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ABSTRACT

During substorms, magnetic energy is stored and released by
the geomagnetic tail in cycles of growth and expansion phases,
respectively. Hence substorms are inherently non-steady
phenomena. On the other hand, all numerical models (and
most conceptual ones) of ionospheric convection produced to
date have considered only steady-state situations. In this paper,
we investigate the relationship of substorms to convection. In
particular, it is shown that a steady-state convection pattern
represents an average over several substorm cycles and does
not apply on times scales shorter than the substorm cycle
period of 1-2 hours. The flows driven by the growth and
expansion phases of substorms are an integral (indeed
dominant) part of, as opposed to a transient addition to, the
overall convection pattern.

1. INTRODUCTION

Over the past two decades, a number of models of the
ionospheric convection pattern at high latitudes have been
developed using data either from low-altitude polar-orbiting
satellites (Refs. 1-6) or from ground-based radars (Refs. 7-10).
Equivalent convection patterns have been derived from
magnetometer data using models for the spatial distribution of
ionospheric conductivities (e.g. Ref. 11). In addition to these
numerical models of convection, several studies have
combined simultaneous measurements from a large number of
observatories (radar and magnetometer) with satellite data to
produce "snapshots" of the flow pattern (Refs. 12-14), but this
has only been possible for limited periods of intensive study.
Another method has been developed which combines in-situ
data from a pass of a satellite with global auroral images,
based on the assumptions that the UV luminosity arises from
regions of upward field-aligned current and the pattern of flow
remains steady for the time taken for the satellite to traverse
it (Ref. 15).

All the models of convection (Refs. 1-10) have been produced
by combining data from different points of the invariant
latitude - Magnetic Local Time (MLT) coordinate system for
a given set of solar-terrestrial conditions (e.g the polarity of
the B, and B, components of the interplanetary magnetic field
(IMF), the Kp planetary magnetic index, or the Ag auroral
electrojet indices).All such models are inherently steady state

ones. In every case, the model will yield a certain value at a
certain location for a given set of prevailing conditions and no
account is taken of the history of those conditions over the
period leading up to the time considered (see discussion given
in Ref. 16).

On the other hand, substorms are a phenomenon which have
long been considered in terms of departures from steady state
(Refs. 17-26). For southward IMF, reconnection near the nose
of the magnetosphere generates open flux which threads the
magnetopause and is swept anti-sunward into the tail of the
magnetosphere by the flow of the solar wind. This magnetic
flux (and the corresponding magnetic energy) accumulates in
the tail in the so-called growth phase of the substorm. In this
way, the reconnection at the subsolar magnetopause results in
the extraction of energy from the solar wind and its storage in
the tail lobe. During this growth phase, the area of the
ionospheric projection of the tail lobe, the ionospheric polar
cap, expands. This is because the currents which flow in the
ionosphere cause only minor changes in the ionospheric field
strength, B; (which is constant at about 5 x 10° T) - in other
words, the ionosphere is essentially incompressible. Hence
while reconnection at the dayside magnetopause increases the
total amount of open flux, F, the ionospheric polar cap area,
A, increases at a rate given by

B; (dA,/dt) = dF/dt = -AV
(6]

where, by Faraday’s law, AV is the e.m.f. around the boundary
of the polar cap, in its own rest frame. Because convection
models have up to now been inherently steady state, the time
derivatives and hence the e.m.f. AV have been taken to be zero

- 1.e. polar cap expansion and contraction have not been taken
into account.

The expansion of the polar cap during growth phases does not
continue indefinitely: eventually, it is always halted and then
reversed in the subsequent substorm expansion phase. Hence
some process must then act to destroy the open flux at a rate
which exceeds that at which it is generated at the dayside
magnetopause. This is reconnection in the neutral sheet of the
tail, which converts pairs of open field lines into closed field
lines. This process liberates some of the energy stored in the
tail lobe, which is deposited as particle heating in the plasma
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sheet and in the ionosphere/thermosphere system. Equation (1)
still applies, but AV has the opposite sense in this expansion
phase (contracting polar cap) to that in the growth phase
(expanding polar cap).

At this point, we note briefly that reconnection at the
magnetopause can occur when the IMF is northward (possibly
in one hemisphere at a time, in a manner controlled by the
IMF B, component and/or the time-of-year). The various
magnetic topologies possible during northward IMF are
discussed by Cowley (Refs. 27, 28) and their implications for
convection have been recently evaluated by Crooker (Ref. 29).
These topologies involve reconnection at the magnetopause of
the (northward) magnetosheath field with either open or closed
field lines on the outer edge of the tail lobe. However,
following a northward turning of the IMF these outer lobe
field lines will be open (generated by the prior period(s) of
southward IMF) and hence, considering the variability of the
IMF B, polarity (Refs. 30-32), we believe that the reconnection
will usually involve already-open flux of the tail lobe. Hence
this process reconfigures existing open field lines, but does not
generate any new open flux. In doing so, it drives "stirring"
flows in the highest latitude ionosphere and some direct energy
deposition; however, it does not contribute to AV nor to the
storage of energy in the tail lobe. For this reason, substorm
growth phases occur exclusively during periods of southward
IMF: however, note that expansion phases will continue to
destroy open flux and deposit stored energy after the IMF has
turned northward, but that these will almost certainly decay in
magnitude while the IMF remains northward.

Hence there is a fundamental difference between the concept
of convection, as tacitly advocated by existing models of the
patterns of ionospheric flows, and the accepted concepts of
energy storage and release during the substorm cycle. The
purpose of this paper is to show how the two concepts can be
reconciled with simple allowance for non-steady conditions
and to discuss the implications.

2. GENERAL CONCEPTS

As early as 1972, Russell (Ref. 25) sketched separately the
ionospheric flows associated with the non-steady conditions of
growth and expansion phases of substorms. However, this
concept was not used again as an aid to understanding
ionospheric convection for a further 15 years. Then Siscoe
and Huang (Ref. 33) quantified the flows for the first-order
simplification of a circular polar cap. These authors also
introduced the very important concept of "adiaroic" (meaning
"not flowing across") segments of the polar cap boundary
between open and closed field lines. As discussed in the
introduction, this boundary must, in general, move as the polar
cap expands and contracts during the substorm cycle.

2.1 Adiaroic polar cap boundaries.
The boundary between open and closed field lines can have

one of two forms. Flux tubes can cross this boundary at
segments called the "merging gaps". Because reconnection is

the only way of converting open field lines to closed (and the
reverse), the merging gaps must, by definition, be the
ionospheric projections of the X-lines in the magnetosphere at
which reconnection occurs. However, reconnection is not
expected at all MLT, nor at all times. When and where
reconnection is not taking place, no flux tubes can convect
across the boundary and the field lines project to an
ionospheric polar cap boundary that is adiaroic.

Figure 1 demonstrates an important consequence of adiaroic
boundaries which move. The dashed lines show the location of
a segment of the open/closed field line boundary at three times
(t;, t, and t;). This segment is considered to be adiaroic at all
times (i.e no flux tubes convect across the boundary because
no reconnection is taking place at the range of MLT shown).
Hence at all points where the boundary moves, the plasma
immediately adjacent to the boundary has a component of its
velocity normal to the boundary which equals the speed of the
boundary motion. Hence the flow streamlines cross the
boundary, even though no reconnection is taking place locally
and no plasma or flux tubes convect across the boundary. In
figure 1, the flow streamlines show an arbitrary flow cell,
consistent with the boundary motion. It is important to note
that this flow cell is not confined to either the open or the
closed field line region, rather the flow streamlines move from
one to the other and back, without any reconnection taking
place.

closed

> flow streamline

— — — — adiaroic open/closed boundary
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Fig. 1. lllustrative ionospheric flow cell showing streamlines
crossing a moving adiaroic open/closed field line boundary.




In many conceptual models (e.g. that by Reiff and Burch, Ref.
34), the flow streamlines only cross the open/closed boundary
at merging gaps. Figure 1 demonstrates that this is not the case
if the boundary is in motion. Therefore, models for which
streamlines only cross the open/closed boundary at merging
gaps are also inherently steady-state ones - no allowance has
been made for boundary motions (as, for example, expected as
the polar cap expands and contracts during the substorm
cycle).

Note that flux tubes cannot circulate completely around a flow
cell of the type demonstrated in figure 1: hence the cell cannot
keep the same form over an extended period. This contrasts
with the steady state case, where open flux tubes could
circulate indefinitely around a ("lobe") flow cell confined
within the polar cap and closed field lines could circulate
indefinitely around a ("viscous") cell a latitudes outside the
polar cap. Circulation from closed to open field lines and back
can continue indefinitely in steady-state "merging cells".

2.2 Flow, reconnection and transpolar voltages

Figure 2(a) shows schematically the magnetosphere, and Figure
2(b) the ionospheric polar cap for southward IMF. Open field
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Fig. 2. (a) The magnetosphere, showing the dayside
magnetopause X-line, AB, the nightside neutral sheet X-line,
DE, and the "Stern Gap", CF. Solid lines are magnetic field
lines, dashed lines lie in the magnetopause. Field lines map to
the ionospheric polar cap, which is viewed from above the
pole in (b). The dayside merging gap (the ionospheric
projection of AB) is ab, the nightside merging gap (projection
of DE) is de and the dawn-dusk diameter of the polar cap is
o (from Ref. 44).
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lines are generated at the X-line on the dayside magnetopause,
AB. This is shown here as lying in the equatorial plane,
consistent with observations of the resulting accelerated flows
(Ref. 35). Let us call the rate at which open flux is produced
by this X-line ¢,": by Faraday’s law, this is equal to a voltage
along the X-line in its own rest frame. By the definition of the
merging gap, the flux transfer rate across the corresponding
merging gap ab (i.e. the voltage along ab in its own rest
frame) must also equal ¢,". This analysis neglects any field-
aligned voltages; however, auroral observations show that any
such voltage would typically be about 1 kV, which is very
small relative to the typical reconnection voltages. Likewise
reconnection in the tail neutral sheet destroys open flux at a
rate ¢,’, the rest-frame voltage across the nightside X-line DE
and its corresponding merging gap de. Because we do not
expect the magnetopause and tail X-lines to be contiguous,
there are adiaroic segments of the ionospheric polar cap
boundary , bd and ae, where no flux is transferred across the
boundary: consequently, there is no voltage along these
segments in their own rest frame. Hence integrating around the
polar cap boundary, we find that the total e.m.f is (by equation
1):

-AV = ¢, - ¢, = dF/dt = B, (dA /dt)
2

This equation is simply Faraday’s induction law applied to the
ionospheric polar cap boundary. Alternatively, it can be
thought of as a continuity equation - that of the open flux.

Let us first consider a steady state convection pattern, i.e. a
convection pattern which takes no account of the phase of the
substorm cycle. We know that on long time scales the polar
caps neither expand to cover the entire Earth, nor do they
disappear completely. Hence the long-term average of (dA,/dt)
is zero and hence, by equation (2), we know that ¢, equals ¢,
when averaged over this timescale. For steady state conditions
the rate at which open flux is transferred from the dayside X-
line to the nightside X-line must equal the rate at which it is
created and destroyed. In other words, the voltage across the
"Stern gap" (CF), ¢,,, is also equal to ¢, (= ¢,"). In steady
state the polar cap boundaries do not move and hence the
voltages along the merging gaps ab and de, in the Earth’s
frame of reference (¢, and ¢,, respectively) are the same as
those in their rest frames (¢4 and ¢,’). Likewise, applying
Faraday’s law to the circuit cCFf shows that the dawn-dusk
transpolar voltage (between c and f), ¢, equals ¢,, for steady-
state conditions. Hence for steady-state models, which average
over the substorm cycle, the voltages ¢, ¢,, 04, ¢, 0, and ¢,
are all equal.

Equation (2) shows us that for steady-state to apply, the
reconnection voltages ¢, and ¢,” must be equal. However,
there is no reason to expect this to be the case, in general. The
rate of dayside reconnection is known to depend on the
magnetic shear across the dayside magnetopause, and several
other factors. Similarly the rate of nightside reconnection will
depend on a number of factors, including the magnetic shear
across the tail neutral sheet. Cowley and Lockwood (1992)
have pointed out that information about the voltage ¢, cannot
reach the site of the tail reconnection (DE) for at least 30 min.
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Studies of the IMF show that the B, component (and hence the
shear across the magnetopause) remains constant for such a
period or longer only about 50% of the time (Refs. 30-32).
Hence ¢, would generally alter in magnitude before ¢, could
attain equilibrium with it - even if some mechanism to equalise
these two voltages were active. Hence we would generally
expect ¢, and ¢, to differ at any one instant of time and
hence the polar cap to be either expanding or contracting in
size. There may be exceptions to this, however. For example,
the magnetosphere sometimes reaches a long-lived, high-flow
state with ¢,” and ¢, large and roughly equal. This is called a
"convection bay" and may relate to a period of unusually
stable IMF. However, even for periods of northward IMF, the
magnetic shear across the tail neutral sheet persists and hence
tail reconnection continues, probably as a series of weakening
bursts, even though ¢, is small or zero. Hence steady state
will not generally be a good approximation, even when the
IMF is northward.

Hence we generally expect large departures from steady state,
particularly during substorms. From equation (2), the polar cap
area must change and hence its boundaries move in the Earth’s
frame of reference. As a result, the voltage across the adiaroic
segments ae and db are not zero in the Earth’s frame, and the
flow voltage across the dayside merging gap ¢, is not equal to
0, nor is ¢, equal to ¢,". If we consider uniform motion of a
segment in the polar cap boundary, at speed vy, the voltage in
the Earth’s frame equals that in the rest frame plus (v, B; 1),
where 1 is the length of the segment. Hence, for example, the
dayside reconnection voltage ¢4 will not cause any flow in
the ionosphere (i.e. ¢, is zero) if the merging gap ab moves
equatorward at a speed v,, = ¢,/(B; 1,,). In general, we know
that the application of a dayside voltage causes the dayside
cusp and the open/closed boundary to migrate equatorward
(Ref. 36, 48) and hence we expect ¢, < ¢4, while ¢, > ¢,".
Siscoe and Huang made the simplifying assumption that the
polar cap is circular at all times (with a variable radius r). For
this simple case, we find that (Ref. 16) the merging gap
velocities (positive equatorward) are given by

Vb = Vg = Vp = (04 - 9,)/(210B;)

3
and the voltages in the Earth’s frame by:
04 =04 - (L/210)(04" - 9.)
C))
0 =0, - (/210)(0, - 04)
)
¢pc = ¢v + (q’d + ¢n)/2
(6)

where ¢, is due to any viscous-like interaction. Note that for
non-steady conditions, the polar cap voltage ¢,. does not equal
0,4, in anything other than an average sense.

2.3 The expanding-contracting polar cap convection model
The example of non-steady convection presented by Siscoe and

Huang (Ref. 33) was for wholly unbalanced dayside
reconnection (i.e. ¢4 > 0 and ¢,” = 0). Moses et al. (Ref. 37)

modelled the flow during substorm expansion phases by
considering wholly unbalanced nightside reconnection (i.e. ¢,
> 0 and ¢, = 0): the results compared very favourably with
data from selected satellite passes during expansion phases.
Lockwood and Freeman (Ref. 38) generalised these two cases
by sketching the flows for both expanding (¢, > ¢, > 0) and
contracting (¢,” > ¢,” > 0) polar caps. All these are examples
of predictions of the "Expanding-Contracting Polar Cap"
(ECPC) convection model - also referred to as the "Two-
Source" convection model (Ref. 16, 39).

A major success of the ECPC model has been to explain the
response times of dayside ionospheric flows to changes in the
IMF B, component, as observed by the EISCAT radar, in
conjunction with the AMPTE-UKS and -IRM satellites when
immediately upstream of the Earth’s bow shock (See Ref. 39
and references therein).

The limitation of the Siscoe and Huang model is the
assumption that the polar cap remains circular, which
prescribes the motion of the merging gap and the flow pattern.
Cowley and Lockwood (Ref. 40) have recently provided a new
concept which opens possibilities of generalising for any
distortions of the polar cap from circular and allows the effects
of a range of merging gap motions to be modelled. This
concept is of zero-flow equilibrium configurations of the
magnetosphere-ionosphere system, which depend upon the
amount of open flux. If the total open flux is altered, either by
the generation of new open flux at the dayside magnetopause,
or the destruction of old open flux in the tail neutral sheet,
flow is excited in the ionosphere and magnetosphere as the
system tends towards the new equilibrium configuration for the
new amount of open flux. If the system is only perturbed by
a short single burst of reconnection, the characteristic time for
the resulting flows to decay is of order 10-15 min. In practice,
even if the dayside reconnection vanishes, there will always be
some reconnection continuing in the tail (at least while any
open flux remains). Hence the system will never attain the
equilibrium, and flows will never completely stagnate. The
evidence for, and implications of, this concept are discussed
further by Cowley et al. (Ref. 41, this issue).

Figure 3 considers the convection predicted by this model,
with the simplifying assumption that the equilibrium
configurations of the polar cap is circular. (In fact, adoption of
this simplifying assumption yields flow predictions which are
the same as given by the Siscoe and Huang model). In part (a)
we consider the flows driven by wholly unbalanced dayside
reconnection (¢,” > 0 and ¢,” = 0). The solid line shows the
adiaroic polar cap boundary at an instant of time, while the
dashed segment shows the merging gap at which reconnection
is proceeding. The dot/dash line shows the equilibrium polar
cap boundary: were the reconnection to cease (so the amount
of open flux was no longer altered), over the subsequent 10-15
min. the polar cap boundary would move to this location and
the flows would disappear. The ongoing reconnection means
that at all times the merging gap lies equatorward of the
equilibrium boundary, whilst at all other local times the
boundary lies poleward of its equilibrium location. Hence
poleward flow is excited at the merging gap and equatorward
flow elsewhere, yielding the flow streamlines shown. Note that




the flow streamlines cross the expanding adiaroic segment of
the polar cap boundary.

(a)

Fig. 3. The ionospheric flows predicted by the ECPC model
and the flow excitation model of Cowley and Lockwood. The
dashed segments of the polar cap boundary are merging gaps,
the solid segments are adiaroic. The dot-dash line is the zero-
flow equilibrium boundary for the open flux present. For
simplicity the polar cap is considered to remain circular and
open arrows denote the direction of boundary motion. (a)
0,0, 9,=0; (b) 0,>0, ¢,=0; (c) 6,=0,>0 (from Ref. 40).

Part (b) of figure 3 shows the flows driven by wholly
unbalanced nightside reconnection (¢,” > 0 and ¢, = 0). The
application of the same principles yields a similar form of flow
pattern. Note that a two-celled flow pattern is generated in
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both cases - although reconnection is ongoing at only one site
in both cases.

The part (c) of figure 3 shows the special limit where ¢, and
¢, are equal. By equation (2) this is the steady-state case and
hence the polar cap boundaries no longer move. As described
above, this means that the flow streamlines no longer cross the
adiaroic segments of the polar cap boundary.

The flow patterns in figure 3 could be easily generalised were
the equilibrium boundary contour not to be circular, such that
the boundary speed varied with MLT. Streamlines which cross
the adiaroic boundary would be bunched together where the
boundary moved faster, and further apart where it moved
slower. In addition, we can allow for both dayside and
nightside reconnection occurring but at different rates. Some
general principles are that for an expanding polar cap (¢, >
¢,"), the convection cells are centred on the ends of the dayside
merging gap, as in 3(a); whereas for a contracting polar cap
(6,” > ¢,)) they are centred on the ends of the nightside
merging gap, as in 3(b). The special case of steady state (¢,
= ¢,) is achieved only for brief periods as the dayside and
nightside reconnection rates vary, and also applies to long term
averages, as described above. Then the flow cells are centred
near dawn and dusk. The shift of the flow cell centres to the
nightside for dominant nightside reconnection has been verified
by the evolution of the flow pattern, as derived from global
radar and magnetometer data using the AMIE technique (Ref.
14), following a northward turning of the IMF (see discussion
given in Ref. 42).

Lastly, we note that the discussion here takes no account of
dawn-dusk asymmetries in the flow pattern, associated with the
B, component of the IMF. Such asymmetries are readily
introduced on the dayside by consideration of the tension
forces on newly-reconnected field lines. In addition, the
patterns of flow will be altered by the spatial distribution of
the ionospheric conductivity (see Ref. 41).

3. CONVECTION DURING THE SUBSTORM CYCLE
3.1 Isolated substorms

Figure 4 shows the possible behaviour of various parameters
during and following a period of southward IMF lasting 1-2
hours, as shown in the temporal variation of B, in the top
panel. Were the dayside reconnection rate ¢, to depend purely
on the magnetic shear across the dayside magnetopause, it
would have the variation shown in the second panel.
Observations show that the nightside reconnection rate does
not respond to the southward IMF for a period of order 1 hour.
Here, we indicate that ¢, then grows to a greater voltage than
¢4, so that the polar cap begins to shrink, shortly prior to the
cessation of dayside reconnection, due to the return of the IMF
to a northward orientation. The fourth panel gives the
evolution of the polar cap flux, F, as given by equation (2).
We can relate various times and periods in this sequence to an
isolated substorm cycle, as shown in the figure: a is the onset
of the growth phase (interval b); c is the onset of the
expansion phase (interval d); and e is the recovery phase.
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Fig. 4. Variation with UT of the IMF B, the reconnection
voltages ¢, and ¢,’ and the open flux, F, for a simple model
of an isolated substorm. The bottom panel shows the predicted
variation of F with transpolar voltage, ¢, (from Ref. 44).

The plot at the base of figure 4 considers how the polar cap
flux will vary as a function of the dawn-dusk transpolar
voltage ¢,.. For simplicity, the polar cap has been assumed to
be circular, and the dayside merging gap to have the same
length as the nightside merging gap (l,, = l,.). Equations (4)-
(6) then show that ¢, is the arithmetic mean of ¢," and ¢,". In
figure 4 we have added a small voltage ¢, which is due to
viscous-like interaction. It can be seen that these two
parameters vary in a characteristic way during the isolated
substorm, which will be discussed further later.

In the growth phase, the polar cap expands as reconnection at
the dayside magnetopause proceeds, but that in the tail is at a
low level. Hence the flow pattern during the growth phase
should have the general form of figure 3(a), with additional
features caused by factors such as non-circular equilibrium
boundary, the effects of IMF B, and non-uniform ionospheric
conductivity, and non-zero nightside reconnection rate.
Importantly, the convection cells will be centred on the
dayside (at the ends of the dayside merging gap). In the
expansion phase, reconnection proceeds faster in the tail than

on the dayside and the polar cap contracts. Hence the flow
pattern will still show a two-celled form but with those cells
centred on the nightside (at the ends of the nightside merging
gap), as in figure 3(b).

Figure 5 shows two flow patterns which were derived during
a substorm cycle on 22 March 1979. This substorm was part
of the CDAW-6 study (Refs. 20, 43, 45 ) and has recently
been re-analysed in the light of the ECPC convection model by
Lockwood (Ref. 44). The patterns were derived from 1-minute
magnetometer data using the KRM inversion technique, as
described for this day by Kamide and Baumjohann (Ref. 45).
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Fig. 5. Flow streamlines (equipotentials) computed by the
KRM magnetogram inversion technique for 22 March, 1979 (a
CDAW-6 interval). (a) For 14:00 UT, in the growth phase of
a substorm; (b) for 14:40 UT, in the subsequent expansion
phase (from Refs. 44, 45).




In figure 5(a) the expected bunching of the flows cells on the
dayside is clearly evident during the growth phase. In 5(b) the
dayside flow has not radically altered; however, the peak
voltage now appears across a small segment of the nightside
convection boundary. We would associate this segment with
the merging gap. The patterns in figure 5 do not appear
exactly the same as those predicted in figure 3. However, this
is not surprising considering the number of complicating
factors omitted from the model plots, as discussed above. In
addition, there are uncertainties in the flows derived from the
magnetometer data, principally due to the assumed spatial
distribution of conductivity. However, the flow patterns do
show that the concepts of convection in the growth and
expansion phases, as put forward by the ECPC model, are
substantially correct.

It is interesting to compare this substorm with the idealised
behaviour discussed in figure 3. In order to do this, the
transpolar voltage, ¢, has been scaled from the potential
contours (such as those given in figure 5), along the dawn-
dusk meridian. In addition, the polar cap flux, F, was estimated
by assuming a circular polar cap, with diameter equal to the
separation of the 6 MLT and 18 MLT convection reversal
boundaries. The variation of F with ¢, during both the
substorms on 22 March 1979 is shown in figure 6. The
behaviour during the first of the two substorms (i.e. that
addressed in figure 5) is very similar to that predicted by the
simple considerations of figure 4. The second (larger) of the
two substorms does not fit this simple sequence quite so well,
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Fig. 6. Variation of open flux, F, with transpolar voltage, ¢ _,
for the period 10:20-16:20 UT on 22 March 1979, showing the
two isolated substorms of the CDAWG periods (from Ref. 44).

showing an apparent drop in F and recovery close to onset of
the expansion phase. However, close inspection reveals that
this is merely due to a departure of the convection polar cap
flom circular, such that the assumptions employed yield a
value for F which is too low.

Hence the isolated substorms on 22 March 1979 (CDAW6)
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provide strong evidence that convection varies during the
substorm cycle in the manner predicted by the ECPC model.

From analysis of convection patterns, such as those shown in
figure 5, Lockwood (Ref. 44) has located the merging gaps for
each flow snapshot. By comparing successive flow snapshots
the motion of the merging gaps was determined. Hence on the
dayside, the merging gap voltage in both the Earth’s frame (¢,)
and in the merging gap rest frame (¢,) were obtained.
Likewise, the nightside voltages ¢, and ¢,” were obtained.
Because of the merging gap motions, and the consequent
induction electric fields, the voltages observed in the
ionosphere (¢4 and ¢, - which influence the terrestrial polar
cap observations such as ¢, and the Ag indices) are
significantly different to the reconnection voltages (¢, and ¢,").

Figure 7 shows the deduced reconnection voltages ¢, (top) and
¢, (bottom) as dashed lines and compares them with the IMF
B, component during the first substorm on 22 March 1979. In
the top panel the B, variation has been shifted by 12.5 min. to
allow for the propagation time from the solar wind monitor
(IMP-8) to the dayside ionosphere. The behaviour of dayside

(@ 201 At =12-5min

201
o At =65min

10~

Fig. 7. Estimated reconnection voltages on (a) the dayside, ¢,/
and (b) the nightside, §,’, as a function of UT (dashed lines).
The solid lines show the IMF B, component (in GSM) observed
by IMP-8, lagged by 12.5 in (a) and 65 min. in (b) (Ref. 44).
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voltage is consistent with that inferred from the EISCAT-
AMPTE observations (Ref. 39). In the bottom panel an
arbitrary lag of 65 min has been introduced. It can be seen that
both ¢, and ¢,” show a similar variation to B, but that ¢, lags
after ¢4’ by about 50 min. This "directly-driven" behaviour was
not at all clear in the variations of ¢,, ¢, nor Ag, which are all
measured in the Earth’s frame of reference. It appears that the
nightside reconnection voltage was, in this case at least,
directly driven by the IMF B, component of the IMF, but the
ionospheric response was complicated by the induction effects
(i.e. magnetic field changes within the magnetosphere). The
variation of the voltage appearing in the ionosphere was
different from the reconnection voltage because the merging
gap motions. On the nightside this was because, in broad
terms, the merging gap initially moved equatorward during the
expansion phase so that ¢, > ¢,” = 0. About 30 min. after onset
the reconnection burst began and the merging gap retreated
poleward again, giving ¢, < ¢,’. Hence the reconnection pulse
in the tail was considerably smoothed and complicated by
these merging gap motions. Note that open flux was not
destroyed until about 30 min. after onset. Equatorward erosion
and subsequent poleward retreat of the dayside merging gap
had a corresponding effect on the dayside flow response.
Similar, although slightly less clear, behaviour was obtained
for the following substorm on this day; however, the best fit
to ¢,” was obtained by lagging B, by a shorter delay of 45 min.
The reasons for this difference are not yet clear. The finding
of two separate response times of order 10 min. and 1 hour is
consistent with previous statistical studies of substorms, for
example by Baker et al. and Bargatze et al. (Refs. 18 and 19).

This analysis is open to some possible error, arising from the
assumed conductivity distribution used to derive the flow
patterns and from the identification of the polar cap boundary.
However, it is difficult to see how such errors could have
produced the results obtained. Evidence supporting the
conclusions comes from the derived variation of the open flux,
F, with time [computed from the integral of (¢, - ¢,”) with
respect to time] which is like that for the simple model as
shown in figure 4. This variation is similar in form to that
deduced for the same substorm by Holzer et al. (Ref. 20) from
the auroral/polar cap boundaries, as determined from particle
observations by two DMSP satellites. However, it is highly
significant that both F and dF/dt are much smaller than
deduced by Holzer et al. - implying that the open/closed
boundary lies poleward of the auroral boundaries they defined.

3.2. Substorms during Northward IMF

As discussed earlier, the most likely magnetopause
reconnection during periods of northward IMF involves open
field lines in the tail lobe. This stirs open field lines in the
polar cap and introduces a circulation. Figure 8(a) shows the
ionospheric convection pattern for the case where this is the
only reconnection taking place. Outside the lobe circulation in
the polar cap are drawn two viscously-driven cells on closed
field lines (see e.g. Ref. 34). Because no open field lines are
created or destroyed, the polar cap neither expands or
contracts, i.e. this is a steady-state case. Hence the open/closed
boundary is everywhere adiaroic and stationary. Hence in this
case the lobe circulation is entirely on open field lines within

the polar cap and any viscous cells are entirely on closed field
lines.

However, it is unlikely that the reconnection X-line in the tail
is completely dormant as long as any open flux exists. The
open flux accumulated while the IMF was southward would be
expected to yield a series of substorms, at progressively higher
latitudes and of ever smaller magnitude, as the amount of open
flux decays and the polar cap shrinks. During one of these
northward IMF substorms the polar cap will shrink and
convection would take on the form shown in figure 8(b). In
this case, the lobe stirring and viscous interaction are both still
active, but flow cells are not confined to either the open or the
closed field line region because the boundary is shrinking
poleward.

Figure 8(c) shows the same situation, but with no viscous-like
interaction mechanism active. The only difference with 8(b) is
that the dayside convection boundary reversal now lies on the
open/closed boundary, instead of slightly equatorward of it.

(a)

(b)

(c)

adiaroic open/ closed boundary

— — = merging gap
—»— flow streamline

[> boundary motion

Fig. 8. Flow patterns for northward IMF: (a) a steady-state
(0,/=0,'=0) and (b and c) during a northward-IMF substorm
(6/=0, ¢,’>0). In (b) viscous interaction is active on closed
field lines, in (c) it is not.



Because in most cases it would be impossible to tell the
difference between 8(b) and 8(c), it is entirely possible that
flows previously attributed to some viscous-like interaction
mechanism were driven by weak reconnection continuing in
the tail of the magnetosphere. This consideration complements
the findings of Wygant et al. (Ref. 46), who showed that the
peak transpolar voltage decayed to very low values about 9
hours following a northward turning of the IMF. Prior to this
the voltage could be large or small. Figure 8 would suggest
that the larger values were taken during northward-IMF
substorm expansions, while the lower values were not. After
the 9 hours, the repeated (and weakening) substorms have
greatly depleted the polar cap. For many satellite passes, the
flows would be indistinguishable from the steady-state case

8(a).

It is interesting to note that the flow pattern derived by
Marklund et al. (Ref. 15) for a northward-IMF polar cap
showing a transpolar arc, has many similarities to those
sketched here in Figures 8(b) and 8(c). The derived flows are
based on the field-aligned currents inferred from a pass of the
VIKING satellite and a global UV auroral image, and match
those observed by VIKING, HILAT and DMSP-F7 reasonably
well; hence it can be considered as an average over the pass
durations of about 10 min., which may have been part of the
expansion phase of a northward IMF substorm.

4. WHAT IS CONVECTION?

From the above, it is evident that steady-state convection
models can only be applied in an average sense and have very
little bearing on the "instantaneous” flows observed at any one
phase of the substorm cycle. The ECPC model predicts that
the flow pattern will oscillate during the substorm cycle with
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Fig. 9. Polar cap flux, F, as a function of transpolar voltage,
9, from convection observations by the DE-2 satellite (from
Refs. 6 and 44)
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dayside flows dominating during the growth phase (the
"directly-driven" flows which accompany the storage of energy
in the tail and are required for the associated polar cap
expansion) and nightside flows dominating during the
expansion phase (the flows driven by the release of the stored
tail energy and which are therefore associated with the polar
cap contraction) (Ref. 39). The question is how large are these
oscillations about the mean? In figure 3(a) and 3(b) we show
the extreme cases of wholly unbalanced reconnection (on the
dayside and nightside, respectively). Such oscillations in the
convection pattern are the largest possible, yet we note that the
flow pattern when averaged over the whole cycle is very
similar in form to a steady-state pattern (figure 3c). Hence we
must question the extent to which convection is simply the
averaged signature of the substorm cycle.

To investigate this question, figure 9 re-plots the data of
Hairston and Heelis (Ref. 6). These authors presented the
transpolar voltage, ¢, as a function of the polar cap radius for
satellite passes close to the dawn-dusk meridian. In figure 9,
this voltage has been replotted as a function of the polar cap
flux, F, calculated with the assumption of a circular polar cap,
as also used in figures 4 and 6. Each data point is obtained
from a single satellite pass (lasting roughly 10 min.). The data
show that there is a general tendency for ¢, and F to increase
together. However, there is also considerable and significant
scatter. Because these data take no account of the phase of the
substorm cycle, or indeed if any substorm was underway or
not, these points therefore represent convection data, in an
general sense. Note that for any value of ¢,, F can have a
wide range of values between F_;, and F,,,, as shown by the
dashed and dot-dash lines respectively. These lines are
reproduced exactly in figures 4 and 6. It is noticeable that the
convection data show the same behaviour as during the
CDAWG6 substorms (fig. 6), and as explained by a simple
application of the ECPC model (fig. 4). This suggests that the
spread in the convection data in figure 9 is due to the variety
of substorm cycle phases included in the convection data.
From application of the simple cycle predicted by figure 4 to
the data given in figure 9, Lockwood (Ref. 44) has been able
to make deductions about the behaviour of the nightside
reconnection voltage as a function of the open flux, F.

5. CONCLUSIONS

From application of the ECPC model, a number of conclusions
can be drawn about convection and its relationship to the
substorm cycle.

@® From the variability of the polarity of the IMF B,
component (Refs. 30-32) within the time scales with which the
tail reconnection rate (and subsequent energy deposition in the
ionosphere) can respond to IMF changes, we must conclude
that non-steady conditions will normally apply and steady-state
will be rare.

@® In non-steady conditions, the open/closed field line
boundary will generally move, and flow streamlines (but not
the flux tubes and plasma) cross that boundary with no
reconnection taking place. Such a boundary is said to be
"adiaroic".



108

@ If the adiaroic segments of the open/closed boundary move,
the so-called "lobe", "merging" and "viscous" flow cells are
not distinct. Only in steady-state (with no polar cap boundary
motion) are lobe cells confined to the polar cap and viscous
cells confined to the closed field line region, with only
merging cells giving flow between these two regions.

@ Induction effects caused by merging gap motions mean that
the flow voltage seen across the merging gap does not
generally equal the reconnection voltage along the
corresponding X-line.

@® Allowance for induction effects in one example of a
substorm indicates that the tail reconnection rate may be driven
directly by the orientation of the IMF. Recent statistical studies
of other substorms by Goertz et al. (Ref. 47) have also
indicated that the so-called "storage" system, may in some
respects be directly driven. We note that for this substorm,
onset was 30 min. before significant open flux was closed.

@® What we term "convection" is actually an average
circulation, averaged over the substorm cycle. The flows
driven in substorms are not additional perturbations to the
convection pattern, rather they are an integral, indeed the
dominant, part of this circulation.
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