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Abstract

physical laws and has long played a unique and crucial role in space physics. It, different from computer

Magnetospheric global modeling is a method to link observations from distant regions via

simulations, represents the highest level of abstraction of the physical understanding of the processes
that cause observed phenomena. It results in various specific models. While it appears in the form of
cartoons, it is based on and has to be qualitatively consistent with physical laws. With the advancement
of computer simulations, clues to the connection between physical laws and observation can be perceived
much more easily than as ever before. However, computer simulation results are highly dependent on
the used boundary conditions and numerical methods which may or may not represent the reality, even
if the initial conditions are properly set. Therefore, simulations can easily mislead the investigations.
Furthermore, a simulation result needs to be examined using diagnostic tools, such as field line tracing
and streamline tracing programs. There are uncertainties in these diagnostic methods. The errors can
be very large in certain areas under certain conditions. For example, a small error may link two different
field lines or stream lines. The interpretations of the simulation results can be misled by these errors.
The knowledge of global modeling can be useful in identifying the inconsistencies in the simulations and
the flaws in the theoretical interpretation from the simulations. This review-tutorial article outlines the
principles of the global modeling and discusses the successes and flaws of several global models.
Keywords Global modeling, Solar wind-magnetosphere coupling, Magnetosphere-ionosphere
coupling

1 Introduction

sociated with it. Knowledge of magnetospheric global

Space physics is exciting and challenging because it
studies phenomena everywhere in space in various
forms. A major challenge is how to connect these
phenomena in order to understand them as well as
their consequences. Global, in contrast to local, as-
pects refer to the connections between different re-
gions in space. A phenomenon usually involves a set
of observational characteristics, interpretations of ob-
servations, and correlations with other phenomena.
The most important task for observationalists is to
sort out the instrumental effects, limitations of mea-
surements, and the spatial-temporal ambiguity, and

to identify the phenomenon and the processes that as-
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modeling may help in this process, but the power of
global modeling is in full display when one is trying to
link phenomena occurring in distant places in space.

The phrase “global modeling” in space physics
refers to a methodology to link regions or phenomena
with large spatial distances. It differs from a specific
While

more people discuss global modeling, far fewer peo-

“model” and from an action of “to model”.

ple know the principles for modeling because they are
seldom described in textbooks and, hence, it is not
surprising that once a while models inconsistent with
these principles are presented or even published.
The origin of the global modeling can be traced
back to the birth of space physics. In their pioneer-
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ing work, Chapman and Ferraro (1931) linked the
magnetic field perturbations during magnetic storms
observed on the surface of the earth to what we now
call the solar wind. The link was made because that
the magnetic storms appear to have a period of 27
days. However, when one traces back to the Sun,
there is no obvious feature that can relate a mag-
netic storm because (we now know) it takes 2-3 days
for the solar wind to arrive at the Earth. Further-
more, the feature that relates the Earth’s magnetic
perturbations is what we now know as coronal holes.
There is no obvious reason why these holes, dark ar-
eas on an X-ray image, should be of any significance.
Even when the concept of the plasma was not well
known (Tonks and Langmiur introduced the concept
of “plasma” in 1929), Chapman and Ferraro argued
that ions and electrons could coexist while not form-
ing atoms. These ionized particles come out of the
coronal holes, known as the M (standing for mag-
netic disturbance) regions at the time (Bartels, 1932).
The gyro motion of the ions under the influence of
the earth’s magnetic field produces qualitatively the
same effect as we now attribute to the ring current,
see Figure 1. They even estimated the speed of the
solar wind to be of the order of 1000 km/s, which is in
the right range of the solar wind speed during Coro-
nal Mass Ejection (CME) events, based on the time
delay from the solar activities observed on the Sun to
the magnetic storm observed on the Earth.

Another fascinating story of global modeling
is associated with the explanation of the antisun-

ward convection in the polar ionosphere (see Dungey,

(@)

—» line of force
= direction of flow

Chin. J. Space Sci. 2010, 30(4)

1995).
been significantly developed in 1950s (Dungey 1950,
Sweet, 1958; Parker, 1963). The difficulty was how

to link the concept of reconnection with the obser-

The concept of magnetic reconnection had

vations made in the ionosphere, shown in Figure
2(b).
space physics, it took over ten years to make the link
(Dungey, 1961). This grand leap was the birth of the
modern global modeling. In the same year, Dungey
(1961) and Axford and Hines (1961) proposed com-
pletely different models to explain the same obser-

For Dungey, the founding farther of modern

vation of antisunward ionospheric convection in the

Figurel Solar wind stream encountering the Earth’s
magnetic field (Chapman and Ferraro, 1931). The gyro
motions of the ions form a current by which the magnetic
field induced is consistent with the magnetic field pertur-

bations observed on the ground during magnetic storms.

wind direction ¥

Figure2 Solar wind-magnetosphere interaction via magnetic reconnection during southward IMF, (a) the magnetic
field lines and plasma motion in the noon-midnight meridian plane (Dungey, 1961), (b) the convection in the northern
polar ionosphere (Dungey, 1961), and (c) streamlines in the equatorial plane (Vasylitinas, 1984). Thick arrowheads in
(a) indicate the convection direction. The dashed circle in (b) indicates the polar cap. The solid lines in (c) show the

magnetopause boundary with reconnection regions highlighted.
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polar region. In Dungey’s model, see Figure 2, the
plasma motion is mapped from the magnetopause
to the ionosphere and become our present standard
Hines (1961), on the other hand, used the viscous
interaction of the solar wind flow with the magneto-
spheric field, see Figure 3. Note that at the time the
concept of the magnetopause was not well established
and the term of the magnetopause had not appeared
in literature until 1964 (Hines, 1964). Nevertheless,
the magnetospheric motion can be “mapped” (note
the word used here) to the ionosphere and produces
the same antisunward convection in either model.
The principles employed in these two models are the
foundations for nowadays global modeling that will
be discussed in detail in this article.

The knowledge about global modeling is partic-
ularly important to computer simulationalists. With
the advancement of the computational capability and
the numerical methods and tools, simulations can be
used as an important tool for global modeling. How-
ever, simulation results are sensitive to the boundary
conditions and initial conditions that are applied
in a simulation, although simulationalists are more
focused on the numerical methods and schemes. In
some instances, the numerical implementations of the
resistance in the critical regions can also result in sub-
stantially different results. While the field line trac-
ing and streamline tracing software is a very powerful
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Figure3 Viscous solar wind-magnetosphere interaction
(Axford and Hines, 1961; Axford, 1963). Left panel shows
a closed-magnetosphere with an upstream bow shock.
The solar wind transfers antisunward momentum to the
magnetosphere in a viscously interacting boundary layer.
Right panel shows the motion of the footprints of the mag-

netospheric field in the northern ionosphere.

tool to revealing the magnetic field topology and flow
characteristics, the uncertainty in field line tracing
is large near the reconnection sites and, similarly,
streamline tracing has large uncertainties in regions
where flow undergoes significant changes, either as-
sociated with flow convergence/divergence or with a
large velocity shear, and where the flow velocity is ex-
tremely small. Streamlines can form in regions even
without physical flow using a streamline tracing soft-
ware because the small numerical noise can provide
non zero velocity for a streamline trace. The same
tracing algorithm can sometimes be used to trace the
current. Because the current is a derived quantity
in a simulation, it may have larger errors than in
the primary quantities especially in areas of weaker
currents. For example, the currents are calculated
from small perturbations of the strong background
magnetic field resulting in a large uncertainty. These
additional errors may mislead an investigation com-
pletely. In Subsection 3.3, we will discuss an example
in which the simulation is flawed and an example in

which the interpretation of the simulation is flawed.

2 Principles of Global Modeling

2.1 The Assumption
To link the large distances between regions of interest,
global modeling assumes that the ideal Magnetohy-
drodynamics (MHD) is applicable in most places ex-
cept in the reconnection sites and in the ionosphere,
as well as in other regions of high collisions. In global
modeling, we are interested in slow processes occur-
ring in large spatial scales. In regions where the
electromagnetic force is dominant, the communica-
tion between them is via the Alfvénic perturbations
at the Alfvén speed Vj.

more slowly than the Alfvén transit time, S/Va, can

The processes that occur

be treated as quasi-steady state, where S is the spa-
tial scale between the two regions. From steady state
momentum equations of electrons, ions, and neutrals,
one can derive a three-fluid Ohm’s law in the plasma
frame of reference (Song et al., 2001). Because in
most magnetospheric and upper ionospheric regions
the electron collision frequencies are much smaller
than the electron gyro frequency, the electric con-

ductivities are very large. In order to assure a finite
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current in Ohm’s law, the electric field resulting from

plasma motion is
ELZ—‘/XB7 E”:O, (1)

where E and V are the electric field and the plasma
bulk velocity measured in the same frame of refer-
ence and subscripts L and || denote the components
perpendicular and parallel to the magnetic field, re-
spectively. Note that Equation (1) may not be valid
when the electron bulk velocity is a few orders of mag-
nitude greater than that of ions, a condition that may
occur in regions of large field-aligned potential drop.
Equation (1) is referred to as the ideal MHD approx-
imation. Substituting the ideal MHD into Faraday’s
law, one can show that a fluid element carries the
magnetic field with it as it moves and evolves in time.
If the fluid element initially is with a bundle of mag-
netic field lines, or a so-call magnetic flux tube, the
points along this flux tube will remain their relative
This

is the so-called frozen-in. Although the motion and

positions as the flux tube evolves with time.

distortion of the flux tube is caused by the plasma
flow of each point along the field, it is convenient to
think that the field line moves while being distorted,
a concept that is useful but debatable (Vasylitnas,
1972).

There is a common confusion between the ideal

MHD approximation and the electric drift
Vp = E x B/B?% (2)

Equation (2) can be derived from Equation (1) when
V is perpendicular to B and let V = V. In gen-
eral, there is a field-aligned component of the velocity
that cannot be determined by Equation (2). However,
the ideal MHD approximation is only Equation (1)
and not Equation (2). Note that the plasma bulk ve-
locity used in global modeling is defined as the first
moment of the distribution function which in princi-
ple includes multiple components of the plasma and
should be derived from the plasma momentum equa-
tion. The velocity derived from Equation (2) may
describe the flow velocity only if the plasma is domi-
nant by a cold population. In general, one should not
try to derive the flow velocity from the electric field.
There is a significant difference in the causal relation-
ship (Vasylitnas, 2001) between Equation (1) and

Equation (2). The electric field is self-consistently
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produced (internally) by the motion of the plasma
and cannot produce the plasma motion. Imposing
an electric field externally will cause charge separa-
tion in the plasma. Net electric charges will occur at
the boundaries where the electric field is imposed to
form plasma sheathes in which the quasi-neutrality
condition breaks down (Tu et al., 2007). The exter-
nal electric field will be shielded from penetrating into
the plasma.

For example, when confused Equation (1) with
Equation (2) and taking Equation (2) as the ideal
MHD approximation, one would argue that because
the drift velocity of the energetic particles in the ring
current is associated with the gradient drifts and not
the electric drift, Equation (2), the ideal MHD breaks
down in the ring current region. However, we know
that the ideal MHD approximation Equation (1) is
valid for the ring current region because the electron
collision frequency is negligibly small. The invalidity
of Equation (2) is not the invalidity of the ideal MHD
approximation. For energetic particles, the magnetic
gradient force, V(u-B), should be included in the mo-
mentum equation, where g is the magnetic moment
of a particle and in most global modeling problems
is conserved. Their effect on the bulk velocity of the
plasma depends on the concentration and energies of
the energetic particles.

In general, the electric field is continuous across
a quasi-steady state collisionless shock in the shock
frame of reference although the processes taking place
within the shock layer are not ideal MHD. In other
words, the potential mapping method, which will be
discussed below in detail, may be valid across a steady
state shock.

How to treat the regions at reconnection sites
and in the ionosphere in global modeling will be
briefly discussed in Subsection 2.5 and 2.6.

Other localized regions where non ideal MHD ef-
fects are significant and cannot be neglected can be
treated separately. The additional effects/processes
can be added to the baseline ideal MHD descrip-
tion. In other words, the ideal MHD approximation
is the foundation for global modeling and is not the
only condition for global modeling to consider. In
fact, to systematically include non ideal MHD pro-
cesses in global modeling is an important task in any

global modeling studies. One should not conclude
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that global modeling does not work because ideal
MHD approximation is invalid, a claim often made
when one could not understand a simulation result.
2.2 Regions of Ideal MHD

In ideal MHD, because of the frozen-in condition, at
a given moment, points on a field line move at their
own flow speeds to form the field line for the next mo-
ment or next location in such a manner as illustrated
in Figure 2(a).

In the regions where the ideal MHD approxima-
tion, Equation (1), holds, the electric field parallel to
the magnetic field is zero. In other words, a field line,
such as one in Figure 2(a), is equipotential. Similarly,
the electric field parallel to the flow is also zero, or a
streamline, such as one in Figure 2(c), is equipoten-
tial. If the field lines in Figure 2(a) are a time se-
quence of the same field line, or they are on the same
set of streamlines, they all have the same electric po-
tential. As a fluid element moves in space, the field
lines that intersect the streamline of the element form
a surface of equipotential. Fluid elements on differ-
ent field lines or field lines from different streamlines
have different electric potentials.

In quasi steady state, the electric potential differ-
ence between two field lines that are not on the same
streamline remains constant as they travel through
This is

the so-called potential mapping, the central element

space while their shapes vary with time.

of global modeling when connecting distant regions.

The electric potential difference between the two field

lines equals J (V x B)-dL where L is the distance
L

between the two field lines of interest, such as that

between two streamlines in Figure 2(c), at any given
location or time. Since potential difference remains
constant along two field lines as they map from one
region to another, the electric field changes according
to the distance between the two field lines. The mo-
tion of the plasma in one region can then be mapped
to the other. If the two field lines are on the same
streamline, V' and dL are parallel, resulting in zero
potential difference.

One will have to use 3-D imagination to map
the potentials described in Figure 2(a) and 2(c) in
the solar wind and magnetosphere to that in Figure
2(b) in the ionosphere first from a straight line in the
solar wind and then along 3-D (distorted) magnetic

dipole field lines to the ionosphere. If the stream-
lines shown in Figure 2(b) represent the footprints of
the field lines above the ionosphere where the ideal
MHD approximation remains valid, each streamline
or convection line is an equipotential line and differ-
ent streamlines have different potentials. The center
of convection contours, or a convection cell, repre-
sents a peak or trough of the electric potential. The
potential difference between the two cells corresponds
to the cross-polar cap potential.

A basic rule of global modeling is that the field
lines cannot intersect each other except at reconnec-
tion sites, or it will result in an infinite electric field
at the intersection. Similarly, streamlines cannot in-
tersect each other except at the reconnection sites,
or resulting in an infinite electric field. Figure 2(a)
and 2(c) show a good example of these concepts. Note
that the streamlines converge (diverge) at the dayside
magnetopause (nightside) reconnection line in Figure
2(c), but they do not intersect in other places. Simi-
larly, the magnetic field lines in Figure 2(a) intersect
in the reconnection regions.

The most important task for a specific model is
to follow a given field line moving through the do-
main of interest, or to complete a full cycle of field
motion within the domain. If this cannot be done for
the model, there are inconsistencies in the model and
the model is not valid for a steady state.

For the whole system, the magnetic influx, in
terms of the number of magnetic field lines, equals
the magnetic outflux. In the example shown in Figure
2(a), the solar wind field line that comes in from the
dayside leaves the system after it is disconnected from
the magnetosphere by reconnection on the nightside.
If one foot of the field line, for example, remains con-
nected with the Earth as the other foot convects with
the solar wind to infinity, the system cannot reach a
steady state. In other words, if a solar wind field line
becomes connected with the Earth’s field, it will have
to be disconnected sooner or later in order to go back
to the solar wind. A steady state global model with
open field lines the feet of which forever convect in
the polar cap is not self-consistent. This can be used
as a criterion to quickly spot the problem of a model
or simulation results.

In a dynamic process, the potential mapping

needs correction. The correction is associated with
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the induction term in Faraday’s law and is determined
by the change of the magnetic field and the time scale
of the transition. Nevertheless, the total number of
field lines that connect to outside field lines has to be
the same before and after a dynamic process.

The concept of the streamlines is valid only in
steady state; namely, when taking a snapshot, the
velocity vector is tangent to the streamline every-
where and a fluid element on a streamline will move
along this streamline afterward. In a dynamic pro-
cess, when the flow undergoes significant changes,
the lines formed by connecting velocity vectors at a
given time is referred to as stack lines, which are what
streamline tracing program provides in simulation di-
agnostics. A fluid element on a stack line may or may
not follow the stack line at a later time. Therefore,
extra caution needs to be taken when analyzing a sim-
ulation using simulation diagnostic tools in dynamic
stages. Nevertheless, except in a few critical locations
when the system undergoes rapid changes, by allow-
ing some levels of uncertainty, streamline tracing can
be a useful tool to diagnose the processes.

2.3 Motion and Distortion of a Magnetic

Field Line

The motion of the plasma can be decomposed to a
motion perpendicular to the magnetic field and a flow
along the field. The perpendicular motion results in
the motion of the field line and is driven (locally) by
forces including the pressure gradient force, the cur-
vature force (magnetic tension force) and the iono-
spheric coupling. The ionospheric coupling will be
discussed separately in Subsection 2.6. The plasma
motion mapping discussed in the last subsection cor-
responds to a magnetic tension force that results from
the distortion of the flux tube because of the differ-
ences in the perpendicular velocity along it. Since
the mapping assumes a steady state, it provides only
a constant motion (Vasyliiinas, 2007). Its nature of a
force will appear when there exist other forces and/or
flow changes with which the tension force balances.
Note that the electric field is not among the forces for
an electrically quasi-neutral fluid. The electric drift,
E x B/B?, cannot drive the flow and the electric field
is a result of the field line motion as discussed above.
That the plasma or the field lines can be driven by
the electric field is one of the most common miscon-
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ceptions in global modeling, although it often results
in correct conclusions or models in steady states. The
physical understanding and description is often incor-
rect.

Along the magnetic field, the flow can be driven
by the pressure gradient force and the magnetic mir-
ror force, as well as the gravity in mid- and high lat-
itudes near the Earth.

A field line can be stretched or shortened if there
is a velocity shear on different parts of a field line, or
if the field-aligned velocity is not constant along a
flux tube. After subtracting the average field-aligned
velocity, if the flow diverges (converges), the field line
is stretched (shortened). The parallel velocity differ-
ence between two elements on a field line, and hence
the length of the segment of the field line, is equal,
from mass conservation and magnetic flux conserva-
tion, to B/p, where p is the plasma mass density. We
now look, for example, at the magnetosheath flow to-
ward the magnetopause as indicated in Figure 4. If
ignoring the effects of the magnetic field, the flow,
in addition to being slowed down, diverges from the
stagnation streamline and then is accelerated tangen-
tially along the magnetopause boundary in the re-
gions away from the subsolar. The Interplanetary
Magnetic Field (IMF) frozen-in with the solar wind
will experience distortion and stretching because of
The field line that touches the

subsolar point is most interesting. Because the flow is

the velocity shear.

stagnant at the subsolar point but the other two ends
are connected to and convect with the solar wind, this
field line in theory can be stretched infinitely unless
there are some other processes, such as reconnection,
to change the situation. The field lines on each side
of the stagnant field line in Figure 4(a) will be slowed
down and become curved around the subsolar point
and drape, similarly but in lesser degrees to the stag-
nant field line, around the magnetosphere. When the
effects of the magnetic field are included, the stagna-
tion point of the magnetosheath flow shown in Fig-
ure 4, in steady state, extends along the stagnant field
line to become a stagnation line (Sonnerup, 1974).
After passing around the dayside, in ideal MHD,
the field lines will shorten themselves and accelerate,
due to the curvature force. They will eventually catch

up with the solar wind field lines they were originally
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IMF (a) (b)
draped magnetosheath field
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field lines near the
magnetopause
viewed from north

flow at the magnetopause
viewed from the Sun

Figure4 (a) Flow (small arrowheads) and IMF (tubes
with big arrowhead) near the dayside magnetopause
viewed from the Sun by ignoring the effect of the bow
shock. To the lowest order, the magnetosheath flow di-
verges radially from the subsolar region. For a given IMF
direction, the flow in the flux tube that drapes over the
stagnation region is along the flux tube. The flux tube
will not move from the stagnation region by such a flow.
Flow in other flux tubes tends to carry the flux tubes away
from the nose. (b) The field geometry near the magne-
topause viewed from north. The magnetosheath flux tube
drapes over the magnetopause and magnetospheric field
bends due to push on the dayside and stretches on the
nightside by the solar wind. A large field shear between

the two occurs on the nightside of the cusp.

with before encountering the magnetosphere. Note
that in this latter transient process, the field line can
move faster than the solar wind speed.

The distortion of the field line can also be viewed
in terms of wave mode, which helps to identify the
types of the perturbations in observations and the
dominating forces. The discussion given below is very
useful in analyzing dynamic processes as well as the
steady state processes which can be viewed as the
long-time evolution of the dynamics.

There are 4 wave modes in the idea MHD: the
entropy, slow, intermediate (sometimes referred to as
the Alfvén mode), and fast modes, see Figure 5. The
entropy mode is an often overlooked mode because
when deriving the MHD dispersion relations, one of-
ten drops a factor of w where w is the angular fre-
quency of the wave. This is a mode with w = 0,

namely with phase velocity w/k = 0 where k is the

4 MHD wave modes
B
fast
intermediate
entropy ‘ fast: 0B x 6N
} intermediate: B=J6N =0
slow slow: 6B o< —6N
A
Ve| Va x B/N'/2
Ve > Va
——)

= &

%

fast intermediate slow

Figure5 The four MHD modes, fast, intermediate, slow
and entropy modes. Upper left panel shows the propaga-
tion speed for each mode as a function of the propagation
angle relative to the magnetic field which points up, when
the sound speed, Vs is greater than the Alfvén speed Va.
Upper right panel shows the characteristic perturbation
Middle and lower

panels illustrate the function of each propagating mode.

relation for each propagating mode.

wave vector. This mode is none propagating, cor-
responding to force-balanced perturbations that are
carried by the flow. Mirror mode structures are an
example of the entropy mode.

Different modes not only have different propaga-
tion speeds, but also different perturbation relations,
which can be used to identify the wave mode (Song
et al., 1994). In homogeneous plasma, the fast (slow)
mode perturbations of the field strength are in (180°
out of) phase with that in the plasma density. In the
simplest case, the intermediate mode is incompress-
ible (in both field strength and density).

To understand the physical functions of the three
propagating modes, let us first examine the cause for
each mode by assuming that the dominant forces in a
system are only thermal pressure gradient force and
the J x B force. In ideal MHD, the J x B force
can be decomposed to a magnetic pressure gradient

force and a curvature force. The intermediate mode,
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because it is incompressible, results from the curva-
ture force. There are two situations for the two pres-
sure gradient forces. They can operate in phase to
strengthen the net effects or they can operate 180°
out of phase against each other. The fast mode re-
sults from the former situation. Because the net force
is enhanced, the propagation velocity is higher, of-
ten resulting from/in a higher frequency. The slow
mode results from the latter situation when the ther-
mal pressure and magnetic pressure tend to cancel
either other, corresponding to a slower propagation
and often a lower frequency. Note that the frequen-
cies referred to here are the frequencies in the plasma
frame of reference.

We now examine the physical functions for each
mode by applying a perturbation perpendicular to
the magnetic field, as shown in the middle panel of
Figure 5. For the fast mode, because it is the only
MHD mode that can propagate perpendicular to the
magnetic field, the perturbation will propagate per-
pendicular to the field as a pressure pulse with the
magnetosonic speed. The field and the plasma are
compressed or expanded in phase. For the interme-
diate mode, the field line will be bent and the per-
turbation will propagate more parallel or antiparallel
to the field. If the initial perturbation is sustained,
the whole field line will be straightened and shift to
the left to reach a steady state. If the perturbation is
a pulse, the whole field line will oscillate. The func-
tion of the slow mode is most interesting. The initial
perturbation will compress the magnetic flux tube at
the center. The field strength will increase as the
cross-section decreases. However, the plasma density
has to decrease as required by the slow mode pertur-
bation relation. The only way to achieve this is to
create field-aligned flows from the region of the ini-
tial perturbation. In effect, the slow mode converts
a perturbation from perpendicular to the magnetic
field to parallel (and antiparallel) to it. The plasma
is squeezed out of the flux tube. Noting that the flow
diverges from the center, as discussed above, the field
line is stretched. This can be confirmed by an increase
in B/p.

Combining the perturbation relations with the

field line length relation, we conclude that the slow
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mode is most effective in stretching and shortening a
field line and the intermediate mode in bending and
twisting a field. The fast mode is most effective to ac-
celerate/decelerate the flow perpendicular to the field
in high @ plasma, where 3 is the ratio of the ther-
mal pressure to the magnetic pressure, because it is
the only propagating mode perpendicular to the mag-
netic field. The intermediate mode, or Alfvén mode,
is most efficient for low 3 plasma.

The pure Alfvén mode is least effective in
stretching or shortening a field line, from the field
line length definition and the Alfvén mode pertur-
bation relation. When a highly stretched field line is
shortening, say, the outflow region after reconnection,
the modes involved most likely are the slow modes,
although the intermediate/Alfvén mode is often at-
tributed to the shortening. In fact, in the outflow
region because the field strength will decrease as the
magnetic energy is converted to plasma kinetic energy
after reconnection and the density has to increase as
required by the slow mode perturbation relation, B/p
or the field line length decreases. The earthward flow
after tail reconnection is a more complicated problem
because it involves a nonuniform field the strength of
which depends on the distance from the Earth.

2.4 Bending and Foot Motion of a Dipole

Magnetic Field Line

The near-Earth magnetic field can be well approxi-
mated by a dipole field with some modifications. The
dipole field is special because its field line is curved
and, however, it is a curl-free field since there is no
current in regions away from the dipole. The mag-
netic pressure gradient force is canceled by the cur-
vature force everywhere. The characteristics of the
wave modes discussed in the last Subsection 2.3 need
significantly modified.

Let us consider a poleward motion at the foot
of a dipole field line as indicated in Figure 6. With
the bending of the field line, a pair of currents is pro-
duced on the two sides of the kink of the magnetic
field. Above the kink in higher altitudes, the J x B
force associated with the current acting on the dipole
field tends to push the field line to the dipole field line
at a larger L-shell as the kink propagates to higher
altitudes. Note that when the field line reaches the
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Figure6 A dipole magnetic field with a poleward per-
turbation at a foot. The currents, J, produced by the
perturbation are in or out of the plane and the J x B
force is poleward (equatorward) above (below) the kink
in the field line.

dipole field line at this larger L-value, the current and
hence the cause of the motion diminishes. (In a more
detailed description, the perturbation will propagate
to the conjugate ionosphere and may be reflected back
and forth a few times before the energy contained in
the perturbation is completely dissipated in the iono-
sphere). Below the kink, on the other hand, the J x B
force tends to push back the field to its unperturbed
geometry. If the original cause of the perturbation
is not sustained, the perturbation will propagate as
a pulse along the field line, similar to the intermedi-
ate mode perturbation in uniform field as discussed
in the last section. If the original perturbation can be
sustained, i.e., there is a continuous poleward iono-
spheric flow, the field line will reach a steady state in
this new L-shell. Here we have ignored the redistribu-
tion of the plasma in this process which may produce
a pressure gradient force to react back on the motion.

Ideally, if the original perturbation is perpen-
dicular to the magnetic field, the field line is not
stretched but becomes longer purely because of the
characteristics of the dipole field. This situation may
correspond to the intermediate mode perturbation for
a uniform magnetic field. As the flux tube expands
in the absence of parallel flow, because the equatorial

field strength decreases, the plasma density decreases
ds/B, where
ds is length the field line, from the magsnetic flux and

proportionally to the magnetic volume

the mass conservations. Since the length of a dipole

field line is proportional to the L-value, the interme-
diate mode perturbation relation in the dipole field is
modified as B/Lp. = const where p, is the equatorial
density.

However, the above description is highly sim-
plified. One may consider the feet of the flux tube
are rooted in the E-layer ionosphere. The ionosphere
density peaks at the F-layer. In the mid- to low lati-
tudes, the motion perpendicular to the magnetic field
to larger L-value has an upward component of mo-
tion. Therefore, as a result of the poleward motion
of the field line, an additional portion of the field
line is pulled out of the ionosphere (with high density
plasma) although we have not invoked a field-aligned
flow velocity. The ionosphere, especially in low lati-
tudes, would appear to rise. As the ionosphere rises,
the gravity force comes into play and results in the
Appleton anomaly. Note that in this process, there is
no electric field imposed in the azimuthal, i.e., east-
west, direction, which is the conventional explanation
of the upward motion of the dayside equatorial iono-
sphere during magnetic storms although, again as we
have discussed, the plasma flow cannot be driven by
the electric field. In fact, the field lines are not verti-
cal except at the poles. The poleward motion of the
foot of a field line has a downward component. This
effect will partially offset the density increase in the
ionosphere.

Let us now consider the ionospheric horizontal
motion, the central issue for global modeling. At
the foot of a field line, the ionosphere can be ap-
proximated as a nearly incompressible flow for global
modeling purposes (because the critical time scale
for the fast mode traveling in the ionosphere, which
is the spatial scale of the ionosphere divided by the
fast mode speed, is much smaller than the magne-
tospheric MHD time scales). In the discussion be-
low, we will include this small effect of compression.
But loosely speaking, the ionosphere velocity can be
treated as divergence-free, from mass conservation,
and a streamline needs to be closed. This is different
from the magnetospheric streamlines that can con-
verge or diverge at reconnection sites, as discussed
above.

On the dayside, the poleward motion of a closed
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Figure7 The magnetic field and plasma motion in and near the ionosphere. (a) Dashed lines with arrowheads indicate

undisturbed Earth’s magnetic field in the noon-midnight meridian plane. Solid lines in the two polar regions indicate

the field lines perturbations when they, after reconnection, are driven by the solar wind. (b) Solid lines with arrowheads

indicate the convection in the northern ionosphere.

field line can be caused by the antisunward motion of
an open field line that is dragged by the solar wind
flow, as shown in Figure 7. In the ionosphere, the
enhanced antisunward flow at the footprint of the re-
connected field line creates a compressional fast mode
wave that quickly propagates through out the iono-
sphere. On the dayside closed-field region (lower lat-
itude to the reconnected field lines), the perturbation
in the ionosphere is fast mode rarefaction. The con-
vection forms closed convection cells in order to sat-
isfy the mass conservation requirement, as discussed
above. The poleward motion of closed field lines pro-
duces upward motion in the equatorial region near lo-
cal noon. This upward ionospheric motion has some-
times been interpreted as a result of a penetration
electric field which cannot be derived according to the
global modeling principles. According to the global
modeling principles, the electric field can only be a
result of the poleward motion of the flux tube given
by Equation (1), as we have emphasized repeatedly
due to the wide spread misconception.

Similarly but reversely, on the nightside, tail re-
connection produces an equatorward motion at the
feet of the first closed field line as it shortens itself and
moving earthward, resulting in downward motion of

the equatorial ionosphere if a significant ionospheric

F-layer exists. This downward motion corresponds to
a westward electric field, which has been interpreted
as the cause of the downward motion. Again, the
nightside downward motion of the equatorial iono-
sphere is a result of the equatorward motion of the
field lines according to the principles of global mod-
eling.

If the dipole field is pushed, instead of at the
ionosphere, far from the Earth in the equatorial re-
gion, such as when a high-pressure front pushes the
subsolar magnetopause inward, in a similar analysis,
the field line will move to a small L-shell and the field
line is shortened. If the pressure pulse front is very
sharp, in the time scale shorter than the Alfvén time,
a bulge of the field line may potentially develop if the
plasma pressure is relatively high before the arrival of
the front. The plasma is squeezed from the equator
and accumulated to form a high pressure region just
upstream of the incoming front. However, this field
line bulge cannot stay after the front pushes through
the magnetosphere because the front will not stay and
will convect to the nightside and because the pressure
gradient will produce field-aligned flow as discussed
above.

A similar analysis can be applied to the corota-

tion of the magnetosphere by assuming that the push
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is produced by the E-layer neutral wind moving in
the azimuthal direction.

2.5 Reconnection Region

The ideal MHD approximation breaks down in the
diffusion region of reconnection. This condition has
been used by some to argue for inconsistencies in
some models. For instance, some argued that be-
cause the ideal MHD breaks down, an electric field
could exist along the magnetic field. Effects due to
3-dimensionality are another area sometimes used to
argue in order to get around the difficulties faced by
some models. As we will see, most of these argu-
ments are inconsistent with the principles of global
modeling.

It is true that there remain unknowns about the
details of the reconnection process although it is the
most powerful mechanism to change magnetic topol-
ogy and to convert magnetic energy to kinetic en-
ergy and possibly to thermal energy in collisionless
Nevertheless, for the

purposes of global modeling we assume that in only

or weakly collisional plasma.

a limited spatial region ideal MHD is replaced with
resistive Ohm’s law. This limited region is most likely
to be around a curvy thin line with a certain length.
A 3-D situation may be simplified to a 2-D situation
by choosing a curvilinear coordinate system with one
axis along the thin reconnection line. For simplicity,
we base our discussion on the Petschek’s (1964) re-
connection model, Figure 8, which is 2-dimensional
and both the magnetic field and the plasma velocity
have no component along the reconnection line. Al-
though the reconnection rate may be model depen-
dent, it is clear that the mass and magnetic flux into
the reconnection site and out of it are conserved. It
is important to point out that beyond the small dif-
fusion region, ideal MHD is applicable in both inflow
and outflow regions. Therefore, any violation of ideal
MHD is negligible except in the diffusion region and
one should not expect any magical processes to pro-
duce appreciable effects in MHD time scales, such as
a large field-aligned potential drops along a flux tube
in the outflow region.

The electric field in the 2-D model, Figure &,
points out of the page in all three regions: the dif-
fusion region, inflow region and outflow region. The
difference is that in the ideal MHD regions it equals

Figure8 Petschek’s two-dimensional reconnection geom-
etry (Vasylitinas, 1975). At the center is the diffusion re-
gion to which the influx converges from top and bottom,
as indicated by dashed lines with arrowheads. The out-
flux diverges from the diffusion region to the right and
left. The magnetic field is indicated by solid lines with
arrowheads. The 4 dashed lines radiating from the dif-
fusion region indicate the slow shocks, the center piece
of the Petschek’s model. They are sometimes confused
with the separatrices in kinematic reconnection models.
The magnetic field lines go through the shocks but not

separatrices.

V x B and in the diffusion region it equals J /o where
o is the conductivity and J is determined from the
magnetic field change across the reconnection region.
In steady state, the electric field is constant in space.
Therefore, the potential difference between two field
lines at different locations along the reconnection line,
the y-direction, remains the same before they convect
into the reconnection region and after they convect
out. This condition is used in global modeling for
electric potential or plasma motion mapping.

By careful examination of Figure 8, one finds
that almost all field lines do not connect directly to
the reconnection site except the ones on the separatri-
ces. Even for these reconnecting field lines ideal MHD
approximation is valid except for a small segment in
the diffusion region.

Note that although the fluid and field lines shown
in Figure 8 are steady state, it is a snapshot at a given
time. The fluid elements or field lines are moving with
time. At the next time, although the flow pattern
and the field line geometry looks the same, the fluid
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elements one has followed would have changed their
locations. The field lines move into the reconnection
region and convect away. They do not stay still as
described in certain static or kinematic reconnection
models. In the process when these field lines convect
from inflow regions to outflow regions, only a very
small segment of a field line goes through the diffu-
sion region for a very short period of time when ideal
MHD breaks down. Therefore, for the purposes of
global modeling, reconnection only changes the topol-
ogy of a field line and creates a large curvature force
in the outflow region which accelerates the flow to the
local Alfvén speed.

When reconnection is impulsive and cannot be
treated as steady state, the resulting outflow speed
may fluctuate, but the average speed is controlled by
the solar wind speed and the antiparallel component
of the IMF flux as well as the local plasma conditions,
because over time the solar wind field lines that par-
ticipate in reconnection are carried by the rest of the
solar wind flux tubes, as the streamlines on these field
lines in the solar wind cannot cross each other except
in a solar wind current sheet where reconnection may
take place within the solar wind.

If there is a uniform velocity along the reconnec-
tion line in the simple 2-D Petschek model, one can
always make a frame transformation to remove the
effect of the flow effect.

If there is a uniform component of the mag-
netic field along the reconnection line, such as that
described in certain reconnection models, although
there are other effects of this field on the reconnec-
tion process, the reconnection electric field described
in the above 2-D model will have a component along
the magnetic field and produce a field-aligned elec-
tric potential drop which can accelerate or deceler-
ate the plasma along the magnetic field. From the
global modeling point of view, the convection speed
of the field lines, namely the perpendicular velocity,
remains the same as that without the field component
along the reconnection line. We should point of that,
based on the observed ionospheric convection which
is proportional to the coupled potential from the so-
lar wind, the reconnection line is a few R, long and
that, based on in situ observations, the reconnection
region has very small spatial scales in the two dimen-

sions perpendicular to the reconnection line, implying
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that reconnection process can be described well in 2-
D models at least for the purposes of global modeling.
We note that 3-D effects refer to processes when the
reconnection line is of the same length scale as the
two perpendicular dimensions and not refer to effects
associated with the field or velocity that has a com-
ponent along the reconnection line. Heavily relying
on 3-D effects of reconnection in a global model may
indicate an inconsistency in the model.

2.6 Magnetosphere-ionosphere Coupling
The ideal MHD approximation also breaks down in
the ionosphere because of the high collision frequen-
cies of the plasma with the neutral particles. Va-
sylitinas (1970) and Wolf (1970) proposed a model to
couple the magnetospheric motion to the ionosphere
by using Ohm’s law in the ionosphere, see Figure
9(a).
mated as 1-dimensional but allowing current to flow

In this treatment, the ionosphere is approxi-

into or out of it along the magnetic field lines. Assum-
ing that over the whole ionosphere, the field-aligned
currents continuously converge or diverge to become
horizontal currents, they, as required by the current
conservation, become and are linked by the (height-
Height-

integrated Ohm’s law relates the Pedersen currents

integrated) horizontal Pedersen currents.

with the Hall currents and horizontal electric field.
Therefore, the magnetospheric motion is mapped to
the ionospheric motion and eventually is mapped as
the ionospheric potential. Because in steady state,
the electric potential in the ionospheric setting can
be relatively easily solved from the Poisson equation,
it has been widely used as a shortcut to derive the
ionospheric motion. Although most of the measure-
ments are made from the ionospheric convection, they
are converted into and discussed in terms of electric
fields. Even as we pointed out above that the electric
field will be shielded by the plasma, terminologies,
such as penetration electric field are widely used as
drivers of ionospheric and even magnetospheric mo-
tions.

This coupling scheme has worked remarkably
well as a foundation for many models and theories.
For example, most of the global MHD simulation
models use the scheme with some minor modifica-
tions. In global MHD simulations, because the Alfvén
speed becomes very large just above the ionosphere,

where the field is strong while the plasma density is
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Figure9 Magnetosphere-ionosphere coupling in the northern polar region. (a) The original models (Vasylitinas, 1970;

Wolf, 1970) couple the magnetosphere electromagnetic fields and currents to a height-integrated ionosphere. (b) In

global simulation models, the magnetospheric MHD simulations end at an inner boundary a few Earth radii above the

ionosphere. The electric fields and currents are mapped between the magnetosphere and a height-integrated ionosphere.

low, the simulation models have to set the inner
boundary of the simulation domain at a few earth
radii above the Earth, as shown in Figure 9(b). The
field-aligned current and the electric field between the
inner boundary and the ionosphere are mapped via
a dipole magnetic field. Important approximations
in this treatment are that Ohm’s law used is in the
frame of reference of the neutral wind and that the
ion motion is assumed steady state. Therefore, this
approach is not valid for dynamic processes and the
neutral wind velocity cannot be self-consistently de-
rived both in height and in time. Applications of this
treatment to dynamic processes such as substorms

need to be especially cautious.

3 An Example of Applications:
Global Modeling for Northward
IMF

3.1 Review of Critical Issues

The global modeling for northward IMF is a very dif-
ficult problem. Two years after proposing the global
model for southward IMF, Dungey (1963) proposed a
model for northward IMF, see Figure 10. Note that
the concept of the magnetopause was not firmly es-
tablished at the time. Here we start with a northward
IMF line that convects along the Sun-Earth line to-
ward the Earth from the dayside and after interac-

tion with the magnetosphere goes back to the solar

wind on the nightside. On the dayside, in the subso-
lar region, the solar wind flow slows down as it ap-
proaches the magnetosphere. Because the two ends
of the IMF continue to move at the solar wind speed,
the field line drapes over the magnetosphere. Dungey
perceived that reconnection between the IMF and the
magnetosphere might take place on the nightside in
both hemispheres where the magnetospheric field and
IMF are antiparallel. Reconnection at the two lobes
forms a closed field line on the dayside and a detached
field line.
closed field line produce sunward convection in the

The kinks created on the newly formed

polar magnetosphere and ionosphere. The kinks on
the newly detached field line accelerate the field line
to catch up with the rest of the solar wind. In the
nightside closed field line region, in order to supply
the inflow to reconnection, the ionospheric motion is

interplanetary field northward

T north

Global geometry for northward IMF
(Dungey, 1963).

Figure 10
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Note that the field lines

and flow are consistent with the principles discussed

poleward, or sunward.

above, especially when following a field line going
through the system, although the locations of recon-
nection are slightly different from nowadays percep-
tion. There are two issues that are not clear in this
figure. The first issue is the convection of the outer
magnetosphere. Following the newly closed field line,
one can derive from the figure that it becomes the
dayside closed field line, an antisunward magneto-
spheric motion and an equatorward ionospheric con-
vection. This field line may go around the Earth and
become the near-earth closed field line that eventually
expands to become the reconnection field line. We
will see later that the key equation is how close to the
Earth this antisunward flow can become. The second
issue is about the field line motion that is not in the
noon-midnight meridian plane and the flow pattern
in the equatorial plane and that in the ionosphere;
they need to be consistently mapped according to the
principles discussed above. Because the field lines de-
scribed in the model are on the same streamline, they
are equipotential.

These two issues are obviously too difficult to
address from a pure theoretical point of view. The
clues to the answers of these issues can be provided
by observations. Antisunward flow has never been
observed in the outer magnetosphere even today. In
other words, there was a good reason for Dungey to
be unspecific on the first issue. The first important
observation was the observation of the Low-Latitude
Boundary Layer (LLBL) (Eastman, 1979), in which
the magnetosheath plasma was found in the magne-
tosphere moving in the antisunward direction with a
fraction of the solar wind speed. Note that this an-
tisunward flow is not observed in the Sun-Earth line
but along the flank of the magnetopause. Because
the temporal resolution of the original measurements
was very low at the time, the layer was interpreted
as diffusive and viscous in nature. Historically, this
interpretation had led to extensive investigations of
enhanced viscosity and diffusion coefficients via var-
ious waves or turbulences. However, the investiga-
tions had drawn a negative conclusion that the am-
plitudes and spectra observed near the magnetopause

cannot provide enough, by a large margin, anomalous

Chin. J. Space Sci. 2010, 30(4)
viscosity or diffusion required by the observed LLBL
properties (e.g., Sonnerup, 1980a, b; Treumann et al.,
1995), an interesting example of the interpretation of
an observation misleading theoretical and modeling
efforts. Note that to estimate the linkage between the
two, one needs follow the global modeling principles,
an excellent example of global modeling leading the
theoretical investigations. With the improvement of
the particle detectors, the LLBL for northward IMF
is more often observed as layers with relatively gentle
density gradients but sharp changes at the bound-
aries (Song et al., 1990, 1993). These observations
have led to investigations of other solar wind entry
mechanisms, such as reconnection.

Song and Russell (1992) proposed a model of
the formation of the LLBL for northward IMF. They
first analyzed the flow diversion and field distortion
near the subsolar region as discussed in Figure 4.
They recognized the fact that the flux tube along the
stagnation streamline cannot leave the system unless
some other processes take place as discussed above.
This other process could be reconnection. If recon-
nection takes place in both hemispheres, similar to
the Dungey’s original proposal (1963), the magneto-
sphere effectively captures an IMF flux tube with its
solar wind content, see Figure 11.

The newly formed flux tube has its main portion
outside of the magnetopause with the two feet con-
nect to the Earth. There must be kinks on the field
line where it threads through the magnetopause. The
kink, one on each hemisphere, will propagate toward
the equator as shown in Figure 12, when the flux tube
“sinks” into the magnetosphere. Note that although
this wave front is referred to as the Alfvén mode, it
should be compressional if the magnetospheric field
is stronger than the magnetosheath one when the
flux tube is compressed as moving into the magne-
tosphere.

The newly captured solar wind flux tube still
does not make the LLBL. Song and Russell (1990) an-
alyzed the situation of the flux tube and found that
It is obvi-

ous that as the flux sinks into the magnetosphere,

it is unstable to interchange instability.

it is shortened in length and compressed in diameter.
The plasma density, and hence the pressure, is higher.

This flux tube with a higher pressure has a tendency
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Figure 11

netosphere viewed from the Sun, the magnetosphere cut
in the plane containing the IMF and Sun-Earth line, and
the equatorial plane of the magnetosphere. (a) A mas-
sive magnetosheath flux tube, shaded areas, reconnects
with empty lobe flux tubes on the nightside of the cusps
indicated by big crosses. (b) The dayside branch of the
reconnected flux tube shortens while magnetosheath par-
ticles start propagating into the empty magnetospheric
portion. The disconnected portion also shortens and con-
vects away with the solar wind. (c) The flux tube stretches
(more toward the noon meridian) and sinks into the mag-

netosphere.

Alfvén wave

magnetopause

propagation of Alfvén wave along the magnetopause

Figure 12  Sinking of the newly captured magnetosheath
field seen in a noon-midnight cut. The field lines are indi-
cated by thin lines with arrowheads. The magnetopause
current is shown by the dashed line. The kink of the field
line propagates along the magnetopause from high lati-
tudes to low latitudes as indicated by a big arrowhead.

This corresponds to an Alfvén wave front.

to expand. It cannot expand outward because this is
where it came from. If it expands toward the Earth,
the field line will be shorter and the diameter will
be smaller because of the stronger field closer to the
Earth. This is not an expansion but a compression
and will not naturally proceed. An interesting fact is
that the shape of the magnetopause decreases in the
curvature from the noon to terminators. Therefore,
the flux tube can expand sideway along the magne-
topause. This motion corresponds to the interchange
instability which converts potential and thermal en-
ergies into kinetic energy. The flow is accelerated,
see Figure 13. If reconnection is time dependent,
multiple layers of the observed LLBL can be formed.
If reconnection is steady state, the effective process
is that the (shocked) solar wind continuously flows
into the magnetosphere and moves along the mag-
netopause. There have been overwhelming observa-
tional evidence to support the model, in contrast to
alternative mechanisms, since it was proposed. Nev-
ertheless, this model, although explained the forma-
tion of the LLBL, still is a local model and does not
address globally the magnetospheric and ionospheric
processes. The important progress is that we started
understanding the process in the magnetosphere away
from the noon-midnight meridian plane. It removes
the possibility of an antisunward flow through the
magnetosphere as we discussed above concerning Fig-

ure 10.
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Figure13 Consequence at the equatorial plane after the
newly captured flux tube sinks into the magnetosphere
(Song and Russell, 1992).

magnetosheath particles with higher pressure.

(a) A flux tube containing
(b) The
flux tube disperses and expands azimuthally via the in-
terchange instability and forms a boundary layer. The
shaded curves indicate where the field has the same mag-
netic volume as the subsolar point on the magnetospheric
side of the magnetopause current layer. Interchanges
earthward to the dashed curve are stable to the inter-

change instability and will not proceed.
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Figure 14 Summary of ionospheric observations of convection (upper panel), field-aligned currents (middle panel), and

the magnetic field perturbations (lower panel) for northward IMF with various B, components (Potemra et al., 1984).
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(a) Polar field-aligned currents for northward IMF (Iijima and Potemra, 1976), and (b) polar precipitation

particle observation for northward IFM (Newell and Meng, 1994).

To understand the global processes, ionospheric
observations are crucial. Over the years, a clear pic-
ture of the polar ionosphere gradually emerged from
observations for northward IMF, see Figure 14. There
is an additional pair of convection cells poleward of
the antisunward convection cells with a polarity op-
posite to them. They are referred to as the reverse
cells. There also appears a pair of field-aligned cur-
rents, known as the NBZ currents, with an opposite
polarity to and on the poleward side of the region
1 currents, see Figure 15(a) (Iijima and Potemra,

1976). Furthermore, the cusps, where most precip-

itation is observed with solar wind origin, appear to
be located between the NBZ currents and region 1
currents around local noon, see Figure 15(b) (Newell
and Meng, 1994).

With these new observations, various models
were proposed to explain some of them (e.g., Reiff
and Burch, 1985; Kan and Burke, 1985; Siscoe et al.,
1991; Burch et al., 1992; Crooker, 1992). At the same
time, computer simulations had left its infancy and
grew up to become a toddler. They started providing
sometimes useful while other times confusing infor-

mation. For northward IMF, most of the global sim-
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ulation models showed that reconnection takes place
in the cusps with a closed magnetotail (Ogino and
Walker, 1984; Usadi et al., 1993; Ogino et al., 1994;
Fedder and Lyon, 1995; Gombosi et al., 1998; Bar-
gatze et al., 1999; Song et al., 1999; Raeder, 1999;
Watanabe et al., 2005), except one which showed an
additional reconnection site in the tail with an open
magnetosphere (Raeder et al., 1995). We will discuss
the latter possibility in Subsection 3.3.

With these clues from observations and simula-
tions, most important questions for a modeler are:
Is the magnetosphere open or closed? What is the
driver of the sunward ionospheric flow, as well as the
antisunward flow? From the discussion above, it is
obvious that the Dungey’s (1963) model can provide
sunward convection and that his model gives a closed
magnetosphere, while Song and Russell model (1992)
left the status of the nightside magnetosphere unde-
termined. One key issue related to the antisunward
convection cells is the term it has been referred to:
the viscous cells (Kan and Burke, 1985; Burch et al.,
1992). This was because their flow direction seems
to be related to the solar wind. If this were true,
the ionospheric region poleward of the viscous cells
would map to the open field region and connect to
the solar wind. In this case, the ionospheric convec-
tion could not be sunward. If a model assumed an
antisunward flow driven by the solar wind in lower
latitudes and a sunward flow at higher latitudes near
the noon-midnight meridian, somewhere between the
two, the global modeling principles would have to
break. In other words, one could not follow a field
line going through a whole cycle of convection in such
a model. Somewhere other than standard reconnec-
tion regions the field lines and streamlines would have
to cross each other, an unavoidable inconsistency and
the breakdown of the model.

3.2 A Global Model for Northward IMF

Figure 16 shows, as an example of how to apply the
principles of global modeling, a possible steady state
of the magnetosphere for northward IMF with its
ionospheric mapping according to the global mod-
eling principles. The magnetosphere consists of
three major regions: The plasmasphere (pink region),
the outer magnetosphere (yellow region), and the
LLBL/tail (blue region). The latter two regions are

shown with ionospheric mapping. The plasmasphere
is mapped to lower latitudes of panel ¢. One has to
use 3-D imagination along a (distorted) dipole field
to construct the relationship between the three pan-
els. The plasmasphere is a doughnut-shaped region.
The outer magnetosphere has a similar shape to the
plasmasphere but envelopes it while squeezed slightly
on the dayside and stretched a little on the nightside.
The LLBL/tail region envelopes the outer magneto-
sphere and is bounded by a teardrop-shaped outer
surface of the magnetopause. In ideal MHD steady
state, the three regions are topologically separated by
boundaries, or mathematical separatrix surfaces. In
other words, streamlines do not penetrate from one
region into the others. The LLBL/tail region con-
nects with the outside (the magnetosheath) by recon-
nection at the two cusps and is directly driven by the
entered solar wind as discussed in Subsection 3.1. It
maps to the two polar cap regions, but it is on closed
field lines except in the cusps. (The notion that the
polar cap is on open field lines is an over simplified
and, in this case, incorrect statement) The magneto-
spheric flow in this region is antisunward, similar to
what proposed by Dungey (1963) but it does not go
into the dayside magnetosphere. Its ionospheric flow,
on the other hand, first diverges from local noon as
expected from the mapping of the LLBL, then con-
verges to the midnight, corresponding to point b, and
eventually returns to higher latitudes as the magne-
totail flow moving away from the Earth. This forms a
pair of convection cells in the polar ionosphere, corre-
sponding to the reverse cells and NBZ currents. The
antisunward convection is driven by the high pres-
sure near local noon as described by Song and Russell
(1992) model. The sunward convection in the iono-
sphere corresponds to the antisunward equatorial flow
from point b to point a in Figure 16 when the two cor-
responding field lines map to the ionosphere, and is
driven by the combination of the tailward convection
associated with the LLBL and the rarefaction wave
associated with reconnection poleward of the cusp,
point a in Figure 16(c).

The outer magnetosphere is topologically iso-
lated from the field and particles of solar wind ori-
gin unless diffusion at the magnetosphere-LLBL/tail
boundary is important. It consists of a pair of cells
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Figure16 Global geometry of the magnetosphere and
ionospheric mapping (Song et al., 1999). In all pan-
els, thick solid lines represent the separatrix surfaces and
thin solid lines with arrowheads indicate the direction of
the flow, and the heavily shaded areas indicate the re-
gions ambient to newly reconnected/disconnected mag-
netic field lines of which the topological status is ambigu-
ous. (a) The noon-midnight meridian plane of the mag-
netosphere viewed from dusk. Circles with crosses (dots)
indicate the plasma flows away from (toward) the reader
on the morning side, but is diverted before reaching the
noon-midnight meridian plane. The magnetopause/cusp
is the surface consisting of curves A— X-Earth on the day-
side and Earth-a on the nightside. The boundary between
the outer magnetosphere and LLBL/tail consists of curves
B-Earth on the dayside and Earth-b on the nightside, and
the plasmapause consists of curves C-Earth and Earth-
c. (b) The equatorial plane of the magnetosphere viewed
from north. Point F' indicates where the boundary layer
streamline turns from away from sun-Earth line to toward
the sun-Earth line, and maps to the ends of the cusp arc
in panel ¢. (c¢) The northern ionosphere viewed from top.
The circles with dots and crosses indicate the directions

of the field-aligned currents, instead of the plasma flows.

in the magnetosphere that map to the ionosphere as

the “viscous” cells and region 1 currents. However,

Chin. J. Space Sci. 2010, 30(4)
they are not driven by the viscosity. According to
the global modeling principles, there is no interaction
possible in ideal MHD between the outer magneto-
sphere and LLBL/tail regions. What can drive the
convection? Although LLBL region has an antisun-
ward flow, how can the outer magnetosphere move
in the same direction if ideal MHD does not break
down? The ideal MHD does break down but not in
the magnetosphere. Instead, the breakdown occurs in
the ionosphere. As shown in Figure 17, the NBZ field-
aligned currents (the middle pair of Jj), of which the
driver has been identified above, diverge/converge at
the ionosphere to become the Pedersen currents. The
currents can go across the separatrix (the thick ver-
tical lines) under the topological boundaries in the
ionosphere. Part of the energy carried by the cur-
rents is dissipated and the remaining couples to the
region 1 currents (the J; on two sides). The Ampte
force of the Pedersen currents, J x B, drives the iono-
spheric convection in the same polarity as the viscous

cells, as shown in Figure 17. Note that in the steady

Jj Jj l Jj Jj
EIII Elll EIII EIII EIII
’ A d g
o] ® o Yolof
Vi | Vin Vin Vi | Vi

A 3
magnetosphere

Vi ® Fi Vi®F; ionosphere

ViOF;

Ji. By Ji. E; Ji, B Ji. By Ji, Ej

Figure17 A dawn-dusk cut of northern-hemisphere
ionosphere-magnetosphere interface viewed from the sun
(Song et al, 2000). The magnetosphere (ionosphere) is
above (below) the thick horizontal line. The magnetic
field points downward. The noon-midnight meridian is at
the middle of the figure. The footprints of the boundary
between the outer magnetosphere and LLBL/tail are in-
dicated by the two thick vertical lines. The middle (outer)
two field-aligned current Jj are the NBZ (Region 1) cur-
rents. Subscripts m and i denote quantities in the magne-
tosphere and ionosphere, respectively. V', E, and F are
the velocity, electric field, and Ampere force, respectively.
Note that without the ionospheric coupling, the magne-
tospheric convection velocities on the two sides of a thick
vertical line have no relationship, but they become cou-
pled with the ionospheric currents which flow beneath the

magnetosphere-ionosphere boundary.
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state ionosphere, the J x B force is balanced by the
collisional force which is in the direction of the plasma
flow (e.g., Song et al., 2005). The electric field is self-
consistently produced in and not “penetrated” into
the outer magnetosphere.

The plasmasphere is assumed to be, as in con-
ventional models, controlled by the corotation and is
not treated in detail.

With small variations, the model can be applied
to the situations when IMF has an z-component or
when the Earth’s dipole is tilted in the x-z plane. In
these two cases, reconnection on the same IMF line
takes place at the two cusps with a time difference.
(At a given time, reconnection in two hemispheres
occurs on two different IMF lines.) There are some
observational differences from the simple case because
during this time interval, the field line reconnected on
one end is an open field. In other words, there is a
small region of open field lines in each of the cusps.

Below we discuss briefly the relationship of the
model with observations, another important aspect of
global modeling: how to link a model to observations.

In this model the magnetosphere is closed ex-
cept at the two cusps where reconnection takes place.
The function of reconnection is to disconnect a por-
tion of a closed field line on the nightside and at
the same time to connect the left-over two ends with
an IMF line forming a closed field line on the day-
side. Note that this model applies to only steady
states and is consistent with most simulation results.
As we know, steady state magnetospheric convection
takes some time to establish. Based on simulation
results and an order analysis, it takes more than an
hour to completely close the magnetosphere. There-
fore a prolonged northward IMF is required before a
closed magnetosphere can be observed. There have
been observations on possible closed magnetosphere
for strongly northward IMF' (Fairfield, 1993; Fairfield
et al., 1996).

We should point out a significant difference be-
tween the last dayside closed field line and the stag-
nation streamline using MHD simulation diagnostics
for northward IMF. When tracing the dayside field
lines, one finds that the “magnetopause”, defined as
the last closed field line, is located in point A in Fig-
ure 16. When tracing the solar wind streamlines, the
“magnetopause”, defined as the stagnation point of

the solar wind flow, is located at point B. Obser-

vationally, using the magnetometer data to identify
the magnetopause, one finds point A and using the
plasma data to identify the magnetopause, one finds
point B. This difference was first pointed out by Song
et al. (1990). Physically, the stagnation region of the
magnetosheath flow, in steady state, is not at the
magnetopause but at the inner edge of the LLBL.
Therefore, in steady state, a stagnation point does
not form at the magnetopause because plasma con-
tinuously flows across the magnetopause as discussed
in Subsection 3.1. As the flow diverges from the equa-
torial local noon a stagnation line (Sonnerup, 1974)
forms.

A stagnant region is expected to exist on the
night side as well because a flow bifurcation is ex-
pected in this region. At point b in Figure 16(b), the
flow is earthward (tailward) on the Earth (tail) side
of the region. The distance of this region depends on
how long the IMF has been northward. A long time
after a northward turning, this region can be as close
as 20-30 R, from the Earth according to simulation
results (Song et al, 1999). Nevertheless, it may be
as far as 100 R, before the steady state is established.
The plasma properties in this stagnant region depend
on which side of the topological boundary that an ob-
servation is made and also on the most recent motion
of the topological boundary. For example, on the
tail side of point b in Figure 16, an observer will see
high-density low temperature particles of solar wind
origin if point b has just recently moved toward the
observer. In the opposite situation, if point b has just
recently moved earthward passing by the observer,
the observer may see a nearly empty region. In a re-
cent case study, Huang et al. (2002) showed evidence
for such a bifurcation region. We believe that some
of observations referred to as cold-dense plasma sheet
are very likely related to this region (Fujimoto et al.,
1998; Phan et al., 2000).

The outer magnetosphere consists of particles of
magnetospheric origin with lower density and higher
temperature. It convects in the same sense as the
viscous cells. According to our global modeling prin-
ciples there is no viscosity needed to drive such con-
vection although it helps.

Although the magnetosphere is closed, the po-
lar cap sees precipitation of solar wind particles as
the captured solar wind flux tubes continuously lose

their content. The precipitation may be related to



308

the polar rain which of solar wind origin has been
interpreted as evidence for open field. The latter
interpretation is not exclusive. This also shows an
example of observational diagnostics needing to be
carefully interpreted, especially for northward IMF.
Latitudes lower than the polar cap see precipitation
of magnetospheric origin.

In a dynamic process, northward IMF turning re-
sults in brightening of a narrow arc in the ionosphere
centered near local noon and shifted with B,. The
arc propagates to lower latitudes and weakens before
merging into the diffused aurora that is located at
the boundary of the polar cap. Observations have
shown such processes (Milan et al., 2001). Variations
in the IMF and hence in the reconnection rate result
in wavy motion of the inner edge of the LLBL. Mul-
tiple transient reconnection episodes can form multi-
ple distinction sublayers within the LLBL (Song and
Russell, 1992).

One of the very interesting features in Figure
16(b) is the shaded region in the tail. It marks the
region in transition of its topological status. Recon-
nection at the cusps has just disconnected this portion
of magnetospheric flux tubes. If the magnetosphere is
defined as the region with magnetic connection to the
earth, this shaded region would be excluded. There-
fore, there appears a dent in the night-side magneto-
sphere that has been shown clearly by Guzdar et al.
(2001). On the dayside, on the other hand, the newly
captured flux tube (as shown in Figure 12(b)) should,
strictly speaking, be magnetospheric if using the same
definition. However, in most of in-situ observations
on the dayside, the magnetosphere is defined relative
to the magnetopause current and not the topology.
Therefore, this region may be classified as the mag-
netosheath. However, electron data may show some
magnetospheric features (Onsager et al., 2001).

3.3 Discussion

Computer simulations have become a significant tool
for global modeling. However, sometimes simulations
may not describe the intended processes although
field line and streamline tracing creates continuous
The knowledge of global

modeling can help to identify the problem in simula-

seamless colorful images.

tions. Below we discuss two examples for flawed sim-
ulation results or interpretations although to identify

the causes of the errors is beyond the scope of this

Chin. J. Space Sci. 2010, 30(4)
review. Nevertheless, it is understandable that not
every simulationalist is willing to share every techni-
cal detail of the simulation. We can only spot the
inconsistencies. This is why to learn the principles of
global modeling is so important for computer simula-
tionalists.

One example is the simulation for steady state
due northward IMF with a reconnection region in the
tail in addition to the two reconnection sites in the
cusps, as discussed in Subsection 3.1 and sketched in
Figure 18. Note that this result was presented as a
steady state; namely, the simulation had run for a
long time and the results did not change. First, we
should state that this topology can occur during the
transition period after the IMF turns from southward
to northward. Before the northward IMF arrives, the
magnetotail field lines are open beyond the tail re-
connection region and they move toward the equator.
When the northward IMF arrives, cusp reconnection
takes place and starts forming closed field lines on
the dayside. In order for reconnection to continue, a
portion of the lobe magnetic field (on the nightside)
starts moving toward the cusp reconnection regions.
The ionospheric footprints of the field lines convect
poleward and sunward. This motion in the lobes re-
duces the driving force for tail reconnection. One may
expect that at a certain point, reconnection in the tail
will have to cease. Therefore, the simulation result of
steady state northward IMF with tail reconnection

should be very suspicious. If one followed the princi-

noon-midnight
cross-section IMF

s

Figure 18 A magnetosphere for northward IMF with 3
reconnection sites. Solid lines indicate the magnetic field
and the arrowheads indicate the direction of the flow. Re-

connection sites are indicated by X.
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ples discussed above, he/she would have difficulty to
complete a full cycle of convection because the field
lines in the noon-midnight meridian plane at mid-
latitudes all move toward lower latitudes. No steady
state could be achieved except if they move away
from the Earth (to higher latitudes) in the termina-
tors. However, one has to note that they are closed
field lines and cannot be the ones that participate
in reconnection either in the cusps or in the tail. If
looked at the system’s input and output, one would
find that one IMF line comes into the system and 3
disconnected field lines are produced! This cannot be
a steady state. Or, the three disconnected field lines
connect into a single field line back to the solar wind.
In this case, the single line will have to cross the tail
open lines, a failure in complying with the principles
of global modeling. Furthermore, and after all, the
function of both cusp reconnection and tail reconnec-
tion is to connect two open field lines and produce a
closed field line. With a limited number of open field
lines produced during the previous southward IMF
condition, sooner or later all field lines would become
closed in order to reach the final steady state. A pe-
culiar situation for this simulation result is that no
ionospheric convection was shown.

An example of simulation that could lead to un-
physical interpretations is that of Watanabe et al.
(2005). This MHD simulation, using the same code
(1999), dealt with a tilted
Earth dipole field. In principle, as discussed above,

as that of Song et al.

the global model under this condition should be a
variation of that described in Subsection 3.2. The
simulation showed that because of the dipole tilt, re-
connection at the two cusps does not take place on
the same IMF at a given time or reconnection of the
same IMF line take places at different times at the two
cusps. An IMF line reconnects first to the hemisphere
tilted toward the sun in one cusp and later with the
one away from the Sun. In each polar ionosphere
there is a region of open field lines. A peculiar feature
occurs in this simulation when one traces the field
lines from one hemisphere to the other. If starting
with the field lines just inside the open-closed bound-
ary, or the last-closed field lines, in one hemisphere
which border a large polar cap region, one finds that

these field lines converge to a very small region in the

other hemisphere. The same is true if starting from
the other hemisphere. The last-closed field lines bor-
dering a large polar cap region converge to a small
region in this hemisphere. We now recall that as dis-
cussed in Subsection 2.2, if the magnetosphere and
hence the ionosphere convects, unless the last-closed
field lines are actually on the same streamline, the po-
tential difference in the large area in one hemisphere
would map to nearly a single point in the other hemi-
sphere, resulting in an extremely large electric field
at the converging point. The ionospheric convection
velocity at this point would be extremely large but
no such enhanced flow appears in the corresponding
simulation figures. If indeed that there is no signifi-
cant ionospheric flow near the converging point, when
mapping the potential of this point back to the large
area of the polar cap in the other hemisphere, there
would be nearly no ionospheric convection. There-
fore, this result is most likely due to the uncertainty
in the field line tracing. Furthermore, as the field
lines spread from a single point in each hemisphere to
cover a large region in the other hemisphere, the field
lines started from the two single points would have
to intersect. This violates the principles we outlined
in Subsection 2.2. One may attempt to attribute the
violation to reconnection (Watanabe, private commu-
nication, 2009). In this case, for example, two nearly
parallel field lines would reconnect at a place where
their streamlines intersect. This situation would be a
direct challenge to the validity of the field line tracing
methodology.

4 Conclusions

We have outlined the principles of global modeling.
These principles are not well documented previously
in literature although widely used or abused in stud-
ies. With more and more results from global simu-
lations, the importance of knowing these principles
becomes increasingly crucial. We have provided an
example of application of these principles and two
counter examples. We have pointed out several com-
mon mistakes that some times appear in literature
and frequently appear in discussions.

On the research front, although the global mod-
els for both due southward IMF and due northward
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IMF have been proposed, there exists no global model
for northward IMF with a B, component that fully
complies with the principles of global modeling out-
lined in this article. We strongly encourage the read-

ers to attack this important but difficult problem.
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