 23 () 3R A T S B SRR 3038 e, Al 1 s, ik
DUV BRI 2« B2 e TS B A RO . BEE R IC AR R, dE 2400, EHiR
o T AR P R AR AL R AU 2, Lhi: Landwehr 55 (2016) 42 H @i i [ 14 Hh & 20
B () R H ik BN ) A8 A R A, S8 AR i g B AR 2l AR o s PR 3 A TR R TR
Abrahamson 55 (2019) 813, HiufE fes B Ve 43 B v ) b 52 A A 8 )87 M3k [ e ) ki o (B 2 10 4%, I42
th 2 g ST {8 L R R Pt R S A, PR AR T RE LR 2 AL L S M SRR (Phung Al
Abrahamson, 2022; Lavrentiadis &, 2023a), %7757 70 FIH] 1 4072 752 Zuf (e HL - i 8 1% 1% 1 5 e
NIX R R AR TR R R ST 3 g M R S A, SR 2P A 2R KRR I 5 Kuehn 25(2019)
7E NGA-West2 £ rh 5] N B4R R0 3 i1, 257 T 34 i D B AL ;. Caramenti 45 (2022)
SR FH R IR IR - 38 5 2k 2 S ) Ak I b FR AR, A1 R 68 A 0 St R B 1 A AR A . XSS T
FEHH, Al T Hh RE B A5 A B 4% B T BT b AL RE 252 e PR 2R 4 X 3R S 1, DT S B A Y () T
ENLES 5 IR AR SERR IR BN A L, R [ HhRE S AR A £ VP Al b R B i B DG I R e R ()
S, WS EEE.

H 2007 FF LA, FRIE @RS Gk BN R 7 —E &N EEILs, (H5EIME M, )
FEAE G Ul A FEECR B A A AN 3947 . S uliiph Bkl = KB IR EEIAY F 5 EFA L (5
SCEFEE, 2025), AR P R AR A B — e R . RIE Al TR ERE GO
o BRI BT T S I AT 2 LR DGy XS FR AN A ik e A G SE, 20215 Hu &,
2025), {H BT WLIAC 3R 2% 18] 43 AT Ho i A B DKL, H RS T AR 7 R S A R AT AR D> . AL
TROTARB . AP AR R FER AR A AL, X R b 52 4 MR AR, 5 Wil 5
TR AR A S, MERIRGE . e fLE I B R 5, R [ 58 2h T 7t
ROt T RAFScMF. WHAUR, BT HARKX 7ot B 10 s pr it R S 58, 76 1 7 i 3 X )
FPERUF (Lan 55, 2019); [, HASIREGE RS B BA AT IhieiE, vk
B, PRHLIX AEI7Hh s B 45 5 T B A FHIE 5% (Abrahamson AT Gulerce, 2022). Kk, T HAGH
T 10 SR R R S A A BIE 7 W] D R A ) i A B (R @ ST AR S

FET I, ASCHE eI R T AR P oe L R SRR A SR, 45 X R e “ RRUR-ER R
Hy” RGEHE ST EEE, a1 B, DAFR S0 S i R B S DR 2R ) S TR AR AL T 3 B R R )
ZESte WRE, R H Ay X )58 ZE 30 105%, B Hou Al Zhao (2024) Frikic s bibieh & ik
Pt Hb R AR (5 SCRIFRN HZ24 180D DBkl i 51 N FRVR N | A2 2500 A 37 i 28 1Y)
s [ RN, KRR Py R S A, PPAl AR AR E T = TN 4 SR AR A BOnt 1 7= 2 T )
TR, BBEACSCHE S, T TR A [ Hh 72 S (i R SR K AR F1 2%

2. T e e K R 3 Tk R

2.1 R i R SR R AR 4R



A AR G R S T 5 R h SIS R A B SR AR 0 RN T, SEBLAR I g AR Bl A
RUFIREE RORFAE “FRUR-BRAR-S 7 RGERITIIN o P 2k 1y 3 7 s A A (Y AR A 2R 40 R s

In(y):In(yerg)+|n(ynerg)+gT (1a)
(Yo )= T (M, Fy )+ f (R )+ s (Vo) (1b)
In(ynerg ) = é‘LZL ()_<src' )_(.src)—i_ 5P2P (Xcls' )_(.site)+ 5523 (Xsite) (1C)

X,y ARFEWNHFE B AT 73 B U358, A SCRA PGA Al 0.05s. 0.1s. 0.2s. 0.5s+ 1.0s.
2.0s\ 4.0s FIINIE P2 S BB AEAE MR B S8, H AN E TIIELE @5 Yergs Ynerg 73 AT [T 1L
97 T A A 3 KON T TIARL, e TR IR 2 o 3 TR RN TR yere FH b RE BN TN 7 FE A

fe (ML Ry )~ fo (Ryp ) 1 g (Vigy ) 23 BRI DI PE A IR0, AR TURIIHB IR, =% 43 MO AR RE G M
W ZHUH] Frs IR B Rup AW Ts S50 BREL, T 3RAERT 50 DX 30 N RERAR I AR 36 A
J SR b 2 P S R B R B I — P R . S (Koo Koo )~ Spap (Reis Koo ) T S (Koo ) 3731
AR I REVRT . AR P AR TR AR I, = AR AR X« AR RRERAR (R, X ) T
WA bR R FIBREL . X FAELEE BRI Z A (B A, A SCRFA A BR W72 T 1 P 2537 bk 500
(RAERT Xy, 19 BIERRERAR R X T AEAEAR FRITZ AR (b 52 e, DR FH 7 v A X, BEAT B X

B2 AXRPRE S (2) EEBAREFED. (b) FBHAMBIA () IFBFH A =S B LR

Figure 2 Spatial variation mode of (a) the nonergodic event term, (b) the nonergodic site term and (c) the nonergodic path
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term for the model in this study
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Figure 3 Distribution of (a) moment magnitude versus fault-top depth for the events and (b) moment magnitude versus
rupture distance for the ground motion records in the dataset

B4 () BRIFICREBBEENZESHM (b) IHIBRTRAGEEEHE

Figure 4 Spatial distribution of () the ground motion records and (b) the number of paths for cells

F SR IR I WRER A, AR FH i FH A il 2 R AE 4 52 4805 & (R1: Universal Transverse Mercator,
AR UTM ABARD WPRIE T8 X SRR AT B ek R 73, B0 RSS9 25km X 25km, 41l 4 PR siiEdk
b, FrA R W Gl AWM AL R A AE I A ) A ] 4 (o) PR, RFTAE

10



EORRENILS, ASCRUE RIS G 55 T SN B AN Z AL R LR AR T, AR
P T HAS R I R, RS A (R AR g BRI & v R R, HAs(E A
BUEEE . B HITUE IS IR AR SR R 4 (b)) Fros, TR, ZERRAGEE DAY R E X, #
ANFRLICHE Y I S AR IR R AR ORI BOR, 218 403 5. S BT OBV, 55 IR R
VEXER > HE b, (HAR S BRI A AR SR IR AR RO 8D, TS R o AR S T el
FRANRIAEENE, JF RS R BTSSR . 2B, B e RSB 7E 10km~40km Xf 115
MR, BRI, ARSCEPE T K 25km T B 0H, B/ T BBz AR 4 B 45
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Table 1 The hyper-parameter and standard deviation values of the nonergodic model in this study

Te(s) L o s s Iaw Oatt T 7 s 50 fws Pwso  OT OO
PGA 74.1 0.194 33.1 0.178 26.95 0.00334 0.369 0.264 0.280 0.187 0.420 0.359 0.625 0.483
0.05s 919 0.268 39.2 0.216 23.17 0.00357 0.441 0.277 0.315 0.200 0.412 0.350 0.681 0.489
0.1s 91.0 0.271 34.8 0.227 22.72 0.00394 0.436 0.276 0.405 0.298 0.431 0.363 0.735 0.545
0.2s 57.1 0.159 31.0 0.189 27.24 0.00416 0.330 0.256 0.383 0.301 0.459 0.386 0.684 0.553
0.55 46.3 0.134 34.1 0.193 30.63 0.00311 0.334 0.289 0.343 0.252 0.466 0.403 0.669 0.556
1.0s 46.1 0.131 319 0.236 56.80 0.00221 0.358 0.318 0.383 0.257 0.431 0.387 0.678 0.563
2.0s 53.0 0.158 34.4 0.229 193.30 0.00153 0.326 0.269 0.352 0.223 0.384 0.365 0.614 0.505
4.0s 70.8 0.182 38.6 0.198 37.89 0.00166 0.338 0.243 0.309 0.201 0.365 0.323 0.586 0.451
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X RF AR, AR 7 AR RN T AR R R B R AU (R R B w TR

B 5 0.2 EEHIMIERRHERMN () FOMNHE 1, BRE (0) NIAREE ¢, M@ EM 5%
Figure 5  Spatial distribution of (a) the mean value ., and (b) the epistemic standard deviation ¢, for the

nonergodic event term at the spectral period of 0.2s
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Figure 6 Spatial distribution of (a) the mean value ., and (b) the epistemic standard deviation ¢, of the anelastic

attenuation adjustment coefficient at the spectral period of 0.2s
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Figure 7 Spatial distribution of (a) the mean p,, and (b) the epistemic standard deviation ¢, of the nonergodic site

effect term at the spectral period of 0.2s
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Figure 8 Spatial distribution of the predicted spectral value by the (a) ergodic and (b) the nonergodic model for an
earthquake scenario at the spectral period of 0.2s for SC 1II sites with site period of 0.3s, and the attenuation of the recorded
spectral values and predicted values at different directions
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Figure 9 Comparison of the (a) between-event, (b) between-site, (c) within-site and (d) total standard deviations from the
ergodic and nonergodic ground motion models
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