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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 FY2007 was decided to be as shown in following graph (Fig. 2).

Public project recruitment for Earth Simulator Research Projects in FY2007 was held in February 2007, and 42 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 FY2007

Authorized Projects in FY2007

Earth Science (17 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 Ofuchi

Keiko Takahashi

Toshio Yamagata

Tatsushi Tokioka

FRCGC, JAMSTEC

ESC, JAMSTEC

ESC, JAMSTEC

FRCGC, JAMSTEC

FRCGC, JAMSTEC



3

Simulations of Atmospheric General Circulations of 
Earth-like Planets by AFES

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

Ocean State Estimate by High Resolution Data Assimilation

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

17

Yoshiyuki Hayashi

Eitaro Wada

Nozomi Sugiura

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

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

18

19

Kanya Kusano

Akira Nishida

ESC, JAMSTEC

21st Century Center of Excellence 
Program, Chuo 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

20

21

22

Nobuyuki Tsuboi

Kazuo Minami 

Ryuji Shioya

Japan Aerospace Exploration
Agency

Research Organization for 
Information Science & Technology

Graduate School of Engineering, 
Kyushu University
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Large-scale Simulation for a Terahertz Resonance
Superconductors Device

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

First-Principles Molecular Dynamics Simulation of Oxide
Layers for Radiation-Tolerant SiC Devices

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 Cloud and Rainfall Control by Energy Injection

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Masashi Tachiki

Hide Sakaguchi

Ryoji Matsumoto

Yukio Kaneda

Atsushi Miyauchi

Tamio Ikeshoji

Tomohiko Watanabe

Chisachi Kato

Kazuyuki Takase

Masahiko Machida

Hideo Kaburaki

Atsumi Miyashita

Toshimichi Ikemura

Atsushi Matsumoto

Shigeo Takahashi

Misako Takayasu

Hisashi Ninokata

Masahiro Mori

Research Organization for
Information Science & Technology

IFREE, JAMSTEC

Faculty 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

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

Realistic Simulations for Structure Changes of Very Large 
Proteins

41

42

Nobuyuki Oshima

Minoru Saito

Graduate School of Engineering,
Hokkaido University

Faculty of Science and Technology,
Hirosaki University

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
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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 2007

Scripps Institution of Oceanography, USA

Met Office Hadley Centre, UK

NCAS-Climate, University of Reading, UK

Italian Aerospace Research Center, Italy

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 2007 

Ink and Printing Simulation: The Inctec Inc. 
Institute for Research on Earth Evolution, JAMSTEC

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: Chiba Institute of Science, Japan Meteorological Agency
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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

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

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. 10

Annual Meeting for Research Projects in FY2007

7th 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. Onishi Received JSME Young Engineers award of 2007

Year 2008
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We used two, NIES/FRCGC and JMA, chemistry-transport models (CTMs) and the CCSR/NIES/FRCGC atmospheric gen-

eral circulation model (AGCM) based CTM (ACTM) in this project. ACTM is used to simulate atmospheric carbon dioxide

(CO2), sulphur hexafluoride (SF6) for the period 1950-present. A model-data comparison of SF6 is shown here for the period

1960–1998 and detailed analysis of trends in CO2 seasonal cycle is being carried out. In the later part we discuss intercompari-

son of CO2 fluxes derived by the 64-region time-dependent inverse (TDI) model of atmospheric-CO2 based on the forward

simulations using the JMA and NIES/FRCGC CTMs.

Keywords: greenhouse gases, transport modeling, source-sink inversion

1. Forward modeling of SF6 and CO2 during 1960–2005
The ACTM is nudged with ECMWF 40-year reanalysis

(ERA40; period 1960–2002) and NCEP2 reanalysis (period:

2002–2006) for this work (ref. Patra et al., 2008 for details).

There is a clear advantage of using computationally expen-

sive ACTM for this simulation over the other less demand-

ing CTMs that are driven by analyzed meteorology. This

AGCM intrinsically generate detailed meteorology, e.g.,

advection, eddy mixing, convection consistently over the

whole simulation period. The simulation results of SF6 and

CO2 are analysed for the period since 1960. Since these

gases are longlived in the troposphere and stratosphere (no

chemical loss), a spin-up run for the gas concentration and

model transport by running ACTM for the period

1950–1959.

For SF6 concentration simulation, we have used SF6 emis-

sion distributions from EDGAR (Olivier et al., 2001), and

the global total emissions scaled based on the trends derived

by Maiss et al (1996) for their analysis period of 1978–1995

and afterwards by the NOAA ESRL observed trends in

atmospheric SF6 concentration. Prior to 1978, the SF6 emis-

sions are extrapolated following a fitted curve to Maiss et al.

(1996) measurements at Cape Grim (CGO). Using this SF6

emission database and the nudged ATCM at T42 horizontal

resolution, we are able to simulate the full evolution of SF6

in the atmosphere (Fig. 1). SF6 is used as a dielectric materi-

al since the mid-twentieth century, and its low atmospheric

concentrations (~one-tenth of a pptv) were first measured by

James Lovelock (1971) as an application of his newly devel-

oped electron capture detector (ECD) for measuring chemi-

cal compounds with high electron affinity. More regular

observations are available since the 1970s (Maiss et al.,

1996) and presently at tens of sites worldwide (e.g., Geller et

al., 1997). The ACTM is also able to successfully simulate

the synoptic variations, seasonal cycles and inter-hemispher-

ic gradients when compared with observations at various

time and space scales (see Patra et al, 2008 for further

details). 

The longest serving sites for atmospheric CO2 concentra-

tions are operated by the Scripps Institution of Oceanography

Fig. 1  Comparisons of simulated (lines) and observed (symbols) time

series of SF6 at several stations (see legends). The observation

data are taken from three measurement programs (Lovelock et

al., 1971; Maiss et al., 1996; Geller et al., 1997).
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Fig. 2  The observational sites used in the inversion intercomparison.

The colour bar shows the fractional data availability rate in the

analysis period (full range: 0–1; interval: 0.1).

Fig. 3  Comparison of FRCGC and JMA forward model simulated trac-

er concentration evolution due to unitary regional source at

South Pole (SPO).

Fig. 4  CO2 flux variability as estimated by time dependent inversion

with FRCGC and JMA transport model. Twelve-monthly run-

ning means are taken to remove the seasonal cycle component

from the estimated monthly flux time series.

(SIO) at South Pole (SPO; 89.9˚S, 24.8˚W) and Mauna Loa

(MLO; 19.5˚N, 155.6˚W) (Keeling et al., 2001; data avail-

able at http://scrippsco2.ucsd.edu). The ACTM modeled and

observed CO2 seasonal cycles are compared at 2 sites cover-

ing the whole simulation 1960–2005. We find that a signifi-

cant part of the observed increases and recent decreases in

CO2 seasonal cycle are arising from the variabilities in

atmospheric transport and seasonality in transport of fossil

fuel emission.

2. Intercomparison of CO2 fluxes derived by inverse
modeling
This year, JMA group has adopted the 64-region division

method by Patra et al., (2005) and simulated tracer transport

with high resolution (1.0 × 1.0 degree in horizontal, much

finer than NIES/FRCGC transport model of 2.5 × 2.5

degrees) CDTM with analyzed meteorological field. This

number of region is one of the highest resolutions in current

carbon-cycle research. We have estimated CO2 monthly

mean fluxes from 1991 to 2006 using time-dependent inver-

sion (TDI) with two transport models (FRCGC and JMA).

The 90 observational sites (Fig. 2) are selected from

WMO/WDCGG (World Data Center for Greenhouse Gases)

on the condition that the data selection rate by the inversion

is larger than 50%.

Figure 3 shows the differences between the JMA and

NIES/FRCGC CTM's transport. We have emitted 1 GtC/y

CO2 tracer from northern, tropical and southern areas in

January 2000. These unit emissions are transported as tracer

using both transport models (referred to response functions

for each regional unitary emission). A comparison of the

tracer concentration evolution at SPO is shown in Fig. 3.

The northern and tropical tracer cases, FRCGC model tends

to show higher concentrations than JMA model. However,

JMA model shows higher concentrations at southern tracer

case. This means that FRCGC model can transport remote

tracer faster than JMA. These transport features affect sur-

face flux estimation by TDI model from atmospheric data

due to a particular forward transport model.

Figure 4 shows the intercomparion of CO2 fluxes derived

by TDI model using the regional response functions simulat-

ed by JMA and NIES/FRCFC forward models. We find that

there are similar features in estimated CO2 flux variability in
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global scale between FRCGC and JMA transport model. In

regional scale, the estimated CO2 fluxes show the similar

phase and amplitude of CO2 flux variability but there are

some growing differences in less constrained land areas.

These growing differences seem to come from the difference

of model resolution and tracer transport scheme. The agree-

ment between inverse model estimated CO2 flux variability

based on two different forward transport reiterates the fact

that eventhough the absolute flux determination greatly

depends in the forward transport model in use, the flux vari-

ability at interannual time scale can be derived realistically

using single model transport. 
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In order to better understand and predict high-impact phenomena in the atmosphere and ocean mainly in mid-latitudes, we

conducted global high-resolution simulations using atmosphere, ocean, and coupled atmosphere-ocean models. Process stud-

ies on impact of a sea surface temperature front on the atmospheric circulation, predictability studies on potential of strong

winds and tornadoes, and global atmospheric data assimilation experiments with local ensemble transform Kalman filter were

performed during the fiscal year of 2007.

Keywords: high-impact phenomena, predictability, data assimilation, air-sea interaction, tornado

1. Introduction 
This study is a multi-year project that focuses on the pre-

dictability and process studies of high-impact phenomena in

the atmosphere and ocean mainly in mid-latitudes. We high-

light selected process and predictability studies during the

fiscal year of 2007. 

2. Research activities using OFES hindcast simulation
output
Following a 50-year spin-up of climatological simulation

using the ocean general circulation model for the Earth

Simulator (OFES), a hindcaset simulation from 1950 up to

now [1] has been conducted. The simulation displays ocean-

ic mean fields and variability with fine structures, which are

comparable to available observations. Two impressive

examples among many activities using OFES outputs are

introduced in this section. 

It is found that the winter deep mixed layer in the

Southern Ocean from the OFES outputs, where Subantarctic

Mode water forms, is comparable to that by Argo floats (not

shown). The dynamics associated with the deep mixed layer,

the modification of water properties by warm water advec-

tion, is investigated using the OFES outputs [2]. 

Particle-tracking experiments using ocean circulation

fields from the OFES hindcast are conducted to clarify the

effect of an El Niño on the migration of Japanese eels in the

western North Pacific [3]. The distribution of the simulated

particles (not shown) suggests that the transport of Japanese

eel larvae within Kuroshio in El Niño year is much less than

that in non-El Niño year, due to interannual meridional dis-

placement of the salinity front that is critical to spawning

migration and bifurcation of the North Equatorial Current.

The outputs from the OFES simulations contribute to studies

not only on physical oceanography but also on marine

ecosystem. 

3. Development and evaluation of CFES 
To better simulate climate and its variability, we continue

the development and improvement of the coupled atmos-

phere-ocean general circulation model for the Earth

Simulator (CFES [4]). A particular focus is placed on

improving the radiation budget at the top of the atmosphere.

The radiation balance to an acceptable level is a prerequisite

of decent coupled simulations and it depends on cloud and

temperature representation of coupled models. The model

improvements performed this year include implementing, a

new cloud scheme and the effect of geographically nonuni-

form aerosols to the atmosphere general circulation model

for the Earth Simulator (AFES [5]), and latitude-dependent

oceanic albedo, oceanic solar radiation penetration depend-
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ing on free ocean surface, and an alternative mixed layer

model proposed by Noh and Kim [6] to OFES. Among

them, a significant improvement of the radiation budget has

been achieved by the development of a new large-scale

cloud condensation scheme. This new scheme unifies the

conventional turbulent closure model and simple large-scale

condensation scheme employed by former versions of

AFES, such that the variance of the total water content and

liquid water potential temperature in a grid volume is diag-

nosed by a new moist Mellor-Yamada type turbulent closure

model. The new cloud scheme is confirmed to improve

greatly the low cloud representation in wide regions along

the eastern boundary of the Pacific Ocean. 

The new cloud scheme is further evaluated with the medi-

um-resolution version of CFES. With the old cloud scheme,

the coupled model simulates almost no low cloud off

Peruvian coast (top left panel in Fig. 1) where the simulated

sea surface temperature (SST) exhibits warm bias associated

with unrealistic double ITCZs (top right panel in Fig. 1), a

much common problem for many coupled GCMs. Once the

new cloud scheme was implemented, the representation of

the low cloud off Peru south of the equator is greatly

improved (bottom left panel in Fig. 1) as confirmed in the

uncoupled AFES simulation. In the coupled simulation,

besides the proper shading of the solar radiation by the better

low clouds, which reduces the warm SST bias (bottom right

panel in Fig. 1), local SST-low cloud feedback may be at

work to enhance the impact of the new cloud scheme off the

south American coast. 

The influence of the better represented low clouds extends

beyond the offshore region of the South America. The

meridional surface pressure gradient associated with the

reduced warm SST bias in the region sets up cross-euqatorial

northerly winds (bottom left panel in Fig. 1), which were

confined to the south of the equator due to the fallacious

southern ITCZ in the simulation with the old cloud scheme.

The improved wind field provides more realistic wind stress

curl field in the eastern equatorial Pacific (EEP), specifically

the removal of unobserved zonal band of positive wind curl

to the south of the equator (not shown) that drives too strong

eastward current along the southern ITCZ. The corrected

wind curl field excites oceanic Rossby waves that carry the

information of remedied oceanic thermocline structure west-

ward. The wave propagation brings about better ocean circu-

lations in the western equatorial Pacific, reducing the too

strong eastward current and the associated warm temperature

advection eastward towards the EEP, which may be an addi-

tional remote feedback to improve the low cloud representa-

tion in coupled simulations.

In summary, the preliminary coupled simulation indicated

that the better low-cloud representation in the EEP influ-

enced entire equatorial tropical Pacific through local and

remote air-sea feedbacks. Detailed process of such feed-

backs and quantitative estimates of their contributions to

shape the tropical Pacific are issues for further study.

4. A study of midlatitude air-sea interaction based on
CFES simulation
On the basis of a solution to the high-resolution CFES [4],

an impact of a SST front in the South Indian Ocean on distri-

butions of turbulent surface heat fluxes is investigated.

Latitude-time sections (left panels in Fig. 2) show that when

an atmospheric disturbance transports cold air equatorward

beyond the SST front (top panel in Fig. 2), SST-SAT (sur-

face air temperature) is suddenly enlarged, and upward sen-

sible heat flux release is enhanced (bottom panel in Fig. 2),

and vice versa. Although the atmospheric disturbance

strongly reduces meridional SAT gradient with its meridion-

al heat transport, by releasing (absorbing) sensible heat to

the cold (from the warm) air, the enhanced surface heat flux-

Fig. 1  Annual mean fields of (left panels) low cloud as measured by cloud water mixing ration (color

shade; units in Kg Kg–1) averaged over the lower troposphere (1000–700hPa), surface wind vector

at 10-m height, (right panels) sea surface temperature (color shade; units in ˚C), and surface ocean

current vector at 50-m depth from first 5-years of integrations of the medium resolution CFES (top

row) with old cloud scheme and (bottom row) with new cloud scheme.
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Fig. 2  (Left panels) Latitude-time sections of (top) SAT (2-m air temperature, color contours),

SAT-SST (shadings), and (bottom) sensible heat flux (shadings) at 55˚E from July to

August in Yr 1 simulated in CFES. Black contours in both panels show SST. Contour

intervals for SAT and SST are 2˚C. (Right panel) Meridional profiles for SST (black) and

SAT (red) averaged in the two months.

es near the SST front can restore SAT to SST below with

time scale of a day, and maintain a frontal structure in the

temporal mean SAT field over the SST front (right panel in

Fig. 2).

Theoretically, it is suggested that meridional temperature

gradient in the atmospheric surface layer can enhance devel-

opment of atmospheric disturbances, which are crucial to

drive a mean atmospheric circulation in mid-latitudes

through eddy-mean flow interaction. Then the aforemen-

tioned mechanism can be a key of the processes through

which the SST front formed by ocean dynamics may affect

the atmospheric circulation. 

5. Ensemble assimilation of atmospheric data
Data assimilation and predictability studies have been

conducted under the collaboration among the Japan

Meteorological Agency (JMA), Japan Agency for Marine

Earth Science and Technology (JAMSTEC) and Chiba

Institute of Science (CIS). In addition to the Earth Simulator

Center (ESC), Institute of Observational Research for Global

Change (IORGC) participated from JAMSTEC since fiscal

year 2007 to enhance studies on observing systems experi-

ments (OSEs). Ensemble data assimilation experiments have

been conducted using a system [7] composed of JMA’s local

ensemble transform Kalman filter (LETKF) and ESC’s

AFES [5]. This dataset, AFES-LETKF experimental ensem-

ble reanalysis (ALERA [8]), was made available online for

research purposes from May 2007 at http://www3.es.jam-

stec.go.jp/alera/.

The AFES-LETKF data assimilation system (ALEDAS)

has been improved to provide more accurate and rich prod-

ucts with less computational cost. The new system uses a

newer version of AFES with land surface and canopy model

MATSIRO (minimal advanced treatments of surface interac-

tion and run-off [9]). Skills of 120-hr forecast in August

2004 using AFES with MATSIRO indicated significant

improvement; the root mean square error of the 500 hPa

geopotential height in the Northern Hemisphere have been

reduced by 3.4 m (from 52.1 to 48.7 m). A part of data

assimilation algorithm (covariance localization) of LETKF

is improved to use geographically smooth weighing func-

tions without local patches [10]. This modification avoids

discontinuity of the analysis in the Polar Regions (Fig. 3). In

addition, computational performance is dramatically

improved in the new LETKF.

Dropsonde observations were conducted near the Palau

islands in the western Pacific during the PALAU (Pacific

Area Long-term Atmospheric observation for Understanding

of climate change) 2005 project. In order to examine the

impact of those observations, OSEs were conducted using

ALEDAS with dropsonde data at 06 UTC on 12, 13, 15, 17

June 2005 [11]. The assimilated results were compared with

ALERA that does not use those dropsonde data. The differ-

ences propagate along the southerly winds along the edge of

the northwestern Pacific anticyclone towards Japan in sever-

al days (Fig. 4). The estimated propagation speed corre-

sponds to the group velocity of Rossby waves. It is speculat-

ed that more accurate data in the Palau region would

improve the analysis and forecast of the disturbances along

the Baiu frontal zone.
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Fig. 4  Daily averaged differences with significance level greater than

95% of the 700 hPa zonal wind speed with and without drop-

sonde observations (colour shades) on (a) 13, (b) 15, and (c) 17

June 2005. Contours indicate 700 hPa geopotential height.

Adopted from Moteki et al. 2007 [11].

of tornado potential indexes show good agreement with the

location of tornado and strong wind events (not shown).

Moreover, there is some predictability in several day’s fore-

casts. We concluded that combination of ensemble forecast

and tornado potential is a viable approach. Computationally

expensive cloud resolving predictions may be conducted

when large probability of tornado potential is predicted.

6. Predictability of strong winds and tornado potential
Disasters of tornados and strong winds which occurred in

recent years in Japan urged precise forecast of such phenom-

ena. Prediction of these phenomena is very difficult because

they have a few hundred meter scales and suddenly happen.

However, it is believed that the potential of tornado has

some predictability since most of them are accompanied by

synoptic scale disturbances such as typhoons and extratropi-

cal cyclones, which have larger predictability than micro- to

meso-scale turbulences. In order to quantify the uncertainty,

an ensemble method is used in this study. 

Ensemble hindcast experiments for an extratropical

cyclone, which caused disasters due to tornados in Hokkaido

and to strong winds in Niigata, are conducted. T159L48

(about 80 km horizontal resolution and 48 vertical levels)

AFES is used. 40 members of ALERA [8] are used as initial

conditions. Fig. 5 shows 3, 4 and 5 days probability predic-

tions of strong wind larger than 17 ms–1 at 06UTC 7

November 2006. Comparing with QuikScat observation,

strong winds over the Sea of Japan are predicted with high

probability before 5 days, while those elongating from

southern coast of Honsyu over the Pacific Ocean do not

appear even before 2 days. However, probability predictions

Fig. 3  Ensemble spread of the sea-level pressure (hPa) at 00UTC on 1

August 2004 with (top, original LETKF) and without (bottom,

new LETKF) local patches [7]. Adopted from Miyoshi et al.

2007 [10].
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Fig. 5  Probability prediction of strong wind larger than 17 m s–1 at 06UTC 7 November 2006 (color) and ensemble mean sea level

pressure (contour, interval is 4 hPa). Initial times are at (a) 12UTC 2, (b) 12UTC 3, and (c) 12UTC 4 November 2006.

7. Concluding remarks
We briefly report process and predictability studies of

high-impact phenomena in the atmosphere and ocean using

atmosphere, ocean, and coupled atmosphere-ocean models

during the fiscal year of 2007. OFES outputs have been used

to investigate problems not only in physical oceanography

but also in marine ecosystem. The analysis of the high-reso-

lution CFES highlights the impact of SST front on the

atmospheric circulation. Some predictability studies such as

potential of strong winds and tornados, and the disturbances

along the Baiu frontal zone were also conducted. 

CFES has been continuously developed and improved.

We will soon have long-term integration data with the

upgraded CFES with high resolution that could lead us to a

better understanding of climate variability in mid-latitudes.

We also plan predictability studies using CFES. 
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Multi-Scale Simulator for the Geoenvironment (MSSG), which is a coupled non-hydrostatic atmosphere-ocean-land model,

has been developed in the Earth Simulator Center. Outline of MSSG is introduced and characteristics are presented. In this

report, we focus on model component of urban scale phenomena and cloud physics in meso-scale. In addition, in the purpose

of longer simulation, sea ice model was introduced in MSSG in this fiscal year. In this section, it is reported the outline of

simulation results and those impacts.

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 pur-

posed of promoting advanced prediction simulation. MSSG

is optimized to be run on the Earth Simulator with high com-

putational performance and it is designed to be available

with flexibility for different space and time scales. MSSG

can simulate phenomena with ultra high small scale such as

several meters for horizontal resolution which is required in

simulations in urban canyon (Fig. 1). MSSG enable us to

global atmospheric simulation with 1.9km horizontal resolu-

tion. MSSG is designed in order to provide the flexibility for

forecasting weather/climate variability as follows,

• Global non-hydrostatic atmospheric circulation  model:

Global MSSG-A,

• Regional non-hydrostatic atmospheric model: Regional

MSSG-A,

• Global non-hydrostatic/hydrostatic ocean model: Global

MSSG-O,

• Regional non-hydrostatic/hydrostatic ocean model:

Regional MSSG-O,

• Couple Global MSSG-A to Global MSSG-O: MSSG,

• Coupled Regional MSSG-A to Regional MSSG-O:

Regional MSSG, 

and

• Global coupled model MSSG is capable to connect to

Regional coupled model MSSG using 1-way/2-way nesting

schemes.

In the development of MSSG, we especially focus on the

following thema;

I. improvement of accuracy of discritization schemes for

ultra high resolution simulation,

II. improvement of physical performance of boundary layer

and micro cloud physics with turbulent scale effects,

and

III. improvement of forecasting results with multi-scale sim-

ulations.

This report summarizes results of our project in FY2007.

2. MSSG model configuration
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 of Satomura (2003), Smagorinsky-Lilly

type parameterizations by Lilly (1962) and Smagorinsky

(1965) for sub-grid scale mixing, surface fluxes by Zhang

(1982) and Blackadar (1979), cloud microphysics with

mixed phases by Reisner (1998) and cumulus convective

processes by Kain (1993) and Fritsch (1980). Cloud-radia-
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tion scheme for long wave and shortwave interactions with

both explicit cloud and clear-air are adopted which is based

on the scheme in MM5. Over land, the ground temperature

and ground moisture are computed by using a bucket model.

As upper boundary condition, Rayleigh friction layer is set.

In the ocean component, which we call it MSSG-O, in-com-

pressive and hydrostatic/nonhydrostatic equations with the

Boussinesq approximation are introduced based on describing

in Marshall (1997a) and Marshall (1997b). Smagorinsky type

scheme by Lilly (1962) and Smagorinsky (1965) is used for

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

method in Stuben (1999) is used in order to solve a Poisson

equation in MSSG-O. AMG is well known as an optimal solu-

tion method. In MSSG, we used the AMG library based on

aggregation-type AMG in Davies (1976), which has been

developed by Fuji Research Institute Corporation.

In both the atmospheric and ocean components, Yin-Yang

grid system presented in Kageyama (2004) and Arakawa C

grid is used. The atmospheric component utilizes the terrain

following vertical coordinate with Lorenz type variables dis-

tribution in Gal-Chen (1975). The ocean component uses the

z-coordinate system for the vertical direction. In discritiza-

tion of time, the 2nd, 3rd and 4th Runge-Kutta schemes and

leap-flog schemes with Robert-Asselin time filter are avail-

able. The 3rd Runge-Kutta scheme presented in Wicker

(2002) is adopted for the atmosphere component. In the

ocean component, leap-flog schemes with Robert-Asselin

time filter is used for the ocean component. For momentum

and tracer advection computations, several discritization

schemes introduced in Peng (2004) are available. In this

study, the 5th order upwind scheme is used for the atmos-

phere and central difference is utilized in the ocean compo-

nent. The vertical speed of sound in the atmosphere is domi-

nant comparing with horizontal speed, because vertical dis-

critization is tend to be finer than horizontal discritization.

From those reasons, horizontally explicit vertical implicit

(HEVI) scheme in Durran (1991) is adopted in MSSG-A.

Conservation scheme was discussed in Peng (2006) and

no side effects of over lapped grid system such as Yin-Yang

grid were presented due to validations results of various

benchmark experiments in Takahashi (2004a,b) and

Takahashi (2005).

3. Computational/ physical model improvements
In FY2007, we especially focus on developing model

component of urban scale phenomena and cloud physics in

meso-scale. In addition, in the purpose of longer simulation,

sea ice model was introduced in MSSG. In this section, it is

reported the outline of simulation results and those impacts.

3.1 Impact of three dimensional radiation model in urban

canyon

Three dimensional radiation process model was devel-

oped in order to understand heat radiation mechanism in

urban canyon area. It is indispensable for simulation of heat

island phenomena influenced from thermal storage process

among walls on building and roads. Heat tends to be stored

in lower level in city canyon layers and its tendency was

appeared on walls toward the all direction as shown in 

Fig. 2. Furthermore, eddies due to convection were trapped

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

and resolution.

Fig. 2  Differences of temperature distribution between with 3D radia-

tion process model and without the model.
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in the city canyon layers shown as in Fig. 3. The initial state

was settled at 15:00 on 5th August in 2005. Initial thermal

condition was set taking account of rate of shade in a day.

Snapshot of 15 minutes integration from the initial state by

using MSSG coupled the 3D radiation model is presented in

Fig. 4. Temperature distribution is shown at the height of 7.5

m from the ground. Eddies and wind streams were simulated

very well, therefore it suggest that these simulation will be

quite useful to assesse measures for the heat island.

Furthermore, it will be required to introduce further efficient

computational schemes to be simulated it faster. 

3.2 Efficient computational scheme for Bin method using

CIP method.

In the cloud physics processes, especially Bin methods,

during the collision growth process with which the cloud

condensation nucleus is activated and a minute drop of water

or a minute ice crystal is generated, condensation and the

evaporation growth process is simulated. Condensation and

the evaporation process are especially important processes

and connecting directly with the stability of the dynamic

computation to accompany the thermal change by the phase

change. However the computational cost is extremely high.

Development of the calculation method with not only high

accuracy but low computational cost is required.

In this study, Condensation and the collision calculation

method used the CIP-CSLR(Constrained Interpolated

Profile-Conservative Semi-Lagrangian with Rational func-

tion) method were developed. Figure 5 shows one example

of the result. The CIP-CSLR method shows best perform-

ance due to represent peak value and profile comparing the

reference as shown in Fig. 5. In addition, further characteris-

tics of the CIP-CSLR become clear as follows; numerical

value diffusion is small, numerical oscillation is not caused,

the 2nd order of accuracy is maintained, conservation low is

kept for the whole computation, and computational cost is

quite low. Computaional cost is 4-5 times more compared

Fig. 3  Wind stream function and temperature distribution in for the vertical.

Fig. 4  Snapshot of 15 minutes simulation from the initial state by using

MSSG coupled the 3D radiation model.
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Fig. 6  Observation data on 28th February 2007. (a) sea ice distri-

bution (b) sea ice consentration.

Fig. 7  Snapshot of consentration distribution on 28th February using

MSSG coupled to the introduced sea ice model.

Fig. 8  Comparison of distribution sea ice consentration between simu-

lation result using sea ice collision effects and results without

collision effects.

with cost of the 1st order upwind scheme, however, 0.4 times

of the computational  time is realized using 10 times longer

time step as shown in Table 1.

3.3 Sea ice model component introduced in MSSG and its

performance

Coupling ocean physics to sea ice production plays quite

important to simulate seasonal, annual or more longer simu-

lation such as climate variability simulations. The intro-

duced sea ice model is taking account of sea ice collision

process. The collision process is considered as quite impor-

tant process to represent real sea ice distribution, because

radiation process in the atmosphere is influenced by the dis-

tribution and mixed layer in the ocean as well. Especially,

ultra high resolution simulation is required to understand

the impact to Japanese climate system by intermediate

water formation in the Okhotsk Sea. Preliminary experi-

ments were promoted in the current year to represent sea ice

distribution by the new introduced model with MSSG-O.

The initial state was used climatological data of November

and seven months integration was executed. Figure 6 shows

observational data of sea ice distribution and its condensa-

tion distribution on 28th February 2007 as an case data.

Snapshot of the simulation in Fig. 7 is comparable to the

observational data. Sea ice collision effects are remarkable

Table 1  Computational cost of the each scheme during 1,000 integra-

tion steps.

 Computation scheme Computational cost Ratio of cost

 1st order upwind 1733127 1.000

 3rd order upwind 2398127 1.384

 Semi Lagrangean 5783127 3.337 

 WAF 2500841 1.443

 CIP-CSLR 7580126 4.374

Fig. 5  Performance to represent peak value and profile comparing the

reference.
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in the front of sea ice distribution as shown in Fig. 8.

Furthermore, distribution of sea ice in the Okhotsk Sea,

especially the region with low concentration was improved

compared with simulation results from the MSSG-O with-

out sea ice collision process.

4. Conclusion and near future work
In the current year, we focus on developing model com-

ponent such as three dimensional radiation system, high per-

formance computational scheme for cloud micro-physics of

Bin method, and the sea ice model with collision processes.

Though results were not presented in this report, local wind

forecasting or precipitation forecasting in meso-scale region

had been improved. Through these experiments and devel-

oping model components, various scale simulations will 

be planned in the near future. Especially, seasonal/annual

forecasting will be promoted using MSSG with cloud

resolved scale. 
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Multi-Scale Simulator for the Geoenvironment (MSSG), which is a coupled non-hydrostatic atmosphere-ocean-land

model, has been developed in the Earth Simulator Center. Outline of MSSG is introduced and characteristics are present-

ed. In this report, we focus on model component of urban scale phenomena and cloud physics in meso-scale. In addition,

in the purpose of longer simulation, sea ice model was introduced in MSSG in this fiscal year. In this section, it is report-

ed the outline of simulation results and those impacts.
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Fig. 1  Snapshot of 15 minutes simulation from the initial state by

using MSSG coupled the 3D radiation model.
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Fig. 2  Snapshot of condensation distribution on 28th February

using MSSG coupled to the introduced sea ice model.
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In this project, the coupled ocean-atmosphere GCM SINTEX-F1 developed under EU-Japan collaborative framework is

used to simulate climate processes and to predict the tropical climate variabilities. During last several years of real time pre-

diction experiments, it is demonstrated that the model has high level of skill for ENSO and IOD predictions. Recently, the

SINTEX-F1 predicted well in advance the evolution of El Niño and La Niña events together with consecutive occurrences of

positive IODs. The occurrences of positive IOD events in 2006 and 2007 were predicted several seasons ahead. The two posi-

tive IOD events co-occurred with an El Niño and a La Niña, respectively. The latter case clearly demonstrated that the evolu-

tion of positive IOD is not necessarily dependent on the El Niño. 

The retrospective forecast results also suggest good predictive skill of SINTEX-F1 in the Kuroshio extension region.

Process studies using the model simulated results suggest importance of horizontal advection in determining the surface cool-

ing off Somalia. The El Niño Modoki signal is identified in the SINTEX-F1 simulation results using a new statistical method

known as the self-organizing maps.

Keywords: SINTEX-F1 coupled model, IOD, ENSO, predictability

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

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

shown to influence the climate variabilities in several parts

of the world. The IOD, which is an inherent air-sea coupled

climate mode in the tropical Indian Ocean, has been exten-

sively studied during the recent decade (e.g. Saji et al. 1999;

Yamagata et al. 2004). Because of its large impact on 

the Indian Ocean rim for societal benefits it is important to

have accurate prediction of the evolution of IOD in addition

to ENSO. 

The prediction system using the SINTEX-F1 model is

found to be very successful in the prediction of IOD and

ENSO and the associated global climate variations. Based

on 9-member ensemble predictions, Luo et al. (2005,

2008a) showed good forecast skills for ENSO up to two

years ahead of their occurrences. The model was also able

to predict IOD events in the Indian Ocean (Luo et al. 2007)

several seasons ahead. For example, the model is able to

predict the strong positive IOD event of 1994 at 3 seasons

lead time. However, the skill scores of the IOD prediction

are reduced by seasonal predictability barriers. For exam-

ple, results from retrospective ensemble forecast experi-

ments for the past two decades reveal a winter prediction

barrier associated with the intrinsic strong phase-locking of

IOD, and a false spring barrier due to remote impacts of

ENSO. Nevertheless, SINTEX-F1 prediction system has

been successful in predicting recent IOD events that consec-

utively occurred in 2006 and 2007. 

The SINTEX-F1 retrospective hindcast experiment results
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also showed good skill in the predictions of decadal extrat-

ropical SST anomalies of the Kuroshio Extension region.

Decadal scale oceanic variations in this region are important

for climate variations in the North Pacific domain, and also

Japanese fisheries.

2. SUCCESSFUL PREDICTIONS 
The positive IOD event of 2007 was very unusual. It has

evolved consecutively after the demise of the positive IOD

of 2006 and also it has co-occurred with a La Niña. Either of

those cases is very rare in the observational records of sea

surface temperature (SST) and rainfall (Behera et al. 2008).

Co-occurrence of positive IOD and La Niña in 1967 is the

only other occasion that could be detected in the last 50

years. So, it was interesting to find that such a rare event

could be predicted at least 2 seasons ahead (Luo et al.

2008b) by the SINTEX-F1 prediction system (Fig. 1). 

The 2006 positive IOD event, which occurred before the

2007 event, had caused huge societal impacts, including the

severe haze problem in Indonesia due to forest-fires, excep-

tionally long-lasting drought in Australia (e.g. Yamagata and

Behera 2007), and many deaths and financial losses in East

Africa due to excessive rainfall and flooding. Usually a neg-

ative IOD event develops after the demise of a positive IOD

event when the warm SST anomalies from the western

Indian Ocean moves back to the eastern Indian Ocean.

However, in 2007 summer a weak signal for positive IOD

developed with sudden cooling of SST off Java and

Sumatra. Strong easterly wind anomalies appeared in the

central Indian Ocean in May 2007 driving eastward propa-

gating upwelling Kelvin waves to arrive Sumatra and Java

coasts. This caused shoaling of the thermocline and SST

cooling, which was helped further by the generation of

southeasterlies along the coasts. Observational findings are

supported by 4 consecutive IOD events found in the SIN-

TEX-F1 model simulations.

The weak cooling in the east, warming in the west, and

the easterly anomaly in the central tropical Indian Ocean

were well predicted from April of 2007. However, the model

predictions of IOD index showed large uncertainties in 2007

as compared to that in 2006 because of large spreads in IOD

signals as found among the ensemble members (Luo et al.

2008b). The IOD impacts were also predicted reasonably

well up to 1–2 seasons ahead for 2007 fall despite that this

IOD signal was weak and La Niña might have large influ-

ence. In particular, the dry and warm anomalies in Australia

and Arabian continent, and the floods in East Africa and

South India are predicted well by the model.

The ensemble members for the real-time prediction

experiments are increased to 27 from 9. The new results

show some improvement in the predictability of ENSO and

IOD. A series of predictability experiments were also car-

ried out using SINTEX-F1 by decoupling Indian and Pacific

Oceans respectively. Comparison of results from these

experiments with the results from the real-time predictabili-

ty experiment suggests that the ocean-atmosphere coupling

in the Indian Ocean plays an important role in the ENSO

predictability. The hindcast experiment results of SINTEX-

F1 are used in an international study under CliPas to

improve model predictions using multi model ensemble

(MME) approach (Wang et al. 2008a, 2008b). The MME

forecast based on 10 coupled models has shown improved

skill compared to any one model in the prediction of Asian

monsoon rainfall and most importantly the Indian Ocean

variability (Jin et al., 2008).

The retrospective hindcast experiment results showed that

the low-frequency SST anomalies can be predicted at 12- to

22-month lead time (Fig. 2) in the Kuroshio Extension

region. The accompanying anomalies in sea surface height

(SSH) and surface heat flux fields are also predicted fairly

well. It is found that the sea level pressure variations are

well predicted although the amplitude over the North Pacific

in the model is weaker than that in the observation. 

3. PROCESS STUDIES
It is well-known that the SST off Somalia is strongly influ-

enced by seasonal upwelling during the boreal summer (de

Boyer Montegut et al.; manuscript under preparation). The

cold upwelled waters are then advected to offshore regions

by the offshore branch of the Great Whirl (Fig. 3). However,

Fig. 1  The Sep-Nov SST anomalies predicted by SINTEX-F1 (left panel) from 1 April 2007 and its comparison with the

observed SST anomalies (right panel) in September 2007.
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Fig. 2  Time series of area mean (top) SST, (second) SSH, (third) downward

surface heat flux, in [30˚–35˚N, 140˚–180˚E] based on Japanese 25-

year reanalysis (JRA25,  black curve, omitted for SSH), and SINTEX-

F1 12-month (green dots), and 22-month (blue dots) lead predictions

(9-member mean). Bottom panel is for SLP averages in [30˚–65˚N,

160˚E–140˚W]. All variables are anomalies and a 5-month running

mean is applied to filter high frequency variabilities.

from a recent analysis of model results from the new version

of SINTEX-F it is found that the SST cooling caused by the

coastal upwelling is actually modulated by horizontal advec-

tion. The net change in SST in that region is dependent on

the relative influence of upwelling and the northward advec-

tion of warmer waters from the equatorial region.   

Fig. 3  Great Whirl velocity and associated upwelling intensification in a model year.
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Detailed characteristics of simulated IOD events in the

SINTEX-F1 results are analyzed to enhance our understand-

ing of IOD mechanisms (Rao et al., 2007, 2008; Tozuka et

al., 2007a, 2007b; Hong et al., 2008). In addition, process

studies were carried out to understand the role of model res-

olution on simulated climate variability (Navarra et al.

2008), the role of tropical SST on monsoon variability

(Cherchi et al. 2007; Izumo et al. 2008) and the changes in

tropical cyclone frequencies in warmer climate (Bengtsson

et al. 2007).

The SINTEX-F1 results are used to understand the low-

frequency variability of the IOD and ENSO using new non-

linear statistical technique called as self-organizing maps

(SOM) (Tozuka et al., 2008). Composite diagrams construct-

ed based on the SOM analyses of the SINTEX-F1 simulated

SSTA have revealed interesting differences among the inter-

annual SST modes of the Indo-Pacific sector. In these analy-

ses, the basin-wide warming in the Indian Ocean is seen to

be related to a strong positive SSTA in the eastern equatorial

Pacific together with a negative Southern Oscillation.

However, the positive IOD events in SOM classified com-

posites are associated with a weak positive SSTA over the

central equatorial Pacific. The warming in the central equa-

torial Pacific appears to correspond to El Niño Modoki dis-

cussed recently. 

Several research papers are written/published based on the

SINTEX-F1 results. These are listed in the reference list. A

new version of the model named as SINTEX-F2 (which has

ECHAM5 T159L31 + OPA 0.5x0.5L31 + OASIS3) is devel-

oped. Model results are intercompared to remove the biases

in the new version of the model.
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The mission of this project is to develop advanced climate models which have a capability to explore new arena of climate

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. In fiscal year 2007, new

schemes for planetary boundary layer and cumulus convection were applied to the CCSR/NIES/FRCGC model under a realis-

tic condition. Thanks to the new schemes, the dry biases in the lower atmosphere reduced significantly and we obtained rea-

sonable climate sensitivity in an experiment for global warming projection. For the global cloud resolving model, we have

successfully simulated a Madden-Julian Oscillation event. We also performed the climate sensitivity test. A new boundary

scheme is implemented to improve the expression of shallow clouds. For the eddy resolving ocean model, we performed eddy

resolving ocean simulations in the Southern Ocean and the Agulhas Current region to investigate interactions between eddy

and ocean circulation. In the Brazil-Malvinas Current confluence region in the Southern Ocean, low potential vorticity (PV)

water of Malvinas Current is injected into relatively high PV water of Brazil Current by the eddy-induced velocity. In the

Agulhas Current region, it is shown that eddies play important roles to transport water from Indian Ocean to Atlantic Ocean.

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

1. Background
We have combined former several Earth-Simulator

research projects in which three climate-simulation models

have been developed: a CCSR/NIES/FRCGC atmosphere-

ocean-land coupled model, a global cloud resolving model

NICAM, and an eddy resolving ocean general circulation

model. These projects are based on the medium-range 

(5-year) plan of the Japan Agency of Marine-Earth Science

and Technology. By conducting these projects, we will final-

ly achieve a state-of-art earth environmental model, explor-

ing a new research field of climate simulations. 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 simulations by the 

second and third models.

2. Development of the CCSR/NIES/FRCGC coupled
model
We have had model experiments for improvement of

physical parameterizations associated with radiation, cumu-

lus convection, cloud, and atmospheric lower boundary

layer, for reproduction and prediction of the actual climate

system. Moreover, we have had comparison studies in order

to find some missing features in the parameterizations adopt-

ed in MIROC against a cloud-resolving model, NICAM.

Model sensitivity experiments and analyses of model outputs

were also carried out for a wide rage of climate system stud-

ies including paleoclimate issues.

For the sake of realistic reproduction of three-dimensional
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Fig. 2  Time-height section of zonally averaged  zonal wind at equator.

distribution of water vapor and cloud water in climate mod-

els, an improved version of Mellor-Yamada scheme based

on Nakanishi and Niino (2004) has been implemented in

MIROC. Major differences of this scheme from the past

scheme are improved treatment of mixing length and pres-

sure correlation terms, updated closure constants based on

LES results and higher level in the hierarchy of the scheme.

Notable improvements were seen in vertical distribution 

of water vapor and cloud water in the lower troposphere

(Fig. 1). Large dry biases around 850hPa are almost elimi-

nated with this scheme. Low level clouds tend to be lift up

making the result closer to observations. We also confirmed

that the global warming projection under doubling CO2 by

MIROC with the new closure scheme reproduced a reason-

able size of climate sensitivity in comparison with that with

the previous scheme.

A version of MIROC AGCM with a high vertical resolu-

tion (T213L256) and without gravity wave parameteriza-

tions successfully simulated large-scale quasi-biennual and

semi-annual oscillations (QBO and SAO, respectively) with

realistic amplitudes in the equatorial atmosphere (Fig. 2). In

this experiment, gravity waves are represented explicitly in

the model outputs. Currently we have investigated the mech-

anism in QBO particularly in terms of roles of gravity waves

exited by cumulus convection in the tropics.

3. Development of the global cloud resolving atmos-
pheric model: NICAM
It is known that the conventional AGCMs cannot well

reproduce Madden-Julian Oscillation. Since the global cloud

resolving model NICAM is expected to reproduce it owing

to explicit representation of convections, we have tried to

simulate a Madden-Julian Oscillation event by NICAM. The

simulation was successfully performed with 3.5 km and 7

km resolution; large scale cloud cluster is maintained and

eastward propagates with a realistic phase speed.

Furthermore, the detail structure in the cloud cluster is in

good agreement with the observation. Figure 3 shows the

result from this experiment, which gives the comparison

between simulation result and satellite data. The simulation

captures the eastward propagation of large scale cloud clus-

ter and disturbances in the cloud cluster with relatively fast

speed. We found that the propagation of disturbance with 

5 days period plays an important role for eastward propaga-

tion of MJO over the maritime continent. We are now con-

tinuing to investigate the period of MJO and the realization

of tropical cyclone associated with MJO by extending the

simulation time of 3–5 months.

Second, we performed the climate sensitivity experiment

Fig. 1  Zonally averaged annual mean specific humidity biases [g/kg]

for old (upper) and new (lower) schemes, compared with

ERA40.
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Fig. 3  The Madden-Julian Oscillation experiment by global cloud resolving model NICAM. Right figure: the

Hovmoller diagram (10N-10S) of OLR by one month integration of 7km mesh model. The simulation  starts

from 15th December 2006. Left : the Hovmoller diagram of TBB on the equator by MTSAT-1R.

Fig. 4  Difference of clouds classified by the ISCCP simulator between the control experiment and the +2K experi-

ment. Panels (a), (b) and (c) are high, middle and low clouds for NICAM. Panels (d), (e) and (f) are those for

MIROC.

by using the global cloud resolving model, which was the

first attempt over the world. As the experimental setup, the

perpetual July condition was given and a couple of run 

(control run with the present SST and the perturbed run with

SST + 2K) was conducted. As a result, the high-thin cloud

dramatically increases in SST + 2K run (Fig. 4). This change

is not seen in the results from the usual GCMs, which have

been reported in IPCC AR4. Since the high-thin cloud has

large greenhouse effect, its increase gives the positive feed-

back against the global warming and enhances the climate

sensitivity. Now, we are conducting some sensitivity tests

from the viewpoint of physical process and investigating the

robustness of this result.

Third, we improved the boundary layer scheme. From the

analysis of recent climate model, the offshore clouds in

California and Peru coasts, which are widely distributed on

the ocean, play an important role for climate sensitivity.

Since the horizontal resolution in NICAM is several km,

such clouds should be expressed implicitly. For this purpose,

we implemented Nakanishi and Niino scheme, which 
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was employed in the recent MIROC model, into NICAM.

Figure 5 shows the comparison of cloud amount in the lower

atmosphere between the NICAM result and ISCCP data. As

shown in Fig. 5, we can obtain the realistic shallow clouds

near the California and Peru coast, which appear in the

observation. This result suggests that the global cloud

resolving model can well express not only the deep clouds

but also shallow clouds. We will continue the improvement

of physical process, especially, cloud microphysics and

boundary layer scheme.

4. Development of the eddy resolving ocean model
We perform eddy resolving ocean simulations in the

Southern Ocean and the Agulhas Current region to investi-

gate interactions between eddy and ocean circulation.

In the Southern Ocean, an eddy resolving simulation with

about 10 km horizontal grid size is performed. The model is

integrated 53 years and output data of the last three years

are used to evaluate effect of mesoscale eddies. Figure 6

shows the three-year averaged potential vorticity (PV) on σ0

= 27.1 layer in the Atlantic Ocean. The PV is conserved as

long as no influence from the sea surface or mixing with

water of different PV occurs. This figure shows that low PV

water in the southeast Pacific is fed into Malvinas Current

through Drake Passage and merged with low PV water gen-

erated in the north of Burdwood Bank. At the Brazil-

Malvinas Current confluence, the merged low PV water

encounters Brazil Current, the PV value of which is rela-

tively high due to the influence of Agulhas region. The dif-

ference of the PV values between these two currents

appears to cause mixing of PV and this PV mixing gener-

ates an eddy-induced velocity which advects low PV water

into high PV water region. The distribution of PV shows

that the low PV water is advected downward into Brazil

Current by the eddy-induced velocity.

In the Agulhas Current region, we perform eddy permit-

ting simulations using both 15 and 40 km horizontal grid

size. In order to study effect of eddies to mass transport 

in this region, artificial passive tracer is released in the

south-western Indian ocean. The tracer is advected by the

Agulhas Current and then flows into the South Atlantic

Ocean. Figure 7 shows tracer distribution on σ0 = 27.1 sur-

face layer. It is shown that water from the Indian Ocean is

trapped by the Agulhas Rings. This feature cannot be repro-

duced in the coarse resolution simulation of 40 km horizon-

tal gird size simulation.

Fig. 6  Potential vorticity on the σ0 = 27.1 layer (unit: 10–11 m–1 s–1). The black lines are

time-mean depths of 200, 400, 600, and 800 meters from south to north.

Fig. 5  Right: cloud amount of shallow clouds by NICAM. Left: observational cloud amount by ISCCP.
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Fig. 7  Passive tracer density on σ0 = 27.1 isopycnal surface after 7 years integration.

Left panel: result of 15 km simulation. Right panel: 40 km simulation.

Contour indicates tracer density 0.1 and 0.2.
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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, the Venus atmosphere, and the aqua-

planet atmosphere which is an abstraction of the Earth's atmosphere have been performed by using GCMs (General

Circulation Model) based on the AFES (Atmospheric GCM for the Earth Simulator) as a common dynamical core. The results

of the Mars simulation with several horizontal resolutions show that dust mass flux increases with increasing horizontal reso-

lution. The increase of dust mass flux is caused by the strong wind associated with the small and medium scale disturbances

represented in the high resolution simulation. A result of Venus simulation with realistic strength of solar heating shows sev-

eral meridional circulation cells piled up in the vertical direction. This circulation structure is different from those shown in

the previous studies where unrealistically strong heating was imposed. This implies that accurate heating rate calculation is

quite important in understanding the generation mechanism of the general circulation of Venus atmosphere. As for the aqua-

planet simulation, equatorial precipitation produced with no cumulus convection parameterization is examined. The space-

time spectral analysis and composite analysis of circulation structures demonstrate that the resolution dependence of the repre-

sentation of the eastward propagating component is different from that of the westward propagating component. It is shown

that the resolution dependence of appearance of hierarchical structure of precipitation activities is caused by the resolution

dependence of representation of westward propagating circulation structure.

Keywords: planetary atmospheres, superrotation, dust storm, equatorial disturbances, Earth, Mars, Venus, Aqua-planet

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

ly with each planetary atmosphere. For instance, the atmos-

pheres of the slowly rotating Venus and Titan exemplify the

superrotation, while the weak equatorial easterly and the

strong mid-latitude westerly jets are formed in the Earth's

troposphere. It is reported that the global dust storm occurs

in some years on Mars, but that is not the case for the 

Earth's atmosphere. Understanding the physical mechanisms

causing such a variety of structures of general circulations of

planetary atmospheres is one of the most interesting and

important open questions of the atmospheric science 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. We

have been performing simulations under conditions of Mars,

Venus, and aqua-planet, i.e., a virtual Earth whose surface is

covered by the ocean. In the followings, the particular tar-

gets 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. Because this dust has

important impact on the thermal budget of the Martian

atmosphere, it is recognized that the dust in the atmosphere

is one of the most important factor in characterizing the ther-

mal and dynamical structures 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 distur-
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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. 3  Resolution dependence of globally integrated dust mass flux.

bances must 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. In this fiscal year, the simulations

of the Martian atmosphere with several resolutions are per-

formed and the results on dust lifting amount are compared

to address the importance of small and medium scale distur-

bances for dust lifting.

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 process and the gravi-

tational sedimentation are introduced. By the use of this

GCM, the simulations in a condition of northern fall 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

Figure 1 shows an example of global vorticity distribution

at the 4 hPa pressure level in northern fall with the T319L96

model. A number of small and medium scale disturbances

are observed in Fig. 1. In Fig. 2, the dust mass flux distribu-

tion at the time of Fig. 1 is shown. In the simulation per-

formed in this study, one of the most intense dust lifting

events occurs when the fronts pass particular longitudinal

regions in the middle latitudes. On the contrary, small scale

weak dust lifting occurs in low latitudes. These seem to

coincide with a lot of small scale vortices shown in Fig. 1. 

In order to assess the effects of small and medium scale

disturbances on dust lifting, the results of simulations with

different resolutions are compared. Figure 3 shows the reso-

lution dependence of the dust lifting amount simulated in the

model. It is shown that the lifted dust amount increases with

increasing horizontal resolution. This result simply demon-

strates the importance of resolving small scale disturbances

for the dust lifting in the simulations, and the importance of

high resolution global simulations of Martian atmosphere to

understand physical processes in the dust lifting events. 

3. Venus simulation
3.1 Targets of simulations

Important feature of the general circulation of the Venus

atmosphere is the superrotation. Existence of intense pro-

grade zonal wind over the almost all latitudes is completely

different from the situations of the Earth's and Mars atmos-

pheres. Although many studies have been performed so far,

the generation mechanism of the superrotation is not still

well understood. In recent years, several simulations of gen-

eral circulation of Venus atmosphere have been performed

by using GCMs. Those simulations produce zonal wind pro-

files whose structures look like that in the real Venus atmos-

phere. However, the fatal defect of those simulations is that

unrealistically strong heating rate is assumed to generate the

global circulations. 

In this study, we are trying to simulate the general circula-

Fig. 1  Global distribution of vorticity at the 4 hPa pressure level in the

northern fall with the resolution of T319L96. Unit of vorticity is

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

polar cap edge (dashed line). Gray areas represent mountains at

the 4 hPa pressure level.
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tion of Venus atmosphere by assuming the realistic heating

rate in the model aiming for understanding the generation

mechanism of the superrotation in the real Venus atmos-

phere. 

3.2 Physical processes

The physical processes used for the Venus simulation

includes a prescribed realistic distribution of the solar heat-

ing based on the works of Tomasko et al. [4] and Crisp [5].

The infrared radiative process is simplified by the

Newtonian cooling [6]. The Rayleigh friction is not used

except in the lowest layer to mimic the surface friction. The

values of physical parameters are adopted from those of the

Venus atmosphere. The initial state of numerical integration

is the state at rest. At the present stage, our simulation is still

preliminary, and hence the model resolution is not so high,

T42L120.

3.3 Results

Figures 4 and 5 show meridional-height distributions of

the mean zonal flow simulated by the model with the resolu-

tion of T42L120. The remarkable feature is the vertical

structure of the mean meridional circulation. Several circula-

tion cells are formed and piled up in the vertical direction.

Previous studies using unrealistically strong solar heating

show one cell structure extending from the ground to the top

boundary of model atmospheres. The result of the present

study implies that the artificially strong solar heating may

result in the unrealistic meridional circulations. The merid-

ional circulation and its effects on the generation mechanism

of the superrotation should be investigated. Further simula-

tions with realistic solar heating are required to elucidate the

generation mechanism of the superrotation.

We are now developing a radiation model which is based

on the latest spectroscopic absorption data which is applica-

ble even to the lower atmosphere of Venus. Implementation

of this radiation model into the GCM would make it possible

to reveal more realistic features of the general circulation of

Venus, and provide some important insights for understand-

ing the superrotation.

4. Aqua-planet simulations
4.1 Targets of simulations

It has been recognized that there appears a hierarchical

structure in the precipitation activities over the equatorial

region [7]. It has been also recognized that the hierarchical

structure of precipitation activities has not been well repre-

sented in GCMs; precipitation activities obtained by GCMs

strongly depend on resolutions, numerical schemes, and

implementations of physical processes such as radiation and

cumulus parameterization [8]. Since the horizontal scale of

the actual clouds in the real atmosphere is far small com-

pared to the grid intervals of GCMs, moist convection in the

model is forced to occur in the minimum grid scale. There is

a possibility that precipitation patterns change drastically

with varying model resolution because of incompleteness of

cumulus parameterization schemes. In this study, we investi-

gate the model representation of organized way of precipita-

tion activities and their hierarchical appearances in a high

resolution aqua planet GCM. In this fiscal year, the circula-

tion structures are examined by the use of space-time spec-

tral analysis and composite analysis, and the essential

dynamical features causing hierarchical structure are investi-

gated. 

4.2 Physical processes

The physical processes used for the aqua-planet simula-

tions are those of AFES [1]. In this fiscal year, the cumulus

Fig. 4  Meridional-height distribution of the mean zonal wind (white

contour) and meridional wind (color shade) from 50 to 90 km

altitude. The interval of white contour is 3 m/s.

Fig. 5  Same as Fig. 4, but from 0 to 50 km altitude. The interval of

white contour is 0.5 m/s. The color shades are different from that

in Fig. 4.
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convection parameterization is not used in the simulations,

and only the large scale condensation produces the precipita-

tion in the model. The sea surface temperature (SST) distri-

bution is that proposed by Neale and Hoskins [9]; SST is

given fixed and is hemispherically symmetric and zonally

uniform. Model resolutions are T39L48, T79L48, T159L48,

and T319L48.

4.3 Results

Figure 6 is the composite plot of equatorial cross-section

of temperature, and wind with reference to precipitation

peaks. The structure shown in this figure consists of both

westward and eastward propagating components. In order to

understand the essential dynamical features causing each

component clearly, the space-time spectral analysis and

composite analysis are performed. Figure 7 is same as Fig. 6,

but for eastward propagating component extracted by a spec-

tral filter. This figure shows the westward phase slant of

structure clearly, and this is consistent with the Kelvin wave-

CISK (conditional instability for second kind). On the other

hand, the analysis on the westward propagating component

shows the CIFK (conditional instability for first kind) like

structure. With increasing horizontal resolution, the structure

of eastward propagating component does not change signifi-

cantly. However, the horizontal scale of westward propagat-

ing component decreases with increasing resolution. This

difference in resolution dependence causes the clear scale

separation between the eastward and the westward propagat-

ing components in high resolution simulation, and leads to

clear appearance of hierarchical structure in high resolution

simulation.
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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. Especially, our aims are future projections of the impact of

climate change on marine ecosystems and oceanic uptake of anthropogenic carbon dioxide. We will also produce data sets to

be used for future projection of fisheries resources in both coastal and pelagic oceans.

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

1. Results of high resolution biogeochemical cycles
and ecosystem models
We have published results using a super high resolution

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 [3, 4],

cooperating with researchers in the project "Understanding

and Forecasting High-Impact Phenomena in the Atmosphere

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

also have published studies on the impact of ocean carbon

sequestration and redistribution of injected CO2 using the

physical field of the OFES model [1, 5].

Using the high resolution model forced by high resolution

satellite wind fields, we have successfully simulated the sea-

sonal variability of surface chlorophyll influenced by the

meso-scale eddies and upwelling associated with the strong

offshore wind jets in the eastern tropical Pacific (Fig. 1). In

March, upwelling generated by the wind jets in the Gulfs of

Tehuantepec, Papagayo, and Panama brings up cold and

nitrate-rich waters from subsurface layer, where the tropical

spring bloom occurs and is transported offshore. The Costa

Rica Dome develops with wind fields west of the Gulf of

Papagayo and it supports high chlorophyll by the nutrient

supply with upwelling [3]. 

2. Eddy-resolving and none-eddy modeling for chemi-
cal tracer simulation
To investigate the dependence of the simulated results on

the model spatial resolution, we have performed numerical

experiments with models of different horizontal resolution

(0.1 and 0.5 degrees) for chlorofluorocarbon (CFC-11),

which is an ideal tracer for evaluating models because it is

inert biologically and of purely anthropogenic origin. The

global inventories from the models 4.90 × 108 moles (0.5

degrees model) and 5.10 × 108 moles (0.1 degrees model)

are nearly the same as the observed data 5.44 × 108 moles.

The distribution is also well simulated in the models: high

inventory in the Southern Ocean and in the North Atlantic

Ocean where deep and bottom waters are formed (Fig. 2).

Although the models and observed data generally agree well,

their detailed structures are different: The high inventory

between 60˚S and 30˚S captured in the eddy-resolving

model is much better as compared with coarse resolution

model, however, the high inventory in the northwestern

North Atlantic and in the Labrador Sea is better in the 0.5

degrees model than in the 0.1 degrees model. 

3. Interannual-decadal variability of carbon cycle sim-
ulated with the 3-D NEMURO model
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
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Fig. 2  Horizontal distribution of CFC-11 inventory from the model with 0.5 degrees resolution

(a), 0.1 degrees (b), and the data-based estimation (c).

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

ic Ecosystem Model Used for Regional Oceanography

(NEMURO), we have conducted a historical experiment

from 1760 to 2002 [2, 9]. The data is used for future projec-

tion of fisheries resources in both coastal and pelagic oceans

[6–8, 10]. In this experiment, we also simulated the carbon

cycle with two boundary conditions for atmospheric pCO2:

one using the historical increase in atmospheric pCO2 from

pre-industry (historical run), another with a constant pre-

anthropogenic concentration of 278 ppmv (control run) in

order to quantify the anthropogenic carbon cycle. The mod-

eled surface ocean at the Hawaiian Ocean Time-series

(HOT) shows a long tern shift in carbonate equilibrium to

lower pH and lower saturation states of the carbonate miner-

al aragonite, which are consistent with the observations. The

model also simulates the Pacific Decadal Oscillation (PDO),

which is a dominant climate variation in the North Pacific

(Fig. 3). Associated with surface temperature decrease after

the climate shift during the mid 1970s, primary production

increases and CO2 flux decreases in decadal time scale with

interannual variability. We will continue to analyze more

detailed results to understand the relationships between cli-

Fig. 1  Distribution of monthly climatological mean surface chlorophyll concentration (mg m–3) from (a) SeaWiFS with

QSCAT wind stress (vectors in N m–2), (b) model, (c) simulated sea surface temperature (˚C) and horizontal velocity at

25 m depth (vectors in cm s–1), and (d) mean nitrate concentration (mmol N m–3) upper 75 m depth and thermocline

depth (contours in m, 20˚C isotherm depth).
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mate change and oceanic uptake and also between the natu-

ral and anthropogenic carbon cycle.

4. Effects of iron on phytoplankton distribution using
a global 3-D ecosystem model (NEMURO)
In some areas of the oceans with high levels of nutrients,

phytoplankton do not grow as much as expected based on

nutrient concentrations. It is hypothesized that the lack of

iron is a limiting factor for growth of phytoplankton. In fact,

the present version of the global 3-D NEMURO model has a

bias in that the modeled primary production is higher than

the observations in the Southern Ocean and in the eastern

equatorial Pacific Ocean, both of which are known as HNLC

(High Nutrient, Low Chlorophyll) regions. To improve the

model, we developed an iron cycle model, which is com-

bined with the NEMURO model. Preliminary results with

this new model show a significant improvement: chlorophyll

in the Southern Ocean and eastern equatorial Pacific Ocean

is lower by about 50 % compared to the previous model

(Fig. 4). We plan to conduct a hind-cast run using this

NEMURO model including the iron cycle.

References
[1] Y. Masuda, Y. Yamanaka, Y. Sasai, M. Magi, T.

Ohsumi: Site selection in CO2 ocean sequestration:

dependence of CO2 injection flux on eddy activity dis-

tribution. International J. Greenhouse Gas Control,

(accepted).

[2] M. N. Aita, K. Tadokoro, Y. Yamanaka, M. J. Kishi:

Interdecadal variability of the lower trophic ecosystem

in the subarctic seas of the North Pacific in a 3-D imple-

mentation of the NEMURO model. Fish. Oceanogr.,

(submitted).

[3] Y. Sasai, H. Sasaki, K. Sasaoka, A. Ishida, Y.

Yamanaka: Marine ecosystem simulation in the eastern

tropical Pacific with a global eddy resolving coupled

physical-biological model. Geophys. Res. Lett., 34,

L23601, doi:10.1016/j.ecolmodel.2006.09.016, 2007.

[4] Y. Sasai, K. Sasaoka, H. Sasaki, and A. Ishida:

Seasonal and Intra-Seasonal Variability of Chlorophyll-

a in the North Pacific: Model and Satellite data. J. Earth

Simulator, 8, 3–11, 2007.

[5] Y. Masuda, Y. Yamanaka, Y. Sasai, M. Magi, T.

Ohsumi: A numerical study with an eddy-resolving

model to evaluate chronic impacts in CO2 ocean seques-

tration. International J. Greenhouse Gas Control, 2(1),

89–94, doi:10.1016/j.ecolmodel.2006.09.016, 2007.

[6] B. A. Megrey, Rose, K.A., Ito, S-I., Hay, D.E., Werner,

F.E., Yamanaka, Y., and Aita, M.N.: North Pacific

basin-scale differences in lower and higher trophic level

marine ecosystem responses to climate impacts using a

nutrient-phytoplankton-zooplankton model coupled to a

fish bioenergetics model. Ecological Modeling, 202,

196–210, doi:10.1016/j.ecolmodel.2006.09.016, 2007.

[7] M. J. Kishi, D. L. Eslinger , M. Kashiwai, B. A.

Megrey, D. M. Ware, F. E. Werner, M. Aita-Noguchi,

T. Azumaya, M. Fujii, S. Hashimoto, H. Iizumi, Y.

Ishida, S. Kang, G. A. Kantakov, H. Kim, K. Komatsu,

Fig. 3  Simulated sea surface temperature anomaly difference between the averages during 1977–1996 and

1956–1975 (left panel). The right panels show the time-series of anomalous surface temperature (a), CO2

flux (b), and primary production (c) averaged in the red box in the left panel.



56

Annual Report of the Earth Simulator Center  April 2007 - March 2008

V. V. Navrotsky, L. S. Smith, K. Tdokoro, A. Tsuda, 

O. Yamamura, Y. Yamanaka, K. Yokouchi, N. Yoshie,

J. Zhang, Y. I. Zuenko, V. I. Zvalinsky: NEMURO - a

lower trophic level model for the North Pacific 

marine ecosystem. Ecological Modeling, 202, 12–25,

doi:10.1016/j.ecolmodel.2006.09.016, 2007.

[8] K. A. Rose, F. Werner, B. A. Megrey, M. N. Aita, Y.

Yamanaka, D. Hay, J. Schweigert, M. B. Foster:

Simulated Herring Growth Responses in the

Northeastern Pacific to Historic Temperature and

Zooplankton Conditions Generated by the 3-

Dimensional NEMURO Nutrient-Phytoplankton-

Zooplankton Model. Ecological Modeling, 202,

184–195, doi:10.1016/j.ecolmodel.2006.09.016, 2007.

[9] M. N. Aita, Y. Yamanaka, M. J. Kishi: Interdecadal

Variation of the Lower Trophic Ecosystem in the

Northern Pacific between 1948 and 2002, in a 3-D

implementation of the NEMURO model. Ecological

Modeling, 202, 81–94, doi:10.1016/j.ecolmod-

el.2006.09.016, 2007.

[10] S. Ito, B. A. Megrey, M. J. Kishi, D. Mukai, Y. Kurita,

Y. Ueno, Y. Yamanaka: On the interannual variability

of the growth of Pacific saury (Cololabis saira): a sim-

ple 3-box model using NEMURO.FISH. Ecological

Modeling, 202, 174–183, doi:10.1016/j.ecolmod-

el.2006.09.016, 2007.

Fig. 4  Diagram of the ecosystem model (NEMURO) with iron cycle (top left).  Annual mean chlorophyll-a from satellite observa-

tion (top right), the original version of the NEMURO model (low left) and the NEMURO model with iron cycle (low right).
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In order to make a further application of ocean and coupled data assimilation systems to important scientific and societal

problems, we have attempted to build up comprehensive and coordinated datasets capable of providing high-level impacts on a

wide-cross section of society. Consequently, for example, our integrated dataset works to strengthen our understanding of the

dynamic nature of seasonal to internal (S-I) climate variations such as El Niño events and also to provide better initialization

leading to the enhanced predictability of S-I and decadal variations. This type of research is increasingly required to reduce nat-

ural disasters and to make a good adaptation planning for global warming. In case of the application to fishery stock assess-

ment, close relationship is identified in the late 1990s, for example, between the interannual variation of the catch per unit effort

of neon flying squids in autumn and that of the eastern subtropical mode water formation. These results using the reanalysis

products underline that our ocean and coupled data assimilation system has more ability in practical use than earlier systems.

Keywords: Data Assimilation, State Estimation, El Niño Prediction, Fishery stock assessment

1. Introduction
Accurate descriptions and forecasts of climate variabili-

ties are of great importance to a wide cross section of society

(Palmer et al., 2004; Mochizuki et al., 2007). Toward the

better representation of the dynamical states of climate

processes, recent studies have focused on an optimal synthe-

sis of observational data and model results with the assimila-

tion methods, since observational data available for the study

are still too sparse in space and time to resolve the important

energetics of climate variations on one hand and on the other

hand numerical models are not enough to accurately quanti-

fy actual climate states due to the well-known uncertainties

arising from initial conditions, sub-grid scale parametariza-

tion and so on (e.g., Fukumori and Wunsch, 1991,  Stammer

et al.,  1998). 

In fact, assimilation studies using ocean general circula-

tion models (GCMs) or atmospheric GCMs have produced

many fruitful outcomes such as the construction of important

reanalysis datasets suitable for practical use in the identifica-

tion and prediction of oceanic or atmospheric phenomena

(e.g., Kalnay, 2003). However, the present use of data assim-

ilation and its products are still limited. For this reason, we

have attempted to enhance practical applications of data

assimilation products to important aspects of scientific

and/or societal problems. Here we present some results of

the important applications to interdisciplinary scientific

researches.  

2. Enhanced coupled waves associated with anom-
alous El Niño development
Using reanalysis fields obtained from our 4D-VAR ocean-

atmosphere coupled data assimilation experiments in the

1990s, we have diagnosed the air-sea coupled processes asso-

ciated with anomalous SST increase in the central to eastern

equatorial Pacific, focusing on the evolution of the historical-

ly strongest 1997–1998 El Niño event. Figure 1 shows that

the onset of the 1997–1998 El Niño was triggered by wester-

ly wind bursts (WWBs) in the western equatorial Pacific in

February-March 1997 and the resulting downwelling Kelvin

waves propagated eastward accompanied by positive sea sur-

face temperature anomalies (SSTAs) and atmospheric fluctu-

ations as reported by McPhaden (1999). When the coupled

waves reached the central to eastern equatorial region, where

larger horizontal gradients in the thermocline depth existed,

they rapidly assumed large-amplitudes and were then capable

of causing the strong El Niño. Such waves actually propagate



60

Annual Report of the Earth Simulator Center  April 2007 - March 2008

at lower speeds (50–60 cm/s) than free waves (180–200

cm/s), consistent with the dynamic nature of growing cou-

pled modes. The coupled processes reproduced here are such

that large SSTAs generate stationary twin Rossby waves off

the equator to the west (Matsuno, 1966) by nonlinearly

enhanced latent heat release. Equatorial westerly wind anom-

alies between the twin Rossby waves induce enhanced east-

ward wind stress anomalies, which strengthen the eastward

oceanic surface flow, the depression of the thermocline, and

hence the SSTAs. The coupled structure and the propagation

speed of the amplified coupled waves are consistent with the

unstable mode in the intermediate regime of coupled Kelvin

and Rossby waves shown analytically by Yamagata (1985)

and Hirst (type III, 1986).

Our analysis reveals the important role played by seasonal

SST increase in the central to eastern equatorial region in the

amplification of air-sea coupling in the 1997–1998 El Niño

event as demonstrated in Fig. 2, which augments the effects

of sharp thermocline tilt. The annual march of climatological

SST has its peak in boreal summer in this region.

Anomalous latent heat release by interplay between the inci-

dent Kelvin waves linked to warm SST and the seasonal rise

of SST most likely works to develop unstable coupled

waves. The amplified coupled waves travel eastward with

relatively little loss of energy, and abruptly cease to the east

of 130˚W where mean SST rapidly decreases. Note that the

Fig. 1  Zonal distributions during the first 10 days of November 1997 of (a) salinity (shaded) and temperature (contours in

˚C), (b) vertical (shaded) and zonal velocity (contours with 10 cm/s intervals; red, white, and blue denotes eastward,

zero, and westward, respectively), (c) SST (black) and SSTA (green; in ˚C), (d) oceanic surface zonal velocity (black;

in cm/s) and sea-surface height (green; SSH), (e) surface downward net heat flux (black; in W/m2) and its anomaly

(green), (f) atmospheric p-velocity (shaded) and zonal velocity (horizontal components of arrows) field, and (g) power

transfer from zonal wind stress to the upper 100 m ocean and its anomaly (black and green; in W/m2). These values

are averaged over 5˚S–5˚N except SSH, which is averaged over 2˚S–2˚N. SST maximum positions are indicated by

black triangles in (a) and (b).
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Fig. 2  Time series of the climatological seasonal march of SST (black), total SST (black dotted), SSTA (red), and

zonal wind stress anomaly (green) averaged over 160˚W–140˚W and 2˚S–2˚N (a) from our CDA product

and (b) from the ocean reanalysis dataset (Masuda et al., 2006).

Fig. 3  (a) Reproduced NINO3.4 SST by CDA system and (b) predicted time change of NINO3.4 SST.

occurrence of such interactions around the central to eastern

equatorial region is favorable to longer and hence more

enhanced air-sea coupling than that suggested by Neelin et

al. (2000), which develops in the eastern region. Moreover,

the fact that La Niñas do not show a similar phase-locking

behavior is likely explained by the absence of a nonlinear

influence from the seasonal cycle on the coupling instability.

In terms of the forecasting of El Niño events in the 1990s,

we have made the ensemble prediction using the reanalysis

dataset obtained by the coupled data assimilation experi-

ment. Figure 3 displays the time series of Niño 3.4 SST val-

ues in the reanalysis field obtained by our assimilation

experiment, which exhibit extremely realistic time-trajecto-

ries. Using this reanalysis field as the initial condition, we

have attempted the ensemble prediction. The result (Fig. 4)

suggests that the longer predictability over 1-year-lead-time

is realized for all the El Niño events in the 1990s. These

results underline that our 4D-VAR coupled data assimilation

has more ability to create important information on climate

variabilities and longer forecast potential for the S-I phe-

nomena, although further investigations are required in order

to reveal the details of individual events. 

3. Application to water resources and fishery stock
assessment
In parallel with the ocean-oriented climate analysis using

the high-quality reanalysis datasets obtained by our 4D-VAR

reanalysis experiments, we have attempted to make high-

impact applications that warrant social benefits such as

water resource management and fishery stock assessment as

below. 

In terms of the water resource management, the source

distribution and the transport process of individual rainfall

events are able to be identified by the adjoint sensitivity

experiment using the 4D-VAR system. As a result, evapora-

tive sources for the typical events of heavy rainfall at some

target areas are successfully traced back to their origins as

observed (not shown). This gives us important information

to construct the flood monitoring system that contributes to

the reduction of regional damages for human activities and

hence the effective risk management. Also, the left bottom

panel of Fig. 5 displays an example of the estimated evapo-

rative source distribution associated with Asian summer

Fig. 4  NINO3.4 SST ACC for the 1990s prediction experiment.

(a) (b)
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monsoon rainfalls at specified areas of the Indochina

Peninsula, through which we can detect the tempo-spatial

structures of the "key phenomenon" causing the flood and

drought at each area. Furthermore, the mechanism of water

cycle modulations by ENSO could be elucidated by applying

the 4D-VAR method to the time series of the anomalies.

Previous studies show that an accurate ocean state estima-

tion is one of the most important factors for fishery stock

assessment because almost all kinds of fishes adapt their life

cycle to the ocean environment around their living field. In

case of neon flying squids in the North Pacific (right panel

of Fig. 6), the close relationship is found between the inter-

annual variation of the catch per unit effort (CPUE) of the

autumn cohort in the late 1990s and that of eastern subtropi-

cal mode water formation where is the main spawning area.

On the other hand, the decadal ocean regime shift has a great

influence on squid catch after 1999. These results suggest

that the survival of young squids could be strongly affected

by the variation in the time-varying subtropical upper ocean

structure. We will make further analysis to gain more knowl-

edge about such relationships by collaboration with fishery

scientists on the 4D-VAR DA research platform.

4. A near-term global warming ensemble prediction
experiment
As a first step toward more reliable global warming projec-

tion, we focus on the reduction of forecast errors for low fre-

quency variabilities by developing a data assimilation tech-

nique. In doing so, we combined a pre-processing of observa-

tional data (nearly 5-year averaging) and the IAU method for

selection and initialization of low frequency components from

noisy observational data. Figure 7a displays both the observed

sea surface temperature (SST; red) associated with the Pacific

decadal oscillation (PDO) in the latter half of 20 century and

the reproduced one (green) by our data assimilation. In addi-

tion, the result with no assimilation is denoted by a green

curve. It is visible that the reproduced PDO reflects the famil-

iar gross features of the observed one, much better than that

with no assimilation. Using this analysis field as the initial

condition, we performed near-term ensemble forecasts staring

at 3 different years (Fig. 7b). The error bars represent the

ensemble spread and hence is considered to indicate uncer-

tainty of the forecast result. The time trajectory of the ensem-

ble mean well follows the observed time change of low fre-

quency variability of SST with moderate ensemble spreads.

This fact suggests that our method is useful in improving

near-term global warming prediction of climate variability. 

Fig. 5  Evaporative source distribution of rainfall over Asia derived from 4D-VAR adjoint sensitivity experiment.
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Fig. 6  Rerationship between the interannual variation of neon flying squid CPUE in North Pacific and that of eastern subtropical mode

water formation.

Fig. 7  (a) time series of low frequency variabilities (red: observation, blue: assimilation, black: prediction, and

green: reference with no assimilation), and (b) near-term ensemble forecast results (left: starting from

1965, middle: from 1971, and right: from 1985).

(a)

(b)
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5. Concluding remark 
With an aim to make a further use of ocean and coupled

data assimilation systems toward important scientific and

societal problems, we have attempted to build up a compre-

hensive and coordinated datasets capable of providing high-

level impacts on a wide-cross section of society. For exam-

ple, the integrated dataset works to strengthen our under-

standing of the dynamic nature of seasonal to internal climate

variations such as El Niño events and also to provide better

initialization leading to the enhanced predictability of S-I

phenomena in the 1990s when a variety of El Niño events

took place. In case of the application to fishery stock assess-

ment, close relationship is identified in the late 1990s, for

example, between the interannual variation of the catch per

unit effort of neon flying squids in autumn and that of the

eastern subtropical mode water formation. These results

using the reanalysis products underline that our ocean and

coupled data assimilation system has more ability in practical

use than earlier systems and, further, has the potential to cre-

ate an interesting new prospect of ocean-related processes.
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The urban heat island phenomenon in Tokyo's 23 wards and the impact of Kanni redevelopment on thermal and ventilation

environment are analyzed using a thermal environmental analysis system, which can simulate the atmospheric environment

with consideration of urban effects such as artificial pavement, building height and anthropogenic heat, etc. The simulation

domain for Tokyo's 23 ward extends 33 km × 33km horizontal and includes more than 5 × 109 three-dimension meshes. On

the other hand, the Kanni simulation targets a 2 km × 1.5 km area around Shimbashi Toranomon District where the construc-

tion of highway and huge buildings has been planned. The distribution of air temperature and velocity in Tokyo's 23 wards

with very fine resolution is obtained through this research, and the case studies of Kanni redevelopment suggest a possibility

of improving local thermal and ventilation environment by urban planning.

Keywords: heat island, Tokyo's 23 wards, CFD, heat transport, Kanni redevelopment plan

1. Introduction
Several urban renaissance projects have been planned in the

Heat Island Countermeasure Promotion Areas which designat-

ed by Tokyo Metropolitan Government in April 2005. These

areas concentrate the lion's share of economic and political

activity in Tokyo, and play a big role in the local climate

because of their geographical locations. Assessing the impacts

of redevelopment on urban heat islands is one of the most

important responsibilities of scientists and government. The

authors have developed a new thermal environmental analysis

system1), 2) which considers various urban characteristics such

as the urban surface, building height and anthropogenic heat,

etc., to precisely examine the heat island phenomenon. The

CFD code is based on the k-ε turbulent model which is widely

known in the engineering field. Using this system, authors

have analyzed the thermal environment of 5 kilometers

squared1) and 10 kilometers squared2) with their centers at

Tokyo Bay waterfront area, on the Earth Simulator, and con-

firmed that the computational results agree with the observa-

tions. This paper reports the recent research results of a 

33 kilometers squared simulation that covered the whole area

of Tokyo's 23 wards, and a fine-resolution study of the rede-

velopment project so-called "Kanni Redevelopment Plan".

2. Simulation of Tokyo's 23 wards
2.1 Simulation area

Figure 1 shows the horizontal domain and topography

employed in the simulation. The computational domain has a

size of 33 km (x, East-West direction) × 33 km (y, South-

North direction) × 500 m (vertical direction), covers the

whole area of Tokyo's 23 wards and a part of Tokyo Bay.

The domain was divided into 5 m-side squares horizontally

and 1 m to 10 m intervals vertically. The total number of

grid points is over 5 × 109 including buffer areas outside the

domain. Using 300 nodes of the Earth Simulator, the total

computation time is approximately 16 hours. 

Fig. 1  Domain of simulation of Tokyo's 23 wards.
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2.2 Model and settings

The characteristics of the simulation code are summarized

in Table 1. Unlike other CFD systems, this model is modi-

fied with consideration of the potential temperature, Coriolis

force, and the buoyancy of vapor. The integrated potential

temperature and pressure term was potentially accommodat-

ed in the energy transport equation. 

The simulation was run for 1400 JST, July 31, 2005. The

gridded land surface, building-air ratio, and anthropogenic

heat data was arranged according to GIS and the waste heat

unit considered the location of sources such as factories,

automobiles and buildings. The meteorological initial and

boundary conditions, including potential temperature, pres-

sure and wind data, were set using the output of a mesoscale

simulation. Here, initial conditions were made by nesting the

results of two preceding runs with horizontal resolutions of

100 m and 20 m, successively. With a Courant number of 5,

the total numbers of iteration steps were 3 000 for the spinup

run with 100 m horizontal resolution, 5 500 for the spinup

run with 20 m horizontal resolution, and 3 100 for the main

run with 5 m horizontal resolution.

2.3. Simulation results

The horizontal distribution of 2 m air temperature by sim-

ulation is illustrated in Fig. 2. The prevailing wind direction

in this calculation is southerly, which is the typical wind

direction at this time period in the summer in Tokyo. The 

2 m air temperature increases in the leeward inland, and

shows its peak value at Itabashi and in Saitama. On the other

hand, the temperature was relatively low on the left bottom

and right top part of the domain at the same distance from

Tokyo Bay. This distribution trend agrees with the observa-

tion results by METROS (Metropolitan Environmental

Temperature and Rainfall Observation System, not shown).

The 2 m air temperature drops 1 to 2 Celsius degrees above

"large green" such as Yoyogi Park and The Imperial Palace

(B and A in Fig. 2 respectively), and rivers. 

Figure 3 shows the wind speed in vertical direction at 100

m above ground, in which "plus (+)" denotes a flow away

from the ground surface (upward) and "minus (–)" denotes a

flow toward the ground (downward). The upward and down-

ward wind displays linear patterns with axes approximately

in the direction of the prevailing wind, and the intervals

grow in the downwind direction. This phenomenon has been

commonly known as horizontal roll vortices in the planetary

Table 1  Characteristics of the simulation code.

Flow field Compressible compound flow under a low Mach number condition

Governing equations • Continuity equation

 • Momentum equations

  (Effects of buoyancy, Coriolis force, and drag forces of plants are taken into account.)

 • Energy equation

  (Formulated using potential temperature. Release of sensible heat from artificial sources, walls, etc. 

 is taken into account.)

 • Transport equation for water vapor

  (Formulated using specific humidity. Release of latent heat from artificial sources, wall, etc. is taken 

 into account.)

 • Transport equation for turbulent kinetic energy, k

  (Production of turbulent energy by buoyancy, humidity, and plants is taken into account.)

 • Transport equation for dissipation rate of k, 

  (Dissipation of turbulent kinetic energy by buoyancy, humidity, and plants is taken into account.)

 **All equations are formulated based on FAVOR method in order to take into account the effects of 

 the sub-grid scale parts of the ground and buildings.

Turbulence model Standard k-    model

Coordinate system 3-dimensional Cartesian coordinate system

Computational grid Staggered grid

Discretization method Finite difference method

Spatial discretization 1st order upwind differencing scheme (For convection term.), 2nd order central differencing scheme 

 (Except for convection term.)

Time discretization Backward Euler method

Algorithm SIMPLEC method

Matrix solver AMG-CG method, Bi-CGSTAB method

Item Description



69

Chapter 1  Earth Science

Fig. 2  Simulation result of 2 m air temperature (Tokyo's 23 wards).

boundary layer. The evidence on horizontal roll vortices has

been provided by numerous satellite pictures, Radar and

Lidar observations, etc., and it is known that a vortex pair

may have a lateral dimension of from 500 m to dozens of

kilometers3). In general, mesoscale models, whose resolu-

tions are more than 500 m mostly, are used to simulate areas

with a scale similar to this research. However the horizontal

roll vortices that occurred in the urban PBL have not been

reproduced yet. On the other hand, in recent years, attempts

have been made by using so-called "Large Eddy Simulation"

(LES) models to simulate the development of roll vortices.

Three-dimensional LES simulations have indicated that con-

vective instability takes the form of roll-like eddies in the

PBL, but they could not yet reconstruct the permanent fea-

tures of horizontal rolls as clearly as the results from obser-

vations because of the limited horizontal extent of the model

domain. Figure 4 links the temperature difference with the

variation of vertical velocity at "line A" marked in Fig. 3. It

is clearly that the position where upward momentum

appeared is often accompanied by a high air temperature.

The lateral dimension of a vortex pair is from several 10 m

to 2 km. Since this model did not simulate the time evolution

of momentum, heat and moisture, more researches need to

be undertaken to clarify this phenomenon in the urban PBL. 

Fig. 3  Vertical velocity at 100 m above ground (Tokyo's 23 wards).

Fig. 4  Temperature and vertical wind speed at Line A in Fig. 3.
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3. Simulation of Kanni Redevelopment Plan
3.1 General information

The goal of Kanni Redevelopment Plan is to ease traffic

jams and lead urban restructuring in the center of Tokyo. At

the same time, the improvement of ventilation and thermal

environment in the plan area is expected through the rede-

velopment. Using the same model as introduced in the previ-

ous section, authors have carried out a series of simulation

studies to assess the impact of urban renaissance on local

ventilation and thermal environment. The horizontal domain

is 2 km (x, East-West direction) × 1.5 km (y, South-North

direction) with a resolution of 1 meter squared. The vertical

domain and the method for boundary and initial conditions

set-up are the same as the simulation of Tokyo's 23 wards. 

Three cases are conducted in this research.

Case 1: current case, actual land use and building infor-

mation were used to generate input data;

Case 2: redevelopment case, the geometrical data was

made based on Kanni Redevelopment Plan;

Case 3: superhigh-rise case, buildings inside the so-called

"Emergency Development Area" were arranged by 24

business use skyscrapers, the height of skyscrapers is 200

m (50 floors assumed); 

3.2 Simulation results

The land use and distribution of air temperature and

velocity at 5 m above ground of 3 cases are shown in Fig. 5.

The black framed area in (a) and red framed area in (c)

denote the zones of Kanni Redevelopment Plan and

Emergency Development Area (EDA), respectively, while

the red lines in (g) to (i) illustrate the streamlines. 

The air temperatures in parks and at some wide roads with

good ventilations are lower than that in the built-up districts.

It proves that open spaces may provide cool spots under cer-

tain conditions. Air temperatures behind skyscrapers also

show low values due to the shadow effect and strong down-

wash caused by buildings. On the other hand, the air temper-

atures are high in the crowded low-rise blocks. The region of

elevated temperatures mostly corresponds to the region

where wind stagnation is identified. 

Comparing the results of case 1 and case 2, the wind

velocity increases and temperature drops somewhat along

Kanni Road after the redevelopment, whereas the opposite

trend is observed at the orthogonally-crossed roads due to

the change of wind direction. Another notable point is that,

the wind velocity increases above 2 m/s at the parallelly

extending road next to Kanni Road. This can be considered

as the effect of down-wash caused by the roadside buildings. 

Fig. 5  Land use (upper) and results (temperature: middle, streamline: bottom) of Kanni simulation.
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In case 3, both thermal and ventilation conditions are

improved vastly over the whole Emergency Development

Area. In spite of the fact that the gross floor area increased

by 17 % compared to the current case, the average air tem-

perature decreases about 1.5 ˚C and the maximum tempera-

ture depression is larger than 4 ˚C inside the Emergency

Development Area. Suitable arrangement of skyscrapers is

consistently effective in mitigating the local thermal envi-

ronment, but its influence is limited on the area where build-

ing coverage is lowered. In the fact, somewhat temperature

increases are observed at some place apart from Emergency

Development Area, especially in the leeward directions, it is

considered that the skyscrapers influenced properties of flow

current in the upper air.

4. Summary
A large scale CFD simulation is run for the area including

the whole Tokyo's 23 wards, and a case study on the actual

urban renaissance project is conducted. The numerical result

of Tokyo's 23 wards shows the distribution of upward and

downward momentum pairs in urban PBL, and suggests that

the existence of such vortex pair might contribute to the dis-

tributions of temperature and velocity in the lower urban

canopy layer. The case study of Kanni Redevelopment Plan

examined the impact of land use and buildings' layout on the

urban heat island phenomenon, and pointed out that high-

rise and low-coverage urban forms could be effective to

improve the thermal and ventilation environment in high-

density urban areas. 
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We calculate synthetic seismograms for realistic three dimensional (3-D) Earth models by using the precise numerical tech-

niques and perform inversion to obtain 3-D seismic velocity model for Earth's mantle. We pursue accurate techniques to

obtain theoretical seismic waves 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 dimen-

sional (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. We have conducted waveform inversion for 3D shear wave velocity structure

with much finer resolution than previously performed and checked reliability of low velocity anomalies obtained by waveform

tomography performed in previous years. We use the Spectral-Element Method for the forward modeling calculation and cal-

culate synthetic seismic waveform for a 3-D Earth model, which includes a 3-D velocity and density structure, a 3-D crustal

model, ellipticity as well as topography and bathymetry. We confirmed the existence of the stagnant slab under the Japanese

Islands. We also modeled seismic waves that travel along the core mantle boundary and characterized the location of low

velocity regions.

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

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

for 3-D global SH velocity structure [1]. The inversion is

characterized by fully utilizing the later phase information

and rigorously computing the effect of lateral hetero-

geneities. The resultant model (SH18CE) is expected to have

higher resolution especially for upwelling regions where the

data sampling was previously poor. We detected the differ-

ent natures of the two major upwelling systems: the strong

low velocity anomalies beneath Africa extend for more than

1000 km from the core–mantle boundary (CMB), whereas

those beneath the Pacific are restricted to 300–400 km from

the CMB. We also conducted resolution tests and showed

that resolution of the model is sufficient to resolve this fea-

ture. However, the accuracy of model is not yet estimated,

and the purpose of the study in this fiscal year is to conduct

accuracy tests to finally conclude the reliability of the

focused feature.

In this study, we invert the data from different events

from those used for obtaining SH18CE. In addition, we used

events with different magnitude range (Mw is between 6.0

and 6.4 in this study and Mw is equal to or greater than 6.5

in the previous study). Figure 1 shows the distribution of

Fig. 1  The event distribution used in the previous study (left) and used in this study (right).
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Fig. 2  The SH velocity models at 2390 km (top) and CMB (bottom) obtained in the previous

study (left; SH18CE) and this study (right).

events used in this study and used in Takeuchi (2007) [1].

Larger number of ridge events is included in the new data

set. The new data set is thus significantly different both in

S/N and data sampling. If we could retrieve similar low

velocity anomalies from the new data set, we can conclude

that the model is sufficient accurate to conclude that the

focused feature is reliable.

Figure 2 shows the comparison of SH18CE (left) and the

model obtained in this study (right). As it is pointed out by

Takeuchi (2007) [1], in the model SH18CE, the area of

strong low velocity anomalies (colored in red or orange)

beneath the Pacific is comparable with that beneath Africa at

the CMB but is much smaller at the 2390 km depth. The

similar feature is observed in the model obtained in this

study. We can observe the strong low velocity anomalies

(colored in orange) with similar size beneath the Pacific and

Africa at the CMB, but strong anomalies beneath Africa is

about three times larger than those beneath the Pacific at the

2390 km depth. The model obtained in this study, in general,

has smaller absolute amplitude of the heterogeneities com-

pared to SH18CE, which is presumably due to different size

and different S/N of the data sets used. However, note that

we can still discuss the relative amplitude of heterogeneities

between two different regions. The coincidence between the

models obtained by two independent data sets suggests the

reliability of the focused feature.

In the recent paper by Takeuchi et al. (2008) [2], the

extent of the low velocity region is independently elucidated

by the analyses of the data from the array data. They ana-

lyzed the data from the Vietnam Broadband Seismograph

Array, which provides unique opportunities to constrain the

vertical extent of the low velocity region beneath (the west-

ern part of) the Pacific. It is because the direct S and sS

waves from Tonga-Fiji deep events to this array bottom in

the vicinity of the CMB. They found that only S and sS

waves whose bottoming depth is within 400 km from the

CMB have positive travel time anomalies. This result shows

that the strong low velocity anomalies beneath the Pacific

are confined within 400 km from the CMB, which supports

the conclusion of this study.

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 3.5 sec [3]. SEM
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divides the Earth into 6 chunks and subdivides each chunk

into slices. We may use only one chunk to have much finer

mesh and calculate synthetic seismograms with accuracy of

shorter period. Here we divide the one chunk to 64 × 64 =

4096 slices and allocate one CPU of the Earth Simulator to

each slice, which requires 512 nodes of the Earth Simulator.

This mesh enables us to calculate synthetic seismograms

which are accurate up to 2 second. We use global P-wave

velocity tomographic model of GAP-P1 [4]. S-wave velocity

model is obtained with the scaling relation from P-model.

We select the location of the chunk so that it includes

Japanese Islands and calculate synthetic seismograms for

deep June 3, 2002 Bonin Islands earthquake. Figure 3 shows

location of epicenter and stations inside one chunk. We com-

pare the synthetic seismograms with the observation for seis-

mic stations in Eurasia. 3-D tomographic model has charac-

teristics of significant stagnant slab under the Japanese

Islands. Figure 4 shows that the effect of the stagnant slab is

significant in the synthetic seismograms so that the arrival

time of P-wave matches well with the observation for those

stations in Eurasian continent. There are also stations where

the agreement of the synthetics and the observations is not

good, which suggests that the tomographic model needs fur-

ther improvement.

3. Implications to heterogeneity at core mantle boundary
We calculate synthetic seismograms by using the

Spectral-Element Method (SEM) for several deep earth-

quakes to compare travel times of diffracted wave along the

Earth's core mantle boundary. We use 507 nodes of the ES

and calculate synthetic seismograms which are accurate up

to 3.5 seconds in global scale (Komatitsch et al., 2005[3]).

Seismic wave, which travels along the core mantle bound-

ary, is called P-diff wave and is observable for stations with

the epicentral distances greater than about 100 degrees. We

calculate synthetic seismograms of P-diff waves for 3-D

mantle model and compare with the observed seismograms

to get travel time differences between synthetics and obser-

vations. Because the SEM put explicit discontinuities at the

core mantle boundary when constructing the mesh, SEM can

reproduce those waves that travel along the discontinuity

accurately. Figure 5 summarizes comparisons of synthetics

and observation. Required corrections to the seismic velocity

structure at the core mantle boundary based on the travel

time differences of (synthetics)-(observed) are overlaid

along the great circle paths with the color scale shown in the

left of the figures. The results show:

(1) Raypaths along the South Pacific Ocean show red colors,

which demonstrates that the seismic velocity at the core

mantle boundary under these raypaths should be slow.

(2) Raypaths along the North Pacific Ocean show purple col-

ors, which demonstrates that the seismic velocity at the core

mantle boundary under these raypaths should be normal.

(3) Raypaths along the south of Indian Ocean show red colors,

which demonstrates that the seismic velocity at the core

mantle boundary under these raypaths should be slow.

Fig. 3  Black plus sign represents epicenter of June 3, 2002 Bonin earth-

quake. Blue circles show locations of stations. Red curves show

boundary of the one chunk at the surface of the Earth used in the

computation.

Fig. 4  Comparison of synthetic seismograms (red) and observed seis-

mograms (black). 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

Iasp91 model. Solid circles are observed arrival times of P-wave

and open circles are theoretical ravel times by GAP-P1.
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These results illustrate that the core mantle boundary

structure below the South Pacific Ocean represents slow

seismic velocity structure, which may coincide with the

location of the root of the super plume.
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Efforts have been made to numerically represent convection and dynamo action possessing Earth-like dynamical features.

Emphasis is put on energy source distributions, inner core size, viscosity ratio to the Coriolis effect and viscosity ratio to ther-

mal and magnetic diffusivities. Simulations of dynamos with varying inner core radius show that the geometry significantly

influences the amount of energy input needed to sustain the dynamo action when the nondimensional radius is larger than 0.5.

Thermal convection in fluids with low Prandtl number reveals a possible mechanism of oscillatory convection, which might

be applicable to strong magnetohydrodynamic turbulence in the core. Simulation results of dynamo in fluids with low magnet-

ic Prandtl number suggest that the region where a magnetostrophic balance occurs is very limited in space but influences

whole dynamics in the fluid shell.

Keywords: Geomagnetic field, Dynamo, Thermal convection, Magnetohydrodynamics, Earth's core

1. Introduction
The geodynamo problem has been one of the most diffi-

cult subjects in earth science because the magnetic field and

the fluid flows in the Earth's core are intrinsically coupled

with strong nonlinearity and in extremely wide ranges of

time and space spectra. Since the launch of the Earth

Simulator, we have made attempts to construct numerical

models which represent correct dynamical features of the

Earth's core. One of the directions to reach the Earth-like

extreme condition is to decrease the viscous effect relative to

the Coriolis effect caused by rapid rotation of the Earth. Our

group has computed equations of the geodynamo with the

Ekman number (Ek, a dimensionless number representing

the viscous effect) as low as 10–6 and obtained a magne-

tostrophic state in which the viscous and inertial forces are

needless and the Lorentz force plays a primary role in the

dynamical force balance [1]. Another one of the directions is

to correctly treat the energetic sources of the geodynamo.

We investigated the effect of latent heat produced at the

growing inner core boundary with the total heat flux out of

the core fixed and found that the ratio of the latent heat

influences the stability of the magnetic dipole moment [2].

We also studied the effect of the inner core size on the geo-

dynamo which is believed to be variable in the long history

of the Earth. The results are described in Section 2 in this

report.

The kinematic viscosity of the Earth's fluid core is con-

sidered to be smaller than the thermal diffusivity and much

smaller than the magnetic diffusivity. Small Prandtl number

(Pr, ratio of viscous to thermal diffusivities) enhances tur-

bulence in thermal convection and very small magnetic

Prandtl number (Pm, ratio of viscous to magnetic diffusivi-

ties) will cause disparity between scales of the fluid motion

and the magnetic field. However, it has not been completely

studied what phenomena occur in such low viscosity fluids.

In particular, fully nonlinear studies have not been made

thoroughly. In Sections 3 and 4, we therefore investigated

thermal convection and dynamos operating in fluids with

low Pr and Pm.

2. Dynamos with varying heat source distributions
and inner core size
An Earth-type dynamo model is studied by calculating

thermal convection in a spherical shell filled with an electri-

cally conductive Boussinesq fluid and spun with a constant

angular velocity. The model and numerical method have

been explained in detail in the previous annual report [3].

Our model core is heated by uniform heat sources and an

additional heat at the inner core surface, the latter represent-

ing latent heat released by the solidifying inner core. We

examined the cases where the nondimensional heat source

parameter Q = Q1/Q0 is 0, 0.5 and 1, where Q1 is the latent
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heat production per unit time and Q0 is the total heat produc-

tion in the hydrostatic core. The temperature of the inner

core surface is horizontally uniform but changes in time due

to convective heat transport in the outer core. The heat flux

at the outer core surface is horizontally uniform, with the

horizontal average of the temperature fixed. Therefore, the

total heat flux out of the convecting core remains approxi-

mately Q0 if the convection is in a quasi-steady state. The

media outside the fluid outer core (the mantle and the inner

core if exits) are electrically insulating. Both of the inner and

outer boundaries of the fluid shell are co-rotating, and the

rigid boundary condition is applied there. The Rayleigh

number Ra is defined in terms of Q0 so that the same Ra

means the same energy input to the system.

The effect of the heat source distribution is examined in

the case where the ratio of the radii of the inner to the outer

boundaries of the shell χ is 0.35. The Ekman number is 10–5

and the Prandtl numbers are all unity. In Fig. 1, the time-

averaged kinetic and magnetic energies induced in the fluid

shell are shown together with the results already reported in

the previous report. It has been claimed from the previous

results that there are three kinds of dynamo regimes when

Ra is changed:

1. low-Ra regime: the magnetic field is dipolar, the magnetic

energy increases efficiently with the increase of Ra, and

Emag (the magnetic energy density) is greater than Ekin (the

kinetic energy density);

2. moderate-Ra regime: the magnetic field is dipolar, the

magnetic energy does not increase efficiently with Ra, and

Emag is greater than Ekin;

3. high-Ra regime: the time-averaged magnetic field is non-

dipolar, polarity reversals of the dipole component occur

irregularly (unstable dynamo), the magnetic energy

decreases from that in the moderate-Ra regime, and Emag is

less than Ekin.

We confirmed that the high-Ra regime still exists in the

cases of Q = 0.5 and 1, and found that manifestation of these

three dynamo regimes is a general feature irrespective of the

difference of the heat source distributions. The results indicate

that the dynamo with Q = 0.5 and Ra = 12800 sustains a

strong and stable dipolar magnetic field, though in the case of

Q = 1 with the same Ra the solution exhibits an unstable

dynamo in which the magnetic field is weak and non-dipolar

(Fig. 2(a)). There is no notable difference between the con-

vection patterns near the core surface (Fig. 2(b)). These

results indicate that a dynamo with higher Q has a tendency to

become unstable at a smaller threshold value of Ra, and the

flow near the inner core, which is enhanced by the increase of

Q, plays a primary role to make the dynamo unstable.

We further performed numerical simulations with the

nondimensional inner core radius χ varied from 0 to 0.7 and

Ra also changed. The heat source parameter Q is fixed to 0.

The numerical results examined are summarized in Fig. 3.

The results indicate that the minimum core heat flux needed

to sustain a dynamo does not depend on χ when χ is less

than 0.5. When χ is greater than 0.5, however, the shallower

the fluid shell is, the more the system requires heat to

achieve a self-sustaining dynamo. In the case of the highest

χ examined, no self-sustaining dynamo is found. To demon-

strate the effect of Q, we researched the case of Q = 1 in the

case of the highest χ, but found no self-sustaining dynamo.

These results indicate that the geometry of the fluid core is

the most important constraint on existence of a dynamo

when χ > 0.5. Similar studies have been already performed

but most of them assume Q = 1 [4]. We anticipate that the

basal heating disturbs the geometrical effect on dynamos.

Our result elucidates the purely geometrical effect and might

be applicable in predicting how much energy is needed to

maintain planetary dynamos.

3. Thermal convection in fluids with low Prandtl number
Thermal convection in a three-dimensional rectangular

Boussinesq fluid is studied numerically. The dimensions of

the fluid container are 1 × 1 × 4, with the longest axis 

(x-axis) being horizontal, in order to make a comparison to a

laboratory experiment in which some of the authors partici-

pate. The Prandtl number Pr is 0.03 to mimic the liquid gal-

lium used in the experiment. The side walls of the container

are thermally insulating and the temperatures of the top and

bottom boundaries are constant to maintain a temperature

difference, which is controlled by the Rayleigh number in

Fig. 1  Mean kinetic (filled symbols) and magnetic (open symbols) ener-

gy densities are plotted versus Ra. The results for Q = 0 (red), 0.5

(green) and 1 (blue) are shown. The symbol “u” denotes an

unstable dynamo.
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Fig. 2  The radial components of (a) the magnetic field at r = 1 and (b) the velocity at r = 0.96 are visualized. The

results for (Q, Ra) = (0.5, 12800) are displayed in the left and for (Q, Ra) = (1, 12800) are in the right.

the numerical model.

We solve the Navier-Stokes equation, the equation of

thermal conduction in the convecting fluid and the equation

of continuity, but the latter equation is modified to

(1)

where p is the pressure, is the velocity and the speed of

sound is 1/ε in the nondimensional unit. The parameter ε

must be small enough to approximately represent the fluid

incompressibility. We typically take ε/h = 0.05 – 0.1 so that

the velocity is much smaller than the speed of sound, where

h is the size of the computational grid cell. We use the sec-

ond-order finite difference method with the staggered grid.

Therefore, the fact that ε = O(h) is consistent to the degree of

total accuracy.

Convective instability occurs in the form of rolls whose

axis is parallel to the shorter horizontal axis (y-axis) of the

container. The results suggest that appearance of four rolls is

preferred, though detailed linear calculations are not per-

Fig. 3  The nondimensional parameters researched are summarized in

the χ-Ra space. The symbol “u” denotes an unstable dynamo.

(a)

(b)
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formed. As the Rayleigh number is increased, a secondary

instability occurs and the convection rolls come to oscillate.

The instability seems to be the so-called oscillatory instabili-

ty of convection rolls [5]. The oscillations appear to be a

standing wave propagating along the y-axis.

The streamlines of the convection cell is nearly circular,

which is the most obvious characteristic of low-Pr thermal

convection. As a result, small twin vortices form at the trian-

gular quiet space surrounded by the top (or bottom) wall and

the circular main flows away from the wall (Fig. 4). The

mechanism of the formation of the twin vortices is very sim-

ilar to the case of a flow behind a moving cylinder. What is

expected when the Reynolds number becomes large is also

the same in both examples. We consider that the oscillations

of the roll axis originate from the instability of the twin vor-

tices. In the case of a flow behind a cylinder, small vortices

are periodically shed from the cylindrical surface to form a

Kármán street. Similarly, the twin vortices near the bound-

ary are shed one after another and absorbed into the main

circular flows. We observed that the phase of the periodic

vortex shedding slightly precedes that of the roll oscillations,

indicating that the instability of the twin vortices plays an

important role in oscillatory convection.

Comparison to the laboratory experiment is satisfactory.

The oscillation pattern is consistent to the velocity measure-

ment results in the experiment. The oscillation frequency is

also correctly simulated. It is confirmed that the Strouhal

number is around 0.2. Paleomagnetic data show that there is

a characteristic frequency where the slope of the power spec-

trum of the geomagnetic dipole moment changes [6]. We

find that the Strouhal number calculated by this characteris-

tic frequency and some appropriate velocity and length

scales in the Earth's core also gives 0.2, suggesting that the

turbulent spectrum is affected by the same mechanism that

we have seen in the present non-magnetic and non-rotating

thermal convection.

4. Dynamos in fluids with low magnetic Prandtl number
The numerical code is the same as used in Section 2 but

modified to be able to treat an electrically conductive inner

core. The magnetic field is defined in both the fluid outer

core and the solid inner core, while the velocity and temper-

ature are defined only in the fluid domain. For each spherical

harmonic mode representing a dependent variable, we

employ the Chebyshev expansion with the same number of

spectral modes irrespective of the extent of the domain in

which the variable is defined. Therefore, the resolution of

the magnetic field is worse than the velocity and tempera-

ture. This treatment is not adequate in the case of moderate

and high magnetic Prandtl numbers, but could be a good

Fig. 4  The streamlines and the vertical velocity (blue and red respectively mean upward and downward flows) are shown on the

xz-plane (y = 1/4 and 1 < x < 3). Time advances from (a) to (f) with a constant time interval. The Rayleigh number is 8000.
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approximation in the present situation. We employ the spec-

tral transform method to calculate nonlinear terms in model

equations. We use a second-order interpolation in the radial

direction when the magnetic field is needed at the grid point

associated with the velocity and vice versa.

A dynamo solution is obtained for Ek = 5 × 10–7, Pm = 0.2,

Pr = 1, Q = 0.5 and χ = 0.35. The maximum degree taken in

the spherical harmonic expansion is 255. A dipolar magnetic

field is generated with the mean magnetic energy density

more than twice as large as the kinetic one. The most obvious

difference from previous moderate-Pm dynamos is that the

region where the magnetic field is strong is spatially limited.

Figure 5 illustrates that the magnetic energy is much greater

than the kinetic one and the Elsasser number is nearly unity

at the mid-depth region on z = 0.4, while the magnetic field is

rather weak on the equatorial plane. Disparity of the charac-

teristic length scales of the velocity field is conspicuous

between the places where the magnetic field is strong and

not. The result suggests that a magnetostrophic balance is

kept at a very limited region in the fluid shell but the very

balance determines the whole velocity structure with the aid

of inertial waves propagating along the spin axis.
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Fig. 5  The radial velocity (shades) and the magnetic field intensity (contour lines) at (a) z = 0 and (b) z = 0.4 are shown together

with the azimuthal kinetic (blue) and magnetic (red) energy spectra at s = 0.4 on the same plane, where s is the distance

from the z-axis. The magnetic contour line interval is 0.2.
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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 regional modeling focusing on subduction process, we extended

our model to three-dimensional one so that it can treat the arbitrary direction of subduction and age difference of the plate.

The three-dimensional model confirmed that both viscosity jump in the lower mantle and the trench retreat are essential for

the stagnation of slabs, that is consistent with two-dimensional modelings, and it succeeded in reproducing the varying behav-

ior of subdugting plate along a trench. (2) With the global modeling in Earth-like spherical shell geometry, we made systemat-

ic research on the patterns and heat transport for the wide range of Rayleigh numbers. The typical wavelength of convection

pattern gets shorter for higher Rayleigh number, and the patterns for Ra > 108 are characterized by the vertical motions of

numerous small plumes. We conclude that the amount of heat flow, Nusselt number, depends on about 0.31 power of

Rayleigh number.

Keywords: mantle convection, subducting slab, convective heat transport

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. Because slabs are the downwelling por-

tions of the mantle convection, the mechanisms to generate

the various styles of subducted slabs in the mantle transition

zone are important to understand the structure and dynamics

of the mantle. We have been studying the process of stagna-

tion and penetration of slabs, and succeeded in simulating

both behaviors and clarifying the conditions for slab stagna-

tion in FY2006 by using two-dimensional regional model.

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 subduction

zones especially located in western Pacific region. Figure 1

is the structure of the mantle relating to the subduction of

Pacific plate from global tomography [1]. These two cross

sections belong to one series of subduction zone, but the

styles are very different; around Mariana, the slab is pene-

trating to the lower mantle; around Japan, it is stagnating at

the transition zone. In FY 2007, we extended our regional

model for treating such kind of three-dimensionality

(Section 2). 

With the regional modeling we focus on the behavior of

subducting slabs whose time scale is less than hundred mil-

lion years, on the other hand, the global modeling in Earth-

like spherical shell geometry for longer time scale is also our

target. Global modeling with spherical shell is indispensable

for the understanding of the convection pattern and heat trans-

port of the mantle through its history. We have been develop-

ing the numerical code for thermal convection in spherical

shell, and we achieved the Rayleigh number up to 109 that can



86

Annual Report of the Earth Simulator Center  April 2007 - March 2008

cover most of the history of the mantle. We report on the

basic features of thermal convection in spherical shell with

their Rayleigh number dependences in Section 3. 

2. Regional model: Three-Dimensional Numerical
Simulations on Dynamic Behaviors of Subducting
Slabs
We are developing numerical models of mantle convection

in order to study the effects of three-dimensionality on the

formation and the dynamic behaviors of stagnant slabs. A

time-dependent thermal convection of Boussinesq fluid in a

three-dimensional rectangular box of 1320 km height and

aspect ratio of 6 × 6 × 1 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 exponentially dependent

on temperature. We also take into account the effects of the

sudden increase in viscosity at the 660 km depth. The distri-

bution of temperature is initially set by a half-space cooling

model moving at a uniform velocity. The cold thermal

boundary layer along the top surface is then divided into two

sections, by introducing a "plate boundary" (or a "trench

axis") running in the direction roughly perpendicular to the

surface motion. The plate subduction is imposed by applying

different kinematic boundary conditions to the upstream and

downstream sides of the plate boundary. The motion of the

"oceanic" plate on the upstream side is driven by a fixed

velocity at the top surface, while zero motion is set on the

surface of the "continental" plate on the downstream side.

We also included the effect of maximum yield strength in

order to accommodate a strong shear deformation near the

plate boundary along the top cold surface. In addition, we

take into account the effect of trench migration, by assuming

that the computational domain is in relative motion to the sta-

tionary mantle. Spatial mesh divisions of up to 384 × 384 in

horizontal and 128 in vertical directions are utilized, by the

help of the multigrid-based numerical code ACuTEMan [2,

3] designed for large-scale three-dimensional experiments. 

We show in Fig. 2 the snapshots taken from several pre-

liminary calculations with different values of the viscosity

jump at 660 km depth. In these calculations, the "oceanic"

plates on the left-hand side of the top surfaces are assumed

to continuously move rightward at a rate of 4.7 cm/year. We

also imposed a three-dimensionality of subduction by artifi-

cially employing a curvature of the plate boundaries, which

yields an along-axis variation of the age of subducting

oceanic plates. In the present cases, the ages of subducting

plates are set to be 62 Ma and 104 Ma on the near and far

vertical side walls, respectively. These differences result in

an along-axis variation of the descending velocity of cold

slabs. Indeed, the descending velocity is slightly faster at the

far sides than at the near sides, despite of uniform plate

velocity imposed at the top surface. 

The comparison of the cases presented in Fig. 2 clearly

indicates that the viscosity jump at 660 km depth tends to

Fig. 1  Two cross sections of seismic tomography for subdcution of Pacific plate (drawn by the dataset

GAP-P1 [1]). The P-wave velocity anomalies are shown from surface to 1000 km depth, and the

color scale is ±1.2%. Indicated in blue are the regions of fast anomalies, while in red are those of

slow anomalies. The Pacific Plate is subducting under the Philippine Sea Plate at both of these cross

sections, but the image of subducted slab is very different. You can draw arbitrary vertical cross sec-

tions at "http://www.jamstec.go.jp/pacific21/TMGonGE/home.html". 
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Fig. 2  Snapshots of behaviors of cold subducting plates obtained by time-dependent calculations with different amplitudes of the

viscosity jumps at the 660 km depth indicated in the figure. Shown by blue transparent surfaces are the isosurfaces of nondi-

mensional temperature T = 0.9 as a proxy of the bottom surface of oceanic plates. Also shown in color are the distribution of

viscosity at the vertical side walls.

barrier the descending motion of subducting slabs across the

depth. In the absence of the viscosity jump (Fig. 2a), the tip

of the cold slab descends across the phase boundary at 660

km depth, and almost reaches to the bottom surface of the

computational domain (1320 km depth). However, with

increasing the viscosity jump, the tips of the subducting

slabs are stagnated more strongly at the depth of viscosity

jumps (Fig. 2b to 2d). These results are in accordance with

the recent conjecture that the stagnant slabs are hardly

formed solely from the effects of the post-spinel phase tran-

sition at around 660 km depth. From these preliminary

results we speculate that the further improvement of our

numerical models is one promising approach to the repro-

duction of the stagnant slabs observed on the Earth by, for

example, incorporating the effects of the trench retreat. The

formations and/or the three-dimensional behaviors of sub-

ducting slabs will be discussed in the next FY by systemati-

cally studying the effects of various mechanisms, such as

phase changes, viscosity stratification, trench retreat, sub-

duction velocity and their along-axis variations. 

3. Global model: The Natural Pattern of Thermal
Convection and its Heat Transport in Spherical
Shell Geometry
Simulating thermal convections with simple setting is also

important for the understanding of the Earth's mantle con-

vection. Here we focus on the intrinsic patterns of thermal

convection and amount of heat transport in spherical shell

geometry. The convection pattern is closely related to the

size of the structures existing in the mantle. The amount of

heat transport is the key for the activity of whole Earth sys-

tem and it also regulates the lifetime of the Earth, because

planetary evolution is basically the cooling process of the

mantle and core. We succeeded in attaining the Rayleigh

numbers (Ra) over 109, which is more than six orders above

the critical value. The Ra of the former numerical studies

with highly viscous fluid in Earth-like spherical shell are

from critical to around 106 [4, 5], and up to 108 by the Earth

Simulator [6]. The Ra of the present Earth's mantle is esti-

mated to be around 107, and it has been decreasing through

the Earth's history because of the decrease of the heat

sources. The Ra of 109 that we attained is sufficient to cover

most of the history of Earth's mantle convection. Moreover,

now we have the complete dataset for the convective

motions with Ra ranging six orders of magnitude, those are

quite valuable for establishing the Ra dependence of the con-

vective heat transport. This is important for the general

physics of thermal convection. We made systematic research

on the patterns and heat transport with the increase of Ra

under Bousinessq approximation. The Ra is defined by pure-

ly basal heating, and the viscosity of the fluid is constant.

The Prandtl number (Pr) is set to be infinite, so the inertia

term is neglected in the calculation. We use finite element

method, and the finest resolution in our simulations is about

15 km at the surface and 256 vertical layers through the

mantle. The initial perturbations have small wavelength, and

the wavelength of the convection pattern gets longer with the

progress of computations then settles in a typical value. We

spent enough time steps for each run to get reliable data on

the statistically steady state. 
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It is well known that the convection pattern depends on

the Ra. With the increase of Ra, the wavelength of convec-

tion pattern becomes smaller and the pattern shows unsteady

or fluctuating behavior. For the lower Ra, the convective

cells have almost uniform size, but for the higher Ra, the

cells become irregular. All of the convective patterns we

simulated have the characteristics as follows; the sheet-

shaped downwelling and upwelling flows are generated

around the top and the bottom boundaries respectively and

they concentrate gradually into cylindrical flows in the con-

vective core region. Figure 3 is the snapshot of the tempera-

ture for Ra ~ 109, that is the maximum Ra in our simulations.

Scaling this result to the Earth's mantle, the typical surface

flow velocity is 30 cm/year, and the total surface heat flow is

150 TW. Very fine scale plumes go up and down at the mid-

dle depth of the convective layer, and convection 'cell' struc-

tures do not exist except for the vicinity to the top and bot-

tom boundaries. These features are seen for Ra > 108. 

The Ra dependences of some statistical values are shown

hereafter. Figure 4a is the depth profile of the horizontally

averaged temperature for each value of Ra. These profiles

have common features; thermal boundary layers near the top

and bottom (with steep temperature gradient where the 

heat is transported mainly by conduction), and isothermal

convective core between them (with little temperature gradi-

ent where the heat is transported mainly by the vertical

motion of the fluid). The thickness of the thermal boundary

layer becomes thinner for higher Ra. The temperature of 

the isothermal core (~800 K) is not the center of the top and

bottom temperature but close to that of the surface because

Fig. 3  A snapshot of the convection in spherical shell with Ra = 2 × 109. Left; temperature just below

the surface. Right; temperature cross-section along a meridian. Thin boundary layers exist at

the top and bottom, and many small-size plumes are going up and down at the middle depth.

Fig. 4  (a) Horizontally averaged temperature at each depth and its dependence on Ra. There exist

thermal boundary layers at the top and bottom, and isothermal core region between them. 

The thickness of the thermal boundary layer decreases systematically with the increase of Ra.

(b) Standard deviation of temperature at each depth and its dependence on Ra. It has large

value around the average depth of thermal boundary layer, and smaller value for isothermal

core. The deviation for isothermal core region decreases with the increase of Ra.
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of the effect of spherical shell geometry. Figure 4b shows

the depth profile of the standard deviation calculated by 

the horizontal distribution of temperature. This value reflects

the range of existing temperature anomaly at each depth.

The temperature of the top and bottom boundaries are fixed

in our simulations, so the deviation is zero both at the top

and bottom. The maximum value of standard deviation is

seen around the average depth of the thermal boundary

layer, because the thickness of the thermal boundary layer

varies horizontally and heterogeneity is large at this depth.

Because of the effect of spherical shell geometry, the 

maximum deviation value is larger for the bottom boundary

layer. The standard deviation has smaller value in the

isothermal core. With the increase of Ra, we can see the

drastic decrease of the deviation especially for the isother-

mal core region. This means that at higher Ra the convective

flow is driven by very small horizontal temperature differ-

ence inside of the isothermal core region (ex. ~ 20 K for 

Ra ~ 109). 

The Nusselt number (Nu) is defined by the ratio of the

total heat transport to the conductive one through the layer.

When convection occurs, heat is transported by both fluid

motion and conduction, then Nu becomes more than one. Nu

is the most important value for evaluating the total activity

of thermal convections. Therefore, to establish the depend-

ence of Nu on Ra is one of the most fundamental problems

of thermal convection, and many studies were made both by

laboratory and numerical experiments. The Ra-Nu relation-

ship is known to be dependent on both the wavelength of the

convection pattern and the Prandtl number of the fluid. Nu is

thought to be proportional to Ra1/3 for viscous (high Pr) fluid

with box geometry. Here we can establish the relationship

for infinite Pr fluid with spherical shell. The relationship 

Nu ~ Ra0.31 is our conclusion, that is quite similar to that of

the box geometry. Figure 5 is the summary of Ra-Nu with

spherical shell. Our simulations by using the Earth Simulator

extended the range of data drastically. The result of Nu by

our simulations is almost same as the others for smaller Ra,

but they show some discrepancy for Ra > 105; our Nu are

larger than the result of former studies. In the studies by

Ratcliff et al. [4] and Iwase [5], they concluded that Nu is

proportional to Ra1/4, and they noted that this should be the

characteristic of the spherical shell geometry. But they set

the initial perturbations as long wavelength ones such as

tetrahedral or cubic, and these basic patterns did not change

through the time integrations. We can conclude that their

weaker dependence of Nu on Ra is due to the longer wave-

length structure of the convection pattern, and the natural or

spontaneous convection patterns for Ra > 105 have shorter

wavelength for spherical shell geometry. Cubic pattern for

Ra ~ 105 might be a quasi-steady one, and it takes long time

for developing shorter wavelength structure. We propose

that Nu ~ Ra1/3 is also applicable to spherical shell geometry.

This means that the ancient Earth's mantle should transport

much heat estimated from widely used Nu ~ Ra1/4 relation-

ship, and should cool down in a very short time scale. 
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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 test the validity and applicability of the com-

bined simulation model, and develop the associated data assimilation software. In 2007, we performed a combined simulation

of quasi-static stress accumulation, dynamic rupture, and seismic wave propagation for the 2003 Tokachi-oki earthquake

(M8.0). The good agreement between simulation results and observations demonstrates that the physics-based computer simu-

lation is useful for the quantitative evaluation of strong ground motions that will be produced by potential interplate earth-

quakes. For the data assimilation software, we developed two inversion methods, one of which is to estimate interplate cou-

pling rates from GPS data, and another is to estimate crustal stress fields from CMT data of seismic events. From the inver-

sion analysis of GPS data, we revealed the potential source regions of next interplate earthquakes along the Kuril-Japan

trench. From the inversion analysis of CMT data, we obtained the precise 3-D stress pattern in and around Japan.

Keywords: combined simulation, strong motion prediction, geodetic data inversion, interplate coupling, CMT data inversion,

crustal stress fields

1. Introduction
The aim of this project is to develop a physics-based pre-

dictive simulation system for crustal activities 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 total system is constructed on a

common 3-D structure model called CAMP Standard Model

[1]. In the first three years (2003–2005) of the project, we

completed a prototype of the combined simulation model

for quasi-static stress accumulation and dynamic rupture

propagation [2]. In 2006, we tested the validity and applica-

bility of the combined simulation model [3], and began to

develop the software to assimilate massive observed data

from nation-wide seismic/geodetic networks into computer

simulation. 

2. Validity tests of the combined simulation for strong
ground motions 
In 2006, we performed the combined simulation of quasi-

static stress accumulation, dynamic rupture propagation and

seismic wave propagation for the 2003 Tokachi-oki earth-

quake (M8.0), which occurred at the the North American-

Pacific plate interface [4]. The simulation results are summa-

rized in Fig. 1, where the left panel shows the source region

of the 2003 event and the observation stations distributed

along coastline. The center panel shows the snapshots of

dynamic rupture propagation and seismic wave radiation.

The right panel shows the computed and observed ground

motions. The good agreement between the simulation results

and the 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. 



92

Annual Report of the Earth Simulator Center  April 2007 - March 2008

Fig. 2  Snapshots of slip velocity changes for five source models with different rupture initiation points [5]. The yellow arrow at each

panel shows a typical rupture propagation direction. At the right bottom of each panel the final slip distribution is shown.

One of uncertainties in this simulation is the location of

rupture initiation point. In 2007, we performed a series of

numerical experiments to examine the effects of rupture ini-

tiation point on ground motions [5]. We considered the five

source models with different rupture initiation points: the

real hypocenter (S) and the southernmost (A), northernmost

(B), easternmost (C) and westernmost (D) of the source

region. The results of numerical experiments are shown in

Fig. 2. The normalized velocity response spectrums for

Models A-D were less than 4. This means that the amplifica-

tion due to different rupture initiation points is 4 times at a

maximum, which is smaller than 3-D site effects. 

3. Interplate coupling along the Kuril-Japan trench,
inferred from GPS data inversion 
On the basis of elastic-viscoelastic dislocation theory, we

can determine the functional form of a stochastic model to

extract information about unknown fault slip distribution

from observed surface displacement data. In addition to

observed data we usually have direct prior information that

bounds the values of model parameters within certain ranges

and indirect prior information that regulates the structure of

stochastic models. Recently, incorporating both direct and

indirect prior information into observed data and using

Akaike's Bayesian Information Criterion, we derived an

inversion formula that unifies the Jackson-Matsu'ura formula

with direct prior information and the Yabuki-Matsu'ura for-

mula with indirect prior information, and developed a gener-

alized method of geodetic data inversion [6]. We applied this

inversion method to interseismic GPS data (1996–2000) in

the Hokkaido-Tohoku region, and obtained the precise slip-

deficit rate distribution on the North American-Pacific plate

Fig. 1  Combined simulation of quasi-static stress accumulation, dynamic rupture propagation and seismic wave radiation for the

2003 Tokachi-oki earthquake [4]. Left: The location map showing the source region of the 2003 event and the observation

stations distributed along coastline. Center: Snapshots of dynamic rupture propagation and seismic wave radiation. Right:

Comparison of computed (red) and observed (black) velocity waveforms at the stations.
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interface. The left panel of Fig. 3 shows the GPS horizontal

velocity vectors used for inversion analysis. The right panel

is the inversion result showing a trench-parallel slip-deficit

zone with five peaks located in the depth range of 10-30 km.

These slip-deficit peaks coincide with the source regions of

past large interplate earthquakes (M > 7.5) along the Kuril-

Japan trench. Given the occurrence time and seismic

moment of the last event and the current slip-deficit rate at

the potential source region, we can roughly estimate the

occurrence time of the next large interplate earthquake along

the Kuril-Japan trench.

4. 3-D patterns of tectonic stress fields in and around
Japan, inferred from CMT data inversion
We developed an inversion method to estimate tectonic

stress fields from CMT data of seismic events by using

Akaike's Bayesian information criterion [7]. We applied the

method of CMT data inversion to 15,000 moment tensors of

seismic events (NIED; Seismic Moment Tensor Catalogue),

and estimated the 3-D patterns of tectonic stress fields in and

around Japan. The left panel of Fig. 4 shows the horizontal

pattern of the inverted stress field at 10 km in depth, which

accords with complex tectonic features in and around Japan.

The right panel shows three across-arc vertical sections of

Fig. 3  The distribution of slip-deficit rates on the North American-Pacific plate interface, inferred from GPS data

(Hashimoto et al., 2007). Left: GPS horizontal velocity vectors (1996–2000). The plate interface geometry is

represented by the iso-depth contours with 10 km-intervals. Right: The distribution of slip-deficit rates. The

blue and read contours show the rate of slip-deficit and slip-excess, respectively. The contour intervals are 4

cm/yr. The stars indicate the epicenters of large interplate earthquakes (M > 7.5) in the last 50 years.

Fig. 4  3-D tectonic stress fields in and around Japan, inferred from CMT data inversion [8]. Left: The hori-

zontal pattern of inverted stress fields at 10 km in depth. The stress pattern is represented with the

lower hemisphere projections of focal spheres. Right: The across-arc vertical sections of stress fields

at northeast Japan, southwest Japan, and Ryukyu Islands. The stress pattern is represented with the

backside projections of focal spheres.
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the inverted stress fields at northeast Japan, southwest Japan

and Ryukyu Islands, which are remarkably different in back-

arc stress patterns from one another: arc-normal compression

in northeast Japan, arc-normal extension in Ryukyu Islands,

and neutral in southwest Japan. 
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A parallel finite-difference numerical simulation program based on the Navier-Stokes (NS) equations is developed for simu-

lating 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 Kuril Islands earthquake of 13 January

2007. Records calculated using the simulation are in close agreement with tsunami records observed off Hokkaido. Tsunami

amplitudes calculated by the 3-D NS equations are smaller than those obtained using the conventional 2-D linear long-wave

(LLW) simulation in a direction perpendicular to the fault strike. This is because the 2-D LLW simulation cannot include dis-

persion effect, and hence the LLW simulation fail to evaluate tsunami amplitude evaluation. The dispersion effect appears dur-

ing the 2007 off Kuril Island event for which the sea-bottom deformation is restricted to a small area. Our simulation results

indicate that the conventional LLW simulation cannot serve as a good approximation to the NS simulation for this event.

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 approximations

and so do not allow calculation of the vertical flow, the tsunami

generation process due to the sea-bottom uplifting is not mod-

eled in the 2-D simulations, but given as an initial tsunami

height distribution. Numerous 2-D tsunami simulations assume

that the initial tsunami-height distribution is identical to the

sea-bottom deformation caused by the earthquake [e.g. Satake

1989]. This assumption may be valid for many tsunamigenic

earthquakes that occur along the subducting 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 deforma-

tion. Furthermore, the 3-D simulation naturally includes a 

dispersion effect which is neglected in the 2-D LLW equations.

This study develops a parallel simulation program for

solving the 3-D NS equations on a large scale in order to

simulate tsunami generation and propagation over realistic

bathymetry. In the present manuscript, we first give a brief

explanation of the NS equations and the numerical technique

based on the SOLA method, which was originally proposed

by Hirt [1975]. A parallel algorithm and the efficiency of the

simulation using a large number of processors are also

demonstrated. We, then conduct a 3-D tsunami simulation

for tsunami excited by the Kuril Islands (M8.1) earthquake

that occurred on Jan. 17, 2007.

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),

(1)
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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 [e.g. Snieder 2001]. 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

(2)

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 bound-

ary condition at the sea surface is given by 

(3)

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 develop the parallel program for distant tsunami excit-

ed by the bottom deformation and propagating for over one

thousand kilometers. The parallel algorithm is based on a tra-

ditional domain partitioning procedure, where the 3D model

is partitioned horizontally into many subregions with one-cell

overlapping of neighbor sub-regions. Each processor calcu-

lates the velocity and pressure fields occurring in equations

(1)–(4) at each grid point in the assigned sub-region, and a

message passing interface (MPI) is used for exchanging data

between neighbor sub-regions at each time step. 

The parallel tsunami code has been implemented on a clus-

ter of PCs consisting of 16 AMD Opteron processors, (CPU

speed 1.4 GHz), connected over a fast Infiniband computer

network (communicating at 1 Gb/s), and the Earth Simulator

supercomputer. Figure 1 illustrates the results of parallel com-

puting in terms of faster execution of the computation using a

large number of CPUs. A fairly good improvement in speed

and thus a reduction in elapsed time for the 3-D tsunami sim-

ulation is found with increasing processor numbers from 2, 4,

to 8 for a smaller simulation model of 512 × 204 × 512 grid

points, which takes computer memory of about 3 GBytes

when using double-precision arithmetic. However, parallel

computing using more processors (16) does not result in good

performance with the present simulation model. This is

because of the overhead of the MPI communication between

large numbers of processors relative to the total computation

time of the NS equations of the divided model. Good parallel

performance with increasing computational speed using a

large number (16) processors is confirmed for a large simula-

tion model of 512 × 204 × 1024, which required computer

memory of about 6 GB. 

The tests demonstrate the effectiveness of the parallel

FDM simulation for solving 3-D NS equations using large

number of processors. Care is needed to match the appropri-

ate number of processors to the scale of the simulation

model in order to ensure good parallel performance.

3. Tsunami Simulations of the 2007 off Kuril Islands
Earthquake

3.1 Tectonic settings around the Kuril Islands

The Kuril Islands form an island arc associated with the

subducted Pacific plate underneath the North American

plate, and the Kuril trench is more than 8000 m deep. The

seismicity around this area is very active and M8-class earth-

Fig. 1  Parallel performance of the parallel 3D Navier-Stokes simulation

in terms of the elapsed time of the tsunami simulation as a function

of CPU numbers, and for different scales of the simulation model.

(4)
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Fig. 2  Snapshots of the tsunami propagation for the Kuril Island earthquake in 2007, at lapse times of (a) 1 min, (b) 35 min, (c) 70 min, and

(d) 105 min from the earthquake origin time. These snapshot results are simulated using a model based on the 3-D NS equations.

quakes have occurred repeatedly between the two plates. On

January 13 2007, a large M8.1 earthquake occurred off the

Kuril Islands. This earthquake was a normal-fault event with

a steep dip angle (60˚), occurring within the subducting

Pacific plat and was classified as an intraplate event. The

Japan Meteorological Agency (JMA) warned of the arrival

of large tsunami more than 3 m high at the coast of eastern

Hokkaido and over 2 m high along the Pacific coast of

Honshu, Japan. However, the observed tsunami from the

earthquake was very weak - less than about 0.5 m high along

the Pacific coast of northern Honshu, Japan. 

3.2 Tsunami Simulations based on the Navier-Stokes equations

We simulate the tsunamis of the 2007 off Kuril Islands

event based on the 3-D NS equations. The area of the simu-

lation model was 1600 km by 2048 km horizontally, 

and extended to a depth of 22 km, which is discretized into

1600 × 2048 × 110 grid points with a uniform mesh size of 

1 km in horizontal directions and 0.2 km in depth. Digital

bathymetric data of ETOPO2 provided by the consortium 

of NOAA, NESDIS, and NGDC was employed in the simu-

lation.

The fault model was derived from the analysis of far-field

seismogram data by Ji [2007]. Referring to this model, 

we set parameters for a constant slip model on a flat fault

plane. The top depth of the fault was 4 km and the fault sizes

were 200 km and 35 km in the strike and dip directions,

respectively. The focal parameters were given by dip = 58˚,

strike = 45˚, rake = –90˚. The total seismic moment was 

M0 = 1.9 × 1021 Nm, and the source process time was about

70 s. The static deformation of the sea bottom caused by the

earthquake was calculated by using a method of Okada

[1992] where an analytical expression of the static deforma-

tion of an elastic half space is given.

Snapshots of tsunami propagation from the 2007 Kuril

Islands earthquake are illustrated in Fig. 2 at times 1, 35, 70,

and 105 min from the earthquake origin time. In the first

frame of the snapshot (t =1 min), generation of a tsunami with

large subsidence and small uplift caused by the normal-fault

event is clearly seen; the maximum subsidence of the tsunami

above the source zone is approximately –2 m, while the maxi-

mum uplift is 0.4 m. In the second frame of the snapshot at a

lapse time of 35 min, the tsunami shows clear directivity; a

large tsunami is propagating in the direction perpendicular to

the fault strike whereas a small tsunami is traveling in the

direction parallel to the fault strike. A faster propagation of
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tsunami in the deep ocean (h > 8000 m) along the Kuril trench

at a velocity of approximately 250 m/s arrives at Hokkaido

after about 60 min as a small-amplitude head wave. The

tsunami propagates slowly in the Okhotsk sea (~140 m/s),

which is shallow (h ~ 2000 m). At a lapse time of 70 min, the

leading tsunami characterized by subsidence is arriving at the

Pacific coast of Hokkaido. At later times, trapping of the scat-

tered tsunami near the source region and in the shallow sea

surrounding the Kuril Islands is evident. 

3.3 Comparison of Simulations based on the Navier-Stokes

and Linear Long-Wave Equations

The results of tsunami derived from the NS and linear

long-wave (LLW) simulations are compared in Fig. 3 using

snapshots of tsunami propagation at an elapsed time of t =

40 min. There is a significant difference between the two

results; the dispersion of tsunami propagation in the direc-

tion perpendicular to the fault strike (along the x-axis) can be

clearly seen from the NS simulation [Fig. 3]. The wave train

is developed near the wave front due to the dispersion in the

deep ocean. The dispersion of tsunami traveling in the deep

ocean results in long-wavelength leading tsunamis in the NS

simulation. On the other hand, the LLW simulation shows a

simple impulsive leading wave in this direction since the

LLW simulations cannot include the dispersion effect due to

the long-wave approximation.

The tsunami records calculated by the two methods are

compared in Fig. 4. The simulated tsunami shows strong dis-

persion in the NS simulation and it forms a wavetrain. In

contrast, the tsunami in the LLW simulation shows no dis-

persion and a sharp leading wave. The calculated tsunami

records were compared with the observed record off

Kushiro, located about 1000 km from the source region

[point K in Fig. 3]. The Japan Agency for Marine-Earth

Science and Technology (JAMSTEC) operates bottom-pres-

sure gauges offshore of Kushiro at a depth of 2200 m. The

gray line in Fig. 4 for station K illustrates the observed

tsunami at the offshore station. At the beginning of the

observed record at a time before 20 min, a large-amplitude

high-frequency seismic wave arrives, and then large and

long-period tsunami at periods of approximately 30 min

arrive near a time of 60 min. Solid and dashed lines shown

in Fig. 4 for station K indicate the tsunami derived from the

NS and LLW simulations, respectively. We used M0 = 9.5 ×

1020 [Nm] (Mw 7.9) both in the NS and LLW simulations.

Both calculated traces are plotted 2.5min later to fit the

record. Although a slight discrepancy is found in phases

later than 85 min, the tsunami records calculated using the

two simulations show no significant differences around the

main part of the tsunami. This is mainly because there was

negligible dispersion apparent in this direction.

4. Discussion and Conclusions
A parallel FDM program for simulating long distance tsuna-

mi based on the 3-D NS equations has been developed for

accurate representation of a tsunami source caused by sea bot-

tom deformation and propagation over the deep ocean. Long

distance tsunami propagating more than a thousand kilometers

has been simulated by parallel computing using a large num-

ber of processors. Such large scale simulations have usually

been conducted based on 2-D long-wave theory where the ini-

tial tsunami height distribution is often assumed to be identical

to the sea bottom deformation caused by the earthquake. 

NS simulation has been conducted for the tsunami result-

Fig. 3  Surface height distribution at a lapse time t = 40 min from the earthquake origin time

calculated from the (a) NS and (b) LLW simulations.
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ing from the Kuril Islands event (M8.1) of January 13, 2007,

which occurred in the subducting Pacific plate at a depth 

h ~ 6000 m. The steeply dipping normal-fault of this inter-

plate earthquake produced a large subsidence (~ –5 m) at the

sea bottom within a small area of 40 km in width and 200

km in length. We have confirmed that the 2-D LLW simula-

tion did not serve as a good approximation to the 3-D NS

simulation for the 2007 Kuril event. The maximum tsunami

amplitude calculated by the LLW simulation was larger than

that of the NS simulation around the source area and in the

direction perpendicular to the fault strike. However, we were

not able to find any significant differences between the

tsunami records off Hokkaido calculated from the two simu-

lation methods.

The tsunami alert of JMA warned that larger tsunami

more than 3 m high would attack the Pacific coast of Japan

during this event, but the observed tsunami were several

times smaller than the JMA estimation. There were two pos-

sible reasons for this overestimation of tsunami height

before the above analysis; the first arising from overestima-

tion of the JMA magnitude, and the second resulting from

inappropriate use of long-wave simulation. The results of

our tsunami simulations show that the differences between

the NS and the LLW simulations were only minor for the

Pacific coast of Japan. Therefore, we guess that incorrect

estimation of the JMA magnitude was the main reason for

the overestimation of the tsunami height at the Kuril event.

In any case, further analysis is needed to clarify why a tsuna-

mi alert was mistakenly issued for the 2007 Kuril event.
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The purpose of this project is to produce simulation models for generating interplate and intraplate earthquakes in a com-

plex system of interactive faults in northeast and southwest Japan, respectively.

At present, in 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, we use simply a homogeneous elastic half-

space medium. For the Nankai trough earthquake cycle in southwest Japan, as already reported, using a flat plate interface, we

succeeded in reproducing the rupture segmentation and their complicated interactions similar to the actual historical earth-

quake sequences, but could not reproduce the one in the case for the realistic 3-D curved plate configuration. Even in the flat

interface case, we could not reproduce the large variation of recurrence intervals and sizes observed in the actual historical

Nankai earthquakes. In this report, we propose a new model with heterogeneous fracture surface energy distribution on the

plate interface, in which the simulated recurrence intervals and sizes can vary significantly. Furthermore, episodic slow slip

events also occur in this new model. 

As a simulation based on a viscoelastic FEM model in southwest Japan, we estimated the temporal stress change ( ∆CFF:

Coulomb failure function) on the active inland faults, which is caused by the subduction of the Philippine Sea plate and the

great earthquakes along the Nankai trough. Newly adding inland earthquake faults occurring after the 1946 Nankai earth-

quakes, we show again a possibility that we estimate the period with the high probability of earthquake occurrence on each

fault during the current Nankai trough earthquake cycle. 

For dynamic rupture simulation, we performed the FEM calculation of dip slip dynamic rupture in a bending fault.

Keywords: quasi-dynamic earthquake cycle simulation, Philippine Sea plate, Nankai trough, frictional parameter, asperity,

fracture surface energy, slip response function, inland earthquake, temporal stress change
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1. Introduction 
The Niigataken Chuetsu-oki Earthquake (M6.8) occurred

in July 2007, following the Noto Peninsula earthquake

(M6.9) in March 2007. These earthquakes are the inland or

the intraplate earthquakes occurring on active inland faults

whose recurrence times are larger than 1,000 years. In south-

west Japan, the activities of inland earthquakes tend to

increase 50 years before and 10 years after the occurrence of

M8-class interplate earthquakes along the Nankai trough

which are caused by the subducting Philippine Sea plate.

Also in northeast Japan, where the Pacific plate is subduct-

ing, the inland earthquakes tend to occur before and after the

occurrence of large interplate earthquakes with the recur-

rence interval of 100 years. 

In this project, we aim at simulating earthquake genera-

tion cycles of both interplate and inland earthquakes to

understand the complex sequences of earthquake occurrence

and also to provide us basic information on the future earth-

quakes. Constructing detailed regional heterogeneous vis-

coelastic FEM models in northeast and southwest Japan,

respectively, we simulate earthquake generation cycle in a

regional scale. These are, however, our final goals. At pres-

ent, we mainly simulate the large interplate earthquake

cycles in a simple homogeneous elastic half-space medium.

Our simulation of earthquake cycle consists of two

processes; quasi-dynamic and dynamic rupture ones. In the

quasi-dynamic earthquake cycle simulation, we simulate

quasi-static slow stress accumulation and quasi-dynamic slip

evolution on plate interfaces or inland faults due to relative

plate motions based on a laboratory-derived rate- and state-

dependent friction law. In this simulation, we employ the

boundary integral equation method. Namely, we divide 

the plate interface into fine cells with the sizes of around 

1 km x 1 km, 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 friction law with an

adaptive time step Runge-Kutta algorithm. In dynamic simu-

lation, we simulate earthquake rupture propagation based 

on slip-dependent friction law as a contact problem and

directly use the master-slave method for treating contact

interfaces in GeoFEM.

So far, for the Nankai trough great earthquake cycle in

southwest Japan, using a flat plane interface, we have inves-

tigated the effect of frictional property reflecting the plate

configuration on the earthquake cycle using a simple plane

fault in a semi-infinite homogeneous elastic medium 

and successfully reproduced the complicated earthquake

cycle along the Nankai trough [1] [2]. Then, we extended

this approach with the same heterogeneous frictional distri-

bution to include the actual curved 3-D interfaces of the sub-

ducting plates, but we could not succeed in reproducing the

observed complex sequences. Even in the former model, 

we could not reproduce the observed large variation of

recurrence intervals and sizes. In this report, therefore, we

propose a new frictional model to produce such an observed

large variation. 

For viscoelastic simulation, we have examined the tempo-

ral stress changes on inland active faults in southwest Japan

due to the plate subduction and the earthquake slips,

employing slip response functions calculated for the 3-D vis-

coelastic FEM model in southwest Japan. This simulation

suggests that we possibly estimate the period with high prob-

ability of earthquake occurrence on inland faults. In north-

east Japan, we are constructing a large scale FEM model,

which is skipped in this report. 

For simulation of dynamic rupture propagation, we con-

tinue the performance test of contact analysis code imple-

mented in GeoFEM. So far, we have introduced an effective

damping scheme to prevent some oscillations in slip velocity

due to numerical dispersion. In this year, we execute dynam-

ic rupture simulation on a bending dip slip fault. Our simula-

tion results on rupture propagation pattern, slip rate time

functions, and conditions of rupture arrest are roughly con-

sistent with a previous numerical simulation using a bound-

ary integral equation method [3]. However, some discrepan-

cy exists possibly due to rough mesh sizes and/or unstable

computations of stresses around the fault bend. After more

careful examinations, we will report the results of dynamic

rupture simulation in the near future. 

2. New model of quasi-dynamic simulation of earth-
quake cycle with heterogeneous fracture surface
energy distributions on the plate interface for
reproducing the large variation of recurrence inter-
vals and sizes observed in the actual Nankai trough
and other subduction zone great earthquake cycles

2.1 Assigned heterogeneity in frictional property on the plate

interface based on a rate- and state-dependent friction

law: Previous models

We have so far simulated quasi-dynamic earthquake

cycles driven by the subducting plate, based on a laboratory-

derived rate- and state-dependent friction (RS) law. The RS

law 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. The parameter a-b controls the

evolution of slip behavior. Namely, in a simple mass-spring

model, the case of a-b > 0 shows the stable sliding, and the

case of a-b < 0 and of the spring stiffness weaker than a crit-

ical one gives stick-slip behavior similar to earthquake cycle.

Laboratory experiments show the value of a-b for granite

becomes negative in a temperature range of 100–350˚C and

positive in other temperature ranges (e.g. [4]). The tempera-
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ture at the bottom of seismogenic zone is estimated to be

about 350˚C, corresponding to the depth where the value of

a-b changes from negative to positive. 

Accordingly, we set the value of a-b to be negative in the

depth range of seismogenic zone in earthquake cycle simula-

tions, as in the Nankai trough great earthquake cycle simula-

tion (e.g. [1], [2]) where M8 class asperities exist. However,

in the Hyuganada region west of the Nankai trough, there are

M6-7 class asperities. Also in northeast Japan, the M7 class

asperities are distributed. In these cases of distributed M7

class asperities, the negative a-b values are assigned in the

asperities, and other regions have positive a-b values even in

the depth ranges where the temperature is 100–350˚C. Then,

the interactions of asperities have been investigated with

numerical simulations and successfully reproduced the vari-

ation in recurrence time and afterslip distribution etc. (e.g.,

[5], [6]). In these circumstances, it is difficult to extend the

Nankai trough model of [2] to the Huganada region. 

Furthermore, though we mentioned that we could success-

fully reproduce the characteristic features of the last three

earthquake sequences along the Nankai trough using a het-

erogeneous frictional distribution in a flat plane model [2],

the model could not unfortunately reproduce the large varia-

tion of recurrence interval and size observed in the 1707

Hoei, 1854 Ansei and 1944 and 1946 Showa Nankai great

earthquakes. Recently, the investigation of tsunami deposit

shows that the hyper-cycle of the Hoei-type giant Nankai

earthquake may exist and the recurrence intervals of this

hyper-cycle are 300–400 years and 700 years (e.g., [7]).

Also in other subduction zones, such hyper-cycles in addi-

tion to usual great earthquake ones have been suggested [8].

For simulating such hyper-cycles, it seems to be necessary to

take different approaches from previous ones. 

Lastly, a variety of slow slips have recently been

observed. Afterslip occurs in the region between asperities

when each asperity ruptures separately. In the same region,

the coseismic slip occurs, when several asperities rupture

simultaneously to grow up to a giant earthquake. Episodic

long-term slow events seem to occur in specific regions. For

simulating such slow events, special fault constitutive laws

have been introduced in some studies. 

2.2 Proposed new model 

From above mentioned, it is necessary to construct differ-

ent models from previous ones, which reproduce the large

variation of recurrence interval and size and also the variety

of slip evolution on the plate interface in a unified scheme.

Here, we propose the model with heterogeneous distribution

of fracture surface energy on the plate interface. 

In RS law, the frictional parameter L is the characteristic

slip distance during which the friction reaches the new level

after the slip rate is changed. Numerical simulations show

that this parameter L is correlated with the slip weakening

distance Dc in the slip weakening law, which is usually used

in dynamic rupture propagation researches and the seismic

wave analyses (e.g. [9]). Dc characterizes the roughness of

sliding surfaces and is related to the surface fracture energy.

Accordingly, the frictional parameter L is related to fracture

surface energy.

According to the temperature dependence of the parameter

a-b obtained in experiments, we set a-b < 0 in the seismo-

genic zone depth as in the case of Nankai trough simulation

of [1]. Namely, the parameter a-b is set to be negative both

inside and outside of asperities in the seismogenic zone

depth. In the seismogenic zone, we assign different values of

L in asperities and in other regions, respectively. Namely, we

do not model the asperities as heterogeneities in a-b but in L

related to fracture surface energy. 

As in the simulation of [1], a subducting plate is simply

modeled by a flat thrust fault plane in a three dimensional

homogeneous isotropic elastic half space. Fault size is 

600 km × 240 km. The fault is divided into 3 km × 3 km

sub-faults and slip response function for each sub fault is

calculated. The slip direction is fixed in dip direction and

convergence rate is 5 cm/yr. The rate dependent parameter

of (a-b) σ eff depends only on the depth as shown in Fig. 1(a),

where σ eff is effective normal stress. In order to simplify the

model setting, we treat two asperities with similar scale as

shown in Fig. 1(b). The background of the asperity has about

one order higher value in L (2.5 m). 

Figure 2 shows the resultant temporal variation of cumu-

lative slip at three positions shown in Fig. 1(b). In the simu-

lation, a giant earthquake and great earthquakes occur alter-

nately. The former ruptures almost the whole seismogenic

zone, and the latter rupture two asperities separately. Slip

Fig. 1  (a) Distribution of (a-b)σ eff values on a fault plane. No hetero-

geneity in horizontal direction excluding near the edge. 

(b) Distribution of L values on a fault plane. A, B and C indicates

the position, where cumulative slip is shown in Fig. 2.
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amount at the center of one of the asperities is several times

larger for the giant earthquake (more than 30 m) than for the

great earthquakes (less than 10 m). Recurrence interval also

varies significantly (roughly twice after the giant earth-

quake). Such a large variation in recurrence interval is diffi-

cult to reproduce in usual earthquake cycle simulations using

the heterogeneous distribution of (a-b) σ eff. 

Furthermore, significant afterslip occurs around asperities

after large earthquakes (Fig. 3(a)). Stress versus slip velocity

curve shows similar pattern to that estimated from afterslip

of the 2003 Tokachi-oki earthquake using GPS data [10].

Episodic slow slip events also occur near the deeper edge of

the asperities before the giant earthquake (Fig. 3(b)).

Although the duration of the slow slip event is much longer

than the real one such as the Tokai slow slip event, stress-

slip relation shows similar pattern to that estimated from

GPS data [11]. 

Thus, the earthquake generation cycle simulation with

heterogeneous L distribution, which corresponds to fracture

surface energy, can qualitatively reproduce various slip pat-

terns actually observed on the plate boundaries. Earthquake

cycle simulations with a wide range of distributed L values

have been already executed (e.g., [12]), but they focused on

statistical properties of seismicity. Here, we focused on the

larger scale asperity interaction. One important aspect of our

results is that slip pattern and recurrence time interval can

significantly differ from each earthquake cycle. Such large

variations in earthquake generation cycles have been

revealed recently based on a variety of observation data not

only in the Nankai subduction zone but also in many other

subduction zones.

3. Temporal stress changes on inland faults in south-
west Japan in a viscoelastic medium during the
Nankai trough earthquake cycles 
In our project, we constructed a viscoelastic FEM model

with 3,563,520 elements in southwest Japan. To investigate

the effect of viscoelastic stress interaction between the inter-

plate and the intraplate earthquakes, we simulated the tem-

poral stress changes on inland faults due to the subducting

Philippine Sea plate and the interplate earthquake slips,

using slip response function calculated by GeoFEM [13].

The inland earthquakes in southwest Japan are caused by

east-west compressive stress, but stress perturbation due to

the subduction of the Philippine Sea plate and the earth-

quakes along the Nankai trough might control the occur-

rence time of inland earthquakes [14]. As in the last year

report, we simulated the temporal change of Coulomb failure

Fig. 2  Temporal variation of cumulative slip at three positions shown in

Fig. 1(b).

Fig. 3  (a) Cumulative slip for afterslip after a large earthquake at a

position in the transition zone. 

(b) Cumulative slip for a slow slip event before a great earth-

quake.
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function ∆CFF. Though we know the occurrence times of

Nankai earthquakes, we have no idea of slip amounts except

for the last events. Therefore, we assumed the coseismic slip

amounts based on slip and time predictable models [15], and

showed the slip predictable model better explains the occur-

rence of the 1891 Nobi earthquake. 

In this report, we add the simulation of ∆CFF on 11

inland earthquake faults occurring after the 1946 Nankai

earthquake. We show the results based on the slip pre-

dictable model in Fig. 4. Generally, on the stress shadow

faults whose ∆CFF decrease at the great interplate earth-

quakes, the inland earthquakes occur after the recovery of

∆CFF. For the faults whose ∆CFF increase at the Nankai

great earthquakes, the earthquakes occur around the peak of

∆CFF, except for the earthquakes occurring in the Japan Sea

side of the Chugoku region (e.g., 1983 Tottori-ken Chubu

and 2000 Tottori-ken Seibu earthquakes). Accordingly, the

same results are obtained as reported for old inland earth-

quakes last year. The occurrence of inland earthquakes is

partly controlled by the viscoelastic stress interaction due to

the Philippine Sea plate subduction and the Nankai trough

great earthquakes. Therefore, we can estimate the probability

of the occurrence of the inland earthquake on respective

active faults within the current Nankai trough great earth-

quake cycle, if we accumulate more accurate information on

the strike and dip of the active fault and also the viscoelastic

structure in the mantle wedge. 

In Introduction, we refer to the 2007 Noto Peninsula and

Niigata-ken Chuetsu-oki earthquakes, but these are located

too far from the Nankai trough, and hence stress changes are

so small that we can not relate the occurrences to the Nankai

trough earthquakes.  
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Fig. 4  Temporal changes of normal stress (∆σ, blue; positive in tension), shear stress (∆τ, red), and ∆CFF (= ∆τ + µ’∆σ,

µ’ = 0.3, black) for 11 inland earthquake faults occurring after 1946 Nankai earthquake. 

Arrows indicate the occurrence time of inland earthquakes.
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We are developing advanced numerical algorithms and codes for solid earth simulations. One of the most important find-

ings in this fiscal year is a new type of dynamo in the low Ekman number regime of geodynamo simulation. Our spherical

grid, Yin-Yang grid, used in this geodynamo simulation is also applied to the spherical mantle convection simulation. The

basic algorithm for this spherical mantle convection is also our own, ACuTE algorithm. We have also developed a basic algo-

rithm to solve the time development of visco-elastic fluid motion. The validation test was performed by applying it to a fluid

rope coiling problem. We have also developed a new code for the earthquake cycle simulation by the finte element method.

By combining analytical solution and GeoFEM-based numerical solution, we could accurately evaluate fault stress under 

heterogenous structure.

Keywords: geodynamo, mantle convection, ACuTE method, Yin-Yang grid, visco-elastic fluid

1. High Resolution Geodynamo Simulation by Yin-
Yang Grid with low Ekman number 
The Yin-Yang grid [1, 2] is a kind of overset grid system

on the spherical geometry. We have applied it to geodynamo

simulations [3, 4, 5] and mantle convection simulations [6, 7]. 

In this fiscal year, we performed large scale geodynamo

simulations using the Yin-Yang geodynamo code. Figure 1

shows a snapshot of high resolution simulation on 512 nodes

of the Earth Simulator. The details of the code, especially 

on the optimization for the vector/parallel processing can 

be found in [3]. The grid size of the simulation is Nr × Nθ ×

Nφ × 2 = 511 × 514 × 1538 × 2, where Nr, Nθ, Nφ are grid

size in radial, latitudinal, and longitudinal directions. The

last factor × 2 is for Yin and Yang. Due to this high resolu-

tion, very low Ekman number (which is the ratio of diffusion

speed/rotation speed) calculation can be performed. The

Ekman number in this simulation is E = 4.7 × 10–7, which is

the lowest value in past geodynamo simulation studies. From

this simulation we found new convection, current and mag-

netic field structure. 

What are shown in Fig. 1(a) are current field (blue lines),

cross sections of vorticity distribution on the equatorial

plane (color contour) with the sphere near the inner core.

The red and blue area on the equatorial plane is for positive

and negative vorticity, respectively, or more strictly, the vor-

ticity component parallel to the rotation axis. The convection

pattern drastically changes from past laminar geodynamo

simulations which showed formation of positive and nega-

tive vorticity columns side by side. The feature of the vortic-

ity distribution in Fig. 1 is multiple sheet-like structure elon-

gated in the perpendicular direction to the rotation axis,

since the velocity field (and therefore the vorticity field, too)

is nearly two-dimensional due to the strong constraint of the

rotation. The strong magnetic field is generated by these

"plume sheets". 

Magnetic field is fully amplified by the magnetohydrody-

namic (MHD) dynamo action by the time when the snapshot

of Fig. 1 is taken. The total magnetic energy integrated over

the spherical shell region, or the outer core, is almost nearly

equal to the convection flow energy. 

The current fields and magnetic fields generated under the

convection motion also have very characteristic structures.

Almost all current fields seen in Fig. 1(a) and (b) form heli-

cal coil structure through which a bundle of magnetic flux

tubes are formed. Fig. 1(c) shows one of helical current coils

(red tubes) and magnetic field lines (blue tubes). Nearly
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Fig. 2  The blue lines show current fields, which is the same data as Fig.

1. The green regions stand for regions where magnetic field is

generated by the energy conversion from convection kinetic

energy into the magnetic energy. The positions of positive D

well match the positions of helical current coils.

straight magnetic flux exists inside the helical current coil.

This means a magnetic flux tube is formed and helical 

current flows the edge of the flux tube. 

In order to analyze the relation between helical current

coils and the generation of the magnetic field by the 

sheet plume convection, we examined the distribution of 

D ≡ –v · ( j × B) in the spherical shell, where v, j, B are the

flow velocity, electric current density, and magnetic field,

respectively. The quantity D is the work rate done by the

flow against the j × B force. In other words, D is positive

where the flow energy is converted into the magnetic ener-

gy. The D distribution of the data at the same snapshot as

Fig. 1 is shown in Fig. 2, as green surfaces. By analyzing D

distribution we found that the positions of positive D well

match the positions of helical current coils. They also appear

in the middle latitude both in the northern and southern

hemispheres. Their distribution is approximately symmetric

about the equatorial plane. We found that the plume sheet

Fig. 1  A high resolution geodynamo simulation using Yin-Yang grid. Ekman number E = 4.7 × 10 –7. 

(a) The color distribution of blue–green–red shows the vorticity component parallel to the rotation

axis on the cross section of the equatorial plane. The current field lines are also shown as blue

lines with the sphere near the inner boundary. (b) The magnified image of a part of (a). (c) One of

the helical current coils (red tubes) and magnetic field lines (blue tubes).
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convection motion bundles and stretches the magnetic fields.

Then magnetic flux is amplified and magnetic flux tubes are

formed. 

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 [8]. 

2. New Simulation Code of Mantle Convection in
Spherical Shell Geometry by Combination with
ACuTE and Yin-Yang Grid Technologies 
In fiscal year 2006, we had started a development of a

new simulation code of mantle convection in a spherical

shell geometry which is suitable for large-scale and parallel

numerical calculations. The new code came out from an

integration of the ACuTE method [9, 10, 11, 12, 13, 14] into

the Yin-Yang grid [1, 2]. Through the activities in fiscal year

2006, we had successfully carried out several preliminary

calculations by using a prototype version of the code with

moderate mesh divisions. 

In this fiscal year, we have further optimized and tested

the new simulation code in order to demonstrate its applica-

bility toward large-scale numerical simulations of mantle

convection under realistic conditions. The code optimization

is largely aimed at enhancing the vectorization of the

ACuTE smoothing iterations employed in the multigrid

method for the solution of flow fields. During the multigrid

cycles, the smoothing calculations on coarse grid levels play

an important role in reducing (or smoothing out) the long-

wavelength errors sufficiently fast with low computational

costs. From the viewpoint of vectorization, on the other

hand, the computations on coarse grid levels are less effi-

cient owing to small loop lengths coming from small prob-

lem sizes. In order to improve the vectorization perform-

ance, we enlarged the loop lengths of the ACuTE smoothing

iterations by collapsing 3-fold (r, θ, φ ) or 4-fold (r, θ, φ and

Yin-Yang) loops in spatial dimensions into unnested ones.

By this optimization, we had successfully carried out con-

vection simulations with the spatial resolutions higher than

ever studied by the numerical codes using the finite-differ-

ence and/or finite-volume discretizations. As summarized in

Fig. 3, the optimization processes also enabled us to confirm

the accuracy of the present numerical code with the spatial

mesh divisions of up to 128 × (128 × 384 × 2) in radial and

horizontal directions, respectively. 

In addition, we calculated a time-dependent convection for

a stronger temperature-dependent viscosity, as a first attempt

to the numerical simulation under more realistic conditions.

Figure 4 shows the snapshots of lateral thermal anomalies at

for time instances from the quasi-static stages where a ther-

mal equilibrium is almost achieved. As has been shown in

the figure, we had successfully reproduced the change in con-

Fig. 3  Summary of numerical results of steady-state convection with cubic symmetry for Ra1/2 = 7000 and weakly temperature-dependent viscosity of

rη = 30 in a spherical shell whose ratio of inner and outer radii is ri/ro = 0.55. Shown are the Hammer plots of the distribution of temperature T

(top left) and the fluid velocity in radial direction vr (top right) at the mid-depth of the spherical shell (r/ro = 0.775), and the table comparing

the global (Nusselt numbers Nu, root-mean-squared velocities V rms and average temperature T av) and local (maximum/minimum values of the

interior temperature T i, max/min and of the radial velocity v i, max/min) quantities (bottom). In the table, the symbol "KKS" indicates the results by the

present code, while "St06" indicates the results summarized by Stemmer and others in 2006. Note also that plotted in the top-right are the val-

ues of vr scaled by its maximum absolute value max(|vr|) at the depth. 
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vective flow patterns into the "Sluggish-Lid" regime with

increasing the viscosity variations rη up to 10,000, where the

large-scale flow patterns become dominant. 

3. Validity test of a Stokes flow solver by fluid rope
coiling: toward plate-mantle simulation 
Reproducing a realistic plate tectonics with mantle con-

vection simulation is one of the great challenges in computa-

tional geophysics. We have been developed a three dimen-

sional Eulerian numerical procedure toward plate-mantle

simulation, which solve a finite deformation of the plate in

the mantle convection. Our method, combined with CIP-

CSLR-CS [15] and ACuTE Method [9, 10], enables us to

solve advection and force balance equations even with large

and sharp viscosity jump and visco-elastic properties, which

plate and upper mantle boundary have. 

One of the typical phenomena represented by our method

is a fluid rope coiling event. The fluid rope coiling is the

phenomenon that a thin downward stream of viscous fluid

(fluid rope) is winded by an impact from the bottom, and

continuously coils around the vertical axis. We propose to

use the fluid rope coiling for the validation test of the simu-

lation scheme. This event can be reproduced by a quite sim-

ple simulation setting: a highly viscous fluid is poured from

a top sinking to the bottom plane through tenuous, relatively

low viscous fluid. In the frame work of the Eulerian scheme,

the fluid rope and surrounding air are treated as viscous

(ηrope) and very low viscous (ηair) profiles respectively. Our

method solve the complex force balances of the fluid rope

and air, by a multigrid iteration technique of ACuTE algo-

rithm. In addition, the CIP-CSLR advection scheme allows

us to obtain a deforming shape of the fluid rope as a low dif-

fusive solution, even in the Eulerian frame of reference. 

Our validity test with this event can be used to estimate

the accuracy of simulation method for the large and complex

deformation in three dimensions. There is no standard of

such a validation test for large non-linear deformation prob-

lems, because a simple analytical treatment like that of a

Rayleigh-Taylor instability analysis is unavailable. We

therefore compare our three dimensional simulation result

Fig. 4  Snapshots of flow patterns of time-dependent convection for strongly temperature-dependent viscosity with Ra1/2 = 500,000 and rη = 100,000.

Shown are the three-dimensional plots of the distributions of lateral thermal anomalies δT ≡ T – < T>, where < T> is the horizontally-aver-

aged temperature at given r, at the elapsed times shown in the figure. Indicated in green to blue are the cold thermal anomalies with δT < –0.1,

while in yellow to red are the hot anomalies with δT > 0.1.
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(3-D model) with the numerical solution of the equilibrium

problem, in which a coiling motion of slender fluid rope is

characterized by a set of ordinary differential equations of

one independent spatial variable (1-D model). 

We first show a qualitatively comparison of the 3-D

model with 1-D model in Fig. 5. The shapes of the simulated

fluid rope by the 3-D model are shown by the yellow trans-

parent isosurface. On the other hand, the fluid rope by the 

1-D model are expressed by the sequence of colored balls,

where the color and size indicates the radius of the circular

cross section. The agreement of two solution is confirmed by

the overlap of the isosurface and colored balls. 

For a purpose of quantitative comparison, we focus on the

time development of the three fluid rope parameters: length

of the rope l, angular velocity Ω and the curvature at end of

the fluid rope κ1. We have summarized a root mean squared

(RMS) deviation between the results of the 3-D model and

1-D model in Table 1 for the several simulation settings.

Compared with the result of 'case A', the cases with larger

viscosity contrast of the 'case B' and finer resolution of 'case

C', do not improve the deviation of rope properties so much.

These results mean that the contributions of a viscous air and

mesh size, are not the main reason for the disagreements of

fluid rope properties. We thus conclude that our 3-D model

of the 'case A' quantitatively captures the fluid rope coiling

phenomenon. 

Fig. 5  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.

Table 1  Result of the comparison test.
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These results of validation test will be helpful to analyze

our simulation results for the deformations of the plate in the

mantle convection, such as a stagnation or folding at certain

boundary layers. 

4. Progress in Earthquake Cycle simulation 
Numerical simulations aiming for reproducing the repeti-

tion of the stick-slip at a plate boundary are called as "earth-

quake cycle simulation". In such simulations, spatiotemporal

development of the fault motion is determined by the differ-

ence of the fault shear stress caused by the surrounding mate-

rial and the frictional resistance acting there. In many previ-

ous studies of earthquake cycles, the fault shear stress is com-

monly evaluated as the elastic interaction in a homogeneous

elastic half-space. For several simple sub-surface structures

like a homogeneous elastic half-space, stress field due to the

unit dislocation on the particular position of the material is

analytically obtained. Thus, the static stress field caused by

the arbitrary distribution of dislocation on the fault is easily

calculated as the surface integration of slip responses multi-

plied by the dislocation over the fault plane. Recently, the

important effect of the inclusion of the known elastic hetero-

geneity on the surface deformation is reported by [16]. Hence,

it is also indispensable to numerically incorporate the effect of

the known elastic/viscoelastic heterogeneity, in order to exe-

cute a more realistic simulation especially for the Japanese

islands located at the subducting plate boundary. 

For this purpose, we began to develop a new "quasi-stat-

ic" earthquake cycle simulation code utilizing GeoFEM sys-

tem [17], and completed the prototype of simulation code in

this fiscal year. The quasi-static simulation earthquake cycle

simulation means that we always assume the equality of the

fault frictional resistance and the quasi-static shear stress

including the damping term for approximating the seismic

wave radiation. This assumption yields the evolution equa-

tion for the fault slip. In our original simulation code, quasi-

static equilibrium state is directly evaluated by solving the

equilibrium equation in each time-step, and calculated

stresses on finite element (FE) grids corresponding to the

fault surface are used for the evolution of the fault slip or

other variables on the fault plane obeying a rate-and state-

dependent friction law. Updated fault slips are used as the

boundary condition of the fault in the next time-step. An

example of simulation results is shown in Fig. 6.

The advantage of our code is that we do not have to pre-

pare slip response functions under a elastic/viscoelastic het-

erogeneous structure before the execution of numerical sim-

ulations. While, its disadvantage is a requirement of fine FE

discretization, especially nearby the fault, for the accurate

evaluation of stress field on the fault. Hence, as shown in

Fig. 7, we applied an incorporation procedure of the analytic

expression of stress field due to the slip in a simple structure

and numeical solutions of stress field from two finite ele-

ment analyses with different material properties. 

To be concrete, the fault stress in a heterogeneous struc-

ture with a homogeneous fault zone is regarded as the sum

of 1) changes in stress due to the fault slip in the homoge-

neous elastic model corresponding to the average elasticity

of the fault zone, and 2) the additional stress term due to the

effect of the heterogeneity surrounding the homogeneous

fault zone. The former term can be evaluated accurately by

using the analytic expression of slip responses in a homoge-

neous elastic half-space (Fig. 7a). While, the latter term is

evaluated as the difference of FE solutions of a discrete het-

erogeneous model (Fig. 7c) and that of a discrete homoge-

neous model (Fig. 7b). If we apply the same FE grids for the

homogeneous and heterogeneous FE analyses, we may be

able to exclude numerical errors due to the FE discretization

Fig. 6  An example of 3-D simulation implemented by our earthquake cycle simulation code. In this case, the fault is modeled as an infinitely long

strike slip fault in the direction of X axis.
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and extract only the effect of the heterogeneity surrounding

the homogeneous fault zone by taking the difference of two

FE solutions. In other words, the above examination means

that we evaluate the discretization error from the difference

of the homogeneous FE solution and analytic one, and

exclude it from the heterogeneous FE solution solved with

the same FE grid. 

As a validation of the above method, we applied it to a

program unit for specifying the fault slip in our earthquake

cycle simulation code and evaluated the fault stress with dif-

ferent resolutions of FE meshes on the fault (an example case

is denoted in Fig. 8). In this case, we tested three meshes

Fig. 7  A schematic illustrations for extracting the effect of a heterogeneous structure on the fault shear stress. The red line

shown in each figure represents the fault plane obeying the rate-and state-dependent friction law. Dotted lines in Figs.

(b) and (c) represent areas which are modeled by FE analysis. The same discretization of FE grids is assumed for

model (b) and (c). (a) A homogeneous elastic half-space model. (b) A finite element model as a discretized model of

(a). (c) A finite element model including the heterogeneous structure. The region surrounded by the blue line corre-

sponds to the fault zone with a homogeneous elastic property similar to models (a) and (b). 

Fig. 8  A validation of the extraction procedure of the effect of a heterogeneous structure on changes in stress rate in 2-D plane strain case. (a) An

example of a heterogeneous structure. The red line in the reference gray material represents the dipping fault, and the deeper material is

assumed to have different elastic constants to shallow reference ones as an elastic heterogeneity. (b) Assumed distribution of the fault slip

velocity with the boxcar-type basis function expansion. The total number of basis functions is 80 in the depth direction along the fault. (c) FE

mesh dependence of discretization errors. The black line with crosses denotes the fault shear stress rate calculated by the analytic expression of

the shear stress due to unit slip in a homogeneous elastic half-space and the distribution of the slip velocity shown in (b). Blue, red and green

symbols are ratios of discretization errors to the analytic stress rate with different resolutions of FE meshes on the fault. (d) FE mesh depend-

ence of stress rates caused by the heterogeneity. Blue, red and green symbols are ratios of shear stress rate caused by the heterogeneity to the

analytic stress rate with different resolutions of FE meshes on the fault. While, three lines denote the differences of the heterogeneous and

homogeneous FE solutions with different resolutions of FE meshes on the fault.
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with different resolutions nearby the fault. Terms, "coarse",

"middle" and "fine" in Fig. 8 represent the FE meshes with 2,

4, 8 elements among a boxcar-type basis function on the

fault, respectively. Though the dependence of resolutions of

FE meshes appears in discretization errors in Fig. 8c, even in

the most coarse FE mesh case, almost the same value of

stress rate is obtained compare to more finer mesh cases (see

Fig. 8d), which means our procedure works good. 

5. Other topics and publications 
Modeling flows in the Earth's interiors requires its rheo-

logical properties. Lower mantle has over 50% volume of

the whole Earth, though it's rheological properties are poorly

known. Approach of the project for the project is getting dif-

fusive properties lower mantle minerals by reproducing their

self-diffusions by molecular dynamics (MD) simulations.

This approach has been attempted for MgO periclase firstly

in past fiscal years[18]. Simulation works in this fiscal year

mainly targets MgSiO3 perovskite. Through the simulation

works, we have got new insight of lower mantle rheolo-

gy[19]. It is expected that the new insight helps clarifying

Earth's dynamics furthermore, especially with help of com-

putational fluid dynamics. 

We have also performed study on scientific visualization

for solid earth simulation data [20, 21]. 
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Volcanic activity is one of the observable "dynamic phenomena" at the boundary between the atmosphere and the solid

Earth. In order to predict the volcanic eruptions on the basis of geophysical observations and reconstruct the historic volcanic

eruptions on the basis of the volcanic sediments, we are developing a numerical model for eruption cloud dynamics. The pres-

ent 3-D model has successfully reproduced the qualitative features of large scale eruption columns and umbrella clouds. The

quantitative agreement between the observations in the Pinatubo 1991 eruptions and the results of the present 3-D simulations

(e.g., eruption column height, altitude and spreading rate of umbrella cloud as a function of mass discharge rate) validates the

present numerical model. We have also successfully visualized the face structures of eruption clouds on the basis of the 3-D

simulation results.

Keywords: volcanic eruption cloud, pseudo-gas model, turbulent mixing, volcanic hazard

1. Introduction
During explosive volcanic eruptions, a mixture of hot ash

(solid pyroclasts) and volcanic gas is released from the vol-

canic vent into the atmosphere. The ejected material has an

initial density of several times as large as the atmospheric

density since it contains more than 90 wt. % solid pyro-

clasts at the vent. As the ejected material entrains ambient

air, the density of the mixture drastically decreases and

becomes less than the atmospheric density because the

entrained air expands by heating from the hot solid pyro-

clasts. As a result, an eruption column buoyantly rises up to

a height of several tens of kilometers. The eruption column

exhausts its thermal energy and loses its buoyancy within

the stratified atmosphere. At the neutral buoyancy level

(NBL) where the cloud density is equal to that of the atmos-

phere, the eruption cloud spreads laterally and an umbrella

cloud grows [1].

The height of eruption column and the spreading rate of

umbrella cloud are key observable quantities for understand-

ing of the dynamics of eruption clouds. They are obtained

from satellite images [2, 3] and from other field observa-

tions, and they reflect the source conditions at the vent such

as mass discharge rate of magma. The relationship between

the observable quantities and the source conditions has been

the central issue of the dynamics of eruption clouds.

The aim of this study is to establish the relationship

between the observable quantities of the eruption clouds and

the eruption conditions at the vent using a 3-D time-depend-

ent fluid dynamics model for eruption cloud. The simulation

results are tested by comparison with the field observations

of the Pinatubo 1991 eruption. 

2. Model Description
The numerical model of eruption cloud is based on the

model of Suzuki et al. [4]. The model is designed to describe

the injection of a mixture of solid pyroclasts and volcanic

gas from a circular 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 differen-

tial equations describing the conservation of mass, momen-

tum, and energy, and a set of constitutive equations describ-

ing the thermodynamic state of the mixture of solid pyro-

clasts, volcanic gas, and air. These equations are solved

numerically by the Roe scheme [5]. The MUSCL method is

applied to interpolate the fluxes between grid points [6]. The

calculations are performed on 3-D domain.

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 as
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Fig. 1  A representative numerical result of large-scale volcanic eruption clouds at 500 s from the beginning of eruption. Lateral

view (left) and top view (right) of the iso-surface of the mass fraction (10–2) of the ejected material (volcanic gas plus solid

pyroclasts) from the volcanic vent.

Fig. 2  A representative numerical result of eruption cloud for the case of m0 = 109 kg/s at 3000 s from the beginning of eruption.

The color illustrates the cross-sectional distribution of the mass fraction of the ejected material.

Rm = naRa + ngRg, (1)

Cvm = naCva + ngCvg + nsCvs, (2)

where R is the gas constant, n is the mass fraction, and Cv is

the specific heat at constant volume. The subscripts m, a, g,

and s refer to the mixture, air, volcanic gas, and solid pyro-

clasts, respectively. The mass fraction of air (na), volcanic

gas (ng), and solid pyroclasts (ns) satisfy the condition of 

na + ng + ns = 1. Using these procedures, the equation of

state for the mixture of the ejected material and air can be

approximated by the equation of state for an ideal gas; 

p = ρRmT, (3)

where p is the pressure, ρ is the density of the mixture, and T

is the temperature.

3. Results
Using the 3-D pseudo-gas model, we carried out simula-

tions of explosive eruptions that generate large-scale umbrel-

la clouds in the atmosphere. The conditions of simulations

were set to cover those of the Pinatubo 1991 eruption (m0 =

108.5–9 kg/s [3, 7]). The tropical atmosphere is applied to the

atmospheric condition and the magmatic properties of the

Pinatubo 1991 ejecta are applied to the vent conditions; ini-

tial temperature of T0 = 1053 K and initial mass fraction of

volcanic gas of ng0 = 0.06 [8] and specific heat for constant

volume of the solid pyroclasts (Cvs) of 1100 J/(K kg) are

assumed. 

Our simulations have successfully reproduced the global

features of eruption clouds (Fig. 1). Eruption clouds rise as

eruption columns or co-ignimbrite ash clouds, and then, they

generate laterally spreading umbrella clouds at high altitudes

(Fig. 2). We compare these results of the 3-D simulations

with the satellite images of the climactic phase of the

Pinatubo 1991 eruption and also with the dynamics of the

umbrella clouds reconstructed by the granulometric data of

the tephra fall deposits.

The climactic phase of the Pinatubo 1991 eruption started
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at 1340 LT (local Philippine time) on 15 June and lasted

approximately 9 hours. A large eruption cloud was observed

from the satellite images and its dimensions were estimated

from the shadow of the cloud; the total column height was

up to 40 km at the first stage of eruption and the altitude 

of top surface of the umbrella cloud was 25 km at its edge

[2, 3]. The cloud expanded up to 280 km in diameter (60,000

km2) at 1440 LT and 40 km in diameter (120,000 km2) at

1540 LT. It expanded up to 250 km upwind until 1940 LT,

covering an area of 300,000 km2, and subsequently the east

end of the cloud moved westward, at which time the cloud

reached a stagnation points upwind but continued to grow

downwind and crosswind.

The evolution of the radius of the umbrella cloud in the 

3-D simulation is consistent with those observed from the

satellite images [2, 3] (Fig. 3). On the basis of dimensional

analysis, if the volumetric flow rate of the umbrella cloud is

constant, the increase rate of radius of umbrella cloud is con-

stant: L3/t2 = const., where L is the radius and t is the time.

The value of L3/t2 with m0 = 109 kg/s (L3/t2 = 2.2 × 108 m3/s2)

agrees with the observed increase rate of the radius of 

the umbrella cloud in the Pinatubo 1991 eruption (L3/t2 =

1.7–1.8 × 108 m3/s2). The total height of the eruption column

(37.4 km) and the altitude of umbrella cloud (23.3 km) with

m0 = 109 kg/s are also consistent with the observations

(34–40 km and 21–25 km; Fig. 4). 

The volumetric flow rate of the umbrella cloud can be

estimated from the granulometric data of the tephra fall

deposits on the basis of the tephra-dispersal model [7].

Applying this method to the Pinatubo 1991 tephra fall

deposits, the volumetric flow rates of the first and second

half of the climactic phase are estimated to be 5–9 ×

1010 m3/s and 2–4 × 1010 m3/s, respectively. The range of the

volumetric flow rate estimated from the 3-Dsimualtions with

108.5–9 kg/s (2.4 – 8.8 × 1010 m3/s) is consistent with those

estimated from the granulometric data (Fig. 5). 

Fig. 3  Radii of the spreading umbrella clouds as a function of the time

in the case of m0 = 108.5, 108.7, and 109 kg/s. The data observed in

the Pinatubo 1991 eruption [2, 3] are also plotted.

Fig. 5  Horizontal volumetric flow rates in the umbrella cloud (VU) as a

function of the mass discharge rate m0 for the results of the 3-D

simulations. Horizontal blue zones are the ranges of the volumet-

ric flow rate of umbrella clouds for the first (Layer C1) and sec-

ond (Layer C2) halves of the climactic phase of the Pinatubo

1991 eruption estimated from the granulometric method [7].

Vertical yellow zone is the range of the estimated mass discharge

rate in the Pinatubo 1991 eruption (m0 = 108.5–9 kg/s).

Fig. 4  Characteristic heights of eruption clouds as a function of the mass

discharge rate m0. Square represent the total heights of eruption

column (HT
3D) based on the time-averaged levels of ng + ns = 10–2.

The error bars are based on the levels of ng + ns = 10–1 and 10–3.

Pluses represent the altitude of the spreading umbrella clouds

(HU
3D). Horizontal blue zone are the range of the total height and

the altitude of the spreading umbrella cloud observed in 

the Pinatubo 1991 eruption. Vertical yellow zone is the range of

the estimated mass discharge rate in the Pinatubo 1991 eruption

(m0 = 108.5–9 kg/s).
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4. Summary
We have presented numerical 3-D simulations of the

dynamics of eruption columns and umbrella clouds

emplaced into the stratified atmosphere by explosive vol-

canic eruptions. Our numerical model successfully repro-

duces the quantitative features of large-scale eruption clouds

such as that of the Pinatubo 1991 eruption. This quantitative

agreement between the observations and the results of the 

3-D simulations (e.g., column height, altitude and spreading

rate of umbrella cloud as a function of mass discharge rate)

validates the present numerical model.
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The Macro-Micro Interlocked (MMI) simulation, which is performed by the mutual connection between the different

numerical models for macroscopic and microscopic process, is believed to be a prospective methodology for the numerical

simulation of multiscale phenomena in different fields. We have advanced the development of the MMI simulation algorithm

for the applications of cloud/atmospheric coupling, plasmas, combustion, friction, fracture, and reaction-diffusion processes.

In particular, the applicability and the feasibility of particle/continuum connection models were investigated for the particle

acceleration on collision-less shock, and the detonation dynamics. Also the particle-based could simulation was extended to

the large-scale three-dimensional model, and the molecular dynamics simulation for friction and fracture was improved to

simulate the complex structure on a friction boundary. All the results demonstrate the effectiveness and the flexible expansi-

bility of the MMI simulation. The collaboration for the MMI simulations is also extended for the interaction between macro

and micro economics, and the numerical modeling of space weather forecast.

Keywords: Macro-Micro Interlocked Simulation, Multi-scale, Multi-physics, plasma, 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 evolution are tightly

connected to each other, quickly comes up as a crucial issue

in the wide range of research fields, such as material science,

plasma physics, chemistry, astrophysics, geo-science, bio-

science and so on. Computer simulation is usually construct-

ed on basis of the theoretical description usually using the

partial differential equation, and thus the applicability of

each simulation model has to be constrained by the basic

theory and is limited only to some range of scale, although

vastly different scales are mutually interacted in multi-scale

phenomena.

Recently, in order to overcome this difficulty, 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 interconnection between macro-

and micro-simulations. Micro-simulation can calculate ele-

mentary processes based on the first-principle for relevant

phenomena when and where the macroscopic approxima-

tion, such as the thermal equilibrium in fluid dynamics, was

broken down, and it gives the accurate information to

macro-simulation. On the other hand, macro-simulation can

provide the environmental information for the micro-simula-

tion, which is carried out only in a compact region embed-

ded in the macroscopic domain. By optimizing the informa-

tion exchanged 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 to

demonstrate 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 2007, we

have continued the development of these models, and

extended the applications. The detail report for each topic

will be described below. 

2. MMI Simulation of Cloud-Atmosphere Coupling 
Although clouds play a crucial role in atmospheric phe-

nomena, the numerical modeling for the cloud and atmos-

phere coupling is not yet well established. We are develop-

ing a novel particle-based simulation model of cloud micro-

physics, named Super-Droplet Method (SDM), which
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enables accurate 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

atmospheric model was also developed.

In 2007 FY, we have optimized our simulation code 

for massively parallel computation and performed the very

high-resolution three-dimensional simulation of a shallow

maritime cumulus formation (Fig. 1). For this simulation,

624 ×1024 × 1024 spatial grids and 1010 computational parti-

cles (super-droplets) are included, and it is parallelized by 

256 nodes of the Earth Simulator. In our cloud resolving

model, the super-droplet microphysics model is coupled to a

version of compressible non-hydrostatic model. The valida-

tion of the simulation results was performed by comparing

with the cloud experiments. 

3. MMI Simulation of 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 (magnetohydrodynamics), 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 the interlocked plasma simula-

tions, which are for the particle acceleration on a collision-

less shock, auroral arc formation, and solar eruption, respec-

tively [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,

because 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 calcu-

late the far upstream region by kinetic model. Therefore, we

can apply our interlocked simulation model to the shock

acceleration process. Our interlocked model of shock con-

sists 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.

Fig. 1  3-D Simulation of a shallow maritime cumulus formation and precipitation using a cou-

pled model of the Super-Droplet cloud microphysics model and a non-hydrostatic model.

This figure was visualized using the special scheme for super-droplets, which has been

developed by a collaboration with the Advanced Perception Research Group of the Earth

Simulator Center.
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Since energetic particles are only a small fraction compared

to thermal component, if thermal ions is replaced by a fluid,

we can dramatically reduce the calculation cost. Since the

full ion kinetics is necessary only around the shock transition

region, the interlocked model is quite useful. 

Figure 2a shows the spatial density profile of the 1D sim-

ulation system. As shown at the top of the figure, the two

different models are connected, and shock is located at 

the position indicated by the light-blue arrow, where the

upstream is the left side of that. Black and red lines show 

the energetic particle density at the early and late phases of

calculation, respectively. As a result, we obtained a power-

low energy spectrum in the downstream region, as shown in

Fig. 2b. The power-low spectrum indicates the efficiency of

the MMI simulation, because it is consistent with the predic-

tion of the diffusive shock acceleration (DSA) theory.

The second subject for the plasma application is solar

weather dynamics caused by solar flare eruption. Solar flares

and coronal mass ejections (CMEs) are one of the most ener-

getic explosion in the solar system, and they result from the

explosive liberation of magnetic energy stored in the solar

corona. However, the trigger mechanism of solar flares and

the physical relationship between flare and CME are still

puzzled, although the accurate modeling of them is strongly

required for the forecasting of solar weather disturbance

onto geo-space electromagnetic environment. 

In this FY, we have started the simulation study to estab-

lish the advanced modeling of space weather processes,

based on the interlocked technique. We have developed

three different simulations, which are able to calculate the

trigger of solar flares, the formation of CMEs, and the prop-

agation of them, respectively. As a result, we have success-

fully performed the first-ever data-driven simulations of

solar flare onset and the CME formation, using the data pro-

vided by Japanese solar observation satellite HINODE (see

Fig. 3). The numerical experiments of the interlocked simu-

Fig. 2  a: Results from the plasma interlocked simulation of 1D shock process. Black curve represents the distribution of

magnetic field, and blue and red curves indicate the density of energetic particles for the initial and the late phases on

calculation, respetively. b: Energy spectrum observed in the downstream region  of the 1D shock simulation (black

lines). The energy is normalized by the shock ram energy. Power-low index is about 1.2 (red line) which is a little bit

softer than the index predicted by the DSA theory (green line).

Fig. 3  The results of the data-driven simulations for (a) the solar flare onset and (b) the CME formation. The three-dimen-

sional structure of magnetic field lines is represented with the color scale (blue to red) showing plasma flow speed. 
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lation, in which all the models are connected to reproduce

the consecutive dynamics in the solar and terrestrial connec-

tion system, remains as the subject for the next year.

Also the process of quiet auroral arc formation was

investigated by the MMI simulation as the another topic of

plasma application. The large-scale structure of quiet auro-

ral arc is thought to be formed as a result of the macroscop-

ic interaction between magnetosphere and ionosphere.

Ionospheric feedback instability was believed as one of the

candidate to explain that. However, auroral energetic elec-

trons, which excited the emission lines in aurora, have to be

accelerated by an electrostatic double layer, which should

be created by kinetic process in micro-scale instability like

the ion-acoustic instability. In order to realize the holistic

simulation including both the MHD and the kinetic instabil-

ities involved in the auroral arc formation, we had devel-

oped the MMI simulation code for the last three years

(FY2004–2006). 

In this fiscal year, we adopted rigorous ionization and

excitation models to the holistic simulation code and inves-

tigated the role of accelerated particles in arc formation

with this code. The left panel of Fig. 4 shows the distribu-

tion of field aligned current density at the top of ionosphere

(the color becomes more reddish as the upward current

increases and more bluish as the downward current increas-

es). In this panel, there is an intensive current area in 20:00

local time. This longitudinally striated structure was created

by the effect of auroral energetic electrons. These electrons

ionized atmospheric particles, and increase the ionospheric

plasma density. The growth of plasma density enhances 

the ionospheric conductivity. Therefore, the field aligned

current becomes more intensive. The emission intensity is

also obtained from the energy spectrum of auroral electron.

Right panel of Fig. 4 represents the distribution of the oxy-

gen green line (557.7nm) emission intensity at 110–130 km

altitude.

4. MMI simulation of combustion
Combusting fluid dynamics is a typical multiscale phe-

nomenon, in which the reaction in molecular scale and the

macroscopic flow dynamics are mutually interacted. This

multiscale interaction is important especially in the rapid and

violent combustion process called detonation, which is sus-

tained by the interaction between combustion and shock

waves. Besides its interest as a topic of fundamental chem-

istry, detonation phenomena have been interested in the field

of engineering. Since thermal energy is efficiently extracted

from a detonation, some type of propulsion device using pul-

sating detonation wave propagation, called a pulse detona-

tion engine (PDE), is expected as a potential engine for next-

generation aviation and power generation. The study of deto-

nation is also important for safety engineering since detona-

tion generated by a chemical accident may cause severe

damage to the environment. Furthermore, the understanding

of detonations in nuclear burning is important also for the

study of supernova explosions. 

In the dynamics of gas detonation, the spatially localized

shock front plays a crucial role. High Knudsen number

occurs on the shock front due to the strong steepness of state

variables. Exothermic and endothermic chemical reactions

may generate strong non-thermal equilibrium states on the

shock front. Therefore, the local thermal equilibrium and

continuum approximation, which are implicitly assumed in

the conventional simulations of combusting fluid dynamics,

is likely to be broken down, although the effect of non-ther-

mal distribution function on the chemical reactions still

remains to be clarified.

Using the MMI model for the detonation, which had been

developed in the last year, we have analyzed the velocity

distribution function to clarify the effect of non-thermal par-

ticle on the detonation. Figure 5a shows the reaction rate

coefficient as a function of temperature defined by the aver-

aged translational energy. The Arrhenius value used in the

Fig. 4  The result of holistic auroral arc simulation. Left: The distribution of field aligned current density at the top of ionosphere.

Right: the distribution of the green line emission intensity.
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continuum fluid simulation is also plotted for comparison.

This plot shows that the reaction rate coefficient is not a

function of temperature due to kinetic effects. In Fig. 5b, we

also show the rate coefficients as a function of distance from

the wave front. This figure reveals that the reaction proceeds

faster than the fluid approximate on the shock front, and

reaction occurs even in the upstream region of the shock

front where the reaction rate from Arrhenius' formula almost

vanishes. These results demonstrate that the fluid description

is not valid for the reaction in the vicinity of the detonation

front, and the MMI simulation is effective [6]. 

After some improvement of the computational algorithm

and the simulation code, we developed the 3-dimensional

particle-continuum interlocked simulation of a gas detona-

tion as shown in Fig. 6. It is shown that complex cell struc-

ture caused by interaction of triple lines is reproduced by

this simulation.

5. MMI Simulation of Friction and Fracture
Friction and fracture are typical multi-scale phenomena

where molecular dynamics and continuum mechanics (elastic

dynamics) are strongly coupled. We are developing a macro-

micro interlocked simulation scheme, where the two types of

simulations run simultaneously exchanging necessary infor-

mation. For example, in fracture problems, the strain calcu-

lated by elastic dynamics simulation is given to molecular

dynamics as a boundary condition and then the stress calcu-

lated by the molecular dynamics (MD) simulation is used to

construct a constitutive law for the elastic dynamics simula-

tion. In this scheme, larger-size MD simulation is needed to

give more precise information to elastic dynamics simulation.

Therefore, in this fiscal year, we have concentrated on devel-

oping a platform for massively paralleled simulation of

molecular dynamics. Figure 7 shows a test simulation result

of mode I fracture in Lennard-Jones materical, where 107

Fig. 5  The reaction rate coefficient plotted as a function of (a) temperature and of (b) position originated at the

detonation front. Arrhenius value is also plotted by (a) solid line and (b) black dots.

Fig. 6  Pressure distribution in the MMI simulation for detonation.
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atoms are incorporated. We have also developed the large-

sized MD simulations of friction, where we observed a very

complicated interface consisting of many slip surfaces, which

cannot be seen in the previous small-sized simulations,

appears on a friction region. More extensive work on these

microscopic features with large-sized MD simulations are

needed to improve our MMI simulation scheme.

6. MMI Simulation of Oscillatory Reaction-Diffusion
System
Reaction-Diffusion system is a class of partial differential

equation which consists of reaction-term and diffusion-term.

Though the form of the equation is simple, they exhibit vari-

ous types of dynamical patterns, and thus they are widely

used to model biological and other pattern formation phe-

nomena. The reaction-diffusion systems is a typical subject

for demonstrating and developing the MMI simulation

methodology. 

In 2007 FY, we developed a MMI simulation scheme to

simulate oscillatory Reaction-Diffusion system. The scheme

consist of the first principle micro-model based on the

Complex Ginzburg-Landau (CGL) equation and the macro-

model based on the phase-equation, which gives the valid

approximation of the CGL equation when the solution

approaches to an asymptotic oscillatory phase. Intuitively,

however, the phase-equation may not be a good approxima-

tion of CGL eq. when any phase singularities are located

near by the solution. Our MMI simulation scheme works out

with two way communications between the Micro and the

Macro region, the former of which covers only the region

where the latter cannot work well as the approximation of

the CGL equation. Figure 8 shows one of the MMI simula-

tion results. The interaction of two phase singularities is well

simulated using the MMI scheme and the result suggests that

the MMI simulation methodology is applicable to the simu-

lation of the dynamical pattern formation phenomena that

involves phase singularities.

7. Summary
We have instigated the potentiality of the MMI simulation

as a new methodology, which should be used to simulate as

well as predict the multiscale interaction in different phe-

nomena. We have advanced the development of the MMI

simulation algorithm mainly for the physical processes,

Fig. 7  Molecular dynamics simulation of fracture in Lennard-Jones material. Only atoms of larger potential energy are drawn to show dislo-

cations developing from the tips of cracks. Right panel is a zoom-in view of left.

Fig. 8  The simulation results of oscillatory reaction-diffusion system. (a): The result of direct simulation based on the CGL

eq. (b) The result of the MMI simulation, and the subset (c) shows the Micro-region in (b) where the CGL eq. is acti-

vated automatically. Note that (a) and (b) agree fairly well.
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which are relevant 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 applica-

bility of the MMI simulation to various phenomena related

to social sciences as well as ecological science. In fact, we

have started the international collaboration with

Management School, Lancaster University for the develop-

ment of MMI economic simulation [7]. This project should

be more extended to improve the numerical techniques for

the multiscale coupling as well as to deploy them to more

practical problems.
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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. Some libraries adopted automatic performance tuning mechanisms to fit their

kernels on targeting architectures. We also proposed a parallel scripting language SILC as an interface to these libraries,

patents for the main concepts of which are in application. 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.

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

software for these technologies. Based on detailed research,

we installed various types of parallel computers to imple-

ment latest results in computing methods, maintaining scala-

bility and portability. The installed architectures include a

shared-memory parallel computer (SGI Altix 3700), a dis-

tributed-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 imple-

mentation 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 par-

allel vector computing 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. 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.   
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Table 1  Solvers.

Table 2  Preconditioners.

Table 3  Matrix storage formats.

CG CR

BiCG BiCR

CGS CRS

BiCGSTAB BiCRSTAB

BiCGSTAB(l) GPBiCR

GPBiCG BiCRSafe

Orthomin(m) FGMRES(m)

GMRES(m)

TFQMR

Jacobi

Gauss-Seidel

SOR

IDR(s)

1.0.x Added in 1.1.0

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

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
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We present an example of the program using Lis in Fig. 1

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 algo-

rithms of iterative solvers for linear equations and their pre-

conditioning, derived from such physical applications. 

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. A conceptual

image of AMG is shown in Fig. 3.

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-

Fig. 2  Comparison of the MPI version of Lis and PETSc.

Fig. 3  Conceptual Image of the SA-AMG method.

Fig. 1  Example of the C program using Lis.

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(); 
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sented results for a two-dimensional Poisson equation of

dimension 49 million on 1,024 nodes of IBM Blue Gene/L

in Fig. 4.  

We also proposed the BiCR method, described in Fig. 5,

which extends the CR method for symmetric problems to

nonsymmetric problems, and GPBiCR, its application to a

product type algorithm. In addition, we showed that a

smoother convergence was achieved, as compared with

BiCG. The convergence histories of some problems from

Matrix Market (WATT1, WATT2, and petroleum engineer-

ing) using BiCR are shown in Fig. 6. These algorithms are

also implemented on Lis 1.1.  

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

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 for linear equations can improve the

performance of eigensolvers in parallel environments, where

the extreme eigenvalues 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. We are currently verifying the

effect of this procedure using Lis.  

3. Fast Integral Transforms
In fields such as hydrodynamics and weather forecasting,

we need to solve problems on a spherical surface, which

derives the demands for high-performance fast integral

transforms. In the present study, we have developed high-

performance libraries, which have practical performance in

real computing environments, such as fast Fourier transform. 

The fast Fourier transform is an implementation the dis-

crete Fourier transform and is used in many fields, ranging

from large-scale scientific computing to image processing.

Although many improvements have been proposed since the

discovery of the FFT algorithm, recent rapid progress in

processor architecture requires new FFT kernels. 

Fig. 4  Comparison of AMGCG and ILUCG. 

Fig. 5  Algorithm of the BiCR method.

Fig. 6  Comparison of BiCG and BiCR.
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The existing algorithms, which propose efficient use of

cache memory, adopt algorithms that do not require bit-

reverse, such as Stockham FFT. In the SSI project, we over-

lapped the bit-reverse process with memory access to enable

an in-place algorithm, and we have shown that the latency

can be eliminated.

Processors like Intel's IA-64 and IBM's POWER, which

have two multiply-add units and operate four floating point

calculations per cycle, are becoming the mainstream. The

multiply-add operation is a combination of multiply and add,

while a single multiply or a single add operation also uses

the multiply-add unit. This implies that we must combine as

many multiplies and adds as possible in order to utilize the

units efficiently. We proposed an 8-radix FFT kernel with

the least number of multiply-add operations, which requires

a smaller twiddle factor table and a smaller number of twid-

dle factors to be loaded. The result is reflected in the FFTSS

library, which we developed as an FFT library for super-

scalar processors with automatic performance tuning mecha-

nism, as shown in Fig. 7.

A program example and the performance of FFTSS for

one-dimensional FFT, as compared with commercial

libraries, and for OpenMP-based two-dimensional parallel

FFT supporting padding, as compared with FFTW, are

shown in Fig. 8 and 9–11, respectively. 

In fields such as hydrodynamics and weather forecasting,

we must solve problems on spherical surfaces, which

requires high-performance fast integral transforms. In the

present research, we developed an MPI version of FFTSS

and implemented a vector processor version of FFT, over-

lapping a huge number of all-to-all communications and

computation, as part of a joint study with the Earth

Simulator Center. The FFTSS library showed the best per-

formance of 16.3 TFLOPS with the double-precision FFT on

512 nodes of the Earth Simulator, which is 49.6% of peak.

Fig. 7  Automatic performance tuning mechanism of FFTSS.

Fig. 8  Program example of FFTSS.

Fig. 9  Performance comparison of 1-dimensional FFT kernels on IBM

POWER5.

Fig.10  Performance comparison of 1-dimensional FFT kernels on Intel Itanium2.

max_threads = omp_get_num_procs();

fftss_plan_with_nthreads(max_threads);

plan = fftss_plan_dft_2d(nx, ny, py, vin, vout,

FFTSS_FORWARD, FFTSS_MEASURE);

{ /* Initialization of array */ }

for (nthreads = 1; nthreads <= max_threads; nthreads ++) {

fftss_plan_with_nthreads(nthreads);

t = fftss_get_wtime();

fftss_execute(plan);

t = fftss_get_wtime() - t;

printf("%lf sec. with %d threads.\n", nthreads, t);

}
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4. Programming Environment
Libraries for matrix computation are indispensable to sci-

entific computations, and several libraries have been pro-

posed for their implementation. These libraries are provided

with APIs to be used with other programs. For example, to

solve a linear equation Ax = b, the user prepares a matrix A

and a vector b in the format specified by the library and calls

a function with specified arguments. In such cases, the pro-

gram created by the user depends on the data structure and

function calls of the specific library. In many cases, there are

no compatibilities between the interfaces of the libraries, and

the user must modify the program to use the routines provid-

ed by other libraries. These libraries are also applicable to

cases with different preconditions or different computing

precisions. There are also libraries for specific computing

environments, which require libraries to be changed and

codes to be rewritten. It is burdensome for the user to rewrite

programs, and a more flexible method of using libraries is

needed. To fulfill the demand, we have proposed an environ-

ment-independent matrix computation library SILC, a sim-

ple interface for library collections.   

Apart from the former usage based on the specific inter-

face of a library, SILC utilizes the features of the matrix

computation libraries by sending three types of requests: (1)

deposit of data to be input, (2) requests for computation by

means of mathematical expressions in the form of text, and

(3) fetch data to be output. The input data, such as matrices

and vectors, are transferred to an independent memory space

from the user program. The requests of computation by

means of mathematical expressions are interpreted as appro-

priate function calls and are executed in the independent

memory space. Finally, the results are returned to the memo-

ry space of the user program by request, as shown in Fig.12. 

As an example, we present a C program in Fig.13, which

calls a routine of LAPACK to solve a linear equation via the

interface of SILC. 

After making matrix A and vector b in LAPACK's format,

this program calls the solver routine of LAPACK via the

three routines SILC_PUT, SILC_EXEC, and SILC_GET

provided by SILC. 

For scientific computing, libraries based on OpenMP and

MPI are used in various parallel computing environments.

SILC buffers the difference of computing environments

between the user program and computing environments and

enables us to use the libraries in a language- and environ-

ment-independent manner. We have assumed the following

four situations:

(A) sequential client and sequential server

(B) sequential client and shared-memory parallel server

(C) sequential client and distributed-memory parallel server

(D) distributed-memory parallel client and distributed-mem-

ory parallel server

The system configurations of SILC are shown in Fig.14.

Fig.12  Concept of SILC, a simple interface for library collections.

Fig.11  Performance of OpenMP-based two-dimensional parallel FFTSS

on SGI Altix 3700.

Fig.13  C program calling a routine of LAPACK to solve a linear equa-

tion via the interface of SILC.

silc_envelope_t A, b, x;

/* make matrix A and vector b */

SILC_PUT("A", &A);

SILC_PUT("b", &b);

SILC_EXEC("x = A \\ b"); /* solve the linear equation */

SILC_GET(&x, "x");
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Libraries are used by linking to the user program. The

user program transfers data and requests computations by

connecting to a single process or multiple processes. The

data transferred from the user program to the server is trans-

formed into the requested data distribution manner and is

retained in the server processes. The results returned to the

user program are transformed again to the requested data

distribution manner by the data redistribution mechanism. 

Using remote distributed-memory parallel computing

environments via the implemented system, we have observed

better performance compared with the user program written

in the traditional manner. The results of the solution of the

initial value problem of a two-dimensional diffusion equation

are shown using the finite difference method shown in

Fig.15. Configuration is shown in Table. 4–5. We have used

the conjugate gradient method without a preconditioner of

Lis for the solution of linear equations, and have interpreted

the request to solve the system into the function call of MPI-

based Lis. Denoting the dimension by N and the number of

iterations by I, the amount of communication is O(N) and the

complexity is O(NI), which shows that we can solve the

problems faster on the remote parallel server than on the

local client when several iterations are required, even consid-

ering the communication cost. 

To use control statements such as conditional branches

and loops in SILC, the user must prepare a function, which

includes the statements, and must make it callable from the

library program. This makes it impossible to program arbi-

trary combinations of mathematical expressions and control

statements. In the SSI project, we extended SILC to a script-

ing language with control statements, which interprets the

user program and separates the mathematical expressions

and the control statements and processes them using the

existing SILC framework. By this extension, we are able to

create more complicated programs, as shown in Fig.16.Fig.15  Performance of SILC on distributed-memory parallel computing

environments.

Fig.14  System confugrations of SILC.

Table 4  Configuration of computing environments.

 User Program SILC Server

traditional Xeon4 (1 PE) —

SILC (local) Xeon4 (1 PE) Xeon4 (4 PEs)

SILC (remote #1) Xeon4 (1 PE) Xeon8 (8 PEs)

SILC (remote #2) Xeon4 (1 PE) Altix (16 PEs)

Table 5  Specification of machine architectures.

Hosts Specification

 Xeon4 IBM eServer xSeries 335 (dual Intel Xeon 2.8 GHz, 1.0 GB RAM)

  Red Hat Linux 8.0, LAM/MPI 7.0

 Xeon8 Eight different nodes in the same PC cluster as Xeon4

 Atlix Intel ltanium2 1.3 GHz x32, 32 GB memory, Red Hat Linux Advanced

  Server 2.1, SGI MPI 4.4 (MPT 1.9.1)
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Fig.16  An example of extension to scripting language.

# Conjugate Gradient Method

# make tridiagonal matrix A and vector b

n = 400

A = diag(2.0 * ones(n, 1)) - diag(ones(n-1, 1), 1) - diag(ones(n-1, 1), -1)

b = A * (-ones(n, 1))

# solve linear equation Ax=b using the conjugate gradient method

rho_old = 1.0

p = zeros(n, 1)

x = zeros(n, 1)

r = b

bnrm2 = 1.0 / norm2(b)

iter = 1

while (iter <= n) {

rho = r' * r

beta = rho / rho_old

p = r + beta * p

q = A * p

alpha = rho / (p' * q)

r = r - alpha * q

nrm2 = norm2(r) * bnrm2

x = x + alpha * p

if (nrm2 <= 1.0e-12) {

break

}

rho_old = rho

iter += 1

}

# save solution x

save "sol.mtx", x

# print number of iterations

message "number of iterations:"

pprint iter
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In this fiscal year, we have carried out two types of simulations which are related to vibrations in rocket engine turbop-

umps. One is a simulation of unsteady cavitating flows in a liquid oxygen pump, and the other is that of a phenomenon of

rotor-stator interaction in a liquid hydrogen pump. We have successfully simulated both cases and the simulations have shown

potentials to clarify some unstable axial vibration problems which should be solved to develop more reliable rocket engines.

Keywords: rocket turbopump, large eddy simulation, cavitation, dynamic gain factors, axial vibration, rotor-stator interaction

1. Cavitation Instability Analyses in Liquid Oxygen
Pump
To achieve stable operations at a high rotational speed

under a low inlet pressure, rocket engine turbopumps are

generally equipped with an axial-flow inducer stage. As the

inlet pressure is decreased and local pressure becomes lower

than the vapor pressure, cavitation gradually develops on the

suction side of inducer's blades and/or near their tip and

finally leads to the breakdown of the inducer performance.

In addition, cavitation instabilities, such as rotating cavita-

tion and cavitation surge, are often observed in experiments

and cause serious shaft vibration and/or fluctuations of the

blade stresses. Therefore, it is an important issue to under-

stand the physical mechanism of unsteady cavitation phe-

nomena related to internal flows of a turbopump inducer.

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 a test inducer. Our LES code solves the Navier-

Stokes equations of weakly-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 sec-

ond-order accuracy both in time and space1). By the multi-

frame of reference function based on an overset method, it is

possible to compute rotor-stator interactions2). For computa-

tion of cavitating flows, we have used the cavitation model

proposed by Okita et al.3) In this model, the evolution of cav-

itation is represented by source/sink of the vapor phase.

In this fiscal year, we have carried out LES analyses of

unsteady cavitating flows where flow rate or pressure at inlet

is fluctuated at a certain frequency. 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. 

In this simulation, we have employed a test inducer with

three helical blades. The total mesh consisted of approxi-

mately 8.5 million hexahedral elements. The main calcula-

tion conditions were as follows; inlet flow rate was 23

liters/s, rotating speed was 17,700rpm, and inlet cavitation

number was σ = 0.04. Two kinds of inlet boundary condi-

tions were imposed to calculate the dynamic gain factors.

One was that flow rate was fluctuated with pressure being

constant. The other was that pressure was fluctuated with

flow rate being constant. We can calculate a head gain (for

flow rate change) and mass flow gain factor from the former

calculation, and can calculate another head gain (for pressure

change) and cavitation compliance from the latter calcula-

tion. Generally, the larger mass flow gain factor makes the

system unstable while the larger cavitation compliance

makes them stable. Therefore, these parameters are useful to

judge the cavitation instability although the evaluation is not

easy in experiments, at least in the current measurement tech-

niques. The present simulation image is shown in Fig. 1. The

fluctuation frequency of flow rate or pressure at inlet is given

as 4 times slower than the rotating frequency of the inducers. 

Before giving fluctuation, we calculated the cavitation

flow around the steady operation point. The obtained flow

field is shown in Fig. 2. Although the cavitation development

is insufficient, we could confirm a structure of tip vortex cav-

itation which is originated from a shear stress. (see Fig. 2(a).)

This structure was captured by our LES analyses. Figure 3 is

the calculated cavity volume and mass flow gain factors in

the case of "inlet flow fluctuation" condition, and Fig. 4 is
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Fig. 2  Flow field before giving fluctuation. (Iso-surface of the void fraction 2% is shown in (b).)

Fig. 3  Calculation results for  an "inlet flow rate fluctuation" condition. (Each horizontal axis is the number of revolution.)

Fig. 4  Calculation results for  an "inlet pressure fluctuation" condition. (Each horizontal axis is the number of revolution.)

Fig. 1  Schematic of the present method to calculate dynamic gain factors.
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the corresponding results for the "inlet pressure fluctuation"

condition. As shown in Fig. 3, we could extract the cavity

volume change that was originated from the flow rate

change. One of the accomplishments in these calculations is

that we could directly calculate the cavity volume change and

dynamic gain factors such as mass flow gain factor and cavi-

tation compliance. To our knowledge, it is the first results

where the dynamic gain factors are calculated using unsteady

cavitation CFD with LES analyses. Although the validation

of the calculated parameters is under progress, it is predicted

that our code has a potential to calculate dynamic gain factors

directly which is very important to predict whether cavitation

instability occurs or not in advance.

2. Impeller-Diffuser Interaction in the Liquid Hydrogen
Pump
The objective of this simulation is to propose a one-way

coupled simulation method that combines CFD and structur-

al analyses for impeller-diffuser interaction in a liquid

hydrogen pump. The internal flow of the pump is computed

to obtain the pressure fluctuations as shown in Fig. 5, and is

fed to the structural analyses to compute the elastic wave

propagation in the solid portion of the pump. In the internal

flow computations, we assumed no feedback effect from the

structural vibration of the pump to the internal flow. 

The source fluctuations of the flow field are computed by

a large-eddy simulation (LES) with the Dynamic

Smagorinsky Model (DSM). Four cases of LES were carried

out as shown in Table 1 for comparison with water tunnel

experiments in the present simulations. Cases 1 through 3

are to check the influence of the phase difference between

the blades of the first and second impeller. Case 4 is to check

the influence of the impeller-diffuser distance. If the phase

of the blades have a strong influence on the fluid-induced

vibration, case 2 will show maximum pressure fluctuations.

If the impeller-diffuser distance has a strong influence, we

believe that case 4 will show minimum pressure fluctuations.

All computations were carried out under non-cavitating con-

ditions, to coincide with the experiments.

The main result in the present simulations is Fig. 6, where

the velocity vector and static pressure distributions are

shown. This figure shows that the origin of pressure fluctua-

tions is evidently induced by impeller-diffuser interaction.

Both instantaneous and time averaged results are presented

in the figures. As shown in the figure, pressure fluctuations

occur when the impeller blade interacts with the diffuser

vane. We can also confirm that flow separation occurs at the

pressure side of the full blades, as the primary flow of the

impeller is on the right side of the splitter vanes. Thus, the

jet-wake like velocity patterns at the impeller exit coincide

with the number of the full blades.

We have confirmed that the phase difference between the

first and second impellers, and the impeller-diffuser distance

were the dominant phenomenon of the fluid-induced vibra-

Fig. 5  Calculated pressure field in the liquid hydrogen pump. (left; front view, right; rear view)

Table 1  Computational conditions for comparison with water tunnel experiments.

 Case Inlet flow rate Phase difference between Impeller-diffuser 

 No. Q/Qn 1st and 2nd impeller blades distance (1st stage only)

 1 1.00 7.4 degrees Nominal

 2 1.00 0.2 degrees Nominal

 3 1.00 14.6 degrees Nominal

 4 1.00 14.6 degrees Expanded



152

Annual Report of the Earth Simulator Center  April 2007 - March 2008

tion. Although we spare the detailed comparison with exper-

iments in this report, the computed pressure fluctuation and

static pressure distribution agree fairly well with the meas-

ured data, which demonstrates that the proposed method can

serve as a practical tool for predicting unsteady flows in a

rocket engine pump, in the near future.
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Fig. 6  Impeller-diffuser interaction at the first stage (upper half) and second stage (bottom half).
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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), Generalized Stone-Wales (GSW) rearrangement and time-dependent DFT method. We have studied various physi-

cal properties of nano-carbon and applications e.g., (1) Electron-ion dynamics under time-varying external field, (2)

Generation of Mackay structure by using GSW rearrangements, (3) Hydrogen adsorption to Transition-metal -decorated CNT,

(4) Growth Mechanism of CNT, (5) Hole-doped diamond superconductor. 

In addition to nano carbon as nanotube, diamond and graphite of traditional carbon material were also highlighted. 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., 

electronic field emitter and electronic devices have attracted

scientific community. In the investigation and utilizing 

their material properties, numerical simulation using super-

computer has turned to be a very efficient tool. A recent

development in nanotechnology has required a more effi-

cient supercomputing being capable of a large-scale simula-

tion of up to 104 atoms. Aiming large-scale simulations 

utilizing Earth Simulator, we have developed computational

package based on ab initio DFT theory and parameterized

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 superconduc-

tivity for a hole-doped diamond. The Generalized Stone-

Wales rearrangement is used to find new novel nano carbon

structures.

We have carried out some subjects in this work, which are

described in the next section. There are three primary objec-

tives with this work: (1) design of innovative nonmaterial

with certain desired properties; (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.
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2. PHYSICAL STUDIES ON NANOMATERIALS
2.1 Electron-ion dynamics under time-varying external field

By means of the TDDFT, we have developed a computer

code for electron-ion dynamics (electron dynamics coupled

with molecular dynamics) in materials under time-varying

external electric field. The code originates from currently

used TDDFT code, which was used for exploring excited state

dynamics in carbon nanotube with use of the Earth Simulator.

The new code can include time-varying external field beyond

perturbation theory which can be applied for a situation of

irradiation with strong and short pulse of laser beam.

Although there already been couples of trials simulating

electron-ion dynamics under time-varying external field, the

numerical accuracy in simulation has not been checked

clearly. In this work, we have found criteria which can guar-

antee numerical accuracy and stability throughout the simu-

lation by the energy conservation rule. In the molecular

dynamics (MD) simulation, the summation of potential and

kinetic energies of all ions (called as U later) must be con-

served. This is also the case in electron-ion dynamics. When

a time-varying external field is applied to the system, the

quantity U should increase due to the work done by the

external field. The amount of the increase must be dependent

on the time-dependence and the strength of the external field

as well as intrinsic energy spectrum of the material.

We have found that the amount of increase U can simply

be expressed by following equation within a framework of

TDDFT, where the external field is expressed by the Hartree

potential generated by fictitiously introduced charge density

ρext (r
→

) mimicking the external field.

Here, ρ (r
→

) means electron charge and ZI means charge of

ion I, while r
→

and R
→

I (t) mean coordinates of electrons and

ions, respectively. By integrating the above equation 

with respect to time-axis, the work given by external field is

computed and the subtraction of the work from U must be

constant.

Next, we demonstrate the numerical stability of our com-

puter code by simulating energy accumulation in graphite

layers by pulse laser. Here the maximum strength of the

electric field is hundred times bigger than typical values of

the scanning microscope spectroscopy such as 10 eV/Å.

Figure 1(a) shows contour lines of external potential varying

along with a direction normal to the graphite layers. Figure

1(b) shows time-dependence of the external-field shown in

Fig. 1(a), which is a combination of Gaussian and sin curves.

With this applied external field, the energy increase of

graphite is observed up to the simulation time of 6 fs. The

computed size contains 80 carbon atoms with the slab geom-

etry including vacuum region of 10 Å. Figure 2 shows that

the energy conservation rule still works even with this

unusually strong external field showing robustness of the

numerical accuracy in our computer code. With use of cur-

rently developed code, we will investigate response of nano-

carbons against irradiation with the Femtosecond laser

Fig. 1  (a) Contour lines of applied potential which gives electric field in normal direction to the graphite layers.

(b)Time-dependence of the applied field shown in (a). The Gaussian envelope is also shown.
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beam, and monitor induction of coherent phonon and struc-

tural deformation as well as electronic excitations. These

phenomena will be useful for simulating non-thermal nano-

fabrication process.

2.2 Generation of Mackay structure by using GSW

rearrangements

The aim of the research is to investigate whether a certain

nano carbon structure (including fullerenes and carbon nan-

otubes) is transformed to an objective structure by using

only some sequential GSW rearrangements. Especially, this

research can be applied to the process generating a "Mackay

structure". It is expected that the Mackay structure is very

stable and rigid, because it has three-dimensional high-sym-

metric property. For this reason, many researchers have been

interested in the structure, and have analyzed its characteris-

tics by the computer simulation. However, the process to

generate the Mackay structure has not been clear yet.

It is known that a Mackay structure can consist of various

numbers of the atoms. We have already found out the

sequential process (it is named `path') for two Mackay struc-

ture consisting of 48 and 144 atoms. The larger the number

of atoms, the more difficult we find the path. In this report,

the path of a Mackay structure consisting of 192 atoms is

found out newly. Figure 3 illustrates snapshots of the struc-

ture (192 atom times 8 primitive cells). The isomerization is

realized by 232 GSW steps. The initial structure is 4-con-

nected CNT shown in Fig. 3 (upper figure). The 4- connect-

ed CNT is also used as initial structure of other small

Mackay structures, but the connecting position is different.

We guess that the initial structure of larger size Mackay

structure is also (8,8) 4-connecting CNT, but that the con-

necting position is different.

Next, we focus on the energy of the structure. The energy

of each structure was calculated by using Huckel method.

However, this method is not sufficient for calculating the

energy of the system. Thus, we adopted the CRTMD instead

of Huckel mehod. This report deals with the structure con-

sisting of 48 atoms, because it is difficult to calculate the

structure consisting of the large number of atoms. The ener-

gy of each structure is shown in Fig. 4. Although there is

energy barrier in the path, the barrier is not so high.

Furthermore, the energy of the Mackay structure is lower

than that of initial structure. These results confirm that there

Fig. 2  Time evolution of internal energy of graphite shown in Fig. 1 (a)

(blue line), and the same value extracted by integral of dU/dt,

which is shown in an equation in the main text and corresponds

to zero.

Fig. 3  Snapshot of path (192 atoms times 8 primitive cells).

Fig. 4  Energy of each structure.
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is the possibility of the realization of the Mackay structure.

The energy of paths of other Mackay structures (144 

and 192 atoms) will be calculated by using CRTMD. We

will investigate the possibility of realization of the Mackay

structure.

2.3 Hydrogen adsorption on Transition-metal -decorated

Carbon Nanotube

Global warming and abnormal weather caused by

exhausted gas by fossil fuel are serious environmental prob-

lems in the world. Efforts to reduce carbon dioxide gas are

required for environmental protections. In this context the

clean energy system such as hydrogen fuel is at a human's

desire. But it would highly cost us enormously under the

necessity of sustaining high pressure or low temperature to

hold it in a tank because of strong quantum effect of hydro-

gen atom. From safety points it is still under the way to use

such type of fuel for practical application. 

The success of hydrogen storage technologies critically

depends upon discoveries of novel materials that could store

and extract large amounts of hydrogen under economical

and ambient conditions. Finding new materials of storing

large amount of hydrogen at ambient temperature and rela-

tively low pressures with small volume is crucial for hydro-

gen fuel storage. 

We approached to the hydrogen storage by means of CNT

through the first principle molecular dynamics. The hydro-

gen adsorption ability on a single Ti covering the surface of

CNT has been reported in papers. However the researchers

are based on an assumption that Ti atoms have never been

segregated on the surface of CNT. The interaction between

Ti atoms is not taken into account in the discussion about the

Hydrogen storage.

We have carried out a large-scale simulation for hydrogen

and Ti atoms dynamics considering the direct interaction

between Ti atoms on CNT. Our simulation revealed that if

many Ti atoms taken account of Ti-Ti interaction are intro-

duced on the surface of a CNT, Ti atoms tends to form a Ti

cluster by strong bonding force. As for Hydrogen adsorp-

tion, some hydrogen molecules are dissociated into individ-

ual hydrogen due to a strong chemical adsorption effect

inside the Ti cluster shown in Fig. 5. Such an interaction

between Ti atoms changes the properties of Hydrogen

adsorption. The segregation of Ti atoms reduces the weight

percent of storing hydrogen molecule. Finding more advan-

taged transition metal for hydrogen adsorption, we also

investigated the properties of another transition metals in

terms of the binding energy between transition metals and

the state of hydrogen adsorption. It is concluded that hydro-

gen storage materials be able to be synthesized from the first

principle molecular dynamics.

2.4 Growth Mechanism of CNT

Controlling growth process of CNT on metallic catalysts

is an essential requirement to provide pure crystalline CNT

for electrical applications as device and wire. There has been

large progress in the experimental production of CWNTs.

Nevertheless, the growth mechanism of pure CNT is still

poorly understood.

As for theoretical calculation, classical molecular dynam-

ics simulations based on empirical potential were mainly

used to study the behavior of metallic Fe nano-particle cata-

lyst and growth of CNT in chemical vapor deposition

(CVD). The calculated CNT structures are not complete with

large number of defects. The results gave rough explanation

for the growth mechanism of CNT and the empirical poten-

tial using simulation is under development.

We have carried out the investigation on growth of CNT

Fig. 5  Hydrogen adsorption for CNT. Hydrogen atoms and molecules are

chemically and physically adsorbed on Ti cluster, respectively. Fig. 6  Structure of interface between Fe cluster and CNT.
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from first principle MD method. Firstly the conformity of

CNT structure with Fe catalyst cluster was calculated. Iron

catalyst cluster of 55 atoms with γ -phase (FCC) contacting

the up-growth CNT was choose for the initial structure to

start MD. In the simulation, we revealed that nano interface

between Fe cluster and CNT is energetically stable as shown

in Fig. 6. The results suggest that if the provided carbon

atoms are flying to Fe surface, the provided carbon atoms

are able to jump into CNT for the growth by advantage of

the interface. As the next stage we will consider behavior of

the provided carbon through simulation.

2.5 hole-doped diamond superconductor

We have been evaluating the superconductivity of novel

materials on the basis of a new superconducting mechanism

that the interaction between electrons changes from repul-

sive to attractive through the charge density fluctuation

induced by the lattice vibration.

In the current year, we have developed further this super-

conducting mechanism, taking into account the time depend-

ence of the bare Coulomb interaction between electrons. As

an application, we investigated that at what temperature ide-

ally hole-doped diamond becomes superconducting. For

quantitative analyses using our scheme, it is inevitable to

perform large-scale tight-binding molecular dynamics simu-

lation consisting of at least several thousand atoms; therefore

we executed our scheme on the Earth Simulator. Our code

has been highly tuned to perform calculation on the Earth

Simulator. The sustained performance of 4.82 Tera flops

was achieved for the simulation with 8192 carbon atoms by

using 256 nodes (2048 PEs) of the Earth Simulator. The

resulting computing efficiency is 60.2% of the peak per-

formance. To estimate Tc for a given hole concentration, the

simulation took about 8 hours of computing time. 

Our result shown in Fig. 7(b) indicates that pure diamond

with 0.03 holes per atom is possibly the superconductor with

75 K. On the other hand, the Tc's observed in experiments are

lower than those estimated by simulation. Recent precise

measurements, however, show that synthesized samples incor-

porate hydrogen atoms. Under such circumstances, further the-

oretical and experimental studies will resolve the discrepancy.

As seen from Fig. 7, the value of Tc's are rather sensitive

to the used approximation; therefore in order to improve our

simulation, it is necessary to incorporate the other neglected

effects listed below: 

(1) Charge fluctuation by the non-linear response to the lat-

tice vibration,

(2) Off diagonal elements with respect to orbital of effective

interaction between electrons,

(3) Use of the renormalized Green's function in the self-energy.

Henceforth we will take into account these effects.

Our simulation method has marked an important first step

toward estimating Tc's of various superconductors with high

accuracy far beyond the limitation of the previous methods.

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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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 with tens or 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, which is called ADVENTURE_Solid and based on the hierarchical domain decomposition

method and an IBDD-DIAG method, was ported to the vector-parallel supercompuer. Moreover, for a post process of a huge

scale analysis, we developed a parallel off-line visualization system, which is able to implement on PC clusters and the ES. 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. The total DOFs of the BWR

model amount about 204 million. In this report, we present an outline of our parallel off-line visualization system, and show

computational performances of a seismic response analysis of the BWR model. Consequently, it successfully solved 1,000

time steps analysis of the BWR model with 204 million DOFs in about 26 hours on 2,048 arithmetic processors.

Keywords: CAE system, seismic response analysis, balancing domain decomposition, off-line visualization, 
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1. Introduction
The ADVENTURE system [1] is an advanced general

purpose computational mechanics system, and designed to

be able to analyze a three dimensional FE (Finite Element)

model of arbitrary shape with tens or hundreds of millions 

of DOFs (Degrees Of Freedom) mesh. Module based archi-

tecture 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. The one of main process modules for solid analysis,

named ADVENTURE_Solid, is based on the hierarchical

domain decomposition parallel algorithm [2] and employs an

IBDD-DIAG method [3] as a solution technique for linear

equations.

In our project, the ADVENTURE system has been ported

to the ES (Earth Simulator). Especially, ADVENTURE_Solid

is vectorized well, and then it shows good performances of

vectorization and parallelization [4]. Using our system, as an

example to realize the virtual demonstration test, a BWR

(Boiling Water Reactor) pressure vessel model consisting of

many local features, whose DOFs amount to 204 million, is

performed. The BWR model is analyzed for an earthquake-

proof design. For the post process of such a huge scale 

3-D (three dimensional) structural analysis, we developed a

parallel off-line visualization system, which is a pure soft-

ware-based polygon renderer to implement on the computa-

tional server.

In this report, the BWR model is shown, and then an out-

line of a parallel off-line visualization system is presented.

Next, as an implementation of the virtual demonstration 

test, a seismic response analysis of the BWR model is

demonstrated.

2. The BWR pressure vessel model
As an example to realize the virtual demonstration test,

this study subjects to a seismic response analysis of the

BWR pressure vessel of a nuclear power plant. The CAD

(Computer Aided Design) data of the BWR is provided in

cooperation with industries, and it is almost fully modeled

with internal substructures, e.g. a core shroud, fuels, control
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Fig. 1  The BWR pressure vessel model with 204 million DOFs.

Table 1  The mesh information of the BWR pressure vessel model.

Number of elements (tetrahedron) 39,746,750

Number of nodes 67,910,224

Total DOFs 203,730,672

Number of surface patches 15,424,402

Number of surface vertices 7,711,567

rod guide tubes, and control rod drive mechanism housings

shown in Fig. 1. The tetrahedral solid element is used as the

FE mesh, then detailed information of mesh is shown in

Table 1. In the structural analysis using quadratic mesh, the

total DOFs of a problem amount to about 204 million.

3. Parallel off-line visualization of a huge scale 3-D
structural analysis
Using the ADVENTURE system on the ES, huge scale

problems such the BWR pressure vessel model with 204

million DOFs can be solved. However, such huge scale

analysis task produces gigantic analysis result data files,

which may occupy a disk space size of terabytes order.

Because of this size issue, it is difficult and time consuming

for the simulation user to move those analysis result data

files back to own workstation for visualization purposes.

Actually, the size of analysis result data files of the BWR

model, which includes a deformation vector and an equiva-

lent stress defined on the node, become about 2.3 G bytes,

therefore the total data file size of 1,000 time steps by a seis-

mic response analysis assumedly amount 2.3 T bytes. To

visualize such a huge scale 3-D structural analysis result

data, we developed a parallel off-line visualization system of

the polygon renderer [5, 6]. The keyword 'off-line rendering'

that often used in the computer graphics field means non-

interactive image generation.

Main characteristics of our off-line polygon rendering

system are as follows.

a) perform on the computational server remotely

b) generate a final image data directly on the computational

server

c) supports to render triangle polygons only

d) supports basically visualization functionalities, e.g. pan,

zoom, rotate, lighting, shading, smooth/band contours,

(a) Overview (b) Cross section around a core shroud and fuels
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and clipping planes

e) vectorize visualization procedures in triangle-wise or frag-

ment-wise using the look-up table

Especially, a vectorization scheme using the look-up

table is one of our originality. In the visualization proce-

dures, a triangle defined in the world coordinate system is

transformed into the screen coordinate system. Further, we

transform the triangle in the screen coordinate system into a

triangle coordinate system, shown in Fig. 2. With the trian-

gle coordinate system, the triangle is redefined by two ver-

tices v1 and v2, which are defined integer values tx1, ty1,

tx2, and ty2. Next, we perform the scan conversion of a 

triangle in the triangle coordinate system, and then the trian-

gle is decomposed into multiple fragments, shown in Fig. 3.

Here, these fragments are the pixels composing the triangle.

Usually, only a portion of the fragments, which pass depth

test using a depth buffer, is reflected into the corresponding

pixels in the screen image. After all, some visualization 

procedures are vectorized in fragment-wise when the fill

patters are prepared for all the possible combinations 

of four integer values (tx1, ty1, tx2, ty2). It is called a 'look-

up table' to store fill patters of triangles in a triangle coordi-

nate system.

4. Numerical Experiments
In this section, a seismic response analysis of the BWR

pressure vessel model with 204 million DOFs mesh is

demonstrated. As boundary conditions for a transient analy-

sis, earthquake-induced acceleration and load are applied to

a bottom plane of its skirt portion, stabilizers, and control

rod drive mechanism housing. The BWR consists of eleven

materials, whose physical quantities are not uniform in

value, e.g. the maximum ratio of Young's modulus is more

than 400. For the elastodynamic analysis, the damping is

taken into consideration. The Rayleigh type damping is

applied. Here, damping coefficients of the Rayleigh type are

assumed using the eigenvalue data by the lumped mass-

damping analysis in cooperators. The Newmark's beta

method is used as a direct time integration scheme, and time

increment width is 0.01 seconds. As solver conditions for

one time step, the convergence criteria of an iterative linear

system solver is 1.0e-3. This analysis is performed on 256

nodes, i.e. 2,048 APs (Arithmetic Processors).

Table 2 shows the computational performances in all. The

1,000 time steps problem was performed by 25 times batch

job, and then successfully analyzed in about 26 hours. The

computational performances of one batch job and one time

step are shown in Table 3 and Table 4, respectively. Our sys-

tem is succeeded in solving 40 time steps of the elastody-

namic problem in about 45 minutes with about 18.9% of

peak FLOPS performance and about 97.9% of vector opera-

tion performance. 

Here, an executed batch job is finished in 45 minutes,

however, the transmission of the analysis result data files of

92 G bytes from the ESC to our laboratory is expected to

require 13 hours or more. Thus, an effective visualization

system performed on the ES is indispensable. Using our

parallel off-line visualization system, the visualization of

100 images of an analysis result data is successfully per-

formed in about 7.5 minutes using 32 APs. Figure 4 shows

the deformation configuration and the equivalent stress con-

tour plots of the BWR model in one step of the seismic

response analysis.

Fig. 2  Triangle coordinate system, which is a special system for assign-

ing a triangle defined in the screen space.

Fig. 3  Scan conversion of a triangle using a look-up table.
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5. Conclusions
A seismic response analysis of the BWR pressure vessel

model with 204 million DOFs is performed on the ES con-

sisting of 2,048 APs, and then successfully solved in about

26 hours. For the future work, to realize the virtual demon-

stration test, analysis conditions of the BWR model, e.g.

material properties and boundary conditions, are improved

using the analysis result data of this case, and then the seis-

mic response problem is continuously analyzed.
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The terahertz wave, especially in the range of 0.3-10THz, is one of key technology seed for the next generation of indus-

tries. It is well known that the wave has a 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 that wave generator, then there is still lack of the fundamental knowledge on the interaction between terahertz wave and

material 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 high-tempera-

ture superconductor, in order to develop a new generator. Theoretical analysis has shown that the terahertz wave has strong

nonlinearity and complex behavior over multi-scale of time and space as generating wave in the high-temperature supercon-

ductor. For dealing with those phenomena our simulation researches need the high-performance supercomputer such as the

Earth Simulator for large scale simulations. With the help of this computing power, we have revealed so far the new mecha-

nism and the conditions on generating terahertz wave as well as characteristics of the emitted terahertz wave from the device.

As result, we have succeeded in making clear the control parameters and the optimum condition for generating the continuous

waves in the range of 1-3 terahertz. 

Based on these progresses, our next theme is to develop a practical device. Before that, we need to make clear the condition of

generating the terahertz wave stably. The stable generation can be due to the stable Josephson plasma excitation. Thus, in this

term, we focused on studing the condition for the stable excitation of Josephson plasma wave in a wide range of frequency.

Keywords: high-temperature-superconductor, device, generating terahertz waves, stable excitation, Josephson plasma, 

high performance computational resource

1. Introduction 
The electromagnetic wave in the terahertz region has been

recognized as a new light-source of spectroscopic analyses for

dense or soft materials and bio-polymers, medical diagnoses

and information technology. Most of leading countries in the

world have already pushed to develop terahertz technology as

the next-generation infrastructure for sciences and industries.

It is however pointed out that there is still lack of generator of

the continuous terahertz wave in the world. In our research on

the new light-source by the continuous terahertz waves, we

have proposed to use high-temperature superconductor, HTC,

as a device for generating the terahertz wave. In HTC, CuO2

layers as superconductor and insulating layers are alternately

stacked up and form layers of Josephson junction, so called

intrinsic Josephson junctions (IJJ). 

The theory [1, 2] has already predicted a possibility that

there exists the plasma oscillation in the frequency range of

terahertz and that the plasma wave could excite and emit as

terahertz wave out of the edge of the device. The theory also

indicated that Josephson plasma behaves in strong nonlinear-

ity as complex system. Thus it had been very hard way for

experimentalist to verify the theory through developing the

IJJ device for generating the terahertz wave.

Simulation appears to be a reasonable approach for the

complex phenomena such as the IJJ device and emission of

Terahertz wave. This is because it is able to make clear

numerically system dynamics in detail through parametric

survey. Complexity requires simulation with high capability

and large capacity of computer. For example, simulation in

this case has to cover the broad space from 1nm to several

hundred µm and huge time steps of 108 steps by 10as step

width. This means that it takes a couple of year to make the

simulation only for a case if one uses a personal computer.

The Earth Simulator is therefore expected to be a reasonable

computer for solving this problem. 

Our simulation approach has been revealed out so far
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Fig. 1  Schematic diagram of the device generating terahertz waves. 

Bi2 Sr2 CaCu2 O8+δ forms IJJ. The device is consists of HTC crys-

tal and electrodes. The green part shows the IJJ sandwiched by

electrodes. An external current flows uniformly in the junctions

in the direction of the z axis. An external magnetic field is

applied to y-direction.

some mechanisms on excitation of Josephson plasma and

continuous emission of terahertz waves out of the IJJ device

under external magnetic field [3, 4]. Along our simulation

research Japanese or Korean experimentalists [5] had

announced in 2006 that they succeed to detect the terahertz

wave emitted from the IJJ device.

Thus, in this term, we focused on stable excitation of tera-

hertz wave, in order for experimentalists to develop their IJJ

device.

2. Model equations   
A device of the intrinsic Josephson junction of the high

temperature superconductors and its surrounding external

space was modeled for our simulation.

As for the IJJ device, some coupling equations of the

gauge-invariant phase difference ϕk, charge, electric field

and magnetic field were derived from Josephson relations

and Maxwell's equations. 

The gauge-invariant-phase difference is a phase-differ-

ence of wave function in insulating layer k between super-

conducting layer l + 1 and l layer. It is related to Josephson's

superconducting electric current. For the external space,

Maxwell's equations were used for describing the emission

of electromagnetic wave. Let us show our model equations

for simulation. 

Eqs.(1), (2), (3) and (4) describing the dynamics of the

phase difference, charge, electric field and magnetic field are

given by

λc = (cΦo/8 π2 D Jc) 1/2 penetration depth in the c axis direc-

tion, β = 4πσ λc /(ε0.5 c), ωp = c/(λc ε
0.5) Josephson plasma

frequency, t' = ωp t normalized time, x' = x/λc normalized

coordinate in x direction, ρ' = ρ (Jc/λcωp) normalized charge

density and E'z = Ez(2πcD/Φo ωp) normalized electric field. 

3. Computational feature of simulation
Based on the model equations, we carried out simulation

in order to  make it clear various effects on stable excitation

of Josephson plasma by varying conditions of numerical

experiments. In this simulation, the space is scaled from 1nm

to several hundred µm and time from atta to nano second.

Thus it is assumed that the system is uniform along the y-axis,

and two-dimensional simulation in the x-z plane appears to be

reasonable for studies of the device exciting Josephson plas-

ma. The time dependent finite difference method was adopt-

ed for solving its numerical processes. 

Our simulation needs to treat nonlinear equations with

large space and time steps; approximately 106 spatial mesh-

cells for the x-z two-dimensional model and by 108 time

steps of 10as. Many parametric simulations are also required

to study the effects of various conditions on the excitation of

Josephson plasma, with combination of different material

properties, device shapes, current supply methods and cur-

rent control etc. 

Hence it becomes large- scale simulation. 

4. Simulation 
We studied the conditions for the stable excitation of

Josephson plasma in the wide range of frequency, using sim-

ulation model as shown in Fig. 1.

The excitation of Josephson plasma in the IJJ device was

studied by simulating various interactions between fluxons

(1)

(2)

(3)

(4)

where ∆(2) Ak is Ak+1–2Ak + Ak–1, k number of insulator 

layer between superconducting layer l and l + 1, σ conduc-

tivity of the quasi-particles, ε dielectric constant of the 

insulating layers, µ the Debye length, Φo flux unit, Jc 

critical current density, s, D conducting and insulating 

layer thickness, ρk+1/2 charge density in superconducting

layer in k+1/2, Ez

k electric field in z direction at insulator

layer k, λab penetration depth in the ab-plane direction, 
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and Josephson plasma reflected at the inner wall of the

device. 

We performed simulation with many combinations of

parameter: different material properties, device length, 

current supply methods and current control etc. Parameters

are as follows: (a) constant 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 external 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.

5. Result  
Figure 2 shows the relations between the intensity of

Josephson plasma excitation and the normalized constant part

of electric field Ez' under the external magnetic fields; By: 0.5,

1.0, 2.0T. The intensity of excitation is defined as amplitude

of oscillating part of normalized electric field of Josephson

plasma. The frequency of Josephson plasma is described as f

= 2e/h(s+D)Ez in relation to the constant part of electric field

Ez. It is found that there are some 'peaks' of the excitation of

Josephson plasma. Thus we tagged those peaks as B1  in (a),

B2 and B3 in (b), and B4,  B5, B6 and B7 in (c). 

In the device, Josephson plasma are oscillating with forms

of node-less to (N/2–1)-nodes wave as shown in Fig. 3.

Number of nodes along c-axis depends on value of Ez'.

The Josephson plasma wave is emitted out of the device

and transformed into terahertz wave. If Josephson plasma

wave shows oscillation with one-node to (N/2-1)-nodes, ter-

ahertz wave decreases its intensity due to interfering

between the oscillation phases of different sign at the edge

of the device. On the other hand, the oscillation phase of

Josephson plasma wave with  node-less wave indicates the

same sign at the edge of the device. Thus, Josephson plasma

wave with node-less wave is transformed into intense tera-

Fig. 2  Relations between the intensity of Josephson plasma excitation and the normalized constant part of electric field Ez'

averaged in device. External magnetic field By: 0.5, 1.0, 2.0T. λc = 150µm, λab = 0.2µm, Lx = 50µm, N = 70.

Fig. 3  Schematic diagram of waves along c-axis. Each Josephson plas-

ma wave has no-node to (N/2-1)-nodes along c-axis in ab-plane

of IJJ device.

hertz wave more than that those of one-node to (N/2-1)-

nodes wave.

In Fig. 2,  Josephson plasma wave shows node-less wave

in B1', B3 and B7, one-node wave in B6 and two-node wave

in B5. In addition, large amplitude of oscillation is also

observed on these points of 'peaks.'  Therefore the peaks in

B1', B3 and B7 are regarded as stable excitation.  

In Fig. 2 we defined a frequency band for the stable exci-

tation of Josephson plasma wave as ∆f on B1', B3 and B7.

Comparing with these frequency bands as shown in 

Fig. 4, it is clear that ∆f is in inversely proportion to intensi-

ty of the external magnetic field By. This means that a con-

trol parameter for the stability of Josephson plasma excita-

tion is determined with regard to external magnetic field By.

As example shown in Fig. 2(a) for By = 0.5T, ∆f extends its

band up to 1.6THz , corresponding to the stable excitation

with 2 ~ 3.6THz that might be in applicable range of tera-

hertz wave for real usage. 

6. Conclusion and future work
In this year, we studied the conditions for the stable exci-
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tation of Josephson plasma wave over the wide range of fre-

quency. The result would be useful for scientists and indus-

tries to design or develop IJJ device generating the continu-

ous terahertz wave for real applications.

The Earth Simulator shows clearly that large-scale simu-

lation with high performances is significantly effective

methodology for developing new technologies.
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Following the development of a numerical scheme to simulate flowing phenomena of a huge number of red blood cells

(RBCs) by the end of 2006, we investigated collective behaviors of RBCs flowing through a stenosed artery. In 2007, modifi-

cations were made in the model of RBC such that it could simulate dynamic deformation under not only a low shear flow 

but a high shear flow. A multi-scale simulation of blood flow was also implemented in order for analyzing mesoscopic phe-

nomena of blood flow.

Keywords: Red blood cell (BRC), Particle, Fluid, Multi-phase system, Internal structure, Discrete Element Method

1. Introduction
The nature of solid and liquid mixture has been of great

interest to scientists. In general, those mixed materials

exhibit complex rheology, depending on a fraction of solid.

The phenomenon becomes significantly complex as the solid

forms an internal micro-structure composed of particles.

Even with a small fraction of solid, the material shows more

or less solid-like behavior. The primary aim of this research

project is to understand the nature of fluid-solid mixture

where particulate materials exits as a mixture of solid, liquid

and gas phases with forming an internal structure such as

clustering, and to establish a particle-continuum coupled

model based on discrete element method. 

The blood consists of a suspension of blood cells in an

aqueous solution called plasma. About a half volume of the

blood is occupied by red blood cells (RBCs). Approximately

5 million RBCs are present in 1 mm3 of blood. Thus, blood

flow is essentially mixture of solid (RBCs) and liquid (plas-

ma). Under a low shear flow, RBCs agglomerate, forming

rouleaux and aggregations which can be called a kind of clus-

ter. The particulate nature of RBCs, their dynamic deforma-

tions, and physical interactions significantly contribute to

behaving as a multiphase suspension. 

Blood flow is believed to be deeply concerned with car-

diovascular and cerebrovascular disorders including athero-

sclerosis. It is therefore important to understand mechanics

of blood flow in detail based on the discipline of multi-phase

system with internal structures. 

2. Computer simulation of RBCs flowing through a
stenosed artery
To the end of 2006, we have done computer simulations of

RBCs behavior in normal straight arteries. With westerniza-

tion of the Japanese-style, it has been obvious that death from

coronary heart disease and cerebral infarction stemmed from

atherosclerosis is increasing. Atherosclerosis is characterized

by accumulation of lipids and macrophages flowing in the

bloodstream under the inner walls of arteries, causing steno-

sis that narrows the vessels and impedes normal blood flow. 

In order to investigate collective behavior of RBCs flowing

through a stenosed blood vessel, computer simulations were

performed. An RBC model used is the same as the one that

has been used until the last year [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 momen-

tum conservation and Newton's friction law. In order to main-

tain 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
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Fig. 1  A snapshot of RBCs flowing through a stenosed artery.

Fig. 2  Snapshot of an RBC whose membrane is pathologically stiffened.

Fig. 3  Time variation of the drag force obtained by the simulation of

RBCs flowing through a stenosed artery. A red line represent

pathologically stiffened RBCs and a black line normal RBCs.

distance between them. A dynamic behavior of RBC in the

given flow field was determined toward the minimum energy

state. We prepared differently stenosed arteries, namely, a

percent stenosis of 10, 30, and 50%, defined as a ratio of the

radius at the most stenosed part to that at the entrance. RBCs

were distributed evenly within the vessel at hematocrit of

15%. A macroscopic flow field was pre-defined; the axial

velocity profile was assumed to be parabolic everywhere

whereas the radial velocity was assumed to linearly increase

from the central axis to the wall. Simulations were imple-

mented with 256 processors on the Earth Simulator for 12 hrs. 

A snapshot of RBCs flowing through a 50% stenosed blood

vessel is shown in Fig. 1. As RBCs passed through stenosis,

they were enforced centrally to concentrate and agglomerate,

developing into a cluster due to tapering of the vessel. This

indicates that stenosis potentially contributes to forming a

seed of thrombi. It was also observed that, once RBCs were

clustered, they had not been disassembled even after RBCs

have passed the stenosis. If such a cluster persists and grows,

it would develop into a large thrombus that can cause stroke

and myocardial infarction. There results indicate that stenosis

is risky not only because it narrows a blood vessel and impede

blood flow but also seed thrombus formations. 

We also simulated flowing behaviors of pathologically

stiffened RBCs in a stenosed artery. As an RBC loses its

elasticity, it tends to take a capped shape rather than a bicon-

cave shape at a natural state as illustrated in Fig. 2. The aim

of this simulation is to see the influence of stiffening of an

RBC membrane on the collective behavior of RBCs. The

simulation was implemented at the Reynolds number of

0.015 and hematocrit of 11.4. Figure 3 plots a temporal vari-

ation of the drag force caused by RBCs. In this figure, a red

line represents stiffened RBCs and a black line normal

RBCs. As obvious, a flow resistance is larger for stiffened

RBCs. This simulation results clearly demonstrate that stiff-

ening of an RBC may consequently lead to hypertension. 
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3. Computer simulation of an RBC in a high-shear
flow
Quantitative evaluation of hemolysis, the breaking open

of RBCs, is essential in designing artificial organs. Recently,

numerical methods to quantify hemolysis from a measured

or calculated macroscopic flow velocity field have been pro-

posed. Nevertheless, their predictive accuracy has not

reached a satisfactory level required in practice. This would

be because the conventional methods evaluate just a macro-

scopic flow field and have not well considered deformation

of RBCs. For further amelioration of the predictive accura-

cy, it would be necessary to take into account motion and

dynamical deformation of individual RBCs in a flow field.

For this purpose, we need to have an elastic RBC model that

can express its deformation not only in a physiological shear

range but also in a high shear flow which can occur in artifi-

cial organs. 

We made modifications in modeling of shear resistance of

the RBC membrane by introducing a nonlinear spring in

which the spring constant increases as it is more stretched.

Mathematically, it is defined by 

(1)

where ks
i is a spring constant of line element i, ks0 = 15 µN/m

and α, β are parameter constants. Parameters α and β are

determined by numerical experiments of RBC where a

deformation index of RBC embedded in a steady parallel

shear flow is compared with experimental data. Figure 4 is a

schematic drawing of the experiment. Figure 5 shows the

relationship between fluid shear stress τ. and L/W. Here, 

L and W are the length of long and short axes when the RBC

shape is approximated as an ellipsoid. For comparison, 

the simulation results, obtained when a linear spring model

(α = 0) is used, are also presented (empty marks). As seen,

qualitatively good match with experimental data was

obtained when a non-linear spring model was adopted. An

acceptable match was obtained when α = 3, β = 1.35.

Using this parameter set, dynamic deformation of an RBC

under a cyclically reversing shear flow at the frequency f of

3 Hz was also analyzed. Figure 6 shows the temporal varia-

tions of L/W and fluid shear stress τ. Again, the improve-

ment was achieved by using a non-linear spring model. 

Fig. 4  Schematic drawing of an experiment where an RBC is embedded in a steady shear-flow. The deformation

of an RBC is assessed by L and W which are the length of a long axis and a short axis when the RBC is

approximated as an ellipsoid.

Fig. 5  Relationship between τ. and L/W. Green marks represent the sim-

ulation results obtained with a non-linear spring model, red

marks the experimental results [2, 3], empty marks the simula-

tion results with a linear spring model.

Fig. 6  Time variation of τ. and L/W obtained by the simulation of an

RBC in an unsteady parallel flow. Experimental results were

from Watanabe et al. [3].
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Given this modified RBC model, its dynamic behavior 

in a back-step flow at the Reynolds number of 1000 was

simulated. Figure 7 (i) plots velocity vectors of the back-

step flow, showing a vortex formation behind the step.

Figure 7 (ii) shows contour plots of the first principal strain

ε on the RBC membrane in region (A) and (B) encircled 

in Fig. 7 (i). Although the conventional hemolysis index 

SS that is scalar value of an instantaneous fluid stress tensor

at each location was almost the same in (A) and (B), the

distribution and magnitude of the first principal strain 

ε. were quite different. Along the flow trace of an RBC (red

dots in Fig. 7 (i)), the maximum of the first principal 

strain εmax over the membrane was calculated and plotted

against SS in Fig. 8 As seen in Fig. 8, no consistent tenden-

cy was found between εmax and SS. This was due to fluid vis-

cous forces. Because the RBC flowing in the back-step flow

was exposed to dynamically changing fluid mechanical

environment as it moved, the viscous force was exerted

from the interaction with surrounding fluid forces. As 

a consequence, viscous effects appear in deformation

behavior of RBC. Note that a viscosity was not considered

in the membrane of the present model. In essence, the RBC

shape was not determined solely from fluid forces which

instantaneously act on it. These results address the necessity

to consider dynamic deformation of RBCs for better evalua-

tion of hemolysis and the utility of the current RBC model

for building an RBC-based hemolysis simulator. The com-

puter simulation of two and more RBCs in a high-shear

flow is underway.

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 by using the same technique described in section 2. Flow

at a macro-scale was modeled as a continuum expressed 

by the equations of continuity and Navier-Stokes. The interac-

tion between the micro and macro-scale simulation was

achieved through the exchange of the axial velocity profile

gained from the macro simulation and a local viscosity esti-

mated from a local concentraiton of RBCs from the micro

simulation.

Although the calculation is still underway, the RBCs tend-

ed to migrate axially towards the central axis of af flow

channel, causing higher fluid viscosity around the central

axis than that near the wall of the flow channel as depicted

in Fig. 9. As a consequence, the velocity profile at the cen-

tral axis decreased (Fig.10), which seemed to be finally con-

verged to that of non-Newtonian blood flow where a veloci-

ty profile is flat around the central axis of the channel. 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.

Fig. 7  (i) Vector plots of flow in a back-step flow, (ii) contour plots of the first principal strain in (A), (B).

Fig. 8  Relationship between SS and εmax.
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5. Conclusion
This year, we studied collective behaviors of RBCs flow-

ing 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 forma-

tions by enhancing agglomeration of RBCs. Using patholog-

ically stiffened RBCs, we found that stiffening of RBCs may

contribute to causing hypertension. 

We made some modifications in modeling of an RBC

membrane such that it could simulate its deformation behav-

ior even in a high shear flow. A reasonably good match with

experimental data was achieved in both steady and unsteady

parallel flow. An RBC in a back-step flow was simulated to

see how the RBC behaves in a complex flow field. The

results demonstrated that a conventional hemolysis index is

not always indicative of RBC deformation. Although further

studies are requisite, this model would be useful to build an

RBC-based hemolysis simulator. 

A multi-scale simulation of blood flow was also imple-

mented in order for analyzing mesoscopic phenomena of

blood flow. Since this method is very time-consuming, we

have not obtained a converged-state yet. Nevertheless, it is

quite obvious even from the results that have been obtained

to date that this method provides valuable information to

understand the mechanism to induce non-Newtonianity of

blood flow. 

Toward the year 2009, we will continue to implement a

multi-scale simulation of blood flow. At the same time, we

will perform some experiments to corroborate our simula-

tions results that have been obtained. 
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Fig. 9  (a) Snapshots of RBCs flow in a microscopic blood flow simulation at hematocrit of 0.15 at

the 35th step of interaction. (b) Contour plot of hematocrit.

Fig.10  Change in the normalized maximum velocity during the meso-

scopic blood flow simulation at hematocrit of 0.15.
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Cosmological N-body simulations have been carried out by applying an AMR (Adoptive Mesh Refinement) N-body code

implemented to the Earth Simulator. Numerical simulations using 10243 particles produced more dark matter clumps (dark

matter halos) in the mass range 1010Msun < Mh < 1011Msun than previous simulations using 5123 particles. By identifying each

dark matter halos from the output particle data, we obtained a merger history tree of dark matter halos. Using the merger trees

and a semi-analytic model of galaxy formation, we are making a numerical galaxy catalog by computing the observable quan-

tities of galaxies imbedded in the dark matter clumps. We also performed three-dimensional magnetohydrodynamic simula-

tions of the solar atmosphere to pin-down the physical mechanism of coronal heating and solar wind acceleration. We found

that almost horizontal magnetic loops are created in the upflow regions of the convection. Such small-scale, convectively-

driven emergences of horizontal fields have actually been observed by Japanese satellite Hinode.

Keywords: Astrophysics, Galaxy Formation, Magnetohydrodynamics, Solar Activities

1. Introduction
Cosmic structures such as galaxies are formed by the

growth of primeval fluctuations through the gravitational

attraction between matters, more than 80% of which are

invisible matter called dark matter. Currently popular sce-

nario of structure formation is the hierarchical clustering

scenario, in which structures are formed through merging of

smaller sub-structures. These condensations consist of invis-

ible dark matter and gas confined in the gravitational poten-

tial of the dark matter clump. 

The formation and evolution of dark matter clumps can be

studied by gravitational N-body simulation. Yahagi and

Yoshii [1] developed a cosmological N-body code based on

a Particle-Mesh (PM) method and implemented it to the

Earth Simulator. High spatial resolution is achieved by intro-

ducing the adaptive mesh refinement (AMR) technique,

which subdivides meshes where higher resolution is

required. Using this code, we carried out 10243-particle cos-

mological N-body simulation. Numerically obtained mass

distribution of dark matter clumps and the merging history

of each clump can be used to make a numerical galaxy cata-

log which enables us to directly compare the galaxy forma-

tion models and observational data.

We also present the results of three-dimensional magneto-

hydrodynamic (3D MHD) simulations of the solar atmos-

phere covering the region from the upper convection zone to

the corona. Numerical results can be compared with the

unprecedented high-resolution observations of the solar

atmosphere by Hinode satellite. These studies are now

revealing how magnetic energy is transported from convec-

tion zone to the corona, and why high temperature corona

exists above cool photosphere/chromosphere.

2. Gravitational N-body Simulations of the Formation
of Dark Matter Clumps

2.1 Numerical Method 

In the gravitational N-body code based on the PM

method, gravitational force is calculated as follows: 

1) Density at grid points is obtained by assigning mass of

particles to the neighboring grids. 2) Gravitational potential

at grids is derived from density at grids by a discrete Poisson

solver. 3) Gravitational force at grids is derived by differen-
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Fig. 1  Snapshot of the cosmological N-body simulation at z = 0, or current epoch. The left panel shows the distribution of particles in the

whole simulated region. The box size of the simulation is 100 Mpc, or about 326 million light year. The middle and right column

panels show the magnification of the left panel. The magnification level increases from left to right. The top row panels show the

dark halo of a cluster of galaxies whose mass is 7.6 × 1014 Msun, where Msun is the mass of the sun. The middle and bottom row panels

show dark halos of a group of galaxies whose mass is 1.0 × 1013 Msun, and of a galaxy whose mass is 1.0 × 1012 Msun, respectively.

tiating the potential at grid points. 4) Gravitational force on

particles is computed by interpolating the gravitational force

at nearby grids. In the PM method, resolution of gravitation-

al force is limited by the mesh spacing. We overcame this

defect by the adaptive mesh refinement (AMR) technique

which places finer meshes where higher resolution is

required [1].

Our AMR N-body code has been optimized for distributed

memory type parallel computers. Details of the vectorization

and the parallelization of the code are given in Yahagi [2].

We have tuned our code for the Earth Simulator. We

achieved 99.201% vectorization ratio, and 99.9777% paral-

lelization ratio derived by the comparison between 64 nodes

and 128 nodes simulations. At the initial state, white noise

fluctuation is imposed for the density.

2.2 Result of the Simulation using 10243 Particles

We carried out a cosmological N-body simulation using

the AMR N-body code implemented to the Earth Simulator.

The model parameters are (h, Ωd, Ωb, Ωv, σ8) = (0.7, 0.252,

0.048, 0.7, 0.9), where h is the Hubble constant normalized

by 100 km/s/Mpc. The density of dark matter, baryon, and

vacuum normalized by the critical density are denoted by

Ωd, Ωb, and Ωv, respectively. σ8 is a normalization of the

power spectrum of the initial density fluctuation. The box

size of the simulation is 100 Mpc. 

Figure 1 shows the column density of the dark matter par-

ticles at current epoch (z = 0). Left panel shows the entire

simulated region. Middle and right columns represent the

magnified map of the simulated region.  

Top, middle, and bottom rows show a cluster of galaxy, 

a group of galaxy, and a galaxy, respectively.

2.3 Mass Function of Dark Halos

Using the N = 10243 simulation data, we derived the mass

function of dark halos, or mass dependence of the number

density of dark halos. Dark halos are selected by the Friends-

of-friends method from the output data.  The result is shown

in Fig. 2. The mass function of N = 10243 simulation is rep-

resented by open circles. For comparison, the mass function
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obtained from an N = 5123 simulation (filled circles) and an

analytic fitting function (solid line) are also shown. There

are more number of halos in the N = 10243 simulation in the

mass range between 1010 < Mh/Msun < 1011 than those in the 

N = 5123 simulation. This may be caused by the increased

mass resolution of the N = 10243 simulation.

2.4 Numerical Galaxy Catalog

We are making a mock catalog of galaxies using the 

N = 10243 simulation data. The mock catalog, named the

Numerical Galaxy Catalog (νGC) is produced as follows:

First, dark matter clumps (dark halos) are extracted from all

output particle data. Then dark halos at an epoch are associ-

ated with dark halos at the next epoch, and we obtain merger

history tree diagram of dark halos at the current epoch.

Finally using this merger trees and a semi-analytic model of

galaxy formation, we calculate the observable properties of

galaxies in dark halos. Details of the νGC is described in

Nagashima et al. [4], where the N = 5123 simulation data

was used. Because of increased mass resolution, νGC with

the N = 10243 simulation data may predict properties of

galaxies better especially for dwarf galaxies whose mass is

smaller than normal galaxies.

3. Magnetohydrodynanical Simulations of Solar
Convection Zone and Corona
The outer atmosphere of the Sun, called solar corona, is

hotter than the photosphere, the visible surface of the Sun.

Temperature of the corona is as high as 1 million K whereas

that of the photosphere is about 6000 K. From the corona,

plasma is continuously flowing out against solar gravity into

the interplanetary space. This mass outflow is called solar

wind. Coronae (hot atmosphere) and winds (mass outflow)

are commonly observed in various stars and other astronom-

ical objects, and the mechanism that heats the coronae and

so accelerates the winds have been a long-standing problem

in astrophysics. 

In late-type stars such as the Sun, the energy source of

coronal heating and wind acceleration is believed to be con-

vective motion in the photosphere. The Poynting flux gener-

ated by the interaction of the convection and the magnetic

field is then transported either by MHD waves or by current

sheet formation and dissipated in the corona. Which process

becomes dominant is determined by spectrum of the magnet-

ic disturbances. High frequency disturbances result in MHD

waves, and low frequency disturbances result in current dis-

sipation. Since the spectrum of the magnetic disturbance is

determined by the dynamics of convection, which in turn is

affected by the presence of magnetic field, self-consistent

simulation of magneto-convection and upper corona is

essential to pin-down the physical mechanism of coronal

heating and wind acceleration. 

Toward this end, we performed 3D MHD simulation that

spans a region running from the upper convection zone up to

Fig. 2  Mass function of dark halos at various epochs. In each panel, open circles and filled circles represent

the mass function from simulations of this work (N = 10243), and a previous work (N = 5123), respec-

tively.  Solid curves show the fitted mass function from Yahagi, Nagashima, and Yoshii [3]. The epochs

are z = 0, 1, 2, 3, 4, and 5, from left to right and top to bottom. There are more halos in the N = 10243

simulation in the mass range between 1010 < Mh/Msun < 1011 than those in the N = 5123 simulation.
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corona. The size of the simulation domain is 20000 km in

horizontal directions and 40000 km in vertical direction,

which is resolved by 700 × 700 × 300 grid points. At first we

ran the simulation without magnetic field until convection

fully developed and the system reached a quasi-steady state.

Then we imposed a vertical and uniform magnetic field and

continued calculation. We intend to change the strength of

imposed magnetic field to study various regions of the Sun.

However, simulation for one parameter requires more than a

few thousands node hours by the Earth simulator. Due to the

limited computational resource, so far we could successfully

run only one simulation corresponding to solar "plage"

region, where average magnetic field is about 100G

(stronger than the quiet Sun but weaker than sunspots).  

Figure 3 shows a three-dimensional visualization of the

simulation result. The horizontal slice represents the photos-

phere. The gray scale on the slice indicates vertical velocity

showing the convection motion; light is upflow and dark is

downflow. Also shown is the magnetic field lines integrated

from uniformly distributed points at a certain height in the

corona. Even when the initial magnetic field is vertical and

uniform, the magnetic field in the photosphere and below

becomes highly disordered. In addition to the vertical flux

concentrated in the downflow regions, low-lying, almost

horizontal magnetic loops are seen in the upflow regions.

The origin of these horizontal fields is the disordered fields

in the convection zone that are driven by the convective

upflows to emerge above the photosphere. 

Recently, such small-scale, convectively-driven emer-

gences of horizontal fields have actually been discovered by

the Solar Optical Telescope of Hinode satellite [5]. Isobe et

al. (2008) pointed out that the small-scale emergences may

play important role in coronal heating and solar wind accel-

eration via magnetic reconnection with the vertical fluxes

[6]. Note that the small scale horizontal fields have not been

considered in previous coronal heating theories. Detailed

comparison of the large-scale simulation results from Earth

simulator with the Hinode observation is beginning to be

conducted in order to reveal the role of horizontal field in

coronal heating. 

4. Summary
We reported the results of cosmological N-body simula-

tion of the formation of dark matter clumps and three-dimen-

sional MHD simulation of magneto-convection in the solar

atmosphere. The mass distribution of dark matter clumps

obtained by N = 10243 particle simulation produced more

dark matter clumps in the mass range 1010Msun < Mh <

1011Msun than previous simulations using 5123 particles. The

simulation result is now used to make a numerical catalog of

galaxies to statistically compare the numerical results with

observations. 

We also performed three-dimensional MHD simulations

of the solar atmosphere to pin-down the physical mechanism

Fig. 3  Snap shot of the result of the 3D MHD simulation of the solar atmosphere.

The horizontal slice shows the vertical velocity of convective motion in the

photosphere. The color of the magnetic field lines indicates the field strength.
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of coronal heating and solar wind acceleration. We found

that almost horizontal magnetic loops are created in the

upflow regions of the convection. Numerical results will be

compared with the observations of the Hinode satellite.

Acknowledgment
HY is supported by the Research Fellowships of the Japan

Society for the Promotion of Science for Young Scientists

(17-10511). The N = 10243 simulation described in this

report was carried out on the Earth Simulator. The N = 5123

simulation was carried out on the VPP5000 system of the

Center for Computational Astrophysics, National

Astronomical Observatory of Japan. 

References
[1] H. Yahagi, and Y. Yoshii, "N-body Code with Adaptive

Mesh Refinement", Astrophys. J., 558, pp.463–475,

2001.

[2] H. Yahagi, "Vectorization and Parallelization of

Adaptive Mesh Refinement N-body Code", Publ. Astron.

Soc. Japan, 57, pp.779–798, 2005.

[3] H. Yahagi, M. Nagashima and Y. Yoshii, "Mass

Function of Low Mass Dark Halos", Astrophys. J., 605,

pp.709–713, 2004.

[4] M. Nagashima, H. Yahagi, M. Enoki, Y. Yoshii, and N.

Gouda, "Numerical Galaxy Catalog I. Semianalytic

Model of Galaxy Formation with N-Body Simulations",

Astrophys. J., 634, pp.26–50, 2005.

[5] R. Ishikawa, S. Tsuneta, K. Ichimoto et al., "Transient

Horizontal Magnetic Fields in Solar Plage Regions",

Astronomy and Astrophysics, 481, pp.L25–L28, 2008.

[6] H. Isobe, M.R.E. Proctor, and N. O. Weiss, "Convection-

Driven Emergence of Small Scale Magnetic Fields 

and their Role in Coronal Heating and Solar Wind

Acceleration", Astrophys. J., 679, pp.L57–L60, 2008. 



186

Annual Report of the Earth Simulator Center  April 2007 - March 2008

N

AMR N 10243

1010 1011

5123

3



187

Chapter 3  Epoch Making Simulation

Direct Numerical Simulations of Fundamental Turbulent
Flows with the World's Largest Number of Grid-points and
Application to Modeling of Engineering Turbulent Flows

Project Representative

Yukio Kaneda Graduate School of Engineering, Nagoya University

Authors

Yukio Kaneda Graduate School of Engineering, Nagoya University

Takashi Ishihara Graduate School of Engineering, Nagoya University

Hiroshi Kawamura Department of Mechanical Engineering, Tokyo University of Science

Kaoru Iwamoto Mechanical Systems Engineering, Tokyo University of Agriculture and Technology

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

Yasuo Kawaguchi Department of Mechanical Engineering, Tokyo University of Science

We performed high-resolution direct numerical simulations (DNSs) of canonical turbulent flows on the Earth Simulator.

They include (i) magneto-hydrodynamic (MHD) turbulence at low magnetic Reynolds number under a uniform magnetic

field, and (ii) turbulent boundary layer with the momentum-thickness Reynolds number at inflow approximately 1980. The

DNSs provide invaluable data for the study of (i) the large scale statistics in MHD turbulence and (ii) turbulent structure in the

outer region of turbulent boundary layer. A new efficient numerical scheme for DNS of wall bounded turbulent flows was

proposed. We also made Large Eddy Simulation of turbulent boundary layer over urban-like and homogeneous roughness to

accurately estimate environmental impact on large cities covered by buildings and vegetations, and developed a DNS code to

study the turbulence in non-Newtonian surfactant solution between parallel plates.

Keywords: High-resolution DNS, incompressible turbulence, channel turbulence, turbulent boundary layer, 

urban-like roughness, quasi-periodic boundary layer, non-Newtonian fluid, drag reduction

1. High-resolution DNS of canonical turbulent flows 
1.1 Examination of numerical schemes for high-resolution

DNS of turbulent channel flow

Turbulent channel flow is one of the most canonical wall-

bounded turbulent flows, and the DNS of the flow provides

us with detailed data free from experimental uncertainties.

The DNS therefore gives invaluable data for the investiga-

tion of wall-bounded turbulent flows. In fact, there have

been extensive studies, of turbulent channel flow by DNS. In

particular, Iwamoto et al. [1] and Hoyas and Jimenez [2]

recently performed very large-scale DNSs of turbulent chan-

nel flow. Both of the studies used a Fourier spectral method

in the stream-wise and span-wise directions, but in the wall

normal direction they used methods different from each

other; Iwamoto et al. used a Chebyshev-tau method, while

Hoyas and Jimenez used a spectral-like compact difference

method. Such a difference gives rise a question "What is the

most efficient numerical scheme for high-resolution DNS of

turbulent channel flow?"

In order to get some idea on this question, we examined

the accuracy of the numerical methods used in [1] and in [2].

In Chebyshev-tau method, truncated Chebyshev polynomial

expansions are used to approximate functions defined over a

finite domain (–1 < y < 1). Our analysis showed that the

polynomial expansion of order n can approximate sin(kπy)

and cos(kπy) well, but it also revealed that the approxima-

tion loses its accuracy remarkably at k > n/4. Our analysis

also showed that the accuracy of the approximation for

derivatives based on the polynomial expansions of order n is

much better than that based on spectral-like compact differ-

ence method with n grid points.

1.2 A new numerical scheme for DNS of turbulent boundary

layer

We have developed a new efficient numerical scheme for

DNS of turbulent boundary layer. The method is similar to

that used in Spalart et al. [3], but it uses a Sinc-Galerkin

method instead of Jacobi polynomial expansions.
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Fig. 1  Bird's eyes view of instantaneous flow field for Reδ 2 = 1980. Red,

high-speed region in near wall (u'+ > 3.0); blue, low-speed region

in near wall (u'+ < 3.0); light-green, low-speed region far from

wall (u'+ < 2.5); white, vortex region extracted by using the sec-

ond invariant of the velocity gradient tensor.

Fig. 2  A velocity fluctuation vector field in x-y cross-section for 

Reδ2 = 1980. Streamwise velocity fluctuations u'+, Blue to red,

–2.5 to 2.5; Vectors, velocity fluctuation field.

Theoretical computational cost is O (N logN) in the Sinc-

Galerkin method, in contrast to O(N 2) in the Jacobi polyno-

mial expansions, where N is the number of grid points in the

wall normal direction. Simple test problems showed that the

Sinc-Galerkin method with appropriate parameter values

yields results with a high accuracy.

1.3 The decay of low magnetic Reynolds number turbulence 

In a previous study [4], we examined the validity of

Loityanskey's hypothesis in isotropic decaying turbulence by

high-resolution DNSs in large computation domain. In order

to get better understanding on the universality of the large-

scale statistics in turbulence, we extended the study to

decaying magneto-hydrodynamic (MHD) turbulence at low

magnetic Reynolds number under a uniform magnetic field,

which is one of the most representative anisotropic turbu-

lences of practical importance. The study was performed

under the collaboration with Prof. P. Davidson (Cambridge).

DNSs were performed with the number of grid points up to

10243, in a periodic domain whose dimensions, lbox, are much

larger than the integral scales l⊥, l|| of the turbulence, where l⊥
and l|| are integral scales perpendicular and parallel to exter-

nal homogeneous magnetic field, respectively. Detailed

analysis of the DNS data is now under way.

2. DNS of the turbulent boundary layer
Since boundary-layer flows are the technical matter of

concern for so many engineering applications and environ-

mental processes, many decades of study have been per-

formed by use of experimental approach. On the other hand,

DNS of turbulent boundary layer have been barely per-

formed compared with that of other wall-bounded turbulence

such as channel turbulence. Spalart[5] conducted the DNS of

turbulent boundary layer up to the momentum-thickness

Reynolds number of 1410. However, the turbulent structure

in the outer region was not discussed.

In this study, we calculated DNS of the turbulent bound-

ary layer on a flat plate, with zero pressure gradient, up to

the momentum-thickness Reynolds number at inflow of 

Reδ2 = 1980 where Reδ2 is based on the free stream velocity

U∞ and the momentum-thickness δ2. For the spatially devel-

oping boundary layers, turbulent inflow conditions are gen-

erated by rescaling the turbulent boundary layer at some dis-

tance downstream of inflow and reintroducing the recycled

mean profile and fluctuation field. This technique follows

that of Lund et al. [6]. A number of the total grid points used

in the calculations were up to about 109. 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 experimental ones.

A bird's eyes view of an instantaneous flow field at 

Reδ2 = 1980 is shown in Fig. 1 to grasp the three-dimensional

characteristics of the turbulent structure. The streaky struc-

tures in the near-wall region are observed. Its spanwise

wavelength is around 100 viscous wall units. On the other

hand, large low-speed regions exist and lift up from bottom

in the outer layer. These regions of low-momentum fluid are

located below and upstream of the hairpin vortex head,

which is induced by the flow associated with the vorticity in
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the head and neck of the hairpin vortex. 

A velocity fluctuation vector field in x-y cross-section for

Reδ2 = 1980 are shown in Fig. 2. The border of turbulent

region is clear and vortex heads located near its border 

(circled in Fig. 2) are raised up from below and upstream to

upper and downstream with a finite angle. Below the vortex

head, a large low-momentum region exits. Evidences are

obtained from this study that these large-scale structures far

from wall affect structures in the near-wall layer.

3. Turbulent boundary layer flow simulations over
urban-like and homogeneous roughness using LES
In the atmospheric fields, which determine thermal envi-

ronment such as an urban heat island and behavior of pollu-

tant diffusion in large city, a size or a distribution of the

roughness elements changes the turbulence structures in the

canopy and accordingly affects on the pollutant concentra-

tions and the temperature distributions.  In order to accurate-

ly estimate environmental impact on large cities covered by

buildings and vegetations and also deduce the scale similari-

ty law for urban flows, the flow over large-scale inhomoge-

neous (urban-type) roughness (δ/h = 6, δ : boundary layer

thickness, h: roughness height) has been studied using LES

and compared the turbulence characteristics with that over

homogeneous roughness (δ/h = 36). The quasi-periodic

boundary condition [7] is introduced in longitudinal direc-

tion to simulate the spatially developing boundary layer

flows. Table 1 shows computational domains and grid num-

bers for LES of rough turbulent boundary layers.

The vertical profile of longitudinal and shear stresses of

urban-like roughness flow don't collapse with those of the

homogenous roughness flow and experimental ones [8] (see

Fig. 3). So, the similarity law for urban-type roughness 

cannot be obtained even in the outer layer apart from ground

surface. For the homogeneous rough turbulent boundary

layer, the longitudinal large-scale coherent structures identi-

fied by low-speed area are formed above the roughness layer

and surrounded by small-scale vortices (see Fig. 4).

Fig. 3  Spatially averaged stresses normalized with friction velocity.

Fig. 4  Large-scale coherent structures above a roughness layer of the homogeneous

roughness, green area: low-speed region, white area: vortical structures.

Table 1  Computational domains and grid numbers.

 Computational domain Grid numbers

 (longitudinal) × (vertical) × (spanwise) (longitudinal) × (vertical) × (spanwise)

Homogeneous roughness 524 h × 80 h × 160 h 3,520 × 160 × 1,600

Urban-type roughness 88 h × 20 h × 40 h 1,760 × 160 × 800
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However for such a weak rough surface we could not find

clearly the coherent packets of hairpin vortices which have

been generally found in the smooth channel flows. For the

urban-type boundary layer (see Fig. 5), longitudinal large-

scale coherent structures are also recognized as a result of

concentration of small-scale vortices identified by the iso-

surface of the second invariant of velocity gradient tensor.

4. DNS of turbulence in non-Newtonian surfactant
solution between parallel plates
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

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 2007, careful check of DNS code and pre-analysis

in PC was made. The optimization to increase the vectoriza-

tion rate has been finished. Presently, the code is under the

optimization to suit the multi-CPU machine. The achieve-

ment of this year is 55%.
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Objectivity of our project is to help the research of drug delivery system by means of modern high performance computers.

Last year we carried out some large-scale simulations on the system of DNA and cationic polymers. However the results were

not necessarily satisfactory since our computational resources were restricted. This year we put greater amount of resources

into similar calculations and succeeded to observe behavior of DNA and polymers. The results showed that hydrogen and

nitrogen atoms of amines in polymers moved around actively while the other parts of polymer remained relatively still.

Considering the fact that amines form cationic bases in solution, our results agree to the well-known experimental fact that

cationic property plays a significant role in DNA condensation.
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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. Last year we have conducted some large-

scale simulations on the system of DNA and block copoly-

mers which comprised of poly-ethylene-glycol (PEG) and

poly-L-lysin (PLL). However the results were not necessari-

ly satisfactory since our computational resources were

restricted. All CPU times assigned to us were exhausted in

preparatory calculations. This year we put greater amount of

resources into calculations. As a result, we were able to cal-

culate molecular dynamics and observe behavior of DNA

and the polymers. The results agree to the experimental fact

that cationic property plays a significant role in DNA con-

densation.

This report is organized as followings. The next section

describes the physical aspects of DDS in detail. In the third

section, we discuss computational methods. Especially,

Density Functional Theory (DFT) is described as computa-

tional method adopted in this report. The forth section gives

computational results. Final section summarizes 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-PLL 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-motivated 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-PLL

copolymer starts to condense in solution. Shortly after, DNA

is condensed to a small object like ball. Notice that PEG-

PLL-DNA complex has a hydrophilic end in PEG and a

hydrophobic end in DNA. In short, it has amphiphathic

property. In the next stage, hundreds of those PEG-PLL-

DNA complexes in the water meet together and sponta-

neously 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-organizing formation is amphi-

pathic property mentioned above. In the third stage, micelles
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Fig. 1  Characteristic stages of drug delivery system.

are carried through vein and capillary tube slipping through

the red blood cells. In the last stage, micelles reached the tar-

geted 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 locat-

ed at the membrane.

Those types of problem are recently paid attention in

many fields and classified as multi-scale and multi-principle

phenomena in contrast to single-scale and single-principle

phenomena conventional science has been dealing with. To

simulate 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 first stage, i.e.

DNA condensation, since sophisticated simulation tech-

niques like that are not solidified yet.

3. Computational methods
In DNA condensation, the electronic structure inside

DNA is thought to play an important role.

Therefore quantum mechanical consideration is signifi-

cant to calculate such phenomena. Usually DFT is preferred

for those kinds of problems. Although DFT can perform

highly accurate calculation and give reliable results, its com-

putational workload is immensely large, sometimes unac-

ceptable. From that reason, DFT has been applied for rela-

tively small systems up to few hundred of atoms even on the

current top-rated supercomputers while at least few thou-

sands of atoms are indispensable to simulate condensation of

DNA in solution. On the other hand, there exist molecular

dynamics (MD) methods work with thinner workloads by

far. However, MD is based on heuristic potentials and is

insufficient in accuracy. To mitigate such difficulties, we

adopted DFT as calculation method for accuracy and ignore

water molecules to reduce problem size. After all, in this

paper, we considered a DNA short segment and a PLL in

vacuum.

In what follows, we describe DFT method in short. The

basic ideas of DFT originate in the papers written by

Hohenberg, Kohn and Sham [2, 3]. At the beginning, they

proved mathematically that total energy of ground state is a

functional of electron density. In other word, total energy 

of ground state depends on electron density alone. This 

fact made many-electron problems extremely easy to deal

with, since each wavefunction of electron is no longer need-

ed to be specified. Combining the fact with variational prin-

ciple, Kohn-Sham equations were obtained after some

manipulations.

Where is Planck’s constant divided by 2π, m is the

mass of electron, V eff is an effective potential, n is electron

density, φi is wavefunction and εi is Lagrange multiplier.

Notice that Kohn-Sham equations are single electron

equations. All many-electron effects are confined and hidden
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in the effective potential through electron density.

Consequently, Kohn-Sham equations can be treated as a

simple eigen value problem just like hydrogen atom.

However, in actual calculation, outer iteration loop is needed

for electron density to satisfy following selfconsistent rela-

tion with wavefunctions in addition to solving Kohn-Sham

equations.

Effective potential can be written as follows.

Where ZI and RI is charge and location of nuclei respec-

tively. Arguments of long standing are the form of the last

term called exchange-correlation potential. In the early days,

Local Density Approximation (LDA) was used extensively.

Recently, Generalized Gradient Approximation (GGA) is

getting wider in use to incorporate nonlocal effects [4]. By

the way, prominent advantage of DFT over Hartree-Fock

(HF) method is its lean computational workload. HF requires

workloads in proportion to the fourth power of the number

of electrons to calculate exchange term, while DFT needs

only square of them [5]. The difference grows immensely

large in case of many electrons.

Another drawback of HF is that it has to take all electrons

in the system into account to make wavefunctions fully anti-

symmetric. To the contrary, there are pseudopotentials of

nuclei, which enables DFT to omit core-electrons and reduce

calculations further. Their specific forms in polynomial

expression are tabulated comprehensively in literatures [6, 7].

We adopted PWscf code as our main computational tool,

which is developed as a part of program package called

Quantum ESPRESSO at DEMOCRITOS National Simulation

Center, Trieste, Italy, and is available freely under the GNU

General Public License [8]. PWscf implements DFT with

pseudopotentials on plane wave basis and is programmed off-

the-shelf parallelization for multiprocessor computers.

However, its parallel performance is not satisfactory especial-

ly on the Earth Simulator. To make the matter worse, it is not

fast at all for vector pipeline facilities. To improve computa-

tional efficiency of Pwscf, we had vectorized the code inten-

sively and modified further to realize aggressive paralleliza-

tion last year. All calculations in this paper are carried out

using that improved code on the Earth Simulator.

4. Results
Prior to DNA condensation, PEG-PLL cationic copoly-

mers and DNA are thought to form an object called poly-ion

complex. Consequently electronic structure of DNA is modi-

fied to some degree and then mechanical properties of DNA

change locally. We expect understanding how those changes

occur reveals the onset of DNA condensation. To clarify the

course of poly-ion complex formation, we carried out

numerical simulations for three typical configurations (PLL

alone, DNA short segment alone, and DNA-PLL coexisting

system). Reader should notice that in this paper PEG is omit-

ted from the computational point of view, since PEG is

expected to matters significantly in formation of micelles in

solution, but less significant in formation of poly-ion com-

plex. Each result is described in the following subsections.

4.1 PLL

PLL is poly-peptide of Lysins, which are one of twenty

amino acids exist in nature. Lysin has amine at the end of its

side chain. In general, amine is chemically active and posi-

tively charged in water. Therefore it is natural to think that

portion takes part in the formation of complex. We calculat-

ed the behavior of PLL comprised of eight Lysins. Number

of atoms amounts to 270. It took 1500 node-hours on Earth

Simulator to calculate 272 simulation steps. Figure 2 is a

snapshot of PLL in motion. From the movie of computation-

al results, we can see that nitrogen and hydrogen atoms in

amines are moving around actively while the other atoms

remain relatively still. In addition, ionic charge density and

its isoelectric surfaces are shown in Fig. 3. We can see the

isoelectric surfaces exist at nitrogen atoms. From the results,

we concludes that amines in PLL have strong tendency to be

cationic and is mobile well. Our conclusions agree to the

Fig. 2  Snapshot of PLL in motion.
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well-known experimental fact that cationic property plays a

significant role in DNA condensation.

4.2 DNA

It is well known that DNA consists of double strands.

Dynamically it can be thought of as stiff thread. In addition,

phosphoric portions of DNA are negatively charged in

water. To investigate its behavior, we carried out calculation

of DNA segment consists of 14 base pairs. Number of atoms

amounts to 637. It took 1500 node-hours on Earth Simulator

to calculate 12 simulation steps. Figure 4 is a snapshot of

DNA in motion. From the movie of computational results,

we can recognize hydrogen atoms move slightly, while the

rest of atoms remain still. However the number of steps sim-

ulated is insufficient to bring out useful knowledge of

dynamical properties.

4.3 DNA and PLL

Simulating the formation of poly-ion complex adequately

under DFT approximation requires certainly more than cur-

rent top-rated computers. But, we dared to try the calculation

to asses its possibility. DNA segment consists of 14 base

pairs and a PLL comprised of eight Lysins are considered.

Number of atoms amounts to 907. It took 600 node-hours on

Earth Simulator to calculate 3 simulation steps. Figure 5 is a

snapshot of DNA and PLL coexisting system in motion. We

can not find out any physical conclusion from the results.

Nearly thousands times faster computer than Earth Simulator

is expected to be available around 2011. Then few thousands

of simulation steps are able to perform and seeing their

dynamical behavior is also possible at that time.

Fig. 3  Charge density contours and isoelectric surfaces.

Fig. 4  Snapshot of DNA in motion.

Fig. 5  Snapshot of PLL attaching to DNA.
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5. Summary
To accelerate the research of drug delivery system by

means of modern high performance computers, we carried

out three large-scale simulations in terms of DNA and

cationic polymers.

From the results of PLL calculations, we found out that

amines in PLL had strong tendency to be cationic and is

mobile well. Those facts agree to the well-known experi-

mental fact that cationic property plays a significant role in

DNA condensation. On the other hand, the results including

DNA were quite unsatisfactory. From the calculations of

DNA alone, we managed to recognize hydrogen atoms move

slightly, while the rest of atoms remain still. But, any useful

physical knowledge was not found out in DNA and PLL

coexisting system from the resultant few computational

steps. We expect coming Petaflops computer will be served

as those calculations.
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Electrode reaction on the hydrogen electrode in the fuel cell was, at first, simulated by the first principles molecular dynam-

ics using the STATE (Simulation Tool for Atom TEchnology) code developed by Morikawa et al. with newly developed

effective screening medium (ESM) method proposed by Otani and Sugino to control the electrode potential in a similar way

as real electrodes do. A starting configuration was comprised of 36 Pt atoms, 32 water molecules and a proton under the peri-

odic boundary conditions. It was possible to have an electron transfer reaction with hydrogen atom adsorption on Pt electrode

after adding 0.95 electrons. This adsorption reaction is the first step of the hydrogen evolution reaction (Volmer step).

Electron transfer reaction was analyzed in detail.
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1. Introduction
Fuel cells are expected to provide a solution to some cur-

rent energy problems because they are environment-friendly.

But, the present fuel cells have not achieved their potentially

high efficiency in the conversion from chemical to electric

energy, when they are used for practical purposes. Their cost

is also very high because of expensive platnium electrode.

Thus, there are a lot of points that must be improved. The

purpose of our project started from 2005 is to understand

electrode reactions and properties by the first principles way

for further development of fuel cells.

1.1 Electrode reactions

"Electrode reaction" is a chemical reaction associated

with electron transfer on electrodes in an electrochemical

cell. A typical fuel cell uses hydrogen gas as a fuel and oxy-

gen gas from the air as an oxidizing agent. The electrode

reactions take place at anode and cathode as:

H2 → 2H+ + 2e– on anode (negative terminal)

O2 + 4H+ + 4e– 2H2O on cathode (positive terminal)

Protons H+ pass through a proton selective ion conductor

located between the anode and the cathode, and electrons e–

pass through an outer electric circuit to give an electric

power. Total reaction is, then, a simple oxidation reaction of

hydrogen molecules.

2H2 + O2 → 2H2O Total reaction

1.2 Technological problems in fuel cells

One of the biggest problems which must be solved is a

small output current. It is necessary to find good electrode

materials, which give higher exchange current, i.e. highly

active catalysis having lower activation energy.  This is a

common problem in the hydrogen and oxygen electrodes. At

present, platinum or its alloy is used for the both electrodes.

The oxygen electrodes have another problem that is lower

output voltage than thermodynamically expected value.

About the hydrogen electrode side, a problem is CO (carbon

monoxide) poisoning of platinum; deactivation of electrode

because of adsorption of CO on platinum when CO is

included in the hydrogen gas as an impurity.

1.3 How to solve these problems by simulations

Since electrode reactions are basically the nano-scale phe-

nomena, atomic and electronic scale understanding is neces-

sary to improve the system performance. The chemical reac-

tion associated with the electron transfer must be simulated.

It takes in a complex system, i.e. solution, at a certain tem-

perature. Molecular dynamics (MD) with electronic state
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Fig. 1  A unit cell of first principles molecular dynamics simulation.

Fig. 2  Water structure near the Pt surface.  

(a) On neutral Pt surface.  (b) On negatively charged Pt surface.

calculation, which is called first principles MD (FPMD), is

necessary. In order to add the voltage difference to make the

electron transfer, effective screening medium (ESM)

method 1) developed in 2005 is implemented in FPMD code,

STATE 2). Hydrogen electrode is the target for the simulation

with FPMD and ESM, since its reaction mechanism is sim-

pler and known better than that in the oxygen side.

2. Calculation method and system
2.1 Method

Since chemical reactions fundamentally take place

because of movement of atoms, we need to calculate trajec-

tories of all atoms concerned. Such a calculation is possible

by the first principles MD in which atom i of mass mi at

position qi moves by Newtonian equation

Force fi on atom i with charge zi is calculated from the

electronic state calculation of the whole system by solving

the Schrodinger equation for electrons, 

where rj is position of electron j. This equation is solved

using the density functional theory (DFT) with some approx-

imations. In this calculation we used the standard DFT code,

STATE (Simulation Tool for Atom TEchnology),2) in which

wave function Ψ is expanded by plane waves with ultra-soft

pseudopotentials3) for the inner core electrons. Generalized

gradient approximation (GGA) is used with PBE functional4)

Energy E was calculated with cutoff energies 225 Ry and 25

Ry for electron density and wave functions, respectively.

Time step of the molecular dynamics was 1.2 fs.

2.2 Platinum-liquid water system with ESM

A system of 36 Pt atoms (3 × 2√3) and 32 H2O molecules

in a periodic unit cell was used as a model of a water/elec-

trode interface. We added a hydrogen atom in the system to

have a hydronium ion H3O
+. This unit cell was placed

between two ESMs of vacuum and metal, which have

dielectric constant ε = 1 and ε = ∞, respectively, as shown in

Fig. 1.

Since the ESM acts as a medium having the given dielec-

tric constant, the counter charge is induced in ESM(ε = ∞)

when a certain number of electrons are added to the Pt/water

system. Then, it gives a bias, in another word, the potential

difference, with keeping the neutrality of the whole system.

3. Results and Discussion
3.1 Water orientation near the Pt electrode

By adding the potential difference, water molecules rotate

as their dipole moment directing toward the negatively

charged platinum surface. Such a rotation makes a screening

of the outer potential, resulting in an increase of the potential

difference in the electric double layer between the platinum

and the water layer. Therefore, water molecules attached on

the negatively charged Pt surface take their H atoms toward

the Pt atoms (Fig. 2b), though they are randomly oriented on

the neutral Pt surface (Fig. 2a).
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3.2 The first step of the hydrogen evolution reaction

Hydrogen oxidation in the fuel cell and proton reduction

in the hydrogen evolution reaction (HER) take place in the

same scheme. The latter consists, at first, of the Volmer step,

in which a hydrogen atom is adsorbed with a charge transfer

from a hydronium ion as

H3O
+ + e– → H2O + H(ad) (Volmer step).

This adsorbed hydrogen atom makes dimerization to gen-

erate H2 or it reacts with another hydronium ion with the

charge transfer as

2H(ad) → H2 (Tafel step)

and

H(ad) + H3O
+ + e– → H2O + H2 (Heyrovsky step).

In our simulation, we could observe the hydrogen atom

adsorption from the hydronium ion, when 0.95 electron is

added to the system (Fig. 3).  Electron transfer took place at

this adsorption process. Electrode potential at this electron

transfer reaction was estimated to be –0.8 V vs. SHE. This

very high over potential is due to a "rare event" in a short

time, ~ps. The electron transfer rate in this simulation corre-

sponds to extremely high current density, ~107 A/cm3, under

which condition very high over potential is necessary.

4. Conclusion
We could, at the first time, simulate the real electrode

reaction by the first principles molecular dynamics com-

bined with effective screening media.
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(Reaction takes place from (a) to (c).)
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1. Introduction
Magnetically-confined fusion plasma, that is, an ionized

gas of hydrogen (or its isotope), involves a variety of fluctu-

ations of density, flow, temperature, and electromagnetic

fields which cause the turbulent transport of particles and

heat from the core to the edge regions of the toroidal con-

finement device. The turbulent fluctuations are driven by

density and temperature gradients as well as current distribu-

tion in the equilibrium profiles. The observed transport lev-

els in the fusion plasma experiments are higher in orders of

magnitudes than those expected from the collisional trans-

port theories such as the "classical" and "neoclassical" ones.

Then, the turbulent transport is often called "anomalous".

The anomalous transport problem has long been studied as

one of the central subjects of the magnetic fusion research. 

In fusion plasmas with high temperature of several keV,

the conventional fluid approximation is not valid, and one

needs to employ kinetic descriptions of plasma on the multi-

dimensional phase space. For quantitative understandings of

the anomalous transport, the gyrokinetic simulations of the

toroidal plasma turbulence have been advanced in the last

decade, where a kinetic equation of the one-body distribu-

tion function defined on the five-dimensional phase-space is

solved. Extensive simulation studies revealed that a mean

sheared plasma flow generated by the turbulence could

effectively regulate the anomalous transport [1]. The self-

generated plasma flow perpendicular to the magnetic field

and the radial directions is called "zonal flow" in analogy to

the strong longitudinal winds in the Jovian atmosphere.

The gyrokinetic simulation with sufficient accuracy

demands a lot of computer resources and can be realized

only on a tera-flops and tera-bytes scale computers like the

Earth Simulator, because of the high-dimensionality of the

problem. We have developed the five-dimensional gyroki-

netic Vlasov simulation code (GKV code) [2] which has

been used for studying the turbulent transport in tokamak

and helical fusion devices. The equilibrium configuration of

tokamak, such as ITER [3], has toroidal symmetry, while the

helical system, such as the Large Helical Device (LHD) [4],

is characterized by toroidal asymmetry of the confinement

field generated by external coils. In the present study, the

plasma turbulent transport in helical systems is investigated

by means of the GKV simulations.

In our project of utilizing the Earth Simulator [5] (the

project name is "Synergetic simulation study on cross-hier-

archy complex physics in high-temperature plasmas"), the

GKV simulations of the ion temperature gradient (ITG) tur-

bulence in a tokamak were successfully carried out [6]. In

2006, we also performed the GKV simulations of the elec-

tron temperature gradient (ETG) turbulence in a tokamak as

well as linear simulations of the ITG instability in helical

systems. The first nonlinear GKV simulation of the ITG tur-

bulence in helical systems was done in the fiscal year of

2006-2007, where regulation of ITG turbulent transport by

the zonal flow was investigated for the model LHD configu-

rations [7].

In this article we report our recent progress in the GKV

simulations of ITG turbulence and zonal flows in helical sys-
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tems. It is observed in the inward-shifted configuration of

the LHD experiments, where the radial drift motion of heli-

cal-ripple-trapped particles is slower, that not only the neo-

classical but also the anomalous transport is reduced in spite

of the unfavorable instability property [8]. The experimental

results seem to be contrary to the conventional idea that the

stronger instability drive leads to higher turbulent transport

level. On the other hand, our theory of the zonal-flow

dynamics in helical systems [9, 10] predicts that optimiza-

tion of the three-dimensional magnetic configuration for

reducing the neoclassical ripple transport can simultaneously

enhance the zonal flows which may lower the anomalous

transport as well. In our project in the fiscal year of 2007-

2008, thus, we examine the effects of the helical confine-

ment field on the ITG turbulent transport for the two cases

relevant to the LHD experiments, that is, the inward-shifted

and standard configurations.

The rest of this report is organized as follows. The GKV

simulation model used for helical systems is given in the

next section. Simulation results of the helical ITG instability

is described in Section 3. A brief summary is written in the

last section.

2. GKV Simulation Model for Helical Systems
The basic formulae for describing the drift wave turbu-

lence in magnetically-confined plasmas are given by the

gyrokinetic equations, where time-evolution of the one-body

distribution function is described as a nonlinear partial dif-

ferential equation defined on the five-dimensional phase

space. In the gyrokinetics, the finite gyro-radius effect is

introduced while the gyro-phase averaging eliminates the

fast time-scale phenomena associated with gyro-motions.

The nonlinear gyrokinetic equation of the perturbed gyro-

center distribution function δ f, 

is numerically solved in the GKV code. Here, the parallel

velocity v|| and the magnetic moment µ are chosen as the

velocity-space coordinates. Each term on the left-hand-side

(l.h.s.) of Eq.(1), except for the time derivative one, repre-

sents advection of δ f along gyrocenter orbits in the phase

space. The background distribution is approximated by the

Maxwellian FM. The last term on the l.h.s. indicates the non-

linear electric (E × B) drift term causing the turbulent trans-

port where { , } means the Poisson brackets. Collective

motions of ions described by gyrokinetic equation change

the fluctuating electric field. The perturbed ion distribution

function δ f is substituted into the quasi-neutrality condition

of space charge (not shown), for calculation of the electro-

static potential fluctuations, where the adiabatic electron

response is assumed (except for the zonal flow component).

Effects of the helical confinement field are introduced

through variation of the magnetic field strength |B| along the

field line, such that 

(2)

where εl(r) denotes amplitude of a helical component with

the poloidal period number of l. The major helical field of

the LHD is given by L = 2 and M = 10 where L and M mean

the poloidal and toroidal period numbers of the confinement

field, respectively. The radial and field-aligned coordinates

are shown by r and z, respectively. The field-line label is

denoted by α. Equation (2) is substituted into the magnetic

drift vd and the mirror force [the last term in the square

brackets on the l.h.s. of Eq.(1)] terms. See Refs. [2] and [7]

for more details of the GKV simulation model.

3. GKV Simulations of ITG Turbulence in Helical
Systems
In order to investigate effects of helical magnetic configu-

rations on the ITG turbulence and zonal flows, we have per-

formed GKV simulations by utilizing the Earth Simulator.

Magnetic configuration models relevant to the LHD experi-

ments with the inward-shifted and standard plasma positions

[11] are employed in the GKV code. The frequency and

growth rate of the ITG instability obtained from the linear

GKV simulations agree with the results of the eigenvalue

analysis in a low wavenumber regime. For the experimental-

ly relevant conditions, it has also been confirmed that an ini-

tially given zonal flow keeps a higher level for a longer time

in the inward-shifted configuration than that in the standard

one [11] as predicted by the analytical theory of zonal flows

[9, 10]. Here, it is noteworthy that the inward-shifted case is

optimized for reducing the neoclassical transport but with

more unfavorable stability property than the standard config-

uration. In the present study, the nonlinear GKV simulation

implemented with the specified magnetic field parameters

successfully confirms generation of large zonal flows

enough to reduce the ion heat transport in the inward-shifted

plasma [12]. Stationary zonal-flow structures are clearly

shown in the present simulation for the helical system with

the neoclassical optimization. The obtained results agree

with our theoretical prediction, and are consistent with

observation of better confinement in the inward-shifted LHD

plasma [8].

Color contours of the electrostatic potential φ in the

steady ITG turbulence are plotted in Fig. 1, where the colli-

sion frequency is negligibly smaller than the linear ITG

(1)
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mode growth rates. The ballooning-type mode structure of

the ITG instability observed in the linear growth phase is

destroyed in the latter turbulent state by the self-generated

zonal flows. For the inward-shifted configuration shown in

Fig. 1 (left), we see clear structures of poloidal E × B zonal

flows in the potential profile mapped on the poloidal cross

section, while more isotropic E × B vortices are observed in

the standard case [see Fig. 1 (right)]. This larger zonal-flow

generation in the inward-shifted case agrees with results

from the linear analysis of the zonal-flow response [9, 10,

11] which predicts a larger zonal-flow response to a given

source in neoclassically optimized helical configurations

such as the inward-shifted one.

Spatio-temporal profiles of the zonal flows are shown in

Fig. 2, where one can clearly find the steady zonal flow

component in the inward-shifted case. In contrast, the zonal

flow potential in the standard configuration involves more

oscillatory components. Peak amplitude of the time-aver-

aged (from t = 60 to 250 Ln/vti) zonal-flow potential e<φ>

Ln/Teρi = 4.5 for the inward-shifted plasma is about six times

larger than the largest amplitude of e<φ> Ln/Teρi = 0.72 for

the standard case. This remarkable enhancement of the

zonal-flow generation in the inward-shifted case leads to the

turbulent transport reduction. Although the linear ITG insta-

Fig. 2  Perspective plots of the spatio-temporal profiles of the electrostatic potential φ of the zonal flow obtained by the

GKV simulation for inward-shifted (left) and standard (right) model configurations of the Large Helical Device

(LHD). Normalization is chosen as eφ Ln/Teρi.

Fig. 1  Color contours of the electrostatic potential φ of the zonal flow and the ion temperature gradient (ITG) turbulence

obtained by the GKV simulation for inward-shifted (left) and standard (right) model configurations of the Large

Helical Device (LHD). Normalization is chosen as eφ Ln/Teρi.
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bility grows slightly faster and causes the higher peak value

of the ion heat diffusivity χi for the inward-shifted configu-

ration than for the standard case, the time-averaged ion ther-

mal diffusivity χi = 1.27ρi

2vti/Ln in the saturated ITG turbu-

lence for the former case is about 30% smaller than that of 

χi = 1.78ρi

2vti /Ln for the latter one. The evident transport

reduction in the inward-shifted case is attributed to the

enhanced zonal flows in the optimized helical configurations

for decreasing neoclassical ripple transport.

4. Summary
In our project of utilizing the Earth Simulator (the project

name is "Synergetic simulation study on cross-hierarchy

complex physics in high-temperature plasmas"), the follow-

ing activities are advanced during the fiscal year of

2007–2008.

(1) The gyrokinetic Vlasov simulation code (GKV code)

extended to helical systems are prerformed on 256 nodes

of the Earth Simlator with high performance.

(2) The GKV simulation of the ion temperature gradient tur-

bulence and zonal flows for the helical systems confirms

the optimization scenario for reducing the anomalous

transport, and gives a possible explanation for the

improved confinement found in the inward-shifted plas-

ma of the Large Helical Device (LHD).

(3) Parallelization and optimization of an energetic-particle

simulation code, MEGA, are completed, and the code is

ready for running on the Earth Simulator.

As described in the above, the simulation result for the

inward-shifted configuration of the LHD manifests genera-

tion of large-amplitude stationary zonal-flow structures lead-

ing to significant turbulent-transport reduction, which was

not so obviously shown in our previous simulations using

simpler model configurations [7]. The newly obtained result

confirms the optimization scenario of the anomalous trans-

port in helical systems [9, 10], such that, reduction of the

neoclassical ripple transport can simultaneously improves

the turbulent transport with enhancing zonal-flow genera-

tion. It also gives a possible explanation to the confinement

improvement observed in the LHD experiments of inward

plasma shift [8]. The main contributions made in the present

study have been reported in detail in Ref. [12]. Extension of

the GKV simulation is planned for the study in 2008 in order

to investigate how the radial electric field driven by the 

neoclassical ripple transport influences the zonal flow and

the turbulent transport.
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In this project, we chose six important sub-projects- turbulence simulation, internal flow computation for turbomachinery,

analysis of heat transfer in a gas turbine, structural analysis, protein simulation, and nano-scale simulations- as representative

topics from the fields of engineering, life science, and nanotechnology and achieved the following results.

In the turbulence simulation, we conducted one of world's largest unstructured large eddy simulation (LES) of air flow

around a full-scale road vehicle. The main objective of our study was to look into the validity of LES for the assessment 

of vehicle aerodynamics, especially in the context of its possible application for unsteady or transient aerodynamic forces.

First, the method was validated by comparing the reproduced organized flow structures around a vehicle with those obtained

by wind tunnel measurement. Then, unsteady aerodynamic forces acting on the vehicle during transient yawing-angle 

changes were estimated and the relationship between the flow structures and the transient aerodynamic forces is examined.

We found that LES can provide precious aerodynamic data, which conventional wind tunnel tests or RANS simulations are

difficult to provide.

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 the instability characteristics. The LES successfully predict-

ed the instability characteristics. By analyzing computed flow fields, we can investigate the detailed mechanism leading to the

instability characteristics. 

In the analysis of heat transfer in a gas turbine, LES was used to predict heat transfer coefficients on a gas-turbine blade

(PW6000). We computed the transitional boundary layer around the blade and predicted distribution of the static pressure and

heat transfer coefficients on its surfaces.

In the field of structure analysis, FrontSTR enables analyses models with a billion degree of freedom. Test calculation on

such large models showed FrontSTR's efficiency. The parallel ratio is more than 99.98%, and the performance in each process

is about 4GFlops which is 50% of the peak.

In the protein simulation, we performed a series of benchmark FMO-MP2/6-31G calculations with the ABINIT-MP pro-

gram on the Earth Simulator. A new route to integral transformation through DGEMM was created for the MP2 processing.

The aricept-acetylcholinesterase complex (8,409 atoms and 46,831 AOs) was processed in 19.6 minutes with 4,096 VPUs,

implying promising applicability of FMO-MP2 calculations to structure-based drug design.

In the nanoscale simulation, we have calculated the energy levels of the As As-donor state in Si, using the PHASE, which is
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1. Assessment of unsteady aerodynamic forces on a
passenger vehicle using LES [1][2][3] 
The objective of this sub-project was to emphasize the valid-

ity LES by applying the high performance computing (HPC)

technique to an aerodynamic assessment of automobiles. 

In vehicle aerodynamics, greater attention is being paid to

unsteady aerodynamic forces generated from sudden steer-

ing action, overtaking, or cross-wind conditions. It is diffi-

cult to measure such unsteady aerodynamics by conventional

wind tunnel tests or RANS models. The advantage of LES,

in addition to its high accuracy, is its possibility of capturing

such unsteady forces, which will contribute to aerodynamic

design innovations in automotive industry.

1.1 Reproduction of eddy structures around a vehicle

It is considered that unsteady aerodynamic forces are gen-

erated by unsteady eddy structures around vehicles. Thus,

first, unsteady flow structures around a production sedan

were visualized from numerical results obtained by ES,

which was validated by a wind-tunnel measurement, as illus-

Fig. 1  Flow structures on the side of a vehicle (total pressure distributions) and its comparison with the wind-tunnel experiments.

a first principles calculation code. We succeeded in calculating a 10,648-atom system using 4,096 CPUs on the Earth

Simulator. In the system, the energy levels have been well converged.

Keywords: large eddy simulation, aerodynamic force, formula car, mixed-flow pump, gas-turbine blade, FMO, MP2, 

first principles calculation, As donor state

trated in Fig. 1. Our LES generally shows good agreement

with experimental results.

1.2 Unsteady aerodynamic forces during dynamic yawing

angle change 

The transient flow during a dynamic yaw-angle change

was then visualized to investigate the relationship between

the flow and the unsteady aerodynamic force. To mimic a

sudden cross wind, the yaw angle of the vehicle was changed

from 0 to -10 degrees in 0.05 second after the flow reached a

fully developed state from the initial condition, then the angle

was fixed at -10 degrees for 0.05 second and recovered to 0

degrees again in 0.05 second, as illustrated in the top panel of

Fig. 2. The bottom panel plots the time series of the yawing

moment acting on the vehicle. The profiles overshoot during

the dynamic yaw-angle change and the absolute value is

about three or four times larger than the ones when the

motion is static (T = 0.15 ~ 0.20 sec). Such excess unsteady

forces are successfully explained through the snapshots of the

pressure distribution obtained by our LES (Fig. 3).
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Fig. 2  Time history of the vehicle yawing angle (above) and the yawing moment obtained (below).

Fig. 3  Snapshots of the pressure distributions around the vehicle during the dynamic yawing-angle change.

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 test pump in this

research was a mixed-flow pump with an open impeller and

diffuser vanes.

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 [4][5][6]. For the LES, we prepared a coarse mesh

composed of about 8 million elements and a fine one com-

posed of 80 million elements. We intend to resolve the tur-

bulent boundary layer on the blades of a pump by the fine

mesh. Here, we show the results for the coarse mesh as pre-

liminary results. 
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Figure 4 shows the Euler's head and total head computed

by LES using the coarse mesh. We confirmed that the com-

puted results agree with measured data (not shown). We suc-

cessfully captured the pressure drop at the flow rate

(50%~60% of designed flow rate) as in the measured data.

We also confirmed that predictions of pump performance are

improved by using the fine mesh, especially at the flow rate

where instability characteristics appear. We will investigate

the relationships between the internal flows and instability

characteristics by analyzing the internal flow (e.g. stream

lines on the impeller surface, see Fig. 5) in order to under-

stand the mechanism of the instability characteristics.

3. Analysis of heat transfer in a gas turbine
Accurate predictions of the transition and heat transfer

distributions are crucial to the design of various kinds of tur-

bomachinery. This paper presents the results of numerical

predictions of heat transfer coefficient on a gas-turbine blade

using LES. We used an in-house CFD code, Front Flow/blue

[4][5][6] in the LES. We computed the transitional boundary

layer around a gas-turbine blade and predicted heat transfer

coefficients on the blade's surfaces.

The test blade in this research was a turbine blade of a

PW6000 jet engine, developed by Pratt & Whitney. This

blade is regarded as the benchmark for studies of the predic-

tion of heat transfer coefficients and it has been used in

many studies and experiments [7][8].

The instantaneous distribution of the magnitude of vortici-

ty computed by the LES is represented in Fig. 6. It can be

seen that on the suction side, strong vorticity is captured

from the transition point. Near the transition point, the vor-

ticity is higher, and in the fully developed turbulence region,

the streak structure is captured. 

In Fig. 7, Stanton numbers measured by Radomsky

Fig. 4  The Euler head and total head computed by LES.

Fig. 5  Stream lines on rotor blades (designed point).

Fig. 6  Magnitude of vorticity distribution on the blade's surface.
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Fig. 8  Mesh of the model.

Fig. 9  Domain decomposition of the model (32 domains).

Fig. 7  Stanton number distribution on the blade's surface.

(2000) [7] and those computed by LES are compared.  This

calculation could not predict the heat transfer quantitatively.

In the turbulent region and the pressure side, the Stanton

number is overestimated, and in the other region, it is under-

estimated. The shapes of both results are similar, however,

so the prediction is achieved qualitatively.

4. Structural analysis with high precision for large-
scale industrial machines
The structural analysis code, FrontSTR, which has been

evolving in the FSIS project since 2003, is based on standard

FEM techniques[[9][10][11]. One of the most remarkable

features of this code is high performance that is suitable for

large-scale computational models with high end computing.

FronsSTR's advantage is the use of HEC-MW, which is

designed to utilize the high efficiency of various systems

without changing the code.

4.1 Numerical experiments performed on Earth Simulator

We carried out two experiments.

In the first experiment, we used we measured parallel effi-

ciency using a test model (a cubic model).

The results are summarized in Table 1. The test model

comprised 32,768,000 node points (98,304,000D.O.F) and

an eight-point hexahedral element.

The estimated parallel ratio by Amdahl's law is

99.9428%.

The expected number of CPUs on which the parallel effi-

ciency is 50% will be 1748 CPUs.

Using a practical model (High pressure pump model of

Table 1  Static analysis time on the Earth Simulator.

 Number of CPUs Calculation time 
  (sec)

 64 3224.827

 128 1669.418

36,728,129 node points, Fig. 8, Fig. 9) a static linear analysis

was performed. The calculation time was about 

1 hour. Comparing to the conventional serial machines, we

found the Earth Simulator is about thirty times faster.

5. Protein simulation
In protein simulation, we have reported a series of bench-

mark FMO-MP2/6-31G calculations with the ABINIT-MP

program on the Earth Simulator in collaboration with the

JST-CREST project [12]. A new route to the integral trans-

formation through DGEMM was created for the MP2 pro-

cessing. The aricept-acetylcholinesterase complex (8,409

atoms and 46,831 AOs, Fig.10) was processed in 19.6 min-

utes with 4,096 VPUs, implying a promising applicability of

FMO-MP2 calculations to structure-based drug design. The

largest target computed was an influenza HA antigen-anti-

body system consisting of a total of 14,086 atoms (921
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residues) and thus having 78,390 AOs. This FMO-MP2 job

could be completed in less than one hour (53.4 minutes) with

4,096 VPUs, where its cost factor relative to the FMO-HF

job was only 2.7. Reasonable timing and efficiency were

observed in benchmark tests, indicating the promising ability

of FMO-MP2 for high-throughput executions on a few thou-

sand VPUs.

6. Nanoscale simulation
6.1 As-donor state in silicon

Last fiscal year, we reported the energy structure of the

As-donor state in 8,000 Si atoms using the first-principles

calculation code PHASE on the Earth Simulator. We demon-

strated that the six-fold As-donor levels in the effective-mass

approximation split into three levels. We achieved a first-

principles calculation of a 10,648-atom system. The ground-

state wavefunction of the 1s donor state, which has A1 sym-

metry, is shown in Fig.11. The sustained peak performance

of 16.2 TFlops was measured on 4,096 CPUs, which is

about a half of the theoretical peak performance. This work

was a finalist for the Gordon Bell Prize in 2007 [13], but

unfortunately we did not win the award.
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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.
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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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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.

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. 

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
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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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This report describes results of the simulation study on the research for superconducting neutron detectors and related funda-

mental issues on nano-structured superconductors in fiscal year 2007. At first, in order to examine the response speed perform-

ance of the superconducting neutron detector using MgB2, we perform large-scale numerical simulations on non-equilibrium

superconducting dynamics after a neutron capture at the superconducting transition edge by solving the time-dependent

Ginzburg-Landau equation coupled with the Maxwell and the heat diffusion equations. The large-scale simulations on the Earth

Simulator successfully explain the experimental results carried out in JRR-3 (a nuclear reactor in JAEA) and reveal the non-

equilibrium superconducting dynamics. In addition, the simulation results suggest a crucial factor in improving the response

speed as a neutron detector. On the other hand, as a fundamental research issue of this project, we investigate population imbal-

ance effects in the attractive Hubbard model with confinement potential, which corresponds to spin imbalanced superconduc-

tors confined inside nano-scale structures and atomic Fermi gases loaded on an optical lattice. By employing the exact-diago-

nalization technique as a large-scale numerical tool we reveal that the imbalance and the strong correlation give rise to a specif-

ic imbalance structure in charge density profiles, which is observable as atomic density ones in atomic gas systems.

Keywords: Time-dependent Ginzburg-Landau Equation, Non-equilibrium Superconductivity, Neutron Detector, MgB2,

Attractive Hubbard Model, Optical Lattice, Atomic Fermi Gas, Spin Imbalance, 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 report-

ed, 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 the neutron and

an isotope of B, i.e., 10B with a high probability. Then, a

fixed nuclear energy is released as an initial kinetic energy

of the nuclear reaction products, and the energy transforms

into a heat, which leads to an instantaneous destruction of

the superconducting state if the temperature is set to be low-

ered than the superconducting transition temperature. Thus,

we can expect that an event of the nuclear reaction is observ-

able as an electrical signal in the superconducting current

carrying state [2], since the destruction of superconductivity

nucleates a normal spot along which an electrical resistance

is generated. This idea is basically equivalent to the detec-

tion 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 electrical signal

generation [4, 5] after the nuclear reaction [6-8] and to pro-

vide helpful information to an experimental team making a
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neutron detecting device and examining its performance. We

believe that the present simulation project enables to avoid

wasteful several trial experiments and shorten the develop-

ment period. 

In this fiscal year 2007, our simulation project team made a

simulation plan based on experimental results done jointly by

Osaka Pref. Univ. and Quantum Beam Science Directorate in

JAEA. The experiment was firstly performed on JRR-3 JAEA

in 2006 and the first signal for the neutron detection was

observed by setting MgB2 sample under the influence of the

neutron irradiation. The time response at the first observation

for the single neutron detection is an order of 10 ns, which is

completely consistent with our predicted data obtained by this

simulation project. Afterwards, the experimental team further

advanced the measurement tools and concluded that 1ns is the

fastest response time. The speed (1ns) was also proposed in

this simulation project. In addition to the speed, the experi-

mental team measured the temperature and the current magni-

tude dependences of the signal. In the fiscal year 2007, the

simulation team aimed at reproducing these dependences 

and understanding the related non-equilibrium dynamics. A

final goal is to answer a question how fast we can tune the

detector speed.

All simulations in this fiscal year employed the current

biased condition according to the experimental situation.

Their results show good agreements with the experimental

results. In addition, the results revealed that the local temper-

ature dynamics is much faster than the order parameter and

the related electrical field dynamics, which directly affects

the signal speed close to the transition. This is because the

order parameter relaxation time depends on the ratio of the

temperature to the transition temperature and grows toward

the transition while the response speed of the local tempera-

ture dynamics is not so dependent on the temperature. In

other words, this indicates that the local temperature dynam-

ics is irrelevant with the response speed of the electrical sig-

nal and the crucial factor to enhance the respond speed is the

order parameter relaxation time which abruptly grows close

to the superconducting transition. This suggests us how to

optimize both the respond speed and the signal intensity. 

As another issue of this simulation-based superconducting

research, we have done microscopic studies to raise the

superconducting transition temperature (Tc) to further high

temperature range. Although the issue requires a long time

and large resources, it is important for not only fundamental

physicist but also engineer since all the superconductor

applications now require a large energy cost to cool down

the system. Thus, we have started to study the superconduc-

tivity mechanism since the fiscal year 2004 [9]. An initial

research step for us is to develop numerical schemes to

approach the issue. This corresponds to making parallel pro-

grams executable on the Earth Simulator, i.e., making effi-

cient parallel codes for the exact diagonalization, the density

matrix renormalization group (DMRG) method, Quantum

Monte Calro, and so on. We believe that we now have suffi-

cient skills to develop highly parallelized versions for the

above former two methods. Actually, in terms of the exact

diagonalization, we tested an alternative numerical scheme

called "preconditioned conjugate gradient method (PCG)"

instead of the traditional Lanczos one, and confirmed that

the PCG scheme runs about 5~12 times faster than Lanczos.

Moreover, our parallel diagonalization code usually shows

the performance exceeding above 50% of the peak on the

Earth Simulator. This result is applicable to other wide

fields, which need a fast parallelized matrix-diagonalization

code. Thus, our tuning results were selected as finalists of

Gordon Bell Prize for both 2005 [10] and 2006 [11] years.

Generally, since the matrix diagonalization code inevitably

requires all-to-all communications which drops the perform-

ance, the performance enhancement has never been expect-

ed. In this report, we have to avoid describing the details of

the tuning due to lack of space, but we would like to just

point out that an effective combination of three-level tuning,

i.e., the inter-node and the intra-node parallelizations and the

vector parallelization, is crucial for effective use of the Earth

Simulator.

Our target model for the present quest of superconductivity

microscopic mechanism and related topics [12] is the so-

called Hubbard model [13]. The model has been regarded 

as a typical model capturing strongly-correlated behaviors

close to the metal-insulator transition. Since the discovery of

High-Tc superconductors, the model has been intensively

investigated in order to clarify whether or not the model

describes high temperature superconductivity exceeding 100K

[12]. However, the issue has been not resolved enough yet.

This is because it is too difficult to numerically calculate the

Hubbard model (>= 2D) in large enough system sizes and to

obtain a conclusive result in the thermo-dynamical limit.

Especially, the exact diagonalization method has a difficulty

that the memory requirement exponentially increases with the

number of fermions (electrons) [10, 11] and sites in the

model. However, it guarantees the exactness in contrast to

other numerical methods which rather require fundamental

improvements to obtain reliable results. Namely, the exact

diagonalization method enables to touch exact features, if the

model system is a finite cluster [10, 11]. This size limitation is

not a problem in nano-structured systems and atomic gases,

which are intrinsically finite systems. Thus, we studied the

Hubbard model with confinement potential [9], which shows

features intrinsic to finite systems. For example, it is now

known that the confinement potential nucleates the Mott insu-

lator region at the center and the metallic one around the Mott

region in the repulsive case. Both of these are essential fea-

tures of the Hubbard model [9], and the confinement potential
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makes it possible to study both of them as a spatially modulat-

ed co-existent system [9]. On the other hand, we would like to

point out that such a finite system is created in atomic Fermi

gases [14] by loading the gas on the optical lattice [15]. This

indicates that the numerical result obtained in finite systems

can be experimentally confirmed in a direct way.

In this fiscal year 2007, we examined population imbal-

ance effects on the attractive Hubbard model with confine-

ment potential. The main motivation comes from recent

experimental developments in atomic Fermi gases, in which

various imbalance ratios are easily prepared and the imbal-

ance effects on the confined superfluidity are systematically

investigated. In this year, using the parallelized exact-diago-

nalization code and the density-matrix renormalization

group method complementary, we found a specific charge

density profile intrinsic to imbalance finite systems. The

finding was successfully explained by mapping the Hubbard

model into a boson-fermion mixture model including the

interaction between the same and the different species.  

The contents of this report are as follows. In Section II,

the numerical method to simulate the current biased situation

is given, and systematic results of large-scale simulations

after the neutron capture in MgB2 are demonstrated. In

Section III, the typical density profile structure in the imbal-

anced attractive Hubbard model with confinement potentials

are presented and theoretical analysis on the results are

given. See Ref [18] and [19] for more details of results in

Section II and III, respectively.

2. Simulations for the Non-equilibrium Superconducting
Dynamics after the neutron capture in MgB2

In this section, we explain the theoretical framework and

the numerical simulation method. Subsequently, we give

typical simulation results in the current-biased condition.

The employed time-dependent Ginzburg-Landau theory has

some variations in their validity regimes. Among them, we

focus on the most major one, whose valid area is only close

to the superconducting transition, i.e., the upper critical field

line Hc2(T). The time-dependent Ginzburg-Landau equation

derived from the theory has a simple damped feature, which

is characterized by the relaxation time. Thus, the formalism

is very convenient for direct numerical simulation [4]. The

time-dependent Ginzburg-Landau equation is given by

where D, ϕ , and ξ are the normal-state diffusion constant,

the scalar  potential, and the coherence length,  respectively.

In Eq.(1), ∆ is the normalized complex order parameter and

A is the vector potential whose dynamics are described by

the Maxwell equation,

where the current density j is given by

where σ is the normal conductivity, and the first and the sec-

ond terms stand for the normal and the superconducting cur-

rent components, respectively. In order to include the local

temperature dynamics after the energy release due to the

nuclear reaction [6–8], we add the heat diffusion process

[5–9] into the superconducting dynamics given by Eq.(1–3).

For this purpose, we formulate the energy conservation law

which gives a balance between the energy dissipation as

Joule heat and the heat flow decomposed into superconduct-

ing and normal components given as

where CV, Fs, W and are the heat capacity, the GL free ener-

gy, and the Joule heat, respectively, and Jn

Q and Js

Q are the

normal and the superconducting heat currents, respectively.

In our simulations, these three equations are coupled and

solved together [4–8]. Fifteen years ago, one of the authors

(M. Machida) developed a simulation code [4] based on the

above formalism without the heat diffusion equation (4) and

successfully examined quantized vortex dynamics in the

presence of the transport current and applied magnetic field

[4]. On the other hand, in the present simulation including

Eq.(4), the time development of the temperature is solved as

a local variable as well as the order parameter and the vector

potential [6–8]. In order to simulate the nuclear reaction

inside superconductors, after the fixed heat energy is

released on the central top surface of the superconducting

strip line, a superconducting region should be destroyed into

a normal region, and an electrical voltage should be generat-

ed in the current carrying state. By simulating these process-

es, we can predict how the system responds to the heat gen-

eration followed by the nuclear reaction. As a simulation

region, the parallelepiped region, which corresponds to a

part of a superconducting strip line, is employed and covered

by cubic grids as shown in Fig. 1 to discretize Eq.(1–4). The

superconducting order parameter and the temperature are

given on the grid point, while the vector potential is defined

on the link connecting between neighboring grid points as a

link variable. This is because the local gauge invariance [4],

which is an essential theoretical requirement in charged

(1),

(2),

(3),

(4),
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superfluidity, should be conserved even in the discrete grid

space [4].    

The numerical simulation result for the time evolution of

the voltage in a typical case, in which T = 38K, Tc = 39K,

and the current value is 0.001 of the depairing current at zero

temperature, is shown in Fig. 2. From Fig. 2, it is found that

the voltage signal is composed of a rapid dip and slow decay

structures, which stand for an instantaneous suppression of

the superconductivity and a slow relaxation into the super-

conducting state, respectively. Since the time variation of the

local temperature is faster than that of the order parameter,

the signal is found to be determined mainly by the relaxation

of the order parameter. The typical results are shown below.   

Figure 3 shows how the spatial profile of the supercon-

ducting order parameter is related to the voltage signal. First,

in the minimum of the signal dip as seen in Fig. 3(a), the size

of the normal spot is the maximum. Second, the normal spot

shrinks together with the signal decay, while the spot region

stretches perpendicular to the current direction as seen in Fig.

3(b). Third, only the stretched spot as seen in Fig. 3(c)

remains until the recovery to the superconducting state. This

stretched behavior becomes more remarkable with increasing

the current. On the other hand, the local temperature dynam-

ics are shown in Fig. 4, whose (a) and (b) correspond to the

local temperature profile at the same points as Fig. 3(a) and

(b), respectively. It is found from these dynamics differences

that the temperature dynamics is much faster than the order

parameter ones. Since the voltage signal follows the order

parameter dynamics, the response time of this type of detec-

tor is found to be given by the relaxation time of not the heat

but the superconducting order parameter. The reason is sim-

ple because the vector potential is directly coupled with the

order parameter from Eq.(1–3). This result predicts that the

response time is strongly dependent on the operation temper-

ature, i.e., the heat bath temperature. This is because the

order parameter relaxation time is dependent on the tempera-

ture, i.e., the relaxation time rapidly becomes long when

approaching to the superconducting transition. This indicates

that if one needs a faster detector then one should decrease

the operation temperature as much as possible [18].

Fig. 1  A schematic figure for the simulation region, which is covered by

cubic grids, in which the order parameter (temperature) and the

vector potential are defined on the grid point and link, respectively.

Fig. 2  A simulated time evolution of the measured voltage at 38K 

(Tc = 39K) for current equal to 0.001jd(0), where jd(0) is the 

de-pairing current at zero temperature. The inset displays an ini-

tial profile of the superconducting order parameter in the top sur-

face of the simulation region. The transverse length of the simu-

lated region perpendicular to the current is 2 µm. The red line is

a guide for the voltage dip of the signal.

Fig. 3  The voltage signal obtained from the simulation and the spatial

profiles of the order parameter at three points (a), (b), and (c) of

the signal. The operating temperature is 25K (Tc = 27K), the cur-

rent density is 0.003jd(T = 0K), and the current is applied along

the long direction.
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3. Population Imbalance Effects in Attractive Fermion
Hubbard Model with Confinement Potential 
The Hubbard model [13] 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 quite simple. In the fiscal year 2007,

we studied the population imbalance effects on the attractive

Hubbard model with confinement potential [9] partly moti-

vated by the rapid advancement of atomic physics [13–14].   

Firstly, let us give the Hamiltonian of the Hubbard model

with confinement potential as, [9]

where t, U, V, and N are the hopping parameter from i-th to

j-th sites (normally j is the nearest neighbor site of i), the on-

site attractive interaction energy, the parameter characteriz-

ing the strength of the trapping potential as schematically

shown in Fig. 5, and the site number, respectively. We diago-

nalized the Hubbard Hamiltonian H (Eq.(5)) [9–11] and cal-

culated the atom density profile. The last term in Eq.(5)

describes a harmonic trap potential, in which V gives the

potential height at the edge of the lattice. At the edge, the

open-boundary condition is imposed. If the atomic density

profile sufficiently drops down at the edge, then the boundary

condition does not almost affect the result. The parameter V

and the total number of Fermi atoms NF are properly selected

to reduce the atom density at the edges. In this report, we

examine various population imbalances with keeping n↑(i) >

n↓(i) (NF = n↑(i) + n↓(i)). In 1-D cases, we numerically diago-

nalize the Hamiltonian, Eq.(5) to calculate the density profile

at T = 0. Although this approach gives us exact results, the

accessible system size is severely limited. To compensate

this disadvantage and confirm whether the exact diagonaliza-

tion results are small size effects or not, we employ the

Density-Matrix Renormalization Group Method (DMRG).

The DMRG guarantees a high accurate result as long as the

trap potential is not so steep. On the other hand, in two-

dimensional (2-D) square lattice systems, we use solely the

exact diagonalization, because the method is now the most

accurate and reliable for 2-D finite systems. We are now

developing an accurate DMRG method on 2-D systems by

parallelizing DMRG code. For the exact diagnolization and

the DMRG, we use SX-6 (1-node 4CPU's system) and Altix

3700Bx2 in JAEA and the Earth Simulator, respectively. In

the exact diagonalization, the problems with the lattice size 

N = 16 are calculated by SX-6, while those with above N =

20 the Earth Simulator. In 2-D case, we set N = 25, which

requires 128 nodes (1024CPU's) on the Earth Simulator. In

the case, we need parallelization and high-performance com-

puting techniques. See Ref.[10, 11] for computational techni-

cal issues on massively parallel supercomputers. 

Let us present exact diagonalization results for the imbal-

anced 1-D Hubbard model with the trap potential. Figure 6

shows U/t dependence of the calculated atom-density profile

of the ground state, n(i) = n↑(i) + n↓(i), for three population

imbalances, whose ratios of major to minor species are

(a)5:3, (b)6:2, and (c)7:1, respectively. For these three cases,

the lattice size N = 16, the total number of fermions NF = 8,

and V/t = 1. The filling is just the quarter one if the trap

potential does not exist. Although the depression at the edges

is not completely zero in the presence of the trap V/t = 1, we

confirm that there are no edge effects because of no signifi-

cant change of profiles on the lattice size extension (N = 18

and 20) with the same fermion number (see Fig. 6(d)). In

each panel of Fig. 6, we find a step-like structure (see arrow

in each figure) in each dome like profile. This structure

becomes more pronounced as one increases the amplitude

strength of the attractive interaction |U|. The structure is also

observable in Fig. 6(d) with a larger size (N = 20), in which

NF and V/t is the same as (a–c), and U/t is fixed to be –10. 

The step-like structures seen in Fig. 6 are found to be asso-

ciated with the phase separation between a core phase whose

main component is pair and a shell one composed of only un-

paired excess atoms from other observables as shown in Fig.

7. Figure 7 (a), (b), (c) and (d), respectively, show U/t

dependent profiles of the single-occupation density nF(i), the

double-occupation density nB(i), the density subtraction n↑(i) –

n↓(i), and the on-site pair amplitude ∆(i) (see Ref. [9] for the

definition). nF(i) and nB(i) are calculated by picking up the

Fig. 4  The spatial profiles of the temperature at two points (a) and (b)

of the signal. The other conditions are the same as Fig. 3.

Fig. 5  A schematic figure for the fermion-Hubbard model with con-

fimement potential.

(5)
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coefficient of the eigen-state whose i-th site occupation is 1

and 2, respectively, from the ground state wave-function and

summing up the amplitude of the coefficient. For the method-

ological details to calculate them, see Ref.[20]. According to

Ref.[20], as |U/t| increases in the balanced case, nF(i) decreas-

es, while nB(i) instead increases. This simple relationship

means that the Cooper pair becomes more tightly-bounded

one on a site with increasing |U/t|. From Fig. 7, we clearly

find that nB(i) and ∆(i) well develop only inside the "phase

boundary" characterized by the step-like structure as seen in

Fig. 6 while they completely diminish outside the boundary

(shell region). This tendency becomes more pronounced with

increasing the attractive interaction and saturated in the strong

limit. This suggests that the pair density and the superfluid

order locally develop inside the core. This does not contradict

a consensus that the superfluid correlation grows as the most

dominant one in 1-D attractive Hubbard model. Thus, we call

the core region "superfluid core" in the following. However,

we note that there is a subtle issue whether the core really

exhibits superfluidity or not due to its dimensionality and

finiteness. The discussion originates from a problem how sta-

ble the superfluid ground state is against fluctuations. This is

beyond information obtained by the present methods (the

exact diagonalization and DMRG), which mainly solves the

ground state. Thus, we do not discuss stability of the superflu-

idity but concentrate on its charge density profile in this

report. Fig. 7(a) reveals that un-paired component stays even

in the core region, where the nB(i) and ∆(i) grow. As a result,

the density difference δn(i) = n↑(i) – n↓(i) does not vanish in

the core region as seen in Fig. 7(c). 

Generally, we find that n↑(i) : n↓(i) ~ 2:1 in the core region

except for a very weak coupling regime (compare Fig. 6(b)

with Fig. 7(c)). This result is in contrast to the experimental

observation in atomic gases without the optical lattice, in

which the phase separation between Cooper-pair superfluid

phase and normal polarized one occurs. We would like to

point out that the present result can be well explained by an

effective theoretical model for the imbalanced attractive

Hubbard model. The effective model is a boson-fermion

mixture model which includes a boson-fermion interaction

in addition to the boson-boson and the fermion-fermion

interactions. In this effective model, the boson-fermion inter-

action intrinsic to the lattice system gives rise to a big differ-

ence between non lattice and lattice systems.

Fig. 6  The exact diagonalization results for U/t dependences (–15 ≤ U/t ≤ 0) of particle density profiles, n(i) for three

imbalance cases, whose ratios of major to minor fermion species are (a) 5:3, (b) 6:2, and (c) 7:1, respectively. In

these three cases, NF = 8, N = 16 and V/t = 1. The panel (d) is a highlight of n(i) at U/t = –10 for the imbalance

from 4:4 to 7:1 in N = 20. NF and V/t are the same as (a–c).
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4. Summary and Conclusion
We numerically studied two kinds of topics related to

superconductivity. The main result in terms of the first topic

was that the signal speed strongly depends on the heat bath

temperature. We successfully finished test simulations and

actually confirmed the temperature dependence. For the sec-

ond topic, we calculated the charge density profiles in order

to clarify the population imbalance effects on the confine-

ment situation, which was modeled by the attractive

Hubbard model with the confinement potential.
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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, hydrogen atoms in metals enhance plasticity, and,

when a microcrack exists in steels, result finally in cleavage

or grain boundary fracture depending on the concentration of

hydrogen atoms. The mechanism of this embrittlement due

to hydrogen is not precisely known 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. 

Electronic and atomistic bonding states of materials con-

taining hydrogen atoms are required to understand funda-

mental cause of hydrogen embrittlement, in particular, for

BCC materials, such as steels, which are important for most

of the structural materials. However, because of the presence

of magnetism, even a pure single α -iron crystal in BCC

structure is hard to understand from the standpoint of model-

ing and numerical simulation. The process that hydrogen

atoms in metals finally lead to fracture is complex, and, from

the microscopic point of view, two issues on the change of

bonding states must be clarified using the first principles cal-

culation. One is a change in the bonding strength of the grain

boundary due to hydrogen segregation, and the other is the

binding or trapping energy of hydrogen atoms to a disloca-

tion and its effect on the motion of a dislocation. The latter

issue, in particular, requires a large-scale simulation because

a dislocation has a long-range strain field and magnetism

must be taken into account in iron. Here the binding energy

of a hydrogen atom to a screw dislocation core in BCC iron

is evaluated using the first principles calculation.

Before studying the interaction of a hydrogen atom and a

dislocation, it is first necessary to understand behavior of a

screw dislocation, in particular, the dislocation core struc-

ture and Peierls stress, which is considered to control the

low temperature plasticity of BCC metals. Numerous first-

principles and empirical atomistic simulation studies have

been carried out so far to determine the accurate core prop-

erties, 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 compu-

tational approaches [1][2][3][4][5]; the threefold structure

(Fig. 1(a)) is obtained using the empirical potential, while

the symmetric structure (Fig. 1(b)) 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
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Fig. 1  Differential displacement map of (a) threefold degenerate core structure and (b) symmetric non-degenerate

core structure for a screw dislocation in BCC iron.

dislocation in the cell are allotted by the Green function

method. Li et al. [4] introduced a pair of screw dislocations

in the supercell and proposed 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 concluded that the supercell con-

taining 231 atoms is good enough. We performed the most

accurate DFT calculations using the supercell of this size by

confirming the convergence on the number of k-point sam-

plings, 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 structure. The result is found to be a sym-

metric non-degenerate structure with no preferential spread-

ing along the (–1–12) directions [10], as shown in Fig. 1(b),

which is in agreement with the results of the previous calcu-

lations 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 dislocation 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 stress to

the system [10]. This result is the first direct determination

of the Peierls stress of a screw dislocation in BCC iron. 

In this paper, we report the accurate determination of the

binding energy of a hydrogen atom to a screw dislocation

core in BCC iron. The calculation is based on the core struc-

ture for a screw dislocation in BCC iron using the supercell

containing 231 atoms with 1 × 1 × 4 k-sampling points.

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 o-site or t-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
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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 binding energy of a hydrogen atom at the different

interstitial sites from a screw dislocation core is evaluated

based on the symmetric displacement field in BCC iron,

which was obtained using the large-scale supercell contain-

ing 231 atoms and 1 × 1 × 4 k-point samplings. Figure 2

shows the results of the binding energy of a hydrogen atom

placed at different octahedral sites (o-sites) from a screw dis-

location core. The binding energy of a hydrogen atom is

derived by taking the difference from the energy in the bulk.

In this case, the total energy is calculated by just placing a

hydrogen atom without relaxing the whole system. The

result shows that a large binding energy of approximately

0.6eV is obtained at the α site and decreases greatly at the

fourth or fifth o-sites from the core. The effect of the relax-

ation procedure on the binding energy is checked by relaxing

the whole system. It is found that the effect of the relaxation

process is significant, and the values at the α and β o-sites

reduce to those between 0.2 and 0.25eV, as shown in Fig. 3.

Comparing with other binding energy data, such as a grain

boundary, these data are considered to be reasonable. Along

with the o-sites, the binding energy of a hydrogen atom at

the interstitial tetrahedral sites (t-sites) is calculated by fol-

lowing the same procedure. We select two t-sites, Tb1 and

Tb2, near the dislocation core, as shown in Fig. 4. It is

shown in Fig. 4 that the values of t-sites are almost the same

with those at o-sites. It is found that the binding energy of a

hydrogen atom to a screw dislocation is reasonably high,

even though a screw dislocation does not have a hydrostatic

stress field around the core. 

A further study for the effect of hydrogen atoms on the

motion of a screw dislocation is required to determine the

plastic behavior of BCC iron containing hydrogen. 
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Silicon carbide semiconductor devices are expected to be used in severe environments such as outer space and nuclear

power plants.  However, the performance of SiC devices is much lower than the theoretically expected values. This is consid-

ered to be attributed to defects at the SiO2/SiC interface that degrades the electrical performance of the devices. It is important

to construct the amorphous SiO2 (a-SiO2) structure on SiC to simulate the actual device interface structure on the computer.

To generate a-SiO2/SiC interface structure, the heating and quenching calculation was performed using the first-principles

molecular dynamics (MD) calculation. The slab model is used for the initial structure of calculation. It has a size enough 

to generate the a-SiO2/SiC interface structure. After heating and quenching calculation, SiO2 layer of this model became 

amorphous characteristics. The simulation result does not become a defect-free structure at interface. There is a defect 

with five coordinations Si at the interface. This coordination defect disappears when the quenching speed slow down from

–2000 K/ps to –500 K/ps. We performed the dynamical simulation of the SiO2/4H-SiC C-face interface oxidation process

using first-principles MD method. The MD simulation is carried out at 2500 K. The O2 molecule is dissociated in the SiO2

layer or by Si atoms at the SiO2 interface. The O atom of the O2 molecule oxidized the C atom at the SiC interface and formed

Si-C-O complex.

Keywords: SiC device, first-principles, molecular dynamics, interface defect, oxidation process

1. Introduction
Silicon carbide (SiC) semiconductor devices are expected

to be used in severe environments such as outer space and/or

nuclear power plants. The performance of SiC metal-oxide-

semiconductor (MOS) devices to date is low enough as com-

pared with theoretical performance expected. This is consid-

ered to be attributed to defects generated at the SiO2/SiC

interface that degrade the electrical characteristics of MOS

devices. However, it is not clear at present what kind of

defects affect the degradation of electric characteristics.

Although a lot of researchers have been done for analyzing

the relation between physical structure near the interface and

electrical characteristics in actual MOS devices, the details

are not clear at present. The aim of our study is to know the

relation between physical structure and electrical character-

istics at the interface by using large scale simulation. We try

to generate a-SiO2 layers in the atomic network model at the

interface because the oxide-layer in actual SiC MOS devices

has an amorphous characteristic. In the last year, the SiO2

layers of the calculation results almost became an amor-

phous characteristic [1] using middle scale model. However,

atomic network with defect was not generated at interface in

the middle scale model though it was frequently observed in

the actual devices.

In this work, a large-scale slab model was prepared on

the basis of an atomic network of beta quartz (β -SiO2) on

4H-SiC crystal and theoretical structures simulated for the

interface in the actual SiC MOS devices were successfully

obtained on the Earth Simulator by heating and quenching

calculation for the slab model. It is also important to under-

stand the thermal oxidation process at the SiO2/SiC inter-

face to improve characteristics of SiO2/SiC interface. The

oxidation process on the C-face is very interesting because

its oxidation rate is ten times higher than that of the Si-face

[2] and the channel mobility on a C-face MOSFET is higher

than that on a Si-face one. We report the dynamical simula-

tion results of the oxidation process on the C-face and dis-

cuss the difference in the process between the Si-face and

the C-face.
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Fig. 1  The temperature profile of the heating and quenching process

and the transition of total energy.

Fig. 2  Total and partial RDF of the SiO2 layers at room temperature

with the quenching rate of –2000 K/ps.

2. Simulation result
2.1 Simulation calculation of real device interface that uses

large-scale interface model

Last year, we obtained the SiO2 layers with an amorphous

characteristics [1] using 444 atoms middle-scale model.

However, the defect at the interface was not induced, though

it was observed in the actual devices. The aim of this report

is to produce the theoretical interface involving the defects at

the interface and to know the relation between physical

structure and electrical characteristics at the interface by

using large-scale simulation.

A simulation for the a-SiO2/SiC interface in the actual SiC

MOS devices was carried out on computer using the first-

principles MD calculation, in which Vienna ab initio

Simulation Package (VASP) [3–5] was employed as a calcu-

lation code. Prior to the calculation, a large-scale slab model

using 1017 atoms (693 atoms at the heating and quenching

calculation) was prepared on the basis of an atomic network

for beta quartz (β-SiO2) on 4H-SiC crystal. The Si atoms at

the top of β-SiO2 and the C atoms at the bottom of 4H-SiC

crystal were saturated by H atoms. By applying the heating

and quenching method to the large-scale slab model, a theo-

retical structure around the a-SiO2/SiC interface was

obtained on computer. Figure 1 exhibits the temperature pro-

files of the heating and quenching method for the simulation.

Three different types of temperature profiles are applied.

The total energy of large-scale model is also plotted in the

same figure. 

In the beginning, the SiO2 layer has been melted by 2 ps 

at the temperature of 4000 K. During the melting process,

SiC atoms of the substrate are kept frozen except 2 interface

layers. Surface Si atoms of SiO2 layers are saturated with 

H atoms. Both the Si and the H atoms are also kept frozen 

at melting process. Next, the model cooled down to the tem-

perature of 3500 K. Afterwards, the H atoms are removed

from models and surface Si atoms are melted. Then the

model was continuously annealed for 2 ps. Finally, the

model was quenched to the room temperature using several

quenching rates.

In order to estimate the distribution of the SiO2 layers of

theoretical structure obtained, radial pair distribution func-

tion (RDF) was applied. Figure 2 shows the total and partial

RDF of the SiO2 layers at room temperature with the

quenching rate of –2000 K/ps. No long range order was seen

for the theoretical structure. On the contrary, the short range

order was observed. The Si-O bond length is 0.165 nm and

the O-Si-O bond angle is 109 deg. As seen in Fig. 3, the

average bond angle of Si-O-Si increases from 135 deg to

140 deg with the decrease of quenching rate from –2000

K/ps to –500 K/ps. It was found that the average bond angle

for the quenching rate of –500 K/ps is close to that of silica

glass (145±10 deg).

As for the theoretical structure at the interface, the several

kinds of defects such as a Si dangling bond, Si-Si bonds and

a Si atom with the coordination number of 5 are produced at

the interface. It is not explain well with reasons that these

defects are generated at the interface of theoretical structure

during the heating and quenching procedures. However the

composition ratio of O to Si (O/Si ratio) at the interface is

high enough as compared with that in the SiO2 layers, which
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indicates following thing. As compared with Si in SiO2 lay-

ers, O links easily with the exposed bonds of Si atoms at the

interface involving 4H-SiC substrate during the process.

Therefore these defects, especially for the Si-Si bond or Si

dangling bond, would reduce the excess oxygen at the inter-

face and improve the O/Si ratio to a normal value of 2. As

for the behavior of a Si atom with the coordination number

of 5, the structure disappeared when the quenching rate slow

down from –2000 K/ps to –500 K/ps (Fig. 4).

2.2 Dynamical simulation of SiO2/SiC interface oxidation

process

The calculations have been performed by the VASP with

plane waves, supercells, and the projector augment wave

method [3–5]. Only the gamma point is used for the sam-

pling Brillouin zone. The SiO2/4H-SiC(000-1) (C-face SiC)

interface model is determined as follows. We use multiplied

by √3 1 × 1 C-face SiC as the SiC region initial structure.

The number of atoms in the unit cell of this interface model

is 78. Interface Si atoms of SiO2 region bond to C atoms of

SiC region. One interface Si atom bonds to three C atoms of

SiC interface. This Si terminated C-face model is stable

under the 3500K MD run. The band gap of this interface

model is the same as 4H-SiC bulk one. This means interface

states do not exist in this interface model. Then we multi-

plied by 2 × 2 this small interface model.

The slab model is used for SiO2/SiC interface simulation

with β-tridymite as the SiO2 initial structure and multiplied

by 2√3 1 × 1 4H-SiC(000-1) C-face as the SiC region initial

structure. In the SiC regions, 16 atomic layers are used for

4H-SiC and ten atomic layers are used in the SiO2 region.

The number of atoms in unit cells with the SiO2/4H-

SiC(000-1) interfaces is around 280. In the simulation, 

all ten SiO2 layers and the eight layers of 4H-SiC nearest to

the interface are free. The remaining eight atomic layers of

4H-SiC have a bulk crystal structure. Dangling bonds on

opposite sides of the interface, Si dangling bonds of SiC, 

Fig. 3  The Si and Si interatomic distance at the several quenching rate.

Fig. 4  The atomic structure at the a-SiO2/SiC interface. The rate of the rapid quenching to the room temperature is

(a) –2000 K/ps and (b) –500 K/ps, respectively. These are three kinds of defect is observed at the interface.

(α) is a Si dangling-bond, (β) is a Si-Si bond and five coordination Si, and (γ) is Si-Si bond. The structure

(β) disappeared when the quenching rate slow down from –2000 K/ps to –500 K/ps.
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are saturated with H atoms. The heating and quenching

method was carried out to prepare the initial SiO2/4H-

SiC(000-1) C-face model interface structure. The heating

temperature and heating time are 3500 K and 3.0 ps. 

The time step is 1 fs and temperature is controlled by veloci-

ty scaling in every step. Quenching was carried out to 0 K 

at the rate of –1000 K/ps. In this initial interface model

structure, there are no transition oxide layers, defects or dan-

gling bonds at the SiO2/SiC interface but the tridymite struc-

ture remains. In the simulation of SiO2/4H-SiC(000-1) 

C-face oxidation process, we introduce the Si vacancy into

the SiC layer near the interface in order to trigger the oxida-

tion process.

We put the first O2 molecule in the empty sphere of the

SiO2 layer (Fig. 5(a)). The O2 molecule is bonded to inter-

face Si atoms in the SiO2 layer (Fig. 5(b)). Then, the bond of

the O2 molecule is broken. One oxygen atom retains its bond

with the Si atom and the other oxygen atom moves to the

carbon interface atom (Fig. 5(c)). The oxygen atom and

interface carbon atom reacts and a CO molecule is formed

(Fig. 5(d)). The CO molecule reacts with the oxygen atom

having a dangling bond in the SiO2 layer and forms a CO2

molecule (Fig. 5(e)). The CO2 molecule reacts with the inter-

face carbon atom and a C-C-O-Si bridge finally formed 

(Fig. 5(f)). In the course of reactions, the interface Si atom in

the SiO2 layer moves to the Si vacancy position (Fig. 5(f)). A

tenth O2 molecule is added at 72 ps. Two CO2 molecules and

a CO molecule are formed at 80 ps. The rest of C atoms at

the interface form partially oxidized complexes, for example

O-C-C and O-C-C-C complexes (Fig. 5(g)).

3. Conclusion
A simulation for the a-SiO2/SiC interface in the actual SiC

MOS devices was carried out on computer using the first-

principles MD calculation. Three different types of tempera-

ture profiles for the heating and quenching method are

applied.  The short range order was observed from the RDF

analysis for the SiO2 layers of theoretical structure obtained.

The bond angle of Si-O-Si is observed to be 135 deg, 137

deg and 140 deg with the quenching rate of –2000 K/ps, 

–1000 K/ps and –500 K/ps, respectively. The Si-O-Si bond

angle is close to the value of silica glass at the slow quench-

ing rate. The coordination defect at the SiO2/SiC interface

disappeared with decreasing of the quenching rate to room

temperature from –2000 K/ps to –500 K/ps. It is assumed

that a low quenching rate is necessary at the heating and

quenching calculation to obtain the more stable atomic net-

work model of the a-SiO2/SiC interface from the result of

the extension of the Si-O-Si bond angle and the disappear-

ance of the coordination defect at the interface. We per-

formed the dynamical simulation of the SiO2/4H-SiC C-face

interface oxidation process using first-principles MD based

on plane waves, supercells, and the projector augmented

wave method. The slab model has been used for the simula-

tion. The molecular dynamics simulation is carried out at

2500 K. The O2 molecule is dissociated in the SiO2 layer or

by Si atoms at the SiO2 interface. The O atom of the O2 mol-

ecule oxidized the C atom at the SiC interface and formed

Si-C-O complex. A formed COX molecule in the C-face oxi-

dation is more easily diffused than that in the Si-face oxida-

tion.
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Fig. 5  First-principles molecular dynamics study of SiO2/4H-SiC(000-1) C-face interface at 2500 K. In this

initial interface structure, a silicon vacancy is introduced at the SiO2/SiC interface. (a) 0 ps (b) 0.074 ps

(c) 0.154 ps (d) 0.836 ps (e) 1.275 ps (f) 8 ps (g) 40 ps.
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As a result of decoding of extensive genome sequences, a large number of proteins whose function cannot be predicted by

the homology search of amino acid sequences is progressively accumulated and thus remains of no use in science and indus-

try. A method to predict the protein function that does not depend on the sequence homology search is in urgent need. We pre-

viously developed a Batch-Learning SOM (BLSOM) for genome informatics, and in the present report, we describe use of the

BLSOM method for prediction of protein function on the basis of similarity in composition of oligopeptides (di-. tri- and

tetrapeptide in this study) of proteins. Oligopeptides are elementary components of a protein and involved in formation of

functional motifs and structural organization of proteins. BLSOM for oligopeptides could extract characteristics of oligopep-

tide composition actualizing protein structure and function and thus predict functions.

Keywords: batch learning SOM, oligopeptide frequency, protein function, bioinformatics

1. Introduction
The development of DNA sequencing technology has

drastically accelerated the process of genome sequencing,

and the genomes of more than 750 species, ranging from

eukaryotes including human, to prokaryotes including

Escherichia coli, lactic acid bacteria, and various archaea,

have been completely sequenced and published. Furthermore,

nearly 3,000 genome projects are currently in progress.

Homology search of base and amino acid sequences has

become a basic analysis method in the bioinformatics field

that is essential not only for analyzing the evolution and phy-

logeny of genes and proteins but also for predicting the func-

tion of each protein gene in the sequenced genomes. While

sequence homology search is obviously useful, it has also

been revealed that this method cannot predict protein func-

tions for almost half of genes in newly sequenced genomes,

especially of novel species. For protein functions, three-

dimensional configurations of functional components, which

are composed of oligopeptides, have great significance, and

therefore, there are many cases in which no significant

homology is found over the entire one-dimensional sequence

of amino acids between proteins with identical or similar

functions. Considering this fact, large-scale projects have

been promoted to determine the three-dimensional structure

of function-unknown proteins by X-ray crystallographic

analysis and NMR methods and to predict their functions

based on the similarity of higher-level structure with func-

tion-known proteins. However, with limitations in terms of

cost, workforce, and technology, such projects may be inade-

quate to predict the functions of function-unknown proteins,

especially those of environmental microorganisms that will

be increasingly identified in the near future. 

To complement the sequence homology search, it is

urgently required to establish methods for predicting protein

functions 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 (1–5). The

BLSOM recognized species-specific characteristics of

oligonucleotide frequencies in individual genomes, permit-

ting clustering of genome fragments according to species

without the need for species information during the calcula-

tion. This BLSOM was suitable for actualizing high-per-

formance parallel-computing with a high-performance

supercomputer such as the Earth Simulator (3–5). In the

present report, we describe use of the BLSOM method for

prediction of protein function on the basis of similarity in

composition of oligopeptides of proteins. 
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2. Methods
Amino acid sequences were obtained from URL

(http://www.ncbi.nlm.nih.gov/COG). Proteins shorter than

200 amino acids in length were not included in the present

study. 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 tripeptide frequency

(203 = 8000 dimensional data) required very long computa-

tion times, which exceeded the limit available for our group.

To reduce the computation time, BLSOM was constructed

with tripeptide frequencies of the degenerate eleven groups

of residues; {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): and with 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). 

In the case of the conventional SOM, the initial vectorial

data are set at a random value but this results in a final map

which is changed by each initial data set and thus inconven-

ient for interpretation of map results. In our previous

BLSOM analyses for genome sequences (1–5), we obtained

a reproducible map by using the first and secondary primary

components in the PCA analysis of oligonucleotide compo-

sition for the initial vectorial data. We again used this strate-

gy in the present study. When the PCA method was applied

to dipeptide composition in proteins in a preliminary study,

the first component tended to reflect the length of proteins.

While the length of a protein undoubtedly relates to its func-

tion, the length sometimes differs significantly even between

proteins with the same function. Furthermore, lengths of

proteins with similar functions are known to differ signifi-

cantly from each other and eukaryotes have many multi-

functional and -domain proteins. Even prokaryotes have

large proteins which originated often from the fusion of dif-

ferent proteins during evolution. Because the main purpose

of the present BLSOM method is to predict functions of pro-

teins obtained from rapidly accumulated sequences derived

from a wide range of novel phylotypes, we introduced a

method that is less dependent on the length of proteins, pro-

viding a window of 200 amino acids that is moved with a

50-amino acid step for proteins longer than 200 amino acids.

BLSOMs were constructed with di-, tri- and tetrapeptide fre-

quencies in the overlapped 200-amino acid sequences. 

3. Results
For the dataset to examine whether proteins are clustered

(i.e., self-organized) according to function by BLSOM, we

chose proteins that have been classified into function known

2,853 COGs (clusters of orthologous groups of proteins) by

NCBI (6, 7), which have been identified on the basis of an

all-against-all sequence comparison of the proteins encoded

in complete genomes using the sequence homology search

(6, 7). Proteins belonging to a single COG have significant

homology of amino acid sequences over the whole range of

the proteins and most likely have the same function. We pre-

pared BLSOMs under various conditions to search for con-

ditions that would most faithfully reproduce the COG classi-

fication. One important criterion of the separation according

to functional category is at what level individual nodes on a

BLSOM contain 200-amino acid fragments derived from

proteins belonging to a single COG category. Dipeptide

composition (202 = 400 dimensional vectorial data) in ca.

120,000 proteins belonging to the 2853 function known

COGs was first investigated. In addition to the BLSOM for

the dipeptide composition (abbreviated as Di20-SOM), the

BLSOM for the tripeptide composition after classification

into 11 groups, 1331(= 113) dimensional data (abbreviated as

Tri11-SOM), or tetrapeptide composition after classification

into 6 groups, 1296 (= 64) dimensional data (abbreviated as

Tetra6-SOM). These three different BLSOM conditions

were examined how similar prediction results were obtained

and which gave the best accuracy. 

The size of BLSOMs was chosen so as to provide a mean

ca. 8 sequences per node. The average probability that 

all 8 sequences were derived from a single COG category 

by chance should be extremely low, e.g. (1/2853)8 = 

2.3 × 10–28, while this value depends on the number of frag-

ments derived from proteins belonging to the respective

COG. We designated here the node that contained fragments

derived only from a single COG as "pure node". Considering

the probability of occurrence of a pure node as an accidental

event to be extremely low (e.g., 2.3 × 10–28), we compared

the occurrence level of pure nodes on different BLSOMs.

Even no COG information was given during calculation,

high percentages of correct clustering (self organization) of

proteins according to the COG category was observed on all

three BLSOMs, and the highest occurrence of pure nodes

was observed on the Tripeptide BLSOM (Tri11-SOM).

Approximately 45, 34 and 17% of nodes of Tri11-, Di20-

and Tetra6-SOMs, respectively, contained sequences derived

only from a single COG. Concerning these pure nodes, 20

examples of clustering according to COG on these BLSOMs

are shown in Fig. 1, where the number of sequences associ-

ated with each pure node (and thus derived from a single

COG) was shown with the height of the vertical bar with a

color representing each COG. Sequences belonging to a sin-

gle COG were localized often in the neighbouring nodes,

resulting in a high peak compose of adjacent high bars. 

The figures show that classification (self-organization)

with high accuracy has been achieved for each functional

category. There also observed a few high peaks located far

apart from each other. Detailed inspection showed that these

detached high peaks are mostly due to the different 200-
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amino acid segments (e.g, anterior and posterior portions)

derived from one protein, which have distinct oligonu-

cleotide compositions and possibly represented distinct

structural and/or functional domains. This type of distinct,

major peaks may be informative for prediction of functions

of multifunctional multidomain proteins. Based on the clas-

sification with high accuracy for each functional category,

BLSOM is shown to be a powerful tool for function predic-

tion of function-unknown proteins.

4. Conclusion and Perspective
Recently, a sequencing method for mixed genome sam-

ples that directly extracts the mixed genome DNA of uncul-

tured microorganisms from environmental samples without

cultivation (metagenomic analysis) is increasingly used.

Sequences determined by metagenomic analysis are very

novel, and their data are registered to international DNA

sequence databases with almost no annotation regarding

gene functions, and therefore, in a useless manner.

Previously, we reported a method of phylogenetic prediction

using BLSOMs of oligonucleotide frequencies for genome

fragments determined by metagenomic analysis. In the pres-

ent study, we introduced the BLSOM method developed for

conducting function prediction for protein sequences deter-

mined by metagenomic analysis. For the verification of its

usefulness, we have used the data of protein sequences

among metagenome sequences from the Sargasso Sea (man-

uscript in preparation). 

The prediction of functions of function-unknown proteins

requires the BLSOM analysis that covers all function-known

proteins in databases in advance. In addition, the analysis on

all proteins, including function-known and unknown pro-

teins, on a single BLSOM is valuable. To understand which

function-unknown proteins self-organize with which func-

tion-known proteins provides an important guideline for

function estimation. For the large-scale BLSOM analysis,

use of high-performance supercomputers is essential. In the

cases of function-unknown proteins for which the consisten-

cy of the predicted function is determined by analyzing

dipeptide, tripeptide and tetrapeptide frequencies, their pre-

dicted functions will be published. Such data are unique

datasets for function estimation and provide a guideline for

research groups of academia and industries to prove the

functions of proteins through experiments.
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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 the exit tunnel

of ribosome regulates the passage of the polypeptide at an atomic level, molecular dynamics simulation of the 70S ribosome

in water with and without a nascent polypeptide inside the tunnel. Simulations on this approximately 2,000,000 atoms system

were performed using SCUBA. The likely path of the nascent polypeptide through the L4-L22 constriction was determined,

and the relationship between global motions of the whole 70S ribosome molecule and the conformation of the exit tunnel were

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.

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 structure is

considered.

2. A variety of force field parameters

At present SCUBA can use the AMBER, CHARMM and

GROMOS 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, nor-

mal 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 [4]. 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 [1].

6. Portability

Written in Fortran90, SCUBA is designed to be easy to

read, modify and extend. Users can easily maintain the exist-

ing code, and develop the current algorithms and integrate

new ones.
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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.

7. Control files

The control files for running SCUBA are described in a

user-friendly manner.

8. 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 system

are available.

9. Time-integral algorithms with high accuracy

The Martyna-Klein-Tuckerman (MKT) algorithm which

produces the correct ensemble thermodynamically is avail-

able. The MKT algorithm was extended to utilize the multi-

ple time step (MTS) method, which increases the time step

length significantly [5, 6].

10. 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 poten-

tial cutoff radius. The processor assigned to a subcell 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 [7], which enables the

number of processors between which data must be trans-

ferred to be reduced to only 7 of the neighboring subcells.

11. Vectorization

In order to improve the performance of SCUBA on the

Earth Simulator, the algorithm to calculate the interactions

among the atoms is intensively vectorized.

12. 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 mini-

mize the computation by allowing the number to change.

13. 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 efficiency

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 processors) 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.

14. 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 the 70S ribosome
2-1. Introduction

Ribosome is one of the supra-biomolecules used in the

process of translating genetic information for the synthesis of

polypeptides. The 70S ribosome from eubacteria is composed

of a small (30S) and a large (50S) subunits. The 30S subunit

decodes genetic information, and the 50S subunit is consid-

ered to be responsible for the formation of peptide bonds, and

the elongation of the nascent polypeptide. The nascent pep-

tide is generated at the peptidyl transferase center (PTC) of

the 50S subunit, and passes through a tunnel, which starts at

the PTC and continues through the 50S subunit.

Modeling of a nascent polypeptide in the tunnel of the 70S

ribosome in the crystal form has shown that the extended

loops of L4 and L22 partially hinder the passage of the

polypeptide. Figure 2 shows that with 50S on top and 30S

underneath, modeling revealed two possible paths for the

polypeptide: one over Arg92 of L22 and one under Arg92 [8].

In our study, to understand how the exit tunnel of ribo-

some regulates the passage of the polypeptide at an atomic

level and the role of global motions in the conformation of

the exit tunnel, all-atom molecular dynamics (MD) simula-

tions were performed on a Thermus thermophilus 70S ribo-

some in water with and without a nascent polypeptide inside

the tunnel. The likely path of the nascent polypeptide through

the L4-L22 constriction was determined, and the relationship

between global motions of the whole 70S ribosome molecule

and the conformation of the exit tunnel were analyzed.

We used the atomic structure of Thermus thermophilus 70S

ribosome, which was determined by X-ray crystallography

(PDB code: 1YL3 and 1YL4, resolution: 5.5 Å) [9]. Using

SCUBA, we have carried out molecular dynamic simulations



253

Chapter 3  Epoch Making Simulation

of the 70S ribosome with and without the nascent polypeptide

inside the exit tunnel. Each system of the 70S ribosome com-

prised 1,878,425 atoms including water molecules. The MD

simulations were carried out for several nanoseconds at a con-

stant pressure of one bar and a temperature of 350 K. 

2-2. Results

We analyzed the conformation of a large tunnel around

the L4-L22 gate in three cases; one where the polypeptide

was positioned over the L4-L22 gate (case-over), one where

the polypeptide was positioned under the L4-L22 gate (case-

under), and one where no polypeptide was inside the tunnel

(case-no). Figure 3 shows a snap shot of the structure around

the L4-L22 constriction in case-under and case-over. (The

structure around the L4-L22 constriction in case-no was sim-

ilar to that in case-over.) In case-no and case-over, strong

interactions among Phe61, Gln67 and Asp74 of L24 and

Arg92 of L22 were observed. In case-under, however, these

interactions between them were not observed, and Arg92

repositioned to interact with Ade2059 of 23S rRNA. As

Ade2059 and the neighboring residue Ade2058 are well

known to be important for interacting with some antibiotics

such as erythromycin. This result suggests that the tunnel is

closed by the Arg92-L4 interaction before elongation of the

polypeptide and the tunnel leads the entering polypeptide

from the PTC to the passage under Arg92, causing Arg92 to

switch to an open position. It is possible, therefore, that

Arg92 plays the role of a gate, opening and closing the tun-

nel at L4-L22.

The average atomic fluctuations of the whole of the 70S

ribosome in the thermal equilibrium in case-under are shown

in Fig. 4. Figure 4 shows that the region near the exit of the

large tunnel had small atomic fluctuations, while the L7/L12

stalk and L1 stalk were found to have especially large atom-

ic fluctuations. It has been suggested that the conformational

change of the 70S ribosome may be accompanied by

changes in tunnel conformation [10], such as would be the

case for a peristaltic pump facilitating the movement of the

polyalanine along the tunnel. However, Voss et al. [11,12]

have concluded that the tunnel is rigid. We performed prin-

cipal component analysis (PCA) to understand the role of

Fig. 2  Two of the modeled polyalanines inside the exit tunnel. L4 and

L22 (wire-ribbon models) are shown in dark khaki and coral,

respectively. From the PTC, two nascent polyalanines (space-

filling models) pass through the exit tunnel in the large subunit,

50S (dot model), passing over and under Arg92 of L22. They are

shown in blue and red, respectively.

Fig. 3  Superposition of the conformations around the L4-L22 constriction at 1ns of the free MD simula-

tion in case-over and case-under. In case-over, L4 and L22 are shown in white, and residues are

depicted as thin wire models. In order to keep the image clear, the polypeptides have not been

included.
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global motions in the conformation of the exit tunnel. PCA

showed that the main modes of motion are global motions

mainly involving the relative movement of the 50S and 30S

subunits [8]. These motions may be important for the

translocation of tRNA molecules between 50S and 30S, but

did not reveal any conformational changes within the tunnel

such as a peristaltic pump to facilitate the movement of the

polypeptide.

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. Our simulations of

the 70S ribosome revealed the likely path of nascent

polypeptide in the exit tunnel to be under Arg92 of L22 [8].
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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. However, many people do not evacuate immediate-

ly even when they feel earthquake motion in a tsunami prone

area, because they misunderstand characteristics of tsunami

and vulnerability against tsunamis in their living-areas. 

On the other hand, many people evacuated in Indonesia at

the tsunami event on March 28, 2005, because they had the

experience of tsunami disaster caused by the Indian Ocean

Tsunami on December 26, 2004. This suggests that we need

to predict and understand disasters realistically which will be

caused by tsunamis in the future. 

In this project, numerical and physical simulation has been

investigated. Macro-Micro scale interlocked tsunami simula-

tor named STOC (Storm surge and Tsunami simulator in

Oceans and Coastal areas) has been developed. For the valid-

ity of numerical models, large physical tests were conducted.

This paper described the briefly explanation of numerical

simulation system and results of large physical tests.

2. Numerical simulation system
2.1 Outline of tsunami propagation analysis

The tsunami propagation simulation system, named

STOC, is composed of three different sub-models: STOC-

ML, STOC-IC and STOC-VF, in order to calculate the

tsunamis interacting with structures as well as propagating in

the oceans (see Fig. 1, Tomita et al., (2006) [1]).

STOC-ML is a multi-level model in which water bodies

Fig. 1  Outline of STOC simulator.



258

Annual Report of the Earth Simulator Center  April 2007 - March 2008

Fig. 2  Calculation domain.

Fig. 3  Snap shot of the water profile.

Fig. 4  Relation between DEM and STOC-VF.  

Fig. 5  Result of destruction due to waves.

are divided vertically into some horizontal layers. The gov-

erning equations are Reynolds-Averaged Navier-Stokes

equations, although the assumption of hydrostatic pressure is

applied in each layer. No calculation of Poisson equation of

water pressure results in reduction of computational effort

and then STOC-ML is applied to wide areas such as the

oceans.

The governing equations of STOC-IC are Reynolds-

Averaged Navier-Stokes equations and continuity equation

for incompressible fluid in three dimensions. Free water sur-

faces are detected by the vertically-integrated continuity

equation to reduce computational effort. The governing

equations are solved by the finite difference method with

SMAC algorithm.

The governing equations of STOC-VF are Navier-Stokes

(Reynolds) equations and the continuity equation for three-

dimensional incompressible fluid modified by the porous-

body method. The VOF method is adopted to analyze the

free surface boundary.

2.2 Coupling system

The connection between STOC-ML and STOC-IC is

made in overlapping zones in which the physical quantities

such as the water surface displacement, velocities, pressure,

etc. in each computational area of STOC-ML and STOC-IC

are adjusted using the interpolation technique.

STOC-VF is made weak connection with STOC-IC, that

means data of velocities and water surface displacement is

send to each other. Figure 2 shows the area of test calcula-

tion and small waves are given. The snap shot of the water

profile is shown in Fig. 3. It shows that waves are smoothly

transported in the area of STOC-VF, though there is a slight

difference between water profile in the STOC-IC domain

and that in the STOC-VF domain.

2.3 Outline of structure destruction analysis

Distinct element method, called DEM, is applied to the

structure destruction analysis. DEM can calculate large

deformation and destruction. The DEM domain is set in the

STOC-VF domain (see Fig. 4). Wave pressure is given to

DEM from STOC-VF and the porosity is given to STOC-VF

if the structures are deformed. Figure 5 shows the test results

of wall destruction due to waves. 
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3. Large Model Tests
3.1 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. 6). The size of walls is 2.5 m high

and 2.5 m wide. The thickness of walls is changed from 

6 cm to 12.5 cm. Figure 7 shows a plan of reinforced con-

crete wall of 2 rigid sides. In the figure, G means the posi-

tion of the strain gauge and P means the position of the pres-

sure gauge. 

3.2 State of tsunami attack

Maximum height of tsunami above the still water level is

2.5 m and inundation depth in front of wall is 1.8 m. Figure

8 shows the time history of pressures at P1 and P2, which

position is shown in Fig. 7. It indicates that the impulsive

load, that exceeds 10 ton at P1, is attacking fast and the sus-

tainable pressure is attacking next. The state of tsunami

attack is shown in Photo 1. The very big splash is occurred

in a moment of attacking tsunami.

3.3 State of destruction

Photo 2 shows the failure of the reinforced concrete wall

with 6 cm and 10 cm thickness from the front. It is found

that the concrete wall is broken in the instance of tsunami

attacking at the lower part of wall.

3.4 Result of numerical simulation

The wall destruction simulation is calculated by using

coupling system of STOC-VF and DEM. Figure 9 shows the

results of simulation of weak wall. It is found that the walls

are broken in punching shear mode similar to physical

experiment results. 

4. Conclusion
The coupling system from tsunami propagation to struc-

ture destruction is developed. The validity of this model is

verified by using the large physical model tests. To apply

this system to the field data is the final step.
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Fig. 6  experimental set up.

Fig. 7  Plan of reinforced concrete wall.

Fig. 8  Time history of tsunami pressure on the wall.

Photo 1  State of tsunami attack.
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Fig. 9  Calculation result of wall destruction.

Photo 2  Failure of concrete wall with 6 cm (left) and 10 cm (right) thickness.
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1. Introduction
Recently, it is often argued that human economic activity

is affecting the Earth's climate such the global warming in

relation with the density increase of carbon-dioxide. It is

expected as a tomorrow's technology to control the whole

economic system to be compatible to the natural environ-

ment avoiding a catastrophic recession. From scientific

viewpoint the first step of controlling a real complex system

is to observe the system in detail such as quantitative charac-

teristics of elements and interactions among the elements. In

the case of real economic system the units or elements can

be companies and the interactions can be business dealings.

In this project we analyze an exhaustive business dealings

data of Japanese companies provided by RIETI (Research

Institute of Economy, Trade and Industry). 

The data we analyze in this project covers about 1 million

companies, that is, practically all active companies in Japan.

For each company basic information such as job category,

number of employee, annual sales, annual income, names of

business partners are listed. In each company's list there are

only up to 30 companies as business partners, however, by

accumulating all companies' data there are big companies

having several thousands of direct business partners. As a

result the business relation matrix becomes of size about 1

million by 1million, namely, a matrix with 1 trillion ele-

ments is needed. This size of matrix can hardly be treated

other than the Earth Simulator. 

2. Companies' basic properties
Basic quantities characterizing the size of a company 

are sales (in unit of 10 million yen), incomes (in unit of 

10 million yen), the number of employee and the number of

offices. In Fig. 1 cumulative distributions of these quantities

are plotted in log-log scale. As known from this figure all of

these plots are on straight lines showing that they are

approximated by power law distributions. Such scale-free

properties for companies are well-known for company size

distributions [1]. 

Network structures of business transactions are analyzed

by solving the adjacency matrix of size about 1 million by 1

million. The (i, j) component of the adjacency matrix is 1 if

the j-th company buys something from the i-th company, or

equivalently if there is a money flow from the i-th to the j-th,

otherwise the components are 0. Figure 2 shows the cumula-

tive distribution of link numbers in log-log scale, where the

link number is defined by the number of non-zero compo-
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Fig. 3  Cumulative distribution of company pair distances.

Fig. 2  Cumulative distribution of link numbers for business transactions

and stock holders.

nents in the i-th row of the adjacent matrix. The distribution

is well approximated by a power law with the exponent

about 1.2 for the wide range from about 10 to 1000 [2, 3]. 

It is shown by comparing with randomly reconnected net-

work keeping the link numbers that there is a tendency that

companies with large link numbers are avoiding each other.

Also there is a high tendency that the links are bi-directional. 

Another adjacent matrix is defined also for stock holders

relations, that is, if the i-th company holds the j-th compa-

ny's stock, then the (i, j) component of the adjacent matrix of

stock holder is 1 and otherwise 0. For this stock holder net-

work the link number distribution also follows a power law

as shown in Fig. 2. The link numbers of the stock holder net-

work are smaller than those of the transaction network, how-

ever, the power law exponents of these two distributions are

very close each other.

The distance of any pair of companies can be defined by

the minimal number of links which connect these two com-

panies. In Fig. 3 the cumulative distribution of distance of

pairs is plotted in semi-log scale. The probability that there

exists at least one path from a randomly chosen company to

a randomly chosen destination company is about 45%. The

peak distance is 5 and the distribution of distance decays

nearly exponentially from distance larger than 8 up to the

maximum distance, 21. 

Next, we define the degrees of authority and hubs which

are playing important roles in web-page ranking [4]. Let M

be the adjacent matrix, a
→

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 as typically shown in Fig. 4. Namely, the degrees of

hub are larger if the companies have direct links to those

Fig. 1  Cumulative distributions of various sizes of companies. The

amount of sales and incomes (in 10 million yen) and the numbers

of employee and offices.

Fig. 4  Schematic relation of hub companies (H) and authority compa-

nies (A).
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companies having large degrees of authority, and the degrees

of authorities are larger if the companies are linked by high

authority companies. 

In Fig. 5 the cumulative distributions of degrees of hub

and authority are plotted in log-log scale. The distribution of

degree of authority is characterized by a power law in the

range of [10–6, 10–3] with the exponent about 0.3 and an

exponential decay for larger values. On the other hand the

distribution of degree of hub shows a similar power law in

the same small value range, but there is another power law

behavior in the large value range [10–2, 100] with the expo-

nent 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. It is confirmed

that there is a tendency that big names of construction com-

panies appear in the companies which have top rank degrees

of authority. It is found that the degree of authority and sales

are positively correlated. For the degree of hubs big names

of retail trading companies tend to appear, but the correla-

tion to the sales and the sizes are less clear than the degree of

authority.  

As another quantity of characterization of network struc-

tures we introduce PageRank, which is used in characteriza-

tion of web page ranking such as Google. This quantity is

closely related to the physical problem of diffusion on the

network [5]. Consider 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. In the case of real company network the steady state

probability distribution of this random walker, called the

PageRank, is not uniform but the density distribution fol-

lows a power law distribution as shown in Fig. 5. Here, we

consider two cases, one is the case that the random walker

moves in the direction of money flow, and the other is the

case that it moves in the opposite direction of money, name-

ly, the direction of material or service. In both cases the

PageRank distributions follow power laws with the exponent

about 1.4 as shown in Fig. 5. The PageRanks can also char-

acterize companies quantitatively from another angle.  

3. Graphical representation of company networks
Graphical representation is very important for intuitive

understanding of the complex network structure. However,

this is not an easy job as the number of companies is too big.

In Fig. 6 the network structure of banks is plotted. Even for

this small category of companies the network structure is so

complicated that little information can be retained from the

figure intuitively. 

Figure 7 is an example of network structure for companies

in Kagoshima-prefecture. Here, small size companies meas-

ured by sales are neglected, companies with large values of

authority are represented by squares, large hub companies

are represented by ellipses, and colors specify job categories.

It is known from this figure that two retail sales companies

are playing the roles of hubs in this region, and several con-

struction companies are making networks superposing on the

whole networks. Other companies can be viewed as satel-

lites, however, if we zoom up a satellite company it general-

ly links many sub-satellite companies. This type of detail

structure of company network depends on the region, size

and job categories.  

Figure 8 is an aggregated network structure representing

interaction between job categories in Japan. Here, the whole

companies are divided into 17 job categories and the interac-

tion between categories are defined in the following way: To

Fig. 6  An example of bank network in Japan shown by non-directional

links.

Fig. 5  Cumulative distributions of the degree of hub (h), degree of

authority (a), Page ranks for money flow (Ph) and for materials

and services flow (Pa).
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Fig. 7  Network structure of larger companies in Kagoshima-prefecture. Companies with high degree of authority

are shown by ellipses, high hub companies by squares. Colors show job categories: Red; construction indus-

try, Light blue; Wholesale and retail trades, Blue; Manufacturing industry, Gray; Restaurants and hotels,

Green; Transportation, Yellow; Services. 

Fig. 8  Network structure of job categories in the whole Japan.
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define the interaction from category A to category B, we

count up the number of individual links each connecting a

company in the category A to a company in category B. This

number is normalized by the product of the numbers of com-

panies in these two categories. Here, the top 60 links

between categories are drawn in this job category networks.

We can find aggregated interaction among companies from

this figure. 

4. Summary 
In this project we analyzed the whole network properties

of Japanese companies by solving the adjacent matrix of size

about 1 million by 1 million. We observed basic quantities

of networks, such as the link number distributions both for

transaction network and for stock-holder network, the

degrees of hub and authority and PageRanks. In any case the

network shows fractal or scale-free properties. The distance

of any pair of companies are calculated from the adjacent

matrix and found that the peak distance is 5, the maximum

distance is 21, and the distance distribution decays nearly

exponentially. Visualization of company network is a chal-

lenging task and we introduced two new types of network

representation. One is using the degrees of hub and authority

which give intuitively consistent information to the network

figure. The other is the category interaction network which

aggregates many companies in the same category and counts

the number of individual links between categories. By this

method the global industrial interactions can be graphically

represented. 
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LES (Large Eddy Simulation) numerical methodology has been used to fully reproduce the characteristics of the flow field

in eccentric annular channels, to verify and characterize the presence of large-scale coherent structures, to examine their

behavior at different Reynolds numbers and to characterize the anisotropy associated to these structures. 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 implemented and tested. The agreement with previous experimental and DNS

results has been found good overall for the streamwise 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. The effect of secondary flows on anisotropy is studied over an extensive

velocity range through invariant analysis. Additional insight on the mechanics of turbulence in this geometry is obtained

though POD (Proper Orthogonal Decomposition) of the flow filed. 

Keywords: LES, POD, Eccentric channel, Advanced Nuclear Systems, Tight Lattice

1. Introduction
A major objective of this research is to establish a compu-

tational simulation-based design and safety approach in

nuclear engineering, in particular in the area of nuclear fuel

pin subassembly thermal hydraulics design and safety.

Emphasis is placed on the delineation, in-depth understand-

ing and modeling of the complex turbulent flow structure

inside nuclear fuel pin subassemblies characterized by non-

homogeneous and anisotropic turbulence. Applications of

Direct Numerical Simulation of turbulence and Large Eddy

Simulation techniques are fully employed being aimed at

providing higher quality of computational data that should

be equivalent to or more detailed information than those pro-

vided by experimentation. Also the computational results

will be used for engineering modeling as well as the basis on

which design data base is constructed.

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.

Eccentric annular pipe flows represent an ideal model for

investigating inhomogeneous turbulent shear flows, where

conditions of turbulence production vary significantly within

the cross-section. Moreover recent works have proven that in

geometries characterized by the presence of a narrow gap,

large-scale coherent structures are present. The eccentric annu-

lar channel represents, in the opinion of the present authors,

the prototype of these geometries. There, influences of the

anisotropic turbulence structure and eddy migration behaviors

in the non-uniform flow channels will be investigated in detail.

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. 

The Navier-Stokes equations have been solved in bound-

ary fitted coordinates ([1], [2]):

(1)
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where  J is the Jacobian, g denotes the skewness tensor, and:

Where gij represents the skewness tensor, ξi is the bound-

ary fitted coordinate in the i-th direction and ui is the the

cartesian velocity coordinate in the i-th direction. Tik repre-

sents the Sub-Grid scales stress tensor than need to be mod-

eled. An a priori analysis as well as an a posteriori analysis

of the flow in concentric annuli and eccentric annuli has

been carried out to evaluate possible models.

Several models have been tested, among which, the

dynamic Smagorinsky, the dynamic mixed model, the 

self-similarity model and another variants of the dynamic

model ([3]). 

The dynamic model and its variant performed fairly well

from the point of view of a priori and a posteriori tests.

They may be considered the ideal choice for the simulation

of the flow in annular 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]). Equation (1) has been discrtized

through a second order consistent scheme ([5]) and Time

advancement has been carried out through an Adams-

Bashfort scheme. The Poisson equation for the pressure

gauge has been solved with an FFT solver since perioidc

boundary conditions have been employed in the streamwise

direction.

3. Results
An extensive LES computational campaign has been per-

formed for the eccentric channel at different values of

Reynolds number and the eccentricity to investigate the

characteristics of the flow in eccentric channels. All the

cases run are summarized in Table 1 for different values of

the geometric parameters Dh (hydraulic diameter), α and e:

Where Din and Dout are the inner and outer diameters and d

is the distance between the axis of the two cylinders. The

results of the simulations A, B and D (see Table 1) have

been validated to available DNS and experimental data ([6],

[7], [8]).

Important aspects of the flow field in concentric and

eccentric annuli have been confirmed and reproduced

through the present methodology ([9]). In particular, the

effect of transverse curvature on the  inner wall, as well as

the  effect of eccentricity on the wall shear stress, has been

successfully simulated. Contour plots show the effect of the

parameter α (Fig. 1) and the eccentricity (Fig. 2). Moreover,

some fundamental observations have revealed that:

1. flows in eccentric annuli are characterized by a strong

Reynolds effect in the narrow gap in the Reynolds region

surveyed;

2. flows in  eccentric annuli present secondary flows, whose

shape is constant in the range of Reynolds number sur-

veyed but depends upon the value of eccentricity (an

example of secondary flows is given in Fig. 3 for α = 0.3

and e = 0.5);

3. at low Reynolds numbers the secondary flows are associ-

ated to coherent periodic structures in the direction of

homogeneous turbulence, the flow is characterized by

(2)

(4)

(5)

(3)

(7)

(6)

Table 1  LES cases

 e α Dh 1/ν Re Grid L Time
   [m] [s]  Nζ- Nη- Nz [m] weeks

Case A 0.0 0.1 1 540 8800 128-64-128 5 4

Case B 0.5 0.5 1 250 3200 256-64-(128-512) 2π,4π,8π 8

Case C 0.5 0.5 1 770 12100 256-128-(128-256) 2π,4π 8

Case D 0.5 0.5 1 1480 27100 512-300-512 2π 20

Case E 0.8 0.5 1 250 3100 256-64-128 2π 8

Case F 0.8 0.5 1 750 11300 256-128-128 2π 8

Case G 0.95 0.5 1 500 8700 256-64-128 2π 8

Case H 0.5 0.3 1 250 2900 256-64-128 2π 8

Case I 0.5 0.7 1 250 3300 256-64-128 2π 8
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high coherence lengths;

4. the condition of anisotropy of turbulence in the narrow

gap changes greatly as the Reynolds number increases;

and

5. for a constant eccentricity and hydraulic diameter, if α

increases the spanwise distribution of the streamwise

velocity is increasingly inhomogeneous (Fig. 1). 

From previous works and the evidence presented here it

appears that the transition to turbulence in eccentric annuli is

accompanied by the formation of a street of counter-rotating

vortices in the region near the narrow gap. These coherent

structures (Fig. 4) persist at low Reynolds numbers but they

progressively become less dominant, at least for an eccen-

tricity equal to 0.5, as the Reynolds number increases.  

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 flow develops very slowly toward fully developed

turbulent flow (for Re = 27100 and e = 0.5 the streamwise

velocity profile does not follow the law of the wall in the

narrow gap region). 

The process of transition is apparent from Fig. 5 that

shows the shear stress in the narrow gap region for cases C

and D. It is evident that at low Reynolds numbers the shear

is considerably lower and the peaks are shifted toward the

center of the channel. For case B, the shear stress is nearly

Fig. 2  Effect of eccentricity on the streamwise velocity distribution.

Fig. 3  Secondary flows for e = 0.5, α = 0.3 and Re = 3150.

Fig. 1  Effect of inner to outer diameter ratio on the streamwise velocity distribution.
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zero in the narrow gap region, indication that turbulence pro-

duction is negligible in the area and that turbulence is only

transported. In conclusion, at e = 0.5, the shear stress in the

narrow gap region evolves from an almost laminar condition

for a Reynolds number equal to 3200 to an increasingly tur-

bulent solution for cases C and D.

At low Reynolds number and for eccentricity equal to 0.5

the relative dominance of the coherent structures is associat-

ed 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 values of eccentricity (0.8) the

structures persist to be dominant even at Reynolds as high as

11300, and anisotropy continues to be dominant in the nar-

row gap. At even 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.

It appears that transition to fully developed turbulence in

the narrow gap is delayed at eccentricity equal to 0.8 if com-

pared to an eccentricity equal to 0.5. In general the delay in

transition between the flow in the wide gap region and the

narrow gap region depends upon the eccentricity. 

3.1 Proper Orthogonal Decomposition

A POD (Proper Orthogonal Decomposition) study ([10])

for the turbulent fields calculated  in this study has been per-

formed to obtain an additional insight in the physics of flow

in eccentric channels. The power of the POD lies in the fact

that the decomposition →σi(
→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 descrip-

tion of the procedure used can be found in Sirovich ([11],

[12], [13]).

The POD has been carried out at two Reynolds numbers

(Re = 3200 with a domain length of 4π and Re = 12100 with

a domain length equal to 2π) at e = 0.5 with 2000 snapshots

each. The case with lower Reynolds number shows that the

first 6 modes contain 20% of the total energy while at higher

Reynolds number the 6 most energetic modes contain

Fig. 4  Iso-surface for the second invariant of the velocity tensor at Q = 0.8 for a Reynolds number of 3200 (left),

contour plot at the same value for a Reynolds number of 3200 and  in the gap mid-section (right).

Fig. 5  Shear Stress distribution (normalized by the square of the bulk

velocity) as a function of the relative distance from the outer wall

in the narrow gap.

(8)
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approximately 6% of the total energy. This indicates that an

energy transfer occurs between the most energetic modes

and the other modes (Fig. 6).

The first four modes in the case with Re = 3200 and the

first two modes in the case at Re = 12100 are representative

of a traveling wave of the type ,

which can in fact be split into two contributions: 

where the two terms differ in the axial direction x by a phase

shift of π/2. Figure 7a shows one of the two modes represen-

tative of the two terms in equation (9), at Re = 3200. 

For the case at Re = 3200 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 spectra and subsequently

the impossibility for the computation to reproduce exactly

the correct wavenumber spectrum (unless the domain is

extremely long, in the sense discussed in [14]). These issues

are discussed extensively in Merzari et al. ([14]). For Re =

3200, the modes corresponding to quantum numbers m = 4

and m = 5 contain a series of vortexes on the edges of the

gap (Fig. 7).

4. Conclusions
Evidence based on this and previous research suggests

that in eccentric channels coherent structures are present for

some combination of the geometric parameters and

Reynolds number.  

The POD conducted on eccentric channels shows that the

coherent structures are associated to traveling-wave modes.

For e = 0.5 and α = 0.5, they are considerably less energetic

as the Reynolds increases, and they appear to be less domi-

nant toward other modes. However, for other combination of

the geometric parameters e and a, a similar effect might not

be observed, in particular for higher eccentricity where, for 

e = 0.8, the coherent structures are resilient up to Re = 11300.

Anisotropy conditions in the narrow gap also depend

upon the value of the geometric parameters and Reynolds

number. In particular, higher value of eccentricity imply that

a strong anisotropy persist in the narrow gap even at higher

Reynolds numbers (as high as 11300 for eccentricity of 0.8). 
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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). The energy injected

from SSPS is taken as a heat source adding to the atmosphere. The computational algorithm of the heat addition is developed

and added to MSSG code. A typhoon generated in 2004 is reproduced by MSSG in ES as the test case for evaluating the effect

of the heat addition. In this report, first, the feature of the typhoon is numerically demonstrated by showing time-dependent

physical values organizing the typhoon such as pressure, velocities, vapor density and water density. Next, the simulations

with the heat addition are conducted and the simulation results are compared with no heat addition case. Finally the current

status of the present work is remarked and the next works we plan are also noticed.

Keywords: Space Solar Power Systems (SSPS), laser, energy injection, cloud, rainfall, typhoon

1. Introduction
Energy resources such as oil and natural gas may not

always be sustained within 21st century, because the current

consumption of them is extraordinarily being increased and

causing emission of carbon dioxide (CO2). One of sustain-

able method to keep the energy supply and solve the envi-

ronmental problems is the use of the solar power. 

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 via microwave or laser beam. The transmitted energy

is converted to clean fuels such as electricity or hydrogen in

ground facilities. The exhaust of CO2 in this system is much

less than that of other systems. Also a stable supply of ener-

gy may be accomplished. 

JAXA is proposing the roadmap that consists of stepwise

approach to utilize commercial 1GW class microwave based

SSPS (M-SSPS) and laser based 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 evalu-

ated 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). The basic concept of this

study is that the laser or the microwave from SSPS injected

to atmosphere is taken as a heat source. The computational

algorithm of the heat source is added to MSSG code. 

As numerical examples, a typhoon generated in 2004 is

reproduced by MSSG in ES. First, the calculated results are

shown in detail. The time-dependent physical values organ-

izing the typhoon such as pressure, velocities, vapor density

and water density are visualized. From these values, the

mechanism of the typhoon is investigated especially from

the viewpoint of the onset of condensation (cloud) and the

growth to water liquid. 
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Fig. 1  Visualized physical values at 12 hours.

Next, the computations with the heat addition are con-

ducted and the calculated results with and without the heat

addition are compared with each other. 

Finally the current status of the present work is remarked

and the next works we plan are also noticed.

2. Numerical Method
The effect of laser on the cloud should be locally evaluat-

ed 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. Therefore, high resolu-

tions of the computational grid and the numerical method are

required. Recently, ESC developed a computational code for

global atmosphere and ocean physics named MSSG[4].

MSSG may resolve our issue how the energy injection influ-

ences the atmosphere. MSSG is based on a coupled non-

hydrostatic atmosphere-ocean-land global circulation model.

This simulation code is optimized on ES for the high per-

formance by the parallel computation. In this study, a mathe-

matical model for the heat induced by the laser that we call

the Energy Injection (EI) model, is newly developed and EI

model is added to MSSG. The current EI model employs a

very simple algorithm based on the forced change of temper-

ature locally and a homogeneous absorption in atmosphere.

3. Numerical results
3-1 Visualization of Typhoon

It is known that laser lights are attenuated strongly by

water drops in the atmosphere such as cumulonimbus, 

fog, and rain. The understanding of the mechanism how

water drops are generated in atmosphere is quite valuable to

conduct the present study. 

As the first step of the present work, a typical typhoon

actually generated in 2004, that is Typhoon No.23 named

TOKAGE, is reproduced by MSSG in ES. As the initial 

values of the computation, 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 

3600 km wide in longitude and 2400km wide in latitude.

The computational 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 computa-

tion. The calculated physical values which may dominate 

the typhoon physics are visualized at three different physical

times. 

Figures 1, 2 and 3 show the values of the sea level pres-

sure and horizontal velocity in Fig. (a), the vertical velocity

distributions in Fig. (b), the density of water vapor in 

(a) sea level pressure and horizontal velocity vectors (b) vertical velocity distributions

(c) density distributions of water vapor (d) density distribution of water liquid
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Fig. 2  Visualized physical values at 24 hours.

(a) sea level pressure and horizontal velocity vectors (b) vertical velocity distributions

(c) density distributions of water vapor (d) density distribution of water liquid

Fig. 3  Visualized physical values at 36 hours.

(a) sea level pressure and horizontal velocity vectors (b) vertical velocity distributions

(c) density distributions of water vapor (d) density distribution of water liquid
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Fig. (c), and the density of water liquid in Fig. (d), at 12, 24,

and 36 hours after the initial time, respectively. The altitude

is at 3000 m.

In both Figs. 1(a) and 2(a), a lower pressure region and an

anti-clockwise vortex is organized. The lowest pressure

point, the so called typhoon's eye, moves to the west. In

Figs. 1(c) and 2(c), the concentration of the water vapor

increases gradually as decreasing the pressure. In Figs. 1(b)

and 2(b), the region with positive values and that with nega-

tive values of vertical velocity are self-organized. The posi-

tive region is mainly located in the region with the higher

density of water vapor. Especially as shown in Figs. 1(d) and

2(d), the points with water liquid are coincide with the points

where a higher positive value of vertical velocity is

observed. Since the upward wind brings water vapor to the

higher altitude with lower temperature, the water vapor is

saturated and condensed to water liquid. 

Compared with Figs. 1 and 2, the distributions of physical

values in Fig. 3 may be distinguished from those in Figs. 1

and 2. The typhoon is obviously self-organized at 36 hours

after the initial time. The center of the typhoon is clearly

observed and streak-shaped regions where water liquid is

observed are organized toward the outer direction from the

center of the typhoon. 

3-2 Simulation of energy injection

The laser beam produced in L-SSPS works at a low ener-

gy level which is evaluated from the environmental and safe-

ty aspect. Also the area of the energy receiving at the ground

is limited within several hundreds meter square. But in this

preliminary simulation, the actual expected energy level and

the receiving area are not considered. We only focus on how

EI model works in MSSG. A higher energy injection is

assumed to clarify the effect of the energy injection to the

typhoon. In this report, typical two cases of the energy injec-

tion are explained. Typhoon No.23 is computed again with

the energy injection.

Figure 4 shows the schematics of the region where the

energy is injected. In CASE 1, a 5 km × 5 km region for the

energy receiving is located at 25 km south from the center of

typhoon. This region moves according to the movement of

the center. In CASE 2, the region is three times spread to the

south. The heat addition at the regions is approximated as

the forced temperature increase in the computation, where

1K in temperature is forced to increase at the region in each

one hour. The heat addition is started from the same initial

time and is continuously added for 24 hours. 

Figures 5(a), (b) and (c) show the calculated pressure con-

tours focused on the close region to the center of typhoon in

the no energy injection case, CASE 1, and CASE 2. In this

period from the initial time to 24 hours, the center of

typhoon is not always self-organized sufficiently as shown

in Figs. 1 and 2. A couple of lower pressure points are found

at the center of typhoon in all three cases. The pressure dis-

Fig. 4  location of energy injection.

(a) CASE 1 (b) CASE 2

Fig. 5  Sea level pressure at 24 hours after the initial time.

(a) without energy injection (b) CASE 1 (c) CASE 2
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tributions in CASE 1 and CASE 2 are not always distin-

guished from those in the case without the energy injection.

However, the location at the lowest pressure point and the

value are slightly changed due to the energy injection, even

though the effect may be sufficiently trivial.

4. Conclusions and comments
The effect of the energy injection from Space Solar Power

Systems(SSPS) to atmosphere involving cloud and rainfall

was numerically investigated using MSSG coupled with EI

model. Typhoon No.23 in 2004 was reproduced by the pres-

ent code by ES. The calculated physical values such as the

sea level pressure and horizontal velocity vectors, the verti-

cal velocity distributions, the density of water vapor, and the

density of water liquid were visualized. The obtained values

indicate that the self-organization of the typhoon is success-

fully demonstrated by MSSG. The organization may depend

strongly on the condensate process of water vapor in the

atmosphere. The region with water liquid coincided with the

region where an upward wind is observed. 

Next, the computations with the energy injection were

conducted.  In those results, however, the effect of the ener-

gy injection is not clarified enough. A number of other cases

except for the present results have been also investigated.

But, a typical condition which is effective to typhoons has

not been found yet. One of the reasons must be still a lack of

parametric computations. Also the grid resolution of the

present computation may be not sufficient to get the local

physical process such as condensation accurately. Therefore,

we should continue this study to seek a proper condition

which can indicate the effect clearly. The understanding the

mechanism how laser and cloud are interacted with each

other is also important. The scattering and absorption of

laser energy should be more accurately evaluated and con-

sidered in EI model.

Due to the green house gases, the global warming on the

earth is being accelerated and people encounter extraordi-

nary weather such as strong typhoons, local rainstorms, and

hot days which have never been experienced. Another appli-

cation of SSPS we expect is to a positive weather control for

resolving the above certain problems in weather. We expect

that the heat addition using SSPS into the condensation

process of weather could control clouds and rainfalls to sup-

press or to generate them. This issue is a next work of the

present study.

Acknowledgements
We are greatly thankful to Multiscale Simulation

Research Group, Earth Simulator Center for allowing us to

use MSSG code and support modifying the code.

References
[1] M. Mori, T. Fujita, Y. Saito, "SUMMARY OF STUD-

IES ON SPACE SOLAR POWER SYSTEMS OF

JAPAN AEROSPACE EXPLORATION AGENCY

(JAXA)", 25th  International Symposium on Space

Technology and Science, 2006-r-1-03, 2006.

[2] M. Niino, K. Kisara, M. Mori et.al., "Investigation and

Research on the Applicability of FGM Technology for

Advancement of Space Solar Power System (SSPS)",

Proc. 9th Multiscale & Functionally Graded Materials,

2006.

[3] V. Kmetic and M. Niino, "Influence of the Atmospheric

Effects of the Lightwave Energy Transmission 

Link Performance", Proceedings of the 23rd ISTS,

pp.1325–1332, 2002.

[4] K. Takahashi, Xindong Peng, R. Ohnishi, M Ohdaira, K.

Goto, H. Fuchigami and T. Sugimura, "Multi-Scale

Weather/Climate Simulations with Multi-Scale Simulator

for the Geoenvironment (MSSG)on the Earth Simulator",

Annual Report of the Earth Simulator Center, April 

2006 - March 2007, pp.31–39, 2007.



282

Annual Report of the Earth Simulator Center  April 2007 - March 2008

SSPS : Space Solar Power Systems

SSPS

JAXA 2030

1GW SSPS M-SSPS SSPS L-SSPS

SSPS 1.06µm Nd YAG

98

L-SSPS

MSSG Multi-Scale Simulator for Geoenviroment

Fig. 1 Fig. 2 Fig. 3 2004 23 TOKAGE 10 13 0:00 12 24

36 a b c d

MSSG

2004 23 Fig. 5 24

SSPS



283

Chapter 3  Epoch Making Simulation

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

Project Representative

Nobuyuki Oshima Division of Mechanical and Space Engineering, Hokkaido University

Author

Nobuyuki Oshima Division of Mechanical and Space Engineering, Hokkaido University

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

emissions from combustion systems, such as those of ther-

mal power plants, continue to be tightened, and a higher effi-

ciency of the systems also continue to be desired. To con-

struct 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

thermodynamically favored for the system efficiency,

though a lower temperature is required to reduce a local

NOx generation. Therefore, in order to design a high per-

formance gas-turbine combustor satisfying the both criteri-

on, 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
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Fig. 1  Overview of computation grid for 1700 degC class gasturbine combustor.

1700 degC class gasturbine in next generation (Saito et.al.

2007).

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 

simultaneously 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 dis-

cretized by a 3rd order up-winding scheme with TVD-lim-

iter. The other terms are estimated by the 2nd-order central

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

profiles 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 production rate, a simulation by

the detail chemical reaction model is performed, where 27

spices (N2, OH, C3H8, H2, H, CH4, CH3, CH2O, HCO,

CO2, CO, O2, O, HO2, H2O, HCCO, C2H2, C2H3, C2H4,

C2H5, CH3O, C3H6, iC3H7, nC3H7, N, NO, C2H6), and

their 34 reactions are considered. Temperature, density and

(1)

(2)



285

Chapter 3  Epoch Making Simulation

all spices fraction components at the initial condition are

estimated by the above calculation by the flamelet approach.

It may give an appropriate condition so that the calculation

is performed smoothly after switching the model. Profiles of

the NO production rate at the initial 72,000 step and later

times are shown in Fig. 4. Since a time increment is 1/100

smaller than in the previous flamelet approach, there is very

little changes of a flow field within the calculation time.

After switching the model, the temperature profile changes

slightly, but it doesn't influence the NO production so much.

In the present calculations, there are still differences in the

region close the inlet vanes, where the velocity fluctuation

profile and the fuel distribution by the spray injectors is

hardly simulated because the geometry resolution is limited

even by this large size calculation with over 5 millions of

elements. Therefore more detail resolution with 30 millions

of elements is applied to improve the prediction accuracy

and reliability.

Fig. 2  Instantaneous temperature profiles; left (R.L.), right (L.L.).

Fig. 3  Time averaged temperature profiles; left (R.L.), right (L.L.).

Fig. 4  Profiles of NO production rate predicted by detail chemical reaction.
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4. Conclusive remarks
This work exhibits the LES of turbulent combustion flow

for a practical combustor system. It validates the feasibility of

the 2-scalar flamelet model for such a realistic design of gas-

turbine combustor. The software "FlontFLow" (ver.3.0) devel-

oped for this work can be excused by upper than 95% vector

processing ratio and super-linear (efficiency over 1) accelera-

tion with 32 to 80 CPUs on the earth simulator system.
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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-

ulations of hemoglobin for the initial X-ray structure (an oxy T-state hemoglobin with PDB code: 1GZX) which is an unstable

structure of oxy-hemoglobin (J. Comput. Chem. vol.28, pp1129- 1136, 2007). We found the following features for the struc-

tural changes of hemoglobin. Dimers α1β1 and α2β2 maintained structures close to their respective X-ray structures while they

moved relative to each other like two stacks of dumbbells. The distance between the two dimers (α1β1 and α2β2) increased by

2 Å (7.4%) in the initial 15 ns and stably fluctuated at the distance with the standard deviation 0.2 Å. 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 nanosec-

onds. In the present study (2007), we performed a 15-ns MD simulation for a different initial structure (an oxy R-state struc-

ture: PDB code 2DN1) which is the stable structure of oxy-hemoglobin under the same condition as the previous simulations.

We found that the distance between two dimmers (α1β1 and α2β2) were maintained close to the initial X-ray structure within

the fluctuation of 0.2 Å in contrast to the previous simulations for the oxy T-state hemoglobin.

Keywords: Molecular dynamics simulation, Allosteric effect, RMSD, Hemoglobin, Quaternary Structural change

1. Introduction
Molecular dynamics (MD) simulation 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. Furthermore, they

largely fluctuate and easily change the whole structure even

at the room temperature. 

A hemoglobin molecule can efficiently transfer oxygen

molecules from the lungs to the muscles. The binding of an

oxygen molecule to a site enhances additional oxygen bind-

ings on other sites of a hemoglobin. Various experimental

studies revealed that this cooperative binding is associated

with a large structural change. The X-ray crystal studies

showed the structural difference between the initial and final

states (Fig. 1). However, the experimental studies have not

yet observed the dynamical process of the structural change. 

The purpose of our study was to perform a long MD sim-

ulation as long as possible on one of the fastest supercom-

puters in the world and to investigate the dynamical features

of tertiary and quaternary structures of human adult hemo-

globin (HbA) in water without any artificial constraints (Fig.

2). To achieve this purpose, one of the authors (M.S.) accel-

erated his own software, COSMOS90, by vectorizing and

parallelizing it for the Earth Simulator, which was the fastest

supercomputer in the world during the period from 2002 to

2004. We performed a 45-ns MD simulation of HbA in

water with all degrees of freedom (including bond stretch-

ing) and with long-range Coulomb interactions. 

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
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(M.S.) tuned up COSMOS90 on the Earth Simulator by vec-

torizing and parallelizing its all subprocesses including the

Barnes-Hut tree construction[2].

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 sub-

routines 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 was

constructed in parallel and in keeping with the vector accel-

eration by using 8 (or 64) processors independently dividing

nodes (that is, cells) of the second (or third) level in the tree,

respectively. All processors made their own interaction

tables by searching cells interacting with the atoms of each

processor according to the Barnes-Hut tree. Then the interac-

tion table, which is the largest array in COSMOS90, was

distributed to all processors and the distribution of the inter-

action 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 sin-

gle 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.

3. Initial X-ray structure
As an initial X-ray structure, we chose the oxy T-state

HbA (PDB code: 1GZX) because it was restricted to the

unfavorable T-state structure probably due to crystal con-

tacts and a low temperature (4˚C)[4]. Since these restrictions

do not exist for the MD simulation in the solution environ-

ment at the room temperature (Fig. 2), a very long MD simu-

lation (order of µs) is expected to demonstrate the quater-

nary transition from the T to R structure. The 45-ns simula-

tion of this study does not reach the order of µs but is 22

times as longer as the present longest simulation (2 ns)[5]. 

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 the initial X-ray structure had

almost the same RMSD values as those of the subunit

monomers. In contrast, the unfitted dimers had RMSD val-

ues (3.5±0.2 Å for α1β1 and 3.4±0.23 Å for α2β2) that were

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 hem.

Fig. 2  Human adult hemoglobin (HbA) in a water sphere of radius 

66 Å. The total number of atoms is 119421.
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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 of the dimers (that is, between α1 and β1 and

between α2 and β2) were stronger than the interactions

between subunits of different dimers and thus dimers α1β1

and α2β2 showed almost the same RMSD values as the sub-

unit 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. Dynamics 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 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 func-

tion of time (blue line in Fig. 5) was almost the same as that

of the real HbA (blue line in Fig. 3). This result means that

the RMSD of the unfitted α2β2 dimer in Fig. 5 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. The distance

between the two dimmers (d12) and their relative rotation

angle Φ were monitored according to the time (Fig. 6). 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 for α2 and β2. The blue line denotes the RMSD of the

centers of mass with the RMSD of the monomer.

Fig. 6  The quaternary structure parameters (defined by Fig. 4) as a

function of time. The blue line denotes the distance d12 between

the two dimers (α1β1 and α2β2) for the simulation started from the

oxy T-state structure. The green line denotes the relative orienta-

tion Φ of the two dimers for the same simulation.
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distance between the two dimers (α1β1 and α2β2) increased

by 2 Å (7.4 %) in the initial 15 ns and stably fluctuated at the

distance with the standard deviation 0.2 Å. The relative ori-

entation of the two dimers fluctuated between the initial X-

ray angle –100˚ and about –105˚ with intervals of a few tens

of nanoseconds.

6. Stability of quaternary structure
Hemoglobin has two different stable structures (oxy R-

state and deoxy T-state structures) depending on whether

four oxygen molecules bind to the respective sites. The two

structures are different from each other in the quaternary

structures, 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. In other words, the sequen-

tial bindings of four oxygen molecules to the four sites

change the quaternary structure from low-affinity T to high-

affinity R and enhance the oxygen bindings. This hemoglo-

bin hypothesis describes the quaternary structural change by

a degree of freedom, i.e., rotation angle between the two

dimmers (α1β1 and α2β2), as shown in text books of bio-

chemistry (Fig. 1), because the distance between α1β1 and

α2β2 is almost identical between the R-state and T-state

structure. Since the initial structure used in the previous sim-

ulations, 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 experiments for oxygen to hemoglobin in the

crystal environment usually break the crystal probably

because of the large structural changes of hemoglobin,

which break favorable inter-molecular interactions stabiliz-

ing the crystal. However, the crystal of 1GZX (the previous

initial structure) was not broken by the soaking experiments.

The 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 crystal contacts of molecules and a low tem-

perature 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. 

However, we do not have a proof to deny another possi-

bility that some computational artifacts unstabilize the initial

X-ray structure. We planned to perform an additional simu-

lation from the different initial structure (oxy R-state: PDB

code 2DN1) which is the stable structure of oxy-hemoglo-

bin. It is expected that our additional simulation maintains

the X-ray quaternary structure of hemoglobin because this

structure do not have large suppression. 

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 15 ns in

contrast to the oxy T-state structure. We have a plan to

extend this simulation to 45 ns in 2008.
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Research and development for visualization technologies carried out by Advanced Perception Research Group of the Earth

Simulator Center in the fiscal year 2007 is reported. A GUI tool to realize fly-through visualization in YYView, a semi-inter-

active visualization program system, is developed. The fly-through visualization technique under research collaboration with

Computational Visualization Center, the University of Texas at Austin in last fiscal year is applied to this GUI tool. Several

types of parallel rendering programs derived from MovieMaker are newly developed, aiming to use on massively parallel

computer systems. Our virtual reality visualization program for CAVE-type virtual reality system, VFIVE, has been continu-

ously developed, achieving the stage of practical use. The source code of VFIVE is now open to public. A novel technique,

point-sprite method to render massive numbers of spherical particles is developed. This method is applied to the data visuali-

zation of crack tip dislocations and cloud formation simulations. Another novel technique to render a cloud, physically-based

rendering, is also developed and tested. This method is achieved by a couple of programs based on the light scattering by 

particle and light transport in the participating media. Examinations show that the photo-realistic appearance of a cumulus is

captured.

Keywords: large-scale data visualization, Parallel rendering, Virtual Reality, Physically-based rendering

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 com-

putational cost of data handling is much expensive, because

the data size reaches several gigabytes per step. Interactive

visualization, 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. The progress on the develop-

ments of them for this fiscal year is reported in Section 2.

Another is the fact that it is difficult to comprehend com-

plicated 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. Section 3 describes the

overview of VFIVE and the current state of the development.

In addition, research and development of novel visualiza-

tion methods are also included in the mission of APRG. In

this fiscal year, we have developed two different types of

novel representation methods. These are reported in Section 4.

2. Development of large-scale data visualization pro-
grams

2.1 Overview of MovieMaker and YYView

MovieMaker is a parallel rendering program based on the

master/slave model. It is designed for the symmetric multi-

processor computer architecture. 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 configuration file, (ii) to read

simulation data into the shared memory area; and (iii) to

control the slave processes keeping a good load balance.

Each slave process performs rendering tasks and then returns

partial images back to the master via the shared memory.

Inter-process communications are performed with Message

Passing Interface (MPI). The dynamic load balancing 

in MovieMaker is achieved by an active monitoring and

dynamic control of the slave processes.

Before running MovieMaker, its user should prepare a

configuration file that includes information for data profiles

and several kinds of visualization parameters such as light-
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Fig. 1  Data flow of YYView.

Fig. 2  A snapshot of user interfaces of YYView. Fig. 3  Graphical user interface of CameraPathEditor.

ing, viewport, color map and others for visualization func-

tions. However, it is difficult to determine all of the parame-

ters except data profiles in advance. Those should be tuned

interactively, watching results frequently displayed on user's

PC monitor. 

This difficulty has motivated us to develop a semi-interac-

tive visualization program system, YYView. YYView is

composed of MovieMaker, a console program and several

support program tools, such as a previewer (PlayWright), a

data reduction tool (Filter) and a resulting movie browser

(MoviePlayer). Each of the tools is also available as an inde-

pendent program. 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. We show data flow by their linkages in

Fig. 1. In the YYView environment, a reduced data instead

of the original (non-downsized) data is used for quick visual-

ization. User can specify the appearance of visualization

interactively through PlayWright and the console program as

shown in Fig. 2. After that, YYView throws the visualiza-

tion parameters determined 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 and tested the fly-

through visualization by MovieMaker under research collab-

oration with Computational Visualization Center (CVC), the

University of Texas at Austin [1]. Fly-through is a method

that visualizes the simulation data from a bird-like viewpoint

flying through the three-dimensional simulation space. In

order to perform the fly-through visualization with

MovieMaker, one has to specify a smooth camera path and

view parameters such as gaze and upper directions and a

viewport. These parameters should be stamped at each point

on the path. When those parameters apply to MovieMaker, it

can generate a sequence of images. However, it was not easy

to set up the series of those parameters along the camera

path. It needs a dedicated program. In the fiscal year 2006,

we experimented with the fly-through visualization by

MovieMaker, assisted by a tool developed by CVC.

In this fiscal year, we applied know-how of the fly-

through method to develop a GUI program tool,

CameraPathEditor, to edit camera path parameters in the

YYView system. Figure 3 shows a screen capture of this

program. The use of this becomes easy to set camera param-

eters with movement of viewpoint, though it was difficult to

set these parameters in our previously software.

See also the reference [2] for more information.

2.3 Derivative developments of MovieMaker

We are developing several visualization programs, generi-

cally named as "Armada", based on MovieMaker. The aim

of Armada is to visualize time-varying simulation data on a

massively parallel and distributed memory computer system
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like supercomputers or Earth Simulator. Points of the devel-

opment are as following; (i) combination use of MPI and

OpenMP for parallelization, (ii) software-rendering, (iii)

support for several kinds of geometries, and (iv) additional

visualization functions.

For the first item, MovieMaker was designed for single

computer system of a symmetric multiprocessing architecture

which is used in most common multiprocessor systems today.

In this system, two or more identical processors are connected

to a single shared main memory, so that the data size stored in

the memory is limited by its capacity. To process much more

data effectively, combination use of MPI and OpenMP

libraries for parallelization has been adopted in Armada. MPI

parallelizes a visualization process to respective time steps. At

each visualization process, computations of rendering such as

ray casting are parallelized by OpenMP. For the second item,

usual supercomputers do not have any graphics hardware, so

that Armada has been designed to be unaided by it. Both of

the scalar visualization functions, isosurfacing and volume

rendering, are performed by the ray casting algorithm. For the

third item, three types of Armada programs are provided for

rectangular, spherical and Yin-Yang coordinate systems,

respectively. For the last item, a new visualization functions,

color slicing and depth cueing, have been also implemented.

The color slicing indicates value distribution by colors on the

section of a volume. The depth cueing is one of visual effects

to give depth feel as more distant objects look darker. Armada

is possible to be executed by a configuration file of the same

format as MovieMaker's. The newly implemented functions

here are also available by adding the corresponding com-

mands into that file.

Currently, we are testing these Armada programs on sev-

eral supercomputers at JAMSTEC, such as SGI Altix 4700,

NEC SX-8R and also Earth Simulator. These approaches are

expected to be more effective for the time-varying data visu-

alization than the past achievements by MovieMaker.

3. VFIVE
We have been developing an interactive visualization pro-

gram called VFIVE for CAVE system as shown in Fig. 4.

VFIVE is designed to make the best use of the immersive,

stereoscopic and interactive VR environment. VFIVE is

written in C++ with OpenGL and CAVELib, so that it is also

available on any other VR systems powered by the

CAVELib. VFIVE has a graphical user interface that helps

the viewer to select visualization functions and control

parameters in the three-dimensional virtual space. Various

visualization functions are provided for analyzing three-

dimensional simulation data interactively and aiding view-

er's intuitive comprehension. Figure 5 shows several of those

functions. In this picture, viewer analyzes the data of a geo-

dynamo simulation. The viewer operates a controller and

probes vector fields with the "local arrows" function. The

vorticity of the fields is also visualized by "isosurface" func-

tion. The boundaries of the simulation data are also indicated

by white spherical meshes.

On the basis of our past development of VFIVE, we think

that VFIVE is achieving in the stage of practical use. In this

fiscal year, we then opened the source of VFIVE on the

Earth Simulator Center's Web site [3].

4. Novel visualization methods
4.1 Point-sprite method

We have worked on the visualization of particle data as a

new attempt in this fiscal year. When particle data are visu-

alized, visualizing these data as polygonal sphere object is

simple method if the shapes of each particle are a perfect

sphere. However, computational cost for drawing becomes

very huge, because large amount of polygons were needed

for drawing all particles. As more reasonable method than

polygon-based drawing, there is the visualization method

Fig. 5  The interactive data analysis of geodynamo simulation in the

CAVE's virtual space. VFIVE's visualization functions, "local

arrows" and "isosurface", are used.

Fig. 4  A CAVE system "BRAVE" installed in ESC.
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that is called billboard. Billboard is a visualization method

using texture mapped polygons always faces the camera. By

using sphere image as texture map to square polygon, same

effect was achieved with drawing polygonal sphere objects.

In this method, four vertexes to make a square polygon and

normal vector for each vertex is needed as information for

drawing, and direction of all square polygons must also need

to face front if view point was changed. In this work, we

employed new function of OpenGL 2.0 that is called point

sprite to visualize particle data as more low-cost visualiza-

tion method. Though this function also uses the texture

image like as billboard, necessary information for drawing is

only a diameter of each particle and a vertex that is the cen-

tral coordination for texture mapping. It expected that draw-

ing cost is lower than polygon-based drawing and billboard.

As an application of this function, we developed software

to visualize particle data and visualized some data sets. As a

result, it succeeded to visualize large amounts of particle

data faster than the past software (Fig. 6).

We also developed original software with same visualiza-

tion method to visualize the results of the cloud and rainfall

simulation with the new concept called super-droplet [4],

and visualized it. In this program, particles that mean each

super-droplet are expressed with the texture image of a

sphere, and RGBA color of each texture image are set based

on the particle radius of super-droplet. When large amounts

of objects with the transparency are drawn, the computation-

al cost to decide the drawing order of these becomes very

huge. However, it was significantly reduced by the original

data management algorithm based on the grid that was set in

the simulation area. We also reduce the computational cost

for drawing by the data reduction based on particle radius of

super-droplet. As result of visualization that used the devel-

oped program, we could observe the cloud formation and the

rainfall process by minuscule droplet of water at the particle

level (Fig. 7).

4.2 Physically-based rendering of cloud

When we concentrate on the fact that each of super-

droplets discussed in the previous subsection has own radius

as the attribution, another aspect is also possible to be found.

That is, appearance of the cumulus cloud may be visualized

photo-realistically, when we consider light transport and mul-

tiple Mie scattering which depends strongly on particle radii.

In order to visualize a cumulus cloud by the super-

droplets photo-realistically, we developed then a couple of

program codes, photon tracing and ray marching code, for

calculating the light transport in the participating media of

the super-droplets. These programs are parallelized by

OpenMP and designed as each process shares memory area

for the data of super-droplets and their optical properties.

The photon tracing is one of the methods which simulate

traveling and scattering of photons in the participating media

based on the Monte-Carlo method. The "photon" here means

not an elementary particle in physics but a kind of calculation

concept, and carries some attributions such as flux, wave-

length and incident direction into the scattering point. At each

scattering point of the photon tracing simulation, the photon is

stored into a storage area called volume photon map.

After the simulation, the ray marching code is applied to

synthesize the image from the photons stored into the vol-

ume photon map. The ray marching is one of the numerical

integration methods for the volume rendering equation, and

integrates the contribution of radiance to the camera direc-

tion. The radiance at each sampling point of ray marching is

estimated by photons searched from the volume photon map

in the neighborhood at that point.

Visualization experiment by those programs was done

with 128 processer cores of the supercomputer SGI Altix

4700 at JAMSTEC. One of the resulting images is shown in

Fig. 8. We successfully captured the process of cumulus

grows and decay photo-realistically.

Fig. 6  Visualization results of crack tip dislocations, using the point-

sprite method. This simulation was performed by Applied

Simulation Research Group of ESC.

Fig. 7  Visualization result of cloud simulation with Super-Droplet

Method, using the point-sprite method. This simulation was per-

formed by Holistic Algorithm Research Group of ESC.
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Fig. 8  Photo-realistic visualization result of cloud simulation with

Super-Droplet Method. Appearance of a cumulus with vertical

growth, soft texture, rainfall and shadow on the cumulus are rep-

resented in this figure. This simulation was also performed by

Holistic Algorithm Research Group of ESC.

Summary
We have been continuously developed and improved the

large-scale data visualization programs, MovieMaker and

YYView, and the virtual reality visualization program

VFIVE. On the YYView's framework, a GUI tool to realize

fly-through visualization, CameraPathEditor, is newly devel-

oped. This tool provides a sequence of view parameters

along a camera path which is needed for smooth moving of

scene. A parallel rendering program, Armada, is newly

developed aiming to use on massively parallel computer sys-

tems. Currently, we are testing Armada on several super-

computers at JAMSTEC. It is expected to be more effective

for the time-varying data visualization than the past achieve-

ments by MovieMaker. On the development of VFIVE, we

think that VFIVE has arrived to the phase of practical use.

The source code is downloadable at our web site [3].

In the fiscal year 2007, we also developed several kinds of

innovative visualization programs focusing on inherent char-

acteristics in each of the simulations. For the particle-based

simulation, we developed visualization program with the

point-sprite method. The point-sprite method enables to

reduce the number of polygons drastically, so that massive

numbers of spherical particles can be rendered efficiently on

user's PC monitor. For a cloud simulation with the super-

droplet method, we developed also novel programs with

physically-based rendering and the volume photon map tech-

nique. We successfully captured the process of cumulus

grows and decay photo-realistically.
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The UK-Japan Climate Collaboration project is using a model matrix composed of atmospheric resolutions at 135 km, 90 km

and 60 km, and ocean models of 1 degree and 1/3 degree, developed on the Earth Simulator, to investigate the impact of resolv-

ing small-scale processes on large-scale mean climate and variability. Together with coupled control integrations of between

50-150 years, various idealised coupled climate change integrations and atmosphere-only integrations have been completed.

The composite structure and spatial distribution of tropical cyclones in the models improves as resolution is increased; model

intercomparison studies indicate a consistent change of storm intensity and structure, though there are considerable differences

in spatial distribution.  Idealised climate change integrations indicate fewer but stronger storms when SSTs increase. 

Multi-scale, multi-model intercomparisons are underway to understand both the large-scale, long term distributions, and the

small-scale storm structures, with a view to impacts studies. ENSO in the high resolution coupled model performs realistically,

with "delayed oscillator"-type variability, while the low resolution model has too much spectral power at longer timescales –

use of parameter sensitivity tests and other integrations are beginning to reveal the mechanisms involved. Interactions between

ENSO and interannual tropical cyclone distributions are also being investigated. 

Rainfall extremes are represented more realistically in the highest resolution model, partly due to improved orography, and

this leads to an improvement in seasonal river flows – both from better timing of snow melt and from the spatial distribution of

rainfall. Coupled coastal processes also show sensitivity to both atmosphere and ocean resolution, leading to improved SST and

cloud simulation at higher resolutions.

Keywords: resolution, climate, ENSO, tropical cyclone, extremes

1. Introduction
The Earth Simulator Center (ESC), NERC's National

Centre for Atmospheric Science (NCAS-Climate) at 

the Walker Institute, and the Met Office Hadley Centre

(MOHC) signed a Memorandum of Understanding for 

5 years in 2002, to collaborate on advanced climate system

research. Our aim is to produce ground-breaking climate

simulations on the Earth Simulator, by developing high 

resolution models derived from the MOHC HadGEM1

model [1], including 150 km, 100 km and 60 km atmos-

phere, and 100 km and 30 km ocean resolution models.

Higher resolution models will enable the representation of

smaller scale processes, and it is the interaction of such

processes with both the large-scale mean climate, and other

emergent processes, that will help to better understand and

reduce model uncertainty as well as building scientific

capability. Such resolutions are also essential to represent

regional detail for climate adaptation and impacts work.

Our research will also help to define the appropriate resolu-

tion for the next generation MOHC models such as

HadGEM3.

2. Project status
During the course of 2007, over 100 years of integration

of the low (150 km/1˚) and high (100 km-1/3˚) resolution

coupled climate models have been completed, together with

10 years of our new highest resolution coupled model 

(60 km-1/3˚). In addition we have completed many decades
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Fig. 1  The global anomaly in precipitation (mm/day) as a Dec-Jan-Feb average at the peak of El Niño for (a) low and

(b) high resolution coupled models, and (c) CMAP observations.

of global warming simulation using the 100 km-1/3˚ coupled

model, as well as many simulations using the atmosphere-

only model to study the precipitation extremes, tropical

cyclones, land surface-soil parameters, the North Atlantic

Oscillation, and the impact of the resolution of SST forcing

on atmospheric processes. 

This rich resource of model data continues to be exploit-

ed, in collaboration with the HiGEM consortium in the UK,

to understand various climate processes - many papers have

now been submitted based on this analysis ([2], [3], [4], [5])

with more to follow. 

2.1 Model development and optimization

The primary model development and optimization effort

has concentrated on the coupled model using the 60 km

NUGAM model and the 1/3˚ ocean model. Various improve-

ments to the model stability and efficiency have been made

to enable us to complete over a decade of simulation. 

2.2 Science

(a) ENSO

The 130+ year length of the coupled climate integrations

enables analysis of long-period variability such as El Niño-

Southern Oscillation (ENSO). ENSO is the primary interan-

nual global climate signal: as such, it is vital to represent

ENSO properly in order to understand global and regional

variability. Continuing analysis is beginning to reveal the

reasons why the high resolution model (HiGEM) simulates

ENSO much more realistically than the low resolution

model. Although both models show a "delayed oscillator"

type of variability, the poorer mean state at low resolution

means that the Kelvin wave which crosses the equatorial

Pacific to terminate the warm event is much weaker.

Together with different feedback processes in the South East

Pacific, this leads to decadal power in the Niño3 SST in the

low resolution model, compared to the 3-7 year variability

seen in HiGEM and observations, and changes to the tele-

connections patterns (Fig. 1). Several papers on this analysis

are in preparation.

(b) Tropical cyclones

Typical, low resolution, climate models cannot be expect-

ed to simulate the full multi-scale range of  processes that

are the building blocks of phenomena such as tropical

cyclones (TCs). These very intense and dangerous storms

form in the tropics -where predictability is low- as a result of

small scale disturbances which are only marginally resolved

and interact with the large scale environment in a manifold

of ways. The impact of such events, both in current climate

and under future warming scenarios, is of great interest to

the many regions affected by storm surge and landfall, as

well as to mid-latitudes countries, which are affected by

extra-tropical transition events.

The composite three-dimensional structure, as well as

spatial distribution of tropical cyclones (from area diagnos-

tics of track density, genesis, lysis) improve as model resolu-
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Fig. 2  Density of tropical cyclone tracks indicating the most frequently travelled paths, as simulated by different res-

olution atmosphere models at different resolutions, and by observational datasets. Top row: Hadley Centre

models at 150 km, 100 km and 60 km resolution; 2nd row: MIROC models at T106 and T213 resolution; 3rd

row: ECHAM models at T69, T159 and T213; observations/reanalyses datasets from ERA-40, JRA-25 and

BestTrack.

tion is increased. The impact on geographic distribution is

more modest, but at 60km resolution some notable differ-

ences emerge with the NUGAM model, especially in the

(East) Atlantic basin. For storm intensity, histograms of cen-

tral vorticity indicate a tendency for more severe storms in

the higher resolution models. For storm structure TC (warm)

core signatures indicate a contraction of the core as resolu-

tion increases, corresponding to a larger radial gradient in

tangential wind speeds (also enhanced in the higher resolu-

tion model).

Intercomparison with the ECHAM5 and MIROC family

of models indicates that the resolution dependence of storm

intensity and structure is consistent across model formula-

tions. However, storm intensity in the HadGEM family of

models is substantially weaker when compared with equiva-

lent GCMs (MIROC, ECHAM5) at comparable resolution;

this may indicate model formulation deficiencies, e.g. in the

form of targeted diffusion, which acts locally, limiting verti-

cal motion to a low threshold. In general the spatial distribu-

tion of Tropical Cyclone activity seems to be heavily

dependent on model formulation, less so on model resolu-

tion. Our three-model intercomparison reveals, on the other

hand, that the HadGEM family of models has the largest

skill at representing the geographical distribution of all

aspects of TC activity, in all basins (Fig. 2).

A perturbation run (a uniform +4K SST increase) indi-

cates a tendency to produce fewer but stronger storms, with

a particular increase in the intensity distribution of precipita-

tion - which is consistent with current IPCC results.

A joint UK-Japan publication on the impact of high reso-

lution on tropical cyclone simulation is in preparation, with

successors using the scenario simulations and  analysis of

the coupled model and links to ENSO.

(c) Precipitation extremes and river flow

Low resolution models are incapable of including suffi-

ciently realistic orography (important for forcing localised

precipitation distribution and hence for feeding the correct

river basins), and cannot capture the precipitation extremes,

due to poorly resolved convergence and vertical motion.

Both effects will likely have an influence on river outflows,

both in magnitude and seasonal cycle, and hence are impor-

tant for water availability, flooding and drought impacts.

Concentrating on the Alps (for which a high-resolution

(20 km) observational dataset is available) and Europe, the

high resolution NUGAM (N216 = 60 km) model reproduces

the spatial precipitation distribution more realistically, con-

centrating rainfall near significant orography and along

coastlines. With regards to intensity/frequency signatures,

quantile-quantile plots (Fig. 3) show that in autumn, a season

of intense precipitation over the Alps, the models overesti-

mate the low intensity precipitation events and underesti-

mate the other events (>1-2 mm/day for HadGAM and

HiGAM and >5 mm/day for NUGAM). However NUGAM
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better represents extremes of rainfall, although not yet com-

parable with the high-resolution alpine dataset. The localisa-

tion of these extreme events is especially good in the high-

resolution model.

Precipitation distribution, as well as the correct intensity

spectrum, helps to improve the simulation of seasonal river

flows in the Po, Rhine and Danube. Another contribution to

the improvement in the simulation of river discharge is due

to better timing in snow cover accumulation/loss on the

N216 higher orography, which results in delayed spring

snow-melt, in agreement with observations. Manuscripts are

in preparation describing this work.

(d) Coastal coupling effects 

Regions off the western coasts of sub-tropical continents

suffer from warm biases due to insufficient stratocumulus

cloud and too high ocean SSTs. These regions are important

for fisheries and for ocean primary productivity (due to

nutrient upwelling), and may well be sensitive to climate

change.

The SST and cloud errors are reduced at higher resolu-

tion. This requires a combination of atmospheric resolution

(for radiation and cloud processes, and possibly helped by

improved orography in some places), and oceanic resolution

(for stronger coastal upwelling and coastal SSTs) in order to

improve the seasonal cycle of SST. Concentration of the

ocean upwelling next to the coast seems to be crucial, which

is simply not feasible at low resolution, for numerical stabili-

ty reasons. The resolution of the ocean model in HiGEM

also allows ocean eddies to be represented: transports associ-

ated with these eddies acting to widen the region of cold

SSTs. Several manuscripts are being prepared to describe

this work.

(e) North Atlantic Oscillation

The NAO is one of the primary modes of climate variabil-

ity and a very important component of European winter cli-

mate. Dynamical models are often poor in relating SST

anomalies to European weather, and the structure and

strength of the NAO can be poor at low resolution.

The HiGEM model shows a stronger NAO with enhanced

variability at low and high frequency, and analysis is contin-

uing on the impact of driving atmosphere-only models with

higher resolution SSTs. Ensemble simulations are also

planned to look at seasonal and decadal predictability in dif-

ferent resolution models.

Fig. 3  Quantile-quantile plots showing the relationship between observed and modelled rainfall amounts for (a) low,

(b) medium and (c) high resolution atmosphere-only models.
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Aim and objectives for 2008
As well as continuing analysis on the above topics, there

will be many new areas to consider in 2008. Analysis of the

climate change integrations using the HiGEM1.1 model will

begin. Several timeslice integrations will continue, using the

SSTs from the HiGEM1.1 control and climate change runs

to force the HadGAM and NUGAM models - these will

allow the study of how higher resolution SSTs affect the

simulation of tropical cyclones, the NAO and ENSO tele-

connections. The impact of ENSO on the distribution of

tropical cyclones will also be studied in the 130 year

HiGEM integration, and the role of orography resolution

will be studied in the NUGAM model. 
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We developed software to edit camera parameters for YYView by making use of a GUI-based software development know-

how of CVC. The use of this software makes it easy to set camera parameters for viewpoint motion of YYView.

Keywords: visualization, fly-through, animation

We applied the software development know-how of

Computational Visualization Center (CVC), the University

of Texas at Austin. ESC and CVC have a research collabora-

tion based on the agreement for international research coop-

eration.

Our group is continuing development of YYView as inte-

grated visualization software for large scale simulation data.

Users of this software can use various visualization methods

by using MovieMaker [1] that is a rendering engine of

YYView. The fly-through visualization, which visualizes the

simulation data from a bird-like viewpoint flying through the

three-dimensional visualization space, is an effective func-

tion of MovieMaker. However, users had to set the camera

path in a configuration file that was written in the plain text

format to use this function, and it was difficult to set camera

parameters with movement of viewpoint in previous user

interface of YYView. In last fiscal year, we modified source

programs of IVR, which is visualization software developed

by CVC, to export intrinsic camera parameters of

MovieMaker for an experiment.

In this fiscal year, we developed software to edit camera

parameters for YYView that used Qt [2] and libQGLViewer

[3]. Qt is a software toolkit for easier programming of GUI

(Graphical User Interface) applications. libQGLViewer is a

C++ library for Qt toolkit that eases the implementation of

OpenGL. These are also being used for the development of

IVR. Figure 1 shows a screen capture of developed software.

In the left of the application window, users can set key

frames that need to make camera path by using mouse oper-

ation, and visualize trajectory pattern of camera that was

made by key frames. In the right of the window, users can

check camera parameters of key frames.

The use of this software makes it easy to set camera

parameters for viewpoint motion, though it was difficult to

set these parameters in our previously software.
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Fig. 1  Graphical user interface of YYView Camera Path Editor.
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This project realized in the frame a MOU between ESC and CNRS, is composed of two main themes sharing the same

dynamical core of the ocean: OPA. They aim to explore (1) the impact of very shallow ocean mixed layers on the tropical cli-

mate intraseasonal variability and (2) the impact of sub-mesoscale physics on the North Atlantic balance (heat transport, nutri-

ent cycling, CO2 pump), both using OPA, coupled to ECHAM5 AGCM and biogeochemical model LOBSTER respectively.

Coupled model with high vertical resolution in ocean realistically reproduces the crucial role of diurnal warm layers on

intraseasonal variability in the Tropical Indian Ocean and emphasizes the complex scales interactions and ocean-atmosphere

coupling involved in the MJO. Second theme results highlight a strong modification in the mean circulation with resolution.

Large-scale biological features are modulated by sub-mesoscale processes at higher resolutions, but enhanced turbulence

introduces a complicated new production pattern.

Keywords: high resolution OGCM, mixed layer, tropical climate variability, mesoscale physics, 

ocean coupling with atmosphere and biogeochemistry

1. First theme: "The impact very shallow ocean mixed
layers on the tropical climate intraseasonal variability"

1.1 Objective

The aim of this project is to get a better understanding and

quantification of the resolved upper oceanic structures with

small vertical scale that can influence the development of

large scale coupled phenomena. Specific objectives of the

proposed research will concern the upper ocean equatorial

dynamics with a focus on the impact of diurnal cycle and the

very shallow barrier layers on the tropical climate variability.

1.2 Method

To carry on this project, the use of an ocean-atmosphere

coupled model is needed to explore the ocean-atmosphere

interactions. The ocean component has a global 3 polar

quasi-isotropic grid with a horizontal resolution of about

half-degree (ORCA05) and a vertical resolution of 1 meter

in the upper layers (301 levels). The Atmospheric grid is a

T106 with 31 levels.

1.3 Achievements from April 2007 to March 2008

Two 30-year long coupled experiments with 31 and 301

oceanic levels have been performed. In the following, we

reference them as L31 and L301. As expected, both experi-

ments have similar mean state. Differences have to be

searched out in the model variability. We first focus on the

winter intraseasonal SST variability that shows spectacular

differences between both simulations with an increase of

50% for L301 in area affected by the MJO in the Indian

Ocean (see Fig. 1). As a result, SST intraseasonal variability

of L301 is much closer to the observations (if we except the

eastern part of the Indian basin). This higher SST variability

is associated to the explicit representation of the SST diurnal

cycle in L301. In the observations (CIRENE oceanic cam-
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Fig. 1  Standard deviation of 20-100 day filtred SST in February. Observations (TMI) L31 and L301

Fig. 2  From Vialard et al. [2008]. Left: ATLAS. a) Daily shortwave flux (W m-2), b) cumu-

lated rainfall (mm), c) wind speed (ms-1), d) SST: 40 cm depth sensor from drifting

buoys (in red and blue), ATLAS mooring (green). Right: L301. e) Daily shortwave

flux (W m-2), f) cumulated evaporation minus precipitation (mm hour-1), g) wind

speed (ms-1), h) SST (˚C). Colors in panels a and e: blue for low values and red for

high ones. Note that this time section is a sample year extracted from a long coupled

model simulation and that one-to-one agreement with observations cannot be expected.

paign in Jan-Feb 2007, Vialard [2008]) as well as L301,

active phases of the MJO are characterized by strong winds,

precipitation, weaker solar radiation and therefore SST cool-

ing (see Fig. 2). Opposite conditions are observed during

inactive phases during which SST warms up and displays a

very strong diurnal cycle (around 2˚C). On average, the diur-

nal cycle enhances the SST warming by 0.5˚. This result,

first obtained by Bernie et al. [2005] with a 1D model, is

thus confirmed by our fully coupled model with a very high

resolution in the oceanic mixed layer. 

The formation of diurnal warm layers and the intensifica-

tion of the air-sea coupling in L301 have several impacts on

the propagation, frequency, amplitude and coherency of the

MJO. In contrast with SST differences between L301 and

L31, intraseasonal OLR variability decreases by ~30% in

L301 which is in a better agreement with the observation.

This decrease is explained by a more coherent (signal

stronger for L301 in Fig. 3) and less noisy OLR structure in

response to the intensification of the air-sea coupling in pres-

ence of the diurnal warm layers. Formation of warm layer

(red circles in Fig. 3) before the arrival of the MJO followed

by SST cooling (blue circle) just after MJO active event is

much stronger (an even too strong) in L301 than in L31.
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Fig. 3  Lagged correlation, l'OLR at 90˚E/ SST averaged between 10˚S et 0˚ in winter.

Fig. 4  Difference in annual mean 0-100m temperature between the sim-

ulations 1/27˚-1/9˚.

This illustrates the stronger oceanic response and its higher

coherency with atmospheric convection (OLR). In conse-

quence, MJO propagation speed in L301 is 30% faster and

closer to observations than in L31.

1.4 Conclusion and Perspectives:

These results with a validation with in-situ observation

demonstrates the quality of our coupled model and its ability

to realistically reproduce the crucial role of diurnal warm

layers on intraseasonal variability in the Tropical Indian

Ocean. It emphasizes the complex scales interactions and

ocean-atmosphere coupling involved in the MJO.

2. Second theme: "The impact of sub-mesoscale
physics on the North Atlantic balance (heat trans-
port, nutrient cycling, CO2 pump)"

2.1 Objectives:

The scientific objective of this project is to understand

and quantify the contribution of sub-mesoscale physics

(eddies and filaments) on tracer distributions and on large-

scale budgets (nutrient cycling, heat transport, salt trans-

port). Specific questions are (1) Is there depletion or enrich-

ment of nutrients in the euphotic layer on the seasonal time

scale due to sub-mesoscale physics? (2) What is the contri-

bution of the sub-mesoscale physics to the subduction of

organic matter and thus nutrient cycling on longer time

scales?

2.2 Method

To answer these question, we have set up a tilted wind

and buoyancy forced double-gyre configuration that mimics

the North Atlantic known as a crucial region of CO2 sink.

We focus on five simulations, differing in the horizontal res-

olution and lateral dissipation. Our most complete simula-

tion has a resolution of 1/54˚ and couples the ocean dynam-

ics (OPA9) with an online biogeochemical model (LOB-

STER). 

2.3 Achievements from April 2007 to March 2008

Our results have highlighted a strong modification in the

mean circulation of the GYRE with resolution. At higher

resolutions, an intense eddy field results from the instability

of the western boundary current. The appearance of zonal

jets at high resolution strongly reduces the size of the sub-

tropical gyre, with large modifications of the tracer distribu-

tion. In Fig. 4, the cold tongue anomaly located between

30˚N and 40˚N is mainly due to the southward displacement

of the subtropical gyre. The warm anomaly in the subtropi-

cal gyre is associated with a deepening of the main thermo-

cline with increasing resolution. In addition, extreme patchi-

ness of the annual mean subduction rate appears at high res-

olution.

Large-scale biological features are modulated by sub-

mesoscale processes at higher resolutions. Intense patches of

biological activity emerge at meso- and frontal scales, asso-
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ciated with energetic eddy field and vertical velocity fila-

ments. The enhanced turbulent field results in a reduced

phytoplankton concentration in the subtropical gyre and in

the eastern subpolar gyre (Fig. 5). Increasing resolution does

not result in an increased biological activity at the basin

scale. Enhanced turbulence introduces a complicated New

Production pattern with the emergence of different sub-

regions (Fig. 6):

(A and D): shallower MLD, shallower thermocline,

increased subsurface nitrate ⇒ increased New Production. 

(B and E): deeper thermocline, decreased subsurface nitrate

⇒ decreased New Production. 

(C): shallower MLD, increased subsurface nitrate ⇒

decreased New Production.

3. References:
Bernie, D.J., S. J. Woolnough, J. M. Slingo and E. Guilyardi

Modeling 2005 : Diurnal and Intraseasonal Variability

of the Ocean Mixed Layer., J. Climate, vol.18 (8),

1190–1202.

J. Vialard et al., 2008 : CIRENE : Air-seainteractions in the
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Fig. 5  Sea surface Phytoplankton.

Fig. 6  Difference in annual mean New production between the simula-

tions 1/27˚- 1/9˚.
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The big challenge of the next decade for the oceanic sciences is to adopt a multi-scale approach because of the strong

impact of the small scales on the ocean circulation through the nonlinearities of the oceanic fluid. This can be undertaken only

by performing numerical simulations with ultra-high resolution. Within this context, the purpose of our project is to fully

explore two energetic nonlinear dynamical oceanic regimes that have a major impact on the general oceanic circulation: the

mesoscale eddy regime at mid-latitudes and the equatorial regime. Results will help for the configuration of realistic numeri-

cal simulations to be performed in the future by the ESC on the Earth Simulator and also should benefit to future climate mod-

els. These studies make use of the Primitive Equations model ROMS (Regional Ocean Modelling System).

Keywords: mesoscale oceanic eddies, equatorial dynamics

1. Dynamics of mid-latitude eddy turbulence and mixing
1.1 Research Objectives

The mid-latitude oceanic circulation is characterized by

the presence of energetic mesoscale eddies (30–100 km) that

are known to drive a large part of the meridional heat fluxes

(between the equator and high latitudes). Little is known

however on the vertical velocity field they induce (mostly

because of the lack of resolution), as well as its impact on

the vertical transfers of any properties (such as nutrients) and

on the strength of the thermohaline circulation. Purpose of

this project is to better estimate - as well as to quantify the

impacts of - the vertical velocity field associated to a turbu-

lent eddy field in a large domain by using a spatial resolution

never attained so far. 

1.2 Results achieved in 2007

High resolution simulations (1/100th degree in the hori-

zontal and 200 vertical levels) of mesoscale eddy turbulence,

performed on the Earth Simulator, have revealed a strong

impact of the small scales (<10 km) that was never suspect-

ed and thus never reported so far. The principal new mecha-

nism is the efficient frontogenesis associated to the small-

scale structures. Three classes of results have been con-

firmed and strengthened in 2007 and have incited further

studies. 

First these small scales, generated and organized near the

surface by mesoscale eddies, have a strong impact on the

eddies themselves and drive a very large part of the vertical

transfers in the first 300–400 m below the surface. The

detailed knowledge of this new surface dynamics has further-

more led to develop with success new methods to retrieve the

3-D circulation in the first 300–400 m using high-resolution

satellite data (such as SST and the SAR data). 

Second, the vertical propagation of the high-frequency

wind energy is strongly catalyzed by these small scales lead-

ing to a significant mixing at a 3000–4000 m depth (highly

needed for the thermohaline circulation) [1]. The potential of

these results has been further explored with success in a cou-

pled ocean-atmosphere model by the ESC [2]. 

Third, results of last year about the impact of the small

scales on the warming of the oceanic surface layers of nearly

one degree Celsius have been subsequently deepened. The

mechanism involved - related to the energetic vertical pump

triggered by the small scales - is also the one that links the

surface dynamics to the interior dynamics. Some work has

still to be done to rationalize this link, which is a key factor

for the ventilation of the main oceanic thermocline. 

Seven publications [3–9] related to this project have been
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Fig. 1  Relative vorticity 2-D map (cyclonic (anticyclonic) structures in red (magenta)) and 3-D

lagrangian trajectories of particles initially seeded in eddies (where they remain trapped)

and small-scale filaments (from where they can cover long horizontal distance). 

accepted in 2007 in referee journals. Some of them are coau-

thored by scientists from the ESC. Four conferences have

been given in scientific international meetings. 

1.3 Perspectives for the fiscal year 2008-2009

In the coming year our work will be: 

(1) to further rationalize the link between the upper oceanic

layers and the deep interior through the vertical velocity

field. Activation of a tracer field in the simulations will help

to decipher and quantify this link; 

(2) to quantify the impact of the energetic sub-mesoscale

physics on the eddy turbulence equilibrium and meridional

and vertical heat fluxes; 

(3) to extend the results on the vertical propagation in the

deep ocean interior by using results from a coupled atmos-

phere-ocean model. This will be done in cooperation with

the ESC. 

2. Dynamics of deep equatorial transport and mixing
2.1 Research Objectives

The closure of the mass budget in the global ocean circu-

lation is a fundamental and still open problem in Earth cli-

mate system. In particular, the dynamics of the resupply to

the abyssal oceans with potential energy lost through polar

deep water formation is poorly understood. Equatorial deep

zonal jets are a significant reservoir of kinetic energy, and

their transport reaches about 2/3 of the thermohaline circula-

tion. For these reasons, the equatorial regions are thought to

be preferential places for abyssal mixing: for instance tracer

fields measurements such as the recent CFCs surveys, sug-

gest an important dynamical role of the equatorial deep jets

in closing the oceanic deep general circulation budget.

Overall the deep equatorial jets play an analogous role to

radiator fins for diffusing heat, but also for transporting trac-

er fields from one side to the other of oceanic basins inside

the equatorial guide. Specific questions that are addressed

are: Which mechanisms can create alternating-signs deep

equatorial zonal jets and what is their role in the oceanic

general circulation? Which mechanisms are responsible for

mixing of water masses at the equator? 

2.2 Results achieved on the Earth Simulator

The approach uses direct numerical simulations at very

high resolution in order to resolve the nonlinear interactions

between a large range of spatial and temporal scales. Our

simulations are in a bihemispheric basin, centered about the

equator and of comparable size either to the Atlantic and

Pacific basin's with a resolution of 1/24˚ in the horizontal

and more than 300 levels in the vertical. Numerical solutions

have enabled us to identify the main parameters which gov-

ern the formation mechanisms of alternate equatorial jets

and we have been able to reproduce the very different char-

acteristics of the jets which are observed in the equatorial

Atlantic and Pacific oceans. The very high three-dimension-

al resolution has been crucial for obtaining our results, in

particular for representing the Pacific flow regime. 

Two papers have been co-authored by scientists from

IFREMER and from the ESC (d'Orgeville et al. 2007 [10]

and Hua et al. 2008 [11]). These papers that are based on the

results of these simulations, reveal that the temporal variabil-
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Fig. 2  Layering in density (black contours) superposed on zonal velocity field (color field).

ity inside the Western boundary layer plays an essential role

in determining the spatial characteristics of alternate jets that

are created inside the equatorial track. Explicitly, low verti-

cal modes Mixed Rossby gravity waves are excited in the

Western boundary layer and their subsequent destabilization

leads to the formation of vertically alternate-signed zonal

jets of high vertical mode.

The initial identification of alternate jets formation mech-

anisms being completed, we next studied

(1) The quantification of their associated mixing: numeri-

cal simulations in a basin size which is comparable to the

Atlantic Ocean have been performed with a zoom on the

deep equatorial circulation for the study of tracer fields verti-

cal dispersion. Enhanced vertical mixing of the tracer field

inside the equatorial track have been consistently observed,

with the formation of pancake structures in the density field,

characteristic of "layering "with characteristic vertical

scales of about 50 m (Menesguen et al. 2008 [12]) corre-

sponding to the black contours in Fig. 2, overlayed on the

zonal velocity field with eastward and westward jets.

(2) The influence of a realistic stratification such as the

Atlantic equatorial stratification on the depths of the equato-

rial bifurcation of tracer fields from the western boundary

layer and the influence of the horizontal component of the

Earth rotation on the jet dynamics. Both effects have a non-

negligible effect on the depth of eastward jets positions such

as the CFC jet which is observed to be semi-permanent in the

Atlantic (Fruman et al., 2008 [13]; Bunge et al., 2008 [14]).

2.3 Perspectives for fiscal year 2008–2009

In the coming year, our work will concern

The quantification of equatorial lateral and vertical mixing:

further numerical simulations with tracers will be pursued in

order to better capture the characteristics of vertical mixing.

Specific attention will be given on vertical resolution: primi-

tive equations simulations will be performed with a number

of vertical grid points varying between 500 to 1000 levels in

the vertical to quantify and attribute mixing efficiency to the

various vertical scales present in the flow (i.e. the equatorial

deep jets scale (300–500 m) and the 50m-scale layering).

Furthermore, collaborative work with H.Sasaki of ESC and

K.Richards of IPRC will be initiated on the influence of lay-

ering on lateral mixing properties in the upper layers of

equatorial flow.

Intercomparison with nonhydrostatic dynamics: the

above primitive equations results will be intercompared with

non-hydrostatic simulations (of shorter duration span) in col-

laboration with H. Aiki of FRCGC to assess the different

time characteristics of layering dynamics.
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Since FY2004, the Solid Earth Simulation Group of the Earth Simulator Center (SESG/ESC) has been in collaboration with

the Department of Geology and Geophysics, University of Minnesota (DGG/UMN) on analysis and visualization of large-

scale simulation data of mantle convection. Our analysis so far revealed (i) possible impacts of the post-perovskite phase tran-

sition on the dynamics in the Earth's lower mantle and (ii) an excellent performance of ACuTEMan, a simulation code devel-

oped by SESG/ESC, regardless of the computing architectures. We have also explored an "interactive visualization" of output

data from three-dimensional mantle convection simulations for fast and efficient analysis of large-scale simulation results.

Keywords: solid earth simulation, mantle convection, data analysis, interactive visualization

1. Collaborative Research on Mantle Dynamics
Simulations
Since FY2004, the Solid Earth Simulation Group of the

Earth Simulator Center (SESG/ESC) has been conducting a

collaborative research with the Department Geology and

Geophysics of University of Minnesota (DGG/UMN) on the

analysis of large-scale simulation data on solid earth sci-

ences. Through this collaboration, we have conducted (i) an

analysis and visualization of large-scale numerical results

from three-dimensional simulations of mantle convection

with the post-perovskite (PPv) phase transition in the lower-

most mantle, and (ii) an installation and execution of the

"ACuTEMan" [1, 2], a three-dimensional mantle convection

simulation code developed by SESG/ESC, on the high-per-

formance computers in DGG/UMN. Our collaboration on (i)

had demonstrated the impact of the PPv transition on the for-

mation of "superplumes" originating from the very base of

the mantle [3], and on the thermal structure and convective

planforms in the lower mantle [4, 5]. By the collaboration on

(ii), the ACuTEMan code was proved to show an excellent

performance on scalar architectures as well as on vector

architectures like the Earth Simulator. 

2. Interactive Visualization of Mantle Dynamics
Simulations
In FY2007, we have explored fundamental developments

for an "interactive" visualization of data from three-dimen-

sional mantle convection simulations [6]. In this endeavor,

the functions of interactive visualizations were implemented

by the DGG/UMN into the mantle convection simulation

code ACuTEMan developed by SESG/ESC. In Fig. 1 we

show (a) a screen-shot of the software controlling the visual-

ization parameters and (b)–(d) a series of snapshots of three-

dimensional temperature fields at different elapsed times

derived from numerical simulations by ACuTEMan for ther-

mal convection of isoviscous fluids with the Rayleigh num-

ber Ra = 106. As shown in Fig. 1b–d, the evolving tempera-

ture fields output from the ACuTEMan are processed and

visualized in a real-time manner on the ten panels of the

PowerWall. In addition to the real-time data processing, the

interface shown in Fig. 1a allows users to nominally "inter-

act" with the rendered images by, for example, adjusting the

color scale and opacity, moving the image, and changing the

clipping planes. We thus believe that the working in an inter-

active visualization mode allows for fast and efficient analy-

sis of mantle convection results. 
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Fig. 1  Examples of an "interactive visualization" of data from mantle convection simulations in a three-dimensional

rectangular domain. (a) A screen-shot of the control software. (b)-(d) Camera snapshots of three-dimensional

temperature fields projected on the Power Wall installed on the University of Minnesota.
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In order to prevent urban disaster, it is very important to simulate the actual dynamic behavior of building structure suffer-

ing big earthquake. For this aim, usually, buildings are considered as simple model in which mass and springs are connected

in series. However, these simple models are not enough to evaluate actual behavior of buildings on earthquake. In this report,

more accurate models are used for FEM analysis of RC buildings. Concrete and steel bar are modeled by cubic solid elements

and by beam elements. Standard mesh sizes of those elements are 10 cm. In this simulation, concrete piles and surrounding

ground are modeled by similar way.

Keywords: Multi-scale Analysis, FEM, reinforced concrete, soil-structure interaction

1. Introduction
Until 1980's, reinforced concrete structures were not

applied for high rise buildings (taller than about 20 stories

buildings). Most of them were designed as steel structures.

But by virtue of the recent development of high strength

cement, many high rise buildings have been constructing as

reinforced concrete structure. However, those buildings have

not experienced the big earthquake. 

Therefore, it is very important to predict the actual

dynamic behaviors of those buildings by numerical simula-

tions. Usually, numerical simulations are executed by simple

models. Typical frame models for static simulation are com-

posed by 'linear elements'. One beam or one column is repre-

sented by one linear element. For dynamic simulations,

'mass and spring' models are used. (Shown as Fig. 1) One

mass represents total mass of one floor. However, these sim-

ple models are not enough to explain the actual behavior of

buildings on earthquake shown as Photo.1 or Photo.2.

In this report, more accurate models are used for FEM

analysis. 

Many civil engineers wanted to know the real behaviors

of structures by using these accurate models. However, in

this case the total number of variables (such as displacement

of nodal points) will be larger than 10 millions. This number

is out of scale for usual computers. So, until now, these

desires were remain as only a dream. 

Photo 1  Kobe earthquake (1995). Photo 2  Chi-chi earthquake (1999).
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Fig. 1  Conceptual image of analysis model.

Fig. 2  Remote Use of Earth Simulator of JAMSTEC.

2. Remote use of Earth Simulator
In this report, numerical simulations were executed by

using ES (Earth Simulator) of JAMSTEC (Japan Agency for

Marine-Earth Science and Technology). The executing flow

is shown as Fig. 2.

In order to use ES, high level of vectorizing and paral-

lelizing were required from JAMSTEC. The finite element

code of 'LS-DYNA', which is applied in this project, cleared

well against this barrier. The original LS-DYNA was devel-

oped at Lawrence Livermore National Laboratory with pre-

suming to use vector array processors named GRAY. 

3. Material property
Cubic solid elements (10 cm × 10 cm × 10 cm) are used for

concrete material. (Shown as Fig. 3)

General stress-strength relation of concrete under com-

pression is expressed in Fig. 5(a). This curve is valid only

for the case of 'uni-axial loading'. In other words, no con-

strains are given at side surface like as cylinder tests of plain

concrete. However, actual concrete beams and columns is

constrained or confined by steel bars. (Shown as Fig. 4)

Concrete behave, depending on intensity of confined

compression, as plastic hardening or softening material

shown as Fig. 5(b). Therefore 'PSEUDO_TENSOR

model'[1], which is prepared in LS-DYNA is used for con-

crete model. This model is considered these three dimen-

sional effects[2, 3]. 

Fig. 3  Mesh division of concrete.

Fig. 4  Confined beam by steel bars.
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Fig. 5  Stress strain curve of concrete material.

One-dimensional elements are used for steel bar. The

stress strain curve is assumed as bi-linear type. the surround-

ing soil and the foundation including piles are modeled with

elastic material.

4. Connecting steel bar with concrete
Mesh generating procedures are the most tedious works in

the finite element method. And it may be the best way that the

concrete element and the steel bar element can transfer their

nodal forces at 'common nodal points'. However, it is not prac-

tical. How can we adjust the mesh size of concrete element to

steel bar element which are so complicated like as Fig. 4? We

need more elegant and automatic mesh generating way. 

In this report, a conventional joining technique of follow-

ing way is adopted. 

<Simple joining technique>

Step-1: Mesh generation for both concrete element (solid

model) and steel bar element (beam model).

Step-2: Find out 'nearest surface' of solid model for all

nodal points of beam model.

Step-3: Connecting them with virtual beam like as shown

in Fig. 6. 

In this way, no adjusting treatments are needed in mesh

generating procedure. But, if the length of the virtual beam

is longer than solid scale (10 cm), proper changes of local

mesh are needed.   

5. Boundary Conditions of Soil and Structure
An image of full scale model is shown as Fig. 7. The

outer surfaces of soil are assigned as no reflection bound-

aries against wave propagation. The boundaries between

concrete piles and its surrounded soil are assigned as contact

surfaces which allow slide and separation.     

Fig. 7  Full scale model and boundary condition.

Fig. 6  Joining technique of concrete and steel bar.
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6. Configuration of upper structure
The outline of upper structure is shown as Fig. 8. It is

three spans in the plan, and twelve floors in the elevation.

All beams and columns are modeled as like as Fig. 3 and

Fig. 4. Concrete slabs are modeled as homogeneous materi-

als which have equivalent stiffness. 

7. Pre-examination
Before earthquake response analysis, following three tests

were executed.

Test-1: Comparison of simulated results and experimental

results in case of simple beam. (Fig. 9)

Test-2: Two systems were simulated to know the effect of

attenuation in free vibration caused by soil-struc-

ture interactions. (Fig.10) Those systems are a

mass-spring-damper system, and an integrated

mass-spring-damper system including three-

dimensional soil model. 

Test-3: Comparison of axial stress of column for two

cases about joinning methods. 1) using the com-

mon node of concrete and steel bar. 2) Using vir-

tual bar for connecting concrete and steel bar.

(Fig.11)

As can be seen in Fig. 9-(a), the load-displacement curves

of experimental result show good accordance with calculated

curve. From these results, 'PSEUDO_TENSOR model' that

is used for concrete is an adequate model.  In Fig.10 the case

of (One mass-spring-damper+3D soil), the amplitude of

vibration are decreasing rapidly. This means the vibration

energy of the upper structure is dispersed to the ground.

Fig. 8  Outline of upper structure.

Fig. 9  Test-1 (Simple beam test). Fig.11  Test-3 (Axial load for column).

Fig.10  Test-2 (free vibration).
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8. Numerical simulation of upper structure and whole
structure
Two cases were simulated. 

Case-1: Only upper structure 

Case-2: Whole structure including the upper structure,

foundation, piles and surrounding soil. 

In the Case-1, the acceleration of JMA-Kobe (NS) that

was recorded at 1995 was used as input data. Those data

were given at the bottom points of column of the first floor.

In the Case-2, an inputted underground wave was calcu-

lated from the JMA-Kobe (NS) wave by the one-dimension-

al fluctuation propagation theory. 

These calculated data was given to the bottom nodes of

the ground.

8.1 Stress and strain distribution for Case-1

Mises equivalent stress distributions and residual plastic

strain distributions are shown in Fig.12 and Fig.13, respec-

tively. 

In Fig.12, the Mises equivalent stress grows larger in

lower stories. 

Obviously, this result may be caused by the gravity of the

structure. And, the residual plastic strain can be observed at

joining parts of beams and columns.

8.2 Stress distribution for Case-2

The Mises equivalent stress distribution in Case-2 is

shown as Fig.14. In this figure, all mesh lines of surrounding

soil is neglected. 

Fig.12  Mises equivalent stress distribution.

Fig.13  Residual strain distribution.
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The simulated time duration is stop at 0.4 second by the

limitation of usable CPU time. 

9. Conclutions
1) 'Remote using system' has developed. We can use Earth

Simulator at Osaka University as if we are in the next room

in ES center.

2) Validity of joining techniques of inserting virtual bar was

examined, and it was proved that the method is very practi-

cal to generate mesh data.  

3) Soil-structure interactions were checked by free vibration

of two different models. One is the whole structural model

including soil and foundation. Another is upper structure

only which is fixed on rigid plate. As the results, the domi-

nant natural period became longer, and amplitude of free

vibration decreased rapidly. These results sustain the mod-

elization. 

4) Earthquake response analysis was carried out both for the

upper structure and the whole structure. 'JMA-Kobe' wave

was used as an input excitation. Stable results were gained.

These results seem to be correct from the overall viewpoint. 

However, in order to discuss detail, this research should

be developed further in the next fiscal year. We have to

establish large scale simulation system of tall buildings

before big earthquake attack on metropolitan in Japan. 
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Since the wind energy is strongly affected by the fluctuation of the wind, the site assessment of the wind farm in advance is

significantly important. The one of the difficult problems in the site assessment is the strongly distorted wind on the complex

terrain. NSC(Numerical Site Calibration ) is one of the new site assessment methods and it is expected to be a solution of the

distorted wind on the complex terrain. The feature of NSC is the use of the numerical simulations for the analysis and evalua-

tion of the wind resource at the wind farm, and it would the advantage of the cost and more appropriate analysis would be

available than the experimental method. Now the international discussion continues for purpose of its standardization and the

goal is that NSC would be made addition to IEC61400 series, those are the standard concerning WTGS (Wind Turbine

Generation Systems). To standardize NSC, there are many problems to settle and a lot of case data, those mention a lot of

sites, numerical models, boundary conditions and so on, should be needed. This paper presents the numerical results of one of

the research target sites in Japan and those are generated by the numerical model MSSG-A (Developed by The Earth

Simulator Center, Multiscale Simulation Research Group), which is the large-eddy simulation model based on the

Smagorinsky-Lilly parameterization.

Keywords: Site Assessment, Numerical Site Calibration, Large-eddy Simulation, Distorted Wind

1. Introduction
Since the wind energy is strongly affected by the fluctua-

tion of the wind, the site assessment of the wind farm in

advance is significantly important. The wind energy tech-

nologies are ruled by IEC61400 series and the methods of the

site assessment is also mentioned. However, the methods are

available only for the stable wind on the flat terrain, not for

the unstable and distorted wind on the complex terrain. This

is because the unstable and distorted wind is difficult to

observe and analyze, and the turbulent wind brings the strong

fatigue load to the structures of the WTGS (Wind Turbine

Generations Systems) and the troubles of WTGS happen

more frequently than the stable wind on the flat terrain.

The NSC (Numerical Site Calibration) is the new method

suggested by the Japanese researchers for the more advanced

analysis method of the unstable and distorted wind [1]. 

NSC is based on the site calibration, which is the experimen-

tal method of the wind analysis by measuring the wind 

at WTGS[2]. In NSC, the numerical wind prediction using

CFD (Computational Fluid Dynamics) is used for the predic-

tion and analysis of the wind at WTGS. This paper shows

the numerical results as the first step of the standardization

of NSC.

2. Numerical Site Calibration
NSC is based on the site calibration, which is the meas-

urement method and ruled in IEC61400. In the site calibra-

tion, the winds at the two mast those are the reference mast

and the measuring mast at the point where wind turbine

would installed in future, are measured and the distortion

factor β is calculated as β = U2 /U1 (U1 is the wind speed at

the reference mast, U2 is at the measuring mast). 

This distortion factor is used for the prediction of the

wind at the wind turbine installed in the future, and the wind
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Fig. 1  SITE-U

(left: Geographical information, right: Numerical domains and grids used in this study)

Table 1  Properties of the domains and grids.

at the wind turbine is calculated by β and the wind at the ref-

erence mast that is always measured after the wind turbine is

installed. The distortion factor should be given for the six-

teen wind directions, so the sixteen distortion factors are

given to one wind turbine. Using the distortion factors and

wind prediction, the wind energy grabbed at the wind tur-

bine could be predicted. And if those sixteen distortion fac-

tors are given to each wind turbine in the wind farm, the

whole wind energy of the wind farm could be predicted.

Then, in NSC, the measuring process in the experimental

site calibration is changed to the numerical wind prediction

process. This means that the measuring mast is not needed

and the cost of the masts is reduced and the advanced predic-

tion of the wind conditions are available, so the position of

the wind turbines would be selected more properly before

the wind turbines installed, and also the whole wind energy

of the wind farm could be predicted in advance.

3. Numerical Analysis
This study aims to show the numerical analysis for the

standardization of NSC and the numerical condition. The

authors tried the numerical analysis of the wind on the geog-

raphy of the Japanese site (called as SITE-U in this paper)

using MSSG-A. 

In this paper, the numerical domain size is interested. This

means how large area of the topography affected the wind at

the target mast and the how large numerical domain should

be used for the numerical prediction process.

4. Numerical model
The numerical model used in this paper is MSSG-A

(Atomospheric part of the Multi-Scale Simulator for the

Geoenvironment) which is developed by at the Earth

Simulator Center (JAMSTEC, Japan)[3]. The features of

MSSG-A are the large-eddy simulation based on the

Smagorinsky -Lilly type parameterizations, the high resolu-

tion simulation, and the multiscale simulation, which can

simulate the various scale - Macroscale, Mesoscale and

Microscale. The authors work with the Multiscale

Simulation Research Group and could used MSSG-A for the

research of NSC.

5. Target Site
The target site in this paper is the relatively flat terrain site

located in the south-western area of Japan and called as

SITE-U in this paper. The geographical features of SITE-U

are the relatively flat topography and the mountains in the

north-east and the fall down in the south-west area (Fig. 1).

At SITE-U, the two masts were installed to measure 

the winds and the winds are measured in the 45.0 m heights

of the masts, and the distortion factors β (β = U2/U1, U1 is 

the wind at MAST1, U2 is at MAST2) had calculated by

Matsumiya and Matsushita (Kyushu University). 
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6. Summary
This paper shows the numerical results of the wind at

SITE-U for the purpose of the beginning of the standardiza-

tion of the Numerical Site Calibration, and the numerical

condition, especially the numerical domain size. The results

show the various values for the domains and no integrated

tends, and the results might show the inflow conditions are

more effect. To make this clear, the more cases of the simu-

lation is needed and the various type of the inflow condi-

tions, for example use of the driver domain, should be tried.
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