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Abstract. Advances in our understanding of the large-scale electric and magnetic fields in the coupled
magnetosphere-ionosphere system are reviewed. The literature appearing in the period January 1991 June 1993 is sorted into 8 general areas of study. The phenomenon of substorms receives the
most aUention in this literature, with the location of onset being the single most discussed issue.
However, if the magnetic topology in substorm phases was widely debated, less attention was paid
to the relationship of convection to the substorm cycle. A significantly new consensus view of
substorm expansion and recovery phases emerged, which was termed the 'Kiruna Conjecture' after
the conference at which it gained widespread acceptance. The second largest area of interest was
dayside transient events, both near the magnetopause and the ionosphere. It became apparent that these
phenomena include at least two classes of events, probably due to transient reconnection bursts and
sudden solar wind dynamic pressure changes. The contribution of both types of event to convection is
controversial. The realisation that induction effects decouple electric fields in the magnetosphere and
ionosphere, on time scales shorter than several substorm cycles, calls for broadening of the range of
measurement techniques in both the ionosphere and at the magnetopause. Several new techniques were
introduced including ionospheric observations which yield reconnection rate as a function of time.
The magnetospheric and ionospheric behaviour due to various quasi-steady interplanetary conditions
was studied using magnetic cloud events. For northward IMF conditions, reverse convection in the
polar cap was found to be predominantly a summer hemisphere phenomenon and even for extremely
rare prolonged southward IMF conditions, the magnetosphere was observed to oscillate through
various substorm cycles rather than forming a steady-state convection bay.
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1. Statistics of Publications
This review surveys all the relevant literature p u b l i s h e d in 7 journals during the
period J a n u a r y 1991-June 1993. In addition, papers appearing elsewhere or in
various c o n f e r e n c e publications (Adv. in Space Research, A G U M o n o g r a p h s , E S A
SP publications, etc.) are included, but o n l y where there is no equivalent regular
journal publication. Table I lists the journals, the n u m b e r o f relevant papers and
the n u m b e r o f journal p a g e s they occupy.
Table I s h o w s that just u n d e r h a l f o f the papers and m o r e than h a l f o f the
journal pages, appeared in the Journal o f G e o p h y s i c a l R e s e a r c h and, on b e h a l f
o f the c o m m u n i t y , I express our gratitude to the A m e r i c a n G e o p h y s i c a l U n i o n
for p r o v i d i n g the m a i n vehicle for p u b l i s h i n g our research. H o w e v e r , half o f the
literature appears elsewhere and no scientist can afford to ignore this. M y personal
* Reporter view, presented to Commission III of the International Association of Geomagnetism
and Aeronomy at 7th IAGA Scientific Assembly, Buenos Aires, Argentina, August 1993.
Surveys in Geophysics 16: 389-441, 1995.
@ 1995 KluwerAcademicPublishers. Printed in the Netherlands.
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TABLE I
Journals surveyed and numbers of papers and pages

J. Geophys. Res.
Geophys. Res. Lett.
Planet Space Sci.
Ann. Geophys.
Geomag. andAeron.
J. Atmos. Terr. Phys.
J. Geomag. Geoelect.

Other
Total

No. of papers

No. of pages

158 (47.4%)
45 (13.5%)
19 (5.7%)
14 (4.2%)
16 (4.8%)
22 (6.6%)
8 (2.4%)
51 (15.3%)
333

1825 (56.5%)
176 (5.5%)
240 (7.4%)
152 (4.7%)
76 (2.4%)
279 (8.6%)
115 (3.6%)
360 (11.2%)
3233

TABLE II
Numbers of papers and Journal pages for various categories of main subject

1. Measurement Techniques
2. Reconnection
3. Viscous-like Mechanisms
4. Magnetosphere-Ionosphere Coupling
5. Substorms (general)
6. Convection and Substorms
7. Flow Patterns and Variations
8. Dayside Transients

No. of papers

No. of pages

21 (6.3%)
35 (10.5%)
26 (7.8%)
15 (4.5%)
95 (28.6%)
26 (7.8%)
56 (16.8%)
59 (17.7%)

188 (5.3%)
333 (10.3%)
235 (7.3%)
149 (4.6%)
958 (29.6%)
229 (7.1%)
570 (17.6%)
571 (17.7%)

view of the distribution of the most significant papers is perhaps best quantified by
the fact that half those I selected for the oral presentation of this review were from
J. Geophys. Res. and half from all other sources.
Table II sorts the numbers of papers and journal pages according to 8 broad
subject areas. Each paper was classified into only one area, according to my
personal assessment of its most significant point (naturally, some papers could
have qualified for several categories). This classification is therefore subjective.
Nevertheless, Table II gives some guide to the relative volumes of the literature
which are devoted to the different subjects. It can be seen that the single biggest
subject of study was substorms, making up over a third of the literature. The
next largest areas were dayside transients and the patterns and variations of the
ionospheric flow.
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It is instructive to further sub-divide some categories into areas of study, in order
to see the trends of the research. Of the 333 pages on the subject of reconnection,
60 concerned accelerated ion flows at the magnetopause, 68 were on single X-line
versus multi-X-line configurations, and just 7 on component versus anti-parallel
reconnection. A large number of pages (105) dealt with time-varying reconnection,
but surprisingly few (17) with 3-dimensional reconnection.
The favourite viscous-like interaction for discussion was the Kelvin-Helmholtz
instability (65 pages out of 235), compared with 63 pages on all other proposed
mechanisms. A total of 20 pages dealt with the formation of the low-latitude
boundary layer and 41 with the voltage across it, associated with anti-sunward
flOW.

The surprisingly few pages concerned specifically with magnetosphere-ionosphere coupling mechanisms (149) is misleading in that almost all papers treat
the magnetosphere-ionosphere system as a coupled whole. Half of this total was
concerned with induction effects decoupling the magnetospheric and ionospheric
electric fields for non-steady conditions (74 pages).
The literature on substorms (958 pages) was dominated by just one issue with
367 pages concerning the location of onset. A total of 75 pages were devoted to
so-called "current disruption" (CD) models of substorms, and 113 to plasmoids,
the chief success of the "Near-Earth Neutral Line" (NENL) model. A growing realisation that substorms have both directly-driven and a loading]unloading character
reduced debate on this subject to just 98 pages, which were mainly of a review
nature.
The 570 pages on flow patterns and their variations included 104 on the effects
of the interplanetary magnetic field (IMF) By component, 113 on northward-IMF
convection, and 93 on the flows around auroral arcs (particularly transpolar arcs).
However the largest grouping (coveting 217 pages) concerned flow variability on
a range of time scales between minutes and years.
Dayside transient events commanded a lot of interest (571 pages) with roughly
one-third (150 pages) on magnetopause events and two-thirds (386 pages) on
ionospheric events.
Having established the areas of interest, at least as indicated by the number of
journal pages devoted to them, the remainder of this review will in the following 8
sections look at each subject area in turn.

2. Measurement Techniques
In this category there were a number of developments but with only two major
themes emerging. There was growing interest in remote sensing of ionospheric
flows to evaluate temporal effects, but also ionospheric observations were used to
estimate the reconnection rates at the magnetopause and in the geomagnetic tail.
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There was considerable work on the techniques for ionospheric flow determination by various radars. Freeman et al. (1991) and Yeoman et al. (1992) made,
respectively, theoretical and observational assessments of the accuracy and limitations of the widely-used "L-shell fitting" techniques. Such an approximation
is not needed by bistatic HF radars and the first 2-D spatial distributions of flow
were reported by Hanuise et al. (1993). These results are very significant because
such combined Goose Bay-Shaferville radar operations will be just one part of the
SUPERDARN network to image much of the northern hemisphere auroral flow.
Bistatic systems are also planned for Antarctica. The HF radars use coherent scatter
from F-region irregularities. Over the past few years, it has become apparent that
VHF radar scatter from the E region is more more complex than first thought.
In particular, Robinson (1993) has shown how the 'saturation' of the VHF echo
Doppler shift is complicated by the effects of enhanced electron temperature on
the ion acoustic speed. The directions of flow deduced by a bistatic VHF system
are only roughly correct and the magnitudes are seriously in error. This result has
significant implications for our knowledge of ionospheric electric fields, particularly during substorms. Related to this question, Kirkwood (1992) has presented
a new model for ionospheric conductivities during substorms, helping to resolve
how much the magnetic signatures in the expansion phase are due to increases in
the ionospheric conductivities. A method for deriving conductivities from DE-1
UV images was presented by Lummerzhein et al. (1991) and a global model by
Denisenko and Zamay (1992).
The AMIE technique for producing ionospheric flow snapshots by synthesis of
satellite and radar flow data with magnetogram inversion, was introduced before
the review period. However, it is of great significance and importance that the
technique came into more widespread use over the last two years (e.g. Richmond,
1992; Knipp et al., 1991a; Knipp et al., 1993). Other applications of ground
magnetometer data included the inference of the IMF By (Saroso 1993) and Bz
component (Vennerstrom et al., 1991), the latter via the polar cap index. Maclennan
et al. (1991) showed that AE indices derived from opposite hemispheres were highly
correlated but that there were strong seasonal dependencies.
Carr et al. (1992) and Minnow and Smith (1993) proposed that satellite-bourne
FPIs could be used to image convection in the ionosphere and the method for
deriving flow from digisonde measurements was described by Cannon et al. (1991).
In addition, Rosenberg et al. (1991, 1993) proposed that imaging riometers in the
dayside polar cap can determine convection by observing the E x B drift of
F-region patches.
The growing awareness that induction effects decouple magnetospheric and
ionospheric electric fields (see Section 5) means that combined ionospheric and
magnetospheric observations are needed, rather than mapping ionospheric electric
fields along magnetic field models with the assumption of steady state.
New methods for deriving magnetospheric electric fields in the central plasma
sheet were presented by Li and Spieser (1991), Onsager et al. (1991) and Piel
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et al. (1992a,b) from ion distribution functions, from ion velocity dispersion and
from resonance cone asymmetries, respectively. In addition, Diebold et al. (1994)

discussed errors introduced in electric field observations by spacecraft charging.
Kelley et al. (1991 ) presented a new method for determining the Poynting flux.
Two new methods for determining reconnection rate were presented, both
using ionospheric data. The first involves calculating the flux transport across
the open/closed boundary by looking at the plasma flow in the boundary rest
frame (de la Beaujardiere et al., 199 l b). The main problem is that auroral images
from VIKING reveal a relatively 'dark region' between the main auroral oval and
the inferred polar cap boundary (see Section 6) - making identification of the
open/closed boundary from the poleward edge of auroral precipitation difficult.
However, because the flow is often not a strong function of latitude around the
boundary, the determination of the location of the boundary may not be critical.
In addition, this method requires that the motion and orientation of the boundary
must also be known (see Lockwood et al., 1988). An approach by Lockwood and
Cowley (1992) defined the open/closed boundary as the poleward-most reversal of
equivalent current vectors and then evaluated the difference between the tangential electric fields associated with boundary motions and that associated with the
plasma flow, derived by magnetogram inversion. This yields not only the length of
the ionospheric merging gaps (the projections of the X-lines) but also the reconnection voltages across them. As a check of the assumptions, the difference in the
dayside and nightside voltages deduced must predict the change in the polar cap
area. Various methods for calculating the area of the polar cap were compared by
Mishin et al. (1992c).
The second method, introduced by Lockwood and Smith (1992), uses the cusp
ion dispersion signatures to calculate the variation of reconnection rate over an
interval of about 15 minutes prior to a cusp pass by a low-altitude spacecraft.

3. Reconnection

3.1. OBSERVATIONS
The magnetopause stress-balance test, revealing convecting field lines which thread
the boundary via a rotational discontinuity (RD), has recently been applied by a
number of authors (Gosling et al., 1990b, 1991; Paschmann et al., 1990, 1993;
Sonnerup et al., 1990; Sanchez et al., 1990; Sanchez and Siscoe, 1990; Maynard
et al., 1991; Smith and Rodgers, 1991). In particular, Sonnerup et al. (1990)
considerably advanced the method by allowing for boundary motions and the
acceleration of field lines along the magnetopause. The only problematic result
was presented by Fuselier et al. (1993) who found that the mass conservation law
for an ideal MHD, time-stationary, 1-dimensional RD (as assumed by the stress
balance test) did not appear to hold. Essentially their result is the same as that by
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Paschmann et al. (1986) who invoked some O + ions in the low-latitude boundary
layer (LLBL) to make mass conservation apply. The AMPTE-CCE observations
of Fuselier et al. did not find these O + ions. The solution may rest with the time
resolution of the CCE data - it is important in stress test applications that all
relevant, and only relevant, particles are included. However, if this is not the cause,
one of the assumptions routinely applied in the stress test (i.e. that the RD is
ideal - MHD, time-stationary, and one-dimensional) must be invalid. The possible
implications of this are not yet understood.
On the other hand, a major success of the theory based on an ideal-MHD RD
was the prediction of D-shaped ion velocity distributions of the injected magnetosheath plasma in the accelerated flows. These had been predicted as long ago
as 1982 by Cowley and have now been detected using the ISEE-1 (Gosling et
al., 1990a), AMPTE-UKS (Smith and Rodgers, 1991) and AMPTE-CCE (Fuselier
et al., 1991) satellites. They were also generated by the MHD and hybrid simulations of Lin and Lee (1993). The mass-resolving CCE data of Fuselier et al.
(1991) showed that the incident, reflected and transmitted populations from both
the magnetosphere and magnetosheath were as predicted by Cowley, on both sides
of the boundary. In addition, the low-velocity cut-off of the D-shaped injected
distribution was shown by Smith and Rodgers (1991) to be the de-Hoffman Teller
frame velocity, as derived from the stress balance test, again in accordance with
the theory. The field-parallel ions of these D-shaped distributions were identified
in the ionosphere by Newel1 and Meng (1991) and Woch and Lundin (1992a), in
accordance with the results of Rieff et al. (1977) and Hill and Reiff (1977). Woch
and Lundin showed the accelerated ions were on the equatorward/poleward edges
of the "cusp" precipitation for southward]northward IMF, respectively, as expected
for dayside/lobe magnetopause reconnection.
From regression analysis, Scurry and Russell (1991) showed magnetopause
reconnection rate was influenced by solar wind Mach number and dynamic pressure
(as well as by IMF strength and orientation). From cusp ion dispersion jumps,
Lockwood and Smith (1992, 1994) and Lockwood et al. (1993b) showed that
the reconnection sometimes takes place at one MLT exclusively in a series of
pulses (about 1 rain long and 5 rain. apart). It should be noted, however, that this
situation does not always apply: for the low altitude case modelled by Onsager et
al. (1993), the method of Lockwood and Smith reveals continuous and more steady
reconnection (rate fluctuations are smaller than a factor of about 2) for about 12
rain. (Lockwood and Smith, 1994).
3.2. RECONNECTION SIMULATIONS AND THEORY
A large number of simulations of reconnection phenomena, both at the magnetopause and in the magnetotail, were carried out with various causes of resistivity
in the diffusion region. Bim (1992b) simulated northward-IMF lobe reconnection;
Shi et al. (1991) demonstrated how the number of X-lines may depend on Reynolds
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number; Ding and Lee (1991) investigated oscillations between single and multiX-line reconnection; Cao and Kan (1991) and Ding et al. (1992a) discussed magnetopause tearing mode and effects of plasma ¢3, which were also simulated using
a hybrid code by Hesse and Winkse (1993); the growth and stabilisation of tearing
mode was investigated by Lakhina (1993), Burkhart et al. (1992) and Pritchett et
al. (1991). Yan et al. (1992) simulated fast reconnection with small shear angles
and Ugai (1991) carried out simulations of 3-dimensional reconnection.
Global MHD models were also employed to study magnetopause reconnection. Fedder et al. (1991) found that the voltage along the X-line, arising from the
'numerical resistivity' did not depend on the model grid size employed, but did
depend on the boundary conditions. In particular, these authors found an approximate sin (@/2) dependence of the voltage on the clock angle of the IMF, O. The
reconnection was subsolar and "component" in nature, although at some O a hybrid
of "anti-parallel" and "separator line" reconnection was found.
A cautionary point about reconnection simulations was made by Priest and
Forbes (1992b), who showed theoretically how fast reconnection occurs for a
number of sets of boundary conditions. Those simulations which fail to find fast
reconnection use parameter regimes which do not fall within one of those sets of
boundary conditions. Priest and Forbes (1992a) predict 'flipping' and no nulls for
3-dimensional reconnection. The need for 3-dimensional theory in the magnetotail
was stressed by Schindler (1992). Hoshino (1991) presented a theory whereby
the lower hybrid drift instability was a cause of reconnection resistivity. Lyons
and Pridmore-Brown (1992) derived a theory of 'reverse reconnection', such that
closed field lines would be re-opened in the tail.
A major advance was the development of an analytic theory of non-steady
Petschek reconnection by Semenov and co-workers, based on the work of Pudovkin
and Semenov (Yerkayev et al., 1991; Semenov et al., 1991a, 1991b, 1992a, 1992b;
Semenov and Lebedeva, 1991; Rijnbeek et al., 1991). This work is important in
two respects. It supports the ideas put forward by Southwood et al. (1988) and
gives a greater physical insight into the simulation results of Scholer (1988, 1989).
They show how the characteristic signature of flux transfer events (FTEs) can be
produced by a burst of enhanced magnetopause reconnection (over a background
level) which broadens the reconnection layer. This signature surrounds a patch
of enhanced boundary-normal magnetic field where the tangential electric field is
proportionally increased, such that the field line velocity along the magnetopause
(the de-Hoffman Teller frame velocity) is, to a good approximation, independent of
reconnection rate. The second point of importance is that the magnetopause returns
to the steady Petschek form if the reconnection rate is constant: this is therefore
just one limit of the general behaviour. Some causes of reconnection rate variations
were suggested by Lakhina (1992) and Burkhart et al. (1991).
The effects of reconnection on convection will be discussed extensively in the
subsequent sections of this review. In addition, Section 6 (on substorms) will discuss its effects on the magnetic topology of the geomagnetic tail. Magnetopause
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reconnection also has a major effect on dayside magnetic topology. If there is little
or no open flux threading the dayside magnetopause (by which one means, in this
context, sunward of about X= - 3 0 Earth Radii, RE) then the entire dayside magnetopause will map to a point-like cusp, as is the case for the Tsyganenko magnetic
field models, as employed by Stasiewicz (1992) giving a 'teardrop' polar cap (Bim
et al., 1991; Elphinstone et al., 1990; 1991). This situation would require a prolonged period with reconnection at neither the dayside nor lobe (in the hemisphere
considered) magnetopause, such that the open field lines are swept antisunward
and there is no boundary-normal field sunward of X ~ -30RE (Lockwood, 1991 d).
Crooker et al. (1991b) have modelled the effect of reconnection producing newlyopened flux (that threads the boundary at X _> - 30RE) using the model of Toffelleto
and Hill (1989). They show that the local time extent of the cusp increases as the
cusp is 'opened' by the addition of newly-opened flux to the polar cap. Similar
discussions were presented by Mal'kov and Sergeev (1991).
On the location of the reconnection X-lines, Gonzales (1991) and Crooker et
al. (1991a) debated the location of that in the dayside magnetopause, and Macek
and Cowley (1992) showed a steady state tail X-line would be beyond X = -200

RE.

4. Viscous-Like Mechanisms and the Low-Latitude Boundary Layer
(LLBL)
The question of how the LLBL forms, with magnetosheath-likeplasma on northwardpointing (seemingly closed) field lines, is likely to be closely related to the process
which drives closed field lines antisunward (viscous-like interaction). Hence they
are treated together in this section.
4.1. IMPULSIVE PENETRATION

One process which aims to explain both the mass and momentum transfer onto
closed field lines is "impulsive penetration". Interesting simulation results were
presented by Ma et al. (1991). Using a 2-dimensional MHD code with anomalous resistivity arising from a third order diffusion term, these authors investigated
the effect of any high density filaments in the magnetosheath impacting upon the
magnetopause, were such structures to survive the shock and sheath traversal.
They found that if the additional momentum was high enough and the internal
and external fields were well aligned, the filament could penetrate the magnetopause because reconnection occurs behind the embedding filament, as proposed
by Schindler (1979). This reconnection gives rise to some mixing of sheath and
magnetosphere plasmas. However, if the additional momentum were too small, or
the fields not well aligned, the compression of the internal field component transverse to the filament repulsed the filament, in accordance with ideal MHD. For the
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observed range of magnetosheath parameters, the repulsion took place unless the
fields were aligned to within about 5 ° .
Some fascinating observations by the VIKING satellite of double injections onto
one geomagnetic field line were presented by Woch and Lundiu (1991, 1992b). The
authors interpret these as two impulsive penetration events on to the same field line.
Certainly, they are not easily reconciled with the usual injection-by-reconnection
scenario, in which magnetosheath plasma streams continuously across the boundary
at all times between the field line being opened on the dayside and being closed
in the tail (Reiff et al., 1977, 1978; Hill and Reiff, 1977; Cowley et al., 1991a;
Lockwood and Smith, 1992).
Heikkila's (1982) mechanism for impulsive penetration was criticised by Owen
and Cowley (1991, 1992) as violating Faraday's Law. This conclusion was supported by Roth (1992), but rejected by Heikkila (1992).
4.2. KELVIN-HELMHOLTZ(K-H) WAVES
There was much interest in explaining travelling convection vortices (TCVs See Section 9) and their associated auroral transients as ionospheric signatures of
the K-H waves on the magnetopause (Wei and Lee, 1993; Lee and Wei, 1993;
Lotko and Shen, 1991; Schumilov et al., 1991; Kerkayev, 1991; Mezentsev, 1991).
Rajaram et al. (1991) found that the magnetopause can by K-H unstable, even
very close to the subsolar point. Mishin (1993) suggested that K-H waves may be
triggered by solar wind dynamic pressure pulses and Miura (1992) calculated that
the momentum transfer to the LLBL is low, but may be increased if K-H vortices
coalesce.
4.3.

OTHER VISCOUS-LIKE MECHANISMS

Southwood and Kivelson (1993a, 1993b) have shown that TCV events are drivers
of convection. As a TCV moves through a given region of the ionosphere, the
plasma is not quite returned to its original location but there is some nett motion in
the direction of the phase motion of the filamentary field aligned currents giving
the TCV. Given that the theory of Kivelson and Southwood (1991) predicts that
TCVs (of opposite polarity of the leading field-aligned current) are generated
by both magnetopause compressions and rarifactions, this means that solar wind
buffeting by both solar wind dynamic pressure increases and decreases will cause
antisunward convection of closed field lines in the LLBL. Other viscous-like (i.e.
non-reconnection) processes suggested were 'gyroviscous merging' (Stasiewicz,
1991); 'pressure gradient forcing' (Samokhin 1992) and diffusion driven by the
lower hybrid instability (Treumann et al., 1991).
The need for some other viscous-like process was clearly demonstrated by Owen
and Slavin (1992) who applied the stress balance condition in the tail current sheet to
the slowly antisunward-convecting, northward-pointing fields of the 'slow plasma
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sheet' (Richardson et al., 1989) as seen near the flanks of the magnetosphere at X--235 RE by the ISEE-3 spacecraft. They conclude that about 6% of the observed
magnetosheath momentum flux must be transferred across the magnetopause. From
the observed mass of magnetosheath-like plasma, anomalous mass transport across
the boundary can account for transfer of less than 1% of the sheath momentum
flux. Furthermore, Owen and Slavin's calculations reveal that the K-H instability
can account for only 1-2%, consistent with the results of Miura (1992). Hence
stress balance of closed field lines on the flank of the tail indicates that neither K-H
waves nor anomalous mass transport are adequate viscous-like mechanisms.
4.4. FORMATIONOF THE LLBL
The observations of the Cowley-D ion velocity distributions demonstrate the existence of an LLBL on open field lines at the dayside magnetopause (See Section 3).
Usually the accelerated ions stream away from the subsolar point (Gosling et al.,
1990b) revealing a low-latitude reconnection site. However, for northward IMF,
Paschmann et al. (1993) report streams towards the subsolar point, consistent with
reconnection on the edge of one tail lobe, generating an 'over-draped lobe' feature
(Crooker, 1992). Other observations do indicate a closed LLBL exists on the flanks
of the magnetosphere (Traver et al., 1991). However, Onsager et al. (1994) have
recently shown how particle distributions which apparently indicate closed field
lines can easily exist on open field lines, due to a combination of magnetic bottle
and ion time-of-flight effects. Hence the existence of an open LLBL has been
clearly established (Section 3.1), but the evidence for a closed LLBL is not yet
conclusive.
The formation of an open LLBL is easily understood in terms of magnetosheath
particles streami~ag into, and magnetospheric particles streaming out of, the magnetosphere. This is convolved with ion time-of-flight effects as the newly-opened field
lines evolve over the magnetopause. The formation of a closed LLBL is less easily
understood. Nishida (1991) proposed that field lines are successively opened and
then re-closed by patchy localised reconnection, allowing entry of sheath particles
onto closed field lines. A similar concept for populating the LLBL was put forward
by Song and Russell (1992), but the field lines were re-closed by lobe reconnection
in both hemispheres; however, this seems unlikely because it requires simultaneous
reconnection at both lobes of the same field line.
The origin of structures in the LLBL was also debated, with Sckopke (1991)
arguing that they cannot be explained as magnetopause surface waves, as suggested
by Sibeck (1990).
4.5.

VOLTAGE ACROSS THE LLBL

Several authors argued that the voltage across the LLBL could be considerable
(FOrster et al., 1991; Rezenhov, 1991; Lennartson, 1992). However, this was not
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found to be the case by Hapgood and Lockwood (1993), using the 'transition parameter' developed by Hapgood and Bryant (1992). Hapgood and Bryant showed that
the electron density and temperature ordered the complex time sequences of multiple and partial LLBL crossings (caused by boundary motions). The method orders
the dayside particle characteristics observed by AMPTE-UKS extremely well and
the magnetic field with only slightly greater scatter. In particular, it separates the
LLBL into an anti-sunward-flowing outer part and a (weakly) sunward flowing
inner part. Using arguments to limit the total spatial scale of the LLBL, Hapgood
and Lockwood estimate the voltage across the antisunward-flowing LLBL was less
than 5kV.
This flow structure and voltage is very similar to that observed at low altitudes
by Newell et al. (1991b), using DMSP satellite and Sondrestromfjord radar data.
These authors identify the LLBL signature in the ionosphere by using the ion and
electron precipitation characteristics seen by DMSP and comparing them to the
ISEE data from the magnetopause. Several authors note that the situation may be
more complex than implied by the results of Newell at al. (1991b) and Hapgood
and Lockwood (1992). For example, de la Beaujardiere et al., 1993) point out
that the convection reversal boundary in the ionosphere can lie either poleward or
equatorward of the LLBL signature (defined in the same manner) not just within
it. Furthermore, Burke et al. (1993) report difficulties in explaining the observed
convection for the particle definitions adopted by Newell et al. However, there
may be no conflict with the Akebono results presented by Nishida et al. (1993), if
the part of their 'circumpolar ion precipitation' (CPIP) seen convecting sunward
is what Newell et al. term the 'Traditional BPS' and that part of the CPIP they
observe near noon to flow antisunward is what Newell et al. term the LLBL.
However, there are problems with the interpretation of ionospheric precipitations.
Firstly no distinction between closed and open LLBL was made by Newell et al.
and secondly, as pointed out by Lockwood and Smith (1993), ion time of flight
effects on convecting field lines mean that magnetosheath ions seen at one point
in the ionosphere have widely varying times-of-flight and hence widely varying
points of injection at the magnetopause. Hence identification of magnetospheric
regions using ion spectra is misleading and maps of ionospheric precipitation are
not maps of magnetospheric regions as suggested by Newell and Meng (1992).
Inspection of the occurrence plots presented by these authors shows both the
'LLBL' and 'mantle' precipitations cover almost the same MLT extent between
about 9 and 15 MLT where convection is broadly poleward. This is as one would
predict for an open LLBL. That the ionospheric precipitation termed 'LLBL' or
'cleft' may be mainly on open field lines is supported by observations by Taguchi et
al. (1993) because the By-dependent field-aligned currents bound both the cusp and
the cleft regions. This means that cleft field lines (after an Alfven wave travel time)
are exposed to the By-dependent tension force and hence are newly-opened field
lines. The evolution of the precipitation on newly-opened field lines from 'open
LLBL/cleft' to 'cusp' to 'mantle' to 'polar rain' was also inferred from EISCAT-
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DMSP observations of transient dayside events by Lockwood et al. (1993b) (See
Section 9).

5. Magnetosphere-Ionosphere Coupling
The theory of magnetosphere-ionosphere coupling made some significant advances
in the review period, both with a highly complex steady-state theory and a straightforward description of non-steady state behaviour.
Siscoe et al., (1991) presented a steady-state synthesis of the voltage source
of the reconnection-driven high-latitude boundary layer with the viscously-driven
current source of the LLBL. The latter is understood using the LLBL-ionosphere
coupling theory of Lotko et al. (1987) in which current flows across the LLBL,
such that the J × B force balances viscous forcing. Siscoe et al. show how this
reconfigures the polar cap current circuit, giving distributed Region 1 currents on
closed field lines (instead of current sheets at the open-closed field line boundary
in the reconnection-only model). The problem is then to self-consistently solve the
ionospheric Ohm's law, for these separate voltage and current sources. Siscoe et
al. achieve this for steady state conditions. The model predicts just 3kV of voltage
across the LLBL (See Section 4.4), and reproduces the behaviour of the relationship
of the convection reversal boundary to the open-closed field line boundary. This
work was subsequently extended by Siscoe and Maynard (1991) who added the
Region 2 currents using the model of Vasyliunas (1976) to reproduce average
field-aligned current and convection patterns.
The Rice model of the Region 2 currents was merged with high-latitude empirical convection patterns by Wolf et al. (1991). Pudovkin and Zakharov (1992)
generated a self consistent model magnetosphere-ionosphere coupling which they
used to study the effects of the spatial distribution of ionospheric conductivities.
The principles of momentum and energy transfer from the magnetosphere to
the ionosphere were reviewed by Cowley (1991). Sometimes this ideal-MHD
description is locally violated by field-parallel electric fields, the current-voltage
relationship for which was investigated by Lu et al. (1991) and Ganguly et al.
(1993).
Many studies applied, either implicitly or explicitly, the steady-state limit by
mapping field-perpendicular electric fields down magnetic field lines using a B- 1/2
relationship. (Denisenko et al., 1992; Pivarov, 1993; Belenkaya et al., 1993; Maynard et al., 1991). In fact, Weimer and Gurnett (1993), using averaged large electric
fields observed at a variety of altitudes by the DE-1 satellite, found this B -1/2
mapping did not hold and they invoked electrostatic field-parallel electric fields to
explain their result. However, in substorm growth phases induction effects cause
the ionospheric fields to be smaller than the mapped magnetospheric values. A clear
example with this was presented by Maynard et al. (1991) who found a magnetopause electric field from the stress balance test which would map to an unrealistic
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10 km s- 1 in the ionosphere, were steady state to apply but who again invoked electrostatic field-aligned electric fields. Weimer (1993) did invoke induction effects
in considering substorm time scales.
Induction effects which decouple magnetosphere and ionosphere convection
were discussed, in different terms, by Pudovkin et al. ( 1991), Sanchez et aL (1991 ),
Lockwood et al. (1990) and Lockwood and Cowley (1992). Pudovkin et al. divided
reconnection voltages into 'potential' and 'vortex' components, Sanchez et al. used
an inductive circuit analogy, Lockwood et al. discussed curl E and Faraday's law in
its differential form and Lockwood and Cowley employed Faraday loops and the
integral form of the induction law. However, these different formalisms all produce
the same conclusions. If we consider any Faraday loop between the magnetopause
and the ionsophere, the voltage along the magnetopause segment will differ from
that in the ionosphere by the rate at which the flux which threads the Faraday loop
grows. Hence during substorm growth phases the growth of tail lobe flux means
that the voltage across the high-latitude boundary layer exceeds that across its
ionospheric footprint (i.e. the transpolar voltage). Naturally, at a later phase of the
substorm cycle the lobe flux decays and the ionospheric transpolar voltage exceeds
that across the HLBL. (At this point, this section is deliberately vague about during
which phase of the substorm cycle open flux is destroyed: this is because this is one
of the dominant issues of this review and is discussed in full in the next section).
Only when averaged over several substorm cycles (one is not sufficient because
it is unlikely that one substorm will return the magnetosphere to exactly the same
state as it was at the start of the growth phase) are these two voltages equal, such
that the motional solar wind electric field maps down field lines (as B -1/2) into
the ionosphere. Note that these induction effects in no way invoke electrostatic
field-parallel electric fields.
If the steady-state or time-averaged concepts of electric field mapping cannot
be applied on time scales less than several substorm cycles, a new paradigm
for understanding how flow is excited on these shorter time scales is required.
This was formulated by Cowley and Lockwood (1992), based on the EISCATAMPTE data concerning the response of dayside flow to changes in the magnetic
shear across the magnetopause (Lockwood et al., 1986, 1990; Todd et al., 1988;
Etemadi et al., 1988) and on the SABRE-AMPTE results and discussion given
by Freeman and Southwood (1988). The concept introduced was that of zero-flow
equilibrium configurations of the magnetosphere-ionosphere system, for a given
amount of open flux. These are idealised states, given that in practice some source
of flow (e.g. viscous interaction, lobe reconnection) are always present. However,
recent studies using the AMIE technique (Knipp et al., 1993) show strong sunward
convection in the polar cap of one hemisphere, (revealing open flux is present)
with, simultaneously, a virtually stagnant ionosphere in the other polar cap (despite
the fact that it too must have such open flux even if it threads the plasma sheet).
These results show that the zero-flow equilibria are not such an idealised concept
as one may initially expect. The equilibria are disturbed by the generation or
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destruction of open flux, and flow can be understood, using the concepts of polar
cap boundary motion introduced by Siscoe and Huang (1985) (also called the
expanding/contracting polar cap convection model), as the system tending towards
equilibrium with the new amount of open flux.
Speaking personally, this agrees with reviewer McPherron and Rostoker (1993)
that these induction effects were what Goertz et al. (1993) had effectively introduced to enable prediction of the AE indices from solar wind/IMF input parameters.
Chris Goertz himself provisionally agreed with this idea when he and I discussed
his paper at IAGA, Vienna two years ago. It is only a very small part of our loss, as
a community, that we are robbed of a full and proper discussion and development
of their paper.

6. Substorms

A huge amount of literature in this review period is devoted to the one single
question: "where does substorm onset occur relative to the open[closed field line
boundary?". In the opinion of this reviewer, the evidence that onset occurs close
to the Earth (X ~ - 8RE), and not at a Near-Earth Neutral Line (NENL) is now
overwhelming. There remains just one observational fact that needs to be lobe field
strength is seen to start to decay at onset.
6.1. THE LOCATIONOF ONSET
The evidence comes from a wide variety of arguments. Onset always occurs on
the pre-existing auroral oval which many have long argued was equatorward of the
open/closed field line boundary (See Feldstein and Galperin, 1993, Galperin and
Feldstein, 1991). These arguments frequently made use of Tsyganenko magnetic
field models which should be valid so close to the Earth (Elphinstone et al., 1991;
Rostoker and Sknone, 1993; Feldstein and Elphinstone, 1992; Zwolakowska and
Popielowska, 1992). The new concepts are most easily visualised in terms of the
'double oval' configurations seen by the VIKING UV-imager in substorm recovery
phases (Elphinstone and Heam, 1993; Murphree and Cogger, 1992; Murphree et
al., 1993). These authors identify the location of the more poleward arc in the
earlier substorm phases as a boundary between patchy, weak UV emission (which
seems to be on closed field lines) and the region of virtually no UV emission
(which they identify as open flux). In substorms, onset is on the pre-existing oval
and spreads poleward, reaching the inferred open/closed boundary at the start of
the recovery phase (whereupon that boundary becomes more visible, giving the
double oval configuration). This view is very much supported by the comparisons
of DMSP satellite data with optical observations by Lopez et al. (1992) and by the
field-aligned currents seen by AMPTE-CCE in the expansion phase (Lopez et al.,
1991). These observations support the idea of a near-Earth disruption of the crosstail current, driving the substorm current wedge, as advanced by Liu et al. (1991,
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1992). The resulting depolarisation is then seen to expand tailward (Jacquey et al.,
1993; Ohtani et al., 1992a, 1992b) as the aurora expands poleward (Lopez, 1993;
Lopez et al., 1993). A completely independent piece of evidence was provided
by Samson et al. (1992a, 1992b) who inferred closed, even dipole-like field lines
poleward of optical onset signatures, using field line resonance phenomena.
Possibly the most graphic demonstration of this development was presented by
Baker et al. (1993b), from their study of the CDAW-9 interval. The method for
stretching the tail in the Tsyganenko model, as developed by Pulkkinen (1991) and
Pulkkinen et al. (199 la, 1991 b), was used to model the magnetic field configuration
changes seen by spacecraft at a variety of tail locations during a growth phase. The
highly modified m(,del at the end of this growth phase was then used to map UV
images of the onset from DE-1 and VIKING into the tail neutral sheet. Despite
their differences in imaging technique, the two satellites, observing in opposite
hemispheres, gave roughly the same source region in the tail. Inspection of the
higher time resolution VIKING images then reveals onset was just tailward of
geostationary orbit and spread both longitudinally and tailward.
The view that onset was close in to the Earth (X ~ - 8RE) gained wide
acceptance at the ICS- 1 meeting on substorms in Kiruna in March 1992 - indeed this
consensus view was part of what became known as "The strong Kiruna conjecture"
(Kennel, 1992; Siscoe, 1993). A number of studies did, however, remind us about
the variety of substorm behaviour (despite the set of common, repeatable features),
for example there was evidence that weaker substorms did not originate so close
to the Earth (Pulkkinen et al., 1991a; Kozelova, 1991, 1993).
The location of onset and current disruption so close to the Earth is not, in
itself, a fundamental finding; however, when taken with surveys of the mid-tail
region by the AMPTE-IRM satellite, the new findings call for a major revision of
the NENL model which had become a standard paradigm of substorm research.
Current disruption was always an important part of the NENL model, explaining
the observed current wedge features, but that disruption was envisaged as taking
place at the NENL. The problem is that the statistical surveys of the AMPTE-IRM
data show that reconnection takes place Earthward o f X = - 19RE only very rarely
(Baumjohann et al., 1989, 1991, 1992). Other studies of ion streams also place the
NENL at X = - 20 RE (e.g. Kettman et al., 1993). Hence, the 'traditional' NENL
model cannot explain onset occurring so close to the Earth.
6.2.

CURRENT DISRUPTION (CD) MODELS

The evidence outlined in the preceding section has spawned a new class of substorm model called current disruption (CD) models, in which the near-Earth cross
tail current is diverted through the ionosphere in the current wedge. This current disruption then spreads tailward, turning into a reconnection X-line at X
- 2 0 RE (Lui, 1991b; Cowley, 1992). There are various proposed causes of this
current disruption including: the cross-field current instability (Liu, 1991 a) and the
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ballooning instability at the near-Earth edge of the plasma sheet (Pu et al., 1992;
Roux et al., 1991; Ivanoi, et al., 1992; Ulland et al., 1993). (On the other hand, Lee
and Wolf (1992) conclude that the ballooning instability will not radically alter the
tail configuration). Antonova (1993) suggests a localised electrostatic instability
and Daglis et al. (1992) suggest an ionospheric contribution.
Ohtani et al. (1992b) suggest that there are two types of current disruption
onset, namely spreading and explosive. The latter may be more akin to energetic
particle injections at geosynchronous orbit which do not appear to show spreading
in MLT.
6.3.

NEAR-EARTH NEUTRAL LINE (NENL) MODEL

The major success of the NENL model is the prediction of plasmoids and their l o b e
signatures, travelling compression regions (TCRs), moving down the far tail after
each substorm. There was much work on plasmoids during the review period. From
two-spacecraft observations, Moldwin and Hughes (1992a) showed plasmoids were
stable structures, possibly flux ropes rather than magnetic islands because of the
large internal By field component (Moldwin and Hughes, 1991, 1992b, 1992c). It
was found that the number of plasmoids depends upon the criteria used to define
the signatures (Moldwin and Hughes, 1992c, 1993), but despite this subjective
element to their identification, all plasmoids can be associated with a substorm.
The converse, that each substorm yields a plasmoid, was found to be true by Slavin
et al. (1992) who showed that in a uniquely continuous period of 36 hours of
ISEE-3 tail observations, each of 14 substorms generated a plasmoid/TCR.
The formation of plasmoids in MHD models of tail behaviour was clearly
demonstrated in a number of studies (Birn and Hesse, 1991a; Hesse and Birn,
1991a, 1991b, 1991c, 1992a, 1992b). Global MHD models also reproduce this
behaviour: Walker et al. (1992, 1993) found that a NENL forms ~1 hour after a
southward turning of the IMF and at X ,,~ - 19 RE.
The evidence of tail plasmoids/TCRs calls for a NENL, and hence current
disruption (CD) models invoke a NENL forming, but only after the disruption has
spread down the tail. The difference is that in a CD model the current disruption
gives rise to the NENL, not the other way round. If the evidence in favour of the CD
model is the answer to the question "where does onset occur?", that in favour of the
NENL model tends to be in terms of "when does a NENL form?" and "when does
it begin to reconnect open flux? (i.e. when is the plasmoid magnetically pinched
off from the Earth?)". In the classical NENL model these two times are considered
to be very close together and hence the observations that the tail lobe field begins
to decay at the time of onset are evidence supporting this model (McPherron et al.,
1993). Lin et al. (1991) conclude that ion stream directions in the first CDAW-6
substorm are consistent with a slightly modified NENL model, in that they invoke
small magnetic tearing islands near the X-line which they believe to pass over
the ISEE-1 and -2 satellites at X= - 15 RE. However, there are difficulties with
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this interpretation as the reversal from tailward to earthward ion streams is not
accompanied by a reversal in the B~ field component from south to northward, as
would be expected for a tailward motion of the NENL over the satellite. Rather
the multiple nature of the reversal in stream direction and the fact that tailward
streams briefly re-appear sometime after the proposed X-line passage imply that
both a NENL and a distant X-line are active on eitiaer side of the satellite and the
plasmoid is not yet pinched off.
This idea also arises from a number of other studies. The results of Slavin et
al., (1992), discussed earlier, show a range of delays between substorm onset and
observation of a plasmoid/TCR of about 0-30 rain. Slavin et al. attribute this to
the inaccuracies of onset indicators. However, this is true for all 4 indicators they
employed (AKR, Pi2, AL index, and electron injection at geosynchronous orbit)
and this suggests that the plasmoid may not always pinch off as quickly as the
classical NENL model requires in order for it to explain the decay of tail lobe field
(McPherron et al., 1993).
An extremely significant result in this respect is that presented by Owen and
Slavin (1992) who showed that Earthward of X = - 100 RE most plasmoids
and TCRs are bounded by earthward-streaming ions or bi-directional ion streams,
whereas tailward of this point no Earthward streams were detected. This result
clearly indicates that plasmoids/TCRs move down the tail before they are ~.inched
off by the NENL. This is entirely possible under the action of pressure gradients and
dynamic pressure of outflow particles, as discussed by Scholer and Hautz (1991).
The plasmoid therefore moves tailward despite overdraped closed flux, rather than
because of the magnetic slingshot of flux newly returned to the IMF (as in the
classical NENL model).
This result agrees well with ionospheric observations that the total amount of
open flux does not start to decay at onset, but rather that open flux is mainly
destroyed in the recovery phase. This was deduced by Akasofu et al. (1992) from
the inferred size of the polar rain precipitation region and by Lockwood and Cowley
(1992); F0rster et al. (1991), Mishin et al., (1992a, 1992b) and Saifudinova et al.
(1992) from convection patterns derived by magnetogram inversion techniques.
The same result is apparent in the superposed epoch studies of the diameter of the
'convection polar cap' given by Weimer et al. (1992) (see section 7).
6.4.

SYNTHESIS OF CD AND NENL MODELS

From the previous two sub-sections there is a clear need for the 'classical' NENL
model to be modified to allow for where onset occurs and when open flux is
destroyed. On the other hand, plasmoids clearly exist, as do ion streams emanating
from both Near-Earth and distant reconnection neutral lines.
One possible solution to this paradox are the "action-at-a-distance" modified
NENL models. These are, in essence, NENL models in that the NENL still causes
the CD and not the other way round. Examples of this include the 'flux pile-
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up' concept of Birn and Hesse (1991b) who use an MHD model to show that
depolarisation can begin near X = - 8 RE and spread tailward as flux recently
reconnected by a NENL near X = - 20 RE moves rapidly Earthward and piles
up at the inner edge of the plasma sheet. Another such model is that proposed by
Baker et al. (1993) who postulate that cross-tail current is diverted Earthward by
the NENL (for which the reconnection rate is initially low). The diverted current
then thins the sheet at X ~ - 8 RE, giving chaotic particle orbits and precipitation
(Pulkkinen et al., 1991a, 1991b). This model predicts that the electrojet will be
poleward of the optical signatures which Baker et al., argue to be the case for the
CDAW-9 event.
The concept by Baker and McPheron (1990) that the NENL voltage increases
dramatically when the low/Lplasma of the lobe reaches it (i.e. after the plasmoid
is pinched off) can be valid in either NENL or CD models. However CD models
call for this rise in reconnection rate to be at the onset of the recovery phase and
nothing to do with start and the expansion phase.
Personally, this reviewer is attracted to the idea of a synthesis of CD and NENL
models proposed by Reeves et al. (1992) and Reeves (1993) in which CD and
NENL formation are responses of different tail regions to the same stress (i.e.
excess lobe flux), rather than CD directly causing the NENL or vice-versa. In the
Reeves et al. model, the stress in the inner region is generated by the NENL, but
the timing of the onset of reconnection signatures, relative to the timing of onset of
ionospheric signatures is considered by some to be controversial. However, Reeves
et al. do clearly demonstrate that in the CDAW-7 substorm one injection occurs
before the plasmoid is pinched off (as determined from ISEE data by Kettman et
al., 1990) whereas the other two occur after this time.
However, two important questions need to be answered before the synthesis
views can be fully accepted. Firstly, if tail lobe flux does not decay in the expansion
phase, why do the tail lobe field strengths start to decrease at onset (McPherron et
al., 1993)? Two ways that lobe area may increase are by tail flaring and/or plasma
sheet collapse which may both be associated with the cross-tail current disruption.
However, as yet nobody has provided a satisfactory explanation. This also raises the
question of energy storage. Ultimately the tail lobe field is the source of the energy
to power substorms. An increase in lobe area (without loss of flux) will release
stored energy because energy density is proportional to B 2. Alternatively, is the
energy deposited in the early expansion phase (observed signatures are dominated
by electrojet Hall currents and luminosity), simply supplied by the plasma sheet,
rather than by the lobe? Could the major energy deposition be by Joule heating
in the recovery phase? A generalisation of the energy budget during the various
substorm phases (Mavramicalaki and Belehaki, 1993) is thus called for.
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MAGNETOSPHERIC RESPONSE FUNCTIONS

The question of directly-driven versus loading/unloading did not command as
much attention as in previous years and much of what was written was a review
nature (Baker et al., 1993a; Lui, 1993). The heat of this debate may partially have
abated because of a growing realisation that the magnetospheric behaviour has
aspects of both types of system. McPherron and Baker (1993) argue that IMF
history and non-linearity give a spread in the delay and size of magnetospheric
responses. This would appear to be supported by contrasting two separate studies
reported in the review period. Farrugia et al. (1993) report substorm signatures at
geosynchronous orbit (dipolarisations and injections) during an 18-hour period of
steady and continuously southward IMF, caused by the passage of an interplanetary
magnetic cloud over the Earth. The mean repeat period of the substorms they
identified was 50 min., with a mode of the distribution at about 35 min. The statistics
of IMF behaviour presented by Hapgood et al. (1988) show that such prolonged
strongly southward IMF is an extremely rare occurrence indeed. Even under such
steady forcing, the magnetosphere did not establish a steady-state convection bay
but rather the convection showed a series of substorms with Earthward convection
surges (dipolarisations).
On the other hand, Borovsky et al. (1993), studied a great many substorms
which, due to their definition criteria, were more 'isolated' in nature with more
pronounced growth phases. Because they used no special IMF selection criteria (as
employed by Farrugia et al.) the IMF Bz will vary much more rapidly, with roughly
a 50% chance of changing polarity after about 30 min. (Lockwood, 1991b). For
this selection and substorm definition, Borovsky et al. report a mean repeat period
of 2 hours in reasonable agreement with the lag yielding peak autocorrelation of
the AE index, as found by Shan et al. (1991).
The non-linear nature of the magnetospheric response was discussed by Baker
et al. (1991), Klimas et al. (1991) and Vassiliades et al. (1991). Blanchard and
McPherron (1933) discussed the bi-model nature of the response. Roberts et al.
(1991) and Roberts (1991) applied the concept of a low-dimensional non-linear
oscillator. Another novel concept was the application of catastrophe theory to
substorms by Lewis (1991, 1993).
6.6.

OTHER ASPECTS OF SUBSTORMS

The next section (Section 7) deals with convection during substorms, however
there are a number of papers on substorms which do not fit easily into this, or any
of the previous, categories and are therefore gathered into this section.
Kidd and Rostoker (1991) studied multiple auroral surges, Rothwell et al. (1991)
studied pre-breakup arcs and Koskinen et al., (1993) studied psuedobreakups.
Zverev and Starkov (1991) surveyed the size of poleward auroral expansions,
which was modelled numerically by Bim (1993).
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Atkinson (1993) advanced the concept that substorms represented a more gradual shift from dominant magnetopause reconnection to dominant tail reconnection
than is implied by the explosive nature of onset, and the tail lobe field changes
were surveyed statistically by Nakai et al. (1991) as a function of IMF Bz and solar
wind dynamic pressure.
Huang et al. (1992) discussed plasma sheet heating in substorms and Lyons
and Huang (1992) reported a plasma sheet expansion at 15-22 RE during onset,
which need not be inconsistent with the above discussions. Kistler et al. (1992,
1993) studied pressure changes in the plasma sheet during substorms. Singer et al.
(1993) have reviewed CRRES satellite observations of substorms and Sanchez et
al. (1993b) have studied low-altitude observations of injections.
Substorms wee also reviewed by Fairfield (1992) and their relation to storms
discussed by Kamide (1992). A review of low-latitude signatures and effects of
substorms was made by Rostoker (1993).

7.

Convection

and Substorms

Convection is frequently viewed as the directly-driven part of the magnetospheric
response onto which substorm electric fields, produced by the storage/unloading
system in the expansion/recovery phase, are superposed (Baker et al., 1933a;
Kamide and Richmond, 1991). However, a different view has been developed by
Siscoe and Huang (1985), Moses et al. (1989), Lockwood and Freeman (1989),
Lockwood (1991c) Lockwood et al., (1990) and Lockwood and Cowley (1992),
namely that the electric fields of the expansion and recovery phases are an integral
part of the tota[@irculation we term convection. In this view, the flows driven
by dayside reconnection (associated with polar cap expansion) give the directlydriven aspects of magnetospheric response, whereas those driven by nightside
reconnection (associated with polar cap contraction) give storage/unloading aspects
to the convection response. Note the importance to these ideas of the induction
effects and the concept that ionospheric convection is driven by the generation and
destruction of open flux (see Section 5).
Relatively little is known about the behaviour of electric fields during substorms,
compared to the vast amount that is known about the ionospheric Hall currents they
cause (the differences between the two naturally reflect the variability of the spatial
distributions of ionospheric conductivities). Freeman et al. (1992) reported SARAS
- substorm associated radar auroral surges - using the bistatic VHF SABRE radar
system (see also Nielsen, 1993). However, the work of Robinson (1993) shows
that although the direction of flow in the surges will be approximately correct, the
magnitude of the flow is likely to be erroneous. In radar flow bursts seen using
the EISCAT radar by Morelli et al. (1993), weak ground magnetometer deflections
were observed, but which were far from proportional to the observed electric fields.
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The role of the conductivity variations was discussed by Pellinen (1993) and Lysak
et al. (1992).
An extremely revealing study of convection during the substorm cycle was
presented by Weimer et al. (1992) who made a superposed-epoch study of transpolar voltage, Opc, as a function of time relative to onset, using DE-2 observations.
The ratio AE/Opcis depressed in the growth phase because of the enhanced convection (due to the generation of open flux), but shows very large values in the
expansion phase. This strongly suggests that the expansion phase exhibits dramatic
conductivity and current increases, but has much smaller effect, if any, on global
electric fields and flux transport in the ionosphere. The transpolar voltage remains
at relatively constant values in the growth and expansion phases, but decays during
the recovery phase. The dawn-dusk diameter of the convection polar cap, on the
other hand, increases during the growth phase, stays constant during the expansion
phase and then decays during the recovery phase. These results strongly support the
concept of ionospheric flow excitation by the generation and destruction of open
flux (Cowley and Lockwood, 1992), but also support the idea that open flux is not
destroyed (at least at any significant rate) until the recovery phase, as discussed in
Section 6.
The behaviour described by Weimer et al., is broadly supported by a three-radar
study of two substorms by Lester et al. (1993), in that at all three radars (viewing
the nightside) the flow magnitudes increased and decreased smoothly through the
substorm cycle, with no major increase at onset. However, the poleward retreat
of the convection boundary did appear to begin closer to the time of onset than
seen near dawn and dusk by Weimer et al. This could be interpreted as indicating
earlier closure of open flux with a relatively slow return of the polar cap towards
the new equilibrium configuration, or it could be the effect of a region of enhanced
conductivity (which flow streamlines will tend to avoid if the magnetosphere cannot
allow field-aligned currents at the conductivity gradients which bound that region).
The results do not appear to support the idea by Nakamura et al. (1993) that the
substorm expands along flow streamlines.
Lester et al. also show that the convection enhancement is seen at these nightside radars some 15-30 min after the southward turning of the IME Indeed, the
results are consistent with the expansion of the flow enhancement away from near
noon seen on the dayside by the EISCAT-AMPTE observations (Lockwood et al.,
1986; Etemadi et al., 1988; Todd et al., 1988), as recently confirmed by Saunders
et al. (1992) by comparisons of IMP-8 and CANOPUS magnetometer data. Direct
observations of such an expansion of the enhanced electric fields were also presented by Lockwood et al. (1993c). There are a number of possible explanations
of this expansion, but which is the most likely is not yet clear. The results of
Lester et al. show that convection is enhanced throughout the nightside some 20
rain. before the end of the growth phase. This appears to be too early to support
the magnetosphere-ionosphere coupling model, in which the current wedge fieldaligned currents are enhanced by enhanced ionospheric convection (Kan, 1991,
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1993a, 1993b; Sun et al., 1991). Hesse and Bim (1991c) did, however, model
how magnetosphere-ionosphere coupling effects could hasten the release of the
plasmoid once a NENL has formed.
Because of induction effects (See Section 5), these ionospheric electric fields
seen during substorms cannot be viewed as mapped images of convection in the
magnetosphere. This is particularly clear when discussing dipolarisation where the
huge convection surge in the equatorial magnetosphere, as observed by Laasko et
al., (1992), Pederson et al. (1992) and Sanchez et al. (1993a), appears to have only
a weak electric field signature at ionospheric altitudes (Weimer et al. 1992; Lester
et al. 1993).
An extremely interesting study of field-aligned currents in substorms was presented by Chun and Russell (1991), using 180 orbits of the ISEE-1 and -2 satellites. As in the study of the corresponding ionospheric convection by Weimer et al.
(1992), the data were sorted according to the phase of the substorm cycle. Major
field-aligned currents (over their detection threshold) were observed in 27 of the
orbits and in each of these cases the pass could be designated as during either a
growth, expansion or recovery phase of a substorm. It was found that in the growth
phase the total current intensity (in A m -1) was more than twice as large in the
Region 1 (R1) currents than in the Region 2 (R2). Noting that the R1 currents
contain both the 'polar cap' and the 'auroralMng current' loops (termed here the
PC and A/RC loops), whereas the R2 are part of the A/RC loop only, this shows the
dominant current loop in the growth phase to be the PC, consistent with solar wind
forcing. In the expansion phase, both R1 and R2 currents are enhanced, relative to
those in the growth phase, such that the difference between the two is not altered.
This shows PC loop current has remained roughly constant, but the A/RC current
has roughly doubled in strength, indicating an internal magnetospheric response.
Lastly, in the recovery phase the R2 (A]RC) current intensities of the expansion
phase are maintained, but the difference between R1 and R2 (the PC current) has
fallen to zero. These results are consistent with our general concepts of solar wind
forcing in growth significant points about this study. Firstly, no significant R1 nor
R2 current was found which did not belong to one or other substorm phase. In other
words, strong R1 and R2 currents and convection could be thought of as a substorm
phenomenon and that steady-state balanced convection (a 'convection bay') was
not found in this study. This supports the studies of Freeman et al. (1993) and
Farrugia et al. (1993) who observed a string of substorms but no convection bay
despite a very prolonged period of strongly and steadily southward IME The second significant feature of the Chun and Russell study is the velocity of the R1 and
R2 current sheets, as determined by comparison of the ISEE- 1 and ISEE-2 data. In
all phases of the substorm, both R1 and R2 currents expanded equatorward. This is
expected for the growth phase, but one may have expected return poleward motion
in the expansion and/or recovery phase: in fact, these phases always also showed
equatorward motion, albeit at lower speed. The authors suggest, therefore, that R1
and R2 currents form at the onset of the growth phase at very high latitudes and
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expand equatorward continuously before fading at the end of the recovery phase
at lower latitudes. A new R1-R2 current pair then forms at the highest latitudes at
the start of the next growth phase.
Farrugia et al. (1993) make the point that substorms continue after the IMF
has returned northward, driven by residual open flux built up in a prior period of
southward IME Studies of such northward-IMF substorms have been made by
Lester et al. (1993) and Fox et al. (1993). The study by Fox et al., discusses the
possibility, raised by Lockwood (1991 d) and Lockwood and Cowley (1992) that
apparently viscously driven flows in the ionosphere (Burch et al. 1992) may, in
fact, be driven by continuing tail reconnection after the IMF has turned northward
(see also Knipp et al., 1991a, 1991b; Lockwood and Cowley, 1991; Crooker,
1992). Fox et al. find that the voltage of apparently viscously-driven antisunward
flows (sandwiched between the lobe and auroral regions of sunward flow) peaks
in magnitude when the polar cap contracts in response to substorm signatures near
midnight. This clearly indicates that much of the 12.5 kV of apparently viscous
flow is actually driven by nightside reconnection and associated with polar cap
contraction, as predicted by Cowley and Lockwood (1992).
Lastly, middle- and low-latitude enhancements of electric fields associated with
substorms were reported by Sastri et al. (1992a, 1992b) and the relationship of
the sub-auroral ion drift (SAID) phenomenon to substorms was investigated by
Anderson et al. (1993).

8. Flow Patterns and Their Variations
8.1.

CONVECTION PATTERNS AND TRANSPOLAR VOLTAGE

The magnetic cloud event of January 1988 was a particularly rich source of data
on the variation of ionospheric flow patterns as a function of the various quasisteady IMF orientations, both northward and southward (Freeman et al., 1933;
Cumnock et al., 1992; Knipp et al., 1993), although the magnetosphere-ionosphere
system never reached a steady-state when the IMF was continuously and strongly
southward (Farrugia et al., 1993). The transpolar voltage was shown by Freeman et
al. (1933) to display the 'half wave rectified' dependence on IMF Bz expected from
previous studies but only in one hemisphere. In the other hemisphere, northward
IMF conditions gave rise to strong 'reverse convection' (see Section 8.4), such
that opposite polarity voltages were observed and the transpolar voltage had a
fully linear dependence on IMF Bz. Note that this definition of transpolar voltage
takes no account of where the open/closed boundary is and is based purely on the
convection potential distribution.
Ahn et al. (1992) also found good correlations of transpolar voltage with IMF
Bz (and other indicators of the strength of solar wind-magnetosphere coupling such
as ~). They also found a good correlation with AE. However, the large variation in
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the ratio of the two between the growth and expansion phases, as found by Weimer
et al. (1992), highlights the danger of averaging over all substorm phases, in which
behaviour can be radically different.
De la Beaujardiere et al. (1991 a) found a winter-summer asymmetry in average
transpolar voltage (but not polar cap size). Given that the mean rate of flux transfer
from the dayside to the nightside must be the same in the two hemispheres, this
cannot be a conductivity effect. One possibility is a lobe circulation which adds to
the total antisunward flow in just one polar cap (whilst also giving some sunward
flow on open field lines), and that the occurrence of this lobe circulation has a
seasonal dependence.
8.2. FLOW BURSTS
Flows in the ionosphere could be made up of a variety of short-lived phenomena
which contribute to flux transport, and which when averaged over long enough time
scales give the nett circulation we term convection. Tristatic flow measurements in
small but rapid scans of the EISCAT UHF radar demonstrate that sunward auroral
convection in the ionosphere can be very bursty in nature (Williams et al., 1992).
These authors have analysed the errors in the tristatic radar technique and show
they are at least an order of magnitude smaller than the flow speeds in the bursts.
Furthermore, the F-region ion temperature measurements are entirely independent,
yet yield peaks consistent with the effect of the derived flows via ion-neutral
frictional heating and E-region electron temperatures also show consistent peaks,
caused by turbulent E-region heating. Hence the sunward flux transport across
four points in the auroral zone takes place in a series of bursts of order 5-10 min
duration. Lewis et al. (1993) have shown that these bursts can always be associated
with southward IMF, but are not directly driven by the IME Multi-instrument and
conjugate observations of one class of ionospheric flow burst have been reported
by Morelli et al. (1993).
Similarly, the sunward flow in the central plasma sheet has been found to be
bursty in nature. Although induction effects make it highly unlikely that the bursts
of flow in the CPS and ionosphere are directly related, the similarity in the nature of
convection on short time scales is striking. As in the ionosphere, steady-state highly
averaged flow concepts have been applied to the plasma sheet (Pivovarov, 1991;
Donovan and Rostoker, 1991; Liu and Rostoker, 1991); however, the bursty nature
of the mid-tail plasma sheet flow has been stressed by Angelopolous et al. (1992a).
They report 'bursty bulk flow' events (BBF), as observed using AMPTE-IRM.
These occur at all AE values and are responsible for very considerable flux transport
because they are accompanied by a rise in the (positive) Bz component, as shown
by a superposed epoch study. Similar events were detected by Sergeev et al. (1992)
who termed them 'nightside flux transfer events'. The importance of such events
was clearly demonstrated by a statistical survey by Angelopolous et al. (1992b)
who showed that the high speed tail of the velocity distribution was responsible for
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the majority of the particle, energy and, in particular, the flux transport. Taking the
whole plasma sheet, these authors found that although BBF events were present just
7% of the time, they were responsible for 44% of the Earthward particle transfer,
48% of the energy flux but 125% of the flux transfer. (This last figure can exceed
100% because there is nett antisunward transport in the periods between the BBF
events). The stability of the central plasma sheet to convection has been studied
by Pritchett and Coronitti (1992a, 1992b) who conclude steady convection may
not be possible because of the build-up of Bz which chokes convection (Erickson
and Wolf, 1980). That the fast flows are consistent with tail reconnection was
confirmed by Nakamura et al., (1992, 1993) who showed statistically that fast
Earthward flows were accompanied by positive Bz, whereas fast tailward flows
were associated with Bz < 0.
8.3.

IMF By ASSYMETRIES

There are a number of well-known By-dependent flow, field and precipitation
asymmetries in the magnetosphere and ionosphere. Cowley et al. (1991b) fitted
all these into one simple theoretical paradigm using a dipole-plus-uniform field
model to stimulate the effect of asymmetric addition of open flux to the tail lobes
(Gosling et al., 1990b). The By-dependent shift of the region of open flux was
clearly demonstrated in VIKING UV images by Elphinstone et al. (1990) and was
also seen in convection patterns from magnetogram inversion by Mishin et al.
(1992c). Other asymmetries which are well-explained are the By component of the
subsolar field, the MLT of the cusp (confirmed by Aparicio et al. 1991), the MLT
of the convection 'throat' (oppositely shifted to the cusp because of the SvalgardMansurav effect on newly-opened field lines); and the dominant sense of the cusp
field-aligned currents. The morphology of the dayside field-aligned currents (for
strong IByl conditions) is predicted by Cowley et al. to be similar to that proposed
by McDairmid et al. (1978). The cusp currents are spatially contiguous with the
region 1 currents on one polar cap flank although, because they are caused by the
decay of the magnetic tension force (Saunders, 1989), they do not have the same
physical origin as the Region 1 currents. Saunders (1992) showed this field-aligned
current morphology was consistent with averaged dayside convection models (see
also Israelevich and Nikolaeva, 1991). Strong support for the predictions of Cowley
et al. (1991b) for large IByl came from combined DMSP and Sondrestrom radar
observations of field-aligned currents, flows and particle precipitation regions (de
la Beaujardiere et al., 1993). For By ~ 0 cases the weaker cusp currents would
be expected to lie poleward of the Region 1 currents and not be contiguous with
them.
Conjugate observations of the changes in azimuthal flow in the dayside polar
cap, caused by IMF By polarity changes, were demonstrated by Greenwald et al.
(1990; 1991). The evolution of the flows and the required field-aligned currents
were as predicted by Cowley et al. (1992).
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The effects of IMF By on flow direction in the central polar cap were observed by
Cannon et al. (1991) using a digisonde at Qannaq. Dudeney et al. (1991) reported
IMF By effects in the flows in the pre-midnight sector, which might be explained
by the By-dependent nightside current system proposed by Pudovkin and Zaitseva
(1993).
8.4. NBz CONVECTION
Magnetopause observations reveal reconnection at the sunward edge of the tail lobe
when the IMF is northward (Gosling et al., 1991; Paschmann et al., 1990, 1993).
(See also correspondence by Belenkaya, 1993 and Gosling et al., 1993). The effect
of such reconnection was discussed by Crooker (1992) who considered quasisteady and transitional (non-steady) situations with allowance for induction effects
(see Section 5). Crooker made particular use of the overdraped lobe concept, which
is supported by the observations of Paschmann et al. (1990, 1993) of equatorward
accelerated flows on the dayside during northward IME This topology predicts
one tail lobe may reconnect with the sheath field (in fact the summer hemisphere
is favoured by the Earth's dipole tilt), while the other remains effectively stagnant
(Crooker and Rich, 1993). Exactly this situation was observed by Knipp et al.
(1993) using the AMIE technique to study the January 1988 magnetic cloud event.
A second prediction by Crooker which has already been verified is the transitional
state when the IMF has only recently turned northward and open flux continues
to be closed in the tail. As pointed out by Lockwood and Cowley (1991), this
situation was observed by Knipp et al. (1991a, 1991b), again using the AMIE
technique. Ruohoniemi et al. (1993) found the decay of dayside flows following a
northward turning to be consistent with the EISCAT-AMPTE observations of Todd
et al. (1988). The residual nightside flow observed after the northward turning by
Knipp et al. (1991a) mimicked viscous-like interaction, as discussed by Fox et al.
(1993).
The AMIE technique was also used by Knipp et al. (1991 a) to study the evolution
of NBz convection patterns in response to slow rotation of the IMF clock angle.
Similar studies were made possible during the January 1988 magnetic cloud event
(Freeman et al., 1993; Cumnock et al., 1992).
Steady-state concepts of NBz convection were used by Burch et al. (1992)
and Sharber et al. (1992) to interpret flows associated with the teardrop aurora,
and the relationship of the flows with observed NBz field-aligned currents were
investigated by Blomberg and Marklund (1991) (see also Zhu et al., 1991 and
Nikolaeva, 1991). The flows in the central polar cap during northward IMF were
observed using the digisonde technique by Crowley et al. (1992) and the effect
of IMF By on sunward polar cap convection was investigated by Cannon et al.
(1992).
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FLOWS NEAR ARCS

The relationship of flow shears to auroral arcs was discussed by Weber et al.
(1991) and Aikio et al. (1993). Valladares and Carlson (1991) found such shears
near polar cap arcs which Makita et al. (1991) conclude lie on the open/closed field
line boundary, as also argued by Elphinstone et a l (1990). Marklund et al. (1991)
and Marklund and Blomberg (1991 ) observed plasma drifting through a transpolar
arc, as deduced using their convection modelling technique from the Viking UV
images and observed field-aligned currents (see Marklund, 1992; 1993). Zhu et al.
(1993) argue that such flow through a transpolar arc is necessary if it is to be stable.
Note that the concepts of Siscoe and Huang (1985) show that flow streamlines
crossing a transpolar arc are not inconsistent with that arc being the open/closed
field line boundary (as suggested by Elphinstone et al., 1990): it is not necessary
to invoke reconnection, merely a motion of an arc which is on a moving adiaroic
open/closed boundary.
8.6.

MID-LATITUDE ELECTRIC FIELDS

Seasonal and solar cycle changes in mid-latitude, and sub-auroral electric fields
were studied by Buonsanto et al. (1993), using data from the Millstone Hill radar.
The phenomenon of sub-auroral ion drifts (SAIDs) was investigated using satellite
data by Heelis and Coley (1992), Anderson et al. (1991) and Saxton and Smith
(1991). Extreme convection conditions at mid-latitudes, caused by highly expanded
polar caps were described by Yeh et al. (1991), Foster (1993); Buonsanto et al.
(1992), Krymskiy and Fillipov (1991), Okada et al. (1993); Chen and Huang (1993)
and Walker and Wong (1993).

9. Dayside Transients
In this review period, several suggestions emerged that transient magnetopause
phenomena may play a significant role in large-scale flux transport in the magnetosphere/ionosphere system. Hence this review concludes with a brief review
of these phenomena, concentrating on the arguments about their contributions to
large-scale fields and flows. A key issue in dealing with any dayside transient was
deciding if it was the result of a reconnection burst (i.e. a 'flux transfer event' FTE) or of a sudden change in solar wind dynamic pressure which is thought to
generate a travelling convection vortex (TCV).
9.1. MAGNETOPAUSEEVENTS
The analytic theory of Semenov and co-workers (see Section 3.2) confirms that
bursts of reconnection will yield bipolar boundary normal field variations with
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enhanced field magnitudes by generating a travelling thickening of the reconnection layer (i.e. of the open LLBL). This analytic theory therefore supports previous
conceptual modelling and numerical simulations showing that reconnection bursts
generate magnetopause signatures of the kind first detected by Russell and Elphic
(1978) and Haerendel et al. (1978). Numerical simulations showing non-steady
reconnection at a single X-line generating FTE-like structures were carried out by
Otto and Arent (1991), confirming the work by Scholer (1988, 1989). Such structures were also produced by time-dependent multi X-line simulations by Ding et al.
(1991; 1992b), Wei et al. (1991) and Liu et al. (1992). An alternative explanation
of these FTE signatures by Sibeck (1992), that they are produced by pressure-pulse
induced surface waves, is based on conceptual modelling but has not yet been
confirmed by either analytic theory or numerical simulations.
One FTE observation which has received much attention in terms of evaluating
these two explanations is the 'crater' FTE observed on 28 October 1984 by the
AMTE-UKS and -IRM satellites (Farrugia et al., 1988; Rijnbeek et al., 1987).
Sibeck and Smith (1992) concluded that neither model satisfactorily explained
the flows observed during this event. This does not pose a great problem for the
reconnection burst model because boundary motions can be invoked. However,
they cannot be added for the pressure pulse model as they are already invoked
as an explanation of the FTE signature itself: adding boundary motions would
alter the FTE signature. Smith and Owen (1992) showed that the ion temperature
anisotropy in the event centre was different from that in the magnetosheath. This is
inconsistent with Sibeck's (1992) interpretation of a brief re-entry of the satellite
into the sheath caused by the boundary surface wave. Lockwood (1991 b) argued
Sibeck's mechanism would give tripolar, rather than bipolar boundary-normal field
signatures and that, from IMF variability statistics, Sibeck's explanation of the
dependence of magnetospheric FTEs on the sheath field orientation earlier/later in
the same pass was exceedingly unlikely.
The question of whether FTEs are due to spontaneous or driven reconnection
was raised by Lockwood and Wild (1993) who showed that the often-quoted FTE
repeat period of 8-min was a mean of a highly skewed distribution, which was also
inherent in the FTE statistics given by Elphic (1988). Hence they deduced that 8
minutes was not an internal oscillation period of the magnetosphere-ionosphere
system. They suggested from the similarity of the distribution to that for IMF
changes, that FTEs were directly driven and that the lower cut-off period of the
distribution was merely dependent on the arbitrary definition used to distinguish
FTE's from "Bn activity". Le et al. (1993) used a number of case studies to show
that not all FTEs could be attributed toIMF Bz fluctuations, as Lockwood and Wild
had suggested. Another possibility is that solar wind dynamic pressure pulses may
enhance the magnetic shear by compressing the magnetosheath and magnetospheric
fields, as suggested originally by Elphic (1988). This idea was also discussed by
Bol'shakova et al. (1991) and Scurry and Russell (1991) showed by regression
analysis that it was valid, at least for longer time scales. This may also provide
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an explanation of the observations by Potemra et al. (1992) of an FTE signature
observed superposed on longer-period magnetopause oscillations caused by solar
wind dynamic pressure changes.
It is clear that both transient reconnection and solar wind dynamic pressure
changes should cause transient events in the outer dayside magnetosphere and
at the magnetopause. A step towards resolving the two may have been made by
Kawano et al., (1992) who showed FTE-like events seen by AMPTE-CCE (at L
= 6-9.4) seem to fall into 2 classes: those lasting 1.5 min or less showed a clear
tendency to occur during southward IMF (and hence appear to be FTEs), whereas
those lasting for more than 1.5 min showed only a slight bias to southward IMF
(consistent with dominant pressure change effects). Hence the 1.5-min threshold
does not appear to completely separate the two classes, but nevertheless is a useful
first step.
9.2.

DAYSIDE TRANSIENTS IN THE IONOSPHERE

As at the magnetopause, it became clear that dayside ionospheric transients fell
into two categories: "dayside breakup events" and "travelling convection vortices"
(TCV's). The evidence that these two are the signatures of transient magnetopause
reconnection and solar wind dynamic pressure changes, respectively, also grew.
Jacobson et al. ( 1991) found differences in the morphology of the auroral transients
associated with these two class of events, but the major differences were in the
patterns of ionospheric plasma flow and event phase motion (Lockwood et al.
1990). The two types of event are considered separately in the following two
sections.
9.3.

DAYSIDE AURORAL BREAKUP EVENTS

Much of the work revealing the structure and dynamics of these poleward-moving
events was prior to the review period and has been reviewed by Sandholt et al.
(1992a, 1993a) and Lockwood (1991a). Two pieces of evidence that these are
caused by reconnection bursts comes from their occurrence during southward IMF
and their east/west motion (often initially sunward) depending on the polarity of
the IMF By component. Eastward-moving 557.7 nm transients (seen by white-light
cameras) under IMF By<0 had been observed from the Svalbard islands (northern
hemisphere) only relatively rarely. This difference in occurrence was found not to
apply to the 630 nm (red-line) transient events, and examples of By < 0 events
were presented by Sandholt et al. ( 1992b, 1993b). Lockwood et al. (1993a) studied
the latitudinal structure of one eastward- and one westward-moving event and
showed in both cases the 557.7 nm-dominant transient was a narrow (10 km)
region on the edge of the much broader (200 kin) 630 nm-dominant transient.
In both cases, this narrow green line arc was co-located with the upward field
aligned current required to transfer the longitudinal motion to the ionosphere. The
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plasma velocity was large in the region of 630 nm emission and equal to the event
motion. Hence these authors consider the 630 nm-dominant transient to be the
region of newly-opened flux and the 557.7nm transient to be the region of upward
field aligned current. For westward-moving events, this is on the poleward edge
of the event and strong in intensity, but for eastward-moving events it is on the
equatorward edge and weak. This therefore differs from the concept used by Fasel
et al. (1992) and Sandholt and Newell (1992) who attribute the 557.7 nm emissions
to particles ejected from the reconnection X-line: Fasel et al., consequently equate
multiple brightening of 557.7nm transients with multi-X-line reconnection whereas
Lockwood et al. (1933a) attribute them to variations in the stability of the upward
field aligned current. Sandholt (1991) reported some weak sunward-moving events
poleward of the cusp when IMF Bz > 0 - these may have resulted from transient
lobe reconnection.
The observations of Lockwood et al. (1993a) are in very good agreement with
the model of FTE signatures put forward by Cowley et al. (1991a), based on the
Cowley-Lockwood (1992) flow excitation model (discussed in Section 5) and the
complimentary ideas by Pudovkin (1991) and Pudovkin et al. (1992). This model
is in principle the same as that put forward by Southwood (1985, 1987), but the
shape of the region of newly-opened flux is not considered fixed and circular (as
used, for example, by Bosqued et al., 1991) but evolves with the ionospheric flow
which returns the system toward equilibrium with the increased open magnetic flux.
Hence the Cowley et al., (1991a) model is significantly different from the rigid
'moving-cloud' (circular or elliptical) models which evolved from Southwood's
(1985, 1987) illustration (e.g. McHenry and Clauer, 1988; Wei and Lee, 1990;
Lockwood et al. 1990; Chatson et al., 1993) although, as noted by Lockwood et
al. (1993d), an elliptical moving cloud model is approximately correct early in the
lifetime of events when moving east/west under magnetic tension for strong IMF
IByl. Careful reading of the text of the Southwood papers (rather than concentrating
on his illustrative figure) shows that the Cowley et al. model is consistent with
Southwood's original considerations.
Another key prediction of the Cowley et al. model is the existence of jumps in
the cusp ion spectrograms (Smith et al., 1992). Independent of these theoretical
predictions, examples of such jumps were published by Newell and Meng (1991).
Lockwood and Smith (1992; 1994) showed that these examples were produced
by reconnection which was, at that MLT, entirely pulsed in time or which showed
a pulsed variation with MLT. The temporal explanation also predicts the jumps
should occur between poleward-drifting events and this was confirmed by joint
DMSP-EISCAT observations by Lockwood et al. (1993b). These data also showed
the reconnection was near the subsolar point as was also deduced by Phillips et al.
(1993) from mid-altitude cusp observations. The Cowley et al. (1991a) model was
also used by Escoubet et al. (1992) to explain a 'staircase' cusp ion spectrogram
with several cusp ion jumps and by Lockwood et al. (1993c) to explain high

LARGE-SCALE FIELDS AND FLOWS

419

resolution (10-s) flow measurements by the two EISCAT radars and the behaviour
of the simultaneously observed 630nm aurora.
The observations of cusp ion jumps produced by dayside reconnection in short
(~ 1 min) pulses, with longer (5-10 min) intervals of no detectable reconnection, are
direct evidence in favour of the 'pulsating cusp' model put forward by Lockwood
and Smith (1989) and Smith and Lockwood (1990). That a series of transient events,
each lasting a period greater than the repeat interval between them, can reproduce a
'persistent' cusp and the cusp precipitation statistics was demonstrated by Smith et
al. (1992) and is directly shown by the EISCAT DMSP data presented by Lockwood
et al. (1993b) (see Lockwood and Smith, 1994). Another combined radar-satellite
observation of the pulsating cusp was presented by Pinnock et al. (1993). These
authors showed that the cusp precipitation was present on an eastward flow channel
(consistent with the cusp being on newly-opened field lines) as observed by the
DMSP F9 satellite. This flow channel was also detected by the Halley Bay PACE
radar, but was observed to be a transient feature, like these observed by the EISCAT
radar during dayside breakup events (Lockwood et al. 1988, 1989, 1990). Pinnock
et al. also highlight the non-uniform nature of the flow in the event, consistent with
the Cowley et al. (1991a) FTE signature model, but not predicted by the circular
or elliptical 'moving-cloud' models (Smith et al., 1992).
Pinnock et al. (1991) pointed out the value of conjugate observations in distinguishing transient reconnection and pressure pulse phenomena. However, the
longitudinal coverage needs to be large in one or both hemispheres because of the
opposite By-dependent shifts of the conjugate points, as predicted by Cowley et al.
(1991b).
For this review of large-scale fields and flows, the important question is "how
much do these transient events contribute to day-to-night flux transport"? Denig et
al. (1993) find the flow voltage across three (small) dayside auroral transients is
a very small fraction of the total transpolar voltage. However, this voltage is that
associated with the east-west flow and is therefore controlled by the magnitude
of the IMF By component. Lockwood et al. (1990) point out that the relevant
voltage is the mean flux addition rate which, from the EISCAT flow channels,
observed in association with dayside transient events, can be up to about half of a
typical transpolar voltage. The magnetic flux associated with magnetopause FTE
events is not known because their extents in only 2 of 3 dimensions have been
measured: two-satellite observations yield a boundary normal extent of "~1 RE,
and the duration of events yields an extent of also ~ 1 RE for the dimension in the
magnetopause, along their direction of motion. However, the extent in the third
dimension, normal to their direction of as the ionospheric magnetic field is roughly
constant and hence one just needs to measure the area of events and their repetition
rate to evaluate the mean flux addition rate.
Sandholt et aI., (1992b) studied some relatively small 630nm dayside breakup
events and derived a contribution to convection of 20kV. However, it should be
noted these events were clearly defined in the field-of-view of one all-sky camera.
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Pudovkin et al. (1992) and Leontyev et al. (1992) report that events frequently
extend beyond the contiguous field of view of a longitudinal chain of 3 or 4 all-sky
cameras, making them in excess of 1000 km long. Furthermore, Lockwood et al.
(1993a) point out that the 630rim emission probably arises from an altitude much
greater than the 250 km employed by Sandholt et al. and hence it is possible that
events could sometimes be the only reconnection contribution to convection (as
also found from the cusp jumps). Longitudinal extents of 1000-2000 km were
also deduced from radar flow data by Lockwood et al. (1990) and Pinnock et al.
(1993).
Lastly, Leontyev et al. (1992) report that most transient dayside aurorae drift
poleward, but that a number do drift equatorward. Initially this appears to indicate
NBz transients (as discussed by Sandholt (1991), TCV-associated events (see next
session) or even the hypothesised 'Plasma Transfer Events' (impulsive penetration
events - see Section 4.1). However, Leontyev et al., use the longitudinal camera
chain to show that equatorward motions tend to be away from noon and associated
with a poleward-moving transient event nearer noon. Hence this also is in excellent
agreement with the Cowley et al. (199 la) model as both poleward motion near
noon and equatorward motion away from noon result from the return of the system
towards equilibrium (see also Lockwood et al., 1993c).
Lui and Sibeck (1991) suggest that poleward-moving dayside auroral transients
are caused by pressure pulses in the magnetosheath and that the associated flow
bursts arise from ionospheric conductivity changes. One important confusion found
in this paper concerns the relationship of dayside breakup transients to UV bright
spots seen by the VIKING imager. The extensive (-~200 km wide) red dominant
transient caused by magnetosheath-like precipitation (the cusp) would lie poleward
of the main UV auroral oval, as clearly demonstrated for quasi-steady conditions by
VIKING-DMSP comparisons (Elphinstone et al. 1992), and would not give rise to
strong UV emission. The thin (< 10 km) and shorter-lived green line transients (in
which conductivities are enhanced) would be difficult to detect in UV images.
9.4. TRAVELLINGCONVECTIONVORTICES
This class of dayside event was first reported by Fris-Christiansen et al., (1988) and
Glassmeier et al., (1989) using ground magnetometer data. These authors noted
that these events were not consistent with flux transfer event signatures because the
plasma flow at the event centre was different in speed and direction from the phase
motion of the event as a whole. Early indications implicated solar wind dynamic
pressure pulses as a cause.
Sibeck (1993) has shown that events revealing this class of magnetic field
deflection are associated with optical transients moving equatorward of the cusp,
as well as with magnetic signatures at low latitudes and at geosynchronous orbit.
Comparison of data from GOES5 and GOES6 shows events move anti-sunward
away from noon with no IMF By effect. Erlandson et al. (1991) tracked similar
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disturbances back to the magnetopause and showed that they arose at approximately the same time that solar wind dynamic pressure pulses seen by IMP-8 were
predicted to impact on the magnetosphere. Extensive multi-point observations of
what are now termed TCVs was presented by Potemra et al. (1992) and Chmyrev
et al. (1991).
A theory which allowed the generation of such convection twin vortices by either
increases or decreases in solar wind dynamic pressure was devised by Kivelson and
Southwood (1991) and Lysak and Lee (1992), who showed how spatial gradients
in the LLBL can couple the compressional motions of the magnetopause into
filamentary field-aligned currents. Without such an effect, the compressional wave
would reflect from the incompressible ionosphere and there would be no significant
ionospheric flow signature of solar wind dynamic pressure pulses. The filamentary
field-aligned currents required to explain TCVs have been modelled by Glassmeier
(1992) and Glassmeier and Heppner (1992) and found to be large, peaking at about
1 # m -2. These authors point out that the polarity of the leading current (i.e. the
rotational sense of the vortices) depends on whether the magnetosphere is rarefied
or compressed, but either yields a full twin vortex. They also consider the effects of
Alfven wave bouncing when the source is moving with the magnetosheath flow.
It is now clear that several early attempts to detect ionospheric FTE signatures
found, in reality, TCV events. One undisputed example is that reported from
EISCAT radar data by Todd et al. (1986), which Sibeck et al. (1989) found to be
associated with a solar wind dynamic pressure pulse and Ltihr et al. (1993) have
shown was a TCV. Similarly, the magnetic impulse events reviewed by Lanzerotti
et al. (1991) now appear to be mainly TCVs. Sibeck and Croley (1991) argue that
the original pulative FTE described in STARE radar data by Goertz et al. (1985) is
also a TCV. FTE signatures do not appear to be the simple, localised twin vortices
that were originally envisaged from circular moving-cloud models (see previous
section) and the last two years have done much to clear up the confusion which
arose.

10. Personal Conclusions

Given the large volume of significant work described in the previous sections, it
would be unwise to attempt to conclude by summarising the findings of the review
period, other than to note that great progress was made in a wide variety of areas and
that as some questions were solved, so many new puzzles were revealed. Rather,
I here offer some general thoughts which occurred to me as I read the literature.
These thoughts concern some general trends and tendencies and are purely personal
opinions.
The 'synthesis' of apparently conflicting models is of great potential value. I
would cite two examples: the CD and NENL substorm models and the combination
of high-latitude boundary layer voltage source with the LLBL current source are

422

M. LOCKWOOD

both examples where such synthesis looks set to provide great steps forward in
our understanding in the near future. On the other hand, attempting to find an
all-embracing concept has its dangers. One of these is the tendency for different
observing techniques to stress different phenomena. As an example of this, I would
argue that dayside ground-based magnetometers are well-suited to observe the TCV
phenomenon, seemingly produced by solar wind dynamic pressure pulses, whereas
the most dramatic events seen in ground based radar and optical observations are the
dayside breakup events, apparently best described by the latest models of the effects
of transient magnetopause reconnection. Hence attempts to combine all dayside
transients into signatures of one or other type of event are not constructive. It may
well be that these two phenomena are not entirely independent (e.g. reconnection
bursts may be caused by pulses of increased solar wind pressure) but it is now clear
that to fail to recognise the differences between these two class of events causes
problems.
Furthermore, we must acknowledge that the magnetosphere is complex and
variable. For example I would argue that, despite a common set of repeatable signatures in substorms, it is not necessarily true that all substorms will be adequately
described by any one paradigm. As pointed out by Chris Russell (private communication, 1993), we still have no recognised and adequate way of quantifying the
strength of a substorm and our definition of an "isolated" substorm is subjective.
That the occurrence statistics of events like substorms and FTEs appear to depend
critically on the criteria we use to define them indicates that there may be broader
continua of behaviour than we care to consider.
It occurs to me that the quality of scientific debate all too often is lowered by
the technique of "setting up a strawman and then knocking him down". Much
time and too many journal pages are wasted by unilaterally attributing an event
to a certain class of phenomenon and then raising difficulties for a rival theory,
when those difficulties all depend on the original classification. For this reason,
different viewpoints on the same events (e.g. CDAW intervals) have been much
more enlightening. A related problem arises over the names we employ for events
and phenomena: often these names betray (rightly or wrongly) a bias towards
a given theory (to my mind "flux transfer events" and "cusp precipitation" are
two such culprits). Names that are not loaded with meaning (like Region 1 and 2
field-aligned currents) may be more bland and cumbersome but can never mislead
US.

In reviewing the literature, one cannot help but be struck by the shift in perceptions brought about by the improvements in accuracy, resolution and coverage
of the ionospheric flow snapshots now available to us. As these continue, so new
layers of temporal and spatial structure are bound to be revealed. The shift away
from time-averaged concepts make induction effects important and hence it is vital
to measure ionospheric and magnetospheric flows separately and not map fields
nor flows using steady state concepts which apply only to longer time scales.
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