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Nano-CMOS Logic and Memory Devices

Dae Mann Kim

Computational Science
Korea Institute for Advanced Study

CMOS devices and related memory cells have traditionally been the main-
stream technology for Korean electronics industry and with appropriate scale
down will continue to play the same role in the emerging era of nanotechnol-
ogy. Additionally, the demand for non-volatile memory devices has increased
in recent years due to the phenomenal growth in the mobile communication.
Bulk of such demand is met by the floating gate flash EEPROM cells. Re-
cently, however, NROM and SONOS memory cells are also being developed
for embedded and stand alone memory applications. The purpose of this
talk is to briefly describe the status of the research being carried out in these
areas in Korea from the perspective of the device simulation and compact
modeling.

The quantum effect on transistor I-V behavior is an interesting and im-
portant issue in nano-CMOS devices. Fig. 1 shows the profile of inversion
electrons from the oxide interface to the silicon bulk. In classical modeling
the electrons are taken to be particles and the majority of electrons reside
near the interface according to Boltzmann distribution function. In quan-
tum description, however, the wave nature of 2-D inversion electrons places
its peak distribution away from the interface. This leads to a far reaching
consequence, namely that the inversion electrons contribute appreciably the
surface potential, φS. As a result φS increases with the gate voltage, VG even
in the strong inversion region, as shown in Fig. 2. This is in direct contrast
with the classical φS, which is practically pinned at a constant value in the
inversion region. These two different behaviors result in distinctly different
total inversion charge QINV under the gate versus VG. As explicitly plotted
in Fig. 3, in classical modeling QINV increases linearly with VG, justifying
the constant threshold voltage, VTH while in quantum description QINV is
sub-linear with respect to VG, requiring thereby a careful re-examination of
VTH [1].

An important issue in nano-CMOS devices and for that matter for any nano-
scale devices is the series resistance, REXT influencing the basic I-V behavior
by taking up significant fraction of the voltage applied. Fig. 4 shows the tran-
sistor I-V curve together with the drain conductance, gD. Note the anomaly
in gD especially for small drain voltage, VD, which is obviously due to REXT
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not negligible compared with the channel resistance. We have carried out
extensive simulation and systematic analysis of REXT and have successfully
extracted gD inherent to the channel conductance, and plotted in Fig. 5 by
the dotted line. The key step for doing so is the introduction of the effective
drain voltage, VDEFF as dropped across the channel. The concept of VDEFF

enables an accurate fit of I-V data without having to invoke the triode and
saturation regions of the device operation. This will be discussed in detail.

Next, the performance of NOR type floating gate flash EEPROM cell is
briefly described. The cell aspect ratio was 0.09/0.17µm, with the channel
doping of 2 × 1018cm−3, and the gate tunnel and interpoly oxide thickness
of 8.5nm and 15nm, respectively [2]. Fig. 6 shows the shift of threshold
voltage, ∆VTH versus time for different bias conditions. For the control gate
voltage of VCG = 9V, VD = 4.5V, ∆VTH of 5V, for example, is attained in
≈ 0.5µs. When VCG is ramped, the programming time τP further shortens to
0.1 − 0.2µs, constituting one of the fastest programming reported. The use
of substrate bias, VB yields fast programming with low power. For example,
at VCG = 8V, VD = 3V, VB = −1.5V, and ID peak of 50µA, VTH shift of 5V
is achieved in time less than 2.5µs. This amounts to speed improvement and
power reduction by factor of 2, respectively, when compared with the respec-
tive reported data [3]. When VCG is ramped, maintaining ID of 60−30µA at
VD = 3V, VB = −1.5V, τP is further reduced to 1.5−1.8µs. This VB-enhanced
programming [4] is much pronounced with shrinking device dimensions.

Fig. 7 shows VTH shift attained in 1µs, ∆VTH(1µs) versus VCG for different
VD, VB. Some of these ∆VTH(1µs) −VCG curves exhibit distinct maxima for
given VD, VB within the range of VCG considered. This peaking of ∆VTH(1µs)
is usually accompanied by the presence of VB and can be understood in terms
of hot electron generation and their injection efficiency into the floating gate.
Note that VTH can be shifted nearly 1V in 1µs with VD as small as 2.5V and
the shift will increase, as the channel length is reduced and more ID drives
the shift. What is attractive in this regard is that the maxima of ∆VTH(1µs)
occur at smaller VCG with decreasing VD, pointing to the possibility that an
efficient low power programming scheme can be devised with shrinking cell
dimensions.

These programming characteristics of the short channel length floating gate
cells and the procedure of introducing the effective drain voltage for cor-
recting for REXT in nano-CMOS logic devices will be discussed, using the
simulated gate current [5] and other pertinent simulation results.
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Figure 1: Simulated profile of inversion electrons from the interface to the
bulk. Solid and dotted lines represent the quantum and classical results.

3



Figure 2: Simulated surface potential versus the gate voltage. The solid and
dotted lines represent the quantum and classical results, respectively. Also
shown are the potential due to inversion electrons and depletion charge.

Figure 3: Simulated curve and extracted data for inversion charge under the
gate versus the gate voltage. Shown also is the classical result for comparison.
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Figure 4: Transistor I-V curves and associated drain conductance data from
70nm channel length NMOS.

Figure 5: The drain conductance data of Fig. 4 and the inherent drain con-
ductance extracted (dotted line) after correcting for series resistance.
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Figure 6: Programming characteristics of a floating gate device for fixed and
ramped control gate in the presence and absence the bulk bias. Also shown
are the drain current operative during the respective programming.

Figure 7: Threshold voltage shift during 1µs versus the control gate voltage
for various drain and bulk biases.
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3D Operation Planning and Biomechanical Modelling
in Computer Assisted Facial Surgery

Peter Deuflhard

Zuse Institute Berlin (ZIB)
and

Free University of Berlin,
Dept. Mathematics and Computer Science,

and
DFG Research Center “Mathematics for Key Technologies”

http://www.zib.de/deuflhard

At ZIB, the CAS group (CAS: computer assisted surgery) has an established
close cooperation with clinical maxillo-craniofacial surgeons – originally start-
ing in 1999 with H.-F. Zeilhofer and R. Sader, formerly at Munich University
of Technology (TUM), now at University of Basel. In order to give a rough
impression, the preoperative and postoperative phases for an individual pa-
tient are given in Fig. 8: this operation has been planned by ZIB and these
surgeons together. In this case, our computed predictions of the postoper-
ative facial appearance differed by less than 0.5mm (only below the nose),
compared to more than 3cm operative dislocations of the mandible.

Figure 8: Computer assisted craniofacial surgery. Top row: Preoperative
phase. (a) Real patient with underhung mandible, (b) virtual patient, (c)
bone structure. Bottom row: Postoperative phase. (d) bone structure, (e)
virtual patient, (f) real patient.

For quite a while, the established paradigm in medical therapy planning has
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been [2]: first, map the real patient onto a virtual patient in the computer;
second, perform any optimization or planning in the virtual situation, and
third, return the thus derived strategies to the clinical situation. In this set-
ting, the CAS group at ZIB works on the design and development of fast
algorithms and efficient software tools for (a) the construction of individual
virtual patients, (b) patient-specific operation planning, and (c) the predic-
tion of postoperative facial appearance and expressions.

Construction of individual virtual patients. The virtual patient must,
of course, be accurate enough to perform the planning task, which typically
involves 3D geometry and visualization to be at all useful in the dialogue with
medical doctors. The typical input comes from computerized tomography
(CT), magnetic resonance tomography (MRT), or ultrasound – or a mixture
of these sources. This input arises as a stack of 2D images, which must
first be segmented into different parts of the body and then lifted to 3D.
ZIB has been working in this highly competitive field for several years, the
integrated software environment Amira [1] is worldwide distributed by a spin-
off company. The whole construction process is described, e.g., in [6].

Patient-specific operation planning. Since the end of 1999, operation
planning in craniofacial surgery has been pursued by ZIB as a main research
topic. Again the above paradigm has been applied. Special software tools
have been written, e.g., to visualize cutting, distracting, shortening, or mov-
ing bone. Techniques of this kind are again incorporated into the software
environment Amira and described, e.g., in the publication [8].

Postoperative facial appearance and expressions. Before the opera-
tion actually takes place, the expected facial appearance and emotional facial
expressions are of decisive value for both patient and surgeon. A reliable and
responsible prediction involves the numerical solution of partial differential
equations for linear elasticity with geometrical nonlinearity, the Navier-Lamé
equations. Moreover, a mathematical muscle model must be derived and im-
plemented to predict the expected personal smile after the operation. First
results on both the facial appearance and facial expressions are given in
[5, 4]. More advanced numerical techniques, adaptive multigrid methods,
will be presented in a forthcoming paper [3]. If, in addition, mechanical con-
tact problems occur (such as in chewing), then monotone multigrid methods
due to [7] will play a key role.
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Protein Folding Studies by Global Optimization:
Protein Structure and Folding Mechanism

Jooyoung Lee1, Seung-Yeon Kim1, Julian Lee1,2,3

1School of Computational Sciences, Korea Institute for Advanced Study, Seoul
130–722, Korea.

2Department of Bioinformatics and Life Sciences, Soongsil University, Seoul
156–743, Korea.

3Bioinformatics and Molecular Design Technology Innovation Center, Soongsil
University, Seoul 156–743, Korea

e-mail:jlee@kias.re.kr; Tel: +822–958–3731; Fax: +822–958–373

The conformational space annealing (CSA) method [1, 2, 3] for global opti-
mization has been successfully applied for efficient conformational sampling
for the study of polypeptide chains. When combined with the UNRES off-
lattice united-residue force field, the CSA method can identify structures of
globular proteins of about 60 residues with the accuracy of 4 to 7 Å for the
Cα atoms. This approach was successfully tested in a blind fashion in recent
CASP experiments [4, 5, 6]. In addition, the CSA method is shown to be
quite powerful for the study of model proteins [7] as well as Lennard-Jones
clusters up to 201 particles [8].

Recently, we have proposed a systematic way to design a protein potential
energy landscape by parameter optimization [9, 10, 11]. The parameters
are optimized so that not only the global minimum energy conformation
(GMEC) becomes native-like, but also the conformations distinct from the
native structure have higher energies than those close to the native one.
Using this protocol, the parameters of an UNRES potential are successfully
optimized so that GMECs of four small proteins [betanova, 1fsd, the 36-
residue sub-domain of chicken villin headpiece (PDB ID 1vii), and the 10–55
residue fragment of staphylococcal protein A (PDB ID 1bdd)] become native-
like with their Cα RMSD values less than 1.9 Å from the native structures.

Extensive Monte Carlo folding simulations for the above four proteins of var-
ious structural classes are carried out, using a single continuous potential (an
optimized UNRES force field). In all cases, collapse occurs at a very early
stage, and proteins fold into their native-like conformations at appropriate
temperatures. We also observe that glassy transitions occur at low temper-
atures. The simulation results demonstrate that the folding mechanism is
controlled not only by thermodynamic factors but also by kinetic factors:
The way a protein folds into its native structure, is also determined by the
convergence point of early folding trajectories, which cannot be obtained by
the free energy surface[12].
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Fig. 1 The initial folding trajectories (from 200 independent short-time simula-
tions at a fixed temperature for a protein) and the contour plots of the population
distributions (from 10 independent long-time simulations at a fixed temperature
for a protein) are shown as a function of ρ and Rg at appropriate temperatures.
The triangles represent the averages of 100 early folding trajectories starting from
random conformations. The squares are from 100 early folding trajectories starting
from a fully extended conformation. The color scale of the contour plots indicates
the exponent x of the population 10x+5 at given values of ρ and Rg (a) betanova
at T = 40. (b) 1fsd at T = 70. (c) HP-36 at T = 70. (d) protein A at T = 80.

Key Words: Protein structure, Global optimization, Potential energy func-
tion, Protein folding mechanism, Conformational Space Annealing, folding
mechanism.
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Beyond Structure Prediction:
Conformation Dynamics of Biomolecules

Christof Schütte
Free University of Berlin,

Dept. Mathematics and Computer Science
and

DFG Research Center “Mathematics for Key Technologies”
http://www.math.fu-berlin.de/~biocomp

In view of the challenges of modern biotechnology and medicine, the simula-
tion of large biomolecules in atomic representation with its immense length
and time scales of interest remains far beyond the capacity of computer power
currently available, at least with respect to a reliable analysis of the main
conformations of a biomolecule under consideration.

In a conformation, the large scale geometric structure of the molecule is un-
derstood to be conserved, whereas on smaller scales the system may well
rotate, oscillate or fluctuate. Furthermore, transitions between main confor-
mations are rare events or, in other words, a typical trajectory of a molecular
system stays for long periods of time within the conformation, while exits
are long-term events. Hence, the term conformation includes both geometric
and dynamical aspects. From the geometrical point of view, conformations
are understood to represent all molecules with the same large scale geomet-
ric structure and may thus be identified with a subset of the state space.
From the dynamical point of view, a conformation typically persists for long
periods of time (compared to the fastest molecular motions) such that the
associated subset of the state space is metastable and the resulting macro-
scopic dynamical behavior can be described as a flipping process between the
metastable subsets [7].

Understanding conformation dynamics—that is the statistics of the flipping
process and its mechanisms—is crucial to the understanding of biomolecular
flexibility and activity [5]. Prominent examples of conformation dynamics are
the conformational changes accompanying the action of the muscle protein
myosin, the light-induced conformational transition of the photo-receptor
rhodopsin initializing the primary amplification cascade in vision, or the
conformation conversion of human prions assumed to cause prion diseases.

The talk will present a joint project of the two Scientific Computing groups
at the Free University and at the ZIB: the construction of conformation
dynamics algorithms based on the transfer operator approach [6, 3, 4, 7].
This approach defines a unique framework for (a) the identification of main
biomolecular conformations as metastable sets, (b) the characterization of
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molecular flexibility within a conformation, (c) the computation of transition
probabilities between the main conformations, and (d) the detection of the
associated transition pathways.

The talk will furthermore present the application of these algorithms to illus-
trative examples from drug design, e.g., to the conformation analysis of the
SARS protease inhibitor [2]. This illustration will include additional aspects
like visualization techniques [1] and comments on the implementation of the
algorithm.
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Large Scale Electronic Structure Calculations for
Nano-Clusters, Molecules and Surfaces

Jaejun Yu
School of Physics and Center for Strongly Correlated Materials Research, Seoul

National University, Seoul 151-747, Korea
Email: jyu@snu.ac.kr

The importance of atomic scale properties in determining the macroscopic
physical properties of technologically important materials has stimulated the-
oretical efforts to determine a detailed understanding of their chemical, elec-
tronic and mechanical properties from first principles. Due to the continued
rapid development of computational technology, now it becomes feasible to
carry out quantum mechanical simulations for the physical properties of real
materials by applying fundamental theoretical concepts. Particularly in elec-
tronic structure studies of real materials, these advances may be attributable
directly to the close collaboration of theoretical and experimental researchers.
In some cases, these computational efforts can be used to predict and an-
alyze the microscopic properties, which would be impossible or impractical
to obtain experimentally. This development has been an essential element
in the phenomenal growth seen in this area of computational materials sci-
ence. More specifically, the advent of accurate self-consistent local spin den-
sity functional methods [1] for complex materials and their properties means
that theory is no longer limited to simple parameter-dependent models. In
this talk, we present a few selected examples reflecting our recent efforts in
studies of nanometer-sized materials such nanotubes, nano-clusters as well as
catalytic interaction between molecules and surfaces. Our aim is to provide
a general overview of the complexity of the different issues involved and, at
the same time to illustrate the methods of large scale electronic structure
calculations for the real materials. From the results, we hope to demon-
strate that it is possible not only to make quantitative predictions for real
systems, but more importantly, to gain insights into the underlying physics
of these materials which are essential not only for the pure science but also
for potential device applications.

Energetics of large carbon clusters:
Crossover from fullerenes to nanotubes [2]

The energetics of large fullerenes and carbon nanotubes (CNT) is investigated
through first-principles pseudopotential calculations for the carbon cluster of
CN (60 ≤ N ≤ 540). Aiming at the electronic structure calculations of

15



large-sized systems, we have developed a self-consistent first-principles cal-
culational method based on the density-functional formalism [1] within a
local-density approximation. We adopt the numerical basis set for the local-
ized pseudo-atomic orbital. The total energies of large fullerenes CN have
been calculated by carrying out self-consistent calculations with a full relax-
ation of atomic positions within a given geometry for N = 60, 80, . . . , 540.
Among many different faceted or irregular shapes of fullerenes, spherical
fullerenes and nanotubes were found to be stable. Based on the results of our
calculations, we constructed an energy model for the carbon nano-clusters.
While the energetics of the long nanotubes can be well described in terms
of curvature effect, understanding of the spherical fullerenes or the cap of
the nanotubes requires an additional term, namely, the pentagonal strain
attributed to the change of the C-C bond lengths in the pentagon. The N -
dependence of energy in our model explains the retardation of the rate of the
energy decrease in the range of N ≤ 240 for the case of spherical fullerenes,
which is the consequence of the competition between the curvature effect and
the pentagonal strain effect. Our prediction that the capped (10,10) carbon
nanotube is more stable than fullerenes or other (small- or large-diameter)
nanotubes is consistent with experimental observations.

Catalytic Decomposition of Acetylene on the Fe(001) Surface [3]

The synthesis of carbon nanotube (CNT) has attracted a lot of interest due
to its potential technological application such as field emission display. To
control the detailed characteristics of CNT in the synthesis, it has been re-
quired to understand the role of transition metal catalysts on a fundamental
level. One of important roles of metal catalyst is to catalyze the decomposi-
tion of hydrocarbons in the initial stage of CNT growth, which is a crucial
step in the growth by the chemical vapor deposition. We investigated the
acetylene decomposition on Fe(001) as a model system by performing the
first-principles calculations with our parallel code. The calculation is carried
out base on the density functional theory in the framework of the pseudopo-
tential method within the local spin density approximation. From the results,
we find that a tilted geometry of the acetylene molecule is identified to be
the most stable configuration on Fe(001) and the formation of CH fragments
by the C-C bond breaking on Fe(001) is found to be an exothermic process.
The analysis of the electronic structure also reveals that the bond formation
between C and Fe atoms is responsible for the weakening of the C-C bond
and the catalytic decomposition of acetylene molecule into individual atoms
on Fe(001). Our results may serve as a basis for the further study of the
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growth mechanism of carbon nanotubes as well as the catalytic reaction of
hydrocarbon molecules on metal surfaces in general.

Nanodiamonds [4]

Nanodiamond has attracted a lot of interest since its first discovery in me-
teorites. Several forms of nanometer-sized diamonds have been found in
interstellar dusts, solid detonation products, and diamond-like films. Re-
cently, carbon nano-particles are reported to consist of a diamond core and a
reconstructed fullerene-like surface. While there are several experiments re-
porting that diamond nano-particles of diameter ≈ 5 nm can be transformed
into spherical and polyhedron carbon onions at high temperature, the mech-
anism of such transformation is still not well understood. On the other hand,
graphitization of the surface of bulk diamond has been an interesting sub-
ject of study for many years. From quantum molecular dynamics simulation
studies of graphitization of the diamond (111) surface, it has been suggested
that the formation of fullerene-like or graphitic surface structure appears to
be one of the most effective ways of minimizing the surface free energy at
high temperature. To provide a clue to the understanding of the formation
as well as the growth mechanism of fullerenes, carbon nanotubes and nano-
clusters, we tried to probe the high temperature state of nanodiamonds. Our
tight-binding molecular dynamics simulations on the structural transforma-
tion of nanodiamond at high temperature show that, upon annealing up to
2500 K, the 1.4 nm-diameter nanodiamond is transformed into a fullerene
structure with the shape resembling a single wall capped nanotube. During
the course of the transformation, three mechanisms, namely the ‘flow-out’,
‘direct adsorption’, and ‘push-out’ mechanisms, are identified to play a cru-
cial role in the conversion of the inner carbon atoms of the nanodiamond
into the surface atoms of the tube-shaped fullerene. In particular, the ‘flow-
out’ mechanism is a unique process in the transformation of a nano-cluster
to a fullerene structure, which is distinguished from other transformation
mechanisms observed in diamond bulk surfaces.

Key Words: First Principles Calculations, Electronic Structure, Nano-
clusters, Catalysis, Surface, Carbon Nanotube, Nanodiamond
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Vanadium oxides are selective catalysts for partial oxidations of basic chem-
icals. There is particular interest in the effect that the aggregation level
of the material has on its reactivity. The materials considered include the
ideal single crystal V2O5(001) surface [1], thin films of V2O5 on α-Al2O3 [2],
isolated V2O5 sites supported on silica [3], V2O5 nanoclusters [4] and both
neutral and charged V2O5 gas phase species [5, 6]. Density functional theory
(DFT) is used for the calculations. For nanoclusters and gas phase species
the Kohn-Sham orbitals are expanded in Gaussian basis sets (Turbomole
code), while for solid materials plane waves basis sets are employed together
with pseudo-potentials for the core electrons (CPMD and VASP codes).

As test reaction for probing the reactivity of the different materials oxygen
removal from the surface is examined and the differences found are related
to different structural and electronic features [1, 2]. In addition the energy
profile for the selective oxidation of methanol to formaldehyd is calculated.
This reaction has been experimentally studied both as a gas phase reaction
for a related molecule cation [7] and as a catalytic process on solid catalysts.
It is frequently claimed that gas phase studies on cluster cations in the gas
phase (mass spectrometer) can provide information on particle size effects on
the reactivity of supported catalysts. The results obtained here reveal large
reactivity differences between cationic gas phase species and neutral clusters
on supports.

Small gas phase species are accessible to wave-function based electron correla-
tion methods that can be systematically improved. This offers the possibility
to check the accuracy of the functionals employed in the DFT calculations.
The performance of the gradient corrected PW91 functional and the hybrid
B3LYP functional for the oxygen-metal bond and the activation barrier is
discussed. The methanol oxidation is one of the less common examples that
DFT may yield too high barriers [4]. The reason is the biradicaloid nature
of the transition structure. Improved results are obtained by the broken
symmetry approach. The reliability of this approach for the general case of
weakly coupled d-electrons on neighboring transition metal sites is examined
by comparison with MR-CI calculations [8, 9].

19



References

[1] V. Ganduglia-Pirovano, J. Sauer (2004).
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During the last decades, a great deal of research have been made on the
novel magnetic phenomena and magnetic materials in reduced dimensions
[1, 2]. Ultrathin Fe films on Cu and Rh(001) shows an AFM state, being
accompanied by strain induced structural phase transition. There have been
many reports on the magnetic properties of elemental, ferromagnetic ultra-
thin films, while relatively minor attention has been drawn to the magnetic
behaviour of ferromagnetic (in their bulk) alloy films.

MnPt3 bulk alloy is ferromagnetic with its Curie temperature (Tc), ≈380K
[3] and magnetic moments, 3.60 µB [4] for Mn and 0.17 [4] or 0.26 µB [5] for
Pt at 77K, while most other Mn alloys with non-magnetic transition metals
are antiferromagnetic [6]. Thus, this alloy would offer a unique opportunity
to compare the magnetic properties of bulk Mn alloy with those in reduced
dimension. Besides, MnPt3 ordered alloy has recently drawn much attention
because it shows very large magneto-optical Kerr effect (MOKE) with respect
to blue light, and hence is a promising candidate for high density magneto-
optical storage media [7]. Furthermore when Mn atoms are deposited on
some metal substrates (Cu, Au, Ag, Pd, and Pt) it is found that the mag-
netic surface alloys form after mild annealing. The magnetic moments of the
Mn atoms were calculated to be huge (about 4 µB) and the experimental ob-
servation of the huge exchange splitting in the MnAg surface alloy supported
the prediction [8].

In this study we calculated the atomic structure and magnetism of MnPt3

surface alloys synthesized by depositing Mn atoms on Pt(001) substrates
and post annealing. The full-potential linearized augmented plane wave
(FLAPW) method [9] was used with general gradient approximation for
exchange-correlation potential [10]. Some several possible systems when Mn
atoms are grown on Pt(001) substrate have been taken account and cal-
culations on their total energy were carried out. From our calculation the
formation of (MnPt3)/Pt(001) was found to be most plausible energetically
among our calculated systems.
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Table 1. The results of FLAPW calculation on the unrelaxed MnPt3 type
surface alloy. FM: ferromagnetic, PM: paramagnetic, CAFM: compensated
antiferromagnetic, UAFM: uncompensated antiferromagnetic configuration.

Magnetic configuration Total Energy difference
(1st MnPt layer/2nd MnPt layer) (∆E)

FM/FM 0 (reference)
PM 5120 meV

CAFM/FM 172 meV
UAFM -76 meV

FM/CAFM 209 meV
CAFM/CAFM 255 meV

A variety of magnetic states are conceivable for the alloy films: paramag-
netic (PM), ferromagnetic (FM), compensated antiferromagnetic (CAFM),
and uncompensated antiferromagnetic (UAFM). The calculational results on
some magnetic structures of the systems without lattice relaxation are listed
in Table 1. As shown in Table 1, surprisingly, the UAFM order is found most
stable, while the other magnetic states except FM (the stable state in the
bulk) are unstable by quite large energy differences (more than 200 meV).
We calculated the atomic structure, allowing relaxation. It is found that the
relaxation further stabilizes the UAFM state with respect to the FM state.
Noting that the magnetic ground state of MnPt3 is ferromagnetic in the bulk,
the result is very interesting. To confirm reliability of our calculation, the
magnetic structure of the bulk was also checked with the same method. The
calculational result was consistent with the experimental observation of the
ferromagnetic ground state.

Table 2. The results of FLAPW calculation on the surface of bulk MnPt3

ordered alloy

Magnetic configuration Total Energy difference
( MnPt(S)/MnPt(S-2)/MnPt(C)) (∆E)

FM/FM/FM 0 (reference)
CAFM/CAFM/CAFM 470 meV

UAFM 87 meV
UAFM/FM -40 meV

The calculations on the magnetic ground state of the surface of the ordered
bulk MnPt3 alloy were also done to get some physical origin of the stability of
the different magnetic structure from that of the bulk. The alloy surface was
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calculated to be also stable in the antiferromagnetic phase, as shown in Table
2. Hence it may be concluded that the calculated stable antiferromagnetic
phase is due to a surface effect.

Key Words: Magnetism, Surface Alloy, Alloy Surface, First-principles
Calculation
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Ferromagnetic materials display a fascinating variety of magnetisation mi-
crostructures on many different scales. Understanding the formation and the
overall effects of these structures is crucial for a number of key technology
applications. At the same time the analysis of magnetic microstructures is
an excellent model problem to develop new mathematical tools for the un-
derstanding of multiscale phenomena that are ubiquitous in science. While
the separation of length scales makes brute force computations extremely ex-
pensive and often unfeasible, it provides the chance to systematically divide
the problem into simpler subproblems, using analytical tools [2, 3]

Somewhat surprisingly, the great variety of observed magnetization patterns
can be to a large extent be understood by studying the (local and global)
minimizers of a single energy functional that consists of three terms: the
anisotropy energy (local, but often nonconvex in the magnetisation), the ex-
change energy (of harmonic map type) and the energy of the induced mag-
netic field (quadratic, but nonlocal). Over the last thirty years the applied
physics and materials science communities have developed a very good in-
tuition about the possible structure of energy minimisers (for an excellent
overview of the theory and the experimental findings see [10]). Mathemat-
ically these suggestions amount to subtle choices of test functions that are
expected to provide nearly sharp upper bounds for the energy. What is
hardly ever known are lower bounds which would confirm that there is not
an even more subtle choice that does substantially better.

Technologically, thin magnetic films are of particular interest. This compli-
cates the problem by introducing another small length scale but also gives
hope to obtain a simplified, two-dimensional theory. There are, however,
additional complications in two dimensions, including topological obstruc-
tions which are well-known in the study of Ginzburg-Landau theories for
vortices. Not surprisingly, many mathematical problems in this area are un-
solved, even though there has been remarkable progress in the last few years
[1, 4, 13, 14, 15].
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I will first discuss the recent rigorous derivation of a two-dimensional theory
in the presence of a weak in-plane applied field [6]. This theory applies to
films which are thin (in the sense of small aspect ratio), but large in lateral
extensions (when measured in units of the Bloch line width) and thus covers
a broad range of applications. In fact the limiting theory applies exactly in
the range where a direct numerical simulation of the full three-dimensional
functional is almost hopeless. The two-dimensional limit problem instead
can be solved efficiently numerically by breaking it up into a convex problem
and the solution of a Hamilton-Jacobi equation. Comparison of numerical
solutions obtained via this hybrid analytical-numerical approach and exper-
imental data will be presented [5, 7].

Very recently there has been large progress in understanding the full spec-
trum of scaling regimes in thin films [8, 9, 11, 12, 13, 14]. The talk will
conclude with an overview of these results and some of the challenges ahead.

This talk is based on and would have been impossible without a longstand-
ing collaboration with A. DeSimone (SISSA, Trieste), R.V. Kohn (Courant
Institute), F. Otto (Bonn) and R. Schäfer (IFW Dresden).
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for planar micromagnetic configurations. ESAIM Control Optim. Calc.
Var. 8 (2002), 31–68 (electronic).

[2] S. Conti, A. DeSimone, G. Dolzmann, S. Müller and F. Otto. Multi-
scale modelling of materials - the role of analysis. In M. Kirkilionis,
S. Krömker, R. Rannacher and F. Tomi, editors, Trends in nonlinear
analysis, pages 375–408. Springer, 2003.

[3] A. DeSimone, R.V. Kohn, S. Müller and F. Otto. Magnetic mi-
crostructures - a paradigm for multiscale problems. In J.M. Ball and
J.C.R. Hunt, editors, ICIAM 99 - Proceedings of the Fourth Interna-
tional Congress on Industrial and Applied Mathematics, Edinburgh 5-9
July 1999, pages 175–190.

[4] A. DeSimone, R.V. Kohn, S. Müller and F. Otto. A compactness result
in the gradient theory of phase transitions. Proc. Roy. Soc. Edinburgh
Ser. A 131 (2001), 833–844.

[5] A. DeSimone, R.V. Kohn, S. Müller, F. Otto and R. Schäfer. Two-
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Nonequilibrium pattern formation is widely observed in many physical, chem-
ical, and biological systems. Significant progresses have been made in this
field during the last few decades [1, 2, 3]. In many cases, such a system is
in constant interaction with its environment, and understanding the effect
of extrinsic perturbation is of great theoretical and practical importance. In
particular, it is interesting to study the deformation of an existing pattern or
the formation of a new pattern under an external forcing. Our understanding
in such a direction is, however, far from complete.

Near the stability border of a homogeneous state of an extended pattern
forming system, small differences among systems become irrelevant, and its
time evolution in a large spatial and temporal scale is given by one of a
few universal equations, called as amplitude equations. In this presentation,
three examples of systems described by amplitude equation under an external
periodic forcing will be discussed.

First, the effect of external harmonic forcing on a one-dimensional oscilla-
tory system described by the complex Ginzburg-Landau equation will be
discussed. For sufficiently large forcing amplitude, a homogeneous state with
no spatial structure is observed. The state becomes unstable to a spatially
periodic “stripe” state via a supercritical bifurcation as the forcing amplitude
decreases. Three distinct depinning behaviors are found, as the forcing am-
plitude decreases further. For a certain range of parameters, the transition
is well described by the mean field exponent of 1/2. Next is that the critical
behavior is dominated by the growth of spatially periodic mode with critical
exponent 1. Finally, there exists a parameter range in which intermittent
movement is observed. “Anchor”, which is a spontaneously generated co-
herent structure, acts as a pinning center, and its destruction is shown to
involve a topological change of “unknotting.”

The effect of parametric modulations on spiral waves that form in a thin layer
of liquid crystal under rotating magnetic field is studied next. Parametric
forcings that are sinusoidal in time make a simply rotating spiral tip to mean-
der, rendering a compound tip trajectory that is composed of a main circular
orbit and a satellite orbit with an unusual crescent shape. No evidence of fre-
quency locking is found. The underlying mechanism for the unusual shape of
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the satellite orbit is elucidated, and the dependence of the rotation frequency
of the main circular orbit fo on the perturbation parameters are discussed.

Last is ferrofluids that are driven by an ac magnetic. Several different types of
superlattices are obtained through successive spatial period doublings, which
are mediated by resonant mode interactions. The observed superlattices are
quite diverse, depending on the relevant base Fourier modes, the orientation
and the number of emerged subharmonic modes, and the phase difference
among the involved modes all together. On the other hand, their temporal
evolutions are all either period–1 or period–2.

Key Words: Pattern formation, Amplitude equation, Resonant forcing
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Introduction

Large and Dense Matrices

The discretisation of partial differential equations (PDEs) lead to large sys-
tems of equations. Finite difference or finite element methods (FEM; cf. [16])
are so popular because they produce sparse matrices. Sparse matrices allow
a cheap matrix-vector multiplication. Hence standard iterative methods are
the methods of choice (cf. [13], [15]). The formulation of homogeneous bound-
ary value problems in a domain Ω by integral equations over the surface ∂Ω
leads to the boundary element method (BEM; cf. [14]), which produces fully
populated (dense) matrices. Since the cost for their generation as well as the
storage of dense n× n-matrices costs at least O(n2), several techniques were
developed to reduce the cost. Examples are the panel clustering method [24],
the multipole method [25] and compression techniques in the case of wavelets
bases [5]. These methods support the storage of the matrix and the matrix-
vector multiplication. Both is reduced to almost linear complexity, by which
we mean O(n logq n) for some q ≥ 0. One must emphasise that all methods
replace the original matrix A by another matrix A′. The matrix-vector multi-
plication A′x is only an approximation to Ax, but the error ‖A− A′‖ can be
controlled. The error bound ‖A− A′‖ ≤ ε requires a cost O(n log 1

ε
logq n).

The hierarchical matrices generalise the panel clustering method in order to
support all matrix operations, i.e., matrix addition, matrix multiplication
and matrix inversion. The mentioned matrix operations are performed only
approximately. As above, an accuracy of ε leads to the factor log 1

ε
in the

costs.

Construction of Hierarchical Matrices

The main idea in the construction of hierarchical matrices is the combination
of two steps.

Step I: The matrix is partitioned into certain blocks. Figure 9 shows an
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Figure 9: Example of a block partitioning

example of such a partitioning P . Let I be the set of degrees of freedom. A
block b ⊂ I×I is the product b = τ×σ of subsets (“clusters”) τ, σ ⊂ I. More
precisely, the sets of clusters is organised in the form of a tree (cluster tree),
which yields the hierarchical structure. The size of the blocks is essential.
Each degree of freedom is associated with a nodal point of the FEM/BEM or
with the support of the corresponding basis function. This allows to define a
diameter diam(τ) and a distance dist(τ, σ) in a natural way. We allow blocks
b = τ × σ in the partitioning P , if they are admissible, i.e.,

min {diam(τ), diam(σ)} ≤ 2η dist(τ, σ)

for some fixed η, or in b is trivial in the sense that the size min {#τ, #σ} is
below some number bmin. The admissibility condition leads to small blocks
along the diagonal (where dist(τ, σ) is small) and to large block far from the
diagonal (see Figure 9).

Step II: We fill all blocks in the partitioning P from above by rank-k
matrices, i.e., the matrix block M |b = (Mij)i∈τ,j∈σ (for b = τ × σ ∈ P) must
satisfy rank(M |b) ≤ k. Each of these matrix blocks is represented two
matrices Ab ∈ R#τ×k, Bb ∈ R#σ×k so that

M |b = AbB
>
b .
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Note that the storage costs of Ab, Bb are (#τ + #σ) k instead of #τ ∗ #σ
for the naive method. Of course, the use of Ab, Bb is only advantageous if
k � min {#τ, #σ} .

The resulting definition of hierarchical matrices of local rank ≤ k is

Hk :=
{
M ∈ RI×I : rank(M |b) ≤ k for all b ∈ P

}
.

The similar construction is possible for rectangular matrix from RI×J .

Introductory papers on hierarchical matrices are [17], [3], [20], [9]. Details of
the construction are explained in [11].

Accuracy

The stiffness matrices from the boundary element methods as well as the in-
verse of the finite element stiffness matrix (for elliptic boundary value prob-
lems) have the following property: Let A be the exact matrix. The singular
values of A|b (not of the whole matrix A) decay exponentially. This allows to
approximate A|b up to an error ε with a rank-k matrix where k = O(log 1

ε
).

Hence, A can be well approximated by some AH ∈ Hk.

In the BEM case this follows easily from the smoothness of the fundamental
solution. Concerning the inverse FEM stiffness matrix, this result is proved
in [1] and holds even for nonsmooth coefficients.

Computational Costs

The following asymptotics hold for k � n = #I.

• The storage of hierarchical matrices fromHk requiresO(nk log n) units.

• The matrix-vector multiplication (A ∈ Hk, x ∈ RI 7→ Ax) is exact and
requires O(nk log n) arithmetical operations.

• The matrix-matrix addition (A, B ∈ Hk 7→ C := A ⊕ B ≈ A + B)
computes the approximate sum in O(nk2 log n) operations.

• The matrix-matrix multiplication (A, B ∈ Hk 7→ C := A�B ≈ A ∗B)
computes the approximate product in O(nk2 log2 n) operations.

• The same cost estimate holds for the matrix inversion (A ∈ Hk 7→ C ≈
A−1).
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The details, in particular characterisations of the constants involved in O(·)
are to be found in [11].

In the cases listed above, we assumed the matrices A (B) to exist as hierar-
chical matrices. In the FEM case this is trivial, since these sparse matrices
already belong to Hk for any k. The BEM case is different. Here two different
approaches are applicable:

a) The BEM matrix is the discretisation of an integral equation with the
kernel function s(x, y). Replacing s(x, y) by a local interpolation or a lo-
cal Taylor expansion, the same discretisation process (Galerkin, collocation
etc.) leads to matrices belonging to Hk where k is the number of monomials
appearing in the interpolation or Taylor expansion.

b) Assume a procedure for the mapping (i, j) 7→ Aij. Instead of calling this
procedure for all i, j ∈ I, it suffices to call it for few pairs (i, j) in order to
construct an approximation in Hk (“adaptive cross approximation”; cf. [2]).

Application Fields

Besides the BEM applications, the hierarchical matrix technique has enabled
the solution of quite different problems.

BEM matrices: As pointed out above, the first goal in the boundary el-
ement method (BEM) is to generate an approximation to the dense system
matrix. The error should be comparable with the already existing discretisa-
tion error. This can be achieved with hierarchical matrices of the local rank
k = O(log n).

FEM preconditioning: Linear equations with sparse FEM matrices A are
usually solved iteratively, where a good preconditioner (i.e., a fast iterative
method) is needed. Sometimes it is hard to find a good one. Since any
rough approximation B to A−1 is a good preconditioner, one can compute
the inverse of A in Hk for rather small k. This approach is in particular of
interest, if A is a Schur complement matrix (as it appears in saddle point
problems, mixed finite element formulations, etc.).

Domain decomposition: Eliminating the interior unknowns in a domain
decomposition method with non-overlapping subdomains, one obtains a dense
matrix (Schur complement) for the nodal points on the skeleton (union of
interfaces). The hierarchical matrix technique allows the elimination as well
as the treatment of the skeleton matrix (cf. [18]).

Matrix equations: The following matrix equations arise in control theory.
The Lyapunov equation AX + XA = C or the nonlinear Riccati equation
A>X + XB − XFX + G = 0 define a system of n2 equations for the n2
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unknown entries of X. Therefore the best possible solver seems to need a
work of O(n2). If the coefficient matrix A arises from an elliptic operator
(as in control problems with a state governed by an elliptic boundary value
problem), it turns out that the solution X can be well approximated by an
X ′ ∈ Hk. The costs add up to O(nk2 log3 n) even in the case of the nonlinear
Riccati equation.

Matrix functions: For parabolic problems the matrix exponential func-
tion exp(−tA) is of interest, where A is the positive definite discretisation
of an elliptic operator. The method proposed and analysed in [7] repre-
sents exp(−tA) by a Cauchy integral. Replacing the integral by a numerical
quadrature, we are able to compute exp(−tA) with accuracy ε with a cost of
order O(n logp 1

ε
logq n). Similarly, other matrix functions can be computed,

e.g., A−α, cos(t
√

A)A−k,
(
sinh

√
A)

)−1

sinh(x
√

A) (see [6], [8]). Another

very interesting function is the sign-function sign(A) (see [12]).

Problems in high spatial dimensions: Related techniques be applied to
problems in high spatial dimensions when Kronecker products of matrices
can be used. An example is given in [10]: The discrete Laplace operator
A in [0, 1]d corresponding to n = 1024 nodal points in each direction and
d = 264 is an N ×N -matrix of size N = 1024264 ≈ 5.2× 10794. Nevertheless
the inverse can be computed with high accuracy (see [10]).

H2-Matrices

Besides the hierarchy in the cluster tree, one can install a second hierarchy.
Instead of the general rank-k matrices for the matrix blocks one requires the
matrix blocks M |b (b = τ × σ) to belong to a fixed tensor space Vτ × Vσ

(i.e., M |b = AbB
>
b with range(Ab) ⊂ Vτ and range(Bb) ⊂ Vσ). In addition

one need a compatibility condition for Vτ and Vτ ′ when τ ′ is the son of τ
in the cluster tree. The arising H2-matrices lead to lower cost since instead
of the matrices Ab, Bb per block, one has to store only a k × k-matrix and
transformation matrices of similar size. The saving can be seen in one or two
factors log n less. The H2-technique has first been presented in [23]. Further
papers are [4] and [19].
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1. Introduction

It has been well known that the global mean surface air temperature has
been increased gradually since the end of nineteenth century, although there
was a cooling period for 1940’s to 1970’s (IPCC 2001) because of increasing
carbon dioxide in the atmosphere. The climate of Korea also has gradually
adjusted for the global environmental change. Recently Oh and Kang (2004)
reported a significant warming trend in the daily temperature data for 90
years from 1910 to 1999 at Busan weather station (35◦ 6’N, 129◦ 2’E and
elevation 69.2 m) which is one of major synoptic observation sites of the
Korean Meteorological Administration (KMA). We may observe the evidence
of climate changes not only from the temperature records but also from the
variation in ecosystem. In Korea, during the 15th–19th century, it has known
that the northern limit of bamboo (known as Phyllostachys) habitation was
about 35◦ N at the central part of Korean peninsula, while it reaches as
further northward as 38◦ N in the east coastal (Gong, 2001). By recent field
surveys (Oh et al., 2004), however, Phyllostachys is found near the 36◦ N
line at the central part of Korean peninsula in consequence of recent global
warming. Considering that there was a cooling trend for the last thousand
years until 19th century Oh et al. (2002) conclude that the habitation of
Phyllostachys has advanced to northward about 50-100 km during the 20th

century. Accordingly, it is not easy to derive any solid conclusion on impact
assessment for regional climate change without reasonable adequate climate
information. In this study, we attempt to develop a methodology to provide
relatively accurate regional temperature and precipitation information for
not only current climate but also future climate by combination of dynamic
downscaling and statistical adjustment.

2. Dynamic downscaling

For a regional climate simulation, MM5 (version 3.4) with 27 km horizontal
resolution and 18 layers of σ–coordinate in vertical is nested within the output
of IPCC SRES A2 experiment provided by the AOGCM ECHAM4/HOPE-G
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(after, ECHO-G) for the period of model year 2001 to 2030 (details are in
Oh et al., 2002). It has shown that the time series of monthly mean surface
air temperature for East Asia by MM5 for 30 years has followed that of
ECHO-G. However, the cold bias has been found in the simulation by MM5
compared to ECHO-G. This cold bias has a tendency to be shrunken during
summer season and enlarged during winter season. It can be mislead when
the MM5 output is used in the studies on regional climate change assessment
without adequate treatment.

Fig. 1 shows the seasonal mean surface air temperature in East Asia by the
ECHO-G (left panel) and MM5 (right panel), respectively. The results of
RCM are quite similar to those of AOGCM except regional details mostly
coming from detail topography used in RCM. For summer (JJA), signifi-
cant warming in the south China in large-scale climate data by AOGCM has
been removed that by RCM. In addition, RCM produces surface air tem-
perature at mountainous region more realistically than AOGCM. A similar
conclusion can be derived from other seasons. The cold area in northern Ma-
juria has expended to further south in RCM compared to AOGCM. These
are many encouraging features for the studies on the impact assessment for
climate change. We may reach to the same conclusion with precipitation
simulations. For all seasons, the development of monsoon by MM5 is well
organized in the MM5 simulation compared to that in ECHO-G. RCM shows
that hardly have to see such an organized monsoon development mainly due
to its coarse horizontal resolutions. Another distinguished feature is that
less precipitation in the northern and eastern part of East Asia. We could
find any particular cause for this feature, however, we suspect to a boundary
problem in nesting.

3. Statistical adjustment

Transfer function approaches have subsequently emerged to satisfy the need
to correct the systematic bias of dynamic model in the regional-scale or to
predict the regional climate from large-scale predictors (Kim et al., 1984;
Wilby et al., 1998; Kim et al., 2002). Fundamental to the approach is the
assumption that stable empirical relationships can be established between
atmospheric processes occurring at disparate temporal and/or spatial scales
(Wilby et al., 1998). A major part of this systematic error can be corrected
by the statistical relationship between model data and observed data, the
so-called principal component analysis such as coupled pattern technique,
regression analysis and empirical orthogonal function analysis (EOFA). The
effect of correction using transfer function is summarized in Table 1. RMS
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Figure 10: Seasonal mean surface air temperature [◦C] by both AOGCM (left
panel) and RCM (right panel) for (a) MAM, (b) JJA, (c) SON, and (d) DJF,
respectively.

error of the daily mean temperature in RCM used has the range from 4.03
in winter to 9.70◦C in summer, especially the biggest cold bias in summer.
RMS error of daily mean temperature in RCM is significantly reduced after
correction based on the transfer function. Corrected percentage in RMS
error has the range from 47.6 in winter to 86.5% in summer, indicating that
the empirical orthogonal transfer function (EOTF) method developed in this
study is very useful even in daily time scale.

Table 1. RMS error of daily mean temperature in Korea. RCM C1 and
RCM C12 indicate RMS errors after correcting the first mode and the upper
two modes, respectively

RMS error season RCM RCM C1 RCM C12 Corrected percentage (%)
spring 4.73 1.78 1.48 68.7

summer 9.70 1.45 1.31 86.5
autumn 6.64 2.20 1.86 72.0
winter 4.03 2.16 2.11 47.6
annual 6.29 1.90 1.69 73.1

4. Conclusion

By combination of dynamic downscaling and statistical adjustment, we may
provide reasonable future regional climate information from global climate
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model simulations. The final output of surface air temperature is quite ad-
equate for regional assessment studies change since there are distinguished
variation modes influenced by land and ocean. Precipitation, however, has
a lot of room to be improved. There are somewhat disagreement in domi-
nant modes of real world and model world. This may be caused not only
from the fact that precipitation is local phenomena and less systematic than
temperature but also the model has still treated the precipitation processes
inadequately. This might be one of important tasks of future studies to over-
come to provide reasonable regional climate change information. Through
this study, we have learned that the adjustment of land surface air tem-
perature takes quite long period. The cold bias generated by the RCM has
remained with almost original gap through 30 years integration. Accordingly,
it might be necessary to apply the spin-up procedure for land surface in the
RCM before long-term integration. It may provide more reasonable regional
climate change information and less statistical adjustment.

Key Words: climate change, dynamic downscaling, regional climate, sta-
tistical adjustment.
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The earth’s atmosphere is overwhelmingly complex due to interactions of
many different phenomena on widely differing scales. Comprehensive mathe-
matical descriptions covering the entirety of these phenomena do not exist to
date. A central theme of atmosphere science is thus the derivation of reduced
models that are mathematically tractable, while still representing a relevant
subset of the observed phenomena.

This lecture will first motivate and briefly explain a unified mathematical
approach to meteorological modelling developed recently by the speaker, [1].
It is based on judiciously chosen coupled asymptotic limits for the Rossby,
Froude, Mach numbers, etc., and on specializations of a very general multiple-
scales asymptotic ansatz. This scheme allows us to recover a large number
of well-known simplified meteorological model equations in a mathematically
transparent fashion.

This multiscale ansatz is currently being explored in two ways. On the one
hand, the general multiple scales framework is used to derive novel reduced
model equations. These account explicitly for the interaction of physical
processes with widely different length and/or time scales. One example is a
family of multi-scale models for synoptic–planetary interactions as derived
recently by A.J. Majda and the author in [2].

On the other hand, many of the mentioned reduced model equations are
justified through singular asymptotic limits. Most standard numerical tech-
niques for the full compressible flow equations become higly sensitive to small
perturbations or even fail in the associated near-singular limit regimes. A
persistent challenge in Numerical Weather Prediction (NWP) and General
Circulation Modelling (GCM) is to construct “well-balanced” numerical tech-
niques whose accuracy and robustness survive these regimes. In [3, 4] the
authors demonstrate how the construction of such schemes is guided by the
results of asymptotic analyses. Dominant hydrostatic balance is addressed
in these papers for the compressible flow equations and for the shallow water
equations, respectively.
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The Yellow Sea is characterized by relatively shallow water depth, varying
range of tidal action and very complex coastal geometry such as islands,
bays, peninsulas, tidal flats, shoals etc. The dynamic system is controlled
by tides, regional winds, river discharge, and interaction with the Kuroshio.
The circulation, water mass properties and their variability in the Yellow Sea
are very complicated and still far from clear understanding.

Numerical simulation of using the ROMS

Figure 1: The curvilinear grid
system for numerical modeling.
The grid size ranges from 3 to 5
km in lon/lat

model was conducted for seasonal circu-
lation and thermohaline structure in the
Yellow Sea using the climatological forc-
ing such as winds, heat flux and fresh
water precipitation. To account for the
tidal effect on the system dynamics, the
tidal forcing was combined. The model
adopts curvilinear grid with horizontal
resolution of 3–5 km and 20 vertical grid
spacing confirming to relatively realistic
bottom topography. The model was ini-
tialized with the LEVITUS annual clima-
tological data and forced by the monthly
mean air-sea fluxes of momentum, heat
and fresh water derived from COADS.
On the open boundaries, climatological
temperature and salinity are nudged ev-
ery 10 days for data assimilation. This study demonstrates a Yellow Sea
version of the North Atlantic Basin experiment conducted by Haidvogel et
al. (2000) experiment that the ROMS simulates the dynamic variability of
temperature, salinity, and velocity fields in the ocean. However, the present
study has been improved to combine the tidal forcing that is a significant
feature in the Yellow Sea.

The Yellow Sea is a semi-enclosed marginal sea in the northeastern Asia (Fig.
1). The horizontal scale is approximately 400 km x 1,000 km with northern
boundary at Bohai Bay and southern boundary approximately along the
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200 m iso-line of water depth in the northern slope of Okinawa Trench,
where strong feature of Kuroshio separates with the complicated feature of
the Yellow Sea. The average depth is approximately 50 m with maximum
reaches around 200 m in the deep channel along the west of Jeju Island
heading toward the central part of the Yellow Sea.

Literally, there are five major water masses identified in the Yellow Sea: the
Yellow Sea Warm Current Water, the Yellow Sea Bottom Cold Water, the
Korea Coastal Water, the China Water and the Changjiang Diluted Water
(Su and Weng, 1994). It is not clear yet where the Yellow Sea Cold Water
Mass is originated except the circulation is of cyclonic one in summer, and
northward along both of coastal area with southward flow in the central part
of the Yellow Sea. Some of ADCP observations show a two-layer circulation
system on many parts of the Yellow Sea.

It has not been clear whether the China Coastal Water contains coastal wa-
ter from the Bohai Sea. Every year the Changjiang river discharges approx-
imately 30,000 m3/s in average over the year, hence the Changjiang Diluted
Water is a distinct water type in the Yellow Sea particularly in the mid-west
of the basin. Understanding the behavior of the Changjiang Diluted Water
is very interesting for the clue of relationship with frequently observed low
saline water around the Jeju Island.

In this study, the dynamic inter-annual features of the Yellow Sea have been
simulated with all available climatological forcing (i.e., wind, solar radiation,
fresh water flux, river discharge etc.) and tidal forcing together using the
ROMS model. The curvilinear grid system was adopted to have fine resolu-
tion in northern part, and terrain-following vertical coordinate was adopted
with 20 arrays in vertical coordinate. The open boundary condition was
given by applying the nudging scheme provided with climatological temper-
ature and salinity at every 10 days.

Key Words: Yellow Sea, Changjiang River, ROMS model, Seasonal cir-
culation, Thermaholine structure, Tidal effect
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Figure 2: Simulated monthly mean salinity distributions in February (left)
and August (right).

Figure 3: Vertical structure of simulated salinity along 34◦N respectively in
February (left) and August (right).

Figure 4: Simulated monthly mean salinity distributions near Changjiang
River-mouth under the climatological and tidal forcing for February (left)
and August (right).
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Figure 5: Vertical structure of simulated salinity along the cross-section from
Changjiang River-mouth to Jeju Island under the climatological and tidal
forcing for February (left) and August (right).
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Computer-assisted research is particularly attractive in the environmental
sciences. The sheer size and often the inreversibility of the phenomena of
study prohibit comprehensive experimental investigations, and the mathe-
matical descriptions of such systems are too involved to be treated quantita-
tively by analytical means. The selection of the different physical processes
to be incorporated or not to be incorporated into an underlying mathemati-
cal model is usually obtained as a compromise between the desired accuracy
of predictions, the available data and the limitations of numerical computa-
tions. Increasing demands for more “realistic” simulations require maximal
flexibility in this matching process and have therefore stimulated the research
on efficient and reliable solution procedures.

In this talk, we present recent algorithms for two typical problems from
hydrology. Keeping in mind the complexity of real-life problems, our methods
are intended to be used as building blocks in more advanced simulations. We
therefore strive for robustness in the sense that the computational effort to
achieve a prescribed accuracy should be invariant with respect to relevant
parameters of the given problem.

Saturated groundwater flow in a fractured porous medium. In the
light of its practical relevance (for example, 90% of the drinking water in
Africa or South America is contained in fractured rock) the numerical sim-
ulation of fractured porous medium flow plays an important role in compu-
tational hydrology. Multiple scales in length, flow velocity and permeability
have lead to a variety of mathematical descriptions ranging from double
porosity models based on homogenisation techniques to network models that
neglect the surrounding rock matrix completely. Here, we concentrate on
a combined model that treats both the fractures and the rock as a porous
medium. In this formulation, considerable numerical difficulties arise from
strongly varying permeabilties on very small length scales. In order to keep
the number of unknowns within reasonable bounds we use anisotropic fi-
nite elements to resolve the geometry of the fractures. The solution of the
discretized equations is based on a hierachical domain decomposition into
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subdomains associated with the network of fractures. The local subproblems
occuring in the resulting Schwarz iteration are approximated by a certain
number of multigrid steps. Assuming complete saturation and sufficient reg-
ularity of the underlying mesh, one can prove that the convergence rates
of this solution procedure is independent of the mesh size and of the width
of the fractures [2, 4]. This result is based on joint work with S. Gebauer
and H. Yserentant and part of a collaboration with R. Hinkelmann and R.
Helmig [3] that has been supported by DFG. Ongoing research concentrates
on mixed methods, hierarchical discretizations of the transport equations and
heterogeneous physical models.

Saturated-unsaturated groundwater flow. Lowland areas with strong
interaction between fluxes in the surface waters (rivers and lakes) and below
the land surface are typical for the landscape of Brandenburg and Berlin.
The numerical simulation of such coupled heterogeneous processes strongly
relies on solution procedures for apropriate mathematical models describing
unsaturated ground water flow. Here, we consider Richards equation with
Signorini-type boundary conditions which is a widely accepted model for
this process. Considerable numerical difficulties stem from the free bound-
aries separating the saturated from the unsaturated regions. More precisely,
we have to deal with to a solution dependent, parabolic/elliptic type of the
equation, non-smooth (Signorini) boundary conditions, and highly nonlinear
behaviour of saturation and relative permeability with respect to capillary
pressure. Assuming a homogeneous constitutive relationship θ(p) of satura-
tion θ and capillary pressure p (cf., e.g., Brooks-Corey, van Genuchten), the
spatial nonlinearity can be removed by Kirchhoff transformation. Then, after
implicit time discretization and apropriate discretization in space, an elliptic
variational inequality of the second kind has to be solved in each time step.
Fortunately, there are monotone multigrid solvers available for this class of
problem which are even robust with respect to the smoothness of θ(p) (in-
cluding jumps) [5]. Unfortunately, constitutive relationships θ(p) can only
be assumed to be piecewise homogeneous in most practical applications. A
possible way out of this dilemma is to introduce nonlinear, non-overlapping
domain decomposition based on a corresponding splitting of the underlying
computational domain. Kirchhoff transformation/monotone multigrid could
then be applied to the local problems arising on subdomains. Actual research
concentrates on iterations of Dirichlet-Neumann and Robin-Robin type [1].
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