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We review the basic physics of the field-aligned current (FAC) systems
which transmit energy and stress between the magnetosheath-
magnetosphere system, and the ionosphere-thermosphere system. The
specific topics covered include (a) ionospheric flow and currents, (b) the
large-scale Region 1/2 current system associated with Dungey-cycle flow,
(c) cusp currents and their relation to the interplanetary magnetic field;
(d) travelling convection vortices, and (e) substorm-related current

systems.

1. INTRODUCTION

The large-scale system of field-aligned currents (FACs)
which transmit stress between the magnetosheath-
magnetosphere, and ionosphere-thermosphere were first
detected as “transverse magnetic disturbances” by the low-
altitude polar-orbiting satellite 1963 38C (Zmuda et al.,
1666). They were not immediately recognised as the effect
of FACs, however, and it was Cummings and Dessler
(1967) who first suggested a link with the current system
which had been proposed by Birkeland sixty years earlier
(Birkeland, 1908; see also Dessler, 1984). A further ten
years had to pass before the overall morphology of the FAC
system became clear, as presented in a number of papers by
Iijima and Potemra (1976 a, b; 1978), using triaxial
magnetic data from the Triad satellite. The overall pattern
consists of two contiguous rings of current, “Region 1 at
higher latitudes and “Region 2” at lower latitudes, with
opposite polarities at dawn and dusk and some overlap in
the pre-midnight Harang region. A third system at higher
latitudes than Region 1 on the dayside is associated with the
dayside cusp (lijima and Potemra, 1976b; Wilhjelm, ef al.,
1978; Iijima et al., 1978; McDiarmid et al., 1978). This
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current pattern has been found to be an almost permanent
feature of the magnetosphere-ionosphere system, though it
is modulated in size, strength, and form both by the
orientation and magnitude of the interplanetary magnetic
field (IMF) and by geomagnetic disturbance. During
relatively quiet times the total current flowing in the
Region 1 system is ~1.6 MA, while that flowing in
Region 2 is ~1.1 MA. During more disturbed times
(|AL|>100 nT) the pattern expands typically by a few
degrees, and the Region 1 and 2 currents increase to ~2.7
and ~2.5 MA respectively (Iijima and Potemra, 1978).
Typical current intensities are ~0.5 to ~2 LA m?, again
somewhat lower for Region 2 than for Region 1.

It is the principal purpose of this paper to discuss the
physical origins of these currents, and some of their
consequences. The central framework for our discussion
will be Dungey’s (1961) open model of the magnetosphere,
in which plasma flow is generated principally by
reconnection at the magnetopause between the terrestrial
field and the IMF, and consequent related phenomena in the
geomagnetic tail.

2. IONOSPHERIC FLOW, CONDUCTIVITY, AND
CURRENTS

The flow imposed on the ionosphere by Dungey-cycle
convection is shown schematically in Fig. 1, where the
dashed line indicates the boundary between open and
closed field lines. The flow consists of twin vortices, with
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antisunward flow over the polar cap, which maps to the
magnetospheric tail lobes, and return sunward flow in the
auroral zone, which maps mainly to the hot plasma sheet
and ring current regions. When the ionosphere participates
in such flow the plasma particles are subject to collisions
with neutral atmospheric particles at lower altitudes in the
E region, which causes a drag on the flow and heats the
neutral gas. Assuming that the gas is stationary in the
Earth's frame, an assumption which is usually valid as a
first approximation, the force-balance equation for ions
which determines the drift velocity V, is

e(E+V, x By=myv, )V, , 1)

where E and B are the electric and magnetic fields, m; the
ion mass, and v, the ion-neutral collision frequency. The
solution for the field-perpendicular flow is
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where Q; =eB/m;, is the gyrofrequency. The first term is
the Ex B drift slowed by collisions, while the second
describes mobility in the direction of E produced by them.
It can be seen that the drift magnitude and direction depend
on the ratio of the collision frequency to the gyrofrequency,
though it is the former parameter by far which varies the
most rapidly through the ionosphere, since the magnetic
field strength is almost constant in the appropriate range of
altitudes (~100-200 km). Because the neutral density
increases rapidly with decreasing altitude, so does the ion-
neutral collision frequency, with the condition (v;, /€Q;) =1
being reached at an altitude of ~125 km (see the paper by
Richmond, this volume, for further details). In the region
somewhat above ~125 km, therefore, (v;,/€Q;) is small,
such that the ion drift in the direction of ExB is not
substantially diminished, while the ion mobility in the
direction of E increases with decreasing height proportional
to (v;,/Q,). Similarly, in the region somewhat below
~125 km, (v;,/€2;) becomes increasingly large compared
with unity, such that the drift in the direction of E X B
becomes negligible, and the ion drifts approximately in the
direction of E with diminishing speed, inversely
proportional to {v;,/Q;). The ion mobility in the direction
of E peaks at the speed Y(E/B) at the height where
(Vin/€2;)=1 (i.e. at ~125 km), at which altitude the drift in
the direction of E x B is also reduced to the same valge, so
that the ions drift at 45" to E X B, towards the direction of
E.

Region 1 currents

Region 2 currents

Figure 1. Schematic of Dungey-cycle flow mapped into the
ionosphere, where the arrowed solid lines are the plasma
streamlines, the short arrows give the direction of the electric
field, and the dashed line is the open-closed field line boundary.
The Hall current flows round the plasma streamlines opposite to
the flow, while the Pedersen current flows in the direction of E.
The direction of FAC flow associated with the horizontal
divergence of the latter currents is indicated by the circular
symbols, where circled dots indicate upward currents out of the
ionosphere, while circled crosses indicate downward currents into
the ionosphere.

In principle a similar discussion also applies to
ionospheric electrons, in terms of the ratio of the electron-
neutral collision frequency to the electron gyrofrequency.
However, this ratio remains small throughout the whole
region of the ionosphere where appreciable plasma
densities are present (above ~90 km). Thus the electrons
Ex B drift at all ionospheric heights. The immediate
consequence is that a field-perpendicular electric current
must flow in the lower ionosphere, whose density is

&) [e [VAJEXB

J_]_ =_1 Vi 2 E_ Qi BZ (3)
+ Qi

=0'PE+0'H1§xE ,



where n is the ion and electron number density (for
simplicity we assume the dominance of one singly-charged
ion species only), and B is the unit vector along B. The
first term is the Pedersen current in the direction of E,
which is dominant above ~125 km where both species
approximately E x B drift, but where the ions have some
mobility in the direction of E. The second term is the Hall
current in the direction -E X B which is dominant below
~125 km where the electrons E x B drift but the ions
become increasingly immobile. The two current densities
are equal at ~125 km where (v;,/€Q;}=1, which is also
approximately where the Pedersen current peaks
(depending a little on the height profile of n). Upon
integrating with altitude, the total height integrated field-
perpendicular current intensity is thus

i, =Z,E+I BXE , @

where Z,=[dz op is the height-integrated Pedersen
conductivity, and Zy =[dz oy is the height-integrated
Hall conductivity. In the sunlit ionosphere these
conductivities are of order ~10 mho. On the nightside they
depend on the intensity and energy of precipitating plasma
particles from the magnetosphere, and may vary by at least
an order of magnitude in either direction, with Hall
conductivities exceeding Pedersen conductivities typically
by factors of 2 to 4.

The implication of this discussion is that when the
magnetosphere drives an ionospheric plasma through the
neutral atmosphere, currents must flow in the lower
ionosphere due to ion-neutral collisions. The jx B force
of the currents just balances the neutral drag force of the
atmosphere (the height integral of minus the RHS of Eq. 1),
and consists of two components, one associated with the
Pedersen current, the other with the Hall current. The
J X B force associated with the Pedersen current just
balances the drag force in the direction opposite to the
E x B drift, while the force associated with the Hall current
just balances the drag force in the direction opposite to E
associated with the Pedersen mobility. Equal and opposite
drag forces also act, of course, on the neutral gas, which are
thus just equal to j X B, and which tend to excite winds in
the thermosphere. As just indicated, these forces have both
a “Hall” component in the direction of E, and a “Pedersen”
component in the direction of E X B, and despite the fact
that they are of comparable magnitude, the “Pedersen”
component is much more effective in exciting winds than
the “Hall” component because the Pedersen currents flow at
a somewhat higher altitude where the neutral densities are
significantly less.
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In addition to requiring a mechanical force to maintain the
flow against neutral air drag, electromagnetic energy is also
dissipated and heats the neutral gas. The height-integrated
Joule heating rate per unit area of the ionosphere is
i, E=X,E* Wm?”, where we note that the Hall current is
non-dissipative (j.E=0) and does not enter. These
considerations inescapably imply that the ionospheric
“load” must be coupled to a “generator” in the
magnetosphere/magnetosheath via a large-scale current
system, and that energy and momentum must flow from the
latter to the former via Poynting flux and Maxwell field
stress respectively.

We now turn specifically to consider the flow system
associated with the Dungey cycle, shown in Fig. 1. In
principle, if the ionosphere were uniformly conducting, the
Hall current would close wholly within the ionosphere,
flowing around the plasma streamlines ( E X B drift paths)
opposite to the direction of plasma flow. However, the
Pedersen currents flowing in the direction of E cannot close
within the ionosphere, but instead their divergence must be
accommodated by a system of currents flowing into and out
of the ionosphere along the field. The sense of those
currents is indicated by the circled dot and cross symbols in
Fig. 1, where circled dots indicate current flow out of the
ionosphere, and circled crosses current flow into the
ionosphere. These clearly provide a basic explanation of
the Region 1-Region 2 currents described in the
introduction. The Region 1 system flowing in the vicinity
of the open-closed field line boundary is fed by Pedersen
currents flowing from dawn to dusk across the polar cap, as
well as by Pedersen currents flowing north-south in the
auroral zone. The Region 2 currents ensure continuity of
the auroral zone currents alone in the lower latitude regions
of the flow cells, and consequently carry a lower total
current than do the Region 1 currents, as previously noted.

Figure 1 may be used directly to estimate the total Joule
heat production rate in the ionosphere. Using the fact that
the ionospheric electric field is essentially curl-free (due to
the strength and incompressibility of the ionospheric
magnetic field) and hence describable as the gradient of a
scalar potential @, together with the divergence-free
condition for the total current j, we find

Ry=[jE dt=-[jVepdt=—[¢ jdS . (5
v v s

where the final integral is over the upper surface of the
ionosphere such that the total current j which appears
within it is effectively the FAC flowing into and out of the
ionosphere. If we then take the outer streamline in Fig. 1 to
be at zero volts, such that the focus of the dawn flow cell is
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Tonospheric Pedersen
current

Figure 2. Sketch of the polar cap current circuit (long dashed lines), in which the dawn-to-dusk Pedersen
current in the ionosphere closes in the magnetopause current via Region 1 FAC flowing on the outer surface
of the plasma sheet. The current circuit produces sunward-directed perturbation magnetic fields AB, in the

polar region (in the northern hemisphere), which, combined with the dawn-to-dusk electric field E
associated with the flow, produces a net downward Poynting flux S, of electromagnetic energy into the

ionosphere (short-dashed lines).

at potential ¢ = ®/2 volts, while that of the dusk cell is at ¢
= -®/2 volts, where @ is the total transpolar voltage
associated with the flow, then it is easy to see that
Ry = I® W, where I is the total Region 1 current. For
typical values ® =50 kV and /=2 MA we thus have
R; =10" W. This represents ~10% of the energy
consumed by the magnetosphere in cislunar space, and ~1%
of the total kinetic energy of the solar wind which is
incident on the magnetospheric cross-section. With regard
to the total force exerted on the ionosphere by the
magnetosphere, it is easy to show that if the conductivities
are uniform, the total jx B force integrated around each
ionospheric streamline is zero. The net force on the
ionosphere will thus depend upon the distribution of
conductivity, and will in general be directed sunward, due
to the larger conductivity, and hence drag, in the auroral
zone. The total antisunward force acting on the polar cap
ionosphere is typically ~10® N, comparable to the total ram
pressure of the solar wind acting over the magnetospheric
cross-section, while the total sunward force acting on the
auroral zone ionosphere is typically about double this.

3. MAGNETOSPHERE-IONOSPHERE CURRENT
CIRCUITS

As indicated above, the currents flowing in the
ionospheric "load" must close in a magnetosphere-
magnetosheath "generator”, involving a large-scale system
of FACs flowing between these regions. Figure 2 shows
the large-scale circuit associated with the polar cap current,
where the tonospheric Pedersen currents close in the tail
lobe magnetopause via Region 1 FACs flowing on the outer
surface of the plasma sheet. The magnetopause currents are
the "generator” currents where j.E <0, the ionospheric
Pedersen currents are the "load" where j.E >0, and there
is a net downward Poynting flux from one region to the
other via the perturbation magnetic field produced by the
current circuit. In the northern hemisphere the perturbation
fields are directed opposite to the flow, while in the
southern hemisphere they are directed parallel to the flow.
These fields constitute the “transverse magnetic
disturbances” originally observed by Zmuda et al. (1966).
Just above the conducting layer of the ionosphere the field



perturbation due to the Pedersen current is ABp = u XpE,
so that the vertical component of the Poynting vector is
S, =(EABp)/u, =ZpE’, ie. S, is just equal to the
ionospheric Joule heating rate per unit area of the
ionosphere, as required by energy conservation (Poynting's
theorem). In mechanical terms, the magnetosheath is
slowed by the sunward j X B force of the magnetopause
current and provides energy to the electromagnetic field.
The stress is fed by the tilted field to the ionosphere, where
the jx B force balances the frictional drag on the ions and
in turn accelerates the neutral atmosphere in the direction of
the plasma flow.

In general, because currents in space plasmas are always
essentially divergence-free (otherwise the build-up of space
charge implied by the continuity equation would be
enormous), we can consider current tubes (like flux tubes of
the magnetic field) around which the total current dI is
constant. In some regions of the tube j.E >0 and energy
flows from the field to the plasma, while in others j.E <0
and the energy flows from the plasma to the field. If we
integrate j.E over the whole tube, it is easy to show that
the integral is equal to dI times the emf around the tube,
where the latter is equal to the rate of change of magnetic
flux through the tube by Faraday's law (Cowley, 1991). In
the steady state, therefore, the integral of j.E over the tube
is zero, and the "generators” in the tube exactly balance the
"loads". Then the Poynting flux output from the generator
regions is equal to the Poynting flux input into the loads, as
implied by Fig. 2, though in general there is no guarantee
that the Poynting flow will be direct. In the time-dependent
case, however, the loads and generators need not balance,
in which case energy is either stored or extracted from the
changing field configuration. If the loads predominate,
such that the volume integral of j.E is positive, then the
magnetic flux threading the current circuit decreases with
time, while if the generators predominate, such that the
integral of j.E is negative, then the flux threading the
current circuit increases with time.

One word of caution should be introduced, however,
before concluding the above general discussion of energy
flow, concerning frames of reference. It is obvious that the
kinetic energy of an element of the plasma depends upon
the frame of reference, and that an element which is gaining
kinetic energy in one frame may be losing it in another.
Similarly, the electric field in the plasma, given
approximately by E =-V X B when collisions are absent,
is frame-dependent, such that the Poynting flux is also
frame-dependent, and a j.E<Q “generator” region in one
frame may transform into a j.E>0 “load” in another.
While the laws of physics, including Maxwell’s equations,
Poynting’s Theorem, and conservation of energy, are of
course valid in any frame, such that the above discussion of
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energy flow can be applied equally to any frame, and will
make equal physical sense in any frame, it should therefore
be understood that the physical terms of that discussion
may well change from one frame to another. In discussing
overall energy flow, therefore, we need to choose, and stick
to, a particular frame of reference. Throughout this paper
we choose the (non-rotating) rest frame of the Earth. While
perhaps parochial, this choice nevertheless has virtues for
terrestrial observers.

Having discussed above the flow of energy in the polar
cap current circuit (in the Earth’s frame), we now turn to
the current circuit associated with the auroral zone.
Geometrically it is clear that the Region 1 current must
flow in the outer part of the plasma sheet, while the
Region 2 current must flow in the inner part of the plasma
sheet and ring current region. To examine the closure of
the latter current, therefore, we must consider the current
flow in the hot plasma of the quasi-dipolar magnetosphere.
The essential physical principle to be applied is that the
FAC flowing into or out of the ionosphere must just
balance the flux-tube integrated divergence of the field-
perpendicular current carried by the hot magnetospheric
plasma, such that the divergence of the total current is zero.
From the continuity equation, this is exactly equivalent to
considering the flow of charge which must take place along
the field lines in order to maintain the charge-neutrality of
the hot plasma, which is an equivalent and sometimes
simpler way to think about the problem. Let us therefore
consider the contributions to the field-perpendicular current
in the magnetosphere, that is to say plasma magnetisation
and particle drifts, and also equivalently consider the
particle motions which may produce charge-separation in
the plasma. First, magnetisation currents are exactly
divergence-free (given by the curl of the magnetisation),
and therefore make no contribution to the discussion. Since
these currents are associated with particle gyration around
the field lines at a microscopic level, they also clearly
cannot relate to charge separation in the plasma. Second,
turning to the drifts, the E X B drift at any point is the same
for all particles such that it produces no current at all in a
charge-neutral plasma. Equally clearly this drift cannot
produce charge-separation either. Third, inertia currents
and drifts associated with the changing bulk velocity in the
plasma are generally (though not invariably) small in the
inner magnetosphere. It therefore becomes clear that the
principal origins of current divergence and hot plasma
charge-separation in the inner magnetosphere must be
associated with the gradient and curvature drifts of the
magnetospheric particles.

We will now outline some basic physical ideas following
the discussion given by Wolf (1983), which is in turn based
on the earlier ideas presented by Schield et al. (1969). For
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Figure 3. Sketches of the equatorial magnetosphere showing the FAC flow which connects the
magnetospheric and ionospheric current systems (long-dashed lines) required by current continuity, for
various spatial distributions of hot ring current plasma (dotted regions). The short-dashed lines represent the
magnetic drift paths of ions and electrons, with ions drifting to the west and electrons to the east. In sketch
(a) the plasma is distributed uniformly around the drift paths, such that the drift current is divergence-free in
the magnetosphere and no FAC flows. In sketch (b) the initial plasma distribution has higher densities at
dawn than at dusk, such that the partial ring current at dawn must close in the ionosphere via downward
FACs at midnight and upwards FACs at noon. Sketch (c) shows the situation produced from an initial
equilibrium by an interval of sunward flow imposed by a dawn-to-dusk electric field E. A partial ring
current is formed centred on midnight, which closes via downward FAC at dusk and upward FAC at dawn.

After Wolf (1983).

simplicity, this discussion neglects the time-varying
magnetic field perturbations due to the hot plasma currents,
which is correct only for a low-beta plasma. Nevertheless,
the essential physical ideas remain valid in the more general
case. In Fig. 3 we thus view the equatorial plane of the
inner magnetosphere and its hot plasma population (dotted
areas), where the plasma is assumed initially charge-
neutral. For simplicity we first assume that there is no
E x B drift of the plasma, so that the particles simply move
along gradient and curvature drift paths, ions to the west
and electrons to the east. These paths are shown by the
short-dashed lines. For particles with 90° pitch angle these
paths are contours of constant field strength. For particles
with 0° pitch angle they are contours of constant field line
length. For a population maintained isotropic by strong
pitch-angle scattering, as generally assumed in modelling,
they are lines of constant flux tube volume per unit
magnetic flux, V=[ds/B (the integral extends over the
length of the flux tube from the southern to the northern
ionosphere). Figure 3a illustrates the situation in which the
hot plasma flux tube content per unit magnetic flux is
constant around each drift path. In this case the
macroscopic plasma configuration does not change at all as

the individual particles drift. Consequently, no charge-
separation of the hot plasma occurs, the hot plasma current
(a westward ring current) is divergence-free around the
drift-paths in the magnetosphere, and there is no
requirement for current flow to or from the ionosphere.
Suppose instead, however, that the initial hot plasma
density is higher at dawn than at dusk, as shown in Fig. 3b.
Now the drift of ions to the west and electrons to the east
would result in the development of a positive space charge
in the plasma near midnight, and a negative space charge
near noon. We therefore require a flux of cold electrons out
of the ionosphere to neutralise the positive space charge at
midnight (or hot ions in), and a flux of cold ions out (or hot
electrons in) at noon. In current circuit terms, then, a net
partial ring current flows westward in the hot plasma in the
dawn magnetosphere, which is fed by an upward FAC at
noon, and is closed by a downward FAC at midnight, as
shown by the long-dashed lines in the figure. These FAC
directions would be reversed if the hot plasma was more
dense at dusk than at dawn.

These are hypothetical situations. The question we have
to ask concerns the nature of the plasma distributions which
would be set up by Dungey-cycle flow. Suppose we start
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Figm;e 4. Sketch of the overall auroral zone current circuit
looking at the Earth from the tail, showing both the northern
(dashed lines) and southern (dot-dashed lines) branches of the
circuit.

with an equilibrium distribution with no FAC such as that
shown in Fig. 3a, set up by some earlier episode of hot
plasma inflow from the tail, in which the hot plasma
content per unit magnetic flux on each drift path decreases
as we move towards the Earth. If we then apply a dawn-to-
dusk electric field across the system, the E X B drift will
displace the plasma sunward everywhere, with the result
shown in Fig. 3c. On each drift path the flux tube content is
now maximum at midnight and minimum at noon. The
maintenance of charge neutrality, or equivalently current
continuity, therefore requires current flow into the
ionosphere at dusk, and out of the ionosphere at dawn.
That is, we require a FAC flow in the same sense as the
Region 2 current. We therefore infer that the latter currents
are closed in the inner magnetosphere by a westward partial
ring current flowing in the sunward-propagating inner
plasma sheet population. We note that this inference is in
accord with the equatorial current distribution determined
from magnetic measurements made by the AMPTE-CCE
spacecraft (lijima et al., 1990). The overall auroral zone
current circuit is therefore as shown in Fig.4. The
magnetospheric partial ring current flowing in the nightside
inner plasma sheet region closes in the ionosphere by
Region 2 FACs, the current then flows across the auroral
zone ionosphere as north-south Pedersen currents, then out
as Region 1 currents flowing in the outer layers of the
plasma sheet to the magnetopause, where it then closes in
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the magnetosheath plasma. In the steady state the
magnetosheath "generator" feeds Poynting flux into both
the dissipative ionospheric Pedersen currents, and into the
energy stored in the compressed and heated hot
magnetospheric plasma. In the absence of the
magnetosheath "generator”, the circuit could also be
powered by the decay of the tail magnetic flux which
threads through it.

The above discussion is qualitative. In reality (and in
modelling) the flow in the system must adjust in order to
ensure that the divergence of the hot plasma current in the
magnetosphere is matched by the divergence of the
horizontal current in the ionosphere. From Eq. 4, the FAC
density into the ionosphere required by the continuity of the
field-perpendicular ionospheric current is

ji, = Vi, =Vy.(ZpE +ZyBXE) (6)

where V, is the two-dimensional horizontal gradient
operator, and for simplicity we have assumed a vertical
polar magnetic field. Current continuity in the
magnetosphere requires

_ ., ds .. .
‘]"| =—%J-d7 leJJ_ =—%BiJ'Edlij_ ’ (7)
1

where the integrals extend over the whole magnetospheric
flux tube from the southern to the northern ionosphere, j,

is the field-perpendicular magnetospheric plasma current
density, Bjis the ionospheric field strength, s is distance

along a field line, and we have assumed equal parallel
current density into the ionosphere in both hemispheres.
With the neglect of the inertia current we have

BxVp
JL= B

where p is the plasma pressure (assumed isotropic and
hence constant along a field line). Substitution into Eq. 7
can then be shown to yield

BV(pVIHxvv , 8)

, B - B,
Ji, = “ﬁB-VP XVy=- 2BVlS/3
where the V is the flux tube volume per unit magnetic flux
as before, and the gradients can be evaluated at any point
on the field line in the magnetosphere. Equating j,

between Egs. (6) and (8) then yields the condition for
continuity of the magnetosphere-ionosphere current, which
can be solved for the self-consistent electric field and flow.
This equation was first derived by Vasyliunas (1970), and
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(a)

Figure 5. (a) Sketch of newly-opened field lines following subsolar reconnection with an IMF having
negative Z and positive Y components, showing the field tilting effects in the magnetospheric and
magnetosheath boundary layers due to the tension in the magnetic field. The view is looking at the Earth

from the direction of the Sun.

The short solid arrows marked AV show the associated velocity

perturbations transverse to the magnetic field, while the short dashed arrows marked V, indicate the
propagation of the disturbance along the open field lines at the Alfvén speed. (b) View projected onto the
noon-midnight meridian, showing the associated FAC and cross-field closure current systems (arrowed
dashed lines) propagating along the open field lines at the Alfvén speed.

is the condition on which self-consistent models such as the
Rice convection model are based (Wolf, 1983). The
physical content of the equation is equivalent to the
discussion which we made in relation to Fig. 3. The final
form of Eq. 8 is interesting because it shows that in any
region where  pV* is a constant (as will result from
lossless adiabatic convection from a uniform source), there
will be no FAC flow between the magnetosphere and
ionosphere.

4. CUSP CURRENTS

Having discussed the Region 1/2 current system
associated with large-scale twin-cell convection, we now
turn to look at the origins of the third FAC component
mentioned in the introduction, namely the cusp currents,
which flow on open field lines poleward of the Region 1
system on the dayside. These currents relate to the stresses
exerted on newly-opened field lines following reconnection
at the magnetopause, and the consequent motion of the
open flux tubes. Two factors influence this motion, namely
the tension in the reconnected magnetic field lines, and the
flow of the magnetosheath plasma around the

magnetopause away from noon. For near-subsolar
reconnection with a southward-pointing IMF, the field
tension effect will be the most important initially, while the
effect of the flow will exert itself as the magnetosheath
plasma becomes super-Alfvénic in the downstream region.
An important consequence of the initial dominance of the
field tension force is that the motion of the newly-opened
flux tubes responds strongly to the Y component of the
IMF, as first discussed by Jgrgensen et al. (1972).
Figure 5a shows open field lines shortly after subsolar
reconnection has taken place with a magnetosheath field
which has positive Y and negative Z components, in a view
looking towards the Earth from the direction of the Sun. In
the magnetosphere, the field tension force pulls the open
lines towards dawn in the northern hemisphere, and
simultaneously towards dusk in the southern hemisphere,
such that the field tilts over in the boundary layer towards
the direction of the magnetosheath field outside. This
disturbance propagates down the open field lines as an
Alfvén wave, which we note is the MHD mode specifically
associated with the propagation of field-aligned current. A
similar disturbance also propagates out into the
magnetosheath, which results in the sheath field being



Figure 6. Sketches looking down on the northern hemisphere
ionosphere showing the plasma streamlines (arrowed solid lines)
for various IMF orientations, together with the sense of FAC flow.
Circled dots indicate upward flow, and circled crosses downward
flow. The short arrows marked j, indicate the closure Pedersen
currents in the ionosphere. The solid lines without arrows indicate
the open-closed field line boundary, while the dashed lines map
along the field to the magnetopause reconnection sites. Sketch (a)
is for an IMF with negative Z and positive Y components, (b) for
negative Z and near-zero Y, and (c) for positive Z and positive Y
(in the presence of continued tail reconnection).

pulled towards the magnetospheric field direction. The
form of the current system is shown schematically in the
side view in Fig. 5b, and consists of a system of oppositely-
directed sheets of FAC in both hemispheres, bounding the
region of tilted field, and terminated by propagating field-
transverse inertia currents in the "head" of the wave. After
~2 min the magnetospheric "head" arrives at the
ionosphere, and (after a bounce or two due to the
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impedance mis-match between the wave and the
ionosphere) establishes a westward flow of open field lines
in the northern cusp, and a similar eastward flow in the
southern cusp. At ionospheric heights the flow is
associated with paired sheets of FAC as indicated in
Fig. 5b, which in the northern hemisphere are directed
downward, into the ionosphere, on the equatorward
boundary of the cusp (essentially the open-closed field line
boundary), and upward, out of the ionosphere, on the
poleward boundary, and vice versa in the southern
hemisphere.

The dayside pattern of FAC in the northern hemisphere
for steady reconnection with IMFs of various orientations is
shown in Fig. 6. The situation for positive Y and negative
Z is shown in Fig. 6a, where, as just discussed, the cusp
currents are predominantly downward on the equatorward
border and upward on the poleward border, and are closed
by poleward-directed Pedersen currents in between. The
flow between the sheets is predominantly westward, and
thus associated with an eastward Hall current which
provides most of the magnetic effect seen on the ground.
We note that the poleward cusp FAC sheet will be co-
located with the region where the plasma flow rotates from
westward to antisunward. It thus represents the point on the
flow streamlines where the field tension effect ceases to be
dominant and gives way to the effect of the anitsunward
flow of the magnetosheath plasma (Saunders, 1989).

For an IMF with negative Y and negative Z, the sense of
the east-west flow asymmetry is reversed from that shown
in Fig. 6a, together with the predominant sense of the cusp
FAC, and is not shown here. Rather, in Fig. 6b we show
the symmetrical situation for negative Z and near-zero Y.
Here the newly-opened tubes are swept symmetrically away
from noon towards dawn and dusk by the magnetosheath
flow before turning antisunward. The cusp currents are
correspondingly symmetrical, with the third FAC sheet at
highest latitude having opposite polarity to the Region 1
current.

Figure 6c illustrates the fact that "cusp” currents also flow
when IMF Z is positive. Here we show, as an example, the
simultaneous presence of a "reversed” twin vortex flow on
open field lines driven by lobe reconnection in the presence
of positive IMF Y, together with the continued presence of
"normal” twin-vortex flow at lower latitudes driven by open
flux closure in the tail, such that the open-closed field line
boundary contracts. The "reversed" twin vortex, first
inferred from ground magnetic measurements by Maezawa
(1976), is associated with a paired FAC system, termed the
"NBZ" currents, in which the FAC flows downwards in the
dusk vortex, and upwards in the dawn vortex (McDiarmid
et al., 1980; Saflekos and Potemra, 1980). The origins and
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Figure 7. Sketches showing the fields and flows associated with single-lobe reconnection for an IMF with
positive Z, positive Y, and negative X components. In sketch (a) reconnection in the northern lobe produces
"new" open field lines draped over the dayside (without changing the amount of open flux), which are
subsequently swept into the tail by the magnetosheath flow (preferentially on the dawn side in this case).
Sketch (b) shows a cross-section through the northern tail looking towards the Earth, showing the flow of
open flux from the sides of the tail (preferentially the dawn side) to the duskside lobe magnetopause
reconnection site. The current flows clockwise around the northern lobe. Sketch (c) shows the "NBZ"
FACs which flow into and out of the central regions of the "reversed” polar cap vortices, and which close

through the flank magnetopause and plasma sheet.

closure of this system are illustrated in Fig. 7, where for
simplicity we have neglected the effects of simultaneous
tail reconnection. In Fig. 7a single-lobe reconnection in the
northern hemisphere. produces "new" open flux tubes
draped over the dayside magnetopause, which initially
contract sunward due to the field tension (also moving to
dawn or dusk in the presence of an IMF Y component), and
are then swept into the tail by the magnetosheath flow.
Figure 7b shows the flow in a cross-section through the
northern hemisphere tail lobe looking towards the Earth,

such that the magnetopause current flow is clockwise from
dusk to dawn, closing from dawn to dusk in the plasma
sheet. For the case with a positive IMF Y component as
shown (as in Fig. 6¢), the lobe reconnection site will be’
located preferentially on the dusk side of the tail in the
northern hemisphere, while the "new" open field lines will
be swept preferentially towards dawn. The open tubes then
flow from the flank magnetopause, where j.E is negative
and jx B slows the magnetosheath plasma flow, into the
reconnection site at higher latitudes, where j.E is positive.
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Figure 8. Sketch showing the electric field (arrowed short-dashed
lines) and flow patterns (arrowed solid lines) in the northern
hemisphere associated with a matched pair of oppositely-directed
FACs (long-dashed lines). The FACs are closed in the ionosphere
by the Pedersen currents flowing in the direction of the electric
field. The plus and minus symbols indicate the senses of the slight
space charge distributions associated with the electric field.

This flow corresponds to the antisunward part of the
"reversed” twin vortices which appear in the ionosphere.
The "NBZ" currents then tap part of the tail lobe current
system, as shown in Fig. 7c, and thus close through the
magnetopause "generator” currents on the tail flanks, and
then through the essentially "inactive” (in this case) plasma
sheet.  Poynting flux flows from the tail flank
magnetopause into the polar ionosphere.

5. TRAVELLING CONVECTION VORTICES

Reconnection between the IMF and the terrestrial field is
not the only mechanism by which the solar wind may
perturb and transfer momentum into the magnetosphere,
though it is usually the most important. A second class of
phenomena, termed "travelling convection vortices"”
(TCVs) are also observed (e.g. Friis-Christensen et al.,
1988), in which one or more east-west aligned pairs of
oppositely-directed flow vortices propagate through the
dayside ionosphere east or west away from noon at high
latitudes. Each vortex has a spatial scale of ~1000 km, such
that at any instant the twin vortices encompass several
hours of local time, and they propagate over a few tens of
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minutes at phase speeds of 5kms™. From our previous
discussion it is evident that an ionospheric flow vortex must
be associated with FAC flow at its centre. In the northern
hemisphere, the FAC flows upward from the centre of a
clockwise vortex, and downward into the centre of an
anticlockwise vortex (and vice versa in the southern
hemisphere). The basic system of ionospheric electric field
and flow for such a system of paired currents is shown in
Fig. 8. The FAC is closed in the ionosphere by the
Pedersen current driven by an electric field which is dipolar
in form, such that the region of downward current is
associated with a (slight) net positive space charge, while
the region of upward current is associated with a (slight) net
negative space charge. The flow then consists of a pair of
oppositely-directed vortices, around which the Hall current
flows in the direction opposite to Ex B. For a vertical
field, the magnetic effects of the FAC and the Pedersen
currents exactly cancel under the ionosphere, such that the
magnetic disturbance on the ground is dominated by the
Hall current vortices. Typical FACs associated with each
vortex in observed events are a few hundred kA.

While the basic form of TCVs at ionospheric heights is
thus reasonably well understood, their physical origin as
manifestations of solar wind-magnetosphere coupling at
large distances remains to be clarified. Most theoretical
discussion has centred on the effect of sudden changes in
compressive plasma pressure in the magnetosheath, but
while some of these events are associated with precursory
changes of the dynamic pressure in the solar wind, this is
by no means always the case. Indeed, Sibeck et al. (1999)
have recently discussed one event which was associated
with the interaction between the magnetosphere and a
tangential discontinuity propagating in an otherwise
undisturbed solar wind. This interaction produced a "hot
flow anomaly" event in the dawn magnetosheath, and a
sudden localised expansion of the equatorial magnetopause
by ~5 R, which propagated tailward. It therefore appears
that the TCV phenomenon can have more than one
precursory signature in the solar wind. Whatever the origin
of the pressure change and boundary motion, however, we
may still enquire how the system of paired FACs come to
be generated. The first simple thing we can say is that they
are not generated in a direct way by compressions or
rarefactions of the magnetosphere. A uniform contraction
or expansion of the magnetosphere would produce almost
no field or flow effect at ionospheric heights, because the
field there is strong and almost incompressible.
Equivalently, we may say that compressive (fast mode)
MHD waves propagating in the magnetosphere are almost
perfectly reflected by the ionosphere. We therefore must
consider the effect of pressure fronts propagating over the
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Figure 9. Sketches showing proposed FAC patterns associated
with a single antisunward-propagating (left to right) compressive
in-out motion of the magnetopause. The plane of the diagrams is
the equatorial plane, such that the magnetospheric field points
outwards. The dotted regions correspond to the high-density
magnetosheath (upper two diagrams) and boundary layer (lower
diagram) regions. Circled dots indicate current flow away from
the equator towards the ionosphere in both hemispheres, while
circled crosses indicate current flow towards the equator away
from the ionosphere in both hemispheres. The former FACs are
associated with a clockwise flow vortex in the plane of the sketch,
while the latter are associated with an anticlockwise flow vortex.
Sketch (a) follows the discussion of Glassmeier (1992), sketch (b)
is after Kivelson and Southwood (1991), while sketch (c) is after
Luhr et al. (1996). In the latter sketch we also show the directions
of the inertia currents in the boundary layer, and the associated
accelerations ( V) of the plasma.

magnetopause which may generate vortical flows
associated with FAC, which can propagate to the
ionosphere as Alfvén waves.

Various suggested mechanisms are compared in Fig. 9,
where we show the effect of a single compressive pulse
propagating antisunward on the magnetopause. Each figure
shows an equatorial cut through the dawn-side boundary
region (for definiteness) perpendicular to the
magnetospheric magnetic field, with the magnetosheath
plasma (and compressive pulse) propagating from left to
right. Circled dots indicate FAC flow away from the
equator towards the ionosphere in both hemispheres, while
circled crosses indicate FAC flow towards the equator and
away from the ionosphere in both hemispheres. Figure 9a
is due to Glassmeier (1992), who considers the continuity
of the perturbed magnetopause current, and suggests one
FAC (vortex) at each end of the perturbed region.
Figure 9b is due to Kivelson and Southwood (1991), who
consider the flow vorticity introduced at the magnetopause
by the in-out boundary motions, and predict paired currents
at each end. Both pictures therefore locate the FACs at the
magnetopause, which will map to the open-closed field line
boundary in the ionosphere. Recent work by Moretto and
Yahnin (1998), however, shows that these currents are
centred well inside the region of closed field lines, which
then seems more in line with the suggestion of Liihr ef al.
(1996) shown in Fig. 9c. These authors suggest that the
FACs are associated with the divergence of the inertia
current at the density gradient at the inner edge of the
magnetopause boundary layer. The inertia current is given
by j, = p(B/B*)x(dv/dt), where V is the bulk velocity
produced in the magnetospheric plasma by the propagating
boundary perturbation. This produces a central pair of
FACs which are opposite in sense to those proposed by
Glassmeier (1992), plus two "outliers" of smaller
amplitude. Overall, there is as yet no consensus on which
of these proposed patterns, if any, matches the observed
pattern for an impulsive compression, but it is clear that
there exists sufficient diversity in the predicted outcome
that some could be eliminated as the dominant effect.

6. SUBSTORM CURRENTS

The magnetopause reconnection processes which generate
new open flux, whose effects were described in Sect. 4
above, initiate the growth phase of the reconnection cycle
by causing the transfer of open flux from the dayside
magnetopause to the tail lobes. Eventually, reconnection of
the lobe field in the tail centre plane must also occur,
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Figure 10. (a) Sketch showing the effect of substorm
dipolarization on field lines in the near-Earth tail. Field lines
move rapidly inwards near the equatorial plane and outwards at
higher latitudes, associated with large cross-system inductive
electric fields as shown. (b) Pattern of FACs in the near-Earth tail
associated with substorm dipolarization within the dashed-line
region. Circled dots indicate FAC flow away from the equator
and into the ionosphere in both hemispheres, while circled crosses
indicate FAC flow into the equator and away from the ionosphere
in both hemispheres. The arrowed solid lines indicate plasma
streamlines. (c) Sketch of the flow and currents in the conjugate
ionosphere, where the outer dashed line indicates the dipolarized
region, corresponding to the substorm expansion phase auroral
bulge. The inner dashed line indicates the region of the "active”
electrojet in the poleward part of the bulge. Arrowed solid lines
are streamlines, and the pattern of FACs is again indicated by the
circled dot and cross symbols.
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forming new closed field lines in the plasma sheet which
return towards Earth and close the Dungey cycle. The
substorm expansion phase is believed to play a central role
in this latter process, during which the key feature is an
inward collapse or "dipolarization" of the growth phase-
enhanced tail field, associated with bursts of rapid
earthward flow in the plasma sheet (Baumjohann et al.,
1990; Angelopoulos er al., 1992). It remains controversial
whether the collapse is initiated by tail reconnection
directly, or by some other process (e.g. an instability in the
plasma sheet) which excites reconnection as a subsequent
effect, though recent results from the Geotail spacecraft
have shown that reconnection typically begins in the pre-
midnight plasma sheet at down-tail distances between 20
and 30 R at times close to substorm expansion phase onset
(Nagai et al., 1998). In either case, the principal features of
the expansion phase field and current effects are illustrated
in Fig. 10. Figure 10a illustrates the expansion phase
dipolarization of a field line. The growth phase field line is
highly distorted away from a dipolar form by the presence
of a thin but intense current sheet located in the plasma
sheet in the near-Earth tail. After expansion phase onset
these field lines collapse inwards at the equator, and
outwards at high latitudes, to assume a more dipolar form
associated with a much reduced tail current. These
inductive effects do not, however, produce correspondingly
large motions in the ionosphere, though to the extent that
the process contributes to inward flux transport in the tail, it
will excite twin-vortex Dungey-cycle flow.

The effect of this process on the tail current system is
shown in Fig. 10b, which is a view of the equatorial plane
of the magnetosphere. Here the azimuthally-limited
dipolarized region is bounded by the heavy dashed line, and
the circular symbols near its periphery indicate the direction
of FAC flow, circled dots representing current flow away
from the equator towards the ionosphere (in both
hemispheres), and circled crosses current flow towards the
equator away from the ionosphere. Two effects are
illustrated (following the results of Lu et al., 1997). Within
the near-Earth tail (typically at distances from ~8 to
~30 Rg), the cross-tail current is reduced within the
azimuthally-restricted dipolarized region, such that the tail
current on either side is diverted along the field, towards the
Earth on the dawn side of the region, and away from the
Earth on the dusk side. This current flow just
accommodates the shear in the field direction across the
boundary between the dipolarized field inside the region
and the remaining tail-like field outside. These FACs close
through the ionosphere at one end (as further described
below), forming the "substorm current wedge" first
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described by McPherron et al. (1973), and over the tail
magnetopause at the other. They thus form a special type
of auroral zone "Region 1" current, though in this case the
ionospheric dissipation in the circuit is powered more by
the emf provided by the reducing flux of the tail lobes, as
outlined in Sect. 3, than by the magnetopause "generator”.
In this region the tail plasma flows rapidly inwards towards
the Earth, where it is eventually “braked” by the increasing
pressure of the compressed field and plasma at the outward-
moving boundary between quasi-dipolar and tail-like fields,
the “braking” being associated with a dawnward-directed
inertia current in the plasma which contributes to the
formation of the substorm current wedge in the near-Earth
system (Shiokawa et al., 1997). The hot injected plasma in
the new quasi-dipolar region then forms a partial ring
current centred near midnight which closes via "Region 2"
currents, as described previously in Sect. 3.

In Fig. 10c illustrates conditions in the conjugate
ionosphere, where, in addition to the above, we have also
drawn on the discussion by Fujii et al. (1994) and Weimer
et al. (1994). The outer dashed line corresponds to the
dipolarized region in the tail, within which the accelerated
plasma precipitates to form the substorm auroral bulge.
This precipitation strongly enhances the conductivity of the
bulge ionosphere to values (typically many tens of mhos)
much higher than that of the surrounding region. The
quadripolar pattern of FAC associated with the bulge
follows that shown in Fig. 10b. In the poleward region the
("substorm wedge"-Region 1 type) current flows upwards
on the dusk side of the bulge (corresponding to the
"surge"), and downwards on the dawn side. These currents
close principally via the "active" westward substorm
electrojet flowing within the poleward part of the bulge
(interior dashed line region), which carries typically ~1 MA
of current. In the equatorward region the enhanced
"Region 2" currents flow in the opposite sense, and
presumably close as before principally via north-south
Pedersen currents in the oppositely-directed FAC on its
poleward side. The flow streamlines are shown by the solid
lines, where we depict a distorted twin-cell flow centred
around the "substorm wedge"-Region 1 currents, which is
excited by the transport in the tail (Cowley et al., 1998;
Opgenoorth et al., 1998).

The nature of the flow observed at ionospheric heights is,
however, influenced by several complicating effects. The
first is that magnetospheric and ionospheric flows can be
partially decoupled by field-aligned voltages at
intermediate (~1 Rg) heights, which may be required to

“drive the FACs themselves. Since FACs are mainly carried
by highly mobile plasma electrons, upward FACs in

particular are carried by hot magnetospheric electrons
moving downwards into the mirror field geometry near the
Earth. Field-aligned voltages may then be needed to draw
sufficient current from the magnetospheric population.
According to the formula first derived by Knight (1973),
the upward current provided by magnetospheric electrons is

ed
=g |1+ =L, 9
.]II .’o[ [kT; ]J ( )
where @, is the field-aligned voltage, 7, is the
magnetospheric electron temperature, and j, is the

maximum current that can be obtained without a voltage.
The latter current corresponds to a full downward-going
loss cone and an empty upward-going loss cone, and
amounts to ~1 pAm>. However, the FACs observed
flowing in the surge, for example, may be several times this
value, thus requiring field-aligned voltages of order several
times (kT,/e), i.e. of order a few kV. Such voltages
produce characteristic features in the electron distributions,
variously known as "inverted-V" or "BPS"-type
precipitation. The accelerated precipitating electrons may
in turn significantly enhance the ionospheric conductivity
through ionization of the neutral gas, and thus alter the
pattern of FACs. A complex non-linear feedback between
magnetosphere and ionosphere may then occur. The
second complicating factor is that the flow at ionospheric
heights tends to avoid the high-conductivity regions, such
as that in the surge region shown in Fig. 10c. Radar data
consistently show that the flow in such regions is
suppressed relative to the surrounding regions, at least over
few-minute intervals (e.g. Morelli et al., 1995). One factor
which could be involved is the field-aligned voltages just
discussed, since these will close off magnetospheric
equipotentials above the ionosphere. Another could be the
effect of enhanced ion-neutral drag. The third complicating
factor is the apparent "polarization” effects which lead to an
overall eastward flow (i.e. equatorward electric field) and
westward electrojet current within the high-conductivity
bulge, as we have shown in Fig.10c. The usual story here is
that the westward electric field in the bulge associated with
the equatorward flow drives a poleward Hall current
ZyEyw across the high-conductivity bulge which cannot
close by FAC along its poleward and equatorward borders.
Instead, an equatorward polarization electric field is
developed whose Pedersen current cancels the northward
Hall current, such that the equatorward electric field is
given by Eg=(Xy/Xp)Ey. The Pedersen current of the
westward electric field and the Hall current of the



southward electric field then add to produce a westward
electrojet ("Cowling") current given by

(10)

However, no obvious reason is given in this argument as to
why the initial Hall current cannot close by FACs at the
equatorward and poleward borders of the bulge, while at
the same time the intense electrojet current which is formed
thereby can close by FAC at its dusk and dawn "ends". As
in Sect. 4, the answer to this question must surely lie in the
conditions required for closure of the entire magnetosphere-
ionosphere current circuit, and we note from Fig. 10b that
the natural form of the magnetospheric FAC tends to favour
the latter closure rather than the former. Whereas there has
been much overall progress in understanding
magnetosphere-ionosphere interactions in recent years, as
evidence by the contents of former sections of this paper,
there is clearly much left to be understood of the
complexities of substorm electrodynamics.

REFERENCES

Angelopoulos, V., W. Baumjohann, C.F. Kennel, F.V. Coroniti,
M.G. Kivelson, R. Pellat, R.J. Walker, H. Liihr, and
G. Paschmann, Bursty bulk flows in the inner central plasma
sheet, J. Geophys. Res., 97,4027, 1992.

Baumjohann, W., G. Paschmann, and H. Liihr, Characteristics of
high-speed ion flows in the plasma sheet, J. Geophys. Res., 95,
3801, 1990.

Birkeland, K., The Norwegian Aurora Polaris Expedition, 1902-
1903, Vol. 1, H. Aschehoug & Co., Christiania, 1908.

Cowley, S.W.H., Acceleration and heating of space plasmas: basic
concepts, Ann. Geophysicae, 9, 176, 1991.

Cowley, S.W.H., H. Khan, and A. Stockton-Chalk, Plasma flow in
the coupled magnetosphere-ionosphere system and its
relationship to the substorm cycle, in Substorms-4 edited by
S. Kokobun and Y. Kamide, p. 623, Terra Sci. Publ. Co., Tokyo,
1998.

Cummings, W.D., and A.J. Dessler, Field-aligned currents in the
magnetosphere, J. Geophys. Res., 72, 1007, 1967.

Dessler, A.J., The evolution of arguments regarding the existence
of field-aligned currents, in Magnetospheric Currents, edited by
T.A. Potemra, Geophys. Monograph 28, p.22, AGU,
Washington, , 1984.

Dungey, J.W,, Interplanetary field and the auroral zones,
Phys. Rev. Lett., 6,47, 1961.

Friis-Christensen, E., M.A. McHenry, C.R. Clauer, and
S. Vennerstrgm, Ionospheric traveling convection vortices
observed near the polar cleft: A triggered response to sudden
changes in the solar wind, Geophys. Res. Lett., 15, 253,1988.

COWLEY 105

Fujii, R., R.A. Hoffman, P.C. Anderson, J.D. Craven, M. Sugiura,
L.A. Frank, and N.C. Maynard, Electrodynamic parameters in
the nighttime sector during aurural substorms, J. Geophys. Res.,
99, 6093, 199%4.

Glassmeier, K.-H., Travelling magnetospheric convection twin
vortices: observations and theory, Ann. Geophysicae, 10, 5417,
1992.

Iijima, T., and T.A. Potemra, The amplitude distribution of field-
aligned currents at northern high latitudes observed by Triad, J.
Geophys. Res., 81, 2165, 1976a.

lijima, T., and T.A. Potemra, Field-aligned currents in the dayside
cusp observed by Triad, J. Geophys. Res., 81, 5971, 1976b.

lijima, T., and T.A. Potemra, Large-scale characteristics of field-
aligned currents associated with substorms, J. Geophys. Res.,

83,599, 1978.
lijima, T., R. Fyjii, T.A. Potemra and N.A. Saflekos, Field-aligned

currents in the south polar cusp and their relationship to the
interplanetary magnetic field, J. Geophys. Res., 83, 5595, 1978.

lijima, T., T.A. Potemra, and L.J. Zanetti, Large-scale
characteristics of magnetospheric equatorial currents, J.
Geophys. Res., 95, 991, 1990.

Jorgensen, T.S., E. Friis-Christensen, and J. Wilhjelm,
Interplanetary magnetic field direction and high-latitude
ionospheric currents, J. Geophys. Res., 77, 1976, 1972.

Kivelson, M.G., and D.J. Southwood, Ionospheric traveling vortex
generation by solar wind buffeting of the magnetosphere,
J. Geophys. Res., 96, 1661, 1991.

Knight, S., Parallel electric fields, Planet. Space Sci., 21, 741,
1973.

Lu, G., G.L. Siscoe, A.D.Richmond, T.I. Pulkkinen,
N.A. Tsyganenko, H.J. Singer, and B.A. Emery, Mapping of the
ionospheric field-aligned currents to the equatorial
magnetosphere, J. Geophys. Res., 102, 14467, 1997.

Liihr, H., M. Lockwood, P.E. Sandholt, T.L. Hansen, and
T. Moretto, Multi-instrument ground-based observations of a
travelling convection vortices event, Ann. Geophysicae, 14, 162,
1996.

Maezawa, K., Magnetospheric convection induced by the positive
and negative Z components of the interplanetary magnetic field:
Quantitative analysis using polar cap magnetic records, J.
Geophys. Res., 81, 2289, 1976.

McDiarmid, L.B., J.R. Burrows, and M.D. Wilson, Magnetic field
perturbations in the dayside cleft and their relationship to the
IMF, J. Geophys. Res., 83, 5753, 1978.

McDiarmid, LB., J.R. Burrows, and M.D. Wilson, Comparison of
magnetic field perturbations and solar electron profiles in the
polar cap, J. Geophys. Res., 85, 1163, 1980.

McPherron, R.L., C.T. Russell, and M.P. Aubry, Satellite studies
of magnetospheric substorms on August 5, 1968, 9,
Phenomenological model for substorms, J. Geophys. Res., 78,
3131, 1973.

Morelli, J.P., R.J. Bunting, S.W.H. Cowley, C.J. Farrugia, M.P.
Freeman, E. Friis-Christensen, G.O.L. Jones, M. Lester, R.V.
Lewis, H. Liihr, D. Orr, M. Pinnock, G.D. Reeves, P.J.S.
Williams, and T.K. Yeoman, Radar observations of auroral zone
flows during a multiple-onset substorm, Ann. Geophysicae, 13,
1144-1163, 1995.

Moretto, T., and A. Yahnin, Mapping travelling convection vortex



106 MAGNETOSPHERE-IONOSPHERE INTERACTIONS

events with respect to energetic particle boundaries,
Ann. Geophysicae, 16, 891, 1998.

Nagai, T., M. Fujimoto, Y. Saito, S.Machida, T. Terasawa,
R. Nakamura, T. Yamamoto, T.Mukai, A. Nishida, and
S. Kokobun, Structure and dynamics of magnetic reconnection
for substorm onsets with Geotail observations, J. Geophys. Res.,
103,4419, 1998.

Opgenoorth, H.J., and R.J. Pellinen, The reaction of the global
convection electrojets to the onset and expansion of the
substorm current wedge, in Substorms-4, edited by S. Kokobun
and Y. Kamide, , p. 663, Terra Sci. Publ. Co., Tokyo, 1998.

Saflekos, N.A., and T.A. Potemra, The orientation of Birkeland
current sheets in the dayside polar region and its relationship to
the IMF, J. Geophys. Res., 85, 1987, 1980.

Saunders, M.A., Origin of the cusp Birkeland currents, Geophys.
Res. Lett., 16, 151, 1989.

Schield, M.A., J.W. Freeman, and A.J. Dessler, A source for field-
aligned currents at auroral latitudes, J. Geophys. Res., 74, 247,
1969.

Shiokawa, K., W. Baumjohann, and G. Haerendel, Braking of
high-speed flows in the near-Earth tail, Geophys. Res. Lett., 24,
1179,1997.

Sibeck, D.G., N.L. Borodkova, S.J. Schwartz, C.J. Owen,
R. Kessel, S. Kokobun, R.P. Lepping, R. Lin, K. Liou, H. Liihr,
R.W. McEntire, C.-1. Meng, T. Mukai, Z. Nemecek, G. Parks,
T.D. Phan, S.A.Romanov, J. Safrankova, J.-A. Sauvaud,

H.J. Singer, S.I. Solovyev, A. Szabo, K. Takahashi,
D.J. Williams, K. Yumoto, and G.N. Zastenkar, Comprehensive
study of the magnetospheric response to a hot flow anomaly,
J. Geophys. Res., 104, 4577, 1999.

Vasyliunas, V.M., Mathematical models of magnetospheric
convection and its coupling to the ionosphere, in Particles and
Fields in the Magnetosphere, edited by B.M. McCormac,
D. Reidel Publ. Co., Dordrecht, p. 60, 1970.

Weimer, D.R., J.D. Craven, L.A. Frank, W.B. Hanson,
N.C. Maynard, R.A. Hoffman, and J.A. Slavin, Satellite
measurements through the center of a substorm surge,
J. Geophys. Res., 99, 23639, 1994.

Wilhjelm, J., E. Friis-Christensen, and T.A.Potemra, The
relationship between ionospheric and filed-aligned currents in
the dayside cusp, J. Geophys. Res., 83, 5586, 1978.

Wolf, R.A., The quasi-static (slow-flow) region of the
magnetosphere, in Solar-Terrestrial Physics, edited by
R.L. Carovillano and J.M. Forbes, p. 303, D.Reidel Publ.Co.,
Dordrecht, 1983.

Zmuda, A.J., J.H. Martin, and F.T. Heuring, Transverse magnetic
disturbances at 1100 km in the auroral region, J. Geophys. Res.,
71,5033, 1966.

S.W.H. Cowley, Department of Physics and Astronomy,
University of Leicester, Leicester LE1 7RH, United Kingdom



	Magnetosphere-IonospherIen teractions: A Tutorial Review
	1. INTRODUCTION
	2. IONOSPHERIC FLOW, CONDUCTIVITY, AND CURRENTS
	3. MAGNETOSPHERE-IONOSPHERE CURRENT CIRCUITS
	4. CUSP CURRENTS
	5. TRAVELLING CONVECTION VORTICES
	6. SUBSTORM CURRENTS
	REFERENCES


