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グリーン関数の不確定性を考慮した震源過程の波形インバージョン解析
Introduction of uncertainty of Green’s function into waveform inversion for seismic source
processes
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我々は地球の真の速度構造を求めることはできず、観測波形と震源過程を結びつけるグリーン関数の真の値を求める
ことはできない。このグリーン関数の不確定性は、震源波形インバージョンにおいて最も大きな誤差項であると考えら
れている。この誤差項を小さくするために、３次元速度構造を仮定してグリーン関数を計算する、または、中小地震の
観測波形を経験的グリーン関数として解析に利用する等の研究が行われてきが、グリーン関数の不確定を前提とした定
式化は行われてこなかった。本研究では、モデルが不完全であることを前提とした定式化を用いて、震源モデルと速度
構造モデルが不完全であることを前提とした震源波形インバージョンの定式化を行った。そして、その効果を検討する
ために、グリーン関数の誤差の影響を強く受けていると考えられる 2006年ジャワ津波地震に適用してその有効性を確認
した。解析には，遠地実体波波形を使用し，観測誤差とグリーン関数の誤差に由来するモデリング誤差の二つの項を顧
慮した定式化を行った。二つの誤差項の相対的な重み，スムージング等の拘束条件との相対的な重みは ABIC を用いて
推定した．まず、単純な震源モデルを仮定して、すべり速度関数にガウシアンノイズを、計算したグリーン関数のガウ
シアンノイズを加えて合成波形を計算し、これを観測波形として解析を行った。この数値実験の結果、従来の定式化で
は、仮定したすべり方向と逆方向の大きなすべりが得られ、解が不安定になるのに対して、本研究の定式化では、仮定
した震源過程と同様の解が得られた。次に、実際に観測された地震波形に適応して解析を行った結果、従来の定式化で
は、スムージングはより強い値が選択されているのにかかわらずCMT解と矛盾するすべりベクトルを含む複雑なすべり
量分布が得られるのに対して、新しい定式化では、CMT解と調和的なすべり量分布が得られた。従来の定式化では、ス
ムージングが強くなるために、波形の高周波成分が再現できないが、新しい定式化では、高周波成分も良く再現するこ
とができている。これらの結果は、従来の研究では無視されてきたモデリング誤差を適切に扱う重要性を示している。

キーワード:震源過程,波形インバージョン,グリーン関数の不確定性,モデリング誤差,津波地震
Keywords: Seismic Source Process, Waveform Inversion, Uncertainty of Green’s function, Modeling error, Tsunami Earthquake
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地震波・地震音波データ同化による2008年岩手・宮城内陸地震の断層パラメータ推
定
Fault parameters inferred from data assimilation on seismic & acoustic waves due to 2008
Iwate-Miyagi Nairiku Earthquake
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An evidence of seismoacoustic waves due to a big earthquake is sometimes recorded in barometer data at an infrasound obser-
vatory several hundred kilometers away from the hypocenter. Such infrasound variations must contain information of the source
mechanism of the earthquake and structures of both solid Earth and atmosphere. Therefore it is possible to obtain, from a differ-
ent perspective from seismic data, knowledge about earthquakes by analyzing the infrasound data.

Here we estimated the fault parameters of the 2008 Iwate-Miyagi Nariku Earthquake carrying out data assimilation on infra-
sound data. First we calculated a set of eigenfunctions of normal modes (Kobayashi [2007]) related to a one-dimensional coupled
model consisting of the solid Earth (PREM; Dziewonski and Anderson [1981]) and the atmosphere (NRLMSISE-00; Picone et
al. [2002]). Then we constructed prior distributions for the fault parameters such as rupture length and velocity by integrating
models previously proposed from many universities and institutes. Finally we applied a sequential Monte Carlo (SMC) method
such as the particle filter algorithm to a combination of simulated waves derived from the eigenfunctions and observed data
obtained at CTBTO Isumi microbarometer array. We will discuss especially on the obtained posterior distributions of the fault
parameters and differences between our result and the previous ones.

キーワード:データ同化,ベイジアンフィルタ,粒子フィルタ,微気圧,地震音波,岩手・宮城内陸地震
Keywords: data assimilation, Bayesian filter, particle filter, infrasound, seismoacoustic wave, Iwate-Miyagi Nairiku Earthquake
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地下水流動シミュレーションにおける粒子フィルタを用いた透水係数の同定
Identification of hydraulic conductivity of groundwater flow simulaiton using a particle
filter
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浸透流解析では透水係数などのパラメータを適切に設定することが重要となる。しかし、これらのパラメータは計測
のサンプル数が不十分であったり、原位置での計測自体が困難であったりするために実際の値を知ることは難しく、その
設定には経験や技術を要する。さらに、設定すべきパラメータが多数あるような解析ケースでは、観測結果を十分に再
現できるシミュレーションを得るのに大きな困難を伴うことが多い。
本研究は観測データの活用という観点に立ち、逐次データ同化の一手法である粒子フィルタを地下水流動シミュレー

ションに適用して透水パラメータを同定することでシミュレーションモデルの高精度化を目指すものである。
データ同化の精度検証を行うために、フィルダムを対象として 2次元飽和・不飽和浸透流シミュレーションによる数

値実験を実施した。本研究では観測データを堤体および基礎部の漏水量とし、あらかじめ真値を設定した透水係数を用
いて順解析を実施し、これから算出された漏水量の値を模擬的な観測データとした。この漏水量データと浸透流シミュ
レーションモデルとの逐次データ同化を行った結果、遮水ゾーンや基礎岩盤の透水係数を精度良く同定することが可能
であった。また、状態変数の事後分布から各部の透水係数が漏水量の観測値に与える影響を評価できた。
本手法はダムの維持管理において、遮水性能に変化が生じた場合の変状箇所の同定にも応用できると考えられる。

キーワード:データ同化,粒子フィルタ,地下水流動シミュレーション
Keywords: data assimilation, particle filter, groundwater flow simulation
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粒子フィルタのプラズマ圏データ同化への応用
Application of the particle filter to data assimilation for a plasmasphere model
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The particle filter (PF) is an algorithm applicable to general data assimilation problems including non-linear and non-Gaussian
problems. Since the PF is suitable for parallel computing, it is considered to be one of promising algorithms for data assimilation
problems with high nonlinearity. In this study, we applied the PF to data assimilation for the Earth’s plasmasphere. The plasma-
sphere is the innermost region in the magnetosphere filled with cold dense plasma. We describe the technical aspect of our data
assimilation method and show results of applying this data assimilation technique to the plasmasphere.

キーワード:粒子フィルタ,データ同化,プラズマ圏
Keywords: particle filter, data assimilation, plasmasphere
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地上磁場とGPS TECの同時観測データを用いるプラズマ圏密度分布推定手法
Method for estimating the plasmaspheric density distribution from the ground magnetic
field and GPS TEC
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The plasmasphere is the region in space, close to the Earth. It is a part of the magnetosphere (region filled with the Earth-
origin magnetic field). The plasmasphere is filled with ionosphere-origin plasma, and the shape of the plasmasphere changes in
response to the activity of the magnetosphere. It is important to monitor three-dimensional plasma distribution in and near the
plasmasphere; for example, the plasmasphere can affect the progress of magnetic storms via plasmasphere-ring current interac-
tions (the ring current is another region in which strong electric currents, carried by plasma there, flow in the shape of a ring
surrounding the Earth).

Measures to monitor the three-dimensional density distribution in and near the plasmasphere includes ground magnetometers
and GPS satellites, as follows. From ground magnetometer data one can identify the eigenfrequency of the field line running
through the magnetometer. From thus identified frequency (so-called FLR frequency, where FLR stands for ”field line reso-
nance”), one can guess the plasma mass density distribution along the field line. Ground coverage by magnetometers is getting
thicker day by day toward two-dimensional ground coverage, from which one can guess three-dimensional plasma density in the
region threaded by the field lines running through the ground surface.

Each GPS satellite provides TEC (total electron contents) along the line of sight from the satellite to a ground GPS receiver;
from the TEC one can guess the electron density distribution along the line of sight. There are 24 GPS satellites, and the ground
coverage by GPS receivers is getting thicker day by day, from which one can guess three-dimensional electron plasma density in
the region covered by the line of sights from the GPS satellites to the ground GPS receivers.

In this paper we invent a method to evaluate the ground-magnetometer information and the GPS-TEC information at the same
time and obtain a unified plasmaspheric plasma density distribution. In essence, the method calculates the differences between
the observations and the corresponding quantities calculated from the estimated plasma distribution, and minimizes the sum of
the differences for the two types of observations. Details will be given at the presentation. We first realize this method in an
iterative manner by using the quasi-Newton method. We have so far tested it with simulated data; we will show the results at the
meeting. Further tests with sample data are ongoing.
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アジョイント法による余効すべり時空間発展の予測手法の開発
Development of Forecasting Method of Spatio-Temporal Afterslip Evolution by Adjoint
Method
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We develop a method to forecast spatio-temporal afterslip evolution based on adjoint method for the purpose of predicting
the second event of compound earthquakes. One large earthquake sometimes triggers another earthquake nearby with the inter-
vals of hours to years. An example includes megathrust earthquakes at the Kurile Trench. The 2004 November 29 Nemuro-oki
earthquake followed the 2003 September 25 Tokachi-oki earthquake. A significant afterslip was observed between those two
earthquake rupture regions. Furthermore the afterslip has propagated from the Tokachi-oki earthquake region to the Nemuro-oki
region. Thus the Nemuro-oki earthquake is thought to be triggered by the afterslip. In such a case, forecast of afterslip propaga-
tion may help to predict the triggering of the second large event (the Nemuro-oki earthquake in this case).

This study is dedicated to develop a forecasting system of afterslip evolution. Evolution of slip velocity and frictional coeffi-
cient is governed by a rate- and state- dependent friction law. Three frictional parameters determine the friction that acts on the
plate interface. Thus we need to know frictional parameters in addition to the initial conditions of differential equations. Kano et
al. (2010, in Japanese) first employed an adjoint method and examined how this method works for our purpose by twin experi-
ments. They used decaying phase of afterslip velocity on the plate surface to update frictional parameters. However, all frictional
parameters are not constrained by those data. Thus we use data for the propagation of afterslip and investigate the possibility of
estimating other parameters. The results are summarized as follows:

(1) Decaying part of afterslip data constrains the initial value of slip velocity and frictional parameter a-b, but does not either
the initial value of state variable or the parameter L.

(2) Early phase of afterslip data prior to reaching to the steady state constrains the parameter L and initial value of state variable
theta.

(3) Data for the propagation of afterslip constrains all of parameters a, a-b, and L.
The adjoint method, which is numerically efficient one, would be one of the future courses of developing a forecasting system

of earthquake generation.
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アジョイント法による地震断層面・余効すべり面摩擦パラメータの同時推定
Simultaneous estimation of frictional parameters on earthquake and afterslip rapture areas
using an adjoint method
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Recent developments of numerical and observational techniques in seismology and geodesy enhance our ability of drawing
more realistic pictures of thrust-type earthquake generation cycles along subduction zones. Forward integrations of the equation
of motion with the rate and state friction law (the frictional parameters; A, B, and L) allow to simultaneously depict the multi-
time scale ruptures on a fault plane, namely, an earthquake and the associated afterslips. In addition, the denser GPS network
such as the GEONET array provides more detailed information of the crustal deformation due to earthquakes. In consequence,
for improving our earthquake cycle model, it is expected to assimilate the observational information on the crustal movement
into the earthquake cycle model through adjusting the frictional parameters on both earthquake and afterslip surfaces.

In this couple of years, opportunities for the application of the data assimilation technique rapidly increased. However, we still
face difficulties. First, few assimilation approaches are successful to simultaneously estimate all the frictional parameters on the
earthquake and afterslip planes. An earthquake and the associated afterslips can be in a cause-effect sequence; therefore, their
frictional parameters on both surfaces should be simultaneously obtained. However, it is difficult to simultaneously perform data
assimilation of the earthquake and afterslips due to their widely-separated time constants (from a few seconds to more than a
year). Second, we still make a trial-and-error method to find out an adequate assimilation time window. It is crucial to properly
assess the data assimilation window for most efficiently evaluating the frictional parameters.

To tackle the first problem, we develop an adjoint backward technique with adaptive time steps based on the fifth-order Runge-
Kutta forward integration (Press et al, 1993). We then apply the adjoint technique for the synthetic ”twin” experiments in which
the known true model is tried to be recovered with assimilating the artificial observed data into the iterative model. The synthetic
twin experiments show that our adjoint technique with adaptive time steps can estimate all the frictional parameters (A, B, and
L) on the earthquake fault plane as well as the afterslip areas even in different time scales.

To find an adequate assimilation time window, we plot and analyze the sensitivities of the slip velocity (V) in terms of the
parameters (A, B, and L) on the earthquake and afterslip surfaces. It suggests that the assimilation time window should cover at
least that of the acceleration phase of the slip velocity (dV/dt>0).

We note that our results account for the possibility of estimating the frictional parameters on earthquake and afterslip surfaces
in the theoretical framework. Therefore, we need to develop our adjoint method for more detailed earthquake cycle models with
the real observational data.
Keywords: assimilation, adjoint method, earthquake cycle, afterslip, frictional parameter
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アンサンブルフィルタにおける観測誤差共分散行列の反復推定法
An iterative algorithm for estimating the observation error covariance matrix for ensemble-
based filters
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In data assimilation, covariance matrices are introduced in order to prescribe the properties of the initial state, the system noise
(model error, process noise), and the observation noise (observation error). Suitable specification of the covariance matrices is
essential for obtaining sensible estimates, and misspecification of the matrices may lead to over- or under-fitting of the data and/or
failure of the assimilation altogether. We present a technique for optimizing covariance matrices for observation noise.

Methods for estimating the optimal covariance are typically based on a common statistic, specifically the so-called “innova-
tion,” which is the difference between the observation and the predicted model state. Innovations are evaluated in the methods
of minimizing the squared innovations, the maximum likelihood, Bayesian estimation, and the covariance matching. The above-
mentioned methods for estimating optimal covariance are, however, originally constructed based on linear-Gaussian state space
models, that is, it is assumed that both the system equation and the observation equation are linear, and that both the system noise
and the observation noise follows from Gaussian distributions. However, the maximum likelihood can be extended even when the
system and observation equations are nonlinear (Ueno et al., 2010). Nonlinearities in the system equation are typically introduced
by the advection term in the momentum equation, and can be dealt directly with by ensemble-based assimilation methods such
as the ensemble Kalman filter (EnKF) and the particle filter (PF). Ueno et al. (2010) has proposed a method of ensemble-based
maximum likelihood, where the likelihood is approximated with the ensemble, and demonstrated that the method can estimate
the parameters that describe the covariance for system noise and observation noise. Their procedure of maximizing the likeli-
hood, however, requires huge computational costs; it requires assimilation runs many times that amount to the total number of
combinations of the parameters. It means that the method of ensemble-based maximum likelihood may not work in practice
where tens or more covariance parameters need to be optimized.

Here we propose an efficient algorithm for the maximum likelihood estimation of the observation noise covariance. The
algorithm is based on an analytical derivation of the derivative of the ensemble-approximated likelihood with respect to the
observation noise covariance, and forms an iterative updating procedure for estimating the optimal covariance parameters. The
algorithm works with the ensemble-based filters in which the likelihood can be approximated with the ensemble. Since the algo-
rithm does not require evaluating likelihood for every combination of the covariance parameters as done in Ueno et al. (2010), it
can estimate many elements in the observation noise covariance matrix.
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