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Abstract

Recent multi-point measurements, in particular from the Magnetospheric Multiscale (MMS)
spacecraft, have advanced the understanding of micro-scale aspects of magnetic reconnec-
tion. In addition, the MMS mission, as part of the Heliospheric System Observatory, com-
bined with recent advances in global magnetospheric modeling, have furthered the under-
standing of meso- and global-scale structure and consequences of reconnection. Magnetic
reconnection at the dayside magnetopause and in the magnetotail are the drivers of the global
Dungey cycle, a classical picture of global magnetospheric circulation. Some recent ad-
vances in the global structure and consequences of reconnection that are addressed here
include a detailed understanding of the location and steadiness of reconnection at the day-
side magnetopause, the importance of multiple plasma sources in the global circulation, and
reconnection consequences in the magnetotail. These advances notwithstanding, there are
important questions about global reconnection that remain. These questions focus on how
multiple reconnection and reconnection variability fit into and complicate the Dungey Cycle
picture of global magnetospheric circulation.

Keywords Magnetic reconnection - Global magnetospheric circulation - Magnetopause -
Magnetospheric cusps - Magnetotail

1 Magnetic Reconnection and the Dungey Cycle

In the absence of magnetic reconnection at the magnetopause, magnetic field lines in the
magnetosheath and magnetosphere have no interconnection. Magnetosheath field lines ulti-
mately trace back to the Sun and are considered “solar wind” field lines, with no connection
with the Earth’s ionosphere. Field lines in the low-latitude magnetosphere trace back to
the high-latitude ionosphere in both northern and southern hemispheres and are considered
“closed”. When the interplanetary magnetic field (IMF) is southward, magnetic reconnec-
tion at the magnetopause occurs at relatively low latitudes between these magnetosheath
and magnetospheric magnetic field lines. Reconnection at the low-latitude magnetopause
“opens” previously closed magnetospheric field lines so that they trace back to the high-
latitude ionosphere in one direction along the magnetic field and ultimately to interplanetary
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Fig.1 3-D schematic of the Dungey cycle. For southward IMF and no dipole tilt, reconnection occurs along
a long line across the dayside magnetopause. Reconnected field lines convect over the pole and into the
magnetotail. Reconnection in the magnetotail closes the previously open field lines. Convection brings these
closed field lines from the tail back to the dayside to complete the cycle. This cycle is depicted by the red
arrows

space in the opposite direction. This opening of previously closed field lines was depicted
schematically for the magnetosphere for the first time by Dungey (1961).

Under the convection of the solar wind, these reconnected field lines are dragged over the
poles towards the Earth’s magnetotail. Magnetic reconnection in the magnetotail re-connects
the previously open field lines, forming newly re-closed field lines. Through the action of
magnetospheric convection, these closed field lines convect earthward and finally return to
the dayside. A two-dimensional version of this model for an open magnetosphere was first
published by Dungey (1962) in a free-hand sketch. However, the model in fact dates back to
Dungey’s PhD thesis (Dungey 1950). A fascinating and detailed account of the realization
that reconnection plays a critical role in magnetospheric dynamics (which was considered
quite radical at the dawn of the space age) is found in: Magnetospheric plasma physics: The
impact of Jim Dungey’s research (2015).

A quasi-three-dimensional schematic depiction of this plasma and field circulation is
shown in Fig. 1. With an IMF pointing due southward and no dipole tilt, magnetic field lines
in the Earth’s magnetosheath reconnect along a long reconnection X-line oriented across the
dayside magnetopause through the subsolar region. These reconnected field lines (in blue)
are dragged over the poles into the magnetotail. In the magnetotail, the field lines (in black)
reconnect and snap sunward. Eventually, they convect around the Earth (a black field line
shown in Fig. 1 is convecting sunward and duskward) and return to the subsolar region. The
circulation is shown by the red arrows.

In the original model of a magnetosphere driven by reconnection at the magnetopause
and in the magnetotail, the reconnection rates at the dayside and in the tail are the same.
An important complication in this reconnection-driven circulation model is that the day-
side and nightside rates are almost always different. Typically, dayside reconnection occurs
continuously (e.g., Russell 1972) with possible variable rate while nightside reconnection
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is very intermittent (e.g., Russell 1972), especially in the near-Earth magnetotail ~20-30
Earth Radii (Rg) from the Earth. The dayside rate is reflected in the polar cap potential and
changes in the dayside and nightside rates are reflected in the size of the polar cap inside the
auroral oval.

A revision of the Dungey circulation model that describes the magnetospheric substorm
process was introduced by Hones (1977). In this revision, magnetic flux transferred from
the dayside builds up in the magnetotail during an interval when there is dayside reconnec-
tion and no reconnection in the near-Earth magnetotail. This flux buildup causes the tail to
stretch until explosive reconnection in the near-tail re-connects the field lines. During this
explosive reconnection, the reconnection rate in the near-tail may exceed that on the day-
side. Averaging over a long time, the flux transfer rate from the dayside must match the
nightside rate. However, at any given instant in time they can differ: if the dayside rate is
larger, the polar cap expands; if the nightside rate is larger, the polar cap shrinks (Cowley
and Lockwood 1992). This model is often referred to as the Expanding-Contracting Polar
Cap Model (see e.g., Milan et al. 2017)

In this paper, the global-scale processes and effects of magnetic reconnection are re-
viewed in the context of this revised Dungey circulation model. For Sects. 2-5, the focus
is on southward IMF conditions. Section 2 describes global magnetic reconnection at the
dayside magnetopause and the initiation of the Dungey cycle. Section 3 describes field line
convection from the dayside to the nightside and implications for the Earth’s magnetospheric
cusps and the polar cap potential. Section 4 describes reconnection in the Earth’s magne-
totail. Section 5 describes convection of reconnected field lines back to the dayside and
the completion of the Dungey cycle. Section 6 describes the changes to the Dungey cycle
when the IMF is northward or when the IMF has a dominant Bx component, i.e., when the
IMF is nearly radial. Finally, Sect. 7 describes the complications to the Dungey cycle when
magnetic reconnection at the dayside is variable in space and/or in time and when nightside
reconnection has time and potentially spatial variability outside of the large-scale variability
that occurs in the substorm process.

2 Global Magnetic Reconnection at the Dayside Magnetopause
2.1 Evidence for Long “Primary” Reconnection X-Lines

Observations of charged particles within the magnetospheric cusps provide remote sensing
evidence for the presence of collisionless magnetic reconnection at the magnetopause. For
a cusp-crossing satellite that observes precipitating magnetosheath ions during southward
IMF, the extent of the reconnection X-lines is estimated by tracing magnetic field lines from
the cusp to the dayside magnetopause. Ion precipitation observations over a range of local
times during such a cusp traversal are exploited to determine the large-scale configuration
(orientation(s)) of the primary reconnection X-line(s) along the magnetopause. This method
yields primary X-lines that are continuous over many Rg (e.g., Trattner et al. (2005), Trat-
tner et al. (2007)). The method was applied to 130 cusp traversals and, because these cusp
traversals cover a finite and rather large range of geomagnetic latitudes, these observations
provide one of the better estimates of the length of the primary X-line. Continuous X-line
lengths of many Rg were observed, with the measured length limited only by the magnetic
local time coverage of the cusp traversal. The term “primary” is used here to indicate a long,
quasi-stable X-line as opposed to a transient X-line or lines that might be produced in a Flux
Transfer Event (FTE) (Fuselier et al. 2019b) (see also Sect. 7).
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Another remote sensing method for estimating the reconnection X-line extent is to utilize
space-based global auroral imagers (e.g., Fuselier et al. 2002). Doppler-shifted proton auro-
ral emissions result from the precipitation of energetic (>2 keV) protons into the ionosphere.
These protons are accelerated in the reconnection process at the magnetopause. Therefore,
the precipitation pattern in the ionosphere of these energetic protons provides the foot-points
of reconnected magnetic field lines. These foot-points are mapped to the magnetopause us-
ing a closed form of the magnetospheric magnetic field to determine the “last closed field
line”, i.e., the field line that undergoes reconnection to produce the proton precipitation. This
mapping method also shows that reconnection X-lines during southward IMF extend over a
wide span of local times along the dayside magnetopause, with equivalent extents of ~10
— 25 Rg (Fuselier et al. 2002, 2003; Berchem et al. 2003; Phan et al. 2006; Dunlop et al.
2011). Although this method for estimating the X-line extent has been done for only a few
events, these results are in good agreement with the results from the much larger number of
cusp traversals discussed above.

For in situ observations at the magnetopause, single-point in situ observations of the
presence of magnetopause magnetic reconnection are rather common (typically by observ-
ing accelerated ion flows tangent to the magnetopause). However, in situ evidence for long,
quasi-continuous reconnection lines is quite rare, because simultaneous in situ observations
are required from multiple locations and it is not clear if the reconnection line is continu-
ous between the spacecraft. Such events typically involve multiple, widely spaced spacecraft
sampling the magnetopause at approximately the same time during an interval of steady IMF
with a southward-directed component, with each observing reconnection signatures (e.g.,
Peterson et al. 1998; Phan et al. 2000; Dunlop et al. 2011; Toledo-Redondo et al. 2021b).
If the spacecraft happen to be positioned such that different spacecraft observe accelerated
ion flows in opposing directions (e.g., Phan et al. 2000), then this provides additional infor-
mation that the extended reconnection line is situated somewhere between the spacecraft.
This multi-spacecraft technique for estimating the reconnection X-line length was extended
to a number of magnetopause conjunctions by the THEMIS spacecraft (Walsh et al. 2017;
Zou et al. 2019, 2020; Atz et al. 2022). While some of the THEMIS conjunctions are con-
sistent with long X-lines, many are not. The discrepancy between these results and all of
the other results discussed above may be the use of the Walen test, a very restrictive defini-
tion of reconnection at the magnetopause that was employed in the THEMIS conjunctions.
The Walen test is a single fluid test that determines if the magnetopause is consistent with
an infinite, one-dimensional rotational discontinuity. It fails to take into account the multi-
component nature of the plasma, the flow in the magnetosheath, and multiple reconnection
at the magnetopause, which is quite common (see, e.g., Vines et al. 2017, and Sect. 7). In
essence, this test is sufficient for identifying reconnection at the magnetopause, but it is far
from necessary.

2.2 The Maximum Magnetic Shear Model and Long, Continuous Reconnection
X-Lines

As described in the previous section, magnetic reconnection readily occurs along extended
X-lines over the dayside magnetopause when the IMF is southward, extending from local
noon far along the magnetopause flanks. This results in the transport of solar wind flux
into the magnetosphere and erosion of the dayside magnetosphere. The location, extent,
and configuration of the extended reconnection line along the dayside magnetopause have
been the subject of many studies during the past few decades. Some early models predicted
long reconnection lines would occur exclusively along anti-parallel merging regions along
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the magnetopause; extending from low latitudes at the flanks up to the cusp region near
local noon (Crooker 1979; Luhmann et al. 1984). Other parameters and models that con-
sider various aspects of collisionless reconnection and include segments of anti-parallel and
component reconnection are: a uniform guide field or By component (Sonnerup 1974; Gon-
zalez and Mozer 1974), the angle of bisection between magnetic fields earthward/sunward
of the magnetopause (Moore et al. 2002, 2008; Borovsky 2008; Hesse et al. 2013), maxima
of the asymmetric reconnection outflow speed (Swisdak and Drake 2007), maxima of the
asymmetric Sweet-Parker reconnection rate (Borovsky 2013), maxima of the current density
magnitude (Alexeev et al. 1998), and the Maximum Magnetic Shear model (Trattner et al.
2007).

The Maximum Magnetic Shear Model, described in much greater detail in Trattner et al.
(2021a), was developed from numerous observations of ion distribution functions and ve-
locity cutoffs within the mid- to high-altitude northern cusp region, systematically traced
from the observing spacecraft along magnetic field lines to the magnetopause using a time-
of-flight methodology to estimate the locations of magnetopause reconnection sites. The
aggregate set of such estimates under varying solar wind conditions and season (dipole tilt
angle) then led to the development of this empirical model. Although this is an empiri-
cal model, it uses models for the draped magnetosheath magnetic field, the magnetopause
boundary, and the internal magnetospheric magnetic field. The magnetosheath and magne-
tospheric magnetic fields in the models do not interact as would occur, for example, in an
MHD simulation. Rather, the magnetosheath and magnetospheric models are used in closed
form to determine the shear at the magnetopause boundary (Petrinec and Fuselier 2003;
Trattner et al. 2007; Trattner et al. 2021a,b). An example magnetic shear angle color con-
tour plot (2-D projection and 3-D coverage over the magnetopause), along with an extended
reconnection line is shown in Fig. 2. This model has been tested extensively (see Trattner
et al. 2021a,b).

For the MMS mission, the model was used to predict the number of magnetopause cross-
ings near the reconnection X-line at the dayside magnetopause (Griffiths et al. 2011; Fuselier
et al. 2016). After the first year of operations, there were several successful tests conducted
to determine the efficacy of these predictions (e.g., Petrinec et al. 2016; Fuselier et al. 2017;
Trattner et al. 2017). In particular, Trattner et al. (2017) surveyed the first year of MMS
operations and identified 302 instances when the spacecraft were near the X-line and then
compared these locations with the predicted location of the X-line from the Maximum Mag-
netic Shear model. The Maximum Magnetic Shear model, with its long X-lines, was accu-
rate ~85% of the time. For more details on the empirical model and the tests, see the recent
review article on the location of the magnetopause X-line (Trattner et al. 2021a).

2.3 IMF Clock Angle and Cone Angle Determine the Location of the Reconnection
X-Line

As inferred from an examination of a large set of Polar/TIMAS cusp crossings and low-
velocity cutoff mappings to the magnetopause reconnection site using plasma distributions,
the location of the extended magnetopause reconnection line at a given date and time (i.e.,
season and dipole tilt angle) is simply controlled by the IMF clock and cone angles. These
IMF parameters dictate how the large-scale magnetic shear angle varies over the entire mag-
netopause surface. As described in the previous section, regions with the largest magnetic
shear angles provide the location where the extended, primary reconnection line is estab-
lished in the empirical maximum magnetic shear model. This observations-based model had
been used to examine multiple MMS orbit scenarios during the mission development phase
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Fig.2 2-D projection along the Sun-Earth line of the magnetopause surface, and 3-D coverage over the mag-
netopause, colored according to the magnetic shear angle. A maximum magnetic shear model reconnection
X-line across the dayside magnetopause is shown in black. The reconnection line extends from the noon
meridian to well along the flanks of the magnetopause

to optimize the likelihood of encountering and directly sampling dayside magnetopause
reconnection sites; especially the high-resolution multipoint sampling of the microphysics
within the very localized electron diffusion region (Griffiths et al. 2011). This examination
proved very beneficial for the prime mission of MMS (Fuselier et al. 2017; Webster et al.
2018). Predicted extended reconnection line locations have subsequently been compared to
the MMS observed accelerated ion flow directions. The wide-ranging consistency between
the model and observations have provided substantial validation to the conjecture that the
location and orientation of the extended reconnection line is controlled primarily by the IMF
clock and cone angles at Earth’s magnetopause (Petrinec et al. 2016; Trattner et al. 2017),
given the boundary condition of the Earth’s diopole tilt (Eggington et al. 2020). These sin-
gle IMF conditions remain true independent of the level of turbulence in the magnetosheath
(Petrinec et al. 2022). Obviously, when the clock angle or cone angle rotate, the predicted
location of the X-line changes. If the rotation is slow, then the predicted location changes
in a way consistent with the Maximum Magnetic Shear model. However, if the rotation is
fast, then there is a lag of several minutes as the magnetopause responds to the new IMF
orientation (see Trattner et al. 2016)

2.4 Diamagnetic Non-suppression at Earth’s Magnetopause

The presence of a pressure gradient (either particle number density or thermal speed) nor-
mal to a magnetic field leads to diamagnetic drift. At the magnetopause with magnetic shear
across the current layer, an electron pressure gradient normal to a guide field (non-zero
component that does not change across the magnetopause) results in an electron diamag-
netic drift velocity that is both normal to the guide field and tangent to the magnetopause
surface. If component reconnection occurs at the magnetopause along a line representing the
guide field, then the diamagnetic drift velocity is along the outflow direction (Cassak and
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Fuselier 2016). However, diamagnetic drift may suppress both the onset of reconnection
(linear phase) associated with the tearing instability (Coppi et al. 1979; Galeev and Sudan
1984; Zakharov et al. 1993; Rogers and Zakharov 1995), and nonlinear reconnection (Swis-
dak et al. 2003). Theoretical modeling of this process with the inclusion of some simplifying
assumptions leads to a straightforward relation between the jump in the plasma beta across
the current layer and the local magnetic shear angle. This relation defines broad regions in
parameter space {clock angle (0), and change in plasma beta across the layer, (AB) where
magnetic reconnection is either ‘suppressed’ or ‘possible’}. For the typical range in the
change in plasma beta across the terrestrial magnetopause, reconnection is ‘possible’ over a
large range of magnetic shear angles (Cassak and Fuselier 2016). The lack of diamagnetic
suppression for the typical range of plasma conditions is the fundamental reason why the
location of reconnection at the Earth’s magnetopause is determined by IMF clock and cone
angles. There are solar wind conditions for which diamagnetic suppression is expected for
parts of the magnetopause surface; however, these conditions are rare in the solar wind at 1
AU and reconnection is typically not suppressed for most of the magnetopause surface the
majority of the time.

2.5 Stationarity of Extended Reconnection X-Lines at the Magnetopause

For long intervals of southward IMF, the primary extended reconnection line(s) are also
found to be persistent (quasi-stationary) at low- to mid-latitudes (e.g., Frey et al. 2003;
Trattner et al. 2021b), extending far along the magnetopause flanks. One example of this
behavior was demonstrated with MMS observations by Gomez et al. (2016). During this
time, MMS was situated along the dusk flank magnetopause at low latitude and very close
to the predicted anti-parallel merging region. Observations of reconnection ion jet reversals
tangent to the magnetopause and reversals in heated, streaming electrons switching from
parallel to anti-parallel and anti-parallel to parallel to the magnetic field were indicative
of a reconnection site passing back and forth over the MMS location. These observations
occurred multiple times over a period of ~15 minutes, and small changes in the location of
the antiparallel reconnection line coincided with small and slow changes in the IMF clock
angle. Surprisingly, the X-line passed back and forth over the MMS location even though
the ambient bulk tailward flow in the magnetosheath was approximately equal to the Alfvén
speed.

The persistence of a quasi-stationary primary reconnection line from two separate mag-
netopause encounters during intervals of steady IMF clock angle was also noted in a study by
Fuselier et al. (2019b). Ion distribution functions observed near the subsolar magnetopause
in these separate encounters showed two magnetosheath ion populations, one entering the
magnetosphere and one returning from the ionosphere. These two populations were used
to remotely locate and track the reconnection line in the same way that the distance to the
reconnection X-line is determined from cusp ion observations (see, Trattner et al. 2021a,b).
Analysis of these events showed that the estimated location of the extended reconnection
line was consistent with that predicted by the maximum magnetic shear model. Despite the
estimated location of the reconnection line appearing along the magnetopause flank where
the magnetosheath flow velocity may have been super-Alfvénic, the distance from the sam-
pling spacecraft to the reconnection line was observed to be approximately constant over a
span of several minutes.

2.6 Reconnection X-Lines Have a Variable, but Ordered Orientation

A primary extended reconnection line along the low- to mid-latitude dayside magnetopause
includes a variety of orientations. These different orientations arise because such extended
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reconnection X-lines include a mix of reconnection types. These extended X-lines include
anti-parallel segments and, especially when a substantial IMF B, component exists, a com-
ponent reconnection X-line segment (with non-zero guide field) that is present within a few
hours of local noon and intersects the anti-parallel segments along the magnetopause flanks.
In general, the intersection between the component and anti-parallel segments of the ex-
tended reconnection X-line occurs strictly along the bridge (‘saddle’) of highest magnetic
shear (see Fig. 2). Some deviations from this model are noted during narrow ranges of IMF
clock angles (~120° and ~240°) (Trattner et al. 2018, 2021a) These deviations are a topic
of ongoing research.

Varying orientations along an extended reconnection line are associated with a coordinate
system oriented by magnetic field variance directions (e.g., the minimum variance analysis
(MVA) (Sonnerup and Cahill 1967), minimization of faraday residue (MFR) (Khrabrov and
Sonnerup 1998), and the maximum directional derivative of the magnetic field (MDDB) (Shi
et al. 2005)). A recent study by Fuselier et al. (2021) showed that when electron diffusion
regions were sampled by the MMS spacecraft at the magnetopause along the component re-
connection segment of the extended primary reconnection line, the component reconnection
line was often oriented along the M-direction (intermediate variance direction). In contrast,
when electron diffusion regions were sampled at the anti-parallel reconnection line loca-
tions, the large-scale reconnection line was composed of a series of X-lines that are stacked
in a stairstep fashion along the L-direction (direction of the reconnecting component of the
magnetic field). The X-lines maintain the same orientation over long distances, with compo-
nent X-lines and some anti-parallel X-lines maintaining orientation over many Rg and other
anti-parallel X-lines maintaining orientation over at least 1 Rg.

2.7 Summary of Sect. 2

Reconnection at the dayside magnetopause initiates the Dungey cycle in the magnetosphere.
Crucial to this initiation is reconnection at low latitudes, where previously closed magnetic
field lines in the magnetosphere are opened. As originally depicted by Dungey (1963), the
low latitude reconnection occurs when the IMF is southward. The newly opened field lines
convect over the poles into the nightside. At the Earth’s magnetopause, low-latitude recon-
nection occurs along long, quasi-continuous X-lines that extend across the entire dayside
from the dawn terminator to the dusk terminator. These primary X-lines are quasi-stationary
for quasi-steady IMF conditions. The reconnection rate may vary along these X-lines; how-
ever, it is not likely that it goes to zero for any extended period of time. The adjectives that
describe reconnection X-lines at the magnetopause are summarized in Table 1.

The location and type of reconnection (component or anti-parallel) of these primary X-
lines is well-described by the maximum magnetic shear model and recent studies using
MMS have confirmed and extended this model. This empirically developed model uses only
the IMF clock angle and cone angle to determine where reconnection occurs on the magne-
topause. At the Earth’s magnetopause (for southward IMF conditions), the IMF orientation
alone controls the reconnection location because, over nearly the full range of solar wind
conditions, there is no suppression of reconnection by diamagnetic effects.

3 Field Line Convection
3.1 Reconnection Jets and Convection

Once the magnetic fields of the Earth and solar wind are connected at the dayside X-line,
“open” field lines are created. Since the extension of the open field line into the solar wind
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Table 1 Adjectives that describe X-lines at the Earth’s magnetopause and the definitions of these adjectives

Adjective Meaning Comparison to physical Observed Quantity
parameters
Primary The main X-line at the N/A N/A
magnetopause as
opposed to secondary
X-lines.
Long or Extended Spatial extent of the Much longer than an ion Extending from >1 Rg

Continuous or
Quasi-continuous

Quasi-stationary

Quasi-steady

X-line on the
magnetopause.

Unbroken. Observations
anywhere along the
X-line yield similar
meso-scale structure.
Remaining in
approximately the same
location under
quasi-steady IMF
conditions.

Reconnection rate
variations along the
X-line can be large, but

skin depth: ~750 km at the
magnetopause

Continuous over lengths
much longer than an ion skin
depth

Remaining approximately in
the same location for
timescales longer than
plasma convection times at
the magnetopause: ~1-2 Rg
per minute

Reconnection rate variability
is not from zero to the
maximum possible rate.

to >10 Rg or >10 to
>100 ion skin depths

Quasi-continuous from
>1Rg to >10 Rg or
>10 to >100 ion skin
depths
Quasi-stationary from
~several minutes to
>10 minutes.

It is very difficult to
quantify reconnection
rate variations, but the

do not go to zero. rate does not go to zero
over time periods of
minutes to tens of

minutes

travels away from the Sun at 300-800 km/s, magnetic tension pulls the field line across the
dayside and slings it to the nightside, where it becomes an open tail lobe field line. This
J x B force is well modeled by MHD models such as are available in the CCMC.

The ion jets from dayside reconnection partially precipitate into the atmosphere, creat-
ing a region called the “cusp”, or in some early papers, the “cleft” (Frank 1971; Heikkila
and Winningham 1971). Since the particles are convecting tailward at the same time they
are precipitating, this leads to an “ion cusp dispersion”, with the highest-energy ions pre-
cipitating first and thus most equatorward, and the progressively lower energy ions farther
poleward (Shelley et al. 1976; Reiff et al. 1977). By examining the details of the particle cut-
off energy, the distance to the X-line is determined (Cowley 1982) and the jet distribution
reconstructed (Hill and Reiff 1977; Lockwood 1997). Occasionally an electron dispersion
is observed between the last closed field line and the beginning of the ion dispersion (Burch
et al. 1982). This electron dispersion is the ionospheric footprint of the electron edge of the
low-latitude boundary layer at the magnetopause (Gosling et al. 1990).

The convection over the pole of reconnected field lines and reconnection in the tail pro-
duces a polar cap convection pattern depicted in Fig. 3 for purely southward IMF. This
pattern is driven by the mapping of the solar wind electric field along field lines to the iono-
sphere as shown in Fig. 3. The dawn-to-dusk electric field (shown as a heavy red arrow)
causes dayside-to-nightside E x B flow (shown as dashed lines) and produces the cross-
polar cap potential. In principle, the cross-polar cap potential should be related to the length
of the X-line or lines at the magnetopause. However, in practice, it is difficult to link the two
quantities because of variations of the reconnection rate along the X-lines at the dayside and
inefficiencies in plasma transfer on the flanks.
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To Sun

A.Noon-midnight plane B. Northern hemisphere polar cap convection

Fig. 3 (left panel) Simplified cross-section of the magnetosphere for due southward IMF. The bow shock
and field line draping at the magnetopause were removed to illustrate the convection of a solar wind field
line from noon to midnight. Solar wind field lines (blue, 1) reconnect at the magnetopause (2, 2’) and form
open field lines that convect over the poles (3, 4, 5N, 5S). In the tail, these field lines reconnect (6, 6N, 6S),
forming closed field lines (7) earthward of the reconnection site. The closed field lines eventually return to
the dayside. (right panel) The magnetopause reconnection, convection, tail reconnection, and the return of the
field lines to the dayside produces a 2-cell convection pattern in the ionosphere. The footpoints of the field
lines in the left panel are shown in the right panel

Continuing with the polar cap convection patern in Fig. 3, magnetopause reconnection
maps to the polar cap boundary near point 2, the field convects over the pole and through
the polar cap from point 2 to point 6. Tail reconnection maps to the polar cap boundary near
point 6. The polar cap flow continues equatorward and back sunward at lower latitudes. The
sunward convecting field lines are closed and ultimately return to the dayside (point 8 and
8’ back to point 1 in Fig. 3, with the return field lines not in the noon-midnight meridian cut
in the left panel of Fig. 3). Ion outflow from the ionosphere occurs in the cusp, polar cap,
and the nightside polar cap boundary.

When the X-line is not parallel to the equatorial plane on the dayside, as it frequently
does for a strong non-zero Y-component of the IMF, the ionospheric outflow has a substan-
tial dawnward or duskward flow component — typically reversed in the two hemispheres
(Gonzalez and Mozer 1974). When IMF By >0, the component reconnection X-line is tilted
so that it is above the ecliptic on the duskside. Under these conditions, magnetic field lines
convect dawnward and poleward and the cusp flow is dawnward in the northern hemisphere
(e.g., Heelis 1984). The reverse is true in the Southern hemisphere or for By <0.

The asymmetric flow also extends to the plasma mantle, the extension of the open field
lines with cusp-like fluxes to the high latitude magnetotail. The mantle also exhibits a
cusp ion dispersion, with the highest energy ions observed farthest from the magnetopause
(Rosenbauer et al. 1975). Most of the plasma mantle is lost down the magnetotail (e.g., on
field lines 5N and 5S in Fig. 3), leading to significant ionospheric escape (e.g., Schillings
et al. 2020). The asymmetry of the convection means that the plasma mantle reaches the
equatorial plane at lunar distance only on the favored (higher flow) side (Hardy et al. 1979).
Only during times of very high convection is the magnetotail electric field intense enough
that the plasma mantle reaches the near-earth neutral sheet. When this mantle flux reaches
the neutral sheet during these extreme events, it participates in near-Earth reconnection
(Reiff et al. 2016; see next section).
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Fig.4 ENA observations of the magnetosphere from the IBEX mission. The view is from the dusk side of the
Earth and magnetic field lines are drawn from a magnetospheric magnetic field model to show the relation-
ship of the ENA fluxes to the Earth’s magnetospheric cusps. The left panel shows the precipitation of 1.1 keV
hydrogen from the magnetosheath is asymmetric, with more precipitation occurring in the northern hemi-
sphere cusp. The right panel shows that the 0.065 keV O outflow from the ionosphere is also asymmetric
with more outflow coming from the northern hemisphere cusp

3.2 Imaging the Cusp - Energetic Neutral Atoms

As solar wind protons enter the magnetosphere through reconnection and are accelerated
along field lines with some precipitating in the Earth’s magnetospheric cusps, a fraction
of these ions charge exchange with the Earth’s geocorona and become Energetic Neutral
Atoms (ENAs). These ENAs are no longer bound to the Earth’s magnetic field lines and
propagate away from the Earth in all directions. Although the ENA flux is very low, it has
been imaged by ENA cameras on the IMAGE mission (Burch 2000) and on the Interstellar
Boundary Explorer (IBEX) mission (McComas et al. 2009). Figure 4 shows images of the
Earth’s magnetospheric cusps taken by the IBEX ENA cameras (Funsten et al. 2009; Fuse-
lier et al. 2009). The left panel is an image of 1.1 keV Hydrogen, which images the entering
magnetosheath population. The right panel is an image of 0.065 keV Oxygen, which images
the ionospheric outflow population. The precipitation of magnetosheath ions into the cusp is
asymmetric because the location of the reconnection X-line and the entering magnetosheath
ion flux depends on dipole tilt (Petrinec et al. 2011). Figure 4 shows that the outflow is also
asymmetric, with more O outflow from the northern hemisphere than from the southern
hemisphere. The origin of the O outflow could be the cusp/cleft, or just the general auroral
oval. The image is averaged over such a long period of time and does not have the spatial
resolution to distinguish among these sources.

4 Magnetotail Plasma Sheet
4.1 Overview

As discussed in the previous three sections, magnetopause reconnection plays a crucial role
in enabling energy and plasma from the solar wind to enter the magnetosphere. Furthermore,
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as discussed in Sect. 3, the convection of reconnected field lines over the geomagnetic poles
deposits this energy and plasma in the Earth’s extended magnetotail. Also in Sect. 3, an
additional particle source is the ionosphere, which populates tail lobes and plasma sheet, de-
pending on presumably reconnection-related activity. The ultimate origin of this ionospheric
plasma (i.e., the high latitude cusp, auroral oval, and polar cap) is a subject of ongoing study
(e.g., Glocer et al. 2020; Kistler 2020; Toledo-Redondo et al. 2021a). Furthermore, the solar
wind can also do work on the magnetosphere via compression and waves, thereby causing
energy entry that does not directly involve reconnection. However, reconnection remains the
dominant driving force in magnetospheric dynamics for southward IMF.

The plasma sheet may become populated directly by ionospheric particles and by plasma
that enters through the low-latitude flanks, or indirectly via transport through the lobes,
which is part of the Dungey cycle. The latter entry then requires magnetotail reconnection
for the transport from the lobes to the plasma sheet. The relative importance of the different
sources and entry mechanisms varies considerably depending particularly on distance along
the tail and geomagnetic activity (e.g., Wing et al. 2014; Welling et al. 2015; Kistler 2020).

The Dungey cycle includes plasma transport from a nightside reconnection site toward
and around the Earth to the dayside. Although the earthward transport from the nightside
may be viewed as a quasi-steady process, it has been found to be inconsistent with adiabatic
(i.e, entropy and mass conserving) transport (see Sect. 4.3).

The onset of reconnection in these events is apparently preceded by local current sheet
thinning. The conditions that determine the location and extent of the thinning regions then
are also responsible for the location of the reconnection sites. This section focuses on the
global context. The local structure and plasma conditions of thin current sheets (TCSs) are
discussed in Hwang et al. (2023, this collection).

Major consequences of reconnection are fast, Alfvénic, outflows. Earthward flow bursts
are associated with locally enhanced northward magnetic fields and cross-tail electric fields,
which are found to be the dominant mechanism to accelerate ions and electrons to suprather-
mal energies (see e.g., Phan et al. 2013; Oka et al. 2022; and Oka et al. 2023, this collection).
Velocity shear and vorticity at the edges of the flows, particularly in their stopping and diver-
sion region near Earth, are also a mechanism to twist and shear the magnetic field, building
up field-aligned currents. These currents provide a connection to auroral streamers and, on
larger scale, the substorm current wedge.

4.2 Sources and Entry

As pointed out above, there are two basic sources of plasma sheet particles, the ionosphere
and the solar wind. Source differences are relevant for subsequent reconnection in the plasma
sheet, as discussed in Chap. 1. Ionospheric ions enter the magnetotail in two ways (e.g.,
Kistler et al. 2019), either directly onto closed field lines through the auroral region or
through the cusp onto open, lobe field lines. In the latter case, tail reconnection is neces-
sary to trap these particles in the plasma sheet, similar to solar wind ions that enter from the
lobes. During times of extreme polar cap potential drop, convection brings ionospheric Ot
through the tail lobes to become an accelerated population in the near-Earth plasma sheet
(Reiff et al. 2016), as illustrated in Fig. 5.

As described in Sect. 1, for southward IMF solar wind plasma enters the magnetotail and
eventually the plasma sheet predominantly by the dayside reconnection process.
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Fig.5 HPCA (MMS1) and FPI (MMS2) measurements in the magnetotail from 0200 to 0600 on 23 June.
(A) Energy spectrograms of the HPCA H. Panel B shows an OF beam from the ionosphere merging into
the plasma sheet at each lobe/plasma sheet transition. FPI total ion and electron spectrograms of differential
energy flux are shown respectively in Panels C and D, and clearly shows the transition from lobe conditions
(virtually no fluxes except the O beam) to PSBL (where the energized lobe fluxes appear separate from
the much more energetic plasma sheet fluxes). The bottom three panels (E, F and G) show three pairs of
FPI distribution functions as the spacecraft exited the plasma sheet to the lobe. The left of each pair shows
Vparallel and Vperp] (along E x B) components of the particle distribution functions, and the right of each pair
shows the two perpendicular velocities, Vperp] and Vperp2. (From Reiff et al. 2016)

4.3 Transport

As briefly mentioned above, the earthward transport from a distant reconnection site, which
is part of the Dungey cycle for southward IMF is visualized as a quasi-steady process within
a steady magnetospheric magnetic field. However, Erickson and Wolf (1980) were the first
to demonstrate that the average magnetotail configuration is inconsistent with adiabatic (i.e,
entropy and mass conserving) transport from the distant to the near tail; such transport would
lead to a pressure build-up in the near tail that is not observed and would not be balanced
by the observed lobe magnetic pressure. Kivelson and Spence (1988) and Spence et al.
(1989) then demonstrated that energy-dependent particle loss from cross-tail drifts may be
sufficient only under very weak transport scenarios to reduce the pressure and solve this
“pressure inconsistency.”
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The obvious solution to this pressure inconsistency is the sporadic occurrence of recon-
nection in the near or mid tail, which reduces the particle and energy content of convecting
closed magnetic flux tubes and adds buoyancy effects to the earthward transport (Pontius
and Wolf 1990; Birn et al. 2009; Wolf et al. 2009). This conclusion is strongly supported by
direct plasma sheet observations (Baumjohann et al. 1989, 1990; Angelopoulos et al. 1992),
which have demonstrated that the major earthward transport in the near tail is accomplished
by short-duration (~1 min) flow bursts, that may be grouped into ~10 min “bursty bulk
flows” (BBFs), presumably driven by sporadic reconnection in the near- and mid-tail region
or by interchange instabilities that allow rarified longitudinal sectors to enter while mass-
loaded longitudinal sectors escape down the tail (Wolf et al. 2012; Sorathia et al. 2020).

4.4 Where and How Is Reconnection Initiated in the Near-Tail

The simple Dungey picture contains only one reconnection site (x-line) in the, presum-
ably distant, tail. As pointed out above, a steady convection scenario would be inconsistent
with observations and the dynamic tail is more consistent with sporadic reconnection events
earthward of that site. Figure 6 shows the tail structure with two reconnection sites (x-lines),
obtained from a data mining reconstruction technique, discussed further below (Sitnov et al.
2021). Where are these sites located, what is their cross-tail extent, and what determines
their location and extent?

Zwickl et al. (1984) and Daly et al. (1984) used statistical analyses of ISEE-3 observa-
tions to show that strong, tailward bulk plasma flow becomes dominant in the distant (r >
150 Rg) plasma sheet. These tailward flows suggest the presence of a typical x-line location
inside that distance; that has a tendency to move tailward after substorm onset (Baker et al.
1984). Fast flow observations at the Moon’s distance (Kiehas et al. 2018) indicated that
frequently the distant neutral line is beyond 60 Rg downtail. @ieroset et al. (2000, 2001)
identified a distant reconnection event near 60 Rg. Occasionally, however, the distant x-line
location may even move beyond 220 Rg (Schindler et al. 1989).

The location of the reconnection site in the near and mid tail may also vary considerably,
being mostly between 20 and 30 Rg downtail and rarely inside of 20 Rg (Nagai et al. 1998;
Nagai and Machida 1998). Indeed, for phase 2 of the MMS mission, the spacecraft apogee
of 25 R (later raised to 29 Rg) was chosen to maximize measurements in the region where
near-tail reconnection most often occurs (Burch et al. 2016; Fuselier et al. 2016). It is not
well known what determines this location and, prior to onset, the thinning of the current
sheet, which enables the onset (McPherron et al. 1987; Pulkkinen et al. 1992; Sergeev et al.
1990; Sanny et al. 1994).

Nagai et al. (2005) used Geotail reconnection events to study the possible solar wind
control of the radial distance of the magnetic reconnection site and found it likely that a
higher efficiency of the energy input, measured by VB,, rather than the total amount of en-
ergy input, affects this location. Magnetic reconnection was found to take place closer to the
Earth when the energy input was more efficient. This is consistent with indications that re-
connection occurs closer to Earth during storm-time substorms within a stressed magnetotail
(Nagai 2021; see also Sect. 4.7).

The onset of reconnection is presumably preceded by the thinning of the tail current
sheet to ion or sub-ion scale or, more likely, by the formation of a TCS embedded in the
wider plasma sheet (for recent reviews, see Sitnov et al. 2019a,b; Runov et al. 2021). Birn
and Schindler (2002) and Birn et al. (2004) demonstrated, through magnetostatic theory
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Tail Structure with Two Reconnection Sites: From Data Mining
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Fig. 6 (a) Regions of unsteady (Xp) and steady (Xmy) reconnection in the data-mining reconstruction of
the 6 August 2017 substorm shown by the meridional distribution of the normal magnetic field variation
dB; = B,(t)-B,(tg) with tg = 04:40 UT and t; = 04:55 UT; (b) Similar regions of unsteady (X’n) and
steady (X’m) reconnection found in PIC simulations; (c) the distribution of the electric field Ey for the same
PIC run; modified after Sitnov et al. 2021)

and MHD simulations, that high-latitude magnetopause boundary deformations, as expected
from magnetic flux addition during the substorm growth phase, could cause the formation
of local TCSs embedded in the wider tail plasma/current sheet. An alternative mechanism is
based on enhanced equatorial plasma flow toward the dayside, which is part of the Dungey
cycle (Hsieh and Otto 2014). This was shown to cause magnetic flux depletion at low lati-
tudes, also leading to local current sheet thinning. Both mechanisms may operate together
or at different times and different distances in the tail (Hsieh and Otto 2015; Gordeev et al.
2017).

High-latitude flux addition is consistent with an increase of the lobe field strength during
the substorm growth phase, which is documented in many cases (e.g., McPherron 1972;
Baker et al. 1996). It is also consistent with observational studies that indicate that substorm
onset is more likely when the total open flux is increased (Kamide et al. 1977; Milan et al.
2009; Boakes et al. 2009; Lockwood et al. 2019). Specifically, Boakes et al. found that
substorm onset was unlikely when the open flux was below 0.3 GWb, but increased linearly
with increasing open flux above that value up to ~0.9 GWhb, their observed maximum.
This view is consistent with the role of the growth phase in the standard substorm model
(Sect. 4.6). The models of TCS formation from high-latitude flux addition indicate a close
relationship between thin current sheet formation (and hence substorm onset) and tail flaring
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(see, also, Lockwood et al. 2019), which may be relevant for determining the location of TCS
formation and reconnection onset.

In contrast, the low-latitude flux depletion does not require an increase in lobe field
strength, which is also frequently observed (e.g., Petrukovich et al. 2000; Shukhtina et al.
2014). These results support the feasibility of both concepts. However, neither concept per-
mits a direct and easy prediction of the location of the near-tail reconnection site from solar
wind or other parameters.

Other questions concern the downtail and cross-tail extent of the TCSs and subsequent
reconnection. Artemyev et al. (2016b), found that current sheet thinning was associated with
a strong radial pressure gradients dp/dr, indicating a short scale (0.2 Rg) along the current
sheet that was comparable to the scale perpendicular to the sheet. At the other extreme,
Artemyev et al. (2019) concluded from simultaneous observations in the near and distant
tail that current sheet thinning occupies the entire tail from the near-Earth region down to
lunar orbit. They also found that convergent plasma pressure gradients dp/dy, measured in
equatorial thinning current sheets, indicated a localization of current sheet thinning near
midnight. Such a concentration would be consistent with the estimated widths of earthward
reconnection outflows of a few Rg (Nakamura et al. 2004)

One of the most puzzling findings of current sheet thinning prior to substorm onset is a
collection of reports of an anti-correlation between plasma temperature and density, showing
increases in density along with decreases in (both ion and electron) temperature (Artemyev
et al. 2016a, 2019, 2021) during current sheet thinning. This trend had already been re-
ported earlier by Huang et al. (1992), while a superposed epoch study by Baumjohann et al.
(1991) did not indicate the existence of such a trend. A thermodynamic, e.g., isobaric, sce-
nario that increases plasma density while reducing temperature in a single population (Birn
et al. 1994) appears implausible. A more likely interpretation is that the satellites encounter
different flux tubes carrying different plasma populations. This seems most plausible near
the plasma sheet boundary where thinning brings different plasma populations equatorward
combined with a compression. Most likely, the effect cannot be explained by just one plasma
population but may involve, for instance, losses of higher-energy particles, which contribute
more significantly to the temperature than to the density, or the inclusion of a cold particle
population.

Another explanation of the temperature and density correlation is the formation of TCSs
due to Speiser orbit effects (Sitnov et al. 2003). In this approach the current sheet thickness
scales as the ion gyroradius in the lobe field, which is also close to the ion inertial length
when the plasma anisotropy is small (Sitnov and Arnold 2022). The first scaling explains the
decrease of the temperature, while the second matches the increase of the plasma density.
Moreover, the first scaling is also consistent with the anticorrelation of the TCS thickness
with the lobe field strength (e.g., Stephens et al. 2023, Fig. 4).

In principle, global simulations of the solar wind/magnetosphere system might be con-
sidered as the ideal tool to investigate the solar wind effect on the initiation of reconnection
in the magnetotail. However, x-lines are often found to form too close to the Earth in these
simulations (e.g., El-Alaoui et al. 2009; Park 2021). At present, it is not clear whether this is
due to the missing non-MHD physics (e.g., Raeder et al. 1996) or to unavoidable numerical
dissipation (e.g., Gonzalez and Parker 2016; Raeder 2022). In many of these models x-line
formation and reconnection happen despite the absence of an explicit dissipation term in the
MHD equations. Despite these deficiencies, large-scale MHD simulations have been highly
successful in reproducing major global effects associated with substorms (see, e.g., Birn
et al. 1996; Raeder 2003; Merkin et al. 2019), including the location of spacecraft relative
to the X-line (Reiff et al. 2016; Torbert et al. 2018; Reiff et al. 2018).
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Figures 7 (a, b, c) show frames from simulations of the July 11, 2017 tail reconnection
event observed by MMS. The top figure (a) shows the SWMF simulation, which accurately
predicted the MMS crossing the X-line a few minutes prior and predicted the huge flux rope
which MMS observed. The middle simulation (b) shows the equivalent OpenGGCM model,
which shows an extended neutral sheet but no flux rope; and (c) shows the same time using
the LFM model which did not predict a near-earth neutral line at all.

Global simulations yield the evolution of X-lines and reconnection from an evolution
driven by a time-dependent solar wind input. An alternative method relies on large statisti-
cal data bases of magnetospheric quantities (primarily magnetic fields) measured by satel-
lite missions during varying driving and activity conditions. Reconstruction of the global
structure from data is very challenging because of the data paucity with less than a dozen
probes available for in-situ observations at any moment. However, modern machine-learning
methods, and in particular, the “lazy-learning” approach based on mining multi-decade and
multi-mission archives of geomagnetic field data using a nearest neighbor method combined
with flexible magnetic field architectures using basis function expansions (Tsyganenko and
Sitnov 2007; Sitnov et al. 2008; Stephens et al. 2019; see also Sect. 5 for more detail) have
recently provided a breakthrough in this direction (Stephens et al. 2023). A key to the re-
construction has become the recurrent nature of storms and substorms, which allows one to
enrich a few points of real observations available at the moment of interest with a super-
constellation of up to 50,000 synthetic probes (shown by gray dots in Fig. 8).
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An example of reconstruction is shown in Fig. 8 for event G from the MMS library
(Rogers et al. 2019, 2023). The x-line in the reconstructed field coincides closely with the
reconnection site (ion diffusion region, IDR) identified by MMS. In total, 24 out of 26
reconstructed x- and o-lines (Bz = 0 contours) matched within ~2Rg or nearly matched
(Bz =2 nT contours within ~2 Rg) the observed MMS IDR locations.

The data mining (DM) method predicts neutral line locations from finding nearest neigh-
bors in parameter space based on five parameters. The parameter V4B, directly describes
solar wind input, whereas the others, given by the time-averaged Sym-H and its time deriva-
tive, as well as the AL index and its time-derivative, characterize storm and substorm dom-
inated states that contain solar wind input only indirectly. The success of the DM method
in predicting neutral line locations is surprising in view of the fact that none of these pa-
rameters has a direct obvious relationship to the location of the x-lines in the tail. Most
recently, these empirical reconstructions have been merged with global MHD models us-
ing the explicit resistivity method (Hesse and Birn 1994) where DM “pointed” MHD to the
data-derived X-line locations to nudge reconnection there (Arnold et al. 2023).

Through instantaneous fitting of sequences of configurations, the DM approach was also
able to demonstrate the stretching and dipolarization during a substorm cycle (Stephens
et al. 2019) with the formation of thin ion-scale current sheets embedded within the thicker
plasma sheet (Sitnov et al. 2019b; Stephens et al. 2023).

4.5 Consequences of Magnetotail Reconnection: Flow Bursts, Particle Acceleration,
Substorm Current Wedge, and Plasmoid Formation

A direct consequence of magnetic reconnection is the conversion of magnetic energy into
particle energy, which on fluid scales takes the form of plasma heating and fast bulk flows.
On the earthward side of tail reconnection this is most prominent in the form of bursty
bulk flows (BBFs, Angelopoulos et al. 1992), consisting of ~10 min fast flow periods of
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hundreds of km/s with individual peaks of ~1 min duration (For recent reviews, see Sitnov
et al. 2019a and Birn et al. 2021). Individual flow bursts tend to be associated with temporary
enhancements of the (northward) magnetic field component Bz, which has led to denoting
such an event dipolarizating flux bundle” (DFB, Liu et al. 2013a) or “flux pileup region”
(FPR, Khotyaintsev et al. 2011). The enhanced Bz in combination with enhanced earthward
flow also leads to an enhancement of the (predominantly duskward) electric field, which has
led to the concept of “rapid flux transport” (RFT) events (Schodel et al. 2001).

When plasma is transported earthward from a distant reconnection site, particles are ex-
pected to become energized adiabatically; consistent with the shortening of magnetic flux
tubes and the increase of the magnetic field strength. However, as pointed out above, there
is little evidence that this happens in a quasi-steady fashion. Instead, sporadic reconnection
events in the near and mid tail play the dominant role in energizing ions and electrons during
their transport toward Earth, either in the vicinity of the reconnection site or within its ex-
haust regions. Numerous investigations based on observations, theory, and simulations have
identified the, temporally and spatially localized, electric field of RFT events as the primary
mechanism accelerating ions and electrons in the near tail to tens or hundreds of keV, and
causing energetic particle “injections”, first documented by observations at geosynchronous
orbit. This subject is discussed in more detail in Oka et al. (2023, this collection) (see also
reviews by Birn et al. 2012, and Fu et al. 2020).

DFBs can also be the source of smaller-scale waves. Specifically, the sharp rise of Bz
at the front of a DFB, the “dipolarization front” (DF), may drive lower-hybrid waves, and
electron anisotropies in the accelerated population inside the DFB may be the cause of
whistler waves. These effects are further discussed in Hwang et al. (2023, this collection).

The earthward flow from a near-tail reconnection site must be stopped closer to Earth
and diverted azimuthally eastward and westward, consistent with the Dungey cycle. The
flow shear and diversion distort the embedded magnetic field, causing twist and shear that
is associated with field-aligned currents, which, in their simplest form flow toward the Earth
on the dawn side and away on the dusk side. This paradigm was first developed on the ba-
sis of MHD simulations of near-tail reconnection (Birn and Hesse 1991; Scholer and Otto
1991). It is now the most widely accepted view of the build-up of the “substorm current
wedge” (SCW), which also includes the closure of the field-aligned currents in the iono-
sphere through the auroral electrojet (McPherron et al. 1973; Keiling et al. 2009; Birn and
Hesse 2014; Kepko et al. 2015).

This picture describes the build-up of the SCW. Once the magnetic field is distorted, the
currents can continue to flow, maintained by overall force balance without further need of
fast flows, until they are dissipated by ionospheric resistivity. Thus, fast flows typically have
a duration of only a few minutes, while the wedge currents may persist for tens of minutes up
to 1 hour. Individual flow bursts have been shown to be associated with wedge type currents
(Sergeev et al. 1999, 2004; Nakamura et al. 2001a,b) but may collectively contribute as
“wedgelets” to the total SCW (Liu et al. 2015; Birn et al. 2019; Merkin et al. 2019).

The major tailside consequence of near-tail reconnection is the severance and tailward
ejection of a section of the plasma sheet, denoted as a plasmoid (Hones 1977). Plasmoids
consist of loop-like magnetic field lines, which in a generalized 3D picture assume the form
of a flux rope (Hughes and Sibeck 1987), some of which may include rather strong axial
fields. Since plasmoids are consistent with transient reconnection, they are discussed in more
detail in Sect. 7.

The original picture of plasmoids ejected tailward as simple entities is an oversimpli-
fication that has been modified by observations and simulations. They gain momentum by
the accumulation of accelerated plasma with significant 3D variation (Hesse and Birn 1994).
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Their speed may vary both along and across the tail; and some may even be stagnant (Nishida
et al. 1986).

4.6 The Near-Earth Neutral Line Substorm Model

The formation of a new, temporary, reconnection site in the near tail is the core element of
the neutral line model of substorms (Baker et al. 1996), also referred to as the near-Earth
neutral line (NENL) model. Essential features were already formulated by Atkinson (1966)
and summarized by Atkinson (1967):

a. The solar wind drags field lines from the region of closed field lines into the tail, either
by viscous forces, or by the neutral-point mechanism proposed by Dungey (1958). There is
a resulting increase in the tail magnetic field strength and a storing of potential energy.

b. The polar substorm begins when field lines recombine in an implosive fashion at the
neutral sheet, in the manner indicated by Petschek (1964). This recombination implies the
release of stored potential energy.

c. The recombined flux tubes are added to the night side of the closed region as a giant
bulge, causing auroral effects.

d. The flux tubes flow around the closed region toward the day side, causing the magnetic
substorm and further auroral effects.

Phase (a) obviously corresponds to the substorm “growth phase,” introduced by McPher-
ron (1972) as part of a three-phase phenomenological model, consisting of growth phase,
expansion phase and recovery phase (McPherron et al. 1973). Phase (b) represents the onset
and phase (c) the expansion phase. Although this was not identified at the early time, phase
(d) describes in fact the present view of the build-up of the substorm current wedge (Kepko
et al. 2015), presented in Sect. 4.5. Further evidence and a detailed illustration that included
a preexisting distant neutral line and the ejection of a plasmoid was then provided by Hones
(1977). An updated view and more comprehensive discussions of the features of the NENL
model including the context of modeling have been presented by Baker et al. (1996, 2016).
The neutral line model represents the background for our understanding of large-scale sub-
storm dynamics, particularly applied to isolated substorms. Some details, however, are still
active areas of research, such as the potential role of ballooning/interchange instability prior
to the onset of near-tail reconnection or in acceleration and providing cross-tail structure of
magnetic flux tubes that are depleted by reconnection and plasmoid ejection (for a recent
review, see Sitnov et al. 2019a,b).

4.7 Magnetotail Reconnection in Different Magnetospheric States

Both the solar wind driver and the pre-conditioning of the magnetosphere can modify the
location and strength of reconnection in the near-Earth magnetotail (Nagai et al. 2005).
The preconditioning, which involves the magnetic field configuration and the plasma sheet
parameters, such as temperature, density, and ion composition, results not only from the
solar wind history but also from coupling with the ionosphere. The pressure distribution in
the magnetotail also affects where reconnection jets get diverted in the inner magnetotail
(Dubyagin et al. 2010).

Various scenarios, in addition to isolated substorms, include magnetic storms, steady
magnetospheric convection (SMC) events, periodic substorms and sawtooth events, as well
as pseudo-breakups. The day/night flux transport and the location of reconnection differ in
different magnetospheric states.

The most extreme cases are magnetic storms, occurring under strong solar wind driv-
ing conditions, which compress the magnetosphere and increase magnetosphere-ionosphere
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coupling by enhanced energy deposition, also causing also enhanced ionospheric outflow of
cold ions (Kronberg et al. 2021) and enhanced electric fields. Reconnection in storm time
substorms can occur much closer to Earth (Miyashita et al. 2005; Angelopoulos et al. 2020)
due to its compressed state.

Strong recurrent substorms during geomagnetic storms are called sawtooth events
(STEs). They are associated with strong quasi-periodic energetic particle injections in the
inner magnetosphere with recurrence times of 2—4 h (Borovsky et al. 1993; Borovsky and
Yakymenko 2017). They are also likely related to solar wind Mach number (Lavaud and
Borovsky 2008). STEs have a wider azimuthally extended injection region (Clauer et al.
2006; Henderson et al. 2006), a wider night-side ionospheric convection pattern, and a wider
local time extent of dipolarization than isolated substorms (Cai et al. 2006a,b). This wider
extent indicates also a wider cross-tail extent of the tail reconnection site, which tends to be
located much closer to Earth than for isolated substorms (Henderson 2004), consistent with
their storm-time occurrence.

In addition to the ~3h period STEs, substorm-like periodic activations with a ~1h period
have been reported (e.g., McPherron and Chu 2018; Keiling et al. 2022), associated with
dipolarizations, fast plasma flows and particle injections with the same periodicity. They
are, however, not associated with storms and can occur over a wide range of AE values.

The mechanisms driving these periodic events are not well understood. For STEs, it
might play a role that the nightside magnetosphere is much more stretched prior to the onset
(Cai et al. 2006b). The approximate 3h waiting time might reflect an intrinsic oscillation
period, assumed under strong driving (Huang et al. 2003; Borovsky and Yakymenko 2017).
Global simulations with ionospheric outflow have suggested a possible role of stretching
of the magnetotail from increased mass loading by O from the ionosphere, leading to an
imbalance between day-night reconnection rates, which may result in a feedback loop in the
magnetosphere-ionosphere system (Brambles et al. 2013; Ouellette et al. 2013).

Another possible mechanism driving periodic stretching and release relies on non-MHD
effects, which arise from multi-scale modifications to a pure MHD approach, either by
adding a physics-based dissipation term (Kuznetsova et al. 2007) or by including a locally
embedded PIC simulation into a global MHD approach (Wang et al. 2022). Both approaches
found consistency with a wider reconnection site in the tail, but with somewhat shorter saw-
tooth periods than observed: ~1.5 hrs (Kuznetsova et al. 2007) and 1.5 to 3 hrs (Wang et al.
2022). Wang et al. also reported weaker signatures at geosynchronous orbit and maximum
magnetic field stretching near dawn and dusk rather than at local midnight.

These active events are in contrast to intervals called steady magnetospheric convection
(SMC). SMCs are extended periods defined by quasi-steady solar wind input under south-
ward IMF Bz, enhanced magnetospheric convection, but an absence of substorms. They are
apparently governed by overall balance between dayside and nightside reconnection (e.g.,
DeJong and Clauer 2005). However, sporadic reconnection appears to happen in the mid tail
with intermittent bursty flows (Sergeev et al. 1996), though the build-up of a high-pressure
region in the inner magnetosphere prevents high-speed jets from penetrating into the inner
magnetosphere (Kissinger et al. 2012).

DeJong et al. (2007) compared auroral features of isolated substorms, sawtooth, and
SMC events and found that the polar cap oval measured during individual sawteeth con-
tained, on average, 150% more magnetic flux than the oval measured during isolated sub-
storms or SMC events. However, both isolated substorms and individual sawteeth showed
a 30% decrease in polar cap magnetic flux during the dipolarization (expansion) phase,
whereas the open polar flux remained steady in SMC events.
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Fig.9 After Toledo-Redondo et al. 2021 — Schematic of open and closed drift paths in the magnetosphere.
Plasma of ionospheric (HT, He™, OT) and solar wind ((HT, Hez"') origin drift to the magnetopause in
response to the cross-tail electric field and gradient and curvature drifts. In addition, a plasmaspheric plume
(green-shaded extension of the plasmasphere) could intersect the magnetopause. After losses along their drift
paths a fraction of ionospheric and solar wind ions and electrons re-encounter the magnetopause and complete
the Dungey cycle

Pseudo-breakups are auroral brightenings, much like those at substorm initiation, with
similar magnetospheric signatures such as dipolarization fronts, flow bursts, and field-
aligned currents (Nakamura et al. 1994). Pseudo-breakups, however, do not develop
substorm-like poleward auroral expansions. They may also occur during SMC events (De-
Jong and Clauer 2005), consistent with small-scale energy releases but the absence of polar
expansions. If the poleward expansion of aurora corresponds to tail reconnection proceed-
ing into the lobes, then its absence would indicate that reconnection stops before reaching
the lobes. Why reconnection stops before this point is obviously relevant for identifying
conditions that stop or quench reconnection.

In summary, the dynamics in the Earth’s magnetotail is driven by reconnection. In the
original Dungey circulation model, this reconnection is steady and balances the dayside re-
connection. However, observations for more than 50 years have shown that reconnection,
especially in the near-tail distance of 20 — 30 Rg, is far from steady. Despite this unsteadi-
ness, the Dungey circulation of magnetic flux is largely realized over timescales of hours.

5 Convection Back to the Dayside and the Completion of the Dungey
Cycle

With near-tail reconnection, the plasma in the magnetotail is injected Earthward back into
the inner magnetosphere. The paths ions take to return to the dayside depend on their ener-
gies. Lower energy ions are dominated by corotation and drift eastward while higher energy
ions respond to gradient and curvature effects and drift westward to form the ring current
(see, e.g., Kistler et al. 1989). Figure 9 shows a schematic of these drift paths that intersect
the magnetopause, mostly sunward of the terminator. Fluxes and energies are not constant in
this drift process. There are a variety of energy-dependent loss processes, including wave-
particle interactions and charge exchange with the Earth’s neutral hydrogen geocorona. The
high-latitude ionosphere is a source of plasma throughout this convection, providing, for
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example, the warm plasma cloak (Chappell et al. 2008) and a plasmaspheric plume (e.g.,
Carpenter et al. 1993), an extension of the plasmasphere (green-shaded region in Fig. 9) that
extends to the dayside magnetopause over a limited range of local times during high magne-
tospheric activity. Thus, a small fraction of the solar wind plasma that entered on the dayside
and injected ionospheric plasma from the high latitude ionosphere ultimately returns to the
magnetopause and completes the Dungey cycle.

6 The Dungey Cycle for Northward IMF and Near-Radial IMF
6.1 Northward IMF

The previous 5 sections outline the important role of reconnection in the Dungey cycle when
the IMF is southward. Reconnection also plays an important role in magnetospheric dynam-
ics when the IMF is northward (see the recent review by Lavraud and Trattner (2021)).
Under such conditions, Dungey (1963) originally proposed that reconnection would occur
at the magnetopause on magnetospheric field lines poleward of the cusps. In his original, 2-
dimensional diagram, reconnection occurs simultaneously poleward of both cusps between
magnetosheath and lobe field lines in both hemispheres. This type of reconnection is called
dual-lobe reconnection. In 3-dimensions, and with dipole tilt and a finite By component of
the IMF, the reconnection is not simultaneous and can also occur on high-latitude, non-lobe
field lines in either hemisphere (e.g., Lavraud et al. 2005, 2006; Fuselier et al. 2014; Lavraud
et al. 2018). In particular, Lavraud et al. (2005) showed through statistical analysis that
dipole tilt determines which hemisphere high-latitude reconnection occurs first, but it does
not rule out dual-lobe reconnection. Figure 10 shows non-simultaneous dual-lobe recon-
nection and the consequences for field line topology and convection (Fuselier et al. 2012).
Magnetosheath field lines (dark blue) reconnect first in the southern hemisphere poleward of
the cusp. Under the tension force, these open field lines snap sunward and dawnward. The
small red circles show where the field lines cross the magnetopause. As the field lines con-
vect dawnward and drape against the magnetopause, they reconnect a second time poleward
of the northern cusp, forming closed field lines inside the magnetosphere on the dayside.
These field lines are filled with magnetosheath plasma and, because ionospheric outflow
from the cusp also occurs along these field lines, they are filled with ionospheric plasma as
well (Fuselier et al. 1989, 2019a).

Thus, just as for southward IMF, the Dungey cycle for northward IMF starts with re-
connection at the dayside magnetopause. This reconnection produces a boundary layer on
the dayside all the time (Fuselier et al. 1995; @ieroset et al. 2008) and has been observed
as a quasi-steady process for northward IMF intervals that last for hours (Frey et al. 2003).
Unlike southward IMF, the reconnection X-line poleward of the cusps does not extend over
the entire dayside magnetopause (Fuselier et al. 2002). Furthermore, this mass-loaded field
line convects slowly around the flanks of the magnetosphere rather than relatively rapidly
over the poles for southward IMF. Similarly, there is a very slow transfer of magnetic flux
to the nightside when the IMF is northward.

The convection of mass-loaded field lines on the flanks of the magnetopause under north-
ward IMF conditions opens the possibility of additional magnetosheath plasma entry into the
magnetosphere by the Kelvin-Helmholtz Instability (KHI), (e.g., Otto and Fairfield 2000;
Nykyri and Otto 2001; Nykyri et al. 2006, 2021). The wound-up KH vortices are subject
to local reconnection. This type of reconnection has been studied extensively for one MMS
KHI event (Eriksson et al. 2016; Vernisse et al. 2016; Li et al. 2016). KH modes corrugate
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Fig. 10 After Fuselier et al.
(2012) — Three-dimensional
reconnection scenario.
Magnetosheath field lines (1) Lobe
reconnect poleward of the
southern cusp forming field lines
2 and 2'. In the vicinity of the
reconnection sites, these field
lines convect sunward and
dawnward. The points where they
cross the magnetopause (small
red circles) move northward and
dawnward. At some later time,
when the field line has convected
away from the dayside
magnetopause, a second
reconnection occurs. This
reconnection poleward of the
northern hemisphere cusp on the
part of the field line that is still in
the magnetosheath forms the
newly closed field line 3 Magnetopause

Second Reconnection

Sun

Reconnected
Field Line Crosses
the Magnetopause
Here

First Reconnection

the low-latitude magnetopause and enable reconnection between plasma sheet and magne-
tosheath, which traps magnetosheath plasma. These combined KH and reconnection plasma
entry mechanisms help populate the plasma sheet on the flanks, with subsequent drift nec-
essary to transport particles toward the center (e.g., Lavraud and Trattner 2021).

When the IMF is northward, high-latitude reconnection and plasma entry on the flanks
are manifested in the plasma convection in the cusp and the convection cells in the high lat-
itude ionosphere. The cusp ion dispersion is observed to be “reversed”, with higher energy
ions at the most poleward latitudes instead of the opposite for southward IMF conditions.
Initially, this reversed convection was thought to be a consequence of diffusive entry at
the magnetopause; however, it is now well established that the reverse dispersion is a con-
sequence of high latitude reconnection and sunward convection of reconnected field lines
(Burch et al. 1980). Imaging of the cusp footprint in the ionosphere, combined with si-
multaneous in situ observations of reconnection at high latitudes has firmly established this
connection between the magnetopause and cusp (Phan et al. 2003). Furthermore, this same
imaging has established that the reconnection is quasi-steady and present all the time under
northward IMF conditions (Frey et al. 2003).

For northward IMF, magnetosheath particle fluxes from reconnection and Kelvin-
Helmholtz entry are observed at low latitudes on the flanks in a relatively wide boundary
layer of antisunward flowing plasma. In the ionosphere, the result of this combined recon-
nection and KH entry is a “four cell” convection pattern. The two cells at high latitude have
sunward flow in the central polar cap from lobe reconnection (Burke et al. 1979).

In the magnetotail, there is a distant reconnection site that persists for northward IMF.
Cross-tail particle transport typically requires curvature and gradient drifts that exceed earth-
ward E xB drifts, which becomes more effective at higher energies and southward IMF con-
ditions. However, azimuthal flux transport in the magnetotail has been identified also when
the IMF is northward and there is significant IMF By. Under these conditions the effects
of northward IMF were sufficiently weak so that the Dungey-cycle twin-vortex convection
observed for southward IMF was still maintained albeit with high asymmetry (Grocott et al.
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2003, 2007). Since these events, apparently driven by reconnection at a distant site, did
not exhibit substorm signatures they were called “tail reconnection during IMF-northward,
non-substorm intervals” (TRINNIs) (Milan et al. 2005).

While these TRINNI intervals apparently lack near-Earth reconnection, substorms exist
also during northward IMF intervals (Lee et al. 2010; Peng et al. 2013), indicating that the
onset of near-Earth reconnection does not have to be directly associated with enhanced day-
side reconnection and can dissipate previously stored magnetotail energy. However, Peng
et al. (2013) found that these substorms occurred mostly soon after southward IMF Bz peri-
ods and that intense substorms occurred only during relatively brief northward IMF Bz inter-
vals. These observations suggest that southward IMF is still needed for the strong buildup of
flux in the tail and it remains an open question what triggers those events during northward
IMF.

In summary, northward IMF also produces a Dungey-like cycle. Magnetic reconnection
at the magnetopause initiates this cycle and the persistent, distant tail reconnection site re-
turns plasma sunward. However, the convection from the dayside to the nightside around the
flanks of the magnetopause is considerably slower and weaker than the convection over the
poles for southward IMF. Magnetic flux buildup in the magnetotail is much weaker and, as
long as the northward IMF conditions persist, it is not clear if there is sufficient near-Earth
reconnection to transfer plasma back to the dayside to complete the Dungey cycle.

6.2 Near-Radial IMF

IMF-cone angles <25° or >155° occur ~15% of the time at 1 AU (e.g., Pi et al. 2014). Dur-
ing these times of near-radial IMF, the quasi-parallel bow shock is upstream of the subsolar
magnetopause. Turbulence generated at and upstream of the bow shock convects down-
stream and creates significant fluctuations in the plasma and magnetic field magnitude and
orientation. Searching for signatures of reconnection at the magnetopause under these con-
ditions is difficult. Furthermore, the magnetosheath draping model used in the maximum
magnetic shear model is not valid for these cone angles and the location of the reconnection
X-line is uncertain. Nonetheless, signatures of reconnection have been observed under these
cone angle conditions, although the steadiness of this reconnection is questionable (e.g.,
Walsh et al. 2017; Toledo-Redondo et al. 2021b). One promising line of work is the use of
large spacecraft datasets to construct a new generation of data-driven field line draping maps,
with the potential to improve predictions of magnetic field orientation at the magnetopause
(Michotte de Welle et al. 2022).

However, significantly more work is needed to understand how the Dungey cycle is af-
fected by near-radial IMF conditions.

7 Multiple, Transient Reconnection on a Global Scale and
Modifications to the Dungey Cycle

Reconnection plays critical roles in the Dungey cycle. Up to this point, there has been no
discussion of variability in reconnection at the dayside magnetopause and very little discus-
sion about reconnection variability in the tail. For southward IMF, there are long, primary
X-lines at the dayside magnetopause. These primary X-lines are quasi-stationary and quasi-
steady (Fuselier et al. 2019b). For quasi-steady reconnection, the reconnection rate does not
go to zero over long periods of time as long as the direction of the IMF is also relatively
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steady. The rate could vary by large amounts within this long time period, which is why the
rate is described as quasi-steady.

There is also considerable evidence for transient reconnection at the magnetopause. The
original model for flux transfer events (FTEs) is transient in both space and time (Russell and
Elphic 1978). FTEs have been modeled also as bulges on the magnetopause between two
active reconnection X-lines (Lee and Fu 1986). There is ample evidence of multiple X-lines
at the dayside magnetopause (e.g., Hasegawa et al. 2010; Vines et al. 2017; Russell et al.
2017; Trattner et al. 2012; Fuselier et al. 2018, 2022). Some observations are interpreted
in terms of a model where there is a quasi-stationary, primary reconnection X-line at the
magnetopause and a temporally and/or spatially variable, secondary reconnection X-line
separated by up to several Rg (Fuselier et al. 2018, 2022). Thus, there is both quasi-steady
and transient reconnection co-existing at the magnetopause for southward IMF.

Multiple X-lines at the magnetopause are manifested in the cusp as overlapping ion dis-
persions (Fuselier et al. 1997; Lockwood 1995; Onsager et al. 1995; Trattner et al. 1998,
2012). For single reconnection, the precipitating magnetosheath ions disperse in the cusp
such that the highest energy ions are observed at the lowest latitude. Overlapping ion dis-
persions have two (or more) of these dispersions separated in time. The separation provides
information on the spacing of the two (or more) reconnection sites at the magnetopause. Re-
cently, observations at the magnetopause and in the cusp have demonstrated the connection
between multiple X-lines at the magnetopause and overlapping dispersions in the cusp. An
open question about this connection is why multiple X-lines at the magnetopause seem to
be common, but overlapping dispersions in the cusp do not appear to be that common (e.g.,
Trattner et al. 1998).

Multiple X-lines and transient reconnection also occur in the magnetotail. As discussed
in Sect. 4.6, the formation of a new, temporary, reconnection site in the near tail is the core
element of the neutral line model of substorms. Thus, the magnetotail part of the global
Dungey cycle relies on transient reconnection. However, plasma observations both earth-
ward and tailward of the temporary reconnection site indicate temporal and spatial variabil-
ity on timescales much shorter than the substorm timescale of hours and much smaller than
the ~20-40 Rg longitudinal extent of the near-Earth magnetotail.

On the earthward side of the near-Earth reconnection site, plasma flows are intrinsically
bursty (BBFs Angelopoulos et al. 1992) and may carry embedded small-scale magnetic
island or flux rope structures (e.g., Slavin et al. 2003). Observations in the magnetotail sug-
gest that such near-Earth reconnection sites are activated multiple times at different locations
(Nakamura et al. 2011), suggesting that multiple transient reconnection sites are likely key
to understanding longer time-scale and larger spatial-scale magnetotail responses related to
the Dungey cycle. On the tailward side, large plasmoids typically have multiple-island sub-
structres (e.g., Hones et al. 1984), while scale sizes along the Sun-Earth direction may vary
between more than 100 Rg (Hones et al. 1984), several Rg (Moldwin and Hughes 1992;
Slavin et al. 2003) and even shorter scales of a few ion inertial lengths (Sun et al. 2019).
Two-point measurements at the Moon’s distance indicate a cross-tail size of 5-10 Rg. The
cross-tail size increases with stronger activity measured by the auroral electrojet, or AE in-
dex (Li et al. 2014); however, this cross-tail size is still a fraction of the cross-tail extent of
the magnetotail.

The focus of this section has been on the global scale and global consequences of tran-
sient reconnection. Transient reconnection produces a wealth of phenomena on the meso-
and micro-scale that is considered in much more detail in Hwang et al. (2023, this collec-
tion).
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8 Conclusions

In summary, this article discusses global-scale structure and consequences of reconnection,
conveniently organized around the Dungey Cycle. Magnetic reconnection at the dayside
magnetopause and in the magnetotail are clearly the drivers of the global Dungey cycle
for southward IMF. The recent advances in the global structure and consequences of re-
connection from the MMS mission and modeling include a detailed understanding of the
location and steadiness of reconnection at the dayside magnetopause and in the magnetotail
and the importance of multiple plasma sources. There are important questions about global
reconnection that remain. These questions focus on 1) magnetosheath plasma entry into the
magnetosphere and magnetotail dynamics when the IMF is northward and 2) how multiple
reconnection and reconnection variability at the magnetopause and in the magnetotail fit
into and complicate the classic Dungey Cycle picture of global magnetospheric circulation.
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