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1. Mission and Basic Principles of the Earth Simulator
The Earth Simulator was developed for the following aims. The first aim is to ensure a bright future for human beings by

accurately predicting variable global environment. The second is to contribute to the development of science and technology

in the 21st century. Based on these aims, four principles are established for the projects of the Earth Simulator.

1) Each project should be open to researches in each research field and to the public, rather than it is confined within the

limited research society.

2) In principle, the research achievements obtained by using the Earth Simulator should be promptly published and returned

to the public.

3) The Mission Definition Committee will examine the research achievements and encourage effective operations.

4) Each project should be carried out for peaceful purposes only.

Outline of the Earth Simulator Project

2. Managing System for the Earth Simulator Project
The Earth Simulator Project is managed under policy which is decided by the Mission Definition Committee and the

Selection Committee. The Mission Definition Committee enacts the basic charter of the Earth Simulator and draws up its mis-

sion. Research projects using the Earth Simulator are selected by the Selection Committee every year. 

Fig. 1  Managing System for the Earth Simulator Project
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3. Earth Simulator Research Project
There are three fields of Earth Simulator Research Projects, as follows:

･ Earth Science

･ Computer Science

･ Epoch-making Simulation

Allocation of the Earth Simulator resources is planned by the Mission Definition Committee each fiscal year. The alloca-

tion of resources for each research field in FY2008 was decided to be as shown in following graph (Fig. 2).

Public project recruitment for Earth Simulator Research Projects in FY2008 was held in February 2008, and 41 research

projects were selected by the Selection Committee. The allocation of resources for each project was also decided by the

Selection Committee.

Fig. 2  The Allocation of Resources of the Earth Simulator in FY2008

Authorized Projects in FY2008

Earth Science (16 projects)

Title Affiliation of project leaderProject leader

Atmospheric Composition Change and its Climate Effect 
Studied by Chemical Transport Models

Understanding and Forecasting High-Impact Phenomena in
the Atmosphere and Ocean

Multi-scale Weather/Climate Simulations with Coupled 
Non-hydrostatic Ocean-Atmosphere GCM on the Earth
Simulator

Study on the Mechanism of Climate and Ocean Variability and 
Their Predictability

Development of a High-Resolution Coupled 
Atmosphere-Ocean-Land General Circulation Model for
Climate System Studies

1

2

3

4

5

Hajime Akimoto

Wataru Ohfuchi

Keiko Takahashi

Toshio Yamagata

Akira Noda

FRCGC, JAMSTEC

ESC, JAMSTEC

ESC, JAMSTEC

FRCGC, JAMSTEC

FRCGC, JAMSTEC
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Simulations of Atmospheric General Circulations of 
Earth-like Planets by AFES

Study on the Diagnostics and Projection of Ecosystem
Change Associated with Global Change

Development of a Numerical Model of Urban Heat Island

Global Elastic Response Simulation

Simulation Study on the Generation and Distortion Process
of the Geomagnetic Field in Earth-like Conditions

Numerical Simulation of the Mantle Convection

Predictive Simulation for Crustal Activity in and around Japan

Numerical Simulation of Seismic Wave Propagation and
Strong Ground Motions in 3-D Heterogeneous Media

Simulation of Earthquake Generation Process in a Complex
System of Faults

Development of Advanced Simulation Tools for Solid Earth
Sciences

Numerical Simulations of the Dynamics of Volcanic 
Phenomena

6

7

8

9

10

11

12

13

14

15

16

Yoshiyuki Hayashi

Eitaro Wada

Yasunobu Ashie

Seiji Tsuboi

Yozo Hamano

Yoshio Fukao

Mitsuhiro Matsuura

Takashi Furumura

Kazuro Hirahara

Akira Kageyama

Takehiro Koyaguchi

Graduate School of Science,
Kobe University

FRCGC, JAMSTEC

Building Research Institute

IFREE, JAMSTEC

IFREE, JAMSTEC

IFREE, JAMSTEC

Graduate School of Science,
The University of Tokyo

Earthquake Research Institute,
University of Tokyo

Graduate School of Science, 
Kyoto University

ESC, JAMSTEC

Earthquake Research Institute,
University of Tokyo

Title Affiliation of project leaderProject leader

Development of Macro-Micro Interlocked Simulation Algorithm

Development of General Purpose Numerical Software
Infrastructure for Large Scale Scientific Computing

17

18

Kanya Kusano

Akira Nishida

ESC, JAMSTEC

Research Institute for Information 
Technology, Kyushu University

Computer Science (2 projects)

Epoch-making Simulation (23 projects)

Title Affiliation of project leaderProject leader

Numerical Simulation of Rocket Engine Internal Flows

Large-scale Simulation on the Properties of Carbon-Nanotube

Development of the Next-generation Computational Solid 
Mechanics Simulator for a Virtual Demonstration Test

Large-scale Simulation for a Terahertz Resonance
Superconductors Device

19

20

21

22

Nobuyuki Tsuboi

Syogo Tejima 

Ryuji Shioya

Masashi Tachiki

Japan Aerospace Exploration
Agency

Research Organization for 
Information Science & Technology

Faculty of Engineering,
Toyo University

Research Organization for
Information Science & Technology
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Particle Modeling for Complex Multi-Phase System with
Internal Structures using DEM

Cosmic Structure Formation and Dynamics

Direct Numerical Simulations of Fundamental Turbulent 
Flows with the Largest Grid Numbers in the World and its 
Application of Modeling for Engineering Turbulent Flows

Large-scale Softmaterial Simulation on Drug Delivery System

Nano-Simulation of Electrode Reaction in Fuel Cells

Synergetic Simulation Study on Cross-Hierarchy Complex
Physics in High-Temperature Plasmas

Revolutionary Simulation Software for the 21st Century

Study on Numerical Predictions of Complex
Thermal-Hydraulic Dynamics in Nuclear Reactors by
Large-Scale Simulations

Numerical Studies for Novel Superconducting properties
and Neutron Detector Applications by Superconductor
Nano-fabrication Techniques

Electronic and Atomistic Simulations on the Irradiation
Induced Property Changes and Fracture in Materials

A Large-Scale Post-Genome Analysis using Self-Organizing
Map for all Genome and Protein Sequences

Analysis of the Function of a Large-Scale Supra-Biomolecule 
System by Molecular Dynamics Simulation

Simulation of Damage of Wide Coastal Area due to the Huge
Tsunami

Econophysics Analysis of High Frequency Economic Data

Direct Numerical Simulation of Turbulent Sodium Flows in 
Subchannels of an LMFBR Fuel Subassembly

Simulation of Interaction between External Energy and Clouds

Numerical Prediction of Turbulent Combustion Flows for 
1700˚C Class Gas Turbine Combustor

Realistic Simulations for Structure Changes of Very Large 
Proteins

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Hide Sakaguchi

Ryoji Matsumoto

Yukio Kaneda

Atsushi Miyauchi

Tamio Ikeshoji

Tomohiko Watanabe

Chisachi Kato

Kazuyuki Takase

Masahiko Machida

Hideo Kaburaki

Toshimichi Ikemura

Atsushi Matsumoto

Shigeo Takahashi

Misako Takayasu

Hisashi Ninokata

Masahiro Mori

Nobuyuki Oshima

Minoru Saito

IFREE, JAMSTEC

Graduate School of Science,
Chiba University

Graduate School of Engineering,
Nagoya University

Research Organization for
Information Science & Technology

National Institute of Advanced
Industrial Science and Technology

Theory and Data Analysis
Division, National Institute for
Fusion Science

Institute of Industrial Science,
University of Tokyo

Japan Atomic Energy Agency

Japan Atomic Energy Agency

Japan Atomic Energy Agency

Nagahama Institute of Bio-Science
and Technology

Japan Atomic Energy Agency

Port and Airport Research Institute

Interdisciplinary Graduate School 
of Science and Engineering, 
Tokyo Institute of Technology

Graduate School of Engineering,
Tokyo Institute of Technology

Japan Aerospace Exploration 
Agency

Graduate School of Engineering,
Hokkaido University

Faculty of Science and Technology,
Hirosaki University
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JAMSTEC：Japan Agency for Marine-Earth Science and Technology 

FRCGC：Frontier Research Center for Global Change 

IFREE：Institute for Research on Earth Evolution 

ESC：The Earth Simulator Center

Protein Folding Simulations from the First Principles41 Yuko Okamoto
Department of Physics, 
Nagoya University
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4. International Collaboration Projects
We place special emphasis on elevating the worldwide power of simulation science and technology. As one way to achieve

this task, we are doing our best to promote international collaboration based on institution-to-institution agreement.

Table 1  International Collaboration Projects in FY 2008

Met Office Hadley Centre, UK

NCAS-Climate, University of Reading, UK

Recherche en Prévision Numérique, Meteorological Service of Canada, Canada

National Energy Research Scientific Computing Center, USA

Computational Visualization Center, The University of Texas at Austin, USA

Centre National de la Recherche Scientifique, France

Institut Français de Recherche pour l'Exploitation de la Mer, France

Department of Geology and Geophysics, University of Minnesota, USA

International Arctic Research Center, University of Alaska Fairbanks, USA

National Applied Research Laboratories, Taiwan

Meraka Institute, South Africa

5. Domestic Collaboration Projects
In addition to international collaboration projects, we also pursue research activities based on domestic collaboration, espe-

cially for industrial researches. We will continue to promote collaboration with them more strongly. 

Table 2  Domestic Collaboration Projects in FY 2008 

Simulation of soil and structure: Osaka University

Simulation of urban climate change: Building Research Institute

Modeling and simulations of a coupled system of wind turbine generators with multi-scale simulator for  
the geoenvironment (MSSG): University of Tokyo

Data Assimilation based on ensemble Kalman Filtering: Doshisha University, Japan Meteorological Agency

Research and development for MSSG calculation performance optimization in the next-generation supercomputer 
system: RIKEN

The large-scale numerical simulation of the weather / oceanographic phenomena for international maritime 
transportation system: Kobe University
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6. System Configuration of the Earth Simulator
The Earth Simulator is a highly parallel vector supercomputer system of the distributed-memory type, consisting of 640

processor nodes (PNs) connected by 640x640 single-stage crossbar switches. Each PN is a system with a shared memory, con-

sisting of 8 vector-type arithmetic processors (APs), a 16 GB main memory system (MS), a remote access control unit (RCU),

and an I/O processor. The peak performance of each AP is 8 Gflops. Thus, the ES as a whole consists of 5120 APs with 10 TB

of main memory and theoretical performance of 40 Tflops.

Table 3  Specification of the Earth Simulator 

Peak performance/AP

Peak performance/PN

Shared memory/PN

8 Gflops

64 Gflops

16 GB

Total number of APs

Total number of PNs

Total peak performance

Total main memory

5120

640

40 Tflops

10 TB

From October 2003, an MDPS (Mass Data Processing System) was installed as a new data storage system, which renews

the archive system. It consists of four file service processors, 250 TB disks, and a currently used 1.8 PB cartridge tapes library

(CTL). The MDPS was adopted in order to improve manageability for data transmission performance and access.

In April 2007, the Earth Simulator Center/JAMSTEC was connected with the SINET3(*) with four lines of 1Gbps.It is

expected to contribute to effective use of data obtained from the Earth Simulator.

(*) The SINET3 is an ultra-high-speed network operated by the National Institute of Informatics(NII).

Fig. 3  Network Composition around the Earth Simulator 
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7. History and Event Calendar

Jan. 28

Mar. 1

Mar. 6

Mar. 11

Mar. 15 

Apr. 18

Jun. 5

Jun. 20

Jun. 21-30

Jul. 10

Jul. 16

Sep. 28

Oct. 23

Nov. 1-30

Nov. 20 

Nov. 21

Dec. 13

Dec. 24

2nd Advisory Committee

Operation of the Earth Simulator

1st Orientation of the Earth Simulator users

2nd Orientation of the Earth Simulator users

Opening Ceremony at the Earth Simulator Center

Earth Simulator achieved 35.61 Tflops using Linpack HPC, registered as No.1 in the Linpack report dated  

April 17, 2002. (Press release by JAMSTEC)

1st meeting of the Mission Definition Committee

Earth Simulator certified as the world’s fastest supercomputer, with performance of 35.86 Tflops,  

in the TOP500 list of June 2002.

Public project recruitment of FY2002

1st Selection Committee

Start of the authorized projects of FY2002

1st Earth Simulator Center Symposium at Pacifico Yokohama

"Harmonious Relationship between the Earth and Mankind"

2nd Mission Definition Committee

Additional public project recruitment of FY2002

Earth Simulator certified as the fastest supercomputer, in the TOP500 list of November 2002.

Gordon Bell Awards at SC2002 in US; 

• “A 26.58 Tflops Global Atmospheric Simulation with the Spectral Transform Method on the Earth Simulator”

   (Award for Peak Performance) 

• “14.9 Tflops Three-dimensional Fluid Simulation for Fusion Science with HPF on the Earth Simulator”

   (Award for Language) 

• “16.4 Tflops Direct Numerical Simulation of Turbulence by a Fourier Spectral Method on the Earth Simulator”

   (Awards for special accomplishment) 

2nd Selection Committee

Start of the additional authorized projects of FY2002

Year 2002

Feb. 1-2

Feb. 28

Mar. 5

Mar. 12-30

Apr. 10

Apr. 19

Jun. 3

Annual Meeting for research projects in FY2002

3rd Advisory Committee

3rd Mission Definition Committee

Public project recruitment of FY2003

3rd Selection Committee

Open House of Yokohama Institute for Earth Sciences

Won the 2003 Computerworld Honors 21st - Century Achievement Awards in the Environment,  

Energy & Agriculture category

Year 2003

Apr. 1

Dec. 1

Dec. 7

The Earth Simulator Center established as part of Japan Marine Science and Technology Center.

Prof. Tetsuya Sato became director of the Earth Simulator Center.

1st Advisory Committee

Year 2001
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Jan. 10-11

Jan. 21

Jan. 22

Feb. 2-29

Mar. 11

Mar. 19 

Apr. 1 

Apr. 17 

May. 20 

Jun. 16 

Jun. 23

Sep. 15

Oct. 13

Oct. 25 

Nov. 11 

Nov. 29 

Annual Meeting for research projects in FY2003

4th Advisory Committee

5th Mission Definition Committee

Public project recruitment of FY2004

4th Selection Committee

Won the Tokyo Creation Award 2003

Start of the authorized project of FY2004

Open House of Yokohama Institute for Earth Sciences

Won the IPSJ Industrial Achievement Award

ESC made a contract with the Japan Automobile Manufacturers Association  for collaborative research.

Earth Simulator certified as the fastest supercomputer, in the TOP500 list of June 2004.

1st meeting of the reorganized Mission Definition Committee 

3rd Earth Simulator Center Symposium at Iino Hall (Tokyo) 

"A Harmonious Relationship between the Earth and Mankind ~ the Earth is changing this way"

ESC made a contract with the Institute of Economic Research of Hitotsubashi University  

for collaborative research. 

Won the Gordon Bell Award at SC2004 conference in U.S.;

•  "A 15.2 TFlops Simulation of Geodynamo on the Earth Simulator"

   (Award for Peak Performance)

Mid-term Evaluating Committee starts evaluating the research activities associated with 

the Earth Simulator. 

Year 2004

Jan. 7-8 

Jan. 13 

Jan. 19 

Feb. 2-28

Mar. 10

Mar. 25-

Spt. 25

Apr. 1

Apr. 16

May. 16

Jun. 13

Annual Meeting for research projects in FY2004

2nd Mission Definition Committee 

Initiation of international collaborative research with Hadley Centre for Climate Prediction and Research

Public project recruitment of FY2005

5th Selection Committee

EXPO 2005 AICHI JAPAN was held in Aichi Prefecture and the visual contents associated with 

the Earth Simulator were displayed.

Start of the authorized project of FY2005

Open House of the Yokohama Institute for Earth Sciences

"The Program for Strategic Use of Advanced Large Research Facilities" project recruitment of FY2005

3rd Mission Definition Committee

Year 2005

Jun. 19

Jun. 25

Aug. 21

Nov. 16

Nov. 20

2nd Earth Simulator Center Symposium at NATIONAL MUSEUM OF EMERGING SCIENCE AND 

INNOVATION (TOKYO)

"Harmonious Relationship between the Earth and Mankind~A message from another Earth"

Earth Simulator certified as the fastest supercomputer, in the TOP500 list of June 2003.

4th Mission Definition Committee

Earth Simulator certified as the fastest supercomputer, in the TOP500 list of November 2003.

Won the Gordon Bell Award at SC2003 in U.S.;

• "A 14.6 Billion Degrees of Freedom, 5 Teraflop/s, 2.5 Terabyte Earthquake Simulation on the Earth Simulator"

   (Award for Peak Performance) 
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Jan. 6-8 

Jan. 8 

Jan. 20-

Feb. 20

Feb. 2

Mar. 8

Apr. 1

Apr. 15

Sep. 1

Sep. 22

Sep. 29

Nov. 1

Nov. 15

Dec. 1

Annual Meeting for research projects in FY2005

5th Mission Definition Committee 

Public project recruitment of FY2006

Dr. Kageyama, a project leader of Solid Earth Science research field, received 

JSPS (Japan Society for the Promotion Science) prize.

6th Selection Committee

Start of the authorized project of FY2006

Open House of the Yokohama Institute for Earth Sciences

Conclusion of Collaborative Research Agreement between the ESC and Institute of High Performance 

Computing (Singapore)                                                                                                                                                   

- International Cooperation on the advancement of scientific research and technological development in ocean  

and earth, and engineering sciences -

5th Earth Simulator Center Symposium at the Center for the Advancement of Working Women "Harmonious 

Relationship between the Earth and Mankind~The front of simulation science"

Conclusion of Collaborative Research Agreement between the ESC and Business Development Division, 

National Applied Research Laboratories (Taiwan)  

- International Cooperation on hydrology/ meteorology modeling and simulation -

Conclusion of Collaborative Research Agreement between the ESC/JAMSTEC and Building Research Institute

- Collaborative research on abnormal weather in urban area by using the Earth Simulator - 

Conclusion of Joint Research Agreement among the ESC/JAMSTEC, Chiba Institute of Science and Japan

Meteorological Agency    

- To develop technology of data assimilation based on ensemble Kalman filtering using the Earth Simulator -

Conclusion of Joint Research Agreement between the ESC/JAMSTEC and University of Tokyo

- To develop performance evaluation technology of wind turbine generator using the Earth Simulator - 

Year 2006

Jul. 1 

Jul. 8

Jul. 12-15

Jul. 14

Sep. 1

Sep. 22

Oct. 1

Nov. 2

Dec. 15-

Jan. 31 

Starting "The Remote Batch Job Entry for Earth Simulator", for all users using the Earth Simulator inside and 

outside the country

Start of the authorized "The Program for Strategic Use of Advanced Large Research Facilities" 

projects of FY2005

Prof. Tetsuya Sato, the Director-General of the Earth Simulator Center, received 

the second John Dawson Prize at ICNSP&APPTC joint international conference.

4th Earth Simulator Center Symposium at Chiyoda Uchi-Saiwai-cho Hall 

"Harmonious Relationship between the Earth and Mankind~ The front of simulation science"

Won "Global 100 Eco-Tech Awards", in EXPO 2005 AICHI JAPAN

4th Mission Definition Committee

Start of the authorized "Core Research for Evolutional Science and Technology" projects of FY2005

Dr. Sumi's project of  "The Kyosei Project" (supported by MEXT) won 

"Nikkei Global Environmental Technology Award"

"The Program for Strategic Use of Advanced Large Research Facilities" project recruitment of FY2006
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Jan. 26-27 

Jan. 28 

Feb. 1-28

Feb. 1

Mar. 1

Mar. 5

Apr. 1

Apr.16

May. 2

Oct. 31

Annual Meeting for research projects in FY2006

6th Mission Definition Committee 

Public project recruitment of FY2007

Conclusion of Collaborative Research Agreement between the ESC and Meraka Institute  

- International cooperation on Simulation Study and Human Capital Development -

Conclusion of Joint Research Agreement between the ESC/JAMSTEC and Osaka University 

- Cooperative Simulation Study of Building Damage caused by Earthquake -

7th Selection Committee

Start of the authorized project of FY2007

7th Mission Definition Committee

Open House of the Yokohama Institute for Earth Sciences 

6th Earth Simulator Center Symposium at the Center for the Advancement of Working Woman "Harmonious  

Relationship between the Earth and Mankind ~Taking the lead in Making Rapid Progress of Simulation Sciecne~

Year 2007

Jan. 11-12 

Jan. 13 

Feb. 1-22

Mar. 1

Mar. 13

Apr. 1

Apr. 8

Apr. 8

Aug. 25-26

Aug. 28

Sept. 20

Oct. 15

Dec. 9-10

Annual Meeting for Research Projects in FY2007

8th Mission Definition Committee 

Public project recruitment of FY2008

8th Selection Committee

"Gulf Stream's Influence to the Troposphere has been Revealed"

This article written by Dr.Akira Kuwano-Yoshida and Dr. Nobumasa Komori who are the members of  

international research team was published in Nature.

Start of the authorized project of FY2008

Dr. Ryo Onishi Received JSME Young Engineers Award of FY2007

Dr. Yuya Baba Received JSME Medal for Outstanding Paper FY2007

OFES International Workshop

"New Generating Mechanism of Geomagnetic Field Found in the Highest-resolution Simulations 

Using Earth Simulator" written by Dr. Akira Kageyama, Dr.Tetsuya Sato and Dr.Takehiro Miyagoshi was 

published in "Nature"

Open House of the Yokohama Institute for Earth Sciences

Dr. Yuya Baba Received Certificate of Merit for Thermal Engineering Best Paper of FY2007,

Thermal Engineering Division, JSME.

Annual Meeting for research projects in FY2008

Year 2008
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The JMA transport model is used for source/sink inversion atmospheric CO2 and forward transport modeling. Using the

inverse modeling fluxes, Greenhouse Gases Monitoring Information system has been developed to provide simulated CO2

concentrations in near-real time by the JMA. The forward transport modeling errors due to the used of meteorology and trans-

port model have been estimated using JMA and NIES/FRCGC models. After validating the CCSR/NIES/FRCGC AGCM-

based Chemistry-Transport Model (ACTM) for tracer transport at various time and space scales, ACTM is used to simulate

CH4 and N2O between earth's surface and the mesosphere (~90 km) by implementing simple photo-chemical loss schemes and

representing surface fluxes realistically. The model results have been compared with observations in situ near the earth's sur-

face and satellite-based remote sensing measurements in the stratosphere. We also have been developing AGCM-based chem-

istry and aerosol coupled climate simulations combining a chemistry climate model (CHASER) and an aerosol climate model

(SPRINTARS). By introducing nitrate aerosol (NO3
–) to this model, we find nitrate aerosols play an important role in the

observed changes in regional climate like Asian monsoon and imply that the future Asian climate will be affected by nitrate

aerosol rather than by sulfate. 

Keywords: gases and aerosols, chemistry-transport modeling, source-sink inversion, climate model

1. Inter-comparison of CO2 forward simulations using
two CTMs and flux inversions
This year, we have compared CO2 transport modeling

results using FRCGC/NIES (CTME; Maksyutov et al.,

2008) and JMA (CDTM) transport models driven by NCEP

and JRA-25 reanalysis meteorology, respectively. The

TransCom-3 pre-subtracted CO2 tracers (fossil-fuel burning,

neutral biosphere and air-sea exchange) are simulated for the

period of 1988–2001. In case A, we used inter-annually

varying (IAV) reanalysis meteorology. In case B, we repeat-

ed specific year's meteorology for the entire simulation peri-

od (1988–2001). Figure 1 shows the difference between two

CO2 time series in case A for both the CTMs. In most sta-

tions, CDTM shows higher seasonal amplitude than CTME.

In case B, the standard deviation of CDTM due to inter-

annually varying wind shows higher value than that of

CTME (Table 1). The standard deviation of the difference

between CTME and CDTM is higher than the standard devi-

ation of CDTM (also CTME) due to IAV wind. This means

that the between model variability is larger than the inter-

annual model variability caused by the meteorology. We

should continue model inter-comparison experiment with

tracers of better known surface fluxes. 

We have developed high resolution inversion system in

this project. The system shows better performance (observa-

tional data selection rate, etc.) than current inversion system.

Also we have gained sufficient knowledge and technique

about high resolution inversion system from this intercom-

Fig. 1  The difference between two transport model simulation in case A

(using IAV meteorology).
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Fig. 2  A sample picture of surface CO2 concentration is shown from

Greenhouse Gas Monitoring Information by JMA.

Table 1  Standard deviation of "between model" and "between wind" differences (in ppm).

parison project. JMA has a plan to upgrade Greenhouse Gas

Monitoring Information (will be provided from early 2009)

using this high resolution inversion system in a few years

(Fig. 2). 

2. Simulation of nitrous oxide (N2O) and methane
(CH4) using ACTM
To understand transport timescales of atmospheric con-

stituents within the troposphere, transport times of air

parcels from the surface to different regions of the tropo-

sphere ("age") are estimated using the newly adopted

CCSR/NIES/FRCGC AGCM-based Chemistry-Transport

Model (ACTM). The age provides important diagnostics for

the tracer transport mechanisms in the troposphere due to

advection, cumulus convection and vertical diffusion at

daily, weekly and monthly time scales. The model simula-

tions of an "ideal" transport tracer (SF6) are compared with

observations and shown that ACTM is capable of producing

near-perfect north-south latitudinal gradients in observed

SF6. Interhemispheric exchange times (τex) are calculated

from both the observed and simulated SF6 time series at the

6 observing sites to validate ACTM tracer transport in analy-

sis nudging mode (see Patra et al., 2008 for details).

We used the 67-layers version of ACTM for simulating

the gases with stratospheric chemical loss (N2O, CFC-12,

CH4). The ACTM is nudged with NCEP2 reanalysis for the

whole periods of simulations of CH4 and N2O (1991–2007).

The results were validated by comparing with ground-based

observations and satellite data in the stratosphere. In under-

standing global N2O cycles, three processes have to be con-

sidered, namely, (1) surface fluxes in the troposphere, (2)

photochemical loss in the stratosphere and (3) troposphere-

stratosphere exchange (STE). Stratospheric N2O gradients

produced by dynamics and photochemical loss control the

STE intensity, and thereby the surface concentrations. This

is identified as one of the main sources of uncertainty in esti-

mating N2O surface fluxes by inverse modeling. It should be

noted here that most CTMs utilized in N2O and CH4 research

do not treat the stratospheric chemistry explicitly, and thus

are prone to discontinuity at the tropopause region, which

can results in unrealistic STE rates. Figure 3 shows latitude-

pressure cross-sections of monthly and zonal mean N2O con-

centration obtained by model and MLS/Aura satellite obser-

vation in January and July of 2005. Generally, the concentra-

tion gradients from tropics to higher latitudes and its season-

ality are well reproduced by the model. Both in observation

and model, regions of enhanced N2O upwelling from the tro-

posphere into the stratosphere appear at the latitude of 0–30˚

in the summer hemisphere. 

Likewise N2O, the simulation of CH4 in the lower atmos-

phere also depends on surface flux distribution, seasonality

and STE. However, the largest loss of CH4 occurs in the tro-

posphere by the reaction with hydroxyl radical (OH).

Detailed comparison of CH4 simulations (using a suitable set

of surface fluxes, CHASER OH and ACTM) with ground-

based observations have been conducted (Patra et al., 2009).

In Fig. 4 we show the comparison of quasi-biennial oscilla-

tion (QBO) cycle in stratospheric distribution of atmospheric

CH4. During the easterly QBO phase, CH4 is efficiently

transported upward in the tropical lower stratosphere. On the

contrary, meridional CH4 transport is strongest in the lower

stratosphere during westerly QBO phase and relative low

CH4 concentrations can be seen in the middle and upper tro-

posphere. These conditions are well reproduced by the

ACTM when nudged with NCEP2 (or ECMWF ERA40)

meteorology. 

3. Development of chemistry-aerosol coupled climate
model
We have been integrating chemistry and aerosol coupled

climate simulations combining the chemistry climate model

CHASER (Sudo et al., 2002) and aerosol climate model

SPRINTARS (Takemura et al., 2003). Both model compo-

 Site Name (Location) JMA-FRCGC (Case A) FRCGC (Case A–B) JMA (Case A–B)

 Minamitorishima (154˚E, 24˚N) 0.729 0.439 0.627

 South Pole (90˚S) 0.603 0.143 0.394 
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nents have been developed in the framework of the

CCSR/NIES/FRCGC climate model. In the FY-2008, we

newly introduced simulation of nitrate aerosol (NO3

–) to the

global aerosol-climate model using an aerosol thermody-

namics module (ISORROPIA). The previous versions of our

aerosol model consider only sulfate and organic aerosols as

hygroscopic particles that can function as CCN (Cloud

Condensation Nuclear). However, nitrate aerosol, produced

by oxidation of NOX, is another important hygroscopic

aerosol as well. Our simulation shows that there are anom-

Fig. 3  Comparison of latitude-pressure distributions of N2O measured by MLS instrument onboard the Aura satellite (source:

JPL/NASA, http://mls.jpl.nasa.gov) and ACTM simulation. Model results are sampled on the measurement day and loca-

tion before averaging.

Fig. 4  Comparison of zonal average timeseries of CH4 as measured by the HALOE/UARS instrument and simulated by ACTM

during the period of 1991–2004, averaged over 5–30˚ latitudes in each hemisphere. Model results are sampled on the

measurement day and location before averaging.
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alously high concentrations of nitrate aerosol in South Asia

(particularly around India), coming from abundant ammoni-

um and lower sulfate emission in this region (Fig. 5). In

India, free tropospheric mixing ratio and number concentra-

tion of nitrate are both larger than those of sulfate in winter

to early summer. This result suggests nitrate aerosol may

play an important role in the observed changes in regional

climate like Asian monsoon. This result further implies that

future Asian climate may be affected by nitrate aerosol

rather than by sulfate. This is because continued increase in

emissions of nitrate precursor gases (NOX) are expected by

most of the emission scenarios, but decreases in sulfate pre-

cursors (SO2) emissions are projected especially in Asia.

Development of such a chemistry-aerosol coupled climate

model is required for evaluating leverages under different

projection scenarios of sulfate and nitrate precursor gases.
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Fig. 5  Calculated nitrate (left) and sulfate (right) mixing ratios at 700 hPa altitude in Asia for March, April, and May.
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全球・地域スケール化学輸送モデルによる大気組成変動と
その気候影響の研究
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秋元　　肇 海洋研究開発機構　地球環境フロンティア研究センター

著者

真木　貴史＊1，石島健太郎＊2，須藤　健吾＊3, 2，プラビール・パトラ＊2

＊1 気象庁　地球環境・海洋部

＊2 海洋研究開発機構　地球環境フロンティア研究センター

＊3 名古屋大学　環境学研究科

1. 大気中二酸化炭素濃度の前進計算および逆解析の相互比較
2つの大気輸送モデル、FRCGC/NIESのCTMEおよび気象研のJMA CDTMを用いて輸送比較実験を実施した。1988～

2001年についてCO2前進計算を行い、JMA CDTMはFRCGC/NIESよりも大きな季節変動を示す傾向があること、モデル

間の輸送の違いは、各モデル内の年ごとに違う気象場に起因する輸送の違いよりも大きいことなどが分かった。同時に本

共同実験に基づいて高解像度逆解析システムを開発し、観測データの選別率などで従来のシステムを上回る性能を示した。

今回得られた知見は、気象庁が来春に公表開始を予定している温室効果ガス監視情報の高度化に活用する計画である。

2. 大気化学輸送モデルを用いた一酸化二窒素とメタンの計算
大気輸送の時間スケール理解のためにCCSR/NIES/FRCGC 気候モデルをベースとした大気化学輸送モデル（ACTM）を

用い、対流圏における空気の年代の計算を行い、移流・対流・拡散からなる大気輸送メカニズムを調べた。さらに六フッ

化硫黄（SF6）を用いて、半球間大気交換時間を計算し観測値と比較した結果、本モデルの輸送は極めて現実に近いことが

確認された。このように対流圏－下部成層圏における大気輸送メカニズムを把握した上で、鉛直67層のACTMに単純な化

学計算を導入し一酸化二窒素（N2O）とメタンの計算を行い、地上連続観測や成層圏衛星リモートセンシング観測との比較

を行った。N2Oは熱帯上部対流圏から高高度・極方向への濃度勾配とその季節変化、および夏半球熱帯域の上昇流に伴う

濃度変化についてはよく再現されていたが、極渦内の濃度については過大評価気味であった。メタンについては衛星で観

測された成層圏内の濃度変動におけるQBOシグナルも本モデルで再現された。

3. 全球エアロゾル・気候モデルの開発
全球エアロゾル・気候モデル SPRINTARSおよび全球化学・気候モデルCHASERを軸とした大気化学・エアロゾル結

合気候モデル開発の一環として、本年度は、硝酸塩（NO3
–）を追加し、硫酸塩計算の改善を行った。エアロゾル熱力学平衡

モデル（ISORROPIA）を化学・エアロゾル計算過程に新たに導入し、硫酸塩・アンモニウム塩・硝酸塩の複合系のシミ

ュレーションを可能にし、アンモニア・アンモニウムの硫酸塩（吸湿性）への影響も反映できるようになった。本モデル

計算を行った結果、インド・バングラディシュ周辺で硝酸塩エアロゾルが特に高濃度となることが分かった。このよう

な局所的に高濃度の硝酸塩エアロゾルは雲・降水過程にも関与していると考えられ、アジアモンスーンなどにも影響し

ている可能性が示唆される。さらに、硝酸塩の前駆気体である窒素酸化物は、アジア域において今後も増加すると見込ま

れており、硝酸塩が将来のアジアモンスーンに顕著に影響する可能性があると考えられる。

キーワード：大気中微量成分とエアロゾル，大気化学輸送モデリング，逆解析による放出・吸収源推定，気候モデル
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Chapter 1  Earth Science

Impact of a sea surface temperature front on the atmospheric circulation is clarified by sensitivity experiments using a glob-

al atmospheric model. Submesoscale eddies and filaments along the Kuroshio and Tsushima Warm Current are successfully

simulated using a high-resolution ocean model with a sea-ice process to enable investigation of their impact on large-scale cir-

culations. Preliminary results of long-term integrations of coupled models at two different resolutions show a significantly

improved climate due to accumulated improvements of the model components. Impact of Arctic buoys is investigated using

an atmospheric data assimilation system using an ensemble technique to show the importance of these buoys in order to cap-

ture storm activity in the Arctic region. Tornadoes in the winter in Japan are successfully simulated using a cloud resolving

model to study their formation process and structure.

Keywords: sea surface temperature front, submesoscale eddy, atmosphere-ocean interaction, arctic storm activity, 

tornado

1. Introduction 
In this project high-resolution simulations are conducted

using atmosphere, ocean and coupled atmosphere-ocean

models to better understand and predict high-impact phe-

nomena in the atmosphere and ocean. This project is com-

posed of process studies of atmosphere, ocean, and their

coupled system using simulation output, improvement of a

high-resolution coupled model, development of an advanced

data assimilation system, and predictability studies of high-

impact phenomena. This report summarizes the achieve-

ments made in the first half of fiscal year 2008.

2. Atmospheric responses to the heat from the Gulf
Stream
The fact that the heat from the Gulf Stream warms air in

the midlatitudes to cause significant updraft has been

revealed by recent satellite observations, operational analy-

sis, and numerical experiments [1]. The atmospheric

responses to the Gulf Stream sea surface temperature (SST)

gradient are investigated using AFES (atmospheric general

circulation model for the Earth Simulator) with 50 km hori-

zontal resolution. A precipitation band is trapped along the

Gulf Stream in the satellite observation (Fig. 1a) and in a

simulation with observed high-resolution SST data (CNTL,

Fig. 1b), while the rain band disappears in a simulation using

a smoothed SST distribution (SMTH, Fig. 1c). Strong verti-

cal velocity also penetrates the upper troposphere along the

Gulf Stream in the operational analysis data and AFES

CNTL run (not shown). 

CFES (coupled atmosphere-ocean general circulation

model for the Earth Simulator) “standard” simulation (see

Sec. 5 in this report) also captures the atmospheric responses

to the Gulf Stream. Figure 2 is a three dimensional visualiza-

tion of atmosphere-ocean interaction along the Gulf Stream.

Above the Gulf Stream of 1000 m depth along the western

boundary of the North Atlantic, the associated updraft reach-

es about 10 km above sea level in this simulation.
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Fig. 2  Annual mean atmospheric vertical velocity and ocean current

speed in the simulation with CFES standard.

3. Submesoscale structures in the high-resolution
North Pacific OFES 
Recent satellite observations of SST and ocean color cap-

ture the submesoscale structures (≤30 km) smaller than

mesoscale eddies (≈100 km) in the ocean. Some idealized

modeling studies (e.g. [2]) suggest that vertical motion

induced by submesoscales around density fronts could influ-

ence large-scale oceanic field in the surface and subsurface.

In the next generation of OGCM (Ocean General Circulation

Model) that simulates realistic basin-scale circulation, sub-

mesoscales need to be resolved or parameterized.

An experimental North Pacific simulation with the 1/30˚

(about 3 km) horizontal resolution using OFES (OGCM for

the Earth Simulator) with a sea-ice process [3] has been con-

ducted to simulate submesoscales. A snapshot of relative

vorticity (left panel in Fig. 3) shows that submesoscale

eddies and filamental structures ubiquitous along the

Kuroshio and the Tsushima Warm Current are successfully

simulated, although the oceanic field is not enough to be

spun up due to only 4 month integration from the initial con-

dition without motion. It is suspected that strong vertical

motions (right panel in Fig. 3) penetrating into the deep

ocean may be induced by the surface submesoscale eddies.

The vertical motions could enhance vertical mixing of trac-

ers including biological materials. This successful test simu-

lation encourages us to perform a long-term spin-up simula-

tion to see the details and variation of three-dimensional sub-

mesoscale structures and their influence on the large-scale

oceanic field.  

4. Improvements of AFES
The two dimensional semi-Lagrangian tracer advection

has been implemented and optimized for the Earth

Simulator. Several options are provided for interpolation

including the spectral bicubic method [4]. Preliminary tests

imply slightly increased humidity near the subtropical

boundary layer. Impacts on the model climate need further

investigations.

Fig. 1  Annual climatology of rain rate (color) in (a) satellite observation, and in simulations with (b) observed

and (c) smoothed SST using AFES with 50 km horizontal resolution. Contours are SST (2˚C interval and

dashed contours for 10˚C and 20˚C). From Minobe et al. (2008) [1].
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In order to improve the mean state and variability of the

tropical convection from the diurnal cycle to intraseasonal

variations, the Emanuel convection scheme is being over-

hauled. The definition of the cloud top has been modified to

suppress unrealistically high cloud top heights. The vertical

profile of the mixing ratio with environmental air has been

modified to enhance mixing near the boundary layer top.

These improvements contribute to a significantly better rep-

resentation of the intraseasonal variations.

5. Coupled simulations using “CFES standard” and
“CFES mini”
Long-term coupled simulations have been started using the

latest version of CFES [5] with two different horizontal reso-

lutions. This version of CFES has many improvements from

the previous one including a new large-scale condensation

scheme in AFES for better representation of low level clouds

[6]. The higher resolution version, called “CFES standard,”

has the resolutions of T239 (about 50 km) and L48 for the

atmosphere and 0.25˚ (about 25 km) and 54 levels for the

ocean. The lower resolution version, called “CFES mini,” has

half the horizontal resolution of CFES standard and will be

used for centennial-scale and ensemble simulations.

At this moment, 15-year integration with CFES standard

and 40-year integration with CFES mini have been complet-

ed. Interannual variability such as El Niño and Southern

Oscillation (ENSO) is reproduced fairly well in both runs.

Figure 4 is an example of ENSO warm event simulated in

CFES standard. In addition, some decadal signals such as

decadal modulation of ENSO and Pacific Decadal

Oscillation (PDO) are found in CFES mini.

6. Development of advanced data assimilation tech-
niques
The AFES-LETKF (LETKF: local ensemble transform

Kalman filter) ensemble data assimilation system is used to

investigate the impact of surface pressure observations by

Arctic buoys. These observations provide a reasonably good

coverage in the Arctic sea-ice covered region, where meteor-

ological stations are sparsely located. Due to recent abrupt

sea-ice decrease [7], however, it is anticipated that many

buoys exit the Arctic Ocean through the Fram Strait by the

Transpolar Drift Stream (e.g. [8]) and lost during the sum-

mer “Blue Arctic” and that the analysis error is much

Fig. 3  Snapshots of (left) relative vorticity (10–5 s–1) at the depth of 100 m and (right) vertical velocity (10–2 m s–1) from 145˚E to

155˚E along 35˚N on May 1 in the model first year based on the 1/30˚ OFES.

Fig. 4  SST anomaly [˚C] on December of the 10th model year from the 10-year (from 6th through 15th year) averaged field.
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increased in the Arctic to deteriorate forecast skills.

Impact of Arctic buoys is evaluated in an observing sys-

tems experiment (OSE). ALERA (AFES-LETKF experi-

mental ensemble reanalysis [9]) is regarded as the control

run (CTL). In the test run (ARC), the same observational

data set except for the surface pressure observations north of

70˚N is assimilated using the same system that produced

ALERA.

The analysis error measured by the ensemble spread is

much smaller in the region with many buoys (Fig. 5a).

Cyclones during summer over the Arctic region are very

important for moisture transport as well as sea-ice retreat

along Eurasian coast. Figure 5b shows the cyclone tracks

from July to September 2006 as calculated from CTL. In

ARC, cyclones become less frequent (not shown). The dif-

ference of the average cyclone depth between ARC and CTL

(color shades in Fig. 5c) shows that cyclones become deeper

due to lower values of the ensemble mean sea-level pressure

(contours in Fig. 5c). This result can be interpreted that

cyclones are less numerous, deeper and larger without Arctic

buoys since small cyclones are not captured.

7. Tatsumakis associated with a winter snowstorm
Both tornadoes and waterspouts are called a “tatsumaki”

in Japan. Many tatsumakis occur in coastal regions of the

Japanese Islands. In particular, they are often observed in

association with a snowstorm along the coast of the Sea of

Japan in winter. The mechanism and process of formation

are not revealed because of the difficulty of observation. In

the present study, we performed simulation experiment of a

tatsumaki associated with a winter snowstorm using the

cloud-resolving model to clarify the process and structure of

the tatsumaki and the characteristics of the parent cloud.

The model used in the present study is the Cloud

Resolving Storm Simulator (CReSS). Triple-nested simula-

tions with horizontal resolutions of 4 km, 400 m and 70 m

were performed in one-way manner to resolve the tatsumaki.

The grid numbers of the 70m-model are 2819 and 2307 in

horizontal and 67 in vertical. The initial and lateral condi-

tions were provided by the Regional Spectral Model output

of the Japan Meteorological Agency. The computation was

performed using 128 nodes of the Earth Simulator. 

The simulation showed 21 intense vortices of tatsumaki

along the front of the cold air-outbreak (Fig. 6). The order 

of the vorticity is 0.2 s–1 and the associated wind speed is

about 30 m s–1. The lifetime of the tatsumakis is less than 

10 minutes. The most intense tatsumaki had a wind speed of

34 m s–1 and moved NNE-ward at a speed of 22 m s–1.  The

tatsumaki was formed below a shallow convective cloud,

which is a non-supercell type (Fig. 7).

Fig. 5  (a) Analysis ensemble spread of sea level pressure (SLP) on August 2006 in CTL with position of the Arctic drifting

buoys (dots) and ice concentration larger than 15 % (black contour), (b) All cyclone tracks in CTL from July to

September 2006, and (c) Difference in summer (JAS) average of cyclone depth (ARC–CTL) with difference in analysis

ensemble mean SLP (green contour: hPa).

(a) (b) (c)

SLP spred in CTL (AUG2006) Cyclone tracks in CTL (JAS2006) Difference in cyclone depth (ARC-CTL)

Fig. 6  Horizontal distributions of precipitation mixing ratio (color

scales; g kg–1) and horizontal wind (arrows) at a height of 66 m

obtained from the 70 m-model at 1900 JST, 25 November 2005.

The contour lines are topography of the coastal region near the

Mt. Chokai in Yamagata-Akita Prefectures. The circles with

names of T1-T6 indicate the tatsumakis in the simulation.
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Although the spatial and temporal scales of the winter tat-

sumaki are small, it occasionally causes severe disaster

owing to the associated strong wind. The snowstorm of the

present study caused a train accident on 25 December 2005.

The very high-resolution simulation shows a possibility to

contribute an investigation of disaster and prevention/reduc-

tion of disaster caused by winter tatsumakis as well as to

study the formation mechanism and structure of tatsumakis

associated with snowstorms. 

8. Concluding remarks
We briefly reported process and predictability studies of

high-impact phenomena in the atmosphere and ocean and

development of the coupled atmosphere-ocean model during

the first half of the fiscal year 2008. The AFES and CFES

simulations reveal the impact of SST front along the Gulf

Stream on the atmospheric circulation. OFES simulation with

the horizontal resolution of 3 km is able to resolve subme-

soscales of eddies and filaments ubiquitous along the

Kuroshio and the Tsushima Warm Current. An OSE using

AFES-LETKF has been performed to investigate the impact

of surface pressure observation by Arctic buoys.

Understanding of formation process and structure of the win-

ter tatsumaki simulated using CReSS is expected to contribute

to prevention and mitigation of disasters. Long-term integra-

tions using CFES at two resolutions have a potential to open a

new frontier of atmosphere-ocean interaction studies.
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海面水温前線の大気循環に対する影響を大気大循環モデルを用いた感度実験により明らかにした。黒潮や対馬暖流に

沿って存在するサブメソスケールの渦やフィラメントを海氷過程を含む高解像度海洋モデルを用いて再現することに成

功し、サブメソスケール現象が海洋大循環に与える影響についての研究を可能にした。数々の改良を取り込んだ結合モ

デルを用いて二つの解像度の長期シミュレーションを開始した。この結合シミュレーションでは、以前のバージョンと

比較して気候再現性が格段に向上している。アンサンブル手法を用いた大気データ同化システムを用いて極域ブイによ

る気圧観測の影響を評価した。日本における冬季の竜巻を雲解像モデルを用いて再現することに成功し、竜巻の形成過

程や構造について調べた。

キーワード：海面水温前線，サブメソスケール渦，大気海洋相互作用，極域の低気圧活動，竜巻
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In the first half year of FY2008, we concentrated on making progress of MSSG physical performance and faster computa-

tional algorithm. MSSG cloud micro physics, new algorithm for urban area simulation, which impacts of advection scheme

with high accuracy, were examined and analyzed. In addition, we have begun developing new grid system for the next genera-

tion super computer systems. This report introduces MSSG performance and draft of the new grid system. 

Keywords: Coupled atmosphere-ocean model, multi-scale, multi-physics, high performance computing, the Earth Simulator

1. Introduction
Multi-Scale Simulator for the Geoenvironment (MSSG),

which is a coupled non-hydrostatic atmosphere-ocean-land

global circulation model, has been developed for the purpose

of seamless prediction simulation between weather and cli-

mate. MSSG is optimized to be run on the Earth Simulator

with high computational performance (Table1). Furthermore,

MSSG is designed to be available with flexibility for differ-

ent space and time scales with nesting schemes. Not only

atmosphere (MSSG-A) and Ocean (MSSG-O) are used for

Global/Regional MSSG-A, Global/Regional MSSG-O, but

also coupled model MSSG is available for Global/Regional

MSSG. Under the configuration, MSSG enables us to focus

on both weather with urban scale and global scale variability

with 1 way or 2way nesting schemes (Fig. 1)

MSSG is a coupled model with cloud resolving atmos-

phere and high resolution ocean. MSSG-A can simulate glob-

al atmospheric circulation with 1.9 km horizontal resolution

and 32 vertical levels on the Earth Simulator due to the com-

putational optimization [1]. It was the largest simulation

which could capture diurnal cycle of precipitation in western

pacific area and fine structure of fronts over the Gulf of

Mexico. Basin scale simulations for the North Pacific Ocean

with 2.78 km horizontal resolution were performed with

MSSG-O [1]. Those results showed eddy resolved in the

ocean and typical basin scale structures were comparable

with conventional. Cloud resolving coupled model MSSG

with 2.78 km of horizontal resolution for both MSSG-A and

MSSG-O was examined to predict tracking and intensity of

typhoons [1]. Results from those simulations showed compa-

rable with observational data and potential performance for

prediction with MSSG were presented. Furthermore, urban

scale simulations with MSSG-A presented possibilities to

assess optimizations of urban environment such as control of

heat island phenomena [2]. Single scale simulations such as

global, regional and urban scale simulations with ultra high

resolution, which were mentioned above, were achieved by

following development strategy, 

• development of computational schemes with high accuracy

for ultra high resolution simulation,

• development/improvement of physical model such micro

cloud physics with turbulent scale effects,

and

• development of both ultra parallel and high speed compu-

tational schemes and optimization on the Earth Simulator.

In the first half year of FY2008 which is the last term for

Authorized Projects for the Earth Simulator, we focused on

validation of physical performance of cloud micro physics

and developing/implementation of new computational

scheme with high computational performance for urban area
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simulation. In addition, seasonal prediction simulations with

new scheme in order to avoid negative value for tracers were

examined and analyzed those impacts to physical perform-

ance. This report summarizes results of our project in

FY2008.

2. Configuration outline of MSSG
An atmospheric component of MSSG, which we call it

MSSG-A, is a non-hydrostatic global/regional atmosphere

circulation model. MSSG-A is compromised of fully com-

pressive flux form [3]. Smagorinsky-Lilly type parameteriza-

tions [4][5] for sub-grid scale mixing, surface fluxes [6], and

cloud microphysics with mixed phases were adopted [7].

Cloud-radiation scheme for long waves and short waves

interactions with both explicit cloud and clear-air were adopt-

ed which is based on the scheme in MM5. Over the land,

ground temperature and ground moisture were computed by

using a bucket model. As upper boundary condition,

Rayleigh friction layer was set.

In the ocean component MSSG-O, in-compressive and

hydrostatic/non-hydrostatic equations with the Boussinesq

approximation were introduced based on describing [8][9].

Either Smagorinsky-Lilly type parameterization [4][5] or

Gent-Mcwilliams type parameterization was selected for the

sub-grid scale mixing. Algebraic Multi-Grid (AMG) method

[10] is used in order to solve a Poisson equation in MSSG-

O. In MSSG-O, we used the AMG library based on aggrega-

tion-type AMG [11], which had been developed by Fuji

Research Institute Corporation. New sea ice model was

introduced in MSSG-O taking account of sea ice collision

process [2]. 

In both the atmospheric and ocean components, Yin-Yang

grid system presented in [12] and Arakawa C grid was used.

MSSG-A utilized the terrain following vertical coordinate

with Lorenz type variables distribution. MSSG-O used the z-

coordinate system for the vertical direction. The 3rd Rung

Kutta scheme [13] was adopted for the atmosphere compo-

nent. In the ocean component, leap-flog schemes with

Robert-Asselin time filter was used for the ocean compo-

nent. The 5th order upwind scheme is used for the atmos-

phere and central difference was utilized in the ocean com-

ponent. Horizontally explicit vertical implicit (HEVI)

scheme [14] was adopted in MSSG-A.

Conservation scheme was validated [15] and no side

effects of over lapped grid system such as Yin-Yang grid

were presented due to validations results of various bench-

mark experiments [16][17][18].

3. Improvements and Validations of MSSG
3.1 Validation of cloud micro physics of MSSG

MSSG-Bin cloud physics scheme, in which solid water

was calculated with a conventional bulk method and liquid

Fig. 1  Scale of MSSG as global/regional models with nesting schemes

and resolution.

Table 1  Computational performance on the Earth Simulator.

MSSG, MSSG-A and MSSG-O identify a full model, atmospheric component and oceanic component, respectively; TPN is the

total number of nodes; TAP is the total number of arithmetic processors; grid pts is the number of grid points in the each CASE;

Mflops/AP is the corresponding megaflops per an arithmetic processor; Vector length is averaged length of vector processing; 

V. OP ratio is the vector operation ratio; Tflops is the total telaflops sustained over the duration, exclusive of I/O; Peak ratio is the

percentage of total telaflops to the theoretical peak performance; Speedup and Parallel ratio are measured by degradation in elapse

time relative to single arithmetic processor, respectively.

MSSG

MSSG–A

PN AP Grid points Mflops/AP V.OP ratio Tflops Speedup
Vector
Length

Peak
ratio

Parallel
ratio

MSSG–O

512

512
256

256

207
398
498

384

384

4096

4096
2048

2048

1656
3184
3984

3662807040

2713190400

4718592000

3072

3072

4166.7

4575.2
4401.9

4692.4

4234.3
3568.5
3629.3

4273.8

4606.1

229

228
229

228

240
240
240

229

228

99.3%

99.5%
99.3%

99.5%

99.3%
99.3%
99.3%

99.3%

99.5%

17.07

18.74
9.02

9.61

7.01
11.36
14.46

13.13

14.15

52.1%

57.2%
55.0%

58.7%

52.9%
44.6%
45.4%

53.4%

57.6%

99.9973

99.9983
—

—

—
99.989
99.994

99.9968

99.9969

461.0

479.1
242.6

247.5

188.2
333.7
401.3

354.6

365.2
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water with a spectral-bin method, was developed in order to

analyze and validate cloud droplet motions in turbulent air

flow. Turbulent droplet-collision-growth in cloud develop-

ment process was accelerated due to increasing rate of

droplet. It means that turbulent enhances the collision

growth of cloud droplets and the effect is taken into account

in the MSSG-Bin scheme [19]. Under the conditions of

RICO (Rain in Cumulus over Ocean) which is one of proj-

ects of a GCSS (GEWEX Cloud System Study) working

group for inter-comparing the cloud physics schemes in

numerical weather models, the effects of turbulence in

cloud growth processes was analyzed from the results of

experiments with MSSG. (Fig. 2). It became to be clear that

turbulence impact to cloud processes was significant to 

simulation of cloud growth process and to prediction of pre-

cipitation. 

3.2 High performance computational algorithm for urban

scale simulations

In conventional MSSG, HEVI (horizontal explicit verti-

cal implicit) method, which is a splitting method for three

dimensional space, was adopted to calculate vertical flow in

order to relax CFL condition for sound speed in the vertical

direction. However, in the CFL condition is dominant for

sound speed for the horizontal because horizontal grid space

is required to be O(1)m in urban scale simulation.

Fractional step method was introduced to urban simulation

with MSSG. It was the first attempt to simulate urban scale

flow and succeed in represent fine structure of the flow with

speed up by a factor of O(100) compared with HEVI

scheme [20].

Although Boussinesq approximation has been widely

adopted in conventional flow simulation in urban area, fluid

compressibility due to gaseous phase expansion in the vicin-

ity of the highly heated ground/buildings and anthropogenic

heating should be considered. Figure 3 shows the difference

of flow between with Boussinesq approximation and with

fluid compressibility. Fluid compressibility brings density

change, and it causes momentum decrease in canyon.

Turbulence was suppressed if the fluid compressibility is

considered, whereas Boussinesq approximation would over-

estimate turbulent intensity [20]. Those results suggest that

fluid compressibility should be taken account to estimate

real heat contents and heat cycles in urban area.

Fig. 2  A snapshot of cloud distribution in RICO experiments with

MSSG-Bin method. (a): droplet-collision-growth process without

turbulence. (b): Turbulent droplet-collision-growth in cloud

development process was accelerated due to increasing rate of

droplet collision by turbulence in MSSG-Bin method. White-

gray scale shows concentration cloud water and blue colored

scale present precipitation which is defined by threshold of size

of cloud droplet.

Fig. 3  A snapshot of flow in simplified arrangement of buildings. (a)

shows flow field with Boussinesq approximation. (b) presents

flow fields taking account of compressibility. Upper figures of

both (a) and (b) are vertical flow fields and below ones show

horizontal flow fields.
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3.3 Impacts of accurate advection schemes to physical per-

formance

Advection scheme is one of the most significant schemes

for the simulations with high accuracy. Tracers such as tem-

perature, evaporation, and cloud species are advected in

models. In MSSG, 5th Wicker-Skamarock (W-S) scheme is

used for the advection. 5th W-S scheme is reliable, however,

negative values occured due to rapid change of value in

physical processes. Those side effects to physical perform-

ance are still unclear. In order to predict seasonal variabili-

ty, issues due to negative values in advection processes are

required to be examined. Figure 4 (a) and (b) show aver-

aged JJA precipitation distribution in 1996 with 5th W-S

scheme and Weighted Average Flux (WAF) scheme,

respectively. WAF scheme is guaranteed to avoid negative

values in advection of cloud physics process. Figure 4 (c)

presents CMAP JJA precipitation distribution based on

observational data averaged during performance in simula-

tions with WAF scheme. Those results suggest that signifi-

cant effects on physical performance due to advection

scheme for tracers. 

3.4 Toward advanced grid system for the seamless simulation

We have began developing new grid system to be further

suitable for seamless simulation of multi-scale and multi-

physics weather/climate systems. The adaptive CIP-Soroban

grid [21] on the sphere has been introduced. Soroban grid is

ordinary used on Cartesian grid system and its computation-

al accuracy and high performance computation has been

shown in variety of events. Preliminary results from the first

attempt to represent global flow with Soroban grid system

showed reasonable flow fields with extremely fast computa-

tional speed. Soroban grid on the sphere is shown in

schematic figure of Fig. 5. Further development will be pro-

moted to be fit on the Earth Simulator (ES2) or next genera-

tion peta-scale super computer system constructed in Kobe.

Fig. 4  Comparison of physical performance with different advection

schemes. (a) and (b) show averaged JJA precipitation distribution

in 1996 with 5th W-S scheme and WAF scheme, respectively. 

(c) shows CMAP JJA precipitation.

Fig. 5  A schematic figure of Soroban grid system on the sphere. Black

dots show grid points which are defined by any criterion defined

in a system. Grid points defined in this figure is plotted accord-

ing to gradient of pressure in the global (above) and in the verti-

cal (below).
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4. Conclusion and near future work
In FY2008, we concentrated on making progress of MSSG

from view points of validation of MSSG cloud micro physics

and development of high performance computational algo-

rithm for urban scale simulations and advection scheme with

high accuracy in physical processes, In addition, we has

begun developing new grid system to be fit seamless simula-

tion on the Earth Simulator (ES2) and peta-scale super com-

puter systems and outline is roughly introduced. MSSG is

still a promising model to deal with multi-scale multi-physics

in weather/climate variability. Further longer integration such

as for seasonal forecast using coupled model MSSG with

cloud resolving resolution will be strongly promoted on the

prospective super computer systems.
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In the first half year of FY2008, we concentrated on making progress of MSSG physical performance and faster com-

putational algorithm. MSSG cloud micro physics, new algorithm for urban area simulation, which impacts of advection

scheme with high accuracy, were examined and analyzed. In addition, we have begun developing new grid system for the

next generation super computer systems. This report introduces MSSG performance and draft of the new grid system. 

キーワード：Coupled atmosphere-ocean model，multi-scale，multi-physics，high performance computing，

the Earth Simulator

本プロジェクトでは、地球シミュレータの計算能力を最大

限に活用可能な全球スケールから都市スケールの気象、気候

現象を扱えるマルチスケール・マルチフィジックス予測シ

ミュレーションコードの研究開発を推進してきた。気象、気

候変動の予測シミュレーションにおける精度向上のために

は、スケールの異なる現象の相互作用を扱うことが必須であ

る。現象の単位、例えば、雲のなりたちの単位Ｏ（100m）と、

現象の単位、例えば高気圧や低気圧のスケールＯ（1000km）

を同時に扱えるシミュレーションコードとして、本プロジェ

クトにおいて開発したMSSGが活用可能である。

地球シミュレータプロジェクト最終年度の半年間を、非静

力学大気海洋結合モデルMSSG（Multi-Scale Simulator for

the Geoenvironment: MSSG）の物理過程の高度化と高い計

算精度と高速化を同時に実転するスキームの開発に注力

し、以下の成果を挙げることができた。

・全球、領域、都市スケールの各スケールごとに対し、計算

精度に大きな影響を与える移流スキームの高度化とMSSG

への導入を行いそのインパクトを評価した。いずれのスケ

ールにおいても、物理的な性能を大幅に向上でき、特に、

全球において、高精度の移流スキームが降水量分布に大き

なインパクトをもたらすことを明らかにした（Fig. 4）。

・全球での季節予測精度向上を目指した3か月シミュレー

ションを行い、他モデル、観測データにおける比較検証

を行った結果、MSSGを用いた高解像度でのシミュレー

ションは、よりよい再現性を示すことが明らかになった。

加えて、MSSGにおけるインド洋での降水分布の強度位置、

モンスーンの再現性には、ある一定のトレンドがあること

が明らかとなり、今後の開発課題であることがわかった。

・MSSG上に導入したMSSG-Bin法における雲微物理の物

理的性能評価と高度化を実施した。評価には、RICO数値

実験を実施し、基本的物理性能を他モデルと比較した。

その結果、MSSG-Bin法を用いた雲の生成、維持、消滅過

程、および降雨過程は、他モデルの性能と遜色がないこと

を示した。また、雨粒の落下速度や衝突成長のパラメタ

リゼーションが雲の感度が高いことを明らかにした。

・乱流による雲粒衝突促進効果が、雲の生成、降雨過程にど

のような影響をあたえるかについて、RICO数値実験を行

い解析した結果、雲頂高度や降雨量が、乱流によりおおき

な影響を受けることを明らかにした（Fig. 2）。

・MSSGを用いた都市スケールのシミュレーションの高度

化のために、新たな計算手法を導入し、基礎検証実験を行

った結果、従来のMSSGで用いてきたHIVI法と比べて、

100倍以上の高速化を実現した。

・都市スケールのシミュレーションにおいて、圧縮性大気

とブジネスク近似を用いた大気の挙動を比較、解析した

結果、街路や建物壁面、人工廃熱などによる急激な過熱が

大気の密度変化をもたらし大気の拡散過程に大きな影響

を与えることを明らかにした。この結果から、圧縮性大

気として陽に扱う必要性を示した（Fig. 3）。

・マルチスケール・マルチフィジックス・シームレスシ

ミュレーションのさらなる高速化と高精度化のために、

新たなグリッド系として3次元球面上のCIP-Soroban手法

を開発し（Fig. 5）、高精度計算可能でありかつCFL条件が

大幅に緩和可能であることを示した。

今後は、結合モデルMSSGを用いて、マルチスケール・マ

ルチフィジックス・シームレスシミュレーションの有効性

をES2や京速コンピュータ（仮称）上で明らかにすることを

目指す。
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The SINTEX-Frontier coupled ocean-atmosphere GCM is developed under the EU-Japan collaborative framework to under-

stand the climate variability and predictability. The first version of the model called SINTEX-F1 has shown remarkable skill in

not only simulating Indian Ocean Dipole (IOD) and El Niño/Southern Oscillation (ENSO) accurately but also predicting them

several seasons ahead. For example, three consecutive occurrences of positive IOD events in 2006, 2007 and 2008 were pre-

dicted well ahead of their evolutions. This has placed SINTEX-F1 as the leading climate prediction system in the world. 

Interestingly, the 2006 positive IOD event co-occurred with El Niño, whereas the 2007 IOD event co-occurred with a La

Niña. The 2008 IOD event seems to have co-occurred with La Niña Modoki. The SINTEX-F1 predicted all those Pacific

events together with IODs. From the model simulation results, it is found that the consecutive IOD events are associated with

Modoki events in the Pacific. A new version model called SINTEX-F2 shows not only an improvement in simulating tropical

SSTs because of its higher resolution but also an ability to simulate the ocean-atmosphere interaction following typhoons. 

Keywords: SINTEX-F1, IOD, ENSO, Prediction, 2008

1. INTRODUCTION
The tropical climate modes such as the El Niño/Southern

Oscillation (ENSO) and the Indian Ocean Dipole (IOD) are

known to have large societal impacts in many places around

the globe. For example, the consecutive positive IOD events

in 2006, 2007 and 2008 are reported to have caused econom-

ic loses of several billion dollars in Australia alone. Because

of such large impacts particularly on the Indian Ocean rim

countries (e.g. Saji and Yamagata 2003; Yamagata et al.

2004), it is important to have accurate prediction of the evo-

lution of IOD, in addition to ENSO, for societal benefits. 

The SINTEX-F1 simulation results are found to be useful

in understanding the physical processes associated with such

rare events of consecutive positive IOD events. Besides the

climate variations in the tropical regions, the model results are

useful in understanding the slow processes in higher latitudes.

The efforts in this direction will open a new door to realistic

predictions of decadal phenomena. The higher resolution ver-

sion of the model, SINTEX-F2, is also successfully developed

for better prediction skills and used to understand some of the

finer scale spatial processes in the tropical region.

2. IOD PREDICTIONS 
The SINTEX-F1 has predicted the third-in-a-row positive

IOD event of 2008 (Fig. 1). The model has been consistent in

predicting all of the recent IOD events besides ENSO events

(Luo et al. 2008a; 2008b) to be the leading prediction model

in the world (Wang et al. 2008a; 2008b, Jin et al. 2008). It is

found that the SINTEX-F1 could simulate back-to-back

occurrences of positive IOD events (e.g. Behera et al. 2008).

The 2008 positive IOD event was predicted more than a

couple of seasons ahead (Fig. 1). The lead times of these

predictions are important to reduce impacts due to climate

disasters in neighboring regions of Africa, Asia and
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Australia. The cooling in the east, warming in the west, and

the easterly anomaly in the central tropical Indian Ocean

were well predicted from April of 2008. The model predic-

tions of IOD index showed less uncertainty in 2008 as com-

pared to that in 2007. The IOD impacts were also predicted

reasonably well for 2008 summer and fall. Because of its

accuracy, retrospective forecast results of SINTEX-F1 are

compared with other prediction results in an international

research program of CliPas that was introduced to improve

model predictions using a multi-model ensemble approach

(Wang et al. 2008a). From a couple of retrospective forecast

experiments, in which one of Indian and Pacific Oceans is

made inactive, it is understood that the Indian (Pacific)

Ocean plays a significant role in the development and inten-

sity of ENSO (IOD). This means that improving prediction

skills of the Pacific (Indian) Ocean climate needs improving

those of the Indian (Pacific) Ocean climate.

3. PROCESS STUDIES
The SINTEX-F1 simulated results are used in various

process studies ranging from analyses of intra-seasonal

oscillations to researches on the atmospheric response to

IOD (Navarra et al. 2008; Izumo et al. 2008; Ajaymohan et

al. 2008; Luo and Bell 2008; Zhu et al. 2008; Kug et al.

2008; Lee et al. 2008; Hong et al. 2008) with an increasing

number of international collaboration studies. Among 

such collaborative studies, there is one unique study done

jointly with a doctoral student sent by US National Science

Foundation, which is Chan et al. (2008) that showed a 

far-reaching influence of IOD on the Brazilian rainfall

through the Southern Hemisphere waveguide during the aus-

tral spring.

In a non-linear statistical analysis by use of the technique

Self-Organizing Map (SOM), it is found that the SOM nodes

with the positive IOD are associated with a warm SST anom-

alies in the central equatorial Pacific and a positive 

precipitation anomaly over East Africa (Tozuka et al. 2008).

The warming in the central equatorial Pacific appears to cor-

respond to El Niño Modoki discussed recently. This work has

provided a key to understand the controversial SST anomaly

in the tropical Pacific during the strong 1994 IOD event.

The SINTEX-F1 results showed that the ocean influences

the atmosphere in the Gulf Stream region (Fig. 2) as reported

recently by Minobe et al. (2008). The coupling is less tight

and weaker because of the weaker SST front in the model

results. 

In another process study, it is found that atmospheric flux-

es have a secondary role in the coastal upwelling regions off

Fig. 1  The September-November SST anomalies predicted by SINTEX-F1 (top panel) from 1 May 2008 and its

comparison with the observed SST anomalies (bottom panel) in September 2008.
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Fig. 2  Wind convergence, rain rate and the wind shear from observation and SINTEX-F1 simulation results.

Fig. 3  Annual mean climatology of zonal current speed and temperature

at the equator in SINTEX-F2.

Somali and that surface winds do not always drives the

resulting SST anomaly as expected. So this emphasizes the

need to have a correct representation of the meso-scale fea-

tures in the area to reproduce the cold wedges and the ampli-

tude of the cooling by cold water export. 

4. SINTEX-F2 DEVELOPMENT
The SINTEX-F2 with the resolution of T106 for the

atmosphere and about 0.5˚ for the ocean (ORCA05) is inte-

grated for 110 years. The model shows significant improve-

ments in several key climatological features such as the zonal

currents and temperatures in equatorial Pacific (Fig. 3).

In another experiment, the ocean model resolution was

increased to a quarter degree (ORCA025) and the coupled

model was integrated for 60 years. Model biases related to

the equatorial Pacific cold tongue and the North Atlantic are

reduced in the model coupled to ORCA025. Spring El Niño

and IOD are strongly reduced in a much better agreement

with observations. Further progresses are also made in the

development of SINTEX-F2, (ECHAM5-T319 and

ORCA025). A 7-year experimental simulation shows impres-

sive cyclones/typhoons generations in tropical oceans. The

significant SST changes found in the vicinity of cyclones

(e.g. cooling of about 5˚C) suggests that this model is suit-

able to explore ocean-atmosphere interactions related to

cyclones/typhoons and also their interactions with Madden-

Julian Oscillation (MJO), ENSO, IOD and monsoon.
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気候変動ならびにその予測可能性研究に関しての日欧研究協力に基づき、SINTEX-Frontier大気海洋結合モデルの開

発が推進されている。モデルの第一版であるSINTEX-F1はインド洋ダイポール現象（IOD）やエルニーニョ／南方振動

（ENSO）を非常に良く再現するだけでなく、数シーズン先の予測性能においても注目すべき高スコーアを出して来た。

例えば、2006、2007、2008年と3年連続して起こった正のダイポール現象を、その予兆が現れる前から予測し、この分野

では世界をリードする予測モデルとしての地位を確立している。

興味深いことに、2006年のIODはエルニーニョと共に起こり、翌年2007年のIODはラニーニャ年と重なった。今年

2008年のIODは、ラニーニャもどきと共存している様に思われる。SINTEX-F1モデルは、IODと共に太平洋で3年間に

わたり生起したこれらの現象も正しく予測した。モデルの出力結果から、連続したIODは太平洋の“もどき”現象と関連

していることが判明した。現在開発中の新版SINTEX-F2モデルは、その高解像度の為に、熱帯の海面水温のシミュレー

ションを改善するだけでなく、台風活動に関連する大気海洋相互作用も解像できるようになった。

キーワード：SINTEX-F1，IOD，ENSO，予測，2008年
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This project consists of developing three models: a CCSR/NIES/FRCGC atmosphere-ocean-land coupled model, a cloud

resolving atmospheric general circulation model, and an eddy resolving ocean general circulation model. For the atmosphere-

ocean-land coupled model, a cumulus parameterization scheme has been improved with a number of modifications and the

scheme finally has produced a better climate and variability of precipitation in almost all aspects than ever. In addition, there

has been remarkable progress in a study of gravity waves using a vertically high resolution atmospheric model and satellite

observations. For the global cloud resolving model, the seasonal march simulation in 2004 with 14 km and 7 km resolutions has

been conducted. The boreal summer climatology and the statistics of onsets of tropical cyclones are in good agreement with

observation data. The predictability of MJO in boreal summer has been also examined. For the eddy resolving ocean model, an

eddy resolving ocean simulation of the Agulhas Current has been performed and the Natal Pluses, which are a solitary meander

in the Agulhas Current, are successfully reproduced. In the Labrador Sea eddy resolving simulation, the location of the deep

convection has been improved by increasing the simulation area. 

Keywords: atmosphere-ocean-land coupled model, global cloud resolving model, global eddy resolving model

1. Introduction
The mission of this project is to develop advanced climate

models which have a capability to explore new arena of cli-

mate simulation study by fully utilizing the Earth Simulator.

This project started at the beginning of the Earth Simulator

operation and three models have been developed: a

CCSR/NIES/FRCGC atmosphere-ocean-land coupled

model, a cloud resolving atmospheric general circulation

model, and an eddy resolving ocean general circulation

model. Studies with these three models are compensatory for

the realization of a high-performance earth system model.

That is, the first model is applicable for a long-term climate

simulation with physical parameters revised through simula-

tions by the second and third models.

2. Development of the CCSR/NIES/FRCGC coupled
model
There are remarkable progresses in two studies. One is an

improvement of cumulus parameterization and the other is

studies of gravity waves based on dynamical models and

satellite observations.

A new cumulus parameterization was developed last 

fiscal year. The scheme is characterized by an interactive

entrainment rate with a surrounding environment. Early tests

of the scheme in an atmospheric general circulation model

(GCM) showed promising results in several points.

However, several problems were seen such as a large over-

estimation of the annual precipitation over the western

Pacific. This fiscal year, a number of modifications were

made for the technical aspects of the parameterization [1].

Results simulated by a coupled GCM show both a better 

climate and variability of precipitation in almost all aspects.

A double intertropical convergence zone weakens in the

eastern Pacific and the south Pacific convergence zone is

better represented. The seasonal and spatial variation around

the maritime continent is greatly improved. Without any
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empirical triggering schemes, all kinds of equatorial waves

such as moist Kelvin waves and Madden-Julian oscillation

are reproduced with realistic equivalent depths. This

improvement will ensure better performance in global warm-

ing projections for the next IPCC report.

Northern Hemisphere mid-latitude wintertime gravity

waves were studied using recent COSMIC satellite data

launched in April 2006 and T106L60 CCSR/NIES/FRCGC

AGCM results. The potential energy of gravity waves is

mostly related to the sub-tropical jet stream. A spectral

analysis of model data clearly indicated that low ground-

based phase speeds of gravity waves interact with the back-

ground wind, which results in decreases of potential energy

around the 0-10 m/s zonal wind line [2]. The global distribu-

tion, sources, and propagation of equatorial trapped waves

(EQWs) and 3D-gravity waves are investigated using the

AGCM integrated for 20 years [3]. The QBO-like oscilla-

tions with periods of 1.5-2 years were simulated well with-

out any gravity-wave drag parameterization. The model well

simulated convectively coupled EQWs with relatively realis-

tic equivalent depths. Each EQW generation generally corre-

sponded well with the source of each convectively coupled

EQW activity in the troposphere. The propagation of Kelvin

waves, MRG waves, and n = 0 eastward-propagating inertia-

gravity waves is strongly influenced by the Walker circula-

tion and the phase of the QBO. The distributions of stratos-

pheric PE associated with EQWs are greatly affected by (1)

the source distribution, (2) Walker circulation, and (3) QBO

phase. EQWs with vertical wavelength ≤ 7 km contribute up

to ~30% of total PE ≤ 7 km in the stratosphere. The model

results were essentially consistent with recent COSMIC

satellite observation data [4]. The COSMIC GPS RO data

and the AGCM results shared several characteristics, and the

mechanisms of these shared characteristics were well

explained by analyzing the AGCM data. Watanabe et al. [5]

conducted a 3-year integration using a much higher resolu-

tion (T213L256) AGCM. Using this model output,

Tomikawa et al. [6] focused on a temperature maximum

observed in the winter subtropical region around the

stratopause and showed the importance of the meridional

circulation appearing in the easterly wind of the stratopause

semi-annual oscillation (S-SAO). We also investigated the

role of 3-D propagating gravity waves and EQW on driving

the QBO. They revealed that large-scale gravity waves such

as Kelvin waves account for up to 30-50% forcing to drive

the QBO in the westerly shear phase. On the other hand,

gravity waves with zonal wavenumbers of 42-213 (AGCM

with horizontal resolution larger than T42 can not simulate

such waves) play crucial roles in driving the QBO in the

easterly shear phase. 

3. Development of the global cloud resolving atmos-
phere model: NICAM
In the last year, the Madden-Julian Oscillation (MJO)

appeared in December 2006 was successfully simulated by

the global cloud resolving model NICAM. However, it is

like a short range numerical prediction simulation within

about 1 month integration. In this year, we have tried to con-

duct a longer integration, which includes the seasonal

marching for the investigation of reproducibility of basic cli-

matology such as precipitation rate, statistical feature of

tropical cyclones, and MJO in the boreal summer. For this

purpose, we performed simulations of 6 months with 14 km

and of 3 months with 7 km.

Figure 2 shows the obtained precipitation during June-

July-August (JJA), comparing with the observational data.

For the overall distribution, both of 14 km and 7 km results

are in good agreement with the observational data. Although

Fig. 1  The annual mean precipitation simulated by MIROC4.1 with (a) the prognostic

Arakawa-Schubert scheme, (b) new scheme and (c) observation [mm/day].
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Fig. 2  Comparison of the precipitation patterns in JJA (June-July-August) / 2004. TRMM 3B42 observa-

tional results (Top). The simulation result with 14 km meshes (Bottom left). The simulation result

with 7 km meshes (Bottom right).

the coarser resolution model (14 km) has a slight bias of pre-

cipitation over the Indian Ocean, the higher resolution model

(7 km) tends to improve this defect. 

Figure 3 shows the tracking path of tropical cyclone for

each month, which was analyzed from the 14 km simulation

result and Table 1 shows the number of onsets of tropical

cyclones for each month and each region. Although there is

difference between observation and simulation results if we

Fig. 3  Tracking of tropical cyclones for each of months obtained from the 14 km mesh simulation.
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turn our attention to local numbers, the global feature of sim-

ulations fairly agrees with the observation.

Finally, Figure 4 shows the Hovmoller diagram of zonal

velocity at 200hPa and Outgoing Longwave Radiation. The

first phase of MJO was well reproduced both in 14 km and 7

km simulations. However, in the second phase, the onset

timing of simulated MJO is off the observation. This may be

related to limitation of predictability of MJO. However,

more investigation is needed by performing a lot of cases.

4. Development of the eddy resolving ocean model
An eddy resolving ocean simulation of the Agulhas

Current system is performed to investigate roles of eddy in

the global thermohaline circulations. The Agulhas rings con-

tribute significantly to the transport of the warm and saline

Indian Ocean water into the South Atlantic. This inter-ocean

exchange is a crucial part of the warm water route for the

renewal of North Atlantic Deep Water. The Agulhas rings

are created the intermittent occusion of the Agulhas

restroflection loop. Natal Pulses have been suggested as trig-

gering mechanism for this prosses. Figure 5 shows a repro-

duced Natal Pulse in this eddy resolving simulation. The fea-

tures of the Natal Pulses are consistent with observations in

the following respects: they are generated at the Natal Bight

when anticyclonic eddies from the Mozambique Channel

come, move downstream along the Agulhas Current at

speeds about 20 km per day and grow in its horizontal size

as they move.

The Labrador Sea is one of a few sites of the world ocean

where open ocean deep convection occurs and this deep con-

Table 1  Number of onset of tropical cyclones for each month and each region. NI: Northern Indian ocean, SI: Southern Indian

ocean, SP: Southern Pacific ocean, WP: Western Pacific ocean, EP: Eastern Pacific ocean, A: Atlantic oceank, G: Globe.

June

July

Aug

Sep

Oct

3

NI

2

2

5

3

15

4

WP

4

3

4

3

18

8

G

14

15

13

11

61

1

NI

0

0

0

1

2

2

SI

0

0

1

1

4

0

SP

0

0

0

0

0

4

WP

2

10

3

4

23

0

EP

6

5

1

3

15

0

A

1

8

5

2

16

7

G

9

23

10

1.1

1.5

0.7

1.3

111

60

A

7

6

3

5

21

1

EP

4

1

6

SPSI

1

1

2

NICAM result UNISYS

Rate

(NICAM

/UNISYS)

Fig. 4  Hovmoller diagram of zonal velocity at 200 hPa (Color) and Outgoing Longwave

Radiation (Magenta). NCEP/NCAR reanalysis data (top), NICAM 14 km mesh result

(bottom left), and NICAM 7 km mesh result (bottom right).
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Fig. 5  Sea surface velocity (m/s) around South Africa. A Natal Pulse is

found as a cyclonic meander in the Agulhas Current, associated

with a Mozambique eddy.

Fig. 6  Distribution of March-average mixed layer depth over the Labrador Sea; (a) the old model,

(b) the new model.

vection causes the large loss of heat to the atmosphere and

poleward heat transport by the ocean. The water mass trans-

formation caused by the convection generates the meridional

overturning circulation and, hence, the convection plays an

important role in the global climate system. Eddies caused

by the boundary current in the Labrador Sea is thought to be

the dominant process regulating the convection process.

Therefore, it is inevitable to perform eddy resolving simula-

tion to study the effects of eddies to this convection process.

Although we constructed an eddy resolving Labrador Sea

model last year, the location of convection was poorly repro-

duced. This year, we extended the simulation area and found

that the location of the convection is improved substantially.

Figures 6 shows the winter mixed layer depth (MLD)

obtained by the (a) old and (b) new model. The MLD is

defined as depth at which potential density is 0.01 kg/m3

heavier than the surface and this MLD represents evidence of

the convection. The winter MLD of the new model reaches

more than 1000 m in the western to the central part of the

Labrador Basin and it is in agreement with the typical feature

of observations.
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開発を継続していたCCSR/NIES/FRCGC大気海洋陸面結合モデル積雲対流パラメタリゼーションスキームを改良し

た。新しいスキームを採用したことで、結合モデルの降水の気候値とその時空間変動が、あらゆる点において、従来のス

キームよりも画期的に改善されることが分かった。熱帯域でも、ダブルITCZの傾向が弱まり、SPCZ に伴う降水が良く

表現され、そして、海洋大陸周辺の降水の変動が改善された。加えて、鉛直方向を高解像にした大気モデルで、従来の重

力波抵抗パラメタリゼーションをとりはずして、重力波をモデルの中で陽に取り扱う実験では、衛星観測の比較を行い、

成層圏での準二年周期変動（QBO）と半年周期変動（SAO）の維持形成メカニズムについて考察した。全球雲解像大気大

循環モデルについては、2004年をターゲットとした季節進行実験を行った。降水量の気候値をTRMMの衛星データと比

較したところ、インド洋に多少の正のバイアスがあるものの、概ね再現されていることが分かった。また、6月から10月

にかけての熱帯低気圧の発生発達を詳細に調べた。地域差はあるものの全球では概ね妥当な個数が再現されていた。一

方、マッデンジュリアン振動の再現性についても調べた。初期フェーズのMJOについてはよく合うものの2番目以降の

MJOについてはタイミングがずれており、今後MJO予測可能性の研究はさらに推し進める予定である。渦解像海洋モデ

ルについてはアフリカ南部アガラス海流の渦解像シミュレーションを実施し、アガラス海流の孤立した蛇行であるナタ

ール・パルスを再現した。また北大西洋のラブラドル海の渦解像シミュレーションでは、従来のラブラドル海近辺の領

域モデルから計算領域を広げることにより、ラブラドル海での対流位置が顕著に改善されることが明らかになった。

キーワード：大気海洋陸面結合モデル，全球雲解像モデル，全球渦解像モデル
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For the purpose of acquiring insights into the physical processes characterizing dynamical structures of general circulations

of the planetary atmospheres, high resolution simulations of the Martian atmosphere have been performed by using a GCM

(General Circulation Model) based on the AFES (Atmospheric GCM for the Earth Simulator). The result of the Mars simula-

tion with several horizontal resolutions shows that resolution dependence of global mean dust mass flux at northern summer is

different from that at northern autumn. Significant differences in resolution dependence are attributable to the difference in

dust lifting in the regions with characteristic orographic features. This implies the importance of superposition of seasonally

varying large scale circulation on the local orography-related circulation in the dust lifting in the model. On the one hand, to

perform the high resolution simulations of the Venus atmosphere with realistic radiative forcing, an accurate radiative transfer

model of the Venus atmosphere has been constructed. Sensitivity tests of the constructed new radiatiive transfer model show

that the radiative equilibrium temperature profiles are highly sensitive to the line shape, which is one of the most ambiguous

parts of the model. Further sensitivity tests will lead to determination of an appropriate line shape for Venus atmosphere and

the simulations of the realistic superrotation with the realistic radiative forcing. 

Keywords: planetary atmospheres, superrotation, dust storm, Earth, Mars, Venus

1. Introduction
The structure of the general circulation differs signifi-

cantly with each planetary atmosphere. For instance, the

atmospheres of the slowly rotating Venus and Titan exem-

plify the superrotation, while the weak equatorial easterly

and the strong mid-latitude westerly jets are formed in the

Earth's troposphere. The global dust storm occurs in some

years on Mars, but a similar storm does not exist in the

Earth's atmosphere. Understanding the physical mecha-

nisms causing such a variety of structures of the general cir-

culations of planetary atmospheres is one of the most inter-

esting and important open questions of the atmospheric sci-

ence and fluid dynamics. 

In this study, circulations of those planetary atmospheres

are simulated by using general circulation models with the

common dynamical core of the AFES [1]. Appropriate phys-

ical processes are adopted for each planetary atmosphere.

The aim is to understand the dynamical processes that char-

acterize the structures of each planetary atmosphere. In our

project so far, we have been mainly performing simulations

under condition of Mars. In addition, the accurate radiation

model of the Venus atmosphere has been constructed to per-

form the simulations of the Venus atmosphere with realistic

radiative forcing. In the followings, the particular targets of

each simulation, the physical processes utilized, and the

results obtained are described briefly. 

2. Mars simulation
2.1 Targets of simulations

It is well known that a certain amount of dust is always

suspended in the Martian atmosphere and the radiative effect

of dust has important impact on the thermal budget of the

Martian atmosphere. However, the physical mechanisms of

dust lifting have not been well understood. It has been

implied that the effects of wind fluctuations caused by small

and medium scale disturbances would be important for the

dust lifting processes. It may be worth notifying that the

amount and distribution of dust in the atmosphere affects the

atmospheric circulation significantly. Hence the activities of

small and medium scale disturbances should be consistently

determined with the dust amount in the atmosphere. Until

the last fiscal year, the dust lifting amount at northern

autumn is investigated. In this fiscal year, in order to investi-

gate the seasonal variation of dust lifting amounts, simula-
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Fig. 2  Same as Fig. 1, but for dust mass flux diagnosed in the model.

Unit of dust mass flux is 10–8 kg m–2.

Fig. 4  Difference of dust mass flux between T319L96 and T79L96 sim-

ulations at northern summer.

Fig. 5  Same as Fig. 4, bur for northern autumn.

tions of the Martian atmosphere at northern summer are per-

formed with several resolutions. 

2.2 Physical processes

The physical processes used for the Mars simulations are

introduced from the Mars GCM [2, 3] which has been devel-

oped in our group so far. The implemented physical process-

es are the radiative, the turbulent mixing, and the surface

processes. In addition, the dust lifting parameterization [4]

and the gravitational sedimentation are introduced. By the

use of this GCM, the simulations in a condition of northern

summer with the resolutions of T79L96, T159L96, and

T319L96, which are equivalent to about 89, 44, and 22 km

horizontal grid sizes, are performed.

2.3 Results

Figures 1 and 2 show examples of global vorticity distri-

bution at the 3 hPa pressure level and the dust mass flux at

northern summer with the T319L96 model, respectively. In

the simulation performed in this study, a part of dust lifting

events occur in the region with small scale vorticies shown

in Fig. 1. This implies that the small scale disturbances

would play a role in lifting dust in the model. 

Figure 3 shows the resolution dependence of the global

mean dust mass flux at northern summer and autumn. It is

shown that the global mean dust mass flux increases with

increasing horizontal resolution at northern autumn, while

at northern summer, that does not change with horizontal

resolution significantly. Figures 4 and 5 show the geograph-

ical distribution of resolution dependence of the dust mass

flux at northern summer and autumn, respectively. At north-

ern autumn, the dust mass flux increases with increasing

resolution in some regions with characteristic orographic

features, such as the Valles-Marineris around 300˚E, 10˚S.

However, at northern summer, the dust mass flux is almost

the same or slightly decreases with increasing horizontal

resolution in those regions. This result implies that the

Fig. 1  Global distribution of vorticity at the 3 hPa pressure level at

northern summer with the resolution of T319L96. Unit of vortici-

ty is 10–5 s–1. Also shown is the areoid (solid line) and low lati-

tude polar cap edge (dashed line). Gray areas represent moun-

tains at the 3 hPa pressure level.

Fig. 3  Resolution dependence of global mean dust mass flux at northern

summer and autumn.
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effects of superposition of seasonally varying large scale

circulation and small scale disturbances would be important

in dust lifting in such regions. 

3. Venus simulation
3.1 Targets of simulations

The Venus atmospheric superrotation is one of the most

prominent phenomena in the field of planetary meteorology.

The existence of fast prograde zonal winds extending from

the ground to 70–80 km altitudes over almost all latitudes is

quite different from general circulations of the Earth or Mars

atmospheres. Although many studies have been made so far,

the generation mechanism of the Venus atmospheric super-

rotation remains a mystery. Recently, several studies suc-

ceeded in reproducing fast prograde zonal winds whose

structures look like those of the Venus atmospheric superro-

tation [5, 6]. However, it should be noted that unrealistically

strong solar heating is assumed in those studies, and that the

fast prograde zonal winds do not appear with realistic solar

heating based on observations.

In this project, we are trying to simulate the Venus atmos-

pheric superrotation by assuming the realistic solar heating.

The results obtained so far show that nonlinear interactions

among the mean zonal flow, the mean meridional circula-

tion, and the thermal tides have to be examined. It is obvious

that the Newtonian cooling is unsuitable to simulate atmos-

pheric motions in the lower Venus atmosphere. Therefore,

we are going to construct a new radiative transfer model

which is able to represent the radiation field in the Venus

atmosphere, and integrate it into our Venus GCM which has

been constructed in this project. 

3.2 New radiative transfer model

A new radiative transfer model has been constructed

based on the correlated k-distribution (CKD) method. In

order to apply this model to the Venus atmosphere, it is very

important to calculate the absorption coefficients of CO2 and

H2O precisely in a wide range of wavenumber at vertical

levels from the ground up to above 80 km. It should be

noted, however, that the line shapes of the infrared absorp-

tion due to CO2 and H2O have not been well-established for

this purpose.

3.3 Results

Several line shapes of the CO2 absorption have been pro-

posed [7, 8, 9]. Figures 6 and 7 show dependences of the

absorption coefficients on wavenumber obtained at 0.1, 1.0

and 10.0 bars by using the Lorentz profile and that proposed

by Pollack et al. [7], respectively. Vertical temperature pro-

files in the radiative equilibrium state obtained for these

absorption coefficients are shown in Figs. 8 and 9. The

results clearly show that the atmosphere becomes too opaque

(transparent) for the infrared region in the case of the

Lorentz (Pollack et al.) profile.

We are going to make further comparison for other profiles

proposed by Fukabori et al. [8] and Meadows and Crisp [9],

which will lead to a definite distribution of the CO2 absorption

coefficient suitable for the Venus atmosphere. We also intend

to integrate it into our Venus GCM to make it possible to sim-

ulate the atmospheric superrotation realistically.

Fig. 6  Dependences of the absorption coefficients on wavenumber

obtained by using the Lorentz profile. Red, green, and blue lines

indicate absorption coefficients at 0.1, 1.0 and 10.0 bars, respec-

tively.

Fig. 7  Same as Fig. 6, but by using the Pollack et al. profile.
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Fig. 8  Vertical temperature profiles in the radiative equilibrium state

obtained by using the Lorentz profile. Red line shows the observed

temperature profile by VIRA (Venus International Reference

Atmosphere). Green, blue, and purple lines show the radiative equi-

librium temperature considering the absorption of CO2 permitted

transtion only, CO2 permitted transtion and continuum, and CO2 per-

mitted transtion, continuum, and H2O, respectively. 

Fig. 9  Same as Fig. 8, but by using the profile of Pollack et al.
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様々な惑星大気循環の力学的構造を特徴付ける物理過程を理解するために、大気大循環モデルAFES（AGCM

（Atmospheric General Circulation Model）for the Earth Simulator）を力学コアとするGCMを開発し、これを用いて火星

大気の高解像度大気大循環シミュレーションを実施した。複数の水平解像度で火星大気循環の計算を行ったところ、北

半球の夏におけるモデル内で巻き上げられるダストの量の解像度依存性は、北半球の秋におけるそれとは異なっている

ことが示された。この解像度依存性における重要な差違は、特徴的な地形の領域におけるダスト巻上げ量の差に起因し

ている。このことは、モデル内におけるダスト巻上げ過程において、季節変化する大規模循環と局所的な地形に関係した

循環との重ね合わせが重要であることを示唆する。また、現実的な加熱強制を与えた金星大気の高解像度大気大循環シ

ミュレーションの実施に向けて、高精度の放射モデルの構築を行った。構築した放射モデルを用いた感度実験を実施し

たところ、得られる放射平衡温度分布は用いた吸収線型に対して非常に敏感であることが示された。吸収線型の選択は、

金星大気放射モデルの最も不確定な部分の一つである。今後さらに感度実験を行うことで金星大気に適した線型を決定

し、完成した放射モデルを用いて現実的な放射強制の下での金星大気大循環実験を行いたいと考えている。

キーワード：惑星大気，スーパーローテーション，ダストストーム，地球，火星，金星
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Using multiple ocean general circulation models (GCMs) with multiple ecosystem models including marine biogeochemi-

cal cycles, we will improve the ability to simulate the present status of ocean climate and ecosystems and clarify effects of cli-

mate change on marine biogeochemical cycles and ecosystems. Taking advantage of our high-resolution general circulation

model, we have investigated ecosystem variability associated with fine scale ocean variability such as eddies and meanders.

Using more complex ecosystem models, we have performed a hindcast experiment for an international project on model inter-

comparison "The MARine Ecosystem Model Intercomparison Project (MAREMIP)".

Keywords: Ecosystem, Biogeochemical Cycles, Global Change, Ocean General Circulation Model, Fisheries resources

1. High resolution biogeochemical cycles and ecosys-
tem modeling
We have made progress in studies using a super high res-

olution model, the Ocean general circulation model For the

Earth Simulator (OFES) including a simple ecosystem

model (Nutrient-Phytoplankton-Zooplankton-Detritus, or

NPZD type), with a horizontal resolution of 0.1 degrees,

cooperating with researchers in the project "Understanding

and Forecasting High-Impact Phenomena in the Atmosphere

and Ocean" (project representative: Wataru Ohfuchi). We

also have developed a chemical tracer (CFC: chlorofluoro-

carbon) model by coupling with the Ocean Ice general circu-

lation model For the Earth Simulator (OIFES). Using the

OIFES-CFC model, we are executing the numerical experi-

ments with different horizontal resolution (0.25 and 0.5

degrees) to investigate the dependence of the simulated

results on the model spatial resolution. 

Using our high-resolution general circulation model, we

have analyzed the processes of ecosystem variability in the

Kuroshio Extension (KE) region and tracer transport in the

Arabian Sea as described below. We also have published

studies on the impact of ocean carbon sequestration and

redistribution of injected CO2 [3, 5].

The KE has the highest eddy variability in the North

Pacific. Frontal disturbance of the KE causes mesoscale

eddies, which increase local biological production. The

OFES-NPZD model reproduces the high eddy variability

and the westward propagation of sea surface height anomaly

(SSHA) in the KE along zonal band of 32–34N (Fig. 1). The

model high surface chlorophyll corresponds to low SSHA,

because cyclonic eddies lift nutrient-rich water into the

euphotic zone and maintain the high productivity in the sub-

surface layer. In fall, some of cyclonic eddies combine with

other cyclonic eddies from the subarctic region (high nutri-

ent water) and the biological productivity in the subsurface

layer is high. Vertical velocity plays an important role in

supplying nutrients near the KE meander.

In the intermediate waters of the Arabian Sea, low oxygen

water persists throughout a wide depth range. The outflow

from the Red Sea through the Gulf of Aden is considered to

play a strong role in determining the properties of these

intermediate waters. We conducted an idealized tracer

experiment using the current velocities from OFES to inves-

tigate the role of current variability and eddies in spreading

of the Red Sea Water. Figure 2 shows time sequences of the

tracer, whose source term is set in the Gulf of Aden; this

tracer is spread widely to the northeast and southwest along

the Somali coast in the western Arabian Sea. This suggests

that the water from the Red Sea may play an important role

in the intermediate depths in the western region of the

Arabian Sea.
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2. Activities using global 3-D ecosystem model
NEMURO
Using a 3-D ecosystem model (COCO-NEMURO), which

consists of the CCSR Ocean Component Model (COCO,

developed by the Center for Climate System Research

(CCSR), University of Tokyo) coupled with the North pacif-

ic Ecosystem Model Used for Regional Oceanography

(NEMURO), we had conducted a historical experiment from

1760 to 2002. Some studies related with this model have

been published or submitted [1, 2, 4]. We have also conduct-

ed experiments to investigate sensitivities of model perform-

ance to number of species of phytoplankton and zooplankton

in the model.

In cooperation with other research groups, we have made

progress in an international project on model intercompari-

son named "The MARine Ecosystem Model

Intercomparison Project (MAREMIP)". The major scientific

question in this project is "What are the main physical,

chemical and biological processes that determine the global

marine biomass, its regional distribution, its distribution

among size classes and plankton groups, its organization in

biological provinces, its internal and external fluxes, its vari-

ability, and its resilience to change?" The comparison will

include basic properties, such as surface chlorophyll and the

biomass of Plankton Functional Types (PFTs). Figure 3

shows the comparison of surface chlorophyll among the

satellite data and model results. All models capture the gen-

eral pattern of high chlorophyll regions, i.e., equatorial

oceans, subarctic region in the North Pacific and Atlantic

Oceans, and Southern Ocean, but the detailed distribution

and peak values are different among the different models.

Further analysis including temporal variability is being con-

ducted in the project.

Fig. 1  Longitude-time diagrams of sea surface height anomaly (cm) along 32–34N from (a) AVISO

(observed data) and (b) OFES and (c) OFES surface chlorophyll concentration (mg m–3).

Fig. 2  Horizontal map of the idealized tracer concentrations at 600 m depth in year 1 (a), year 5 (b) and year 10 (c).
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Fig. 3  Comparison of annual mean surface chlorophyll-a concentration (in units of mgChl m–3) among the satellite

observation (top left) and those simulated with the models.
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本プロジェクトでは、空間解像度や複雑さの異なる生態系モデルを用いた実験結果の相互比較・解析を通じて、海洋環

境の変化による生態系への影響や、海洋による二酸化炭素吸収量についての将来予測の高精度化を目指す。今年度は超

高解像度の海洋大循環モデル（OFES, Ocean general circulation model For the Earth Simulator）に、比較的簡単な生態系

モデル（NPZD, Nutrient-Phytoplankton-Zooplankton-Detritus）を結合させたモデルによる数値実験から、黒潮続流域で

の蛇行や渦変動によるクロロフィル変動や、インド洋での水塊輸送について解析した。また、海氷過程を含むOIFES

（Ocean-Sea-Ice GCM for the Earth Simulator）にトレーサーを組み込んだ中解像度での計算を継続して実施した。さら

に、複雑さの異なる生態系の過程を再現できるNEMUROモデル（North pacific Ecosystem Model Used for Regional

Oceanography）を、海洋大循環モデルCOCO（CCSR Ocean Component Model）に結合させたモデルを用いて、国際的な

海洋生態系モデル相互比較プロジェクト（MAREMIP: MARine Ecosystem Model Intercomparison Project）の計画に基

づいて生態系変動再現実験（1996–2007）を実施した。その結果、年平均のChl-a濃度の再現性にモデル間で大きな相違は

ないが、季節変動のタイミングや生態系の構造（プランクトンの種構成など）に大きな違いがあることが明らかになった。

キーワード：生態系，物質循環，気候変動，高解像度海洋大循環モデル，水産資源
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In order to allow heat island countermeasures to be optimally used in urban planning, authors have developed an analysis

system running on the Earth Simulator for urban thermal environment studying. This system can simulate the atmospheric

environment considering radiative heating, fluid dynamics as well as artificial pavement, building shapes and anthropogenic

heat. Using this system, the thermal environment in a 10 km square area of central Tokyo and a 33 km square area included

the whole Tokyo's 23 wards have been analyzed with 5 m resolution in the past. In this year, we performed a principal compo-

nent analysis on the result of the 33 km square area simulation to find the thermal features of different types of districts. The

classification was conducted according to urban information and environmental factors such as ratio of open green space cov-

erage, building coverage, building height, wind velocity and temperature near ground surface, etc.

Keywords: heat island, CFD, classification, cluster analysis, principle component analysis

1. Introduction
The heat-island phenomenon has become a serious social

issue in cities. The national and municipal governments and

various companies have prepared guidelines, introduced

technologies, and taken countermeasures. However, to solve

the issue, highly precise numerical simulations need to be

performed to reproduce the actual phenomenon and assess

the effects of measures. The authors have improved the stan-

dard k-ε model, aiming to develop a large-scale high-resolu-

tion system of numerical analysis for predicting the thermal

environment at all scales ranging from the periphery of a

building to an entire city by using the computational per-

formance of the Earth Simulator. The authors have success-

fully conducted the computational fluid dynamics (CFD)

simulations in an area of 10 km square covering most of the

coast of Tokyo, and an area of 33 km square covering the

whole 23 wards of Tokyo[1],[2],[3]. To systematically organize

the characteristics of the microclimate in each city district,

the districts were classified by type based on the results of

the CFD analysis. 

This paper describes the basic equations of the numerical

model and the results of classifying the districts in Tokyo's

23 wards.

2. Numerical model
The CFD model used in this study was based on a stan-

dard k-ε model, which is widely used in engineering for ana-

lyzing turbulent flows of fluids. The basic equations and

constants of the model are shown in Fig. 1. The FAVOR

method was used to recognize the complicated locations and

shapes of buildings. The effects of potential temperature,

Coriolis force and vapor buoyancy were newly introduced

into the equations to reproduce various city-scale phenome-

na. The pressure term, which appears in an ordinary equation

of energy transfer, was combined with that of potential tem-

perature and expressed together in the equation of energy

transfer as a potential term. Since sonication requires pro-

cessing at short time intervals, the SIMPLEC method was

used to solve the pressure in the equation of motion to

ensure numerical stability.

2.1 Handling radiation

The actual heat environments in cities are non-steady and

constantly change along with sunshine and wind velocity.

Cities have complicated geometrical configurations, making it

very complicated to numerically monitor radiation and heat

accumulation and to analyze a large area as a whole using a

non-steady model. In this study, sunny and shaded zones were

not determined in detail, but the temperature of the ground

surface in each zone was simply estimated from the ground

cover state. Prior to the estimation, non-steady calculations

for an entire day were performed using a linear heat balance

model to clarify the relationship between temperature and the

conditions of sunshine and ground cover. Humidity at the
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ground surface was also calculated from the heat balance. An

example of judging sunshine is shown in Fig. 2.

2.2 Setting boundary conditions

Boundary conditions could have been set uniformly for the

entire upper surface of the analytical space based on domi-

nant wind, but it was decided to assign them for each calcula-

tion grid on the upper and side surfaces of the CFD analytical

zone and based on the calculation results of a mesoscale

model. Each grid on the side boundaries was judged for

whether it was inflow or outflow, and calculations were per-

formed for inflow and outflow separately. The u and v pres-

sure components on the upper surface were given based on

the results of the mesoscale analysis, but the w component

was determined by CFD analysis. The k and ε values on the

upper and side surfaces were determined by 1) estimating the

wind velocity near the ground surface (0.5 m above the

ground surface) using the seventh power law from the wind

velocity 500 m above the ground, which was determined by

mesoscale analysis, 2) calculating the friction velocity near

the ground surface using the logarithmic law, and 3) assum-

ing equilibrium conditions on the upper and side surfaces. In

this study, the processes of non-steady phenomena were

reflected in the settings of the temperature of the ground sur-

face and boundary conditions, but the fluid field was

assumed to be steady within the zone of CFD analysis.

Super high-rise buildings in Tokyo are as tall as 200 m,

thus rising above the constant flux layer (the layer near the

ground surface where various kinds of flux values are verti-

cally uniform; the layer is usually about 100 m from the

ground surface in the daytime). Since the elevation of the

ground in Tokyo's 23 wards exceeds 80 m in some districts,

a vertical elevation of 300 to 800 m should be analyzed in

order to cover all buildings. However, steady calculations

can be applied only to limited spaces near the ground sur-

face, and the development of a city boundary surrounded by

land and circulating sea air needs to be analyzed for zones

above a certain elevation. It is desirable to couple the atmos-

pheric boundary layer and city space, which has a complicat-

ed geometrical form, both in non-steady states; however,

Fig. 1  Basic equations.

Fig. 2  Example of judging sunshine.

(Whether the ground and building surfaces were in the sun or

shade was judged for each grid from the location of the sun,

positions of buildings and DEM.)
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such a full-scale calculation method is not possible today

and needs to be developed.

3. Classification analysis
The classification analysis was conducted based to the

results of Tokyo simulation which covered 33 km square

horizontally and from 0 m to 500 m in the vertical direction.

The space was divided into grids of 5 m horizontally and 1

to 10 m vertically in the numerical simulation. The total

number of grids was about 5 billion (including the buffer

zone). It took 16 hours to analyze the zone using 300 calcu-

lation nodes.

In order to understand the characteristics of each district

from the calculation results, the climatopes were classified by

principal component analysis and cluster analysis. Figure 3

illustrates the schema of classification. The classification was

performed in the following steps:

1) The land use, floor area for each building use, exhaust

heat from human activities (latent and sensible heat), air

temperature 10 and 100 m above the ground and wind

velocity were totalized for each 500-m grid. The mean air

temperature and wind velocity of a grid were weighed

with effective volume fraction.

2) Using the calculated values for each 500-m grid, principal

component analysis was performed to quantify the contri-

bution ratio of each principal component.

3) Cluster analysis was conducted using the scores of the

principal components, and the districts were classified.

The results of classification are shown in Fig. 4. The

scores of the first to fifth principal components were used

for the cluster analysis. The cumulative contribution ratio

was 65%. The characteristics of the six types of district are

described below:

Type 1: District of high-rise buildings

Type 2: District where offices, houses and factories coex-

isted

Type 3: Water district

Type 4: Residential district of detached houses and apart-

ments

Type 5: Industrial district along the coast

Type 6: Forest and river

In Fig. 5, the temperature distribution and aerial photo at

Kanda and Nakano were shown. Kanda belongs to type 1, a

business district with many high-rise buildings, while

Nakano is a typical residential district full of detached hous-

es and apartments. Both of these two districts are located

within a distance of less than 10 km from the central Tokyo

where many large-scale developments are planned in this

area in the near future.

The relationship between air temperature and wind veloci-

ty is plotted in Fig. 6 for each type of district. The air tem-

perature difference on the Y axis denotes the mean of the

difference in air temperature between 10 m and 100 m above

the ground in the 500-m grid. The mean of the ratio in wind

velocity between 10 and 100 m above the ground in the 500-

m grid is shown on the X axis. The temperature difference

was smaller at a larger wind velocity ratio. At a wind veloci-

ty ratio of about 1, the temperature difference converged to

1˚C and was similar to the temperature drop with elevation.

This trend was observed in Type 3 districts. On the other

hand, in districts of small wind velocity ratio, the vertical

temperature difference was as large 4 to 5˚C. This trend was

observed in many Type 1 districts, showing that closely

spaced buildings affected the ventilation and air temperature

in the districts.

Fig. 3  Classification of Climatope by principal component analysis and

cluster analysis.

Fig. 4  Classification result.
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4. Conclusions
A numerical simulation consisting of about 5 billion grids

was performed using the Earth Simulator to clarify the distri-

bution of air temperature and wind velocity in Tokyo's 23

wards. A close relationship was found between air tempera-

ture and wind velocity. Using the result of numerical simula-

tion, cluster analysis and principle component analysis were

employed to classify climatopes, for each of which the rela-

tionship between air temperature and wind velocity was ana-

lyzed. The cumulative contribution ratio of the first fifth

principal components was 65%. The result of cluster analy-

sis and principal component analysis pointed out that land

uses play a key role in formation of local climate.

Now, a night-time simulation is under running on the

Earth Simulator. The further analysis including the condi-

tions at night is expected in the near future. 
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筆者らは、都市のヒートアイランド現象を詳細に解析するため、土地被覆、建物高さ、人工排熱等の都市要素の影響を分

析可能な数値解析システムを地球シミュレータ上に構築し、これまでに5km四方、10km四方、33km四方の解析領域を設

定して数値シミュレーションを実施してきた。今年度は東京23区全域をカバーする33km四方領域の数値シミュレーショ

ン結果に対して街区スケールの熱環境特性を明らかにするためのクラスター分析を実施した。分析は500ｍ四方の街区に

おける都市情報（緑被率、建ぺい率、建物高さ、標高等）及び環境要素（風速、気温等）に基づく。上位5成分による累積寄与

率は65%であり、土地利用形態がローカルスケールの気候の形成に最も大きな影響を与えていることが判明した。

キーワード：ヒートアイランド，CFD，類型化，クラスター分析，主成分分析
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We pursue accurate numerical techniques to obtain theoretical seismic waves for realistic three dimensional (3-D) Earth

models in two ways: one is Direct Solution Method and the other is Spectral-Element Method. Using these different methods,

we have tried; (1) to solve inverse problem, that is, to perform waveform inversion for three dimensional (3-D) shear wave

velocity structure inside the Earth and (2) to solve forward problem, that is, to calculate synthetic seismic waveform for fully

3-D Earth model. As for the forward modeling, we use the Spectral-Element Method and calculate synthetic seismograms for

May 12, 2008 Wenchuan, China earthquake and compared with the observation. The synthetic seismograms computed for

finite source rupture model of this great earthquake matches well with the observation. We also have computed synthetics for

regional scale 3-D mantle model and confirmed the existence of the stagnant slab under the Japanese Islands. We have con-

ducted waveform inversion for 3D shear wave velocity structure by using the Direct Solution Method and found that the low

velocity plume-like structure continues from core mantle boundary to the Earth's surface.

Keywords: Synthetic seismograms, 3-D velocity structure of the Earth, Direct Solution Method, Spectral Element Method

1. Synthetic seismograms for 2008 Wenchuan, China
earthquake
The 2008 Wenchuan earthquake (31.016N 103.365E,

Mw7.9 by USGS) was one of the largest earthquakes

occurred in the continental area in the past 100 years and

caused serious damages in the area. Nakamura et al [1]

inverted broadband seismograms from global seismographic

networks to obtain rupture history of the mainshock. We cal-

culate synthetic seismograms for a realistic 3D Earth model

using the spectral-element method [2] in order to verify our

source model. We use S-wave velocity model S20RTS and

P-wave velocity model P12 of the mantle, model CRUST2.0

of the crust, and topography and bathymetry model ETOPO5

(from the U.S. National Oceanic and Atmospheric

Administration). The only factor which is not taken into

account in this realistic three-dimensional model is the effect

of the seismic wave propagation in the ocean layer.

Following the previous work [2], the simulations are per-

formed on 1944 processors, which require 243 nodes of the

Earth Simulator. We use a mesh with a total of 5.467 billion

global integration grid points, which corresponds to an

approximate grid spacing of 2.9 km along the Earth's surface

and should enable us to get synthetic seismograms accurate

up to 5 seconds. We show in Fig. 1 comparisons of synthetic

seismograms calculated by SEM for this rupture propagation

model with observations for broadband seismograph station

at Syowa station in Antarctica. The results demonstrate that

synthetics agree well with observed seismograms, which

demonstrates that our source model used in the computation

of synthetics is accurate. Although the source inversion pro-

cedure utilizes P-waves and does not incorporate longer

period surface waves directly, the synthetic seismograms by

SEM also reproduce waveforms of surface wave arrivals,

which suggest that our source model grasps overall charac-

teristics of earthquake rupture at least in the frequency range

of broadband seismographs. This station is not included in

the source inversion procedure because of its epicentral dis-

tance of 112 degree, but the figures demonstrate that the first

arrival Pdiff phase and even SKS phases in the horizontal

component are reproduced satisfactorily.

2. Synthetic seismograms for stagnant slab model
We have shown that combination of Spectral-Element

Method (SEM) and the Earth Simulator enables us to calcu-

late synthetic seismograms for realistic three dimensional

Earth model with the accuracy of up to 2 sec, if we use one

chunk of SEM mesh. We use the same global P-wave veloci-

ty tomographic model of GAP-P1 [3] and S-wave velocity

model as before. We select the location of the chunk so that

it includes Japanese Islands and calculate synthetic seismo-

grams for two deep earthquakes: February 1, 2002 and

August 2, 2002. We compare the synthetic seismograms

with the observation for seismic stations in Eurasia. This 3-

D tomographic model has characteristics of significant stag-
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nant slab under the Japanese Islands. Figure 2 shows that the

effect of the stagnant slab is significant in the synthetic seis-

mograms so that the arrival time of P-wave matches well

with the observation for those stations in Eurasian continent.

3. Low Velocity Anomalies Obtained by Waveform
Tomography
In the last fiscal year, we inverted seismic waveform data

for 3-D global SH velocity structure using the Direct

Solution Method [4]. We inverted the data from different

events from those used for obtaining previous studies. We

could retrieve similar low velocity anomalies from the new

dataset, and we could conclude that the model is sufficiently

accurate to conclude that the focused feature is reliable.

Here we apply singular value decomposition to retrieve

reliable signatures appeared in the global tomographic model.

Figure 3a shows the result of inversion using 800 eigenvalues

in the singular value decomposition. Most of the global fea-

tures are reproduced in this model. Figure 3b shows the result

using largest 100 eigenvalues. There appears plume-like low

velocity structure continued from core-mantle boundary to

Tonga-Samoa region at the surface of the Earth. The result

demonstrates that this low velocity structure is robust signa-

tures appeared in the tomographic model.
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Fig. 1  Comparison of synthetic seismograms (red) and observed seismograms (black) for 2008 Weunchuan China earth-

quake recorded at broadband seismographic station at Syowa station, in Antarctica. Horizontal north-south (top),

horizontal east-west (middle) and vertical component (bottom) displacement seismograms are shown.

Seismograms are low-pass filtered at 5 sec.
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Fig. 2  Comparison of synthetic seismograms (red) and observed seismograms (blue). Vertical component displacement

seismograms for P-arrivals are shown. Observed traces are low-pass filtered at 4 sec. Solid curve in the figure shows

theoretical travel time of PREM model. (a) February 1, 2002 earthquake and (b) August 2, 2002 earthquake.

(a)

(b)
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(a)
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Fig. 3  The SH velocity models from surface of the Earth to CMB obtained in this study using (a) 800 eigenvalues and

(b) 100 largest eigenvalues in the singular value decomposition.

(b)
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2008年中国四川大地震の理論地震波形を計算した。地震波形の解析から求めた震源断層モデルを用い、スペクトル要

素法により243ノードを用いて周期5秒の精度で現実的な3次元地球モデルに対して計算した。計算の結果、観測波形を理

論波形の一致は良く、用いた震源断層モデルが正しいことが分かった。

スペクトル要素法により現実的な3次元地球モデルに対する理論地震波形記録を計算した。今年度は、スペクトル要素

法で全球を6個のブロックに分ける際の、一つのブロックのみを用いて、日本付近の地震に対して周期2秒の精度で地震

波のP波とS波を計算した。計算した理論記録を観測記録と比較した結果、用いた3次元地球モデルの特徴である日本列島

下に横たわるスラブの影響が理論波形には顕著であり、その結果の走時異常の観測結果と波形を理論波形はよく説明で

きることが分かった。

Direct Solution法を用いたマントル速度構造インバージョンで、固有値解析（singular value decompsition）を用いて、

全地球速度構造モデルの中で信頼のおける特徴を抽出した。CMBからTonga-Samoaの下に連なる筒状の低速度異常は

最も信頼のおける特徴の１つであることを示し、マントルプリュームがCMB近傍から670km不連続面を突き抜けて地表

付近にまで達していることを示唆した。

キーワード：理論地震波形記録，3次元地球内部構造，Direct Solution法，スペクトル要素法
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We present numerical simulations of one of the lowest-viscosity geodynamo models, in which magnetic field generation is
caused by thermal convection in a rotating fluid spherical shell that mimics the Earth's metallic core. In contrast to other simi-
lar studies, in which small-scale, sheet-like convective motion generated weak or non-dipolar magnetic fields, our solution
exhibits a strong dipole magnetic field with intensity similar to the geomagnetic dipole, accompanied with large-scale velocity
and magnetic field structures inside the fluid core. Some geomagnetic observations such as the geomagnetic westward drift
are well simulated. The difference to other studies can be attributed to thermal boundary condition at the core-mantle inter-
face. A uniform heat-flux boundary that we assumed at the surface of the fluid core effectively drives a large-scale meridional
circulation that is responsible for sustaining a strong axial dipole. On the other hand, an isothermal condition that other low-
viscosity models used is geophysically unrealistic and leads to failure in simulating actual geomagnetic signatures.

Keywords: Geomagnetic field, Geodynamo, Thermal convection, Magnetohydrodynamics, Core dynamics

1. Introduction
We have attempted to understand geomagnetic field

behavior by high-resolution numerical simulations of geody-
namo models with low viscosity. In our group, Takahashi
and his subgroup (TMH [1]) made thermally-driven dynamo

simulations in a parameter regime of E = 4 × 10–7 and Pm =
0.2, where E and Pm are respectively the Ekman and mag-
netic Prandtl numbers, both representing viscous effects in a
rotating and electrically conducting fluid (see Table 1 for
definition of nondimensional parameters and notation). As

Table 1  Nondimensional input (top four lines) and diagnostic (bottom two) parameters in our model and those estimated in the
Earth's core [14]. The Earth's core is modeled by a rotating fluid spherical shell, of which the radius is c, the kinematic
viscosity ν, the magnetic diffusivity η, the thermal diffusivity κ, the spin angular velocity Ω, the density ρ, the magnetic
permeability μ, and the thermal expansivity is α. The temperature gradient at the CMB in a hydrostatic state is β. The
acceleration due to gravity is g at the CMB. *1) Calculated from mean kinetic and magnetic energies in the uniform-flux
model. *2) Calculated from those in the isothermal model.

Parameters

Ekman number

magnetic Prandtl number

Prandtl number

Rayleigh number

magnetic Reynolds number

Elsasser number

Our model

5 × 10–7

0.2

1

3.2 × 1010

180*1 / 220*2

0.40*1 / 0.19*2

Earth's core

10–15

5 × 10–6

0.2

1030

O(102)

O(10)

Definition

E = ν/2Ωc2

Pm = ν/η

Pr = ν/κ

Ra = αβgc4/κν

Rm = uc/η

Λ = b2/2ρμΩη

10-浜野 洋三  09.11.2  10:49 AM  ページ69



70

Annual Report of the Earth Simulator Center  April 2008 - September 2008

these numbers are believed to be very small in the Earth's

liquid core, it is important to decrease them to simulate actu-

al geomagnetic signatures. Their numerical solution exhibits

a dipole magnetic field but with weaker intensity than in

more viscous (high-E) simulation results. There is a tenden-

cy that the magnetic field near the equatorial plane is axial

and mostly confined inside the solid inner core. Kageyama

and his group (KMS [2]) recently made a geodynamo simu-

lation in a parameter regime of E = 2.3 × 10–7 and Pm = 1.

They found that a magnetic field was generated by sheet-like

convection with a high azimuthal wavenumber. Surprisingly,

the generated magnetic field was non-dipolar quite contrary

to the geomagnetic field.

In this report, we show results of similar numerical simu-

lations but using a different boundary condition at the sur-

face of the core; namely, a uniform heat-flux boundary

rather than an isothermal boundary that TMH and KMS used

[3]. In general, an isothermal boundary is a good approxima-

tion when the medium outside can transport heat more effec-

tively by high thermal conductivity [4, 5] or vigorous con-

vection. However, the silicate mantle is considered to be

thermally less conductive than the liquid metallic core and

the time scale of mantle convection is much longer, which

implies that a uniform-flux condition should be geophysical-

ly more realistic in geodynamo simulations, although it is

also an approximation. We expect that the thermal boundary

condition causes a critical effect on convection in the pres-

ence of both rotation and a magnetic field [6].

2. Numerical modeling
We use a spectral transform code based on spherical har-

monic expansion to simulate thermal convection and mag-

netic field generation in a rotating Boussinesq fluid spherical

shell. The radial structures of the flow and magnetic field are

resolved by Chebyshev polynomials. Calculations are mostly

performed by taking the spherical harmonic degrees and

orders less than 256 and the Chebyshev degrees less than

160, but in some simulations the maximum degrees are 320

and 192, respectively. The inner core has the same electrical

conductivity as the outer core and is free to rotate around the

same axis of the outer core rotation (the z axis). Chebyshev

expansion is applied to the magnetic field in the whole core,

so that its spatial resolution is lower than the velocity field

that is defined only in the outer core. This approximation

would be justified when the magnetic Prandtl number is less

than one. In addition to a uniform heat source in the whole

core, a localized heat source is assumed at the surface of the

inner core to mimic latent heat released through inner core

crystallization. The inner core temperature varies in time

because of convective heat transport. We assume that the

temperature is uniform in the inner core and identical to the

bottom temperature of the outer core just for economy of

computation. For comparison to the isothermal model, our

uniform-flux model assumes that the laterally averaged tem-

Fig. 1  Nondimensional magnetic (thick lines) and kinetic (thin lines)

densities averaged in the fluid core plotted as functions of dipole

diffusion time (c2/π2η = 19400 years). Black and red colors show

the uniform-flux and the isothermal models, respectively.

Fig. 2  Radial magnetic field at the fluid core surface in Mollweide pro-

jection. (a) A snapshot from our uniform-flux model. (b) A snap-

shot from our isothermal model. The color scales are the same in

both cases.
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perature at the core-mantle boundary (CMB) is fixed so that

the total heat flow across the CMB fluctuates in time due to

convective heat transport in the outer core [7].

We set the Ekman number to 5 × 10–7, the magnetic

Prandtl number to 0.2 and the Prandtl number to 1. The

Rayleigh number (Ra) is increased step-by-step. Note that

our Rayleigh number is based on total heat flow across the

CMB. Since viscous and Joule dissipations are neglected,

the heat flow in a quasi-steady convective state is basically

the same as before the onset of convection. In the following

discussion, all physical quantities are converted to dimen-

sional ones by taking the core radius as c = 3480 km, the

magnetic diffusivity η = 2.0 m2/s, the density ρ = 1.1 × 104

kg/m3, and the angular velocity Ω = 7.27 × 10–5 rad/s. The

velocity and magnetic field are respectively denoted by 

u = (us, uφ, uz) and b = (bs, bφ, bz), where (s, φ, z) are the

cylindrical coordinates defined in a frame co-rotating with

the core.

3. Results
We first show results of the uniform-flux model when Ra

is 3.2 × 1010 and then make a comparison to the isothermal

model using the same parameters. The time-averaged mag-

netic energy density is 5.2 times as large as the kinetic ener-

gy (Fig. 1), implying a magnetostrophic balance is nearly

satisfied. The magnetic Reynolds number and the Elsasser

number calculated from the mean kinetic and magnetic ener-

gy densities become 180 and 0.40, respectively. The inner

core rotates prograde at an angular velocity of about 0.1

degree per year. A quasi-steady, axial dipole magnetic field

is dominant at the CMB (Fig. 2a). The dipole moment is

about 1.4 times as strong as the present geomagnetic dipole,

although the calculated higher-order multipole components

are weaker. There are several magnetic flux patches near the

equator that move retrograde like the geomagnetic westward

drift [8]. The flux-patch motion is basically explained by

advection due to retrograde mean zonal flow just beneath the

equatorial part of the CMB (Fig. 3a). 

The low-latitude flux patch may be interpreted as mani-

festation of a strong zonal (toroidal) magnetic field inside

the core [9]. When averaged over the azimuthal coordinate,

the zonal magnetic field has two oppositely-directed local

extrema near the equatorial part of the CMB (Fig. 3a). The

toroidal field actually has a wavy three-dimensional struc-

ture with an azimuthal wavenumber of approximately 6 (Fig.

4a). The local intensity exceeds 4 mT, which is about ten

times as strong as the poloidal field intensity at the CMB.

The large-scale wavy pattern is also seen in the velocity

field, which is approximately independent of z, in agreement

with the Proudman-Taylor theorem. Small-scale turbulent

flows are also dominant particularly in regions where the

magnetic field is weak. There exist thin sheet-like jets across

which the magnetic field intensity varies almost discontinu-

ously [10]. The mechanism of magnetic field generation is

basically explained by a macroscopic α effect caused by

large-scale helical columnar vortices and also by an ω effect

caused by a mean zonal flow, as have been identified in pre-

vious studies [9].

The isothermal model produces a completely different

result. The initial condition is taken from a solution of our

uniform-flux model. Once the boundary condition is

changed, the mean magnetic energy density starts decreasing

and finally becomes less than twice the kinetic energy (Fig.

1). The generated magnetic field is still dipolar, but the

intensity at the CMB is weaker than in the uniform flux

model (Fig. 2b). The magnetic field pattern at the CMB is so

broad that no localized flux patches are found. The westward

drift is not clear because the mean zonal flow is weak (Fig.

3b). There is a tendency that the axial magnetic field is con-

fined in the solid inner core. The most striking difference is

the velocity and magnetic field structures inside the core

(Fig. 4). The flow pattern becomes more sheet-like with a

higher azimuthal wavenumber. The magnetic field also has a

fine structure and the large-scale wavy zonal field disap-

Fig. 3  Cylindrical components of velocity and magnetic field averaged

in time and longitude and projected onto the meridional plane.

(a) The uniform-flux model. (b) The isothermal model. From left

to right, the radial velocity (us), the zonal velocity (uφ), the zonal

magnetic field (bφ), and the axial field (bz) are plotted. The dotted

line shows the inner core boundary.

10-浜野　洋三  09.11.2  10:49 AM  ページ71



72

Annual Report of the Earth Simulator Center  April 2008 - September 2008

pears. These characteristics have been commonly seen in

simulation results of TMH, KMS, and other low-viscosity

isothermal models [11].

When averaged in time and longitude, the azimuthal com-

ponents of the Coriolis force, –2ρΩ<us>, and the Lorentz

force, <jz bs> – <js bz>, are nearly in balance, where j stands

for the electric current density and <.> means time and

azimuthal average. At the equatorial plane (where values are

denoted by E), the balance is essentially reduced to

–2ρΩ<us>E – <js>E <bz>E = 0                      (1)

(Fig. 5). The axial magnetic field <bz>E is responsible for

sustaining an axial dipole, because the dipole moment is pro-

portional to the surface integral of magnetic flux over the

CMB in the northern hemisphere if higher-order multipoles

are neglected, and hence proportional to the integral of bz

over the equatorial plane within the core. The radial electric

current <js>E sustains low-latitude toroidal fields which are

Fig. 4  Magnetic field (left) and velocity (right) structures on a plane parallel to the equatorial plane (z = 0.1c) viewed from the

north. (a) A snapshot from the uniform-flux model. (b) A snapshot from the isothermal model. The magnetic field structure

is represented by the tangential field intensity (bs
2+bφ

2)1/2. The velocity structure is represented by the tangential speed

(us
2+uφ

2)1/2.
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Fig. 5  The azimuthal Lorentz (black line), Coriolis (blue line) and

advective (light-blue line) forces at the equatorial plane averaged

in time and longitude are plotted as functions of the radius s. Red

line represents –<js>E<bz>E, which well approximates the actual

Lorentz force (black line).

oppositely directed on each side of the equatorial plane.

Therefore, equation (1) implies that the radial flow <us>E is

essential for maintaining not only a strong axial dipole, but

also toroidal fields responsible for low-latitude flux patches

at the CMB. Figure 3 clearly shows that the uniform-flux

model produces a weak but significant radial flow along the

equatorial plane, whereas <us>E is largely suppressed in the

isothermal model. A strong axial dipole can be sustained

without the radial flow if bz is confined inside the solid inner

core, which seems to occur in our isothermal model and also

in TMH. However, sustaining <js>E seems to be difficult

without the radial flow.

The radial flow <us>E and its counter flow <us> toward the

z axis at other latitudes form a meridional circulation pattern,

which has been regarded as one of the important components

in kinematic dynamos. The reason why an isothermal bound-

ary weakens the meridional circulation is still uncertain. It

should be noted, however, that laterally large-scale convec-

tion cells emerge in Rayleigh-Benard convection with uni-

form-flux boundaries [4, 5], implying that uniform-flux con-

dition, which allows a lateral variation of the surface temper-

ature, enhances flows along the boundary so that large-scale

meridional circulation ensues. Previous geodynamo simula-

tions that used higher Ekman numbers suggest that the

boundary condition of temperature is not so critical [7]. In

such a case, the theoretically predicted azimuthal wavenum-

ber in non-magnetic convection, which increases as E–1/3

[12], is not much greater than unity and a large-scale flow is

intrinsically permitted. We speculate that an isothermal

boundary suppresses meridional circulation but only if the

Ekman number is small enough (probably less than 10–6).

4. Concluding remarks
A strong axial magnetic field accompanied with large-

scale fluid motion is obtained from a numerical geodynamo

model with significantly low viscosity. The large-scale fluid

motion of which the azimuthal wavenumber is about 6 is

consistent to our prediction deduced from the observed time

spectrum of the geomagnetic dipole moment [13]. Our result

implies that the large-scale structure is a robust characteristic

even in much less viscous conditions and that previous simu-

lations with higher viscosity may be essentially applicable to

the actual geomagnetic phenomena. Our numerical solution

has several characteristics similarly observed in the actual

geomagnetic field. In particular, geomagnetic phenomena of

short timescales such as geomagnetic jerks and torsional

oscillations may be elucidated by more detailed analyses

owing to low viscosity realized in our model. The difference

from other low-viscosity geodynamo models, in which

small-scale, sheet-like fluid motion generated weak or non-

dipolar magnetic fields, can be attributed to thermal bound-

ary condition at the CMB. Importance of meridional circula-

tion for sustaining an axial dipole and toroidal magnetic

fields is also pointed out. In order to simulate the actual situ-

ation in the deep Earth, it would be necessary to impose

more realistic, laterally heterogeneous thermal and electro-

magnetic boundary conditions.
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低粘性の地球ダイナモモデルで得られた強い双極子磁場
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われわれはこれまで、地球磁場の変動メカニズムの解明を目的として、高解像度の地球ダイナモシミュレーションを、

できる限り地球に近い、低粘性のパラメータ領域でおこなってきた。高橋およびそのサブグループは、回転磁気流体の粘

性効果をあらわす無次元パラメータであるエクマン数（E）と磁気プラントル数（Pm）を、それぞれ4 × 10–7および0.2に

下げて、ダイナモシミュレーションをおこなうことにすでに成功している。得られた数値解は双極子型の磁場を示した

が、よりEやPmが高い場合の結果に比べて、生成される磁場強度は弱かった。また他のプロジェクトで最近おこなわれ

たE = 2.3 × 10–7という低エクマン数のシミュレーションでは、双極子型の磁場は卓越せず、むしろ地球磁場とは異なる

特徴を呈している。すなわちこれまでの結果には、無次元パラメータを地球のそれに近づけると、生成される磁場がむし

ろ地球とは異なる性質をもつという、矛盾がみられるように思われる。

本年度の研究では、この矛盾が、設定された温度境界条件によるものであるかもしれないことを示した。これまでの多

くのモデルでは、回転する流体コア内に熱的な対流不安定を起こし、それによって磁場が生成する。そしてその際、コ

ア・マントル境界の温度を一定とする仮定をおいている。このような等温境界条件は、マントルがコアよりも高い熱伝

導度をもつか、あるいはマントルがコアよりも激しく対流するような場合には適当であるが、現実のコア・マントル系で

は、むしろそれと対極に位置する、熱流束一様の境界条件のほうがより適当である（実際は熱流束は水平不均質をもつが、

もっとも単純で理想的な条件をここでは考える）。実際、E = 5 × 10–7およびPm = 0.2という、これまでの低粘性ダイナモ

モデルと同程度の粘性効果を仮定した数値計算を、等温および一様熱流束の2つの境界条件のもとでおこなったところ、

驚くほど異なる流れと磁場の構造がみられた。等温境界の場合、これまでの結果と同様に、経度方向の波数が大きい、

シート状の細かい対流構造が見られ、磁場も同様に高波数であった。いっぽう一様熱流束境界の場合、磁場強度が増し、

強い双極子磁場が生成された。コア内部の流れと磁場には、波数6程度の大規模構造がみられ、とくに赤道反対称の強い

トロイダル磁場が卓越した。境界条件に起因するこれらの相違は、赤道面で内核表面からマントルに向かい、より高緯度

で自転軸方向に返るような、子午面循環の強弱によって物理的に説明することができた。すなわち一様熱流束条件では、

コア・マントル境界に沿って温度不均質が許され、それによって大規模な子午面循環が駆動されうるのである。この子

午面循環は、強い双極子磁場やトロイダル磁場の維持にきわめて重要な役割を果たす。

本研究は、今後の、より地球に近い条件下でのダイナモシミュレーションにおいて、コア表面の温度境界条件が重要で

あることを示唆する。とくに等温境界条件をもちいたシミュレーションは、単に現実のコア・マントル境界にはそぐわ

ないだけでなく、地磁気の特徴を本質的にあらわしえないかもしれない。今回得られた数値解は、赤道域に卓越する地磁

気の西方移動など、現実の地磁気変動とよく似た性質を有している。今後、数値解の解析をすすめて、地磁気の短周期変

動の観測結果などと比較することにより、地球磁場変動のより深い理解が得られることが期待される。

キーワード：地磁気，地球ダイナモ，熱対流，電磁流体力学，コアダイナミクス
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The aim of this project is to make up a comprehensive model of the dynamics and evolution of the Earth's mantle, and to

simulate phenomena related with subduction. (1) With the global modeling in Earth-like spherical shell geometry, we made

systematic research on the convection patterns for the wide range of Rayleigh numbers with phase transitions. The experimen-

tally and seismologically plausible value of Clapeyron slope for 660 km phase transition is not enough to reproduce slab stag-

nation at transition zone. By introducing both the viscosity increase in the lower mantle, and yield stress near the surface, the

660 km phase transition acts as a barrier for the vertical flow. Then the flow pattern in the upper mantle is decoupled from the

flow in the lower mantle, and "stagnant slabs" are successfully formed. (2) With the regional modeling focusing on subduction

process, we made systematic research on the form of stagnant slab by setting both the velocity of subducting plate and that of

trench migration. These simulations succeeded in reproducing wide variety of the stagnation styles, which is comparable to

the images from seismic tomography. 

Keywords: mantle convection, subducting slab, plate tectonics

1. Introduction
The Earth's mantle is composed of solid rocks but it flows

like a viscous fluid in a geologic time scale. This convective

flow of the mantle is emerging as the motion of tectonic plates

on the Earth's surface. The motion of surface plates causes

earthquake, volcanism and mountain building at the plate

margins. And as the mantle flow transports the heat from the

hot interior, the whole of the Earth has been cooling through

its history. Hence, mantle convection is the key process for

understanding the activity and evolution of our planet. 

We can see the internal structure of the Earth's mantle by

seismic tomography. It illustrates the behavior of slabs, that

is, subducted plates in the mantle. Some of the slabs stagnate

in the mantle transition zone while the others penetrate into

the lower mantle (Fig. 1). Because slabs are the downwelling

portions of the mantle convection, the mechanisms to gener-

ate the various styles of subducted slabs in the mantle transi-

tion zone are important to understand the structure and

dynamics of the mantle. We have been studying the process

of stagnation and penetration of slabs, and succeeded in sim-

ulating both behaviors and clarifying the conditions for slab

stagnation. Our two-dimensional model can reproduce the

general behavior of slabs under natural setting, but it has

limitations in applying for specific subduction zones of the

Earth. Three-dimensional structure is essential for some sub-

duction zones especially located in western Pacific region.

Figure 1 is the structure of the mantle relating to the subduc-

tion around the Pacific Ocean from global tomography [1].

There are wide variation of the subduction style, some is

stagnant around the transition zone, and other is penetrating

to the lower mantle. 

2. Global model: The effect of viscosity layering and
yield stress for the slab stagnation
The cause of slab stagnation has been discussed in rela-

tion to the post-spinel transition across the 660-km disconti-

nuity. The negative Clapeyron slope of this phase transition

tends to resist against straightforward falling of slabs into the

lower mantle. We presented the results of the numerical sim-

ulation of the mantle convection in three-dimensional spheri-

cal shell, which incorporates the 660 km endothermic phase

transition. The spatial resolution is about 15 km on the

Earth's surface. We carried out systematic calculations by

varing Rayleigh number, and the value of the Clapeyron

slope at the 660 km depth with isoviscous mantle. Figure 2

is the extended version of our regime diagram of the convec-

tion patterns. In the range of Ra > 105, as the absolute value

of the Clapeyron slope increases, the pattern of the convec-
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tion changes from the whole layer convection to two-layered

one. There is a transition phase between the whole layer con-

vection and the two-layered one, in which the convection

becomes intermittently.

The recent experimental values of the Clapeyron slope are

in a range from –2 to –0.5 MPa/K for dry ringwoodite, and <

–2 MPa/K for wet ringwoodite (summary in [2]). On the

other hand, the estimated Clapeyron slope by seismological

observations is in a range from –3.5 to –2 MPa/K [3, 4]. This

suggests that the transition zone contains some amount of

water. These ranges are also shown in Fig. 2. These estimat-

ed values of Clapeyron slope are located near the boundary

of "intermittent" and "whole layer" convection regime, and

the effect of phase transition is weak for large-scale slab stag-

nation. In our previous regional two-dimensional modelings,

we showed that viscosity increase in the lower mantle and the

temperature dependence of viscosity are also important for

slab stagnation. Hence, we introduced viscosity layering and

plate-like structure into our global modeling. Figure 3 (a) is

the setting of the viscosity factor to the reference value, and

lower mantle viscosity is 40 times larger than the upper man-

tle. The viscosity also depends on temperature, and the mate-

rial has large viscosity at cold portion. We introduced yield-

ing of the material that acts near the surface, and then the

deforming and subducting portion is very localized and plate-

like behavior is reproduced. The yield stress is set to 80 MPa

from the result of [5] to realize plate-like one. 

Here we compare the results with and without 660 km

Fig. 1  Cross sections of seismic tomography for subdcution around Pacific Ocean (drawn by the dataset GAP-P1 [1]).

The P-wave velocity anomalies are shown from surface to core-mantle boundary. Red lines on the maps show

the location of each cross section. The wide variety of the subduction style is observed.

Fig. 2  The regime diagram of the convection patterns for isoviscous

spherical shell. This is the extended version of our result reported

in ES annual report 2005.
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phase transition. We set the value of Clapeyron slope for 

660 km as –2.5 MPa/K (plausible value from seismology),

and 0 MPa/K (no phase transition). In the case of –2.5

MPa/K, the phase transition at 410 km depth is also intro-

duced with Clapeyron slope +2.5 MPa/K. The Rayleigh

number calculated by the reference viscosity is Ra = 2 × 107

for these simulations. Figure 3 (b) is the horizontally aver-

aged temperature profile, and you can see that there is a little

decrease of temperature around the transition zone in rela-

tion to phase transition. The effect of phase transition is not

so large on average temperature profile, but the flow pattern

is much different. Figure 4 shows the convection pattern by

temperature, left: no phase transition, right: with phase tran-

sition. With phase transitions, the flow pattern in the upper

Fig. 4  Snapshots of the convection in spherical shell with depth- and temperature-dependent viscosity (Ra = 2 ×107).

Left; no phase transition. Right; phase transition at 410 km and 660 km. Top; temperature just below the surface.

Bottom; temperature cross-section along a meridian. There exist small difference for the typical wavelength of

the surface pattern between the two, but large difference for the vertical cross section. In case of phase transition,

stagnant slabs are observed at the transition zone and the flow patterns for the upper and lower mantle are decou-

pled to some extent.

Fig. 3  (a) (b) Horizontally averaged temperature at each depth with and without 660 km phase transition. There exist

small difference between the two cases.
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mantle is decoupled from the flow in the lower mantle. The

time-scale for the flow in the upper mantle is shorter than

that of the lower mantle because of its lower viscosity.

Trenches at the surface move with the time scale of the

upper mantle flow, and the penetrated slab in the lower man-

tle is anchored for a while. Then the structures like "stagnant

slabs" are formed. With the sufficient time integration, we

can conclude that 660 km phase transition plays important

role for reproducing stagnant slabs. Without phase transition,

the stagnant structure emerges at the beginning of the simu-

lation, but it settles to be vertically continuous flow pattern

after several hundred million years. 

3. Regional model: Dynamic behaviors of subducting
slabs, toward three-dimensional modelings
We are developing three-dimensional numerical models

of mantle convection in order to study the formation and the

dynamic behaviors of stagnant slabs. A time-dependent ther-

mal convection of Boussinesq fluid in a rectangular box of

1320 km height and 7920 km width is considered. We have

included both the exothermic olivine to spinel and the

endothermic spinel to perovskite phase transitions at around

410 and 660 km depths from the top surface, respectively.

The viscosity of mantle material is assumed to be exponen-

tially dependent on temperature and pressure (or depth). We

also take into account the effects of the sudden increase in

viscosity at the 660km depth. The computational domain is

divided into the "oceanic" and "continental" regions on the

left-hand and right-hand sides, respectively. The plate sub-

duction is imposed by applying different kinematic boundary

conditions to the top surface of the "oceanic" and "continen-

tal" sides. The initial distribution of temperature in the

"oceanic" region is set by a half-space cooling model mov-

ing at a uniform velocity, while that in the "continental"

region is characterized by a thinner thermal boundary layer

than the "oceanic" side in order to enhance the negative

buoyancy of the "oceanic" plate at the "trench axis". We also

included a thin layer of weak "lubricating" material along

the top surface of the "oceanic plate" in order to accommo-

date a strong shear deformation along the "plate boundary".

The lubrication at the plate boundary is modeled by applying

maximum yield strength in the regions with the weak materi-

als which are advected along with the subduction of "ocean-

ic plate". The numerical calculations is performed by using

the multigrid-based numerical code ACuTEMan [6, 7]

designed for large-scale three-dimensional experiments. In

this numerical code, the motion of highly viscous and

incompressible fluid is iteratively solved for the primitive

variables (velocity and pressure). The advection of "lubricat-

ing" material is calculated by the CIP-based semi-

Lagrangian conservative scheme developed by [8]. We have

employed non-uniform mesh divisions between the "ocean-

ic" and "continental" sides and between the upper and lower

mantle, in order to resolve the dynamic behavior of subduct-

ed slabs as much as possible. 

In addition, we take into account the effect of trench

migration, by extending the approach by [9] to the three-

dimensional models. Here we assume the subduction below

an actively overriding continent with an ocean-ward velocity

–Vtr = (–Vtr, 0, 0) with respect to the deep mantle. Although

the reference frame in subduction models is usually fixed to

the deep mantle, we choose a "continental reference frame"

here, which is fixed to the top surface of the overriding "con-

tinental" plate, for reasons of computational convenience. To

this end, we use a simple Galilean coordinate transforma-

tion: a no-slip boundary condition is imposed on the conti-

nental surface while at the bottom and inflow boundary, a

velocity Vtr is imposed, describing again the relative motion

between continent and deep mantle. The motion of "oceanic"

plate is, on the other hand, driven by a fixed velocity Vpl

along the top surface. A horizontal flow and hydrostatic

pressure are prescribed on the vertical right-hand side

boundary. These define the flow to be "developed", i.e. with

a zero horizontal velocity gradient, as in one-dimensional

channel flow. 

We show in Fig. 5 the snapshots taken from preliminary

two-dimensional calculations with different values of the

velocities of subducting plate Vpl and overriding plate Vtr. In

these calculations, the viscosity of the lower mantle is

assumed to be 10 times higher than that of the upper mantle.

The comparison of the cases presented in Fig. 5 clearly indi-

cates that the importance of the motion of overriding plate

on the formation of stagnant slabs. Figure 5 also shows that

the larger Vtr tends to pinch off the subducting plates at a

shallow depth. This may come from the fact that the mod-

eled "oceanic" plate is rather weak due to the exponential

dependence of viscosity on temperature. 

We do believe, nevertheless, the importance of the present

work toward the three-dimensional numerical models of sub-

ducting slabs. Almost all of the earlier studies of plate sub-

duction had been performed by two-dimensional models, by

making good use of stream-function formulation. Although

this formulation is proved to be significantly robust against

numerical difficulties such as sharp and strong viscosity

variations, its application is in principle limited to two-

dimensional models. In other words, one needs to employ

the formulation with primitive variables in order to pursue

three-dimensional models. Moreover, we need to rely on the

multigrid strategy which is crucial for the rapid solution of

large-scale elliptic problems, despite of the difficulty of

multigrid technique with handling the sharp viscosity varia-

tions. In this study we have demonstrated that some of

numerical difficulties described above could be overcome by

some extent. We expect that this study mark the important
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step toward the truly three-dimensional dynamical model-

ings of stagnant slabs.
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in red stands for higher viscosity, while those in blue for lower viscosity.

11-深尾　良夫  09.11.2  10:51 AM  ページ81



82

Annual Report of the Earth Simulator Center  April 2008 - September 2008

マントル対流と沈み込み過程の数値シミュレーション

プロジェクト責任者

深尾　良夫 海洋研究開発機構　地球内部変動研究センター

著者

深尾　良夫＊1，柳澤　孝寿＊1，山岸　保子＊1，亀山　真典＊2

＊1 海洋研究開発機構　地球内部変動研究センター

＊2 愛媛大学　地球深部ダイナミクス研究センター

地球のマントルは岩石から成り固体である。しかし地質学的な時間で見るとマントルは流体として振る舞い、ゆっくり

と動いている。その流れによりプレート運動が生じて地震や火山という現象を引き起こし、更に長い時間スケールでは日

本列島のような島弧やヒマラヤのような大山脈を作り出す原動力となっている。よってマントルの動きをモデル化するこ

とは地球の進化を考え、自然現象による我々の生存圏への影響を理解する上で極めて重要である。本プロジェクトでは目

的に応じて二つのモデル化とその研究を行なっている。一つは地球全体の進化過程を明らかにするために三次元球殻とい

う形状の影響を考慮したマントル全球対流モデルである。そしてもう一つは地震や火山現象の直接的原因であるプレート

の地球内部への沈み込み過程を捉えるためにこの部分に特化した領域モデルである。地震波トモグラフィーによると、沈

み込んだプレートの延長と考えられる構造（スラブ）がマントル遷移層の深さまで到達し、地球上の多くの場所ではそのま

ま遷移層に滞留している。これらはスタグナントスラブと呼ばれる。日本列島も含めた西太平洋域の地下にはスタグナン

トスラブが広域に存在し複雑な形態を示している。我々はこれまでに、二次元モデルによりスラブが滞留する条件を明ら

かにし、スラブの形状の時間発展を再現することに成功している。それによるとスラブの滞留およびその後の崩落には、

マントル構成鉱物の相転移、下部マントルでの粘性率の急激な増大、粘性率の温度依存、プレートのレオロジー、海溝の後

退、というそれぞれが重要な役割を果たしている。本年度は三次元の全球モデルにこれらの効果を組み込んだ計算を系統

的に実行した。660kmの深さに相当する相転移には最新のデータによる値を用い、下部マントルの粘性率を上部マントル

より大きく設定し、さらに粘性の温度依存性とともにプレートのレオロジーとして地表面付近での降伏現象を組み込んだ。

これにより表面ではプレートテクトニクスで想定されるように局在化した沈み込み領域が自然に形成され、実際の地球に

見られるような長いスケールのプレートと片側沈み込みに相当する薄い下降流の再現に成功した。長時間の積分から、

マントル遷移層での鉱物の相転移と粘性急増の両者の効果で、沈み込んだスラブは一旦滞留して崩落するということを繰

り返すことが明らかとなった。このような現象を過去の研究よりも2桁程度高いレイリー数領域（ほぼ地球マントルに

相当）まで確認した。

キーワード：マントル対流，滞留スラブ，プレートテクトニクス
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Our research group aims to develop a physics-based predictive simulation system for crustal activities in and around Japan,

which consists of a combined simulation model for quasi-static stress accumulation and dynamic rupture propagation and the

associated data assimilation software. In the first phase (2003–2005), we constructed a prototype of the combined simulation

model on a realistic 3-D structure model. In the second phase (2006–2008), we tested the validity and applicability of the

combined simulation model, and demonstrated that the physics-based computer simulation is useful for the quantitative evalu-

ation of strong ground motions that will be produced by potential interplate earthquakes. We also developed the associated

data assimilation software; that is, a GPS data inversion method to estimate interplate coupling rates and a CMT data inver-

sion method to estimate crustal stress fields. In 2008, applying the GPS data inversion method to interseismic GPS data

(1996–2000) in the Hokkaido-Tohoku region, we estimated the slip-deficit rate distribution on the North American-Pacific

plate interface, and revealed that the inverted slip-deficit peaks almost completely coincide with the tsunami source regions of

past 10 large interplate earthquakes (M ≥ 7.5) occurred along the Kuril-Japan trench in the last century. From the inversion

analysis of CMT data (NIED Seismic Moment Tensor Catalogue), we estimated the 3-D pattern of crustal stress in and around

Japan, and revealed that the inverted stress pattern coherently explains the complex tectonics of Japan. Furthermore, repre-

senting the source of crustal deformation by moment tensor, we constructed a theory of physics-based strain analysis to esti-

mate 3-D elastic/inelastic strain fields from GPS data. 

Keywords: GPS data inversion, inter-plate coupling, CMT data inversion, crustal stress fields, elastic/inelastic strain analysis

1. Introduction
One of the aims of our project is to develop a physics-

based predictive simulation system for earthquake genera-

tion in and around Japan, where the four plates of Pacific,

North American, Philippine Sea and Eurasian are interacting

with each other in a complicated way. The occurrence of

earthquakes can be regarded as the releases of tectonically

accumulated elastic strain energy through dynamic fault rup-

tures. Given this, the entire earthquake generation process

generally consists of tectonic loading, quasi-static rupture

nucleation, dynamic rupture propagation, and fault strength

recovery. In the 1990s earthquake generation physics has

made great progress, and so we can now quantitatively

describe the entire earthquake generation process with cou-

pled nonlinear equations, consisting of a slip-response func-

tion, a fault constitutive law, and relative plate motion [1].

The slip-response function, which relates fault slip to shear

stress change, is a solution of the equation of motion in con-

tinuum mechanics. The fault constitutive law, which pre-

scribes shear strength change with fault slip and contact

time, is an energy balance equation in fracture zones. The

relative plate motion is a driving force of the coupled nonlin-

ear system. Thus, the essence of earthquake generation mod-

eling is quite simple, but it is not easy to develop a predic-

tive simulation mode, because the actual world is complex in

structure and also in material properties.

In the first phase (2003–2005) of the project, we con-

structed a realistic 3-D model of plate interface geometry in
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and around Japan, represented by the superposition of about

54,000 bi-cubic splines [2]. On this structure model we

developed a quasi-static stress accumulation model and a

dynamic rupture propagation model. Then, we performed the

combined simulation of quasi-static stress accumulation and

dynamic rupture propagation for the 1968 Tokachi-oki earth-

quake (Mw = 8.2), and demonstrated that when the stress

state is close to a critical level, dynamic rupture is rapidly

accelerated and develops into a large earthquake, but when

the stress state is much lower than the critical level, started

rupture is not accelerated [3]. This indicates that the moni-

toring of stress states in and around the source region is cru-

cial for the prediction of forthcoming large earthquakes. 

Now, given the past fault-slip history and present stress

state, we can predict the next step fault-slip motion at plate

interfaces through computer simulation. So, the problem is

how to know the past fault-slip history and how to monitor

the present stress state. In the case of Japan, fortunately, we

have nation-wide dense geodetic and seismic observation net-

works such as GEONET operated by Geographical Survey

Institute (GSI) and F-net operated by National Research

Institute for Earth Science and Disaster Prevention (NIED).

At the present moment the inversion analysis of geodetic and

seismic data from these nation-wide observation networks

gives us the most reliable information about the past fault-slip

history and the present stress state at plate interfaces.

2. Interplate slip-deficit rate distribution along the Kuril-
Japan trench, inferred from GPS data inversion 
The occurrence of interplate earthquakes can be regarded

as the stress accumulation-release process driven by relative

plate motion. Since interseismic stress accumulation is

caused by the gradual increase of slip deficit in source

regions, it is crucial to monitor slip-deficit distribution on

plate interfaces for predicting forthcoming interplate earth-

quakes. We applied a unified inversion method based on

Bayesian modelling with direct and indirect prior informa-

tion [4] to GPS horizontal and vertical velocity data for the

interseismic calm period of 1996–2000 (Fig. 1) to obtain

precise slip-deficit rate distribution on the North American-

Pacific plate interface around Japan [5]. In the analysis of

GPS data we usually assume the perfect elasticity of the lith-

osphere. Actually, the Japanese Islands is locally deformed

by internal brittle fracture and plastic flow [6]. Small block

rotation due to local inelastic deformation causes serious

systematic errors in inversion analysis. In order to remove

the effect of block rotation, we take only changes in distance

between adjacent GPS stations as data, instead of the hori-

zontal velocity vectors. We also take changes in relative

height between adjacent GPS stations as data, instead of the

vertical velocities. We composed the triangle network form

256 GPS stations with the Delaunay triangulation, as shown

in the inset of Fig. 1, and used the 698 side-length changes

and 698 relative-height changes for the inversion analysis.    

In Fig. 2 we show the inverted slip-deficit rate distribution

on the North American-Pacific plate interface together with

the tsunami source regions of past large inertplate earth-

quakes. From this figure we can find a trench-parallel slip-

deficit belt with six peaks distributed in the depth range of

10–40 km. Along the Kuril-Japan trench ten large interplate

earthquakes (moment magnitude Mw ≥ 7.5) have occurred in

the last century. All of these are shallow thrust-type subma-

rine earthquakes accompanied by tsunami. Thus, we can use

the tsunami source region as a good indicator of the earth-

quake source region. A notable fact is that the six peaks of

slip-deficit almost coincide with the source regions of the

past large events along the Kuril-Japan trench. This gives

definite evidence that the slip-deficit zones are the potential

source regions of large interplate earthquakes.

In the Tokachi-oki slip-deficit zone, only one large event,

the 1952 Tokachi-oki earthquake (Mw = 8.1), has occurred in

the last century. We suppose that this seismogenic unit

entirely ruptured at the time of the 1952 event, and then the

gradual moment accumulation driven by relative plate

motion restarted for the next large event there. From the

Fig. 1  Interseismic GPS velocity data in the northeastern part of Japan

[5]. The red arrows indicate horizontal velocity vectors. The dark

and light red bars indicate uplift and subsidence rates, respective-

ly. The plate interface geometry is represented by the iso-depth

contours at the interval of 10 km. The inset shows the triangle

network composed of 256 GPS stations, determined by the

Delauney triangulation.
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inversion result we can calculate the moment accumulation

rate as 4.0 × 1019 Nm/yr. If the next event has the seismic

moment comparable to the 1952 event (M0 = 1.7 × 1021 Nm),

we can simply estimate its occurrence time as 44 years later

the previous event. Actually it occurred in 2003 with almost

the same size in the slip-deficit zone. 

On the basis of the inverted slip-deficit rate distribution

we specified frictional properties (fault constitutive parame-

ters) in and around the source region of the 2003 Tokachi-

oki earthquake on the North American-Pacific plate inter-

face, and performed the combined simulation of quasi-static

stress accumulation, dynamic rupture propagation and seis-

mic wave propagation [7]. The good agreement of the com-

puted seismic waveforms with observations demonstrates

that the physics-based computer simulation is useful for the

quantitative evaluation of strong ground motions that will be

produced by potential interplate earthquakes.

3. An integrated monitoring system for tectonic stress
fields in and around Japan
In addition to the inversion method to estimate interplate

slip-deficit distribution from GPS data, we developed an

inversion method to estimate 3-D stress patterns from CMT

data of seismic events [8]. We applied the CMT data inver-

sion method to 15,000 seismic events (NIED; Seismic

Moment Tensor Catalogue), and obtained the 3-D patterns of

tectonic stress fields in and around Japan, which coherently

explains the complex tectonics of the Japanese Islands [9].

The inverted stress patterns show that the Japanese Islands are

basically in E-W compression (E-W compression that brings

about reverse-type faulting in northeast Japan and E-W com-

pression that brings about strike-slip-type faulting) except for

the Ryukyu arc, where arc-normal extension that brings about

normal-type faulting is dominant. Thus, combining these

inversion methods with the computer simulation of tectonic

loading [10], we will be able to monitor the spatiotemporal

variation of tectonic stress fields in and around Japan (Fig. 3).  

In order to estimate the tectonic stress field itself, we need

to know the rheological properties (stress-strain relations) of

the crust. Since the island-arc crust can be regarded as a lin-

ear elastic body including a number of defects, the strain of

the island-arc crust consists of elastic strain due to mechani-

cal interaction at plate interfaces and inelastic strain due to

brittle fracture and/or plastic deformation of defects. So far it

has been thought that we could obtain the cumulative inelas-

tic part of strain by subtracting the elastic part of strain due

to plate-to-plate interaction from observed strain. However,

such a thought is unreasonable, because the generation of

inelastic strain in the crust inevitably causes elastic strain in

the surrounding region. Recently, representing the source of

crustal deformation by moment tensor, we constructed a the-

ory of physics-based strain analysis to estimate 3-D elastic

and inelastic strain fields from GPS data. 
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本研究プロジェクトは、複雑なテクトニック環境の下にある日本列島及びその周辺域を一つのシステムとしてモデル化

し、プレート運動に伴う長期的な地殻変形から大地震の発生まで、時間・空間スケールの著しく異なる地殻活動現象を

統一的且つ定量的に予測する並列シミュレーション・システムを開発し、モデル計算と観測データを併合した日本列島域

の地殻活動予測シミュレーションを行うことを目的としている。

地殻活動予測シミュレーション・システムは、日本列島域の3次元標準構造モデル（CAMP Standard Model; Hashimoto,

Fukui & Matsu'ura, PAGEOPH, 2004）上に構築された、準静的応力蓄積モデル、動的破壊伝播モデル、及び地震／地殻変

動データの解析・同化ソフトウェアから成る。平成19年度までに、日本列島域の地殻活動シミュレーション・プロトタイ

プモデルを開発し、1968年十勝沖地震及び2003年十勝沖地震を例としてプレート境界での準静的応力蓄積-動的破壊伝播-

地震波動伝播の連成シミュレーションを行い、現実的なプレート境界面形状、過去のすべり履歴、及び現在の応力状態を

与えれば、物理モデルに基づく数値シミュレーションにより、プレート境界地震の発生予測が可能であることを示した

（Fukuyama et al., BSSA, 2009）。平成20年度は、モデル計算と観測データの融合に向け、前年度開発したGPSデータの逆

解析手法（Matsu'ura, Noda & Fukahata, GJI, 2007）を北海道-東北地域の地震間（1996-2000）のGPS速度データに適用して

北米-太平洋プレート境界のすべり遅れ速度分布を推定し、5つの固着域が過去百年間に発生したプレート間大地震の震源

域とほぼ一致することを明らかにした（Hashimoto, Noda, Sagiya & Matsu'ura, Nature Geoscience, 2009）。また、地震の

CMTデータの逆解析手法（Terakawa & Matsu'ura, GJI, 2008）を防災科学技術研究所の地震モーメントテンソル・データ

（NIED, Seismic Moment Tensor Catalogue）に適用して日本列島全域の地殻応力の詳細な3次元パターンを推定し、北米プ

レート、ユーラシアプレート、太平洋プレート、及びフィリピン海プレートが相互に作用し合う日本列島域のテクトニク

スとの関連性を明らかにした（Terakawa & Matsu'ura, BSSJ, 2009）。更に、GPS速度データから地殻内の3次元弾性-非弾

性歪み速度場を推定する理論とそれに基づく逆解析手法を開発した（Noda & Matsu'ura, JPGU Meeting, 2008）。

キーワード：GPSデータインバージョン，プレート間カップリング，CMTデータインバージョン，3次元地殻応力場，

3次元弾性-非弾性歪み解析
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A parallel finite-difference numerical simulation program based on the Navier-Stokes (NS) equations is developed for sim-

ulating 3-D tsunami generation and propagation. We can simulate 3-D tsunami propagation over several thousand kilometers

using this program, although such tsunami propagation over long distances has usually been conducted based on 2-D simula-

tions. We apply the tsunami simulation program to simulate tsunamis caused by the 2004 off Kii Peninsula earthquake (M

7.4). The simulated results are visualized for understanding the tsunami generation and propagation processes. The dispersive

tsunamis can be well simulated by the 3-D tsunami simulations while the 2-D linear long-wave equations that are often used

in conventional tsunami studies cannot simulate the dispersion.

Keywords: tsunami, simulation, finite-difference method, Navier-Stokes equations

1. Introduction
Tsunami simulations have been conducted mostly in 2-D

space based on the long-wave approximation, instead of

solving 3-D Navier-Stokes (NS) equations. Simulations

based on the 2-D linear long-wave (LLW) equations are cost

effective and widely used for the estimation of the slip distri-

bution along seismic faults or tsunami hazard assessments

for past and expected future large earthquakes. Tsunami sim-

ulations have also been employed for constructing tsunami

databases used for tsunami alert systems such as those oper-

ated by the Japan Meteorological Agency (JMA).

Because 2-D simulations employ long-wave approxima-

tions and so do not allow calculation of the vertical flow, the

tsunami generation process due to the sea-bottom uplifting is

not modeled in the 2-D simulations, but given as an initial

tsunami height distribution. Numerous 2-D tsunami simula-

tions assume that the initial tsunami-height distribution is

identical to the sea-bottom deformation caused by the earth-

quake [e.g. Satake 1989]. This assumption may be valid for

many tsunamigenic earthquakes that occur along the sub-

ducting plate and cause deformation of the sea-bottom over a

large area. However, a small sea-bottom deformation area

would not result in as great an uplift of the sea surface as

would occur for the sea-bottom. 

On the other hand, 3-D tsunami simulation can simulate

the tsunami generation process caused by the sea bottom

deformation and includes a dispersion effect that is neglect-

ed in the 2-D LLW equations. We report 3-D tsunami simu-

lation for the tsunami excited by the 2004 off Kii Peninsula

earthquake.

2. Navier-Stokes Equations for Tsunamis
The motion of a fluid is described by the following 3D NS

equations in Cartesian coordinates (x, y, z),

where u, v, and w are velocity components along the x, y,

and z-axes, respectively, p is pressure, g is acceleration due

to gravity, ρ0 is the density, and ν is the kinematic viscosity

coefficient for water. The viscosity of water is characterized

by a very small value of ν = 10–6 m2/s. 

Assuming incompressible fluid flow, the continuity equa-

tion is given by

(1)

(2)
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When we take a free surface at rest as z = H0, the bottom is

given by z = hb = H0 – h(x, y) where h(x, y) is the water depth.

The free surface is given by z = hs(x, y, t) = H0 + η(x, y, t),

where η(x, y, t) is the fluctuation of the surface at time t. 

We may consider η(x, y, t) as the tsunami. The kinematic

boundary condition at the sea surface is given by 

These are the equations governing the behavior of water

waves, which can be used to describe tsunami generation

and propagation. 

The deformation of the bottom is directly introduced into

the simulation through the water flow at the cell at the bot-

tom. Suppose that the bottom is rising linearly with constant

velocity and with final vertical displacement distribution at

the bottom after the source process time ts being given by 

d (x, y); the corresponding boundary condition at the bottom

is then given by,

The vertical flow caused by the bottom deformation

results in elevation of the surface. The elevation, or the

height distribution at the surface, is propagated as a tsunami.

We use the SOLA technique originally developed by Hirt

et al. [1975] to solve above equations and boundary condi-

tions. The NS equations are solved numerically using the

FDM with a staggered-grid model. We developed a parallel

computation method for the SOLA technique and reported

its calculation efficiency. This study uses the code to simu-

late tsunami generation and propagation processes.

3. Tsunami Simulations of the 2004 off Kii Peninsula
Earthquake

3.1 Tsunami of the 2004 off the Kii peninsula earthquake

The Philippine Sea Plate is subducting underneath the

Eurasian Plate in southwestern Japan [Fig. 1], where M8

class earthquakes have repeatedly occurred between the two

plates. The last two M8-class events were the 1944 Tonankai

(M7.9) and the 1946 Nankai (M8.0) earthquakes. The both

events created tsunamis, which caused serious damage along

the Pacific coast of Japan. Neighboring the Tonankai- and

Nankai- earthquake regions, a large M7.4 earthquake

occurred off the Kii peninsula on 5 September 2004. The

event was occurred in the subducting Philippine Sea Plate

and characterized by thrust fault event with large dip-angle.

We simulate the tsunamis of the 2004 off Kii peninsula

event comparing 3-D and 2-D simulations in the following.

3.2 Simulation model, the 2004 off the Kii peninsula event

The area of the simulation model was 580 km by 896 km

horizontally, and extended to a depth of 10 km, which is dis-

cretized with a uniform mesh size of 1 km in horizontal

directions and 0.2 km in depth [Figure 1]. Digital bathymet-

ric data of J-EGG500 provide by Japan Oceanographic Data

Center was employed in the simulation.

The fault model for the Kii event was derived from the

analysis of far-field seismograms by Yamanaka [2004].

Referring to this model, we set parameters for a constant 

slip model on a flat fault plane. The top depth of the fault

was 2 km and the fault sizes were 60 km and 32 km in the

strike and dip directions, respectively. The focal parameters

were given by dip = 40degree, strike = 135degree, rake =

120degree. The source process time was 30s.

Fig. 1  The area and bathymetry for the tsunami simulation of the 2004 M 7.4 off Kii Peninsula earthquake (red).

Source areas of the 1944 Tonankai (M 7.9) and the 1946 Nankai (M 8.0) earthquakes are also shown by dashed

curves. The point for the tsunami records in Fig. 3 is shown by a triangle.

(3)

(4)
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The static deformation of the sea bottom caused by the

earthquake was calculated by using a program of Okada

[1992] where an analytical expression of the static deforma-

tion of an elastic half space is given. The elastic parameters

were taken as Vp = 5.8 km/s, Vs = 3.2 km/s, and ρ = 2.6 g/cc

for our simulation, corresponding to the P and S-wave veloci-

ties of the upper crust of the PREM. The source process time

is set to be ts = 30 s. The time step was chosen as ∆t = 0.1 s

during the source process time (t < ts) and a larger time step

of ∆t = 1 s was used after the source process time.

3.3 Comparison of 3D Navier-Stokes and 2-D Linear Long-

Wave Simulations 

The results of tsunami simulation derived from the 3D

simulation are compared with those calculated by the LLW

simulation. Both simulations use the same bathymetry grid

and seismic fault model. The results of tsunami derived from

the NS and LLW simulations are compared in Fig. 2 as

snapshots of tsunami propagation for elapsed time of t = 10,

20, 30, and 40 min. There is a significant difference between

the two results; the dispersion of tsunami propagation can be

Fig. 2  Snapshots of the tsunami propagation for the 2004 off Kii Peninsula earthquake, at elapsed times of 10, 20, 30 and

40 min from the earthquake origin time calculated by 3-D Navier-Stokes equations and 2-D linear long-wave equa-

tions. Tsunami dispersion is recognized in the results of the 3-D Navier-Stokes simulations [dashed circle].
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clearly seen from the NS simulation, while the LLW simula-

tion shows simple impulsive tsunami. 

The tsunami records calculated by NS and LLW simula-

tions are compared at a point off Muroto, located about 200

km from the source region [a triangle in Fig. 1]. Solid and

dashed lines shown in Fig. 3 are the calculated tsunami

derived from the NS and LLW simulations, respectively.

The calculation of the NS simulation shows the later tsunami

phases following the leading waves. On the other hand, the

LLW simulation fails to simulate the later phase excitation. 

4. Conclusions
3D tsunami simulation has been conducted for the tsuna-

mi excited by the 2004 off Kii Peninsula (M7.4). Since this

event is intraplate event with steep dip angle, the tsunami

wavelength of this event is relatively short compared to

usual large interplate earthquakes. In that case, we need to

carefully examine the long wave approximation that is often

used in conventional tsunami simulations. By comparing the

3-D tsunami simulation and the 2-D simulation based on the

long wave approximation, we have confirmed that the 2-D

LLW simulation did not serve as a good approximation to

the 3-D NS simulation for the 2004 off Kii Peninsula event.

Although the 2-D LLW equations cannot simulate the dis-

persive tsunamis, the 3-D NS simulation is well able to

model those characteristics. 
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流体運動は3次元ナヴィエ・ストークス式（NS式）で記述されるが、津波発生および伝播過程は、津波波長が十分長いと

仮定し、2次元線形長波方程式に基づきシミュレートされる場合が多い。これに対し、本研究では3次元NS式に基づき、

長波近似を用いることなく津波発生・伝播過程をシミュレートする並列計算プログラムを開発した。並列計算を行うこ

とで、長距離伝播する津波をシミュレートすることが可能となり、実際に観測される津波記録への高い適用性をもつ。こ

れを利用し、2004年9月5日に紀伊半島沖で発生した地震による津波をシミュレートし、その発生と伝播過程の可視化を

行った。これまでの代表的な津波シミュレーション法である2次元線形長波方程式によるシミュレーションでは、波の分

散現象を再現することができないが、3次元NSシミュレーションによって分散現象を正確に再現することに成功した。

キーワード：津波，シミュレーション，差分法，Navier-Stokes方程式
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In this project, we aim at simulating the generation of interplate and intraplate earthquakes in a complex system of interac-

tive faults in northeast and southwest Japan, respectively.

We use simply a homogeneous elastic half-space medium at present, to simulate quasi-static earthquake cycles based on a

laboratory-derived rate and state friction law, in which the long-term slow deformation process is mainly dealt with, though

including a quasi-dynamic treatment of dynamic rupture process. 

First, we show the simulation of short-term slow slip events and low-frequency tremors recently observed in southwest

Japan. Based on so called asperity model in which asperity patch has stick-slip frictional property, while the other areas have

stable sliding ones, we set small asperities chained along the trench at the depth of 30 km beneath a large mega-thrust asperity

patch on a plate interface. Then, our simulations successfully reproduce short-term slow slips and low-frequency events in the

same asperity, and the observed migration speed, indicating that interaction between asperities may cause various types of

slow slips. 

Following this asperity model, as already reported, for the Nankai trough mega-thrust earthquake cycle in southwest Japan,

we reproduced successfully the rupture segmentation and their complicated interactions similar to the actual historical earth-

quake sequences. However, it was accomplished only by using a flat plate interface, but unfortunately we could not reproduce

the one in the case for the realistic 3-D curved plate configuration. And the model could not explain the large variation of

recurrence intervals observed in the Nankai trough earthquakes, southwest Japan and in northern Japan. For overcoming this

difficulty, last year, we proposed a new friction model with scale-dependent heterogeneous fracture surface energy. 

In this year, we first apply this model to the Tokachi-Nemuro areas in northern Japan. This simulation reproduces the large

earthquakes rupturing the whole two asperities which may correspond to the large events in 17th century. And the afterslip

observed after 2003 Tokachi earthquake is well reproduced. Secondly, we map the last year's new friction model with two

asperities on a flat plate interface onto the curved 3-D Philippine Sea plate interface for the Nankai trough earthquake cycle

simulation. In spite of shortcomings caused by only two asperities and the same convergence rate set along the Nankai trough,

we can simulate actually observed phenomena in the Nankai earthquake cycles such as mega-thrust ruptures confined on a
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1. Introduction 
Our purpose in this project is to construct the simulation

models for earthquake generation cycles of both interplate

and inland earthquakes to understand the complex sequences

of earthquake occurrence and also to provide us basic infor-

mation on future earthquakes. However, we have so far been

mainly constructing simulation models of interplate earth-

quake cycles in northeast and southwest Japan, respectively.

The actual Earth shows viscoelastic behavior with delayed

response to the occurrence of earthquake, which seems to be

important for understanding the interaction of interplate

earthquakes along trenches and intraplate ones in inland

areas. For this purpose, we have constructed large-scale 3-D

viscoelastic FEM models. However, since it is still formida-

ble to simulate earthquake cycles using 3-D viscoelastic

models at present, we have evaluated effects of viscoelastic

properties on earthquake cycles and interaction between

earthquakes. For viscoelastic simulation, in this year, we

examine the mesh generation problems of FEM model con-

struction. We have so far developed the supper parallel

FEM-code, GeoFEM [1]. GeoFEM can employ only hexahe-

dra meshes for their high-precisions. It is, however, takes

time to construct these meshes in case of the large-scale

model including complicated 3-D plate interfaces.

Therefore, we decide to extend GeoFEM to use also tetrahe-

dron meshes. This is a technical problem, which is skipped

in this report. 

For realistic simulations of earthquake cycle, we have

simply used a homogeneous elastic half space model.

Namely, we divide the plate interface into fine cells with the

small sizes of several hundred meters, and calculate slip

response functions for each cell in a homogeneous elastic

half space. Then, using these slip response functions, we

integrate a quasi-dynamic equation of motion combined with

a rate and state friction law with an adaptive time step

Runge-Kutta algorithm. 

Following so called asperity model, we set heterogeneous

frictional parameters representing several asperity patches

with stick-slip frictional behaviors and other stable sliding

regions on a plate interface, and then by applying relative

plate rates, simulate interplate earthquake cycles based on a

rate and state friction law. We have successfully simulated

asperity interactions such as those in the Sanriku, northeast

Japan (e.g. [2]). 

In this report, first, using this kind of asperity model, we

show simulation results of short-term slow slips and low-fre-

quency tremors recently observed at a depth of 30 km in

southwest Japan. There exist several models for the occur-

rence of slow slip events such as [3] who introduced a veloc-

ity cut-off into a rate and state friction law. In our model,

using an ordinary rate and state friction law, we set small

asperities chained along the trench at the depth beneath a

large asperity corresponding to a great earthquake patch. Our

simulations successfully reproduce short-term slow slips and

low-frequency events in the same asperity, and the observed

migration speed, indicating that interaction between asperi-

ties may cause various types of slow slips. 

Along this direction, we have simulated the earthquake

cycles in northern and southwestern Japan to reproduce

some features actually observed in historical great earth-

quake cycles [4], [5]. We could not, however, reproduce the

observed large variation of recurrence intervals and sizes in

earthquake cycles. Last year, we proposed a new frictional

model to produce such an observed large variation based on

the heterogeneous distribution of fracture surface energy,

and gave a simple example on a flat interface. In this year,

we proceed with this approach and apply this new frictional

model to simulations of mega-thrust earthquake cycles in the

Tokachi-Nemuro areas, northern Japan and also along the

Nankai trough, southwest Japan.

For simulation of dynamic rupture propagation, we have

developed a contact analysis code implemented in GeoFEM.

In this year, we execute dynamic rupture simulation on a

realistic dip slip fault. Our simulations show some physically

plausible results. However, since the results seem to be still

basic ones, we will skip the report of the dynamic rupture

simulation. 

2. Simulation of short-term slow slips and low-fre-
quency tremors observed in southwest Japan
Recently, various types of slow earthquakes have been

globally observed in subduction zones. Especially, in south-

west Japan, we have found long-term slow slip events

(LSSE), short-term slow slip events (SSSE) and low-fre-

quency tremors (LFT). LSSE and SSSE have the duration

times of 0.5 – 5 years and of 2 – 5 days and the recurrence

single segment, a large-scale mega-thrust earthquake rupture extending over multiple segments, large variation of recurrence

intervals, occurrence of afterslip, even using a 3-D curved plate interface. Thus, this new frictional model is well working

even on the realistic 3-D curved interface and would be useful for simulating the complex historical earthquake cycles actually

observed along the Nankai trough southwest Japan, and along the Japan trench northeast Japan.

Keywords: quasi-dynamic earthquake cycle simulation, Tokachi-Nemuro, Philippine Sea plate, Nankai trough, 

frictional parameter, asperity, fracture surface energy, slip response function

14-平原　和朗  09.11.2  10:56 AM  ページ96



97

Chapter 1  Earth Science

Fig. 2  Distribution of a-b on the plate interface.

intervals of several years and of 3 – 6 months, respectively

(e.g., [6]). In the next section, we refer to LSSE, which

occurs in confined regions, the Tokai and the Bungo regions.

In this section, we focus on SSSE and LFT, whose occur-

rences seem to be inter-related. They occur at a depth of 

30 km beneath the mega-thrust earthquake asperity patch,

and migrate laterally along the trench at a speed of about 

5 ~ 15 km/day. 

2.1 Simulation model

Figure 1 shows the model of a flat plate interface with a

dip angle of 15 degrees and the relative plate rate of 4

cm/year, where the divided cell number is 1024 (in strike) ×
195 (in dip). We set the distribution of the frictional parame-

ter a-b as shown in Fig. 2, and the periodic boundary condi-

tion is applied in the strike direction of the trench. A large

asperity with negative a-b (blue) and the characteristic

length (L) of 4 cm is set in the dip direction distance of 

30 – 100 km. And we set two types of chained asperities at

the depth of 30 km corresponding to the dip direction dis-

tance of around 110 – 120 km. One is the middle-sized

asperities with the radius of 5 km and L of 0.1 cm, and the

other is the small-sized ones with the radium of 2.5 km and

L of 0.05 cm. Here we use the slowness version of the rate

and state friction law. According to [7], we assign the

reduced effective normal stress σ in the dip direction dis-

tance of 110 – 120 km at the chained asperities 

σ = (1/10) (ρ – ρw) g  z (1)

where ρ, ρw, g and z are rock and water densities, gravita-

tional acceleration and the depth, respectively.

2.2 Results and discussion

In the interseismic period of the large asperity earthquake

cycle with the recurrence interval of 180 years, aseismic

slips occur at the depth of 30 km and propagate laterally at

the depth. Figure 3 shows the snap shots of slip rates in the

interseismic period around 100 years before the occurrence

of large earthquake, which represent the successive rupture

of chained asperities. These chained rupture seems to look

like propagating aseismic slips. The recurrence interval of

the middle asperities is 1.1 – 1.6 years and larger than that

of the small ones, 0.5 – 0.8 years. The propagating speed is

0.03 ~ 3 km/day. Furthermore, in regarding to the propagat-

ing direction, the chained ruptures of small asperities tend

to propagate bilaterally, while that of middle asperities uni-

laterally. In the case of small and nearby asperities, since

aseismic slip surrounds the asperity and the rupture starts in

the center of asperity, the propagation becomes bilateral. On

the other hand, in the case of middle-sized asperity, the

aseismic slip intrudes into the edge of the asperity and the

rupture starts at the edge, and hence, the propagation

becomes unilateral. 

In the west of Shikoku region, the recurrence interval of

SSEs and LFTs seems to be smaller and the propagation is

bilateral, while there are observed the longer recurrence

interval and the unilateral propagation of SSEs and LFTs in

the northern Kii peninsula. These observations lead us to

consider that the size of asperity in the northern Kii peninsu-

la is larger than that in the western Shikoku region, and then

the rupture segment tends to be longer in the northern Kii

peninsula.

Thus, our simulation succeeds in reproducing various

types of slow earthquakes including low-frequency events

and rapid slip velocity in the same asperity, indicating that

interaction between asperities may cause the low-frequency

events. Our simulation also shows chain reaction along the

trench with a propagation speed consistent with observations

Fig. 1  Model of plate interface.
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in order level, which suggests that the interactions also

explain the observed migration of slow earthquakes. 

3. Earthquake cycle simulation with scale-dependent
heterogeneity in fracture surface energy
As reported last year, we proposed a new earthquake

cycle model. Following [8] and [9], locally consumed frac-

ture energy Gc depends on the size of the local asperity and

Gc is basically proportional to slip weakening distance Dc.

Such scale dependence and heterogeneity in Gc and Dc have

been introduced in nucleation and rupture dynamics, but not

in earthquake generation cycle models with laboratory-

derived rate and state friction laws. Based on [10]'s concept

for this friction law, state variable can be interpreted as fault

strength. Hence, frictional parameters B and L, which control

state evolution, determine strength drop amount and slip

weakening distance Dc during high speed slip, respectively. 

In the usual asperity model, we set the stick-slip frictional

property with A-B < 0 in the asperity and the stable sliding

one with A-B > 0 in the surrounding other areas at the seis-

mogenic zone depths. According to the experimental result

of [11] using wet granite, however, the frictional property

shows stick-slip behavior in the temperature range of 100 –

350˚C , which corresponds to the seismogenic zone depths.

Hence, we might set the conditionally unstable frictional

property with A-B < 0 but with large fracture energy (large

L) outside of the asperities at the seismogenic zone depths.

The new frictional model adopts the latter view of frictional

parameters.

3.1 Small asperity case for the Tokachi-Nemuro areas in

northern Japan

Thus we introduce scale-dependent heterogeneity in L dis-

tribution in our model. On the other hand, only depth depend-

Fig. 3  Snap shot of slip rates showing successive rupture of chained asperities at (a) 100

years before the occurrence of large asperity rupture, (b) +278.9 days, (c) +39.0days,

(d) +41.1 days, (e) +186,9 days.
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Fig. 5  (a) Cumulative slip variation in a small asperity. Time intervals of earthquakes are shown in red

relative to that just after the largest event. (b) Time interval variation in historical earthquakes in

Tokachi area. (c) Coseismic slip distribution for each event.

ence in B is assumed, as shown in Fig. 4a (A is constant 

for simplicity). Here we assume relatively small two asperities

with comparable distance of their diameter (Fig. 4b). This

asperity distribution is similar to the Tokachi and Nemuro

earthquakes observed in northern Japan (Fig. 4c). 

In the 17th century, a large event seemed to rupture both

asperities and caused large tsunami [12]. The simulation

results in Fig. 5 show that large variation in time interval

between the largest event, which ruptures the whole seismo-

genic zone including two asperities, and regular events. Such

earthquake occurrence pattern is similar to that in the

Tokachi-Nemuro areas. In our simulation, the whole area

rupture occurs after the two events recur at each small asper-

ity, although we do not have long enough data for recurrence

of the 17th century type earthquakes.

At a site located between the two asperities, slip pattern

varies during earthquake cycles for the whole area rupture,

as shown in Fig. 6. During the rupture of the whole area,

coseismic slip occurs also in this site and its slip amount is

large. After the rupture, that portion becomes locked. Then

slow slip starts around the occurrence of events at small

asperities. Finally, significant afterslip occurs after the sec-

ond events at small asperities. Afterslip occurs around the

asperities, which is similar to that after the 2003 Tokachi-oki

earthquakes (Fig. 4c). We will apply our model to realistic

plate geometry and boundary condition in the near future,

Fig. 4  (a) Distribution of A-B values on a fault plane. No heterogeneity in horizontal direction excluding near the edge. 

(b) Distribution of L values on a fault plane. Smaller patch has smaller L value and for the background the value is

much larger. (c) Colored contour indicates afterslip of the 2003 Tokachi-oki earthquake. Black contour shows coseis-

mic slip distribution of the 2003 Tokachi-oki and 1973 Nemuro-oki earthquakes. Modified from [13].
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and also try to reproduce quantitatively the slip pattern in

Tokachi region. 

3.2 Large asperity case for the Nankai trough mega-thrust

earthquake in southwest Japan 

We have set the value of a-b to be negative in the depth

range of seismogenic zone in earthquake cycle simulations

in the Nankai trough great earthquake cycle simulation (e.g.

[4], [5]) where M8 class asperities exist. This model using a

flat plate interface with laterally changing seismogenic zone

widths successfully reproduced the qualitative features

observed in the last three great Nankai earthquakes [5].

Using a realistic 3-D curved plate interface, however, we

could not succeed in simulating the observed features. And,

even using the flat plate model, which explained the features

qualitatively, could not reproduce quantitatively the features

such as large variations of recurrence intervals. Therefore,

last year, we introduced a new friction model to reproduce

large variation of recurrence intervals. But the model was a

flat plate interface. Therefore, we try to set a new frictional

model on a 3-D curved interface of the actual Philippine Sea

plate. It is to be noted, however, that, in the model, we do

not intend to reproduce the features actually observed in the

Nankai earthquakes, but we simply map the previous two-

asperity model used on the flat plate interface last year onto

the 3-D curved plate one. 

Figure 7 shows the distributions of frictional parameters

on the actual interface of the 3-D Philippine Sea plate. The

upper figure indicates the distribution of L, and large two

asperities have smaller L compared with the other areas with

larger fracture energy at seismogenic zone depths. As you

notice in this model, we have no asperity corresponding to

the Tokai one. As shown in the lower figure of Fig. 7, the

frictional parameter A-B is dependent only on the depth. The

actual plate convergence rate is changing along the Nankai

trough, namely, increasing westwards, but at present we set

the same rate of 4 cm/year along the Nankai trough. 

Figure 8 shows the simulated accumulation of slips at two

sites indicated by crosses, and coseismic slip distribution

corresponding to three earthquakes. In this model, only the

asperity corresponding to the Tonankai segment (Tonankai

asperity) breaks independently, but the Nankai asperity can-

not break independently but the rupture extends over both

two asperities, when the Nankai asperity breaks. This may

be caused by setting the same convergence rate along the

Nankai trough. The stressing rate off the Kii peninsula is so

high due to the high dip angle there that the rupture starts

there. Off the Shikoku region, the stressing rate is not so

high due to low dip angle that the rupture cannot start inde-

pendently. Since the actual rate in the western region is larg-

er than in the eastern one, these shortcomings would be

improved if we set the westward increasing rate. 

In spite of these shortcomings, it is to be noticed that this

model successfully reproduce the large variation of recur-

rence interval from 170 to 80 years as indicated by the blue

line in Fig. 8. This amount of change is comparable to that

from 150 to 90 years actually observed in the last three

Nankai earthquakes. And also note that we can succeed in

rupturing the whole two asperities on a curved 3-D plate

interface. This cannot be realized in the old asperity model. 

Finally, we show the afterslip evolution in the deeper por-

tion beneath the mega-thrust asperity in Fig. 9. This afterslip

follows the rupture of the eastern Tonankai asperity. Though

we do not show here, this model can reproduce the long-

term slow slips such as the Tokai and the Bungo ones. Thus,

our new friction model with scale-dependent heterogeneity

in fracture surface energy would be very powerful for repro-

ducing a variety of slip properties.

Fig. 6  Cumulative slip variation at a site located between the two small asperities. Small arrows indicate

events at the small asperities.
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In this report, we show very preliminary models based on

the new frictional model with scale-dependent heterogeneity

in fracture surface energy. If we set asperities and boundary

conditions such as plate rates corresponding to the observed

Fig. 7  Distribution of L (upper) and of A-B (lower) on the actual 3-D

Philippine Sea plate interface.

Fig. 8  Accumulated slips (lower left) at two sites indicated by crosses in the upper left figure. The blue and red lines correspond to

that of accumulated slip at the eastern and the western site, respectively. Three figures showing coseismic slip distributions

correspond to those at the times indicated by arrows, respectively.

ones, this model would reproduce some of complex features

observed in the historical earthquake sequences to provide

information of value on the future great earthquakes. 
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東北日本および西南日本における3次元不均質粘弾性FEMモデルを構築し、複雑断層系における海溝型巨大地震なら

びに内陸地震の発生過程のシミュレーションを行うことを目的として、開発を進めている。これまで、実際的なシミュ

レーションでは、均質半無限弾性体における準静的地震サイクル計算法を用いてきた。まず、アスペリティー域に固着―

すべり、他の領域に安定すべりの摩擦特性を与える、アスペリティーモデルを用いて、西南日本で最近発見された、短期

的スロースリップ（SSSE）と低周波微動（LFT）のモデリングをおこなった。巨大地震に対応する大きなアスペリティー

の下部に小さなアスペリティーパッチを連ねて置き、地震サイクルシミュレーションを実行した。その結果、観測された

繰り返し間隔や移動速度を説明する、小アスペリティーの連動破壊が実現できた。これは、SSSEやLFTが小アスペリ

ティーの連動破壊によって生じている可能性を示唆している。

アスペリティーモデルを用いた、南海トラフ巨大地震発生サイクルシミュレーションにおいて、平面境界の場合に、

実際に歴史地震履歴に見られる規模の変化や発生間隔の変化を定性的に再現することができている。ところが、3次元プ

レート形状モデルでのシミュレーションでは、これらがうまく再現されなかった。また、平面モデルにおいても、最近の

南海トラフの地震間隔が150年および90年と大きく変ることも再現できていない。そこで、昨年度の研究では、規模依存

の破壊エネルギーの不均質分布を与えるという新たなモデルを提案した。今年度は、このモデルをまず十勝沖地震に適

応した。その結果、17世紀に発生した可能性のある、2つのアスペリティーを含む広い領域を破壊する巨大地震を発生さ

せることができた。また、2003年十勝沖地震後に観測された余効変動と同様に、１つのアスペリティーの破壊後には余

効すべりを発生させることができた。次に、昨年度の平面モデルでの摩擦モデルを、沈み込むフィリピン海プレートの3

次元形状を考慮して取り込み、シミュレーションを実行した。2つのアスペリティー（実際には、東海、東南海、南海の3

つ）や南海トラフに沿って一定の沈み込む速度を与えていることに起因する不備はあるものの、観測されている繰り返し

間隔の大きな変化に匹敵する倍半分の変化がシミュレートでき、また、3次元形状を考慮したうえで、連動破壊が実現で

きた。このように、この新たな摩擦モデルを用いて、観測に対応するアスペリティー配置や沈み込む速度を与えれば、過

去の地震発生履歴や複雑な破壊様式を再現し、将来発生する巨大地震について貴重な情報を与えうる可能性が開かれた

と言える。

キーワード：準動的地震サイクルシミュレーション，十勝―根室，フィリピン海プレート，南海トラフ，摩擦パラメータ，

アスペリティー，破壊表面エネルギー，すべり応答関数
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We are developing new algorithms and codes for computational solid earth sciences. In the geophysical simulation study,

one of the great challenges is to reproduce realistic plate tectonics with mantle convection simulation. We are developing an

Eulerian numerical scheme for the steady Stokes flow to solve a deformation of rigid material (plate tectonics) induced by

thermal convection of soft fluid (mantle convection). Another important achievement in this fiscal year is high resolution geo-

dyamo simulations based on Yin-Yang grid, using 512 nodes of the Earth Simulator. A new structures of the flow (plume

sheets) and electric current field (spring coils) are found in these simulations. We have also developed a new code of earth-

quake cycle simulations with the elastic/viscoelastic heterogeneity.

Keywords: geodynamo, mantle convection, plate tectonics, ACuTE method, Yin-Yang grid, Eulerian scheme

1. Validity test of a Stokes flow solver by fluid rope
coiling: toward plate-mantle simulation 
Our simulation scheme combines (i) the multigrid method

together with a fast and robust smoother algorithm named

ACuTE [1, 2], and (ii) an low diffusive semi-Lagrangian

advection algorithm named CIP-CSLR-CS [3]. Since it is

easy to optimize in vectorization/parallelization, our method

is suitable for large scale simulation. 

Last year, we proposed a validity test of our simulation

scheme by using a fluid rope coiling event, in which we com-

pared our three dimensional simulation result (3-D model)

with a numerical solution of a one dimensional equilibrium

problem (1-D model). In this simulation, rigid material is sur-

rounded by a material (called 'air') with small viscosity ηair to

mimic a free surface of the rope fluid. This year, we summa-

rize results of numerical experiments and show that our sim-

ulation scheme can successfully reproduce not only qualita-

tive but also quantitative behavior for a large deformation

problem of a curved rigid plate [4] (Fig. 1 and 2). Fig. 1  Results of qualitative comparison for fluid rope properties. Semi-

transparent yellow isosurface shows density distribution of rope

fluid of 3-D model, and sequence of the colored balls (colored

tube) shows solution of 1-D model. Size and color of ball express

radius of fluid rope. Agreement of results between our 3-D

model and 1-D model are represented by overlaps of isosurface

and colored balls.

15-陰山　　聡  09.11.2  10:57 AM  ページ105



106

Annual Report of the Earth Simulator Center  April 2008 - September 2008

2. Treatment of numerically defined boundary condition
The success of our simulation study for fluid rope coiling

event indicates that our approach potentially solves behav-

iors of numerically defined boundary conditions (e.g. free

surface of a rigid plate) of a Stokes flow without serious

quantitative errors. We therefore begin to develop a treat-

ment of numerical boundary conditions in a mechanical

point of view. This is a step toward plate mantle unified sim-

ulation which reproduces a whole Stokes flow motion of the

solid earth system. 

In this year, we are trying to simulate a self-gravitating

motion of the Stokes flow as a free surface problem. It

means that a spherical shape, like the real, earth is created in

the cubed Cartesian grid. Instead of the previous small vis-

cous air approach, we introduce the stress free condition on

an air cell, and we don't have to calculate for the region out-

side a material (air region). On the other hand, because of

the stress free boundary condition and lack of inertial term in

a Stokes flow calculation, we have difficulty with the rigid

motion of a material since it might devastate the calculation.

So we extract such an external force (sometimes due to a

desctrization error) that produces the rigid motion of materi-

al from the force balance equation. This procedure is also

applied to the field of each grid levels of the multigrid algo-

rithm. As a result, we have succeeded in calculating a circu-

lar shape from square profile with the fast multigrid iterative

manner, even though there is strong viscosity contrast inside

the material (Fig. 3). 

We also develop a simulation scheme which uses a repro-

duced sharp plate boundary profile as a brittle breaking

plane. We introduce the mechanical boundary conditions, in

which a strain rate by the velocity along a brittle plane does

not work as the viscous stress. Although many types of treat-

ments for brittle breaking (e.g. yield stress method) are pro-

posed, once brittle breaking occurs, almost all of them just

decrease the viscosity on the plate boundaries to represent

the breaking situation. On the other hand, our method takes

into account the direction of the brittle plane. 

3. High Resolution Geodynamo Simulation by Yin-
Yang Grid with low Ekman number 
In this Fiscal Year, we have done product runs of large

scale geodynamo simulations with the Yin-Yang grid [5, 6].

The high performance and parallelization rate of the Yin-

Yang grid was already confirmed [7, 8, 9]. We have done

geodynamo simulations with low Ekman number. The

Ekman number is the ratio of rotation time scale over vis-

cous diffusion time scale. One of the difficulty of geody-

namo simulation is that the viscosity of the outer core in the

Earth is very low—so Ekman number also becomes very

low. The low viscosity requires high resolution simulation.

The new geodynamo code with Yin-Yang grid enabled us to

Fig. 2  Results of qualitative comparison for fluid rope properties. Time

evolution of angular velocity Ω of fluid rope against vertical axis.

Fig. 3  Time evolution of squared profile in central gravitational field. Viscosity profile is shown by colors: Red means

rigid material (η = 1.0) and blue means soft material (η = 10–2), and black region represents air (no calculation

area). Figures show (a) initial state, (b) intermediate state, and (c) final state.
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perform high resolution geodynamo simulations on the 4096

processors of the Earth Simulator. The grid size of our simu-

lation is Nr × Nθ × Nφ × 2 = 511 × 514 × 1538 × 2, where 

Nr , Nθ , Nφ are numbers in radial (0.3 < r < 1.0), latitudinal

(π/4 < θ < 3π/4), and longitudinal (–3π/4 < φ < 3π/4) direc-

tions. The last factor × 2 is for Yin and Yang. Due to this

high resolution, we could achieve the Ekman number 2.3 ×
10–7. This is the lowest value achieved to date in geodynamo

simulations. 

In this low Ekman number regime, the convection, current,

and magnetic field structures are quite different from those in

higher Ekman numbers which showed formation of positive

and negative vorticity columns side by side. Figure 4 

shows an overview of the convection structure. Figure 4(a)

shows the component along the rotation axis of the vorticity,

ωz, on the equatorial and meridional cross-sections by color

contour. The red and blue are for positive and negative vor-

ticity, respectively. The convection is composed of jets in

radial direction. The jets are narrow. The peak Fourier mode

at r ~ 0.4 is about 50. The width of the jets is independent of

radius because the jets bifurcate. Figure 4(b) shows a magni-

fied image of the velocity field on the equatorial plane by

colored arrows. A part of the inner core is also shown as a

spherical mesh. The convection is composed of narrow

upstream (toward core-mantle boundary) and downstream

(toward inner core) flow. In three-dimension, the convection

structure is multiple sheet-like structure elongated in the par-

allel direction to the rotation axis since the flow structure is

almost two-dimensional along the rotational axis by rapidly

rotation effect (Taylor-Proudman's theorem). The pattern of

ωz on the meridional cross-section shown in Fig. 4(a) shows

this effect well. 

Magnetic field is amplified by the magnetohydrodynamic

(MHD) dynamo process. The total magnetic energy integrat-

ed over the spherical shell region, or the outer core, is sever-

al times larger than the convection flow energy. Figure 5(a)

shows the radial component of the magnetic field, Br. The

magnetic fields are bundled. In other words, many magnetic

flux tubes are formed. This is also a new discovery in this

low Ekman number regime geodynamo. Figure 5(b) shows

one of the magnetic flux tube. Magnetic fields are shown by

pink tubes. In this figure, current field (blue tubes) and

velocity fields (arrows) are also shown. The current structure

is helical coil since magnetic flux tubes are formed. The

bundled magnetic field is in the helical current coil and is

parallel to the axis of the helical current coil. The velocity is

also nearly parallel to the magnetic field. This flow is

upwelling. We have found that the accelerating upstream

flow stretches out the magnetic field lines. Then, the dynamo

process, which is conversion of convection kinetic energy to

magnetic energy, takes place and magnetic flux tubes are

formed there. 

Figure 6 shows comparison with other Ekman number

case of convection structure. The ωz on the equatorial plane

is shown. Figure 6(a) shows the Ekman number is 2.3 × 10–7

(case a) and Fig. 6(b) shows the case with 2.6 × 10–6 (case

b). A remarkable character is the width of the jet. It becomes

large in case b. In addition, in case a, magnetic fields in the

sheet plumes are almost straight. On the other hand, in case

b jets slightly wind to longitudinal direction. Magnetic fields

Fig. 4  A high resolution geodynamo simulation using Yin-Yang grid. (a) The component along the rotation axis of the

vorticity, ωz, on the equatorial and meridional cross-sections by color contour. The red and blue is for positive

and negative vorticity, respectively. (b) A magnified image of velocity field on the equatorial plane by colored

arrows. A part of the inner core is also shown as a spherical mesh.
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also wind along the flow. We found in case b, the current

coil structure survives, though in a less distinctive fashion. 

The new findings in this fiscal year including convection

structure (sheet plumes), the current field structure (helical

coils), and the magnetic field structure (localized straight

flux tubes) are summarized in our recent paper [10]. 

4. Earthquake cycle simulation 
We have developed a new code for 2-D quasi-static earth-

quake cycle simulations with the elastic/viscoelastic hetero-

geneity in the material distribution. In many previous quasi-

static earthquake cycle simulations which mainly deal with

the long-term slow deformation process of earthquake cycle

including a quasi-dynamic treatment of dynamic rupture

process, the earth is assumed to be purely elastic for the sim-

plicity. Our new code enables us to simulate earthquake

cycles under the realistic elastic/viscoelastic structure and

complex plate boundary configuration. In FY 2008, we have

completed the development of the 2-D simulation code, and

performed some numerical simulations of the earthquake

Fig. 5  (a) The radial component of the magnetic field, Br. Many magnetic flux tubes are formed. (b) A magnified image of

one of the magnetic flux tubes. Magnetic fields are shown by pink tubes. Current field (blue tubes) and velocity

fields (arrows) are also shown. The current has a helical structure. 

Fig. 6  The vorticity ωz on the equatorial plane. (a) Ekman number is 2.3 × 10–7. (b) 2.6 × 10–6. The width of the jet becomes large in case b.
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recurrence on dipping faults in the viscoelastic earth model.

Among them, we feature results of the simulation which are

performed in order to evaluate the effect of the viscoelastici-

ty on earthquake cycles in this report. 

As a most simple viscoelastic structure, we constructed a

2-D viscoelastic finite element model consisting of a stan-

dard linear solid (SLS) material overlied by an elastic layer

with the thickness of 80 km. For numerical stabilization after

the viscoelastic relaxation, we use the SLS model in which

an elastic spring element with small stiffness is added in par-

allel to a Maxwell element. We assume the stiffness of the

added spring element is assigned to be one percent of the

Maxwell element so that the viscoelastic property of SLS is

similar to that of Maxwell solid. With homogeneous elastic

property in the whole FE model (rigidity :G = 30GPa,

Poisson's ratio ν = 0.25), only the effect of the viscosity of

SLS on the seismic cycle will be considered in the present

calculation. Hereafter, the difference of the viscosity values

is represented by a term 'τSLS' which is defined by the viscosi-

ty value of Maxwell element over its rigidity. Following the

well-studied plate configuration in elastic simulations, we

set an inclined plate boundary with the dip angle of 20˚, and

assume a rate-and state-dependent friction is acting on the

plate interface within the elastic layer. The RS friction

includes three frictional parameters A, B and L, which are to

be assigned on the plate interface. The parameter A is related

to the rate dependence, and the parameters B and L to the

frictional surface state. Figure 7 indicates the depth distribu-

tion of frictional parameters A and B assumed in this study.

The frictional parameter L is the characteristic slip distance

during which the friction reaches the new level after the slip

rate is changed. In the present simulation, L is assumed to be

25 cm independent of depth. 

Assuming the relative velocity of plates Vpl = 10 cm/yr,

we perform simulations with several values of τSLS (3, 10, 30

and ∞ years). In each case of the present simulation for dif-

ferent τSLSs, the steady aseismic sliding occurs at the deeper

part of plate interface, while great earthquakes recur with

almost the same interval of 162–164 years at the shallow

asperity region of negative A–B (see Figure 8). Besides such

characteristic similarities, there exist some remarkable dif-

ferences between simulated earthquake cycles in elastic and

viscoelastic earth models. Figure 9 shows the depth distribu-

tion of seismic slips and seismic coupling coefficients in

simulated earthquake cycles, where we define the seismic

slip as the slip distance with a slip velocity higher than 1

cm/s during one earthquake cycle, and the seismic coupling

coefficient is the ratio of the seismic slip to total amount of

slip during a recurrence interval of great earthquakes. Both

the seismic slip and coupling coefficient in the elastic model

are larger than those in viscoelastic models. In elastic model,

shear loading is caused only by the aseismic sliding just

below the seismogenic zone. In viscoelastic case, another

shear loading due to the relaxation in SLS material just after

the great earthquake continuously prevents the shallow

asperity region healing up, hence the degree of stick (i.e.

interplate coupling) there is weakened than that of elastic

case. As a result of weak interplate coupling throughout the

interseismic period, at the preseismic stage, slow pre-slips

with velocity slower than 1 cm/s need to extend the wider

region of the asperity so that the shear stress of the asperity

reaches critical state and dynamic slips initiate (note the rela-

Fig. 7  The depth dependence of frictional constitutive parameters A

(thin solid line), B (dotted line), and A-B (thick solid line)

assumed in the simulation.

Fig. 8  Spatio-temporal evolution of fault slip on the model plate bound-

ary. (top) elastic model (τSLS = ∞ years ). (bottom) viscoelatic

model (τSLS = 3 years ).
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tion between dotted regions in Fig. 8 and cavities of the seis-

mic slip distribution in Fig. 9). 

From above results, for dipping faults, it may be conclud-

ed that the viscoelasticity largely affects the sliding behav-

iour on the fault and that the consideration of rheology struc-

tures is important for the realistic earthquake cycle simula-

tion. 

5. Mantle convection and other topics 
Our new simulation code of mantle convection in a spher-

ical shell geometry, combined with the Yin-Yang grid and

ACuTE techniques [11], was further applied to the models

with solid-state phase transitions. We have successfully

reproduced the effects of endothermic post-spinel transition

occurring at around 660 km depth from the Earth's surface. 

We also studied other topics that are summarized in the

following papers: [12, 13, 14, 15, 16, 17]. 
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先端的固体地球科学シミュレーションコードの開発

プロジェクト責任者

陰山　　聡 海洋研究開発機構　地球シミュレータセンター

著者

陰山　　聡＊1，兵藤　　守＊1，古市　幹人＊1，宮腰　剛広＊1，大野　暢亮＊1，亀山　真典＊2，堀　久美子＊3

＊1 海洋研究開発機構　地球シミュレータセンター

＊2 愛媛大学

＊3 Max-Planck-Institut fuer Sonnensystemforschung

我々の最終的な目標は、地球シミュレータを駆使した大規模計算機シミュレーションを通じて、地球ダイナモとマン

トル対流をはじめとする地球内部全体の構造とダイナミクスを理解することである。そのために必要となる大規模並列

計算手法や基本数値アルゴリズムの独自開発にも積極的に取り組んでいる。

マントル・プレート結合シミュレーションに向けたコード開発：地球シミュレータで行う大規模シミュレーションに

おいて、プレートテクトニクスを再現することを目的とし、我々は連続体としての性質が大きく異なる、マントルとプレ

ートを同時に扱うシミュレーション手法を開発している。本年度は、まず前年度に開発したfluid rope coiling現象を用い

た大変形問題に対する新しいベンチマークテストを行った。さらに脆性破壊や、マントルの熱対流の結果として現れる

プレート表層の変形などを、力学モデルとして取り扱うための手法の拡張に新たな取り組みを始めた。

地球ダイナモシミュレーション：本年度は、前年度までに開発したインヤン格子を用いた地球ダイナモシミュレーシ

ョンコードを用いてプロダクトランを行った。コードの高い並列化性能の為、地球シミュレーターの4096プロセッサを

用いて非常に高い解像度（約8億格子点）の地球ダイナモシミュレーションを行うことができた。そのためエクマン数をO

（10E-07）の領域まで下げることができた。その結果、この領域における対流構造やダイナモ機構は、高いエクマン数領

域のものとは大きく異なる事が分かった。対流は、50本以上の上昇および下降するシート状プルームから成り、さらに

それは半径方向に枝分かれする。プルームの幅はどこでもほぼ一定になる。磁場は局所的に束ねられ、磁束管が形成さ

れることが分かった。その結果、電流構造は磁束管を取り巻くヘリカルコイル構造となることも分かった。このような

磁束管は上昇プルームに沿って形成されやすく、上昇プルームが磁場を引き伸ばしダイナモ作用が起こり、磁束管が形成

される事が分かった。エクマン数を約10倍大きく変化させると、プルームの幅が太くなることが分かった。また流れに

蛇行する部分が見られるようになり、それに伴って蛇行する磁場も見られるようになった。ヘリカルコイル電流構造は

おおむね維持されるが、やや崩れた構造になる。

地震サイクルシミュレーション：プレート沈み込みに伴う巨大地震の断層面への応力蓄積、そこでの地震発生による

応力解放といったプレート境界で発生する一連のプロセスを計算機上で再現する試みは、地震サイクルシミュレーショ

ンと呼ばれる。先行研究では、媒質として、「ずれ」に対する応力応答の解析関数が分かっている均質半無限弾性媒質の

ような理想化媒質を仮定し、断層にわたる「ずれ」と「ずれ応答」との積の境界積分によって応力場を精度よく評価してい

る。しかし、日本列島のような沈み込み帯では、地震波トモグラフィーから示唆される強い不均質構造が存在する。こう

いった解析的には「ずれ応答」が求まらない複雑な不均質構造を考慮し、その影響をシミュレーションに反映させること

が、現実的なシミュレーションを実行するために不可欠である。つまり、1）断層近傍の応力場を精度良く評価すること、

2）不均質弾性・粘弾性媒質の取り扱いが可能であること、の両者を満足する計算手法が必要となるが、境界積分方程式

法・有限要素法などの単一の数値計算手法では、これらの両立は困難である。このため、両手法の長所のみを抽出・カッ

プルさせる手法を開発し、有限要素法ベースの2次元地震サイクルシミュレーションコードに実装して、その有効性を検

証した。境界積分方程式法とのカップリングにより断層近傍で極端に細かなメッシュを使用することなく精度の良い2

次元粘弾性不均質場での地震サイクル計算が可能となった。

キーワード：地球ダイナモ，マントル対流，ACuTE法，インヤン格子，粘弾性流体，地震サイクルシミュレーション
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Explosive volcanism is one of the most catastrophic phenomena on the earth. The dynamics of eruption clouds in explosive

volcanic eruptions are governed by turbulent flow; the amount of entrained air due to turbulent mixing affects total height of

eruption column and the intensity of turbulence controls tephra dispersion in the atmosphere and resultant tephra-fall deposits.

In order to investigate features of turbulent flow in the eruption cloud and its effect on the tephra dispersion, we are develop-

ing a numerical model for eruption cloud dynamics. The present 3-D model has successfully reproduced the qualitative and

quantitative features of the eruption clouds with mass discharge rate ranging from 106 to 1010 kg/s. The 3-D simulations reveal

that the efficiency of entrainment varies with height; the value of entrainment coefficient near the vent is smaller than that in

the buoyant region. It is also suggested that the intensity of turbulence is not strong enough to homogenize particles inside

umbrella clouds; particles coarser than a few mm tend to concentrate at the base of the umbrella clouds.

Keywords: volcanic eruption cloud, pseudo-gas model, turbulent mixing, volcanic hazard

1. Introduction
During an explosive volcanic eruption, hot volcanic gases

and pyroclasts are ejected from a volcanic vent into the

atmosphere, and the ejected materials mix with air and buoy-

antly rise as an eruption column. After the eruption column

reaches the neutral buoyancy level, it flows horizontally to

form an umbrella cloud [1]. 

Turbulent mixing in and around eruption columns is an

essential part of the dynamics of eruption columns because

the amount of entrained air controls whether or not the erup-

tion cloud becomes buoyant. When the ejected material

entrains sufficient air to become buoyant, a large plinian

eruption column rises as a turbulent plume. If the ejected

material does not entrain sufficient air and its vertical veloci-

ty falls to zero before the eruption cloud becomes buoyant, a

column collapse occurs and the heavy cloud spreads as a

pyroclastic flow. The dimensions of the eruption column

such as the total height of the eruption column are controlled

by the amount of the entrained air integrated from the vent to

the top of the column. In umbrella clouds, turbulence also

governs the tephra dispersion and resultant tephra-fall

deposits. 

The aim of this study is to develop a 3-D numerical model

which can reproduce the behavior of eruption column and

umbrella cloud and to investigate the features of turbulent

mixing in eruption column (Section 3) and the effects of the

intensity of turbulence in umbrella clouds on tephra disper-

sion (Section 4).

2. Model Description
The numerical model of eruption cloud is based on Suzuki

et al. [2]. The model is designed to describe the injection of

a mixture of solid pyroclasts and volcanic gas from a circu-

lar vent above a flat surface of the earth in a stationary

atmosphere. We apply a pseudo-gas model; we ignore the

separation of solid pyroclasts from the eruption cloud and

treat an eruption cloud as a single gas. The fluid dynamics

model solves a set of partial differential equations describing

the conservation of mass, momentum, and energy, and a set

of constitutive equations describing the thermodynamic state

of the mixture of solid pyroclasts, volcanic gas, and air.

One of the most essential physics which governs the

dynamics of eruption clouds is that the density of eruption

clouds varies nonlinearly with the mixing ratio between the

ejected material and air. We reproduce this nonlinear feature

of mixture density by changing the effective gas constant

and the effective specific heat of the mixture. Then, the

equation of state for the mixture of the ejected material and

air is approximated by the equation of state for an ideal gas.

Because the above assumption of the equation of state makes

it possible to derive analytically the eigenvalues and eigen-

vectors for the governing equations of the mixture, the Roe
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scheme [3] can be applied to the present problem of the

dynamics of eruption clouds. The MUSCL method [4] is

applied to interpolate the fluxes between grid points. 

The calculations are performed on 3-D domain. We use a

uniform grid in a Cartesian coordinates system. We have

also developed a new 3-D code in which the domain is dis-

cretized on a non-uniform grid; the grid size is set to be

L0/10 near the vent, where L0 is the vent radius, and it

increases at a constant rate (equal to 1.02) with the distance

from the vent up to 100 m.

3. Efficiency of Turbulent Mixing in Eruption Column
Eruption cloud is driven by the initial momentum as a tur-

bulent jet near the vent and by buoyancy as a turbulent plume

where the ambient air is sufficiently entrained. Generally

speaking, the efficiency of turbulent mixing in the turbulent

jet and plume can be measured by a proportionality constant

relating the inflow velocity at the edge of the flow to the

mean vertical velocity (i.e., entrainment coefficient, k) [5]. In

the case of a pure jet and plume, the value of k is almost con-

stant (~ 0.1). On the other hand, constant k is not always

valid for the flow of eruption column because of the nonlin-

ear feature of the equation of state and the stratification of

atmosphere. Therefore, we attempt to estimate the value of k

in the eruption column as a function of the downstream dis-

tance from the volcanic vent (referred to as 'local k'). 

We carried out the 3-D numerical simulations in the rela-

tively small eruption with the mass discharge rate of 106–7

kg/s. The present simulations have successfully reproduced

an eruption column and the structures of turbulence (Fig. 1).

We have estimated the value of local k on the basis of the

snapshots of these results (Fig. 2). First, we obtain the time-

average distributions of physical quantities (Fig. 2b).

Secondly, horizontally integrating the physical quantities,

we measure the local values of the mean fluxes and charac-

Fig. 1  A representative numerical result with the mass discharge rate of

106 kg/s. The iso-surface of the mass fraction of the magma of

10–3 is represented.

Fig. 2  Procedure of estimation of local k on the basis of the unsteady 3-D simulation of eruption cloud for the eruption in the mid-latitude

atmosphere with the mass discharge rate of 106 kg/s, the initial temperature of 1053 K, and the volatile content of 0.06. (a) Cross-

sectional distribution of the mass fraction of magma, ξ, at 214 s from the beginning of the eruption. (b) Cross-sectional distribution

of the time-average value of ξ. (c) Vertical profile of the mean mass flux. (d) Vertical profile of the value of local k.
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teristic quantities as a given downstream distance from the

vent (Fig. 2c). Finally, we estimate the value of k at each

height, substituting the above values to the definition of

entrainment coefficient (Fig. 2d) as

local k = [dQ / dz]/[2ρa (M /ρ)1/2], (1)

where Q is the mean mass flux, z is the vertical distance

from the vent, ρa is the atmospheric density, M is the mean

momentum flux, and ρ is the mean density, respectively.

Fig. 2d indicates that the value of k is 0.03 – 0.05 below

z=1 km, whereas it approaches to 0.1 as the distance increas-

es. These results imply that the efficiency of entrainment for

the flow of eruption cloud varies with height, whereas that

for a pure jet and plume is almost constant.

4. Intensity of Turbulence in Umbrella Cloud
During explosive eruptions, pyroclasts (volcanic ash and

pumice grains) are transported by an umbrella cloud and fall

out to the ground surface to form tephra fall deposits in a

broad area (Fig. 3) [6]. In previous tephra dispersal models,

two extreme relations between turbulence and particle set-

tling in the umbrella cloud have been assumed; pyroclasts

are homogeneously mixed inside the umbrella cloud because

of turbulence, whereas they fall out at their terminal veloci-

ties from the bottom of the umbrella cloud where the turbu-

lence diminishes [e.g., 7, 8, 9]. However, when the intensity

of turbulence is not strong enough to homogenize particles

inside umbrella clouds, particles are expected to concentrate

at the base of the umbrella clouds. In this study we investi-

gate the effects of the intensity of turbulence on the homo-

geneity of umbrella clouds.

The degree of particle concentration at the base of

umbrella cloud (ratio between the particle concentration at

the bottom and the mean particle concentration of the entire

depth) can be evaluated by a parameter κ, which is

expressed as a function of the ratio of terminal fall velocity

νt and the intensity of turbulence Wrms as

κ = [νt / CWrms]/[1 – exp (–νt / CWrms)], (2)

where C (~0.8) is an empirical constant [10]. When Wrms is

sufficiently large relative to νt , the value of κ is close to 1.

This situation represents homogeneous distribution. On the

other hand, when Wrms is as small as or smaller than νt , the

degree of particle concentration at the base (i.e., κ) increases

with νt/Wrms. We attempt to estimate the value of κ from Wrms

which is determined by 3-D numerical simulations.

We carried out the 3-D simulation for the magma dis-

charge rate of 109 kg/s for vent conditions matching those of

the 1991 Pinatubo eruption [6]. From the numerically

obtained Wrms as well as the theoretically obtained νt for a

given particle diameter d, the value of κ for a given d is cal-

culated using Eq. (2). We can judge whether an umbrella

cloud is homogeneous or inhomogeneous on the basis of the

values of κ. Fig. 4 shows the distributions of κ for different

particle diameters ranging from 1/16 to 16 mm. For 

d = 1/8 mm or less (Figs. 4a and 4b), κ ~ 1 in the whole

eruption cloud. For d = 1 mm, the value of κ is nearly 1

around the central part of the cloud, while it is substantially

greater than 1 in the umbrella cloud away from the central

axis of the cloud (Fig. 4e). For d = 16 mm, the value of κ is

greater than 1 in the whole range of the eruption cloud

except for the central part of the cloud (Fig. 4i). These

results suggest that particles greater than a few mm in diam-

eter are not homogeneously distributed in the vertical direc-

tion, but tend to concentrate at the base of the umbrella

cloud. On the other hand, fine ash with d < 1/8 mm is dis-

tributed homogeneously in the umbrella cloud.

5. Summary
We have developed a numerical 3-D model of eruption

cloud which can reproduce the fundamental features of erup-

tion column and umbrella cloud and the structures of turbu-

lence. Our numerical simulations explain the variation of the

efficiency of turbulent mixing in eruption column and the

concentration of particles around the bottom of the umbrella

cloud.
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爆発的火山噴火における噴煙内部の乱流シミュレーション
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本プロジェクトでは、大規模数値シミュレーションを用いた固体地球と地球表層・大気にまたがる火山現象の理解と

計算結果の防災への応用を目指している。特に、火山噴煙の到達高度や火山灰の降灰分布を支配すると考えられる噴煙

内の乱流についての基礎的な理解を進めている。

火山噴煙のダイナミクスは、噴出物（火山灰＋火山ガス）と大気からなる混合物の密度変化、乱流による混合過程、大気

の成層構造、などの影響によって広いスケール階層性と強い非線形性を持つ。爆発的火山噴火では、火口から火山灰と火

山ガスの混合物が高温・高速で噴出する。噴出物は90wt.%以上の火山灰（固体）を含んでいるため、噴出直後は周囲の大

気よりも重く、乱流混合で周囲の大気を取り込むと取り込んだ大気を火山灰の熱によって急激に膨張させ、周囲の大気よ

りも軽くなる。さらに、成層構造を持つ大気は上空に行くほど密度が低くなるため、上空では相対的に噴煙が重くなる。

本プロジェクトではこのような非線形な密度変化に起因する噴煙現象を再現するため、混合比によって理想気体の状態

方程式における気体定数を変化させた。また、火口付近の流れのスケールと噴煙全体の流れのスケールを同時に再現す

るため、一般座標系を適用した。その結果、106～1010 kg/sにわたる噴出率の火山噴煙について定性的・定量的性質を再

現することに成功した。

乱流状態の噴流として振舞う噴煙柱では、乱流混合の効率が火砕流の発生条件や噴煙柱の到達高度を決定する。一般

に、理想気体の乱流ジェットや乱流プルームでは混合効率の指標となるエントレインメント係数 kは高さ方向にほぼ一

定（～0.1）であることが室内実験で示されている。火山噴煙は非線形な密度変化や大気の成層構造を持つため、エントレ

インメント係数 kが異なる高さで一定値をとるとは限らない。そこで、3次元シミュレーションを基に噴煙柱内のエント

レインメント係数 kの高さ方向プロファイルを測定した。その結果、kの値は火口付近で0.03～0.05と小さな値を取り、

噴煙柱上部で0.1と理想気体ジェット・プルームとほぼ同じ値をとることが明らかになった。これは、噴煙柱内部で乱流

混合効率が変化することを示唆している。

爆発的噴火においては、火山灰粒子が傘型噴煙によって高層大気中で水平方向に運ばれ、その結果として降灰分布が決

定される。従来の火山灰拡散・堆積モデルでは、火山灰粒子が傘型噴煙内部で乱流によって均質に混合しつつ底部から

終端速度で分離することが仮定されていた。しかしながら、噴煙の乱流強度が弱い場合には、火山灰粒子が傘型噴煙内部

で均質化するという仮定が満たされない可能性がある。そこで、3次元シミュレーションを基に乱流強度が粒子の均質化

に及ぼす影響を調べた。その結果、ピナツボ火山1991年に相当する噴火（噴出率が109 kg/s）では数mmよりも小さい粒子

は傘型噴煙内部で均質に分布するが、それより大きい粒子は均質化されず、傘型噴煙下部に濃縮することが示唆された。

キーワード：火山噴煙，擬似ガスモデル，乱流混合，火山災害
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The Macro-Micro Interlocked (MMI) simulation, which is performed by mutual connection between the different numerical

models for macroscopic and microscopic processes, is a prospective methodology for the numerical simulation of multiscale

phenomena in various fields of science and technology. We have advanced the development of the MMI simulation algorithm

for the applications of cloud/atmospheric coupling, space plasma, combustion, and friction processes. In particular, the appli-

cability and the feasibility of particle/continuum connection models were investigated for the particle acceleration on colli-

sion-less shock, and for the detonation dynamics. Also the applicability and the reliability of the particle-based cloud simula-

tion were evaluated, and the development of the molecular dynamics simulation for friction and nucleation was improved.

Furthermore, the interlocked technique was applied to the space weather modeling study, and we have obtained the first-ever

data-driven simulation of solar eruption. All the results demonstrate the potency and the flexible expansibility of the MMI

simulation.

Keywords: Macro-Micro Interlocked Simulation, Multi-scale, Multi-physics, plasma, space weather, cloud, combustion, 

friction, fracture, The Earth Simulator

1. Introduction
Multi-scale phenomena, in which the micro-scale elemen-

tary process and the macro-scale system dynamics mutually

interact with each other, quickly comes up as a crucial issue

for the wide range of research fields, such as material sci-

ence, plasma physics, chemistry, astrophysics, geo-science,

bio-science and so on. Computer simulation is usually

implemented on basis of the theoretical description usually

using partial differential equations, and thus the applicability

of each simulation model has to be constrained by the basic

theory to some range of scale. 

Recently, in order to overcome this limitation of numeri-

cal simulation, several new techniques have been proposed.

Macro-Micro Interlocked (MMI) Simulation is one of such a

new methodology for multi-scale simulation [1, 2]. The

basic concept of the MMI simulation consists of the inter-

connection between macro- and micro-simulations. Micro-

simulation can calculate elementary processes in the first-

principle manner. On the other hand, macro-simulation can

provide the environmental information for the micro-scale

dynamics. By optimizing the information exchange between

the micro and macro models, the MMI simulation could

greatly reduce the computational demand for the multi-scale

simulation.

The primary objective of this project is to develop the

MMI algorithm for different physical processes, aiming at

demonstrating the applicability and the feasibility of the

MMI simulation. So far, we have developed the several

models for cloud, plasmas, combustion, friction, fracture,

and reaction-diffusion processes, respectively. In this fiscal

year (FY) 2008, we have continued the development of these

models, and evaluated the applicability of some models. The

detail report for each topic will be described below. 

2. Application for Cloud Formation and Precipitation
Although clouds play a crucial role in atmospheric phe-

nomena, the numerical modeling of cloud is not yet well

established. We have developed a novel, particle-based,

probabilistic simulation scheme of cloud microphysics,

named Super-Droplet Method (SDM), which enables accu-

rate numerical simulation of cloud microphysics with less

demanding cost in computation [3]. A simple SDM for

warm rain, which incorporates sedimentation, condensa-

tion/evaporation, stochastic coalescence, was established.

The methodology to couple SDM and a non-hydrostatic

model was also developed, and a new cloud-resolving model
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has been developed adopting these schemes.

In 2008 FY, we have verified the numerical convergence

in the SDM-based cloud resolving model. Figure 1 shows

how the predicted droplet size distribution inside the cloud is

numerically converged to a robust distribution when the

number of super-droplets is increased. We can see that the

typical structure is well resolved even for a small number of

super-droplets, and this result supports the efficiency of

SDM for simulating clouds. Further verifications through the

comparison with the observations and with other microphys-

ical numerical schemes are going to be carried out.

We are also working on the improvement and the exten-

sion of our SDM-based cloud resolving model. To improve

the dynamical core, SDM is implemented to the Cloud

Resolving Storm Simulator (CReSS), which is a well-estab-

lished cloud-resolving model developed by K. Tsuboki et al.

By this implementation, the sub-grid scale turbulence

scheme and the advection scheme of our dynamical core can

be more refined. Several atmospheric chemical processes

which is necessary to accurately predict the long time (more

than few hours) behavior of maritime clouds, are to be incor-

porated to our model in the near future. 

On the other hand, as aerosols play a crucially important

role for cloud dynamics, it is not yet well understood how

aerosols are spontaneously formed in natural environment.

Recently, ion-induced nucleation is believed to be important

for this process. However, a microscopic mechanism of the

nucleation is not well elucidated. In this fiscal year, we pre-

liminarily performed also the molecular dynamics (MD)

simulations of homogeneous vapor-liquid nucleation using

the Lennard-Jones model and the TIP4P rigid water model

(see Fig. 2).  In addition, we have been developing a new

fluctuating charge water model, which gives accurate predic-

tions for both vapor and liquid properties with reasonable

numerical cost.

We are also constructing a general mathematical frame-

work for a certain type of the macro-micro interlocked simu-

lation, which is based on the mathematical idea that a macro

variable could be a set of coordinates on a certain invariant

manifold embedded in the phase space of the micro model.

The new idea was verified through the application for a rela-

tively simple reaction-diffusion system. The application of

Fig. 1  The SDM-based cloud simulation and the verification of numerical convergence of the droplet size distribution

inside the cloud. (a): the overall shape of the cloud at time 1620 s. (b): The domain averaged droplet size distri-

butions corresponding to the square region in (a) for different value of the initial super-droplet number for each

cell. (c): The accumulated precipitation amount at time 1800 s for different values of the initial number of super-

droplets. It indicates that the overall structures are well-predicted even for a small number of super-droplets.
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the new framework is going to be extended also to cloud

simulation in near future.

3. Application for Space Plasmas
Plasma inherently forms a multi-scale system, because it

consists of different components; ions and electrons. Each

the species and the coupling of them generate several char-

acteristic scales corresponding to their mass and charge.

There are several models to simulate the plasma system,

which is related to various scales. PIC (particle-in-cell)

model can incorporate full kinetic processes of ion and elec-

tron, while HYBRID model, which consists of electrons as

mass-less fluid and ion particles, is useful for the study of

ion kinetics. Different versions of continuum models, two-

fluid-MHD (magneto-hydrodynamics), Hall-MHD, single

fluid MHD, have been respectively developed so far for the

studies of different plasma processes.

The interlocked model, which is performed by the con-

nection of different models, is advantageous for plasma sim-

ulation, because it can directly calculate the mutual interac-

tion between different scales, for instance between fluid-type

dynamics and particle kinetics [4]. In this year, we have

developed the three kinds of interlocked plasma simulations,

which are for particle acceleration on a collision-less shock,

auroral arc formation, and solar eruption, respectively [5]. 

Collision-less shock is believed to be an important accel-

erator of energetic particles, which are often observed in

space and astrophysical plasmas. The fully kinetic approach

is necessary for the understanding how the energetic parti-

cles are extracted from the thermal population. It is called

the injection problem. However, the numerical simulation

based on the fully kinetic approach is quite demanding, and

the calculation cost is much expensive. On the other hand,

because the full kinetics is necessary only around the shock

transition region, it is not necessarily needed to calculate far

upstream region by kinetic model. Therefore, we can apply

our interlocked simulation model to the shock acceleration

process. Our interlocked model of shock consists of the two

different hybrid models, which are mutually connected. One

is Ion-Particle Hybrid simulation (hereafter Hybrid), in

which all ions are kinetically treated, and the another is

Energetic-Particle Hybrid simulation (hereafter EP-Hyb), in

which only non-thermal energetic ions are kinetically treated

and thermal component is treated as fluid. Since energetic

particles are only a small fraction compared to thermal com-

ponent, if thermal ion is replaced by a fluid, we can dramati-

cally reduce the calculation cost. Since the full ion kinetics is

necessary only around the shock transition region, the inter-

locked model is quite advantageous. 

Figure 3 shows the spatial density profile in 2D system.

The applied simulation can treat both the injection problem

at the shock surface kinetically and the diffusive shock

acceleration (DSA) process in the wide area around the

shock. As a result, we can obtained a power-low energy

spectrum with the high-energy cut-off in the downstream

region, shown in Figure 4. In order to make the power-low

energy spectrum around a shock, we need to make a suffi-

ciently long simulation, because the distribution in the early

phase takes the exponential type form. The fact that the

spectrum consistent with the DSA theory is formed demon-

strates the efficiency of our model.

The second subject for the plasma application is space

weather dynamics caused by solar flare eruption. Solar flares

and coronal mass ejections (CMEs) are one of the most ener-

getic explosions in the solar system, and they result from the

explosive liberation of magnetic energy stored in the solar

Fig. 2  Molecular dynamics simulation of homogeneous vapor-liquid nucleation using the Lennard-Jones model (left)

and the TIP4P rigid water model (right).
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corona. However, the trigger mechanism of solar flares and

the physical relationship between flare and CME are still

puzzled. Furthermore, the accurate modeling of solar erup-

tion is strongly required also for the forecasting of space

weather impact onto geo-space electromagnetic environ-

ment. 

In this FY, we have advanced the modeling study of space

weather processes in terms of the interlocked technique.

Three different models, which are able to calculate the trig-

ger of solar flares, the formation of CMEs, and the propaga-

tion of them, have been developed respectively, and they are

applied for the numerical experiment of the solar eruption

occurred on Dec. 13, 2006. In this experiment, the initial and

boundary conditions are set based on the data observed by

Japanese satellite Hinode. As a consequence, we have suc-

cessfully performed the first-ever data-driven simulations of

solar flare onset and the CME propagation from the sun to

the earth (see Fig. 5). 

The process of quiet auroral arc formation was also inves-

tigated by the MMI  simulation. The large-scale structure of

quiet auroral arc is thought to be formed as a result of the

macroscopic interaction between magnetosphere and iono-

sphere. Ionospheric feedback instability was believed as one

of the candidate to explain that. However, auroral energetic

electrons, which can excite the emission lines in aurora, have

to be accelerated by an electrostatic double layer, which

should be created by kinetic process in micro-scale instabili-

ty like the ion-acoustic instability. In order to realize the

holistic simulation including both the MHD and the kinetic

instabilities involved in the auroral arc formation, we had

developed the MMI simulation code for the last three years. 

In this fiscal year, the effect of microscopic instability on

quiet auroral arc formation was studied. The left panel of

Fig. 6 shows the ionospheric plasma density distribution

from 18:30 to 19:00 local time. In this panel, there is a large

peak around 70.5˚ in latitude. This increase of plasma densi-

ty is due to the ionization by accelerated electrons that are

produced by the microscopic instability. Here, we note that

the linear growth of field aligned current due to the macro-

scopic instability triggers off this microscopic instability.

Then, this plasma density growth decreases the absolute

value of the latitudinal electric field at ionosphere height

(see the middle panel of Fig. 6). Further, the distribution of

field aligned current is modified because of the response to

the variation of the ionospheric electric field (see the right

panel of Fig. 6).

4. Application for combustion dynamics
It is well known that the detailed structure of shock waves

cannot precisely be described by the conventional continuum

fluid method, which is derived based on the local thermal

Fig. 3  The interlocked collision-less shock simulation. Left-panel: Density profile in the whole system. Right-panel:

Zoom-in view of squared region in the left panel.

Fig. 4  Energy spectrum obtained in the downstream region (red dots).

The energy is normalized by the shock ram energy. The black

curve shows the function E–1.06exp(–E/17.3), where E is energy.
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equilibrium approximations, because the strong steepness of

the state variables induces non-equilibrium distribution near

the shock front. Gas kinetic approach, including the direct

simulation Monte Carlo (DSMC) method, has been found to

be effective to treat the non-equilibrium effects.

The detonation front structure and the effect of non-equi-

librium distribution on chemical reactions have not been suf-

ficiently studied so far. Most of gas-kinetic studies on deto-

nation fronts have been conducted on one-dimensional sys-

tems due to the limitation of computational cost, although

the propagation of a detonation is intrinsically multidimen-

sional process, which forms complex cell structure involving

intersection of triple points. We have tried to overcome this

difficulty by the MMI methodology [6].

Here, we report an analysis of the detailed structure of a

detonation front and the non-equilibrium effect on chemical

reactions of a two-dimensional system. This is the first work

to the effect of translational non-equilibrium on a two-

dimensional system with chemical reactions in gas phase. 

In Fig. 7, panels (a), (b), and (c) show the ratios of the

translational gas-kinetic temperature for x, y, and z direc-

tions to the overall translational kinetic temperature.

Anisotropic distribution of translational temperature near the

detonation front is evident. The incident shock waves and

Fig. 5  The results of the interlocked space weather simulations of the solar active region model (top-left), the solar

coronal model (top-right) and the heliospheric model (bottom). All they show the structure of magnetic field

lines in flaring region and CME, which was computed based on the data observed by Hinode satellite in

December 12 to 13, 2006.

Fig. 6  The result of MMI aurora simulation. Left: The ionospheric plasma density distribution from 18:30 to 19:00

local time. Middle: The distribution of latitudinal electric field at ionosphere height. Right: The distribution of

field aligned current density at ionosphere height.
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Mach stems generate the region with high x-directional tem-

perature on the detonation front. The transverse waves gen-

erate the region with high y-directional temperature behind

the triple points.

Figures 7 (d), (e), (f), and (g) compare two reaction rates

of an elementary reaction, the gas-kinetic rate and the ther-

mal rate, to examine the non-equilibrium effect on chemical

reactions. The former is the rate itself obtained by the

DSMC method, and the latter corresponds to the rate under

equilibrium translational distribution. These plots show that

the gas-kinetic rate is higher than thermal rate. 

The phenomenon that gas-kinetic effect enhances the

reaction rate is explained by the examination of translational

distribution. Non-equilibrium distribution distorts the distri-

bution of relative speed between collision pair and affects

the reaction rate. 

5. Application for Friction and Fracture
Friction and fracture are typical multi-scale phenomena

where molecular dynamics and continuum mechanics (elas-

tic dynamics) are strongly coupled. We have been develop-

ing a MMI simulation scheme based on the patch dynamics

for friction. This year, to discuss validity of the implementa-

tion of the micro-scale (molecular dynamics) simulation, we

performed a parameter survey on the boundary condition

and the size of the molecular dynamics simulation. We con-

firmed that the nature of micro-scale friction did not strongly

depend on those parameters when frictional melting

occurred.

Specifically, the velocity dependence of the frictional

coefficient was well described by a power law decrease with

an exponent –3/4 while the exponent for the pressure

dependence was –1/2. We also found that the liquid flow in

the melting layer had a character of the Couette flow, but

that the behavior was different from the usual Newtonian

fluid with constant viscosity. 

6. Summary
Through various types of application, we have demon-

strated the potentiality of the MMI simulation as a new

methodology, which could be used to simulate as well as

predict the multiscale interaction in different phenomena.

We have advanced the development of the MMI simulation

algorithm mainly for the physical processes, which are rele-

vant to geo-science, space science, material science, and

chemistry. However, the applicability of the MMI simulation

is not limited only to natural science and engineering. It

could be important to investigate the applicability of the

MMI simulation to various phenomena related to social sci-

ences as well as ecological science. In fact, we have started

the international collaboration with Management School,

Lancaster University for the development of MMI economic

simulation [7]. This project should be more extended to

improve the numerical techniques for the multiscale cou-

pling as well as to deploy them to more practical problems.

Fig. 7  The structure near the detonation front obtained by the micro part of the MMI simulation. Panels

(a), (b) and (c) show the ratios of the translational gas-kinetic temperature for x, y, and z direc-

tions to the overall translational kinetic temperature, respectively. Panels (d) and (e) show thermal

and gas-kinetic reaction rates of an elementary reaction, respectively. Panels (f) and (g) are the

close-up views of the region enclosed by the dotted squares in panels (d) and (e), respectively.
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連結階層シミュレーションアルゴリズムの開発
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ミクロスケールとマクロスケールの階層間相互作用を複数の計算モデルの連結で捉える「連結階層シミュレーション」

は様々な研究分野における新たなマルチスケールシミュレーションの方法論として広く認められている。我々は地球

シミュレータの高速性能を活かし、雲、プラズマ、燃焼、摩擦、破壊、反応拡散系など様々な現象に関する連結階層シミュ

レーションのアルゴリズム開発を発展させた。その結果、無衝突衝撃波における粒子加速のシミュレーション、デトネー

ション（爆轟）過程のシミュレーションなどによって、粒子・連続体連結モデルの応用発展性に関する顕著な成果を得る

ことができた。さらに、超水滴法による本格的な3次元雲形成シミュレーションを雲分解モデルCReSSと連結する開発研

究を進展させた。連結手法を応用した宇宙天気モデルを進展させ、世界初の太陽爆発実データシミュレーションにも成

功した。また、分子動力学モデルを使ったエアロゾル生成シミュレーションにも取り組み、分子から地球環境に至る様々

な連結階層シミュレーションの応用性を発展させることができた。

キーワード：連結階層シミュレーション，マルチスケール，マルチフィジックス，プラズマ，雲，燃焼，摩擦，宇宙天気，

地球シミュレータ
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The Development of Software Infrastructure for Large Scale Scientific Simulation project, or the Scalable Software

Infrastructure (SSI) project for short, was initiated in November 2002, for the purpose of constructing a scalable software

infrastructure to expand large scale computing environments to replace existing implementations of parallel algorithms and

implementations in individual scientific fields. It contains iterative solvers for linear systems, fast integral transforms, their

effective implementations to incorporate high-performance computers of various types, and joint studies performed with insti-

tutes and computer vendors, in order to implement the developed libraries in advanced environments to become major plat-

forms in the next ten years. An object-oriented programming model was adopted to enable complex libraries to be built by

combining elementary mathematical operations. Implemented algorithms are selected from the viewpoint of scalability on

massively parallel computing environments. The libraries are distributed freely via the Internet, and intended be improved by

feedback from the users. Since the first announcement in September 2005, we have been updating the libraries to reflect

demands of users. Since 2006, we have started a joint project with the Earth Simulator Center, to enable our libraries to run on

massively parallel vector architectures, and released the results of our study as software. In the fiscal year 2008, we have

focused on the implementation of parallel eigensolvers for large scale sparse matrices. Performance evaluation indicates the

scalability of our implementation.

Keywords: high performance computing, parallel algorithms, scalability, object-oriented programming, network distribution

1. Overview
To construct a software infrastructure for highly parallel

computing environments, we must precisely predict future

hardware technologies, and design scalable and portable soft-

ware for these technologies. Based on detailed research, we

installed various types of parallel computers to implement

latest results in computing methods, maintaining scalability

and portability. The installed architectures include a shared-

memory parallel computer (SGI Altix 3700), a distributed-

memory parallel computer (Cray XT3), a Linux-based PC

cluster, and a personal vector computer (NEC SX-6i). Since

2003, we have signed contracts with the IBM T. J. Watson

Research Center on the joint study of library implementation

on massively parallel environments with tens of thousands of

processors, using IBM Blue Gene/L. Since 2006, the SSI

project has been selected for joint research with the Earth

Simulator Center to port our libraries on parallel vector com-

puting environments. The results of the SSI project will be

evaluated on larger computers in the near future.

Based on the above policies, we have to carefully design

the libraries so as to maintain portability and usability. In the

SSI project, we have studied the object-oriented implemen-

tation of libraries and the languages for such implementa-

tion. The results are displayed on the object-oriented inter-

face of the iterative solver library Lis and the autotuning

mechanism of the fast Fourier transform library FFTSS. The

libraries are written in C and are equipped with a Fortran

interface, and we can add interfaces for higher-level lan-

guages if necessary. In addition, we have developed SILC, a

simple interface for library collections, to be used in parallel

environments. Patents are in application for the specifica-

tions and the extension of SILC to a scripting language.      

2. Lis: a Library of Iterative Solvers for Linear Sytems 
The members of this group hosted many formal and infor-

mal meetings to promote basic research and published many

results on the conjugate gradient and conjugate-residual-

based iterative solvers, and their preconditioning for linear

equations and eigenvalue problems. In addition, this group

released Lis, a library of iterative solvers for linear systems,

including various solvers and preconditioners for many

sparse matrix storage formats. These solvers and precondi-

tioners are listed below.   

We present an example of the program using Lis in Fig. 1．
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Table 1  Solvers

CG CR
BiCG BiCR
CGS CRS
BiCGSTAB BiCRSTAB
BiCGSTAB(l) GPBiCR
GPBiCG BiCRSafe
Orthomin(m) FGMRES(m)
GMRES(m) IDR(s)
TFQMR MINRES
Jacobi
Gauss-Seidel
SOR

1.0.x

Added in 1.1.x

Added in 1.2.x

Table 2  Eigensolvers

Power Iteration
Inverse Iteration
Approximate Inverse Iteration
Conjugate Gradient
Lanczos Iteration
Subspace Iteration
Conjugate Residual

Added in 1.2.x

Table 2  Preconditioners

Jacobi Crout ILU
ILU(k) ILUT
SSOR Additive Schwarz
Hybrid User defined preconditioner
I+S
SA-AMG
SAINV

1.0.x Added in 1.1.0

Table 3  Matrix storage formats

Compressed Row Storage
Compressed Column Storage
Modified Compressed Sparse Row
Diagonal
Ellpack-Itpack generalized diagonal
Jagged Diagonal Storage
Dense
Coordinate
Block Sparse Row
Block Sparse Column
Variable Block Row

Point

Block

18-西田　　晃  09.11.2  11:04 AM  ページ130



131

Chapter 2  Computer Science

Feedback on Lis has been received from users, and Lis

has gone through many improvements. Lis can be used on

both small PC clusters and massively parallel computers,

such as the Earth Simulator, IBM Blue Gene, and Cray XT.

The code of Lis 1.1.2 has attained the vectorization ratio of

99.1% and the parallelization ratio of 99.99%. We show a

comparison with the MPI version of Lis and PETSc, a

library developed by Argonne National Laboratory, using

the three-dimensional Poisson equation (size: one million,

number of nonzero entries: 26,207,180) on an SGI Altix

with 32 processors in Fig. 2. 

In fields such as fluid dynamics and structural analysis,

we must solve large-scale systems of linear equations to

compute numerical solutions of partial differential equations,

and the demand for efficient algorithms is great. In the SSI

project, we have designed and implemented scalable and

robust algorithms of iterative solvers for linear equations 

and their preconditioning, derived from such physical appli-

cations. 

In recent years, multilevel algorithms for large-scale lin-

ear equations, such as algebraic multigrid (AMG), have been

investigated in numerous studies. In most cases, multigrid

methods show linear scalability, and the number of iteration

counts is O(n) for a problem of size n. The algebraic multi-

grid method is based on a principle similar to the geometric

multigrid, which utilizes the spatial information on physical

problems, but this method differs from the geometric multi-

grid by considering the coefficient as a vertex-edge inci-

dence matrix, In addition, by using only the information on

the elements and their relations, this method generates coars-

er level matrices without higher frequency errors. The com-

plexity of AMG is equivalent to geometric multigrid and can

be applied to irregular or anisotropic problems. 

We proposed an efficient parallel implementation of

AMG preconditioned conjugate gradient method based on

smoothed aggregation (SA-AMGCG) and found that the

proposed implementation provides better performance as the

problem size becomes larger.  

Currently, AMG is the most effective algorithm for gener-

al-purpose preconditioning, and its scalability is also

remarkable. We have implemented AMG in Lis and have

tested AMG in massively parallel environments. We pre-

sented results for a two-dimensional Poisson equation of

dimension 49 million on 1,024 nodes of IBM Blue Gene/L

in Fig. 3.

In material science fields, such as solid-state physics and

quantum chemistry, large-scale simulations derived from

density functional theory and first-principles calculation are

often required. In these fields, there is a strong demand for

efficient algorithms to solve large-scale eigenproblems, and

cooperation with such fields is desirable in order to develop

scalable eigensolvers. There are several methods to compute

eigenvalues of large-scale sparse matrices, including the

Lanczos method for symmetric problems, the Arnoldi

method, its extension for nonsymmetric problems, the

Fig. 1  Example of the C program using Lis.

Fig. 2  Comparison of the MPI version of Lis and PETSc.

LIS_MATRIX A; 

LIS_VECTOR b,x; 

LIS_SOLVER solver; 

int                  iter; 

double times,itimes,ptimes; 

lis_initialize(argc, argv); 

lis_matrix_create(LIS_COMM_WORLD,&A);  

lis_vector_create(LIS_COMM_WORLD,&b); 

lis_vector_create(LIS_COMM_WORLD,&x);

lis_solver_create(&solver);

lis_input(A,b,x,argv[1]);

lis_vector_set_all(1.0,b);

lis_solver_set_optionC(solver);

lis_solve(A,b,x,solver);

lis_solver_get_iters(solver,&iter);

lis_solver_get_times(solver,&times, &itimes,&ptimes);

printf("iter = %d time = %e (p=%e i=%e)\n",iter,times, ptimes, itimes);

lis_finalize();

Fig. 3  Comparison of AMGCG and ILUCG.
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Davidson method originally proposed for quantum chem-

istry, and the Jacobi-Davidson method, a derivative of the

Davidson method. We proposed a parallel implementation of

the Jacobi-Davidson method, which resulted in research on

performance and bottlenecks of iterative solvers and parallel

implementations of the Jacobi-Davidson method. Based on

observations, we proposed that the scalability of the conju-

gate gradient method can improve the performance of eigen-

solvers in parallel environments, where the extreme eigen-

values of a generalized eigenproblem 

Ax = λBx,

or an equivalent problem  

Bx = µAx, µ = 1 / λ
can be solved by reducing these problems to the calculation

of the local maximum or local minimum of the Rayleigh

quotients combined with appropriate preconditioners, such

as the algebraic multigrid. In the fiscal year 2008, we have

focused on the implementation of the existing major eigen-

solvers for sparse matrices on Lis, which was released as

version 1.2.0 of Lis on November 12, and exhibited at

Supercomputing Conference 2008 (SC08). Performance

evaluation on several parallel computing environments

shown in Fig. 4, indicates the scalability of our implementa-

tion and the advantage of the conjugate gradient method, as

shown in Fig. 5. In addition to the Earth Simulator, Lis 1.2.0

also supports NEC SX-9, which is selected as the platform

for the Earth Simulator 2, as the result of another joint

research with Tohoku University for the fiscal year 2008. 

Fig. 5  Computation time for smallest eigenvalues of matrices derived

from Poisson equation, weak scaling up to order of 16,000,000

on Fujitsu PRIMEQUEST cluster Tatara at Kyushu University.

Fig. 4  Current platforms for Development.
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大規模科学計算向け
汎用数値ソフトウェア基盤の開発
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本プロジェクトでは、従来それぞれの分野において別個に進められてきた並列アルゴリズムや実装に関する知見をも

とに、大規模化が予想される今後の計算環境に対応したスケーラブルなソフトウェア基盤を整備することを目的として、

反復解法、高速関数変換、及びその効果的な計算機上への実装手法を中心に、平成14年度より科学技術振興機構戦略的創

造研究推進事業の一環として、多様な計算機環境を想定した開発を行っている。オブジェクト指向に基づくプログラミ

ングインタフェースを採用し、複雑な機能を持つライブラリを容易に構築できるようにするとともに、スケーラビリティ

の観点から並列化に適したアルゴリズムを開発、実装し、高並列な環境での使用に耐えうるライブラリを実現している。

本研究の成果はネットワークを通じて広く一般に配布し、フィードバックをもとにより汎用性の高いソフトウェアとし

ていく方針を採っており、平成17年9月よりソースコードを無償公開するとともに、ユーザの要望を反映した更新を適宜

行なっている。平成18年度からは、地球シミュレータセンター共同プロジェクトの一環として、高並列なベクトル計算

機環境への最適化を実施し、その成果をライブラリとして公開している。本年度は大規模疎行列を対象とした並列固有

値解法を実装し、スケーラブルな性能を実現した。

キーワード：高性能計算，並列アルゴリズム，スケーラビリティ，オブジェクト指向，ネットワーク配布
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In this fiscal year, we have simulated an unsteady cavitating flow with flow rate fluctuation in liquid oxygen pump.

Through the unsteady simulations with a long time computation, we could estimate some of the "dynamic gain factors", which

are useful to predict whether fluid-induced instability in a rocket turbopump does occur or not, although some further

improvements are necessary.

Keywords: rocket turbopump, large eddy simulation, cavitation, dynamic gain factors, shaft vibration

In the past, we have developed a Large Eddy Simulation

(LES) code for accurate computations of unsteady flows in

turbomachinery, and performed computations of cavitating

flows for inducers, which are equipped in the turbopumps in

a liquid rocket engine. Particularly, in the case of the induc-

ers, it is known that vortex cavitations from the tip region

strongly influence the stability of the turbopumps, and

Reynolds Averaged Navie-Stokes (RANS) approaches are

invalid to capture the flow fields of such vortex cavitations.

Our LES code solves the Navier-Stokes equations of weak-

ly-compressible flow, in which standard or dynamic

Smagorinsky model is implemented as sub-grid scale (SGS)

model. The code is based on a finite element method with

hexahedral elements and has the second-order accuracy both

in time and space 1). By the multi-frame of reference function

based on an overset method, it is possible to compute rotor-

stator interactions 2). For the computation of cavitating flows,

we have used the cavitation model proposed by Okita et al.3)

In this model, the evolution of cavitation is represented by

source/sink of the vapor phase.

In the last fiscal year, we carried out LES analyses of

unsteady cavitating flows where flow rate or pressure at inlet

is fluctuated at a certain frequency. The simulation image is

shown in Fig. 1. This kind of analyses has a potential to

define a so-called "dynamic gain factors" which can be used

to make judgements whether unstable cavitation occurs or

not. We conducted a feasibility study to estimate the dynam-

ic gain factors in the last fiscal year, and could calculate the

factors at a certain condition. However, the last estimations

were only performed for the initial transient period after giv-

ing the flow rate fluctuation or the pressure fluctuation, and

the validity was remained questionable. In this fiscal year,

we reestimated some of the dynamic gain factors through

long time computations although the recalculation could be

only performed for the case of flow rate fluctuation. 

In the present simulation, we have employed a test induc-

er with three helical blades. The total mesh consisted of

approximately 8.5 million hexahedral elements. The main

calculation conditions were as follows; inlet flow rate was

23 liters/s, rotating speed was 17,700 rpm, and inlet cavita-

tion number was σ = 0.04. Here, an inlet boundary condition

where the inlet flow rate was fluctuated with pressure being

constant was imposed to calculate a couple of the dynamic

gain factors. Through monitoring the change of pressure and

137
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Fig. 1  Schematic of the present method to calculate dynamic gain factors.
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that of the cavity volume, we can calculate a head gain (for

flow rate change) and mass flow gain factor from this calcu-

lation. For reference, some snapshots of the cavitation with

flow rate fluctuation are shown in Fig. 2. As is shown in the

figure, the vortex cavitation development changes with the

fluctuation. The fluctuation frequency of flow rate at inlet

was given as one fourth of the rotating frequency of the

inducers. In this fiscal year, we conducted a long time com-

putation, and reestimated some of the dynamic gain factors

in a time region where a transient behavior just after begin-

ning fluctuation had not been observed. (Note that the fluc-

tuation was started to be given after around 40 revolutions

had been performed in order to obtain a fully developed cav-

itation flow field.)

Figure 3 compares the cavity volume at the initial periods

and the periods after 20 revolutions. As is shown in the fig-

ure, the amplitude of the fluctuation of the cavity volume

gradually increased at the initial periods. In the last fiscal

year, we could only estimate the dynamic gain factors in

these initial periods. We reestimated the factors for the peri-

ods after 20 revolutions where the transient behavior had

disappeared, and the calculated factors are shown in Fig. 4.

In the present calculation of the two dynamic gain factors,

we extracted the mode of the giving fluctuation frequency by

an FFT filtering because higher frequncy modes were also

included in the change of the head and that of the cavity vol-

ume. As is shown in Fig. 4, a constant amplitude was

obtained for all cycles, and the amplitude of the head gain

Fig. 2  Some snapshots of cavitation with the non-dimensional cavity volume change.

Fig. 3  The time development of the non-dimensional cavity volume.
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Fig. 4  The head gain and the mass flow gain factor obtained in the present simulation.

was estimated to be 0.05 and that of the mass flow gain fac-

tor was to be 2.6.  In addition, a certain phase delay was also

confirmed for each factor. The discussion of the phase dif-

ference is sometimes necessary in the case of high frequency

fluctuations (quasi-steady approximation is not satisfied),

and such kind of information cannot be extracted from

steady CFD simulations.

To our knowledge, this was the first calculation result

where the dynamic gain factors were derived using a long-

time unsteady cavitation CFD with LES analyses. Although

a careful validation of the calculated parameters is neces-

sary, it is predicted that our code has a potential to calculate

dynamic gain factors directly which is very important to pre-

dict whether cavitation instability occurs or not in advance.
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ロケットエンジン内部流れのシミュレーション
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国産ロケットの信頼性向上及び将来型宇宙輸送システムの開発に質するため、主要エンジン要素（燃焼器系・供給器系）

で発生している諸問題を再現できるCFDコードを開発し、概念設計・システム評価・不具合対策等に使用し、試作・試

験のサイクルを短くすることを目標にプロジェクトを進めている。このうち、本年度はターボポンプの軸振動問題に直

結するキャビテーション不安定現象に焦点を絞り、入口部に流量変動を与えた際の揚程やキャビティ体積の応答を調べ

るための非定常LES解析を実施した。また、キャビテーション不安定の事前予測において重要となる動特性パラメータ

（ダイナミックゲインやマスフローゲインファクタ）の算出を試みた。結果として、長時間計算が必要ではあるものの、

本手法により各動特性パラメータを数値的に予測し得ることを示した。動特性パラメータは、実験的に求めることが極

めて困難であるため、本手法のもたらす波及効果は非常に大きいと考えられる。

キーワード：ターボポンプ，LES，キャビテーション，動特性パラメータ
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Nano carbon materials as nanotubes (CNTs) and fullerenes in nanotechnology have a lot of potential for industrial applica-

tions. On the efforts of developing applications, it has been recognized that computational simulations are powerful and effi-

cient tools to find and create new materials from nano scale. Aiming at realistic simulations for nonmaterial, we have devel-

oped a large-scale computation technique utilizing tight binding molecular dynamic method, ab initio density functional theo-

ry (DFT), and time-dependent DFT method. We have studied various physical properties of nano-carbon and applications e.g.,

(1) Growth mechanism of carbon nanotube, (2) Characteristics of Mackay structure, (3) Hole-doped diamond superconductor,

(4) Quantum Transport for molecular wire, (5) Irradiation of strong optical field on nano-carbons, (6) One-dimensional mag-

netic oxygen ordering in CNT, (7) Order-N first principle method for large scale system.

Along these works, we have realized that the Earth Simulator is a very powerful tool for large-scale material simulations.

Keywords: Large scale simulation, TB theory, ab initio theory, DFT, Carbon Nanotube, Fullerenes, GSW, CNT growth,

Hydrogen storage, Hole-doped Diamond superconductor

1. INTRODUCTION
Carbon materials have been expected to make a break-

through in material science and nanotechnology. A lot of

potential applications of nanotubes and fullerenes e.g., elec-

tronic field emitter and electronic devices have attracted sci-

entific community. In investigating and utilizing their mate-

rial properties, numerical simulation by means of supercom-

puter has turned out to be a very efficient tool. A recent

development in nanotechnology has required a more effi-

cient supercomputing capable of a large-scale simulation of

up to ten thousand atoms. Aiming at large-scale simulations

utilizing the Earth Simulator, we have developed computa-

tional package based on ab initio DFT theory and parameter-

ized tight-binding method. The TB code we have developed

is shown to be suitable for the very large systems even

though the lack of symmetrical arrangement. The Eliashberg

equation linearized with respect to the anomalous Green's

function applied to the prediction of high Tc superconductiv-

ity for a hole-doped diamond. We have carried out some

subjects in this work, which are described in the next sec-

tion. There are three primary objectives with this work: (1)

design of innovative nonmaterial with certain desired prop-

erties; (2) obtaining fundamental properties in nano-scale

matter, and (3) nano-applications. Our purpose is to give the

clear explanation of properties and phenomena of nano-scale

events and deduce guiding principle to design new materials

for applications from nanostructures using super-computers.

2. Physical studies on nano materials
2.1 Growth Mechanism of Carbon nanotube

Controlling growth process of SWCNT in the presence of

a metallic catalyst is an essential requirement to provide high
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quality CNT for electrical and thermal transport wire in

applications. There has been large progress in the experi-

mental mass production of SWCNT. Nevertheless, the

growth mechanism of high quality SWCNT is still poorly

understood. On the basis of such experimental results, we

presented a scenario for an acceptable SWCNT growth

process, which are constructed from four stages. In this sce-

nario, the metal cluster plays two important roles in the

growth process. The first is to act as a hydrocarbon decom-

position catalyst to produce C atoms (stage 1). The second is

to act as a solvent for the C atoms (stage 2, 3, 4).

Using a first principle molecular dynamics calculation,

we examined a decomposition of Methane molecules by

catalysis. The reason we used quantum rather than classical

methods is that it is difficult for classical method to consid-

er strong quantum effects of H atoms having small mass.

Stage 1: From a simulation at 1100 K, methane molecule is

dissociated into C and H atoms on the surface of the cataly-

sis as shown in Fig. 1. The isolated flying H atoms tend to

become hydrogen molecules by binding. On the contrary, C

atoms tend to remain on the surface of catalyst during the

simulation. We speculate that due to the lack of simulation

time, we could not observe the diffusion of C atoms enter-

ing the catalyst. 

After decomposition of hydrocarbon atoms, C atoms for

the CNT growth are placed at the surface of the catalyst.

According to our assumption, H molecules do not play an

important role in growth of SWCNT; therefore we consider

a behavior of C atoms only. On the basis of such a reason,

we can introduce an empirical classical molecular dynamic

simulation to deal with C and Fe atoms except for H atoms.

From the classical molecular dynamics simulations based

on empirical potential, we obtained very interesting behavior

of C atoms in the presence of Fe cluster composed of 55

atoms. Stage 2: until containing about 25 atoms of C in clus-

ter, C atom remain inside the cluster with diffusion. Stage 3:

Over about 25 atoms of C, C atom saturates inside the cluster

and precipitate on the surface of Fe cluster. Stage 4: The pre-

cipitated carbon atom creates a carbon cloud near the surface.

At last, caped carbon structure lifts up from Fe cluster. Such

carbon structure is certainly tubular structure not carbon nan-

otube. The tubular structure possesses sp3 hybridization and

tube hollow are filled with C atoms as shown in Fig. 2. 

Simulation results depend on conditions like a hydrocar-

bon flow constraint, system temperature, and size of Fe clus-

ter. From the detailed research for the effect of these condi-

tions on the SWCNT growth process, we will find the best

condition which helps understanding of the growth of CNT.

2.2 Characteristics of the Mackay structure [1]

We have focused on the Mackay structure that consists of

only carbon and expects useful characteristics (stable, very

rigid, magnetic body, and so on). Three production processes

from connecting carbon nanotubes to the Mackay structure

were found out by using only sequential GSW rearrange-

ments in last year. However, only small size structure's ener-

gy was obtained, because the amount of calculation is very

huge. Then, the each energy of larger size structures is cal-

culated newly. Figure 3 shows the energy of each structure.

Although there is energy barrier in the production process,

Fig. 1  Fore methane molecules are placed on the Fe cluster of (001) and (111) surface in a ini-

tial structure (left figure). After 54ps using first principle MD simulation, methane mole-

cules are decomposed into H and C , and one hydrogen molecule appears (right figure).
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Fig. 2  After 10 ns using an empirical classical simulation, carbon tubu-

lar structure is created on the Fe catalyst. Green circle shows Fe

atom red isolated carbon atom, blue bonding carbon atom.

Fig. 4  Zigzag and armchair type of the Mackay structures.

Fig. 3  Energy of each structure.

the barrier is not so high. These results confirm that there is

the possibility of the realization of the Mackay structure.

Furthermore, we clarified that the Mackay structure can be

distinguished into two types: zigzag and armchair type. This

difference is the direction of six-membered ring (Fig. 4).

Zigzag type has been known, but armchair type has not.

Some researchers have analyzed smaller zigzag types with

computer simulation. In this research, the characteristics of

large size and/or armchair type Mackay structure and are

examined. However, in order to investigate characteristics 
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of large size structure, a large scale computer is necessary.

Therefore, large structures have not been dealt with. First,

bulk modulus is investigated. The results are shown in 

Fig. 5. The smallest structure is almost as rigid as diamond

and is more rigid than large one. Moreover, there was no dif-

ference according to the types. Next, it has been guessed that

the carbon atoms in the Mackay structure are arranged along

the faces of Schwarz's minimal p-surface (Fig. 4:upper-left).

However, the carbons are arranged along the faces of truncat-

ed octahedron (Fig. 6). The results are useful to analyze the

characteristics of the Mackay structure. Finally, the electric is

calculated with PWscf code. E-dos of 3 Mackay structures

are illustrated in Fig. 7. As a consequence, the Mackay struc-

tures have semiconducting property.

2.3 Hole-doped diamond superconductor

We have been evaluating the critical transition tempera-

ture (Tc) of hole-doped diamond on the basis of the charge

fluctuation mechanism. The result of our calculation last

year showed that pure diamond with 0.03 holes per atom

was possibly the superconductor with 75 (K). The Tc's

observed in experiments, however, are lower than those esti-

Fig. 5  The relationship between primitive cell size and bulk modulus.

Fig. 6  Stable shape of the Mackay structure.
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mated by simulation. At the present, the maximum value of
Tc is 7 (K). This discrepancy seems to be attributed mainly
to the method of incorporating the bare Coulomb interaction
within the tight-binding approximation. In the simulation
achieved last year, the spatial spread of atomic orbitals has
not been taken into account at all. 

According to the consideration of this spatial spread, the
bare Coulomb interaction V has to have the following two
limits:

where

and U at is intra-atomic bare Coulomb interaction. For the
sake of simplicity, the value of U at was set at 8 (eV) for the
diagonal components and 0 (eV) for the off-diagonal compo-

nents. As a function that interpolates between these two lim-
its, we have adopted.

We show in Fig. 8 the value of Tc's against hole-concen-
tration. The figure represents that for relatively high hole-
concentration, Tc's are lower than those simulated last year.
In this way, the discrepancy between the simulation and
experimental results has been improved.

2.4 Quantum Transport for molecular wire
Application of carbon nanotubes as electronic devices had

been expected due to their unique properties. Devices such
as random access memory and radio receiver have already
been developed up to a considerable stage. In order to fully
achieve control on the properties of carbon nanotube-based
devices, it is important to perform analyses of the carbon
nanotubes of which sizes are the same as those observed in
experiments.

To this aim, we have developed a extended tight-binding
molecular dynamics method based on conventional tight-
binding molecular dynamics method. A conventional tight-
binding molecular dynamics method neglects the following

Fig. 7  E-DOS of 48, 144 and 192 atoms of the Mackay structures.

Fig. 8 Tc's against hole-concentration. (a) Result simulated last year. (b) Result simulated this year.
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effects.: A change in long range Coulomb interaction due to

a change in the electronic density distribution and polariza-

tion within carbon atoms. We have formulated, therefore, a

tight-binding molecular dynamics method incorporating

these effects. Furthermore, to treat carbon atoms in the elec-

tro-magnetic field, this method was combined with the

microscopic Maxwell's equations.

As a test calculation, we show in Fig. 9 the electrical cur-

rent distribution in the nanotube attached to one-dimensional

electrodes. A detailed investigation is left for future work.

2.5 Application of time-dependent density functional theory

for irradiation of strong optical field on nano-carbons [2]

In the last year, we developed our time-dependent density

functional theory (TDDFT) code being available for com-

puting material response under time-varying strong external

field. We develop formalisms to compute 'work' done by

the external field and confirm that increase of total energy

(including kinetic energy of ions) is the same as the work.

This means our numerical simulation goes under stable 

condition.

This year, we apply the code for two subjects. The one is

structural change of graphite surface irradiated with pulse

laser. Recently, mono-atomic layer of graphene sheet has

attracts high attention since mono-layer graphene has been

expected to show ballistic transport property, mechanical

and thermal robustness. However, the massive production of

mono-layer graphene is still challenging and usual processes

(scotch tape, CVD, solvent treatment, etc.) suffer from con-

taminant. We were searching a way to make structural tran-

sition of graphite surface into diamond phase by strong laser

pulse, but just by accident, we discover a condition of exfoli-

ation of single-layer graphene sheet.

In this calculation, we use periodic boundary condition

consisting of 10-layer AB-stacked 2 × 2 unit cell of graphite

with vacuum region of 10Å. The optical field by laser pulse

was mimicked by fictitious dipole charge layers uniformly

expand in parallel direction to graphite layer at the middle of

the vacuum region making sawtooth type potential, which is

a standard way of investigating the field effect. But this

time, the field varies with respect to time as 

where, w and t respectively correspond to 800 nm of light

wavelength and 50 fs of pulse width. The maximum strength

of field E0 has been set as 1.6 V/Å as arbitrary test and we

found with this condition the surface structure of graphite

shows structural change shown in Fig.10 as below.

We expect the current condition will be realized by fem-

tosecond laser technique and also expect other structural

change, like graphite-diamond transition, will also be

observed by modifying the pulse shape and wavelength of

laser shot.

The other application of TDDFT with time-varying exter-

nal field is penetration of optical field inside semiconducting

carbon nanotubes. It is well known that semiconducting nan-

otubes shows fluorescence depending on their chiralities.

The dependence is owing to their unique high density of

state of one-dimensionality. Recently, precise experiments

can realize optical transition with polarization of optical

field perpendicular to tube axis which opposed to previous

understanding that nanotubes completely depolarize the opti-

cal field in such polarization.

Motivated by the recent experiments, we investigate how

depolarization is strong by monitoring induced dielectric

field at the center of semiconducting nanotubes under exter-

nal dielectric field. We have tested two semiconducting nan-

otubes, (8,0) and (14,0) tubes. In both cases, we found that

significant enhancement of field tentatively occurs when fre-

quencies of the applied dielectric field are close to the reso-

nance of excitation energies of these nanotubes. In contrary,

when the frequency is out-of-resonance, the dielectric field

inside nanotubes is significantly attenuated. Figure 11,

shows the current results. From top to bottom, blue lines

denote time-evolution of applied field while the red lines

denote the allied field plus induced field by nanotubes

(called as total field). Note that only the top of Fig.11 shows

off-resonance condition. This finding raises further interest

for optical excitation of molecules being encapsulated inside

Fig. 9  Electrical current distribution in the nanotube attached to one-dimensional electrodes. The diameter of the arrow

indicates the magnitude of the current in log scale. (a) The line connecting two electrode-junctions is parallel to

the axis of the nanotube. (b) The line connecting two electrode-junctions is not parallel to the axis of the nanotube.
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semiconducting nanotubes. By tuning the chiralty of nan-

otubes, nanotube excitation energy can be adjusted to that of

molecule. If this is the case, we obtained higher quantum

efficiency of optical transition because of the enhancement

of optical field inside nanotubes.

2.6 One-dimensional magnetic Oxygen ordering in CNT

Oxygen molecule is an interesting functional molecule

with spin S = 1. Therefore, it would be possible to develop

novel nanoscale magnetic materials by encapsulation of

oxygen molecules inside the carbon nanotubes (CNTs).

Here, we examined the structures and electronic states of

oxygen-encapsulating CNTs using the computer simulation

technique. First, classical molecular dynamics calculations

clarified that oxygen molecules form one-dimensional to

multi-helix structures with the increasing CNT diameter.

Then, the first-principal calculations using pwscf code were

conducted on the narrow CNTs with one-dimensional array

of oxygen molecules. It was suggested that amplitude of the

magnetic moment of oxygen molecule decreases with

decreasing the CNT diameter below ~7Å as shown in

Fig.12. The results will give important suggestion for the

low-dimensional magnetic material design.

2.7 Large scale calculation for application using a sophisti-

cated first principle order-N calculation method [3].

We succeeded in structural optimization by a first princi-

ple self-consistent calculation for the nano structure which

contained about five thousands atoms. By this code the sta-

bility of three dimension pyramid structure is obtained

shown in Fig. 13. This sample contains about 23,000 atoms.

It is understood to be able to optimize stability and the struc-

ture to such a hugeness system.

Fig.10  Time evolution of graphite surface after irradiation of laser shot.

Fig.11  Field enhancement in semiconducting nanotubes. Blue and red

lines are time-evolution of applied and total electric field.

Fig.12  Amplitude of the magnetic moment of oxygen molecule inside

(m,0) and (n,n) CNTs.
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3. SUMMARY
The large-scale simulations on nonmaterial have been car-

ried out by ab initio density functional method and the para-

meterized tight-binding calculations. The optimized codes

showed that the computation on the Earth Simulator could

give an exceptional performance and enables us more

chance for large-scale and realistic simulations. Our large

scale simulations can provide the nanotechnology industries

valuable information on novel nano material properties and

on nano electrical designs for application. 
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Fig.13  Optimized nano structure in about 23000 atom system.
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1. 研究目的
優れた物性が予想されナノテクの基本材であるナノ炭素類（カーボンナノチューブ（CNT）、フラーレン、グラフェン）

の電子・機械特性を従来不可能だった大規模シミュレーションにより推定し、科学技術及び産業界に提供すると共に、応

用として特性の優れた新構造を発見し、基本材の拡充に寄与する目的で実施された。

2. 成果
H14年度、地球シミュレータを利用した大規模シミュレーションの有効性を世界に先駆けて実証した。また、H15・

H16・H17・H18・H19 年度は、我が国のナノチューブ研究で当面する課題解決に向けた応用シミュレーションを実施

した。本年度さらに、応用シミュレーションを推進し得られた結果を以下に示す。（1）良質のカーボンナノチューブを得

るための気相でのカーボンナノチューブ成長過程について、第一原理計算により電子論の立場から供給炭化水素の触媒

金属原子鉄による炭素・水素分解過程を確認し、また古典分子動力学計算により分解で生じた炭素が触媒内部に拡散、飽

和を経て触媒表面から析出しナノチューブ生成が開始される過程を確認した。（2）新物質創世のためのマッカイ型炭素

構造材については、大きさやタイプの異なるマッカイ構造を系統的にシミュレーションし、カーボンナノチューブから変

形していく際の結合エネルギーから実現の可能性を示す結果を得、さらにマッカイ構造の機械特性、電子構造特性を明ら

かにした。（3）高温超伝導体の研究からは、ボロンをホールとして含有させたダイヤモンド複合構造（薄膜構造）の高温超

伝導体に対して、電子間のクーロン相互作用に内挿式を用いて改良した結果、前年度よりも高精度のTCを得ることに成功

した。（4）分子を流れる電子の量子伝導を解析するために、電荷ゆらぎ、分極および電磁場の効果をパイエルス位相とし

て取り入れた強結合分子動力学法を構築した。膨大な計算量を必要とする2電子積分を行わず分極の効果までを考慮し

たクーロン相互作用で近似することによって計算量を大幅に軽減し、大規模な分子動力学計算を可能にした。（5）ナノス

ケール加工にかかわるシミュレーションでは、パルス発生の効果を入れたTDDFT（時間依存密度汎関数理論）を利用した

分子動力学計算にて、グラファイトのバルクにパルス電場を与え、グラファイトの最表面の1層のグラフェンがはがれて

いく過程が得られ、界面活性剤に変わる技術を提案した。光電場の半導体ナノチューブのシミュレーションに対し、印加

電場の振動周期とナノチューブ励起エネルギーの共鳴増大効果により壁の局率が負になるナノチューブ内部ですらも、

電界増大を見ることが可能となった。（6）新機能材料として、磁性を有する機能的分子である酸素をカーボンナノチュー

ブ円筒空洞内閉じ込めることによる酸素磁性体の創製を試みた結果、第一原理電子状態計算により、CNT内部に酸素分

子が1次元的に配列しCNT直径が小さくなると酸素分子の磁性が消失する傾向を示した。（7）オーダーN法第一原理計算

ではモデル開発が完了し、ナノ構造物質に関しては約５千原子を含む系に対してセルフコンシステント計算による構造

最適化、生体系に関しては、多数の水分子を含むDNAの系や膜タンパク質に対して構造最適化などを実現することに成

功した。

キーワード：大規模シミュレーション，タイトバインディング理論，時間依存密度汎関数法，オーダーN法，

カーボンナノチューブ，マッカイ構造，グラファイト加工技術，ナノチューブ共鳴電場，1次元酸素磁性体，

ホールドープダイヤモンド高温超伝導体，量子伝導
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We have been developing a next-generation computational solid mechanics simulation system based on the ADVENTURE,

which is designed to be able to analyze a three dimensional Finite Element (FE) model over hundreds of millions of Degrees

Of Freedom (DOFs), to achieve the implementation of a virtual demonstration test on the Earth Simulator (ES). Main FE

analysis process of the system, ADVENTURE_Solid based on the hierarchical domain decomposition method and an IBDD-

DIAG method, was ported to the vector-parallel supercomputer. For a post process of a huge scale analysis, we have devel-

oped a parallel off-line visualization system, which is able to implement on PC clusters and the ES. Moreover, to utilize our

system on parallel computers via computer networks, we developed an integrated user support system, which is implemented

on Windows PC and has a function of an agent-technology. As an implementation of a virtual demonstration test using our

system, a Boiling Water Reactor (BWR) pressure vessel of a nuclear power plant, whose model is provided in cooperation

with industries, has been analyzed. Furthermore, a Carbon Fiber Reinforced Plastics (CFRP) composite tank model, which is

for the purpose of high-pressure hydrogen storage, has been analyzed. In this report, we present an outline of our integrated

user support system based on computer networks, and show computational performances of a seismic response analysis of the

BWR model and a 3-D elastoplastic analysis of the CFRP tank model.

Keywords: Network-based CAE system, CFRP hydrogen tanks, BWR pressure vessels, balancing domain decomposition,

virtual demonstration test

1. Introduction
The ADVENTURE system [1] is an advanced general

purpose computational mechanics system, and designed to

be able to analyze a three dimensional Finite Element (FE)

model of arbitrary shape over hundreds of millions of

Degrees Of Freedom (DOFs) mesh. Module-based architec-

ture of the system with standardized I/O format and libraries

are developed and employed to attain flexibility, portability,

extensibility and maintainability of the whole system. One of

main process modules for solid analysis, named ADVEN-

TURE_Solid based on the hierarchical domain decomposi-

tion parallel algorithm, employs an IBDD-DIAG method as

a solution technique for linear equations.

In our project, the ADVENTURE system has been ported

to the Earth Simulator (ES). Especially, ADVENTURE_Solid

is vectorized well, and then it shows good performances of

vectorization and parallelization [2]. Using our system, as an

example to realize the virtual demonstration test, a Boiling

Water Reactor (BWR) pressure vessel model consisting of

many local features, whose DOFs amount to 204 million, is

performed. The BWR pressure vessel model is analyzed for

an earthquake-proof design. Besides, a Carbon Fiber

Reinforced Plastics (CFRP) composite tank for the purpose of

the high-pressure hydrogen gas storage is also performed. The

CFRP tank model is analyzed to improve a pressure-resist-

ance design. For the post process of such huge scale 3-D

(three dimensional) structural analyses, we hacve developed a

parallel off-line visualization system, which is a pure soft-

ware-based polygon renderer to implement on the computa-

tional server. Furthermore, for the utilization of our system as

the Computer Aided Engineering (CAE), we have developed

an integrated user support system to use the ADVENTURE

system on parallel computers via computer networks.

In this report, an outline of the integrated user support

system via computer networks is presented and as a realiza-

tion of the virtual demonstration test, a seismic response

analysis of the BWR model and an elastoplastic analysis of

the CFRP tank model are demonstrated.
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2. Development of an integrated user support system
to utilize the ADVENTURE via computer networks
CAE systems are widely used in the fields of engineering.

In order to shrink the development period and improve the

design precision, such systems are regarded as infrastructural

tools for the present industries. However, complexity and dif-

ficulty of the system installation procedures and user opera-

tions of parallel computers have also become a heavy burden

on CAE users. It is essential to develop a user interface which

helps CAE users to perform a large scale analysis much easi-

er. To solve these issues, we provide an integrated CAE sys-

tem for Windows OS, named ADVENTURE_on_Windows

(AdvOnWin). AdvOnWin does not require the installation of

any ADVENTURE modules and has user support functions,

called "Agent technology", which helps users and tells them

what they should do next. In here, AdvOnWin can perform on

a single processor only. Therefore, to utilize our system on

parallel computers such as the ES, we developed an integrated

CAE system, which can use parallel computers through com-

puter networks [3].

Figure 1 illustrates the system flow of the ADVENTURE.

AdvOnWin uses the modules surrounded by thick lines, and

then invokes these modules on a local PC. As the ADVEN-

TURE employs a module-based architecture and each module

is performed with other modules or individually. To analyze

large scale problems, four modules of them, surface patch gen-

eration, mesh generation, domain decomposition, and solid

static analysis are invoked on the server computers remotely.

Figure 2 shows a work flow in this study. For a secure connec-

tion between the client and servers, the SSH protocol was

employed. To establish the SSH communication, we used Java

Secure Channel (JSch), which is an open source library for the

SSH communication and released by JCraft [4]. Although we

have also developed a web-based CAE system [5], that system

doesn't show a good harmony with a supercomputers by neces-

sity of http or https daemon on the server. On the other hand,

the present system requires only the SSH daemon to servers to

send/receive files by scp and throw jobs via ssh. Figure 3

shows a screenshot of developed system on a client PC. 

As an example to test a large scale analysis using our

Fig. 1  System flow of ADVENTURE system with module-based architecture.

Fig. 2  Work flow of CAE processes on a client-server system.  Solid

arrows mean sending or receiving files.
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Fig. 3  A screenshot of an integrated CAE system on a client PC.

Fig. 4  Equivalent stress distribution of a test model with 4 million

nodes.

client-server system, an elastostatic analysis with a 4 million

nodes model is demonstrated. Table 1 shows the system con-

figuration of a client and server computers, and Fig. 4 shows

an equivalent stress distribution of a test model. Table 2

shows the computational performances of an elastostatic

analysis using 16 processors of server computers. We have

successfully analyzed the 4 million nodes model with parallel

computers by simple operations like AdvOnWin. In Table 2,

each performance includes operation time of mouse and key-

board to input analysis parameters. Moreover, attachments of

boundary conditions include to select some surfaces with

moving a model, and then visualization of analysis results is

the time when a model is displayed. Here, when CAE

processes continue on the server shown in Table 2, the file

transfer between a client and servers does not required.

Besides, the surface information of the model is enough to

attach boundary conditions and visualize results in the struc-

tural analysis. These are advantages to treat files of large size

for the large scale analysis. In the future work of this study,

we have to incorporate an off-line polygon rendering system

[6][7] to visualize data of the huge scale analysis.

CPU Intel Core2Duo 2.4GHz Intel Core2Duo 2.4GHz

Memory 2GB 4GB

OS Windows XP SP2 openSUSE Linux 10.3 x86_64

Client PC Computational node of server

Table 1  System configuration of a client and server computers.

Surface patch generation from CAD data server 120

Solid mesh generation from surface patches server 450

Attachment of boundary conditions with GUI client 270

Analysis data converter for AdvIO server 90

Domain decomposition server 100

Elastostatic analysis by FEM server 627

Visualization with GUI client 55

  1,685

CAE process

Total time

Client/Server CPU time [sec]

Table 2  Computational performances of an elastostatic analysis of a 4 million nodes model using 16 processors of server

computers. Each performances include operation time of mouse and keyboard to input analysis parameters.
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3. A Seismic response analysis of the BWR pressure
vessel model
In these three years, as an example to realize a virtual

demonstration test, we have analyzed a seismic response

problem of the BWR pressure vessel of a nuclear power plant

in cooperation with industries. The pressure vessel is precisely

modeled with internal structures, and then the total DOFs of

the problem amount to about 204 million. In the results 

at FY2007, the 1,000 time steps problem of 204 million DOFs

has been performed by 25 times batch job, and then success-

fully analyzed in about 26 hours [8]. However, to practical

use such huge scale models, the computational performance

should be improved much more. Especially, the number of

batch jobs should be reduced. Therefore, we have improved a

convergence performance of a linear solver, which is an

IBDD-DIAG method [9] in ADVENTURE_Solid. As a result,

it succeeded in reducing the number of iterations nearby in

half, and then the total number of batch jobs is also expected

to be reduced. Moreover, the reduction of the number of batch

jobs will cause much more reduction of the total computation

time on the supercomputer.

4. 3-D elastoplastic analysis of a CFRP composite tank
for the high-pressure hydrogen storage
In this section, as the second example of a virtual demon-

stration test, 3-D elastoplastic analysis of a CFRP composite

tank for the purpose of high-pressure hydrogen storage is

demonstrated. Figure 5 shows the external appearance of the

CFRP tank model. The linear hexahedral solid element is

used as the FE mesh, then the total number of DOFs is about

16 million. In our target model, the CFRP tank is composed

of a metallic linear and many CFRP layers. Besides, CFRP

layers are called a helical layer or a hoop layer by winding

angles of the fiber. At hoop winding layers, as fibers are cir-

cumferentially wound up, it is assumed to be unidirectional

laminated CFRP. On the other hand, as fibers are wound up

with a lower angle at helical winding layers, it is assumed to

be angle-ply laminated CFRP. For a 3-D elastoplastic analy-

sis, CFRP is modeled as the orthotropic material in a local

system, and especially CFRP at helical winding layers has

averaged material properties of angle-play laminated CFRP.

For the design optimization of a liner shape and a winding

rule of the fibers, we will obtain effects of the autofrettage

treatment and evaluate a fatigue under the cyclic loading.

5. Conclusions
To utilize our developed system on parallel computers

such as the ES, an integrated user support system is devel-

oped. As the system is implemented on Windows PC and

has a function of an agent-technology, users could solve a

large scale problem using parallel computers easily. To real-

ize the virtual demonstration test, a seismic response analy-

sis of the BWR pressure vessel model and a 3-D elastoplas-

tic analysis of the CFRP tank model are performed. By

improving computational performances of a linear solver,

the practicality of a huge scale analysis with our system is

also improved. Moreover, as an angle-ply laminated CFRP

model, we have been developing new functions of ADVEN-

TURE to expand the application field of our study. 
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本プロジェクトでは、1億自由度級の大規模メッシュを用いた人工物や自然物の丸ごと詳細解析を可能とする汎用計算

力学システムADVENTUREを地球シミュレータに移植し、バーチャル実証試験を実践するための次世代計算固体力学シ

ミュレータの開発を行っている。ADVENTUREの主要並列ソルバの1つである構造解析モジュールADVENTURE_Solid

では、階層型領域分割法に基づく並列負荷分散と高速安定な線形ソルバであるIBDD-DIAG法を採用し、それらのアルゴ

リズムを地球シミュレータ向けに移植することで高いベクトル性能及び並列性能が得られている。また、大規模メッシュ

の3次元可視化を実現するために、ベクトル機向けの参照テーブルを用いた高速並列オフライン可視化技術を開発し、有限

要素解析分野においても、地球シミュレータの計算ノードを用いて速やかなシミュレーション結果の検証を可能としてい

る。本システムを用いたバーチャル実証試験として、産業界から提供を受けたBWR型原子炉圧力容器の地震応答解析を

進めている。圧力容器に加えて内部構造物まで詳細にモデル化を行い、非構造メッシュを用いたモデル総自由度数は約

2億となった。地球シミュレータ2,048プロセッサを用いることで、継続時間10秒間、つまり陰的動弾性解析1,000時間

ステップを約26時間で実現した。

新たなバーチャル実証試験として、高圧水素ガス貯蔵タンクの耐圧性能評価を進めている。金属性の圧力容器に炭素

繊維強化プラスチックが幾層にも巻き付けられたモデルに対して、繊維巻き付け角度の異なるFRP層を詳細に3次元モデ

ル化し、モデル総自由度数は約1千6百万となった。地球シミュレータを用いて、弾塑性解析に成功した。

さらに、開発システムの利便性を高めるために、Windows上で動作し、外部ネットワークの並列計算機を利用した大規

模解析を可能とする、統合ユーザ支援システムを開発した。複雑なCAE操作を補助するエージェント機能を搭載してお

り、Windows上におけるマウスとキーボードを用いた簡単な操作によって大規模解析を可能とした。

本報告書では、開発システムの利便性向上や応用範囲拡大を目的とした統合ユーザ支援システムの概要、2億自由度規

模BWR型原子炉圧力容器モデルにおける線形ソルバの収束性改善、1千万自由度規模CFRP高圧水素タンクモデルにおけ

る斜交積層材の考慮による結果を示す。

キーワード：Network-based CAE system，CFRP hydrogen tanks，BWR pressure vessels，balancing domain decomposition，

virtual demonstration test
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The terahertz wave, especially in the range of 0.3-10 THz, is one of key technology seed for the next generation of indus-

tries. It is well known that the wave has high potential to be applied to the novel detectors by which one could find some kind

of material such as explosives indirectly or easily in various packages at security scenes. However nobody has developed yet

an enough light source of the wave, then there is still lack of the fundamental knowledge on the interaction between terahertz

waves and materials for identification of spectral line with the detectors.

We have carried out so far the simulation researches, on the generation of the continuous terahertz waves in the high-tem-

perature superconductor, in order to develop a new light source. Theoretical analysis has shown that the phenomena of gener-

ating terahertz wave have strong nonlinearity and complex behavior over multi-scale of time and space in the high-tempera-

ture superconductor. For dealing with those phenomena our simulation researches need the high-performance supercomputer

as the Earth Simulator and large scale simulations. With the help of this computing power, we have revealed so far the new

mechanism and the conditions on generating terahertz waves as well as the characteristic of the emitted terahertz waves from

the device. And we have succeeded in making clear the control parameters and the optimum condition for generating the con-

tinuous waves in the range of 1-4 terahertz. 

Following the progress of study of IJJ device for generating the terahertz wave, we have studied terahertz applications. An

understanding of interaction between terahertz waves and material is base of developing the terahertz applications such as ter-

ahertz sensing and terahertz high-tech devices. The interaction is also under strong nonlinearity and complex behavior over

multi-scale of time and space. Therefore, we have studied the large-scale simulation model for the interaction between tera-

hertz waves and nano-carbon material as first step of this research. 

Based on these progresses, we have summarized the results of large-scale simulation for generating terahertz wave with IJJ

device as design information of practical terahertz light source. And we have developed the large-scale simulation model of

interaction between terahertz waves and nano-carbon material. As mentioned, we made preparations for next step of R & D

for terahertz technology applications.

Keywords: high-temperature-superconductor, device, generating terahertz waves, stable excitation, Josephson plasma, 

interaction between terahertz waves and materials, high performance computational resource

1. Introduction 
The electromagnetic wave in the terahertz region has been

recognized as the potential light for spectroscopic analyses

on dense or soft materials and bio-polymers, medical diag-

noses and information technology. Most of leading countries

in the world have already pushed to develop terahertz tech-

nologies as the next generation infrastructure for sciences

and industries. It is however pointed out that there is still a

lack of light source of the continuous terahertz wave and less

understandings of the interaction behavior between material

and wave toward the advancement of terahertz technology.

In our research on a new light source of the continuous

terahertz waves, we utilize the high-temperature supercon-

ductor, HTC, as a device for generating the terahertz wave.

In HTC, the strongly superconducting CuO2 layers and insu-

lating layers are alternately stacked along the c axis of the

crystals in this system. Those layers form a stack of many

atomic-scale Josephson junctions, so called intrinsic

Josephson junctions (IJJ). 

A theory proposed in 1994 [1] has shown a possibility

157

Chapter 3  Epoch－Making Simulation

22-立木　　昌  09.11.2  11:48 AM  ページ157



158

Annual Report of the Earth Simulator Center  April 2008 - September 2008

that there exists the plasma oscillation in the terahertz band

and that the excited plasma wave could emit as terahertz

wave from the edge of IJJ device.

It had been very hard way for experimentalist to design

and develop the IJJ device for generating the terahertz wave

under the strong nonlinearity and the complex behavior.

Thus the simulation becomes indispensable approach for

developing and designing the IJJ device. However it

required high capability and large capacity in these comput-

ing for simulations because the simulation has to cover the

broad space from 1nm to several hundred µm and huge time

steps of 108 steps by 10as step width. For example, by

roughly estimated it would take two years to make the simu-

lation only for a case by using a personal computer. The

Earth Simulator is therefore essentially utilized for solving

this problem. 

Our simulation research has been revealed out the mecha-

nism, some conditions of generating the continuous terahertz-

wave, and characteristics of the emitted terahertz waves out

of the IJJ device under the external magnetic field [3, 4]. 

In the last year some Japanese or Korean experimentalists

[5] had announced that they succeed to detect the terahertz

waves emitted from the IJJ device by following our simula-

tion research. 

And besides, following the progress of study of IJJ device

for generating the terahertz wave, we have studied terahertz

applications. An understanding of interaction between tera-

hertz waves and material is base of developing the terahertz

applications such as terahertz sensing and terahertz high-tech

devices. The interaction is also under strong nonlinearity and

complex behavior over multi-scale of time and space.

Therefore, we have developed the large-scale simulation

model for the interaction between terahertz waves and nano-

carbon material as first step. 

Based on these progresses, we summarize the results of

large-scale simulation for generating terahertz wave with IJJ

device as design information of practical terahertz light

source. And we summarize the large-scale simulation model

of interaction between terahertz waves and nano-carbon

material. As mentioned above we made preparations for next

step of R & D for terahertz technology applications.

2. Model equations 
2.1 Equations of IJJ device [1, 2]

We consider the IJJ device of HTC crystal in the external

medium. In the IJJ device, we solve the coupling equations of

the gauge-invariant phase difference, charge, electric field and

magnetic field. Those equations are derived from Josephson

relations and Maxwell's equations. The gauge-invariant phase

difference ϕk is a phase difference of wave function in insulat-

ing layer k between superconducting layer l + 1 and l layer. It

is related to Josephson's superconducting electric current. In

the external medium, we solve Maxwell's equations. Let us

show model equations for simulation of IJJ device. 

Eqs.(1), (2), (3) and (4) describing the dynamics of the

phase difference, charge, electric field and magnetic field are

given by 

where ∆(2) Ak is Ak+1–2Ak+Ak–1, k number of insulator layer

between superconducting layer l and l + 1, σ conductivity of

the quasi-particles, ε dielectric constant of the insulating lay-

ers, µ the Debye length, Φo unit magnetic state, Jc critical

current density, s, D conducting and insulating layer thick-

ness, ρk+1/2 charge density in superconducting layer in k+1/2,

Ez
k electric field in z direction at insulator layer k, λab penetra-

tion depth in the ab-plane direction, λc = (cΦo/8 π2 D Jc)1/2

penetration depth in the c axis direction, β = 4πσλc /(ε0.5c), 

ωp = c/(λc ε0.5) Josephson plasma frequency, t' = ωp t normal-

ized time, x' = x/λc normalized coordinate in x direction, 

ρ' = ρ(J_c/λcωp) normalized charge density and E'z = Ez(2π
cD/Φoωp) normalized electric field. 

2.2 Equations of interaction between terahertz waves and

nano-carbon material

First, we focus on the nano-carbon material which is most

hopeful nano-block. We consider the nano-carbon material

in the external medium. The utilization of simulation of

interaction between terahertz waves and material in quantum

phenomena is fruitful for advanced science and technology.

However, first principle quantum calculation requires huge

computational volume. Thus, we use the DFTB (density-

functional tight-binding) model which requires less compu-

tational volume than that of first principle quantum calcula-

tion. We combine the DFTB model and Maxwell's equations

to solve the quantum state of electrons in atomics system

under external electro-magnetic field. We use the Green's

function with recursion method for DFTB Hamiltonian to

reduce the computational volume as O(N).  The DFTB

Hamiltonian under electro-magnetic field is as follows, 

(1)

(2)

(3)

(4)
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where θjj' (t) is phase difference between j and j' atom by

magnetic field, tjζj'ζ'σ
LDA  tight binding parameter, δUjζζ'

H Hartree

term, δVjζζ'
ex exchange and correlation term, δφo electric field,

Pζζ' polarization and ζ atomic orbital S, Px, Py, Pz. 

3. Computational feature of simulation
Based on the model equations, we perform the simulation

which makes clear the effects of various conditions on the

stable excitation of Josephson plasma by using equations of

IJJ device and develop the large-scale simulation model of

interaction between terahertz wave and material for terahertz

applications. In the simulation, the scale of space is 1 nm ~

several hundred µm and the scale of time nano second. 

For simulation of IJJ device, we use the time dependent

finite difference method to perform the numerical simula-

tion. The simulation treats very large sized nonlinear equa-

tions heretofore difficult to compute with using order 106

spatial cells in the x-z two-dimensional model and 10 8 time

steps by 10as step width. In addition, many cases of simula-

tion are needed to study the effects of various conditions on

the excitation of Josephson plasma, with combination of dif-

ferent material properties, device shapes, current supply

methods and current control etc. Hence it became large-scale

simulation. 

For simulation of the interaction between terahertz wave

and material, we use the O(N) method for DFTB model to

reduce the computational volume for solving the quantum

state of electrons in atomics system under external electro-

magnetic field. However, the simulation treats very large

sized nonlinear equations and large-scale time & space as

same as the simulation of IJJ device. Then, this also

becomes the large-scale simulation.

4. IJJ simulation and information for design of IJJ
device
We studied the excitation of Josephson plasma and emis-

sion of terahertz waves from IJJ device. Typical simulation

model is shown in Fig. 1. 

Results of many simulations gave us the information for

design of IJJ device generating terahertz waves. Here we

show the typical results. Figure 2 shows the relation between

frequency of excited Josephson plasma and parameter

By/λab with changing λc. Symbols connected by line shows

the range of frequency of excited Jpsephson plasma. The fre-

quencies are almost proportional to parameter By/λab. The

width of frequency range of excited Jpsephson plasma

changes for value of λc. This results show that we can con-

trol the frequency of terahertz wave generated by IJJ device

with parameter By/λab and λc. Dash line shows an analytical

solution of linearized gauge-invariant phase difference equa-

Fig. 1  Schematic diagram of the device generating terahertz waves. Bi2

Sr2 CaCu2 O8+δ forms IJJ. The device is consists of HTC crystal

and electrodes. The green part shows the IJJ sandwiched by elec-

trodes. An external current flows uniformly in the junctions in

the direction of the z axis. An external magnetic field is applied

to y-direction. 

We performed simulation with many combinations of parameter:

different material properties, device length, current supply meth-

ods and current control etc. Parameters are as follows: (a) con-

stant parameters s = 3Å, D = 15Å, β = 0.02, µ = 0.6µm and α =

0.1, (b) variable parameters λc = 75～300µm, λab = 0.1 ~ 0.4µm,

Lx = 25 ~ 100µm, N = 35, 70, 140 layers.  The normalized exter-

nal current J/Jc was varied from 0.0 to Jc and Jc to 0 to study the

effect of increasing and decreasing path of external current.

Fig. 2  Relation between frequency of excited Josephson plasma and

parameter By/λab with changing λc. Symbols connected by line

shows the range of frequency of excited Jpsephson plasma. Dash

line shows an analytical solution of linearized gauge-invariant

phase difference equation.

(5)

DFTB
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tion. When By/λab and λc are large value, results of simula-

tion are correspond with the analytical solution. However,

when By/λab and λc are small value, results of simulation

are not correspond with the analytical solution. By/λab and

λc are small value in the frequency range of 1 ~ 4 THz that

is important frequency range for terahertz applications.

Then, we can not use the analytical solution and must use

the results of large-scale simulations for design of IJJ device.

5. Performance of large-scale simulation model of
interaction between terahertz waves and nano-car-
bon material
We have developed the large-scale simulation model of

interaction between terahertz waves and nano-carbon materi-

al. For the simulation of large-scale atomics system, O(N)

attribute of analysis method is needed to achieve the reason-

able time to solution. Figure 3. shows the relation between

number of atoms and volume of calculation (Gflop/SCF) for

DFTB model under external electro-magnetic field. This

result shows that the developed large-scale simulation model

is O(N) method. 

6. Conclusion and future work
In this year, we have made preparations for next step of R

& D for terahertz technology applications. Based on these

progresses, we will develop the peta-scale large-scale simu-

lation model with study of new algorithm for parallel and

memory usage control etc. Those results would be useful for

scientists and industries to design or develop their device of

the continuous terahertz wave and real applications.

The Earth Simulator shows clearly that the large-scale

simulation with high performances is an effective methodol-

ogy for developing new technologies.
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Fig. 3  Relation between number of atoms and volume of calculation for

DFTB model.
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テラヘルツ波は光と電磁波の中間域（0.3～10THz）の未開拓領域にあり、物質、生体分子の励起振動数（～6THz）を含む

ことから、物性、癌細胞分子の分光分析、細菌・プラスチック爆発物の検出、X線よりも低エネルギーで透過性があるため

安全な医療線源、また大容量通信等へ応用が期待される。しかし、テラヘルツ波技術の発展の課題として（a）良い連続波

テラヘルツ光源の開発と（b）テラヘルツ波の応用へ向けた物質とテラヘルツ波相互作用の詳細の理解がある。本研究では

この課題解決に向け地球シミュレータを用いた大規模シミュレーションを用いて取り組む。具体的には、分析、検出、解

像、大容量通信に優れる連続波光源として、量子カスケードレーザ等があるが、1～4THzで低出力のため、実際の応用には、

広帯域で単色、周波数可変、またmW級の高出力を得られる新光源が必要である。本研究では、磁場中のナノスケールの

高温超伝導体に直流電流を印加するとジョセフソンプラズマが励起し連続波テラヘルツ波として発振するという理論に

基づき、テラヘルツ波広帯域でmW級の出力を可能とする連続波テラヘルツ波デバイス開発のための大規模シミュレー

ションを行う。また、物質とテラヘルツ波相互作用解析のために量子効果を取り込みつつ大規模な分子動力学計算が可能

な強結合モデルとDFTをベースとした解析モデルを開発し大規模シミュレーションを行なう。

今年度は昨年度より開始した産業応用に向けた研究をさらに進めるともに次のステップへの準備を進めた。その結果、

連続波テラヘルツ波光源として有望な高温超電導体を使った素子の設計要件が分かった。また、テラヘルツ応用のための、

テラヘルツ波中に置かれた物質の応答計算の展望が開けた。また3次元解析でのペタスケール大規模シミュレーション要

件が分かった。

今後は、実用化のための応用計算へ向かう。そのために実用的光源開発においては、高温超伝導体素子とそれに接続す

る給電ワイヤーや導波管等の3次元光源全システムの大規模シミュレーションモデルの開発を行なっていく。また物質・

テラヘルツ波の相互作用理解では、多種原子系のテラヘルツ波と物質・生命分子相互作用（外場、内場応答）の大規模シ

ミュレーションモデルの開発をおこなっていく。これらの計算規模はペタスケールであり、そのため、モデル拡張、並列

性能向上、階層メモリ利用法向上、そのためのアルゴリズムの高度化等を含めた大規模モデルの研究開発を進めていく予

定である。

キーワード：高温超伝導体素子，テラヘルツ波生成，大規模計算資源
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In 2008, we ran the simulation of red blood cells' (RBC) flow for a prolonged period and at more physiological hematocrit

using an RBC model established in 2007. A multi-scale simulation of blood flow was also carried out in order for analyzing

mesoscopic phenomena of blood flow and investigating the effects of hematocrit on the axial velocity profile.
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1. Introduction 
Physics of the mixture of solid and liquid is of major

interest to scientists. It exhibits significantly complex rheol-

ogy in relation to a bulk proportion of solid. The nature

becomes much more complex as the solid particles form an

internal micro-structure within a mixture. Even with a low

percentage of solid, the material shows more or less solid-

like behavior. 

The main objective of this project is to establish a parti-

cle-continuum-coupled model based on a discrete element

method, which is capable of expressing the multiphasic

nature consisting of solid, liquid or perhaps gas that shows

complex behaviors with forming an internal structure such

as clustering.

The blood is a concentrated suspension of cells (solid) in

plasma (fluid), an aqueous solution that generally follows

Newtonian dynamics. The blood cells are mainly red blood

cells (RBCs) which constitute for about a half of the total

blood volume. Approximately 5 million RBCs are present in

1 mm3 of blood. Thus, blood flow is essentially multiphasic.

Under a low shear flow, RBCs stack up, forming rouleaux

and aggregations which are internal structures. The particu-

late nature of RBCs, their inclining and deformabilities, and

physical interactions such as collisions and contacts signifi-

cantly contribute to behaving as a multiphase suspension and

resulting in non-Newtoninan dynamics. 

It is generally accepted that hemodynamics is related to

cardiovascular and cerebrovascular disorders including arte-

rial sclerosis. For instance, prolonged disturbances of blood

flow triggers a formation of thrombus, thereby leading to

stroke, which can cause permanent neurologic and myocar-

dial damage or even death. With westernization of the

Japanese-style, it has been obvious that death from coronary

heart disease and cerebral infarction stemmed from athero-

sclerosis is increasing. Atherosclerosis is characterized by

accumulation of lipids and macrophages under the inner wall

of arteries. It causes stenosis that narrows the vessels and

impedes normal blood flow. It is therefore of central impor-

tance to analyze hemodynamics at micro and mesoscopic

levels based on the discipline of multi-phase system with

internal structures. 

In 2007, we studied collective behaviors of RBCs flowing

in a stenosed artery. From the results, we found that stenosis

jeopardizes a man not only because it obstructs blood flow

but also because it may seed thrombus formations by

enhancing agglomeration of RBCs. We also found that stiff-

ening of RBCs may contribute to causing hypertension. In

2007, we also implemented a multi-scale simulation of blood

flow in order for analyzing mesoscopic phenomena of blood

flow. Since this method is very time-consuming, we had not

obtained a converged-state yet by the end of 2007, which

was a remaining problem to this year. 

In 2008, we continued a multi-scale simulation of blood

flow in which blood flow is modeled in two different scales;

a macroscopic blood flow was represented by a continuum

model, and a microscopic blood flow was modeled by par-
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ticulate RBCs' flow. By means of this simulation, we inves-

tigated the influence of hematocrit (RBC volume fraction)

on macroscopic blood rheology. In addition, we ran the sim-

ulation of red blood cells' (RBC) flow for a prolonged period

and at more physiological hematocrit. 

2. Prolonged calculation of RBC flow 
This year, we ran a simulation of RBCs flow for a period

much longer than before. The model of an RBC was the

same as used in 2007 [1]. In brief, the RBC was modeled as

a closed shell membrane consisting of triangular meshes.

Neighboring meshes were connected with bending springs to

prevent folding of membrane. Nodal points were linked by

spring elements to resist to stretching. Fluid forces exerted

by blood flow were estimated based on the momentum con-

servation and Newton's friction law. In order to maintain the

volume and surface area of RBC, constraint functions of

those were imposed. A mechanical interaction between two

RBCs is expressed by a potential function with respect to a

distance between these two. A dynamic behavior of RBC in

the given flow field was determined toward the minimum

energy state. RBCs were distributed uniformly within a

cylindrical blood vessel at hematocrit of 15%. Assuming that

each RBC motion does not affect velocity field of blood

flow, we prescribed a macroscopic velocity of Poiseuille

flow. Flowing behaviors of RBCs were simulated using 256

processors on ES for 72 hrs. 

RBC showed various flowing behaviors, depending on

their radial position; RBCs concentrate around the center of

the vessel, forming a cluster, while those near the wall were

relatively sparse. Figure 1 plots the ratio of the axial velocity

of each RBC to that of Poiseuille flow against its radial posi-

tion. Here, a radial position is normalized with a channel

radius. As seen in Fig. 1, the ratio was more diverse towards

the wall. The diversity of the ratio was quantified as the

standard deviation for the data of normalized radius 0-0.1,

0.1-0.2, 0.2-0.3 and so forth as shown in Fig. 2. The standard

deviation increased significantly from the center to the wall.

Due to a fluid shear, RBCs flowing near the wall are more

prone to moving towards the center of a flow channel, caus-

ing frequent collision and contact between RBCs and there-

by enhancing fluctuation of the axial velocity near the wall.

On the other hand, as RBCs flowing around the center of a

channel do not undergo such a radial displacement, they did

not collide each other and therefore variation of the ratio was

not comparatively large. 

3. Calculation of RBCs' flow under more physiological
condition 
In general, hematocrit, RBC volume concentration, is

40%. By 2007, most of RBC flow calculations we made was

conditioned at hematocrit of less than 25%, since a higher

hematocrit condition is computationally expensive and it

was quite difficult to pack RBCs within a limited room of

blood vessel at a high hematocrit. Actually, it was necessary

to align RBCs orderly within a blood vessel in order to

achieve hematocrit of 35%. In 2006, we calculated RBCs

flow at this hematocrit, however, the results were not fluid-

mechanically interesting since the initial alignment of RBCs

was not disturbed because it was too crowded for RBCs to

move in a radial direction. 

We here attempted to break the initial alignment of RBCs

with randomly providing virtual velocity in a radial direc-

tion. Figure 3 shows snapshots of RBCs at the initial align-

ment and after the disturbing treatment. As seen, the initial

arrangement of RBCs totally disappeared, showing a ran-

domized alignment of RBCs within the flow channel. Using

this RBC alignment as the initial condition, we calculated

Fig. 1  Plot of the ratio of the axial velocity of each RBC to that of

Poiseuille flow against its radial position.

Fig. 2  Change in standard deviation of the ratio of the axial velocity

calculated to that of Poiseuille flow against the normalized radial

position.
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RBCs' flow in Poiseuille flow. A series of snapshots showed

that RBCs near the central axis flow as agglomerate and

often show tank-treading motions. On the other hand, those

near the vessel wall behave more individually, inclining

against a flow direction and showing axial migrations. Such

a difference in RBC motions may contribute to enhancement

of RBC flow and oxygen transports. 

4. Mesoscopic blood flow simulation by multi-scale
modeling 
Approximately half volume of blood is composed of RBCs

which are believed to strongly influence blood flow proper-

ties. Non-Newtonian properties of blood are basically derived

by the collective behaviors of RBCs. We therefore investigat-

ed the rheological properties of blood at a meso-scale by

interactively carrying out the micro-scale simulation of RBCs'

flow and the macro-scale simulation of the blood flow.

A micro-scale flow was simulated by solving multiple

RBCs flow which are the same as the one in section 2 and 3.

The macroscopic flow was modeled by a continuum

described by the equations of continuity and Navier-Stokes.

In order to take into account a local variation of blood viscos-

ity due to a spatial distribution of RBCs within a blood ves-

sel, we expressed a viscous coefficient in the Navier-Stokes

equation as an exponential unction of the local hematocrit.

Based on the empirical formula of the relationship between

Casson viscosity and hematocrit [2]. The macroscopic flow

and the microscopic flow were calculated interactively to

simulate the mesoscopic flow. Assuming Poiseuille flow as

the initial macroscopic flow, the microscale flow for a period

of 0.1 s was calculated. From gained RBC distributions, local

viscosity in each subdivided flow regime within a cross-sec-

tion was estimated. Using local viscosity in the Navier-

Stokes equation, the macroscale flow was calculated. The

resultant velocity profile was then sent back to the microscale

simulation. This process was repeated until no substantial

change in the axial velocity profile. 

The results showed a drastic change in the distribution of

RBCs with progress of the simulation. The spatial distribu-

tions of RBCs at the initial state and the converged state are

shown in Fig. 4 as a contour plot of hematocrit. At the initial

state, RBCs were randomly distributed within the flow chan-

nel. As RBCs were carried downstream by a fluid flow, they

inclined and migrated to the center of the flow channel. As a

result, RBCs were concentrated around the center and barely

found near the wall, forming a plasma layer. A series of the

axial velocity profile from the initial to the converged state

are depicted in Fig. 5. At the initial state, the velocity profile

was parabolic as given. With progress of the simulation,

there was a tendency that velocity at the center of the flow

channel decreased. 

Figure 6 plots a change in the axial velocity at the center

of channel with progress of mesoscopic simulation for

hematocrit of 15, 25 35%. Here, the axial velocity at each

step is normalized with that at the first step or Poiseuille

flow. Comparison of the results at different hematocrit

showed that the axial velocity at hematocrit of 35 %

decreased more drastically than others, but at the converged

state, the normalized velocity at hematocrit of 35 % is

Fig. 3  Snapshots of RBCs at hematocrit of 35% at the initial alignment

(upper) and after disturbing treatment (lower).

Fig. 4  Contour plots of hematocrit at (a) 1st step, (b) 6th step, (c) 11th step and 16th step.
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almost the same as that of 25%. The velocity at 15% was

larger than that of 25% and 35% at the final step, however,

declining tendency may last until the normalized velocity

becomes equal to the one at hematocrit of 25 and 35%. This

would be due to the limited number of RBCs that can exist

at the central part. 

It is quite obvious that RBC behavior induced a change in

a macroscopic velocity profile and vice versa. With an axial

migration of RBCs, the RBC concentration became higher

around the center of the channel while that near the wall

became less, bringing about an increase in blood viscosity

around the center and the decrease near the wall, respective-

ly. As a consequence, the flow velocity around the center of

the channel decreased and that near the wall increased,

developing into a flat velocity profile. These results

addressed the potential of the present computational

approach to the analysis of the rheology of blood in small

vasculatures where non-Newtonian property of blood is not

negligible. 

5. Conclusion 
This year, we studied performed a prolonged calculation

of RBC's flow, simulation of RBC flow at more physiologi-

cal condition and mesoscopic blood flow simulation by

multi-scale modeling in order to gain better understanding of

blood rheology in microcirculation. The former two works

provide useful information to understand not only an RBC

behavior but also collective behaviors of RBCs. Comparison

of snapshots of RBCs flow with other physical data such as

velocity provides indispensable information that is not

directly measured. The multi-scale simulation of blood flow

was quite time-consuming. Nonetheless, this method pro-

vides valuable information to understand the mechanism to

induce non-Newtonian nature of blood flow. 

Toward the year 2010, we will perform some experiments

to corroborate our simulations results that have been

obtained. At the same time, we fill focus more on RBCs

flowing in a high-shear flow. In-depth analysis of RBC

deformation and strain distributions over the RBC membrane

will contribute to exploring the mechanism of hemolysis. 
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Fig. 5  Change in an axial velocity profile during the mesoscopic blood

flow simulation at hematocrit of 0.15.

Fig. 6  Change in the normalized maximum velocity during the meso-

scopic blood flow simulation at hematocrit of 0.15, 0.25 and 0.35.
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本プロジェクトは粒子系離散モデルに基づいて、液相（血漿）と固相（赤血球）が混在する血液の複雑な流動現象を解明

することを目的としている。2008年度は①赤血球流動の長時間計算、②生理学的な条件まで赤血球容積率をあげた場合

における赤血球流動計算、③血流のマルチスケールシミュレーションの3項目について研究を行った。まず、①であるが、

これまで実時間スケールにおいて1秒以下でしか検討できなかった赤血球流動がより長い時間スケールではどのように

変化していくのかを検討するために、一つの赤血球容積率において長時間に渡って計算し、血球流動パターンの変化して

いく様子について検討した。これにより、ランダムに配置された赤血球が、ポアズイユ流が発達した直円管内で、流れに

沿ってどのように振舞うのかについて明らかにした。②についてであるが、昨年まで赤血球の容積率は最大で20％程度

で生理学的な条件のほぼ半分であった。今年度は、これを生理学的な35％まで上げて赤血球流動の計算を行い、ヘマト

クリットが赤血球流動に与える影響について検討した。③は，昨年度において試みた血流のマルチスケールシミュレー

ション手法を今年度は完成させて、異なる赤血球容積条件下でメゾスコピックスケールでの血液流動の解析を行ったも

のである。ここでは血流を赤血球集合と連続体という2つの異なるスケールにてモデル化し、それらのモデルを局所赤血

球体積濃度に基づく局所血液粘度および血管軸流速度という物理的要素を通じて、相互に関連づけて計算を繰り返した。

個々の赤血球が流動することで赤血球濃度の空間的な分布の変化し、計算収束時に得られた血流速度分布は、初期に与え

た放物線状の速度分布とは異なる流速分布となった。血管内全体に対する赤血球容積濃度（ヘマトクリット）を15、25、

35％の3通りに変えて、計算を行ったところ、ヘマトクリットが大きくなるにつれて、中心軸付近での速度低下が大きく

なり、より生体内での流れ場に近いものとなった。

キーワード：赤血球，クラスタ形成，流体，多相系，離散要素法
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By implementing a three-dimensional magnetohydrodynamic (MHD) code based on the CIP-MOCCT scheme, we carried

out large scale MHD simulations of the solar atmosphere covering the region from the convection zone to the corona. We

found that in regions with weak magnetic fields (B~100G), horizontal magnetic loops created in the upflow regions of the

convection generate high frequency waves by reconnecting with the ambient magnetic fields. The corona can be heated up by

direct heating by magnetic reconnection and dissipation of high frequency waves generated by the magnetic reconnection.

Keywords: Astrophysics, Magnetohydrodynamics, Solar Activities

1. Introduction
Magnetic fields play essential roles in various activities

observed in the solar atmosphere, star forming regions,

galaxies, and clusters of galaxies. By implementing the

three-dimensional magnetohydrodynamic (MHD) code

CANS (Coordinated Astronomical Numerical Simulator) to

the Earth simulator, we have carried out simulations of the

formation of filamentary structures on the Sun [1] and

launching of collimated outflows (jets) from accretion disks. 

In astrophysical objects, gravity creates stratification con-

sisting of the dense inner region and the outer low-density

atmosphere (corona). The solar corona, for example, is the

hot outer atmosphere of the Sun where temperature is above

1 million K, which is much higher than the temperature at

the solar surface (about 6000K). The mechanism that heats

the corona has been a long-standing puzzle in astrophysics.

From the solar corona, high speed (>400 km/s) plasma flow

called the solar wind is continuously flowing out. The solar

wind determines the space environment around the Earth.

Understanding the heating and acceleration of the plasma in

the solar corona is hence important both in academic and in

practical points of view. Hot corona also exists in galaxies

and in accretion disks. In accretion disks, inverse Compton

scattering in the corona can be the origin of power law com-

ponent in X-rays observed in black hole candidates. 

The energy source of coronal heating and solar wind

acceleration is the interaction of magnetic field and convec-

tion at the solar surface. The magnetic disturbance produced

by this interaction is transported to the upper layer via mag-

netic fields and dissipate there. The remaining problem is to

pin down the transportation and dissipation mechanisms.

There are two possibilities: MHD waves and magnetic

reconnection. The difference of the two models comes from

the difference in the time scale. If the time scale of distur-

bances generated by the interaction of magnetic field and

convection is smaller than the Alfven time of the corona

(time in which Alfven waves travel across the coronal mag-

netic loop), the disturbances will propagate as MHD waves.

If the time scale of the disturbances is longer than the Alfven

time, the disturbance will tangle the coronal magnetic fields.

In the latter case, magnetic reconnection occurs between the

tangled field lines. Therefore, in order to distinguish the two

models, it is essential to understand the mode and spectra of

the disturbance generated by the interaction of magnetic

fields and convection. In order to address this problem, we

carried out MHD simulations of the domain covering the

region from the upper convection zone up to the corona. 

2. Magnetohydrodynamic Simulations of Solar
Coronal Heating
We have revised a three-dimensional MHD code based on

the CIP-MOCCT scheme [2] and implemented it to the Earth

simulator. In this scheme, the magnetic induction equation is

solved by MOCCT (Method of Characteristics, Constrained

Transport) scheme [3], which preserves the div B = 0 condi-

tion, and other equations are solved by the CIP scheme [4,5].

The CIP-MOCCT scheme is more robust and accurate in

magnetically dominated regions where β = Pgas/Pmag < 1 than

the schemes based on the conservation form of the energy

equation. The vectorization ratio and the parallelization ratio
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of the code are 98.890%, and 99.81%, respectively on the

Earth simulator for simulations using 4003 grid points.

The size of the simulation box is 10000km in horizontal

direction, 1600 km below the photosphere and 12000km

above the photosphere. The grid points are uniform in hori-

zontal directions but we used non-uniform grid in the verti-

cal direction. The number of grid points is 4003. Periodic

boundary condition is imposed in the horizontal direction.

Radiative cooling in the photosphere is treated by Newton

approximation, so that the temperature in the photosphere is

maintained almost constant at 6000K. Hence convection is

maintained in a self-consistent way. To start the simulation,

at first we run the simulation without magnetic field until the

convection develops to statistically steady state. Then we

impose vertical and uniform magnetic field with various

strength and continue the calculation.

Figure 1 shows a three-dimensional visualization of a

simulation result with field strength similar to a sunspot

(about 1kG). In this case the convection is relatively weak

and oscillatory, and magnetic fields in the photosphere

remain nearly vertical. Small amplitude Alfven wave is gen-

erated and propagates into the corona. 

The solution is drastically different in the weak field

regime. Figure 2 shows the result of relatively weak field

case corresponding to the solar plage region (about 100G),

namely near but outside sunspots. In this case the convection

is vigorous enough to create turbulent fields in the convec-

tion zone. Occasionally a bundle of strong (about 500G)

magnetic flux is driven by the convective upflow and

emerges above the photosphere. The emerging fluxes under-

go magnetic reconnection with the ambient vertical fields,

and generate high frequency waves propagating to the coro-

na. Indeed, such small-scale emergence of magnetic flux has

been found by recent observation by the Solar Optical

Telescope on board the Hinode, a Japanese solar observation

satellite. 

Figure 3 and 4 show the wavelet spectra of horizontal

velocity at a fixed point in the corona in strong field case

and weak field case, respectively. Remarkable feature is the

intermittent emission of high frequency waves in the weak

field case, whereas in the strong field case most of the power

is in time scale of 100s, which is similar to the time scale of

convection. 

Two conclusions can be drawn from the simulation result.

Firstly, at least in the weak field regime the heating mecha-

nism can be a combination of two mechanisms, i.e, magnetic

reconnection results in both direct heating and generation of

high frequency waves which eventually dissipate later.

Secondly, the chromosphere plays an essential role in coro-

nal heating and solar wind acceleration. In particular, gener-

ation of waves cannot be properly addressed if one looks at

only the photosphere. Future solar observation should

strengthen the capability of plasma diagnostics in the chro-

mosphere. 

Fig. 1  Result of a simulation for strong magnetic fields (B ~ 1kG).

Solid curves show magnetic fields and grey scale shows vertical

component of photospheric magnetic fields.

Fig. 2  Result of a simulation for weak magnetic fields (B ~ 100G). Solid

curves show magnetic fields. Arrows show velocity vectors.
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Fig. 3  Wavelet spectra for the horizontal velocity obtained from the result for strong

magnetic fields (B ~ 1kG). Horizontal axis shows time in unit of sec, and the

vertical axis shows the period of oscillation. 

Fig. 4  The same as figure 3 but for weak magnetic fields (B ~ 100G).

3. Summary
We reported the results of three-dimensional MHD simu-

lations of the solar atmosphere covering the region from the

convection zone to the corona. Numerical simulations have

been carried out on the Earth simulator by using a MHD

code based on the CIP-MOCCT scheme. We found that in

the weak field region horizontal magnetic fields emerging

with the convective motion reconnects with the ambient ver-

tical fields, and generate high frequency waves. Such waves

propagating in the corona will be dissipated and heat the

corona. Numerical results will be compared with the obser-

vations of the Hinode satellite.

These studies are now revealing how magnetic energy is

transported from the inner dense regions of the gravitational-

ly stratified atmosphere to the outer low-density corona. We

would like to apply this mechanism to Comptonizing corona

above accretion disks, and heating of the hot X-ray emitting

plasmas in cluster of galaxies. 
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地球シミュレータに実装したCIP-MOCCT法に基づく磁気流体シミュレーションコードを用いて、太陽大気の対流層

からコロナまでを含む領域の3次元磁気流体シミュレーションを行った。その結果、平均磁場が100G程度以下と比較的

弱い場合は対流層の磁場が乱流的になり、その乱流磁場が対流層のすぐ上の彩層で磁気リコネクションを起こして高周

波数（>0.1Hz）の波が発生するが、磁場が強く乱流磁場が発生しない場合は、コロナへ伝わる波は対流と同程度の低周波

（<0.01Hz）の波しか発生しないことがわかった。波のスペクトルはその散逸メカニズムと密接に関係しているため、

我々の結果は、磁場の強さによりコロナ加熱、太陽風加速のメカニズムが変わりうること、彩層での磁気リコネクション

と波動の発生が重要な役割を果たすことを示唆する。これらの結果を太陽観測衛星「ひので」の観測結果と比較すること

により、種々の天体で観測されるコロナの加熱機構についての理解を深めることができる。

キーワード：宇宙物理学，磁気流体力学，太陽活動
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In order to understand universal nature of turbulence, we performed large-scale direct numerical simulations (DNS's) of

canonical incompressible turbulent flows on the Earth Simulator, including those of (i) turbulent channel flow and (ii) turbu-

lent thermal boundary layer. The DNS data were analyzed to study the Kolmogorov scaling in the so-called log-layer of (i)

and the statistics of temperature fluctuation in (ii).

We also performed numerical simulations of turbulent flows on the ES from the view point of engineering applications. We

made large eddy simulations of urban turbulent boundary layer. The area around Tokyo Station is selected to study urban-type

of wind flows as a computed domain. The result suggests that the wall similarity hypothesis is not applicable to the flow over

large roughness, such as urban surface condition. We also developed a DNS code to study the turbulence in non-Newtonian

surfactant solution between parallel plates.
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1. High-resolution DNS of the turbulent channel flow
It is commonly believed that there is a certain kind of uni-

versality in the statistics at small scales in the so-called log-

layer of wall-bounded turbulence. The Kolmogorov theory

[1] suggests that the statistics in the log-layer may attain

local isotropy and yield the so-called k–5/3 spectrum at suffi-

ciently small scales and at sufficiently high Reynolds num-

ber. The validity of the local isotropy or the Kolmogorov

spectrum in wall bounded turbulence has been studied

experimentally. [2-4] However, it has been difficult to exam-

ine them by direct numerical simulation (DNS) because of

the lack of computational resource, and as far as we know,

there has been no study on the Kolmogorov spectrum by

DNS of wall bounded turbulence. 

In this study, we performed high-resolution DNSs of tur-

bulent channel flows using the Earth Simulator (ES) and

investigated the Kolmogorov scaling in wall bounded turbu-

lence. The largest DNS was done on 10243 grid points using

64 nodes (512 cores) of the ES, and the friction Reynolds

number Reτ (≡ uτ h/ν) = 2560 was attained (uτ , h, and ν are

the wall friction velocity, the channel half-width, and the

kinematic viscosity, respectively). The number of grid points

in the wall-normal direction as well as the attained Reτ are

the largest among those so far achieved in the world. 

Figure 1 shows the y+ dependence of the Taylor

microscale Reynolds number defined by 

where y+= yuτ /ν is the non-dimensional distance from the

wall, u' is the rms of streamwise velocity fluctuation, and λ(x)
uu

is the Taylor microscale defined by

where R(x)
uu (y, r) is a longitudinal two-point velocity correla-

tion in the streamwise direction.[5] Each curve in Fig. 1 has

two local maximum values except the case with Reτ = 320.
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The first local maximum value occurs at y+ ~10 and is about

180 for all cases, which is consistent with previous observa-

tion in the low Reynolds number DNS. [6] On the other

hand, the second local maximum value occurs at the outer

end of the log-layer, and magnitude of this value increases

with Reτ. The positions of the first and second local maxima

approximately correspond to those of u' and λ(x)
uu , respective-

ly. The largest value of Rλ
(x)
uu for the case of Reτ = 2560 is

about 300 at y+ ~800.

Figure 2 shows the non-dimensional one-dimensional lon-

gitudinal spectra of velocity fluctuations at the outer end of

the log-layer. It can be observed that there is a wavenumber

range in which each spectrum is close to the Kolmogorov

scaling. The results are consistent with the experiments. [7, 8]

2. DNS of the turbulent boundary layer
A turbulent thermal boundary layer on a flat plate is one

of the most important problems in fundamental turbulent

heat transfer research, practical engineering applications and

environmental processes. DNS of turbulent thermal bound-

ary layer has been barely performed compared with that of

other wall-bounded turbulence such as channel turbulence.

The first attempt of the DNS was performed by Kong et al.

[9] for Prandtl number Pr = 0.71. The DNS for a higher Pr

has not been performed yet.

In this study, we calculated DNS of the turbulent thermal

boundary layer on a flat plate, with zero pressure gradient,

up to Pr = 2. For the spatially developing boundary layers,

turbulent inflow conditions are generated by rescaling the

turbulent boundary layer at some distance downstream of

inflow and reintroducing the recycled mean profile and fluc-

tuation field. This technique follows those of Kong et al. [9]

and Lund et al. [10]. In order to verify the numerical results,

turbulent statistics obtained from the present study were

compared with the previous experimental and numerical

results. The present results were in good agreement in exper-

imental ones.

First, the budget of the transport equation for the tempera-

ture variance is compared for thermal boundary layer and a

channel flow with constant temperature difference (CTD)

[11]. The profiles of the budget of temperature variance

agree well with that of turbulent channel flow (CTD) in the

near wall region (not shown here). In the outer region, on the

other hand, the production in the boundary layer is much

smaller than the channel flow (CTD), since, in the latter

case, the mean temperature gradient doesn't tend to zero

even in the channel center. Second, skewness and flatness

factors of the temperature fluctuation is calculated and com-

pared with those of the channel flow. The skewness factor

becomes negative away from the wall, while the one in

channel flow (CTD) stays positive. Finally, from the instan-

taneous temperature and velocity fields, it is shown that the

negative intermittent temperature structures are associated

with the large-scale spanwise vortex in the outer region.

3. LES of the turbulent boundary layer flow over an
urban area
The turbulent boundary layer flow over an urban area is

studied using large eddy simulation (LES). The area around

Tokyo Station is selected to study urban-type of wind flows as

a computed domain which has Marunouchi area in the west

and Yaesu area in the east. Currently Marunouchi area is sur-

rounded with many tall buildings with various heights, while

Yaesu area is occupied by low- and middle-rise buildings.

The computational region has horizontally 2.5 km length in

streamwise direction and 2 km width in transverse direction

(Fig. 3). In the computed case of this study the wind is

Fig. 1  y+ dependence of Taylor microscale Reynolds numbers for 

Reτ = 320, 640, 1280, and 2560.

(From Ref. [5])

Fig. 2  One-dimensional energy spectra by the DNSs at Reτ = 320, 640,

1280, and 2560.
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Fig. 3  Computational region of an urban area.

Fig. 4  Mean velocity profiles at inlet.

Fig. 5  Mean velocity profiles at Marunouchi area (red) and Yaesu area

(blue).

assumed to flow from south-southwest. The horizontal mesh

size is 4 m in the both directions and the height of lowest

mesh is around 1 m. The oncoming turbulent inflow is gener-

ated using the quasi-periodic method proposed by Lund. In

this method, the flow data at recycle station are rescaled and

reintroduced to the inlet according to the development of the

boundary layer thickness and the friction velocity. The bound-

ary layer thickness has developed to almost 800 m while the

height of the computational domain is 3 km (Fig. 4). 

Figure 5 compares mean velocity profiles at both

Marunouchi and Yaesu areas with experimental data (Okuda

& Ohashi, 2007). Both profiles are sufficiently in good

agreement with experimental data. The spatially-averaged

Reynolds shear stress profiles and Reynolds shear stress pro-

files based on spatial deviation are compared for various

types of urban roughness in Figs. 6 and 7. Spatially averaged

value is obtained by computing over 100 m × 100 m region

in Marunouchi or Yaesu area. Spatially-averaged Reynolds

stress profile at the Yaesu area has a broad peak, while that

at Marunouchi area has a sharp peak at the building heights.

Reynolds shear stress based on spatial deviation at Yaesu

area has a peak around averaged height of the buildings and

continues to decrease at two or three times height of the

averaged height of the buildings. On the other hand, the

Reynolds shear stress at Marunouchi area decreases rapidly

and its change occurs at limited area. The range of roughness

effect does not reach at 1.5 times height of the tallest build-

ing in Marunouchi area. It shows a certain level of possibili-

ty that the turbulent wind over relatively large-scaled urban

roughness can be represented by the urban-canopy model

based on spatial averaging technique such as LES.
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In order to investigate the influence of large- or small-

scaled roughness on the turbulence structure, the turbulent

boundary layer flows over urban-like roughness and homo-

geneous roughness are simulated using LES. The ratio of

roughness height (h) and boundary layer thickness (δ ) of

urban-like roughness is set to almost δ /h = 6, while that of

homogeneous roughness is δ /h = 36. Schultz and Flack

(2007) indicated that Reynolds stress profiles of turbulent

boundary layer flows over smooth and fully rough (ks
+ = 2.3

~ 26) collapse at outer region among them. Namely the wall

similarity is satisfied for both smooth and relatively small-

scaled rough turbulent boundary layers. In this study the pro-

file of Reynolds stress (u'v') over homogeneous roughness

shows well agreement to the experiments by Schultz and

Flack (2007), while that of urban-like large-scaled roughness

does not collapse to their experimental data. This difference

is due to the ratio δ /h. It suggests that the wall similarity

hypothesis is not applicable to the flow over large δ /h

roughness, such as urban surface condition. The influence of

the large-scaled roughness on the turbulence structure of the

boundary layer is very strong. Its range extends and reaches

to the outer layer. It means that the urban canopy model

based on RANS does not work well universally for the very

large-scaled roughness flows. So, in order to examine turbu-

lent structures of the urban boundary layer flow, it must be a

better way to use the experimental or the numerical tech-

nique to treat directly urban surface configuration. 

4. DNS of the turbulence in non-Newtonian surfactant
solution
It is known that small amount of surfactant additives mod-

ifies the turbulence in water through its Rheological charac-

teristics. One of the attractive point from the application is

that turbulent drag coefficient in pipe is reduced to 30%

compared with water flow at the same flow rate. The neces-

sary amount of surfactant is order of 0.1%. The large benefit

of this method in energy conservation in water circulation

system is obvious. However, because the drag reduction

mechanism is still not clear, optimization of surfactant, flow

Fig. 6  Vertical profiles of spatially-averaged Reynolds shear stresses. Fig. 7  Vertical profiles of Reynolds shear stresses based on spatial

deviations at a specific region.

Fig. 8  Reynolds shear stress profiles over homogeneous roughness and

urban-like roughness.
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system and heat exchanger, which is sometimes necessary

component of water circulating system, is not clarified.

Extensive investigation to find the missing links between the

chemicals, Rheology, turbulence and real components

through the large scale numerical analysis are needed.

The purpose of this subproject is to contribute to the ener-

gy conservation experiments with surfactant additives in the

real-scale air-conditioning systems in buildings through the

DNS analysis. The analysis will be performed for the turbu-

lence in non-Newtonian surfactant solution between parallel

plates. The result will be used for elucidating the drag reduc-

tion mechanism and estimation of heat transfer. Especially,

Reynolds number dependency of drag reduction and Prandtl

number dependency on heat transfer will be the major tar-

gets of this analysis.

In FY 2008, modification of DNS code for parallel com-

puting was made. It contains replacement of multi grid

method and employment of pseudo spectrum method.

Second order central differential scheme was changed to that

of fourth order. Subliminal results were presented in the

symposium. Application test of the drag reducing additives

were performed in the Sapporo city hall with the cooperation

of AIST, Sapporo city etc. It was revealed that 65% of

pumping power was reduced by addition of surfactant into

the water circuit of air conditional system. The achievement

of this year is 70%.
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乱流の世界最大規模直接計算とモデリングによる応用計算
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我々は地球シミュレータ上で規範的（カノニカル）な乱流の大規模直接計算（DNS）を行った。ひとつは平行平板間乱流

であり、もうひとつは乱流熱境界層である。これらの大規模DNSは各々、壁乱流の対数領域における小スケール渦の普

遍統計法則、及び、乱流熱境界層における外層の乱流構造と温度揺らぎの統計の関係を調べるためのものである。

我々はまた、応用計算として、地球シミュレータ上で、東京八重洲地区の地表被覆状態を再現した風の流れのLES解析

を行ったほか、粗面乱流境界層におけるラフネスのスケール効果を明らかにした。さらに、平行平板間の非ニュートン界

面活性剤溶液における乱流を調べるためのDNSコードを開発・改良し、予備的な計算を行ったほか、実規模のビル省エ

ネ実験（札幌市役所における循環ポンプ動力の削減）に貢献した。

キーワード：大規模直接数値計算，非圧縮性乱流，チャネル乱流，乱流境界層，都市型ラフネス，非ニュートン流体，

抵抗低減
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Objectivity of our project is to help the research of drug delivery system by means of modern high performance computers.

Up to the last year we have carried out some large-scale simulations on the system of DNA and PEG-PLL. On the other hand, a

polymer family of PEG-PAsp (DET) is getting to be thought of as promising candidate for in-vivo application recently.

However, it still needs improvements in condensation. So this year we performed some simulations on PEG-PAsp (DET) in

solution. In those calculations, package programs of classical molecular dynamics was employed to take a large number of mol-

ecules into account. The results showed that adding cholesterol helped polymers to get together faster and make stable cluster.

Keywords: drug delivery system, molecular dynamics, micelle, poly-aspartic acid, poly-ethylene-glycol

1. Introduction
Since the end of the last decade nanotechnology has been

grown at rapid pace and spread over many different fields

out of its birthplace, material science. Now in medical sci-

ence, nanotechnology is expected to open up the door to the

innovative methods of treatments no one can imagine twenty

years ago. One of its novel application is drug delivery sys-

tem (DDS). The main purpose of DDS is to target the seat of

a disease and carry drugs there precisely. 

Our project aims to accelerate the research of DDS by

fully exploiting the amazing computational ability of the

Earth Simulator. Up to the last year we have carried out

some large-scale simulations on the system of DNA and

block copolymers comprised of poly-ethylene-glycol (PEG)

and poly-L-lysin (PLL). On the other hand, a polymer family

of PAsp (DET) is getting recognized as promising candidate

for practical application for its relatively gentle damage to

human body [1]. However, it still needs improvements espe-

cially in condensation. Recently Oba et. al. reported that

adding cholesterol as a hydrophobic base enabled

PAsp(DET) to enhance condensation in water significantly

[2]. To reproduce their experimental results numerically we

performed some simulations. Since we thought classical

molecular dynamics was suitable to take a large number of

molecules into account, we used the program package

Amber for its reliability [3]. The results showed that adding

cholesterol seemed to help polymers to aggregate and to

make stable cluster. 

This report is organized as followings. The next section

describes the physical aspects of DDS in some detail. In the

third section, we discuss computational methods. The forth

section gives computational results. Final section summa-

rizes this report.

2. Drug delivery system
Many kind of DDS technology has been proposed so far.

Amongst them, our project pays much attention to the

method using nano-sized particle called micelle mainly com-

prised of PEG-PAsp (DET) block copolymers. This method

was recently developed by Professor Kataoka of the

University of Tokyo and is expected to be promising in near

future gene delivery because of its relatively low impact on

human body [1]. Although the whole process of PEG-moti-

vated DDS is much complicated, we can recognize four

characteristic stages in that. See Fig. 1.

In the first stage, relaxed DNA attached to a PEG-PAsp

(DET) copolymer starts to condense in solution. Shortly

after, DNA is condensed to a small object like ball. Notice

that PEG-PAsp (DET)-DNA complex has a hydrophilic end

in PEG and a hydrophobic end in DNA. In short, it has

amphipathic property. In the next stage, hundreds of those

PEG-PAsp (DET)-DNA complexes in the water meet
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together and spontaneously form sphere called micelle in

which each condensed DNA heads for the center and PEG

heads for the surface. The driving force of this self-organiz-

ing formation is amphipathic property mentioned above. In

the third stage, micelles are carried through vein and capil-

lary tube slipping through the red blood cells. In the last

stage, micelles reached the targeted portion of disease are

attracted by the local gradient of ion concentration in the

vicinity of the cell surface and then absorbed into it through

the carrier or channel protein located at the membrane. 

Those types of problem are recently paid attention in many

fields and classified as multi-scale and multi-principle phe-

nomena in contrast to single-scale and single-principle phe-

nomena conventional science has been dealing with. To simu-

late such kind of complicated phenomena efficiently we must

choose effective computational methods corresponding to each

stage and combine them interactively. However, in this report,

we should focus our interest on the second stage, i.e. micelle

formation. That kind of problems can be treated using well

established technique such as classical molecular dynamics. 

3. Computational methods
Besides tens to hundreds of polymer molecules, thousands

to millions of water molecules participate in micelle forma-

tion. Tracking the motion of such large number of molecules

quantum mechanically is not easy task even for the latest high-

end computer systems. Among the current simulation tech-

niques, solely classical molecular dynamics can be served as

workhorse for such problems. In this paper, we used Amber

developed by UCSF, which is known as the most widely used

and well verified program package [3]. The chemical formulas

of PEG-PAsp (DET) and PEG-PAsp (DET)-Chole are shown

in Fig. 2 and Fig. 3. At first, these formulas should be

described in computer readable format. We used ChemSketch

for this purpose [4]. Its output files were in .mol format. For

the convenience of following process, those files were con-

verted in .pdb format through Converter [5]. Resultant .pdb

files were fed into Antechamber, one of utility programs of

Amber package, to make force field files in .prep format. Then

.prep files were fed into Leap, another utility of Amber pack-

age, to replicate molecules and to add waters. We prepared

two simulation cases, one for PEG-PAsp (DET) and another

for PEG-PAsp (DET)-Chole. Each employed eight polymers,

two in a row, four in a column. Distance between rows was 20

angstrom, columns 30 angstrom, respectively. The least dis-

tance from molecules to boundary was set 12 angstrom. In

addition, standard TIP3 water was used. The dimensions of

resultant bounding box and total number of atoms were 80 ×
95 × 95 angstrom and 66,118 atoms for PEG-PAsp (DET) and

80 × 105 × 105 angstrom and 78,089 atoms for PEG-PAsp

(DET)-Chole. Consequently, two sets of input files for MD

calculation were generated, i.e. .top and .crd. Before MD cal-

Fig. 1  Characteristic stages of drug delivery system.
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Fig. 2  Chemical formula of PEG-PAsp (DET).

Fig. 4  Initial configuration of PEG-PAsp (DET).

Fig. 3  Chemical formula of PEG-PAsp (DET)-Chole.

culations, we performed 500 energy minimization steps to get

rid of initial inconsistency and to set temperature at 300 K.

After those preparations, we could start MD calculations at

last. Temporal increment was set as 1 fs, which is recommend-

ed for standard use. Typical time for bio-molecules is thought

to be micro to mille-seconds. It requires billion to trillion itera-

tions and is far beyond the capabilities of the current fastest

supercomputer. So making a compromise with available

resources, we determined to calculate one million iterations,

i.e. 1 nano-second. Since job running at a time was restricted

in time. So we restarted job twenty times. Calculated data were

reconverted in .pdb format using Amb2pdb, one of Amber

utility programs. Finally .pdb formatted files were visualized

using Jmol viewer [6]. 

4. Results
We carried out two long simulation runs as mentioned

above. Results of each run are described in the following

subsections.

4.1 PEG-PAsp (DET)

Figure 2 depicts the chemical formula of PEG-PAsp

(DET). In this figure, we can see PEG consists of four ethyl-

ene molecules on the top-side, four Diethylenetriamine

(DET) chains below it and a backbone on the right-hand side

which consists of four Aspartic acid bases. Figure 4 shows

the initial configuration of computational domain. The entire
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system contains eight polymer molecules and 21,610 water

molecules, i.e. 66,118 atoms. This initial configuration was

obtained after 500 energy minimization steps. Figure 5

shows the results after 1 ns. Water molecules are hidden to

see polymer molecules clearly. From Van-der-Waals sur-

face, we can see three molecules seem to be loosely connect-

ed in upper-right while the rest five molecules remains iso-

lated. However, close inspection of structure reveals that

aggregated three molecules are just touching toe each other.

4.2 PEG-PAsp(DET)-Chole

Figure 3 depicts the chemical formula of PEG-

PAsp(DET)-Chole. In this figure, we can see PEG, four

DET chains and Aspartic acid bases just the same way

above. In addition, here exists a large cholesterol molecule at

the end of backbone. Remind that PEG is hydrophilic while

cholesterol is hydrophobic. Consequently PEG-PAsp(DET)-

Chole has strongly amphipathic property. Figure 6 shows the

initial configuration of computational domain. The entire

system contains eight polymer molecules and 25,651 water

molecules, i.e. 78,809 atoms. This initial configuration was

obtained after 500 energy minimization steps. Figure 7

shows the results after 1 ns. Water molecules are hidden to

see polymer molecules clearly. From Van-der-Waals sur-

face, lower five molecules seem to aggregate like single

molecule. In fact, from structures, we can see right three

molecules are tightly tangling with their gray-colored cho-

lesterol parts, as well as left two molecules. 

5. Conclusion
Comparing the results of PEG-PAsp (DET) with PEG-

PAsp (DET)-Chole in previous section, we can conclude that

the addition of cholesterol enables significant improvement

in condensation. Our conclusion approves Oba's interpreta-

Fig. 5  Results of PEG-PAsp (DET) at t = 1.0 ns.

Fig. 6  Initial configuration of PEG-PAsp (DET)-Chole.

Fig. 7  Results of PEG-PAsp (DET)-Chole at t = 1.0 ns.
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tion of his experiments to a certain extent. It is important

fact that simulation can give us insight in some extent in

DDS research. However, notice that our simulations are

rather small compared to practical micelles. Integration time

is also shorter than practical phenomena. Furthermore, sys-

tem dimensions should be larger to suppress the periodic

boundary effects arise from particle mesh Ewald method.

Computational resources to fill those requirements are prob-

ably beyond current TFLOPS systems. Further sophistica-

tion might be made on next generation PFLOPS systems.
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本プロジェクトの目的は高性能計算機を用いることでドラッグデリバリシステムの研究を加速することにある。昨年

度まではDNAとPEG-PLLからなる系の大規模シミュレーションを実施した。しかし最近、PEG-PAsp（DET）が生体応

用への有力な候補と見做されるようになってきた。半面、凝縮能にまだ改良の余地があるともされる。そこで本年度は

水溶液中のPEG-PAsp（DET）の振る舞いをシミュレートした。計算には多数の原子を考慮するため、古典分子動力学の

パッケージであるAmberを用いた。その結果、コレステロールを付加することでミセルへの凝縮がより速く安定的であ

るという結果が得られた。

キーワード：ドラッグデリバリシステム，分子動力学，ミセル，ポリアスパラギン酸，ポリエチレングリコール
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We have simulated electrochemical reactions at water/metal interfaces by using first-principles molecular dynamics tech-

niques. We have been working on hydrogen evolution reaction at water/Pt (111) interface and in this year, we have concen-

trated on the elucidation of the effect of interface hydrogen for the structure of water and chemical reactions at the interface.

Particular attention is paid to the Pt-H stretching frequency (νPt-H) of hydrogen on the atop site, which is often referred to as

overpotentially deposited hydrogen and considered to be the reaction intermediate of the hydrogen evolution reaction. We

investigate the origin of the large potential dependence of νPt-H observed in the electrochemical experiments, by taking into

account the effects of electric field, solvent, and hydrogen coverage to simulate water/metal electrode interfaces realistically.

The electric field effect on νPt-H without water solvent, the Stark tuning rate is less than 20 cm–1V–1. Although it is increased by

factor of 2.5 by taking into account the solvent effect, the electric field effect alone cannot account for experimentally

observed large potential dependent frequency shift. It is found that the coverage effect on νPt-H is significant, indicating that the

electric field, solvent and hydrogen coverage effects should be taken into account to fully explain the experimentally observed

large frequency dependence on the electrode potential. The large hydrogen coverage effect on the vibration frequency shift is

attributed to the shift of d-band center due to the hybridization between the hydrogen s state and the substrate d-band. We

found that as increasing the hydrogen coverage, water/metal distance increases, indicating the repulsive interaction between

water and adsorbed hydrogen on the electrode surfaces. Furthermore, we also simulated the effect of adsorbed hydrogen on

the volmer process of hydrogen evolution reaction. It turned out that although the coverage of hydrogen is more than one

monolayer (ML), the Volmer process takes place rather than the Heyrovsky process, indicating that the barrier for the Volmer

process is smaller than that for the Heyrovsky process. 

Keywords: DFT, Molecular Dynamics, Electrode, Water, Metal

1. Introduction
Catalytic reaction of hydrogen on the electrode surfaces is

one of the simplest and the most fundamental issues and has

been studied extensively for many years. Among them,

hydrogen evolution reaction (HER) on Pt electrode is one of

the most fundamental and important reactions in electro-

chemistry. The HER is also important due to its close rela-

tionship to the fuel cell technology. However, despite the

apparent simplicity of the reaction, the mechanism is not

fully understood. Elucidation of the mechanism of the

hydrogen evolution at the atomistic level is thus needed. The

HER is considered to proceed through the initial adsorption

of protons from solution (Volmer step) and the associative

desorption of hydrogen molecule via recombination of the

adsorbed hydrogen (Tafel step) or via an electrochemical

reaction of the adsorbed hydrogen and the proton in solution

(Heyrovsky step). Understanding the adsorption state of

hydrogen on the electrode surface serves as a basis for clari-

fying the microscopic mechanism of the HER. Hydrogen

atoms adsorbed on Pt electrode surfaces are categorized to

two types: one is the adsorbed species at potentials positive

to the thermodynamic reversible potential of HER, the so-
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called underpotentially deposited (UPD) hydrogen, and the

other is called overpotentially deposited (OPD) hydrogen.

The OPD hydrogen is considered to be the reaction interme-

diate of the HER. 

In this work, we study the hydrogen adsorption on the Pt

(111) surface by means of the periodic DFT which is superi-

or in describing the metal surfaces. We take into account not

only the electric field, but also the solvent and the hydrogen

coverage effects to model the water/electrode interface real-

istically. The effect of the electrochemical environment on

νPt-H of hydrogen on the atop site is systematically examined

and analyzed, and the origin of the large potential depend-

ence of Pt-H vibrational frequency is investigated. 

2. Method
All calculations in this work were carried out by using

density functional theory as implemented in the STATE

(Simulation Tool for Atom TEchnology) code which has

been successfully applied to semiconductor as well as metal

surfaces. The electron-ion interaction is described by

pseudopotentials. Wave functions and the augmentation

charge were expanded by a plane wave basis set with the

cutoff energies of 25 Ry and 225 Ry, respectively. The

Perdew-Burke-Ernzerhof generalized gradient approxima-

tion (GGA) was used for the exchange-correlation energy

functional. Pt surfaces were represented by three- or five-

layer slabs, separated by a vacuum equivalent to six-layer

slab (1.5958 nm).

3. Results and Discussions
Since hydrogen atoms always prefer the fcc-hollow site at

ΘH ≤ 1 ML, we assume that atop hydrogen appears after the

fcc sites are fully occupied as discussed above. Here it

should be noted that the hydrogen coverage on the Pt (111)

electrode surface is estimated to be ~2/3 ML at the equilibri-

um potential. Thus the present result may not rigorously cor-

respond to the actual situation in the experiments, but is suf-

ficient to show the significance of the coverage effect on the

vibrational property of adsorbed hydrogen. Coverage

dependence of the hydrogen adsorption energy using the

three-layer slab is shown in Fig. 1a. To illustrate how hydro-

gen atoms interact with neighboring H, adsorption energies

at ΘH ≤ 1 ML, where fcc-hollow sites are empty and at ΘH >

1 ML, where they are fully occupied are shown. At ΘH ≤ 1

ML, the change of the adsorption energy is small, within ~7

kJ mol–1. By increasing the slab thickness to five-layers, the

differences in the adsorption energies are affected no more

than 1 kJ mol–1. This indicates the lateral interaction between

Pt-Hatop is small and their effect on the Pt-H frequency is

expected to be small. The dipole-dipole interaction is also

small since the induced dipole moment is considerably small

(0.12 Debye for hydrogen adsorbed on the atop site at 1

ML). On the other hand, by increasing the hydrogen cover-

age from 1 to 2 ML in the presence of hydrogen on the fcc-

hollow site (Hfcc), the adsorption energy is decreased almost

linearly, indicating the repulsive interaction between

adsorbed hydrogen atoms.

Coverage dependence of the Pt-H stretching frequency and

the bond length are show in Fig. 1b and 1c. It can be clearly

seen that at ΘH > 1 ML the νPt-H rapidly decreases as the

hydrogen coverage increases and corresponding bond length

is elongated. The change in the frequency is significant: from

~2260 cm–1 to ~2140 cm–1. Our result clearly shows that the

hydrogen coverage effect is quite large on the Pt-H stretching

frequency, suggesting the large contribution from the effect

of hydrogen coverage to the experimentally observed large

potential shift of the Pt-H stretching frequency.

Refereces
1. I. Hamada and Y. Morikawa, J. Phys. Chem. C, 112,
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Fig. 1  Adsorption energy of hydrogen at the atop site in UHV, Eads, (a),

Pt-H stretching frequency νPt-H (b), and Pt-H bond length dPt-H(c)

as a function of hydrogen coverage.

27-池庄司民夫  09.11.2  1:03 PM  ページ186



187

Chapter 3  Epoch－Making Simulation

燃料電池の電極反応ナノシミュレーション

プロジェクト責任者

池庄司民夫 産業技術総合研究所　計算科学研究部門

著者

森川　良忠＊1, 2，濱田幾太郎＊1，岡本　穏治＊3，大谷　　実＊2，杉野　　修＊4，池庄司民夫＊2

＊1 大阪大学　産業科学研究所

＊2 産業技術総合研究所

＊3 NECナノエレクトロニクス研究所

＊4 東京大学　物性研究所

燃料電池反応の微視的機構を解明するためには電極界面における水の性質を理解することが重要である。我々は第一

原理分子動力学計算コードSTATE（Simulation Tool for Atom TEchnology）と有効遮蔽媒質（effective screening medi-

um, ESM）法を用いて、電圧印加した白金電極／水界面の分子動力学シミュレーションを実行した。界面における水の構

造を詳細に解析することにより、バルク状態とは異なる電位に依存した界面での水の構造を明らかにし、極めて大きな負

電位を与えると界面の水は疎水性を示すことを予言した。界面の水の構造に加えて振動状態の解析を行うことにより実

験との比較を行った。さらに、低電位においては電極表面に水素が吸着していると考えられることから、水素吸着白金／

水界面についてもシミュレーションを実行し、界面における水の構造を解析した。実験的に観測されている、Pt-H伸縮

振動について、振動モードの電位依存性は主として水素の吸着量に依存していることが明らかとなった。また、水素の吸

着量が増えるに従い、水と金属電極との距離は増加し、吸着水素と界面での水は反発的な相互作用を強くしていることが

明らかとなった。

キーワード：燃料電池，第一原理分子動力学，有効遮蔽媒質，振動数，白金電極／水界面
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Turbulent transport in magnetically-confined fusion plasma has been investigated by the use of large-scale gyrokinetic sim-

ulations of turbulent transport, where detailed fluctuations of one-body distribution function are directly solved in the five-

dimensional phase-space. In fusion plasmas confined by helical magnetic field, an equilibrium-scale radial electric field is

formed in association with the neoclassical transport due to binary collisions of particles. Effects of the radial electric field on

zonal flows are studied by means of a newly-extended gyrokinetic Vlasov simulation code, GKV. It is found that the poloidal

ExB rotation of helically trapped particles enhances the zonal-flow response which may lead to further reduction of the turbu-

lent transport in helical plasmas. The present result supports a new scenario for anomalous transport reduction proposed by a

gyrokinetic theory of zonal flows in helical systems.

Keywords: fusion, plasma, turbulence, transport, simulation

1. Introduction
Fusion, space, and astrophysical plasmas generally

involve turbulent fluctuations of density, flow, temperature,

and electromagnetic fields. In magnetic fusion plasmas, tur-

bulence causes anomalous transport of particles, momentum,

and heat, which degrade confinement and may reduce fusion

reactions. The plasma turbulence in toroidal fusion devices

are driven by density and temperature gradients in the equi-

librium profile. Levels of turbulent transport observed in

fusion plasma experiments are higher in orders of magni-

tudes than those expected from the classical and neoclassical

theories of collisional transport. The 'anomalous' transport

problem has long been one of central subjects in the magnet-

ic fusion research.

For understanding anomalous transport mechanism and

predicting transport levels, gyrokinetic simulations of

toroidal plasma turbulence have been advanced in the last

decade. A kinetic equation of one-body distribution function

is numerically solved on the five-dimensional phase-space.

Extensive simulation studies revealed that sheared ExB plas-

ma flows spontaneously generated by turbulence could

effectively regulate the anomalous ion heat transport [1].

The self-generated shear flow is called 'zonal flow' in analo-

gy to strong longitudinal winds in the Jovian atmosphere.

To accurately simulate the kinetic plasma turbulence, we

developed a five-dimensional gyrokinetic Vlasov simulation

code (GKV code) [2] which had been used for studying the

turbulent transport in tokamak and helical fusion plasmas 

[2, 3]. The equilibrium configuration of tokamak has a

toroidal symmetry, while the helical system, such as the

Large Helical Device (LHD) [4], is characterized by an

asymmetric equilibrium. In our project of utilizing the Earth

Simulator (the project name is "Synergetic simulation study

on cross-hierarchy complex physics in high-temperature

plasmas"), GKV simulations of ion temperature gradient

(ITG) turbulence in a tokamak plasmas were successfully

conducted in 2005 [5]. In 2006, we performed GKV simula-

tions of electron temperature gradient (ETG) turbulence in a

tokamak configuration and linear simulations of the ITG

instability in helical systems. The first nonlinear GKV simu-

lation of the ITG turbulence in helical systems was done in

2006 [5], where regulation of ITG turbulent transport by

zonal flows was investigated for the model LHD configura-

tions [3]. In the fiscal year of 2007, the GKV simulations of

ITG turbulence and zonal flows in helical systems made fur-

ther progresses, where reduction of the ITG turbulent trans-

port is discovered with enhanced zonal-flow generation in

the neoclassically optimized helical configuration [6]. In Fig.

1 is shown the ITG turbulence and the zonal flows found in

the GKV simulation for the inward-shifted LHD plasma.

The GKV simulation results obtained in this project agree

with the theoretical analysis of the zonal-flow response

[7–9]. The inward-shifted plasma of the LHD, thus, should

have better confinement than that with the standard magnetic

axis position. The GKV simulation result is consistent with

the experimental evidences [10].
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The gyrokinetic theory on zonal flows in helical systems

suggests further enhancement of zonal flows and resultant

transport reduction, when the equilibrium radial electric field

produces the poloidal ExB rotation of helical-ripple-trapped

particles with reducing their radial displacements [11, 12]. In

our project in 2008, we have numerically investigated the

zonal-flow response in case with the radial electric field. The

GKV code is newly extended so as to include the poloidally

rotating ExB drift particles [13]. This article reports the new

GKV simulation results showing enhancement of the zonal-

flow response by the equilibrium radial electric field in heli-

cal plasma confinement.

The rest of this report is organized as follows. The gyroki-

netic theory of zonal flows with the equilibrium radial elec-

tric field is briefly reviewed in section 2. The GKV simula-

tion model and results are shown in section 3. A short sum-

mary is given in the last section.

2. Theoretical Analysis of Zonal-Flow Response with
Radial Electric Field
In our previous studies, we did not take account of the

equilibrium radial electric field Er0 which is spontaneously

generated in helical systems due to the neoclassical particle

transport. Enhancement of zonal flows and resultant trans-

port reduction are theoretically expected [12] when Er0 caus-

es poloidal ExB rotation of helically-trapped particles with

reduced radial displacements [11]. Here, we assume a uni-

form Er0 which gives only the Doppler shift of real frequen-

cies for the ITG modes. If the equilibrium is symmetric for

the field-line label α, it plays no role in response of zonal

flows. However, the explicit α-dependence of the confine-

ment field causes α-dependence of the perturbed gyrocenter

distribution function δf through the magnetic drift.

For the helical configuration with a single-helicity compo-

nent, we have derived the response kernel of zonal flows in

the long time limit [12], 

where the shielding term due to radial drift motions of the

helical-ripple-trapped particles is inversely proportional to

the square of Er0 with ωθ = – cEr0 / rB0. As Er0 increases, the

response kernel ΚEr increases and approaches 1/(1+G) where

G represents ratio of the neoclassical polarization due to

toroidally trapped ions to the classical polarization. The the-

oretical analysis, thus, shows enhancement of the zonal-flow

response under the equilibrium radial electric field.

3. GKV Simulation of Zonal-Flow Response with
Radial Electric Field
The above theoretical prediction for the effect of equilib-

rium radial electric field on zonal-flow response is exam-

ined by a newly-extended GKV simulation [13], where 

the ExB drift term should generally be kept in the gyroki-

netic equation, as discussed in the previous section. The

new GKV simulation model and results are described in this

section.

3.1 Simulation Model

In the present study, we solve the gyrokinetic equation

modified for investigating the collisionless damping of zonal

flows with Er0 in the helical configuration, 

where the field-aligned coordinates of x = r – r0, y = r0[θ – ζ/q],

and z = ζ, are used with the field-line label α = θ – ζ/q. We

choose α so that B = ∇Ψt × ∇α, where Ψt denotes the toroidal

flux. The new GKV simulation model is a poloidally global

one including the ExB rotation of helically trapped particles,

while the local flux-tube model around a single field line were

employed in our model for the ITG/ETG turbulence. The

equilibrium electric field is introduced as the fifth term on the

left-hand-side of Eq. (2). We define the zonal-flow compo-

nent by the flux-surface-averaged electrostatic potential 

<φ>, so as to decouple unstable ITG modes and zonal flows.

The electrostatic potential is given by the quasi-neutrality

condition. For simplicity, we assume the hot electron limit of

Fig. 1  Snapshot of electrostatic potential found in GKV simulation of

inward-shifted LHD plasma. Zonal flows generated in the ion

temperature gradient turbulence reduce anomalous ion heat

transport.

(1)

(2)
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Fig. 2  Time-histories of zonal-flow potentials averaged on a flux surface

for cases with equilibrium radial electric field. Poloidal rotation

frequency of helical-trapped particles are changed as ωθ / (vti/R0) =

0, 5/12, 5/6, and 5/4, respectively.

Ti/Te = 0, and hence, no density perturbation arises in the

quasi-neutral limit.

Variation of the magnetic field strength |B| along the field

line is modeled as, 

where εl (r) denotes amplitude of a helical component with

the poloidal period number of l. The major helical field of

the LHD is L = 2 and M = 10 where L and M mean the

poloidal and toroidal period numbers of the confinement

field, respectively.

3.2 Simulation Results

The new GKV simulations of the collisionless damping of

zonal flows are conducted for the model configuration with a

single-helicity component of L = 2 and M = 10. The y and z

coordinates are discretized by 128 and 1536 grid points,

respectively. The two-dimensional velocity-space is repre-

sented by (256, 48) mesh points. The y-derivative is calculat-

ed in the Fourier space.

Numerical simulations of the zonal-flow response are per-

formed for ωθ / (vti /R0) = 0, 5/12, 5/6, and 5/4, respectively.

Time-histories of the flux-surface average of zonal-flow

potential is plotted in Fig. 2 for different ωθ . For larger ωθ ,

the first minimum value of the potential before t = 2 vti /R0

increases. After the initial damping of the geodesic acoustic

mode (GAM) (t > 6 vti /R0), the zonal-flow potential starts to

oscillate. The oscillation period becomes shorter for larger

ωθ , and is slightly shorter than the poloidal rotation period

of ExB drift particles. In a long time limit, averaged ampli-

tude of the zonal-flow potentials is remarkably enhanced by

the equilibrium radial electric field. The time-averaged

residual zonal-flow level for ωθ / (vti /R0) = 5/4 is about 2.5

times higher than that for ωθ / (vti /R0) = 0. This conclusion is

consistent to the theoretical prediction. The present GKV

simulation results, thus, support the zonal-flow enhancement

due to the equilibrium radial electric field.

4. Summary
To investigate effects of equilibrium radial electric field

on the zonal flow, we have performed gyrokinetic Vlasov

simulations by utilizing the Earth Simulator. Recent theoreti-

cal analysis [12] predicts enhancement of zonal flows under

equilibrium radial electric fields which produce poloidal

ExB rotation of helical-ripple-trapped particles with

decreased radial displacements. Enhancement of the zonal-

flow response in case with the radial electric field is found

by the use of the newly-extended GKV simulation code

which is implemented with the poloidal rotation of ExB drift

particles. Thus, the anomalous transport is expected to be

more effectively reduced by the equilibrium radial electric

fields. The present study clarifies that a coupling of the neo-

classical and turbulent transport mechanisms through zonal

flows exists in helical systems, which should be important

for investigating the confinement improvement in helical

systems.
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本プロジェクトでは、磁場閉じ込め核融合プラズマにおける異常輸送現象の実相を明らかにし、輸送レベルの予測とそ

の低減に関わる研究に寄与することを目的として、高温プラズマ乱流を多次元位相空間内の分布関数変動のレベルから

直接扱う大規模ジャイロ運動論的シミュレーションを進めてきた。

ヘリカル型磁場閉じ込めプラズマにおいては、粒子間衝突に起因した新古典輸送により平衡配位スケールをもつトー

ラス小半径方向の電場が生じる。平成20年度は、この平衡径電場がつくる大規模なプラズマ流が局所的にシアを持つ帯

状流（ゾーナルフロー）生成に与える影響について、新たに拡張した5次元ジャイロ運動論的シミュレーション・コードを

用いて研究を進めた。乱流輸送抑制に効果をもつゾーナルフローが、径電場の存在下でより効率的に生成され得ること

が確認された。これは、最近導かれた理論予測とも整合する結果であり、「ヘリカル系プラズマの新古典輸送に関わる平

衡径電場が、ゾーナルフローを介して異常輸送低減を導く」という新しい閉じ込め改善シナリオを指示するものである。

キーワード：核融合，プラズマ，乱流，輸送，シミュレーション
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In this project, we chose four important subprojects-turbulence simulation, internal flow computation for turbomachinery,

analysis of heat transfer in a gas turbine, protein simulation, and nanoscale simulations–as representative topics from the fields

of engineering, life science, and nanotechnology and achieved the following results.

In the vehicle aerodynamics simulation, we have developed a numerical method designed to predict unsteady aerodynamics

of road vehicles based on the High-Performance Computing Large-Eddy Simulation (HPC-LES) technique. The method has

been applied to a formula car subjected to sudden crosswinds, and unsteady aerodynamic forces were investigated in the con-

text of the flow structures around the vehicle. 

In the internal flow computation for turbomachinery, LES of internal flows of a mixed-flow pump was performed. The test

pump had open impeller blades and diffuser vanes. The objective of this research was to verify the accuracy of the pump per-

formance prediction by LES with a particular emphasis placed on instability characteristics. The LES successfully predicted

instability characteristics. We can investigate the detailed mechanism causing instability characteristics by analyzing comput-

ed flow fields.

In the protein simulation, we improved the ab initio fragment molecular orbital method program, ABINIT-MP, to treat the

electronic state calculations of a protein in solution using the explicit water model on the Earth Simulator. The limit of the

number of fragments has been increased by a factor of ten from 1,000 fragments to 10,000 fragments.

In the nanoscale simulation, we have investigated fundamental issues in developing next-generation silicon-based devises

and researched chemical reactions closely related with construction of bio-nanodevice architectures.

Keywords: large eddy simulation, aerodynamic force, formula car, mixed-flow pump, FMO, solvation effects, 

First-principles calculation, First-principles molecular dynamics, Silicon devices, Bio-nanodevices, DNA,

Cisplatin complex

1. Unsteady Aerodynamics of Formula Car in Wind
Gust
In vehicle aerodynamics, greater attention is being paid to

unsteady aerodynamic forces generated from sudden steer-

ing action, overtaking, or cross-wind conditions. Measuring

such unsteady aerodynamics by conventional wind tunnel

tests or RANS (Reynolds-Averaged Navier-Stokes) models

is difficult. The advantage of LES, in addition to its high

accuracy, is its capability of characterizing such unsteady

forces, which will contribute to aerodynamic design innova-

tions in the automotive industry. We have conducted one of

the world's largest large eddy simulation (LES) studies of air

flow around a formula car with 120 million numerical ele-

ments by optimizing the unstructured finite-volume LES

code FrontFlow/red for execution on the Earth Simulator [1].

Thereby, the objective of this study is to develop a numerical
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method, which predicts transient aerodynamic forces acting

on a road vehicle. 

We focused on gusty crosswinds as a typical case in

which unsteady aerodynamics are expected to be crucial, and

an innovative boundary condition for the side-wall of the

computational domain was developed [2] to model a wind

gust. The method was applied to a formula car and unsteady

aerodynamics forces and flow structures were investigated.

The time history record of the aerodynamic forces acting on

the vehicle in a wind gust are illustrated in Fig. 1. Generally,

the roll and yaw moments decrease, and the pitch moment

increases under the crosswind condition, while serious

undershoot is identified in the yaw moment during the tran-

sient process. The roll moment also shows a slight over-

shoot. These unsteady, nonlinear processes of aerodynamic

forces that occur when the vehicle is subjected to sudden

crosswinds are quite difficult to estimate by the conventional

wind tunnel measurements, and our results clearly show the

validity of CFD (Computational Fluid Dynamics) for study-

ing such aerodynamic phenomena (Fig. 1).

Snapshots of the streamwise velocity and surface pressure

distribution on the vehicle rushing into the crosswind region

are shown in Figs. 2 and 3. At T = 0.14 sec right before the

Fig. 2  Snapshots of streamwise velocity at T = 0.14 (above) and 0.20

(below) sec.

Fig. 3  Snapshots of surface pressure coefficient Cp on car body at T = 0.14

(above) and 0.20 (below) sec.

Fig. 1  Time history record of aerodynamic forces on the vehicle subjected to sudden crosswind (left: forces, right: moments).

Shaded area indicates when the vehicle is in the crosswind region.
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crosswind, the wake structure of the vehicle is almost sym-

metric with respect to the vehicle centerline. At T = 0.2 just

after the entire body is subjected to the crosswind, the wake

of the front wheel declines to about 30˚ with respect to the

vehicle centerline, while the vehicle wake is not strongly

affected by the crosswind. The coexistence of the declined

wake created by the front wheels and the wake along the x

direction created by the rear wheels are especially remark-

able at T = 0.2 sec, which will contribute to nonlinear tran-

sient aerodynamic forces during this process.

As a result, we have demonstrated that HPC-LES can be a

dominant aerodynamic assessment tool especially for

unsteady aerodynamics, which would contribute to innova-

tive aerodynamic design in the near future. As an ongoing

study, we are now installing vehicle motion equations to

estimate the vehicle behavior when the vehicle is subjected

to unsteady aerodynamic forces.

2. Internal flow computation for turbomachinery
We performed LES of internal flows of a mixed-flow pump

to achieve accurate predictions of pump performance for full

flow-rate range. We especially focused on the flow rate where

instability characteristics appear, which is about 50% – 60% of

the designed flow rate. A mixed-flow pump with an open

impeller and diffuser vanes was used as a test pump in 

this research. We used our original parallel LES code,

FrontFlow/blue, to predict unsteady flows in the test pump.

This code is based on the finite element method (FEM) with

hexahedral elements and has second-order accuracy in both

time and space [3] [4] [5]. For the LES, we prepared a coarse

mesh composed of about 8 million elements and a fine one

composed of 80 million elements. We intend to resolve the tur-

bulent boundary layer on the blades of a pump by the fine

mesh. Surface-limited streamlines of time-averaged flow on

blade surfaces at 55% are shown in Fig. 4. Performance curves

of the pump predicted by coarse and fine LES are shown in

Fig. 5. They agree with the measured one. In particular, the

performance curve predicted by the fine LES agrees well meas-

ured one. We will analyze flow computed by the fine LES to

understand the mechanism of instability characteristics.

Fig. 4  Surface-limited streamlines of time-averaged flow on impeller blade surfaces at 55% flow rate [6].

Fig. 5  Performance curve of pump predicted by LES [6].
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3. Protein simulation
In the protein simulation, we improved the ab initio frag-

ment molecular orbital method program, ABINIT-MP, to

treat the electronic state calculations of a protein in solution

using the explicit water model on the Earth Simulator. 

The limit of number of fragments has been improved by a

factor of ten from 1,000 fragments to 10,000 fragments.

Demonstrative calculations were performed using water

droplet models (Fig. 6).

4. Nanoscale Simulation
4.1 Nanostructures of silicon (110) surface

We investigated the five-member ring structure on the

Si(110) surface by first-principles calculations based on the

density functional theory (DFT). The scanning tunneling

microscope (STM) image of the proposed model [7] is

shown in Fig. 7. We found that the proposed structure is

metastable, and hence, consider that more stable structures

would exist.

4.2 Silicon monovacancy

An ultrasonic determination suggested that there are high-

symmetry (Td) monovacancies in silicon wafers with very

low impurity concentrations [8]. We studied the silicon

monovacancy formation using large-scale first-principles

calculations to examine this hypothesis. Simulations were

carried out on three cubic cells at the sides of 10.86, 16.29,

and 27.15Å including 63, 215, and 999 atoms, respectively.

In the high vacancy concentration case (63-atom cell), the

vacancy formation energy at the Td symmetry is smaller than

at the other symmetries D2d and C2v. However, we found that

the formation energy at the D2d symmetry decreases with

increasing vacancy concentration and is the lowest in the

largest simulation cell. This result confirms that the monova-

cancy structure is distorted due to the Jahn-Teller effect and

suggests that other vacancy structures would exist.

4.3 Reactions between DNA and metal complexes

We consider that the reactions between DNA and metal

complexes are useful for construction of bio-nanodevices and

studied related chemical reactions using first-principles meth-

ods. We checked the hydration reaction of the cisplatin com-

plex and the optimized structure of the cisplatin-guanine com-

Fig. 6  Graphic representation of water droplet model (R = 42.0Å,

10,189 water molecules).

Fig. 8  First-principles molecular dynamics of cisplatin complex in

aqueous solution.

Fig. 7  Scanning tunneling microscope image of proposed model of

five-member ring structure on Si(110) surface [7].
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plex. We found the results are in good agreement with ones

obtained by DFT-level chemical methods. We also imple-

mented the metadynamics method [9] into the PHASE code to

efficiently simulate rare events in a chemical reaction. This

method was applied to the analysis of the substitution reaction

between a water molecule and a chlorine atom of the cisplatin

complex in aqueous solutions, as shown in Fig. 8.

4.4 Reactions of DNA on solid surfaces

The self-assembly of DNA on solid surfaces is a key phe-

nomenon of bio-nanostructure fabrications. We simulated

the adsorption and self-assembled structures of adenine on

Cu(110) surfaces. The simulated STM image of self-assem-

bled structures agrees with the experimental one [10]. We

also implemented the van der Waals interaction correction in

the PHASE code to simulate the reaction of DNA strands on

solid surfaces accurately. The correction makes the distance

between the stacked DNA base pair (A-T) agree with ones

obtained by a high-accuracy chemical method.
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本プロジェクトでは、工学（次世代デジタルエンジニアリング）、生命科学、ナノテクノロジーの分野で核となる流体シ

ミュレーション、構造シミュレーション、タンパク質シミュレーション、ナノシミュレーションを取り上げそれぞれ次の

成果を得た。

まず、デジタルエンジニアリング技術の一つとして流体シミュレーションでは、ハイパフォーマンスコンピューティン

グ（HPC）を用いた大規模ラージエディシミュレーション（LES）による自動車空力解析に着目し、その有用性の検討、実

証を目的とする。特に実験では予測の難しい非定常空力特性に着目し、突風時にフォーミュラカーに作用する非定常空

気力の予測に成功した。2つ目として、斜流ポンプ内部流れのLES解析を実施した。テストポンプはオープンインペラお

よびディフューザを有する。解析には、約800万要素の小規模メッシュおよび約8,000万要素の大規模メッシュを用いた。

本解析により予測した水力性能は全流量域にわたり、実験値とよく一致することが確認された。特に、大規模メッシュを

用いた解析では、性能曲線に現れる右上がり特性（不安定特性）を定量的に予測できることを確認した。本解析により、

ポンプの不安定特性が発生する際の特徴的な流れ構造を抽出することができた。

タンパク質シミュレーションでは、非経験的フラグメント分子軌道（FMO）法プログラムABINIT-MPについて、溶媒

分子の電子状態を露に扱った水溶液中のタンパク質の電子状態計算を可能するために、これまでの限界であった1,000フ

ラグメントから、10倍の10,000フラグメントのFMO計算を行うための改良を行った。

ナノシミュレーションでは、次世代シリコンデバイスの開発で重要となる基礎事項について研究するとともに、バイオ

ナノデバイスの基本設計の構築と関連深い化学反応の研究を行った。

キーワード：ラージエディ・シミュレーション，空力，空力騒音，自動車，ポンプ，FMO，溶媒効果，第一原理計算，

第一原理分子動力学，シリコンデバイス，バイオナノデバイス，DNA，シスプラチン錯体
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In order to predict the water-vapor two-phase flow dynamics in a fuel bundle of an advanced light-water reactor, large-scale

numerical simulations were performed using a highly parallel-vector supercomputer, the earth simulator. Although conven-

tional analysis methods such as subchannel codes and system analysis codes need composition equations based on the experi-

mental data, it is difficult to obtain high prediction accuracy when experimental data to obtain the composition equations.

Then, the present large-scale direct simulation method of water-vapor two-phase flow was proposed. The void fraction distri-

bution in a fuel bundle under boiling heat transfer condition was analyzed and the bubble dynamics around the fuel rod sur-

face were predicted quantitatively.

Keywords: Large-scale simulation, Thermal hydraulics, Fuel bundle, Boiling heat transfer Bubble dynamics, Nuclear reactor

1. Introduction
In light water reactors each fuel rod is arranged in the

shape of a square lattice with an interval of about 3 mm.

Several spacers are installed on the surface of the fuel rod

with arbitrary axial positions. Water flows vertically along

fuel rods and is heated by those, and then many bubbles gen-

erate. The flow configurations of the liquid-gas two-phase

flow change with some parameters such as the mass veloci-

ty, channel geometry, flow rate, pressure, heat transfer, etc.

These give a large effect to the pressure drop, void fraction,

heat transfer and so on. Therefore, in case of conducting the

thermal design of the nuclear reactor core, it is requested to

clarify the liquid-gas two-phase flow configurations in detail

according to the above parameters. To satisfy this request,

many two-phase flow experiments using large-scale test

facilities have performed and then a lot of composition equa-

tions [1]–[3] which specify the two-phase flow configura-

tions (i.e., bubbly flow, slug flow, annular flow, mist flow,

etc.) were proposed based on those experimental data.

Two-phase flow analyses with the two-fluid model codes

[4]–[6] have been carried out using the composition equa-

tions. Therefore, it is not easy to get high prediction accura-

cy by using the two-fluid model when experimental data are

not enough as an advanced light-water reactor [7]–[8]. That

is, the two-fluid model is only effective to the average and

macroscopic phenomenon in the flow range as the fluid flow

characteristic is already clarified. Therefore, it is not the

mechanistic numerical method which predicts the unstable

interface structure characterizing the liquid-gas two-phase

flow behavior. On the other hand, predicting directly the

two-phase flow behavior including complex transient phe-

nomena such as phase change and flow transition without

the experimental data, development of a direct two-phase

flow simulation method has been performed [9]. Here,

"Predicting directly" means that the mathematical models

based on the physical phenomena are only used and the

composition equations obtained from the experimental data

are not used. This paper describes the predicted results of

three-dimensional void fraction in a tight-lattice fuel bundle

under boiling heat transfer condition.

2. Void Fraction Distributions in Fuel Bundles of
Advanced Nuclear Reactors

2.1 Advanced Light-Water Reactor

The advanced light-water reactor of Japan Atomic Energy

Agency [10] has a higher conversion ratio more than unity

by controlling the water flow rates. In order to obtain 1 or

more conversion ratios, it is expected from the results of the

previous studies that a volume ratio of water and fuel must

be decreased to about 0.25 or less. To satisfy this condition,

the fuel bundle with a triangular tight-lattice arrangement is

required: a fuel rod diameter is around 10 mm; and, the gap

spacing between each rod is around 1 mm. Although the

coolant is 100% water at the core inlet, it changes a mixture

of water and vapor along the flow direction, and then, the

vapor occupies 90% or more at the core outlet. Therefore,
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the advanced light-water reactor has very severe cooling

condition on the viewpoint of the thermal engineering.

Figure 2.1.1 shows a bird-eye view of the actual advanced

light-water reactor design. It consists of a core, control rod,

separator and dryer region, and a pressure vessel. The pres-

sure vessel diameter and height are around 9 and 19 m. The

core region is composed of 282 fuel bundles. Each fuel bun-

dle has a hexagonal shape horizontally. A length of one side

of a hexagonal shape is about 0.13 m and the axial length of

a fuel bundle is about 2.9 m. A heating section in the core

consists of two seed and three blanket regions and its length

is about 1.3 m (i.e., around 0.2 m in each seed region and 

0.3 m in each blanket region). In the core, MOX (mixed

oxide) is used to the seed region and then the depleted UO2

is used to the blanket region.

2.2 Numerical Analysis and Typical Result [11]

Figure 2.2.1 shows the analytical geometry consisting of a

tight-lattice fuel bundle with 37 fuel rods. The geometry and

dimensions simulate the experimental conditions. Here, the

fuel rod outer diameter is 13 mm and the gap spacing

between each rod is 1.3 mm. The casing has a hexagonal

cross section and a length of one hexagonal side is 51.6 mm.

An axial length of the fuel bundle is 1260 mm. The water

flows upward from the bottom of the fuel bundle. A flow

area is a region in which deducted the cross-sectional area of

all fuel rods from the hexagonal flow passage. The spacers

are installed into the fuel bundle at the axial positions of

220, 540, 750 and 1030 mm from the bottom. The axial

length of each spacer is 20 mm.

Figure 2.2.2 shows the present computational grids, which

corresponds to one sixth of a horizontal plane. A non-uni-

form mesh division was applied. The total number of mesh

division in the x, y and z directions are 20 million. Here,

boundary conditions are as follows: 

1) Fluid velocities for x, y and z directions are zero on every

wall; 

2) Developed velocity profile is given to the duct inlet; and,

3) Heat flux of each fuel rod was given to the heating sec-

tion. 

Fig. 2.1.1  A bird-eye view of the advanced light-water reactor. Fig. 2.2.1  Analytical geometry of a tight-lattice fuel bundle.
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Fig. 2.2.2  Computational grid condition. Fig. 2.2.3  Predicted void fraction distribution in the axial direction.

A three-dimensional predicted result of void fraction in a

fuel bundle is shown in Fig. 2.2.3. The color contour indi-

cates the void fraction distribution; blue is the liquid water

(i.e., void fraction is 0) and red is the mixture of water and

vapor (void fraction more than 0.6). The boiling occurs at

the heated section which is positioned at the center for verti-

cally. Although the coolant is the liquid water at the inlet

section of the fuel bundle, it changes water and vapor due to

the boiling by fuel rods. The void fraction near wall region is

lower than the center region in the radial direction because

the heat transfer rate at the near wall region is lower than

that at the center region.   

In addition, predicted void fraction distributions in the

radial direction are shown in Fig. 2.2.4. Each predicted result

on the radial void fraction distribution shown in Fig. 2.2.4 is

the result of 1/6 cross-section of a fuel bundle. At the vicinity

of the boiling position near the channel inlet, the void frac-

tion shows the highest at the narrowest region of adjacent

fuel rods. On the other hand, at the vicinity of the channel

outlet, it shows the highest at the center region surrounded by

three fuel rods. That is, the bubble generated by boiling

moves from the narrowest region of adjacent fuel rods to the

center region surrounded by three fuel rods along the flow

direction. This tendency is the same result as an experiment. 

3. Conclusion
In order to predict the water-vapor two-phase flow

dynamics in a tight-lattice fuel bundle and to reflect them to

the thermal design of the advanced light-water reactor core,

a large-scale simulation was performed under a full bundle

size condition using the earth simulator. Details of water and

vapor distributions under boiling heat transfer condition

were shown numerically and the three-dimensional bubble

dynamics in fuel channels were clarified quantitatively com-

paring with the experimental data.   . 
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Fig. 2.2.4  Predicted void fraction distribution in the radial direction.
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原子炉の炉心内熱流動挙動の詳細を大規模シミュレーションによって明らかにする研究を行っている。従来の熱設計

手法ではサブチャンネル解析コードに代表されるように実験データに基づく構成式や経験式を必要とするが、新型炉に

関しては熱流動に関する実験データが十分ではないため、従来手法による熱設計では高精度の予測は困難である。そこ

で、シミュレーションを主体とした先進的な熱設計手法を開発し、従来手法と組み合わせることによって効率的な新型炉

開発の実現を目指している。本研究では、将来型軽水炉の燃料集合体内熱流動挙動を大規模シミュレーションによって

地球シミュレータ上に再現することを最終目標としている。本報では、平成20年度に実施した稠密燃料集合体内水―蒸

気二相流挙動の詳細予測結果について報告する。

キーワード：大規模シミュレーション，二相流熱流動，沸騰現象，原子炉，燃料集合体
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This report describes simulation study results on the research for superconducting (superfluid) neutron detector device and

related fundamental issues on nano-structured superconductors in the fiscal year 2008. At first, in order to examine a perform-

ance of a neutron detector using superfluid He3, we make large-scale numerical simulations on non-equilibrium superfluid

dynamics after a neutron capture below the superfluid transition temperature by solving the Gross-Pitaevskii equation. The

simulations whose largest grid size is 20483 on the Earth Simulator successfully reproduce the vortex nucleation and reveal the

non-equilibrium dynamics of decay superfluid turbulence. On the other hand, as a fundamental research issue of this project,

we numerically investigate the ground state of a two-band Hubbard model by using the exact-diagonalization method devel-

oped with this project to examine a superconducting mechanism for iron-based high-Tc superconductors discovered by

Hosono's group in February 2008. By employing the exact-diagonaliation as a large-scale numerical tool, we reveal that a

robust and novel type of superconductivity widely emerges when the inter-band repulsion becomes stronger than the intra-

band one. Although such a situation is un-usual in solid state matters, the atomic Fermi gases may easily create the situation.

Keywords: Gross-Pitaevskii Equation, Non-equilibrium Superfluidity, Neutron Detection, He3, Two-band Hubbard Model,

Atomic Fermi Gas, Exact Diagonalization

1. Introduction 
After the discovery of an alloy superconductor MgB2 [1],

a large amount of experimental studies have been made in

order to clarify fundamental aspects of MgB2. As a result,

several novel features including the highest transition tem-

perature among metallic superconductors have been clari-

fied, and many ideas toward applications using MgB2 have

been proposed. Among their ideas, an application suggested

by Ishida et al. is quite attractive for atomic energy science

[2]. The idea is as follows. When a neutron hits on MgB2

sample, a nuclear reaction occurs between a neutron and an

isotope of B, i.e., 10B with a high probability. Then, a fixed

nuclear energy is initially released as kinetic energy of the

nuclear reaction products, and the energy is transformed into

a heat, which leads to an instantaneous destruction of the

superconducting state if the temperature is set to be lowered

than the superconducting transition temperature. Thus, we

expect that an event of the nuclear reaction is observable as

an electrical signal in the superconducting current carrying

state [2], since the destruction of superconductivity nucleates

a normal hot spot along which an electrical resistance is gen-

erated. This idea is basically equivalent to the detection

processes of superconducting Transition Edge Sensor (TES)

for X-ray, Superconducting Single Photon Detector (SSPD)

and other ones [3]. Thus, a main aim of our project using the

Earth Simulator is to simulate the process from the nuclear

reaction to the electrical signal generation and to provide

helpful information for the experimental team making a neu-

tron detecting device and examining its performance. We

believe that the present simulation project enables to avoid
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wasteful several trial experiments and to shorten the period

of the development project [4]. 

In this fiscal year 2008, our simulation project team made

a new simulation plan based on the successful results on the

neutron detection in MgB2. The plan is as follows. At first,

we pay attention to a fact that He3 atom taking a liquid form

also reacts to a neutron like B10. In a very low temperature,

the liquid He3 shows a phase transition into superfluid state,

in which the nuclear reaction is expected to lead to an instan-

taneous destruction of the superfluidity like the supercon-

ductor detectors. In particular, since the superfluid He3 has a

very low heat capacity and a very high thermal conductivity,

non-equilibrium processes after the destruction are regarded

to be much more drastic than that of the superconductor. In

fact, it is known that vortices emerge and their turbulent

states appear after the reaction since the quenching speed is

faster enough than the superfluid recovering speed [5]. In

addition, the turbulent states decay and the vortices finally

disappear after a sufficiently long time. The non-equilibrium

process attracts two interests, i.e., an engineering interest

related to a construction of its detection system, and a funda-

mental interest how the turbulent states decay. In this fiscal

year, we then examine the dynamics of the decay turbulence.   

At first, the simulation team prepares a seed of the vor-

tices, in which superfluid order is mostly destroyed and the

phase of the depressed order is randomly distributed [6].

This assumption is reasonable since the starting situation

corresponds to a normal region created by the heat energy

release after the nuclear reaction. Starting with the initial

condition, we numerically solve the Gross-Pitaevskii equa-

tion and examine the dynamics of the macroscopic superflu-

id wave function [7]. For this purpose, we employ the spec-

tral method, which is frequently used in the numerical stud-

ies for normal isotropic and homogeneous turbulence [8].

The largest mesh size that we perform in this project is

20483, which is the world-record in the simulation field of

the superfluid turbulence.

Another topic of our simulation project is a microscopic

calculation on superconducting mechanism. Just before this

fiscal year, since a new type of high-Tc superconductor, i.e.,

iron-based superconductor was discovered by Prof.

Hosono's group [9], a main target has been a numerical

study for the superconducting mechanism of the iron-based

superconductors. We modify the exact diagonalization code

to study the mechanism and perform large-scale calcula-

tions by mainly using 256 nodes. In iron-based supercon-

ductors, it is well-known that multi-orbitals of Fe atom have

essential roles on electronic structures around the Fermi sur-

face. Thus, it is crucial to theoretically treat a multi-band

Hubbard model in order to examine the electronic origin as

the pairing mechanism. In this present project, we use a

two-band Hubbard model to do exact diagonalization and

examine the binding energy, the spin gap energy, and the

electron density profiles in various parameter ranges.

Consequently, we find that a robust pairing occurs when the

inter-band repulsive interaction U' becomes larger than the

intra-band one U[10]. Then, the binding energy shows a

very large negative value, and the spin gap energy is largely

positive. Moreover, it is found that the pairing emerges in a

very wide parameter range as long as U' is larger than U.

We believe that the result is attractive for not only super-

conductivity but also atomic gas research field. This is

because the atomic gas field also explores a more high-Tc

superfluid mechanism. 

The employed exact diagonalization code has been updat-

ed by our project team since the fiscal year 2004 [11]. The

initial step of this project was to select the best effective

numerical scheme and to parallelize the calculation code.

Consequently, we successfully found an effective algorithm

and implemented its parallel program on the Earth

Simulator. So far, since we have improved the code step by

step, we now have a sufficiently highly-parallelized code. In

the latest code, an alternative numerical scheme called "pre-

conditioned conjugate gradient method (PCG)" is employed

instead of the traditional Lanczos one, since the PCG

scheme runs about 5 ~ 12 times faster than Lanczos one on

the Earth Simulator [12]. This result indicates that PCG

method is much more effective in large-scale parallel calcu-

lations than the traditional and widely used Lanczos scheme.

In addition, our parallel diagonalization code usually shows

the performance exceeding above 50% of the peak on the

Earth Simulator. These results are applicable to other wide

fields, which require a fast parallelized matrix-diagonaliza-

tion code. These works were nominated as finalists of

Gordon Bell Prize in both 2005 [11] and 2006 [12] years.

Generally, since the matrix diagonalization code repeats all-

to-all communications, the performance basically drops

down due to the heavy communication. However, we have

successfully improved the code by effectively overlapping

communication steps with floating operations. Since there is

no room to describe the details of such tuning techniques in

this annual report, we would like to also point out another

point that a combination of three-level tuning, i.e., the inter-

node and the intra-node parallelization and the vector paral-

lelization is crucial in improving the performance on the

Earth Simulator [12]. 

The contents of this report are as follows. In Section II,

the numerical method to simulate Gross-Pitavskii is briefly

described and the numerical results are given. In Section III,

the two-band Hubbard model is derived for iron-based

superconductors, and the numerical results are shown. See

Ref [13] and [10] for more details of results in Section II and

III, respectively.
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2. Simulations for the Gross-Pitaevskii equation
In this section, we briefly introduce the quantum turbu-

lence and explain the numerical method to perform numeri-

cal simulations for Gross-Pitaevskii equation. Subsequently,

we give typical simulation results in the decay turbulence

condition.  

Now, let us first concentrate on vortex dynamics in super-

fluid. Vortex dynamics and turbulence due to their complex

motions are quite important issues for not only fundamental

physicists but also engineers. Especially, understanding and

predicting the turbulence are crucial for various engineering

fields, e.g., construction of power plants from nuclear to wind

energy. The classical turbulent flow of normal fluids has still

remained unsolved, while quantum fluids have offered anoth-

er challenging target, "Quantum Turbulence", which may be

more fundamental but significant in a sense [6]. 

In the quantum turbulence, there remain various interest-

ing questions. The typical one is how quantum effects sim-

plify the turbulent flows. In order to challenge the problem,

Kobayashi and Tsubota performed direct numerical simula-

tions for a modified version of the Gross-Pitaevskii equation

by using the spectral method and found the Kolmogorov

spectrum as a statistical feature of the turbulent state similar

to the classical turbulent flow [14]. The spectral method is

widely used for simulation studies on normal fluid dynam-

ics. Especially, it has been well-known that the method is

frequently employed in fundamental numerical studies on

the turbulence under isotropic and homogeneous conditions,

which are realized by imposing a periodic boundary condi-

tion [8]. We note that Yokokawa et al., reported their devel-

opment and interesting results on the Earth Simulator [8]. 

In this fiscal year, our project team challenges to a mis-

sion in terms of decay quantum turbulence.  The mission is

divided into two steps, one of which is to construct a parallel

code to analyze the dynamics in decay turbulent states in

larger scale, and another of which is to confirm the scale

invariant property of the characteristic spectrum as seen in

the classical turbulence and to find particular features intrin-

sic to superfluid if it is present. We think that the second step

is quite important for further understanding of quantum tur-

bulence and non-equilibrium dynamics after the nuclear

reaction. In order to carry out the purpose, we constructed a

code simulating the modified Gross-Pitaevskii equation [5,

14] and parallelized the code on the Earth Simulator. By

using the code, we have already succeeded in reproducing

the results of Kobayashi and Tsubota on 2563 and 5123 grids

[5, 14] and also performed huge scale simulations on larger

grid sizes, e.g., 10243 and 20483[13]. 

Let us show typical simulation results. Figure 1 is an ener-

gy spectrum, i.e., a snapshot of the relation k vs. E(k)

obtained through a decay simulation with 5123 grids. The

result clearly indicates that a part of energy spectrum obeys

the Kolmogorov law, which is E(k) ∞ k–3/5. Although this is a

reconfirmation of results of Kobayashi and Tsubota, we suc-

cessfully found that the relation continues up to 20483 grid

sizes. This clearly indicates that the Kolmogorov law is uni-

versal for quantum turbulence. Thus, it is found that quanti-

zation effect, i.e., vortex quantization intrinsic to quantum

turbulence is directly irrelevant to its universal features.

On the other hand, we find that there is a peculiarity in the

spectrum. The feature is a hump structure observed in a

high-k range. Now, we search the reason why the structure

emerges. One of possibility is ascribed to a bottleneck effect

due to Kelvin wave cascade on the conserved quantized vor-

tex. In addition, we note that such a clear structure has been

not observed in normal fluid turbulence. 

Figure 2 shows a typical snapshot picture of a vortex pro-

file when the Kolmogorov spectrum like Fig.1 is observed.

Fig. 1  A energy spectrum (k vs. E(k)) when vortices nucleated at the

initial stage develop sufficiently. The used grid size is 5123. The

guiding line corresponds to the Kolmogorov scaling.

Fig. 2  A snapshot of vortex profiles in the simulation region (5123)

when the energy spectrum is like Fig. 1.
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In such a moment, we can find that vortices are strongly

entangled. More details of the simulation results will be pub-

lished as a journal paper[13].

3. Exact Diagonalization Studies for Iron-based
Superconductors: Two-band Hubbard Model  
The Hubbard model [15] is one of the most intensively

studied models by computers because it captures very rich

varieties of strongly correlated many-body systems although

the model expression is simple. In the fiscal year 2008, we

studied the pairing mechanism on the two-band repulsive

Hubbard model by using the exact diagonalization technique

[11–12, 16] motivated by the rapid advancement of research

for iron-based high-Tc superconductors [9]. 

There have been now debates how many bands are essen-

tial to study the superconductivity mechanism in iron-based

superconductors. However, it is widely accepted that the

most effective bands around Fermi surface are mainly two

degenerate bands, i.e., dxz and dyz orbitals on Fe atoms.

Thus, we believe that an exact analysis in the effective two-

band model is significant enough to give important informa-

tion on the pairing mechanism. Figure 3 is a schematic pic-

ture of sites and bands of the two-band Hubbard models.

Due to the numerical resource limitation, the system is a

ladder with 2 × 5 sites, and the number of the total sites is

20 due to two-bands. In the case, the half-filling condition

mostly requires memory resource. We use 256 nodes to

execute the code at the half-filling. The present two-band

Hubbard model is composed of the kinetic energy term and

the interaction one. The former is characterized by four

hopping matrix elements whose values are given by a com-

parison with Fermi surface derived from the first-principle

electronic structure calculation [17]. In this report, we do

not describe details of the parameters. See Ref. for more

details of them [10]. As for the interaction energy term, we

consider three parameters, the intra-band Coulomb repul-

sion U, the inter-band one U', and the exchange correlation

J. In this study, we note that we drop off the pair inter-band

hopping. In iron-based superconductors, these interaction

parameters can be also derived from the first-principle cal-

culation, while the parameters still remain unsettled because

the first principle calculation can not partly reproduce the

experimental results [18]. Thus, we vary the three parame-

ters in their possible wide ranges and explore the parameter

region, in which the pairing can occur. 

Figure 4 is a result of variation of the binding energy on 

U – U' space at a fixed J = 0.5. Here, we note that the attrac-

tive interaction works between two electrons when the bind-

ing energy is negative due to its definition [16]. However, 

it is noted that the negative binding energy does not neces-

sarily guarantee superconductivity but the condition is just a

requirement for superconductivity. From Fig. 4, it is found

that the negative binding condition is widely satisfied when

U' becomes larger than U. Although such a situation may be

unusual, it is peculiar to multi-band systems. In addition, the

robustness and the strong binding are quite attractive for the

future exploration of high-Tc superconductors. We suggest

that the novel mechanism may be directly confirmed in

atomic Fermi gases, in which various parameters are more

controllable.    

4. Summary and Conclusion
We numerically studied two kinds of topics related to

radiation detector and superconductivity mechanism. The

main result in terms of the first topic was the success of par-

allel large-scale simulations for vortex nucleation and its

decay quantum turbulence in superfluid He3. We confirmed

that the superfluid turbulence satisfies the Kolmogorov scal-

ing of the energy spectrum in a wide range of the wave vec-

tor like normal fluid turbulence. Furthermore, we found a

unique feature peculiar to quantum turbulence. The result in

terms of the second topic is that a robust and strong electron

binding emerges when the inter-band Coulomb repulsion

becomes larger than the intra-band one. The possibility is

quite attractive for not only superconductivity research but

also other fields like atomic gas research.Fig. 3  A schematic figure for the present two-band Hubbard model  as

the computational region (2-legs × 5 sites).

Fig. 4  A calculation result of  the binding energy in U–U' range at J =

0.5. The doping rate p = 0.1.

31-町田　昌彦  09.11.2  1:08 PM  ページ210



211

Chapter 3  Epoch－Making Simulation

References
[1] J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani,

and J. Akimitsu, Nature, 410, 63(2001).

[2] K. Takahashi, K. Satoh, T. Yotsuya, S. Okayasu, 

K. Hojou, M. Katagiri, A. Saito, A. Kawakami, H.

Shimakage, Z. Wang, and T. Ishida, Physica C,

392–396, 1501 (2003).

[3] See, e.g., D. Fukuda, H. Takahashi, M. Ohno, and M.

Nakazawa, Nucl. Instr. and Meth., A444, 241 (2000).

[4] For our simulation project results on superconducting

detector, see e.g., M. Machida, T. Koyama, M. Kato, and

T. Ishida, Nucl. Instr. and Meth., A529, 409 (2004); M.

Machida, T. Koyama, M. Kato, and T. Ishida, Physica,

C426–431, 169 (2005); M. Machida, T. Koyama, M.

Kato, and T. Ishida, Nucl. Instr. and Meth., A559, 594

(2006); M. Machida, T. Kano, T. Koyama, M. Kato, and

T. Ishida, J. Low. Temp. Phys., 151, 58 (2008); M.

Machida, T. Kano, T. Koyama, M. Kato, and T. Ishida,

Nucl. Instr. And Meth. (to be published).

[5] See e.g., C. Bauerle et al., Nature, 382, 332 (1995);

V.M.H.Ruutu et al., Nature, 382, 334 (1995).

[6] See e.g., M. Tsubota, J. Phys. Soc. Jpn., 77, 111006

(2008).

[7] For numerical simulations for Gross-Pitaevskii equation

in atomic gases, see, e.g., N. Sasa, M. Machida, H.

Matsumoto, J. Low Temp. Phys., 138, 617 (2005); M.

Machida, N. Sasa, H. Matsumoto, J. Low Temp. Phys.,

138, 623 (2005).

[8] M. Yokokawa, K. Itakura, A. Uno, T. Ishihara, Y.

Kaneda, Proc. of SC2002; http://www.sc-2002.org/

paperpdfs/pap.pap273.pdf 

[9] Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono:

J. Am. Chem. Soc., 130 (2008) 3296.

[10] M. Okumura, N. Nakai, H. Nakamura, N. Hayashi, S.

Yamada, and M. Machida, (submitted to Physica C).

[11] S. Yamada, T. Imamura, M. Machida, Proc. of SC05,

(2005).

[12] S. Yamada, T. Imamura, T. Kano, M. Machida, Proc.

of SC2006, (2006). 

[13] N. Sasa, T. Kano, M. Machida, N. Kobayashi, and

Tsubota, (in preparation).

[14] M. Kobayashi and M. Tsubota, Phys. Rev. Lett., 94,

065302 (2005).

[15] See, e.g., The Hubbard Model, Recent Results, ed. M.

Rasetti (World Scientific, Singapore, 1991); The

Hubbard Model, ed. A. Montorsi (World Scientific,

Sigapore, 1992).

[16] M. Machida, S. Yamada, Y. Ohashi, and H.

Matsumoto, Phy. Rev. Lett., 93, 200402 (2004).

[17] Daghoffer et al., Phys. Rev. Lett., 101, 237004 (2008).

[18] H. Nakamura et al., J. Phys. Soc. Jpn., 77 (2008)

Supplement C pp.153; submitted J. Phys. Soc. Jpn. 

31-町田　昌彦  09.11.2  1:08 PM  ページ211



212

Annual Report of the Earth Simulator Center  April 2008 - September 2008

He3超流動中性子捕獲後の渦糸ダイナミクスと
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1. プロジェクトの概要（計画）
最近発達してきた超伝導ナノファブリケーションのテクニックにより全く新しいタイプの超伝導デバイス開発の可能

性が開けてきた。これを受けて本プロジェクトでは、以下の2つの新しい超伝導デバイス開発に関連したシミュレーショ

ン研究を計画した。

1）中性子飛来の時系列を検出する超伝導デバイス開発のための研究（新たな放射線デバイス開発のための研究も含む）。

2）1）のテーマを基礎からサポートし、かつナノスケールでの新奇超伝導物理現象を探索するための研究。

テーマ1）では、コンソーシアム内の実験グループと協力し、高精度中性子検出デバイスを提案するための試行シミュレー

ションを実施する他、新たなデバイス開発のためのシミュレーションを行う。テーマ2）では、ナノスケールでの超伝導発現

機構やその微視的状態を明らかにするため、ナノ超伝導体の基底状態やそれの中性原子版である原子ガスの研究等を行う。

2. 得られた成果（2008年度）の概要
1）に関しては、2007年度に原子炉JRR-3（原子力機構）にて超伝導体MgB2に対する初期的検出実験が成功し、中性子検

出と見られるシグナルが得られ、その応答時間（10nsecのオーダー）は、シミュレーション結果と一致した他、実験で得ら

れたシグナルの温度依存性や電流依存性を再現することにも成功した。これらの成果は、当プロジェクトで開発してき

たシミュレーションコードが正しく動作していることの証拠であり、超伝導放射線検出シミュレーションの枠組みがほ

ぼ完成の域に到達したことを意味している。そこで、2008年度は、もう一つの超高精度検出器として期待されている超

流動He3の中性子衝突による核反応後のダイナミクスのシミュレーションに挑戦した。2）に関しては、2007年度までに

ナノスケールに閉じ込められた多電子の基底状態を厳密に探索できる超並列行列対角化手法を開発してきたが、今年度

はこの手法を2008年2月に発見された鉄系化合物超伝導体の超伝導機構探索に利用し、広いパラメータ領域で実現可能な

新奇な超伝導状態が存在することを見出すことに成功した。こうした超伝導状態については、原子ガスでも対応物を構

成することが可能であり、直接の検証が可能である。以下に両テーマの具体的な成果の概要を記す。

①超流動体He3に中性子が照射されると、He3は核反応を起こし、一定の運動エネルギーを持った3Hとプロトン粒子が射

出される。この際、射出粒子は物質内の原子と衝突を繰り返し、そのエネルギーは、一定の飛程距離内で熱へと変換さ

れる。本年度は、この熱変換後の様子をモデル化し、超流動がランダムに破壊されたとして、その後の超流動回復過程

をシミュレーションした。その結果、実験で確かめられている渦糸生成とその渦糸の減衰乱流過程をシミュレーショ

ンすることに成功し、超流動乱流状態特有の現象を見出すことに成功している。

② 2008年2月に東工大・細野教授らのグループが鉄化合物高温超伝導体を発見したことに動機づけられ、これまでに開

発してきた超並列厳密対角化法[1]を用いて、其の有力な単純化モデルである2-バンド・ハバードモデルの解析を行っ

た。その結果、軌道間の斥力相互作用が軌道内のそれより一般に大きいとき、強力な超伝導が実現可能であることが

分かった。こうした条件を満たす例は未だ幾つかの研究を除いて例がないが、極めて強力な状態を構成できるため、

原子ガス等での直接観察[1]も可能であると考えられる。

＜代表的出版論文＞　

[1] M. Machida, M. Okumura, S. Yamada, T. Deguchi Y. Ohashi, and H. Matsumoto, "Mott phase in polarized two-compo-

nent atomic Fermi lattice gas: A Playground for S = 1/2 Heisenberg Model in Magnetic Field ", Phy. Rev.B (accepted).
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The interaction of an interstitial hydrogen atom with a screw dislocation in BCC iron has been determined using the first

principles calculation. The calculation was carried out for a pair of screw dislocations using the large-scale supercell contain-

ing 231 atoms and 1 × 1 × 4 k-point samplings. It is found that a hydrogen atom at an octahedral site near the screw disloca-

tion attracts the dislocation core under the applied shear stress condition. However, the resultant stress-strain relation in the

presence of a hydrogen atom is found to be almost the same with that of no hydrogen case. This indicates clearly that a signifi-

cant enhancement of dislocation mobility, previously reported in Al, is not observed in BCC iron.
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1. INTRODUCTION
The presence of hydrogen atoms at interstitial sites causes

a significant change in mechanical properties of solids. In

particular, it is predicted that hydrogen atoms in metals

enhance plasticity, which leads to an accelerated concentra-

tion of stress and fracture. The mechanism of this embrittle-

ment due to hydrogen is not precisely known at present and

is of much concern to the development of, for example,

materials for hydrogen containment, high-tensile structural

materials, and fusion and fission nuclear materials. 

The fundamental question in deformation and fracture of

metals is whether hydrogen atoms affect the motion of dislo-

cations. In BCC metals, a screw dislocation controls the

plastic behavior because it has a high stress barrier, the

Peierls stress, to movement. Therefore, the understanding of

the core structure and mobility of a screw dislocation in

BCC metals is essential for predicting the mechanical prop-

erties, which requires atomistic level simulations. Moreover,

the core structure and mobility of a screw dislocation in

BCC iron are hard to understand because of the presence of

magnetism. Since the development of empirical potential for

BCC Fe and Fe-H system is retarded due to this difficulty,

first principles calculations at the electronic scale are

required to understand the bonding states of a dislocation

core, particularly, in the presence of hydrogen. 

In general, atomistic simulation of a dislocation core

needs a large number of atoms because it has to take into

account the effect of a long-range range strain field.

Numerous first-principles and empirical atomistic simulation

studies have been carried out so far to determine the accurate

core properties, however, the results of the core structure and

Peierls stress differ depending on the simulation methods.

Essentially, two core structures have been proposed for a

screw dislocation in BCC molybdenum by various computa-

tional approaches [1][2][3][4][5]; the threefold structure is

obtained using the empirical potential, while the symmetric

structure is obtained by the tight-binding and the density

functional theory (DFT) methods. Although the DFT method

gives the most accurate energy among these methods, the

sizes of its supercells are severely limited, and the effects of

core overlapping and image stress can be significant.

Woodward and Rao [2] proposed a boundary condition for

the supercell containing one screw dislocation, in which

atomic displacements due to a screw dislocation in the cell

are allotted by the Green function method. Li et al. [4] intro-

duced a pair of screw dislocations in the supercell and pro-

posed a shape of the supercell in such a way as to cancel the

strains among supercells. They evaluated the accuracy of the

core energy by changing the size of the supercell, and con-

cluded that the supercell containing 231 atoms is good
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enough. We performed the most accurate DFT calculations

using the supercell of this size by confirming the conver-

gence on the number of k-point samplings, and concluded

that the core of the a0/2[111] screw dislocation in BCC

molybdenum has a symmetric non-degenerate structure [6]. 

The core structure of a screw dislocation for BCC iron is

predicted by starting with the threefold degenerate structure

and relaxing the system. The result is found to be a symmet-

ric non-degenerate structure with no preferential spreading

along the (–1–12) directions [10], which is in agreement

with the results of the previous calculations using equal to or

less than 100 atoms [3][8]. It is probable that a symmetric

non-degenerate core structure is obtained for a screw dislo-

cation in BCC iron using the first principles calculations,

however, the convergence of the k-point samplings must be

critically checked for a final determination. Moreover, the

Peierls stress for BCC iron is evaluated to be τp ≈ 1.1GPa by

applying the shear strain to the system [10]. This result is the

first direct determination of the Peierls stress of a screw dis-

location in BCC iron. 

With the determined core structure of a screw dislocation

in BCC iron, the interaction of a hydrogen atom with a

screw dislocation is studied to understand its effect on plas-

tic behavior. The binding energy of a hydrogen atom at the

tetrahedral and octahedral site to a screw dislocation in BCC

iron is determined to be approximately –0.2eV[11], which is

important in determining the hydrogen state near a disloca-

tion core and the Peierls stress. 

In this paper, we report the effect of the presence of a

hydrogen atom on the Peierls stress of a screw dislocation

core in BCC iron. The results will give us a clue to whether

hydrogen-enhanced local plasticity exists in BCC iron,

which was predicted in FCC aluminum [12].

2. COMPUTATIONAL METHOD
We have employed the VASP (Vienna ab-initio simulation

package) code [9], which implements the density functional

theory with the ultrasoft pseudopotential and the generalized

gradient approximation (GGA) for the exchange correlation

energy, for calculating accurately the total energy of the sys-

tem. In order to exploit the vector processors on the ES sys-

tem, we have tuned the code by using the one-dimensional

FFT routine in the numerical library ASL/ES. For the prob-

lem with the supercell containing 231 atoms, the VASP code

achieved 66.4% of the peak performance on the ES. 

Using the configuration of the symmetric non-degenerate

core structure obtained by the previous work as an initial

condition, we place one hydrogen atom at the octahedral site

near the core of a screw dislocation and the whole system is

relaxed to a minimum energy state by the conjugate gradient

or the quasi Newton algorithm. Using the supercell consist-

ing of 231 atoms with various k-point samplings, this proce-

dure requires considerable amounts of calculation time,

which invalidates the original implementation of parallel

coding on the VASP code. To overcome this situation, we

have re-parallelized the code in terms of k-point samplings.

The result shows that the parallel code achieves almost lin-

ear speedup. Analyzing the detailed profile data of the code,

we found that the k-point parallelization has almost no influ-

ence on the average vector length. We have obtained the

average vector length of 229.3 with 8 processors (1 node)

and 229.1 with 80 processors (10 nodes), and the vectoriza-

tion ratio of 99.3% and 99.1%, respectively. In the case of

iron, spin polarization must be taken into consideration, and

the convergence of the iterative electronic structure calcula-

tion is found to be degraded compared to the molybdenum

case. The number of iterations for the iron case requires

approximately five times more than that for the molybdenum

case. Therefore, the numerical condition for the supercell

containing 231 iron atoms with the 1 × 1 × 4 k-point sam-

plings is adopted as a first trial numerical simulation. 

3. RESULTS AND DISCUSSION
The effect of the presence of one hydrogen atom on the

motion of a screw dislocation in BCC iron is surveyed by the

molecular dynamics method before the detailed calculations

by the first principles method. The molecular dynamics is

carried out by placing a hydrogen atom at various octahedral

sites near the dislocation core, where the newly-developed

empirical potential of Fe-H interaction based on the Fe of

Mendelev et al. [7] is employed. The results boil down to

two typical configurations, as shown in Fig. 1 (a) and (b).

We have found that the hydrogen at the nearest octahedral

site in Fig. 1 (a) has the effect of pinning the dislocation,

while the configuration in Fig. 1 (b) induces a motion of the

dislocation. Thus, we have employed the latter configuration

as the initial condition for measuring the Peierls stress. 

A pair of screw dislocations with different signs has been

introduced into a system containing 231 BCC iron atoms,

where one hydrogen atom is placed at the octahedral site of

the type Fig. 1 (b) near one of the dislocations. The total sys-

tem is relaxed under no external stress, and the core structure

is shown in Fig. 3. In this figure, a new representation of the

core structure of a screw dislocation is devised in stead of

the conventional Vitek diagram using arrows in Fig. 2 (a). In

this representation, an arrow connecting the atoms is

replaced by the colored block as shown in Fig. 2 (b), where

the six different colors are used corresponding to the length

of an arrow as shown in Fig. 2 (c). For example, the maxi-

mum length of an arrow, which is one-third of the Burgers

vector, is represented by yellow. This representation shows

clearly a change of a dislocation core structure compared

with the representation by arrows. The results in Fig. 3 show

that the core of the dislocation on the left is attracted to a
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Fig. 1  A hydrogen atom at the octahedral site near the core of a screw dislocation. (a) a hydrogen site that

pins the dislocation, (b) a hydrogen site that induces a motion of the dislocation.

Fig. 2  Representations of atomic displacement differences for a screw dislocation with Burgers vector of

[111]/2 on the BCC {111} surface : (a) The Vitek diagram; a full length arrow between atoms rep-

resents an atomic displacement of one-third of the length of the Burgers vector in the [111] direc-

tion. (b) A color representation of the core of a screw dislocation; the arrow is replaced by a color

block depending on the length of the arrow, as shown in (c).

Fig. 5  A stress-strain relation for a system of BCC iron containing a

pair of screw dislocations with and without the presence of one

hydrogen atom.

Fig. 3  A change in the core structure of screw dislocations in the pres-

ence one hydrogen atom at the octahedral site under the relaxed

condition.

Fig. 4  A change in the core structure of screw dislocations in the pres-

ence one hydrogen atom at the octahedral site under the condi-

tion of the applied shear stress.

hydrogen atom, while the core of the dislocation on the right

is almost a perfect screw dislocation. A stress-strain relation

of this system is derived under the shear stress condition,

and the results are shown in Fig. 4. A shear strain of a given

value is applied to the parallelepiped region by displacing

the atoms in the [111] direction. With this initial configura-

tion, the whole system is relaxed to obtain a converged value

of stress. The results in Fig. 4 show the stressed state of the

core structure, in which the core is more attracted to the

hydrogen atom. A stress-strain relation for this system is

shown in Fig. 5. We show here that the presence of one

hydrogen atom near the screw dislocation core in BCC iron
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does not affect significantly the stress-strain relation. In par-

ticular, a large reduction of the Peierls stress predicted in

aluminum [12] is unlikely to occur in the BCC iron. 

A further study for the effect of hydrogen atoms on the

motion of a screw dislocation under the kink pair mechanism

is needed to determine the plastic behavior of BCC iron.

However, this will require larger computational resources.
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第一原理計算を用いてBCC鉄中のa0/2[111]のらせん転位と格子間水素原子間の相互作用を計算した。本計算は、2つ

のらせん転位を含む231個の原子からなる大規模なスーパーセルにおいて、1 × 1 × 4のk点サンプリングを用いて行った。

転位芯近傍の正八面体格子間原子サイトに水素原子を置いて外部応力下で計算した結果、転位芯は水素原子の方へ引き

寄せられていることが分かった。この時の応力–ひずみ関係を導出した結果、水素が存在する時としない時でほとんど差

異が無いことが明らかになった。これより、BCC鉄においては水素の存在により転位の運動が促進される効果は小さい

ことが分かった。

キーワード：第一原理計算，らせん転位，BCC鉄，水素原子，結合エネルギー
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Self-Organizing Map (SOM) developed by Kohonen is an effective tool for clustering and visualizing high-dimensional

complex data on a two-dimensional map. We previously modified the conventional SOM to genome informatics, making the

learning process and resulting map independent of the order of data input [1, 2]. The BLSOM thus developed on the basis of

batch-learning SOM became suitable for actualizing high-performance parallel-computing with a high-performance vectorial

supercomputer [3]. The BLSOM revealed species-specific characteristics of oligonucleotides (e.g., tetranucleotides) frequen-

cies in individual genomes, permitting clustering (self-organization) of genome fragments (e.g., 10 kb or less) according to

species without species information during the calculation. Using ES, sequence fragments from almost all prokaryotic,

eukaryotic, and viral sequences currently available could be classified (self-organized) according to phylotypes. Utilizing

results of this large-scale BLSOM, phylotypes of a massive amount of genomic fragments obtained by metagenome analyses

can be predicted. 

We developed also the BLSOM method to predict protein function on the basis of similarity in oligopeptide composition

(di-, tri- and tetrapeptide compositions in this study) of proteins. Oligopeptides are component parts of a protein and are

involved in formation of functional motifs and structural parts of proteins. Concerning the oligopeptide frequencies in the

110,000 proteins, which had been classified into 2853 function-known COGs (clusters of orthologous groups of proteins),

BLSOMs could faithfully reproduce the COG classifications. Proteins whose functions have been unknown because of lack of

significant global sequence homology to function-known proteins detectable with conventional sequence homology searches

(e.g. BLAST), could be related to function-known proteins using the large-scale BLSOM.

Keywords: batch learning SOM, oligopeptide frequency, protein function, bioinformatics

1. Introduction
Unculturable environmental microorganisms should con-

tain a wide range of novel genes of scientific and industrial

usefulness. Recently, sequencing analyses of mixed genome

samples that directly extracts the mixed genome DNA of

uncultured environmental microorganisms, i.e., metagenome

analyses, have been established. A large portion of the envi-

ronmental sequences has been registered in the International

DNA Sequence Databanks with almost no functional and phy-

logenetic annotation, and therefore, in a less useful manner. 

The homology search for nucleotide and amino-acid

sequences such as BLAST has become widely accepted as a

basic bioinformatics tool not only for phylogenetic charac-

terization of gene/protein sequences but also for prediction

of their biological functions when genomes and genomic

segments are decoded. Whereas usefulness of this sequence

homology search is apparent, it has became clear that

homology search can predict the protein function of only

50% of genes, or fewer, when a novel genome is decoded.

To complement the sequence homology search, it is urgently

required to establish methods for predicting protein func-

tions based on different principles. 

Previously, we developed a batch-learning SOM

(BLSOM) that depends on neither the order of data input nor

the initial conditions, for oligonucleotide frequencies in

genome sequences [1–4]. The BLSOM recognized species-

specific characteristics of oligonucleotide frequencies in

individual genomes, permitting clustering of genome frag-

ments according to species without the need for species

information during the calculation. This BLSOM was suit-

able for actualizing high-performance parallel-computing

with a high-performance supercomputer [3–5]. In the present

report, we describe use of the BLSOM method not only for

the phylogenetic classification of genomic fragments but

also for prediction of protein function on the basis of simi-

larity in composition of oligopeptides of proteins. 
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2. Methods
Nucleotide sequences were obtained from URL (http://www.

ddbj.nig.ac.jp/anoftp-e.html) and amino acid sequences 

were from URL (http://www.ncbi.nlm.nih.gov/COG). We

modified the conventional SOM for genome informatics on

the basis of batch-learning SOM to make the learning process

and resulting map independent of the order of data input [1, 2].

The initial weight vectors were defined by PCA instead of ran-

dom values on the basis of the finding that PCA can classify

gene sequences into groups of known biological categories.

The genomic sequences were analyzed as described previously

[1–4]. 

For protein sequence analyses, we provided a window of

200 amino acids that is moved with a 50-amino acid step for

proteins longer than 200 amino acids. BLSOM with tripep-

tide frequency (203 = 8000 dimensional data) required very

long computation times, which exceeded the limit available

for our group. To reduce the computation time, BLSOM was

constructed with the tripeptide frequencies of the degenerate

eleven groups of residues categorized according to the

physico-chemical properties; {V, L, I}, {T, S}, {N, Q}, 

{E, D}, {K, R, H}, {Y, F, W}, {M}, {P}, {C}, {A}, and

{G}; 113 = 1331 dimensional data. We analyzed also the

tetrapeptide frequencies of degenerate six groups of

residues; {V, L, I, M}, {T, S, P, G, A}, {E, D, N, Q}, {K, R,

H}, {Y, F, W}, and {C}; 64 = 1296 dimensional data. 

3. Results
3.1 A large-scale BLSOM constructed with almost all

sequences available from species-known genomes

A large-scale metagenomics study of uncultivable

microorganisms in environmental and clinical samples

should allow extensive surveys of genes useful in medical

and industrial applications and assist in developing accurate

views of the ecology of uncultivable microorganisms.

Traditional methods of phylogenetic classification have

been based on sequence homology searches and therefore

inevitably focused on well-characterized genes (e.g.,

rDNA), for which orthologous sequences from a wide range

of phylotypes are available. However, most of the well-

characterized genes are not industrially attractive. It would

be best if microbial diversity could be assessed during the

process of screening for novel genes with industrial and sci-

entific significance. An unsupervised clustering method

BLSOM is thought to be the most suitable method for this

purpose [4–7]. When we consider phylogenetic classifica-

tion of species-unknown sequences obtained from environ-

mental and clinical samples, it is important to construct

BLSOMs in advance with all available sequences from

species-known prokaryotes and eukaryotes, as well as from

viruses and organelles. This is because various eukaryotic

and viral DNAs are known to be present in environmental

and clinical samples. Furthermore, when microorganisms

symbiotic/parasitic with a higher eukaryote are analyzed

with a metagenomic strategy, sequences from the eukaryote

are included inevitably in the sequence collection. On the

basis of our previous study on phylogenetic classification of

prokaryotic sequences, BLSOM was constructed with fre-

quencies of degenerate sets of tetranucleotides (DegeTetra-

SOM) in 5-kb sequence fragments where the frequencies of

a pair of complimentary tetranucleotides (e.g. AAAC versus

GTTT) were added [4]. In the present study, using the ES,

we could analyze almost all genomic sequences available

from 2813 prokaryotes, 111 eukaryotes, 31486 viruses,

1728 mitochondria, and 110 chloroplasts. The 2813

prokaryotes were selected because at least 10-kb genomic

sequences were registered in DDBJ/EMBL/NCBI. Our

main target of the phylogenetic classification is the

sequences derived from species-unknown microorganisms

present in environmental and clinical samples. To keep

good resolution for microorganism sequences, it is neces-

sary to avoid excess representation of sequences derived

from higher eukaryotes with large genomes. Therefore, in

the cases of higher eukaryotes, 5-kb eukaryotic sequences

were selected randomly from each genome up to 25 Mb.

This enabled us to analyze an equivalent number of

prokaryotic and eukaryotic 5-kb sequences, and DegeTetra-

SOM was constructed with the 5-kb sequences (Fig. 1A).

The power of BLSOM to separate prokaryotic and eukary-

otic sequences from each other was very high (ca. 97%

accuracy). We also observed the clear separation of

prokaryotic sequences into 28 major prokaryote families

(Fig. 1B), confirming our previous study [3]. The separation

of eukaryotic sequences according to species was also

observed (data not shown). 

3.2 A large-scale BLSOM constructed with almost all avail-

able protein sequences derived from the function-known

COG categories

Next we introduce use of BLSOM for prediction of pro-

tein function on the basis of similarity in composition of

oligopeptides of proteins. For the test dataset to examine

whether proteins are clustered (i.e., self-organized) accord-

ing to function by BLSOM, we chose proteins that had been

classified into function known 2853 COGs by NCBI [8, 9].

Dipeptide composition (202 = 400 dimensional vectorial

data) in 110,000 proteins belonging to the 2853 COG cate-

gories was investigated by BLSOM. In addition to the

BLSOM for the dipeptide composition of 20 amino acids

(abbreviated as Di20-BLSOM), we tested the BLSOM for

the dipeptide or tripeptide composition after classification

into 11 groups according to the physico-chemical properties

of amino acids (see Methods); 121(= 113) or 1331(= 113)

dimensional data (abbreviated as Di11- or Tri11-BLSOM,
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respectively). We also tested the tetrapeptide composition

after classification of amino acids into 6 groups; 1296 (= 64)

dimensional data (Tetra6-BLSOM). These four different

BLSOM conditions were examined to what degree the simi-

lar results were obtained among the four conditions and

which gave the best accuracy. It should be noted that

BLSOMs for much higher dimensional data such as those

for the tripeptide composition of 20 amino acids (8000-

dimensional data) and for the tetrapeptide composition after

grouping 11 categories (14641-dimensional data) was diffi-

cult in the present study because of limitation of ES

resources available for our group. 

To establish a method that is less dependent on the amino

acid sequence length, we provided a window of 200 amino

acids that is moved with a 50-amino acid step for proteins

longer than 200 amino acids, and the BLSOM was con-

structed for the overlapped 200-amino acid sequences.

Introduction of a window with a shifting step enable us to

analyze multi-functional and -domain proteins, which origi-

nated often from the fusion of distinct proteins during evolu-

tion, collectively with smaller proteins. 

One important point of this test data analysis is at what

level each lattice-point on a BLSOM grid contains frag-

ments derived from a single COG. The number of COG

groups analyzed is 2835, and the size of the BLSOM was

established so as to provide 8 data points per lattice-point. If

sequences were randomly chosen, the probability that all

fragments associated to one lattice-point were derived from

a single COG by chance should be extremely low, e.g.

(1/2853)8 = 2.3 × 10–28, while this value depends on the

number of fragments derived from proteins belonging to the

respective COG. We designate here the lattice-point that

contained fragments derived only from a single COG as

"pure lattice-point"; in this definition, the lattice-points that

contained only one sequence fragment were not included.

Considering that an occurrence probability of pure lattice-

point as an accidental event is extremely low, a high per-

centage of pure lattice-points was observed. The highest

occurrence level of pure lattice-points was observed on the

Tri11-BLSOM; approximately 45% of lattice-points con-

tained sequences derived only from a single COG (Fig. 2).

To graphically show the difference among these BLSOMs,

pure lattice-points were colored as red, those contained

sequence fragments derived from two different COGs were

colored as pale red, and those from more than three COGs

were colored as blue (Fig. 3A-D). This again showed clear

clustering (self organization) of proteins according to a

COG category.

Fig. 1  5-kb DegeTetra-BLSOM for almost all genomic sequences available in DDBJ/EMBL/GenBank. (A) Nodes that

contain only the sequences from prokaryotes (■), eukaryotes (■), viruses (■), mitochondria (■), or chloro-

plasts (■) were separately colored, and those containing the sequences of more than one category are marked in

black. (B) Nodes that contain only the sequences from one prokaryotic family were in colors shown at the bottom

of the figure, and those containing the sequences of more than one family are marked in black.
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3.3 Mapping of protein sequences from environmental sam-

ples on large-scale BLSOMs constructed for all NCBI-

COG sequences 

The most important contribution of the present BLSOM

method is thought to predict functions of increasingly vast

amount of function-unknown proteins derived from the less

characterized microbe genomes as those found in the

metagenomic approaches. To test the feasibility of BLSOMs

for function prediction of such environmental proteins, we

next focused on protein candidates that were found from

about 1 million genomic fragments derived from

metagenome libraries originating in the Sargasso Sea [10]

and compared the results obtained by the conventional

sequence homology search and the BLSOM method, in the

following way. In the first step, using the conventional

sequence homology search BLAST, we searched for

Sargasso proteins (> 200 amino acids) which showed signifi-

cant global homology with NCBI-COG proteins on a criteri-

on that 70% or more identity of the amino acid sequence was

observed over 70% region of the Sargasso protein; this crite-

ria is analogous to that used for the NCBI-COG identifica-

tion. A total of 4240 Sargasso protein sequences was thus

found, and were tentatively called as Sargasso-COG pro-

teins. The 4240 Sargasso-COG proteins were divided into

200-amino acid segments with a sliding step of 50 amino

acids and these 200-amino acid segments were mapped on

each of the BLSOM constructed in advance with NCBI-

COG proteins such as those in Fig. 2. Then, as to each lat-

tice-point on which Sargasso fragments were mapped, the

most abundant NCBI-COG protein were identified, and the

mapped Sargasso segments were tentatively assumed to

belong to this most abundant COG category. By summing

up this tentative assignment data of 200-amino acids seg-

ments for each of the 4240 Sargasso-COG protein, each

Sargasso protein was finally assigned to the most abundant

COG category among COGs tentatively assigned. 

While BLSOM is an alignment-free clustering method,

which is clearly different from sequence homology searches,

91, 87 or 79% of the 4240 Sargasso COG proteins were

assigned to the original COG categories on Tri11-, Di20- or

Tetra6-BLSOM, respectively. As expected from the results

of Fig. 2, the highest identity level was obtained on Tri11-

BLSOM. Detailed inspection of the miss-assigned cases

showed that different COGs with similar functions were

confounded. This may help us to construct similarity map of

COGs on the basis of oligopeptide composition. 

In the next analysis, to attempt to predict functions of
Fig. 2  The proportion of pure lattice-point for each analysis condition.

Fig. 3  Level of pure lattice-point for different BLSOM conditions.
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Sargasso proteins that were not detected by the conventional

sequence homology search, we mapped 200-amino acid seg-

ments derived from all Sargasso proteins longer than 200

amino acids on BLSOMs, and more than 3000 Sargasso pro-

teins could be newly assigned to COG categories. We plan

to publicize the results of the assignments obtained concor-

dantly with three BLSOM conditions (Tri11-, Di20-, Tetra6-

BLSOMs).  

4. Conclusion and Perspective
We established a method of phylogenetic prediction for

individual genomic fragments obtained by metagenomic

analysis, by using BLSOMs of oligonucleotide frequencies.

We introduced also the BLSOM method for predicting func-

tions of proteins found by metagenomic analyses. For func-

tion-unknown proteins for which the consistency of the pre-

dicted function is observed by BLSOMs for the frequencies

of dipeptides, tripeptides, and tetrapeptides, their predicted

functions are thought to be reliable. For these large-scale

BLSOM analyses, use of the high-performance supercom-

puter ES is essential. The data obtained only by ES are

unique datasets in genomics and proteomics fields and pro-

vide a guideline for research groups including those in

industry to study functions of novel genes with scientific and

industrial usefulness through experiments.
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ゲノム配列の解読は飛躍的に加速しており、約900の生物種のゲノム配列が公開され、4,000近くのゲノムプロジェク

トが進行中である。さらには、140の環境由来の混合ゲノムを対象にしたメタゲノム解析も進行しており、2000万件を

超えるゲノム断片配列がデータバンクに登録されているが、大半の配列について由来する生物種も遺伝子機能も不明で、

利用価値が低いままに残されている。本研究では、部分的なゲノム配列しか解読されていない生物種も含めて、現時点で

データバンクに登録されている大半のゲノム配列を対象にした大規模BLSOM解析を行った。具体的には、2813原核生

物、111真核生物、31486ウイルス、1728ミトコンドリア、110葉緑体に由来する5kb断片配列に関する4連塩基頻度の

BLSOMを行い、生物系統を正確に反映した分離（自己組織化）を得ている。メタゲノム解析で得られたゲノム断片配列

の生物系統の推定法が確立できた。

アミノ酸配列の相同性検索法は、ゲノムが解読された際に、各タンパク質遺伝子の機能を推定する基本技術として利用

されている。この有用性が明らかになる一方で、新規性の高いゲノムが解読された際には、配列相同性検索で機能が推定

できないタンパク遺伝子は半数近くに及ぶことも明らかになった。タンパク質の機能については、機能部品類の3次元上

での立体配置が重要であり、同一ないしは類似の機能を持つタンパク質間でも、アミノ酸の1次元配列上での全域に渡って

の有意な相同性を見付けられない例が多い。この視点からX線結晶構造解析やNMR法でタンパク質の3次元構造を決定し、

機能既知タンパク質との高次構造上の類似性で機能を推定する大規模なプロジュクトが推進されてきた。しかしながら、

費用や労力ならびに技術上の限界から、今後ますます急増する膨大な数の機能未知タンパク質類の機能推定には不十分と

考えられる。配列相同性検索を補完する、異なった原理に基づくタンパク質の機能推定法の確立が急務と言える。

我々はタンパク質の2～4連アミノ酸頻度を対象にしたBLSOM解析を開発した。本研究開発では微生物を中心とした

機能カテゴリー別のデータベースであるCOG（Cluster of Orthologous Group）に収録されたタンパク質を対象にして、機

能が特定されているタンパク質類を解析に用いた。2連アミノ酸頻度ならびに、20のアミノ酸を物理化学的な類似性で11

のカテゴリーに集約した上での3連アミノ酸頻度、ならびに6カテゴリーに集約した上での4連アミノ酸頻度に着目して、

BLSOM解析を行った。タンパク質が機能や構造により自己組織化する傾向を示し、特に20のアミノ酸を物理化学的な

性質の類似度で、11カテゴリーへグループ化した3連アミノ酸頻度のBLSOMは機能に基づく分離の度合いが最も高かっ

た。相同性検索に依存しないタンパク質の機能推定法として有用性の高い新規手法を確立できたので以下の解析を行っ

た。メタゲノム法で得られる塩基配列は新規性が非常に高く、遺伝子機能に関するアノテーションもほとんどついてお

らず、利用価値が低いままに残されている。機能既知の大量なタンパク質とメタゲノム解析で得られた多数の機能未知

のタンパク質を混合した集合データを対象に、大規模BLSOM解析を行い、メタゲノム解析で得られた多数のタンパク質

の機能推定を行った。2連アミノ酸頻度、11に集約した3連アミノ酸頻度、6に集約した4連アミノ酸頻度の解析で共通し

て同じCOG機能が推定できるが、相同性検索では機能が未知に分類されるタンパク質が既に約3000件得られている。世

界的に類例の無い、タンパク質機能推定のデータセットであり、実験グループが機能を証明する実験を行う上での指針を

提供できる。有用遺伝子を探索している産業界からの期待も大きい。

キーワード：自己組織化マップ，BLSOM，環境微生物，オリゴペプチド頻度，タンパク質機能推定，バイオインフォマティクス
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The Earth Simulator has the highest power ever achieved to perform molecular dynamics simulation of large-scale supra-

molecular systems. We are developing a molecular dynamics simulation system, called SCUBA, which is designed to run a

system composed of more than a million particles efficiently on parallel computers. In order to understand how MutS recog-

nizes mismatched DNA molecules and induces the repair at an atomic level, long-time molecular dynamics simulations of

MutS in water with a verity of mismatched DNA molecules were carried out. The dynamics of the MutS-mismatched DNA

complexes was analyzed.
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1. Introduction
Molecular dynamics (MD) simulation not only provides

dynamic descriptions of molecules on the atomic scale, but

also provides valuable information for the interpretation of

experimental data. The rapid development of computer

power and the elucidation of the structures of biological

macromolecules by X-ray crystallography and other experi-

ments have increased the need for large-scale MD simula-

tions in the field of biology.

We are developing an integrated molecular simulation

system for biological macromolecules, called SCUBA

(Simulation Codes for hUge Biomolecular Assembly),

which is designed to run a system composed of more than a

million particles efficiently on parallel computers [1].

SCUBA has several special features:

1. Topology of biomolecules

The structure of SCUBA's program code is optimized for

a system in which the topology of a biomolecular struc-

ture is considered.

2. A variety of force field parameters

At present SCUBA can use the AMBER [2], CHARMM

[3] and GROMOS [4] force field. The parameter file for

the topology of biomolecules can be obtained from the

PDB file by using the input module in SCUBA.

3. A variety of simulation methods

A variety of simulation methods, such as energy mini-

mization, molecular dynamics, free energy calculations,

normal mode analysis, principal component analysis and

so on, are included.

4. Algorithm for non-cutoff electrostatic interactions

SCUBA utilizes the Particle-Particle Particle-Mesh

(PPPM) algorithm, which efficiently calculates all the

Coulomb electrostatic interactions [5]. This algorithm

reduces the computational time required to calculate the

electrostatic forces from the conventional O(N2) to

O(NlogN).

5. Input and output compatibility

SCUBA's input and output file format is currently com-

patible with those used by AMBER [2].

6. Portability

Written in Fortran90, SCUBA is designed to be easy to

read, modify and extend. Users can easily maintain the

existing code, and develop the current algorithms and

integrate new ones.

7. Control files

The control files for running SCUBA are described in a

user-friendly manner.

8. Time-integral algorithms with high accuracy

The Martyna-Klein-Tuckerman (MKT) algorithm which

produces the correct ensemble thermodynamically is

available. The MKT algorithm was extended to utilize the

multiple time step (MTS) method, which increases the
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time step length significantly [6, 7].

9. Time-integral algorithms for long time steps

SHAKE, and RATTLE which allow the time step taken to

be larger by fixing the bond lengths and angles in the sys-

tem are available. In this fisical year, SHAKE and RAT-

TLE were incorporated in the MKT algorithm, which fur-

ther increases the time step while maintaining the stability

of the system. The user can freely choose the options

which control the multiple time steps for a variety of

interaction forces.

10. Analysis of ourput files

In this fisical year, SCUBA's function to analyse the tra-

jectories obtained from MD simulations has been

enhanced. Now, the analysis module in SCUBA can ana-

lyze a variety of physical quantities such as interaction

energies and structural parameters from the trajectories.

11. Parallelization

SCUBA employs the domain decomposition (DD)

method, which divides the volume of the physical system

into rectangular subcells with a length longer than the

potential cutoff radius. The processor assigned to a sub-

cell needs to evaluate the interactions between the atoms

in the subcell and between the atoms in 26 neighboring

subcells. SCUBA employs the method for minimizing

communication between processors proposed by D.

Brown [8], which enables the number of processors

between which data must be transferred to be reduced to

only 7 of the neighboring subcells.

12. Vectorization

In order to improve the performance of SCUBA on the

Earth Simulator, the algorithm to calculate the interac-

tions among the atoms is intensively vectorized.

13. Dynamic load balance

To overcome the load imbalance associated with irregular

atomic distribution, a dynamic load-balancing algorithm

is implemented. Moreover, the number of processors used

to calculate the PM part of PPPM can be optimized to

minimize the computation by allowing the number to

change.

14. High performance

By intensive parallelization and vectorization, and by

using the dynamic load balance mentioned in 10, 11, and

12, SCUBA has achieved both a high parallelization effi-

ciency ratio and a high vectorization ratio. SCUBA has

achieved a parallelization efficiency ratio of 75.8 %, and a

vectorization ratio of 96.2 % even 45 nodes (360 proces-

sors) were used to perform an MD simulation for a system

of RuvAB-Holliday junction complex which consisted of

546,725 atoms. The performance of SCUBA on the Earth

Simulator is shown in Fig. 1.

15. Optimization of memory use

The arrays used in the program of SCUBA are intensively

optimized to reduce the amount of memory use. This opti-

mization enables SCUBA to perform molecular dynamics

simulations of large-scale supra-molecular systems com-

prised of more than a million atoms on the Earth

Simulator.

2. Molecular dynamics simulation of MutS
2.1 Introduction

DNA mismatch repair (MMR) maintains genome stability

by repairing mismatches that arise through DNA replication

errors and during recombination. Defects in MMR result in a

significant increase in the spontaneous mutation rate and

predispose humans to cancer.

In E. coli, the proteins MutS, MutL and MutH are respon-

sible for the MMR. MMR is initiated by MutS, which func-

tions in the homodimer form. MutS recognizes and efficient-

ly binds to mispaired bases such as G-T, A-C, G-G, A-G, 

A-A, T-T, T-C, or unpaired bases in DNA duplexes (see 

Fig. 2). It is thought that the ATPase activity of MutS plays

a role in proofreading to verify mismatch binding and

authorize the downstream excision [9]. MutL, which func-

tions in the homodimer form, interacts with the MutS-mis-

matched DNA complex. The MutS-MutL-mismatched DNA

complex recruits and activates the endonuclease MutH.

MutH, which functions as a monomer, removes the mis-

match and replaces the mismatch with the correct base.

2.2 Materials and Methods

In our study, to understand how MutS recognizes a mis-

matched DNA and triggers repair, molecular dynamics

(MD) simulations were performed on MutS in water with

and without the mismatched DNA. We used six different

Fig. 1  Present performance of SCUBA on the Earth Simulator. The par-

allelization efficiency ratio and vectorization ratio are drawn in

red and blue, respectively.
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Fig. 2  The structure of MutS. The MutS dimer is shown in blue (subunit

A) and green (subunit B). MutS shown in blue interacts with the

mismatch region of the mismatched DNA. The mismatch base-

pair is shown in red. The rest of the DNA is shown in white.

system of Escherichia. coli MutS in bound state with ADP

and a system in bound state with ATP. The five ADP-bound

state systems are those with G-T, C-A, A-A, G-G mismatch-

es and with a single unpaired thymidine. The other ATP-

bound system is that with G-T mismatch. The atomic struc-

tures for these six systems were determined by X-ray crys-

tallography (PDB code: 1E3M [10], 1OH5-8 [11], 1W7A

[12] respectively). Using SCUBA, we have carried out MD

simulations of the MutS dimer with and without the mis-

matched DNA. Each system comprised about 200,000 atoms

including water molecules. The MD simulations were car-

ried out at a constant pressure of one bar and a temperature

of 300 K for several tens of nanoseconds in total.

2.3 Results

We analyzed the conformation of the MutS dimer com-

plexed with and without the mismatched DNA. In order to

check the stability of the conformations of the MutS-mis-

matched complexes and the uncomplexed MutS in the MD

simulations, the root mean square of the atomic displace-

ments (RMSD) of the atomic positions of the systems with

respect to the energy-minimized coordinates was calculated

during the MD runs. The conformations of MutS-mis-

matched complexes were stable, and the RMSD values were

about 3Å. On the contrary, the RMSD value for the uncom-

plexed MutS was more than 3Å. These results indicate that

the complexed MutS fully encircles the mismatched DNA

by DNA-binding domains from two MutS molecules, main-

taining the structures stabley, while the uncomplexed MutS

molecules were mobile.

In order to analyze the flexibility of the MutS-mismatched

complexes, the averaged root mean square of the fluctua-

tions (RMSF) for all the heavy atoms of the complexes were

calculated. In general, the thermal fluctuation was rather low

at domain I (residues 1 – 115) of subunit A, which lodges in

the widened minor groove where the mismatched base is

recognized. The thermal fluctuation at domain IV (residues

444 – 503) of subunit B, which stabilizes the kinked DNA

by interactions with the opposite narrowed major groove,

was also low. Domains II (residues 116 – 266) and III

(residues 267 – 443 + 504 – 567), which form connecting

domains and are called a lever arm, was moderately mobile.

This flexibility may be important for activating ATPase of

MutS thorough the DNA binding domain after MutS recog-

nizes mismatched DNA.

Although a similar tendency in the thermal fluctuations

mentioned above was observed in all MutS - mismatched

DNA complexes, we observed differences in the dynamics

of the disordered loop (residues 661 – 667) of domain V

(residues 568 – 800) of subunit B and the variable loop in

both subunits between ADP-bound and ATP-bound states.

The disordered loop region is thought to be essential for

MMR, as the structural ordering of this loop, depending on

the type of the nucleotide, may provide inter-subunit interac-

tions between subunits A and B, and may play an important

role in regulating mismatch binding and in mediating the

interaction between MutS and MutL [9]. Therefore, the dif-

ference in the dynamics of the loop observed in the MD sim-

ulations may imply a subtle adjustment of MutS to activate

the next step of MMR.

3. Conclusion
We developed an MD simulation system,SCUBA, which

achieves a high parallelization efficiency ratio and a high

vectorization ratio on the earth simulator. A long-time simu-

lation of MutS for several tens of nanoseconds was success-

fully carried out. Our simulations of MutS showed which

domains of MutS were flexible. Next we are going to

analyse how the structurally separate regions of the binding

site of the mismatched DNA and the activation site of the

ATPase are functionally related to each other, and then plan

to analyse how the activated MutS induce interaction with

MutH at the next step of MMR.
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地球シミュレータは従来にはない大規模生体超分子系の分子動力学シミュレーションを可能とする計算能力をもつ。

我々は生体超分子系を扱う大規模な分子動力学シミュレーションシステムSCUBAを開発している。SCUBAは長距離相

互作用を高速かつ高精度に計算するPPPM計算法や温度、圧力を一定に保つ様々な時間積分アルゴリズムなど、最新のア

ルゴリズムを採用した計算性能に優れたシミュレーションシステムである。SCUBAは機能別にモジュール化すること

でメモリ使用量を最適化しており、百万原子以上からなる系でも分子動力学シミュレーションが実行可能である。現在

SCUBAは、地球シミュレータ360プロセッサ使用時でベクトル化率95％以上、並列化効率50％以上の優れた性能を達成

している。本年度は、短距離相互作用と長距離相互作用の変化に対応する時間スケールを切り分けることで、時間ステッ

プを大きくするマルチ時間ステップ法をSCUBAに装備した。さらに、SHAKE、RATTLE法をマルチ時間ステップ法に

組み入れることで、系の安定性を向上させた。これにより長時間にわたる高精度なシミュレーションが可能となった。

本年度は、ミスマッチDNAに結合してミスマッチ修復を誘導するタンパク質MutSの系について長時間にわたる分子

動力学シミュレーションを地球シミュレータ上で実行した。様々なミスマッチDNAと結合したMutSとの複合体の系に

ついてMutSの動的構造を解析した結果、MutSがミスマッチを認識する部位とMutSがミスマッチ修復を誘導する部位に

おけるダイナミクスが互いに関連していることが示唆された。

キーワード：大規模生体超分子動力学シミュレーション，長時間シミュレーション，DNA修復，MutSタンパク質，ミスマッチ
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The large tsunami has often the large impulsive tsunami force. It is possible that this type of force has three times or more

force compared with usual tsunami force. So, to develop the estimation tool for the impulsive tsunami force is important for

the prediction of failures due to the large tsunamis. In this report, the mechanism of destruction of concrete walls due to tsuna-

mi force was investigated with large hydraulic experiments and numerical simulations.
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1. Introduction
Many people recognized again that tsunamis had devastat-

ing forces and caused various damages such as destruction

of structures, beach erosion, etc. after the 2004 Indian Ocean

Tsunami. Especially, in the area where the more than 10m

tsunami was attacking, many houses in a place away from

coastline by about 1 km were broken. 

In the case of large tsunami attacking, the type of tsunami

force in the inundated is the surge front tsunami force. Surge

front tsunami force may qualitatively divide into the follow-

ing types (see Fig. 1) from past researches and the experi-

ments conducted so far. 

It seems to be classified according to the speed and wave

profile of inundated tsunami. Type 1 shows the case where

the overflow with slow speed acts on the structures.

Suppose that such a situation is called overflow type in this

paper. Type 2 shows the case where overflow with quick

speed acts. When the inundated tsunami carries out soliton

fission or becomes bore, it may be accompanied by the flow

quick in this way. It is called bore type in this paper. Type 3

shows the case where tsunami breaks in front of structures.

This type may cause when the structures are near the coast

231
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Fig. 1  Type of surge front tsunami force.
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line and slope of seabed is steep, which is called breaking

type. If the inundated height of tsunami is same, then it is

thought that the maximum force becomes large as it

becomes breaking type from overflow type. However, it is

not clear how large the force is and where a boundary line

of type is.

So, to develop the estimation tool for the impulsive

tsunami force is important for the prediction of failures due

to the large tsunamis. In this report, the mechanism of

destruction of concrete walls due to tsunami force was

investigated with large hydraulic experiments and numeri-

cal simulations.

2. Large Hydraulic Experiments
2.1 Physical experimental setup

The size of the Large Hydro Geo Flume is 184 m long,

3.5 m wide and 12 m deep at the maximum. This wave

flume has the 14 m stroke and can generate the 2.5 m height

tsunami. The concrete walls are set up from the edge to the

position in 1.8 m (Fig. 2). Figure 3 shows a plan of rein-

forced concrete wall of 2 rigid sides. In the figure, G means

the position of the strain gauge and P means the position of

the pressure gauge.

The size of walls is 2.5 m high and 2.7 m wide. The thick-

ness of walls is changed from 6 cm to 10.0 cm. Specifications

of concrete walls are shown in Table 1. 

2.2 The relationship between state of destruction and tsuna-

mi force

The time histories of tsunami pressure of case 2 are

shown in Fig. 4. The large impulsive tsunami force was

attacking at P1 to P3 around 43.9s. The state of destruction

at the time of point A and B in Fig. 4 is shown in Photo 1.

Photo 1 took from behind by hi-speed camera. The cracks

were occurred from bottom to top at the time of point A. It

was found that the concrete wall was broken in the instance

of tsunami attacking at the lower part of wall.

Fig. 2  Experimental set up. Fig. 3  Plan of reinforced concrete wall.

Table 1  Specifications of concrete walls.

Case No. Thickness of wall (mm) Compressive strength (N/mm2)

1

2

3

4

5

6

7

8

60

60

75

75

80

90

100

100

21

33

21

33

32.7

32.7

21

32.7

Fig. 4  Time histories of tsunami pressure. (left figure: wide range, right figure: detailed)
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Fig. 5  Difference of the state of concrete wall destruction.

Photo 1  The state of destruction at the time of A and B. (left: A, right: B)

Photo 2  Failure of concrete wall with 6 cm (left) and 10 cm (right) thickness.
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Photo 2 shows the failure of the reinforced concrete wall

with 6 cm and 10 cm thickness from the front view. Figure

5 explains the difference of the state of destruction accord-

ing to the thickness of wall. Under this tsunami condition, 

if the thickness of wall is more than 10 cm, the column is

probably broken.

3. Numerical Simulations
3.1 Numerical scheme

The destruction of concrete walls was analyzed by

numerical simulations. The scheme of the numerical simu-

lation is PDS-FEM, which is essentially FEM with Particle

Discretization Scheme. This method is the fusion of FEM

and DEM. In this scheme, displacement filed has the same

accuracy of FEM with linear interpolation functions at

nodal points. Characteristic functions of conjugate geome-

tries are used to discretize conjugate variables, function and

derivative. Numerous discontinuities in the discretized dis-

placement filed can be used to model cracks, efficiently

3.2 Model

Figure 6 shows the concrete wall model of numerical sim-

ulations. Material properties of concrete are the followings;

Young's modulus is 30 GPa, Poisson's ratio is 0.2, density is

2400 kg/m3. Number of elements is 4.5 million, and number

of nodes is 1 million. Pressure distribution measured during

the real experiment is used as the input load. So, the pressure

between measuring points is interpolated.

3.3 Results of numerical simulations

Figure 7 shows the result of the cracking progress in the

case of 6cm thickness. Comparing with photo 2, the small

cracks are not so accurate, but the final broken area is almost

same. The result of 10 cm thickness is shown in Fig. 8. The

crack progress of the back side is different with that of the

front side. Radial cracking is shown stronger than the 6 cm

case. Photo 2 indicates that the punching sheer failure is not

so remarkable in the case of 10 cm. So, the material proper-

ties or the composite coefficient needs to be modified. The

Fig. 6  The numerical concrete wall model.

Fig. 7  The result of cracking patters with 6 cm thickness. (front view)
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Fig. 8  The result of cracking progress with 10 cm thickness.

comparison with photo 2 describes that the numerical con-

crete wall is weaker than the hydraulic concrete wall. So,

this is the future subject. However, potential in this numeri-

cal model can be able to predict the destruction of structures

due to impulsive tsunami force. 

4. Conclusion
The mechanism of destruction of concrete walls due to

tsunami force was investigated with large hydraulic experi-

ments and numerical simulations. The comparison with

experimental results indicates that potential in this develop-

ment numerical model can be able to predict the destruction

of structures due to impulsive tsunami force.
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津波による災害をより深く理解し、さらに、市民への避難喚起、啓蒙の促進を図ることを目的として、その現象を再現

する数値シミュレータの開発、大規模実験を行っている。

数値シミュレータは、これまで開発を続けてきたSTOC（Storm surge and Tsunami simulator in Oceans and Coastal

areas）を基本として、大洋を伝播する津波から構造物を破壊する局所的な津波までを数値計算により解析するために、マ

ルチスケールを対象にしたマルチモデルからなる階層型連携シミュレーションモデルの開発を行っている。

本研究では、津波による構造物の破壊に焦点を絞り、コンクリート壁面を用いた大規模破壊実験と、PSD-FEM法を用

いた詳細はクラック進展に関する数値シミュレーションとを比較検討した。その結果、より強度の強い壁面の計算にお

いては、数値シミュレーションのほうが弱い板として表現される傾向になったため、構成係数などの見直しが必要である

ものの、最終的な押し抜き剪断破壊域に関しては、おおよその予測が可能であることがわかり、本モデルを用いた津波に

よる構造物の破壊予測手法が、構築できる可能性を秘めていることが確認された。

キーワード：階層型連携シミュレーションモデル，マルチスケール，マルチモデル，津波，被害シミュレーション

図1 壁面破壊の様子（左：PSD-FEMによる計算、右：壁面破壊実験結果）
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Network structure of about 1 million Japanese companies is analyzed using the database provided by RIETI. We calculated

various quantities using the adjacency matrix representing business interaction among companies. Degree of links, degrees of

hub and authority, PageRanks and strongly-connected-components are calculated. It is shown that some of these methods are

useful for evaluation of company's value taking into account the effect of network structure. 

As a visualization method of the network structure we adopted molecular dynamics by representing each company by a par-

ticle having interaction with other particles. At an equilibrium state the configuration gives an intuitively reasonable clustered

company network structure. 

Keywords: company networks, evaluation of companies, network visualization

1. Introduction
Human economic activity is now considered as one of the

main cause of the Earth's global warming, and it is an impor-

tant first step to clarify detail structure of economy from the

real data. For this purpose we have stated analysis of a huge

business dealings data of Japanese companies provided by

RIETI (Research Institute of Economy, Trade and Industry).

As mentioned in the last year's annual report [1] the data

consists of about 1 million companies, that is, practically all

active companies in Japan. For each company, basic infor-

mation such as job category, number of employee, annual

sales, annual income, names of business partners are listed.

The business relation matrix, or an adjacency matrix in the

terminology of network analysis, becomes of size about 1

million by 1 million, and we need to analyze a matrix with

about 1 trillion elements using the computational power of

the Earth Simulator. 

2. Company's network properties
Complicated network structures are characterized by vari-

ous quantities. The most elementary quantity is the degrees

of links, that is, simply the number of links which are con-

necting from a node. In the terminology of economy, this is

the number of business partner companies. Based on the

direction of money flow there are in-coming-links and out-

going-links for each company. For a given adjacency matrix

M, these numbers are given by the number of non-zero ele-

ments for each column and row, where the (i,j) component

of this adjacency matrix is 1 if the j-th company buys some-

thing from the i-th company, or equivalently if there is a

money flow from the i-th to the j-th, otherwise the compo-

nents are 0. The distributions of number of links for both

directions are well approximated by power laws with the

exponent about 1.3 for link numbers larger than 25 for both

directions [2]. By comparing with randomly reconnected

artificial networks keeping the link numbers, it is found that

there is a tendency that companies with large link numbers

are avoiding direct links each other.   

The degrees of authority and hubs are defined by the fol-

lowing formulation [3]. Let M be the adjacency matrix, a
→
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and h
→

be the vectors which satisfy the following relation:

h
→

= Ma
→

and  a
→

= tMh
→

(1)

The i-th component of a
→

is called the degree of authority

of the i-th company, and the components of h
→

are called the

degrees of hub. As known from Eq.(1) a
→

and h
→

can be

obtained as the maximum eigen vectors of the matrices tMM

and M tM, respectively. The companies having large values

of degree of hubs and authorities satisfy a kind of conjugate

relation: The degrees of hub are larger if the companies have

direct links to those companies having large degrees of

authority, and the degrees of authorities are larger if the

companies are linked by high hub companies. 

As already reported [1] the distribution of degree of

authority is characterized by a power law with the exponent

about 0.3, and the distribution of degree of hub shows a sim-

ilar power law in the same small value range, but there is

another power law behavior in the large value range with the

exponent about 0.5. As known from this result the degrees of

hub and authority can characterize companies quantitatively

in a different way than the simple link numbers. 

Another quantity of network characterization is called

PageRank, which is commonly used in characterization of

web page ranking such as Google [4]. This quantity is

defined by considering an imaginary random walker on the

company network, which moves to one of neighbor compa-

nies having direct links with the same transition probability

when there is at least one outgoing link. In the case there is

no outgoing link the random walker jumps to a randomly

chosen company from all companies with uniform probabili-

ty. We can define two types of PageRanks by considering

ordinary link direction and the opposite link direction. The

ordinary link direction is the direction of money flow and

the opposite direction corresponds to material flow which is

a conjugate of money flow. The value of steady state proba-

bility of this random walker is called the PageRank. It is

confirmed that the distribution of PageRank for each direc-

tion type, i.e. the money flow or material flow, follows a

power law with an exponent very close to that of link num-

ber distribution [1]. 

For these characterizing quantities of the company net-

work, we checked mutual correlations and correlations with

company's financial quantities such as sale, income, profit,

number of employee and growth rate [2]. In order to avoid

error due to statistical outliers we applied Kendall's correla-

tion significance testing by comparing with randomly recon-

nected artificial networks. From Table 1 it is known that all

quantities except growth rates have significant positive cor-

relation, namely, for large companies almost all quantities

are large. As for growth rate of profit only PageRanks have

non-negligible correlation. 

In the study of directed network structure a set of nodes

are said to belong to the same strongly-connected-compo-

Fig. 1  Cumulative distribution function of sales of companies in manu-

facturing category. All companies (green), the largest strongly-

connected-components (red) and the rest of companies.

Table 1  Correlation among characterization quantities. "indegree" and "outdegree" denote number of links

for incoming and outgoing links. "pa" and "ph" show PageRanks for money-flow and material flow,

respectively. "a" and "h" are the degrees of authority and hub. The last three "r"s are growth rates

for sale, income and profit. The signs * show statistical significant level at p-value < 10–8.

0.228 ＊outdegree

indegree outdegree a hpa ph

0.753 ＊

0.143 ＊

0.665 ＊

0.157 ＊

0.251 ＊

0.144 ＊

0.120 ＊

0.248 ＊

0.062 ＊

0.042 ＊

0.004

–
0.138 ＊

0.709 ＊

0.103 ＊

0.622 ＊

0.358 ＊

0.239 ＊

0.146 ＊

0.314 ＊

0.033 ＊

0.012
0.003

–
–

0.080 ＊

0.528 ＊

0.090 ＊

0.208 ＊

0.131 ＊

0.125 ＊

0.206 ＊

0.066 ＊

0.056
0.026 ＊

–
–
–

0.052 ＊

0.469 ＊

0.342 ＊

0.255 ＊

0.155 ＊

0.288 ＊

0.028 ＊

0.012
0.008 ＊

–
–
–
–

0.093 ＊

0.180 ＊

0.080 ＊

0.082 ＊

0.201 ＊

0.057 ＊

0.051 ＊

–0.001

–
–
–
–
–

0.197 ＊

0.160 ＊

0.095 ＊

–0.070 ＊

0.028 ＊

0.029 ＊

0.001

pa

ph

a
h

sale
income
profit+

employee
rsale

rincome
rprofit+
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Fig. 2  The configuration of Japanese companies obtained by MD simulation. The radius of each sphere is proportional to the link num-

bers. (a) Large companies with the number of employee larger than 500. (b) Middle size companies with the number of employee

larger than 100 are added. (c) Small size companies with the number of employee larger than 25 are added. (d) All companies.

nent when any node in the set is connected to any other node

in the set. Strongly-connected-components can be calculated

from the adjacency matrix. For manufacturing category the

number of companies is 143,628 and the number of largest

strongly-connected-components is 50,367, about 35%. As

known from Fig. 1 the companies which belong to the

largest strongly-connected-elements tend to have larger sales

than other companies. 

3. Visualization of company networks
For visualization of company networks we apply MD

simulation method assuming that companies are represented

by particles having interaction. The interaction potential

between nodes in the MD simulation is given by

where Qi is the Coulomb charge for node i and ki j is the

spring constant between nodes i and j. Here we neglect the

direction of links (flow of goods or money), and assume that

Qi and ki j take identical values for all of nodes and all of

pairs, respectively.

MD simulation for a system consisted of about one million

charged particles is not a simple task because of the long-

range nature of the Coulomb force; the computational task is

of order of million times million without any tricks. To speed

up the computation, we implemented the hierarchical tree

algorithm [5] into our MD code. The whole space is divided

by cells at hierarchical levels. The interactions of a given par-

ticle with other remote particles are replaced by the interac-

tions with the cells to which those particles belong. As the

distance between particles is larger, cells at higher level are

used. On the other hand, the force on the particle is calculat-

ed directly for its neighbors residing in the same cell or the

adjacent cells at the lowest level. This trick reduces the com-

putational task to O(N logN) where N is the number of nodes.

We show a steady state structure of the transaction net-

work in Japan obtained by this MD simulation in Fig. 2. We

confirmed that the final structure is essentially independent

of initial configurations or cooling processes we adopted. In

this figure the companies are categorized by the size defined

by the number of employee. It is found that large companies

are located near the mass center of the particles. 

The company configuration is decomposed by the sectors

of industry in Fig. 3. As seen from this set of figures we find

that each sector has its own characteristic configuration, for

example, wholesale industry includes clustered structure

while companies distribute rather uniformly in real estate

industry. 

As an application of visualization of company network we

plot the companies which are involved in the scandal over sale

of contaminated rice. Here, the trigger company firstly sold

contaminated rice in Fig. 4 to a food processing company in

the autumn of 2007 and then many companies having business

relation are affected step by step in the company network. It is

found that the shock is directed to the center of the network,

indicating amplified impact on the economic system; actually

a number of downstream firms and consumers were affected.

4. Summary 
In this project we analyzed the whole network properties

of Japanese companies by solving the adjacency matrix of

size about 1 million by 1 million. We observed basic quanti-

ties of networks, the link numbers in both directions, the

degrees of hub and authority, and the values of PageRanks.

We calculated mutual correlation among these numbers and

also we checked correlation with basic quantities of compa-

nies such as sale, income, number of employee, and growth

rate. It is found that all of these quantities are positively cor-

related. An exception is the growth rate of a company, which

is nearly independent for any of these quantities except the

PageRank. This implies that larger companies and smaller

companies are having almost similar chance in their growth,

and the network structure is actually effecting slightly.

As the second stage of this research we introduced visual-

ization of company network using MD simulation which is

(2)
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Fig. 3  An optimized network structure of whole economy in Japan (e); only nodes are drawn. And it is decomposed into various

sectors: (a) construction, (b) manufacturing, (c) services, (d) real estate, (f) transport, (g) wholesales/retail trade, (h) informa-

tion/communications, (i) others.

Fig. 4  Propagation of a shock due to the scandal over sale of contaminated rice by a food distri-

bution company through the production network. The circle depicts the trigger company.
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suitable for the Earth simulator. The configuration of all

Japanese companies is oained, and the structure of each

industry is depicted. As an application we checked the case

of rice contamination scandal occurred in autumn of 2007.

We confirmed cascading shock propagation on the company

network toward the center of the whole network. This

implies the possibility that the network configuration can be

used for prediction of shock propagation in the company net-

work when a big accident occurred on a company.     
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昨年度に引き続き、独立行政法人経済産業研究所提供による日本の企業およそ100万社の取引関係のデータベースを解

析し、企業の取引ネットワーク構造の解明を進めた。個々の企業をノードで表し、取引関係のデータから方向性のある

リンクでつながったネットワークの連結性を表現する隣接行列を求め、様々なネットワークを特徴づける量の計算をし

た。およそ100万 × 100万の成分を持つ行列の解析をするとき、一度に配列を切ることができるコンピュータによって計

算の効率を上げることができる。

ネットワークを特徴づける量としては、リンク数分布、ハブ度、オーソリティ度、ページランク、強連結成分抽出を

行った。その結果、これらのネットワーク構造を解析する手法が現実の日本の企業ネットワークの解析に有用であるこ

とが示された。特に、ページランクに関しては、企業の成長率と有為な相関を持つことが見出された。従来、企業の評価

は単独に行われがちであったが、ネットワーク解析を活用することによって、新たな企業価値を評価することができるよ

うになる可能性が切り開かれた。

さらに、複雑なネットワーク構造を可視化する方法として、分子動力学法を適用した。企業を3次元空間中の粒子とみ

なし、粒子間に仮想的に引力と斥力を仮定したうえで安定な状態を見出すことによって、効率よく類似性の高い企業が集

まるような空間配置を数値解析によって得ることができた。このような可視化は、例えば、ひとつの企業に発生したトラ

ブルがネットワーク上をどのように伝播していくのかを予測するような具体的な問題に取り組むための基盤技術となる。

キーワード：企業ネットワーク，企業評価，ネットワーク可視化
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LES (Large Eddy Simulation) has been used to fully reproduce the characteristics of the flow field in eccentric annular

channels, rectangular channels and rod bundles, to verify and characterize the presence of large-scale coherent structures and

to examine their behavior at different Reynolds numbers. The numerical approach is based upon boundary fitted coordinates

and a fractional step algorithm; a dynamic Sub Grid Scale (SGS) model suited for this numerical environment has been imple-

mented and tested. The agreement with previous experimental and DNS results has been found good overall for the stream-

wise velocity, shear stress and the rms of the velocity components. The instantaneous flow field presented large scale coherent

structures in the streamwise direction at low Reynolds numbers, while these are absent or less dominant at higher Reynolds.

POD (Proper Orthogonal Decomposition) of the flow field on both experimental and computational data has provided a basis

on which the code validation is made.

Keywords: LES, POD, Eccentric channel, Advanced Nuclear Systems, Tight Lattice

1. Introduction
In this work extensive calculations have been carried out

for the eccentric annulus channel flows as a simplified

geometry in connection to the turbulent flows in tight lattice

nuclear fuel pin subassemblies. As a first step the LES

results have been verified a priori and a posteriori in annu-

lar channels against DNS data and experimental data to

ensure the consistency of the formulation. Then LES has

been extensively applied to several eccentric annular channel

configurations and confirmed the presence of large-scale

coherent structures near the narrow gap. There, the influ-

ences of the anisotropic turbulence structure and eddy

migration behaviors in the non-uniform flow channels have

been investigated in detail. Through the use of statistical tool

(POD: Proper Orthogonal Decomposition) it has been vali-

dated that even the internal structure of turbulence reflects

experimental findings. As a last step the methodology has

been extended to rod-bundles, where the same oscillations

have been observed. 

2. Methodology
In previous research several DNS computations have been

performed for the concentric and eccentric channels. The

data collected has been used to evaluate different SGS model

in order to develop an effective LES methodology in bound-

ary fitted coordinates. Several other models have been test-

ed, among which the dynamic mixed model, the self-similar-

ity model and another variant of the dynamic model [3].

Figure 1 shows an example of a priori test. The dynamic

model and its variant performed fairly well from the point of

view of a priori and a posteriori tests. They may be consid-

ered the ideal choice for the simulation of the flow in annu-

lar channels and rod-bundles. 

The algorithm used to solve the Navier-Stokes equations

is based on the Fractional Step Algorithm  on a partially

non-staggered grid [4]. The equations have been discrtized

through a second order consistent scheme [5] and tme

advancement has been carried out through an Adams-

Bashfort scheme. The Poisson equation for the pressure

gauge has been solved with either:

1. An FFT solver (since perioidc boundary conditions have

been employed in the streamwise direction) for eccentric

channels; or

2. A multiblock solver [6] for the rod bundles.

The multiblock solver uses non-overlapping domain

decompositions. The domain is divided into a set of non

overlapping structured grids. The algorithms employed by

the solver are the Conjugatete Gradient Squared CGS and

Bi-Conjugate Gradient [7]. A two-level preconditioning

(block-level and upper level) has been adopted [8].

Alternatively, for large scale calculations a geometric multi-

grid preconditioning has also been implemented. 
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3. Results for eccentric channels
An extensive LES computational campaign has been per-

formed for the eccentric channel at various Reynolds num-
bers and the eccentricity to investigate the characteristics 
of the flow in eccentric channels. Some of the cases run 
are reported in Table 1 for different values of the geometric
parameters Dh (hydraulic diameter), α = Din /Dout and
e = d/(Dout – Din) where Din and Dout are the inner and outer
diameters and d is the distance between the axis of the two
cylinders. The computation of some of the cases took a con-
siderable amount of time since all scales of turbulence above
the inertial range need to be simulated, the DNS case used to
validate the LES model a priori required almost 0.2 billion
meshes.

The results of the simulations A, C and D have been vali-
dated for available DNS and experimental data [9, 10, 11].

Figure 2 shows a comparison of stream-wise velocity rms
among experiment, case D (LES) and DNS data. Important
aspects of the flow field in concentric and eccentric annuli
have been confirmed and reproduced through the present
methodology [12]. In particular, the effect of transverse cur-
vature on the inner wall, as well as the effect of eccentricity
on the wall shear stress, has been successfully simulated. 

From previous works it appears that the transition to tur-

Fig. 1 A priori test for concentric and eccentric channels. Direct compari-
son for the stresses (a) and comparison for the SGS dissipation (b).

Fig. 2  Rms of the streamwise velocity case D. Profile in wall units (a)
and profile normalized by bulk velocity (b). r is the relative dis-
tance from the outer wall. Both profiles are taken in the wide gap
of the eccentric channel.

Table 1  LES and DNS cases.

Case A
Case B
Case C
Case D
Case E
Case F

0.5

e p/D Re Grid
Nζ-Nη-Nζ

L/D Meshes Time
[wks]

CPUsα

0.5
0.5
0.95

–
–

0.5
0.5
0.5
0.5
–
–

–
–
–
–

1.05
1.05

3200
26600
27100
8700
6800
20200

4π

2π

2π

2π

4π

4π

4 × 106

0.18 × 109

7.8 × 107

2 × 106

0.9 × 107

9.2 × 107

8
128
128
8
32
128

8
52
24
8
16
24

256–64–256
768–300–768
512–300–512
256–64–128

(12ξ) 72–42–256
(12ξ) 152–99–512
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bulence in geometry such as the eccentric annuli [12] is

accompanied by the formation of a street of counter-rotating

vortices in the region near the narrow gap. These coherent

structures persist at low Reynolds numbers but they progres-

sively become less dominant, at least for an eccentricity

equal to 0.5, as the Reynolds number increases.

Contemporarily, in the narrow gap the local profile of the

streamwise velocity evolves from a purely laminar solution

to a solution characterized by the presence of turbulence 

production near walls. The shear stress in the narrow gap

region evolves from an almost laminar condition for a

Reynolds number equal to 3,200 to an increasingly turbulent

solution [12]. 

At low Reynolds number and eccentricity equal to 0.5 the

relative dominance of the coherent structures is associated

with a strong anisotropy in the narrow gap (turbulence has a

local two-component pattern), while at higher Reynolds

numbers a nearly isotropic condition is recovered far from

the walls. At higher eccentricity (e = 0.95) the coherent

structures are absent in the narrow gap region, accounting

for a strong viscous damping effect in the case of almost

touching channels.

When Reynolds averaging is performing over the flow

field, secondary vortices are observed in the cross section. In

Fig. 3, an example is shown for case A. The shape of the

secondary flows depends on the value of the eccentricity e

and the parameter α [12].

4. Proper Orthogonal Decomposition
A POD (Proper Orthogonal Decomposition) study [13] of

the fields obtained in this study has been performed to obtain

additional insight in the physics of flow in eccentric chan-

nels. The power of the POD lies in the fact that the decom-

position σ→i (x
→) of the flow field in the POD eigen-functions:

where ai are real coefficients, converges optimally fast in L2;

i.e. a truncation of n modes in the POD decomposition is the

optimal possible truncation for the same number of modes.

Each mode is characterized by its energy content, the rank of

the modes based on their energy content will be called

"quantum number" in the following. Detailed description of

the procedure used can be found in Sirovich [14].

The POD has been carried out for case A at e = 0.5 with

2000 snapshots. The first 6 modes contain 20% of the total

turbulent kinetic energy. In particular the first four modes

are representative of a traveling wave of the type u→ = u→0 sin

2π [(x /λ ) – (t / T)], which can in fact be splitted into two

terms that differ in the axial direction x by a phase shift of 

π / 2. Moreover two wavelengths appear to be present. In

fact the use of periodic boundary conditions and a finite

computational length in the streamwise direction imply a

discretized wavenumber spectrum and subsequently the

impossibility for the computation to reproduce exactly the

correct wavenumber spectrum which is inherently continu-

ous (unless the domain is extremely long, in the sense dis-

cussed in [15]). 

The most energetic mode of the POD is shown in Fig. 4c

and Fig. 4d. It is characterized by a vortex centered in the

middle of the gap. Similar modes have been found for a two

rectangular channels connected by a narrow gap [15] as

shown in Fig. 4b taken from [15]. Interestingly it is present

both in experimental data [16] as shown in Fig. 4a and in

computations (Fig 4b). It appears that the oscillatory behav-

ior in the narrow gap is dominated by the waves shown in

Fig. 4d which seem a quasi-universal pattern present in

flows containing a narrow gap. Thus, Simulations show a

remarkable success in reproducing the inherent structure of

turbulence giving us additional confidence in the validity of

the present approach.

5. Results for rod bundles
As a preliminary work we have performed the large eddy

simulation of the flow in two-subchannels connected by a

narrow gap (Fig. 5a) with periodic boundary conditions in

the cross section and in the streamwise direction. Figure 5a

displays a snapshot of the transverse velocity field in the

cross section with a detail of the central gap. The vector plot

shows a vortex positioned near the gap driving the cross

flow between the two subchannels, thus mimicking the same

phenomenon described previously for eccentric channels and

other related geometries ([2]). This is even more evident if

the instantaneous cross velocity profile is observed for case

D (Fig. 6). The cross velocity has a sinusoidal behavior that

is consistent with the principal mode of turbulence shown in

Fig. 4.  

Fig. 3  Secondary Flows for a case A.
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6. Conclusions
A LES code has been developed on the boundary fitted

coordinates, with multi-block domain decomposition and a

Dynamic SGS model for the flows in complex geometries,

suitable for the simulation of fuel bundles and annular chan-

nels. The code has reproduced successfully the turbulent

flow features, i.e., presence of secondary flows and the glob-

al flow pulsations common to both in annular channels and

in rod-bundles. The comparison between Proper Orthogonal

Decomposition conducted on experimental data and compu-

tational data has also given us confidence that the present

methodology is able to reproduce the inner structure of tur-

bulence in geometry containing a narrow gap.
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本研究の目的は、流路チャンネルが複雑で実験計測上取得困難な詳細な流速分布、乱流特性などを高い信頼性の裏づけ

をもった直接乱流シミュレーション（DNS）および大渦シミュレーション（LES）によって提供し、現象の解明を実施する

とともに現象の機構論的なモデル化を行って高速増殖炉などの集合体設計および原子炉安全性評価に必要な乱流熱流動

データベースの構築に資するとともに工学的な応用に有効に活用することである。

複雑形状流路の典型である高速炉または低減速型軽水炉炉心における稠密格子配列型燃料集合体サブチャンネル内の

乱流構造のRe数依存性や配列格子のピッチ対燃料直径比に対する依存性は現象論的に極めて複雑である。その現象解明

を行うには計算科学的手法が唯一の手段と考えられる。稠密格子燃料集合体内サブチャネル内の乱流は、燃料要素間隔

が狭いために壁の影響を強く受け、非等方性が強い。一般的に燃料集合体内の乱流は、P/Dの減少およびRe数が低くなる

と燃料間隙部近傍でその非均質性が増すとともに、局所的な乱流－層流遷移領域を含み、流れそのものが不安定となるこ

とが予測される。

本稿は、境界適合型座標系上のLESを用い、偏心二重円環流路内流路おける十分に発達した乱流と燃料集合体内流路に

おける乱流挙動との類似性に着目して実施した解析結果に基づき、主流方向流れの時間平均流速分布、せん断応力、各揺

らぎ成分のＲＭＳなどについて、これまでに得られている直接乱流シミュレーション結果および実験データと比較して

十分な精度で一致していることの確認を行うとともに、流路形状の非一様性から生じる二次流れによって輸送される乱

流渦の動的な挙動と主流方向における大局的な流れとの相互作用、これらの流路形状とRe数依存性の解明に関する報告

である。とくに低Re数条件下では、狭隘ギャップ部における層流と乱流の遷移現象、軸方向スパンに見た大局的な乱流

場におけるコヒーレントな振動モードを同定することができた。また、高Re数領域に至っては、等方的な乱流場へ移行

し、こうした局所的な乱流－層流遷移現象および大局的な振動現象が消滅することを明らかにした。また、膨大な三次元

時間依存の乱流計算結果の図形処理のみでは埋もれてしまう可能性がある物理情報の抽出に、POD（Proper Orthogonal

Decomposition）を適用して複雑な乱流構造の動的な挙動を客観的に示すことにより、流動様式間の遷移、局所および大

局の流れの振動モード発現のメカニズムを説明した。

キーワード：LES，POD，偏心二重円環流路，新型原子炉，稠密格子
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The effect of the energy injection from Space Solar Power Systems (SSPS) to atmosphere is numerically investigated using

the Multi-Scale Simulator for Geoenviroment (MSSG) developed by The Earth Simulator Center (ESC). A finite amount of

energy is numerically added as a heat source to the calculated energy of the typhoon in which the calculation is started from

an initial condition obtained from the existing observed data. The effect of the heat source is parametrically predicted and the

calculated results are compared with each other. In the current status, a huge amount of the energy may be effective to the

deformation of the typhoon. This suggests that the actual energy injected from SSPS is too trivial to deform the typhoon.

However, we also found that the initial value obtained from the typhoon data had a self-organized structure with a huge

amount of energy even though it is an early condition for the typhoon. This suggests that we should select more early data

from the observed typhoon data to predict the effect of a lower heat source to the typhoon.

Keywords: Space Solar Power Systems (SSPS), laser, energy injection, cloud, rainfall, typhoon

1. Introduction
Japan Aerospace Exploration Agency (JAXA) has been

conducting studies on Space Solar Power Systems (SSPS) in

which the solar energy obtained in space is transmitted 

to the ground with the microwave or the laser beam. JAXA is

proposing the roadmap that consists of stepwise approach to

utilize commercial 1GW class microwave SSPS (M-SSPS)

and laser SSPS (L-SSPS) around 2030[1] [2]. In L-SSPS, 1.06

µm wavelength Neodymium-doped Yttrium Aluminum

Garnet (Nd:YAG) laser is employed, and this laser has a good

transmitting efficiency through atmosphere. The efficiency

through a clear sky is expected as up to 98%[3]. However, the

efficiency has not been evaluated for actual weather.

The purpose of this study is to evaluate the effect of ener-

gy injection to the cloud and rainfall using the Multi-Scale

Simulator for Geoenviroment (MSSG) developed by The

Earth Simulator Center (ESC). 

In last year, the effect of the energy injection from SSPS

to atmosphere involving cloud and rainfall was numerically

investigated using MSSG coupled with the mathematical

model for the energy induced by the laser (EI model). In this

algorithm, the laser or the microwave from SSPS injected to

atmosphere is taken as a heat source. Typhoon No.23 in

2004 was reproduced by the present code in ES. The calcu-

lated physical values such as the sea level pressure and hori-

zontal velocity vectors, the vertical velocity distributions, the

density of water vapor, and the density of water liquid were

visualized. The obtained values indicate that the self-organi-

zation of the typhoon is successfully demonstrated by

MSSG. The organization may depend strongly on the con-

densate process of water vapor in the atmosphere. The

region with water liquid coincided with the region where an

upward wind is observed. Also the energy injection to the

typhoon was numerically conducted. In those results, how-

ever, the effect of the energy injection was not clarified

enough and a typical condition which is effective to

typhoons has not been found yet. 

In this half year, additional computations were conducted

to find a condition where the heat source is effective to the

typhoon. 
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2. Numerical Method
The effect of laser on cloud should be locally evaluated

from the point of the energy absorption. Also the effect of

the heat release to the cloud and rain should be evaluated in

the wider region surrounding them. In last year, the Energy

Injection (EI) model for the heat induced by the laser was

added to MSSG. The earlier EI model employs a very simple

algorithm based on the heat addition to the local energy

directly and a homogeneous absorption in atmosphere is

assumed. In this year, the EI model is modified to that con-

sidering the distributions of water liquid and vertical veloci-

ty in local region. 

3. Numerical Results
Typhoon No.23 in 2004 is calculated with the energy injec-

tion. As the initial condtion, the actual data observed at 0:00

on Oct.13, 2004 by the meteorological satellite is employed.

The center of computational domain is fixed at 140 degree of

east longitude and 15 degree of north latitude and 3600km

wide in longitude and 2400km wide in latitude. The computa-

tional grid has 1440 × 960 × 32 grid points. The grid size is

corresponding to 2.5 km in actual length. 10 nodes of ES

(80CPU) are used for the present computation. The calculated

physical values which may dominate the typhoon physics are

visualized at 12 hours after the initial time.

Figures 1(a)-(e) show the visualized values of sea level

pressure and horizontal velocity, vertical velocity, density of

water vapor, density of water liquid and the cross sectional

density of water liquid in vertical direction, respectively, in

the case with no energy injection. The positive value of ver-

tical velocity in Fig. 1(b) is mainly located in the region

where the higher density of water liquid is observed in 

Fig. 1(d). This result indicates that the vertical velocity

induces condensation of water vapor. The condensation

starts at a low altitude and the droplets move toward upper

space in vertical direction as shown in Fig. 1(e). 

The actual laser beam produced in L-SSPS works at a low

energy level which is evaluated from the environmental and

safety aspect. Also the area of the energy receiving at the

ground is limited within several hundreds meter square. It is

also known that laser lights are attenuated strongly by water

drops in the atmosphere such as cumulonimbus, fog, and rain. 

But, the actual expected energy level and the receiving area

are not considered in this study. We focus on how EI model

works in MSSG at first. Then, a huge energy injection is

assumed to clarify the effect of the injection to the typhoon.

The following shows the typical calculated results in

which the typhoon is obviously deformed.

Figure 2 shows the schematic of the region where the

energy is injected. The 100km × 300km is located at 250 km

south from the center of typhoon and the energy is received

according to the distribution of water liquid or vertical

velocity. The energy-injected region moves according to the

center location of the typhoon. The heat source is added at

Fig. 1  Visualized physical values at 12 hours after the initial time.

(a) Sea level pressure and

horizontal velocity vectors

(b) Vertical velocity distributions

(d) Density distributions of water liquid (e) Density distributions of water liquid

(vertical direction)

(c) Density distributions of water vapor
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the region. 0.01K in temperature is forced to increase at the

region in each time step. The heat addition is started from

the same initial condition and is continuously added for 

12 hours. Typical two cases obtained are reported here. In

CASE 1, local discontinuous regions where the density of

water liquid is more than 0.0005 kg/m3 are heated. In CASE

2, local discontinuous regions where the vertical velocity is

below 0.0 m/s are heated.

Figures 3 (a), (b) and (c) show the calculated distributions

of water liquid in the case without energy injection, CASE1,

and CASE 2. Figures 4 (a), (b) and (c) show the distributions

of water vapor in the same cases with Fig. 3. In this time at

12 hours, the typhoon is partially but not sufficiently organ-

ized as shown in Fig. 1. We can find the different distribu-

tions of water liquid in Figs. 3 (b) and 3 (c) as compared

with that in Fig. 3 (a). The typhoon is obviously deformed

by the heat addition in CASE 1 and CASE 2. Especially, the

deformed region is more widely spread in CASE 2. This

suggests that the searching the region where the vertical

velocity is negative may be meaningful for the present study.

The similar trend is also found in Fig. 4.

Here, we should note that the amount of heat source

added in the present calculation is not a realistic quantity.

The actual energy injection from SSPS must be relatively

quite smaller than that in the present calculation.  It means

that the actual amount of heat source assuming the energy

injection from SSPS is too small to deform the typhoon in

the calculation.  

Today, however, one issue to be resolved for this study is

additionally found. Figure 5 shows the horizontal velocity

vectors in the initial condition used for the present calcula-

tion. The typhoon has been already self-organized even

though it is quite at an early data provided from the observed

Fig. 2  Location of energy injection.

Fig. 3  Densities of water liquid at 12 hours after the initial time.

(a) Without energy injection (b) CASE 1 (c) CASE 2

Fig. 4  Densities of water vapor at 12 hours after the initial time.

(a) Without energy injection (b) CASE 1 (c) CASE 2
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data.  The total energy making the typhoon may be suffi-

ciently huge as compared with that by SSPS.  It suggests that

we should select another initial condition from the observed

data where the typhoon has not been sufficiently self-organ-

ized yet, otherwise we would not be able to predict the effect

of a lower heat addition such as the actual problem.

4. Conclusions
The effect of the energy injection to atmosphere involving

cloud and rainfall was numerically investigated using MSSG

coupled with EI model. Typhoon No.23 in 2004 was repro-

duced by MSSG and two cases with a huge heat addition

were calculated and compared with that without the heat

addition. The heat addition in both cases was quite effective

to deform the typhoon structure. The region with water liq-

uid was widely changed. But, the important point we should

note is that the energy source was assumed to be a nonrealis-

tic huge value. The actual heat addition by SSPS was not

effective to the typhoon in the present calculation because of

sufficiently a small heat source against the energy of the

self-organized typhoon. We will find another initial condi-

tion for the Typhoon No.23 in which the data is just before

the self-organized process and additional calculations

assuming a lower heat addition will be conducted by using

the additional initial condition in next year.
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今日、エネルギーの確保は人々の暮らしを支える上で非常に重要であり、特に資源の少ない日本ではエネルギーの多様

化が望まれている。このような問題の解決手段として宇宙太陽光利用システム（SSPS : Space Solar Power Systems）が

注目されている。SSPSは、宇宙空間で得られる太陽光エネルギーをマイクロ波やレーザーにより地上に伝送し、地上で

そのエネルギーを電気や水素等の無公害燃料に変換し利用するシステムであり、二酸化炭素を最小限に抑えたクリーン

で安定したエネルギーを得ることができる。宇宙航空研究開発機構（JAXA）では、2030年頃の商用システム運用開始を

目標に1GW級マイクロ波方式SSPS（M-SSPS）及びレーザー方式SSPS（L-SSPS）の研究開発を実施している。この中で、

レーザー方式SSPSではレーザー媒質として、大気伝送効率のよい1.06µmの波長のレーザーを発振するNd：YAGレー

ザーの使用を想定し、晴天時には98％以上の伝送効率が得られると試算されているものの、実際の気象条件の考慮や気

象へ及ぼす影響については未だに評価されていない。そこで、本研究ではL-SSPSを想定した雲・レーザー相互作用モデ

ルを開発して、地球シミュレータセンターによって開発されたMSSG（Multi-Scale Simulator for Geoenviroment）コード

に導入することで、レーザーが雲・降雨にどのような影響を与えるかを検証している。

昨年度の研究では、レーザー光によるエネルギーは大気に均一に吸収されると仮定したエネルギー注入モデルを構築

して、MSSGで再現された赤道付近の低気圧がエネルギー注入モデルにより加熱された計算をいくつかのケースで行っ

たが、エネルギー注入による大気への影響は明らかにならなかった。Fig. 1（a）–（e）はエネルギー注入がない場合に計算

により得られた物理量の分布である。この計算では、雲水量の分布と垂直方向の流速の分布がほぼ一致しており、上昇流

と凝縮プロセスの関係が計算により示された。そこで、本年度はこれらの分布に着目して改良したエネルギー注入モデ

ルによる計算を行った。ところで、実際の大気中でレーザー光は大気中のエアロゾルなどにより減衰されることが知ら

れており、特に、雲や霧などの水滴によって強く減衰されるため、これらの分布を考慮することが重要となる。ただし、

本年度は昨年度同様にエネルギー注入モデルの効果自体を検証するため、SSPSで実際に想定されているエネルギー量よ

りもかなり大きなエネルギーを注入する条件で計算を行った。Fig. 3、Fig. 4は、0.0005kg/m3以上の雲水量がある領域、

ならびに垂直方向の流速が負（下降流）の領域が加熱された場合の計算結果である。エネルギー注入がない場合とそれぞ

れ比較したところ、広範囲にわたり雲水量や蒸気量の分布が変化している結果が示された。なお、今回の計算に用いた初

期条件では、すでにコリオリ力による大規模な渦構造を有していることがわかった。これは、実際のSSPSのエネルギー

量がこの初期条件における低気圧のエネルギー量に比べて極めて小さいことを示唆する。しかし、赤道付近の積乱雲等

の発生などにおいては、より少ないエネルギー注入でも雲や降雨等に影響を与える可能性があるため、今後はさらに初期

段階における気象データに基づく初期条件を設定して、より現実的なエネルギー注入量による計算を再度実施する必要

があると考えられる。

キーワード：SSPS，レーザー，エネルギー注入，雲，降雨
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This work simulates unsteady characteristics in a new concept combustor for the 1700 degC class gasturbine in next gener-

ation by a large eddy simulation (LES) of turbulent combustion flow. For simulating its new concept of combustion combined

with the lean and rich fuel conditions, a 2-scalar flamelet approach developed by the author and his collaborators is applied,

where a G-equation model and a conserved scalar model express a propagation of premixed flame and a diffusion combustion

process, respectively. These LES and flame models have been conducted successfully on the unstructured FVM code

"FrontFlow". Partial premixed reactions in a high Reynolds number turbulence can be explained by the LES and 2-scalar

flamelet approach modellings. Temperature profiles in different fuel conditions agree with the measurements essentially. A

thermal NO production is also predicted by the detail chemical reaction with Zeldovich's mechanism. For improving some

remained discrepancies, a very high resolution calculation with 30 million orders of elements is to be performed.

Keywords: Combustion flow, Turbulence, Gasturbine, Large eddy simulation, Flamelet approach

1. Introduction
Considering environmental issues, regulations of the emis-

sions from combustion systems, such as those of thermal

power plants, continue to be tightened, and a higher efficiency

of the systems also continue to be desired. To construct a high

performance gasturbine combustor for the next generation,

some conflicting demands have to be satisfied at high levels.

A higher temperature at a combustor outlet is thermodynami-

cally favored for the system efficiency, though a lower tem-

perature is required to reduce a local NOx generation.

Therefore, in order to design a high performance gas-turbine

combustor satisfying the both criterion, it is very important to

obtain a deeper level of understand regarding the phenomena

that occur instantaneously and locally in the combustor.

Within these decades, progresses of turbulent combustion

modelling have realised a simulation of turbulent combus-

tion flow in a practical combustor. A large-eddy simulation

(LES), which is one of the modelling methods of turbulent

phenomena, is now expected to act as a powerful tool for

more accurate prediction of the practical turbulent combus-

tion flow field. In LES, large vortexes are directly simulated

on computational grids and the turbulent effects only in a

smaller scale than the computational grids are modelled by

sub-grid scale (SGS) turbulent model. Thus, it can be

expected that the construction of an interaction model

between turbulence and combustion becomes easier and the

model effect becomes smaller than the turbulent models

based on Reynolds-averaged Navier-Stokes equation

(RANS) method. Though the LES requires a high computa-

tional cost to simulate time series variations and to average

them statistically for getting results, rapid growth of comput-

er technology encourages the realisation of practical LES in

a gasturbine combustor geometry. 

For a LES of turbulent combustion flow, some reaction

models have been coupled with the LES of turbulent flow

field. The flamelet approach (e.g. Peters 2000) based on the

laminar flamelet concept is suitable for coupling with LES

because both methods treat the multi-scale phenomena sepa-

rating into the different scales. Two typical combustion

states, which are premixed and non-premixed combustions,

are modelled in the different flamelet models for each state.

In order to treat more practical situation that includes both

combustion states, these combustion models were combined

and have been validated in simple geometries (e.g. Pitsch et

al. 2002, Hirohata et al. 2003). Recently, a few LES's in

practical combustors (e.g. Eggenspieler and Menon 2004,

Nakashima et al. 2007) have also been conducted. These

shows that the LES coupled with the flamelet approach can

be expected as a practical prediction tool to help combustor

designing in the near future.

The present study is performed for the validation of these

simulation models of turbulent combustion flows in a practi-

cal combustor system; a new concept combustor for the 1700

degC class gasturbine in next generation (Saito et.al. 2007).
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2. Objective and Numerical Method
A target of this work is a new concept combustor

designed by Mitsubishi Heavy Industries for the 1700 degC

class gasturbine in next generation, which enable an opti-

mized combustion by controlling the mixture rate of a lean

premixed gas from the upstream swirl vanes and a rich one

from the side scoop nozzles. For the reacting flow simula-

tions, the LES code "FrontFlow/red ver. 3.0," which is based

on the unstructured FVM, had been modified and employed.

The two flamelet scalar G and ξ-equations,

are introduced into the code and they can be solved simulta-

neously with the mass and momentum equations

(Nakashima 2007). 

The computational domain is shown in Fig. 1 as a compu-

tational grid system that is constructed by about 5,942,466

hexagonal elements. The 2nd order Crank-Nicolson scheme

is applied to the time integration of the governing equations.

A convection term in the momentum equation is discretized

by a blending scheme based on a 2nd-order central scheme

blending with 10% 2nd-order up-winding scheme.

Convection terms in the scalar equations of G and ξ are 

discretized by a 3rd order up-winding scheme with TVD-

limiter. The other terms are estimated by the 2nd-order cen-

tral scheme.

According to the experiments, the following conditions are

applied; 

Static Pressure in Chamber: 104.35 [kPa]

Inlet gas temperature: 890.3[K]（617.15[˚C]）
Outlet gas temperature: 1700 [˚C]

Fuel components: CH4 87%，C2H6 8%，C3H8 5%

Oxidizer components: O2 13%，N2 75%，CO2 6%，H2O 8%.

Two typical conditions, Lean-Lean mode (L.L.) and Rich-

Lean mode (R.L.) are investigated. Developed solutions are

obtained after approaching calculation with 20,000time-

steps (L.L) and 60,000 time-steps (R.L). Time averaged pro-

files are conducted by 30,000 time-steps (0.075[sec]) for

(L.L.) and 12,000 time-steps (0.03[sec]) for (R.L.). 

3. Calculation results
Instantaneous temperature profiles in the two difference

conditions are shown by the central section views in Fig. 2.

It corresponds to mixture rate profiles in a most regions

except for the inlets of vanes and side nozzles applied with

an unburnt condition. At L.L. mode almost uniform profile

is predicted, while at R.L. mode a low temperature zone is

observed in the center of the scoop nozzles. In both case,

other low temperature regions appear in the downstream of

scoop jets due to their wakes. Time averaged temperature

profiles from these calculations shown in Fig. 3 agree well

with the experimental data measured in the several sections,

except for the regions near the inlet vanes.

Next for predicting a NO concentration, a thermal NO

production by Zeldovich's mechanism is also estimated by

dynamic combination with the time-dependent temperature

fields predicted by flamelet model described above. A time-

dependent profiles of NO concentration in the case of R.L

mode are shown in Fig. 4. In the final time stage in simula-

tion (3800o time steps, 0.95sec), an overall NO profile and a

concentration level at the outlet are well simulated as that of

experimental data.

4. Conclusive remarks
This work exhibits the LES of turbulent combustion flow

for a practical combustor system. It validates the feasibility

of the 2scalar flamelet model for such a realistic design 

of gasturbine combustor. The software "FlontFLow"

(ver.3.0) developed for this work can be excused by upper

than 95% vector processing ratio and super-linear (efficiency

over 1) acceleration with 32 to 80 CPUs on the earth simula-

tor system.
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Fig. 1  Overview of computation grid for 1700 degC class gasturbine

combustor.
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Fig. 4  Time dependent profiles of NO concentration in R.L. mode.

39-大島　伸行  09.11.2  1:17 PM  ページ257



258

Annual Report of the Earth Simulator Center  April 2008 - September 2008

Oshima N., Tominaga T., and Saito K., Large eddy simulation

of 1700˚C class gasturbine combustor,  Proc. Symposium

on Power and Energy Engineering, JSME, (2008.6.19–20

Sapporo) (in Japanese)

39-大島　伸行  09.11.2  1:17 PM  ページ258



259

Chapter 3  Epoch－Making Simulation

Numerical Prediction of Turbulent Combustion Flows for
1700˚C Class Gas Turbine Combustor

プロジェクト責任者

大島　伸行 北海道大学大学院　工学研究科　機械宇宙工学専攻

著者

大島　伸行 北海道大学大学院　工学研究科　機械宇宙工学専攻

本研究では1700˚C級次世代ガスタービン燃焼器の乱流燃焼場の非定常予測として大規模なラージ・エディ・シミュレー

ション（LES）を開発、実行した。実機燃焼器における複雑な燃焼状況の予測のため、著者らが開発した2スカラー火炎片近

似（flamelet approach）モデルを採用し、数値計算には非構造格子に適合した汎用流体解析ソフトウェアFrontFlowを適用し

た。ここでは層流火炎片近似に基づき、予混合伝播火炎をG方程式により、拡散燃焼火炎を混合分率の保存スカラー式によ

りそれぞれモデル化され、乱流LESの体積平均近似において定式化されている。これによって、高レイノルズ数の部分予混

合燃焼の実用解析が可能となった。ガスタービン燃焼器の異なる燃料条件における温度予測は実験結果の基本的な特徴を

良く再現している。また、Zeldovich機構を連成することによる温度NO濃度予測にも実験データとおおむね一致する結

果が得られた。今後、超大規模計算格子（3000万要素規模）を適用して形状および燃料流動条件の詳細を再現することによ

る予測精度改善を図っている。

キーワード：燃焼流，乱流，ガスタービン，ラージ・エディ・シミュレーション，火炎片近似
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The purpose of our group is to computationally demonstrate large structural changes of hemoglobin using COSMOS90

which was accelerated on the Earth Simulator by vectorization and parallelization for all subroutines. COSMOS90 can effi-

ciently simulate proteins in the realistic conditions i.e., in water with all degrees of freedom and long-range Coulomb interac-

tions. Hemoglobin consists of four small proteins (subunits α1, α2, β1, and β2) which associate with each other and locate at

four tops of a tetrahedron (Fig. 1). In our previous study (from 2005 to 2006), we carried out a 45-ns molecular dynamics sim-

ulation of hemoglobin for an initial X-ray structure (an oxy T-state hemoglobin with PDB code: 1GZX) which is an unstable

structure of oxy-hemoglobin. We found the following features for structural changes of hemoglobin (J. Comput. Chem.

vol.28, pp1129- 1136, 2007). Dimers α1β1 and α2β2 moved like two stacks of dumbbells. The distance between the two dimers

(α1β1 and α2β2) increased by 2Å (7.4 %) in the initial 15 ns and stably fluctuated at the distance with the standard deviation

0.2Å. The relative orientation of the two dimers fluctuated between the initial X-ray angle -100˚ and about -105˚ with inter-

vals of a few tens of nanoseconds. In the present study (from 2007 to Sept. in 2008), we performed a 45-ns MD simulation

under the same condition as the previous simulation for a different initial structure (an oxy R-state structure: PDB code 2DN1

which is a stable structure of oxy-hemoglobin). We found that the distance between the two dimmers (α1β1 and α2β2) were

maintained close to the initial X-ray structure within the fluctuation of 0.2Å in contrast to the previous simulation for the oxy

T-state hemoglobin. We concluded that the quaternary structural change of oxy T-state in the previous study was not an arti-

fact caused by a computational instability but a reliable simulation result.

Keywords: Molecular dynamics simulation, Allosteric effect, RMSD, Hemoglobin, Quaternary Structural change

1. Introduction
Molecular dynamics (MD) simulations using high-speed

computers become a necessary tool to investigate protein

functions and properties because of the following reasons.

Proteins are large molecules consisting of thousands of

atoms and have complicated structures. They largely change

the whole structure even at the room temperature. It is diffi-

cult for experimental approaches to observe dynamics

processes of such large structural changes. 

A hemoglobin molecule can efficiently transfer oxygen

molecules from the lungs to the muscles. The binding of an

oxygen molecule to a site of hemoglobin enhances addition-

al oxygen bindings on other sites of the hemoglobin. The X-

ray crystal studies showed the structural difference between

the initial (oxygen-dissociated) and final (oxygen-associat-

ed) states (Fig. 1). Hemoglobin consists of four small pro-

teins (subunits α1, α2, β1, and β2) which associate with each

other and locate at four tops of a tetrahedron. Hemoglobin

has two different stable structures (oxy R-state and deoxy T-

state structures) depending on whether four oxygen mole-

cules bind to the respective sites. The two structures are dif-

ferent from each other in the quaternary structure, i.e., the

location of four subunits.

The binding affinity of oxygen molecules to the sites is

low for the T-state structure and high for the R-state struc-

ture. The cooperative oxygen binding of hemoglobin is

explained by the quaternary structural change from T to R

induced by the oxygen bindings, as shown in text books of

biochemistry (Fig. 1), as follows. The sequential bindings of

four oxygen molecules to the four sites change the quater-

nary structure from low-affinity T to high-affinity R and

enhance the oxygen bindings. The hemoglobin hypothesis

describes the quaternary structural change by a degree of

freedom, i.e., rotation angle between the two dimmers (α1β1
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and α2β2), in the X-ray structures, where the distance

between α1β1 and α2β2 is almost identical between the R-

state and T-state structures. However, the experimental stud-

ies have not yet observed the dynamical process of this qua-

ternary structural change. 

The purpose of our study was to perform a long MD simu-

lation as long as possible on the Earth Simulator and to inves-

tigate the dynamical features of tertiary and quaternary struc-

tures of human adult hemoglobin (HbA) in water without any

artificial constraints (Fig. 2). To achieve this purpose, one of

the authors (M.S.) accelerated his own software, COSMOS90,

by vectorizing and parallelizing it for the Earth Simulator. 

2. COSMOS90
COSMOS90 was developed by one of the authors (M.S.)

in 1990 and made it possible to simulate a protein in water

with all degrees of freedom and with long-range Coulomb

interactions using the Particle-Particle and Particle-Cell

(PPPC) method (1). The PPPC method was proposed also by

the author to efficiently calculate long-range Coulomb inter-

actions between atomic charges in the order NlogN instead

of N2 by dividing a system into hierarchical cubic cells based

on the Barnes & Hut tree code. In 2004, one of the authors

(M.S.) tuned up COSMOS90 on the Earth Simulator by vec-

torizing and parallelizing its all subroutines including the

Barnes-Hut tree construction(2), as follows.

All simulations were performed on the Earth Simulator

with COSMOS90. COSMOS90 has a large loop to reiterate

the MD time step and advance the simulation time. The loop

contains time-consuming subroutines that calculate various

forces such as bonded forces (bond, angle, and torsion) and

nonbonded forces (Lennard-Jones and Coulomb). All subrou-

tines in this loop were highly vectorized by inserting directive

lines to the compiler and parallelized by using the message

passing interface (MPI). The parallelization was based on the

flat MPI programming; that is, processors inside a node were

treated in the same manner as those between nodes.

The calculation of the Coulomb forces is usually the most

time-consuming part in MD simulations. In COSMOS90,

the Coulomb forces are efficiently calculated by the PPPC

method, which utilizes the space subdivision based on the

Barnes-Hut tree construction.(3) The Barnes-Hut tree is con-

structed in parallel by using 8 (or 64) processors independ-

ently dividing tree-nodes (that is, cells) of the second (or

third) level in the Barnes-Hut tree. In this parallelization, we

kept the vector acceleration. All processors make their own

interaction tables by searching cells interacting with the

atoms of each processor according to the Barnes-Hut tree.

Then the interaction table, which is the largest array in COS-

MOS90, is distributed to all processors and the distribution

of the interaction table clears the memory bottleneck that

occurs for large-scale simulations. 

The performance speed of COSMOS90 was continuously

accelerated upon 128 processors of the Earth Simulator. 

The maximum performance speed for HbA in water was

0.029 s/step for 128 vector processors. The vectorization on

a single processor accelerated the performance speed to 12.2

times as fast as the scalar performance. Furthermore, the par-

allelization on the 128 vector processors accelerated the per-

formance speed to 69 times as fast as the speed with a single

vector processor.

Fig. 1  X-ray structure of hemoglobin. Hemoglobin consists of four

small proteins (subunits α1, α2, β1, and β2) which associate with

each other and locate at four tops of a tetrahedron. The structural

difference between the oxy and deoxy hemoglobin suggests that

the α1β1 dimer rotates against to another dimer α2β2 according to

the oxygen binding to four hems.

Fig. 2  Human adult hemoglobin (HbA) in a water sphere of radius 66Å.

The total number of atoms is 119421.
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3. Four initial X-ray structures
We chose the following four initial X-ray structures to

investigate quaternary structural changes of hemoglobin. (1)

Oxy T-state structure (unstable structure with PDB code:

1GZX). (2) Oxy R-state structure (stable structure with PDB

code: 2DN1). (3) Deoxy T-state structure (stable structure).

(4) Deoxy R-state structure (unstable structure). 

The first structure (oxy T-state unstable structure) is

restricted to the unfavorable T-state quaternary structure

probably due to crystal contacts and a low temperature

(4˚C)(4). Our MD simulatons can release these restrictions

because of the solution environment at the room tempera-

ture. The second initial structure (oxy R-state) has the fea-

ture of the stable quaternary structure. We performed a long

MD simulation (45 ns) for this initial structure in this year to

demonstrate the reliability of our simulations. The third ini-

tial structure (deoxy T-state structure) was prepared by

deoxygenating the unstable oxy T-state hemoglobin with the

first initial structure. The fourth initial structure (deoxy R-

state structure) was prepared by deoxygenating the stable

oxy R-state hemoglobin with the second initial structure.   

4. Root Mean Square Deviation (RMSD) 
To investigate the structural changes of HbA, we plotted

the root-mean-square deviation (RMSD) of main-chain

atoms (Cα, C, and N) for the entire HbA molecule (Fig. 3).

Dimers α1β1 and α2β2 fitted to their initial X-ray structures

had almost the same RMSD values as those of the subunit

monomers. In contrast, the unfitted dimers had RMSD val-

ues (3.5±0.2Å for α1β1 and 3.4±0.23Å for α2β2) that were

substantially larger than the values for the fitted dimers (blue

lines vs. black lines in Fig. 3). 

The RMSD values for the various dimers indicate the fol-

lowing dynamical features of HbA. The interactions between

the subunits within the dimers (that is, between α1 and β1

and between α2 and β2) were stronger than the interactions

between different dimers and thus dimers α1β1 and α2β2

showed almost the same RMSD values as the subunit

monomers. Dimers α1β1 and α2β2 changed their relative

positions, moving like rigid bodies, and thus the structures of

the dimers without fitting deviated greatly from the initial

structures.

5. A model of quaternary structure
We represented the each subunit as a center of mass by

neglecting the internal degrees of freedom for the subunits.

Then, the quaternary structure of hemoglobin was simply

represented by the centers-of-mass model (Fig. 4) with the

two parameters, i.e., the distance d12 and torsion angle Φ
between the dimers (α1β1 and α2β2). To check the validity of

the above centers-of-mass model, we calculated the RMSD

of the unfitted α2β2 dimer based on the model (Fig. 5). The

Fig. 3  Root-mean-square deviations (RMSDs) of the main-chain atoms

(Cα, C, and N) as a function of time for dimers (α1β1 and α2β2).

The RMSD values were calculated after fitting one of two dimers

to the corresponding dimer of the X-ray structure at 1-ns inter-

vals according to the trajectory. Black lines: fitted dimers; Blue

lines: dimers without fitting.

Fig. 4  A model of hemoglobin. Each subunit was presented by the cen-

ters of mass. A distance between the two dimers (α1β1 and α2β2)

is defined by the distance d12 between their geometric centers, C1

of α1β1 and C2 of α2β2. A relative orientation of the two dimers is

defined by the dihedral angle Φ.

Fig. 5  The RMSD of the unfitted α2β2 dimer was estimated using the

model (Fig. 4). The black line denotes the RMSD of the centers

of mass with the RMSD of the monomer. The blue line denotes

the RMSD obtained in Fig. 3.
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RMSD of the unfitted α2β2 dimer was simply estimated from

the displacements of the centers of mass for α2 and β2 from

their initial X-ray positions (black line in Fig. 5), where the

three points (α1, β1, and C2) were fitted to their initial X-

ray positions. The RMSD obtained as a function of time

(black line) was almost the same as that of the real HbA

(blue line). This result means that the RMSD of the unfitted

α2β2 dimer in Fig. 3 was well described by the relative

motion of the centers of mass for α2 and β2. In other words,

this model is reasonable to describe the quaternary dynamics

of hemoglobin. 

6. Oxy T-state structure
Since the initial structure used in the previous simulations,

oxy T-state structure, is an unstable structure of the oxy-

hemoglobin, some structural changes from the T to R state

are expected for a very long simulation. Soaking experi-

ments for oxygen bindings to hemoglobin in the crystal envi-

ronment usually break the crystals probably because of the

large structural changes of hemoglobin, which break favor-

able inter-molecular interactions stabilizing the crystals.

However, the crystal of 1GZX (the previous initial structure)

was not broken by the soaking experiments. Quaternary

structure was maintained to the T-state in spite of the oxygen

bindings to hemoglobin, as described in the article (4). The

authors of the article explained the result by the strong crys-

tal contacts of molecules and a low temperature environment

(4˚C). Our simulations in water and at the room temperature

released these restrictions and then allow the structural

change from T to R state. 

We performed a 45-ns MD simulation of HbA in water

with all degrees of freedom (including bond stretching) and

with long-range Coulomb interactions. The 45-ns simulation

of this study does not reach the order of µs but is 22 times as

longer as the present longest simulation (2 ns).(5) The dis-

tance between the two dimmers (d12) and their relative rota-

tion angle Φ were monitored according to the time (Fig. 6).

The distance between the two dimers (α1β1 and α2β2)

increased by 2Å (7.4 %) in the initial 15 ns and stably fluctu-

ated at the distance with the standard deviation 0.2Å. The

relative orientation of the two dimers fluctuated between the

initial X-ray angle -100˚ and about -105˚ with intervals of a

few tens of nanoseconds.

7. Oxy R-state structure
To deny another possibility that some computational arti-

facts unstabilize the initial X-ray structure of oxy T-state.

We planned to perform an additional simulation from the

different initial structure (oxy R-state: PDB code 2DN1)

which is the stable structure of oxy-hemoglobin. It is expect-

ed that our simulation maintains the X-ray quaternary struc-

ture of hemoglobin because this structure do not have any

stresses. 

The distance between two dimmers (α1β1 and α2β2) was

plotted as a function of time (Fig. 7). This figure showed that

the quaternary structure of oxy R-state hemoglobin was

maintained close to the initial X-ray structure during 45 ns in

contrast to the oxy T-state structure. 

8. Other structures
We prepared other initial structures (deoxy T-state and

dexoy R-state). However, we did not perform MD simula-

tions from these initial structures because the CPU time was

expired on Sept. in 2008. 
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the two dimers (α1β1 and α2β2) for the simulation started from the
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Fig. 7  The quaternary structure parameters (defined by Fig. 4) as a

function of time. The red line denotes the distance d12 between

the two dimers (α1β1 and α2β2) for the simulation started from the

oxy R-state structure.
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地球シミュレータによる蛋白質の大規模シミュレーション：
ヘモグロビンの高次構造変化

プロジェクト責任者

斎藤　　稔 弘前大学大学院　理工学研究科

著者

斎藤　　稔＊1，岡崎　　功＊1，種田　晃人＊1

＊1 弘前大学大学院　理工学研究科

我々のグループの目的は、ヘモグロビンの大きな立体構造変化（四次構造変化）の仕組みを、独自に開発したソフトウ

エアCOSMOS90と地球シミュレータを用いて、分子動力学シミュレーションによって明らかにすることである。COS-

MOS90は、開発者の斎藤によって地球シミュレータ上でベクトル化と並列化とを行って高速化している。COSMOS90

によって、ヘモグロビンを全原子、全自由度、全相互作用を考慮して、リアルな条件下でシミュレーションを長時間行っ

た。これまでに、ヘモグロビンに対してこのようなアプローチはなかった。まず、我々は、酸素結合型不安定構造（oxy

T-state）のヘモグロビンを水中に置き、45 nsecにわたってシミュレーションを行った。その結果、我々は以下のように、

ヘモグロビンを構成するサブユニット間の構造変化を観察することに成功した。二つのサブユニットα1β1とα2β2は、

相対的な距離が2Å離れた。また、互いの回転角方向のゆっくりした揺らぎが観測できた。我々のシミュレーションで観

測した四次構造変化が、計算上のartifactでないことを確認するために、安定な四次構造を持つ酸素結合型安定構造（oxy

R-state）ヘモグロビンについて、全く同じ条件下で、シミュレーションを行った。その結果、oxy T-stateの結果と対照的

に、ヘモグロビンの四次構造は長時間安定に保たれた。したがって、我々のシミュレーションで明らかになったoxy 

T-stateヘモグロビンの新たな四次構造変化は、実際に溶液中で起こりうるリアルな現象であると確信した。

キーワード：分子動力学シミュレーション，アロステリック効果，RMSD，ヘモグロビン，高次構造変化
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It is one of the most challenging problems in computational bioscience to predict three-dimensional structures of proteins

with the input of only the amino-acid sequence information (prediction from the first principles). The goal of the present proj-

ect is to succeed in the prediction of the three-dimensional structures of a small protein from the first principles. For this pur-

pose, we chose a small protein with 56 amino acids (B1 domain of streptococcal protein G). We first performed a replica-

exchange molecular dynamics (REMD) simulation of protein G in vacuum with 96 replicas. The initial conformation was a

fully extended one. We solvated one of the obtained compact conformations in a sphere of water of radius 50 angstroms. The

total number of water molecules was 17,187 (the total number of atoms was 52,416 including the protein atoms). Using 112

nodes of the Earth Simulator, we performed a REMD simulation of this system with 224 replicas. The REMD simulation was

successful in the sense that we observed a random walk in potential energy space that suggests that a wide conformational

space was sampled. We used the results of this REMD simulation to prepare for an even more powerful generalized-ensemble

algorithm, namely, multicanonical replica-exchange method (MUCAREM). Using 112 nodes of the Earth Simulator, we suc-

ceeded in performing a MUCAREM simulation of this system with 56 replicas. By analyzing the results of these simulations,

we found that a structure very similar to the native one has been obtained.

Keywords: Protein structure predictions, protein folding problem, molecular dynamics, generalized-ensemble algorithms,

replica-exchange method, multicanonical replica-exchange method

Report of the Results
There is a close relationship between the three-dimension-

al structures of proteins and their biological functions. The

study of protein structures is thus aimed at the understanding

of how proteins carry out their functions. The research in

this field is ultimately led not only to drug design and de

novo design of artificial proteins with specific functions but

also the elucidation of the pathogenic mechanism for the dis-

ease that is caused by misfolding of proteins (such as mad

cow disease and Alzheimer's disease).

It is widely believed that the three-dimensional structures

of proteins are determined solely by their amino-acid

sequence information. However, the prediction of protein

structures by computer simulations with the input of only the

amino-acid sequence (prediction from the first principles)

has yet to be accomplished. The main difficulty lies in the

fact that the number of internal degrees of freedom of pro-

tein systems is extremely large, and there exist a huge num-

ber of local minima in the energy function. It is a very chal-

lenging problem to find the global-minimum state in free

energy, which corresponds to the native protein structure,

because simulations by conventional algorithms will get

trapped in the local-minimum states. In order to overcome

this difficulty, we have developed two powerful simulation

methods (which are examples of generalized-ensemble algo-

rithms; for a review, see Ref. 1)). They are replica-exchange

molecular dynamics (REMD)2) and multicanonical replica-

exchange method (MUCAREM)3)–5). The first method,

REMD, has been immediately accepted by the protein fold-

ing community as soon as we announced it in Ref. 1), and

REMD is now employed by the IBM BlueGene Project and

is also incorporated into standard program packages such as

AMBER, CHARMM, NAMD, GROMACS, etc. for protein

simulations.

The goal of the present project is to succeed in the predic-

tion of the three-dimensional structures of proteins from 
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the first principles by employing the powerful simulation

algorithms that we developed (namely, REMD and

MUCAREM). In particular, we try to predict, for the first

time, the three-dimensional structure of a small protein with

about 50 amino acids in water by simulations with atomistic

details incorporated.

This year we have continued and extended the molecular

dynamics simulations based on one of the generalized-

ensemble algorithms, namely, REMD, using up to 112 nodes

of the Earth Simulator. The system that we studied is a small

protein, protein G, with 56 amino acids. The total number of

atoms in the protein is 855. We first performed a REMD

simulation of protein G in vacuum with 96 replicas. The ini-

tial conformation of the REMD simulation was a fully

extended one. We then solvated one of the obtained compact

conformations in a sphere of water of radius 50 angstromes.

The total number of water molecules was 17,187 (the total

number of atoms was 52,416 including the protein atoms). In

Fig. 1 we show the native structure of this protein, which

was obtained by X-ray crystallographic experiments, solvat-

ed in the sphere of water (our goal). 

Using 112 nodes of the Earth Simulator, we performed a

REMD simulation of this system with 224 replicas. The

REMD simulation was successful in the sense that we

observed a random walk in potential energy space that sug-

gests that a wide conformational space was sampled. 

In Fig. 2 we show the canonical probability distributions

of the total potential energy at the corresponding 224 tem-

peratures ranging from 250 K to 700 K. As is clear from the

Figure, all the adjacent distributions have sufficient overlaps

with the neighboring ones, indicating that this REMD simu-

lation was successful. 

We indeed observed a random walk in the potential ener-

gy space. This random walk in potential energy space

induced a random walk in the conformational space, and we

indeed observed many occasions of the formation of native-

like secondary structures (α-helices and β-strands) during

the REMD simulation. 

In Fig. 3 we show the time series of the potential energy.

We indeed observe a random walk in potential energy space,

which is expected for a properly performed REMD simulation. 

Using the results of this REMD simulation, we then per-

formed a MUCAREM simulation, which is more powerful

than REMD. In Fig. 4 we show the probability distributions

of the total potential energy at the corresponding 56 multi-

canonical ensembles. As is clear from the Figure, all the

adjacent distributions have sufficient overlaps with the

neighboring ones, indicating that this MUCAREM simula-

tion was successful.

Analyzing the results of these REMD and MUCAREM

simulations, we found that a structure very similar to the

native one has been obtained. In Fig. 5 we compare this

structure with the native one. The overall structure is indeed

very similar. 
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Fig. 2  The canonical probability distributions of the total potential energy of protein G obtained

from the REMD simulation with 224 temperatures.  They are all bell-shaped with sufficient

overlaps with the neighboring ones.
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Fig. 3  Time series of potential energy of some of the replicas during the REMD simulation of

protein G in explicit solvent.

Fig. 4  The probability distributions of the total potential energy of protein G obtained from the

MUCAREM simulation with 56 replicas.  They all have sufficient overlaps with the

neighboring ones.

Fig. 5  (a) The native structure of protein G and (b) a structure that was obtained by the REMD

and MUCAREM simulations of protein G in explicit solvent.
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1960年代初頭のアンフィンゼンの実験以来、タンパク質の自然の立体構造は、アミノ酸配列の情報及び周りの溶媒環

境のみで決まっており、自由エネルギーの最小状態に対応すると広く信じられている。しかし、系にエネルギー極小状態

が無数に存在するために、一定温度のモンテカルロ法や分子動力学法等による従来のシミュレーションでは、それら極小

状態の近傍に留まってしまって、立体構造予測シミュレーションが絶望的に難しくなる。本研究の目的はこの困難を拡

張アンサンブル法を適用することによって克服し、水分子をあらわに取り入れた分子シミュレーションによって、小タン

パク質の折り畳みに成功することである。我々はアミノ酸数56個の小タンパク質であるProtein Gにおいて、レプリカ交

換分子動力学法（REMD）によるシミュレーションを地球シミュレータ上で実行している。このタンパク質は原子数が

855個である。まず、真空中で初期構造として完全に伸びた構造から96レプリカのREMDシミュレーションを実行し、得

られたコンパクトな構造をもつProtein Gを半径50Åの水球中（水分子の数は17,187個）に入れて、全体として、原子数が

52,416個の系を考慮した。一昨年、我々は、この系において、地球シミュレータ112ノードを用い、レプリカ数が224の

REMDシミュレーションを実行に成功した。今年度は更に、データを蓄積した。エネルギー空間上のランダムウォーク

が得られ、REMDシミュレーションが成功したと言える。タンパク質系においてはこれほど大規模の系におけるレプリ

カ交換シミュレーションの成功は初めてのことである。そして、この結果を使って、より強力な拡張アンサンブル法であ

るマルチカノニカルレプリカ交換法（MUCAREM）のシミュレーションの準備をした。そして、地球シミュレータ112ノ

ードを用い、レプリカ数56のMUCAREMシミュレーションの実行にも成功した。そして、その結果を解析したところ、

自然の構造に似た構造が得られた。

キーワード：タンパク質の立体構造予測，タンパク質の折り畳み問題，分子動力学シミュレーション，拡張アンサンブル法，

レプリカ交換法，マルチカノニカルレプリカ交換
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Chapter 4  Visualization

Research and development for visualization technologies carried out by Advanced Perception Research Group of the Earth

Simulator Center in the fiscal year 2008 are reported. In terms of YYView, a semi-interactive visualization and making ani-

mation system for large scale simulation data, two kinds of functions are newly developed. One is a function for multi-view-

ing function, which enables us to set a lot of different view volumes automatically, and the other is for re-editing camera path,

which enables us to edit camera path parameters numerically on the key frame table. Armada, a software rendering version of

MovieMaker, our parallel visualization program, is improved for plural scalar data visualization. For VFIVE, our virtual reali-

ty visualization program, several visualization functions are added. We are currently promoting VFIVE to each laboratory.

Keywords: large-scale data visualization, Parallel rendering, Virtual Reality

1. Introduction
Advanced Perception Research Group (APRG) of the

Earth Simulator Center (ESC) focuses on two kinds of prob-

lems for scientific visualization of large-scale and three-

dimensional simulation results with time evolution. One is

the difficulty which comes from the fact that computational

cost of data handling is much expensive, because the data

size reaches several gigabytes per step. Interactive visualiza-

tion, which is a typical style of data analysis on a

researcher's PC, is no longer possible without reduction of

the data sufficiently small. For solving this problem, we

have been developing a high-quality rendering and movie-

making program, MovieMaker and a semi-interactive visual-

ization program, YYView. Another is the fact that it is diffi-

cult to comprehend complicated structures like inter-twisted

streamlines in the three-dimensional flow field. On the flat

PC monitor, most of the depth information of visualized

three- dimensional objects is lost, because of overwrapping

each other. Virtual reality (VR), especially innovative visual

display technology of VR, is a key to solve this problem. We

have been developing three-dimensional VR visualization

program named VFIVE, for several kinds of VR systems.

In this paper, we report the annual progress for researches

and developments mentioned above. In Section 2, the

progress on developments of the programs for large scale

data visualziation is reported. In Section 3, the progress of

our virtural reality software VFIVE is reported. The final

section is devoted to a summary.

2. Large-scale data visualization
2.1 Overview

One of the solutions for large-scale data visualization, 

we are continuously developing a program, named

MovieMaker. MovieMaker is a parallel rendering program

with one master process and slave processes, designed for

the symmetric multiprocessor computer architecture [1]. A

master process and slave processes share simulation data

stored in a single shared main memory area. The master

process performs the following tasks; (i) to read a configura-

tion file, (ii) to read simulation data into the shared memory

area; and (iii) to control the slave processes keeping a good

load balance. Every slave process performs rendering tasks

and then returns partial images back to the master via shared

memory. Inter-process communications are performed with

Message Passing Interface (MPI). The dynamic load balanc-

ing in MovieMaker is achieved by an active monitoring and

dynamic control of the slave processes.

Before running MovieMaker, user should prepare a con-

figuration file that includes information for data profiles and

several kinds of visualization parameters such as lighting,

viewvolume, color map and others for visualization func-

tions. However, it is difficult to determine all of the parame-

ters in advance. Those need to adjust interactively, watching

results frequently displayed on user's PC monitor. This diffi-

culty has motivated us to develop a semi-interactive visuali-

zation program system, YYView. 

YYView is composed of several kinds of tool programs

such as a console program, a previewer, a color map editor, a
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data reduction tool, a movie browser and MovieMaker as a

renderer. Each of the tools is available as an independent pro-

gram. However, when one uses each of them individually,

whole of visualization procedures become cumbersome and

complicated. YYView provides a simple and systematic work

environment for user by linkage between those tools. In the

YYView environment, a reduced data instead of the original

(non-downsized) data is used for quick visualization. User can

specify the appearance of visualization interactively through

the previewer and the console program as shown in Fig. 1.

After that, YYView throws the visualization parameters deter-

mined here to MovieMaker to generate high-quality images

from the original large-scale data.

2.2 Development of additional user interface

In last fiscal year, we developed software to edit camera

parameters, as one of YYView's tool programs, applied with

techniques of Computational Visualization Center, the

University of Texas at Austin [2, 3]. The use of this program

made it easy to set camera parameters with viewpoint

motion for YYView. In this fiscal year, two visualization

functions were implemented to this software.

1) Multi-view camera function

Observing simulation data from various viewpoints is one

of efficient analysis method. However, it is difficult to set a

large amount of viewpoints for visualization manually in

general visualization software. Using this function, view-

points are set up automatically on the spherical surface cen-

tered on the origin of the data area at regular intervals, and

this information is generated as camera parameters for

YYView. Users can only set the number of subdivision in

horizontal and vertical direction by dragging GUI sliders.

Fig. 2 shows visualization results using camera parameters

that were generated by this function.

2) Re-editing function of camera path parameters

In previous version, once a camera path was set, the only

way to modify it is to delete current path and create new

path. By this improvement, users can re-edit camera path

inputting immediate values on key frame table that looks

like spreadsheet software.

2.3 Derivative developments of MovieMaker

We have developed parallel visualization software called

Armada based on MovieMaker [4]. The aim of this software

is to visualize large scale data on supercomputers, and there-

fore it does not require any graphics hardware. So far, the

visualization methods that this software could utilize were

isosurface, slicing and volume rendering for scalar data and

stream lines for vector data. For scalar data only one scalar

Fig. 1  A snapshot of user interfaces of YYView.

Fig. 2  Visualization results using multi-view camera function.

Fig. 3  Result of mantle convection simulation is visualized by isosur-

face and arrows. Arrows expresses velocity field. (Data courtesy

of Dr. Masanori C. Kameyama at Ehime University)
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Fig. 4  A CAVE system "BRAVE" installed in ESC.

Fig. 5  VFIVE running on PC cluster based CAVE system of Chuo

University. Isosurface and ortho-slicer are used to visualize ABS

flow.

data could be visualized at a time, and for vector data only

one visualization method could be utilized. It is clear that

this software did not have enough visualization functions

and had to be reinforced. 

We strengthened this software Armada, so that it became

to be able to visualize plural scalar data simultaneously, for

instance rendering isosurface of scalar "A" and slice of

scalar "B", and visualization method "Arrows" for vector

data was experimentally added (see Fig. 3). The Arrows

does not require any graphics hardware either. This rein-

forcement was carried out to Rectangular and Yin-Yang ver-

sion of Armada. 

3. VFIVE
At the Earth Simulator Center, a CAVE system [5] is used

for visualization. Our CAVE system is a cubic room com-

posed of four screens, three walls and a floor and its size is 

3 m × 3 m each, as shown in Fig. 4. Stereoscopic pictures

are projected to those screens and they surround the user.

Besides, by head tracking system, which is always detecting

the position and angles of the user's head, the stereoscopic

pictures are adjusted to be suitable to the user's position and

viewing direction all the time, so that he/she feels deeply

immersed into the pictures. The user can interact with the

computer for rendering with a controller.

We have been developing interactive visualization soft-

ware, VFIVE, for the CAVE system [6]. We implemented

almost all the basic visualization functions to VFIVE such as

isosuface, color slice, volume rendering for scalar data and

particle tracer, arrows and so on and some of them were 

parallelized. We also implemented ROI (Region-of-Interest)

function which extracts the region of data the user specifies

in the CAVE interactively. This function is linked with LOD

(level-of-detail) control of data. By this function, we are 

able to visualize and analyze large scale data interactively in

the CAVE. 

We opened its basic version to the public last year.

Currently, everyone can download its source code from the

web site of the Earth Simulator Center [7] and use it free of

charge. The CAVE systems based on PC cluster with

Windows are now widely spreading in Japan, however, the

opened VFIVE is not executable on them. Actually we use

SGI Onyx3800, not PC cluster. To increase the number of

potential users, we successfully adjusted its source code to be

executable on PC cluster based CAVE system. We have

already handed VFIVE executable on PC cluster based

CAVE to several institutes and universities, such as Osaka

University and Chuo University (see Fig. 5), and now we are

preparing to upload it on the web site of the Earth Simulator

Center so that anyone can download and use it.

4. Conclusion
In this fiscal year, we developed several functions for set-

ting camera parameters of YYView. For Armada, a visuali-

zation function plural scalar data is newly installed. In terms

of VFIVE, we improved it for PC clusters and are currently

promoting it to several laboratories such as Osaka

University, Chuo University and so on. We have developed

MovieMaker and VFIVE, for years of the medium-term pro-

grams of JAMSTEC. We think that these programs have

been achieved our goal.
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大規模データ可視化の研究
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＊1 海洋研究開発機構　地球シミュレータセンター

地球シミュレータセンター高度計算表現法研究グループで本年度実施した可視化技術に関する研究開発を報告する。

本グループでは、並列レンダリング型可視化プログラムMovieMaker、MovieMakerを核とした準対話型可視化プログラ

ムシステムYYView、MovieMakerから派生したスーパーコンピュータ上でも動作する並列可視化プログラムArmada、

およびバーチャルリアリティ可視化プログラムVFIVEの開発を継続的に進めている。YYViewに関しては、昨年度開発

したYYView用カメラパラメータツールにマルチビューカメラ設定機能およびカメラパス再編集機能をつけ加えた。

Armadaについては矢印によるベクトルデータの可視化機能や複数のスカラーデータを同時に可視化する機能を追加し

た。VFIVEについては、PCクラスタを用いたCAVE装置で動作するようソースコードの変更を行った。また、PCクラス

タベースのCAVEを持つ複数の大学・研究機関に配布し普及に努めている。

キーワード：大規模データ可視化，並列レンダリング，バーチャルリアリティ
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