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Reconnection at the dayside magnetopause: Comparisons of
global MHD simulation results with Cluster and
Double Star observations
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[1] This study uses two conjunctions between Cluster and Double Star TC-1 spacecraft
together with global magnetohydrodynamic (MHD) simulations to investigate the
large-scale configuration of magnetic reconnection at the dayside magnetopause. Both
events involve southward interplanetary magnetic fields with significant B,, components.
The first event occurred on 8 May 2004, while both spacecraft were exploring the dawn
flank of the magnetosphere; TC-1 was skimming the magnetopause whereas Cluster
was exploring higher latitudes. Results from a global MHD simulation show the formation
of an equatorial merging line in the morning sector and suggest that the three-dimensional

geometry of the merging region is mostly a radial juxtaposition of planes displaying
X-type reconnection geometries. The second conjunction was on 6 April 2004. During
this event, Cluster was located at high latitudes and close to the noon-midnight meridian,
while TC-1 was exploring the dawnside at low latitudes. Analysis of the simulation
reveals that both antiparallel and component merging occurred simultaneously. Three-
dimensional rendering of the parallel electric field indicates that component merging
initiated in the subsolar magnetopause. Simulation runs carried out using different
parameters in the model suggest that the spread of the merging region depends on the local
resistivity. The subsolar-merging region grows with increasing resistivity values and
becomes patchy when a resistivity threshold is used. However, the region of component
merging appears to remain spatially constrained to the subsolar region where stronger
parallel electric fields occur and no clear connection with the antiparallel-merging regions

is found for the range of parameters surveyed.

Citation: Berchem, J., et al. (2008), Reconnection at the dayside magnetopause: Comparisons of global MHD simulation results
with Cluster and Double Star observations, J. Geophys. Res., 113, A07S12, doi:10.1029/2007JA012743.

1. Introduction

[2] Although magnetic reconnection is well known, the
large-scale process by which the IMF merges with the
geomagnetic field at the dayside magnetospheric boundary
has proven difficult to assess. For example, it is still
unknown whether merging occurs preferentially in the
subsolar region of the magnetopause through component
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merging during southward IMF [e.g., Sonnerup, 1970,
1974; Cowley, 1973, 1974a, 1974b, 1976; Gonzalez and
Mozer, 1974; Hill, 1975] or, alternatively, the presence of
even a small east-west IMF component forces the merging
region to split into two branches away from the subsolar
region, as predicted by the antiparallel merging model
[Crooker, 1979; Luhmann et al., 1984]. In particular, it
has been difficult to determine the 3-D properties and
consequences of the merging process. Most of the commu-
nity still relies on 2-D pictures and phenomenological
models to test for the occurrence of magnetic reconnection.

[3] Despite the limitations of available observations, a
considerable amount of information has been collected.
However, neither the component-merging model nor the
antiparallel-merging model alone provides a comprehensive
solution. For example, most of the low-latitude observations
of plasma flow reversals associated with reconnection during
periods of predominantly southward IMF were found to be
consistent with the component merging model [Sonnerup et
al., 1981; Paschmann et al., 1986; Gosling et al., 1990;
Phan et al., 1996]. For northward IMF the situation is more
ambiguous. While identification of reconnection signatures
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poleward of the cusps supports the antiparallel merging
model [e.g., Kessel et al., 1996; Russell et al., 1998], there
are also observations of signatures in particle distributions
that indicate reconnection can take place equatorward of the
cusp and thus be consistent with component merging
[Onsager and Fuselier, 1994; Fuselier et al., 1997,
Chandler et al., 1999].

[4] Tt has also been difficult to resolve the complex
signatures of the merging region’s global topology in the
observed ionospheric precipitation patterns. One of the
major stumbling blocks in the effort to do so has been
attaining an accurate mapping of ionospheric emissions to
magnetopause locations with accelerated particles. Although
observation-based magnetic field models [e.g., Tsyganenko,
1995] have been invaluable for mapping the merging region
for evaluating different hypotheses of the merging geome-
try, their use has been more equivocal in interpreting actual
observations. A low-velocity cutoff technique for precipi-
tating and mirroring magnetosheath ions in the cusp was
developed to calculate the distance to the reconnection line
[Fuselier et al., 2000a, 2000b; Trattner et al., 2004, 2005].
The distance found is subsequently traced back to the
magnetopause using Tsyganenko’s model, which calculates
the shear angle between the magnetospheric field and the
draped IMF field. Recently Trattner et al. [2004] used this
method to conduct statistical studies of reconnection during
northward IMF conditions. They found that antiparallel and
component merging were approximately equally likely to
occur. Trattner et al. [2004] also remarked that reconnection
was most likely to extend from small antiparallel reconnec-
tion sites to regions where the magnetic fields are no longer
strictly antiparallel, in effect suggesting that antiparallel and
component reconnection could plausibly occur simulta-
neously. However, their latest study, on the basis of
130 events with southward IMF, reveals that in general
magnetic reconnection occurs along an extended line across
the dayside magnetopause, which is consistent with the
tilted X-line predicted by the component-merging model
[Trattner et al., 2007].

[s] Early semiglobal MHD simulation models for south-
ward IMF suggested that reconnection occurs predominantly
in the subsolar region [e.g., Safo et al., 1986], which
supports the component-merging model. However, numer-
ical algorithms of these simulations were too diffusive to
support a detailed analysis of the topology of the reconnec-
tion region. Results from subsequent global studies were,
for the most part, consistent with antiparallel merging,
though the geometry of the merging region was usually
treated only peripherally. One notable result from these
studies was the identification of a region of weak magnetic
field strength for duskward IMF. This region was found to
run tailward along the high-latitude magnetopause flanks
from one dayside cusp to the other and to contain the
magnetic separator line. It was referred to as the magneto-
spheric sash and found to be consistent with the prediction
of merging site loci, as determined from the antiparallel-
merging model [White et al., 1998; Maynard et al., 2001].
Similarly, earlier global MHD simulations [e.g., Fedder et
al., 1995; Berchem et al., 1998b; Berchem, 2002] produced
localized regions of the dayside magnetopause marked by
high-beta plasma values that were also consistent with
antiparallel merging. Studies of lobe-cell convection using
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the global LFM code also supported the concept of anti-
parallel merging [Crooker et al., 1998]. Later Siscoe et al.
[2001], using results from a global MHD simulation,
computed the distribution of the parallel electric field along
the topological separator line between open and closed field
lines. They concluded that reconnection behavior is more
component-like for southward IMF conditions and more
antiparallel-like for northward IMF. In discussing the global
reconnection rate found by integrating the parallel electric
field along the separator, Siscoe et al. [2001] mentioned that
it appeared to be controlled by global physics rather than
local processes.

[6] Recently Moore et al. [2002] used the component-
merging concept and Tsyganenko and Stern’s [1996] mag-
netic field model to determine where reconnection occurs
for different clock angles of the IMF. The technique
employed was to choose points with the largest reconnect-
ing component and integrate the local X-line from that
point, tracing it wherever it led, much like tracing stream-
lines of a vector field. They found reconnection occurred in
the subsolar region of the magnetopause for virtually all
cases of southward IMF, with more complex patterns
developing during northerly orientation, including the for-
mation of separate merging lines both poleward and equa-
torward of the cusps. Dorelli et al. [2004] used global MHD
simulations to demonstrate that under generic northward
IMF conditions, magnetic reconnection occurs at the sub-
solar magnetopause via a flux pileup mechanism, though
other modes of reconnection may take place in stationary
reconnection sites [e.g., Siscoe et al., 2002]. These results
are in conflict with the component-merging model [e.g.,
Sonnerup, 1974] and most of the current interpretations of
global simulation results, which predict that subsolar recon-
nection is limited by the angle between the IMF and the
magnetospheric field. For example, Moore et al. [2002]
predicted that subsolar reconnection shut down completely
during exactly northward IMF. In a recent paper, Dorelli et
al. [2007] examined three-dimensional reconnection in
detail and argued that, even under northward IMF condi-
tions, reconnection displays features of both antiparallel
reconnection near the cusp nulls and component reconnec-
tion near the subsolar separator line.

[7] To summarize, determining the large-scale topology
of the reconnection processes occurring at the dayside
magnetopause is one of the most critical unresolved issues
of magnetospheric physics. Neither the component-merging
model nor the antiparallel-merging model alone is sufficient
for reaching a comprehensive solution. While potential sites
of antiparallel merging are fairly predictable for a specific
orientation of the IMF, it is unclear what governs the
location of component merging. For some years it has
generally been assumed that component merging begins at
the subsolar magnetopause, but this remains to be proven. It
is also not known how far the merging line extends from
that region in forming a tilted neutral line [Sonnerup, 1974;
Cowley, 1976, Sonnerup et al., 1981; Cowley and Owen,
1989; Fuselier et al., 2002a, 2002b]. Although microscopic
studies indicate that component reconnection can occur
almost anywhere, the paucity of in situ observations of
reconnection suggests that the occurrence of merging is
limited to very specific regions of the dayside magneto-
pause. This suggests that macroscopic factors might exert
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Figure 1. Magnetic field measured by the (left) Cluster 3 and (right) TC-1 spacecraft on 8 May 2004.

Data are displayed in GSE coordinates. The Cluster spacecraft entered the magnetopause boundary layer
at around 11:00 UT after a series of partial magnetopause crossings and remained close to the
magnetopause boundary of the Southern Hemisphere until about 13:00 UT. TC-1 was primarily
skimming the magnetospheric boundary but made three major incursions into the magnetosheath between
08:50—-10:03 UT, 10:48—10:50 UT, and 13:45-15:00 UT.

greater influence in locations where the IMF reconnects
with the geomagnetic field than do local microscopic
conditions [e.g., Siscoe et al., 2001].

[8] Section 2 presents the first of this paper’s two studies;
the studies used synoptic measurements from Cluster and
Double Star TC-1 and the results of global MHD simula-
tions in an effort to determine the global topology of the
dayside-merging regions. The first conjunction event oc-
curred on 8 May 2004, and we focus on a time interval
during which the IMF interacting with the magnetosphere
was predominantly southward. After a brief description of
the observations, we examine the topology of the magnetic
field as calculated from the global simulations and identify
the merging regions. Section 3 presents a second study
using a conjunction that occurred on 6 April 2004. During
that event the IMF was also southward but had a stronger B,
component than during the 8 May case. We use isosurfaces
of the plasma beta and the parallel electric field together

with field-line tracings from the simulations to establish the
global topology of reconnection during the event. Next, in
section 4, we compare and contrast the different global
configurations of the dayside magnetosphere inferred from
the simulations and discuss the topology of the merging
regions found in the simulations. Section 5 concludes the
paper with a summary of the results.

2. The 8 May 2004 Event

[v] The first conjunction event examined in this paper
occurred on 8 May 2004. During that time the Cluster
[Escoubet et al., 2001] and TC-1 spacecraft [Liu et al.,
2005] were exploring the same magnetic local time (MLT)
of the dawn flank of the magnetosphere. Cluster was
reentering the magnetosphere at high latitudes on a mainly
dawn-dusk trajectory in the Southern Hemisphere while
TC-1, near its apogee, was skimming the equatorial mag-
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Figure 3. Thick traces show the superposition of the simulation data streams over a time series of the
magnetic field measured at (left) Cluster and (right) TC-1 on 8 May 2004. The magnetopause crossings
and trends in the magnetospheric field observed by Cluster are well reproduced by the simulation. The
computational grid is not fine enough for the simulation to reproduce small-amplitude oscillations or the
sharp gradients observed by the spacecraft as they cross the magnetopause.

netopause. The magnetic field measured by the FluxGate
Magnetometers (FGM) onboard the Cluster 3 [Balogh et al.,
2001] and TC-1 [Carr et al., 2005] spacecraft during the
08:00—16:00 UT time interval of the conjunction are shown
in Figure 1. The geocentric solar ecliptic (GSE) coordinate
system is used throughout the paper to display spacecraft
measurements and simulation results. Magnetic field meas-
urements displayed in Figure 1 indicate the Cluster space-
craft entered the magnetopause boundary layer at around
11:00 UT [xGSE = 013, VGSE = —936, ZGSE — —10.20 RE]
after a series of partial magnetopause crossings. The space-
craft remained close to the magnetospheric boundary of the
Southern Hemisphere until about 13:00 UT.

[t0] During the conjunction, TC-1 was primarily skim-
ming the equatorial region of the dawn magnetospheric
boundary [xgsg = 3; vgsE ~ —12; zgsg &~ —1 Rg], but made
three major incursions into the magnetosheath between
08:50—10:03 UT, 10:48—10:50 UT, and 13:45-15:00 UT.
These incursions were marked by multiple magnetopause
crossings. Marchaudon et al. [2005] carried out a compre-
hensive study of Cluster and TC-1 high-resolution magnetic

field and plasma measurements and concluded that numer-
ous Flux Transfer Events (FTEs) [Russell and Elphic, 1978]
occurred throughout the conjunction period between the
spacecraft. These FTEs appear as clearly noticeable small
amplitude oscillations in the low-resolution data shown in
Figure 1. The very clear signatures and finite transverse
sizes of the FTEs observed by TC-1 and Cluster suggest
that sporadic reconnection occurred during this event.
Marchaudon et al. [2005] used the polarities of the FTEs’
signatures [e.g., Berchem and Russell, 1984], along the
magnetic field component normal to the local magnetopause
surface, to infer that the FTEs were moving southward and
tailward from the reconnection site, and thus that the
reconnection region was located northward of TC-1 and
Cluster.

[11] Figure 2 shows the Wind plasma [Ogilvie et al.,
1995] and magnetic field [Lepping et al., 1995] measure-
ments used as input to the global MHD simulation carried
out for this study. Comparing Cluster magnetic field meas-
urements with solar wind data from the Wind spacecraft
[XGSE = 980, VGSE = —309, ZGSE — —10.1 RE] revealed a
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Figure 4. Thick traces show the superposition of the simulation data streams over the magnetic field
measured at TC-1 on 8 May 2004. The location of the virtual TC-1 spacecraft has been shifted toward
dawn by 0.5 Ry. This shift significantly improves the agreement between the simulation results and the
observations shown in Figure 3.
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Figure 5. Composite picture of two- and three-dimensional renderings of the dayside magnetosphere
obtained using the simulation results for time 10:03 UT on 8 May 2004. The dayside magnetopause is
viewed from 14:00 LT. The backdrop of the picture is a two-dimensional cross section (}¥-Z plane) of the
magnetotail taken at x = —10 Rz and shows color contours of the plasma beta. A three-dimensional
isosurface of plasma beta (=100) completes the picture with the same color coding as that of the cross
section contours. Unconnected, open, and closed field lines are shown in red, yellow, and turquoise,
respectively. The inset displays the dawnside region hided from view by the isosurface. Cluster and TC-1
trajectories during the 06:00—16:00 UT time interval are represented by blue traces. White circles
indicate the locations of the spacecraft at 10:03 UT.

21 min lag between the spacecraft measurements; it also
showed that some of the large amplitude oscillations
observed by Cluster around 10:30 UT (see Figure 1) were
well correlated with solar wind fluctuations and thus were
not magnetopause crossings.

[12] The simulation code solves the resistive one-fluid
MHD equations as an initial value problem, using an
explicit conservative predictor-corrector scheme for time
stepping, and hybridized numerical fluxes for spatial finite
differencing. A description of the code can be found
elsewhere [Raeder et al., 1995, 1996, 1997; Berchem et
al., 1995a, 1995b, 1998a, 1998b]. Two important features of
that model are that an ionospheric submodel is used to
calculate height-integrated Hall and Pedersen conductivi-
ties, and that the simulation model includes a resistive term
in Ohm’s law, E = —v x B + nj. Resistivity () is a nonlinear
function of the local current density j, such that 7 = a2,
where « is an empirically determined parameter (o < 1)

[Raeder et al., 1996]. Similar models have been used for
local MHD simulations [e.g., Sato and Hayashi, 1979] and
are based on the assumption that current-driven instabilities
are responsible for the anomalous resistivity that produces
reconnection. To avoid spurious dissipation we use a thresh-
old ¢, also empirically determined, that is a function of the
local current density and magnetic field (n = 0 unless |j|A/
(IB| +€) > 6; A = local grid size; ¢ < 1). The resolution of
the simulation grids used in the runs presented in this paper
is about 0.15 R in the magnetopause subsolar region.
However, because the resolution of the grid decreases with
its distance to the Sun-Earth axis, grid sizes of about 0.3 R
are common in regions where the magnetopause crosses the
terminator.

[13] Figure 3 shows the superposition of the simulation
data streams over a time series of the magnetic field
measured at Cluster (Figure 3 (left)) and TC-1 (Figure 3
(right)). Comparison of the simulated data at the location of

7 of 18



A07S12

CLUSTER

MAY 8, 2004

Figure 6. Close-up of the dawnside-merging region
shown in Figure 5. Cluster and TC-1 trajectories during
the 06:00—16:00 UT time interval are represented by blue
traces. White circles indicate the locations of the spacecraft
at 10:03 UT. Unconnected, open, and closed field lines are
shown in red, yellow, and turquoise, respectively. Typical
X-type reconnection geometry is readily apparent indicat-
ing the occurrence of magnetic reconnection.

the spacecraft (thick traces) with the spacecraft measure-
ments indicates that the simulation is successfully reproduc-
ing the observations. The magnetopause crossings and
trends in the magnetospheric field observed by Cluster are
well reproduced by the simulation (Figure 3 (left)). As
expected, the computational grid is not fine enough for
the simulation to reproduce small-amplitude oscillations
or the sharp gradients observed by the spacecraft as they
cross the magnetopause. However, the global simulation
does not track very well TC-1 measurements (Figure 3
(right)). Shifting the location of the virtual TC-1 spacecraft
(shown by thick traces in Figure 4) toward dawn by 0.5 Ry
significantly improves the agreement between the simula-
tion results and the observations by capturing the incursions
of the TC-1 spacecraft into the magnetosheath. Nonetheless,
the simulation has difficulty in rendering quick reentries
into the magnetospheric field, suggesting that the grid is too
coarse in that region to resolve the full dynamics of the
magnetopause.

[14] Results of the simulations have been used to follow
the topology evolution of the magnetic field at the magne-
topause as the IMF varies during the event [Berchem et al.,
2005, 2006]. This paper focuses on the specific time interval
around 10:03 UT, during which the magnetic shear angle
between the magnetosphere and the incoming solar wind
was ~160°. At that time the Cluster spacecraft were in
the magnetosheath whereas the TC-1 spacecraft was reen-
tering the magnetosphere and crossing the magnetopause
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[xGSE = 292, YGSE — —1284, ZGSE — —1.34 RE] after a
series of rapid incursions into the magnetosheath.

[15] Figure 5 is a composite picture of two- and three-
dimensional renderings of the dayside magnetosphere
obtained using the simulation. The snapshot reveals the
topology of the merging region for the 10:03 UT magneto-
pause crossing viewed from 14:00 LT. The backdrop of the
picture is a two-dimensional cross section (¥-Z plane) of the
magnetotail taken at x = —10 R showing color contours of
the plasma beta. The magnetotail lobes are readily associ-
ated with the regions of low-beta plasma (deep blue con-
tours) separated by the high-beta plasma of the plasma sheet
(red contours) and bounded by the magnetopause (transition
between green and yellow contours). A three-dimensional
isosurface of plasma beta (=100) complete the picture with
the same color coding as that of the cross section contours.
It delineates three regions of high beta. The forward-most
region is bounded by the bow shock and corresponds to the
region of the magnetosheath where most of the magnetic
field lines connected to the Earth converge before crossing
the bow shock. The two other regions of high-beta plasma
are at the magnetopause near the equatorial plane and
extend from the dawn and dusk flanks toward the dayside.
A strong east-west asymmetry exists. The dawn region
extends toward the dayside region, almost reaching the
subsolar region, whereas the dusk region spans a much
narrower region near the dusk flank. Magnetic field lines
threading these two regions were traced, and open and
closed field lines are shown in yellow and turquoise,
respectively.

[16] The inset in Figure 5 shows magnetic field lines
hidden by the isosurface in the dawn region. Cluster and
TC-1 trajectories during the 06:00—16:00 UT time interval
are represented by blue traces. White diamonds indicate the
locations of the spacecraft at 10:03 UT. The picture reveals
that open field lines make sharp kinks in the high-beta
plasma regions, thereby indicating the occurrence of mag-
netic nulls and hence magnetic reconnection in the dawn
and dusk regions. As a result the merging region is split into
two regions, as predicted by the antiparallel-merging model,
when the IMF is southward and has a finite B, component
[Crooker, 1979; Luhmann et al., 1984]. However, the
locations of the merging regions differ significantly from
those of the model [Crooker, 1979] because of the presence
of a significant B, component in the IMF.

[17] A typical X-type reconnection geometry is readily
apparent in a close-up of the dawnside-merging region
shown in Figure 6. Unconnected magnetosheath field lines
are shown in red. Figure 6 shows that the simulation
predicts the occurrence of reconnection north of the TC-1
spacecraft. Such a topology is consistent with the fast
plasma flows (V- and ¥, < 0) measured by the CIS and
Peace experiments onboard TC-1 around 10:00 UT, as well
as with the polarities of the numerous FTEs observed on
that pass [Marchaudon et al., 2005]. Figure 7 and its inset
display the same region as in Figure 6, but as viewed from
higher latitude and from noon, respectively. These views
reveal the formation of a merging line that extends from
about 7 to 10 MLT, or about 7 R in length. In addition, they
clearly show that the 3-D geometry of the merging region
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Figure 7. High-latitude view of the dawnside-merging region shown in Figure 6. Unconnected, open,
and closed field lines are shown in red, yellow, and turquoise, respectively. The merging line region
extends from about 7 to 10 MLT or about 7 Ry in length. The inset shows an extreme close-up of the
dawnside-merging region viewed from 9:00 LT. It shows that the 3-D geometry of the merging region is
made up of the radial juxtaposition of planes displaying X-type reconnection geometries.

made up of the radial juxtaposition of planes displaying
X-type reconnection geometries.

3. The 6 April 2004 Event

[18] The second Cluster and TC-1 conjunction used in
our study occurred on 6 April 2004. Dunlop et al. [2005]
studied this event extensively. Two features make this
conjunction particularly interesting for synoptic studies of
the structure and dynamics of magnetic reconnection at the
dayside magnetopause. First, during the event studied the
Cluster spacecraft were exploring the high-latitude Northern
Hemisphere, whereas TC-1 was in the Southern Hemisphere
at mid latitudes. Second, the spacecraft were all on out-
bound passes and on the dawn side, with Cluster’s orbit
closer to the noon-midnight meridian than TC-1’s. This
orbital configuration and favorable timing provided a
unique capability for the spacecraft to cross the magneto-
spheric boundary of both hemispheres in the same range of
local time and almost simultaneously. Cluster crossed the
magnetopause at 4:15 UT [xgsg = 6.5; ygsg = —1.0; zgsg =
6.4 RE] and TC-1at4:33 UT [XGSE = 407yGSE = *89, ZGSE =
—1.2 Rg]. Figure 8 shows magnetic field vectors measured
by Cluster and TC-1 on 6 April 2004. The data are
displayed in boundary-normal coordinates [e.g., Russell

and Elphic, 1978]. Measurements from Cluster 3 (red
traces) have been superimposed over TC-1 data (blue
traces). Numerous flux transfer event (FTE) signatures can
be identified in both spacecraft passes. Dunlop et al. [2005]
analyzed these data in great detail. An important fact they
noticed is that the FTE polarities () observed by TC-1
were opposite those observed by Cluster (+), indicating that
the FTEs were moving in opposite directions. The FTE
polarities suggested that Cluster was located north of the
reconnection site, whereas TC-1 was lying south of it.
Furthermore TC-1 observed fewer FTEs than Cluster did,
and those observed had smaller amplitudes, suggesting that
they might have resulted from a weaker reconnection
process [Dunlop et al., 2005].

[19] Figure 9 shows ACE solar wind plasma parameters
[McComas et al., 1998] and magnetic field [Smith et al.,
1998] observations [xgsg = 226.8; ygsg = 37.4; zgsg =
—21.6 Rg]. It is clear that solar wind conditions were fairly
steady prior to the conjunction event. The solar wind’s ion
density was about 6 cm > and its speed was of the order of
530 km/s, resulting in a dynamic pressure of about 3 nPa.
The IMF was mostly southward, with a large B, < 0
component during most of the event. Another noteworthy
feature of the event is the large east-west component (V, ~
120 km/s) of the solar wind velocity. Lagged plasma and
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Figure 8. Magnetic field vectors measured by Cluster 3 (red) and TC-1 (blue) on 6 April 2004. The data
are displayed in boundary-normal coordinates. Cluster and TC-1 crossed the magnetopause at 4:15 and
4:33 UT, respectively. Numerous FTE signatures can be identified in both traces; FTE polarities (F)
observed by TC-1 were opposite those observed by Cluster (+), indicating that the FTEs were moving in

opposite directions.

magnetic field measurements from the ACE spacecraft were
used as input to a global MHD simulation (see brief
description above). Figure 10 displays data streams from
the simulations (thick traces) superimposed over the mag-
netic field measurements from the Cluster 3 (Figure 10
(left)) and TC-1 (Figure 10 (right)) spacecraft. Though the
grid resolution is too coarse to reproduce the sharp gradients
and FTEs observed by the spacecraft, the simulation is fairly
successful at reproducing the trends of the magnetic field
seen in the data.

[20] Results from the global simulation for the time when
TC-1 crossed the magnetopause (04:33 UT) are shown in
Figure 11. At that time the IMF, where it was interacting
with the magnetopause, was almost horizontal (B, ~ 0). The
format used is similar to that used in Figure 5. The backdrop
of the picture is a two-dimensional cross section (¥-Z plane)
showing color contours of the plasma beta. The cut is taken
at x = —10 Rg and viewed from 2:00 LT. The magnetotail
lobes (deep blue contours) and plasma sheet (red contours)
are evident. This is a close-up view; as a result only a
fraction of the magnetospheric boundary (transition between
green and yellow contours) is visible. A three-dimensional
isosurface of plasma beta (=100) are superimposed over the

two-dimensional cut. It has been rendered using the same
color coding as that of the cross section contours and
delineates several regions of high-beta plasma. The most
distant regions (around x = —10 Ry) are parts of the plasma
sheet, whereas the closest ones are parts of the magneto-
pause. There is an additional region of high-beta plasma
located on the closed field lines of the dusk flank. This
region results from a constriction of the dusk flank region
by the large transverse component of the solar wind
velocity. In fact the global topology of the dusk flank is
reminiscent of the central plasma sheet. Magnetic field lines
have been traced from regions of high beta at the magne-
topause. They indicate the occurrence of reconnection in the
high-latitude dawn region of the cusp in the Northern
Hemisphere and below the dusk equatorial flank in the
Southern Hemisphere. The two merging regions found are
fairly consistent with the antiparallel-merging model for
clock angles of ~90° [Crooker, 1979; Luhmann et al.,
1984].

[21] As we mentioned above, recent studies have shown
the occurrence of component reconnection in global MHD
simulation results [e.g., Dorelli and Raeder, 2005, Dorelli et
al., 2007; Berchem et al., 2006]. Almost 20 years ago,
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Figure 9. ACE solar wind plasma parameters and magnetic field observations displayed in GSE for
6 April 2004. There is a lag of about 50 min between ACE and Cluster measurements.

Schindler et al. [1988] and Hesse and Schindler [1988]
pointed out that 3-D reconnection can occur in the absence
of nulls and separatrices and suggested that the condition
JEds # 0, where E| is the parallel electric field and the
integral is taken along a particular magnetic field line (ds),
was a necessary and sufficient condition for general
magnetic reconnection. This requirement comes from the
fact that the parallel component of the total electric field
E = —v x B + 7 j vanishes except in regions of strong
dissipation. However, as noted by Priest and Forbes [2000]
such a condition is quite broad and includes many diffusive
phenomena that are not exclusively associated with
reconnection (e.g., double layers and shocks). When
looking for reconnection regions in the simulation results,
a powerful practical diagnostic is thus to compute the
parallel electric field at the magnetopause. Tracing actual
field lines can be then used to verify the successful

identification of the merging region and to visualize the
magnetic field topology of its near vicinity.

[22] Figure 12 shows a close-up of the subsolar magne-
tosphere at the time of the TC-1 crossing (04:33 UT). It is
viewed from the same angle (14:00 LT) used in Figure 11.
Two field lines are traced to show the 90° shear angle
between the magnetospheric field (blue closed field line)
and the IMF (red unconnected field line). The yellow
bubble-like shapes displayed are three-dimensional render-
ings of the £ = 0.5 mV/m isosurface. Tracing field lines
threading these regions of high electric field shows that they
are open (yellow field lines). The presence of such open
field lines in that region indicates the occurrence of merging
for a 90° shear angle between the local magnetosheath field
and the geomagnetic field. This suggests that merging is
occurring through component reconnection at the dayside
magnetopause and, as we discuss below, that it is
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Figure 10. Data streams from the simulation (thick traces) superimposed over the magnetic field
measurements from (left) Cluster 3 and (right) TC-1 for magnetopause crossings on 6 April 2004.

constrained to a limited region of the subsolar magneto-
pause. Together with the previous results, this analysis of
the simulation reveals that component and antiparallel
merging occur simultaneously at the dayside magnetopause.

[23] To conclude, we consider the observations to deter-
mine whether they support the simulation results. Figure 13
displays the large-scale topology of the dayside magneto-
pause predicted by the global MHD simulation of the event.
This illustration shows the superposition of the two merging
systems described in Figures 11 and 12. The merging
occurring in the dusk flank is omitted to simplify the
picture. Field lines are viewed from 11:00 LT, and the same
color coding is used: red, yellow and turquoise indicate
unconnected, open, and closed field lines, respectively. The
green ribbons represent the trajectories of the Cluster and
TC-1 spacecraft. Tracing field lines passing by TC-1’s
location suggests that TC-1 was most likely located in a
region threaded by southern field lines that were moving
dawnward after being opened by component reconnection at
low latitudes. However, Cluster appears to be located at too
high a latitude to observe the matching northern field lines
that were also opened in the subsolar region before moving
toward dusk. In fact, the simulation indicates that the open
field lines observed by Cluster were most likely formed at

high latitudes through antiparallel reconnection. It is readily
seen that the locations of both merging regions and the
motion of the tubes are consistent with the different FTE
polarities observed by each spacecraft. Furthermore, the fact
that Cluster appears to be closer to the high-latitude recon-
nection region also seems consistent with Cluster’s observ-
ing stronger reconnection signatures than TC-1 does. The
invocation of antiparallel merging to explain Cluster obser-
vations differs somewhat from the conclusions of Dunlop et
al. [2005]. Their interpretation of the event is based on
Cooling et al.’s [2001] model, which suggested that both
sets of FTEs were related to the formation of a single tilted
merging line in the subsolar magnetopause.

4. Discussion

[24] Results from the studies presented in the two previous
sections provide noteworthy information about the large-
scale configuration of magnetic reconnection at the magne-
topause. Results from the global simulation for the 8 May
event clearly show the occurrence of antiparallel merging at
the low-latitude dayside magnetopause. Some interesting
features of the merging are evident in Figures 5 and 7. First,
while reconnecting field lines far from the reconnection

12 of 18



A07S12

Antiparallel
Reconnection

Figure 11.

BERCHEM ET AL.: RECONNECTION AT THE DAYSIDE MAGNETOPAUSE

A07S12

Antiparallel
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Composite picture of two- and three-dimensional renderings of the dayside magnetosphere

obtained using the simulation of the 4:33 UT magnetopause crossing on 6 April 2004. The dayside
magnetopause is viewed from 14:00 LT. The backdrop of the picture is a two-dimensional cross section
(¥-Z plane) of the magnetotail taken at x = —10 Rz showing color contours of the plasma beta. A three-
dimensional isosurface of plasma beta (=100) completes the picture with the same color coding as that of
the cross-section contours. Unconnected, open, and closed field lines are shown in red, yellow, and
turquoise, respectively. They indicate the occurrence of reconnection in the high-latitude dawn region of
the cusp in the Northern Hemisphere and below the dusk equatorial flank in the Southern Hemisphere.
The two merging regions found are fairly consistent with the antiparallel-merging model for clock angles

of ~90°.

region have a relatively strong B, component consistent
with the IMF orientation, the field line segments near the
reconnection region have a much weaker B, component. As
a result, the draped magnetosheath aligns with the geomag-
netic field at a much lower latitude than expected and
produces a merging topology that very much resembles
the two-dimensional geometry expected for more southward
IMF conditions. This suggests that the geometry of the
interaction is much more complicated than topology
expected from simple vector addition of the magnetosheath
and the geomagnetic field. More work is needed to deter-
mine whether this apparent minimization of the magnetic
shear in the reconnection region is connected to the draping
of the magnetosheath field over the magnetopause or is
instead a separate physical process.

[25] A second unexpected and related feature predicted
by the simulation of the 8 May event is the location of the
main reconnection region. While the magnetic field topol-
ogy found is reminiscent of subsolar reconnection for
southward IMF, the reconnection region is unexpectedly
offset toward dawn (e.g., Figure 7). Tracing isosurfaces of
the parallel electric field indicates that component merging

is also occurring, but is concentrated in the morning sector.
Our current analysis of the simulation results does not
indicate the occurrence of reconnection in the afternoon
sector, and thus we do not find a continuous region of
merging (reconnection separator) between the dawn and
dusk regions of antiparallel merging as predicted by three-
dimensional reconnection theory. The strong reconnection
signatures observed by TC-1 confirms the simulation’s
prediction that merging occurs in the dawn sector. However,
because of the absence of simultaneous measurements in the
subsolar region and dusk sector, we cannot assess the
prediction of the simulation regarding the confinement of
the merging region to the dawn and morning sectors. A
minimum variance analysis of the solar wind magnetic field
reveals that the normal of the large-scale discontinuities
embedded in the IMF is n = 0.633, 0.005, 0.770, and hence
the direction of the normal makes a wide angle with the
Sun-Earth axis. As a result, the first interaction of the IMF
discontinuities with the magnetopause occurs away from the
subsolar region. The combination of that effect together
with the large B, component might cause the asymmetry of
the merging regions. More systematic studies are required to
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Figure 12. Close-up of the subsolar magnetosphere at the time of the TC-1 crossing (04:33 UT) on
6 April 2004. 1t is viewed from 14:00 LT. Two field lines are traced to show the 90° shear angle between
the magnetospheric field (blue closed field line) and the IMF (red unconnected field line). The yellow
bubble-like shapes displayed are three-dimensional renderings of the Ej; = 0.5 mV/m isosurface. The
presence of open field lines (yellow) indicates the occurrence of component merging at the subsolar

magnetopause.

determine whether the incidence angle of large-scale dis-
continuities with the dayside magnetopause is an important
factor in determining where reconnection occurs.

[26] Simulation results for the 6 April event appear to be
more conventional, though the large east-west component
(Vy =~ 120 km/s) of the solar wind velocity produces a
strong asymmetry in the locations where antiparallel merg-
ing occurs. The most interesting feature is the prediction of
the simultaneous occurrence of component and antiparallel
merging by the global MHD simulation and its consistency
with Cluster and TC-1 observations. This is an important
result since it indicates that the two processes are not
mutually exclusive, and thus determining whether merging
at the dayside magnetopause occurs through component or
antiparallel reconnection is no longer the issue. However,
the evidence of the coexistence of component or antiparallel
reconnection prompts numerous new and fundamental
questions about the actual nature of the large-scale topology
of merging at the dayside magnetopause, and in particular
makes establishing the topology of the merging region of
some importance. Although tracing field lines confirms the
occurrence of reconnection in the subsolar region in the
global simulation, it is debatable whether the component-
merging region is patchy and limited to the subsolar region,
as the 3-D isosurface of strong Ej (shown in yellow on
Figure 12) suggest. The three-dimensional model of
magnetic reconnection [e.g., Greene, 1988; Siscoe et al.,
2001; Dorelli et al., 2007] predicts that reconnection forms
a continuous region of merging that connects the two
regions of antiparallel merging (magnetic nulls). It is clear

that the isosurface of £ = 0.5 mV/m used in our study
visualizes only the regions where the field is strong. Weaker
parallel electric fields are found in the region separating
open field lines between both hemispheres. This is
consistent with previous simulation studies that found the
parallel electric field was distributed along the topological
separator line. For example, Siscoe et al. [2001] found that
the reconnection voltage in a global MHD simulation for
duskward IMF was weaker at the null points than at the
subsolar point by about a factor three.

[27] The relative spatial limitation of component merging
to the subsolar region indicated by the isosurface of the
parallel electric field is also apparent when searching for
accelerated flows away from the subsolar region. The high-
speed flows indicated by isosurfaces of the V., component
(£115 km/s) of the bulk velocity in Figure 14 appear to be
concentrated in the subsolar region of the magnetopause.
These results are not inconsistent with the concept of a
topological reconnection separator predicted by theory of
three-dimensional reconnection. Nevertheless, one can
question whether the entire separator region is active or
only a portion of it exhibits the classical signatures of
reconnection. This concern is of even more consequence
when considering northward IMF cases, for which the
theory predicts that the reconnection separator crosses over
the subsolar region [e.g., Dorelli et al., 2007]. To resolve
this issue we need both to refine the diagnosis of 3-D
reconnection in the global simulations and to predict clear
signatures of a reconnection separator that can be identified
in observations.
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Figure 13. Display of the large-scale topology of the dayside magnetopause predicted by the global
MHD simulation of the 6 April 2004 event. Merging occurring in the dusk flank is omitted to simplify the
picture. Field lines are viewed from 11:00 LT. Red, yellow, and turquoise indicate unconnected, open, and
closed field lines, respectively. The green ribbons represent the trajectories of the Cluster and TC-1
spacecraft. The open field line passing by TC-1’s location suggests that TC-1 was most likely located in a
region threaded by southern field lines that were moving dawnward after being opened by component
reconnection at low latitudes. Cluster appears to be located at too high a latitude to observe the matching
northern field lines that were also opened in the subsolar region before moving toward dusk. The
simulation indicates that the open field lines observed by Cluster were most likely formed at high

latitudes through antiparallel reconnection.

[28] Another set of issues is related to the effects inherent
to the model, such as resistivity, either explicit (resistive
term in Ohm’s law) or numerical (e.g., grid resolution at
high latitudes). Figure 15 shows results from several global
MHD simulation runs that were carried out for the different
values of the resistivity coefficient a (= cj°) and threshold
6 used in the resistivity model. All simulations show the
simultaneous occurrence of component and antiparallel
merging. However, they indicate that the merging region,
as identified by green isosurfaces of strong £, grows with
increasing resistivity values and becomes patchy when a
resistivity threshold (6 # 0) is used in the model. The axes
of the regions found are aligned along a direction similar to
the tilted merging line predicted by component merging
models. Figure 15 (middle) shows that for a high-resistivity
(and somewhat unrealistic) coefficient (o = 1), the region of
component merging predicted by the simulation extends
toward latitudes higher than those found for the lower-
resistivity cases. When comparing the directions of the axis
of merging regions found in the 3 cases, it is interesting to
note that the main axis of the high-resistivity case has a
greater tilt (=10° counterclockwise) than the other two
cases have. Of course the effects of other parameters, such
as grid size in the high-latitude region, also need to be
investigated to gain a better assessment of the dependence

of the simulation results on the model parameters. Never-
theless, these initial results illustrate the complexity of
predicting merging topology using global models and the
necessity of comparing their predictions with multiple
spacecraft observations. In particular, from the results
shown above it appears that determining the extent and tilt
of the merging region could help constrain some of the
models’ parameters.

5. Summary

[20] Most previous investigations of the merging region’s
large-scale properties have been hampered by the lack of
simultaneous local measurements at the dayside magneto-
pause having the necessary spatial coverage. Conjunction
events between Cluster and TC-1 provide a unique oppor-
tunity to investigate the large-scale configuration of mag-
netic reconnection at the dayside magnetopause. In
particular such conjunction events are invaluable for testing
the accuracy of global models. In this paper we examined
two events that involve southward IMF with significant
transverse components (B,). The first events occurred on
8 May 2004 while both spacecraft were exploring the dawn
flank of the magnetosphere. TC-1 was skimming the
equatorial magnetopause while Cluster explored higher
latitudes. Results from a global simulation of the event
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Figure 14. Rendering of the dayside magnetosphere
viewed from Sun, showing the isosurfaces of the V.
component of the bulk velocity for +115 km/s (yellow)
and —115 km/s (blue) for 6 April 2004 event. In addition to
the large-scale northward and southward flows in the
magnetosheath occurring at high latitudes, the isosurfaces
reveal the presence of high-speed flows in the subsolar
region that are consistent with the occurrence of component
merging in that region.
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revealed the formation of a near-equatorial merging line of
about 7 Ry in the morning sector, and that the three-
dimensional geometry of the merging region was mostly a
radial juxtaposition of planes displaying X-type reconnec-
tion geometries. The second conjunction event was on 6
April 2004. During this event, Cluster was located at high
latitudes and close to the noon-midnight meridian while TC-
1 was exploring the dawnside at low latitudes. Analysis of
the simulation results using isosurfaces of plasma beta and
the parallel electric field revealed unambiguously that both
antiparallel and component merging occurred simultaneous-
ly during the event. The locations of the antiparallel
merging sites, though distorted because of the draping of
the field and the large transverse component of the solar
wind velocity during the event, were for the most part
consistent with merging patterns predicted by the antipar-
allel merging model. Plotting the parallel electric field
indicated the component merging began in the subsolar
magnetopause region. Simulation runs carried out for dif-
ferent parameters of the model indicate that the spread of the
merging region depends on the local resistivity. The com-
ponent-merging region, as determined by isosurfaces of
strong values of the parallel electric field, grows with
increasing resistivity values and becomes patchy when a
resistivity threshold is used in the model. Although parallel
electric fields are present in the region separating open field
lines between the two hemispheres, our analysis of high-
speed flows indicates that the region of component merging
remains spatially constrained to the subsolar region where
stronger parallel electric fields occur. These results definite-
ly indicate a need for more systematic studies of 3-D
reconnection, and particularly the necessity to establish

Dependence on resistivity

E=-V><B+r|j
o=0 6=0

a=005 6=0.7

n=ai if JA/B>d

a=10 &6=0

Figure 15. Results from three global MHD simulation runs that were carried out using the same solar
wind input but for three different sets of the resistivity coefficient av (17 = j°) and threshold § used in the
resistivity model. Results for (left) (o =0, 6 = 0), (middle) (o = 0.05, § = 0.7), and (right) (o« = 1.0, 6 = 0).
The merging region, as indicated by green isosurfaces of strong £, grows with increasing resistivity
values and becomes patchy when a resistivity threshold (6 # 0) is used in the model.
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clear observable spacecraft signatures that can be used to
test the results of global models.
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