Chapter 2

Sun et Lumiere: Solar Wind-Magnetosphere
Coupling as Deduced from Ionospheric Flows
and Polar Auroras

S.E. Milan

Abstract The Dungey (Phys. Rev. Lett. 6:47-48, 1961) open model of the
magnetosphere, and especially its time-dependent form, the expanding/contracting
polar cap (ECPC) paradigm, has provided an important theoretical framework
within which to understand solar wind-magnetosphere-ionosphere coupling. This
paper reviews the evidence supporting the open and ECPC models, and discusses
developments that have arisen in the last 20 years, concentrating on the contri-
butions made by measurements of the ionospheric convection pattern and global
auroral imagery. Various magnetospheric phenomena are discussed within the
context of the open model, including substorms, geomagnetic storms, steady
magnetospheric convection, sawtooth events, cusp auroral spots, and transpolar
arcs. The review concludes with a discussion of avenues for future research in the
field of solar wind-magnetosphere-ionosphere coupling.

2.1 Introduction

As outlined in Stan Cowley’s preceding paper (chapter “Dungey’s Reconnection
Model of the Earth’s Magnetosphere: The First 40 Years”), the pioneering work of
Jim Dungey has provided a coherent theoretical framework in which many aspects
of the large-scale structure and dynamics of the magnetosphere-ionosphere system
can be understood. Development of the open model of the magnetosphere from the
original “Dungey cycle” picture (Dungey 1961), to the fully time-dependent
“expanding/contracting polar cap” paradigm (ECPC) of solar wind-magnetosphere-
ionosphere coupling (Lockwood et al. 1990; Cowley and Lockwood 1992;
Lockwood and Cowley 1992) took 30 years. The subsequent 20 years have seen a
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steady accumulation of observational evidence for both Dungey’s open model and
the ECPC. Alongside this, there has been a growing appreciation that magneto-
spheric phenomena beyond those originally considered by Dungey and his
co-workers fit within the framework provided by the open model. Furthermore,
Dungey’s ideas have gained increasing application in the study of the magneto-
spheres of solar system bodies other than the Earth.

The body of literature that provides support for Dungey’s picture is too large to
be summarized in a brief review. To be focussed, this review confines itself to a
discussion of how the availability of global auroral imagery and measurements of
the ionospheric convection pattern have helped cement the ideas Dungey put
forward at a time when there was a general dearth of observational evidence to
support them. What evidence there was came largely from ground-based obser-
vations, as described by Cowley (chapter “Dungey’s Reconnection Model of the
Earth’s Magnetosphere: The First 40 Years”), and these helped develop Dungey’s
ideas. This review is divided into several sections: Sect. 2.2 describes the current
understanding of the time-dependent Dungey cycle, the ECPC; Sect. 2.3 describes
the observations of the ionospheric convection pattern and auroras which provide
evidence for the ECPC; Sect. 2.4 describes how the ECPC and substorm cycle are
related; Sect. 2.5 explains how magnetic reconnection rates can be quantified,;
Sect. 2.6 discusses the current understanding of how magnetotail reconnection is
controlled; Sect. 2.7 looks at the role of reconnection in magnetospheric dynamics
when the interplanetary magnetic field is directed northwards; and Sect. 2.8 con-
cludes with a brief discussion of future research directions.

2.2 The Modern View of the Dungey Cycle: The
Expanding/Contracting Polar Cap Paradigm

Dungey proposed that magnetospheric dynamics were driven largely by magnetic
reconnection occurring at the magnetopause between the interplanetary magnetic
field (IMF) and the terrestrial field. IMF orientation will be discussed in terms of the
usual Geocentric Solar Magnetic (GSM) coordinate system, in which the X-axis
points towards the Sun, the X-Z plane contains the Earth’s magnetic axis, and Y is
perpendicular to this, pointing in a generally duskwards direction. In this system,
“northwards” and “southwards” directed field relate to IMF B, >0 and B, <0,
respectively. Reconnection was expected to occur most efficiently where the
magnetic shear across the magnetopause was high, that is near the subsolar point
for southwards-directed IMF (Dungey 1961), and at high latitudes for northward
IMF (Dungey 1963). Magnetic reconnection was also proposed to occur between
the oppositely-directed magnetic fields either side of the neutral sheet in the
magnetotail, especially when the IMF is directed southwards (Dungey 1961). The
combined action of subsolar and magnetotail reconnection leads to a circulation of
magnetic field and plasma in the magnetosphere in what is now known as the

swhc1@ion.le.ac.uk



2 Sun et Lumiére: Solar Wind-Magnetosphere Coupling as Deduced from. . . 35

Dungey cycle (see Fig. 1.2 of chapter “Dungey’s Reconnection Model of the
Earth’s Magnetosphere: The First 40 Years™). As remarked by Stan Cowley at the
end of his paper, by the mid-1990s it was clear that time dependence of magnetic
reconnection at the magnetopause, due to variations in interplanetary conditions,
and in the magnetotail lead to a highly dynamic system, in which the proportion of
the terrestrial magnetic flux that is open can vary considerably on timescales of
minutes and hours. For instance, studies of the location of the dayside magneto-
pause showed that inward motion occurs as a consequence of erosion by
reconnection during southwards IMF, without immediate return of newly-closed
flux to the dayside by reconnection in the magnetotail (e.g., Aubry et al. 1970;
Haerendel et al. 1978). This decoupling of the dayside and nightside processes leads
to a new view of how the Dungey cycle is powered: many workers contributed to
the development of this new view, notably Siscoe and Huang (1985) and Freeman
and Southwood (1988), culminating in the “expanding/contracting polar cap”
paradigm (ECPC), first fully elucidated by Cowley and Lockwood (1992). We
describe the ECPC in the rest of this section.

The top row of Fig. 2.1 presents schematics of the magnetic field orientation in
the magnetopause of the Earth (white lines), looking from the Sun, and the locations
where the magnetic shear is high for different orientations of the IMF (purple lines):
By>0, B;<0; By>0, B,>0; By=0, B;>0. The magnetopause is roughly
paraboloid in shape (with indentations near the cusps) due to stress-balance
between the ram pressure of the solar wind and magnetic pressure inside the
magnetosphere. In this section, we concentrate on the left column of Fig. 2.1 in
which the region of high shear (red) is located across the magnetopause at low
latitudes, where terrestrial magnetic flux is closed (green region) rather than open
lobe flux (blue region) as found at higher latitudes, tailward of the cusp openings.
Once reconnection occurs between the IMF and the terrestrial field, highly-kinked
new open field lines evolve across the magnetopause under the influence of the
magnetosheath flow (directed radially away from the subsolar point) and the
magnetic tension force (Cowley 1981a, b) (see also Fig. 1.9 of chapter “Dungey’s
Reconnection Model of the Earth’s Magnetosphere: The First 40 Years”). Figure 2.2
shows the expected motion of the intersection points of newly reconnected field
lines with the magnetopause as they join the existing open flux of the lobes (Cowley
and Owen 1989; Cooling et al. 2001). For the By >0 case, tension forces pull
northern (southern) hemisphere flux towards the dawn (dusk) sector. The left-
middle panel of Fig. 2.1 shows a cross-section of the magnetotail, with the open
flux (blue) of the northern and southern lobes, and the closed flux associated with
the plasma sheet (green). Across the top of the lobes is indicated the region of
newly-opened flux created by reconnection, pulled towards dawn in the northern
hemisphere by tension forces, indicating that the tail magnetopause has been
deformed from a cylinder; equally, the subsolar magnetopause is eroded by the
action of reconnection. Cowley and Lockwood (1992) realized that such deforma-
tion of the magnetopause from a paraboloid would result in stress-imbalances
which lead to motions of the plasma within the magnetosphere to return the system
to equilibrium with the solar wind flow (see Fig. 2.3).
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Fig.2.1 Schematics of solar wind-magnetosphere-ionosphere coupling. The upper row shows the
magnetopause looking from the Sun, the middle row a cross-section of the magnetotail, the bottom
row a view of the northern hemisphere ionosphere from above. Green (blue) regions indicate
magnetic field lines that are closed (open). Purple arrows indicate the direction of the
interplanetary magnetic field, white arrows the direction of the magnetic field in the magneto-
pause. Dotted and crossed circles indicate the magnetic field direction into or out of the plane of
the diagram. Red areas in the upper panels show where the IMF/magnetopause magnetic shear is
high and reconnection is likely to occur. In the lower panels, the thick black line indicates the
location of the open/closed field line boundary (OCB); the thick red line indicates the ionospheric
footprint of the magnetopause reconnection X-line. Blue arrows indicate the direction of plasma
motions (and magnetic flux transport) in the magnetotail and in the ionosphere. In the ionosphere,
the OCB moves with these plasma flows, but there is relative motion of the flows with respect to
the X-line (Color figure online)

The left-bottom panel of Fig. 2.1 shows the magnetic flux of the northern lobe
(blue) and plasma sheet (green) mapped into the northern hemisphere. The iono-
spheric projection of the lobe is known as the polar cap, usually of roughly circular
cross-section, centred somewhat antisunwards of the geomagnetic pole; the polar
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Fig. 2.2 The motion of the intersection points of five pairs of newly-reconnected field lines away
from a subsolar reconnection X-line for IMF B, <0, By >0, looking from the Sun. Concentric
circles represent the surface of the magnetopause, and diamonds indicate the openings of the cusps
[from Cooling et al. (2001)]
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Fig. 2.3 (a) The magnetopause location in the equatorial plane, showing erosion by a burst of
subsolar reconnection and the subsequent plasma flows which return the magnetopause to stress
balance with the solar wind flow. (b) Deformation of the magnetotail cross-section by the addition
of new open flux to the lobes, and the plasma flows which return it to equilibrium [from Cowley
and Lockwood (1992)]

cap boundary (thick black line) is also known as the open/closed field line boundary
(OCB). The closed field lines adjacent to the dayside OCB map out through the
cusps to the dayside magnetopause whereas on the nightside the OCB maps to the
boundary between open and closed field lines in the magnetotail. In this figure, the
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Fig. 2.4 (Left) The addition of new open flux to the polar cap by dayside reconnection, and the
flows which are excited by pressure imbalances on the magnetopause. Bursts of dayside
reconnection lead to an expansion of the polar cap. (Right) The corresponding picture for
magnetotail reconnection in which open flux is closed at the nightside OCB and the polar cap
contracts [from Cowley and Lockwood (1992)]

region of previously closed flux adjacent to the dayside OCB has been opened by
the action of reconnection (the footprint of the active X-line is indicated as a thick
red portion of the OCB) and the polar cap is deformed in a similar manner to the tail
magnetopause. Cowley and Lockwood (1992) again realized that the flows excited
within the magnetosphere by the deformation of the magnetopause (Fig. 2.3) are
communicated to the ionosphere and return the polar cap to a circular configuration
(left panels of Fig. 2.4). As indicated in the left-bottom panel of Fig. 2.1, within the
region of newly opened flux, the magnetic tension forces associated with the By >0
component of the IMF add a duskwards component to the ionospheric flow; further
towards the nightside, a dawnwards component is introduced to the flows due to the
asymmetrical addition of new open flux to the northern lobe. Finally, we note that
each addition of new open flux to the magnetosphere by dayside reconnection leads
to an inflation of the magnetotail lobe and an expansion of the cross-section of the
polar cap in the ionosphere, as indicated by white arrows in Fig. 2.1.

This picture provides a unifying framework for understanding the motion of
plasma in the magnetosphere and ionosphere as a consequence of low latitude
magnetopause reconnection. In this picture, reconnection acts to change the topo-
logy of magnetic field lines—an increasing proportion of the flux associated with
the Earth’s dipole becoming open—but plasma motions are driven by pressure
exerted on the magnetopause by the flow of the solar wind, with a contribution from
tension forces on newly opened field lines.

Magnetic reconnection in the magnetotail acts to decrease the proportion of open
flux in the magnetosphere: closed field lines are able to return towards the dayside
magnetosphere, initially through magnetic tension forces and subsequently through
pressure imbalances associated with changes in magnetospheric shape as erosion of
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magnetospheric flux on the dayside continues [right panels of Fig. 2.4, from Cowley
and Lockwood (1992)]. In this way, each burst of dayside or nightside reconnection
leads to a slow shuffling of open flux antisunwards across the polar cap, or
equivalently from the high-latitude lobe magnetopause towards the magnetotail
neutral sheet.

This picture describes magnetospheric dynamics in terms of changes in the
proportion of open flux and the stresses exerted by deviations of the magnetopause
from hydrodynamic equilibrium with the solar wind. Stresses are transmitted within
the magnetosphere by electric currents: Chapman-Ferraro currents generated at the
magnetopause are diverted into the magnetosphere as “region 1” Birkeland currents
that flow along magnetic field lines into the ionosphere (field-aligned currents or
FACs), Pedersen currents flow across the auroral zone ionosphere, and “region 2”
Birkeland currents then connect into the inner magnetosphere where they are
subsequently closed through a partial ring current (e.g., Iijima and Potemra 1978;
Cowley 2000). These current systems are then a fundamental part of the
magnetosphere-ionosphere coupling that delivers stress to the ionosphere to cause
it to move in response to changes in magnetospheric structure caused by magnetic
reconnection.

The rate of magnetic reconnection at the dayside is dependent on conditions in
the interplanetary medium, most importantly the orientation and strength of the
IMF, and this will vary on timescales as short as minutes. The rate of magnetic
reconnection in the magnetotail cannot instantaneously adjust itself to match the
magnetopause rate, resulting in a significant variation in the amount of open flux in
the magnetosphere. Changes in the proportion of open flux, and hence the size of
the polar cap, are a measure of the global reconnection rates. Quantitatively, the rate
of magnetic reconnection—the magnetic flux transferred from a closed topology to
an open topology at the magnetopause (or open to closed in the magnetotail) in unit
time—has dimensions of Wb s~ ' or equivalently volts (V). The continuity equation
for open flux can be expressed as

S (2.1)

where @, is the dayside (subsolar magnetopause) reconnection rate and @y is the
nightside (magnetotail) reconnection rate (e.g., Siscoe and Huang 1985; Lockwood
and Cowley 1992; Milan et al. 2007; Lockwood et al. 2009). As discussed in detail
by Chisham et al. (2008), the dayside reconnection voltage is equal to the line
integral of the motional electric field of the ionospheric plasma convection across
the dayside portion of the OCB (indicated in red in the left-bottom panel of
Fig. 2.1); similarly, the nightside reconnection rate is equal to the magnetic flux
transported across the nightside OCB in unit time. Lockwood (1991) deduced that if
it was assumed that the polar cap remains circular as it expands and contracts then
the rate of antisunwards transport of magnetic flux across the dawn-dusk meri-
dian—known as the transpolar voltage (TPV) or cross polar cap potential (CPCP),
expressed as ®p—will be given by
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(I)pc = %(q)D + q)N). (22)

This transpolar voltage can be determined from observations of the ionospheric
convection pattern and is used as a measure of the overall strength of the Dungey
cycle, a combination of contributions from both magnetopause and magnetotail
reconnection. With suitable assumptions, the global electrostatic potential pattern
associated with the ionospheric convection can be solved analytically. Siscoe and
Huang (1985) were the first to deduce the relationship between ionospheric con-
vection and an expanding polar cap, driven by dayside reconnection. Increasingly
sophisticated models have subsequently been developed, by Freeman and
Southwood (1988) to include the effect of non-uniform motion of the OCB, by
Freeman (2003) to include the influence of both region 1 and 2 Birkeland FAC
systems, and by Milan et al. (2012) and Milan (2013) to include both dayside and
nightside reconnection contributions and to model the FAC magnitudes.

This association between dayside and nightside reconnection, magnetic flux
transport within the magnetosphere, changes in size of the polar cap, and accom-
panying ionospheric flows has come to be known as the expanding/contracting
polar cap paradigm (ECPC) (e.g., Freeman 2003; Milan et al. 2007). Testing the
predictions of the ECPC has been a major endeavour since the 1990s when the ideas
were first expressed as a coherent picture by Cowley and Lockwood (1992). In the
following sections we discuss the observations that have validated the major pre-
dictions of the ECPC.

2.3 Observations of Ionospheric Convection and Polar
Cap Area

Primary observables for testing the ECPC are the polar ionospheric convection
pattern and the location of the polar cap boundary (or OCB) at all local times. There
are significant challenges inherent in making observations over the majority of the
polar regions at sufficient temporal resolution to capture the time-dependent aspects
of the behaviour, one of the major reasons for the relatively slow universal adoption
of the ECPC paradigm.

The presence of an ionospheric convection pattern had been inferred by Dungey
(1961) from magnetic perturbations associated with the Sp ionospheric current
system, as discussed by Cowley (chapter “Dungey’s Reconnection Model of the
Earth’s Magnetosphere: The First 40 Years”). Direct measurement of the electric
field driving ionospheric convection, however, was made first in the 1970s by
satellites (e.g., Heppner 1977; Heppner and Maynard 1987; Rich and Hairston
1994), and later by radars (e.g., Greenwald et al. 1978; Evans et al. 1980; Foster
1983; Alcayde et al. 1986; Ruohoniemi and Greenwald 1996). Necessarily statis-
tical in nature, these studies were not able to easily investigate time-dependencies in
the convection, though they were able to determine the influence of the orientation
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Fig. 2.5 Average ionospheric electrostatic potential patterns for differing orientations of the
interplanetary magnetic field, when the total field magnitude is between 6 and 12 nT, deduced
from SuperDARN radar observations. The potential contours are also streamlines of the flow [from
Ruohoniemi and Greenwald (1996)]

of the IMF on the average morphology of the convection pattern, as demonstrated in
Fig. 2.5 from Ruohoniemi and Greenwald (1996). For southward IMF, the convec-
tion pattern is twin-celled with antisunwards flow across the polar cap and return
flow in the auroral zone; for northward IMF the pattern is more complicated but
often features sunward flow in the dayside polar cap, as will be discussed in
Sect. 2.7. For southward IMF conditions, observations showed that antisunwards
convections speeds in excess of 1 km s~ can be achieved, but are more typically a
few 100 m s~', ®pc = 30-50 kV, with a transport time across the polar cap of a few
hours. Return flow takes a commensurate period of time, leading to a full Dungey
cycle time of 8 or more hours during typical solar wind conditions. During extreme
solar wind conditions, observations suggest that the ionospheric convection poten-
tial saturates and cannot exceed 250 kV (e.g., Siscoe et al. 2002; Hairston
et al. 2003, 2005).
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Initially, only spatially-limited observations of the time-dependence of convec-
tion were available (see for example Fig. 1.11 of chapter “Dungey’s Reconnection
Model of the Earth’s Magnetosphere: The First 40 Years™) (e.g., Willis et al. 1986;
Etemadi et al. 1988; Lockwood and Freeman 1989). More recently, the Super Dual
Auroral Radar Network (SuperDARN) (Greenwald et al. 1995; Chisham
et al. 2007) has grown in extent and, under favourable conditions, synoptic maps
of the global convection pattern are available. This allows the time-dependence of
ionospheric convection flows to be determined, as will be discussed in Sect. 2.4.

Several techniques have been used to determine the location of the open/closed
field line boundary, including the poleward edge of the electrojets (e.g., Akasofu
and Kamide 1975), the poleward edge of auroral luminosity, determined either
from space or from the ground (Meng et al. 1977; Craven and Frank 1987; Frank
and Craven 1988; Kamide et al. 1999; Brittnacher et al. 1999; Hubert et al. 2006a),
the poleward edge of the region 1 FAC region (e.g. Clausen et al. 2013a, b), the
convection reversal boundary (e.g., Taylor et al. 1996), coherent radar backscatter
characteristics (e.g., Baker et al. 1995, 1997; Lewis et al. 1998; Lester et al. 2001;
Chisham et al. 2008), or a combination of these (e.g., Milan et al. 2003; Boakes
et al. 2008). For work when only an approximate size of the polar cap is necessary,
this can be characterized from a knowledge of the approximate radius of the auroral
oval (Milan 2009; Milan et al. 2009b), the radius of the region 1 Birkeland FAC
oval (Clausen et al. 2012), or the lower latitude extent of the ionospheric convection
pattern (Imber et al. 2013a).

The left panel of Fig. 2.6 [from Chisham et al. (2008)] shows a typical proton
auroral image from the FUV/SI12 instrument onboard the Imager for
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Fig. 2.6 (Left) An auroral image taken by the SI12 camera onboard the IMAGE spacecraft at
20:17 UT on 26 December 2000. (Right) Simultaneous SuperDARN flow vectors and
reconstructed electrostatic potential pattern superimposed over the location of the OCB deduced
from the auroral image [from Chisham et al. (2008)]
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Magnetopause-to-Aurora Global Exploration (IMAGE) spacecraft (Mende
et al. 2000a, b). Red/black lines and squares indicate different estimates of the
location of the poleward boundary of emission, using two different techniques, a
proxy for the OCB as discussed by Milan et al. (2003). In this particular example, a
complete view of the auroral oval is not afforded, and so the full extent of the polar
cap cannot be determined. However, when the OCB can be determined
(or assumptions made about its location) at all local times, it is possible to use a
suitable model of the terrestrial magnetic field, B, to determine the magnetic flux
threading the polar cap, Fpc, as the surface integral of B over the polar cap area:

ch = IB - ds. (23)
PC

Measurements show that Fp¢ is typically of the order of 0.4 GWb, but can vary
between 0.2 and 1 GWD, that is between 2.5 and 12 % of the 8 GWb associated with
the terrestrial magnetic dipole (Milan et al. 2007; Coumans et al. 2007; DeJong
et al. 2007; Boakes et al. 2009; Huang et al. 2009). The polar caps occupy two
roughly circular regions surrounding the magnetic poles with radii close to
1,500 km, but this can vary markedly, especially during geomagnetic storms
when expansion of the polar caps drive the auroral zone down to mid-latitudes
(Milan 2009), as demonstrated in Fig. 2.7. Long time-scale observations of the size
of the polar cap show that there is a considerable solar cycle dependence of the
average open flux content of the magnetosphere, with the ionospheric convection
pattern, and by inference the polar cap boundary, being expanded to lower latitudes
during solar maximum (Imber et al. 2013b).

The full potential of the observations is realized when both the ionospheric flow
and the OCB can be imaged. The right panel of Fig. 2.6 shows an interval when
both can be characterized. As discussed by Chisham et al. (2008), the dayside and
nightside reconnection voltages are the integrals of the motional electric field
associated with the ionospheric convection across dayside and nightside portions
of the OCB. This is discussed more fully in Sect. 2.5, after first discussing the
behaviour of the ECPC during substorm cycles.

2.4 The Substorm Cycle and the ECPC

The auroral substorm (Akasofu 1964) is the fundamental mode through which the
magnetosphere responds to its interaction with the solar wind. Substorms display
two main phases (McPherron 1970; Rostoker et al. 1980; Akasofu et al. 1992): the
“erowth phase” when the IMF is directed southwards, the polar cap expands, and
the auroras move to lower latitudes; the “expansion phase” when nightside auroras
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Fig. 2.7 (a, b) Images of the proton auroral oval from the FUV/SI12 instrument onboard the
IMAGE spacecraft. Dashed circles indicate circles that have been fitted to the main intensity of the
oval. (¢) Variations in the radius of the fitted circles, used as a proxy for variations in polar cap size,
for the 11-day period 20-30 October 2001. (d) The Sym-H index indicating the occurrence of two
geomagnetic storms during this period. (e) A proxy for the dayside reconnection rate, parameter-
ized by upstream interplanetary conditions [from Milan (2009)]

are intensified, the polar cap contracts, and the auroras retreat to higher latitudes.
Understanding the substorm in the context of the ECPC is a central plank of
validating the paradigm.
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Figure 2.8 [from Milan et al. (2007)] shows two examples of the variation of Fp¢
over several hours (thick grey lines, panel a: 09-16:30 UT on 5 June 1998; panel g:
00-12 UT on 26 August 1998), along with supporting observations. During both
intervals, Fpc is seen to vary between approximately 0.2 and 1.0 GWb. When the
IMF is directed southwards, that is B, < 0 nT (panel d: 09-10, 12-13, 14-16 UT;
panel j: 02-05, 10-11 UT) and subsolar reconnection is expected to occur, Fpc
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Fig. 2.8 (a, g) Estimates of the changing polar cap flux, Fpc, for the intervals 09:00-16:30 UT,
5 June 1998, and 00:00-12:00 UT, 26 August 1998 (thick grey lines); superimposed is the time-
integral of the dayside and nightside reconnection rates [see Eq. (2.1) and panels e and k]. (b, h)
Changes in the maximum auroral brightness in the images (arb. units). (¢, i) The AU and AL
indices representing the strengths of the ionospheric auroral electrojets. (d, j) The B, component of
the IMF as measured by the ACE spacecraft. (e, k) Estimated dayside (black line) and nightside
reconnection rates (grey rectangles). The dayside rate, ®p, is estimated from interplanetary
parameters, whereas the nightside rate, @y, is fitted to match changes in Fpc. (f, 1) The cross-
polar cap potential, ®p, calculated using Eq. (2.2) [from Milan et al. (2007)]
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tends to increase, corresponding to an expansion of the polar cap. Significant and
rapid contractions of the polar cap, that is decreases in Fpc (panel a: 11:30-
13,13:30-16:30 UT; panel g: 05-07, 07-07:30, 11-12 UT), are accompanied by
enhancements of the nightside auroral emission intensity seen in the auroral images
(panels b and h) and negative excursions of the AL index (panels b and h), both
indicative of substorm activity. This indicates that most episodes of rapid
reconnection in the magnetotail are associated with the occurrence of substorms,
that is substorms play the major role in closing the Dungey cycle, as first suggested
in the context of the ECPC by Lockwood and Cowley (1992).

Expansions and contractions of the polar cap should be accompanied by iono-
spheric flows into the polar cap on the dayside and flows out of the polar cap on the
nightside, respectively. Milan et al. (2003) demonstrated that flow into the polar cap
during substorm growth phase was indeed consistent with the rate at which it was
expanding. The flows out of the polar cap during substorm expansion phase have
been harder to identify, though they were observed for a weak isolated substorm by
Grocott et al. (2004). Subsequent studies have shown that the nightside flows are
considerably complicated by high conductances in the substorm auroral bulge and
the frictional coupling between ionosphere and atmosphere that this entails (Morelli
et al. 1995; Grocott et al. 2009).

That substorms are associated with open magnetic flux accumulation and closure
is corroborated by measurements in the magnetotail which show that the lobe
magnetic field strength increases during substorm growth phase, as open flux
accumulates in the tail and the magnetopause flares outwards against the ram
pressure of the solar wind, only to decrease again after the onset (e.g., Slavin
et al. 2002; Milan et al. 2004, 2008). Indeed, measurements of the strength and
orientation of lobe magnetic field lines, coupled with a knowledge of the solar wind
ram pressure, can be used to infer the open flux content of the magnetosphere
(Petrinec and Russell 1996; Shukhtina et al. 2010).

The length of the magnetotail can also be estimated. Dungey (1965) suggested
that if lobe field lines remain open for 4 h (approximately the ionospheric convec-
tion transit time from the dayside to the nightside of the polar cap), these are
stretched to a length of 1,000 Rg by the flow of the solar wind before being
disconnected by magnetotail reconnection. Cowley (1991) referred to this as the
“connected tail”, and suggested that it is associated with a down-stream wake
consisting of highly-kinked, newly-disconnected field lines which would take
some time to straighten under the action of the magnetic tension force, the “dis-
connected tail” which could be five times longer than the connected tail. Milan
(2004a) showed that knowledge of the recent history of the size of the polar cap and
the dayside and nightside reconnection rates allows the length and flux content of
the magnetotail lobes to be quantified, and showed that, somewhat counter-
intuitively, the magnetotail is longer during quiet magnetospheric periods than
disturbed periods. During northwards IMF conditions dayside and nightside
reconnection rates are low and any pre-existing open flux lengthens at the solar
wind flow speed. When dayside reconnection recommences, following a southward
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turning of the IMF, nightside reconnection will eventually be triggered, and the
oldest, longest open field lines will be removed from the system.

2.5 Quantifying Reconnection Rates

As dayside and nightside reconnection are key to understanding the dynamics of the
magnetosphere, we wish to quantify the rates at which these processes occur, either
through (in)direct measurement or through the use of empirically-determined
relations (“proxies”) between, say, interplanetary conditions and the magnetopause
reconnection rate. As the variation in Fpc is a competition between the creation of
open flux at the magnetopause and the subsequent closure of flux in the magnetotail
[Eq. (2.1)], observations of Fpc can be used to assess reconnection rates. However,
observations of dFpc/dt alone are not sufficient to determine both @, and @y
independently, only the difference between them. Two different approaches are
available to quantify either @, or @y, or both. In the first, ®, or ®y can be
determined if assumptions are made regarding the value of the other, for instance

dFpc

@Nz¢g—7

(2.4)

where @}, is a proxy for ®@p,. It has long been known that the dayside reconnection
rate is controlled by the interplanetary conditions upstream of the Earth. One of the
first and simplest proxies used is the “half wave rectified solar wind electric field”,

(Dg 0.8 Vst, (25)

where Vy is the solar wind flow speed and Bg is the southward component of the
IMF, that is Bg =Bzl if B; <0 nT and Bg =0 otherwise (Burton et al. 1975; Holzer
and Slavin 1978, 1979). This relates the reconnection rate to the interplanetary
magnetic flux transported towards the Earth per unit length along the GSM Y-axis.
The constant of proportionality in Eq. (2.5) should be related to the width of the
channel in the solar wind that impinges on the magnetopause and reconnects, which
was estimated to be between 10 and 20 % of the width of the magnetosphere (Reiff
et al. 1981).

Milan (2004b) and Milan et al. (2007) used Eq. (2.5) with an “effective length”
Lgbetween 5 and 8 Ry (Earth radii) to estimate @}, (Fig. 2.8e, k, black line labelled
@p) and hence the expected accumulation of open flux, the increase in Fp¢, in the
absence of nightside reconnection (Fig. 2.8a, g, dashed lines). Discrepancies
between the observed Fp- and the modelled allows periods of nightside
reconnection to be identified, and a rough estimate of the rate and duration of
reconnection (Fig. 2.8e, k, grey rectangles). The episodes of nightside reconnection
so identified match periods of substorm activity as described above, as well as
smaller events when auroral brightness or geomagnetic indices indicate magnetotail
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activity. In a survey of 25 flux closure events, Milan et al. (2007) estimated that on
average 0.25 GWb of flux were closed over a duration of 70 min at a reconnection
rate near 90 kV; similarly, DeJong et al. (2007) found a 30 % decrease in polar cap
area during substorms.

A similar argument was used by Milan et al. (2012) to determine the optimum
functional form for @},. Substorm growth phases were studied, during which it was
assumed that ®y=0. Various interplanetary parameters including solar wind
speed, density, IMF magnitude and orientation were fitted to the observed expan-
sion of the polar cap, yielding the proxy

@ =33 x 10V (B2 + B2)%sin /%0 (2.6)

where 6 is the IMF clock angle. Interestingly, it was found that solar wind density
did not play a role in the parameterization.

Both ®p and ®, can be measured with observations of the ionospheric plasma
flow across the OCB, as described in detail by Chisham et al. (2008). Local
estimates of the reconnection electric field can be found along limited portions of
the OCB, or the overall dayside and nightside reconnection voltages can be
determined if observations are available at all local times around the OCB. Unfortu-
nately, the requirement of global auroral images (or another method of OCB
location) and excellent determination of the global ionospheric convection pattern
means that this technique is only applicable in a limited number of cases. Local
estimates of the dayside reconnection electric field were provided by Baker
et al. (1997) and Blanchard et al. (2001); an estimate of the voltage along the
whole dayside portion of the OCB by Milan et al. (2003) demonstrated that the
dayside reconnection voltage was consistent with the observed expansion rate of
the polar cap during a substorm growth phase (assuming ®y = 0). Local nightside
reconnection rates were investigated by de la Beaujardiere et al. (1991) confirming
that flow out of the polar cap across nightside OCB was elevated during substorm
expansion phase. Full determination of both dayside and nightside reconnection
rates using combined global auroral imaging and SuperDARN radar flows, similar
to the right panel of Fig. 2.6, by Hubert et al. (2006a), allowed them to show that
substorm expansion phase could be associated with nightside reconnection rates as
high as 120 kV and that pseudo-breakups occurring during substorm growth phase
were associated with modest tail reconnection as well.

An alternative means of determining the contributions of dayside and nightside
reconnection to changes in the size of the polar cap and ionospheric convection is to
measure the spatial- and time-dependence of the Birkeland current system using the
Active Magnetosphere and Planetary Electrodynamics Response Experiment or
AMPERE (Anderson et al. 2000, 2002; Clausen et al. 2012). Clausen et al. (2012,
2013a, b) have demonstrated that the region 1 and 2 current “ovals” expand and
contract in response to substorms and storms in a manner consistent with the ECPC.
Moreover, the strengths of the currents, which are related to the strength of the
ionospheric convection, are seen to respond to both dayside and nightside
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Fig. 2.9 The magnitude of Northern hemisphere
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contributions (J. C. Coxon, private communication). Figure 2.9 presents measure-
ments of the region 1 current strength in the northern hemisphere from each 10 min
interval during February 2010, plotted as a function of a dayside reconnection
proxy [Eq. (2.6)], and colour-coded with the concurrent AL index, more negative
values of which indicate substorm activity and hence nightside reconnection. The
currents increase with @}, but there is a large spread in values of current for a
particular reconnection rate, with higher currents at increasingly negative
AL. These data suggest, then, that convection is greater when both dayside and
nightside reconnection contribute, consistent with Eq. (2.2) and models of the
relation between currents and reconnection (e.g., Milan 2013).

2.6 What Triggers and Controls Nightside Reconnection?

Studies to date, including those described above, suggest that the dayside subsolar
magnetic reconnection rate is closely determined by conditions in the interplanetary
medium, though there is some debate as to why this should be (e.g., Borovsky
et al. 2008) and there is still not a good characterization of transpolar voltage
saturation during extreme solar wind conditions and a variety of possible
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explanations (e.g., Siscoe et al. 2002, 2004; Shepherd 2006). Once open flux
accumulates through dayside reconnection the magnetosphere must close it again
through reconnection in the magnetotail. Although the Dungey cycle and
expanding/contracting polar cap paradigms make this clear, and allow a quanti-
tative treatment of magnetic flux transport within the magnetosphere and the
attendant ionospheric convection, they do not provide a means of determining
when and at what rate the magnetosphere will do this. Much work has been
undertaken to understand magnetic flux release in the magnetotail, including the
related questions of why it occurs largely in an episodic manner and what triggers it
when it does occur.

As described above, substorms play a major role in flux closure. It is thought that
the magnetotail reconnection that achieves this occurs in two phases. There is some
debate regarding whether a low level of reconnection between lobe field lines is
continuously on-going at a distant neutral line or X-line (DXL), perhaps many 10 s
of Ry down-tail. The apparent lack of flux closure during non-substorm times (see
Fig. 2.8) puts a rather stringent limit on the rate at which this occurs. Substorms are
associated with the formation of a near-Earth X-line (NEXL) in the vicinity of
20 R down-tail (e.g., Baker et al. 1996). Initially, reconnection must occur between
the closed field lines of the plasma sheet, at what is expected to be a low rate due to
the mass-loading of the reconnection site and the corresponding low Alfvén speed.
Once reconnection proceeds onto the open field lines of the lobes, which are largely
devoid of plasma, the rate can increase. It is at this stage that open flux is closed and
changes in polar cap size should begin to be evident. As the substorm proceeds, the
NEXL may migrate down the tail to occupy the posited location of the DXL.

The flux closure during a substorm is accompanied by charged particle precipi-
tation producing auroral brightenings, enhancements of the ionospheric conducti-
vity, ionospheric convection enhancements, and auroral electrojet activations. The
magnitude of these signatures can be used as an indicator of the “energy” of the
substorm. It is well known that substorms come in many sizes and that the location
of the initial auroral brightening associated with the substorm can occur over a wide
range of latitudes (e.g., Frey et al. 2004). The onset latitude can be considered a
proxy for the expansion of the auroral oval, the size of the polar cap, and hence the
open flux content of the magnetosphere at the time of onset. It has been demon-
strated that substorm energy is closely correlated to the open flux content of the
magnetosphere prior to onset (e.g., Akasofu and Kamide 1975; Kamide et al. 1999;
Milan et al. 2009a). The amount of flux closed during substorms is also related to
the open flux content prior to onset (Shukhtina et al. 2005; Milan et al. 2009a).

Energetic substorms which close a lot of flux might be expected to occur when
the dayside accumulation of open flux is rapid, though it is not clear if enhanced flux
closure should be effected by a few large substorms or many smaller substorms. A
study of the occurrence rate of substorms and the flux closed in each substorm
suggested that both increased in approximate proportion to @' such that the
nightside flux closure rate matched the open flux production rate at the dayside
(Milan et al. 2008). It can also be shown that the probability that a substorm will
initiate in the near future increases as the open flux content increases (Milan

swhc1@ion.le.ac.uk



2 Sun et Lumiére: Solar Wind-Magnetosphere Coupling as Deduced from. . . 51

et al. 2007; Boakes et al. 2009). However, these observations do not explain why
“weak’ substorms occur on a contracted oval while on other occasions the magne-
tosphere allows itself to accumulate a large quantity of open flux before initiating an
energetic substorm.

It is natural to think that as the magnetosphere accumulates open flux, and the
magnetic and plasma pressure in the magnetotail increase, conditions in the vicinity
of the neutral sheet become more favourable for the onset of reconnection and that
at some point reconnection acts as a “pressure release valve”. However, the studies
described above clearly indicate that there is no fixed open flux “threshold” at
which substorms are triggered (Boakes et al. 2009); equally, studies of magnetic
pressure build-up in the magnetotail prior to onset show that a fixed pressure
threshold does not exist either (e.g., Milan et al. 2008).

The level of open flux at which substorms occur has been shown to increase
during geomagnetic storms (Milan et al. 2008, 2009b), the signature of which is an
enhanced ring current and the magnetic perturbation produced by this as measured
by negative excursions of the Dy, and Sym-H indices (see Fig. 2.7). It has been
speculated that geomagnetic storms produce conditions in the magnetotail which
disfavour the onset of reconnection and hence lead to greater accumulation of open
flux before it is released. For instance, Kistler et al. (2006) have shown that the
concentration of heavy ions in the plasma sheet increases during storms, and is has
been suggested that the associated decrease in Alfvén velocity impedes fast
reconnection (e.g., Ouellette et al. 2013). Alternatively, Milan et al. (2008,
2009b) have suggested that the magnetic perturbation associated with the enhanced
ring current dipolarizes the magnetotail, halting the onset of reconnection until the
lobe pressure builds up to produce a sufficiently “tail-like” field once again.

The substorm cycle is not the only “mode” by which the magnetosphere releases
open magnetic flux accumulated at the dayside. Other modes that have been
described include sawtooth events and steady magnetospheric convection (SMC)
events. Sawtooth events display a large and very regular ~3 h expansion and
contraction cycle of the polar cap (DeJong et al. 2007; Hubert et al. 2008; Huang
et al. 2009), and are named after the characteristic appearance of geosynchronous
orbit trapped particle fluxes—a gradual drop out of fluxes during the growth phase
and a sudden increase at onset (Belian et al. 1995). At present, it is not clear if these
are a fundamentally different mode of coupling, or whether they are an extreme
example of the substorm cycle occurring during strong solar wind driving condi-
tions in the main phase of geomagnetic storms (Cai et al. 2011). SMCs, on the other
hand, do not show an expansion/contraction cycle, the polar cap remaining of
approximately uniform size (DeJong and Clauer 2005; DeJong et al. 2008), even
though dayside driving and magnetospheric and ionospheric convection are
on-going (e.g., McWilliams et al. 2008). In this case, Eq. (2.1) indicates that the
nightside reconnection must closely match the dayside rate—hence lending them
the alternative name “balanced reconnection intervals” (BRIs) (DeJong
et al. 2008)—and by Eq. (2.2) the transpolar voltage must be equal to both. Many
SMCs appear to start with a substorm (Sergeev 1977; Kissinger et al. 2012a). Milan
et al. (2006) investigated a substorm that displayed repeated dipolarizations during
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a ~2 h expansion phase which only subsided once the IMF turned northwards and
dayside reconnection abated: this suggests that SMCs may be prolonged substorms
that maintain reconnection in the tail because dayside reconnection continues after
onset, a “driven recovery phase” as described by DeJong et al. (2008). How the
magnetosphere achieves this, and if the nightside rate adjusts itself if the dayside
rate changes are unclear. Kissinger et al. (2012b) have demonstrated that magneto-
spheric convection avoids the inner magnetosphere during SMCs and Juusola
et al. (2013) suggest that the magnetic perturbation associated with an enhanced
ring current leads to reconnection occurring further down-tail than during
substorms.

Some workers have suggested that substorms, SMCs, and sawtooth events
represent a spectrum of responses of the magnetosphere to different conditions in
the interplanetary medium and differing levels of solar wind-magnetosphere cou-
pling (Cai et al. 2006; Partamies et al. 2009). On the other hand, it is possible that
preconditioning of the magnetosphere is necessary to drive it into one particular
mode of response (e.g., Kissinger et al. 2012b; Juusola et al. 2013). Alternatively,
the work of Grocott et al. (2009) suggests that enhanced ionospheric conductivity in
the substorm auroral bulge during very disturbed conditions leads to frictional
coupling between the ionosphere and atmosphere (“line-tying”) that can inhibit
steady ionospheric flows and, as a consequence, steady magnetospheric convection.

As discussed earlier, the accumulation of open magnetic flux in the magnetotail
lobes increases the internal pressure of the tail as it inflates against the flow of the
solar wind on the outside (Coroniti and Kennel 1972; Petrinec and Russell 1996),
which is thought to play a role in the initiation of nightside reconnection. A sudden
increase in solar wind ram pressure also acts to increase the internal tail pressure,
and there are many documented cases of this triggering reconnection and substorm
onset (Boudouridis et al. 2003; Milan et al. 2004; Hubert et al. 2006b, 2009).
Northward turnings of the IMF have also been implicated in the triggering of
substorms (e.g., Caan et al. 1978; Lyons et al. 1997; Hsu and McPherron 2002),
but several refutations also exist (Morley and Freeman 2007; Wild et al. 2009) and
many cases where substorms occur without apparent external triggers (e.g., Huang
2002).

2.7 Reconnection During Northward IMF

The most active magnetospheric conditions tend to occur during periods of
prolonged southward IMF, but many interesting phenomena occur when the IMF
is directed northwards as well. Dungey (1963) proposed that reconnection would
occur between northward IMF and terrestrial field lines tailwards of the cusps.
Cowley (1981b) proposed several scenarios (see Fig. 1.10 of chapter “Dungey’s
Reconnection Model of the Earth’s Magnetosphere: The First 40 Years™) in which
reconnection took place with closed or open magnetospheric field lines and inde-
pendently or with the same interplanetary magnetic field line in the two
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hemispheres. These different scenarios lead to different predictions regarding the
dynamics driven in the magnetosphere.

In an open magnetosphere, it is likely that northwards IMF reconnection will
take place with open lobe field lines, termed “lobe reconnection”. If the IMF has a
significant By component, different interplanetary field lines will reconnect at
northern and southern reconnection sites (see Fig. 2.1, middle column). This is
known as “single lobe reconnection” or SLR, even though it may be happening in
both hemispheres simultaneously, though possibly at different rates. In the event
that there is only a small By component the same interplanetary field line might
reconnect in both hemispheres, “dual lobe reconnection” or DLR (Fig. 2.1, right
column). In the case of SLR, flux is neither opened nor closed and the polar cap size
remains of constant size. However, the combination of tension forces on newly-
reconnected field lines and deformations of the magnetopause by the redistributed
open flux result in “lobe stirring” in the ionosphere, sunward flow at the footprint of
the reconnection line and the formation of “reverse lobe convection cells” (Cowley
and Lockwood 1992; Huang et al. 2000; Milan et al. 2005b); such reverse cells are
just discernible in the average convection pattern for northward IMF in Fig. 2.5.
Magnetosheath plasma injected on the newly reconnected, sunward moving field
lines displays a “reverse ion dispersion” (Woch and Lundin 1992), and auroras
associated with this precipitation can form a “cusp auroral spot” (Fig. 2.10a) (Milan
et al. 2000; Frey et al. 2002). Changes in the By component of the IMF change the
location on the magnetopause at which the antiparallel condition is met, and the
local time of the cusp spot, indicating the mapping from the magnetopause, moves
accordingly (Fig. 2.10b). In the central panel of Fig. 2.1, the effect of reconnection
is shown only in the northern lobe, to emphasize that the rate of reconnection in
each hemisphere is independent of the other, and may even be absent in one.

As IMF By becomes small, DLR becomes possible, closing open flux (Fig. 2.1,
right column). Imber et al. (2006) suggested that a signature of DLR should be
ionospheric convection out of the polar cap across the dayside OCB and a
corresponding contraction of the polar cap as open flux is closed. Examples of
this signature have been reported (Imber et al. 2006, 2007; Marcucci et al. 2008).
The observed length of the footprint of the X-line in the ionosphere allowed Imber
et al. (2006) to estimate that DLR should only occur for IMF clock angles less than
10°; they were also able to demonstrate that DLR had the potential to be an
extremely efficient method of solar wind capture by the magnetosphere, and
could easily supply the plasma seen to accumulate in the “cold dense plasma
sheet” during prolonged periods of northwards IMF (e.g., @ieroset et al. 2005).

Episodic nightside closure of flux occurs during northward IMF, but at a much
reduced rate. These events were first identified as bursts of rapid azimuthal iono-
spheric convection in the midnight sector close to the boundary of the polar cap
(Senior et al. 2002; Grocott et al. 2003); although modest auroral brightenings are
associated with the flows (Milan et al. 2005b), the magnetic perturbation produced
is small and so the significance of this phenomenon was not realized until radar
measurements of the flows were available. These events have been termed ‘“tail
reconnection during IMF northwards, non-substorm intervals” or TRINNISs.
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Fig. 2.10 (Left) Observations of the dayside auroras from the Polar UVI instrument on 26 August
1998, showing the appearance of a cusp auroral spot poleward of the main auroral zone. (Right)
The magnetic local time and latitude of the centroid of the cusp spot during this period, along with
the corresponding IMF By and B, components measured by the Wind spacecraft [from Milan
et al. (2000)]

Grocott et al. (2004) demonstrated that the eastwards/westwards sense of the flows
were associated with the By component of the IMF, and postulated that they were
driven by reconnection occurring in a magnetotail that is twisted by the tension
forces imposed on lobe field lines interlinked with northwards IMF (e.g., Cowley
1981a). In this scenario, the flows should have opposite senses in the two hemi-
spheres, subsequently verified by Grocott et al. (2005). Each TRINNI burst is
thought to close ~0.1 GWb of flux at a rate of 30 kV over a period of a few
10s min, compared to ~0.25 GWb at ~100 kV over an hour or more during
substorms (Milan et al. 2007).

Another phenomenon associated with northwards IMF is the formation of theta
auroras or transpolar arcs (TPAs), in which the polar cap becomes bisected by a
tongue of auroras (Frank et al. 1982, 1986). These auroral features can form at the
dawn or dusk sides of the polar cap, or appear to grow into the polar cap from the
nightside auroral oval, and can subsequently move dawnwards or duskwards as
IMF By changes (Craven and Frank 1991; Craven et al. 1991; Cumnock et al. 1997,
Cumnock and Blomberg 2004; Kullen 2000; Kullen et al. 2002; Fear and Milan
2012a). Several mechanisms for creating TPAs have been discussed in the
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literature, but two main competing ideas gained ground, as discussed by Zhu
et al. (1997). In the first, precipitation is associated with a field-aligned current
sheet, which is itself associated with a large-scale shear in the ionospheric convec-
tion flow within the open polar cap (e.g., Burke et al. 1982). In the second,
precipitation is associated with a tongue of closed field lines which protrudes into
the polar cap from the nightside, effectively plasma sheet extending to much higher
latitudes than usual (e.g., Frank et al. 1982). Milan et al. (2005b), Goudarzi
et al. (2008) and Fear and Milan (2012b) demonstrated that TPA formation was
sometimes associated with the occurrence of TRINNI flows, and proposed that the
arc was associated with closed field lines that were created by reconnection in a
twisted magnetotail and which could not easily convect to the dayside and so
accumulated in the midnight sector, eventually protruding upwards into the lobes.
This mechanism explains the observed local time dependence of TPA formation,
dusk-side for IMF By >0 and dawn-side for By <0 in the northern hemisphere,
due to the sense in the twist of the magnetotail. Subsequent motion of the arcs
dawnwards or duskwards was postulated to be participation of these closed field
lines embedded within the lobe in lobe stirring driven by single lobe reconnection
(Milan et al. 2005b) or due to the asymmetrical addition of new open flux to the
lobes by By-dominated southwards IMF (Goudarzi et al. 2008).

2.8 Concluding Remarks

Dungey’s open magnetosphere paradigm of magnetospheric dynamics provides a
powerful theoretical framework within which to understand most aspects of the
structure and large-scale dynamics of the magnetosphere. Observations of the
expanding/contracting polar cap and the associated ionospheric convection pattern
provide a means of quantitatively exploring magnetic reconnection rates, and the
magnetospheric response to reconnection. Although the basic mechanisms are well-
understood and placed on a firm observational footing, there are still several
fundamental outstanding questions. It is not understood what leads to the onset of
magnetotail reconnection during substorms. The role(s) of feedback loops within
the coupled solar wind-magnetosphere-ionosphere system is (are) poorly under-
stood: for instance, do heavy ion mass-loading of the plasma sheet or the magnetic
perturbation produced by an enhanced ring current play a role in controlling
magnetotail onset thresholds and rates?; do storm-time plasmaspheric plumes
play a role in modulating the dayside reconnection rate through heavy ion mass-
loading of the magnetopause? There is a significant body of work investigating
mechanisms by which the transpolar voltage of the magnetosphere may saturate at
values near ~250 kV when solar wind driving is extreme, though there is perhaps a
dearth of observations that allow this to be investigated in detail.

Two complementary pictures of magnetospheric dynamics exist. The ECPC
describes dynamics in terms of changes in open flux and the stresses exerted by
deviations of the magnetopause from hydrodynamic equilibrium with the solar
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wind. Alternatively, the dynamics can be described in terms of the current systems
that transmit stress throughout the magnetosphere. These two paradigms have yet to
be fully reconciled, but new observational techniques to measure the spatial- and
time-dependence of the currents allows their response in the context of the ECPC to
be explored, and will allow the relationship between reconnection rates and FAC
dynamics to be better understood.

This review has concentrated on the ramifications of the open model for the
terrestrial magnetosphere, but magnetic reconnection clearly plays an important
role in the magnetospheres of other planets. Although observational evidence is
more difficult to acquire at Mercury or the outer planets, our understanding of the
dynamics of those magnetospheres is indebted to the work of Dungey. We conclude
by remarking that the Dungey cycle and ECPC (suitably modified for local condi-
tions) have been invoked to explain behaviour at Mercury (e.g., Milan and Slavin
2011; Slavin et al. 2010), Jupiter (e.g., Cowley et al. 2003), Saturn (e.g., Badman
et al. 2005; Cowley et al. 2005; Milan et al. 2005a), and Uranus (Cowley 2013).
Inevitably, many exciting developments of Dungey’s work will arise as obser-
vations of those distant systems improve.
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