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Abstract. The open magnetosphere model of cusp ion
injection, accclcration and precipitation is uscd to predict
the dispersion characteristics for fully pulsed magnetic
reconnection at a low-latitude magnetopause X-line. The
resulting steps, as would be seen by a satellite moving
meridionally and normal to the ionospheric projection of
the X-line, are compared with those seen by satellites
moving longitudinally, along the open/closed boundary.
It is shown that two observed cases can be explained by
similar magnetosheath and reconnection characteristics,
and that the major differences between them are well
explained by the different satellite paths through the
events. Both cases were observed in association with pole-
ward-moving transient events seen by ground-based
radar, as also predicted by the theory. The results show
that the reconnection is pulsed but strongly imply it can-
not also be spatially patchy, in the sense of isolated X-lines
which independently are intermittently active. Further-
more they show that the reconnection pulses responsible
for the poleward-moving events and the cusp ion steps,
must cover at least 3 h of magnetic local time, although
propagation of the active reconnection region may mean
that it does not extend this far at any one instant of time.

1 Introduction

Three types of signature have now been identified which
are strong candidates for signatures of pulsed magnetic
reconnection at the Earth’s magnetopause: (1) character-
istic electric and magnetic field and particle signatures at
the magnetopause called flux transfer events (FTEs);
(2) poleward-moving auroral (630 nm dominant) transi-
ents (largely caused by enhancements in ionospheric
electron temperature produced by magnetosheath-like
electron precipitation) and, when the B, component of the
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interplanetary magnetic field (IMF) is large, associated
with strong transicnt cast/west flow channels; (3) steps in
cusp ion dispersion characteristics. In all three cases, de-
bate has arisen about the spatial structure of the reconnec-
tion and the extent to which it is “patchy” as well as
“sporadic”.

1.1 Flux transfer events

The association of spatial and temporal variability in the
magnetopause reconnection rate (i.e. patchy with sporadic
reconnection) originates with the discovery of flux transfer
event signatures (see Russell and Elphic, 1978). For many
years, these signatures were interpreted in terms of a pas-
sage of a small circular flux tube over (or nearby to) the
satellite, such a tube being produced by a burst of recon-
nection along a short X-line. In this context, short means
of order 1 Earth radius (1 Rg) which, for a magnetopause
at 12 Rg from the Earth, covers a range in magnetic local
time (MLT) of order 0.25 h. However, in recent years there
has been increased awareness that the FTE signature is
dragged over the satellite, so no information on the di-
mension of the event normal to the direction of motion is
obtained. Following suggestions by Saunders (1983),
Biernat et al. (1987) and Southwood et al. (1988), FTE
signatures have been reproduced both by numerical simu-
lations (Scholer, 1988) and analytic theory (Semenov et al.,
1992) which are two-dimensional in nature and which do
not specify what happens in the third dimension. As a re-
sult, magnetopause FTE signatures are now usually inter-
preted as revealing temporal variations in reconnection
rate at one point on the reconnection X-line (Hapgood
and Lockwood, 1995), but the spatial extent of the pulse of
enhanced reconnection is not known. This is because any
field lines opened at other points on the same X-line
do not evolve over the satellite (Lockwood et al., 1995).
Similarly there is no knowledge about the existence or
behaviour of other X-lines. However, patchiness of the
reconnection is still frequently associated with its pulsed
nature in time (e.g. Newell and Meng, 1991; Pinnock et al.,
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1995). Indeed Newell and Sibeck (1993) argued that there
are theoretical limits on both the individual event size and
their contribution to the transpolar voltage. These limits
have been challenged by Lockwood et al. (1995a).

1.2 Poleward-moving transients

In recent years, this debate has been given impetus by
ground-based optical observations of poleward-moving
transients in the cusp/cleft region, with dominant 630 nm
luminosity. Such emissions are predominantly generated
by enhanced ionospheric electron temperatures produced
by the precipitation of magnetosheath-like electrons (see
discussion by Lockwood et al., 1993b). These are thought
to be another signature of pulsed magnetopause reconnec-
tion (see review by Sandholt et al., 1992). The observations
are made from either one or several observing stations
and often indicate events which have large spatial dimen-
sions. The term large in this context is applied to events
above about 1000 km in longitudinal extent which corre-
sponds to the order of 3 h in MLT. However, interpreta-
tion of the images is not unambiguous. One problem is
that the images are line-of-sight luminosity integrations
and the altitude profile of the 630 nm volume emission
rate of the atomic oxygen is not known in detail. Other
problems are caused by the smearing effect of thermo-
spheric winds which move the excited atomic oxygen
during the relatively long (and variable) radiative lifetimes
between excitation and decay. The effects on the inferred
event sizes were discussed by Lockwood et al. (1993b).
They concluded that the events were longitudinally exten-
sive by comparisons with simultaneous measurements of
the latitudinal width by the EISCAT radar which were not
subject to these uncertainties. This reasoning was not
accepted by Newell and Sibeck (1993), who argued both
longitudinal and latitudinal dimensions were smaller by
a factor of about 6, for which the voltage contribution of
each event is smaller by a factor of 36.

Lockwood et al. (1989) reported that these transient
red-line auroral events in the Northern Hemisphere were
coincident with transient westward flow bursts when the
IMF has a strong positive B, component. The flow veloc-
ity within the event was found to be roughly the same as
the phase motion of the red-line event, a key signature of
the ionospheric signature of a flux transfer event (South-
wood, 1987). Later observations showed that negative B,
gave eastward flow bursts and event motion (Sandholt et
al., 1992; Lockwood et al., 1993b; 1995b). This B,-depen-
dent motion is another key prediction for FTE signatures,
as is the fact that the east/west motion evolves into pole-
ward motion as the curvature (“tension”) force on the
newly opened field lines decays. On just one occasion joint
observations have allowed an association to be made with
magnetopause FTE signatures (Elphic et al., 1990; Sand-
holt et al., 1992). A further indication that there is a rela-
tionship between the two phenomena is the similarity of
the distributions of the repeat periods (Lockwood and
Wild, 1993; Fasel, 1995). Lockwood et al. (1990a) cal-
culated that the events reported by Lockwood et al. (1989)
must be longitudinally extensive (over 1000 km) from their

lifetime at the observed meridian and from the observed
westward flow speeds. They also deduced this large east-
west extent from the lack of strong return flows outside
the event. Direct observations that these flow bursts were
indeed elongated flow channels was provided by Pinnock
et al. (1993) who detected such an event which was at least
900 km long in the extended field of view of the Halley
Bay HF radar. The Pinnock et al. (1993) results also
provided a firm link between the flow transients and the
cusp precipitation, as had been inferred by Lockwood and
Smith (1989), as part of the pulsating cusp model. Other
discussions about the size, voltage and significance of the
poleward-moving auroral forms and associated flow
channels on the dayside are given in Denig et al. (1993);
Lockwood and Cowley (1994) and Moen et al. (1995;
1996).

1.3 Cusp ion steps

Discontinuities (“steps”) in the dispersion of precipitating
cusp ions were predicted theoretically by Cowley et al.
(1991) and Smith er al. (1992), based on the model by
Cowley and Lockwood (1992) of how ionospheric convec-
tion is excited. The cusp precipitation between the steps
results from pulses of enhanced magnetopause reconnec-
tion, as suggested by Lockwood and Smith (1989). Inde-
pendent of these theoretical considerations, Newell and
Meng (1991) presented some examples of steps which were
interpreted by Lockwood and Smith (1992) in terms of the
pulsating cusp model. Other examples were presented and
explained in terms of the pulsating cusp model by Es-
coubet et al. (1992) and Lockwood et al. (1993a).

Lockwood and Smith (1994) predicted that the form of
the steps in field-aligned ions (on an energy-time spectro-
gram) will depend on the ratio of the components of the
convection and satellite velocities which are normal to the
open/closed separatrix (respectively V. and V, both de-
fined as positive poleward). In particular, for satellites
moving meridionally poleward/equatorward at low alti-
tudes (for which V/V,.> 1 and < — 1, respectively), pul-
sed reconnection will produce up/down ramps in the cusp
ion spectrogram, separated by up/down steps. Examples
of these two cases have been reported by Lockwood and
Smith (1989) and Lockwood et al. (1993a). For satellites
moving longitudinally along the open/closed separatrix
(Vy/V] < 1), Lockwood and Smith (1994) predicted that
the cusp ions will show downward ramps, separated by
upward steps. This has recently been verified Pinnock
et al. (1995). The condition |V/V.| < 1 will often also apply
for mid-altitude satellites and Lockwood and Smith (1994)
argue that at least some of the overlapping injection
signatures seen by the Viking satellite (Woch and Lundin,
1991; 1992) are in fact examples of such upward steps in
field-parallel ions with gyroradius effects for the larger
pitch angle ions.

Some observations of cusp ion steps have been inter-
preted as quasi-steady reconnection with spatial structure
(Onsager et al., 1995; Weiss et al., 1995). However, it is
clear that not all events can be explained this way. The
theory of how time-varying reconnection produces cusp
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ion steps also predicts that they will sit on the boundary
between the poleward-moving events (sce following sec-
tion). Thus, the observations of cusp ion steps at the
boundaries between poleward-moving events by Lock-
wood et al. (1993a) and Pinnock et al. (1995) are important
confirmation of this theory. However, debate has arisen
about the spatial extent of the events and the degree to
which reconnection which is sporadic in time is also
patchy in space. Indeed Pinnock et al. (1995) argue against
two longitudinally separated features at low altitudes be-
ing the same event, specifically on the grounds that it
would require the reconnection burst to cover a corre-
spondingly large range of longitudes at the magnetopause.
They interpret an isolated patch of magnetosheath-like
precipitation, seen by the satellite as it moves longitudi-
nally, as showing that the reconnection is spatially patchy
as well as bursty in time.

In this study, we present illustrative model predictions
of the ion spectrograms for cusp passes during which the
reconnection takes place at the subsolar magnetopause,
but only in a series of short pulses. Section 2 reviews the
expected effects of such pulsed reconnection on the day-
side magnetosphere-ionosphere system and Sect. 3 com-
pares spatial and temporal origins of cusp ion steps. In
Sect. 4, we describe how we make predictions of the
observed cusp ions for satellites moving meridionally,
normal to the open-closed boundary, and for satellites
moving longitudinally along that boundary. The results
are compared with the observations of cusp ion steps
presented by Lockwood er al. (1993a) and Pinnock er al.
(1995) in Sect. 5. It is shown that the major features of
these two cases can be reproduced by the same simple
model, their different character arising largely from the
direction of the satellite motion. The model assumes that
the events are longitudinally extensive and cover at least
the MLT range of the satellite intersection with the cusp.
In Sect. 6. we discuss how all the features seen by Pinnock
et al. (1995), including the isolated patch of precipitation,
can arise from temporal variations in the reconnection
rate, with no need to invoke spatial structure.

2 The effects of pulsed reconnection

For completeness, this section presents a review of the
basic concepts of the effects of pulsed magnetopause re-
connection which has emerged in recent years and which
1s used in subsequent sections of this work. By definition,
a pulse of reconnection during southward IMF conditions
will produce a patch of newly opened flux in the iono-
sphere and a patch of rotational discontinuity on the
magnetopause. Both these are threaded by the newly
opened field lines and recent observations and theory give
us an understanding of how both will evolve. This under-
standing leads to the prediction of FTE signatures, pole-
ward moving events and cusp ion steps, as is explained in
this section.

A model of how ionospheric convection is excited on
short time scales by reconnection has been developed by
Cowley and Lockwood (1992) from EISCAT-AMPTE
observations of the response of dayside flows to changes

in the magnetic shear across the dayside magnetopause
(Todd et al., 1998; Etemadi et al., 1988; Lockwood et al.,
1990b). This model incorporates the theoretical concept of
adiaroic polar cap boundaries introduced by Siscoe and
Huang (1985) and the effects of their motions as employed
by Freeman and Southwood (1988) to explain joint satel-
lite and radar observations of the ionospheric signatures
of magnetopause erosion.

On time scales short compared with several substorms
cycles, the magnetospheric magnetic field cannot be con-
sidered constant. This means that induction effects are
important and the electric field at the magnetopause does
not simply map down field lines into the ionosphere, as it
does in the steady-state limit (see discussion by Lockwood
and Cowley, 1992). Note that this in no way implies the
existence of electrostatic field-parallel electric fields. This
concept has recently been discussed in various ways by
several authors: a Faraday loop appreach was adopted by
Lockwood er al. (1990b) and Lockwood and Cowley
(1992); however, similar conclusions emerge from the in-
ductive electrical circuit analogy of Sanchez et al. (1991),
based on the work of Holzer and Reid (1975); the line-
tying concepts of Coroniti and Kennel (1973) and the
separation of non-steady reconnection rate into potential
and vortex components by Pudovkin et al. (1992). An
important feature of inductive smoothing is that a short-
lived pulse of magnetopause reconnection generates only
a gradual rise and decay of flow in the ionosphere.

The reasons for this are demonstrated by Fig. 1 (after
Lockwood, 1994). Each part of this figure presents a view
of the magnetosphere from mid-latitudes and the mid-
afternoon sector. AB is a magnetopause X-line, dy’ long,
which maps along magnetic field lines to an ionospheric
merging gap ab (length dy). If we apply Faraday’s law to
the fixed loop ABba in the Earth’s frame, with the assump-
tion that field-parallel electrostatic fields can be neglected:

fapoa E-dl = E,dy — E,dy = d/dt (IABbaB-da) = dF/dt,

()

where E, is the electric field along AB (here taken to be
constant over the length dy’) and E; is the electric field
along the merging gap ab (here assumed to be constant
along the length dy for simplicity), both being measured in
the Earth’s frame of reference. F is the magnetic flux
threading the Faraday loop ABba.

In Fig. la, the magnetosphere-ionosphere system is in
steady-state, i.e. the X-line AB and the merging gap ab are
both static in the Earth’s frame and F is constant. In this
case, the reconnection rate (i.e. the electric field ¢ along AB
in its own rest frame) is equal to E, and, from equation (1),
E dy" is equal to E;dy. The electric field E; drives flux
poleward in the ionosphere and the shaded regions show
where the newly opened flux produced by the reconnec-
tion thread the magnetopause and the ionosphere. In this
case, the applied voltage edy’ all appears across the
merging gap ab in the ionosphere. Figure 1b, however,
shows the results if the reconnection is unable to move the
ionospheric plasma (on short time scales this applies be-
cause of the drag produced by collisions of ions with the
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Fig. 1a—c. The possible effects of a reconnection pulse at a mag-
netopause X-line AB, which maps to an ionospheric merging gap ab.
a is the steady-state case where ab and AB are static in the Earth’s
frame and there is no change in the magnetic field in the dayside
magnetosphere. In this case, the newly opened field lines (like the one
shown which thread the magnetopause and the ionosphere in the
shaded regions) do not thread the Faraday loop ABba and poleward
flow is excited in the ionosphere in the Earth’s frame by the recon-
nection rate. In b 4B is static but ab migrates equatorward to a'b’
such that the newly opened field lines thread the Faraday loop ABba
to the extent that no flow is excited in the ionosphere in the Earth’s
frame. In ¢ the X-line 4B erodes Earthward to A'B’ and ab moves
equatorward to d'b’, again exciting no ionospheric flow in the
Earth’s frame

much more numerous neutral particles). In this case, AB is
again static in the Earth’s frame so E, is again equal to
¢ but ab now migrates equatorward to a'b’ such that all
the newly opened flux threads the Faraday loop ABba. In
this case dF/dt is equal to the applied voltage ¢dy’, such
that E; is zero. In part (c) the magnetopause erodes Earth-
ward such that the X-line migrates from AB to A’B’. This
can occur at a speed such that the electric field in the
Earth’s frame E, falls to zero, even though there is an
applied electric field ¢ in the rest frame of the mag-

netopause: in this case both E; and dF/dt are zero and the
merging gap ab erodes equatorward as new open flux is
generated.

In general, a mixture of all three processes can take
place. Both the erosion (Fig. Ic) and induction (Fig. 1b)
effects cause the voltage appearing in the Earth’s frame of
reference across the ionospheric merging gap to be less
than that across the X-line in its rest frame (as it would be
in the steady-state limit, Fig. 1a). However, in both cases,
the open/closed boundary migrates equatorward in the
Earth’s frame, such that the flux transfer rate across the
merging gap (i.e. the voltage in its rest frame) is equal to
that across the X-line (in its rest frame).

The ionosphere is almost incompressible, in the sense
that the magnetic field there, B;, is approximately con-
stant. Thus the reconnection rate (i.e. a tangential mag-
netopause electric field, ¢) causes the growth in the area of
newly opened flux in the ionosphere. From this the flow of
frozen-in ionospheric plasma across the ionospheric
merging gap, in its own rest frame, V', is given by (Lock-
wood and Smith, 1992):

V' = (¢/By)-(dy'/dy). (2)

The (poleward) boundary-normal plasma flow velocity
across the merging gap, in its own rest frame, is V' but
that in the Earth’s frame is V: thus the boundary velocity
(defined here as positive poleward) is (Lockwood et al.,
1993c):

Vy=(V.—V). 3)

Consider two limits of the general behaviour: were it
possible for the merging gap location to remain fixed in
the Earth’s frame (V, = 0), then V.= V' — i.e. poleward
plasma flow is seen in the Earth’s frame (the situation in
Fig. 1a). In the other limit, no flow is driven in the Earth’s
frame, but the boundary migrates equatorward,ie. V. =0
and V, = — V' (thesituation in Fig. 1b, c¢). Which of these
two limits most closely resembles the actual behaviour is
a matter of the time scale of the reconnection pulses. The
time constant for exciting the full ionospheric flow de-
pends on how quickly the ionosphere can be set into
motion and, thus, on the frictional drag caused by the
neutral thermosphere. This time constant has been esti-
mated to be of the order of 15-20 min in a number of
studies: it emerges from the inductive circuit analogies
(Holzer and Reid, 1975; Sanchez et al., 1991), from line-
tying arguments (Coroniti and Kennel, 1973), from high-
time resolution studies of the response of ionospheric flow
to IMF B, changes (Todd et al., 1988; Etemadi et al.,
1988); and from the Cowley and Lockwood (1992) flow
excitation model. The models and observations thus pre-
dict that ionospheric flow will commence following the
onset of reconnection but only after the Alfvén wave
arrives in the ionosphere (after an Alfvén transit time
which is here taken to be 1 min); however, if the reconnec-
tion persists, this flow will subsequently increase over
a period of 10-15 min. If the reconnection ceases soon
after it commences, the short pulse in ¢ will be inductively
smoothed to give a more gradual rise and then fall of
ionospheric flow in the Earth’s frame. Note that the
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precise value of the smoothing time constant is not impor-
tant here, other than it is larger than the reconnection
pulse duration. In this study, we are concerned with re-
connection pulses which are 1 min in duration. Hence
during such pulses, the rise in ionospheric flow will be very
small, ie. V., ~0 and V,~— V' Such equatorward
motion of the ionospheric open/closed boundary in re-
sponse to magnetopause reconnection is well known, even
on longer time scales, and has been observed in cusp
particle precipitation (Burch, 1973), the 630 nm emissions
caused by that precipitation (Horwitz and Akasofu, 1977;
Sandholt et al., 1992) and radar studies of the cusp/cleft
region (Foster et al., 1980).

If, after such a pulse, there is a complete cessation of
reconnection, then no flux will cross the open/closed
boundary: to use the terminology introduced by Siscoe
and Huang (1985), it becomes adiaroic (meaning not flow-
ing across, V' = 0 and hence V. = V). As we will discuss
later, the boundary will, in fact, tend to return poleward
(V, > 0) and hence this generates poleward ionospheric
flow (V. > 0).

The model of Cowley and Lockwood (1992) gives
a framework in which the evolution of the ionospheric
flow can be understood. Following the work of South-
wood (1987) and Freeman and Southwood (1988), these
authors introduced the concept of zero-flow equilibria of
the magnetosphere-ionosphere system for a given amount
of open flux. This is an idealised concept because, in
practice, some other source of flow is always likely to be
present (viscous interaction, and/or lobe or tail reconnec-
tion); however, recent observations show that this concept
is not merely an obscure abstraction. Knipp et al. (1993)
have presented flow snapshots, derived by the AMIE
technique, for both hemispheres during a period of pro-
longed northward IMF (similar results were derived for
the same period by Freeman et al. (1993) using just the
satellite plasma flow data). In the summer hemisphere,
strong reverse convection was seen, revealing lobe recon-
nection and the presence of open flux. The winter hemi-
sphere remained almost completely stagnant, despite
the fact that it must contain as much open flux as the
summer hemisphere. This hemisphere was shiclded
from lobe reconnection by the overdraped lobe (Crooker,
1992) and neither hemisphere shows any evidence of
significant tail reconnection. In the absence of any
reconnection perturbing the winter polar cap, it achieved
a zero-flow equilibrium. This was despite the presence
of open flux tubes which, outside the magnetosphere,
experience the motional electric field of the mag-
netosheath flow, that electric field did not map to the
ionosphere because of induction effects of the type dis-
cussed earlier.

The power of the zero-flow equilibrium concept is that
it allows us to predict the evolution of the pattern of flow
generated following a pulse of reconnection as the mag-
netosphere-ionosphere system tends towards a new equi-
librium with the new amount of open flux. Hence we can
qualitatively predict the flow that will be excited by
a pulse. or a string of pulses, of magnetopause reconnec-
tion. This was done by Cowley et al. (1991) who investi-
gated the ionospheric signatures of reconnection bursts,

using the zero-flow equilibrium concept for both small or
large IMF |B,|.

Figure 2 illustrates the predictions of Cowley er al.
(1991) for fully pulsed reconnection at the subsolar mag-
netopause, when the B, component of the IMF is small (as
presented by Lockwood, 1994). The figure comprises three
columns of diagrams.

a. The left hand diagrams show noon-midnight sec-
tions of the dayside magnetopause. Only illustrative newly
opened field lines are shown and the solid and dashed
segments of the magnetopause are tangential (TD) and
rotational (RD) field discontinuities, respectively. The dot
denotes an active X-line at noon.

b. The diagrams in the middle column view the dayside
magnetosphere from mid-latitudes in the mid-afternoon
sector: here the dashed regions show the edges of patches
of magnetopause RD produced by bursts of reconnection,
where the newly opened field lines thread the mag-
netopause. (The dots mark the points at which the illustra-
tive newly opened field lines thread the boundary). The
segments of the equatorial magnetopause shown by
thicker lines are active X-line segments where reconnec-
tion is taking place at that time.

c. The diagrams to the right of the figure are views
looking down on the northern hemisphere ionospheric
polar cap. Noon is to the top and dawn to the right. The
solid lines with arrows are plasma flow streamlines, the
solid but thin lines are adiaroic segments of the open-
closed field line boundary and the thicker solid lines are
active merging gap segments (which map to the active
X-line segments shown in the middle panels). The dashed
lines delineate regions of newly opened flux produced by
discrete pulses of reconnection.

Consider reconnection which is entirely pulsed: the
reconnection at any one MLT all occurs in pulses, here
taken to be dt = 1 min in duration and repeating with
a period of T'= 4 min. The successive rows in Fig. 2 are
for times which are 1 min apart. If we define the first
reconnection pulse as beginning at time t =0, row N of
Fig. 2 shows the situation at time ¢t = N min.

The reconnection is envisaged as commencing at noon,
and subsequently spreading tailward. From observations,
the speed of this expansion in the ionosphere is initially
about 10 kms™*, but falls to about 1 kms™! near dawn
and dusk (Lockwood et al., 1986, Todd et al., 1988;
Etemadi et al., 1988; Saunders et al., 1992; Lockwood
et al.,, 1993c).

In part la and 1b of Fig. 2 (hereafter referred to as Figs.
2(1a) and 2(1b), respectively), a region of rotational dis-
continuity, produced by the reconnection pulse, is seen
emerging from the (still active) X-line at time ¢t = 1 min.
For a typical field line speed over the magnetopause (de
Hoffman-Teller velocity) of 320 kms™', these newly
opened field lines migrate tailwards at 3 Rg per minute. In
Fig. 2(1c), this newly opened flux forms an extrusion of the
polar cap boundary. The main effect of the reconnection is
to move the open-closed boundary equatorward (V,, < 0)
but some weak poleward flow (V. > 0) is just commen-
cing, as the Alfvén wave arrives in the ionosphere.

At this time ¢t = 1 min, the reconnection at noon
switches off and this switch-off will expand tailward in the
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Fig. 2. The effects of pulsed reconnection at the magnetopause and
in the ionosphere. The three columns show: a (left) a noon-midnight
cross section of the magnetopause; b (middle) a view of the magneto-
sphere from the mid-latitudes in the mid-afternoon sector; and

1¢

X

¢ (right) a view of the dayside ionosphere with noon at the top.
Reconnection pulses 1 min long and every 4 min commence at ¢t = 0.
Rows are for t of 1, 2, 3, 4, 5 and 6 min (top to bottom) (after
Lockwood, 1994)
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same manner as did the onset of reconnection. Hence at
any one MLT, the reconnection lasts for 1 min. Figure
2(2a) shows the reconnection at t = 2 min has ceased at
noon, but 2(2b) shows that it is still ongoing at MLT on
either side of noon. As the patch of newly opened flux
moves over a magnetopause satellite, the two-dimensional
theories predict that an FTE signature would be seen
(Southwood et al., 1988; Scholer, 1988, 1989; Semenov et
al., 1991, 1992). (N.B. at this time, away from noon where
the reconnection continues, the FTE would be coated
with streaming electrons from the active reconnection
X-line whereas at noon such electrons would be absent).
At noon, the ionospheric open/closed boundary is now
equatorward of its zero flow equilibrium location, for the
amount of open flux that exists at this time. Conversely,
nearer dawn and dusk, the boundary is poleward of the
equilibrium location at that instant. Hence, flow of the
kind shown in Fig. 2(2¢) will be excited as the system tends
towards the new equilibrium. At noon the polar cap
boundary is now adiaroic (V' = 0) and moving poleward
(V.= V,>0); at MLT beyond the active merging gaps
the flow is weakly equatorward (V' =0; V.=V, <0).
Equatorward of the open/closed boundary in both the
morning and afternoon sectors, an increase in sunward
flow propagates antisunward with the active merging gap
segment, as reported by Lockwood et al. (1986; 1993c) and
Moen et al. (1996).

In Fig. 2, the reconnection pulse is not shown as ex-
panding beyond the mid-morning and mid-afternoon sec-
tors, although magnetopause observations do indicate
that reconnection at low latitudes can extend beyond
these points. Figure 2(3a) and 2(3b) shows a situation at
time t = 3.5 min where reconnection has ceased at all
MLT. It should be noted that if the travelling reconnec-
tion enhancement persists for longer, it is possible that the
next reconnection pulse begins before the prior one has
disappeared and the situation illustrated here for time
t = 3 min may never occur. The patch of RD produced by
the burst of reconnection is now evolving over the dayside
magnetopause. Each newly opened field line will evolve
according to the magnetic tension and magnetosheath
flow it experiences and both, and hence the pattern of
motion, will depend upon the MLT. Therefore the patch
of RD (and any associated FTE structure) will change in
shape as it evolves. Figure 2(3¢c) shows that at this time,
(3 min after the reconnection onset) flows are approaching
their peak speed, even though there is now no reconnec-
tion present at any MLT. The time constant for the
subsequent decay of this flow is of the order of 15 min,
that being the time for the magnetosphere to approach
equilibrium with less flux on the dayside and a flared tail
(the transfer of flux into the tail by the magnetosheath
flow taking of order this time). Hence, even where no
reconnection pulse to follow the first, there would be
(decaying) ionospheric flow for approximately a further
15 min.

At times 4-5 min, the second reconnection pulse takes
place at noon, and the subsequent behaviour is as for the
previous pulse. However, Fig. 2(4a—6a) and 2(4b—6b) is not
the same as the corresponding figures in the previous cycle
[Fig. 2(1a-3a) and 2(1b-3b)], only in that the second

patch of RD forms and evolves over the dayside while the
first is still evolving into the tail lobe. Note that the
magnetopause has become antisunward-moving patches
of RD, separated by extensive regions of TD: the ratio of
the areas of RD and TD in the high-latitude boundary
layer being the mark-space ratio of the reconnection
pulses (in this example 1/4.5. Likewise, Fig. 2(4c—6c¢) is not
the same as the flow patterns shown in Fig. 2(1c-3c): the
flows caused by the second burst of reconnection are
superposed on the residual flows due to the prior pulse of
reconnection.

One very important prediction of the above model is
that each patch of newly opened flux in the ionosphere is
appended directly sunward of the patch produced by the
prior pulse. This happens because both the patches and
the open-closed boundary evolve in shape. A boundary
between the patches forms along the longitudinal extent of
each patch and migrates poleward with the two patches it
separates. This boundary marks a discontinuity in the
variation of time-elapsed since reconnection with latitude.
This leads to the prediction of steps in the cusp ion
dispersion signatures, as explained in the following sec-
tion. However, this is not the only explanation, as is also
discussed in the following section.

The model of the effects of magnetopause reconnection
bursts shown in Fig. 2 was put forward by Lockwood et
al. (1993c) to explain radar and optical observations and
predicts longitudinally extensive poleward-moving events,
separated by longitudinally extensive cusp ion steps.
However it does not place any limits on how extensive
they are. However, there are some points to note about
this model. It has not invoked a reconnection pulse which
occurs simultaneously over a wide range of MLT, a con-
cept to which Newell and Sibeck (1993) objected. Figure
2 demonstrates how it is not necessary to have such
a pulse to form a longitudinally extensive event in the
ionosphere. This is because the pulse can travel around
the magnetopause, continuously adding to the iono-
spheric patch. However, at any one point on the X-line,
the reconnection occurs only in one short-lived burst and
at any point on the magnetopause, boundary-normal field
is moved over a satellite only in patches of RD between
regions of TD.

3 Spatial and temporal origins of cusp steps

Lockwood and Smith (1992, 1994) and Lockwood (1995b)
discuss how the cusp ion precipitation characteristics are
a function of the time elapsed since the field line was
reconnected. Cusp ion steps arise from discontinuous cha-
nges in this elapsed time. Such changes can occur because
of either spatial or temporal variations of the reconnec-
tion rate, as demonstrated in Fig. 3. Figure 3a shows
a step, intersected by the satellite S at the point p, which
arises between the steady-state flow streamlines emanat-
ing from two active reconnection X-lines, mapping to
ionospheric merging gaps, A and B. Figure 3b shows
a temporal explanation of the same step and flows derived
from the discussion in the previous section. The numbered
patches delineated by dotted lines are regions of newly
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Spatial

Temporal

Fig.3. a Spatial and b temporal explanations of a cusp ion step at p.
For both figures, noon is at the top. Dashed and solid lines show
reconnecting and adiaroic segments of the open/closed boundary;
lines with arrows are flow streamlines and dotted lines in b delineate
patches produced by reconnection pulses 1-4. b Is for the time ¢ in
Fig. 5 (after Lockwood, 1995a).

opened flux, each produced by a reconnection burst.
These occur in the order 1-4 at a magnetopause X-line
which maps to the single merging gap C: the step at
p arises because the patch 2 was reconnected at an earlier
than patch 3. In Fig. 3b, the patch of flux opened by the
most-recent burst (4) is seen as an equatorward extrusion
of the open field line region. This, like the previous events,
subsequently migrates poleward as the magnetosphere-
ionosphere system evolves towards equilibrium with the
new amount of open flux, as discussed in the previous
section. Patches produced by earlier pulses (3,2 and 1) are
immediately poleward of patch 4, each being appended
directly equatorward of that due to the prior pulse. The
poleward motion of the cusp ion steps, and of the events
between them, is predicted by the temporal but not the
spatial model.

Onsager et al. (1995) and Weiss et al. (1995) have
presented examples of steps which appear to be spatial in
origin. In the case reported by Onsager et al. (1995), the
step is seen at roughly the same latitude by two craft
intersecting the cusp roughly 20 min apart. This could be
coincidence and raises questions about the uncertainties
of field line mapping, because the satellites were at differ-
ent altitudes. Possibly more telling is the fact that the
low-altitude satellite saw an upward step of a kind which
would require the satellite to be moving along the open-
closed boundary for the temporal explanation (so that
V.> V), which is very unlikely as the pass was meridi-
onal. On the other hand, the steps reported by Lockwood
et al. (1993a) and Pinnock et al. (1995) are important
because they were observed in very close conjunction with
poleward-moving events, seen by the EISCAT and Halley

Bay PACE radars. Other arguments that these examples
of steps are temporal and not spatial are presented by
Lockwood (1995a) and Lockwood et al. (1995c¢). This strong-
ly implies a temporal origin of these events. However, as
discussed in the introduction, interesting questions still
arise about the spatial extent of the reconnection.

4. A model of cusp ion steps

The cusp ion spectrum is predicted here using the two-
dimensional model of Lockwood (1995b) and as a func-
tion of time elapsed since the field line was reconnected
(ts — t,), where r is the observation time and ¢, is the time
that the field line observed was reconnected. This model is
similar in principle to that employed by Onsager et al.
(1993; 1995) but has a significant advantage for the present
study in that the input reconnection rate may be pulsed
(Lockwood and Smith, 1994). We here assume the recon-
nection is at the subsolar point. The magnetosheath field
points south so that the newly opened field lines evolve
antisunward along a streamline in the noon-midnight
plane. All other details, such as solar wind conditions,
magnetopause Alfvén speed, RD angles and field-aligned
distance from the magnetopause to the ionosphere are as
given by Lockwood (1995b). It is not necessary to assume
magnetic and electric field distributions in the dayside
magnetosphere, but it is assumed that the reconnection
rate variations do not alter the field-aligned distance from
any one point on the magnetopause to the ionosphere.

Figure 4a shows the modelled differential energy flux as
a function of energy and (¢, — t,). A feature to note is the
time-of-flight low-energy cut-off of the ion spectra. For
elapsed times up to (t, — t,) = 75 s, these minimum-energy
ions have all come from near the X-line (Lockwood and
Smith, 1992; Lockwood et al., 1995c¢); after this time they
come from close to the magnetic cusp. The origin of the
small spur-like feature at (t; —t,) = 75s has been dis-
cussed by Lockwood (1995b).

In order to calculate the sequence of spectra that will be
seen by a satellite, we must calculate the (t;, — t,) of the
field lines that it intersects, as a function of observing time,
t,. Figure 4a can then be used to determine the spectrum
detected as a function of t,.

Figure 5 illustrates how this is done: the upper panel
shows the assumed input square wave variation of the
reconnection rate, E,; the lower panel shows the location
of flux tubes with x being the poleward direction, normal
to the ionospheric merging gap (e.g. along the meridian
marked m in Fig. 3). The period of the reconnection rate
variation used here is T = 4 min and between each pulse
dt = 1 min long, the reconnection rate falls to zero. These
are close to the mode values of the distributions of both
magnetopause FTEs (Lockwood and Wild, 1993) and
poleward-moving auroral transients (Fasel, 1995). The
poleward flows excited will be inductively smoothed, with
a time constant of order 15-20 min. In this work, we
assume that the smoothing is complete such that the
poleward flow speed has a constant V., corresponding to
the mean reconnection rate. The effects of a remnant
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Fig. 4a—c. Modelled energy-time spectrograms of different energy
flux; a as a function of time elapsed since reconnection (t; — t,); and
b a function of observation time ¢, for pass B and ¢ pass C in Fig. 5
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ripple (of period T') in the poleward flow speed will be
discussed later. The dashed line is the open-closed field
line boundary: during the reconnection pulse, the bound-
ary erodes equatorward at speed |V,|, given by Egs. (2)
and (3) to be |V, — (¢/B;)-(dy’/dy)|, whereas between the
pulses the boundary becomes adiaroic and relaxes back
poleward with the convection speed V.. For simplicity, we
here assume that there is no drift in the boundary location
in each period T, so that <V,> is zero, giving the
(constant) value of V.

Ve=(<&>/B)-(dy'/dy) = (e,/B)-(dy'/dy)-(dt/T), (4)
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where ¢, is the value of the reconnection rate within the
pulses. We here set V. to be 500 ms™"', which means that
V' is equal to 2 kms™! during the reconnection pulses
[corresponding to a reconnection rate of ¢, of 3.3 mVm ™!
within the pulses for a typical (dy’/dy) of 30]. This means
that V, within the pulses is —1.5kms™! and in their
duration of dr = 60 s the boundary migrates equatorward
by 90 km, or almost 1 degree of latitude. If the model
variations in reconnection rate applied over a distance of
1000 km (see Sect. 6), then the mean reconnection voltage
would be 25 kV, all of which is contributed by the pulses
despite only being present at any one MLT for a quarter
of the time.

The solid line in the lower panel of Fig. 5 is the ion
edge, where fluxes of magnetosheath ions exceed the in-
strument detection threshold: it lies at a time elapsed since
reconnection equal to the time-of-flight of the most ener-
getic ions injected at the X-line with detectable flux (Gos-
ling et al., 1990). The reconnection pulses 1-4 generate the
patches of newly opened flux 14, the boundaries between
which (i.e. cusp ion steps) are shown in Fig. 5 moving
poleward at V.. Note that Fig. 3b is a snapshot for the
time ty in Fig. 5. Figure 5 also shows the loci of four
satellites, A, B, C and D. These differ in their value of
V¢ = dx/dt,. In the next section we consider the cusp ion
energy-time spectrogram seen by each. For any point (x, t)
in Fig. 5, the time elapsed since reconnection (¢, — t,) is
proportional to the length of the flow streamline from (x;, t)
back to where it intersected the open/closed boundary.

5 Modelled cusp ion spectrograms

Satellite A in Fig. 5 is moving meridionally equatorward
(Vs <0). As it crosses each patch of newly opened flux
(ty — t,) decreases: from Fig. 4a, this will result in an
upward ramp of the lower cut-off energy and of contours
of constant differential energy flux. As it crosses between
two patches (t, — t,) decreases discontinuously, giving an
upward step in the spectrogram. On emerging from event
4, the satellite remains equatorward of the ion edge and no
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more magnetosheath ions are detected. Figure 6a shows
the spectrogram modelled for such a pass. The details can
be varied by altering the phase of the satellite pass, relative
to the cycle of the reconnection rate variation. The phas-
ing used here is chosen to provide a spectrogram similar
(in general form rather than in detail) to the data shown in
Fig. 6b (from Lockwood et al., 1993a). The form of the
cusp ion steps is as predicted in Fig. 10d of Lockwood and
Smith (1994).

Satellite B in Fig. 5 has V=0. As it traverses each
patch (¢, — t,) increases and thus, from Fig. 4a, the ion
energies fall with time. At the boundary between patches,
the more recently reconnected patch is convected over the
spacecraft causing (t; —t,) to decrease discontinuously
and giving an upward ion step. This behaviour was pre-
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dicted in Fig. 10c of Lockwood and Smith (1994) and is
shown in the modelled spectrogram in Fig. 4b. Pass C in
Fig. 5 is also for V=0, but is at a lower latitude and
closer to the mean location of the open/closed boundary.
In this case, the ion edge erodes equatorward across the
satellite during the reconnection pulses, but then relaxes
poleward across it again when the reconnection switches
off between the pulses. The energy-time spectrogram
modelled is shown in Fig. 4c. In this one case only, the
pulsed reconnection does lead to a pulsed appearance on
the cusp ion spectrogram. It is unlikely that this sequence
would be observed for more than a few cycles as this
would require the satellite to maintain a constant
separation with the mean location of the open-closed
boundary.

DMSP-F10 data on 28 March 1992
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Fig. 6a-d. Modelled and observed energy-time spectrograms of
differential energy flux for a a meridionally moving satellite (pass
A in Fig. 5) such as b DMSP-F10 on 28 March 1992 (¢, = 0 at 10:08)
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DMSP-F10 data on 5 February 1994
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(see Lockwood et al., 1993a); ¢ a longitudinally moving satellite (pass
D in Fig. 5) such as d DMSP-F8 on 5 February 1994 (see Pinnock et
al., 1995)



M. Lockwood, C. J. Davis: On the longitudinal extent of magnetopause reconnection pulses 875

Satellite D in Fig. 5 moves equatorward, but with much
smaller speed |V than satellite A. This case applies to
a longitudinal spacecraft orbit, which is slowly approach-
ing the mean location of the open-closed boundary. The
satellite moves from a situation like that shown in Fig. 4b,
to one like that shown in Fig. 4c, prior to emerging
equatorward of the cusp/cleft region. The spectrogram
predicted for such a pass is shown in Fig. 6¢. The model
produces cusp ion dispersion which is similar to that
reported by Pinnock et al. (1995) and reproduced here in
Fig. 6d. The important feature to notice is that Fig 6a and
6c are for essentially the same sets of geophysical condi-
tions and that the differences between them arise purely
because of the orientation of the satellite orbit. In model-
ling the observed steps, only the phase of the satellite pass
was varied. Parts (a) and (c) of Fig. 6 are thus not intended
to be close matches to the corresponding data (parts b and
d respectively) and there is little doubt that a closer and
more detailed match between observation and model
could be achieved in each case by fine tuning the many
inputs which could be varied to the model. However, there
are sufficient inputs that little is to be learned from such an
exercise and we wish here to highlight only some broad
principles from the comparisons in the following section.
It is also important to note that the model is two-dimen-
sional and that we have therefore assumed that there are
no longitudinal variations. Therefore we have, thus far,
demonstrated that the data may be explained by recon-
nection which is temporally sporadic but not spatially
patchy.

6 Comparison of modelled and observed cases

Figure 6a shows a clear upward step in the modelled lower
cut-off ion energy at the observation time, t; = 168 s. At
this step, the peak detectable ion energy remains roughly
constant. This is therefore similar to the step observed on
28 March 1992 at t; = 178 s, where t; = 0 is defined as
being 10:08 UT in this case (Fig. 6) (see Lockwood et al.,
1995c for a detailed study of this step). At t, = 145 s during
this pass, on the other hand, the model predicts a step up
in the peak detectable energy, with no detectable step in
the lower cut-off energy. This is therefore similar to the
step observed between t; = 153 and 156 s in Fig. 6b. The
model predicts a step in both peak and minimum detected
energy at t, = 122 s: this is observed for the peak energy at
ty = 128-132 s in Fig. 6b, but the step in the minimum
energy is out of the range of the instrument. The predic-
tions show increases in the differential energy flux across
each step which are indeed present in Fig. 6b, albeit
slightly smaller in amplitude. There are a number of
ways in which the model could be adjusted to match the
observations more closely in this respect. One of the
simplest would be to move the reconnection site longi-
tudinally away from the subsolar point so that the
gradient in magnetosheath density along the flow stream-
line, followed by the newly opened field lines, is less
steep.

The step observed at t;, = 178 s is instantaneous for
several energy channels of the instrument (Lockwood

et al., 1995c), showing that the reconnection rate fell to
zero between the two pulses. However, the other two steps
are not instantaneous, showing that the reconnection rate
fell to a small, but non-zero, value in the other gaps
between the pulses (Lockwood and Smith, 1994). It is here
worth noting the differences between two independent
studies of these data which have appeared in the literature.
The analysis of Lockwood et al. (1995c) of the step at
ts = 178 s shows that the cut-off energy rose from below
0.14 keV to over 1.38 keV in less than one 1-s instrument
cycle: this is directly demonstrated by their Fig. 4 which
shows that the flux decayed exactly simultaneously in the
energy channels at 0.14, 0.206, 0.3, 0.44, 0.65, 0.955 and
1.38 keV. Thus, the step cannot be smaller than they state.
They then derived a field-aligned distance from the satel-
lite to the reconnection X-line of d = 14.5 +2 Rg by
matching this step in energies to the timing of the corres-
ponding events seen by the ground-based EISCAT radar,
yielding a period of zero (i.e., undetectable) reconnection
rate lasting 6.4 + 0.9 min. This is considerably longer than
any of the periods of zero reconnection rate in the survey
by Newell and Meng (1995b), who found none lasting
longer than 2.5 min. These authors used the same tech-
nique to derive the cut-offs as Newell and Meng (1995a)
and we can compare directly the analysis by Lockwood et
al. (1995c¢) with that of the same step by Newell and Meng
(1995a), who determined it was between energies of 300 eV
and 679 eV only. Using the d of 10 R adopted by Newell
and Meng (1995b), the step they inferred yields a period of
zero reconnection rate lasting just 1.5 min. The difference
is partly due to the lower value of d, but mainly because of
the method used to derive the cut-offs by Newell and
Meng yields a much small energy step. The technique of
Newell and Meng determines a cut-off for each 1-s spec-
trum, a method which has several problems, as demon-
strated by Lockwood (1995b) and Lockwood and Davis
(1996). The analysis of Lockwood et al. (1995¢) leaves no
doubt that the step is much larger than derived by Newell
and Meng (1995a), which indicates that the same tech-
nique will have caused Newell and Meng (1995b) to sub-
stantially underestimate the duration of periods of zero
reconnection rate in their survey.

A significant difference between Fig. 6a and 6b is that
the data show minima in the energy of flux contours
mid-way between each step. This is not present in the
model because of the assumption that the convection
speed V. is constant. The EISCAT radar data, taken in
very close conjunction with these satellite data (see Lock-
wood et al., 1993a) reveal the poleward flow speed is
enhanced by about 100 ms ™! (over a steady level of about
400 ms™!) at the poleward edge of each event (and thus
immediately equatorward of each step). This causes a de-
crease in the ratio V¢/V . on the equatorward side of each
step, turning the upward ramp of the flux contours into
a downward ramp with increasing t,. Note that changes in
V. have a large effect on the data for 28 March 1992
because the satellite was moving at an angle of about
45° to the L shells, making |V smaller than for a
purely meridional pass. The range of MLT covered by the
satellite is significant, but relatively small: the first
step is observed at an MLT which is 0.8 h greater than
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the point where the satellite emerges through the ion
edge.

In Fig. 6c, the ion energies are always higher in any
patch than they were at the corresponding point of the
previous patch, because the satellite has moved closer to
the open/closed boundary. The subsequent ramp in ion
energies is also steeper than it was for the previous patch.

Both these features are seen in the data for 5 February

1994 (Fig. 6d). In these data, there are clear upward steps
atty, = 350-365 s (where t; = O is defined to be at 10:36 UT
for this case) and 400-410 s and probably a small one at
285-295 5. A feature clearly seen in both 6¢ and 6d is the
passage of the ion edge over the satellite so that an
isolated patch of ions is subsequently detected when the
satellite briefly returns to poleward of the ion edge. This
isolated patch, seen just before t; = 450 s, was interpreted
by Pinnock et al. (1995) as showing that the reconnection
was patchy, but is here modelled by assuming temporal
reconnection, with no spatial structure. The first three
steps in the data are all not instantaneous thus, as in Fig.
6b, the reconnection rate fell to a very low, but non-zero,
values between the pulses.

The modelled differential energy flux increases across
each step. Such changes are seen across the first and
second steps but not the third. We would expect longitudi-
nal variations in the magnetosheath density to be convol-
ved with the changes predicted here due to changes in
(t, — t,). The magnetosheath-like ion precipitation in Fig.
6d extends over roughly 3 h of MLT and this could map
to an even greater extent on the magnetopause. This
would give significant longitudinal change in the sheath
densities which has not been allowed for by the 2-dimen-
sional model presented here.

The model predicts the general form of the cusp ion
spectrogram by neglecting longitudinal variations which
shows that, for the temporal explanation, the events are
longitudinally extensive, and cover at least the 3 h of MLT
that the satellite giving the data shown in Fig. 6d re-
mained in the region of sheath-like precipitation. As dis-
cussed in Sect. 2, this does not necessarily imply that the
reconnection pulse generating each patch is simultaneous
over this longitudinal extent. The pulse may travel in
MLT, such that the rate at any one MLT shows the
variation in Fig. 5. This will result in some longitudinal,
as well as latitudinal, variations in (t, — t,) within each
event.

From this, we can conclude that the time series of cusp
ions detected by Pinnock et al. (1995) could be exactly the
same phenomenon as that reported by Lockwood et al.
(1993a), the different character of the steps in the two cases
being due to the direction of satellite motion which deter-
mines the ratio of the satellite and convection velocities
normal to the open/closed boundary, V/V .. The isolated
patch of ion precipitation seen by the satellite is well
explained by this purely temporal model and does not
necessarily imply a spatial patch, as was invoked by Pin-
nock et al. (1995). We can therefore state that there is no
need to invoke spatial structure to explain these data, in
addition to the temporal variations. However, in the re-
mainder of this section we argue that the evidence strong-
ly suggests that such spatial structure is either absent or, if

present, is part of event evolution in a manner exemplified
by Fig. 2.

Firstly, for time varying reconnection at different sites
which are fully independent of each other, the repetition
rate of pulses will, in general, be different at each site and
there .would be no fixed phase relationship between the
pulses produced at these different sites. Thus, as the satel-
lite travelled longitudinally and crossed from patches pro-
duced by one reconnection site to those produced by
another, cusp ion steps which are upward would be as
common as those that are downward. This is not the case
here, all steps being upward. Indeed, the steps are not only
all upward, but each is to a higher energy than the pre-
vious one. Figure 6¢ shows that this is expected for the
temporal model but, from the earlier explanation cannot
be expected for temporal and spatial models. Further-
more, within each patch the slope of the downward ion
dispersion between each step would increase if the satellite
were moving away from the reconnection site. This is also
inconsistent with the data in Fig. 6d, where the slope of the
dispersion between the steps is lowest initially and sub-
sequently increases; despite the fact that the satellite is
drifting poleward before ¢, = 350 s, but is at rough]y con-
stant magnetic latitude after this time.

The regular progression of the steps in Fig. 6d (with
peak energies and the slope of the ramps increasing for
events seen closer to the open/closed boundary) is only
explained by the temporal model alone: a sporadic and
patchy reconnection explanation needs to explain why the
pulses of reconnection at the spatially separated active
X-lines had the coherent phase relation needed to produce
the observed variation. The model of travelling active
X-line segments, introduced by Lockwood et al. (1993c¢) to
explain observations and demonstrated here in Fig. 2,
does allow spatial structure in the reconnection to exist at
any one time and yet also generates the coherent phase
relationship needed to explain the cusp ion steps shown in
Fig. 6c.d. However, we can eliminate isolated active X-
lines which reconnect sporadically as a cause of these
events.

The results presented here therefore strongly imply that
the reconnection pulses extend (although not necessarily
at any one instant of time, as demonstrated by Fig. 2) over
arange of MLT of at least 3 h. This is a minimum estimate
because the extent of the events was not fully defined by
the satellite owing to the fact that it was equatorward of
the ion edge after ¢, = 450 s. This corresponds to iono-
spheric patches in excess of about 1000 km in longitudinal
extent as reported by Lockwood et al. (1990; 1993b) and
Pinnock et al. (1993). We would therefore argue that the
poleward-moving events seen by the Halley Bay radar by
Pinnock er al. (1995) are very likely to have been the same
events as were seen passing over the DMSP satellite at
a different MLT.
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