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Abstract. The past four decades have seen a consider-
able amount of research on the study of magnetospheric
substorms, and over most of these years the expansive
phase of the substorm has been associated with the devel-
opment of a three dimensional current system that has been
termed the substorm current wedge. This current system has
been thought to be a consequence of the short-circuiting of
crosstail current through the ionosphere, and is viewed as a
distinctive current system operating independently from the
directly driven current with which it co-exists. The purpose
of this paper is to show that the substorm current wedge
should be viewed as an equivalent current system rather than
a real current system. It will be shown that the magnetic per-
turbation pattern associated with the current wedge can be
modeled as purely a perturbation of the directly driven cur-
rent system in the midnight sector.

Keywords. Magnetospheric physics (Auroral phenomena;
Current systems; Magnetotail; Storms and substorms

1 Introduction

As far back as the beginning of the 20th century, the elec-
tric current system associated with the onset and early devel-
opment of the substorm expansive phase (EP) was thought
to be three dimensional, involving a downward field-aligned
current (FAC) in the postmidnight sector connected to an up-
ward FAC in the evening sector by an electrojet current flow-
ing westward in the auroral ionosphere (cf. Birkeland, 1908).

The evidence for this presumption were the magnetic field
perturbations observed at high latitudes during the strong
auroral displays that were later termed substorms by Aka-
sofu (1964). Until the end of the 1960’s, most studies of the
electric currents associated with substorms tended to refer to
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the actual pattern as the equivalent current system of the dis-
turbance. However, in the early 1970’s both Akasofu and
Chapman (1972) and McPherron et al. (1973) suggested that
the current system was the result of the short-circuiting of
crosstail current through the ionosphere (Fig. 1a). This led
to a common view that the real current system for the sub-
storm disturbance had been identified. It should, however, be
recognized that there have been no measurements of electric
current which have uniquely identified the FAC associated
with the substorm EP. Any discussions of the three dimen-
sional current system associated with that phenomenon are
based on magnetometer measurements alone, and hence the
substorm current wedge (as it is now called) is still only an
equivalent current system, albeit three dimensional in char-
acter.

The three dimensional equivalent current system for the
EP has been modeled by Bonnevier et al. (1970) (Fig. 1b)
and compared with observations of the development of the
expansive phase current system, that was later established by
Kisabeth and Rostoker (1974) to occur in a series of stepwise
intensifications, each one poleward of the preceding one. At
that time, the equivalent nature of the model current system
shown in Fig. 1b was confined to the closure current in the
equatorial plane. That is, the eastward equivalent current
flow in the equatorial plane could be viewed as a decrease in
westward crosstail current flow at the onset of the substorm
EP. It was this realization that led to the concept of the short-
circuiting of some portion of the crosstail current to permit
the substorm current wedge to form.

However, even in the early 1970’s there was some ques-
tion as to whether or not the short-circuit model was the only
available explanation of the observations. Rostoker (1974)
pointed out that it was possible to obtain the magnetic field
perturbations associated with the substorm current wedge by
simply stepping the upward FAC of the directly driven cur-
rent system suddenly westward thereby extending the pre-
existing westward electrojet further to the west (cf. Fig. 2).
That is, the magnetic perturbation pattern associated with
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Fig. 1. (a) Three-dimensional real current system proposed by
McPherron et al. (1973) to explain the observed magnetic field
perturbation pattern at the earth’s surface during the development
of the expansive phase of a magnetospheric substorm. In this
framework, the expansive phase onset signals the short-circuiting
of crosstail current through the auroral ionosphere (after McPher-
ron et al., 1973).(b) Three dimensional equivalent current system
used by Bonnevier et al. (1970) to represent the magnetic perturba-
tion pattern associated with the EP of magnetospheric substorms. In
this representation, dawnward equivalent current flow in the mag-
netic equatorial plane could be considered to represent a decrease
in duskward real current flow. In a similar vein, downward equiv-
alent current flow could be considered to represent a decrease in
pre-existing real upward current flow (after Bonnevier et al., 1970).

such a westward shift of the upward FAC, and the concomi-
tant westward extension of the directly driven westward elec-
trojet, reproduce precisely the magnetic perturbation pattern
attributed to the current wedge, although the downward FAC
at the eastern edge of the wedge actually represents a de-
crease in the upward FAC present just prior to EP onset. In
the short term, while this kind of real current system behav-
ior could explain the ground magnetic field perturbation pat-
tern during substorm expansive phase, the concept was aban-
doned. This was because, if such a large current was already
flowing in the magnetosphere and ionosphere prior to EP on-
set, its buildup would have been identifiable as a perturbation
from the quiet time baseline. Since expansive phase pertur-
bations often seem to develop in situations where there is
only a very weak (<50 nT) deviation of the disturbance field
from the background quiet time field, it seemed unlikely that
the proposal by Rostoker (1974) was consistent with the ob-
servations. However, in the early 1990’s a set of observations

appeared which, together with proper modeling, caused a re-
evaluation of the Rostoker (1974) suggestion. A preliminary
version of this development was presented by Friedrich and
Rostoker (1998). In the present paper we shall look at this
idea in more detail and present additional modeling results
that support the concept.

2 Motivation for the choice of the model current system

As mentioned in the Introduction, there appears to be more
than one way in which to model the magnetic perturbation
pattern associated with the substorm expansive phase. We
begin our analysis of this contention by noting that the onset
of a substorm EP is presaged by a period of enhanced energy
input into the magnetosphere. The energy that enters from
the solar wind may be thought of as being partitioned, with
some of that energy being directly dissipated in the iono-
sphere and the rest being stored in the plasma and magnetic
field of the magnetotail. How much is directly dissipated and
how much is stored differs from event to event, depending
on many preconditions, not the least of which is the conduc-
tivity of the ionosphere. The important point to note here
is that, by the time of EP onset, there are already signifi-
cant directly driven currents flowing in the magnetosphere-
ionosphere system. These directly driven currents feature
the two large-scale eastward and westward electrojets cross-
ing the dusk and dawn meridians respectively, and the anti-
parallel FAC sheets that flow into and out of the ionosphere
in the electrojet regions together with their predominantly
north-south ionospheric closure currents. Approaching the
midnight meridian, the electrojet current gradually bleeds up
the field lines leading to net upward current flow across the
midnight sector from dusk to dawn. This net upward FAC is
seen on the ground as a level shift in the east-west component
of the perturbation magnetic field (cf. Hughes and Rostoker,
1977, 1979).

The Birkeland current system (involving azimuthally dis-
tributed anti-parallel current sheets connected by nearly
meridional ionospheric closure currents) is essentially
solenoidal in character. That is, ideally one does not de-
tect the perturbation magnetic field associated with these cur-
rents unless one lies within the volume of space occupied by
the FAC. Of course, these current configurations are not in-
finitely long solenoids and hence some magnetic flux leaks
out the ends and can be detected on the ground. It is this leak-
age that provided the motivation to further explore the sug-
gestion of Rostoker (1974) that a perturbation in the directly
driven system could explain the magnetic perturbations at-
tributed to the substorm current wedge as a real current sys-
tem resulting from short-circuiting of the crosstail current.

Figure 3a shows a latitude profile taken around midnight
along a meridian line through the Alberta sector as monitored
by a north-south line of magnetometers. Rather than featur-
ing a bipolar signature in the Z-component across the oval,
one sees a unipolar (positive) Z-component perturbation that
is not typical of any electrojet signature. Figure 3b shows a
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Fig. 2. Schematic showing the development of a substorm in terms of the change of current flow at substorm expansive phase onset. The
unbalanced portion of the field-aligned currents is shown in this diagram together with the ionospheric eastward and westward directly driven
electrojets. The magnetic perturbation pattern of the expansive phase can be explained by a westward jump of a pre-existing region of upward
FAC flow and the associated westward expansion of the westward electrojet (after Rostoker, 1974).
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Fig. 3. (a)Latitude profile taken on the Alberta line (∼115◦ geographic) close to magnetic midnight. The three components of the perturba-
tion magnetic field (H, D, Z) are in local magnetic coordinates. The positive Z-component across the average auroral oval latitude range is
not a typical electrojet profile (which is bipolar in character) and is thought to be due to the combined edge effects of the meridional currents
that are the ionospheric closure currents for the Birkeland current sheets in the morning and evening sectors. The large perturbation at the
highest latitude is likely associated with the poleward border of the auroral oval, where poleward border intensifications take place.(b) Same
as Fig. 3a except for a time close to midnight in which the latitude profile is representative of the morning sector westward electrojet. The
asymmetric Z-component profile (large positive in the poleward region and small negative in the equatorward region) can be thought of as
the combined effect of the electrojet itself (for which the positive and negative Z-component extrema should be approximately equal) and the
edge effect of the morning side meridional closure current for the Birkeland currents.
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Fig. 4. (a) Schematic of the directly driven currents in the auro-
ral oval between dawn and dusk, used in the model to describe the
growth phase of a substorm just before the EP onset.(b) Same as
Fig. 4a but for conditions just after substorm EP onset.

latitude profile of the morning sector westward electrojet at a
time close to midnight. A clear asymmetry is seen in the Z-
component profile, the perturbation being more positive than
negative across the electrojet region. This profile can be un-
derstood as the combined effect of the Z-component pertur-
bation due to the electrojet (i.e. equal positive and negative
maxima) and the Z-component of the leakage of magnetic
flux out of the solenoidal Birkeland current configurations
associated with the eastward and westward electrojet regions
(i.e. a unipolar positive perturbation). This type of observa-
tion provided the motivation to view the magnetic perturba-
tion pattern associated with substorm EP onset as a redistri-
bution of the FAC in the midnight sector in such a way as to
open the solenoid and allow its associated magnetic flux to
be detected on the ground.

It should be emphasized that the profiles shown in Fig. 3
are taken at approximately the same local time, and yet they
are quite different in structure. This is because the line
separating the dusk cell from the dawn cell of the directly
driven electrojet region is not always precisely located at
local magnetic midnight. Sometimes the dividing line is
slightly into the morning sector and sometimes it is slightly
into the evening sector, although there is a tendency for it
to be displaced towards the evening side at times of higher
activity.

In the following section we shall show model results
demonstrating that this kind of approach can adequately ex-
plain the observations, and in the Discussion section we shall
provide a physically reasonable scenario in which the sub-
storm EP onset is a natural consequence of the perturbation
of the directly driven system of currents.

3 Model results

On the large scale, our model involves the two directly driven
electrojets (eastward across dusk and westward across dawn)
together with associated north-south current flow consistent
with the known electric field and conductivity distribution
in the auroral oval. The north-south currents connect to the
Birkeland current sheets while the east-west current sheets
are fed by downward field-aligned current in the dayside au-
roral region with the current gradually bleeding up the field
lines in the nightside auroral region. The modeling was car-
ried out in a dipole field geometry using the Biot-Savart law
from programs described in Kisabeth and Rostoker (1977).

Figures 4a and b show the pre-onset and post onset config-
uration of electrojets and Birkeland currents associated with
the directly driven system. The magnitudes of the currents
in each local time sector are shown in Table 1 for the pre-
onset configuration and in Table 2 for the post-onset config-
uration. From these Tables, it can be seen that we model
the three dimensional current configuration by breaking the
system down into cells of current in the ionosphere extend-
ing latitudinally between 65◦ and 70◦ and longitudinally over
8◦. Within each cell, the ionospheric current is broken into
its north-south and east-west components, with the east-west
component being viewed as primarily Hall current and the
north-south component primarily as Pedersen current. (An
exception to this is found in the region of the substorm west-
ward electrojet that marks the expansive phase onset, which
we view as a Cowling current.) The north-south current in
each cell is connected by field-aligned current sheets at the
northern and southern edges of the cell to radial closure cur-
rent in the equatorial plane, thus forming a current loop. The
location of the closure current is determined by two L shells
that mark the edges of the field-aligned current sheets, as-
suming dipole field geometry. The east-west current in each
cell is connected by field-aligned current sheets at the east-
ern and western edges of the cell to azimuthal closure cur-
rent, again forming a current loop. Thus, for each cell the

condition that∇·
⇀

J=0 is satisfied.
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Table 1. Current magnitudes for Pre-onset model. *

Longitude (◦ East) Hall Current (MA) Pedersen Current (MA)

Evening Sector 182–190 0.045 0.022

190–198 0.045 0.022

(Eastward Hall/ 198–206 0.045 0.022

Northward Pedersen current) 206–214 0.045 0.022

214–222 0.040 0.020

222–230 0.035 0.018

230–238 0.030 0.015

238–246 0.025 0.013

246–254 0.020 0.010

254–262 0.015 0.008

Morning Sector 278–286 0.056 0.030

286–294 0.065 0.038

(Westward Hall/ 294–302 0.075 0.038

Southward Pedersen current) 302–310 0.086 0.044

310–318 0.095 0.050

318-325 0.104 0.057

325–333 0.113 0.063

333–341 0.123 0.069

341–349 0.132 0.075

349–357 0.132 0.075

357–365 0.132 0.075

365–373 0.132 0.075

373–381 0.132 0.075

381–389 0.132 0.075

389–397 0.123 0.069

397–405 0.114 0.063

405–413 0.105 0.057

413–421 0.096 0.050

* All currents flow between latitudes 65◦ and 70◦ N latitude.

Considering the electrojet configuration as a whole, the
east-west (Hall) current was allowed to bleed up the magnetic
field lines as the electrojet current approached midnight, and
the north-south Pedersen closure currents for the Birkeland
current system decreased in intensity accordingly from the
dusk and dawn meridians towards midnight. For the 15◦ of
longitude centered on midnight, no electrojet or meridional
current flows in the pre-onset model. The relative magni-
tudes of the Hall and Pedersen currents were chosen based
on reported ionospheric conductivity ratios (cf. Wallis and
Budzinski, 1981). During the growth phase, the6H /6P ra-
tio is typically ∼1–2 and the ratio of the morning sector to
evening sector currents is∼3:1.

The westward electrojet in the morning sector extends
eastward past dawn into the pre-noon quadrant. The elec-
trojet is fed by downward current most of which, to mini-
mize the number of cells required in the model, flows into
the ionosphere over a restricted range of longitudes (389◦

to 421◦). (In reality, this downward current would be more
spread out across the pre-noon quadrant.) The eastward elec-
trojet, stretches westward to 10◦ past the dusk meridian and
all the field-aligned current feeding this electrojet is concen-
trated at 190◦.

The perturbation patterns are shown in the latitude and lon-
gitude profile formats so that they can be compared with ob-
servations that are often shown in similar formats. We be-
gin by showing model pre-onset profiles, which the reader
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Table 2. Current magnitudes for Post-onset model. *

Longitude (◦East) Hall Current (MA) Pedersen Current (MA)

Evening Sector 182–190 0.056 0.028

190–198 0.056 0.028

(Eastward Hall/ 198–206 0.056 0.028

Northward Pedersen current) 206–214 0.056 0.028

214–222 0.050 0.025

222–230 0.044 0.023

230–238 0.038 0.019

238–246 0.031 0.016

246–254 0.025 0.013

254–262 0.019 0.010

Morning Sector 262–270 0.162 0.000

270–278 0.162 0.000

(Westward Hall/ 278–286 0.162 0.000

Southward Pedersen current) 286–294 0.162 0.000

294–302 0.135 0.038

302–310 0.140 0.044

310–318 0.145 0.050

318–325 0.150 0.057

325–333 0.155 0.063

333–341 0.160 0.069

341–349 0.165 0.075

349–357 0.165 0.075

357–365 0.165 0.075

365–373 0.165 0.075

373–381 0.165 0.075

381–389 0.165 0.075

389–397 0.154 0.069

397–405 0.143 0.063

405–413 0.131 0.057

413–421 0.120 0.050

* All currents flow between latitudes 65◦ and 70◦ N latitude.

should consider as typical of what might be observed at
auroral oval latitudes. Figures 5a, b and c show latitude pro-
files across the auroral oval at evening sector, midnight sec-
tor and morning sector locations respectively. One sees peak
magnetic perturbations due to the eastward and westward
electrojets in the evening and morning sectors of∼30 nT
and∼−100 nT respectively. These perturbations are mostly
caused by the Hall current electrojets. In the midnight sector,
the latitude profile is not typical of that associated with either
an eastward or a westward electrojet and the peak magnetic
perturbations in any component are<15 nT. The horizon-

tal component perturbations are mostly due to field-aligned
currents and the unipolar positive Z-component perturbation
is due to the edge effects of the north-south Pedersen clo-
sure currents associated with the evening and morning sector
Birkeland current systems. It is important to emphasize that
perturbations of this level in the midnight sector would likely
not be readily noticed as they would develop slowly over the
time of the growth phase and are of the order of what one
might expect from variations due to the quiet time current
system.
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We associate the onset of expansive phase activity with
a sudden brightening of an auroral arc across the midnight
meridian, signaling the onset of westward electrojet flow
across that sector. We argue that this new westward current
flow is an extension of the morning sector westward electro-
jet that is part of the directly driven system. We further argue
that a longitudinally confined section of upward FAC that
was at the western edge of the pre-onset westward electrojet
shifts westward while the downward FAC to which it con-
nects does not shift. The effect of this reconfiguration of the
Birkeland currents is to “open the solenoid” permitting the
ground observer to detect the magnetic flux from the west-
ward portion of the Birkeland currents. As the downward
FAC in the poleward portion of the morning sector Birkeland
currents does not move in longitude, this effectively presents
to the observer an up-down current pair connected by west-
ward ionospheric current, i.e. a current wedge configuration.
The EP westward electrojet, from its eastern edge of 294◦

to its western edge at 262◦, is considered to be a Cowling
current: that is, the sum of the enhanced westward electrojet
across the dawn sector and the original (southward) Pedersen
current from 278◦ to 294◦. Finally, we note that consistent
with a∼15◦ shift of the westward electrojet into the evening
sector, the eastward electrojet retracts by the same number
of degrees. The final EP westward electrojet therefore has a
longitudinal extent of 32◦.

Along with the change of the spatial configuration of the
Birkeland currents, we also note that conductivity changes
occur that affect mainly the morning sector. Based on the
contention of Kamide and Vickrey (1983) that the west-
ward electrojet is conductivity dominated in the midnight and
morning sector, and the observations by Brekke et al. (1974)
and Opgenoorth et al. (1994) that the ratio6H /6P increases
to >2:1 during active times in those sectors, we effectively
increased6H /6P in the morning hours while keeping the
evening sector conductivity ratio almost unchanged.

This increased morning sector conductivity translates into
increased directly driven westward electrojet current flow-
ing towards midnight in the morning sector. Therefore our
change from pre-onset to post-onset conditions involves both
the sudden shift of the section of upward FAC between 278◦

and 293◦ to the western edge of the post-onset westward
electrojet, as well as an increase in the strength of the directly
driven westward electrojet current.

Figure 4b shows the new configuration of the modeled cur-
rent system while Fig. 6 shows the change in the magnetic
field on the ground as a latitude profile along the midnight
meridian. The magnitudes of the Hall and Pedersen currents
in each sector immediately after EP onset are shown in Ta-
ble 2. If one compares the pre-onset and post-onset morning
sector westward electrojets, it is immediately apparent that
the latitude profile of the disturbance along the 270◦ meridian
(i.e. the central meridian of the newly established westward
current) has the same form, and features a peak magnitude
of the X-component disturbance, that one sees as repeatable
characteristics of the latitude profiles associated with obser-
vations of an EP onset in the region of that onset. The profiles
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Fig. 5. Model latitude profiles for pre-substorm onset conditions in
the evening(a), midnight(b) and morning(c) sectors of the auroral
oval.

of the evening/morning sector eastward/westward electrojet
(not shown) are also typical of those detected in those sectors
immediately after EP onset.

Figure 7 shows a cartoon longitude profile of the compo-
nents of the magnetic field disturbance typically detected at
low latitudes at the time of EP onset (Panel a) and the model
results for that same region on the earth’s surface (Panel b). It
is evident that the modeled and observed disturbances closely
resemble one another insofar as the horizontal components of
the magnetic perturbations are concerned. The magnitudes
of the magnetic perturbations at low latitude are only of the
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Fig. 6. Model latitude profile across the midnight sector auroral oval
after substorm expansive phase. This is precisely the type of profile
seen shortly after EP onset (cf. Bonnevier et al., 1970; Kisabeth and
Rostoker, 1974).

order of a few nT, whereas observations feature some events
that are an order of magnitude larger than what our model
results provide. It is important to note, however, that our
model only deals with the initial onset of the substorm EP.
Normal expansive phases develop through discrete intensifi-
cations of auroral arc systems, each poleward of the previ-
ous one and each providing a component of disturbance of
approximately the same size (Kisabeth and Rostoker, 1974).
Typically, two to three such enhancements are found in a ma-
jor substorm expansive phase before the activity reaches the
poleward edge of the pre-existing diffuse aurora that approxi-
mately marks the open-closed field line boundary (Blanchard
et al., 1994; Friedrich et al., 2001). Thus, our model allows
for the normal range of magnitudes of EP disturbances ob-
served at low latitudes.

In summary, we believe that the observed magnetic per-
turbations detected on the ground (i.e. Panel a) in associa-
tion with EP onset can be produced simply by a perturba-
tion in the pre-existing directly driven current system; that
is, a short-circuiting of crosstail current may not be required
at the time of the substorm EP onset. This does not prove
that short-circuiting does not take place; it only demonstrates
that the observations can be explained in a different fashion.
In the Discussion section that follows, we shall demonstrate
that our explanation is well founded in terms of conforming
to the observations and to our theoretical understanding of
what happens in the magnetosphere-ionosphere system when
a substorm EP onset takes place.

4 Discussion

We have shown in the preceding section that the magnetic
perturbation pattern at the earth’s surface associated with
the onset of a substorm expansive phase can be explained
by the sudden extension of a longitudinally limited (∼ one
time zone) portion of the directly driven westward electro-
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Fig. 7. (a)Model longitude profile across the low latitude region ob-
served during substorm expansive phase conditions (after McPher-
ron et al., 1973). Note that 1 gamma (γ )=1 nT. The model profile for
the line current system shown on the right side of the figure satisfies
observations of the polarities of magnetic bays at middle latitudes
documented by Rostoker (1966) among others.(b) Model longitude
profile of the magnetic perturbation at latitude 45◦ for our change in
the directly driven current system. Magnetic midnight is at 270◦ E.
The high degree of similarity between these two profiles of the hor-
izontal components of the magnetic field perturbation in Figure 7
strongly supports our model of the process in terms of representing
a plausible explanation of the development of the substorm current
system.

jet. This involves a sudden westward shift of an azimuthally
limited section of upward region 2 current, while the re-
gion 1 downward current poleward of that shifted section
remains in place. The consequence of this reconfiguration
of region 2 current is that the solenoidal configuration of the
Birkeland currents and their associated ionospheric and mag-
netospheric closure currents is broken, allowing the perturba-
tion magnetic field to be detected at lower latitudes. We now
discuss the observational and theoretical evidence supporting
this new model of the current wedge.

We begin by looking at the observational evidence that has
been used to support the concept of the short-circuiting of
crosstail current through the ionosphere as a longitudinally
limited westward electrojet. The signature of such a rerout-
ing of current would be consistent with dipolarization of the
magnetic field around geostationary orbit and beyond. While
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this could be explained by a reduction in crosstail current,
electric circuit theory would suggest that a portion of the
current flowing from the dawn flank to the dusk flank finds a
path through the auroral ionosphere to be less resistive than
continuing to flow across the tail. However, Vasyliunas [pri-
vate communication] has pointed out that if one can compare
current flows in the ionosphere and magnetosphere (which
is not at all certain), the conductivity encountered by the
crosstail current is of the order∼300 mho, far higher than
could be expected for the region of the ionosphere through
which the westward electrojet would be expected to flow.
This casts some doubt on the basic premise for the existence
of the current wedge as a real current system, in that there is
no obvious reason why the crosstail current should divert to
flow through the ionosphere. To our knowledge, all evidence
for the short-circuit concept of the current wedge stems from
magnetic field measurements at a limited number of obser-
vation points either on the ground or in space. These mea-
surements cannot distinguish between the two possible ways
of explaining the observations, and thus do not contribute to
a solution of the uniqueness problem.

In contrast, there is a significant body of observations
which support the concept espoused in this paper; namely,
that the pre-existing westward electrojet is extended further
into the evening sector at the time of onset of the substorm
expansive phase. The primary question now is: What phys-
ical mechanism is responsible for such an extension? We
shall examine both what happens in the region of ionosphere
in which the auroral breakup takes place and the region of
space in and around the magnetic equatorial plane/plane of
the neutral sheet to try to provide an answer to this question.

However, before addressing the question of the physical
mechanism, it is useful to describe the framework in which
we attempt to understand the substorm process. We subscribe
to the view that, during the growth phase of the substorm,
energy is stored in the near-earth magnetotail as evidenced
by the development of the weak field region in the vicinity
of magnetic midnight. We accept the evidence of Samson
et al. (1992) that onset occurs close to the inner edge of the
midnight sector plasma sheet, where region 2 current is ex-
pected to flow. We associate onset with the breakdown of
the shielding electric field that has built up during the course
of the growth phase (cf. Rostoker, 1996) which involves an
increase in region 2 field-aligned current. In response to the
increase in region 2 field-aligned currents, the other currents
that link to region 2 currents (i.e. ionospheric, region 1 and
magnetospheric closure current) also increase.

This increase is generally brief, and is followed imme-
diately by a general decrease in the strength of the directly
driven currents during the substorm recovery phase. We fur-
ther consider that the initial stage of the expansive phase in-
volves the disappearance of the weak field region through
the progressively tailward collapse of the crosstail current re-
sponsible for the weak field region. This collapse is in accord
with the observations of Jacquey et al. (1991) and Ohtani et
al. (1992) insofar as evidence for downtail evolution is con-
cerned. When the collapse of the tail current reaches the neu-

tral line, expected to be somewhere in the vicinity of∼20–
40RE downtail, enhanced reconnection commences and tail
lobe magnetic field energy is accessed to power the ensu-
ing substorm activity. This ensuing activity takes the form of
poleward border activations on the high latitude branch of the
double oval (cf. Rostoker, 2002). The time from onset to the
activation of the poleward border of the oval can be as small
as a few minutes (cf. Friedrich et al., 2001), the delay being
related to the time of propagation of fast mode Alfven waves
from the onset region near the earth to the locale of the neu-
tral line. It should be noted that the Harang discontinuity in
this model follows the scheme discussed in Rostoker (1996)
in which the high latitude convection reversal and the region
of electric field disturbance at the equatorward edge of the
midnight sector auroral oval are not connected. The evening
sector high latitude convection reversal is the site of the pole-
ward border activations mentioned above that accompany the
latter stages of the substorm after the closed field line region
has become fully involved and enhanced tail lobe reconnec-
tion has commenced.

In this whole process, it may be said that the tail is “un-
loading” energy, which is dissipated in the auroral iono-
sphere or stored in the energetic trapped particle population
that is left after the substorm expansive phase has concluded.
We should like to emphasize that this “unloading” has two
components. The first component involves processes that
take place on the closed field lines of the plasma sheet be-
tween the onset region and the neutral line. The second com-
ponent involves the open magnetic field lines of the tail lobe.
As regards the energetics of the substorm process, our model
pertains only to the first component and the large portion of
any substorm may well be associated with the dissipation of
the tail lobe energy after enhanced reconnection has com-
menced. Additionally, our model calculations in this paper
pertain only to the onset of the substorm and hence the first
component of “unloading” as described above. There may be
two or more steps in the development of the expansive phase
before enhanced tail lobe reconnection begins (cf. Kisabeth
and Rostoker, 1974), but each of these steps would be mod-
eled in the same manner as the initial onset. In keeping with
the studies of Kisabeth and Rostoker (1974) and Wiens and
Rostoker (1975), each step would involve the formation of a
new arc poleward of the previous one and with its western
edge westward of the previous one.

4.1 The magnetic equatorial plane/neutral sheet

To begin, the upward FAC present prior to expansive phase
onset comprises region 1 in the afternoon and evening sec-
tors and region 2 in the morning and post-midnight sectors.
The physics behind the production of these two regions of
upward FAC is, in all probability, quite different and the re-
gions of space in which they are generated are very differ-
ent in character. Following the substorm framework of Ros-
toker (1996), we consider that region 2 upward FAC in the
morning sector occupies a significant region of the morn-
ing sector plasma sheet outward from its inner edge. We
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consider region 1 upward FAC in the afternoon and evening
sector to map to the interface region between the low lat-
itude boundary layer and central plasma sheet (CPS). Since
the substorm onset is clearly a region 2 phenomenon in terms
of the locale where it takes place (i.e., near the inner edge of
the plasma sheet), there is no reason to believe that region 1
downward FAC in the morning sector (also mapping to the
interface between the CPS) should change position during
the early stages of the EP onset.

Secondly, since region 2 currents are most likely generated
through pressure gradients in the near-earth plasma sheet, we
will argue that the changes associated with substorm EP on-
set are caused by changes in the pressure gradient and, in par-
ticular, in the azimuthal component of the pressure gradient.
Liu and Rostoker (1991) have shown that there is a signifi-
cant azimuthal component of the pressure gradient from the
cool morning sector plasma sheet to the warmer center, and
that the direction of this gradient is consistent with upward
FAC flow. The gradient itself is a consequence of the gra-
dient/curvature drift of plasma sheet ions, the warmer ones
moving more towards the evening side compared to their
cooler counterparts. The upward FAC current in the pres-
ence of this azimuthal pressure gradient can be understood
in the following way. Assuming

∇ ·

(
⇀

Jpar +
⇀

J⊥

)
= 0

it can be shown (cf. Hasagawa and Sato, 1979) that the FAC
density associated with the pressure gradient is given by

Jpar = 2B

∫ ⇀

J⊥ · ∇B

B2
dl

Noting that, for the assumption of isotropic pressure

⇀

J⊥ =

⇀

B × ∇p

B2

together with the vector identity(
⇀

B × ∇p
)

· ∇B = −

(
⇀

B × ∇B
)

· ∇p

and the expression for gradient/curvature drift

⇀

V cg =

(
ε⊥ + 2εpar

) ⇀

B × ∇B

qB3

it can be shown that

Jpar = −2qB

∫ ⇀

V cg · ∇p

f (ε) B
dl

where the total thermal energy of the current carrying par-
ticles isε=εperp+εpar and f(ε) is a function of the thermal
energy.

For a pressure gradient directed duskward and the direc-
tion of the gradient curvature drift of the dominant current
carrier (i.e. ions) duskward,Jpar<0, indicating flow of cur-
rent out of the ionosphere into the equatorial plane. From
this, it is clear that the character of the azimuthal component

of the pressure gradient in the inner plasma sheet will de-
termine the distribution of upward FAC across the midnight
sector auroral oval. We argue that the development of the az-
imuthally localized region of weak magnetic field across the
midnight sector known to evolve during the substorm growth
phase alters the azimuthal distribution of pressure, with a
strengthening duskward component of the pressure gradient
being a property of the eastern part of the weak field region.
When the pressure gradient becomes sufficiently large,Jpar

becomes large enough to activate the field-aligned accelera-
tion mechanism that produces the energetic electrons respon-
sible for the brightening of the breakup arc.

Finally, we note that several mechanisms have been pro-
posed in the literature to explain the development of the
breakup arc and its subsequent distortion into a surge-like
auroral form. Our model described above does not depend
on which of these is valid; however, we tend to favor the
hybrid shear flow ballooning mode discussed by Voronkov
et al. (1997, 2000) which permits development of an auroral
vortex structure from the discrete breakup arc. In this theory,
the collapse of the weak field region is the consequence of a
ballooning instability that becomes non-linearly unstable in
the presence of a radial pressure gradient and velocity shear.

4.2 The auroral ionosphere

Where FAC current flows into the equatorial plane, the cur-
rent flow at the foot of the field line in the ionosphere must
be outward (i.e.Jpar>0 in a coordinate system with down-
ward being positive). Assuming an infinitesimally thin iono-

spheric current sheet and∇·
⇀

V =0, the field-aligned current

can be expressed in terms of the ionospheric electric field
⇀

E

and height-integrated Hall and Pedersen conductivities by

Jpar = 6p∇ ·
⇀

E + ∇6p ·
⇀

E + ∇6H ·

(
⇀

B ×
⇀

E
)

B

In terms of the divergence of ionospheric electrojet current
flow into and out of the ionosphere, we concentrate on the
third term of this expression assuming the electric field to
be primarily meridional typical of the morning hours. We
would expect the westward component of the electric field to
be rather weak approaching the end of the growth phase due
to the growth of the shielding electric field.

From the ionospheric conductivity distribution defined by
Wallis and Budzinski (1981), we find that∇6H points east-
ward in the post-midnight quadrant so that the third term in
the expression forJpar above is negative, indicating upward
field-aligned current flow. This is what one would expect in-
tuitively, since diminishing Hall conductivity as one moves
westward would be consistent with upward field-aligned cur-
rent as the westward electrojet current is diverted to flow into
the magnetosphere.

We now look at the changes one would expect in the mag-
netosphere as the substorm growth phase develops. The
clearest development is that of a weak (magnetic) field re-
gion in the midnight sector. As this weak field region
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develops rather slowly (on the order of tens of minutes), the
assumption of approximate magnetohydrostatic equilibrium
demands that the decrease in magnetic field energy density
be balanced either by an increase in thermal pressure or an
increase in magnetic tension, or both of these parameters.
If the increase in thermal pressure is the dominant response
to the weakened magnetic field, this would enhance the az-
imuthal thermal pressure gradient in the region just to the east
of the midnight meridian. This, in turn, would be consistent
with enhanced upward field-aligned current flow in this re-
gion. The collapse of the weak field region at substorm EP
onset involves a release of stored energy in the midnight sec-
tor of the near-Earth plasma sheet. Some of this energy goes
to the formation of the substorm expansive phase auroral arcs
(i.e. degradation to heat through collisions of precipitating
particles with ionospheric constituents) and part goes to pro-
viding energy consistent with Ohmic heating associated with
the new current flow in the ionosphere. The evolution of the
breakup arc system involves surge formation at its western
end which is consistent with a sharp conductivity discontinu-
ity developing that leads to upward FAC in a region where
there was no significant upward FAC flow prior to EP onset.
In contrast, in the eastern part of the weak field region the az-
imuthal dawn-to-dusk pressure gradient decreases suddenly,
consistent with a reduction in upward FAC. It is this reduc-
tion in region 2 upward FAC in the dawn side part of the
weak field region that permits the ground observer to “see”
the magnetic effects of the downward region 1 FAC region
poleward of the region 2 currents. We argue that this is the
large scale physics behind the development of the initial arc
systems in the substorm expansive phase up to the time of
activation of the poleward border of the oval (i.e. the devel-
opment of poleward border intensifications).

5 Conclusions

In this paper, we argue that the equivalent current system
that is presently called the substorm current wedge is exactly
that – an equivalent current system, rather than a real cur-
rent system. While it may be true that the wedge consists
of newly developed upward and downward FAC connected
through the ionosphere by a westward electrojet, that is not
the only possible interpretation of the observations. We have
presented an alternative explanation that does not call on the
creation of a new current system at EP onset, but only on
a perturbation to the pre-existing currents (i.e. the directly
driven system). Our model study shows that both the spatial
character and level of strength of magnetic perturbations as-
sociated with EP onset can be explained by spatial changes
in the locale of upward FAC, and we have discussed how that
might take place as a consequence of changes in the thermal
pressure distribution associated with the growth phase weak
field region. We believe that this interpretation of the data
should be seriously considered as we try to further under-
stand the development of magnetospheric substorms.

In conclusion, we should like to emphasize that our model
applies only to the perturbations associated with the onset
and initial development of the expansive phase. After onset,
a full expansive phase would involve a series of auroral ac-
tivations, each one poleward of the previous ones (cf. Kisa-
beth and Rostoker, 1974). These all occur on closed field
lines, mapping progressively further back in the tail. At some
point, the complete closed field line region has become en-
gaged, after which reconnection of lobe field lines provides
the energy for the balance of the substorm. Disturbances due
to lobe field line reconnection take the form of poleward bor-
der intensifications (cf. Lyons et al., 1999) and are not part
of the substorm current wedge formation. The model pre-
sented in this paper does not deal with the poleward border
intensifications, and is relevant only to pseudo-breakups and
to the onset and subsequent activations that occur in closed
field line geometry during the initial stages of an expansive
phase.
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