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Abstract. We use a global numerical model of the interac-
tion of the solar wind and the interplanetary magnetic field
with Earth’s magnetosphere to study the formation process of
Flux Transfer Events (FTEs) during strong southward IMF.
We find that: (i) The model produces essentially all obser-
vational features expected for FTEs, in particular the bipolar
signature of the magnetic field By component, the correct
polarity, duration, and intermittency of that bipolar signa-
ture, strong core fields and enhanced core pressure, and flow
enhancements; (ii) FTEs only develop for large dipole tilt
whereas in the case of no dipole tilt steady magnetic recon-
nection occurs at the dayside magnetopause; (iii) the basic
process by which FTEs are produced is the sequential gener-
ation of new X-lines which makes dayside reconnection in-
herently time dependent and leads to a modified form of dual
or multiple X-line reconnection; (iv) the FTE generation pro-
cess in this model is not dependent on specific assumptions
about microscopic processes; (v) the average period of FTEs
can be explained by simple geometric arguments involving
magnetosheath convection; (vi) FTEs do not develop in the
model if the numerical resolution is too coarse leading to too
much numerical diffusion; and (vii) FTEs for nearly south-
ward IMF and large dipole tilt, i.e., near solstice, should only
develop in the winter hemisphere, which provides a testable
prediction of seasonal modulation. The semiannual mod-
ulation of intermittent FTE reconnection versus steady re-
connection is also expected to modulate magnetospheric and
ionospheric convection and may thus contribute to the semi-
annual variation of geomagnetic activity.

Keywords. Magnetospheric physics (Magnetopause, cusp
and boundary layers; Magnetospheric configuration and dy-
namics) — Space plasma physics (Magnetic reconnection)

1 Introduction

Magnetic reconnection is the fundamental mode of mass,
momentum, and energy transfer from the solar wind and in-
terplanetary magnetic field (IMF) into the magnetosphere-
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ionosphere-atmosphere system. Reconnection opens up the
magnetosphere so that magnetic field lines of the magneto-
sphere can directly connect to the IMF. Without reconnection
the magnetosphere would be closed and there would be very
little influence from the solar wind (SW) and IMF on the
magnetosphere.

Although the reconnection between the Earth’s magnetic
field and the IMF was in dispute at the beginning of magne-
tospheric research (Axford and Hines, 1961) it is now well
established that reconnection occurs at the day side magne-
topause. (Haerendel et al., 1978; Paschmann et al., 1979;
Cowley, 1980, 1982). However, the in situ signatures of mag-
netic reconnection at the magnetopause appear to be very
different at different times and at different locations. Pri-
marily, one can distinguish between quasi-stationary recon-
nection (Paschmann et al., 1979) and an apparently time-
dependent form of reconnection that has been called “Flux
Transfer Events” (FTEs) (Russell and Elphic, 1978, 1979).

FTEs are, in the first place, characteristic bipolar signa-
tures of the magnetic field component normal to the magne-
topause (Russell and Elphic, 1978; see Elphic (1995) for a
recent review of FTE observations and their interpretation).
In the original Russell and Elphic (1978) work FTEs were
pictured as elbow-shaped flux tubes that originate through
a reconnection patch on the magnetopause. Such a flux
tube would then accelerate along the magnetopause owing
to the j x B force. Such a flux tube would also exhibit many
of the other characteristics of a FTE, for example the exis-
tence of magnetospheric and magnetosheath FTEs, the mix-
ture of magnetospheric and magnetosheath plasma usually
found within a FTE, and the observed polarity-hemisphere
relationship (Rijnbeek et al., 1984; Southwood et al., 1986).
However, the main deficiency of this model is that it does
not explain why reconnection should happen sporadically, in
small patches, and at an average repetition rate of about one
FTE every 8 min (Rijnbeek et al., 1984; Lockwood and Wild,
1993). This model has therefore not found universal accep-
tance. Over the years a number of other models have been
proposed to explain FTEs. These models are for the most part
of geometrical or phenomenological nature, although some
have also been tested using simulations. These models can
be broadly categorized into (i) bursty reconnection models
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(Scholer, 1988; Southwood et al., 1986; Ku and Sibeck,
1998, 2000) where a reconnection burst produces a tempo-
ral plasma and field bulge that originates at a single low lat-
itude X-line and propagates to higher latitudes, (ii) multiple
X-line models in which several X-lines exist simultaneously
at the magnetopause and lead to the formation of plasmoids
and flux-ropes (Lee and Fu, 1985, 1986; Fu and Lee, 1985;
Shi et al., 1988, 1991; Sonnerup, 1987), or (iii) vorticity in-
duced reconnection in which Kelvin-Helmbholtz waves at the
magnetopause initiate and control reconnection (Liu and Fu,
1988; Pu et al., 1990). All of these models have in common
that they require some form of time-dependent reconnection.
However, these models are difficult to test and to distinguish
from each other because their predictions are often not pre-
cise enough or because the predictions of different models
overlap. Even the numerical, three-dimensional models are
all local and depend on a number of parameters (boundary
conditions, anomalous resistivity) that make them virtually
untestable. A concise review and critique of these modeling
attempts can be found in Scholer (1995).

Because of the limitations of local models, global mod-
eling of FTEs was attempted using global MHD models of
Earth’s magnetosphere. Global models have the advantage
over local models that they rely less on boundary conditions,
although other parameters, for example numerical resistivity,
may still affect the results. Early attempts (Sato et al., 1986;
Ogino et al., 1989) were too marginal resolved (~0.5 Rg) to
yield useful results. More recently, Fedder et al. (2002) have
reported results from a global simulation that are roughly
consistent with observed FTEs. Specifically, their model pro-
duces multiple FTEs consistent with observational evidence
(Le et al., 1993). They do not, however, explain why recon-
nection should be intermittent.

In the following we present FTE results from our own
global magnetosphere model. We show that FTEs can be
generated when a X-line at the magnetopause does not co-
incide with the bifurcation of the magnetosheath flow, for
example due to dipole tilt. Our model results exhibit several
features that have been proposed in previous models but no
previous model matches them all. We also show that the FTE
development depends on sufficient model resolution and on
sufficiently low numerical dissipation. Finally, we show that
our model produces spacecraft signatures that are consistent
with those that are commonly observed.

2 Model

In this study we use the OpenGGCM Geospace General
Circulation Model (previously known as the UCLA/NOAA
GGCM) that has been used in a number of studies of
the solar wind-magnetosphere-ionosphere-thermosphere in-
teraction (Raeder et al., 1998; Raeder, 1999; Raeder et al.,
2001a,b; Wang et al., 2003; Raeder, 2003). The model is
described in sufficient detail in these papers (we specifically
refer to Raeder (2003) for numerical details), thus we only
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discuss aspects of the model here that are specifically impor-
tant for this study.

First, the simulation of the FTEs shown in this paper
does not require any anomalous resistivity. Adding such an
anomalous resistivity term to the otherwise ideal MHD equa-
tions has been found necessary in simulations of substorms
(Raeder et al., 2001a). However, the anomalous resistivity
term does not have any noticeable impact on day side recon-
nection unless the resistivity threshold (the parameter § in
the above cited papers) is very low and the normalized re-
sistivity (the parameter « in the above cited papers) is rather
high. In the latter case the solutions are comparable to those
presented below in Sect. 4 obtained with low numerical res-
olution. Such behavior is of course expected because low
resolution also entails high numerical diffusion. Thus, for
FTEs to form in our simulations, the numerical resistivity of
the our code is sufficient. The numerical resistivity in the
code is a result of the flux-limiting nature of the numerical
scheme. Since all finite difference approximations have nu-
merical dispersion they tend to create spurious oscillations at
discontinuities, such as at the magnetopause, where the B,
field component is discontinuous. These oscillations are pre-
vented by introducing a sufficient amount of numerical diffu-
sion to keep the solution from developing artificial extrema.
The OpenGGCM uses the flux-limiting scheme developed
by Van Leer (Van Leer, 1973, 1974, 1977) for the induction
equation, and a fourth order hybrid scheme for the gasdy-
namic equations (Harten and Zwas, 1972; Harten, 1983).

Second, the simulations of FTEs presented in this paper
have only become possible because increases in computer
power have allowed us to run simulations with much im-
proved resolution. Specifically, previous published simula-
tion runs had typically ~10° grid cells. Since our numerical
grid is somewhat flexible and because it can be adapted to the
anticipated solution and to the problem at hand, that num-
ber of grid cells usually allowed the resolution in the sub-
solar region around the bow shock and the magnetopause to
be of the order of 0.3-0.4 Rg. The simulations presented in
this paper were run with ~8x 10° grid cells unless otherwise
noted. Most of the additional grid cells were packed into
the subsolar magnetopause region which allowed a resolution
of 0.08 Rg (~500km) in the X-direction and a resolution of
0.2 Rg (~1200km) in the Y- and Z-directions.

3 Effect of dipole tilt

In Figs. 1a and b we compare the results from two simula-
tions which are identical except for the dipole tilt. The solar
wind and IMF are kept constant in this simulation at nom-
inal values (Nsw=6.5 cm 3, Vew=450kms~!, Tgw=7.7 ¢V,
Bmvr=5nT) with due southward IMF. In the simulation with
dipole tilt the tilt angle is 34° which corresponds to the max-
imum possible tilt angle of Earth that occurs at summer sol-
stice, 21 June, 16:00 UT. The figures show a cut in the noon-
midnight meridian 80 min after the start of the simulation.
The color contours represent the plasma pressure, the black
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Fig. 1. (a) High-resolution simulation without dipole tilt. There
is symmetry between the flow field and the magnetic field, leading
to steady reconnection. (b) Same as (a), but with maximum (34°)
dipole tilt. There are multiple X-lines that lead to the formation of
FTEs. The color represents the plasma pressure.

lines represent field lines, and the white lines represent flow
lines.

Before we discuss the following figures we need to define
the term “stagnation flowline”. In steady state flow around
a sphere, for example, the stagnation flowline is a mathe-
matically singular streamline, i.e., the trajectory of a parti-
cle, that comes from infinity and ends on the sphere, where
the flow comes to rest. The flow in the simulations shown
here is by no means in a steady state, but highly dynamic.
We define the stagnation flowline therefore as the flow line
that separates magnetosheath flow that turns northward at the
magnetopause from flow that turns southward at the magne-
topause. This definition is analogous but more general than
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the definition of the stagnation streamline of the flow around
a sphere since the latter also separates flow that goes around
the sphere in one way from flow that goes around the sphere
in the other way. The main difference is that in our definition
the flow does not need to stagnate, and that the line is not
necessarily the trajectory of a fluid particle but only tangent
to the flow vector everywhere and at any instant in time.

In Fig. 1a (no dipole tilt) the stagnation flowline is par-
allel to the sun-Earth line and runs directly into the X-line
at the magnetopause. This case is strictly symmetric around
the sun-Earth line. The flow and the field are steady, except
for a some erosion of the day side magnetosphere that lets
the magnetopause slowly move inward. This erosion eventu-
ally stops when night side reconnection catches up and brings
more flux to the day side.

By contrast, Fig. 1b shows an otherwise identical simu-
lation, except for the 34° dipole tilt towards the sun. In
this case plasmoid like structures develop along the magne-
topause on the sheath side. Inspection of a series of figures
like Fig. 1b shows that these plasmoids form quasi-periodi-
cally. There is no strict periodicity and the plasmoids are
of different sizes. However their spatial scale does not vary
much. The size normal to the magnetopause is of the order
of 0.5-1.5 Rg, while the north-south extent is of the order of
several Rg. We will discuss the east-west extent later. Al-
though these structures are not strictly periodic their repeti-
tion rate lies between 5 and 15 min.

Clearly, there is no north-south symmetry in the tilted
dipole case. The stagnation flowline does not run straight
into the magnetopause but is deflected downward. It reaches
the magnetopause somewhere between the northern cusp and
the nose (as defined by zero magnetic latitude) of the mag-
netosphere. As we will show later in more detail there is
often, but not always, an X-line located where the stagnation
flowline reaches the magnetopause. There is also an X-line
further south and a plasmoid between these two X-lines. The
plasmoid and the latter X-line are embedded in southward
magnetosheath flow and thus move southward. As the plas-
moid moves southward the field lines that lie northward of
the upper X-line are stretched out and dragged southward
to form a tongue-like feature extending from the northern
cusp southward. Eventually, a new X-line forms closer to
the northern cusp that pinches this tongue-like structure off.
As a result of the second X-line a new plasmoid structure
forms. Within a few minutes this plasmoid convects over
the cusp into the tailward magnetosheath. This process then
keeps repeating for steady solar wind and IMF conditions.
We discuss this process in more detail in Sect. 5 and in Sect. 6
we show that the plasmoid structures have the observational
properties expected for FTEs. Thus we will call them FTEs
from here on.

An important aspect of the FTE shown here is that its
generation does not depend on any external trigger because
the solar wind and IMF parameters were held constant in
this simulation run. This is consistent with observations (Le
et al., 1993) which also show repeated FTEs under constant
solar wind and IMF conditions. Of course, that does not
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Fig. 2. Three simulations with identical parameters except for
the grid resolution: (a) highest resolution (0.08 Rg, ~500km), (b)
medium resolution (0.15 Rg, ~1000km), and (¢) low resolution
(0.3 Rg, ~2000 km). FTEs only develop fully with the highest res-
olution. At medium resolution they are smaller and rapidly dif-
fuse away, and at the lowest resolution no FTEs appear but “flow
through” reconnection develops instead. The color represents the
plasma pressure.

mean that we would not expect for FTEs to form if the solar
wind or the IMF were not uniform. We choose the constant
input conditions because they make the analysis easier and
because it allows us to test the observational constraint that
FTEs do not need to be triggered but occur spontaneously.
Although reconnection occurs in the model because of nu-
merical resistivity the process shown here does not strongly
depend on the numerical resolution or additional resistivity,
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as long as the resistivity is low enough as to not overwhelm
the FTE generation by diffusion. We show in the next section
the effect of numerical resolution, and thus numerical dissi-
pation. In the parameter regime studied here the FTEs are
only insofar affected as they do not develop if the resolution
is too low and thus diffusion is too high. Their other proper-
ties, in particular their repetition rate is only weakly affected
by the intrinsic resistivity.

4 Effect of numerical resolution

Figure 2 shows in the same format as Fig. 1 three simula-
tions with the same setup and the same boundary conditions
as in the previous case, except for different numerical reso-
lution. The result shown in panel (a) is from a simulation run
with 0.08 R (~500 km) resolution near the subsolar magne-
topause, identical to the one shown above. Panel (b) shows
the result from a simulation run with roughly twice the cell
size compared to panel (a), i.e., 0.15 Rg (~1000km). In
panel (c) the cell size is again increased by a factor of ~2
to ~0.3 Rg (~2000km). As the cell size increases the FTEs
become smaller and eventually disappear. There are two pos-
sible reasons for this. First, the FTE could be under-resolved
in the coarser simulations. However, the scale of the FTE is
at least 1 Rg in each dimension, thus even simulation run (c)
should still resolve the FTE. The second reason is the de-
pendence of the inherent numerical resistivity and diffusion
on the cell size. The numerical resistivity n in the simula-
tion code is approximately n~h>, where A is the cell size.
Thus, the diffusion is about 16 times larger in (c) compared
to (a). When the Figs. 2a—c are viewed as a fast sequence
(movie or animation) one can occasionally see small FTEs
develop in run (c), however, they rapidly diffuse away. Thus,
the primary reason that FTEs are now within the realm of
global simulations is the fact that improved resolution sup-
presses numerical diffusion sufficiently for FTEs to form and
to survive. In the case where the resolution is not sufficient
reconnection appears steady, much like the proposed “flow-
through” reconnection (Siscoe et al., 2002).

5 Generation mechanism

The FTE generation mechanism has already been partly ad-
dressed in Sect. 2. Here we provide further details. Fig-
ure 3 shows cuts in the noon-midnight meridian at 4 different
times, covering the cycle between the two consecutive FTEs.
The FTE seen in Fig. 3a is not the first FTE in this simula-
tion; several FTEs have already occurred before. In Fig. 3
the color coding represents the Z-component of the plasma
velocity and the thick green line is the zero contour of that
component. Thus, where this contour intersects the magne-
topause is also the stagnation point, using the definition of the
stagnation point that we introduced before. This can also be
seen in the flow lines (red), which have a triple-point (three
lines converging) very close to that location. The black lines
are field lines.
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Fig. 3. The four panels show cuts in the noon-midnight meridional plane at different times. In each of the panels the color coding represents
the Z-component of the plasma velocity in km/s. The thick green line is the zero contour of the plasma velocity Z-component. The black
lines are field lines, i.e., these lines are tangent to the magnetic field direction in the Y=0 plane. The red lines are flow lines, i.e., these lines
are tangent to the instantaneous velocity direction in the Y=0 plane. These snapshots were taken at different times: (a) t=tnp=3260s, (b)

t=3360 s=tg+100s, (c) t=3400 s=ty+140s, (d) t=3610 s=ty+350ss.

At the beginning of the sequence (Fig. 3a) a FTE has de-
veloped. This FTE is bordered by two X-points. One X-point
is located at the lower end of the figure, and the second one
is located where the stagnation flowline impinges upon the
magnetopause. The entire FTE is located in southward flow
from the magnetosheath, which is enhanced by outflow from
the upper X-point and somewhat decelerated by the outflow
from the lower X-point.

In Fig. 3b, 100 s later, the plasmoid has moved southward.
The upper edge of the FTE has moved from Z~—3.5 Rg
to Z~—6.5 R, i.e, 3 Rg in 100s, or ~180km/s, consistent

with the flow velocity. There is no upper X-point to make
out in Fig. 3b. Instead, at this time there is a long thin current
sheet that runs between the point in the north where the X-
point used to be and its southern end which is defined by the
northern tip of the departing FTE. In terms of magnetic topol-
ogy these two ends of the current sheet are Y-points. Thus,
what used to be an X-point has now been stretched into two
Y-points connected by a current sheet.

However, Fig. 3c, the snapshot 40 s after the one shown in
Fig. 3b, shows that the Y-point associated with the departing
plasmoid, now lying at (X, Z) ~ (7, —7) Rg, is becoming an
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Fig. 4. Three-dimensional perspective view of FTE generation. The panels are snapshots taken every 12s. The view is from the south,
dawn, and sunward side of the magnetosphere, i.e., the sun is to the right. The plane at z=3 R, is color coded with the plasma pressure. The
3 surfaces are magnetic separators, the green field lines are anchored in the Northern Hemisphere, and the red field lines are anchored in the
Southern Hemisphere. The blue bands of the closed field line separator surface that are visible essentially mark the location of the X-lines

present at the dayside magnetopause. See text for more details.

X-point again. In other words, the current sheet tears exactly
at the Y-point to form a new X-point. However, there is ap-
parently no change at the northern end of the current sheet
where the Y-point persists. As a result, there is a tongue of
magnetic flux extending from the Y-point to the X-point.
Figure 3d, 350 s after the beginning of this sequence, and
210 s after the Fig. 3¢ snapshot now shows that a new X-point
has formed where the northern Y-point had been and where
the stagnation flowline impinges on the magnetopause. The
formation of this X-point may be understood by the fact that
the flows converge here on the current sheet. Between the

southern X-point, which has moved further south, and this
new X-point there is now a new FTE. This FTE has not yet
reached the same size as the one in Fig. 3a. Inspection of sub-
sequent snapshots shows that it will grow for another ~120s
until a stage very similar to the one in Fig. 3a is reached and
the cycle repeats.

Figure 4 shows how the FTE generation process works in
three dimensions. The parameters for this run are the same
as for the highest resolution run shown in Figs. 2 and 3,
except that for this run there was a small IMF B, compo-
nent such that the IMF clock angle is 165°, i.e., 15° off the
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north-south direction towards dusk. The small IMF B, com-
ponent breaks the East—West symmetry and is probably more
realistic considering the fact that the IMF is never due south
for an extended period. The FTE formation process is not
affected by the small IMF By and still looks the same as pre-
viously shown for the due south IMF case. However, the IMF
By, causes the FTEs to have an axial field component, which
makes them flux-ropes.

These renderings of the magnetospheric plasma and field
configuration consist of several elements. The view is from
the south and dawn, such that the sun is to the right. The
plane given by z=3 R is color-coded with the plasma pres-
sure. The bow shock is marked by the transition from ma-
genta to yellow and green, showing the jump in plasma pres-
sure across the shock. The pink, green, and blue rippled sur-
faces are magnetic separators. The pink surface envelopes
the lobe flux that is anchored in the Northern Hemisphere,
the green surface envelopes the lobe flux that is anchored in
the Southern Hemisphere, and the blue surface delineates the
outer boundary of closed magnetic flux. The surfaces appear
rippled because of the finite grid size. The smaller ripple
size near the center reflects the higher numerical resolution
there. Ideally, the pink and green surfaces should touch each
other, and the line along which they touch would be the mag-
netic X-line where magnetic reconnection occurs. However,
we have slightly displaced these surfaces so that a small gap
between them remains through which the blue surface is visi-
ble. If reconnection were steady, this blue band would simply
run across the dayside. However, as the figure shows, the sit-
uation is more complicated. In addition to the flux surfaces
there are also a number of selected field lines drawn. The red
lines connect to the Southern Hemisphere and the green lines
connect to the Northern Hemisphere. There is no relation be-
tween the field lines shown in different panels. Although the
figure suggests that the lines are moving, the lines in each
panel are different and merely drawn to better visualize the
field topology.

The panels (a) through (f) of Fig. 4 are snapshots in time
taken 12s apart. The whole sequence thus covers 60s, i.e,
1 min. At the beginning in panel (a) there appears to be just
one X-line across the dayside magnetosphere, which makes a
southward excursion near local noon. However, to the north
of that X-line, near the subsolar point, there is already a new
X-line forming, but it is still hidden behind the tongue of flux
that drapes southward over the subsolar region. Within the
next ~30s (panels (b), (c), and (d)) the reconnection process
associated with this X-line eats its way through this over-
hanging flux, so that a new X-line appears. At this time,
well visible in panel (e), there exist 2 simultaneous X-lines
near the subsolar point on the magnetopause, separated by
~3-5 Rg in the north-south direction. The width, i.e., the
east-west extent, of this dual X-line region is ~15-20 Rg.
The magnetic field that became severed from the overhang-
ing flux has a flux-rope like structure. This is in part due
to the B, component of the IMF, and also in part due to
the draping of the IMF over the magnetopause which cre-
ates a By field component even in the case of pure southward
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IMF. As time progresses the flux-rope, which is south of the
stagnation stream line, is dragged southward by the magne-
tosheath flow, and eventually moves over the southern cusp.
As that happens, a new flux-rope is already forming further to
the dusk side, which is barely visible through its overhanging
green flux tubes.

An important implication of this process is its seasonal de-
pendency. The dipole orientation of this simulation is at its
maximum Northern Hemisphere summer value. The flux-
ropes that are generated at the magnetopause all move in the
southern direction, and, as we will show later, there are no in-
dications of flux-ropes in the Northern Hemisphere. Because
of the symmetry one can generalize this statement somewhat
to include the northern winter (southern summer) season, as-
suming that the flux-ropes seen in Fig. 4 are indeed FTEs: If
the IMF is strongly southward (B;>> B, ) and near solstice,
FTEs should only occur in the winter hemisphere, while the
reconnection flows at the magnetopause in the summer hemi-
sphere are steady. This prediction is statistically testable if
enough observations are available that fulfill these criteria
and if orbital bias is taken into account. One should note,
however, that this prediction says nothing about the FTE
generation near the equinoxes or when a strong IMF B, is
present.

6 Spacecraft signature

It remains to be shown that the flux-ropes in Fig. 3 are indeed
FTEs. The defining characteristic of FTEs is their bipolar
signature in the magnetic field normal component By when
observed by a spacecraft, and possible other signatures in
other variables (see, e.g., Elphic, 1995). In order to test for
these signatures we have produced time series of these vari-
ables at several locations near the magnetopause.

Figure 5 shows time series taken in the noon-midnight
meridian at a geocentric distance of 9.8 Rg and at —30° GSE
latitude. This location is near the nose of the magnetosphere.
We estimate that the normal to the magnetopause at this lo-
cation points 14° south in GSE latitude, i.e., N=(0.97, 0.0,
—0.24) in GSE coordinates. The magnetic field is trans-
formed into the usual boundary coordinates (Russell and El-
phic, 1978), where N points normal and outward from the
magnetopause, L points roughly northward such that it is
perpendicular to N and that the plane spanned by L and N
contains the dipole axis, and M completes the right-handed
orthogonal coordinate system and points roughly westward.
The top panel shows the L, M, and M components of the
magnetic field, followed by the magnetic field magnitude,
the plasma pressure, the plasma density, and the plasma bulk
velocity. The time axis starts 00:30 h after the start of the
simulation until 01:35 h into the simulation. The simulation
result agrees with virtually all expected FTE signatures:

— There are clear bipolar signatures in the magnetic
field By component at 00:36, 00:45, 00:57, 01:04,
01:20, 01:26, and 01:32. Each of these signatures



388

N[1/cc] P[pPa] B[nT] BN[nT] BM[nT] BL[nT]

V[km/s]

Time (minutes)

Fig. 5. Time traces of a virtual satellite taken at 9.8 Rg geocentric
distance and —30° GSE latitude. This location is roughly at the
center of the magnetosphere, in the magnetosheath, and close to the
magnetopause. The panels show, from top to bottom, the L, M,
and N components of the magnetic field (see text for details), the
total field, the plasma pressure, the plasma density, and the plasma
velocity. There are clear dipolar signatures in the magnetic field N
component at 35, 57, 04, 20, 26, and 32 min.

corresponds to a flux-rope moving across the virtual
satellite location.

— The polarity of the bipolar signature is of the “reverse”

(-/+) kind (Rijnbeek et al., 1982, 1984; Berchem and
Russell, 1984; Southwood et al., 1986; Kawano et al.,
1992), which is consistent with FTEs in the Southern
Hemisphere.

— The amplitude of the bipolar signature varies between

5nT and 30nT peak-to-peak which is well within the
range of typical observed FTEs.

— The duration of the bipolar signatures is 2—4 min, which

is somewhat larger than typically observed for FTEs
(Saunders et al., 1984), but still within range (for ex-
ample, the paper by Russell and Elphic (1979) shows
a 4-min FTE). However, the determination of the dura-
tion is somewhat subjective since the beginning and end
of the bipolar structure is difficult to determine. Be-
cause the grid resolution is still not ideal one would
also expect that the flux-ropes tend to smear out in the

N[1/cc] P[pPa] B[nT] BN[nT] BM[nT] BL[nT]

V[km/s]
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Fig. 6. Same as Fig. 4, except that the traces are taken 0.2 Rg fur-
ther outward, at 9.8 Rg.

simulation, which increases the duration of the bipolar
signature.

The bipolar signatures in the simulation occur mostly
non-periodic. The average repetition rate is somewhat
less than 10 min (7 FTEs in 65 min). The time between
the signatures ranges from 6 min to 16 min, which is
consistent with observation statistics (Rijnbeek et al.,
1984) that show an average cadence of 8 min with a
broad range of inter-FTE durations.

The bipolar signatures in the simulation occur during
negative By, thus in the magnetosheath. They corre-
spond to an enhanced core field, which is mainly caused
by an enhancement of the By component. This charac-
teristic is consistent with a B or C type FTE in Elphic’s
(1995) taxonomy.

The bipolar signatures in the simulation and the en-
hanced core field correspond to density and pressure
decreases. This is also consistent with a B or C type
FTE, which show both a small density and tempera-
ture enhancement (see Fig. 5a in Elphic, 1995) and in
Paschmann et al. (1982).

The bipolar signatures in Fig. 5 show only small and
non-systematic variations in the bulk flow velocity.
However, when the virtual satellite is moved 0.2 Rg
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inward (Fig. 6) there are significant flow velocity en-
hancements that correspond to some of the bipolar By
signatures. This is also consistent with B/C type FTEs
which sometimes, but not always have flow velocity in-
creases (Paschmann et al., 1982; Klumpar et al., 1990;
Elphic, 1995).

— While the bipolar signatures in Fig. 5 correspond to
pressure dips, this is no longer the case in Fig. 6, where
2 of the bipolar signatures have both pressure and mag-
netic field increases. Thus, these structures are appar-
ently not in simple pressure equilibrium in the sense
that the sum of plasma and magnetic pressure are not
constant, but with enhanced core pressure, as often ob-
served in FTEs (Paschmann et al., 1982; Farrugia et al.,
1988). Of course, the FTEs still obey Vp=jxB to a
very good approximation. The enhanced core pressure
is balanced by the curvature tension of the magnetic
field.

— The bipolar signatures occur spontaneous during south-
ward IMF, without any trigger, consistent with observa-
tions (Le et al., 1993).

The simulation thus produces essentially all characteris-
tics of FTEs that can be expected from a MHD model. En-
ergetic particles and plasma distribution functions are also
often used to characterize FTEs (Thomsen et al., 1987)
but they can of course not be reproduced by this model.
FTEs also have structure at smaller scales (Farrugia et al.,
1988). Resolving such small structures is currently beyond
the capabilities of our model but may be possible in the fu-
ture with better resolved simulations because these structures
are still in the MHD regime. Nonetheless, the consistency of
the bipolar structures seen in our simulation lets us conclude
with confidence that they are indeed the same as FTEs.

7 Discussion

Flux-ropes have been produced in prior global simulations,
for example with the LFM code (Fedder et al., 2002) and
with the BATS‘R’US code (M. Kuznetsova, personal com-
munication). In the case of the Fedder et al. (2002) paper it
has been shown that the expected spacecraft signatures are
similar to those of FTEs. That work, however, differs signif-
icantly from ours in that the simulation has no dipole tilt but
a stronger IMF B, component. Fedder et al. (2002) interpret
their results as supporting a single X-line bursty reconnection
process as proposed previously by several authors (Scholer,
1988, 1989; Ku and Sibeck, 1998; Scholer, 1995), modified
by 3-D effects. They give no explanation as to why the recon-
nection process is bursty or why the repetition rate of FTEs
in their simulation is of the order of 8 min.

In the simulation results shown above the basic process
clearly involves dual X-lines. A dual (or multiple) X-line
(MXR) process has been considered previously by several
authors (Lee and Fu, 1985, 1986; Fu and Lee, 1985; Shi et al.,
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1988, 1991; Sonnerup, 1987). These multiple X-line recon-
nection (MXR) models are mostly phenomenological or 2-D
simulations in which multiple X-lines are forced to occur, for
example, by locally enhanced resistivity. They generally do
not explain why several X-lines should occur simultaneously
but focus on the consequences. The results presented in this
paper show that once two X-lines have formed the reconnec-
tion process can no longer be stationary. The flow around
the magnetopause must bifurcate, and it does so at one of
the X-lines. That leaves the other X-line and the O-line in
between inevitably in a flow that is directed away from the
first X-line. As the second X-line and the O-line are con-
vected away from the first X-line the first X-line becomes
elongated into a thin current sheet. This current sheet then
forms a new X-line where the stagnation flow line impinges
on the magnetopause, thereby repeating the cycle. The main
difference between our model and other MXR models is that
in our model the X-lines do not form simultaneously but se-
quentially.

In our discussion of the generation mechanism we have
only considered the situation where a new FTE forms af-
ter one that already existed. This begs the question how
the first FTE forms. In the simulations shown here the first
FTE formed as a result of the startup process, where the
solar wind with a southward IMF is blown onto a dipole.
The magnetopause first forms as a thin current layer which
subsequently tears and forms the first FTE in that manner.
This also happens in the case of no dipole tilt, where two
islands form simultaneously and convect away from the sub-
solar point. However, in the case of no dipole tilt, after these
initial islands have convected away only a single X-line re-
mains at the equator and reconnection proceeds is a steady
fashion.

From the reconnection geometry and from the typical
plasma parameters in the magnetosheath we can derive the
average FTE repetition rate. From Fig. 1b we estimate the
length of the FTE along the magnetopause, from X-line to X-
line (i.e., from where the stagnation stream line touches the
magnetopause to the southern cusp), to be [~8-10 Rg. The
appearance of the next FTE should then be determined by
the convection time of the existing FTE over its entire length
in the direction of convection, i.e., downward. This velocity
is essentially given by half the magnetosheath flow speed of
~200km/s, i.e., v~100km/s, because the FTE needs to ac-
celerate from zero velocity near the stagnation streamline to
its full magnetosheath velocity. The repetition time is thus
estimated to be of the order of //v~8—10 min, which is what
we see in the simulation and what is typically observed. Such
a simplified model would predict, however, strict periodic-
ity of the FTE occurrence if the solar wind and IMF con-
ditions are steady. This is not what the model shows. The
discrepancy can be explained by inspection of Fig. 4. Ap-
parently, there is no east-west symmetry, which the simple
model assumes, but the FTEs have limited spatial extent in
the East-West direction. FTEs occur thus at different local
times and it is not too far-fetched to assume that the dynam-
ics of one FTE will affect the development of the next one.
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Fig. 7. Same as Fig. 5, except that the traces are taken in the
summer hemisphere at 0° GSE latitude. There are no indications of
FTEs.

The system as a whole is thus sufficiently non-linear to al-
low for quasi-periodicity, but not for strict periodicity. This
situation is similar to the dynamics of two coupled pendu-
lums, which despite being a comparatively simple system,
produces chaotic behavior.

As noted above, the FTE generation process has a strong
seasonal dependence. To strengthen this point, Figure 7
shows time series from a virtual satellite in the summer hemi-
sphere. There are no variations, whatsoever, that could be
identified as FTEs.

Even if the FTE generation is substantially different for
large IMF B, and/or By the occurrence rate of FTEs should
still be modulated by season and hemisphere. Such modula-
tion should be testable from the analysis of FTE statistics, in
particular with Cluster II data. Care should be taken, how-
ever, to eliminate seasonal bias entering from the orbital pa-
rameters.

Although not addressed in detail in this paper, FTEs ver-
sus steady reconnection should produce different reconnec-
tion rates for the same solar wind and IMF parameters de-
pending on season. Consequently, there would be a modu-
lation of magnetospheric convection and thus a modulation
of geomagnetic activity. The seasonal and diurnal modula-
tion of geomagnetic activity is a well known effect (Russell
and McPherron, 1973; Cliver et al., 2000; Hakkinen et al.,
2003) and usually attributed to three effects: Changes in heli-
ographic latitude during the year; variations of the solar wind

J. Raeder: Flux Transfer Events

flow direction with respect to the dipole axis; and variation
of the angle between the GSM equatorial plane and the so-
lar equatorial plane (Russell-McPherron effect) which would
favor dayside reconnection for a Parker spiral IMF orienta-
tion during the solstices (see Hakkinen et al. (2003) for an
overview of the effects). However, neither effect can account
for the entire observed variation in geomagnetic activity. The
modulation of the reconnection rate by the dipole tilt would
produce an additional semiannual variation of geomagnetic
activity with a positive phase relationship, i.e., stronger ac-
tivity during the solstices. However, this effect may be dif-
ficult to differentiate from the other hypotheses, in particular
from the Russell-McPherron effect.

8 Summary and conclusions

We have used high-resolution global simulations of the mag-
netosphere to investigate the generation mechanism of FTEs
during strongly southward IMF with | B, |<|B;|. We find
that the successful simulation of FTEs depends on the numer-
ical resolution of the model, but that with sufficiently well re-
solved simulations it is possible to investigate the formation
of FTEs. In summary, our key findings are:

1. Under suitable conditions the model produces quasi-
periodically flux-ropes at the dayside magnetosphere
that have the observational characteristics of FTEs.

2. FTEs are generated by multiple X-line reconnection
where new X-lines form sequentially.

3. FTE formation is seasonally modulated with no
FTE generation (steady reconnection instead) during
equinox and exclusively time dependent reconnection
with FTE formation during solstices. The seasonal
modulation of FTE generation may contribute to the
semiannual variation of geomagnetic activity.

4. When FTEs form during periods of large dipole tilt they
will only occur in the winter hemisphere. This pre-
diction is testable and allows to distinguish from other
models.

5. The model explains the ~8 min quasi-periodicity by the
convection and re-formation time of flux-ropes at the
magnetopause.

Although these findings mark a significant step in our un-
derstanding of FTE generation, important questions remain:
(i) Is the mechanism dependent on the type of resistivity or
other kinetic effects that break the frozen-in condition and
makes reconnection happen in the first place? (ii) How does
the generation mechanism change for larger IMF B, values?
Is a large dipole tilt still necessary or could a strong IMF B,,
also lead to FTE formation. (iii) How will a further increase
of the numerical resolution affect the results? Although we
strongly believe that the results presented here will still hold
if the numerical resolution of the simulations is substantially



J. Raeder: Flux Transfer Events

increased, other processes may become “visible”, for exam-
ple the formation of small islands. (iv) How can these results
be reconciled with Elphic’s (1995) FTE taxonomy? Figures 5
and 6 indicate that FTEs look quite differently depending on
the location of the observing spacecraft, but much needs to
be done to produce a complete picture, in particular about
the fringe effects of FTEs. Many FTEs may go unidentified
in data because they do not show the “classical” bipolar By
signatures. (v) What is the fate of FTEs as they propagate
over the cusp and into the tail? Evidently, they were first ob-
served near the cusp (Haerendel et al., 1978), but how their
structure changes as they propagate is so far unknown. (vi)
What is their signature in the ionosphere? Concurrent obser-
vations of FTEs and ionospheric flow bursts have been made
(see, for example Wild et al., 2001), but a coherent picture
has still to emerge. (vii) How does the semiannual reconnec-
tion rate vary quantitatively? Such an estimate would allow
to estimate the contribution of FTEs to the reduction of geo-
magnetic activity during solstice. These, and other questions,
will be addressed in subsequent papers.
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