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Abstract Almost 40 years ago the concept of the substorm current wedge was developed to
explain the magnetic signatures observed on the ground and in geosynchronous orbit during
substorm expansion. In the ensuing decades new observations, including radar and low-
altitude spacecraft, MHD simulations, and theoretical considerations have tremendously ad-
vanced our understanding of this system. The AMPTE/IRM, THEMIS and Cluster missions
have added considerable observational knowledge, especially on the important role of fast
flows in producing the stresses that generate the substorm current wedge. Recent detailed,
multi-spacecraft, multi-instrument observations both in the magnetosphere and in the iono-
sphere have brought a wealth of new information about the details of the temporal evolution
and structure of the current system. While the large-scale picture remains valid, the new
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details call for revision and an update of the original view. In this paper we briefly review
the historical development of the substorm current wedge, review recent in situ and ground-
based observations and theoretical work, and discuss the current active research areas. We
conclude with a revised, time-dependent picture of the substorm current wedge that follows
its evolution from the initial substorm flows through substorm expansion and recovery.

Keywords Substorm - Substorm current wedge - Field-aligned currents - Birkeland
currents

1 Introduction

Intense auroral displays near midnight are associated with strong and rapidly changing mag-
netic perturbations. Akasofu (1964) systematically organized the auroral observations in
time and space with the concept of an auroral substorm. Horning et al. (1974) used mag-
netic observations from midlatitudes to deduce that the large-scale current pattern associated
with the auroral displays comprised a current from space into the ionosphere at the eastern
edge and out from the ionosphere returning to space at the western edge of the auroral ac-
tivity, connected by a westward horizontal current in the ionosphere. An early picture of
this large-scale current system appears in McPherron (1972), but the classic diagram, re-
produced here in Fig. 1, was first shown by McPherron et al. (1973a). The term “Substorm
Current Wedge” did not appear in the literature until Pytte et al. (1976).

The auroral substorm concept was later expanded into a “magnetospheric substorm” that
included the solar wind driver and the magnetotail reconfiguration process into the phe-
nomenological description (Akasofu 1981; McPherron et al. 1973a; Russell and McPherron
1973; Hones 1979). Since then, substorms have been extensively studied due to their im-
portance for regulating energy flow from the solar wind to the magnetosphere—ionosphere

Fig. 1 A perspective view of the
substorm current wedge is shown
in panel (a) where tail current is
diverted through the northern and
southern midnight ionospheres.
An equivalent current
representing this diversion is
projected into the equatorial
plane at the bottom right of
panel (b). The north-south (H)
and east-west (D) magnetic
perturbations of this current at
30° north latitude are shown at
the left (McPherron et al. 1973a)
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system, and as key elements in global reconfiguration processes (Baker et al. 1996). While
different models for the onset of the magnetospheric substorm exist, they all include the
basic elements of the substorm current wedge, which provides the primary pathway for cou-
pling the magnetospheric reconfiguration with the ionospheric dynamics.

While the original development of the SCW relied upon relatively few measurements ob-
tained from ground magnetometers and primarily geosynchronous spacecraft observations,
the ensuing decades have seen a rapid increase in not only the quantity of data available,
but in types of measurements routinely obtained. Large, integrated networks of radars pro-
vide insight into plasma convection; all-sky imager data can be stitched together to yield
high temporal and spatial resolution observations of auroral dynamics; the AMPERE project
provides global field-aligned current (FAC) measurements; and numerical techniques now
enable routine generation of equivalent current maps characterizing the ionospheric cur-
rent systems. When combined, these new observations enable an unprecedented picture of
the electrodynamic coupling between the ionosphere and magnetosphere. New data quali-
tatively reconfirm the original SCW picture while simultaneously raising a number of im-
portant questions related to the structuring, physical processes, and connectivity of the iono-
spheric and magnetospheric processes. In this review, we address both the large-scale fea-
tures of the SCW and the local physics and smaller scale phenomena associated with the
global current wedge formation and evolution.

This paper provides a review of the phenomenology of the substorm current wedge and
an update of the model based on recent simulation and observational results. We start in
Sect. 2 with a brief history of the ionospheric and magnetotail observations that lead to the
SCW concept, then place these in the context of solar wind—magnetosphere coupling and
energy conversion in Sect. 3. In Sect. 4, we discuss the magnetotail driver of the SCW, start-
ing with insights gleaned from MHD simulations, followed by a review of magnetotail flow
bursts and transient coupling with the ionosphere. The SCW as seen in the ionosphere is
reviewed in Sect. 5, and includes discussions of the Westward Traveling Surge (WTS), the
Cowling channel, and local vs. remote current closure. Finally, we synthesize these new in-
sights of the magnitude, spatial extent, and structure of the SCW obtained from observations
and simulation results into a revised phenomenological picture of the SCW, including both
magnetospheric and ionospheric components.

2 Historical Remarks

Measurements of Earth’s magnetic field reveal that it is frequently disturbed by the effects of
electrical currents flowing in and above the ionosphere. These currents are produced by the
interaction of the solar wind with Earth’s geomagnetic field. The two most important pro-
cesses responsible for these currents are the viscous drag of the solar wind as it flows over
the boundary of Earth’s field (Axford and Hines 1961), and magnetic reconnection, which
directly connects the solar wind magnetic field to Earth’s field (Dungey 1961). Magnetic
reconnection at the dayside depends on the relative orientation of the solar wind magnetic
field with respect to Earth’s field at the magnetopause. When the solar wind magnetic field
is southward (IMF B, < 0), the two fields are antiparallel and reconnection is rapid, allow-
ing the solar wind to transfer substantial energy to the magnetosphere. When the fields are
parallel, reconnection ceases, little energy is transferred, and magnetic disturbances vanish.
Arnoldy (1971) and Burton et al. (1975) demonstrated this quantitatively using B, and V B;
respectively to predict the AE and Dst indices responses to geomagnetic activity.

A variety of geomagnetic phenomena occur at different times and locations within the
magnetosphere in response to solar wind energy input (Pulkkinen and Wiltberger 1999;
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Pulkkinen et al. 2007b, 2010; McPherron et al. 2008). The most dramatic such phenomena
are the dynamic auroras that occur during the expansion phase of the magnetospheric sub-
storm (Akasofu 1964). After 30—50 minutes of southward magnetic field, an auroral arc near
midnight and near the equatorward boundary of the auroral oval suddenly brightens and ex-
pands poleward. At the same time, a strong westward current develops in the ionosphere in
the region covered by bright aurora. The space-time development of this current was initially
termed the “polar magnetic substorm” (Akasofu et al. 1965a), while the dynamical auroral
evolution was separately termed the “auroral substorm”. Note the original usage of “sub-
storm” comes from Akasofu and Chapman (1961), and was used to describe the short-term
magnetic variations during the main phase of a magnetic storm. The current definition did
not develop until a decade later, after it became clear that substorms and storms were dis-
tinctly different geomagnetic phenomena. The research of Jelly and Brice (1967), McPher-
ron et al. (1967) and Coroniti et al. (1968) extended the substorm concept out from the
ionosphere with the realization that changes occur throughout the magnetosphere in associ-
ation with the auroral substorm. Because of this, the collection of phenomena that includes
auroral breakup and expansion, the substorm current wedge, near-Earth dipolarization, and
Pi2 pulsations, became collectively known as the magnetospheric substorm. Akasofu (1968)
provides a lengthy description of many of the phenomena that occur during a substorm. It
is not evident that all these phenomena can be observed during the storm-time, short-term
magnetic variations.

The interpretation of the magnetic signatures associated with the dynamic aurora has a
long history, going back for more than 100 years. Changes in the ground magnetic field
measured during auroral activity were reported by Birkeland in his seminal book, The Nor-
wegian Aurora Polaris Expedition, 1902—-1903 (Birkeland 1908), but a detailed description
of the relation is more recent. Early attempts to understand the cause of magnetic variations
during substorms were handicapped by the scarcity of magnetic observatories, and initially
focused on current systems confined to just the ionosphere—so-called “equivalent current
systems” (Chapman 1918, 1927; Kamide et al. 1976). Statistical analysis of the data from
a few stations suggested that the ground observations could be explained by an ionospheric
current system with two cells roughly centered at the dawn and dusk terminators (Chapman
1935; Chapman and Bartels 1962; Obayashi and Nishida 1968). Akasofu et al. (1965a), on
the other hand, argued that the substorm current consisted of a single cell centered slightly
post midnight. As more data became available, it became clear that both current systems
exist at different phases of geomagnetic activity. The two cell system is now known as
“disturbance polar of the second type”, or DP-2 (Nishida 1971). It first appears during the
substorm growth phase and is related to the general circulation of magnetic field and plasma
driven by the solar wind. It is commonly referred to now as the two-cell convection pattern.
The one-cell system, DP-1, occurs only during the expansion phase of the auroral substorm.
It is associated with the collapse of the tail field and near-Earth dipolarization that occurs
during the substorm expansion, and is the ground magnetic perturbation of what we now
call the “substorm current wedge”.

The possibility that electric currents could flow from the magnetosphere along field lines
to the auroral region was discussed more than 100 years ago by Birkeland (1913). In this
work Birkeland suggested that there are two elementary current systems that link the two
regions. The first is a system in which current flows down a single field line, runs for a short
distance east-west, and then returns along a field line to the magnetosphere. The second
consists of sheets of current flowing down at one edge of the auroral oval, closing north
or south across the oval, and returning to the magnetosphere from the other edge. These
elementary current system geometries are given the name Type I and Type II, after Bostrom

@ Springer



Substorm Current Wedge Revisited 5

(1964). Bostrom (1964) and Bonnevier et al. (1970) used the Type I system to model the
magnetic perturbations associated with the polar magnetic substorm. The authors recognized
that their proposal was only an equivalent current system and that other systems such as the
purely ionospheric DP-1 system could also explain the observations. Nonetheless, the model
did a very good job of predicting the auroral zone magnetic observations.

The demonstration that the Type 1 field-aligned current system assumed for the expan-
sion phase is truly a three-dimensional system with linkage to the magnetosphere occurred
soon after the first magnetometer was placed into synchronous equatorial orbit. McPherron
and Coleman (1969), McPherron (1972), and McPherron et al. (1973a) noted that substorm
variations in the H-component (the midlatitude positive bay) at Honolulu were correlated
with simultaneous positive variations in the H component at the geosynchronous ATS-1
satellite. This could only be the case if the currents responsible for the variations were flow-
ing on field lines further from Earth than the satellite location. McPherron et al. (1973a)
suggested that this current was produced by a short-circuit of the dawn-to-dusk tail current
along field lines through the ionosphere as illustrated in Fig. 1. Additional support for the ex-
istence of a real three dimensional current was provided by McPherron and Barfield (1980)
with magnetic data from the synchronous spacecraft ATS-6 at ~ 11° magnetic latitude. At
this spacecraft, the average signature in the east (D) component during substorms was a
positive perturbation premidnight and a negative perturbation post midnight, just as is seen
on the ground. A pair of field-aligned currents, towards the ionosphere post midnight, away
from the ionosphere pre midnight, with a source tailward of geosynchronous would explain
the D component signatures. Clauer and McPherron (1974) named this system the “current
wedge” because of its shape in a polar projection.

The substorm current wedge shown in Fig. 1 produces a distinctive pattern of changes
in the midlatitude magnetic field as illustrated at the bottom left of the figure. Everywhere
within the wedge, and to some distance either side, the north component of the magnetic
field (H) is positive and symmetric about the central meridian of the wedge. The east com-
ponent (D) is antisymmetric about the central meridian. In the northern hemisphere the east
component is positive premidnight and negative postmidnight, with extremes at the locations
of the inward and outward current. In the southern hemisphere, the northern component is
also positive, but the pre and post midnight perturbations in the D component are reversed.
The most probable width for the current wedge at the end of the substorm expansion phase
is about six hours of local time (90°) (Gjerloev et al. 2007), with a typical total current as
seen at midlatitudes of about 200 kA (1 MA during large substorms).

The concept of the substorm current wedge has played an important role in understand-
ing the coupling of the magnetotail to the ionosphere during substorms. It provides a simple
explanation for the magnetic perturbations observed at mid and low latitudes during sub-
storms, and is useful in understanding the magnetic variations seen in the auroral zone. In
its simplest form, a model of the current wedge consists of a single loop with line currents
into and out of the ionosphere on dipole field lines connected by a westward ionospheric
line current and by an eastward magnetospheric line current (Fig. 1). This model can be
inverted to determine the optimum L-shell of the currents, their location in local time, and
the strength of the currents. Horning et al. (1974) developed an inversion procedure that
utilized ground magnetometer data to obtain the parameters defining the wedge, such as the
longitude of the upward and downward FACs and the total current. More recent versions of
the algorithm (Cramoysan et al. 1995; Sergeev et al. 1996c) provide a tool suitable for the
statistical and event studies of wedge parameters and its dynamics. The wedge model with
realistic tail-like field lines and distributed currents, suitable for accurate computations of
SCW effects in both the ionosphere and the magnetosphere, is now available (Sergeev et al.
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2011). Still better models include changes in the ring current and take into account ground
induced currents (e.g., Chu et al. 2014).

This substorm current wedge model is only a crude approximation to the currents that
actually exist in space. It is generally believed that the upward current is localized in the
premidnight sector while the downward current is more broadly distributed along the auroral
oval post-midnight (Untiedt and Baumjohann 1993; Baumjohann 1982; Lester et al. 1983).
Upward currents are carried by downward moving electrons, while the downward current
is a combination of upward flowing electrons and precipitating ions. The actual currents
probably do not flow on the same L-shells. There is evidence that the upward and downward
current segments overlap in longitude (Clauer and Kamide 1985) and that the locations of the
line currents simply approximate the centers of these sheets. It has also been suggested that
the current wedge includes currents closing in meridian planes (Birn et al. 1999; Ritter and
Liihr 2008; Sergeev et al. 2011). In this more complex model there is a second current wedge
of opposite sense flowing on a lower L-shell with a different current strength. The effect of
this loop on the ground is to reduce the apparent strength of the higher latitude current
wedge. A demonstration of the existence of a second wedge requires satellite observations
in space between the two current loops.

Recently, the combination of Geotail, Cluster, and THEMIS spacecraft probing the mag-
netotail and inner magnetosphere has made it possible to investigate the properties of the
current wedge in space. Improvements in ground observations from a large network of mag-
netometers in the auroral zone have provided better resolution of the currents closing the
current wedge in the ionosphere. It is the purpose of this paper to review recent observations
and simulations and to suggest modifications to the original concept of a current wedge that
makes it more representative of the physical processes taking place in the magnetosphere.

3 Solar Wind—Magnetosphere—Ionosphere Coupling
3.1 Coupling Modes

Magnetospheric dynamics are driven by energy derived from the solar wind and its magnetic
field. This energy is transferred to the magnetosphere by two processes: magnetic reconnec-
tion (Dungey 1961) and viscous interaction (Axford and Hines 1961). Of these two pro-
cesses, magnetic reconnection is by far the dominant driver of activity. Reconnection opens
dayside dipole magnetic field lines and the solar wind transports this flux to the tail lobes
where it is temporarily stored (Aubry and McPherron 1971). The viscous interaction moves
closed field lines and plasma in equatorial boundary layers to the nightside of the magneto-
sphere (Eastman et al. 1976). Both processes create a reduction in pressure on the dayside
relative to the nightside plasma sheet that drives large-scale convection of plasma that re-
turns closed field lines from the boundary layer and plasma sheet to the dayside (Siscoe and
Huang 1985).

The amount of energy coupled to the magnetosphere via magnetic reconnection at the
dayside varies substantially. The rate at which the magnetic fields connect depends on the
rate at which southward magnetic flux is transported by the solar wind. This is given by the
dawn-dusk component of the solar wind electric field E, = V B, where V is the solar wind
speed and By is the strength of the magnetic field anti-parallel to Earth’s field. High speed
and strong southward magnetic field cause strong solar wind—magnetosphere coupling, and
consequently large magnetic disturbances both in the magnetotail and in the ionosphere. The
magnetosphere transports and processes this energy through different modes of response,
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which sporadically lead to reconfiguration of the nightside magnetosphere and activation of
fast flow bursts in the magnetotail. These modes, while they share some common properties,
occur on vastly different temporal and spatial scales, and have quite distinct characteristics of
their own. These sequences of events were originally defined phenomenologically, but later
work has shown that the event categories may overlap and separating one type of event from
another may be difficult at times. In order of increasing activity level, the basic response
modes can be divided into pseudobreakups, magnetospheric substorms, steady magneto-
spheric convection (SMC) intervals, sawtooth events and geomagnetic storms (e.g., Koski-
nen et al. 1993; Baker et al. 1996; Sergeev et al. 1996b; Henderson et al. 2006a; Pulkkinen
et al. 2007a; McPherron et al. 2008).

Each of these responses of the magnetosphere to solar wind driving is a core elements
of the Dungey Cycle. Dungey (1961) was the first to propose a cycle of magnetospheric
convection driven by magnetic reconnection at the dayside magnetosphere. Magnetic field
connected on the dayside of Earth is transported by the solar wind to the night side where it
forms a long tail behind the Earth. This transfer of flux to the nightside forces the magneto-
sphere to undergo systematic changes in configuration that eventually lead to nightside mag-
netic reconnection, which returns flux to the dayside along the flanks of the magnetosphere
via the different response modes. This basic process is the source of the two-cell (DP-2)
ionospheric convection pattern. Intervals of steady magnetospheric convection, where the
dayside and nightside reconnection rates are roughly balanced, approach the idealized state
originally envisioned by Dungey (1961) (Sergeev et al. 1996b; Milan et al. 2007; DeJong
et al. 2009). Yet reconnection is not a steady process, and even during intervals of SMC,
when the solar wind driver is relatively constant, plasmasheet convection can be intermittent
and bursty.

Detailed examination of these response modes reveals that a pair of field-aligned cur-
rents in the form of a current wedge forms during each of the phenomenological modes.
Thus, the substorm current wedge system is a key phenomenon across all magnetospheric
dynamics related to the Dungey cycle, present from weak to extreme activity conditions, and
is the link between magnetospheric dynamics and the ionosphere. During pseudobreakups,
the current wedge has limited local time extent and weak intensity, and during most events
connects to the fairly distant magnetotail, beyond the quasi-dipolar region (Koskinen et al.
1993). At the other end of the activity range, sawtooth events contain a very wide and in-
tense current wedge mapping to the inner magnetosphere close to the outer edge of an in-
tensified ring current (Henderson et al. 2006b). Magnetic storms also contain substorm-like
activations, which show intense current wedges with varying local time and temporal ex-
tent (Kubyshkina et al. 2008). Moreover, the current wedge expands as the dynamic events
progress, concurrently with the expansion of the auroral bulge in the ionosphere (Fig. 2).

3.2 Magnetospheric Substorms

Although the substorm current wedge exists during the different magnetospheric transport
modes, it has been most studied and was initially developed within the context of mag-
netospheric substorms. Magnetospheric substorms arise due to an imbalance between the
dayside and nightside reconnection rates. As a simple example, this can arise during a sud-
den rotation of the IMF from northward to southward. Reconnection will immediately occur
at the dayside magnetosphere, but these newly reconnected flux tubes will take many 10s
of minutes to convect to the tail. Without an increase in the nightside reconnection rate, the
amount of open flux in the polar cap increases, as indicated by an increase of the magnetic
flux content in the tail lobes (McPherron 1972; McPherron et al. 1973a,b; Caan et al. 1973,
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Fig. 2 Comparison of auroral intensification and substorm current wedge signatures (magnetic field dipolar-
ization) in the magnetotail. The red shading illustrates auroral intensity mapped using a field model developed
specifically for this event to the magnetotail at the times indicated in the figure. The yellow shadings illustrate
the radial section of the tail where the magnetic field dipolarization has occurred based on in-situ magnetic
field measurements in the magnetotail. It is evident that the increase of the region with intense auroral pre-
cipitation is well correlated with the opening of the substorm current wedge as observed in the magnetotail
(after Pulkkinen et al. 1995)

1978; Hsu and McPherron 2004) and an increase in the polar cap area (Frank and Craven
1988; Milan et al. 2003, 2008; Taylor et al. 1996). This storage of energy in the magnetotail
is termed the substorm growth phase. The enhanced convection circulation in the magne-
totail leads to the formation of a highly thinned current sheet at the tail center and a very
stretched magnetic configuration (McPherron et al. 1987; Sanny et al. 1994; Thompson et al.
2005; Hones 1972; Nishida and Hones 1974). As the configuration becomes increasingly
unstable, at some moment magnetic reconnection begins in the magnetotail, which initiates
fast flows from the reconnection site both in the Earthward and tailward directions, and leads
to dipolarization of the inner portion of the magnetic field (e.g., Nagai 1991; Baumjohann
2002). This sequence of changes, from energy storage through explosive release, is called
a magnetospheric substorm (Akasofu 1968; Coroniti et al. 1968). The reconnection process
is temporally and spatially varying, which structures the flows in scale sizes of the order of
a few Rg and time scales of a few minutes (Angelopoulos et al. 1992; Sergeev et al. 1995).
Flows from the reconnection region and dipolarization of the magnetic field are associated
with field-aligned currents coupling to the ionosphere, whose net effect is then the substorm
current wedge.

While the topic of substorm initiation remains controversial, many of the observational
aspects of substorm development are well established. In the near-Earth transition region
that separates dipolar from stretched tail magnetic field, the beginning of the substorm ex-
pansion phase causes a sudden dipolarization of the magnetic field (Baumjohann et al. 1999)
and injection of accelerated particles (Parks and Winckler 1968; Belian et al. 1981). Pi2 pul-
sations (7 = 40-150 s), discussed in Sect. 4.4, are created via multiple pathways by the
energy imparted by this sudden change in magnetospheric configuration. In addition, the
Cluster, Geotail and THEMIS missions have shown the critical role fast flows play in sub-
storm development (e.g., Angelopoulos et al. 2008; Baker et al. 2002).

The auroral phenomenology that occurs during a substorm is also well described (see
review by Elphinstone et al. 1996). The auroral substorm begins as a localized brightening
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near the equatorward boundary of nightside auroral precipitation, most commonly at 23 UT,
on the poleward shoulder of the proton precipitation (Sergeev et al. 2012b; Donovan et al.
2008). This initial brightening is generally believed to map along field lines to the near-
Earth transition region, i.e., to the region of dipolarizing magnetic field (Lui and Burrows
1978; Sergeev et al. 2012b). This brightening expands rapidly azimuthally, often exhibiting
folds and beads during the breakup, and then expands poleward within a few minutes. This
poleward expansion transforms into a Westward Traveling Surge (WTS), further discussed
in Sect. 5.1. Observations of the WTS have shown that it does not expand smoothly, but
instead proceeds as a series of steps (Wiens and Rostoker 1975; Pytte et al. 1976), which
has interpreted as intensifications of the substorm expansion (Rostoker et al. 1980). Au-
roral streamers, believed to be the auroral manifestations of magnetotail flow bursts and
frequently observed east of the WTS during substorm expansion, are discussed in Sect. 5.4.

A central component of the near-Earth in situ and auroral activity is the substorm current
wedge. It links the dynamical changes occurring in the near-Earth transition region with the
ionosphere, and serves as a conduit of energy derived from substorm expansion, and any
mode of the SCW must include all of the established observational elements. This current
system also couples the energy derived from the solar wind—magnetosphere interaction to
the ionosphere, as we describe next.

3.3 Energy Flow, Conversion, and Dissipation

Both viscous interaction and direct coupling to the solar wind through magnetic reconnec-
tion drive magnetospheric plasma motions. In turn, the electric fields associated with these
motions are transmitted along field lines to the ionosphere where they drive currents through
the ionosphere. The high latitude FAC are known as region-1 currents, while the lower lat-
itude currents are called region-2 currents (lijima and Potemra 1978). The ionospheric cur-
rent connecting these two FAC systems flows parallel to the projected electric field and is
called the Pedersen current. Since the Pedersen current flows through a resistive ionosphere
in the direction of the electric field it causes Ohmic heating (J - E > 0). The two shells
of FAC form a solenoid so that the magnetic perturbations they create are confined to the
region between them and cannot be detected on the ground. Because of the interaction of
the motion of ionized gases with the neutral atmosphere, the ions and electrons undergo
different drift motion. Ions, due to higher collision rates with the neutral atmosphere, have a
component of motion perpendicular to the £ x B drift direction, while the electrons gener-
ally follow E x B (see review by Pfaff (2012)). The non-dissipative (J - E = 0) Hall current
flows at right angles to both the electric and magnetic fields. The magnetic effects of the
Hall current driven by the region 1 and 2 currents can be observed on the ground and are
known as the DP-2 current system described in Sect. 2.

In the context of ionospheric energy dissipation, the different current systems can be
classified into two types based on how energy is processed. If the ionospheric motion and
dissipation is coupled directly to the solar wind, the system is said to be “directly-driven”.
The directly-driven process manifests itself as the DP-2 (two cell pattern) ionospheric cur-
rent system. If magnetic energy is first stored in the tail lobes and then released some time
later, driving additional convection and field-aligned and ionospheric currents, it is called
“unloading”, and is associated with the DP-1 (SCW) current system. Both processes cause
precipitation of charged particles that also deposit energy in the atmosphere.

The characteristic feature of the driven DP-2 current system is the existence of the east-
ward and westward electrojets flowing toward midnight along the auroral oval. Rough mea-
sures of the strength of these currents are the auroral upper (AU) and auroral lower (AL)
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indices. These are respectively the largest positive northward magnetic perturbation (H)
measured on the ground under the eastward electrojet by any magnetic observatory in the
afternoon to dusk sector, and the largest negative southward perturbation measured in the
late evening to morning sector. Both AU and AL begin to grow in intensity soon after the
IMF turns southward and dayside reconnection begins. The characteristic feature of the un-
loading DP-1 current system is the sudden development of an additional westward current
that flows across the bright region of the expanding auroral bulge. This is the ionospheric
segment of the substorm current wedge. The onset of this current is recorded in the AL index
as a sudden decrease, corresponding to an increase in intensity of the westward current.

To calculate the dissipative effects of the substorm current wedge, it is necessary to ex-
amine separately the unloading vs. driven contributions. Typically, this takes the form of
correlating measures of magnetospheric activity with solar wind parameters. Early in the
space age it was noted that the strength of magnetic activity depended on solar wind speed
(V) (Snyder et al. 1963) and the strength of the interplanetary magnetic field (IMF) (Wilcox
et al. 1967). Fairfield and Cahill (1966) noted that it was the north-south component of the
IMF that is most important and interpreted this as evidence of magnetic reconnection at the
dayside magnetopause. Burton et al. (1975) later demonstrated that the rectified solar wind
electric field, E; = V By, is a good predictor of the rate of change of the Dst index. Perreault
and Akasofu (1978) and Akasofu and Chao (1979) introduced a different function, €, of
solar wind parameters that they argued was a more appropriate predictor of Dst, and began
to refer to the function € as a “coupling function”. In units of Watts, this function is given
by

0
e=10"VB*} sin4<§> 1)

where V (m/s) is the solar wind speed, B (T) is the magnitude of the interplanetary magnetic
field, Iy (m) is the length of the dayside interaction region, and 6 = arctan(B,/B;) is the
clock angle of the IMF in GSM coordinates.

One can use these coupling functions to measure the amount of energy entering the mag-
netosphere and compare the result to measures of energy dissipation in the magnetosphere,
as represented, e.g., via the auroral indices. Tanskanen et al. (2002) examined the depen-
dence of the amount of energy dissipated in the ionosphere on the amount of energy inci-
dent at the magnetopause. They integrated both the input and the output over the substorm
growth, expansion and recovery phases and were able to show that during the expansion and
recovery phases there was a good correlation between the amount of energy input and out-
put. This was used to argue that the energy input during the growth phase was responsible
for the configuration change necessary for the substorm onset to occur, but that the majority
of the energy dissipated in the ionosphere during the expansion and recovery phases was
drawn directly from the solar wind (Pulkkinen et al. 2006). Similar conclusions were drawn
also by Lockwood et al. (2009) based on low altitude satellite measurements and a model for
polar cap flux balance as a function of solar wind driving parameters during various phases
of geomagnetic activity.

The above discussion shows that over a substorm cycle the amount of energy dissipated
in the ionosphere is proportional to the intensity of the solar wind driving; the general result
holds regardless of the exact form of the driving function (see, e.g., Pulkkinen et al. 2011;
Newell et al. 2007). However, over longer time scales, solar activity affects the ionospheric
energy dissipation. Pulkkinen et al. (2011) examined the auroral electrojets and their de-
pendence on solar activity. First, it is clear that the solar wind driver changes over the solar
cycle, with the highest level of driving occurring during solar maxima and weakest during
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solar minima (Lockwood and Owens 2011; Lockwood et al. 1999). Secondly, the electrojet
intensity is higher and the electrojets reside at lower latitudes during higher solar activity
than during solar minimum conditions (Pulkkinen et al. 2011). Similar statistical results
hold for the occurrence frequency and maximum amplitude of substorms as measured by
ionospheric electrojet indices (Tanskanen 2009).

These results suggest that the substorm is driven primarily by the solar wind. It must be
emphasized, however, that these are integrated results using data at low temporal resolution
(see e.g., McPherron et al. 2009, who used hourly averages). When higher resolution data
are used it becomes evident that rapid variations during the substorm expansion phase drive
ionospheric currents. This suggests that the formation and development of the substorm
current wedge is not correlated with the solar wind coupling function, except in an integrated
sense. At the present time, too little is known about the physical mechanisms responsible
for the formation of the current wedge to be able to predict its detailed development from
observations available in the magnetotail.

4 Magnetotail Driver

The field-aligned currents that feed the substorm current wedge flow in response to dy-
namical changes in the near-Earth magnetotail, associated with the current sheet collapse
and dipolarization. Recent simulation results and THEMIS observations have clarified the
roles of dipolarization and flow diversion in this process. The plasma flows are the critical
drivers that distort the field lines to create magnetic shear that result in FACs. The flows
also drive waves and pulsations in the inner magnetosphere. The effects of individual tran-
sient flows are accumulated to form a longer-duration dipolarized region with a modified
plasma pressure distribution in the inner magnetosphere, which is the driver of the substorm
current wedge. In this section we discuss the physical mechanisms that create field-aligned
currents, properties of the fast flows that play a crucial role in creating the wedge, and the
mechanism(s) that affect the fast flow and their penetration towards Earth.

4.1 Field-Aligned Current Generation: Insights from Simulations

A comprehensive view of the substorm current wedge is difficult to obtain experimentally.
In most of space, the field-aligned currents are weak and spread over large volumes mak-
ing in situ detection difficult. In the ionosphere, the time-dependent and spatially varying
distribution of Hall and Pedersen conductivity creates a complex pattern of current. Remote
sensing of the SCW both in space and on the ground has provided an integrated picture of
the current system, but insight into the build-up of the currents has come primarily from
numerical simulations, which have produced details of the physical processes that create the
current wedge and its three-dimensional configuration (Birn and Hesse 1991, 1996, 2000,
2013; Scholer and Otto 1991; Raeder and McPherron 1998; Birn et al. 1999).

The build-up of the substorm current wedge is caused by flow bursts transporting mag-
netic flux from the reconnection site to the near-Earth region. Figure 3 illustrates this re-
lation, which may be applied to individual flow bursts as well as the full current wedges
(Amm et al. 2002). In the simplest view (Fig. 3a) a flow burst transports magnetic flux from
the reconnection site to the near-Earth region, changing the magnetic configuration in a lim-
ited sector of local time from a stretched tail to more dipolar field while regions outside
this dipolar region (towards dawn and dusk) still maintain the original stretched configura-
tion, resulting in a magnetic shear corresponding to field-aligned currents of region-1 sense
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Fig. 3 A perspective view of how magnetotail flows cause the build-up of the substorm current wedge.
(a) A finite width earthward flow will create a region of dipolar-like field lines with the field lines outside the
flow region remain stretched. (b) Azimuthal flow will bend a field line out of the meridian. In both (a) and
(b) the rotation of magnetic field corresponds to field-aligned current. (c) build-up of a region-1/region2 type
system resulting from the shear outside and inside the diverted flow. (a) and (b) are from Fig. 3.4 of Amm
et al. (2002), while (c) is from Fig. 7.15 of Birn and Hesse (2013)

(into the ionosphere post midnight, out of the ionosphere pre midnight). On either side of
the plasma sheet, the magnetic field is mainly in the x direction, so that j, is the primary
contributor to the field-aligned current, j;. The current density j, can be calculated from

Ampere’s law,
.1 (831 8By> @
P \ay ez )

Moving from dawn towards the dipolarized region centered near midnight, B, increases with
increasing y (towards dusk) so the first term in Eq. (2) is positive, indicating an earthward
directed field-aligned current. Moving further towards dusk, B, decreases as one leaves the
dipolarized region, creating field-aligned current away from the ionosphere. This apparent
diversion of the cross-tail current into the ionosphere is consistent with the original SCW
picture shown in Fig. la.

Closer to Earth, the shear or twist of the magnetic field becomes strongly intensified
when the flow gets braked and diverted around Earth by the increased magnetic pressure of
the inner dipole field (Figs. 3b, c). In the post midnight sector, the dawnward flow bends the
magnetic field, increasing the magnitude of B,. At higher z, field lines extend farther back
into the tail, | B,| decreases and the derivative of B, becomes negative so that the second
term adds to the earthward FAC on the dawn side (tailward on the dusk side, i.e., of region

1 type).
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The combined vorticity of earthward and azimuthal flow is illustrated by the twisting
of two flux ropes in Fig. 3c, modified from Birn et al. (2004). In visualizing the effect
of the twisting it is important to realize that the effect strongly depends on ionospheric
boundary conditions. If field lines were allowed to slip freely at the ionosphere the flux
ropes might rotate uniformly without increasing their twist, that is, without increasing the
field-aligned currents. Alternatively, effects that increase ionospheric conductivity and thus
the field-line tying at the ionosphere contribute to enhanced twist and enhanced field-aligned
current. There is in addition a finite propagation time along the flux tubes, discussed further
in Sect. 4.4.

The azimuthal flows that generate region-1 type FACs on the tailward/poleward side
of the distorted field also cause opposite vorticity on their earthward/equatorward side, as
illustrated by Figs. 3c. This, region-2 type, current is represented by a green arrow pointed
outward from Earth. The same arguments can be applied to the gradients on the westward
edge of the dipolarized region to show that field-aligned current is out of ionosphere at
high latitudes and into the ionosphere at lower latitudes. If the high latitude and low latitude
currents were of equal strength they would form solenoidal loops with their magnetic effects
confined between them and no effects would be seen on the ground. However, midlatitude
ground magnetometers observe effects consistent with the sense of the outer currents so we
conclude that the lower latitude current loop is weaker than the outer loop. It thus appears
that the total current in the traditional substorm current wedge is the difference between the
currents in the outer and inner loops.

This flow-based description, based on Faraday’s law, provides a good visualization of the
initial buildup of currents in nearly ideal plasmas. The currents, however, persist even when
the flows subside, with their decay governed by ionospheric dissipation and relaxation of
magnetospheric stresses. The instantaneous flows in the tail, and the associated shear and
twist of magnetic field lines, can no longer be used to infer the currents, even though woJ =
V x B is still valid. In that case, one commonly investigates FACs from a combination of
current continuity and momentum balance.

Due to current continuity, calculation of the parallel current is equivalent to calculating
the diversion of the perpendicular current. From the momentum equation one obtains for
isotropic pressure

. . B du B
Veii==Veiju=-V-| g xp+ 7 xVP) 3)

Equation (3) can be integrated to yield (e.g., Vasyliunas 1970)

Ji / g ( B dua B ) ds
—=—( V(= —+— X VP |—, 4)
B 0 B2 dt B
where the integral is taken along a field line from a point where j; vanishes (say, the neutral
sheet) to a point of interest such as the ionosphere. The first term on the RHS of (4) is termed
the ‘inertial current’, and is non-zero only during acceleration or deceleration of the flows.
We note here that ‘inertia-driven’ currents associated with the braking might have the sense
of region-1 (Shiokawa et al. 1998), but are found to play only a minor role in comparison
to ‘pressure-driven’ currents, represented by the second term on the RHS of (4) (Birn et al.
1999).
Figure 4a shows the diversion to parallel currents as obtained from a recent MHD sim-
ulation of near-tail reconnection and earthward flow (Birn et al. 2011). Color shows the
magnitude of V - j; in the equatorial plane, integrated over z. A plot of V - j, would show
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Fig. 4 (a) Diversion of perpendicular into parallel currents, based on an MHD simulation of near-tail recon-
nection and earthward flow (Birn et al. 2011). Color shows the magnitude of V - j in the equatorial plane,
integrated over z. The arrows show velocity vectors and the solid lines are contours of constant B, shown at
intervals of 0.5 (10 nT) with the contour to the right representing the neutral line B; = 0. (b) Field-aligned
current sources evaluated from Vasyliunas’ formula (5), for the same state shown in (a). Color shows the
magnitude of the plasma pressure P in the equatorial plane. Solid black lines are contours of constant flux
tube volume V, and dashed black and white contours outline the regions of enhanced |[VV x V P|. (¢) Contri-
butions to the current diversion from pressure gradients, and (d) from inertia, shown on the same color scale
as panel (a)

equivalent diversion, but of the opposite sign, consistent with Eq. (3). The arrows show ve-
locity vectors and the solid lines are contours of constant B, shown at intervals of 10 nT
with the contour to the right representing the neutral line (B, = 0) and the contours to the
left indicating the dipolarized region. This should be compared with Fig. 3a, as field lines
within the pile-up region (higher B,, y = 0) are dipolarized, while the field lines outside this
region, at large y, remain stretched. The velocity vectors indicate the vortex flows responsi-
ble for the twist of the field shown in Fig. 3b and the build-up of the region-1 type current
system. The large red area post-midnight in Fig. 4a shows current towards the ionosphere,
and the large blue area pre-midnight shows current from ionosphere. This also shows that,
at the inner edge where the flow shear is opposite, a diversion to region-2 type currents takes
place (opposite polarity of the red and blue regions). Note that the region-2 current system
is weaker than the region-1 system.

With approximate force balance in the absence of strong flows, the inertia term can be
neglected in (4) and the parallel currents in the magnetosphere can then be expressed by
Vasyliunas’ formula (Vasyliunas 1970)
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where
V= / ds/B (6)

is the volume of a flux tube of unit magnetic flux, integrated from the equatorial plane
to the ionosphere (assuming, for simplicity, symmetry around the equatorial plane). Equa-
tion (5) explicitly shows that field-aligned current, in steady state, is associated with the
non-alignment of gradients in pressure and flux tube volume. While Fig. 4a is obtained by
directly integrating the diversion to jj; along z, an almost identical picture can be obtained by
evaluating Eq. (5). This is illustrated by Fig. 4b, which shows, for the same state as Fig. 4a,
the color-coded magnitude of the pressure P in the equatorial plane, contours of constant
flux tube volume V (solid black contours), and the regions of enhanced |V P x VV/| (dashed
black and white contours).

Figure 4b shows a region of enhanced pressure (red and orange in Fig. 4b). It consists
of compressed plasma in front of the flow, which is part of the “scooped up” surrounding
plasma. The local minimum of pressure near x &~ —11 Rg coincides closely with the local
minimum of the flux tube volume and the B, enhancement (dipolarization) at the front of
the earthward flow (Fig. 4a), to be discussed further in Sect. 4.2. The subsequent pressure
increase (green region) tailward of the minimum is related to pressure balance with a de-
creasing magnetic pressure from decreasing B,. Farther out the pressure decreases again
with distance, consistent with the preexisting equilibrium structure.

The regions of enhanced |V P x VV| agree closely with the regions of enhanced diver-
sion to parallel currents, shown in Fig. 4a. The figure shows clearly that the diversion to
region-1 type currents, part of the original SCW, is associated with earthward directed pres-
sure gradients and azimuthally outward directed gradients of V, resulting from the reduction
of flux tube volume by reconnection. In contrast, the diversion to region-2 type currents is
related to (largely unperturbed) radially outward directed gradients of V and gradients of P
directed towards midnight, associated with a pressure enhancement resulting from the brak-
ing of the earthward flow. Thus, both region-1 type and region-2 type systems are essentially
“pressure gradient driven”.

The dominant contribution to the current diversion stems from the pressure gradient term
in Eq. (4). This is demonstrated by Figs. 4c and 4d, which show the pressure gradient and
inertial contributions to f V - jydz, respectively, on the same color scale as Fig. 4a. In the
region where the flow speeds, and hence the inertial terms, are more significant, they are
largely compensated by pressure gradient terms, such that the net contribution to f V- jdz
is small.

The consistency between the instantaneous flow pattern shown in Fig. 4a and the results
from evaluating the current diversion directly or via Vasyliunas’ formula (5), underlying
Fig. 4b, may seem surprising in view of the fact that the flow pattern relates to the build-
up, while the pressure gradient evaluation describes the established current system. It is
an indication that the build-up occurs in a quasi-static fashion, such that inertia terms are
negligible in the momentum balance, despite appreciable flow speeds.

We stress here that, in general, the flows that are necessary to build up a field-aligned
current system can be quite different from, or even opposite to, the flows that would result
from the acceleration or deceleration of the plasma in a stressed system after the build-up of
the currents. This can be easily demonstrated if we consider the stretching of a closed field
line by tailward flow. If pressure gradient forces were negligible, the Lorentz stress of the
stretched field line would result in earthward acceleration and hence earthward flow after the
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Fig. 5 Current loops associated z
with the SCW as suggested by
MHD simulations of magnetotail
reconnection and field collapse.
Modified after Fig. 7.12 of Birn
etal. (1999)

plasma has come to rest. In that case, the buildup flow pattern and the acceleration pattern
differ. However, as supported by simulations of magnetotail dynamics, the near magnetotail
is typically governed by an approximate balance between pressure gradient and Lorentz
forces, such that the inertia term can be neglected in (4).

The simulations also suggest a modified picture of current loops involving both region-1
and region-2 type field-aligned currents as well as local loops confined to the tail. This
is illustrated by Fig. 5, which is modified from Plate 4 of Birn et al. (1999), particularly by
adding loop 4, which is confined to the vicinity of the equatorial plane in the tail. This loop is
evident in the simulation results shown in Plate 1 of Birn and Hesse (2000), near x = —10.
If this loop (or part of it) is combined with loops 2 it suggests a magnetotail closure of
the region-2 type currents in loops 2 through a westward partial ring current rather than
radial currents. This modification to the original SCW, discussed near the end of Sect. 2,
has recent observational support. Sergeev et al. (2014) demonstrated that a second region-2
type current was required to match the observational constraints provided by distributed in
situ measurements inside the dipolarized region. The relative magnitudes of the region-1
and region-2 type currents were found to vary from event to event. Both the simulation and
observational results demonstrate that the current closure in the tail is not a unique property,
but depends on how the total current is split up into various loops. Similar statements can be
made about the ionospheric closure, to be discussed in Sect. 5.

So far we have considered only the effects of a single flow channel, its braking and di-
version. However, magnetotail simulations, as well as global MHD simulations, frequently
show the development of multiple flow channels. In addition, in situ observations of flow
bursts and ground measurements of Pi2 pulsations suggest multiple flow bursts occur during
substorms. Birn et al. (2011) attributed the occurrence of multiple flow channels to the fact
that reconnection and the ejection of a plasmoid creates a decrease in the flux tube entropy.
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This reduced entropy creates a ballooning/interchange unstable configuration near the re-
connection site, which can result in cross-tail structure and multiple flow bursts (e.g., Panov
et al. 2012). Multiple individual flow bursts, associated with entropy depleted flux tubes,
each drive a dipolarization front and generate a small current wedge, but collectively cause
a tailward and azimuthal expansion of the dipolarized region.

In situ observations have firmly established that one consequence of magnetic reconnec-
tion in the tail is the generation of fast earthward plasma flows. Simulations have greatly ex-
panded our understanding of how these plasma flows interact with the inner magnetosphere
and lead to the development of the substorm current wedge. The flows carry plasma with re-
duced entropy and enhanced magnetic flux that penetrate deep into the magnetosphere. The
pressure distribution in the inner magnetosphere deflects the flows creating magnetic shears
and pressure distributions that generate field-aligned currents. These fast flows are observed
in the tail during virtually every substorm, and have been associated observationally with
the formation of Pi2 pulsations and the current wedge. In the next section we describe the
properties of these flows.

4.2 Bursty Bulk Flows

It is now well established that the onset of the substorm expansion phase is associated with a
large increase in plasmasheet flow velocity (Hones et al. 1973; Hones 1977; Miyashita et al.
2009; McPherron et al. 2011). While these convective plasma flows can occur at any level of
magnetic activity (Angelopoulos et al. 1992), their occurrence rate increases significantly in
proportion to auroral electrojet activity (Angelopoulos et al. 1994; Baumjohann et al. 1990,
1989). These Earth-directed transient, fast, convective plasma flows have been identified as
‘bursty bulk flows’ (BBFs), and they carry the majority (70-80 %) of flux transport in the
magnetotail (Baumjohann et al. 1989; Angelopoulos et al. 1992). BBFs typically have a
duration of 10-minutes of enhanced flow, with embedded velocity peaks of 1-min duration
that are called ‘flow bursts’. The spatial scale of BBFs has been determined to lie in the
range 1-5 Rg in the azimuthal (y) direction (Sergeev et al. 1996a; Angelopoulos et al. 1997;
Nakamura et al. 2001, 2004; Sergeev et al. 2004).

Superposed epoch studies of flow bursts have yielded the average properties of these
flows and how they interact with the inner magnetosphere (Angelopoulos et al. 1992;
Baumjohann 1993; Ohtani et al. 2004; Liu et al. 2013). Figure 6, from Ohtani et al. (2004),
shows that an individual flow burst generally has a thin (ion scale, about 800-2000 km)
frontside boundary, called the dipolarization front (DF). Behind the DF the magnetic field
B, component sharply increases whereas the plasma density and pressure decrease. The
flow burst then, is a plasma depleted and dipolarized magnetic flux tube with heated plasma
carried by the fast flow. The growth in flow begins about 1-2 minutes before the DF arrival,
demonstrating plasma compression in front of the approaching dipolarized tube. The com-
prehensive statistical view of the geometrical properties and the plasma and field variations
around the dipolarization fronts obtained in recent studies (Liu et al. 2013; Fu et al. 2012)
is remarkably consistent with the simulation results described in Sect. 4.1 and illustrated in
Fig. 4. Both theoretical analyses and simulations have demonstrated that the underpopulated
plasma content of dipolarized plasma tubes is the parameter that controls its penetration dis-
tance into the inner magnetosphere (see Dubyagin et al. (2011) for observational confirma-
tion). Such underpopulated plasma tubes are the natural result of the magnetic reconnection
process in the mid tail region, which reconnects the outer plasma sheet boundary layer and
lobe magnetic field.

The flow burst front (DF) itself takes the form of a thin current sheet on the Earthward
side of the dipolarizing flux tubes, while the background plasma in the region ahead is
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compressed, on average by 20-50 % or more, depending on the distance (Dubyagin et al.
2010). The motion of the flow burst through the plasmasheet creates azimuthal flows at the
leading edge, which then distorts the magnetic field and introduces B, shear. These closely
associated azimuthal plasma flows and quadrupolar B, magnetic shears are clearly observed
in a superposed study of the narrow (~ 1 Rg) compressed plasma layer at the flanks of the
flow burst DFs, shown in Fig. 7 (Liu et al. 2013). The magnetic shear at the DFs are observed
to create FAC with region-1 sense of 4-20 nA/m?, corresponding to about 7-36 uA/m?
in the ionosphere (Nakamura et al. 2005; Snekvik et al. 2007; Sun et al. 2013; Forsyth
et al. 2008). These values are comparable to the 25 wA/m? FAC values in the ionosphere
obtained from the ground magnetic field perturbation associated with an auroral streamer
(Amm et al. 1999). Recent studies have further resolved a region-2 sense current system
ahead of the DF front with a magnitude of 0.6-10 nA/m? (Liu et al. 2013; Sun et al. 2013).
Multipoint THEMIS observations of flows obtained a vortex pattern with a scale of several
Rg (Keika et al. 2009; Panov et al. 2010) similar to those observed in MHD simulations.
Keiling et al. (2009) estimated a current density of 2.8 nA/m? for such plasma flow vortices.
In situ observations of BBFs therefore obtain field-aligned current patterns and magnitudes
of both region-1 and region-2 sense that are consistent with the simulated flows reviewed in
Sect. 4.1.

The statistical picture of the individual flow burst reviewed above characterizes the prop-
agation state of a BBF, which can be considered a dipolarizing flux tube. The propagating
flow burst carries a field-aligned current system, which is similar in geometry to that of
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Fig. 7 Superposed epoch analysis of By component (a)—(d) and detrended By, (e)—(h) for earthward-normal
dipolarization front events (Liu et al. 2013). The three curves in each panel are the upper quartile (dotted), the
median (solid), and the lower quartile (dotted). According to the discontinuity normal direction ’"Morning’
stands for ny < —0.2; ‘Evening’ stands for ny > 0.2. ‘North’ stands for By(/Bjope > 0.3 (north of the neutral
sheet); ‘South’ stands for B,(/Bjope < —0.3 (south of the neutral sheet). The number in each panel is the
total number of events used in that panel

the substorm current wedge, with FAC into the ionosphere at the dawnward edge and out
of the ionosphere at the duskward edge. The closure path as well as the connection to the
strong duskward cross-tail current of 5-20 nA/m? flowing at the dipolarization front are not
understood. For example, Liu et al. (2013) inferred the region-1 sense field-aligned current
component flowing in high-latitude portions of the dipolarization front, but argued that the
equatorial portion of the DF cross-tail current may be entirely closed in the equatorial plane,
similar to the Current Loop 4 in Fig. 5 (but with opposite sense). Birn and Hesse (2014) re-
cently included a new Loop 5 at the Earthward edge of Loop 4, and related it to the intense
DF current. In this manner, part of the ‘disrupted’ current may not actually be diverted to
the ionosphere and may not be recorded by ground measurements, providing a challenge
in understanding the possible direct contribution of the flow burst to the substorm current
wedge. Given the ability of flow bursts to sustain field-aligned currents and possibly feed
those currents to the ionosphere, they function as individual pieces of a substorm current
wedge, and have been called “wedgelets” (Rostoker 1998; Liu et al. 2013; Nakamura et al.
2005).

Statistical maps of flow speed and direction show a general pattern of rapidly decreased
flow speed, deflection away from midnight, and decreased flux transport near the inner mag-
netosphere (e.g., Angelopoulos et al. 1993; Schodel et al. 2001; McPherron et al. 2011),
suggesting that the interaction of the flow burst with the high pressure inner magnetosphere
generates the strong currents of the substorm current wedge. As discussed above, the total
current carried by an individual flow burst is an order of magnitude smaller (about a few 0.1
MA on average) than the total current carried by the SCW, and the width (< 1 hour MLT,
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corresponding to < 3 Rg cross-tail size in the tail) is several times smaller than the 6 hours
wide SCW (see Sect. 2). These differences suggest that the substorm current wedge and
sustained near-Earth dipolarization are due to the accumulated effects of multiple, separate,
BBFs.

Three factors are important to recognize when discussing the contribution of BBFs and
wedgelets to the SCW. First is the long duration effect of these flow bursts on the inner
magnetospheric density and pressure that remains well after the flow has stopped. Figure 6
shows that the flow burst passage results in a significant modification of the plasma sheet
and current sheet on at least a 5-10 minute timescale (compare especially the B, and T; pre-
and post-onset values). This local modification remains even after the flow has returned to
background levels. The second important factor is the multiplicity of successive or multiple
flow bursts and associated auroral streamers (see Sect. 5.4) that are well documented obser-
vationally (e.g., Kauristie et al. 2003; Sergeev et al. 2001; Forsyth et al. 2008; Lyons et al.
2012). In addition to the 1-2 minute repetition rate of flow bursts common within the BBF
structure, magnetotail flow bursts have recurrent 5-20 minute activation timescales. These
are manifested, e.g., in the repetitive generation of energetic particle injections, new auro-
ral arcs or streamers, near-Earth dipolarizations, and ground midlatitude Pi2 pulsations etc.
(Pytte et al. 1976; Lyons et al. 2012; Nagai 1982; Sergeev et al. 1996a,b; Hsu and McPher-
ron 2007). Multiple Earthward moving dipolarization fronts and tailward progressing dipo-
larized regions due to flux pileup have both been detected within a substorm (Nakamura
et al. 2009). Tailward progression of the dipolarized region maps to poleward expansion
of the active aurora. The long duration dipolarized region that drives the substorm current
wedge is due to the superposition of these multiple flow bursts, each of which creates an en-
hanced region of dipolarized field that remains after the flow has ceased. Finally, there is an
open question on how these wedgelets contribute to the filamentation of the SCW. Recently,
Forsyth et al. (2014) studied the filamentary nature of the currents composing the SCW and
suggested that the small scale structure of the SCW is not imposed by the structure of flow
bursts, in contrast to the ‘wedgelet’ model. Unraveling the details of the filamentary current
systems will likely require multiple, low-altitude spacecraft that are capable of separating
spatial from temporal effects.

The cumulative effect of these flow bursts is the modification of the pressure distribution
in the inner magnetosphere that sustains the substorm current wedge via the VP x VV
mechanism discussed in Sect. 4.1. The accumulated stresses also lead to the substorm time
scale profiles obtained from statistical studies of the plasmasheet. Baumjohann et al. (1991)
showed that the ensemble average bulk speed reached a maximum 20 minutes after substorm
expansion onset, while the decrease in B, and flow speed occurred after 45 minutes. This
picture essentially agrees with recent simulations of multiple flow bursts by Birn and Hesse
(2013), which show that intrusions of new flow bursts at different meridians causes the high-
pressure, dipolarized region to expand azimuthally, resembling the current wedge expansion
during substorms (Fig. 2).

4.3 Generation of Flow Bursts and the Role of Entropy Depletion

The accumulated effects of flow bursts impinging on the high pressure inner magnetosphere
create the substorm current wedge. Theoretical analysis, MHD simulations and multipoint
in situ measurements have combined to produce a detailed understanding of how these flow
bursts are created. On the basis of ISEE-1 observations near x ~ —20 Rg , Sergeev and
Lennartsson (1988) first pointed out the apparent close relation between strongly concen-
trated earthward plasma jets and reduced density with enhanced B, indicating low entropy
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content, as measured (in near equilibrium) by PV?. Here P is the plasma pressure, V is
the flux tube volume defined by Eq. (6), and y = 5/3. (The fact that these events were
found during intervals of steady magnetospheric convection (SMC) shows that fast local-
ized flows, despite their relevance for substorms, are by no means exclusive to substorms.)
Pontius and Wolf (1990) then pointed to a possible connection between a reduced plasma
content flux tube, called a “bubble”, and fast earthward motion via an interchange mode;
Chen and Wolf (1993) subsequently interpreted observations of BBFs as “bubbles” in the
plasma sheet. Such bubbles are propelled earthward by a buoyancy force until they come
into equilibrium with the surroundings. Characteristic features of the initial bubble include
high velocity, low plasma pressure, and strong magnetic field as compared to surrounding
flux tubes. Observations of high speed flows with these characteristics were reported by
Sergeev et al. (1996a). The authors found that although the plasma pressure in the bubble
is lower than the surroundings, it is compensated by a higher magnetic pressure, yielding
approximately the same total pressure as the surroundings.

Another factor to be recognized is that each flow burst provides a different distortion of
the inner magnetosphere and contributes differently to the dipolarization and current wedge
formation. Geotail observations (Shue et al. 2008) have indicated that the penetration of
fast earthward flows to inside of x & —10 Rg appears to be crucial in enabling substorm
initiation and the formation of an auroral bulge. MHD simulation studies (Birn et al. 2009;
Birn and Hesse 2013), as well as observations (Dubyagin et al. 2011), demonstrate that the
depth of penetration of bubbles depends on the amount of entropy reduction. Only those
most depleted (and most dipolarized) plasma tubes can reach the inner magnetosphere. This
occurs most often during the early substorm expansion phase, when magnetic reconnection
can operate in the relatively near-Earth (X > —20-25 Rg) region (Miyashita et al. 2009),
effectively reconnecting the plasma-depleted lobe field lines. At other times, such as quiet,
steady convection or substorm recovery, the relatively distant x-line location does not allow
for the production of short flux tubes having sufficiently low flux tube volume and entropy
(P V373 less than the 0.05 nPa (Rg/nT)/?) that is required to reach the geostationary orbit
(Sergeev et al. 2012a). Flow bursts with insufficiently low entropy are braked far away and
flow around the inner magnetosphere. This suggests an explanation for why flow bursts that
occur during substorm expansion are efficient in the generating the SCW, in comparison to
BBF activity at other times.

The most plausible mechanism for the generation of flow bursts, as well as the reduc-
tion of entropy, is localized reconnection in the mid tail region, which severs portions of the
closed field lines and ejects them as plasmoids. The cross-tail localization of reconnection
may result from a pre-onset structure, localization of the kinetic mechanism that breaks the
frozen-flux condition of ideal MHD, or an interchange mode that is enabled by the entropy
reduction (Birn et al. 2011). Alternatively, an interchange/ballooning type mode in the mid
tail plasma sheet may be initiated under suitable magnetotail conditions prior to reconnec-
tion (e.g., Pritchett and Coroniti 2013). Conditions favoring the onset of ballooning in the
tail region consist particularly in a reversal of the gradient of the entropy PV? as func-
tion of distance, which is monotonically increasing for a typical tail model (Schindler and
Birn 2004). It is not clear, however, how such a configuration modification can be obtained
from an initial state that is ballooning stable. The consequences of flow bursts in generating
field-aligned current systems are similar, independent of the generation mechanism.

4.4 Tonospheric Feedback Processes and Magnetic Pulsations

From the creation of the flow burst at the mid tail reconnection site through the initiation
and decay of the substorm current wedge, the changed magnetospheric configurations are
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communicated to the ionosphere via the currents carried by Alfvén waves (Scholer 1970;
Southwood and Kivelson 1991). For simplicity, the SCW is often studied as a quasi-static
structure, and for the majority of this review we have treated it as such. Yet the transient cou-
pling of the conductive ionosphere with magnetospheric stresses leads to a strongly coupled
system that impacts the time-dependent development of the currents.

The most commonly studied transient magnetosphere-ionosphere responses are the pul-
sations associated with impulsive movements of magnetotail field lines, principally the brak-
ing of BBFs in the near-tail region. Magnetospheric substorms have long been associated
with transient pulsations in the Pi2 band (40-150 s, f = 6.6-25 mHz) (see reviews by Yu-
moto (1986) and Keiling and Takahashi (2011)). Although they share a common frequency
band, there are at least three distinct types of Pi2 pulsations, organized both by the location
where they occur and by the physical processes driving them. Low-latitude Pi2 pulsations
are associated with the rapid deceleration of flow bursts in the near-Earth region. This broad-
band flow braking energy is thought to couple to plasmaspheric cavity modes (Allan et al.
1996; Takahashi et al. 1995, 2003; Lee and Lysak 1989) or directly drive Pi2 pulsations
(Kepko and Kivelson 1999; Kepko et al. 2001). These pulsations tend to lie in the shorter
period band, due to the comparatively short field lines and high Alfvén speed of the inner
magnetosphere. At higher latitudes, pulsations are irregular, large amplitude, and typically
have periods near the long period edge of the Pi2 band. Neither low-latitude nor high-latitude
Pi2 are associated directly with the SCW, so we will not discuss them further. (see Keiling
and Takahashi (2011) for a recent review).

Nightside Pi2 pulsations at midlatitudes are directly associated with the sudden
switching-on and development of the substorm current wedge at substorm onset. Using
data from an azimuthally extended array of mid latitude ground magnetometers, Lester
et al. (1983, 1984) demonstrated that the azimuthal patterns of polarization and phase char-
acteristics of Pi2 pulsations at mid latitudes were related to the substorm current wedge.
The pattern of the polarization ellipse of the wave in the H — D plane is schematically
illustrated in Fig. 8a, adapted from Lester et al. (1984). Although the wave polarization
pattern illustrated in Fig. 8a was consistent from event to event, in about 30 % of cases the
pattern was displaced from the substorm current wedge mid-latitude H and D component
bays (Lester et al. 1983). This was partially attributed to the fact that the substorm cur-
rent wedge system is not as simple as first envisaged, for example the upward field aligned
current is more localized while the downward field aligned current more distributed longi-
tudinally (e.g., Baumjohann et al. 1981). These initial observations were then supported by
a number of subsequent studies involving both ground and geosynchronous magnetometer
observations (see e.g. Gelpi et al. (1985b,a), Lester et al. (1989)). A model for the polariza-
tion, wave phase and propagation characteristics was proposed by Southwood and Hughes
(1985) which consisted of two circularly polarized waves propagating westwards and east-
wards, with the larger amplitude wave being the westward propagating wave.

The strong observational foundation linking nightside, mid latitude Pi2 pulsations to the
substorm current wedge is accompanied by a wide body of theoretical and numerical re-
search into the time dependent coupling of the magnetosphere and ionosphere via FACs.
The sudden switching-on of the substorm current wedge system leads to a complicated
interplay between the ionosphere and magnetosphere as the two regions attempt to reach
an equilibrium state. Mid latitude Pi2 pulsations, now commonly referred to as transient
Pi2 pulsations, are one result of this transitional response (Baumjohann and Glassmeier
1984).

The time dependent nature of the transient response depends on the interaction of the
Alfvén waves carrying the current from the magnetosphere source region with the iono-
sphere. This interaction is controlled by the relative conductances of the ionosphere (X'p)
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Fig. 8 (a) Schematic of the magnetic perturbations in the H and D components and the polarization of Pi2
pulsations measured by nightside, mid latitude ground magnetometers as a result of the substorm current
wedge. The Pi2 polarization azimuth rotates in relation to the location of the FAC. Adapted from Lester et al.
(1984). (b) Example of a classic midlatitude SCW signature of a small to moderate substorm. Ukiah, located
near the central meridian of the SCW, observed primarily a positive A H perturbation, while Shawano, located
further east, was beneath the downward FAC and observed primarily a negative AD perturbation. Transient
response Pi2s are evident at the onset of the SCW, with additional intensifications observed later in the
recovery

and magnetosphere (X4 = 1/uov4). We can understand the consequences by looking at how
the Alfvén waves carrying current are reflected in a simple scenario (Fig. 3b). The equato-
rial portion of a flux tube initially at rest is pulled azimuthally by magnetospheric flow. This
kink in the field line is a current loop and is carried by an Alfvén wave to the ionosphere.
The current flows in the direction to provide a J x B force in the ionosphere to force the
footpoints to move in the direction of magnetospheric driving. What happens next depends
on a ratio (R) of the conductances (Scholer 1970; Glassmeier 1983):

R A= 2r o
This reflection coefficient, R, determines the sign and amplitude of the imposed and re-
flected electric fields. A highly conducting ionosphere (R ~ —1) would reflect most of the
electric field, which would counteract the original electric field and attempt to move the mag-
netospheric end of the field line to its original position (this is effectively loop 2 in Fig. 5). In
the opposite limit, an ionosphere with low conductivity (R ~ 1) does not reflect the electric
field back to the magnetosphere, and hence the magnetospheric motion can proceed.

This framework is also used to describe the build up of the SCW field-aligned current. As
a function of the reflection coefficient, the FAC after an infinite number of Alfvénic bounces
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is

1-R
1+ R
where jj ; is the current carried by the initial pulse (Glassmeier 1984). For a highly conduct-
ing ionosphere the FAC builds up. This current closes across the ionosphere, and represents
the J x B force necessary to move the ionospheric footprints. If R ~ 1, corresponding to a
weakly conductive ionosphere, the ionosphere moves freely, the reflected current cancels the
incoming current, and no FAC is built up. This build up of current is illustrated in Fig. 8b,
which shows the midlatitude magnetic field signature of the SCW from a moderate sub-
storm. Note that the increase in A B occurs over ~ 20 minutes, accompanied by damped Pi2
pulsations.

In addition to transient currents that form in response to changes in magnetospheric con-
figuration, changes in ionosphere conductivity lead to time-dependent coupling of the iono-
sphere to the magnetosphere. lonosphere conductivity increases due to particle precipitation,
in particular, in regions of upward field-aligned current, where electrons are accelerated
into the ionosphere. The increased ionospheric conductivity leads to increased line-tying of
the field lines, and a corresponding larger FAC for a given flow. Under a constant electric
field, an increase in the conductivity drives an increase in current to overcome the increased
line-tying. At some threshold, the magnetosphere may be unable to overcome the increased
line-tying. The field-aligned current increases to the point that E parallel becomes non-zero,
accelerating particles, and decoupling magnetospheric from ionospheric motion.

jﬁX):jH.i : 3

5 Ionospheric Perspective

The large scale ionospheric features observed during substorms are largely a response to
the dynamic changes in the magnetotail discussed in Sect. 4. Ionospheric properties, prin-
cipally conductivity, provide boundary conditions for magnetospheric convection, and the
ionosphere is often treated as a passive part of the system. Especially during substorms, how-
ever, the boundary conditions change in a time-dependent and spatially localized fashion,
allowing ionospheric feedback that can alter the magnetospheric dynamics. We discussed
previously some aspects of this coupling from a magnetospheric perspective in Sects. 4.1
and 4.4. The coupling from the ionospheric perspective differs primarily in that the iono-
spheric conductance is anisotropic due to the influence of the neutral atmosphere, involving
Hall as well as Pedersen conductivity. These conductivities are altered both by the connect-
ing currents and the precipitating electrons associated with upward field-aligned currents,
which increase Pedersen conductivity and field line tying. An important role is also played
by field-aligned electric fields, set up locally, primarily in upward field-aligned current re-
gions, which are the cause of auroral intensifications and, specifically auroral arcs. In the
following sections we describe some of the ionospheric features directly or indirectly asso-
ciated with the SCW.

5.1 The Westward Traveling Surge (WTS)

One of the most well defined features of the auroral substorm is the Westward Travel Surge
(WTS) (Akasofu et al. 1966, 1965b). The WTS is a bulge of discrete aurora that represents
the westward and poleward expansion of the auroral substorm. At the largest scale, the WTS
is the visual manifestation of the upward current at the duskward edge of SCW (Akasofu and
Meng 1969; Kamide and Akasofu 2012; Hoffman et al. 1994; Marklund et al. 1998), and
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represents a region of converging horizontal electric fields in the ionosphere (e.g., Weimer
et al. 1994). In the WTS, as within any complex physical system, different processes are
revealed depending on the spatio-temporal scale on which the system is examined. In situ
and ground-based observations have revealed the WTS to be far more complicated than a
single region of upward field-aligned current. Since the WTS is a crucial place for the current
closure of the SCW, small-scale physics may also affect on the larger-scale properties of the
wedge. Here we mention two mechanical processes related to the WTS that are relevant to
the scale of individual auroral arcs, i.e., on scales of about 100 km and below.

Using data from the Freja satellite UV imager and electric field instrument, Marklund
et al. (1998) were able to resolve the auroral fine-structure associated with the WTS, while
at the same time having a full view over the larger-scale auroral display of the substorm
bulge. They showed that the WTS consists of a complex configuration of wound-up auroral
arcs, separated by regions of lower luminosity, filled with diffuse aurora. The most poleward
of these wound-up arcs continues eastward as the poleward boundary of the substorm auro-
ral bulge. When the Freja satellite passed over the individual wound-up arcs and entered into
the diffuse auroral regions in between them, it recorded very strong electric fields, up to sev-
eral hundreds of mV/m. The authors interpreted the electric field in these boundary regions,
which have an extent of only a few km, as polarization electric fields. Strong and localized
field-aligned currents of magnitudes up to 30 A/km? were observed associated with the elec-
tric field, flowing both upward and downward. However, the majority of the strong electric
field structures converge, and are associated with intense high-energy electron precipitation
and upward FAC. These observations clearly indicate that the WTS is not a uniform region
of upward FAC, but contains complex upward and downward current substructure on the
scales of individual auroral arcs.

Another process that becomes relevant in the vicinity of the WTS is induction within
the ionosphere. Sharp gradients of ionospheric electrodynamic parameters, especially con-
ductances, and the fast westward motion of the surge up to about 10 km/s (Rothwell et al.
1984; Pytte et al. 1976), create significant temporal gradients for an observer in the Earth’s
frame of reference. Vanhamaiki et al. (2007) found for their model that although the induced
electric field inside the WTS is small in absolute terms (about 3 mV/m), it maps into an
area that is characterized by a small potential electric field and high conductances. Hence,
the induced electric field contributed up to 30 % of the total electric field and up to almost
100 % of the total FAC (with absolute magnitude of 1.5 x 1073 mA/m?) in a small region
at the trailing edge of the surge. Ionospheric induction may contribute significantly to the
horizontal current and FAC distribution in the central region of the WTS (Vanhamiki et al.
2007). Since this effect is not included in either MHD models or ionospheric solvers, this
may explain the discrepancy between model output predictions and measurements.

In summary, these results show that on the largest scale, the WTS is a region of intense
aurora at the western edge of the SCW created by a net upward current carried by accelerated
electrons. Detailed observations show that this net current contains significant substructure,
containing highly localized upward and downward current regions.

5.2 Current Closure

One of the most extensively studied data sets concerning auroral substorm electrodynamics
on the scale of the auroral bulge comes from the combined Dynamics Explorer (DE) 1
and 2 spacecraft (Frank et al. 1981; Hoffman and Schmerling 1981). While DE-2 measured
electrodynamic parameters between 300 and 1000 km, DE-1 at a higher orbit simultaneously
imaged the aurora, which allowed the DE-2 observations to be placed into the context of
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Fig. 9 Current and flow patterns within an active auroral oval during the expansion phase of a magneto-
spheric substorm, based on measurements taken by the Dynamics Explorer satellites (after Fujii et al. 1994
and Gjerloev and Hoffman 2002)

the substorm auroral bulge. Several studies binned a large amount of satellite data along
meridional tracks into different sectors of the bulge to compose an overall model of the
SCW in terms of FAC (Fujii et al. 1994), conductances (Gjerloev and Hoffman 2000a,b),
and horizontal currents (Gjerloev and Hoffman 2002). A synthesis of the results of these
studies is shown in Fig. 9.

For the ionospheric part of the SCW and its divergences, the results show southward
Pedersen currents and westward Hall currents inside the bulge, superimposed upon a south-
westward overall current system, generally in agreement with previous models (e.g., Kamide
et al. 1996; Lu 2000). However, in contrast to these models, the feeding of these currents
by downward FAC is largely provided by a “region 0” FAC layer located just poleward of
the poleward boundary of the auroral bulge. The majority of the FAC closure takes place in
the meridional direction, between this “region 0” and the “region 1” layer of upward FAC
located within the substorm auroral bulge. The region 0 FAC is simply a consequence of
the conductance gradients at the auroral boundary. We note that the MHD simulation re-
sults presented in Fig. 4 do not include an ionosphere. Similarly, the current loops shown in
Fig. 5 were derived from examination of the magnetospheric drivers of the current. Exactly
how these currents flow in the ionosphere will depend greatly on local ionospheric condi-
tions, primarily the spatial distribution of conductance. Therefore, linking these RO currents
directly to a magnetospheric source is difficult, and remains an open question.

Changes in the amplitude of the westward substorm electrojet in this model are moder-
ated by associated imbalances between the region 0 and the region 1 FAC in each sector of
the bulge. This type of current closure is called “local current closure”, in contrast to the
“remote current closure” of the original SCW picture, where a downward FAC area on the
eastern flank of the SCW is zonally connected via a westward electrojet to an upward FAC
area (around the WTS) on its western flank. As shown in Fig. 9, the upward field-aligned
currents of the SCW, localized to the active area of the surge, are principally fed by the RO
currents at the poleward boundary, rather than closed by horizontal current of the classi-
cal SCW picture. Using a single-event satellite pass through an auroral bulge eastward of a
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surge, Marklund et al. (2001) concluded that the local current closure model is more suitable
to explain the observations for their case. However, it needs to be mentioned that studies that
are composed of data from satellite passes that are nearly meridional are unable to unam-
biguously resolve the dependence of the observed parameters in zonal direction. Therefore,
conclusions about zonal current closure drawn from such studies have to be taken with care.

Models and observations are generally in agreement that there is a region of intense up-
ward FAC collocated with the westward traveling surge (WTS) at the westward edge of the
auroral bulge, in accordance with the original SCW picture (see Sect. 5.1). Are the currents
diverted to the magnetosphere mostly provided by local or by remote current closure? This
question was addressed by Amm and Fujii (2008), using spatially distributed optical, electric
field, and ground magnetic field data from the MIRACLE network for a substorm breakup
spiral event. Taking advantage of the specific geometry of the spiral, the authors were able
to quantitatively separate the contribution of the two current closure parts to the upward
FAC in the spiral. For their event, about two-thirds of the upward FAC were provided by
local current closure, and about one-third by remote current closure. However, in a certain
region at the western edge of the spiral, the contribution of the remote closure was more
than 80 %. This region, coinciding with steep zonal conductance gradients, was also clearly
discriminated in the auroral display.

5.3 The Cowling Channel

Early models of the WTS and of the substorm bulge in its wake suggested that the remote
current closure is enhanced by something called “the Cowling effect” (e.g., Coroniti and
Kennel 1972; Baumjohann et al. 1981; Opgenoorth et al. 1983). The Cowling effect intro-
duces secondary electric fields that alter the relationship between the primary electric field,
created by magnetospheric motions, and the final current flow direction and magnitude in the
ionosphere. Given a fixed primary electric field from the magnetosphere and an ionospheric
conductance structure, the Cowling effect will force the total currents to flow in a different
direction, and be stronger (or weaker) than without the effect. This also allows the iono-
spheric currents to “decouple” to some extent from the magnetosphere, and therefore com-
plicates the linkage of ionospheric currents (Sect. 5.2) to magnetospheric drivers (Sect. 4.1).
Note that the revised ionospheric portion of the SCW discussed later in Sect. 6.1.2 includes
this Cowling effect.

The effect is most easily described in the case of the substorm current bulge, which lies
in the wake of the WTS and is bounded north and south by regions of sharp conductivity
gradients, leading to a channel of high conductivity. The initial westward component of the
electric field, as frequently observed in the wake of the WTS, drives a primary meridional
Hall current within the channel. Since J = X' E, stronger currents flow in the high conduc-
tivity channel than outside, for the same electric field, leading to an imbalance of current.
To maintain current continuity, the extra current must either close as FACs or be reduced.
In steady state, the strength of the FAC is determined by the magnetospheric generator, and
therefore only a fraction of the excess current can flow upwards along field lines. The excess
current leads to a buildup of charge on the boundaries of the conducting strip, leading to a
polarizing electric field directed southward, which acts to solve the current closure imbal-
ance. This polarization electric field in turn drives a secondary westward Hall current. This
mechanism was also anticipated by Amm and Fujii (2008) for the remote current closure
part. Even though a multitude of observations have been shown to be in accordance with
a potential Cowling effect, it is not possible to prove the effectiveness of this mechanism
for a single event study from ground-based data alone, and single satellite passes miss the
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Fig. 10 (a) Omega bands observed by the Polar VIS camera, courtesy of M. Henderson. (b) The structure
of the FACs associated with omega bands, and the geometry of the westward electrojet. A significant portion
of the westward substorm electrojet is diverted by the alternating sheets of FAC associated with the omega
bands. Adapted from Amm et al. (2005)

required information about zonal gradients. Amm et al. (2011) were the first to prove the ex-
istence of the Cowling effect in the auroral electrojet using a statistical approach, analyzing
about 1600 electrojet-type situations observed by the MIRACLE network and the EISCAT
radar. They found that the probability of the Cowling effect being active in the auroral iono-
sphere is monotonically increasing with increasing geomagnetic activity, and that the region
of highest probability for this effect to be strong is the early morning sector. Their results
thus support the hypothesis that the Cowling effect is active in the substorm auroral bulge to
increase the zonal (remote) current closure, especially in the eastern part of the bulge.

5.4 Continuity of the SCW as Seen from lonospheric Observations

An important element of the traditional picture of the SCW is the ionospheric closure of
the eastern (downward) and western (upward) FACs via the westward electrojet. In light of
extensive ground- and space-based observations of ionospheric current closure, it is apparent
that such a direct closure current path is simplified, and that there are significant divergences
of the westward current in between. We focus here on two types of typical mesoscale auroral
forms that frequently occur within the substorm auroral bulge, for which this question of
remote vs. local current closure has recently been addressed in detailed studies: Auroral
omega bands and auroral streamers.

Auroral omega bands are periodic, wave-like undulations of the poleward boundary of
the morning side diffuse aurora occurring in the recovery phase of substorms. The name
“omega bands” was originally chosen by Akasofu and Kimball (1964) to describe the dark
areas between the poleward extending auroral waves or tongues, which resemble the form
of the inverted capital Greek letter £2 (Fig. 10a). The luminous tongues tend to be narrower
with larger latitudinal extent for more intense substorms, and may occasionally develop into
auroral torches, which are narrow, finger-like auroral forms that extend several degrees of
latitude poleward from the auroral oval (Henderson et al. 2002). The typical longitudinal and
latitudinal extent of the tongues is ~400-500 km (4-5°). Omega bands have been found to
grow simultaneously over a longitudinal range of several magnetic local time (MLT) hours,
covering a wide range of the central to eastern portion of the SCW (e.g., Paschmann et al.
2003, Sect. 6.3; Yamamoto et al. 1993). It should be noted that although auroral omega bands
are regularly observed within substorms, principally during the recovery phase, similar type
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of structures also exist during periods of steady magnetospheric convection and sawtooth
intervals (Sergeev et al. 1995; Henderson et al. 2006a,b).

Amm et al. (2005) used ground-based data from the MIRACLE network in northern
Scandinavia together with UV and X-ray observations from the Polar satellite to infer in
detail the spatial distributions of the electric field, conductances, currents and FAC inside
an omega band structure. In accordance with previous models (e.g., Amm 1996; Buchert
et al. 1990), this purely data-based analysis found the auroral tongues of the omega bands
to be collocated with sheets of intense upward FAC, and the dark regions in between the
tongues to be collocated with downward FAC sheets. The integrated upward FAC in one of
the tongues was found to amount to be 2.3 MA, which is comparable to the typical integrated
upward westward traveling surge FAC of 2.5 MA found by Gjerloev and Hoffman (2002).
In comparison, the integrated westward current that is not connected with FAC but flows
continuously in the zonal direction over the omega band, mostly along its equatorward base,
is of the order of 500 kA for the Amm (1995) event. This result implies that a majority of
the FAC (~ 80 %) in omega bands must close locally.

Therefore, it is obvious that for omega bands a significant part of the current in the sub-
storm auroral bulge is not flowing continuously westward, but is diverted away from and
towards the ionosphere by alternating sheets of FAC (Fig. 10b). In the classical remote clo-
sure picture, all ionospheric current flows horizontally westward, from the downward FAC
at the eastern edge of the bulge to the WTS at the western edge. But in the case of omega
bands, only a minor fraction of the current is flowing continuously westward. The largest
portion of the current is organized as mesoscale “wedgelets” of a few hundred km zonal
scale size. The SCW ground magnetic signature, which is a measure of the integrated per-
turbation fields, could be explained by an equivalent current system flowing continuously
westward. This interpretation is misleading, however, as the true currents are highly frag-
mented (Baumjohann 1982; Opgenoorth et al. 1983; Amm et al. 2005).

Auroral streamers are thought to be the ionospheric counterparts of the magnetospheric
flow bursts discussed in Sect. 4.2 (Fairfield et al. 1999; Lyons et al. 1999; Sergeev et al.
1999, 2001; Zesta et al. 2000). They are observed as finger-like, meridionally elongated
auroral forms that protrude equatorward inside the substorm auroral bulge, starting from
its poleward boundary (Elphinstone et al. 1995, 1996; Henderson et al. 1998). When the
streamers reach the equatorward portion of the bulge, they often form blobs of aurora there
that can persist for several tens of minutes. The zonal extent of the auroral streamers is typ-
ically of the order of 100-150 km but can be as narrow as 20 km. In many cases, several
streamers evolve simultaneously with an azimuthal separation of 150-500 km (e.g., Amm
and Kauristie 2002, and references therein), covering a significant portion of the western to
central portion of the SCW. Studies have also shown that it is the duskside of a bursty bulk
flow in the magnetosphere that is conjugate to the auroral activations identified in the iono-
sphere (Nakamura et al. 2001). This is consistent with the measured electron precipitation
in that region, which corresponds to the upward field-aligned currents and is the source of
the auroral emissions (Sergeev et al. 2004).

Using data from the Scandinavian Magnetometer Array (SMA), the STARE radar, and
all-sky cameras, Amm et al. (1999) were able to infer the detailed spatial distributions of the
ionospheric electrodynamic parameters associated with an auroral streamer. Not unlike the
omega band case, the auroral streamer current system consists of a localized current wedge
with intense upward FAC at the southwestern border of the auroral form, and a more dis-
tributed area of downward FAC at its northeastern flank, connected by southwestward flow-
ing horizontal currents. Nakamura et al. (2005) later confirmed this current configuration
with combined ionospheric and magnetospheric observations. For the Amm et al. (1999)
event, the integrated upward FAC was ~830 kA, compared to an integrated westward cur-
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rent of about 650 kA that flowed continuously in the westward direction over the analysis
area. As for the case of the auroral streamers, a large portion of the westward current in
the substorm auroral bulge is not part of the large-scale SCW, but closed by more narrow
systems of alternating FAC that exist within the SCW. Further supporting evidences of the
existence of a small current wedge pattern associated with magnetospheric flows have been
obtained by comparing satellite observations of BBFs with equivalent current (Kauristie
et al. 2000; Nakamura et al. 2005) and ionospheric convection patterns (Grocott et al. 2004).

In summary, the results discussed here show that a significant substructure consisting of
mesoscale zonal current wedges may exist within the traditional SCW. In fact, the total cur-
rent flowing within these substructures may be comparable to or even larger than that of the
large-scale SCW. This also means that measurements of the westward electrojet current at a
meridional intersection of the bulge, as occurs with a low-orbiting satellite, could be domi-
nated largely by the currents of these substructures. We note that the magnetic effects of the
narrow current wedges of these substructures are not visible to mid-latitude magnetometers
that were used originally to define the SCW.

6 Synthesis of Current Understanding

As originally envisioned, the substorm current wedge is a simple line current model that
represents the integrated effects of a diversion of the cross-tail current along magnetic field
lines into the auroral ionosphere post midnight and out of the ionosphere pre midnight,
connected in the ionosphere by a westward current (McPherron et al. 1973a). This current
begins to flow at the onset of the substorm and persists for somewhat less than an hour.
The large scale pattern of the SCW is best observed by midlatitude magnetometer stations,
which are far from the wedge currents and thus record the overall pattern rather than local
details. These magnetometers measure a net effect of the current systems that make up the
SCW, and show that the wedge may form almost anywhere in the night sector and may be
very narrow or as large as the entire nighttime sector.

In the 40 years since the SCW concept was originally developed, a multitude of in situ
and remote measurements, numerical simulations, and theoretical studies have greatly ex-
panded our knowledge of the SCW. Although the original line current picture of the sub-
storm current wedge explains reasonably well the large-scale magnetic signatures observed
on ground and in space, these new observations and insights must be incorporated in a re-
vised representation. In the previous sections, we highlighted the important observational
and theoretical constraints that must be included an any updated view of the substorm
current wedge. The current wedge links changes in nightside magnetotail convection and
plasma sheet properties to the ionosphere via field-aligned currents. While smaller wedges
appear in conjunction with, for example, pseudobreakups or auroral streamers, the majority
of the current wedges are associated with magnetospheric substorms. The original picture
illustrated a snapshot of the SCW during its peak expansion. Based on a significant body of
work focusing on magnetosphere—ionosphere coupling processes, we now present a time-
dependent view of the SCW, showing its association to the initial reconnection site, how it
intensifies and spreads during the substorm expansion, and how the currents decay during
the substorm recovery.

6.1 Modifications to the Original Picture
6.1.1 Stage 1—Wedgelet
At the end of the growth phase, the magnetotail magnetic field is highly stretched. The

substorm begins with reconnection in the midtail plasmasheet, creating opposing jets of flow.
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The earthward flow burst is the genesis of the SCW, and the Earthward propagation of the
flow represents Stage 1 of the SCW. The flow burst itself can be considered a dipolarizing,
low entropy flux tube (Sect. 4.3). It moves Earthward to a region where the buoyancy of
the flux tube, as represented by the entropy, matches the surroundings. This occurs typically
near the transition between stretched and dipolar field lines near the inner edge of the tail
current sheet, but can vary depending on the intensity of geomagnetic activity.

This system can be decomposed into time dependent and quasi steady-state components.
The time dependent aspects derive from the propagation of the electric and magnetic per-
turbations generated by the dipolarizing flux tube and their interactions with the ionosphere
(Sect. 4.4). Each flow burst is associated with a channel of high speed flow relative to the sur-
roundings. Consequently, the electric field across the channel is higher than that in the adja-
cent plasma. This elevated electric field is carried to the ionosphere by an Alfvén wave where
it drives a westward current in the auroral ionosphere, accelerating ionospheric plasma in an
equatorward direction. Due to the inertia of the ionospheric plasma, the wave is reflected and
bounces several times as the ionospheric flow is slowly established. This wave is the likely
cause of the irregular, high-latitude Pi2 pulsations. After a few minutes, the flow reaches the
inner magnetosphere, and the impact generates Pi2 pulsations at mid and low latitudes.

In addition to this transient coupling, the flow burst carries a quasi-static current system,
as reviewed in Sect. 4.2 and shown in Fig. 11. The shape of this current loop is identical
to that of the substorm current wedge, but because of the narrow width of the channel its
width is much smaller so we refer to this pattern as a*“wedgelet”. The current carried by this
wedgelet is much smaller and has a shorter lifetime than in the current wedge. The iono-
spheric signatures of these wedgelets are the auroral streamers that appear at the poleward
auroral boundary and move equatorward (see Sect. 5.4). The wedgelet contains the region
1-sense current of the original SCW, but contains a new element, the opposite-sense (region
2-sense) loop with westward current at the earthward edge of dipolarized region.

The importance of these new additions is that they are closely related to the interaction of
the flow burst with the inner magnetosphere, and manifested in important substorm phenom-
ena like injections and dipolarization fronts. The substorm current wedge develops during
the expansion phase as an accumulation of stresses created by multiple flow bursts. The de-
tailed evolution of the SCW is determined by the pressure gradients and magnetic shear that
develops in response to these flow bursts. In addition, this explicit link to flow bursts leads
to a natural explanation of substorm intensifications as being associated with, and driven by,
new flow bursts.

6.1.2 Stage 2—Pile-up and Initiation

The Earthward traveling flow burst slows rapidly as it approaches the transition region be-
tween dipolar and stretched field lines. The braking and diversion of the fast flow around the
high pressure inner magnetosphere creates magnetic shear, and is the dynamo that powers
the substorm current wedge. The inertial current generated by the decelerating flow lasts a
few tens of seconds, and is only a minor constituent of the total current. Once decelerated
and deflected, the plasma and field carried by the flow burst joins a general flow around the
obstacle created by the inner magnetospheric pressure distribution. It is this slower, but more
extensive, flow around the obstacle that produces the entire current wedge. A velocity shear
between the inner and outer magnetosphere extending over large distances on the evening
and morning sides is the primary source of the currents driving the substorm current wedge.
This velocity shear maintains the non-alignment of flux tube volume and pressure gradients
that is necessary to sustain the FAC.
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Fig. 11 The ‘wedgelet’ current system associated with an earthward propagating dipolarizing flux tube in the
ionosphere (a) and equatorial magnetosphere (b). Field-aligned currents connect the region-1 sense currents
(blue) at the edge of the flow channel with the ionosphere. This current closes at least partially via a horizontal
Pedersen current. The auroral streamer occurs on the westward edge of the system, in association with the
upward field-aligned current. The Hall current flows northward, although the closure of this current is still an
open question. This wedgelet current system is superimposed upon the existing ionospheric current system
of Fig. 9, principally a westward electrojet, so that the full ionospheric SCW current system is the sum of
the large scale currents and these smaller wedgelet systems, in addition to localized filamentary systems.
Recent observations and simulation results suggest a region-2 sense current at the leading edge of the flow
burst (red) in the magnetosphere, although it is unclear if this current closes in the ionosphere or locally
in the magnetosphere. An intense dipolarization front (DF) current flows between the R1 and R2 currents,
as shown here, although the exact closure of this current is unknown. The magnetospheric wedgelet system
shown here is based on MHD simulation results, and represents a snapshot of the dipolarizing flux bundle as
it nears Earth. The geometry and spatial extent of the currents further away from the braking region are likely
extended further radially than indicated here, as suggested for example in Nakamura et al. (2001)

While the SCW is often described in terms of a “short-circuiting” of the cross-tail cur-
rent, it is preferable to view the system in terms of currents driven by stresses within and at
the boundaries of the dipolarized region. Returning to Fig. 5, the traditional SCW is repre-
sented by loop 1, and consists of a dusk-dawn segment in the magnetotail and an east-west
segment in the ionosphere connecting the two FACs. Loop 2 is a consequence of MI cou-
pling, and represents the ‘kickback’ from the ionosphere, attempting to slow the azimuthal
expansion. Note that for Loop 2, J x B points towards the center of the dipolarized region
in the magnetosphere, while J x B points outward, away from the center of the wedge, in
the ionosphere. The magnetospheric portion of this loop is created by the ionosphere at-
tempting to slow azimuthal expansion, while the ionospheric section is created by the mag-
netosphere attempting to move the ionospheric footprints azimuthally in the direction of the
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Fig. 12 Updated picture of the substorm current wedge during the peak of the substorm expansion phase.
The original region 1 type currents are shaded in grey, and bound the dipolarized region. A typically smaller
region 2 type system flows at the earthward edge of the dipolarized region

sunward return flow. Loop 4 bounds the dipolarized region, and represents the expansion
force created by the difference in pressure between the high magnetic pressure dipolarized
region and the still-stretched region outside the loop. In the magnetotail equatorial plane, the
sunward/anti-sunward currents at the boundaries of loops 2 and 4 flow in opposite directions.
The slight imbalance of these segments possibly relates to the rate of azimuthal expansion—
higher ionospheric conductivity would lead to higher currents within loop 2, for example,
and thereby slower expansion. Loop 3 is due to off equatorial gradients that arise from the
transient magnetic kink as the plasmasheet field lines contract to a quasi-dipolar state.

The SCW, then, is an integral of several different current loops, each with a specific phys-
ical driver. The equivalent current loops shown in Fig. 5 are a useful way to gain insight into
the physics that underlie the SCW, at the expense of the simplicity of the original McPherron
et al. (1973a) diagram. Combining the net effects of the different current loops, we present
a revision to the original SCW model in Fig. 12. A major change from the original picture
is the addition of a region 2 sense current at the earthward boundary of the SCW, which has
support in both observations and numerical simulations. The diversion of the Earthward flow
creates two areas of magnetic twist with opposite sense: a region-1 type current tailward of
the twist, and a region-2 type Earthward of the twist. The relative strength (1/1;) of each
of the current loops can vary substantially across events, ranging from 0.2 to 0.6, and can
change during the evolution of an individual event (Sergeev et al. 2014).

We emphasize that midlatitude magnetometers, which are traditionally used to monitor
the evolution of the SCW, cannot resolve this two loop current system. There are two ways
the two current loops can close in the ionosphere. If the total current in the outer (R1)
loop closes along a meridian in the ionosphere, then there would be no westward current
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Fig. 13 The original picture (a)
of the ionospheric closure of the
SCW connected the upward and
downward FAC pair via an
enhanced westward electrojet.
The updated picture (b) of
ionospheric closure adds a
meridional system (red), fed by
region-0 currents at the poleward
boundary, and significant local
closure of the upward FAC
within the auroral bulge. As with
the magnetospheric currents
shown in Fig. 12, the relative
intensities of current closure via
the different pathways changes
from event to event

in the auroral bulge and the magnetic effects of the two loops would cancel each other at
midlatitudes. On the other hand, if the current in the outer loop closes horizontally, which
is likely, the current in the lower (R2) loop will partially cancel the effects of the outer
loop. The total inferred current flowing in the ionosphere, as determined from mid latitude
magnetic field measurements, will be the difference in current between the two loops.

The ionospheric portion of the SCW also requires significant updating. The currents
within the substorm current wedge have complex substructure, which is not captured by
the original picture (Fig. 13a). The complex and rapidly varying ionospheric conductivity
pattern re-distributes the currents in multiple sheets and filaments that couple the ionosphere
to the magnetospheric tail. The original SCW model closes two field-aligned currents with
a westward electrojet in the ionosphere (Fig. 13a). As reviewed in Sect. 5, current closure
is more complicated than this simple line current. Horizontal current closure between the
downward eastern and upward western field-aligned currents is complemented by substan-
tial meridional current closure, which reduces the net integrated total current.

The updated diagram showing the distribution of total currents in the ionosphere during
a substorm is shown in Fig. 13b. As with the magnetospheric current loops, the relative
intensities of the ionospheric currents likely vary substantially across events. The original
upward and downward FAC pair is still evident, with the eastern component distributed,
while the western component is localized to the active bulge. The upward R1 FAC is fed by a
combination of local closure from RO currents at the auroral boundary (red), remote closure
flowing via the Cowling mechanism as westward electrojet (blue), and some meridional
closure from the R2 current system.

Linking the magnetospheric perspective of the SCW obtained from numerical simula-
tions (Fig. 4) and the ionospheric perspective obtained from satellite measurements (Fig. 9)
perspectives of the SCW is not straightforward. The structure of the FACs flowing into and
out of the ionosphere will depend strongly on gradients in conductivity, which can change
substantially during a substorm, as well as the relative intensities of the horizontal currents.
In addition, the magnetospheric drivers of these FACs will not be as smooth as indicated in
Fig. 4, and will contain localized pressure gradients that would lead to current filamenta-
tion. And yet, the average of the FACs in Fig. 9 corresponds to a strong downward current
on the westward edge, and a strong upward current at the eastward edge, within the auroral
bulge, as shown in Fig. 13a. Similarly, the FAC inside the primary wedge average to the
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meridional FAC pattern shown in Fig. 13b. How this meridional pattern links to the magne-
tospheric driver is still an open question.

6.1.3 Stage 3—Intensifications and Decay

After the initial onset, additional flow bursts, auroral brightenings, and Pi2 generation occur
every ~ 10-20 minutes, even for the smallest substorms, until the recovery phase. These
are called substorm intensifications, and are often associated with new auroral activations
moving to progressively higher latitudes, and further in longitude from the initial brighten-
ing. Flow bursts that penetrate the inner magnetosphere are decelerated and deflected either
towards dawn or dusk depending on the pressure gradients. These additional flow bursts do
not alter the large scale-scale picture of the SCW summarized in Fig. 12. Rather, plasma
and magnetic field deposited by the flow burst extends the pressure distribution in azimuthal
and radial distance, growing both the region of dipolarization and the ionospheric extent of
the auroral bulge. Additional flow bursts may be deflected away from the high pressure re-
gion, or may add to the existing pressure distribution, depending on their width, entropy, and
point of impact. This accretion of magnetic flux on the dipolarized region expands higher
pressure boundary, which when mapped to the ionosphere corresponds to poleward and az-
imuthal expansion of the active aurora.

Eventually, as the flow burst generation subsides (presumably when the dayside energy
transfer and mid-tail reconnection subsides), the system relaxes the accumulated stresses.
The substorm current wedge starts to dissipate (Fig. 8b), as the magnetic flux flows around
the system to the dayside as part of the Dungey cycle. Newly reconnected flux from the
dayside is added to the nightside to form the new tail-like field, and the cycle begins anew.

6.2 Alternative Mechanisms

The scenario described above is a complete end-to-end description for SCW formation and
evolution, and has strong theoretical and observational support. Alternative explanations for
different components of the SCW, such as the root cause of dipolarization, have been de-
scribed in the literature, most often in the context of substorm initiation. However, none of
those alternative models present a complete end-to-end description of the formation, growth,
and decay of the SCW that are consistent with the suite of ground-based and in situ obser-
vations. Below, we review the leading alternative mechanisms for components of the SCW.
These alternative mechanisms generally take two forms: (1) suggesting that the SCW system
does not exist as described, or is of a different geometry than described here, and (2) arguing
that current disruption, rather than convective plasma flows, are responsible for dipolariza-
tion.

Rostoker and Friedrich (2005) argued that the ground magnetic perturbations attributed
to the SCW are due to a new perturbation on the existing driven component (i.e., the DP-2
current system), and not due to the development of a new current system. The SCW as a
three-dimensional wedge shaped system is described in their paper as an “equivalent cur-
rent system”, which is capable of explaining the characteristic ground perturbations but does
not represent a physical current system. Instead, Rostoker and Friedrich (2005) argues that
spatial changes in the upward FAC of the electrojets, associated with changes in transition
region thermal pressure distributions during the growth phase, create the magnetic pertur-
bation typically ascribed to the SCW. While the model of Rostoker and Friedrich (2005) is
capable of explaining the magnetic perturbations observed on the ground, it does not link
dipolarization, particle injections, low-latitude Pi2 pulsations and flow bursts to the SCW, all
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of which now have substantial observational and theoretical support. Gjerloev and Hoffman
(2014), building upon their previous statistical studies (Gjerloev et al. 2007, 2008; Gjer-
loev and Hoffman 2002), recently proposed a two current wedge system, offset in azimuth
and separated in latitude, and different than the two current system proposed here (see their
Fig. 8). The observational results are in terms of equivalent currents which, in theory, can be
explained by an infinite number of real current systems; the one that Gjerloev and Hoffman
(2014) are proposing is only one out of many possible solutions. Critically, although the
three-dimensional current system proposed here differs from that proposed in Gjerloev and
Hoffman (2014), our description of the ionospheric closure of the SCW presented in Fig. 13
is compatible with their observational results. One can see a transition region between the
area where the local closure current system (red) reaches the equatorward part of the oval
(eastern bulge), and where it gets diverged around the WTS head (western bulge). This will
mean that the equivalent currents will shift poleward here, and the current densities also
typically intensify towards the WTS. As with Rostoker and Friedrich (2005), there is no
discrepancy with the observations, only with the interpretation of the observations.

One set of models that deserve particular attention are those that can generally be clas-
sified as ‘current disruption’ models. These models explain the short-circuiting of the near-
Earth cross-tail current as being driven by ballooning or cross-field current instabilities
(Roux et al. 1991; Lui 1996). While this class of models is capable of explaining dipolariza-
tion and low-latitude Pi2 driven by cavity-modes, some aspects of substorm initiation that
are observationally linked with SCW development, such as near-Earth particle injections,
are left unexplained. Additionally, these models do not currently have strong observational
support from either the THEMIS or Cluster missions. Still, the end-to-end model of the SCW
described above could be modified to replace the flow burst with ‘current disruption’, and
the SCW development would then proceed as described, although the foundational physi-
cal mechanisms driving the current and the processes driving the temporal evolution would
differ from the MHD framework (see e.g., Lui and Kamide 2003).

7 Conclusions and Open Questions

As a conceptual model, the original description of the substorm current wedge still serves as
a large-scale description of the current system at the peak of the substorm expansion phase.
However, in order to understand the growth and decay of the currents and the physical
processes driving and sustaining the currents, it is necessary to look into the smaller scale
details. Synthesizing insights learned from new observations and numerical simulations, we
propose key new elements to the substorm current wedge:

— Description of the formation and decay of the SCW as a three-stage process;

— Addition of a region 2 sense current Earthward of the region 1 sense loop;

— Addition of meridional current closure in the ionosphere and structuring of the field-
aligned currents.

Still, open issues regarding further details of the processes remain:

— The initiation of the current wedge through flow bursts and the small-scale wedgelets still
contain uncertainties as to the detailed current pattern of the wedgelets and the source of
the current near the poleward boundary of the bulge. If driven by the ionosphere, the RO
currents may be associated with the conductivity gradient at the edge of the auroral bulge.
On the other hand, if this region connects to the magnetosphere, it may be driven by field
stresses near the open-closed boundary after plasmoid release.

@ Springer



Substorm Current Wedge Revisited 37

— The details of the formation of the region 2 sense current during the pile-up phase in front
of the larger-scale region 1 sense current wedge are still open.

— While we have discussed the principles of the magnetosphere—ionosphere coupling pro-
cesses that give rise to the magnetospheric and ionospheric currents, there still remains
the rather large issue of how these currents thread together.

— The relative roles of the local and remote current closure as well as the roles of the lon-
gitudinal and meridional current closure determine the dynamics internal to the current
wedge. It is already now evident that the eastern edge of the SCW contains a smaller and
more distributed current than that within the westward traveling surge, which contains
highly structured upward and downward flowing current filaments. What processes deter-
mine the relative strength of this current structuring and filamentation, and what role(s)
local conductivity gradients play, is as yet an open question, as are the details of how these
filaments connect to the magnetotail processes.

Midlatitude magnetograms were originally used over 40 years ago to define the substorm
current wedge. As remote sensing instruments, they provide an integral effect of a multitude
of smaller-scale currents driven by a variety of processes. Multi-spacecraft in situ measure-
ments in the magnetotail near the location of magnetic reconnection as well as within the
pileup region together with dense instrument optical and magnetic instrument networks in
the auroral ionosphere have brought and continue to bring enhanced understanding of the
physical processes underlying SCW development. The open questions related to the sub-
storm current wedge highlighted above further emphasize the need to obtain accurate mul-
tipoint measurements in the magnetosphere in the 0.1-5 Rg scales, as well as multipoint
observations in the few tens to few hundreds km scales in the ionosphere.
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