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Abstract Under northward interplanetary magnetic field conditions, magnetic reconnection at the
Earth’s magnetopause is usually thought to operate through the merging of magnetosheath magnetic
field lines and open magnetic field lines from the magnetospheric lobe. However, reconnection also
occurs between magnetosheath field lines and closed magnetic field lines in the magnetosphere. Under
certain conditions, this nonlobe field line reconnection has distinct plasma and magnetic field signatures
that distinguish it from reconnection of lobe field lines. A survey of these conditions suggests that
nonlobe reconnection at the Earth’s magnetopause may be common even for relatively strong
northward IMF.

Plain Language Summary Magnetic reconnection interconnects magnetic field lines across a
current sheet like that at the Earth’s magnetopause or like that in the solar corona. This paper describes a
type of interconnection of magnetic field lines at the magnetopause that was first reported for the solar
corona. It appears that this type of reconnection is fairly common at the magnetopause. The different
topology of this reconnection suggests a different type of interaction between the magnetic field lines in the
solar wind and the field lines of the Earth.

1. Introduction to Reconnection Topologies for Northward IMF

Magnetic reconnection occurs at the Earth’s magnetopause for any orientation of the interplanetary
magnetic field (IMF). When the IMF is southward, reconnection occurs between the magnetosheath
magnetic field and closed magnetic field lines equatorward of the Earth’s magnetospheric cusps. This
reconnection opens previously closed flux tubes and, through convection of the open field lines over the
poles, ultimately adds magnetic flux to the Earth’s magnetotail.

When the IMF is northward, reconnection is usually thought to operate through merging of magnetosheath
magnetic field lines and open (i.e., lobe) magnetic field lines poleward of the cusps (e.g., Dungey, 1963;
Gosling et al., 1991). Reconnection for northward IMF is common. Statistical studies show that it occurs greater
than 90% of the time (Fuselier et al., 1995, 2012). Reconnection of open field lines poleward of the cusps links
magnetosheath field lines with open flux tubes in the Earth’s magnetospheric lobes. For strongly northward
orientations, reconnection of the same magnetosheath field line may occur in both lobes poleward of the
northern and southern cusps (Onsager et al., 2001; Lavraud, Thomsen, et al., 2005, Lavraud, Fedorov, et al.,
2005). There is evidence that the two reconnections do not occur simultaneously (e.g., Fuselier, Petrinec,
et al., 2014), but the end result is closedmagnetic field lines at the dayside magnetopause that slowly convect
to the nightside. In this process, the magnitude of the magnetic flux added to the Earth’s magnetotail is very
small compared to the amount added when the IMF is southward.

Lobe reconnection is not the only magnetic topology possible when the IMF is northward. Cowley (1983)
suggested several different magnetic topologies that may result from reconnection when the IMF is north-
ward. Two of these topologies are illustrated in Figure 1. The topology on the left-hand side results from lobe
reconnection. The Sun is to the left, and a magnetosheath field line, 1, convecting toward the magnetopause
reconnects in the southern hemisphere with a lobe field line, 2, poleward of the cusp. A lobe field line is
defined, prior to reconnection, as a field line with one foot in the ionosphere and the other far downtail
and essentially not connected to the Earth. After reconnection, the resulting open field line, 10, still has one
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“foot” in the ionosphere. The other end of this field line continues to convect with the solar wind and is likely
to reconnect with a lobe field line in the northern hemisphere, creating a newly closed field line. Poleward of
the southern cusp, the field line resulting from reconnection, 20, is completely disconnected from Earth and
convects tailward. The lower left-hand illustration is an enlargement of the reconnection region and shows
that field line 10 has plasma flowing into the cusp antiparallel to the magnetic field while field line 20 has
plasma flowing onto disconnected field lines in the lobe parallel to the magnetic field.

The right-hand side of Figure 1 shows a different kind of reconnection for northward IMF. This type of
reconnection occurs between magnetosheath field lines and closed field lines that are poleward of the cusp.
The magnetosheath field line, 1, reconnects in the southern hemisphere creating field lines 10 and 20, with
one foot in the southern and northern hemisphere ionosphere, respectively. The other end of field line 10

convects with the solar wind and is likely to reconnect in the northern hemisphere poleward of the cusp.
One end of the open field line, 20, also convects tailward with the solar wind. From here on, this type of
reconnection is referred to as nonlobe reconnection. This term is used here to describe reconnection at high
latitudes, poleward of the cusp, between magnetosheath field lines and closed field lines on the dayside.

The lower right-hand side of Figure 1 is an enlargement of the nonlobe reconnection topology. Equatorward
(sunward) of the reconnection site, the magnetic field topology resulting from nonlobe reconnection is
indistinguishable from that of lobe reconnection. However, poleward (tailward) of the reconnection site,
there are differences in the topologies. In particular, the field lines inside the magnetosphere are connected
to the ionosphere in the northern hemisphere for nonlobe reconnection and are completely disconnected
from the Earth for lobe reconnection. There have been simulations (Vennerstrom et al., 2005; Watanabe
et al., 2017) and observations (Onsager et al., 2001) arguing for nonlobe reconnection for northward IMF.

Figure 1. Two reconnection geometries for northward interplanetary magnetic field (adapted from Cowley, 1983). The left-
hand panels show lobe reconnection between a magnetosheath field line (1) and an open lobe field line in the magne-
tosphere (2). The right-hand panels show nonlobe reconnection between a magnetosheath field line (1) and a closed field
line in the magnetosphere (2). Both types of reconnection produce open field lines equatorward of the reconnection site.
Poleward of the reconnection site, reconnected lobe field lines are completely open to the solar wind while nonlobe
reconnection produces field lines with one foot in the northern ionosphere. The ion flows poleward of the reconnection site
combined with electron signatures distinguish the two geometries.
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Reconnection in the opposite hemisphere (the northern hemisphere in Figure 1) greatly complicates the
topology at the magnetopause because it can occur before or after the reconnection in the southern
hemisphere and can be lobe or nonlobe reconnection. The common occurrence of reconnection in both
hemispheres, though not simultaneous, insures that complicated field topologies exist essentially all the
time. These complicated topologies have implications for the electrons observed sunward of the magneto-
pause because they are able to move rapidly from one hemisphere to another. However, for the most part,
the slower moving ions provide information on the local reconnection conditions, provided the magneto-
pause crossing occurs sufficiently far away from the opposite hemisphere (e.g., Fuselier, Frahm, et al., 2014).

When combined with electron observations and magnetic field signatures in the vicinity of one of the cusps,
these ion observations distinguish lobe and nonlobe reconnection independent of the type of reconnection
in the opposite cusp. These combined particle and field signatures are exploited here to distinguish lobe and
nonlobe reconnection for northward IMF. Section 2 describes the Cluster instrumentation used in this study
and how it is used to distinguish the type of reconnection. Section 3 describes two southern hemisphere,
high-latitude magnetopause crossings under northward IMF conditions, one crossing where lobe reconnec-
tion was taking place and one crossing where nonlobe reconnection was taking place. This section provides
the observations interleaved with interpretations because it is important to build the case for lobe or nonlobe
reconnection in a piecemeal fashion. At the end of the section, after the cases have been built, a summary of
the observations and their interpretation is provided to compare and contrast the two events. Section 4
describes results of a survey of high-latitude magnetopause crossings by the Cluster spacecraft. With some
important caveats, this survey provides some indication how often nonlobe reconnection occurs at the day-
side magnetopause under northward IMF. Section 5 summarizes this work.

2. Instrumentation

Electron, ion, andmagnetic field observations from the Cluster spacecraft are used here to identify signatures
of nonlobe reconnection and distinguish these signatures from lobe reconnection.

Electron observations in this paper are from the Plasma Electron and Current Experiment analyzers
(Johnstone et al., 1997; Szita et al., 2001). These analyzers measure a full 3-D distribution over a combined
energy range from 0.6 eV to 26 keV and with a maximum time resolution of 4 s (one spacecraft spin).
Electron observations are used in combination with magnetic field data from the Cluster magnetometer
experiment (Balogh et al., 1997) to determine streaming directions of suprathermal electrons in the magne-
tosheath boundary layer (MSBL) and the cusp. The MSBL is the reconnection layer adjacent to the magneto-
pause on the magnetosheath side. Heated, streaming suprathermal electrons in the MSBL are a unique
signature of reconnection and open field line topologies at the magnetopause. Magnetosheath electrons
are heated at the current layer and stream along open field lines into the MSBL and into the cusp/lobe.
The heated electrons stream from the reconnection site along the magnetic field. When the Cluster space-
craft is between two reconnection sites, it observes bidirectional streaming electrons in the MSBL. For north-
ward IMF, the direction of dominant streaming also often indicates which hemisphere reconnected first
(Lavraud, Thomsen, et al., 2005; Fuselier, Petrinec, et al., 2014), although, as will be shown in the next section,
there are other interpretations of this dominant streaming direction. Inside the magnetopause and in the
magnetospheric cusps, bidirectional streaming electrons are often observed. These streaming electrons indi-
cate that the spacecraft is either on closed field lines or on open field lines between a heating source (the
magnetopause current layer) and an ionospheric mirror point. Thus, a great deal of information on the topol-
ogies of field lines in the magnetosheath and in the cusp near the magnetopause is inferred from the pre-
sence of streaming electrons and their streaming directions. Streaming electrons have been used to infer
the topology of field lines near the Earth’s magnetopause (Fuselier et al., 1995, 1997, 2012; Fuselier,
Petrinec, et al., 2014; Lavraud, Thomsen, et al., 2005; Lavraud et al., 2006; Onsager et al., 2001; Zhong et al.,
2013) and at the magnetopauses of Jupiter and Saturn (Badman et al., 2013; Ebert et al., 2017; Fuselier,
Frahm, et al., 2014; McAndrews et al., 2008).

Ion observations in this paper are from the Cluster Ion Spectrometer Hot Ion Analyzer and Composition and
Distribution Function Analyzer (Reme et al., 2001). These analyzers measure a full 3-D ion distribution over an
energy range from about 5 eV to 32 keV (Hot Ion Analyzer) and to 40 keV (Composition and Distribution
Function Analyzer) with a maximum time resolution of 4 s. The ion velocity moments are used to

10.1029/2018JA025435Journal of Geophysical Research: Space Physics

FUSELIER ET AL. 8277



determine where the spacecraft crosses the magnetopause relative to the reconnection location. In addition
to ion moments, 3-D ion distribution functions are used here in conjunction with the electron observations to
determine magnetic field topology and reconnection entry locations. Ion distributions in the cusp have been
used previously to determine entry times and locations (Fuselier, Petrinec, et al., 2014).

Solar wind observations are from the Advanced Composition Explorer and Wind spacecraft. Solar wind
plasma measurements (McComas et al., 1998; Ogilvie et al., 1995) are used to determine convection times
from upstream spacecraft to the magnetopause, and solar wind magnetic field measurements (Lepping
et al., 1995; Smith et al., 1998) are used to determine IMF clock angles. The IMF clock angles are used in a
model (see Trattner et al., 2007) to predict the magnetic shear at the magnetopause and the location of anti-
parallel reconnection sites (see Fuselier, Petrinec, et al., 2014).

3. Observations
3.1. 10 March 2004: Lobe Reconnection

Figure 2 shows Cluster 3 observations of a crossing poleward of the southern cusp on 10 March 2004. The
panels from top to bottom are (a) the omnidirectional ion flux, (b) the ion density, (c) the ion temperature,
(d and e) the ion velocities in GSM coordinates and parallel and perpendicular to the magnetic field, (f) the
three components and magnitude of the magnetic field, and (g and h) the electron fluxes parallel and anti-
parallel to the magnetic field. The spacecraft is in the magnetosheath and crosses the magnetopause first at
1226 UT (shown by the solid vertical line), then makes several partial crossings (shown by vertical dashed
lines), and finally, makes two additional full crossings before entering the magnetosphere/lobe after
1233:30 UT.

Across the magnetopause current layer, the magnetic field in (f) rotates from positive BZ in the
magnetosheath/MSBL to negative BZ in the magnetosphere/lobe. This rotation indicates that the spacecraft
crossed the magnetopause poleward of the southern cusp. For crossings equatorward of the cusp, the BZ
component would remain positive across the magnetopause. All of the current layer crossings in Figure 2
are poleward of the southern cusp because they all show rotation from BZ positive in the
magnetosheath/MSBL to BZ negative in the magnetosphere/lobe.

In the magnetosheath/MSBL, (g) and (h) show that there are periods of high and low fluxes of electrons with
energies from about 0.4 up to 2 keV. Low fluxes both parallel and antiparallel to the magnetic field, for exam-
ple, at 1223 UT, are times when the spacecraft is in the magnetosheath and not magnetically connected to
any magnetopause reconnection site. High fluxes are times when the spacecraft is in the MSBL and is obser-
ving either heated, unidirectional streaming magnetosheath electrons on open field lines or heated, bidirec-
tional streaming electrons on closed field lines. Bidirectional streaming, for example, from 1221 to 1222 UT,
indicates that the spacecraft is on magnetosheath field lines that have likely reconnected poleward of both
the southern and northern cusps.

Figure 3 compares electron fluxes parallel and antiparallel to the magnetic field for two time periods in the
MSBL with fluxes in the magnetosheath (these time periods are identified by the blue triangles in Figure 2
g). The panel on the left in Figure 3 compares a time period when unidirectional streaming electrons were
present in the MSBL with one in the magnetosheath. The parallel propagating populations in the MSBL
and magnetosheath are nearly the same. However, the antiparallel propagating population in the MSBL
has an extra population of higher energy streaming electrons that originate from open field lines at the mag-
netopause. The panel on the right in Figure 3 compares a time period when bidirectional streaming electrons
were present in the MSBL with one in themagnetosheath. In this panel, only the lowest energy populations in
the MSBL and magnetosheath are similar. Both the parallel and antiparallel populations in the MSBL are
dominated by streaming electrons that originate from the open field lines associated with two reconnection
sites poleward and equatorward of the spacecraft.

Bidirectional streaming is nearly always observed at high latitudes and indicates that this type of double
reconnection is common (Lavraud, Thomsen, et al., 2005; Lavraud et al., 2006; Fuselier et al., 2012). There
are also bursts of unidirectional streaming electrons, for example, in the time period from 1222 to 1223:30
UT in Figure 2. The predominantly antiparallel direction of this streaming has at least two interpretations.
In the first interpretation, the spacecraft is in the MSBL poleward/southward of the southern hemisphere
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high-latitude reconnection site and observes antiparallel streaming electrons from that site only. In the
second interpretation, the reconnection site northward of the spacecraft (probably all the way poleward of
the northern cusp) reconnects first as the field line drapes against the magnetopause and the spacecraft is
observing streaming electrons from the northern hemisphere site only. In the first interpretation, the

Figure 2. Cluster 3 observations during a series of magnetopause crossings where lobe reconnection is occurring. The
regions are identified by the bars at the top. From top to bottom are the omnidirectional ion flux, the ion density and
temperature, the ion velocities in geocentric solar magnetospheric (GSM) and field aligned coordinates, the magnetic field
in GSM, and the electron fluxes parallel and antiparallel to the magnetic field. Partial crossings of the magnetopause
current layer are identified by the vertical dashed lines, and full crossings are identified by vertical solid lines. (a) The gray
triangles show the times of three ion distribution functions in Figure 4. The magnetic field rotates from northward in the
magnetosheath to southward in the magnetosphere. The southward field direction in the magnetosphere indicates
that the spacecraft crosses poleward of the southernmagnetospheric cusp. Bidirectional heated, streaming electrons in the
magnetosheath boundary layer indicate that reconnection is occurring in both hemispheres, probably poleward of both
the northern and southern cusps. The high ion velocities in the cusp that are primarily antiparallel to the magnetic field, for
example, at 12:27 UT are magnetosheath ions that have crossed the magnetopause and are propagating toward the
southern ionosphere. The propagation direction and the bidirectional streaming electrons indicate that the spacecraft
crossed the magnetopause equatorward of the high-latitude reconnection site. The last two crossings at 1232 UT and 1233
UT are different. Inside the magnetosphere, there are low ion fluxes at ~1 keV and low electron fluxes. The low fluxes
indicate that the spacecraft is in the lobe, probably on field lines that are completely open.
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alternation between unidirectional, anti parallel streaming, and bidirectional streaming may indicate that the
spacecraft is very close to the southern hemisphere reconnection site. In the second interpretation, the
distance to either the northern or the southern hemisphere reconnection site is not known.

Across the magnetopause current layer and in the cusp, there are several time periods when the heated,
bidirectional streaming electrons persist. In these periods, the spacecraft is likely on field lines that are either
open with one foot in the ionosphere or are closed with foot points in both the northern and southern high-
latitude ionosphere. Given that reconnection may not only occur first in the northern hemisphere but also
occur sometime later in the southern hemisphere, it is possible that these periods where the heated, bidirec-
tional streaming electrons persist are times when the spacecraft is on recently closed field lines. On these
field lines, the spacecraft observes electrons that entered the cusp in both the northern and southern hemi-
spheres and are mirroring in both ionospheres.

The final two crossings of the current layer, at 1232 and 1233 UT in Figure 2, are different from the earlier
crossings. In particular, these two crossings show different electron signatures inside the magnetosphere.
At the current layer crossing at 1233 UT, antiparallel and parallel streaming electrons persist as the field
rotates in the current layer. However, after that rotation is complete, the parallel streaming electrons persist
briefly and then the spacecraft is on field lines with only low fluxes of low-energy electrons. There are bursts
of low-energy electrons primarily in the parallel direction and one brief burst of bidirectional streaming
higher-energy electrons at 1235:30 UT. The absence of significant fluxes of bidirectional streaming electrons
in the energy ranges from a few tens of eV to several keV, and a similar absence of significant fluxes of mag-
netosheath ions at ~1 keV in (a) indicates that the spacecraft was mostly on lobe field lines from 1233 UT to
1240 UT. The lower energy, predominantly parallel streaming electrons observed at 1238 UT, for example, are
likely magnetosheath electrons that enter onto field lines that are completely disconnected from the iono-
sphere, as illustrated by field line 20 in Figure 1, lower left-hand panel.

Figures 2d and 2e show ion flow velocities. In the magnetosheath and MSBL, the flow velocities in GSM coor-
dinates in (d) show that the ions have very little velocity in the Y direction and the velocities in the X and Z
directions are mostly negative. Given the position of the spacecraft in the southern hemisphere, the negative
X and Z velocities are consistent with flow around the magnetospheric obstacle. The velocities in (e) in field-
aligned coordinates show that the magnetosheath flow is primarily antiparallel to the magnetic field, again
consistent with flow around the magnetosphere in the northward IMF-dominated magnetosheath. The flow
in the MSBL, for example, from 1221 to 1222 UT, is lower than the flow in the magnetosheath, for example, at

Figure 3. Electron distributions in the magnetosheath boundary layer (MSBL) and magnetosheath. (left) A population of
unidirectional electrons in the MSBL is streaming antiparallel to the magnetic field, while the populations parallel to the
magnetic field in the MSBL and magnetosheath are very similar. (right) Bidirectional streaming electrons in the MSBL
dominate the distribution at nearly all energies, and the distributions in the MSBL and magnetosheath are similar only at
the lowest energies.
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1223 UT. An explanation for this reduction in the flow speed is provided below. In the cusp, for example,
centered on 1227 UT, there are fast sunward/northward flows. Panel e shows that these fast flows are
antiparallel to the magnetic field. Since the magnetic field reversed across the magnetopause, the
antiparallel flows are directed toward the ionosphere along reconnected field lines from the southern cusp.

The lower panels of Figure 4 show ion distributions in (a) the magnetosheath, (b) MSBL, and (c) cusp for the
crossing at 1226 UT in Figure 2. The distributions are 2-D slices in the V||-V⊥ plane in the frame where the bulk
velocity perpendicular to the magnetic field direction is zero. Below each 2-D distribution is a 1-D cut along
the V||direction.

Figure 4. (upper left-hand panel) Schematic of the magnetopause crossing showing the location of the three ion distributions in the bottom panels. (upper right-
hand panel) Y-Z geocentric solar magnetospheric projection of the shear angles at the magnetopause showing the location of the Cluster spacecraft poleward of the
southern cusp. The spacecraft crosses the magnetopause equatorward of the southern reconnection site. In the bottom panels, the magnetosheath population is
flowing antiparallel to the magnetic field, in the direction around the magnetosphere. This population is seen in the magnetosheath boundary layer along with a
high-speed population propagating parallel to the field. The parallel-propagating population is from the reconnection site that is poleward of the spacecraft. In the
cusp, the high-speed population is propagating toward the southern ionosphere.
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In the magnetosheath (a) a single ion population streams antiparallel to the magnetic field (i.e., around the
magnetospheric obstacle). This same magnetosheath population is in the MSBL (b along with a second
population that is streaming parallel to the magnetic field. The parallel-streaming population is a
combination of “reflected” ions (Cowley, 1982; Fuselier et al., 1991) and ions that have “leaked” out of
the magnetosphere on open field lines and are streaming away from the reconnection site that is
southward/tailward of the spacecraft. The flow velocity of the combined populations in the MSBL is lower
than the flow velocity of the single magnetosheath population. This combination explains the lower anti-
parallel velocities in the MSBL in Figure 2e) when compared to the velocities in the magnetosheath. The
MSBL distribution (b) is observed during a period of bidirectional streaming electrons, possibly from both
the northern and southern reconnection sites. Accepting this interpretation of bidirectional streaming
electrons, no antiparallel streaming ions are observed at higher velocities in the MSBL because the north-
ern reconnection site is too far away from the spacecraft. Thus, even though the electron observations
suggest that the northern hemisphere reconnection occurred first, there was not sufficient time for the
slower ions to arrive in the southern hemisphere. The cusp distribution (c) in Figure 4 shows a single, fast,
antiparallel streaming magnetosheath population. These are the magnetosheath ions that crossed the
magnetopause current layer and are propagating toward the ionosphere. The bend in the distribution
indicates that these ions entered the cusp at a location where the magnetic field strength is lower and
that they are conserving their first adiabatic invariant as they propagate into a cusp region where the field
strength is higher (see, e.g., Fuselier, Petrinec, et al., 2014; Broll et al., 2017). Bidirectional streaming elec-
trons from both hemispheres or from the magnetosheath and the southern ionosphere are observed at
time (c). However, the ions are streaming in one direction (toward the ionosphere) because there was
insufficient time after reconnection to allow the ions to travel to the ionosphere, mirror, and return to
the spacecraft.

The upper left-hand panel of Figure 4 shows the field topology and the spacecraft trajectory through the
reconnected field lines for the three distributions in the lower panels. The upper right-hand panel shows
the magnetic shear at the magnetopause for the crossing at 1226 UT. These shear angles were computed
using modeled, draped magnetosheath (in white in Figure 4) and magnetospheric field lines as described
previously (e.g., Fuselier, Frahm, et al., 2014; Trattner et al., 2007). They show that the spacecraft was at high
latitudes just poleward of the cusp when it crossed the reconnected field lines. The right-hand panel also
shows that the antiparallel reconnection site in the southern hemisphere is relatively far from the spacecraft
along the draped magnetic field.

In summary, the plasma andmagnetic field data in Figures 2–4 illustrate a classic encounter of lobe reconnec-
tion between magnetosheath and previously open (lobe) field lines. The observations provide the location of
the magnetopause crossings relative to the reconnection sites and the topology of the field lines. The mag-
netic field, electrons, and ions play complementary roles in the interpretation of the magnetopause crossings
in Figure 2. The magnetic field indicates the location of the spacecraft crossing relative to the cusp. The elec-
trons indicate that multiple reconnection was occurring and indicate two possible interpretations where this
reconnection is occurring. They also indicate that the spacecraft was occasionally on lobe field lines in the
magnetosphere. The ions help resolve which interpretation from the electrons is more likely.

The magnetic field rotations from north to south across the magnetopause indicate that the spacecraft
always crossed the magnetopause poleward/tailward of the magnetospheric cusp. Bidirectional streaming
electrons in the MSBL indicate that reconnection was likely occurring poleward of both cusps (i.e., dual-lobe
reconnection was occurring at the high-latitude magnetopause). The unidirectional, predominately antipar-
allel streaming electrons in the MSBL are interpreted one of two ways: First, that the spacecraft was occasion-
ally on field lines connected to a southern hemisphere reconnection site that was equatorward/sunward of
the spacecraft. Second, that reconnection was occurring in the northern hemisphere first (probably poleward
of the northern cusp) and later reconnection occurs poleward of the southern cusp to form closed field lines.
For several intervals in the cusp, bidirectional streaming electrons and antiparallel streaming ions indicate
that the spacecraft crossed equatorward/sunward of the reconnection site in the southern hemisphere, sup-
porting the first interpretation of the unidirectional streaming electrons in the MSBL. Occasionally, especially
for the last two full crossings in Figure 2, the spacecraft observes low-energy, parallel streaming electrons.
These are times when the spacecraft is on lobe field lines and indicates that lobe reconnection was occurring
in the southern hemisphere.
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3.2. 9 November 2005: Nonlobe Reconnection

Figure 5 shows Cluster 3 observations of a crossing poleward of the southern cusp on 9 November 2005. The
format is the same as that in Figure 2. The spacecraft starts in the cusp/magnetosphere at 1340 UT and, after
eight partial and full magnetopause crossings (identified by vertical solid and dashed lines, respectively),
returns to the magnetosphere at 1353 UT.

Across the current layer, for example, from 1342:30 to 1344:30 UT, themagnetic field rotates from negative BZ
in the magnetosphere/cusp to positive BZ in the magnetosheath/MSBL. This rotation is similar to the rotation
across the current layers in Figure 2 and indicates that the spacecraft crosses the magnetopause poleward of
the southern cusp.

Also similar to the observations in Figure 2, Figures 5g and 5h show that there are many periods in the cusp
and MSBL where heated, bidirectional streaming electrons are observed and some intervals in the MSBL
where unidirectional streaming electrons are observed. In fact, the only time periods when there are no
heated electrons are briefly around 1343:30 UT and from 1351:30 to 1352:30 UT. For these two intervals,
the spacecraft is in the magnetosheath and not connected to any reconnection site. Similar to Figure 2,
the unidirectional streaming in the MSBL in Figure 5 is predominately in the antiparallel direction, for exam-
ple, near 1348 UT and 1350:30 UT.

Figure 6, analogous to Figure 3, compares electron fluxes parallel and antiparallel to the magnetic field for
two time periods in the MSBL with fluxes in the magnetosheath (these time periods are identified by the blue
triangles in Figure 4g). The panel on the left in Figure 6 compares a time period when unidirectional stream-
ing electrons were present in the MSBL with one in themagnetosheath. The parallel propagating populations
in the MSBL and magnetosheath are nearly the same except at the highest energies, where the differences
are due to counting statistics. However, the antiparallel propagating population in the MSBL has an extra
population of higher energy streaming electrons that originate from open field lines at the magnetopause.
The panel on the right in Figure 6 compares a time period when bidirectional streaming electrons were pre-
sent in the MSBL with one in the magnetosheath. In this panel, only the lowest energy populations in the
MSBL and magnetosheath are similar. Both the parallel and antiparallel populations in the MSBL are domi-
nated by streaming electrons that originate from the open field lines associated with two reconnection sites
poleward and equatorward of the spacecraft.

As in the other event, the unidirectional streaming direction in Figures 5 and 6 is interpreted in at least two
ways. In the first interpretation, the spacecraft is poleward/tailward of a nearby southern hemisphere recon-
nection site (e.g., the upper left-hand sketch in Figure 7) and second, the reconnection site in the northern
hemisphere reconnected first. Bidirectional streaming in the MSBL occurs when the spacecraft is between
two reconnection sites, and these sites are likely poleward of the northern hemisphere and southern hemi-
sphere cusps. Inside the magnetosphere, heated, bidirectional streaming electrons are always observed. In
Figure 5, there are no intervals where the spacecraft is on lobe field lines, similar to the lobe intervals in
Figure 2. Using only the electron and magnetic field observations in Figure 5, it is not possible to determine
if the spacecraft crosses from the magnetosheath onto reconnected field lines equatorward/sunward of a
southern hemisphere reconnection site or if the spacecraft crosses onto nonlobe reconnected field lines
poleward/tailward of a southern hemisphere reconnection site.

The ion flows in Figures 5d and 5e distinguish these two different crossing locations and magnetic field
topologies. In (d) the magnetosheath flow, for example, from 1349:15 to 1353 UT, is tailward and
poleward, again consistent with flow around the magnetosphere. However, the flow in the cusp is
opposite to that of the cusp intervals in Figure 2. In particular, the cusp flows in Figure 5, for example,
from 1342 to 1343 UT, are poleward/tailward in (d) and parallel to the field in (e). Parallel flows in the cusp
are consistent with a spacecraft crossing poleward/tailward of a reconnection site in the southern
hemisphere. A crossing equatorward/sunward of the reconnection site would show antiparallel flows like
those in Figure 2.

The lower panels of Figure 7 show ion distributions in (a) the magnetosheath, (b) MSBL, and (c) cusp for the
crossing at 1343 UT in Figure 5. These distributions illustrate the ion flows in the MSBL and cusp. The format
and ordering are the same as in Figure 4 even though the spacecraft crosses from the magnetosphere to the
magnetosheath (see the upper left-hand panel of Figure 7).
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Figure 5. Cluster 3 observations during a series of magnetopause crossings where nonlobe reconnection is occurring. The format is the same as in Figure 2. The
magnetic field rotates from northward in the magnetosheath to southward in the magnetosphere, for example, from 1352 UT to 1354 UT. The southward field
direction in themagnetosphere indicates that the spacecraft crosses poleward of the southernmagnetospheric cusp. Bidirectional heated, streaming electrons in the
magnetosheath boundary layer, for example, from 1351 UT to 1351:10 UT, indicate that reconnection is occurring in both hemispheres, probably poleward of both
the northern and southern cusps. The high ion velocities in the cusp that are primarily parallel to the magnetic field, for example, at 1343:30 UT and 1347 UT, are
magnetosheath ions that have crossed the magnetopause poleward/tailward of the southern reconnection site. The ion propagation direction and the bidirectional
streaming electrons indicate that the spacecraft crossed the magnetopause poleward of the high-latitude reconnection site and that the cusp field lines have one
foot in the ionosphere (i.e., they are nonlobe reconnected field lines).
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In the magnetosheath (a) a single ion population streams antiparallel to the magnetic field, around the mag-
netospheric obstacle. This same magnetosheath population is in the MSBL (b), along with a second popula-
tion that is also streaming antiparallel to themagnetic field. The cut along to themagnetic field in distribution
(b) shows that the two populations are not completely resolved; however, the antiparallel temperature is
higher and there is clearly more flux at higher negative velocities. This second population is interpreted as
the combination of the “reflected” and “leaked” ion populations that are streaming out of themagnetosphere
and away from the reconnection site that is equatorward/sunward of the spacecraft. In the cusp (c), there are
two populations. One population is at near zero parallel velocity, while the other is streaming parallel to the
magnetic field at a higher speed. The high-speed population consists of magnetosheath ions that crossed the
magnetopause current layer and are propagating into the magnetosphere, but along nonlobe reconnection
field lines that are connected to the northern hemisphere cusp. The origin of the distribution at near-zero
velocity is not entirely clear. However, it could be the magnetosheath population that crosses the open mag-
netopause locally (e.g., Fuselier et al., 1995; Fuselier, Petrinec, et al., 2014). These two distributions are
observed when bidirectional streaming electrons are observed. The heated, bidirectional streaming electrons
are a critical piece of information that indicates that the spacecraft was either on a closed field line or, more
likely, on a nonlobe reconnected field line with one foot in the northern ionosphere.

The upper left-hand panel of Figure 7 shows the field topology and the spacecraft trajectory through the
reconnected field lines for the three distributions in the lower panels. The upper-right-hand panel shows
the magnetic shear at the magnetopause for the crossing at 1343 UT. The format is the same as in
Figure 4. For the crossing in Figure 7 at 1343 UT, the spacecraft was located at a somewhat higher latitude
from the cusp than for the crossing in Figure 4. This higher latitude is compatible with the fact that the recon-
nection site was equatorward/sunward of the spacecraft nearly all the time in the interval in Figure 5. Also,
the spacecraft appears to have no magnetic connection to the southern hemisphere antiparallel reconnec-
tion site and any magnetic connection to this site would result in ion flows parallel to the magnetic field in
the MSBL. These flows would be inconsistent with the antiparallel flowing population seen in Figure 7. The
lack of an apparent connection with the southern hemisphere reconnection site suggests that Cluster
observes component reconnection in the southern hemisphere. Thus, there may be a mixture of component
and antiparallel reconnection in this and other nonlobe reconnection events at the magnetopause.

In summary, the plasma and magnetic field data in Figures 5–7 illustrate a classic encounter of nonlobe
reconnection between magnetosheath and previously closed magnetospheric field lines. The combination

Figure 6. Similar to Figure 3, electron distributions in the magnetosheath boundary layer (MSBL) and magnetosheath.
(left) A population of unidirectional electrons in the MSBL is streaming antiparallel to the magnetic field, while the
populations parallel to the magnetic field in the MSBL and magnetosheath are very similar. (right) Bidirectional streaming
electrons in the MSBL dominate the distribution at energies above about 100 eV.
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of electron and ion observations distinguishes this type of reconnection from lobe reconnection and
provides the relative location of the reconnection sites and the topology of the field lines. Like the lobe
reconnection example, the magnetic field, electrons, and ions play complementary roles in the
interpretation of the magnetopause crossings in Figure 5. The magnetic field indicates the location of the
spacecraft crossing relative to the cusp. The electrons indicate that multiple reconnection was occurring
and indicate two possible interpretations where this reconnection is occurring. They also indicate that the
spacecraft was never on lobe field lines in the magnetosphere. The ions help resolve which interpretation
from the electrons is more likely. Finally, in combination with the magnetic field and the electron flow
directions, the ion flow direction indicates that the spacecraft was on previously closed field lines in the cusp.

Figure 7. (upper right-hand panel) Schematic of the magnetopause crossing showing the location of the three ion distributions in the bottom panels. (upper right-
hand panel) Y-Z geocentric solar magnetospheric projection of the shear angles at the magnetopause showing the location of the Cluster spacecraft poleward of the
southern cusp. The spacecraft crosses the magnetopause poleward of the southern reconnection site. In the bottom panels, the magnetosheath population is
flowing antiparallel to the magnetic field, in the direction around the magnetosphere. This population is seen in the magnetosheath boundary layer (MSBL) along
with a high-speed population also propagating antiparallel to the field. The two populations are not completely resolved; however, the parallel temperature of the
combined populations is clearly higher than that of the magnetosheath population alone and there is considerably more flux at high velocities in the antiparallel
direction in the MSBL. The antiparallel propagating population is from the reconnection site that is equatorward of the spacecraft. In the cusp, the high-speed
population is propagating parallel to the field. This population is on field lines that are connected to the northern hemisphere ionosphere.
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In Figure 5, the magnetic field rotation from north in the magnetosheath to south in the cusp indicates that
the spacecraft always crossed the magnetopause poleward/tailward of the magnetospheric cusp. This loca-
tion is also evident in the upper right-hand panel in Figure 7. Bidirectional streaming electrons in the MSBL
indicate that reconnection was probably occurring poleward of both the northern and southern hemisphere
cusps. The unidirectional, predominately antiparallel streaming electrons in the MSBL, combined with the
parallel ion flows in the cusp indicate that the spacecraft was often poleward/tailward of the southern hemi-
sphere reconnection site. The alternating bidirectional and unidirectional streaming electrons in the MSBL
indicate that the southern hemisphere reconnection site may have been relatively near the spacecraft. The
spacecraft does not observe any intervals of low-energy electrons, indicative of the lobe. Instead, the ion flow
velocities in the cusp are parallel to the magnetic field, indicating crossings onto field lines that are
poleward/tailward of the reconnection site. The ubiquitous presence of bidirectional streaming electrons
earthward of the magnetopause indicates that at least one foot of these field lines is in the ionosphere.
Thus, the combination of a crossing poleward/tailward of a reconnection site and reconnected field lines with
at least one foot in the ionosphere indicates that the spacecraft observed nonlobe reconnection similar to the
topology in the right-hand panel of Figure 1.

Figure 8 is a flowchart that compares and contrasts the observations from the two events in this section. Both
events occur at the high-latitude southern magnetopause under northward IMF, and Figure 8 describes the
interpretation of crossings from the magnetosheath to the magnetosphere. The interpretation of the
observations occurs in three steps. In the first step, the location of the spacecraft crossing relative to the cusp
is determined by the change in the Z component of the magnetic field. The rotation of the field from
northward to southward indicates that the spacecraft crosses the magnetopause poleward of the cusp for
both events. In the second step, the location of the spacecraft crossing relative to the southern reconnection
site is determined by the direction of propagation of the reflected/leaked ions in the MSBL and the dominant
streaming direction of the electrons in the MSBL. For some MSBL intervals for the 10 Mar 2004 event,
reflected/leaked ions stream parallel to the field, indicating a spacecraft location equatorward of the
reconnection site. For other MSBL intervals for the 10 Mar 2004 event, there are predominantly antiparallel
streaming heated electrons, indicating that the spacecraft was sometimes poleward of the reconnection site.
In contrast, for all MSBL intervals for the 9 November 2005 event, reflected/leaked ions stream antiparallel to
the field. The predominantly antiparallel streaming heated electrons indicate that the spacecraft was always
poleward of the reconnection site. Finally, in the third step, the type of magnetospheric field line that
reconnects at the southern reconnection site is determined from the ion streaming direction in the cusp
and the presence or absence of lobe plasma. For the 10 March 2004 event, the antiparallel streaming ions
(i.e., toward the southern ionosphere) indicate lobe field lines when the spacecraft crosses equatorward of

Figure 8. Flow chart that describes how to distinguish lobe and nonlobe reconnection. There are three steps to this distinc-
tion. The first two steps establish the location of the spacecraft relative to the cusp and relative to the southern hemisphere
reconnection site. The last step uses the ion and electron streaming directions to distinguish crossings into the cusp
that are equatorward of the reconnection site and poleward of the reconnection site for nonlobe or lobe reconnection.
Magnetic field and streaming directions change for high northern latitude magnetopause crossings.
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the reconnection site. For those crossings poleward of the reconnection site, lobe plasma is observed (only
low energy electrons). In contrast, for the 9 November 2005 event, the parallel streaming ions in the cusp
combined with the bidirectional streaming, heated electrons indicate nonlobe field lines with one foot in
the northern hemisphere.

4. Survey of High-Latitude Reconnection

Section 3 demonstrated that combined ion, electron, and field observations are able to distinguish lobe and
nonlobe reconnection topologies for northward IMF. In this section, a survey of Cluster magnetopause cross-
ings is conducted to estimate approximately how often nonlobe reconnection occurs. The starting point of
this survey is a database of 6,845 magnetopause crossings by Cluster from 2001 to December 2009 that were
analyzed by Fuselier et al. (2012). They imposed several criteria on this database, which are adopted here.
These criteria are (1) IMF Bx/B < 0.7, to avoid problems with the draping model (Trattner et al., 2007); (2)
IMF clock angle within ±55° of northward; and (3) magnetopause crossings within ±4 hr of local noon. Out
of the original database, 388 magnetopause crossings over latitudes ranging from +80° to �90° were
selected. Fuselier et al. (2012) showed that, for this database, reconnection was occurring for at least 90%
of the events, in agreement with other studies of the northward IMF magnetopause. Here two additional cri-
teria are imposed: (1) northward IMF ±5 min around the magnetopause crossing or crossings and (2) magne-
topause crossings poleward of either the northern or southern hemisphere magnetospheric cusp. The
rotation in the magnetic field from positive in the magnetosheath to negative in the magnetosphere, as seen
in the crossings in Figures 2 and 5, indicates that the spacecraft crosses the magnetopause poleward of the
cusp. With these two additional criteria, a large number of low-latitude crossings were eliminated and 39
magnetopause crossings poleward of the cusp that met all the criteria were identified. These 39 crossings
are summarized in Table 1.

Columns in Table 1, from left to right, are the event (magnetopause crossing) number, event date, magneto-
pause crossing time, GSM coordinates of the Cluster 3 spacecraft in Earth Radii (RE), the clock angle of the IMF,
the GSM latitude of the crossing, evidence for bidirectional streaming electrons in the MSBL, evidence of lobe
intervals in the magnetosphere, and the reconnection type (L = lobe reconnection and NL = nonlobe recon-
nection). Bidirectional streaming electrons in the MSBL are evidence for multiple reconnection sites. For lobe
reconnection, these sites are located in opposite hemispheres. The presence of lobe intervals is used to indi-
cate the possibility of lobe reconnection; however, this evidence is probably necessary, but not sufficient.
Finally, the type of reconnection is determined by the following logic.

For lobe reconnection, the presence of lobe intervals in the magnetosphere near the crossing is required and
either one of two flow characteristics is required: (1) antiparallel ion flows in the southern hemisphere or par-
allel flows in the northern hemisphere for crossings equatorward of the reconnection site or (2) either parallel
electron streaming in the southern hemisphere or antiparallel electron streaming in the northern hemisphere
interspersed with lobe intervals for crossings poleward/tailward of the reconnection site. Examples of these
criteria were discussed for the crossings in Figure 2 and are illustrated in the flowchart in Figure 8. If no lobe
intervals were observed and the crossings were equatorward of the reconnection site, then the type of recon-
nection is ambiguous and identified by a question mark.

For nonlobe reconnection, identification is based on the observations of bidirectional streaming electrons in
the cusp and either parallel ion streaming in the southern hemisphere or antiparallel ion streaming in the
northern hemisphere for crossings poleward of the reconnection site. Examples of this criterion were dis-
cussed for the crossing in Figure 5 and illustrated in the flowchart in Figure 8.

5. Discussion and Conclusions

Totaling up the number of events in Table 1, there are 5 events where the type of reconnection is not known,
10 events where nonlobe reconnection was occurring, and 24 events where lobe reconnection was occur-
ring. Thus, 30% of the total events where the type of reconnection could be identified were nonlobe recon-
nection events. Bidirectional streaming electrons were not observed in the MSBL in only three events. Two of
these three events were nonlobe reconnection events. As pointed out in section 3, if the spacecraft is always
poleward of the reconnection site, then it is possible to only observe unidirectional streaming electrons in the
MSBL even though reconnection may be occurring in both cusps. Thus, it is likely that reconnection is
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occurring poleward of both cusps essentially all the time independent of the type of reconnection (lobe or
nonlobe). As discussed in the introduction, this reconnection poleward of both cusps complicates the
magnetic topology, but lobe and nonlobe reconnection in the vicinity of one of the cusps are
still distinguishable.

There have been previous simulations of nonlobe reconnection at the magnetopause (e.g., Watanabe et al.,
2017). In addition, there have been previous observations of nonlobe reconnection at the magnetopause.
Lavraud et al. (2018) surveyed 7 years of THEMIS particle data for the simultaneous presence of high-energy
magnetospheric ion and electron populations and magnetosheath energy ion and electron populations in
the low latitude boundary layer during northward IMF. The high-energy populations are rapidly lost when
closed field lines are open, as in nonlobe reconnection. However, if there is reconnection first in one

Table 1
High-Latitude Magnetopause Crossings During Northward IMF

Event #
Date

(mm/dd/yy)
MP time
(hh:mm)

GSM X
(RE)

GSM Y
(RE)

GSM Z
(RE)

Clock angle
(deg)

GSM lat
(deg)

Evidence of
bidirectional streaming

electrons (Y or N)
Evidence of
lobe (Y or N)

Reconnection type
(L = lobe, NL = nonlobe,

? = not known)

1 12/03/01 10:03 3.29 6.02 �11.13 6 �74 Y N ?
2 12/03/01 10:14 3.30 5.73 �11.06 �8 �73 Y Y L
3 12/03/01 10:25 3.31 5.54 �11.01 15 �73 Y Y L
4 12/03/01 10:49 3.33 4.70 �10.73 �26 �73 Y Y L
5 02/08/02 02:48 5.62 2.30 �8.11 21 �55 Y N ?

6 04/23/02 08:18 3.99 �1.84 7.38 36 62 Y N NL

7 05/21/02 22.08 3.82 �6.67 5.81 �8 57 N N NL

8 12/19/02 06:54 3.23 �0.73 �7.94 48 �68 Y Y L
9 01/28/03 17:21 3.08 �0.54 �8.36 45 �70 Y Y L
10 03/19/03 15:54 1.71 �0.78 �9.73 54 �80 Y Y L

11 04/12/03 08:03 2.58 �4.51 �11.29 42 �77 Y N NL

12 12/27/03 18:38 4.21 2.16 �8.84 12 �65 Y Y L
13 02/06/04 03:42 5.55 2.13 �9.60 49 �60 Y Y L
14 02/27/04 15:41 1.52 �0.44 �9.06 3 �80 Y Y L
15 03/10/04 12:26 1.65 �1.63 �9.56 �18 �80 Y Y L
16 11/09/04 23:29 2.97 0.42 �7.67 �38 �69 Y Y L
17 11/09/04 23:48 3.03 0.06 �7.37 �40 �68 Y N ?
18 11/21/04 16:47 2.63 3.78 �11.12 �43 �77 Y Y L

19 11/21/04 16:50 2.63 3.78 �11.12 �43 �77 Y N NL

20 12/22/04 17:30 3.84 0.77 �8.66 20 �66 Y Y L

21 01/01/05 03:24 5.63 3.79 �9.50 16 �59 Y N NL

22 01/20/05 03:20 6.78 3.79 �9.52 3 �55 Y Y NL

23 01/20/05 03:23 6.78 3.79 �9.52 3 �55 Y Y NL

24 02/10/05 15:46 3.32 �0.31 �9.38 �6 �70 Y Y L
25 04/22/05 22:03 0.30 �0.48 �12.22 39 �89 Y N ?
26 11/02/05 14:24 3.37 �1.63 �8.94 �5 �69 Y Y L

27 11/09/05 13:47 2.34 0.83 �12.34 �36 �79 Y N NL

28 11/09/05 14:32 2.66 0.59 �11.69 �45 �77 Y Y L
29 12/22/05 10:22 5.13 �0.75 �10.46 31 �64 Y Y L
30 12/22/05 11:17 4.65 �1.58 �9.72 7 �64 Y Y L
31 01/03/06 07:47 5.37 �2.78 �10.41 17 �63 Y Y L
32 01/08/06 01:05 6.07 3.87 �10.16 �45 �59 Y N ?
33 01/08/06 01:11 6.07 3.87 �10.16 �45 �59 Y N L

34 01/08/06 01:37 5.70 3.22 �10.13 40 �61 Y N NL

35 02/03/06 06:22 4.64 �0.37 �10.65 53 �66 Y N L
36 02/03/06 06:34 4.36 �0.61 �10.52 51 �68 Y Y L

37 02/15/06 04:16 3.54 0.33 �10.74 25 �72 N N NL

38 02/15/16 04:33 3.24 0.09 �10.61 43 �73 N Y L
39 03/18/06 02:31 1.50 0.58 �11.47 34 �83 Y Y L

Note. Nine events show evidence of nonlobe reconnection, 35 events show evidence of lobe reconnection, and 5 events are not clear.
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hemisphere and a second reconnection of the same magnetosheath field line with a closed magnetic field
line in the magnetosphere, then both the high-energy magnetospheric and lower-energy magnetosheath
ion and electron populations are retained. Lavraud et al. (2018) found that only 6% of the total events fit this
type of nonlobe reconnection. However, they likely underestimate the occurrence frequency of nonlobe
reconnection because their observations require that the second, nonlobe reconnection occurs after the first
reconnection event and that the energetic magnetospheric ion and electron populations must be present on
the closed field lines prior to the second reconnection. More importantly, they had a sufficient number of
events to establish that this restrictive type of nonlobe reconnection favors northward IMF when the BY com-
ponent is fairly large. Thus, the selection here of events with weaker BY components may result in fewer non-
lobe reconnection events than if the full range of northward IMF orientations was used.

The presentation of separate lobe and nonlobe reconnection observations in Figures 2 and 5 suggests that
the two reconnection scenarios may be mutually exclusive. However, Onsager et al. (2001) demonstrated
for a long duration encounter with the high-latitude magnetopause that both types of reconnection may
occur either closely spaced in time or space. Furthermore, paired events 27 and 28 and 33 and 34 indicate
that the type of reconnection changes for two separate magnetopause encounters within 45 or 20 min of
one another, respectively.

Because of the complications in identifying lobe and nonlobe reconnection, the possible biasing of the sam-
pling, and the possible simultaneous occurrence of lobe and nonlobe reconnection in extended magneto-
pause encounters, drawing quantitative conclusions from the survey results in Table 1 should be done
very carefully. Pending a better way to survey the large data sets from Cluster and THEMIS, it is safe to say
that nonlobe reconnection appears to occur frequently at the magnetopause for northward IMF. Also, the
occurrence of nonlobe reconnection may be related to the length of time the IMF was northward (and the
amount of open lobe field lines available for reconnection). Therefore, the trapping of flux and the convection
of field lines into the Earth’s magnetotail for northward IMF should be reconsidered in light of the strong pos-
sibility that nonlobe reconnection occurs frequently at the magnetopause.
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