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Abstract

We describe a new process of the magnetosphere-ionosphere (MI) coupling for global
MHD simulations. In the MI coupling process, field-aligned currents and electric potentials
interact with each other in the region between the ionosphere and the inner boundary of the
magnetosphere. In order to examine these field-aligned currents and electric potentials self-
consistently, we consider the boundary condition as a problem of wave reflection, assuming
that the changing of field-aligned currents as a result of MI-coupling process is associated
with the reflection of shear Alfven waves. Separating the perturbed components from the
correct solutions, the equation of current continuity of these components is considered. Then
we determine the perturbed components generated by the MI coupling. Since the perturbed
components of the electric potentials are associated with the reflected shear Alfven wave, we
can describe a spatiotemporal development of ionospheric potential as summation of
reflection processes of shear Alfven wave at the inner boundary, and then the new process is
applicable to the general problems of the MI coupling.
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1. Introduction

Global Magneto-Hydro-Dynamics (MHD) simulation is the powerful tool for studying the
magnetospheric dynamics affected by the solar wind. In the global MHD simulations, the coupling
between magnetosphere and ionosphere is also an important factor because the magnetosphere and the
ionosphere are connected by Field-Aligned Currents (FACs) that carry energy and momentum. In order
to calculate the variations of the magnetosphere correctly, the recent global MHD simulations (e.g.,
Tanaka 1995, Raeder et al., 2001; Lyon et al., 2004) have managed to include the process of the
Magnetosphere-lonosphere (MI) coupling expressed by a current closure condition between FACs and
ionospheric current and tangential continuity condition of electric filed across the ionospheric boundary,
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where j),is the FAC at the ionospheric plane, 3 is a field-aligned-integrated ionospheric conductivity
tensor, E'=—V®'is an ionospheric electric field described by an electrostatic potential @', EM(P is a
magnetospheric electric field mapping just on the ionosphere. Here, notations // and L denote the
quantities in the parallel and perpendicular directions to the background geomagnetic filed B, while,
superscript (r;) means operation at ionospheric altitude 7=r;. In general, magnetospheric MHD simulator
produces velocity field VM and magnetic field pMHP according to their dynamics. The FACs of MHD
fields can be described by shear of pMHP along B, as

I =8y (Vb ), 3)

which is connected to j/‘/ by a relation j/‘ =a j/“/"”D, where « is a geometrical scale factor when an inner
boundary of MHD region (r=r,,) and ionospheric plane (r=r;) cannot be conformed. At the inner
boundary of MHD region, we can determine the magnetospheric potential ®MP, from the following
Poisson equation

V(lr‘“)zq)MHD — V(IM) . (VMHD X BO)! (4)

where é;=B,,/ B, is a unit vector along By, If there are no potential drop between inner boundary of
MHD region and ionosphere along By, EMD js simply described by

EV) = v, (5)

In nature, both the magnetospheric potential and the FACs need to be simultaneously satisfied the
relationship between (1) to (5) and the system is always in a harmonious MI-coupled states. If we can
describe the MI-coupling process using first-principle simulation, this harmonious state is naturally
achieved at any time, however, if we need to separately solve magnetospheric dynamics and ionospheric
conditions, a solution for coupled states is inevitably required.

There are some types of solutions of (1) and (2) for adopting boundary condition of the inner
magnetosphere. Most of the previous studies had managed the following solution. First, FACs are
determined by magnetic perturbations at the inner boundary of the magnetosphere. Mapping these FACs
into the ionosphere along By, the ionospheric electrostatic potentials are calculated from (1) and the
resultant potentials are mapped out to the inner boundary of the magnetosphere with the following
sequentce

JM° — jl and then @' — @™, (6)

On the other hand, Janhunen (1998) had proposed another type of solution that the electric potentials
determined by velocity fields through (4) at the inner boundary of MHD region were mapped into the
ionosphere and then the FACs were calculated from the electric potentials using (1). The resultant FACs
are mapped out to the inner boundary and then transformed into magnetic field perturbation with the
following sequence

OMP —» @' andthen j,—> ™. (7)



A new magnetosphere-ionosphere coupling scheme for MHD simulations 89

For convenience, we named the former procedure as “potential-generator method” and the latter
procedure as “FAC-generator method” . Furthermore, Kan and Sun (1996) used another type of solution
for (1) to investigate development of ionospheric current system during substorm expansion phase. They
assumed that the ionosphere received both of FACs and electric field of incident shear Alfven wave and
that produced reflected shear Alfven wave. We named this procedure as “KS method” .

In case of steady states, the potential-generator method and the FAC-generator method should give
the identical solution for MI-coupled system. However, as for the dynamical system, we cannot expect
to find the identical MI-coupled harmonious states from these two methods because these boundary
conditions do not consider the simultaneous continuities of both potentials (convection) and FACs
(magnetic shear) between ionosphere and inner boundary. As for the KS method, we cannot expect to
produce correct reflection field either. Because in the KS-method, the FAC of shear Alfven wave is
closed to the total irrotational part of ionospheric current including background current. However, role
of shear Alfven wave in the MI-coupled system is mediating accumulated polarization charge caused by
change of torsional force balance between Ampere force (JxB) and pressure gradient force (-V P) along
By, and not describing total amount of FACs itself.

Clearly, shear Alfven wave carries torsional components of disturbed MHD fields to the inner
boundary and brings associated potential and FACs disturbances to the ionosphere, which should
become driving source for reflected fields of ionospheric origin. As discussed by Yoshikawa et al.
(2002), to calculate the correct reflection field from the ionosphere, the total FAC of shear Alfven waves
flowing into the ionosphere composed by incident and reflected components are need to be balanced to
the divergence part of ionospheric current excited by the incident and reflected (secondary polarized)
electric field. To correctly simulate the MI-couple system, we need to develop a new coupling algorithm
that can describe harmonious state even in a time-development system, and their changing is mediated
by the shear Alfvenic disturbances.

In this paper, we describe a new process of the MI-coupling, which suit to time-development
regime: both electrostatic potential and FACs at magnetospheric inner boundary are simultaneously
mapped on the ionosphere, and then the reflection components including the Alfvenic-FACs are
generated to totally satisfy the MI-coupling relation with the following sequence

O > @', M L and then - OVl ()

We named this procedure as “Alfvenic-coupling algorithm”.

In Section 2, we will discuss about the detail of Alfvenic coupling algorithm and derive a new
formulation for current closure condition between FACs and ionospheric current. This formulation
explicitly shows that time-development of MI-coupling process is caused by excitation of shear
Alfvenic disturbances from the ionosphere if any differences between magnetospheric and ionospheric
convections at their interface has caused by any of disturbances. Furthermore, we will clarify the context
that the MI-coupled variables at the present time is as a result of long succession of reflection and mode
conversion process of MHD disturbances at the ionosphere. In other words, progress of MI-coupling
system is described by the reflection and mode conversion process of MHD waves at the ionosphere. In
Section 3, we will discuss about the differences between the potential-generator model and the FAC-
generator model form viewpoint of progress of MI-coupling system, and conclude that the potential-
generator model would gives more preferable results than the FAC-generator model. However, it is
clarified that the potential generator model also cannot give a correct reflected field in a temporal MI-
coupling process. Because, in reality, that perturbation components of ionospheric potential acts as not
only the mere polarization field but the inductive field of Alfvenic-FACs, which assures the
conservation law of energy and momentum in the temporal MI-coupling.
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2. Alfvenic-Coupling Algorithm

Concept of Alfvenic-Coupling in the electrostatic MI-coupling process proposed in this paper is as
follows. When a distribution of ionospheric current is changed from steady state by mapping of
magnetospheric disturbances and/or conductivity changes, polarization potential “8S” is instantaneously
generated to preserve the current continuity conditions. This polarization potential is projected as feed
back component to the inner boundary of MHD region, which excites the Alfvenic-FACs. Therefore,
current continuity condition has to be included this radiant Alfvenic-FACs. In this sense, 6S is not only
polarization electric field for ionospheric current continuity but also an inductive field of Alfvenic
disturbances.

2.1. Separation of MI-coupled Solution into Primary and Secondary Variables

To apply the process of Alfvenic-Coupling for numerical simulations, we separate true solution
(harmonious state) of (EI, jI//) and (VMHD, bMHD), which simultaneously satisfy MI-coupled relation and
MHD dynamics, into primary and secondary terms in a discrete time-domain as

E,=E ,-V.0S, ©)
j/]/,k = Jipk +6j;,k7 (10)
VYD VD g D (11)
b = BV 4 SHYP (12)

where subscript p means primary terms determined only from the magnetospheric condition before
interacting with the ionosphere, while symbol & indicates secondary term generated as a result of MI-
coupling process satisfying (1) and (2). The subscript £ denotes physical quantities at discrete time step
=t (k=0, 1, 2, 3 --+). In this model, we simply assume that the region between inner MHD boundary
and ionosphere is connected through the electrically equipotential geomagnetic field line and the FACs
are flowing therein with no vertical divergence conditions. Therefore, total electrostatic potential and the
FAC:s satisfies (1) and (2) at t=t, are given by

DY = @) = DY + 58] (13)

j%/ljb = a(j//p,k + 5j;,k)' (14)

MH!

Variableg @), ji,, ., and E, ;= vl )CDp,kD can be obtained from MHD fields before interacting with
ionosphere at time step =t as

ViR = v (VP x B, ), (15)
Jipw = ailﬂaléa : (V(IM) X b:fltm)//- (16)

If the system is in the steady or harmonious states, there are no reflected disturbances from the
ionosphere.

2.2. Renormalization of Radiant Alfvenic-FAC to the Current Closure Condition

Variable of 85; is an electrostatic potential for polarization fields, which are instantaneously

generated if the primary variables (Ep,k,j //p,k) cannot satisfy the current closure condition of (1) in their
MHDT _

own. The newly generated part of FACs at the inner boundary: 9/ = a'Sjl, should satisfy
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ST = iy - (V0 x b)), (17)

Using Faraday’s law with (17), we have

gé‘ /]ﬂc[m —1,V,\Vi SST (18)

Since 5] is generated during time scale of Aty =t-t; |, (18) can be written in the form of

Syt = [ visS! =-x, V255 . (19)

1

The operator [, = u,At,V,, extracts a value of ;' x(inverse of propagation speed of disturbances in

the direction of geomagnetic field lines) when it acts on any disturbances and which gives the FAC with
—ViéSZ . Since —Vié‘SZ represents eigenstate of Alfvenic disturbances in the MHD medium, L, can be
regarded as an operator extracting Alfvenic conductance: } 5 , as eigenvalue of —Vi5SZ . In the case of

MHD, we had already known that 3, \ is given by

ZA,k = (ﬂoVA )71 (20)

(e.g., Kan and Sun 1996), where ¥} is the Alfven velocity at the inner boundary of MHD regions.
Application of formula (19) to the global simulation would be validated if grid-spaces of MHD
simulation were enough fine regarding background magnetic field and plasma density as uniform.

Using (9) to (20) with (1), we finally obtain a determination equation for 58] as

VO VO (@) + 85] )= (., — 20,V 25S] ) @1)

In this formulation, byyp . and Vyyp . become inputs for MI-coupling relation and output is the
polarization electrostatic potential 5SZ in the ionosphere. Using frozen-in condition for MHD fields with
(17) and (19), we have the following magnetospheric disturbances at inner boundary of MHD region as
a result of MI-coupling process at =t

+
Sv MHD V&S, x e,
B

0

V. 68 xé
Sy = % ———t=—u 0:005VA (23)
A

(22)

By adding these disturbances to the inner boundary of MHD region, the MI-coupling process at ¢=t, is
then completed.

As done by many previous studies, if we set the total ionospheric potential, @} to be explicit
variables in the MI-coupling relation, (21) can be rewritten to derive equation for ®; as

_V(f) : (Ekv(f )d)i): —a I:j//p,k - ZA,kV(LrM) : (V(IW )(D; MHD xB ):| (24)

The last term of the right-hand side of (24) is an additional term in many of the previous studies.
Renormalization of reflected Alfvenic-FACs into the current closure condition make possible disturbed
ionospheric potential to act as not only the mere polarization field for current continuity but the inductive
field of shear Alfven mode, which assures the conservation law of energy and momentum in the temporal
Ml-coupling (Yoshikawa et al., 2002). This formulation explicitly shows that time-development of MI-
coupling process is caused by excitation of shear Alfven wave from the ionosphere, if the difference
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between magnetospheric and ionospheric convections at their interface has caused by any of disturbances.

2.3. Separation of MI-coupling process into harmonious state and reflection processes
The primary MHD variables at =t before interacting with the ionosphere should be written in the

form of
SMHD _ -1 .1 -
Tk =& Tyt 5]//,1<

(25)
L T

where (5 ji k,é'S,f ) are the MHD disturbances newly reached on the inner boundary of MHD region
from the upper part of magnetosphere at #=¢,. Similarly, ionospheric variables can be separated as
. 1
@} =}, +65S; + 68, ’ 26)
X, =2, ,+&,

where OX, is the newly generated part of ionospheric conductivity fluctuation at #=¢,. Using Egs. (25)
and (26), the total FAC on the ionosphere and ionospheric potential at /=¢, can be represented by

j/I/,k = j/[/,k—l + a(5j/L/,k + 5j;/.k)
— ai(aj,j,. +671,)
O = ®!  +55 +65S]
@+ i(&s} +o5])
i=1

respectively, where £=0 means an initial condition of MI-coupled system at t=¢,. Using (27) and (28),
(21) can be separated into the current closure condition at t=¢,_; and reflection and mode conversion
process of MHD disturbances at t=¢, as

@7

(28)

V(f) ’ ikflE}rfl = _j/l/,k—l > (29)

VO (E90 (65 + 58] )+ e=—ax,, VO (55) - 65] ) (30)
where

g=-V0(E,v00]). G1)

Here we use a relation 65" =%, kV(IM pé‘Sj for representing incident part of FACs at t=1,.

Equation (29) represents harmonious state of MI-coupled system at ¢=¢,_; in which all of physical
variables at the inner boundary of MHD region and on the ionospheric plane satisfy (1) and (2). Clearly,
direct source of MI-coupling progress from harmonious state from 7=¢,_; to t, are incident components of
MHD variables or ionospheric conductivity disturbances at /=#. The term of & is a current divergence
originating ionospheric conductivity fluctuation, which corresponds to a seed of feed back instability as a
possible mechanism for explaining excitation and growth of auroral arcs (e.g., Sato 1979), where
fluctuations of density and electrostatic field in the ionospheric E-region are coupled with the shear Alfven
waves in the magnetosphere. Its energy source is given by a background ionospheric convection. If & =0,
Eq.(30) simply represents an incident and reflection process of shear Alfven modes under inhomogeneous
ionospheric conductivity distributions (e.g., Glassmeir, 1983; Itonaga and Kitamura, 1988).

Here we should note that formulation of (27)-(30) shows that the MI-coupling state at 1=t
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represented by (21) is as a result of long succession of reflection and mode conversion process of MHD
disturbances. In other words, progress of MI-coupling system is described by the reflection and mode
conversion process of MHD waves at the ionosphere.

3. Discussion and Conclusions

It is interesting to consider the question given by Janhunen (1998) “what differences have been
including between potential generator model and FAC generator model” from viewpoint of our Alfvenic
coupling. If we adopt the context of Alfvenic-coupling algorithm to the potential-generator model, the
MlI-coupler only receives jMHD and calculates total @] , therefore the reflection part of FACs is
neglected from the right-hand 51de of (30). On the other hand as for the FAC generator model, the MI-
coupler receives @' and calculates total FACs, therefore, the reflection part of ionospheric potential
is neglected from the left-hand side of (30). These differences of solution would give unconformity of
reflection fields from the ionosphere. Now let us investigate this unconformity of solutions using simple
situation that the ionospheric conductivity distribution is uniform, By, is vertical to the ionospheric plane,
and inner boundary of MHD region directly contact to the ionospheric plane, leads to reduce of (30) to

2V, (65° +05" ) =29, (55" - 55"). (32)

This relation gives well-known reflection coefficient of shear Alfven wave:
R, :(ZA —EP)/(EA +ZP), where R, =05"/5S" (e.g., Scholer 1970), hence, we can say that
Alfvenic-coupling model involves correct reflection process of shear Alfven wave. On the other hand, in
the potential generato r model, corresponding temporal MI-couple process is described by
vV (é'S¢ + 5ST) ¥ V55" and reflection coefficient become RY =(X,-Z,)/Z,.While, in the FAC
generator model, MI- couple process is described by X,V 5S =XV (§S¢ 5ST) and reflection
coefficient become R} =(Z, -2, )/Z , . For typical condition of ¥,~Imho and ¥~10mho, reflection
coefficient in the case of Alfvenic-coupling, potential-generator, and FAC-generator models become

-0.82, -0.9, and -8.0, respectively. We can understand that reflection field given by the FAC-generator
model is far from the correct solutions.

A ratio of MlI-coupled components given by the potential generator model to by the Alfvenic
coupling model in the reflection coefficient: R,, the ionospheric potential: 50" = (1+R ’ )5Sl, and the
FACs flowing into the ionosphere:Jj), = £,V ,’ (55L - 5ST) become 1+, ', (1 + a;,‘) /2, and 1- a' /2,
respectively, where ap =Y. p/¥. ,. In a case of high-conducting ionosphere (a,>>1) i.e., realizing in the
dayside and/or auroral ionosphere, the potential-generator model gives almost the same values of R, and
8J, given by Alfvenic-coupling model, while, the potential-generator model gives 50% underestimated
values of @' compared with that of Alfvenic-coupling model. On the other hand, in the case of low-
conducting ionospheric condition such as night-side and no-particle precipitation regions (¢, ~1), the
potential-generator model gives almost the same values of 5@ compared with that of Alfvenic-coupling
model. While, R, and s/, in the potential-generator model become 100% overestimated and 50%
underestimated values, comparing with that of Alfvenic-coupling model, respectively.

We can conclude that from viewpoint of progress of MI-coupling system, the potential-generator
model would give more preferable results than the FAC-generator model. The physical reason for this
difference come from quite small conductance of Alfvenic-FACs compared with conducatance of
ionosphere. In the potentials-generator model, reflected Alfvenic-FACs are neglected from the temporal
Ml-coupled process, while in the FAC-generator model, ionospheric current generated by the reflected
fields are neglected from the system, and thus, discrepancy from true solution of the Alfvenic- coupling
algorithm become larger for the FAC-generator model than the potential-generator model. However, it



94 Akimasa Yoshikawa, Hiroyuki Nakata, Aoi Nakamizo
Teiji Uozumi, Masahiro Itonaga and Kiyohumi Yumoto

is clear that the potential generator model also cannot give a correct reflected field in a temporal MI-
coupling process because, in reality, perturbation components of ionospheric potential acts as not only
the mere polarization field but the inductive field of Alfvenic-FACs which assures the conservation law
of energy and momentum in the temporal MI-coupling (Yoshikawa et al., 2002). It is desirable that this
process is adopted not only by the boundary condition of global MHD simulations but by general
problems of the magnetosphere-ionosphere coupling or the other ionospheric models. Of course, this
process should be evaluated by comparing with the results determined by the previous boundary
conditions. Currently we are preparing for the global MHD simulation with the present condition,
modifying the TVD scheme developed by Tanaka (1995). In the near future, we will show the results of
the global MHD simulation using the new process presented here.
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