
grid were used. The resulting method was used
in Hain’s PHOENIX MHD code (Hain, 1977),
which was then adapted as the HB magneto-
spheric code. Lyon’s method was used for 2D
calculations (Lyon et al., 1981) and later in the
LFM code itself. The technique(s) unfortunately
were not documented, but the basic ideas were later
rediscovered by Evans and Hawley (1988) and
Devore (1991).

(4) High (Alfvén) speed, low b, high magnetic field: The
magnetosphere has a number of regions where
the Alfvén speed becomes quite high, particularly
in the tail lobes and near the Earth. These are also
regions in which the plasma b, the ratio of plasma
pressure to magnetic pressure, is also quite low. The
high Alfvén speed particularly near the Earth
restricts the time step to very small values—too
small to be practical. In addition, in low b regions,
the use of a total energy equation becomes proble-
matic. The plasma pressure becomes the small
difference of two large numbers, the total energy
and the magnetic energy. Numerical truncation error
then makes the plasma pressure unreliable. It is
particularly worrisome where MHD waves can enter
the region and be partially damped numerically. The
only place for the energy to go is into the thermal
energy of the plasma which can be heated to
anomalously high and non-physical temperatures
almost without limit until finite b effects limit the
process.
The high Alfvén speed problem was handled in
two ways: first by restricting the computational
region to some distance greater than 2–3 RE from
the Earth, thus cutting out the highest speed and
smallest cell regions, and secondly by the implemen-
tation of the Boris (Alfvén) correction (Boris, 1970).
Low b was addressed by using an equation for
the plasma total energy (thermal plus kinetic)
instead of one for the total energy. This has
drawbacks which will be discussed below, but
does allow a relatively good solution in almost all
regions.
The high magnetic field in the inner magnetosphere,
or more particularly, the strong field gradients
associated with the dipole lead to problems with
truncation error in derivatives possibly overwhelm-
ing real effects. Since the ionospheric boundary
condition requires field-aligned currents, the trunca-
tion error must be addressed. Brackbill (1985) used a
reduced magnetic field b ¼ B " rn (n ¼ 2; 3 for 2,3
dimensions, respectively) for differencing to remove
the strong dipole gradient. However, we decided to
simply subtract a fictitious field from the true
magnetic field. This field is equal to the dipole field
near the inner boundary, but drops to zero farther
from the Earth.

(5) Integral ionospheric model: The ionosphere is one of
the largest, if not the largest, energy recipient in the
magnetosphere. As far as a global MHD calculation
of the magnetosphere is concerned, it is a boundary
condition, but one that may have a profound effect
on magnetospheric structure. Thus, we decided to
implement a simple model for the polar ionospheres
which allowed for self-consistent electrodynamic
coupling with the magnetosphere.

These considerations have lead to casting the MHD
equations in a somewhat unfamiliar form:

@r
@t

¼ #r $ r~v; ð1Þ

@r~v
@t

¼ # r $ ðr~v~vþ IPÞ

# r$ I
B2

8p
#

~B~B
4p

 !

; ð2Þ

@EP

@t
¼ # r $ ~v rv2=2þ

g
g# 1

P

! "! "

#~v $ r $ I
B2

8p
#

~B~B
4p

 !

; ð3Þ

@~B
@t

¼ r( ð~v( ~BÞ; ð4Þ

where EP ¼ rv2=2þ
P

g# 1
:

The major difference between the standard set of
conservative ideal MHD equations and the above is
the use of an equation for the fluid (plasma) energy
instead of the total energy. The~j $ ~E term in ð3Þ is written
as the velocity dotted into the magnetic force. It
represents the change in kinetic energy due to the
magnetic stresses.

3. Numerical techniques

Notation:

r;~v; c;P; ~B ! plasma density, velocity, sound speed;

pressure, magnetic field

~x ¼ ðx; y; zÞ ! Cartesian coordinates

ðm; n; zÞ ! computational space coordinates

The transformation from computational space is de-
noted as ~xð~mÞ. Specific values of the computational
coordinates are given by the integers ði; j; kÞ. The
position of the cell center is, thus, ~xijk. The cell verti-
ces are located at ði ) 1

2; j )
1
2; k ) 1

2Þ; the 1
2 indicates
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