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Cusp ion steps, field-aligned currents and poleward moving
auroral forms

M. Lockwood,l' ’S.E. Milan,3 T. Onsager,4 C.H.Perry,2 J.A. Scudder,5
C.T. Russell,6 and M. Brittnacher’

Abstract. We predict the field-aligned currents around cusp ion steps produced by pulsed re-
connection between the geomagnetic field and an interplanetary magnetic field (IMF) with a
By component that is large in magnitude. For By > 0, patches of newly opened flux move
westward and eastward in the Northern and Southern Hemispheres, respectively, under the
influence of the magnetic curvature force. These flow directions are reversed for By < 0. The
speed of this longitudinal motion initially grows with elapsed time since reconnection, but
then decays as the newly opened field lines straighten. We predict sheets of field-aligned cur-
rent on the boundaries between the patches produced by successive reconnection pulses, as-
sociated with the difference in the speeds of their longitudinal motion. For low elapsed times
since reconnection, near the equatorward edge of the cusp region where the field lines are ac-
celerating, the field-aligned current sheets will be downward or upward in both hemispheres
for positive or negative IMF By, respectively. At larger elapsed times since reconnection, as
events slow and evolve from the cusp into the mantle region, these field-aligned current di-
rections will be reversed. Observations by the Polar spacecraft on August 26,1998, show the
predicted upward current sheets at steps seen in the mantle region for IMF By > 0. Mapped
into the ionosphere, the steps coincide with poleward moving events seen by the CUTLASS
HF radar. The mapped location of the largest step also coincides with a poleward moving arc
seen by the UVI imager on Polar. We show that the arc is consistent with a region of upward
field-aligned current that has become unstable, such that a potential drop of about 1 kV
formed below the spacecraft. The importance of these observations is that they confirm that
the poleward moving events, as seen by the HF radar and the UV imager, are due to pulsed
magnetopause reconnection. Milan et al. [2000] noted that the great longitudinal extent of
these events means that the required reconnection pulses would have contributed almost all
the voltage placed across the magnetosphere at this time. The observations also show that
auroral arcs can form on open field lines in response to the pulsed application of voltage at

the magnetopause.

1. Introduction

Recent studies by Milan et al. [2000] (hereinafter referred
to as MEA) have revealed signatures in global UV auroral
images that are coincident with poleward moving events de-
tected using HF coherent radar. These signatures are consis-
tent with the predicted effects of pulsed magnetic reconnec-
tion in the magnetopause current layer when the interplane-
tary magnetic field (IMF) has a southward component. The
most significant feature of the events presented by MEA is
their large longitudinal extent, which the satellite-based
imager shows to be at least 5 hours of magnetic local time
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(MLT). This means that if the interpretation in terms of
pulsed reconnection is correct, individual events can contain a
significant fraction (of the order of 10%) of the total open
magnetic flux in the polar cap and that they contribute almost
all the voltage placed across the magnetosphere. In this paper
we present observations of the ion precipitation that confirm
that the events are indeed due to pulses in the reconnection
rate: These data also help explain the formation of these UV
arcs on the newly opened field lines. Thus we confirm the
conclusion of MEA that reconnection pulses contribute al-
most all of the transpolar voltage at this time, as argued for
previous events by Lockwood et al. [1990, 1993a, 1993b] and
Lockwood [1994] but which was considered to be impossible
by Newell and Sibeck [1993]. (See also discussion by Lock-
wood et al. [1995b].) In this introduction we briefly review
the signatures at the magnetopause and in the ionosphere that
are thought to be caused by pulsed magnetopause reconnec-

tion. We place particular emphasis on the extent of events in
local time.

1.1. Magnetopause Signatures of Pulsed Reconnection

Pulsed m.agnetic reconnection in the magnetopause current
layer was first invoked by Russell and Elphic [1978, 1979]
and Haerendel et al. [1978] to explain a characteristic set of
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signatures called “flux transfer events” (FTEs), seen by
spacecraft near the magnetopause. This concept subsequently
proved very powerful in explaining the statistical occurrence,
motion and characteristics of FTEs. However, there are sev-
eral distinct models that use the concept of pulsed reconnec-
tion to explain the FTE signature. The original model, by Rus-
sell and Elphic [1978], is inherently three-dimensional and
invoked a reconnection pulse lasting a short (meaning typi-
cally 1 min) interval over a short (meaning typically 1 Earth
radius, 1 Rg) reconnection X-line. This generates a tube of
newly opened flux that penetrates the magnetopause
obliquely, such that an FTE signature is seen over a larger
extent of the magnetopause than the short X-line that pro-
duced it. Statistical surveys show that FTEs are observed at all
local times in the dayside magnetopause with a repeat time
that is everywhere close to the average of 8 min [Lockwood et
al., 1995b; Kawano and Russell, 1996, 1997]. Thus unless
one invokes an extreme and unlikely topology, whereby each
single tube of newly opened flux is draped over the entire
dayside magnetopause, several of these short X-lines (each
giving pulsed reconnection) would be required to explain the
occurrence of the FTE signatures at all local times. (In other
words, the reconnection would need to be patchy as well as
sporadic.)

In contrast, the model of FTE signatures proposed by
Southwood et al [1988] and modeled by Scholer [1988, 1989]
is inherently two-dimensional. This means that there is cylin-
drical symmetry along the reconnection X-line, which can be
of any length. For this interpretation, there is no information
on the length of the X-line in the signature seen by a satellite.
This is because the satellite samples field lines opened at just
one segment of the X-line. Lockwood et al. [1995b] studied
the occurrence frequency and size of FTEs as a function of
MLT and concluded that for this two-dimensional model,
FTEs contributed almost all of the antisunward transport of
open flux. This being the case, FTEs would not only be the
dominant contribution to magnetosphere-ionosphere convec-
tion, but also they would be sufficient to explain even the
largest of observed transpolar voltages. This conclusion
would be true independent of the length of the X-line (or X-
lines) producing the events and thus of the size of the indi-
vidual patches of newly opened flux that they produced.
However, if the X-lines are short, there must be many of
them.

Lockwood and Hapgood [1998] have reviewed all the vi-
able models of FTEs and carried out a detailed analysis of one
event that has been interpreted in terms of each theory. They
used the ion data to show that the event contains newly
opened field lines that were indeed produced by a pulse in the
reconnection rate. They show that the observed evolution of
the ions on the event boundaries were consistent only with the
two-dimensional pulsed reconnection model. This implies
that the conclusions of Lockwood et al. [1995b] apply and
that FTEs are the dominant contribution to convection.

Lockwood et al. [1995b] noted that the reconnection X-line
need not be static in this two-dimensional pulsed reconnec-
tion model. This concept was suggested by Lockwood et al.
[1993b] and Lockwood [1994] in order to explain some of the
characteristics of flow bursts in the cusp/cleft ionosphere,
thought to be signatures of FTEs (see the next section). A
short, active X-line segment could propagate over the mag-
netopause, generating newly opened flux as it goes. The X-
line could then be active for considerable total intervals (of
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the order of 10-15 min), but the reconnection at every location
over which it passes would last only the short interval (about
1 min) needed to explain the FTE signatures. The resulting
patch of newly opened flux is much more extensive in MLT
than the X-line was at any one time. The reconnection is
pulsed at any one location, but given that one traveling en-
hancement could form before the prior one had died out, re-
connection could still be continuously present in the magne-
topause. The ionospheric observations of MEA support this
concept.

1.2. Tonospheric Signatures of Pulsed Reconnection

Poleward moving transient events, seen at wavelengths of
630 and 557.7 nm, have been shown by ground-based meas-
urements to be the normal behavior of the cusp/cleft aurora
when the IMF has a southward component [e.g., Sandholt et
al., 1992; Fasel, 1995]. Observations by the European Inco-
herent Scatter (EISCAT) UHF and VHF radars showed that
these auroral transients were colocated in space and time with
transient flow bursts, revealing transient momentum transfer
across the magnetopause [Lockwood et al., 1989a, 1989b,
1993a, 1993b; Moen et al., 1995, 1996] and the consequent
heating of the ionospheric ion gas [Lockwood et al., 1993a,
1995a]. The longitudinal motion of the transient auroral
events also supports the idea that they are patches of newly
opened flux, moving westward (in the Northern Hemisphere)
when the IMF By, component is positive and eastward when it
is negative [Sandholt et al., 1992; Lockwood et al., 1993a]:
The only known explanation of this pattern of motion is the
curvature (“tension”) force on the newly opened field lines,
and the repetitive pattern of formation and motion of these
events shows that patches of such field lines are produced by
pulses in the reconnection rate [Lockwood et al., 1995a]. This
pattern of event motion is also consistent with the asymmetric
MLT distributions of their occurrence for By > 0 and By < 0
[Karlson et al., 1996].

Lockwood et al. [1990] used the duration and speeds of the
flow bursts at a meridian and deduced that at least some of
the patches of newly opened flux must be extensive in longi-
tude (over about 2000 km), meaning that they could form
flow channels that cover over 4 hours in magnetic local time.
These authors also deduced that these event had large longi-
tudinal extent from the small magnitudes of any return flows
outside the events. Pinnock et al. [1993] imaged the transient
flow channels with the Halley Bay HF coherent scatter radar
and showed they could indeed extend over the whole of their
field of view (i.e., more than about 1000 km). Rodger et al.
[1995] and Milan et al. [1999] have shown that these pole-
ward moving flow channels are associated with poleward
moving 630-nm optical transients. However, the flow chan-
nels are more easily seen by the HF radars away from the
winter solstice conditions that are required to detect the auro-
ral transients and hence combined observations remain rela-
tively rare. Recently, MEA have shown that the flow channels
seen by HF radar are also associated with poleward moving
forms seen in global images of the UV aurora and that these
were up to 2500 km long. The east-west direction of flow in
the channels is controlled by the IMF By [Provan et al., 1998]
and their motion, as for the optical transients, is consistent
with their occurrence as a function of local time [Provan and
Yeoman, 1999; Provan et al., 1999]. These statistical studies
of the flow channels also point to large longitudinal extents.
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The large extent of the regions of newly opened flux had been
considered controversial. Newell and Sibeck [1993] argued
that pulsed reconnection could only take place in a localized
region, although the traveling transient reconnection pulse
scenario proposed by Lockwood et al. [1993b, 1995b] is not
subject to this limitation [Lockwood, 1994]. Lockwood et al.
[1993a] deduced that 630-nm transients had extents compara-
ble with those discussed above. Moen et al. [1995] used all-
sky cameras, magnetometers and radars to show that these
events modulated the flow in both the dawn and the dusk cell
of the convection pattern, implying large longitudinal extent.
This modulation was consistent with the idea that ionospheric
flow driven by one reconnection pulse persists for an interval
of 10-15 min and that the pulses in the reconnection voltage
are inductively smoothed in the ionosphere [Cowley and
Lockwood, 1992; Cowley et al., 1991; Lockwood, 1994]. The
modulation of the field-aligned currents required to transfer
the motion into the ionosphere has been deduced from mag-
netometer and optical observations by @ieroset et al. [1996,
1997].

Other predicted signatures of pulsed reconnection are dis-
continuities in the dispersion of injected solar wind ions in
the cusp region, called “cusp ion steps” [Cowley et al., 1991;
Lockwood and Smith, 1992; Escoubet et al., 1992; Lockwood
and Davis, 1996]. Modeling of the effects of pulsed magne-
topause reconnection has been shown to reproduce the ob-
served simultaneous steps in both downgoing and upgoing
ions in the cusp at middle altitudes, demonstrating that these
events are caused by pulsed reconnection and not by pulsed
plasma transfer across the magnetopause [Lockwood et al.,
1998]. Cusp ion steps at low altitudes have been reported by
Lockwood et al. [1993c] in association with poleward moving
patches of elevated electron temperature, detected by incoher-
ent scatter radar. They have also been seen with poleward
moving cusp/cleft auroral transients by Farrugia et al. [1998].
Pinnock et al. [1995] found the poleward moving flow chan-
nels (detected by HF radar) were in association with a seem-
ingly different “sawtooth” signature in the cusp ions at low
altitudes. However, Lockwood and Davis [1996] showed that
this sawtooth signature was, in fact, the same phenomenon as
the cusp ion steps seen by Lockwood et al. [1993c] — the dif-
ferences arising purely from the longitudinal nature of the sat-
ellite pass studied by Pinnock et al., as opposed to the more
meridional pass studied by Lockwood et al. At middle and
high altitudes, the theory predicts that pulsed reconnection
will produce only the sawtooth signatures (Lockwood et al.,
1998). Note that the same theory was also used by Lockwood
and Hapgood (1998) to successfully model the ions observed
during a magnetopause FTE signature.

1.3. Joint Ionospheric and Magnetopause Observations of
FTEs

Opportunities to make simultaneous measurements of these
ionospheric and magnetopause signatures have been ex-
tremely rare. The evidence that both sets of signatures are in-
deed produced by pulsed reconnection is, in our view, over-
whelming. However, we do not yet know if the reconnection
pulses that generate the jonospheric signatures are the same
(in terms of amplitude, duration, reconnection site and longi-
tudinal extent) as those that generate the magnetopause FTE
signatures.

Only two such sets of combined observations have been
made to date. On both occasions an association was found.
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This is despite the difficulties and ambiguities in interpreting
the data from the experiment, which was complicated by
magnetopause motions. This is because the occurrence of
FTE signatures is modulated by the distance between the sat-
ellite and the current layer, which varies rapidly as the bound-
ary moves in and out. The first set of combined observations
was made shortly before the end of ISEE operations, and
FTEs at the magnetopause were seen in conjunction with flow
bursts seen by the EISCAT radar and auroral transients [El-
phic et al., 1990]. Recently, Neudegg et al. [1999] have
shown magnetopause FTEs seen during the brief operations
of the Equator-S satellite were associated with poleward
moving flow-channels seen by the Co-operative UK Twin Lo-
cated Auroral Sounding System (CUTLASS) HF backscatter
radar.

1.4. The Relationship of the Various Ionospheric
Signatures

Section 1.2 briefly reviews the evidence that pulsed mag-
netopause reconnection produces poleward moving flow
bursts/channels, poleward moving optical transients and cusp
ion steps. These have indeed all been detected in association
with each other by Yeoman et al. [1997]. However, interesting
questions remain about the origin of the gaps that separate the
poleward moving events [Davis and Lockwood, 1996; Lock-
wood et al., 2000] and how one signature relates to another.

The 557.7nm-dominant part of the auroral transients stud-
ied by Lockwood et al. [1993a] was coincident with an in-
ferred sheet of upward field-aligned current: This was one of
the oppositely directed pair on the edges of the flow channel.
This pair of field-aligned currents is required to transfer the
motion of the newly opened flux into the ionosphere [South-
wood, 1985, 1987]. The poleward moving UV aurorae ob-
served by MEA also appear to be associated with this region
of upward field-aligned current. The cusp ion steps show that
patches of newly opened flux are appended to each other in a
contiguous manner [Cowley at al., 1991; Lockwood and
Smith, 1992]. The electron precipitation, on the other hand,
appears to be more structured, the more mobile electrons be-
ing responsible for most of the required field-aligned currents
and for maintaining the quasi-neutrality of the plasma [Burch,
1985]. In the next section we consider theoretically the field-
aligned currents associated with a series of these contiguous
patches of newly opened flux for when the IMF By compo-
nent is large in magnitude.

2. Field-Aligned Currents at Cusp Ion Steps

Consider a coordinate system with the Z axis aligned with
the magnetic field B, and the Y axis aligned with a long cusp
ion step. Cusp ion steps are “adiaroic” boundaries (meaning
“not flowing across,” i.e., they move with the convection ve-
locity of the surrounding plasma) [Siscoe and Huang, 1985).
Thus the boundary-normal velocity vy and the tangential
electric field Ey are zero in the boundary rest frame. If the
boundary is idealized to be infinitely long, the field-aligned
current in the boundary, J, , does not vary with y and so
causes a tangential magnetic perturbation dB = dB,. From
Ampere’s law, applied to a slab in the ionosphere of field-
perpendicular area (dXdY), we find (J;dX) is equal to (2dBy
/u,). Applying current continuity to the same volume, we find
(JidX) is also equal to dly, where I is the height-integrated
field-perpendicular ionospheric current. Thus
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Jy = QIu)dByldX =dlx/dX =d(ZpEx)ldX =
(-1/B)d(Zpvy)/dX = -(Zp/B)dvyldX, 1)

where we have assumed for simplicity that the Pederson con-
ductivity X is uniform is space (generalization is straightfor-
ward but cumbersome) and that B >> dB. This yields dBy = -
(MoZp/ 2B)dvy , and integrating this with respect to distance
along a satellite path to a given point gives By = -(U,Zp/
2B)vy + c. If vy = 0, By is the undisturbed field By, and thus ¢
= Byp and

ABy= By- Byp =-(1,Zp/ 2B)vy. 2

Thus the magnetic deflection tangential to the boundary
will be proportional to the tangential velocity. Note that this is
the deflection due to the field-aligned currents only. This
would equal the total magnetic deflection at sufficiently great
altitudes to make the contribution of field-perpendicular iono-
spheric currents negligible.

Consider a satellite moving such that it passes through a
cusp ion step at speed V; in the Earth’s frame of reference.
The boundary-normal convection velocity V, will equal the
speed of motion of this adiaroic boundary, V,, also measured
in the Earth’s frame. If we define V,, V, and V. to be positive
in the +X direction, the satellite velocity in the +X direction in
the boundary frame of reference is dX/d:, = (V, - V,), thus
from (1)

dByldt;= (W/2)(Vs - Vp) Jy (3)

Thus the gradient of the observed field with observation time
t, depends not only on J, but also on (V; - V}). In fact, if V, <
V. = V,, (which means that an adiaroic boundary was observed
because it convected over the spacecraft, rather than because
the spacecraft moving though it), even the polarity of an in-
ferred field-aligned current is reversed compared with what
would be inferred from the observed change in field if the
boundary is assumed to be static and the satellite moved
through it with V, > V), = 0. As a result, field-aligned currents
deduced from satellite magnetometer data may often have
been ascribed incorrect magnitudes, and even polarities, if the
effect of their motion was not recognized.

Consider the highly idealized square patch of newly
opened magnetic flux in the Northern Hemisphere shown in
Figure 1a. This would be produced by a very short pulse of
very fast reconnection between closed geomagnetic flux and a
magnetosheath field that has a large positive Y component in
the GSM frame of reference. Because the pulse was very
short, all field lines in the patch were reconnected at almost
the same time, #, , and so elapsed time since reconnection (¢, -
t;) is uniform in the patch at any one observation time ¢,. The
northward (poleward) direction is toward the bottom of the
figure, and the patch moves westward (to the right) with
speed V,, under the influence of the curvature force. Figure 1a
illustrates the resulting plasma flows, Pedersen currents and
field-aligned currents associated with this westward motion
[Southwood, 1985, 1987]. Figure 1b considers the superposi-
tion of the field-aligned currents associated with three such
idealized patches, opened in the order 1, 2, 3. Apart from
very early in the event’s lifetime, the tension force on each set
of flux tubes decays with increasing time elapsed since recon-
nection (Z,- ,), as the newly opened field lines straighten and
evolve into the tail lobe [Saunders, 1989]. Thus we consider
Vs > Vip > V,,; and the field-aligned currents required for
event 1 are less than for events 2 and 3. An important facet of
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Figure 1. Schematic of field-aligned currents for idealized
patches of newly opened flux in the Northern Hemisphere
produced by reconnection rate pulses with an interplanetary
magnetic field (IMF) that has a large positive By component.
For simplicity, the pulse length is taken to approach zero so
that all field lines within the patch are opened simultaneously
and are moving with the same velocity at any one time. (a)
The flows, Pedersen currents and field-aligned currents asso-
ciated with the westward motion (Vy) of an isolated patch. (b)
Three patches like that in Figure 1a, reconnected in the order
1, 2 and 3 such that Vy;> Vy,> Vi, > 0. (c) The variation of
field-aligned current (positive being downward) J; along the
meridian AB in Figure 1b.

cusp ion steps is that these patches of newly opened flux are
appended immediately adjacent to each other, and thus, where
they overlap in local time, the upward current on the poleward
edge of the newer event would be needed in the same location
as the smaller downward current associated with the equator-
ward edge of the prior event. In such places the sum of the
two, a weaker upward current, is seen. This is illustrated
schematically in Figure 1b. Note that the conductivities within
each patch may also evolve with time elapsed since reconnec-
tion and this would be an additional complicating factor.
Along the meridian AB in Figure 1b we would have the lati-
tudinal structure in J, that is shown in Figure 1c with a single
large downward current being matched by a series of in-
creasingly smaller upward currents. The thin sheets of up-
ward field-aligned current will be coincident with the cusp



LOCKWOOD ET AL.: FIELD-ALIGNED CURRENTS AROUND CUSP ION STEPS

ion steps between the patches. The westward motion and the
polarity of the field-aligned currents would reverse if the IMF
By was negative. For events in the Southern Hemisphere the
senses of both the longitudinal flow and of the magnetic field
are reversed compared with those in the Northern Hemi-
sphere, and so the directions of the electric fields, Pedersen
currents and field-aligned currents, for a given polarity of the
IMF By, remain the same.

If we reduce to zero both the duration of the reconnection
pulses considered in Figure 1 and the gaps between them, we
obtain the steady state limit. This is sketched in Figure 2 for a
poleward moving satellite (V; > 0). Figure 2a shows the pre-
cipitating ion spectrum, which depends on elapsed time since
reconnection (¢,- t,), as modeled by Onsager et al. [1993] and
Lockwood [1995, 1997]. Because this is a steady state case,
the (¢,- t,) increases linearly with observation time #,. We al-
low for the westward velocity Vy, increasing initially (with the
arrival of the Alfvén wave), but subsequently decaying as (z,-
t;) increases because the field lines straighten (Figure 2b).
This gives the continuous variation of J; and AB sketched in
Figures 2c and 2d. From (2), the variation of AB and Vy, will
be the same and, from the above, will depend on (z,- £,), as do
the ion precipitation characteristics.

a) steady state

E.A

b)

NN
2 J\ .

d)

down

>
up

s

AB A

/

ts

Figure 2. Schematic of predicted variations for a poleward
pass (V, > 0) through a steady state cusp. (a) The differential
energy flux of field-aligned ions, in an energy-observation
time (E, - t,) spectrogram format. (b) The westward convec-
tion velocity, Vi . (c) The field-aligned current density J,
(positive downward) and the magnetic perturbation AB.
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two pulses
Vs < Vg

a)
E:A

d)
AB

t

S

Figure 3. Same as Figure 4 but for a cusp produced by two
reconnection pulses with the convection velocity exceeding
the satellite velocity (V. > V,> 0).

Figure 3 generalizes this situation for two reconnection

pulses, in the case where V, > V> 0. The ion dispersion sig-
nature (Figure 3a) shows an upward step corresponding to the
interval of zero reconnection, as explained and modeled by
Lockwood et al. [1998]. Essentially the variation is caused by
the variation of elapsed time since reconnection (f,- t;) of the
field lines that are sampled by the satellite. Because they are
also functions of (¢,- t,), there will be corresponding steps in
both AB and Vy, and an upward current filament at the step, as
in Figure 1b. If the current sheet had no width, the value of J
at the step would go to infinity. We assume in Figure 3c that
this sheet of field-aligned current does have a nonzero width
and the upward step in AB is structured accordingly.
From the above, we predict sheets of field-aligned current on
the boundaries between patches (i.e., at the cusp ion steps),
associated with the difference in the speeds of their longitudi-
nal motion. For low elapsed times since reconnection, near
the equatorward edge of the cusp region where the field lines
are accelerating longitudinally, the field-aligned current sheets
will be downward/upward in both hemispheres for posi-
tive/negative IMF By. At larger elapsed times since recon-
nection, as events slow and evolve from the cusp into the
mantle region, these field-aligned currents will reverse and so
be upward/downward in both hemispheres for posi-
tive/negative By.
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3. Polar Observations of August 26, 1998

With the considerations of section 2 in mind, we study a
pass by the Polar satellite on August 26, 1998. This interval
has been studied by MEA, who observed extensive, poleward
moving auroral arcs at UV wavelengths in the northern polar
cap, in association with poleward moving events seen by HF
radar. These authors suggest that the UV arcs are the regions
of upward field-aligned current on the edge of the patches of
newly opened flux. These field-aligned currents are responsi-
ble for transferring the motion to the ionosphere. This motion
is initially westward and so is consistent with the IMF that is
observed to have B; < 0 and By > 0 at the time relevant to the
formation of these events. MEA estimate the propagation lag
between the Wind spacecraft and the magnetopause is 20-25
min: Here we are mainly concerned with events at 1000-1100
UT, for which the relevant IMF observations were made by
Wind at about 0935-1040 UT. Figure 1 of MEA shows that
in this interval Wind observed an IMF B, component that
fluctuated around —10 nT, with By that averaged roughly +10
nT. The UV arc observed by MEA was in the same location,
relative to the main patch of red-line emission and the en-
hanced flow channel, as the green-dominant transient arc in
the event studied by Lockwood et al. [1993a] and as the low-
altitude (~100 km) electron density enhancements observed
using the tomographic technique by Walker et al. [1998]. We
here analyze the insitu data from Polar on this day to search
for consistent signatures of cusp ion steps and upward field
aligned current, as predicted in Figure 3.

Plate 1 shows the ion observations by the Charge and Mass
Magnetospheric Ion Composition Experiment (CAMMICE)
instrument at 0600-1300 UT on this day. The observed differ-
ential number fluxes J are shown as a function of energy and
observation time £, for various ion species. Initially, the parti-
cle data are indicative of the polar cap. At about 0700 UT, the
satellite was at a geocentric distance r of 8.7 Rz, an MLT of
0800, and an invariant latitude A of 81°. Polar then began to
observe spectra characteristic of the magnetosheath (Plate 1e),
this origin being confirmed by the fluxes of alpha particles
(Plate 1b) and high-charge oxygen ions (of charge 3 and
greater; Plate 1a). At 0640UT Wind observed a major in-
crease in the dynamic pressure and a swing of the IMF to
northward (see Figure 1 of MEA): These changes appear to
have caused the cusp to appear at the Polar satellite at 0700
UT. The predominantly northward orientation of the IMF per-
sisted at Wind until 0925UT. However, at about 0920UT a
dispersion ramp commenced in the ion data, showing that
Polar was moving onto field lines of larger elapsed time since
reconnection (%, - ,). This is consistent with the open-closed
boundary eroding to lower latitudes, away from the satellite.
Prior to 09:20, there is some structure in the sheath precipita-
tion seen by CAMMICE, but this increases considerably after
this time. This implies that although the 20 min lag means
that the southward turning is not predicted to have reached the
magnetopause until about 0945UT, at about 0920UT low-
latitude reconnection had begun, and that the structure and the
erosion are both associated with this change. Shortly before
the southward turning, the By component of the IMF changed
from —10 nT to +10 nT, and this could have contributed to a
reduction in the propagation delay between Wind and the
magnetopause.

After 1010 UT, only weak fluxes were seen above the 1-
keV threshold of CAMMICE, showing that the satellite was
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in the southward-IMF mantle region, although there were
brief re-appearances of more significant magnetosheath fluxes
near 1040 and 1120 UT. Around 1135 UT, CAMMICE
passed rapidly through intense magnetosheath precipitation
near r = 5.0 Rg, MLT = 1500, and A = 74°. This precipitation
has the characteristics of cusp (with high fluxes, high charge
state ions, and alpha particles) despite being at such a large
MLT, although significant fluxes of energetic magnetospheric
ions O*, 0%, and He" (Plates 1c and 1d) were seen here for
the first time, and so this intersection could be interpreted as
cleft/low-latitude boundary layer (LLBL). Subsequently, Polar
passed into the plasma sheet and ring current. The IMF had
remained predominantly southward, with only a few brief ex-
cursions to northward. In this paper we are interested in the
interval when Polar was within the mantle region during
southward IMF.

Polar UVI observations of the UV aurora (see section 3.4)
were made between 0630 and 1055 UT. Before 0950 (roughly
the time when the southward turning of the IMF reached the
magnetopause), Polar was at invariant latitudes A poleward of
80° (and moved from near 0700 to 1500 in MLT), whereas
Plate 1c of MEA shows that at 1500 MLT the main UV
aurora was always at A < 80° (and moving slowly poleward,
consistent with the northward IMF). After about 0945, both
the UV aurora and the satellite moved equatorward near 1500
MLT, but the satellite footprint did not catch up with the
aurora before the end of the UVI observations at 1055 UT.
Plate 1 shows that Polar passed through the southward IMF
cusp at 1135-1145, after UVI observations had ceased.

3.1. Low-Energy Ions

Plates 2a and 2b show the ions detected by the Hydra in-
strument on Polar between 1000 and 1115 UT, during this
pass. Plate 2a is for ions with pitch angle o; within 30° of the
downward field-aligned direction. The differential energy flux
Jg (= JE) of these ions is colour-coded as a function of energy
and observation time, #,. Plate 2b is the same for ions with
pitch angle within 30° of the upward field-aligned direction.
Downward, precipitating ions are seen up until about 1015
and then again briefly at around 1040. Upward propagating
ions are seen throughout the interval. These are mantle ions,
originally observed and explained by Rosenbauer et al.
[1975], mixed with the upgoing ionospheric ions of the cleft
ion fountain, as originally observed and explained by Lock-
wood et al. [1985a, 1985b]. The mantle ions have entered
along open field lines across the magnetopause, mirrored in
the converging magnetic field lines and returned to the satel-
lite while being swept into the tail lobe by antisunward con-
vection. The cleft fountain ions leave the topside cusp iono-
sphere as thermal flows and are accelerated at altitudes near 1
Rg, close to where the sheath ions are mirrored. They are sub-
sequently also swept antisunward by the convection flow
[Lockwood et al., 1985b], such that they obey the same mass,
pitch angle and energy dispersions as the mirrored sheath
ions. Because the region of upwelling ion acceleration is close
to the region where cusp ions mirror in the converging mag-
netic field lines, cleft ion fountain ions and mirrored mantle
ions will obey the same dispersion curve. The ion composi-
tion results show there is little flux of O in this region and
that the fluxes of He™ exceeded those of He": This implies
that the bulk of the dispersed ion signature is due to injected
solar wind and not the ionosphere.
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Lockwood [1995, 19971, Lockwood and Davis [1996] and
Lockwood et al. [1998] have discussed how the characteristics
of the magnetosheath ion population depend on elapsed time
since reconnection, (t, - ¢). At smaller (¢, - ¢;), both downgo-
ing ions and the mirrored upgoing ions can be seen simulta-
neously. Of the two populations, the upgoing ions will have
higher energies, having traveled the larger field-aligned dis-
tance from the magnetopause to the mirror point and then
back to the satellite than the downgoing ions that have trav-
eled directly from the magnetopause to the satellite. At those
times when both upgoing and downgoing populations are de-
tectable, this feature is evident in Plate 2. At larger (¢, - t,),
sheath ions continue to cross the magnetopause along the
newly opened field lines but are decelerated on crossing the
boundary and then swept into the tail lobe by convection: As
a result, very few ions (of very low energy in the Earth’s
frame) reach the satellite directly from the magnetopause
[Lockwood, 1995] and the fluxes of the precipitating ions fall
below the one-count instrument threshold. However, at such
times the satellite can still observe upgoing ions that crossed
the magnetopause when (f, - t;) was lower and have taken
longer to reach the satellite because they have mirrored below
it. The cleft fountain ions form a low-energy addition to the
mirrored sheath ions. Thus the periods of counterstreaming
ions and of only upgoing sheath ions in Plate 2 can both be
explained in terms of variations of the time elapsed since re-
connection (¢, - t,) of the field lines that the satellite was ob-
serving.

The ions also show sawtooth structures in the dispersion
characteristics, with downward ramps separated by upward
steps. Cusp ion steps of this form were predicted as a signa-
ture of pulsed magnetopause reconnection by Lockwood and
Davis [1996]. Steps have this sawtooth form if V, < V., where
V, and V, are the components of the satellite and convection
velocities, respectively, in the direction of the poleward nor-
mal to the open/closed separatrix. Lockwood et al. [1998]
were able to numerically model simultaneous steps in the up
and downgoing ions, proving that these events are due to
pulsed reconnection and not pulsed plasma transfer over the
magnetopause. In Plate 2b, a sequence of six small upward
steps are seen in the interval 1000-1020 UT. Most of these
can also be identified in the precipitating ions shown in Plate
2a. Such a rapid repetition, indicating small but frequent re-
connection pulses, was also reported by Lockwood et al.
[1998]. At each upward step, field lines that were reconnected
at a later time (i.e., of lower #,- ;) are convected over the sat-
ellite and the satellite begins to observe field lines that were
reconnected during a later puise. Between 1020 and 1035,
there may be further steps; however, the ion energy becomes a
weak function of (#,- ;) at large values and they become diffi-
cult to observe. At 1034-1040 a major upward step is seen
(labeled A and 1 in Plate 2). This step is structured, and this is
discussed in the next three sections. At 1052 and 1101, two
more clear upward steps are seen (labeled 2 and 3), followed
by an upward ramp (labeled 4) and a small step at 1113 (la-
beled 5). The upward ramp (4) is well explained by the same
theory, the reconnection rate falling to a smaller, but nonzero,
value between the pulses. The abruptness of steps 1, 2, 3 and
5 indicates that the reconnection rate fell to undetectably
small values. Note that before 1010, (z,- ¢,) is small enough to
allow simultaneous steps in both upgoing and downgoing
ions, as modeled by Lockwood et al., [1998]. Both the energy
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and the flux of the magnetosheath ions fall with increasing
(t,- t,), and they fall faster for larger field-aligned distance
from the reconnection site: Thus both are lower for mirrored
upgoing ions than for precipitating ions. After 1010 UT, (%-
t,) is larger, such that upgoing ions are still seen but precipi-
tating ions have fallen to undetectably low fluxes. The only
exception to this statement is at 1040-1043, when step 1
briefly brings field lines of sufficiently low (¢,- ,) for pre-
cipitating ions to be seen, as well as the upgoing ions.

At 1135-1145, when CAMMICE passed through a region
of magnetosheath precipitation, the Hydra instrument ob-
served a sequence of four more sawtooth ramps (not shown),
showing this region is on newly opened field lines produced
by four short pulses of reconnection roughly 2.5 min apart.
Thus the presence of some magnetospheric and ionospheric
ions (He* , O" and O""; see Plate 1) in this region is not con-
sistent with a closed field line cleft/LLBL interpretation but is
consistent with this flank LLBL being on open field lines.

3.2. Electron Observations

Plate 2¢ and 2d show the differential number fluxes (J =
Je/E) of downgoing and upgoing electrons, respectively, with
pitch angles o, within 30° of the field line. Electron fluxes are
higher where the ion data reveal lower (¢, - t,). This is to be
expected because quasi-neutrality is maintained [Burch, 1985]
and the ion (and hence the electron) fluxes decrease with in-
creasing (1, - ;) at these large (¢, - t,). In general, the upgoing
and downgoing electron fluxes are similar, much more similar
than for the ions, because the difference between upgoing and
downgoing times of flight are smaller (the travel time to go
from the satellite altitude to the mirror point and back up to
the satellite is much smaller for electrons than ions). The ma-
jor exception to this takes place at 1035-1037 (marked A in
Plate 2), close to the large upward step. In this interval, fluxes
of downward precipitating electrons remain, but there is a
dropout in the fluxes returning upward.

3.3. Magnetic Field Observations

Figure 4 shows the three components of the disturbance
magnetic field in the GSM frame of reference, ABy, ABy, AB;.
In each case the component from the Tsyganenko model has
been subtracted from the observed component to show the
small-scale variations. The fluctuations in the total distur-
bance vector AB are almost completely normal to the model
field direction, consistenit with the effects of field-aligned cur-
rents. Very small scale structure is seen around the small cusp
ion steps earlier in the period, but we here concentrate on that
around the largest steps at 1035-1040, 1052 and 1101 UT. In
each of these cases the major feature that we see is a bipolar
signature in ABy, with lower ABy before the step and higher
after, as predicted in section 2 for extensive field-aligned cur-
rent sheets that are aligned close to parallel to the Y axis and
moving antisunward over the satellite. The ABy variations
around the steps are similar in form to those predicted in Fig-
ure 3 and are found at each of the ion steps in the mantle re-
gion identified in Plate 2.

3.4. UV Images

The UVI instrument made observations between 0630 and
1051 UT on this day. The satellite’s path keeps it poleward of
invariant latitude, A, of 83° at 0630-1030 (but moving from
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Figure 4. Polar magnetometer observations of the magnetic
deflections in the GSM X, Y and Z directions (dBy, dBy, dB;)
and in the total field dB,,,. The observed components have
been differenced with the predictions of a standard
Tsyganenko T96 model (with dynamic pressure of 2 nPa, IMF
By= B;=0 and a Dst index of 0).

about 0900 to 1500 in MLT). Plate 1 of MEA shows that
during 0630-1030, the UV aurora at 1500 MLT was moving
slowly poleward (because the IMF was northward) but was
always at A < 80°. Near 1000 the UV aurora began to move
equatorward in response to the southward turning of the IMF.
By the time the satellite reached and passed through the cusp
region (around 1140 UT, see Plate 1), UVI had ceased mak-
ing observations. Thus the satellite was always poleward of
where the main UV aurora was seen, when it was seen.

Plate 3 shows the UV intensity observed in the afternoon
sector by the UVI imager on Polar for 1026-1042 UT. The
selected images are for the LBHs filter and are 3 min apart
and are integrations over 37-s intervals. The meridian of
magnetic noon is the right-hand edge of each plot with radial
dotted lines 1 hour of MLT apart. Concentric dotted circles
are at magnetic latitudes of 60°, 70° and 80°. On each plot
the satellite path for 0900-1200 UT has been plotted, mapped
to the ionosphere using a Tsyganenko T89 model for Kp of 3.
The tick marks give the estimated locations of the satellite
footprint at the time of each image. To guide the eye, the
same statistical location of the auroral oval has been plotted
on each panel as solid lines.

At 1026 UT the clearest of the events discussed by MEA
(the event that they labeled as C) is seen breaking away from
the poleward edge of the auroral oval. The point where the
poleward moving form meets the oval is propagating away
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from noon, the significance of which is discussed by MEA.
The westward end of this feature moves poleward faster than
the eastward end, so the arc becomes progressively more
aligned with the Y axis. After 1035 it fades, such that it is
only just visible at 1042. This arc intersects the mapped satel-
lite footprint at about 1039 UT.

Bright spots in the afternoon sector aurora have been stud-
ied by a number of authors (see review by Liou et al. [1999]
and, despite their very large local time extent, it is possible
that events like those shown in Plate 3 may have been classi-
fied as bright spots. Liou et al. [1999] show that UV bright
spots form in a variety of dayside precipitation regions: al-
though they are most likely to be embedded in precipitation
classed as plasma sheet, they are also found in the LLBL and
polar cap regions.

4. Comparison With the CUTLASS Radar Data

MEA have presented the data from the CUTLASS Finland
radar for this period, and compared them with the UVI im-
ages. Plate 4 reproduces the latitude-time plots of the radar
echoes seen in beams 3, 7 and 13 (near the western edge,
center and eastern edge, respectively, of the field of view of
the CUTLASS Finland radar). The color coding shows the
Doppler velocities (red being away from the radar at 1 km sh.
We have added the magnetic latitude of the mapped iono-
spheric footprint of the satellite, with the locations of the
steps marked. In addition, the time that Polar exited from the
initial cusp at 1010 is marked, along with 1135-1145 when
Polar passed through the cusp for the last time.

The cusp crossing agrees well with the latitudes that back-
scatter is seen in beam 3. However, the satellite pass is at
MLT near 1500 and lies between beams 7 and 13. In these
two beams the mapped footprint of the cusp intersection is at
slightly higher latitude than the radar echoes. From this, we
infer that the true satellite footprint is approximately 2°
equatorward of the location predicted by the field line model.
Such an error is entirely consistent with the uncertainty in the
field line mapping over a distance of about 4 Rp.

With or without this inferred shift in latitude, steps 1, 2

and 3 fall on the extrapolated path of the major poleward
moving events seen in beams 3 and 17. However, the 2° shift
is required if these steps are to also coincide with the events
in beam 13 (but note that only the first event is completely
clear in this radar beam). Neither the upward ramp 4 nor the
small step 5 show a clear signature in the CUTLASS data.
Note that there is no signature of the cusp seen by Polar be-
fore 1010. This is presumably because it was at higher lati-
tudes and no HF propagation paths were possible that gave
near perpendicularity to the field-aligned irregularities in the
cusp region. If so, this demonstrates how the operation fre-
quency of HF radar can introduce selection effects into the
data accrued.
With the 2° shift of the predicted satellite footprint inferred
above, the field line of poleward moving arc in Figure 4 inter-
sects the satellite field line just before 1035. Rather than the
arc moving right over the satellite footprint, the arc fades at
the satellite location after about 1039 UT.

5. Discussion

The sawtooth signatures of the ion data reveal pulses in the
rate of the reconnection that gives magnetosheath ions entry
into the magnetosphere. The largest step at 1035-1040 UT
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Plate 1. Observations by the Charge and Mass Magnetospheric Ion Composition Experiment (CAMMICE)
on the Polar satellite of the differential number flux of ions in an energy per charge-observation time spec-
trogram format. (a) O™ ions where the charge state n exceeds 2 (predominantly of solar origin). (b) He®*
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has a double form in the upgoing ions (Plate 2b). This could
be caused by a solar wind pressure pulse compressing the
geomagnetic field and moving a single cusp ion step such that
it passes over the satellite three times [Lockwood et al., 1998].
However, this would necessarily cause the same double
structure to be seen in downgoing ions, and inspection of
Plate 2a clearly shows that this is not the case. We also note
that the first feature, but not the second, is accompanied by a
dropout in upgoing electrons (Plate 2d). We conclude that this
structure is not the same step intersected twice, nor is it two
steps.

The observed magnetic perturbation ABy in Figure 4 shows
upward field-aligned current throughout 1034-1040, but this
current is suvictured, with smaller values of ABy at the time of
the first ion feature. We here propose that this feature is, in
fact, a single cusp ion step feature (labeled 1 in Plate 2), sur-
rounded by its associated upward current sheet (as predicted
for the mantle region with IMF By > 0). This current is found
on the last of the field lines to be opened in the first recon-
nection pulse (seen just before the step) and on the first of the
field lines to be reconnected in the second pulse (seen just
after the step). Because of the time-of-flight effects, the
plasma concentration on the former field lines will be much
smaller than on the latter field lines. If the upward J; is car-
ried predominantly by the downgoing magnetospheric elec-
trons, these would need to move faster on the field lines seen
just before the step, and we propose that in this region the
electron flow has become unstable and produced a parallel
potential drop of about 1 kV beneath the satellite in the region
labeled A in Plate 2. This has accelerated the upgoing ions by
about 1 keV and broadened the electron loss cone to about
11° (from the 4° predicted by the Tsyganenko magnetic field
model for adiabatic electron motion). This gives the dropout
in the fluxes of upgoing electrons, without changing the
downgoing electrons. This would also produce 1-keV pre-
cipitating electrons at the top of the atmosphere that would
have produced the UV auroral arc that the satellite footprint
intersects near this time.

The second feature in the upgoing ions (near 1040 UT, la-
beled 1 in Plate 2 and Figure 4) is thus the actual cusp ion
step, and this is marked by the reappearance of precipitating
ions and a strong upward field-aligned current sheet. The
lower cutoff in these upgoing ions is difficult to define be-
cause of smearing caused by the dependence of the mirror
height on pitch angle. The best estimate that we can make is
from the ions on the edge of the loss cone, giving a step in the
lower cutoff from 50 to 200 eV. If we take a nominal distance
from the magnetopause to the mirror point of 15 Ry and a
further 6 R from the mirror point back up to the satellite, this
gives a change in elapsed time since reconnection of (¢, - t,)
from 22 to 11 min. In other words, the step is produced by a
period of about 11 min of near-zero reconnection rate (1013-
1024 UT).

We note that all other steps, despite showing accompany-
ing signatures in the magnetometer data consistent with the
motion of field-aligned current sheets over the satellite, have
no definable signature in the electron data. In these cases, the
current appears to be carried by electrons out of the range of
the detector (<10 eV and/or >20 MeV). As there is no sig-
nificant structure above about 1 MeV, it is most likely that
electrons below 10 eV are the dominant electron carriers in all
cases, other than step 1.
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As interpreted by MEA, the UV arc seen at 1026 and 1029
in Plate 3 initially marks the antisunward edge of the patch of
newly opened flux. It is the region of upward field-aligned
current associated with the westward motion of the event. As
the curvature force on the newly opened field lines decays,
the motion evolves to antisunward, and this field-aligned cur-
rent migrates to the eastward end of the event, as illustrated
by Lockwood et al. [1993a] and MEA. This is consistent with
the motion of the brightest luminosity in this arc shown in
Plate 3. We also note that Figure 1b predicts that the strongest
upward field-aligned current associated with each event will
be at the eastward end of the event where it is not contiguous
with the prior event. Thus the westward end of the arc may
mark the eastern end of the patch of newly opened flux gener-
ated by the previous reconnection pulse.

Plate 2 of MEA shows that the UV arcs seen in this MLT
sector form a series of poleward moving events. Thus both
major arcs seen at 1200-1600 MLT in Plate 3 are consistent
with events at different stages of their evolution: This being
the case, both these UV arcs are caused by the difference of
longitudinal speeds of adjacent patches associated with the
tension force on newly opened field lines. The lower-latitude
arc is the boundary between the more recently-produced
patches of newly opened flux . Plate 3 shows that the UV arcs
have considerable variation as the patches of newly opened
flux evolve.

The field-aligned current J; will be larger if the difference
between the velocities of the two patches is larger, which will
increase with the difference in time elapsed since reconnec-
tion (4~ ;) and thus with the size of the step in ion energy.
The longer the interval of near-zero reconnection, the larger
the J, that is required at the step. This explains why a strong
arc feature formed across the largest step in Plate 2, but only
weak features are seen in association with the smaller steps.
Stronger field-aligned currents will also be present if the IMF
By component is larger, and thus such UV arcs should be
more readily observed in such cases. As events evolve into
the polar cap the difference in the longitudinal motion speed
decays and so the J at the step will also decay and any arc as-
sociated with a step will fade.

We also note that for negative IMF By, the field-aligned
current required on the steps will be downward. Such down-
ward currents may be readily supplied by upgoing ionospheric
electrons, and the parallel potential drop and the UV arc may
not form in such cases. This would restrict UV observations
of poleward moving arcs to cases with a strong positive IMF
By component only.

6. Conclusions

Cusp ion steps in the mantle region have been shown to be
coincident with field-aligned current sheets, consistent with
our predictions of pulsed magnetopause reconnection an IMF
that has a large By component. If the delay between succes-
sive reconnection pulses is large, the field-aligned current, for
large positive IMF By component at least, can go unstable and
produce a poleward moving arc feature on open field lines
that can be imaged by global UV images.

The results confirm that the events seen in HF radar data
and UV images by MEA are indeed due to pulsed reconnec-
tion. That being the case, the large longitudinal extents of the
events mean that each contributes 10% of the total polar cap
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flux and that these events are indeed responsible for all of the
transpolar voltage (and thus the polar cap expansion) at this
time. In addition, the evolution of the events is therefore con-
sistent with the moving or expanding active X-line segment,
as proposed by Lockwood et al. [1993b] and Lockwood
[1994].
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