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In this study, we aim to estimate the subsurface seismic wave velocity
structure as an ensemble with uncertainties and to determine the earthquake hypocenter considering
these uncertainties. First, we realized the quantification of uncertainties in seismic tomography, a

method for estimating seismic wave velocity structures, by using deep learning techniques based on
physical laws. Next, we applied this method to analyze seismic exploration data near the hypocentral
region of an earthquake occurred off the southeastern coast of Mie Prefecture in 2016, obtaining an
ensemble model of P-wave velocity structures. Based on this ensemble, we determined the hypocenter
of the earthquake while considering the uncertainties in the P-wave velocity structure estimation.
Our results demonstrated that the impact of uncertainty propagation from the velocity structure on
hypocenter determination cannot be ignored.



CMT(Centroid
Moment Tensor)

Mw6
2016 4 1 Mw6.0

2016

[1]

Physics-
Informed Neural Networks PINN



2016
33°N
1944
" 1 [4]
135°E 136°E 137°E 138°E 139°
-4000 -2000 0
Elevation (m)
PINN
PINN
PINN
P
[2]
2016
PINN
PINN
2
[3]
2016
C 2 [4]
[1]
[1]
[5]
P [1]
2016
3

[4]



1-st velocity neural network

Depth (km) >
N
o o

0

C
0
5g €
a o
25> §
30

e 9 ¢
o U o

Std. Dev. (km/s)

. 25 50 75 125
. i-th velocity neural network Distance (km)

Depth (km)

Depth (km)

Depth (km) @

Depth (km)

15

7.5~
s0f 2. (A) P
25>

50 75 100 (A)

256-th velocity neural network
s (B 0.6
5.0 g B
25> ( )

75
Distance (km) (C)

50 75 100
Distance (km)

Uncertainty propagation B

No uncertainty propagation

——— Megasplay fault

Depth (km)

e

75 80 85 90 170 75 80 85 90
Distance (km) Distance (km)

3. 2(B)

(A

[1].

12].

[3].

[4].

(5].

(B)
[4]

Masaru Nakano, Mamoru Hyodo, Ayako Nakanishi et al.: The 2016 Mw 5.9 earthquake
off the southeastern coast of Mie Prefecture as an indicator of preparatory processes of
the next Nankai Trough megathrust earthquake, Progress in Earth and Planetary
Science, 5, 30, 2018.

Ryoichiro Agata, Amato Kasahara, Yuji Yagi: A Bayesian inference framework for fault
slip distributions based on ensemble modeling of the uncertainty of underground
structure - With a focus on uncertain fault dip, Geophysical Journal International,
225(2), 1392-1411, 2021.

Ryoichiro Agata, Kazuya Shiraishi, Gou Fujie: Bayesian seismic tomography based on
velocity-space Stein variational gradient descent for physics-informed neural network,
IEEE Transactions on Geoscience and Remote Sensing, vol. 61, pp. 1-17, Art no. 4506917,
2023.

Ryoichiro Agata, Kazuya Shiraishi, Gou Fujie: Physics-informed deep learning fully
guantifies uncertainty in seismic structure and source estimate, arXiv preprint
arXiv:2402.08854, 2024.

Ryoichiro Agata, Ryoko Nakata, Amato Kasahara, Yuji Yagi, Yoshinari Seshimo, Shoichi
Yoshioka, Takeshi linuma: Bayesian multi-model estimation of fault slip distribution for
slow slip events in southwest Japan: effects of prior constraints and uncertain
underground structure. Journal of Geophysical Research: Solid Earth, 127(8),
€2021JB023712, 2022.



Agata Ryoichiro Shiraishi Kazuya Fujie Gou 61

Bayesian Seismic Tomography Based on Velocity-Space Stein Variational Gradient Descent for 2023

Physics-Informed Neural Network

IEEE Transactions on Geoscience and Remote Sensing 1 17
DOl

10.1109/tgrs.2023.3295414

Agata, R., Nakata, R., Kasahara, A., Yagi, Y., Seshimo, Y., Yoshioka, S., & linuma, T 127

Bayesian Multi- Model Estimation of Fault Slip Distribution for Slow Slip Events in Southwest 2022

Japan: Effects of Prior Constraints and Uncertain Underground Structure

Journal of Geophysical Research: Solid Earth

DOl
10.1029/2021JB023712

12 2 5

Physics-informed neural networks

2023

2023

Physics-informed neural network

2023

2023




Bayesian physics-informed neural network

20 (2023 )

2023

Ryoichiro Agata, Kazuya Shiraishi, Gou Fujie

Bayesian seismic tomography based on particle-based variational inference in velocity-space for physics-informed neural
network

Asia Oceania Geosciences Society 20th Annual Meeting

2023

Ryoichiro Agata, Kazuya Shiraishi, Gou Fujie

Bayesian physics-informed neural networks for seismic tomography based on function-space particle-based variational
inference

10th International Congress on Industrial and Applied Mathematics

2023

Ryoichiro Agata, Kazuya Shiraishi, Gou Fujie

Ensemble estimation of seismic velocity and hypocenter based on physics-informed neural network

AGU Annual Meeting 2023

2023




2022

2022

Physics-informed neural networks

2022

2022

Ryoichiro Agata, Ryoko Nakata, Amato Kasahara, Yuji Yagi,Yukinari Seshimo, Shoichi Yoshioka, Takeshi linuma

Bayesian Multi-model Fault Slip Estimation for Slow Slip Events Considering the Uncertainty of Underground Structure

A0GS2022 Virtual

2022

2021

2021




Ryoichiro Agata, Ryoko Nakata, Amato Kasahara, Yuji Yagi, Yukinari Seshimo, Shoichi Yoshioka, Takeshi linuma

A type of Bayesian multi-model inference for fault slip distribution: the effect of prior constraints in the estimation for
slow slip events beneath the Bungo Channel, southwest Japan

AGU Fall Meeting 2021

2021

Ryoichiro Agata, Ryoko Nakata, Yuji Yagi, Takeshi linuma

A Bayesian inversion for slip distribution of slow slip events beneath the Bungo Channel based on ensemble modeling of the
uncertainty of underground structure

Japan Geoscience Union Meeting 2021

2021




