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[1] Probability maps for encountering the reconnection electron diffusion region of the
dayside magnetopause have been developed using a model of reconnection and solar wind
observations. The maps indicate that along the magnetopause surface, the chance of
directly sampling the diffusion region during a given season varies considerably. The
probability distribution depends strongly on the distribution of interplanetary magnetic
field directions and, also, is significantly influenced by the Earth’s intrinsic magnetic
dipole field tilt angle. The probability also scales with the assumed size of the diffusion
region. The probability distribution shows little dependence on the phase of the solar cycle.
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1. Introduction

[2] Magnetic reconnection has been established as the
primary mechanism by which shocked solar wind plasma is
transported across the magnetopause and into the magne-
tosphere. Although there have been many observations of
reconnection signatures in the reconnection outflow region
at the Earth’s magnetopause [e.g., Paschmann et al., 1979;
Sonnerup et al., 1981; Gosling et al., 1986], direct sampling
of the reconnection diffusion region itself is difficult and
rare [cf. Mozer et al., 2002; Scudder et al., 2002; Mozer
et al., 2008]. The rarity of encounters is due to the very
large sampling space in relation to the inherent scales of the
physical process. The fundamental physics of reconnection
occurs within diffusion layers (ion and electron), wherein
the “frozen‐in” conditions of the collisionless plasma break
down, allowing plasmas (and associated magnetic fields) in
different regimes to interact and topologically reconfigure.
The magnetopause diffusion regions are believed to be of
the order of 1 to 10 km thick and ∼100 km [Hesse et al.,
1999; Drake et al., 2003] or more [Pritchett and Mozer,
2009] long. On the basis of various remote observations,
dayside magnetopause reconnection is not believed to occur
often at isolated, patchy locations. Rather, owing to the
gradual variation in fields and particle populations along the

magnetopause surface, magnetic reconnection is believed to
occur along an x line, extending tens of Earth radii along the
dayside magnetopause [Phan et al., 2000, 2006]. Thus,
magnetopause reconnection is thought to often occur along
thin, ribbon‐like regions: very long along the magnetopause
surface, but limited in spatial thickness (i.e., length of the
diffusion region) and width. Since sampling spacecraft are
obviously resource limited, it is important to estimate the
most probable locations for magnetic reconnection and
optimize mission parameters to encounter those regions.
This is especially important for the upcoming Magneto-
spheric Multiscale (MMS) mission.
[3] In this study, maps of reconnection probability at the

dayside magnetopause are developed for various extended
time intervals. Several months of solar wind observations
are used, along with a phenomenological model of the
location of magnetopause reconnection x lines (developed
from remote sensing techniques).

2. Observations and Models

[4] Solar wind observations from the Advanced Compo-
sition Explorer (ACE) spacecraft at the L1 Lagrange point
are used as magnetosphere model inputs. These include the
interplanetary magnetic field (IMF) [Smith et al., 1998] and
solar wind density and velocity moments [McComas et al.,
1998]. The observations used span mid‐2001 (near the solar
maximum) to the end of 2006 (near solar minimum), at a
3 minute resolution.
[5] The magnetospheric magnetic field was simulated

using the Tsyganenko 1996 semiempirical model (hereafter
called the T96 model [Tsyganenko, 1995]). The T96 model
confines the Earth’s dayside magnetic field within a
boundary representing the magnetopause, scaled by the
solar wind dynamic pressure. The T96 model normally
diffuses the IMF YGSM and ZGSM components through the
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magnetopause boundary. However, for this study no such
diffusion of fields is allowed, so that possible reconnection
locations can be located without any a priori model
assumptions. For the given magnetopause size and shape,
the IMF is draped across the magnetopause using the
Cooling et al. [2001] model, and the magnetic shear angle
(the angle between the draped IMF and the magnetospheric
magnetic field at the magnetopause) is computed over the
entire magnetopause surface.
[6] Several recent attempts have been made to determine

the location of the x line at the dayside magnetopause.
Theoretical models include those of Lau and Finn [1990]
and Wang and Bhattacharjee [1996]. Moore et al. [2002]
used semiempirical and analytic models to estimate the
x line configuration along the dayside magnetopause.
Numerical models of the location of the x line and its
dependence on the IMF include those Park et al. [2006] and
Hu et al. [2009]. Pu et al. [2007] used accelerated flow
observations from DoubleStar and Cluster to estimate where
the x line lies for the southward or dawnward IMF, while
Dunlop et al. [2009] used observations from these space-
craft to document an occurrence of high‐latitude (i.e., anti-
parallel) reconnection. A recent magnetic merging model
proposed by Trattner et al. [2007] (hereafter referred to as
the maximum magnetic shear model) also combines both
antiparallel and component reconnection models and is
based on observational evidence. This model was developed
by analyzing more than 3000 distribution functions from
130 polar cusp crossings, using the low‐velocity ion cutoff
method of Onsager et al. [1990] on ion distribution func-
tions as measured by the Toroidal Imaging Mass‐Angle
Spectrograph (TIMAS) instrument. Depending on the IMF
conditions, this empirical model predicts that the recon-
nection x line position is given by either the antiparallel
model or a combination of the antiparallel and the compo-
nent x line, which is denoted as a maximum magnetic shear

x line. Specifically, when the IMF clock angle is within 30°
of 180° (clock angle = atan(IMF By/IMF Bz)) or when the
IMF Bx‐GSM is large (>70% of the IMF magnitude), the
maximum magnetic shear model predicts antiparallel
reconnection. In all other cases the maximum magnetic
shear model predicts that reconnection occurs along a
maximum shear x line, which is mostly antiparallel except
near the subsolar region, where a continuous and tilted x line
connects to the bifurcated antiparallel regions. Northward
IMF conditions are not considered in the maximum mag-
netic shear model, since the northward IMF is assumed
generally to result in steady reconnection poleward of the
cusps (though some studies have presented observational
evidence that transitory reconnection may occur equator-
ward of the cusps [e.g., Chandler et al., 1999; Fuselier et al.,
2000]). In this study northward IMF conditions are included
only insofar as to reduce the overall probability of recon-
nection equatorward of the cusps.
[7] In practice the reconnection lines are computed from

the magnetic shear angles. Antiparallel reconnection lines
are computed first by finding the ZGSM location of the
maximum shears at ±20 RE (Earth radii) along the YGSM
axis. Once maximum shears are found at the left and right
boundaries, one walks along the path of maximum shear
toward the noon meridian (YGSM = 0). Computing the
maximum magnetic shear model maximum shear x line
requires that the antiparallel reconnection x line be com-
puted first. The largest magnetic shear angle at low latitudes
and at local noon is then determined (i.e., the ridge of the
shear angle “saddle,” corresponding to a surrogate subsolar
point for the tilted x line), after which one walks away from
local noon along a line of maximum shear until the two
antiparallel lines are intersected. An example is shown in
Figure 1.
[8] Because of the nature of the analytic models, a rigorous

error analysis is not performed. It is expected that neither the

Figure 1. Magnetic shear angle plots with reconnection lines (white) overlain. (left) Antiparallel recon-
nection line. (right) Maximum shear x line used in the maximum magnetic shear model. The black circle
represents the terminator plane.
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magnetosheath magnetic field model nor the T96 model
perfectly represents the actual conditions. For example, the
magnetosheath model of Kobel and Flückiger [1994] (on
which the Cooling et al. model is based) does not satisfy the
Rankine‐Hugoniot conditions (i.e., the tangential magnetic
field) across the bow shock, and this weakness is believed to
be manifest in some manner as the field is draped around the
model magnetopause. The T96 model is semiempirical but
may not be especially accurate in regions where there is
sparse data coverage. In addition, neither of these models
captures all the dynamics of the system. This study thus
adopts an uncertainty of ∼1 RE [see Trattner et al., 2007] for
the x line location calculation. It is noted that for large IMF
Bx, the errors may be larger.
[9] As an example to illustrate the predictive capability of

the maximum shear x line model, a direct comparison is
presented of the model and observations for a Time History
of Events and Macroscale Interactions during Substorms
(THEMIS) crossing of the magnetopause [Mozer et al.,
2008]. A more complete study using the in situ observa-
tions from an entire spacecraft mission is beyond the scope
of this study but is the subject of works in progress. Here the
magnetopause crossing of 1743:30 UT, 20 July 2007, by
THEMIS C is shown in Figure 2. This event has already
been shown by Mozer et al. [2008] to be a crossing through
an ion diffusion region. Figure 2 illustrates the magnetic
shear angles across the magnetopause (as viewed from the
Sun) for this time period. The corresponding solar wind
parameters for this interval are as follows: Bx, +4.6 nT; By,
−1.9 nT; Bz, −4.0 nT; v, 426 km/s; and ni, 6.4 cm−3 (from
ACE, convected by 53 min, 45 s, determined from con-
vection speed, and refined by matching of magnetic field
clock angles). Overlain in Figure 2 is the maximum shear

x line for a steady IMF clock angle of 206° (solid black line)
and the location of the THEMIS C spacecraft as it crossed
the magnetopause. The location of the spacecraft is dis-
placed from the antiparallel merging sites and, also, is far-
ther southward of the equator than can be explained by a
straight component x line passing through the subsolar
location. However, the THEMIS C location at the magne-
topause crossing matches very well the maximum shear
x line for this case.

3. Analysis and Results

[10] Reconnection x lines along the dayside magneto-
pause and with a length of 1 RE have been calculated at the
3 min solar wind data resolution using the maximum mag-
netic shear model described, spanning 6 years, from 2001 to
2006. The determined reconnection lines were then summed
over a prescribed time interval (monthly and/or seasonal
time periods) and divided by the total number of ACE solar
wind intervals to produce a probability map of where mag-
netopause reconnection is most likely to occur. Specific
months and seasons were selected as time divisions, grouped
accordingly: spring (February–April), summer (May–July),
fall (August–October), and winter (November–January).
[11] The ion and electron diffusion regions are believed to

be long and thin. It is assumed in this study that the model x
line is stable (i.e., continuously active but in a fixed con-
figuration) during constant solar wind conditions, that it
extends all the way to the flank regions, and that there is
only a single x line (i.e., no flux ropes or O lines). Recent
theoretical and observational work suggests that the electron
outer diffusion region may be much more elongated than
previously thought [Daughton et al., 2006; Karimabadi
et al., 2007; Phan et al., 2007; Shay et al., 2007]: extend-
ing over tens of ion inertial lengths (di). Also, as determined
from detailed simulations by Pritchett and Mozer [2009],
especially in the case of asymmetric reconnection (as at the
magnetopause) and in the presence of a guide field, the
violation of the frozen‐in condition for the electrons occurs in
an elongated region of at least 10 di, or more than ≈1000 km.
The corresponding region for ions is expected to be con-
siderably larger. However, it should be noted that these
studies pertain more appropriately to open systems, rather
than one for which one end of a field line is anchored to the
ionosphere.
[12] Since it is not understood how long the diffusion

regions truly are (hence, the need for missions such as
MMS), in this study a length of 1 RE is ascribed to the
diffusion region (which likely represents an extreme upper
limit). The change in (i.e., scaling of) the probability maps
for shorter diffusion‐region lengths is discussed in the next
section.
[13] Before proceeding, it must be pointed out that the

probability maps produced from the 3 min resolution solar
wind observations are independent of any spacecraft mis-
sion. Although a relatively short solar wind time resolution
is used, the IMF clock angle can vary by several degrees
within a given interval. In addition, the motion of a sam-
pling spacecraft is usually slow relative to the motion of an
oscillatory magnetopause boundary [cf. Song et al., 1988],
so that multiple crossings and partial crossings can occur
within a single 3 min interval. There is thus the opportunity

Figure 2. THEMIS C location (chartreuse‐yellow marker)
at the time of a magnetopause crossing through an ion dif-
fusion region, as analyzed by Mozer et al. [2008]. The
bold black line denotes the location of the maximum shear
magnetopause x line, for the matched ACE solar wind
conditions.
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for multiple chances of encountering the diffusion region
during a given pass.

3.1. Seasonal Variations

[14] Clearly observable seasonal variations of the recon-
nection x line distribution due to the Earth’s dipole tilt with
respect to the Sun are expected, using the maximum mag-
netic shear model. Figure 3 shows the four seasons of year
2005, confirming the expectation of a strong seasonal
dependence on the probability distributions. The spring and
fall seasons are strongly biased in opposite senses according
to the IMF By. This is a consequence of the Russell‐
McPherron effect [Russell and McPherron, 1973]. For a
given season the probability of a diffusion‐region encounter
along the magnetopause surface ranges from near 0 up to
∼5% on the flanks (assuming a diffusion‐region length of
1 RE). Along localized regions of the noon meridian the
probability can be somewhat higher (due to overlap of
positive and negative IMF By intervals). Similar behavior is
observed for other years, with consistent trends.
[15] Perhaps the most important feature is the shifting

high‐probability region near the subsolar point. According

to some traditional southward IMF component reconnection
models (i.e., tilted neutral‐line models described by Sonnerup
[1974], Cowley [1976], and Fuselier et al. [2002]), recon-
nection should occur at the first point of contact of the solar
wind with the magnetosphere (i.e., the subsolar point).
However, the results of this study show this not to be the
case. During the spring and fall there is indeed a high‐
probability reconnection region near the subsolar point, in
good agreement with traditional component reconnection
models. However, during the northern summer and winter
seasons the higher probability region shifts south or north
of the equator, respectively. The consequence of this sea-
sonal effect is that a spacecraft near the subsolar point may
encounter x line diffusion regions less frequently than
expected.
[16] A high probability of reconnection can also appear

frequently near the polar cusps. The polar cusps are at
YGSM = 0 RE and ZGSM ≈ ±10 RE in Figure 3. This high
probability is a consequence of the maximum magnetic
shear model reverting to the antiparallel model for a large
IMF Bx or when 150° < IMF clock angle < 210°. The near‐
cusp high‐probability regions also shift according to season

Figure 3. Maximum magnetic shear model seasonal reconnection x line location probability distribu-
tions for 2005.(top left) Spring, (top right) summer, (bottom left) fall, and (bottom right) winter.
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in the same manner as the high‐probability region near the
subsolar point.
[17] Finally, relatively high probabilities are seen to the

east and west of the subsolar point. A purely antiparallel
model would predict a relatively low probability of
observing a reconnection site in these locations. Instead, the
antiparallel model predicts that reconnection occurs pre-
dominantly along lines that begin at the left and right
boundaries and end at the polar cusps, leading to dis-
contiguous x lines (Figure 1, left). The inclusion of the
maximum shear x line in the maximum magnetic shear
model causes features typical of both antiparallel and
component reconnection models to appear. An important
consequence is that a spacecraft following a highly elliptical
orbit in the ecliptic plane should have a much higher
probability of crossing the magnetopause near a reconnec-
tion site than predicted by the antiparallel model.
[18] In summary, there is a considerable seasonal effect on

the probability distributions for encountering the reconnec-
tion diffusion regions. The dipole tilt angle is the cause of
this variation.
[19] Figure 4 illustrates how the probabilities in the maps

would scale with the length of the diffusion region, when
encountering a completely static x line. For example, if the
length of the electron diffusion region were only 10 di (the
estimated minimum length within which electrons violate
the frozen‐in condition, as determined by the Pritchett and
Mozer [2009] simulations), then all probabilities would be
reduced by a factor of ∼10.

3.2. Solar Cycle Variations

[20] It is of interest to understand whether the probability
maps vary significantly on time scales of years. There are
significant differences in the Sun’s magnetic field at solar

minimum versus at solar maximum. Near solar minimum
the Sun’s magnetic field grossly resembles a dipole with
some quadrupole components and is oriented close to
orthogonal to the ecliptic plane. At solar maximum local
magnetic fields near sunspot regions contribute significantly
to the Sun’s total magnetic field, causing the IMF to exhibit
more chaotic behavior. The average IMF conditions are also
known to vary over the course of a solar cycle. Specifically,
the standard deviation of IMF intensity (and components)
was found to lower near the solar minimum than during
other phases of the solar cycle [Luhmann et al., 1993]. If
systematic variations with solar cycle phase also occur in the
IMF clock angle, then this may be reflected in the proba-
bility maps. The 6 year solar wind data set used here pro-
vides enough data to investigate a half solar cycle, from
solar maximum to near solar minimum.
[21] Probability maps from the fall season at solar mini-

mum and maximum are shown in Figure 5. The results show
very little evidence that the reconnection x line probability
distributions change significantly owing to solar cycle
influences. While there are minor differences in the proba-
bility distributions between solar maximum and solar min-
imum, the general characteristics remain the same. The lack
of major variations due to mechanisms that operate on the
time scale of years is consistent throughout the results, both
when comparing seasons and when comparing individual
months. A possible explanation for the lack of yearly var-
iations given the established impact of the solar cycle on
solar wind conditions is that while the IMF intensity and
component distributions vary between solar maximum and
solar minimum, the distribution of IMF clock angles
remains unchanged. Thus, the variations in the probability
maps are primarily due to seasonal effects (i.e., the dipole
tilt angle and the Russell‐McPherron effect). Striations in

Figure 4. Scaling of the probability as a function of the length of the diffusion region (based on mean
probabilities during the winter season). This study uses a length of 1 RE for probability maps. However,
the exact value (for either the ion or the electron diffusion region) is unknown and is a goal of the MMS
mission.
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Figure 5 are due to the distribution of IMF conditions during
a limited time period. Longer time periods would result in a
smoothing‐out of the striations.

4. Discussion and Conclusions

[22] A combined analytic and semiempirical model
approach with solar wind observations as input has been
used to investigate in a statistical manner the reconnection
diffusion‐region location probability across the dayside
magnetopause. This method allows investigation of the
likely locations of reconnection, as a function of Earth’s
seasonal dipole tilt and solar cycle. The x line model used is
a maximum magnetic shear x line model that is contiguous
along the magnetopause surface. This particular model has
been developed from mappings by the polar TIMAS plasma
distribution velocity cutoffs to the reconnection site and has
been tested in a limited fashion with THEMIS magneto-
pause crossings. The models have been used to produce
probability maps for the reconnection x line over the dayside
magnetopause surface and how the probability varies as a
function of month or season. It is found that, assuming an
effective diffusion‐region length of 1 RE, the probability is
maximal in the flank regions and is also a bit higher in
localized regions near local noon. The maps also reveal that
these patterns change very little from year to year, such that
a link between solar cycle variability and probabilistic
reconnection x line location is weak at best.
[23] This study represents the current best method for

investigating reconnection x line locations using presently
available models. Improved magnetic draping models [e.g.,
Romashets et al., 2008] and magnetopause models may
increase the result accuracy. Also, new data from NASA’s
MMS mission (currently in development) and other space-
craft will provide a more comprehensive understanding of
the fundamental processes leading to reconnection and a
refinement of current reconnection x line models.
[24] As one application, optimizing the orbital path cho-

sen for the dayside magnetopause part of the MMS mission
has been studied. Predicted magnetopause crossings for the
MMS project baseline orbit (launch August 2014) are

combined with a diffusion‐region location probability map
created using the maximum magnetic shear model and
representative solar wind conditions from 2004 (i.e., from
the same part of the solar cycle). The results are shown in
Figure 6.
[25] The dayside orbit was chosen so that the satellite

cluster would make several passes through the subsolar
point, where traditional component reconnection models
predict near‐continuous reconnection. However, as has been
shown, the high‐probability reconnection region shifts
northward or southward owing to the Earth’s magnetic
dipole tilt. Knowing only this a priori, one would expect that
orbital parameters chosen to maximize the number of
magnetopause crossings at the subsolar point to be nonop-
timal. However, the current model MMS dayside‐phase
orbit is nearly optimal because the predicted magnetopause
crossings track well the high‐probability regions east and

Figure 6. Projected MMS dayside magnetopause crossings
overlain with a reconnection probability map spanning the
time interval of the MMS dayside mission phase: May to
August 2015 (using ACE observations from May to August
2004).

Figure 5. Comparison of reconnection line probability distributions (left) at solar maximum and (right)
near solar minimum using the maximum magnetic shear model.
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west of the noon meridian. While the methods used in this
paper are coarse, they are useful for mission planning.
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