1956 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 28, NO. 6, DECEMBER 2000

An Adaptive MHD Method for Global Space Weather
Simulations

Darren L. De Zeeuw, Tamas |. Gombosi, Clinto P. T. Groth, Kenneth G. Powell, and Quentin F. Stout
Invited Paper

Abstract—A 3-D parallel adaptive mesh refinement (AMR) Global computational models based on first principles math-
scheme is described for solving the partial-differential equations ematical descriptions of the physics represent a very important
governing ideal magnetohydrodynamic (MHD) flows. This new al- o \55nent of efforts to understand space plasma phenomena
gorithm adopts a cell-centered upwind finite-volume discretization . . . -
procedure and uses limited solution reconstruction, approximate associated with space weather including the large-scale solar
Riemann solvers, and explicit multi-stage time stepping to solve corona, the solar wind, the solar wind interaction with plane-
the MHD equations in divergence form, providing a combination  tary magnetospheres, and the initiation, structure, and evolu-
of high solution accuracy and computational robustness across on of solar wind disturbances. Presently, and in the foreseeable

a large range in the plasmag (3 is the ratio of thermal and fut ical dels b d th ti f i
magnetic pressures). The data structure naturally lends itself to 'UtUre€, numercal modeis based on the equations o magneto-

domain decomposition, thereby enabling efficient and scalable hydrodynamics (MHD) are the only self-consistent mathemat-
implementations on massively parallel supercomputers. Numer- jcal descriptions that can span the enormous distances associ-

ical (rjesult_sbfo(; MHdD simulationshof m?%netosgheric pt))l_?s_ma ﬂfOVr‘:S ated with large-scale space weather phenomena. Although pro-
are described to demonstrate the validity and capabilities of the . . . _ . .
approach for space weather applications. wdmg_only a relatively low-order approximation to the actual
_ _ behavior of plasmas, MHD models have been used successfully
Index Terms—Adaptive mesh refinement, magnetohydrody- 5 simulate many important space plasma processes and provide
namics, numerical simulations, space weather. L . .
a powerful means for significantly advancing the understanding
of such processes.
I. INTRODUCTION Global MHD simulations have been used for a long time to

PACE weather is of growing importance to the scientiﬁéimmate the global magnetospheric configqration and to inves-
Scommunity and refers to conditions at a particular pladigate the response of the magnetosphere-ionosphere system to
and time on the Sun and in the solar wind, magnetosphere, ioiBanging solar wind conditions. The first global-scale 3D MHD
sphere, and thermosphere that can influence the performag@iaulations of the solar wind-magnetosphere system were pub-
and reliability of space-borne and ground-based technologidighed in the early 1980s [1]-{4]. Since then, MHD models have
systems, and can effect human life or health. It has beBfen used to study a range of processes. Global MHD models
established that adverse conditions in the space environm@hthe magnetosphere are listed in Table I. A recent focus of
can cause disruption of satellite operations, communicatioMHD investigations is the study of magnetospheric “events.”
navigation, and of electric power distribution grids, thereblp these simulations, the observed upstream solar wind con-
leading to broad socioeconomic losses. These influences diions to are used to “drive” the magnetosphere-ionosphere
the geospace environment have prompted renewed eff@ystem and numerical predictions are compared with ground
to enhance our understanding of space weather and devdlaped or satellite observations [14]-[16]. In addition to studies
effective tools for space weather prediction. of the terrestrial magnetosphere, there have been several appli-

cations of MHD models to the study of coronal and solar wind
plasma flows. In this paper, however, we limit ourselves to the
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TABLE | that the transport of radiation can also be included in this frame-
GLOBAL MHD MODELS OF THEMAGNEETOSPHERE work if necessary. Systems of conservation laws lend them-
I Model [ Ref. sere; v.vellltg finiFe-vqume disgretization. The computational

1 Ogino (1984) 5] domainis divided into ‘fcell;," typlgally hexghedra} or tgtrahe.dra,

2 | Lyon-Fedder (1986) | 6] and the system of partial differential equations givenin (1) is in-

3 | Watanabe (1990) | [7] tegrated over each cell in the resulting grid. This leads to a set of

P Winglee (1994) 8] coupled ordinary differential equations in time, with the cell-av-

5 Tanaka (1995) [9] eraged values of the conserved quantities as the unknowns. The

6 Raeder (1995) [10] rate of change of a conserved physical quantity is simply the sum

7 Janhunen (1996) | [11] of all fluxes through the faces defining the cell, plus the volume

8 ISM (1998) [12] integral of the source terms. This leads to the following ordinary

9 || BATS-R-US (1999) | [13] differential equation for the cell volume averaged vector of con-

served physical quantitids:
Il. BASIC SOLUTION METHODS _
; . . . dU 1 _
The numerical approaches taken in the models listed in Pty Z Feoonw -A+S (2)
Table | vary in a number of details. Models 1, 3, and 4 are faces
based on relatively simple central differencing methods. Th

Models 2, 5, 6, 7, 8, and 9, however, are based on relativ 't ltinlied by th | vector of the f h |
similar numerical techniques. Models 4, 5, and 7 are based ace muftipiied by the hormal vector o _e'ace( € horma
vector always points outward of the cell), wh8ds the volume

a high-resolution approach, in which a high-order scheme | £all ¢ Equation (2 id inh {
a blended with a first-order scheme, by means of a nonlinetai';'{/rerageo all source terms. Equation (2) provides an inherently

switch, or limiter [17]. In models 2, 5, 8, and 9, a limited ap: ree-dimensional update bf and it does not separate different

proximation is combined with an approximate Riemann SolVedrirections into different steps (as it is done in operator splitting
iethods).

Models 2 and 8 use an approximate Riemann solver based . . . -
d he resultis avery physical one; each cell in the grid is a small

the five waves associated with the fluid dynamics system, ap

treats the electromagnetic effects using the constrained-tralrﬁ:ontrc’lVOlume’ inwhich the integral form of the conservation

S- .
port technique [18]. Model 6 is similarly structured, but withouf > h.0|d' For e_xample, the time rate of change of the average
ssinthe cell is expressed in terms of flux of mass through the

the use of a Riemann solver; a finite-difference scheme thaﬁ”i?

conservative for the fluid dynamics system is combined wi RCes of the cell. In this approach the “quality” of the solution

the constrained-transport technique. Models 5, 7, and 9 use I$ fundamentally determined by the level of sophistication used

proximate Riemann solvers based on the waves associated Wit ompu'glng the fluxes accross ce_II boundarles_.
ne distinct advantage of this conservation-law based

the full magnetohydrodynamic system [L9]. Models 2, 5, 6’r%giﬁe-volume approach is that discontinuous solutions can be

and 9 are, due to the high-resolution approach, second-o ) i . . .
accurate in smooth regions, and locally first-order accurate |eveq, with the proper jump conditions bemg-obeyed, even
discontinuous regions. Model 7 is first-order accurate. at t.he discrete |l:-:‘V€|. For e>_<amp|e, any shocl_<s n a flow will
In this paper, we outline the basic elements of a modern, soﬁfﬁtley the R_ankme—lﬂugomot condltlong. While this p_rqpert_y
tion adaptive MHD code which is being used for space weathgt " be achieved using a scheme derived from a finite-dif-
erence approach, it is a natural consequence of adopting a

related simulations. inite-volume point of view
This code (Model 9 in Table 1), as explained above, shargs P '

many charactgrlstlcs with other global MHD r'nodels..Two feaB- Weakly Coupled and Strongly Coupled Formulations
tures that set it apart are the use of an adaptively refined mesh, . . .
and its near-perfect scaling on massively parallel computersSince the governing equations of both magnetohydronamics
These two features allow the model to be run at dramaticaf§?d compressible fluid dynamics can be written in the form

higher resolution than has been achieved to date in global MHiyen in (1), they can be implemented in a unified framework as
models. long as the left hand side of the equation system is hyperbolic.

The hyperbolicity of the system is determined by examining the
IIl. FUNDAMENTALS OF BATS-R-US eigenvalues of the matricéd.,., M,,, andM., that arises from

. i rewriting (1) in the quasi-linear form
A. Finite-Volume Schemes for Systems of Conservation Laws

enereV is the volume of the cellA is the surface area of a given

A coupled system of conservation laws can be written in the oW LM, oW LM oW LML W _ o 3)

form ot Jz Y oy © 0z
ou +V -Feopw = S (1) WwhereW is the vector of primitive variables (such as density,
ot velocity, pressure) an!’ is the appropriate source term.
whereU is the vector of conserved quantities (e.g., mas®o- If the eigenvalues oM, (i = z, ¥, 2) are all real (they need

mentum, mass fraction of a particular species, magnetic fieltht be distinct, and are typically not in systems of conservation
etc.),F.ounv IS the convective flux, anfl is the source term mod- laws), the system is hyperbolic. The eigenvalues and eigenvec-
eling diffusion, chemical reactions and other effects. We noters resulting from the decomposition M; are used to con-
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struct the “Riemann solver” that is the heart of modern numean increased robustness and accuracysysnmetrizability
ical schemes (Riemann solvers will be discussed later). Ba@lymmetrizability means that one can find a suitable variable
the ideal MHD equations and the equations of compressilitansformation so that the charactersitic matridds, M,,
fluids are hyperbolic. The coupled system is therefore also tgnd M, all become symmetric. It was shown by Godunov
perbolic, but the eigenvalues and eigenvectors of the coup[@d] some 25 years ago that symmetrizable systems ¢ahd
system need to be derived to construct the Riemann solver. Theysnmetrizable systems) are formally Galilean invariant and
the characteristic matridv; is at the very heart of all numer-that they admit an additional conservation law. Godunov [20]
ical schemes, yielding insight into the wave-like character showed that the equations of compressible fluid mechanics
the coupled equations. are symmetrizable, and the entrogy, = p/p”, becomes
The physical nature of the corresponding eigenvectors (whittfe additional conserved quantity (in addition to the explicit
represent the waves in the system) and eigenvalues (which repaservation laws for mass, momentum and energy). In this
resent the wave speeds) have a fundamental effect on the qualégninal paper, Godunov [20] also showed that in their usual
and robustness of the resulting numerical scheme. This canfiien the equations of magnetohydronamics are not symmetriz-
demonstrated by considering the following formulation of thable, and consequently, they are not mathematically Galilean
equations of ideal MHD (neglecting all external source termsnvariant. In a Gallilean invariant system, characteristic wave
speeds (with respect to the fluid) are the same in all frames of

a_i (0 V)p+p(V-u) =0 4) ][sr(renrence. this is not true for the MHD system in its traditional
du 1 1 It was pointed out by Godunov [20] and later by Powell [13]
bt . Vp=— B)x B 5 :
ot + (- Vyust pr HopP (VX B) ©) that a more careful formulation of Faraday’s law can be used to
3 Jp v 5 v _ 6 avoid the loss of mathematical Galilean invariance. This formu-
2 9t T Q( ~Vp + Qp( u) = ®) lation is based on the recognition that Faraday's law itself does
JB _ not specify the value d¥ - B: its value is specified by indepen-
I (u-VIB=B -Vju-B(V-u). (1) 4o onservation (that there are no magnetic monopoles in our

_ _ Universe). It is shown in advanced textbooks of classical elec-
Herep, u, andp are the plasma mass density, bulk velocity anglodynamic theory [21], [22] that the for an arbitrary vector field

total pressure, respectively. In additidB.is the magnetic field the proper form of Faraday’s law is the following (this form is
vector and, is the permeability of vacuum. The source term igsalilean invariant):
(5) is thej x B term, while in (7) we separated théx (u x B)
term into a convective term for the magnetic field and a source oB
term describing magnetic field distortion. ot ~VxE—(V-Bju (8)
It can be seen that in (4)—(7) the fluid and electromagnetic _ L _
equations are coupled through the source terms (no magna-l'i'l',s equation ensures that the initial valu&fB is conserved

field effects appear on the left-hand side of the fluid equationég. all later times. This can be seen by taking the divergence of
Any corresponding characteristic matrivI;, has only one
nonzero wave speed, the ion—acou_stic speed £ 5p/3p). a(V -B)
This formulation of the MHD equations correspondsateak a9
electromagnetic couplingsince the charactersitic structure of
the equation system is the same as that of the fluid equatidigre theV - (V x E) term was dropped since the divergence of
alone. a curl is identically zero. Introducing the scalar= (V-B)/p,

An alternative way of writing (4)—(7) is to move all terms(9) can be written as
to the left-hand side. This formulation results in a character-
sitic wave structure which stongly couples electromagnetic and 9V + V- (pul) =0. (10)
fluid effects and the eigenvalues of matiM; describe fast ot
and slow magnetosonic anpi Alfvér_1 waves. This forr_nulation Equation (10) shows thab is a passively convected scalar
calledstrong electromagnetic couplingnd, in general, itmakes , hich preserves its initial value at all later times (along flow
it possible to construct more robust and powerful numerlc%es)_ Since at = 0 theV-B = 0 initial condition is enforced,

methods. the magnetic field vector remains divergenceless everywhere at

The numerical framework used in BATS-R-US is based ol |ater times. This is valid even in closed circulation regions,
the strongly coupled formulation of the full equation system angy, .o i numerical simulations, no portion of the flow is totally

it is very appropriate for constructing accurate and robust SO'&]t off from the rest of the flow; even across a theoretically

tion methods spanning the vastly different parameter ranges gfjseq streamsurface, numerical dissipation connects the flow
countered in space environment models. on one side to the flow on the other side. In fluid dynamics,
there used to be a concern that the vorticity in closed regions of
flow simulations was not defined, and could take on arbitrary
Modern numerical methods take full advantage of thealues. In practice, that did not happen. Similarly, we see that in
mathematical structure of the underlying conservations lawdasma simulations, even closed streamsurface regions interact
A particular property of some conservation laws which leadsith the flow outside them, and there is no accumulation of

+V-[(V-Bu]=0. 9)

C. Symmetrizable Formulation
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V - B in the rare cases in which closed streamsurfaces occurfollowing the early work of Lax and coworkers [24], [25],
Dropping theV - B term in (8) over contstrains Faraday’s lanGodunov [26], Lax [27], van Leer [28]—[31], [17] Harten [32],
and it results in the loss of formal Galilean invariance. Roe [33], Osher [34] and others developed a rich class of

Using the Galilean invariant form of Faraday’s law (8) resultschemes for conservation laws. The basic building blocks were:
in a symmetrizable set of MHD equations. This formulation not
only ensures formal Galilean invariance, but it also results in
an additional conservation law for the thermodynamic entropy,
S = p/p7. This symmetrizable form is particularly suitable for
the unified treatment of MHD and neutral gas equations to be
outlined below.

There are alternative methods to handle the solenoidity of the
magnetic field. The most widely used ones are the constrained
transport method [18] and the projection scheme suggested by . .
Brackbill and Barnes [23]. All these methods have been been that were much less computationally expensive than Go-

: . L . dunov’s original scheme.
use with considerable success for magnetospheric simulations, - -
The original Godunov [26] scheme was for a finite-volume

scheme for solution of the equations of inviscid, compressible
flow of a gas. The seminal idea in this scheme was that, at each
Early work in numerical methods for convection-dominatefime step, the fluxes of mass, momentum and energy through
problems showed that results were highly dependent on hegyé face connecting two cells of the grid were computed by a
the spatial derivatives were numerically calculated. The masd|ution to Riemann’s initial value pr0b|em_the ear|y inter-
straightforward methods, obtained by using symmetric centergetion between the fluid states in two neighboring cells were
differences, led to schemes that were numerically unstable. Tdignputed numerically from the nonlinear, self-similar problem
most successful schemes were those that used the convectiogftthe wave interactions between the two fluids. This procedure
rection to “bias” the numerical representation of the derivativegas carried out for a timé\¢ at each cell—cell interface in the
These biased schemes are called upwind schemes, becausgrifiethat constituted one iteration.
data used in the update step is biased toward the upwind direcrpig scheme, though computationally expensive and only
tion. The simplest upwind scheme for the convection equatiofyst_order accurate, turned out to have a huge impact on

computational methods for conservation laws. First, the scheme

¢ Godunov’s concept of using the solution to Riemann’s ini-
tial-value problem as a building-block for a first-order nu-
merical method,;

* Van Leer’s insight that Godunov’s original scheme could
be extended to higher order by making the scheme non-
linear;

« Work by Roe, Van Leer, Osher and others on “approximate

Riemann solvers,” which led to a wide array of schemes

D. High-Resolution Upwind Schemes

du + a@ -0 (11) proved to be extremely robust, even for very strong shocks. It
ot o was also proven to be much more accurate than the few other
is schemes that were similarly robust. Also, researchers soon
realized that the concept could be carried over to other systems
ul —ul of conservation laws.
up Tt — 0y >0 Van Leer, who helped popularize Godunov’s work in the US,
A uP, g — ul (12) showed that Godunov was unduly pessimistic in his famous

N <0 theorem that so-called monotonicity-preserving schemes (ones
that could capture discontinuous solutions without fear of
wheres is an index denoting discrete spatial location and nonphysical overshoots/undershoots) were inherently limited

an index denoting discrete temporal location. to first-order accuracy. Van Leer showed that this was true if
For systems of conservation laws, use of the upwinding idé@& scheme was linear, but allowing schemes to depend on
relies on: the data relieved this constraint, so that schemes that were

« doing some type of characteristic decomposition to detgnonotone could also be higher-order. It was this insight that
mine which way is upwind for each of the waves of théed to schemes like monotone upwind scheme for conservation

system; laws (MUSCL) [29], [17], piecewise-parabolic method (PPM)
« constructing an interface flux based on this characteris{i85] and essentially nonoscillatory (ENO) [36] in use for
decomposition, using upwind-biased data. conservation laws. All of these methods can be classed as

The first step above makes the scheme stable; the second g{gted-reconstruction” techniques—interpolation is done
makes it conservative. There are many ways to carry out the tifoexténd the scheme to higher order, but the interpolation is
steps; various approaches lead to a variety of upwind schemigited in the_ y|C|n|ty of discontinuities, in order to maintain
Before the development of modern high-resolution upwin#€ monotonicity/robustness property.
schemes, researchers solving hyperbolic systems of conserva number of researchers refined on Godunov’s scheme by re-
tion laws had a choice between schemes such as Lax—Friedriel@sing the exact solution of the Riemann problem with approx-
or Rusanov, that were extremely dissipative, or schemes sucliagte solutions that were cheaper, and had certain nice proper-
Lax-Wendroff, that was much less dissipative but could not cafes.
ture even weakly discontinuous solutions (e.g., shock waves)One of these “approximate Riemman solvers” that is partic-
without nonphysical and potentially de-stabilizing oscillationalarly known due to its high accuracy is Roe’s scheme [33]. It
in the solutions. will be described briefly here for a one-dimensional system of
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conservation laws; its extension to multiple dimensions is relbe used, to ensure these properties. The approximate Reimann
tively straightforward. solver approach ensures correct capturing of discontinuous so-
Roe’s scheme computes the fluxes at a cell interface, basetibns, and a robustness across a wide range of flow parameters.
on the states to the left and right of the interface. It does this byDiffusive fluxes can be handled with a Galerkin-based ap-
looking for simple-wave solutions to the system of conservatigmoach,to ensure accurate discretization of those terms. Source
laws, and constructing a numerical flux that treats each of thasems are handled point-implicitly to help alleviate stiffness due

waves in an upwind manner. If the relation to differences in time scales between reactive and convective
processes.
Uz, t) = Uz — \t) (13)
E. Building “Smart” Codes through Use of Solution
is substituted into the conservation law Adaptation
ou  OF A solution-adaptative grid is a virtual necessity for resolving a
ot + 9z 0 (14) problem with disparate length scales. In order to avoid under-re-
solving high-gradient regions in the problem, or, conversely,
the eigenvalue problem over-resolving low-gradient regions at the expense of more crit-
ical regions, solution adaptation is a powerful tool, saving sev-
JF eral orders of magnitude in computing resources for many prob-
— —AM}éfU=0 (15) : : ;
<8U ) lems. Length scales in spaceweather simulations range from a

few kilometers t010® km; time scales range from a few sec-
results, wherd is an identity matrix. Roe’s scheme is base@nds t010° s. These problems cry out for solution-adaptive
on the eigenvalues;, and right and left eigenvector®;, and Schemes—a simple nonadapted mesh would grossly underre-
L;, that arise from this eigenvalue problem. In general, for $plve much of the problem, while overresolving relatively unin-
system of: conservation laws, there will beeigenvalues, each teresting regions. To demostrate this point we mention that to re-
with a corresponding left and right eigenvector. The Roe flux golve the sun—earth distance with a uniform resolution of 10 km

expressed in terms of the stalidg, and Uy, just to the left and in three dimensions would require abdig?* computantional
right of the interface. It can be written as: cells. To carry out such a simulation is clearly beyond anyone’s

« the flux calculated based just on the left state, plus a c&@Mputational capabilities for a long time to come.
rection due to waves that are traveling leftwards from the TyPical calculations have 10-15 levels of refinement; some
right cell, or calculations have more than 20 levels of refinement. In the

« the flux calculated based just on the right state, plus®@S€ of 20 levels of refinement, the finest cells on the mesh are

correction due to waves that are traveling rightwards frofi°"€ than one million times smaller in each dimension than the
the left cell,or coarsest cells on a mesh.

» asymmetric form that arises from averaging the above two
expressions. This last is given by F. Harnessing the Power of Massively Parallel Computers

Massively parallel machines entice users with a factor of
512, or 1024, or even more in CPU and memory resources
than single-processor machines. Capitalizing on the promise
of these resources is, however, not always straightforward.
In general, researchers have had very poor luck with “auto-

Research into approximate Riemman solvers led to robust dRgtically parallelizing” their codes, or, more generally, with
low dissipation schemes for gasdynamics, like Roe’s sche@1ing legacy codes to this class of machines. For most codes
[33], Osher’s scheme [34], [37], and their extension to oth@@Sed on solving PDEs that model physical procesk®sain
systems of conservation laws (such as magnetohydrodynamif§Fompositioni.e., partitioning the problem by dividing the
These algorithmic advances yielded methods that had the nff@mputational domain into sections, and farming the separate
imum dissipation necessary to provide stability—they provide¥ctions off onto separate processors, is the most practical
robustness nearly equal to that of the Lax—Friedrichs scheffgProach. However, codes that were designed with single-pro-
in conjunction with accuracy near that of the Lax—Wendrof€SSor gomput|ng in mind, may have '|nherent limits as to their
scheme. These schemes, when coupled with the limited-recgf@lability, and may, for example, achieve a speed-up for 16, or
struction techniques described above, provided the accurate,3%- OF 64 processors, with added processors not only failing to
bust, efficient schemes that can generally be classed as high-f9&ed the code up further, but actually slowing down the code.
olution methods. These inherent limitations can arise from a variety of sources:

Our approach takes advantage of these advances in approxi= underlying basic algorithms that are global in nature, re-
mate Riemann solvers and limited reconstruction. The limited  sulting in high communication costs;
reconstruction approach ensures second-order accuracy away underlying data structures that are expensive to partition
from discontinuities, while simultaneously providing the sta-  or to update in a parallel fashion;
bility that ensures nonoscillatory solutions. Modern limiterswill ¢ underlying processes that are inherently serial.

Finterface = %[F(UL) + F(UR)]

5> R M|Lu(Ur—Up).  (16)
k=1
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netic field magnitude near the magnetic pole of Earth (&t}
is about6é x 10* nT. The magnetic terms (stress and energy)
in (5) are quadratic, therefore the dynamic range of magnetic
field effects can reach eight orders of magnitude. In addition,
the intrinsic magnetic field is not far from a dipole field, there-
fore the radial dependence of the magnetic terms in the mo-
mentum and energy equations is very steep in the near Earth
region (VB?| ~ r=7). Itis very difficult to resolve such steep
gradients in 3-D numerical simulations.
T T N TR T The difficulty of the numerical solution can be significantly
256 2l2 768 1024 1280 1536 reduced by separating the magnetic field into an “intrinsic” and
a “deviative” component as suggested by [9]. It should be em-
Fig. 1. Parallel performance (on a linear scale) of BATS-R-US on phasized that the deviative component does not have to be small:
Cray-T3E-1200 supercomputer. we simply separate the contribution of the known intrinsic mag-
netic field from the total field. The method does not neglect any

In order to avoid any of these limitations, the approach tak&h the terms describing describing the nonlinear interaction be-
in BATS-R-US is designed with parallelism in mind. The untween the intrinsic and deviative magnetic fields: it only analyt-
derlying basic algorithm is highly local in nature, resulting ifcally assures cancellations of large terms (which numerically
low communication overhead. The data structures on which thy not cancel exactly due to the finite accuracy of computers).
code is built allow easy, natural partitioning of the data, anthe advantage of this method is that the high spatial gradients of
greatly facilitate load-balancing, a crucial element of truly scalbe known terrestrial magnetic field can be treated analytically
able computing. The design was carried out in such a way tt#tthe differential equation level.
even the adaptation of the grid could be carried out in parallel.

A detailed description of the code is given by Povelal.[13], B. lonosphere-Magnetosphere Coupling
and by Grottet al.[38], [39]. The application of BATS-R-US to
space weather research is discussed in a companion paper @&Cj

The performance of the code on a massively parallel machi
is shown in Fig. 1. As can be seen from the plot, the code sc
nearly perfectly; that is, doubling the number of processors NS

lows one to run on twice as fine a mesh in the same amoun t[ion. In particular, Ohm’s law is applied to a thin spherical

time. o : - :
shell [59], [60]. An elliptic equation for the ionospheric elec-
The underlying numerical scheme of the model has been v ’r [591, [60] P d P

idated | bench K orobl d th ¢ potential on the spherical shell involving height-integrated
date ' on some general benchmark probiems [13], and the Wl 4 ctivities (conductances) is solved and the resulting poten-
adaptive parallel code has been validated on a number of spg

hvsi bl b . b , ‘solution is used to prescribe the plasma convection velocity
physics problems by comparison to observation [41}-[45] ang the ionospheric boundary (i.e., the ionospheric potential so-
by a grid-convergence study [46].

lution provides boundary conditions for plasma velocity of the
MHD solution at the magnetosphere-ionosphere interface). The
IV. APPLICATION TO THEMAGNETOSPHERE field-aligned current from the magnetosphere solution and the

The BATS-R-US code has been successfully applied to tisulting electric field from the ionosphere solution are mapped
simualtion of a broad range of space plasmas ranging from sak@ng the dipole field lines between the inner boundary of the
coronal expansion [47], [39], [48], to the interaction of the heliohagnetosphere and the ionospheric surface, thereby providing
sphere with the interstellar medium [49], to the magnetosphef&®ipling between the magnetosphere and ionosphere.
of Mercury [50], [51], Venus [43], Earth [52], [53], [45], Mars
[54], and Saturn [55], [50]. In addition, we successfully sim€. Boundary Conditions

ulated the interaction of comets with the solar wind [41], [56] Boundary conditions are enforced with the help of “ghost

including the emission of cometary x-rays [42], the interactiofyis» \yhich are either cells just outside the simulation box,
of lo [44], Europa [57], and Titan [58] with the high speed mags

) '9%0r just inside the magnetosphere-ionosphere boundary. Our
netospheric plasma. Here we present an example descrlblngﬁhé

. : . . . ndary procedure prescribes the values of physical quan-
interaction of the solar wind with the terrestrial magnetosph y P P Py d

hen the IMF s al h inal (Park iral) direction 153 ifies in the ghost cells, and the approximate Riemann-solver
when the is along the nominal (Parker spiral) direction | elf-consistently calculates the fluxes accross the interface.

o o This method not only provides a physical way to implement
A. Intrinsic Magnetic Field boundary conditions, but is also numerically robust and capable
The simulation of the interaction between the solar wind arad correcting some inconsistencies (the fluxes carry only the
a strongly magnetized planet represents several computatigufaysically necessary information from the ghost cell into the
challenges. One of the difficulties arises from the large dynansgnulation domain).
range of the magnetic field. The typical magnitude of the inter- At the upstream boundary a free streaming solar wind enters
planetary magnetic field (IMF) is about 10 nT, while the maghe computational domain. At the other five outer boundaries the

8320F  scaling of BATS-R-US
oh a Cray T3E-1200

—_

[&]

o
T

Parallel Performa
Q
(=]

oupling between the magnetosphere and ionosphere is ac-
nted for by using a height-integrated electrostatic model of
e ionosphere, in which closure of the field-aligned current
tem arising from the MHD solution is modeled at the iono-
heric boundary by applying the principle of current conser-
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ghost cells contain free-streaming solar wind conditions. Sinc
these boundaries are far enough away so that the plasma fl.
is supersonic and superalfvénic at these locations, the physi
parameters in the ghost cells are greatly flexible, as long as
all eight characteristics point outward of the simulation domair
Our boundary conditions ensure this property.

The inner boundary of the simulation was afg3;. At the
inner boundary the boundary conditions described no ma
flux accross the boundary. Reflective boundary condition
were used for the mass density and kinetic pressure. Neume
conditions were applied for the tangential components of th
deviative magnetic field (the difference between the dipols

magnetic field and the actual field) and Dirichlet condition for. _ , _ o
the normal component. Fig. 2. Three-dimensional representation of the last closed field lines. Also

shown is the equatorial plane with the computational grid. The grayscale
. . represents the normalized thermal pressure of the plasma.
D. Results for Parker Spiral IMF Conditions
The input parameters used in the present simulation are base#lig. 2 shows a three-dimensional rendering of the last closed
on the GGCM Phase-1 parameter suite and they differ onlyfield lines (on the dayside this is essentially the magnetopause).
the IMF direction. The GGCM Phase-1 steady-state simulatidie figure also shows the equatorial plane with the computa-
suite input parameters describe a steady solar wind flow alotignal grid. The grayscale represents the normalized thermal
the sun—earth line, a nontilted terrestrial magnetic dipole locatpessure of the plasma. One of the most interesting features of
at the center of the Earth, and a uniform, constant conductarnice magnetopause is the counterclockwise twist of the symmetry
tensor in the ionospheré&ip = 5 S, %5 = 0, and%, > 1). plane fromz = 0. This twist is a consequence of the positive
The IMF magnitude was chosen to Be= 10 nT, which is one IMF B, component [61].
of the GGCM Phase-1 cases (the other value is 5 nT). The IMFIt is interesting to note that for IMB. = 0 the magneto-
direction was assumed to be along the nominal Parker-spispheric topology is very similar to the southward IMF config-
therefore the IMF vector is given @ = (—+/50,1/50,0) nT uration. Magnetic reconnection takes place along the “sash” as
(thezx axis points toward the Sun, theaxis points to north and described by Whitet al.[12]. The reconnected field lines move
y axis makes the coordinate system right handed). downstream and form the open magnetic topology of the magne-
The computational domain extends from= 192 R tox = totail. A near-earth neutral line is formed at around?/down-
—384 Rg along the sun—earth direction and froni92 Rg to  stream behind earth. At this line the reconnected IMF field lines
192 R in they andz directions. The smallest cells at¢4 R “disconnect” from the geomagnetic field lines and form highly
near the inner boundary, while the largest cells3&r. We draped IMF field lines. These field lines play an important role
used 7 levels of refinement in the simulation. The large distanitedetermining the topology of the magnetotail.
between the upstream boundary and Earth was chosen to ensu® Magnetotail Topology:The left panel in Fig. 3 shows
that all boundaries are far from the physically most interestirggmulated two-dimensional “magnetic streamlines” in a cross-
regions. sectional plane in the magnetotail. These magnetic streamlines
The inner boundary of the simulation is a#&;. The MHD are generated by drawing the two-dimensional field lines de-
simulation domain is connected to the height integrated ionfined by the B, and B. components of the three-dimensional
sphere (located atRg) by unperturbed dipole field lines. Field magnetic field vector. Real three-dimensional magnetic field
aligned currents (FACs) are mapped along undisturbed dipdilees come out of (and go into) the plane, due to the (gener-
field lines between the MHD magnetosphere and electrostadity) nonzeroB, component. Thus, the magnetic streamline
ionosphere. This procedure is described in detail by Goodmtapology in tail cross sections does not fully characterize the
[59]. Plasma flow is not allowed through the inner boundarynagnetic structure of the tail. The advantege of using these
and the field aligned current is allowed to freely penetrate ingireamlines is that they are relatively easy to visualize and there
the electrostatic ionosphere. is a new body of observational evidence which can be compared
1) Last Closed Field LinesOur simulation uses quite sim-with the simulation results [62].
ilar conditions to those used in the recently published simulationThe left panelin Fig. 3 shows simulated magnetic streamlines
of White et al.[12]. The main difference is that [12] consideredn a tail cross section (located around the middle of the closed
a pureB, = 5 nT IMF, while our simulation also includes amagnetotail), while the right panel is the magnetic streamline
B, component, = —B,) and uses a stronger total magnetipattern synthetized from four years of IMP 8 observations for
field. The reason for the inclusion offa, component is that this IMF B, > 0 conditions [62].
IMF direction is closer to the observed average conditions andCross-sectional patterns like those in Fig. 3 are typically char-
therefore comparison with observed magnetospheric topologéserized by the critical points [63], i.e., points at whiBh =
is somewhat easier. In spite of the difference in input param®. = 0. These critical points can be classified as stable or un-
eters the simulated magnetospheric configuration and topolaggble nodes, saddles, centers, or stable or unstable spirals; the
are quite similar to those reported by Wreteal.[12], including  classification depends on local valuesid?, /0y andoB. /0z.
the formation of the magnetospheric sash. While it is easy to misinterpret these critical points, since the



DE ZEEUWet al. AN ADAPTIVE MHD METHOD FOR GLOBAL SPACE WEATHER SIMULATIONS 1963

=
o Kaymaz & Siscoe, JGR, 103, 14,829, 1998.
Vo]
9 -
b
[Te}
(}] -
(o]
| . ; . 0O T T T
0 25 0 25 50 -50 -25 0 25 50
ViR, Y/Re

Fig. 3. Magnetic streamlines in a cross-sectional plane of the magnetotail foBMFE> 0 conditions. The left panel is from the present simulation (the
background grayscale characterizes the logarithm of the normalized pressure), while the right panel is a synthesis of four years of IMP 8sj@sgrvation

B, component is ignored, they do correspond to certain phyts-the magnetopause. The two saddle points correspond to the
ical situations. For example, a node corresponds to the magneti@gnetospheric sash [12] characterized by low magnetic field
fields lines turning from a three-dimensional orientation to onaagnitudes. The nodes correspond to sun—earth aligned mag-

parallel to the sun—earth axis.

The similarity between the simulated (left panel of Fig. 3)
and observed (right panel of Fig. 3) magnetic streamlines is
striking. The two patterns are topologically identical, with both
exhibiting two saddles and two nodes: a stable node in the upper.
half plane (the magnetic streamlines converge on the node) anH]
an unstable node in the lower half plane (the magnetic stream-
lines leave the node). Even the location and orientation of thesé?l
critical points is quite similar. The radius of the simulated mag-
netotail is smaller than the observations indicate, due to thg3]
stronger than average IMF magnitude (10 nT) used in the simu-
lation. However, this small difference does not effect the excel-,
lent agreement between the simulated and observed magnetotaiI]
topologies. 5]

There are three types of magnetic streamlines in Fig. 3: fully
open, reconnected and closed. Fully open streamlines pass com-
pletely through the plot without connecting to a node or a saddle.
These streamlines correspond to interplanetary magnetic fielcﬁsl
lines. Some of these streamlines pass through the bow shock
and exhibit a kink, some of them are located above or below thd ]
shock and they pass through the Figure without any distortion.
Reconnected interplanetary magnetic field lines either enter thes]
figure from the left and connect to the stable node on the north,
or originate from the unstable node on the south and leave thégl
figure to the right. These streamlines correspond to interplan-
etary magnetic field lines which reconnect to the geomagnetic
field in the northern (stable node) or southern (unstable nodé}ol
cusp. Finally, closed magnetic streamlines originate from the
southern (unstable) node and go into the northern (stable) nodéll
These correspond to closed geomagnetic field lines.

The three-dimensional magnetotail topology corresponding
to the streamline topology shown in Fig. 3 describes an opef?2]
magnetotail as discussed by Kaymaz and Siscoe [62]. The sep-
aratrix between reconnected and closed field lines corresponds

netic field lines connecting to the cusps.
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