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Abstract We study the effect of Earth’s dipole tilt angle and interplanetary magnetic field (IMF) Bx and
By components on the location of reconnection and the energy conversion at the magnetopause. We
simulate southward IMF satisfying both inward- and outward-type Parker spiral conditions during three
different dipole tilt angles using a global magnetohydrodynamic model GUMICS-4. We find that positive
(negative) Bx contributes to the magnetopause reconnection line location by moving northward
(southward) and positive (negative) dipole tilt angle by moving it southward (northward). The tilt shifts
the dayside load region toward the winter hemisphere and the summer cusp toward the equatorial plane.
Magnetic flux hence piles effectively in the summer hemisphere leading to increased magnetopause
currents that enhance the Poynting flux through the magnetopause. We find that the intensity of the energy
conversion in the generators is strongly affected by the dipole tilt angle, whereas intensity in the load region
is mainly affected by IMF Bx .

1. Introduction

Space weather is driven by energy transfer from solar wind to the Earth’s magnetosphere. Predicting space
weather accurately requires knowledge of energy conversion within the solar wind-magnetopause system.
Dungey [1961] suggested that the dynamics of the magnetosphere are driven by the interplanetary mag-
netic field (IMF) reconnecting with the Earth’s magnetic field at the dayside magnetopause. When the IMF
is southward, reconnection leads to advection of open field lines tailward on the magnetopause surface.
When the open field lines reach the tail, they are added to the tail lobes until they reconnect again in the
tail reconnection region and return back to the dayside. This process also implies energy conversion in a
so-called load generator process [Siscoe and Cummings, 1969], where the dayside works as a load convert-
ing magnetic energy to kinetic energy, whereas in the generator regions located in the tail lobes, the energy
is extracted from the magnetosheath flow and is converted from kinetic form into magnetic energy.

Earlier, reconnection at the magnetopause has been explained by antiparallel [Crooker, 1979] and com-
ponent [Sonnerup, 1970; Gonzalez and Mozer, 1974] reconnection hypotheses, which predict a different
reconnection morphology, and therefore different resulting dynamics within the magnetosphere and iono-
sphere. According to the antiparallel hypothesis, reconnection occurs in regions where the magnetic fields
inside and outside the magnetopause are almost antiparallel. During purely southward IMF, for instance,
the reconnection line extends continuously through the subsolar point at the equatorial plane, while dur-
ing finite IMF By , it would split at local noon into two regions located in different hemispheres [Crooker,
1979; Luhmann et al., 1984]. The component hypothesis states that the optimal region for reconnection
is the vicinity of the subsolar point, where the magnetosheath flow first makes contact with the magne-
topause. From the first contact point, the reconnection line would stretch along the dayside magnetopause.
The shear angle between reconnecting field lines is not as meaningful for component reconnection as it is
for antiparallel, as only oppositely directed field components reconnect, whereas the impact of the other
components on the process is small. For component reconnection, the relation between the IMF By and Bz

components determines how much the reconnection line is tilted with respect to the equatorial plane.

More recent magnetopause reconnection theories introduces a maximum magnetic shear model, which can
also be used to study the location of the reconnection at the dayside magnetopause [Trattner et al., 2007,
2012]. According to this model, the reconnection on the magnetopause occurs along the ridge of maximum
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magnetic shear angle between the draped IMF and the Earth’s magnetic field. To predict the reconnection
location on the magnetopause, the maximum shear model needs only the IMF and solar wind conditions.

In light of asymmetric 3-D reconnection, we can discuss the dayside reconnection in terms of null points
and null-null lines. IMF and Earth’s dipole field together compose a magnetic system with two magnetic
null points (points where 𝐁 = 0) and null-null line that connects the two null points. This line is called the
separator, a line that intersects four different regions of plasma that are not connected to each other by
field lines [Lau and Finn, 1990]. This geometric structure enables the reconnection between the field lines in
different regions. When the IMF is southward, the null points are close to the equatorial plane and the line
connecting the nulls forms a separator line. For northward IMF, the points move closer to the cusps and the
null-null line is no longer horizontal. The IMF direction affects the location of the null points and thus the
location of the reconnection at the magnetopause [Komar et al., 2013].

Spacecraft observations have been shown to support both component and antiparallel reconnection
hypotheses. Trattner et al. [2007] estimated the reconnection line location from several ion distributions
observations at the northern cusp obtained by the Polar spacecraft. The distance from the spacecraft to
the reconnection site is estimated through tracing particle distributions along model magnetic field lines
back to the magnetopause. Their results showed that both component and antiparallel reconnection types
can occur at the magnetopause depending on IMF conditions. According to Trattner et al. [2007, 2012],
for By-dominated IMF conditions, the reconnection line is of component type extending throughout the
dayside magnetopause. On the other hand, during very large positive or negative Bx , as well as dominant
southward IMF Bz , the reconnection line does not cross the dayside magnetopause as a single tilted line
but splits into two lines instead, which follow the antiparallel reconnection sites tracing to high latitudes.
Although spacecraft observations provide a local description of which reconnection scenario is occurring,
significant limitations exist in explaining the instantaneous system as a whole since they are point measure-
ments. Therefore, global MHD simulations have also been used to investigate magnetopause reconnection.
In the GUMICS-4 global MHD simulation the reconnection line is continuous and compatible with the
component hypothesis [Laitinen et al., 2007].

IMF Bx component has been found to have an important role in defining the location of the reconnection
line, shape of the magnetopause, and the dayside reconnection rate [e. g., Trattner et al., 2007; Peng et al.,
2010]. Peng et al. [2010] investigated the impact of the IMF Bx on magnetopause reconnection using global
MHD simulations, while neglecting the effect of dipole tilt angle. They found that for low solar wind Alfvén
Mach numbers (MA ≲ 3), increasing the magnitude of the Bx changes the shape of the magnetopause in
the terminator plane. During southward IMF, the magnetopause shifted southward during positive Bx and
northward for negative Bx . They also found that the reconnection line on the dayside magnetopause shifted
northward (southward) when Bx > 0 (Bx < 0), likely due to the relocation of the magnetopause.

Russell et al. [2003] found by using a MHD model that the dipole tilt might affect the reconnection rate and
geomagnetic activity by controlling the length and location of the neutral line. Trattner et al. [2007] also
studied the seasonal effects on the reconnection line location at the magnetopause, concluding that the
reconnection line location shifts northward during northern winter (negative tilt angle) and southward
during northern summer (positive tilt angle).

The tilt dependence of energy conversion has also been studied using the global MHD simulation code
GUMICS-4 [Palmroth et al., 2012], where it was found that during northern winter the energy transfer occurs
mainly in the Southern Hemisphere, and vice versa for southern winter. Additionally, Palmroth et al. [2012]
found that the energy transfer rate is 10% larger during equinox than solstices. Using another global MHD
simulation, Liu et al. [2012] found that the dipole tilt angle influences the shape of the magnetopause during
purely southward IMF. Their results show that when the value of the dipole tilt angle increases (decreases),
the nose of the magnetopause moves southward (northward); the northern (southern) cusp moves toward
the equatorial plane, and the southern (northern) cusp moves farther away from it.

In this paper we systematically investigate the combined effect of both the dipole tilt angle and IMF Bx com-
ponent on the location of the dayside reconnection line and the magnetopause energy conversion by using
the GUMICS-4 global MHD simulation code. This paper is organized as follows: First, we briefly introduce the
GUMICS-4 global MHD simulation and the methods that are used to analyze the simulation results. Then,
we describe the in situ observations of a magnetopause reconnection event detected quasi-simultaneously
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by Time History of Events and Macroscale Interactions during Substorms (THEMIS) A and Double Star TC1
spacecraft. Next, we validate the simulation results by comparing them to THEMIS A and Double Star TC1
spacecraft observations. Finally, we use the GUMICS-4 to investigate the combined effect of the magnetic
dipole tilt angle and southward IMF satisfying both inward- and outward-type Parker spiral conditions. We
end the paper with our systematic conclusion on the role of dipole tilt angle and IMF Bx component on the
dayside reconnection line morphology and magnetopause energy conversion.

2. Methods

In this paper we use GUMICS-4 [Janhunen et al., 2012], which is a global MHD simulation code including the
solar wind and the magnetosphere and solving the conservative MHD equations. The simulation volume
extends from +32 RE to −224 RE in the x direction and ±64 RE in the y and z directions. The MHD simulation
box is coupled to the electrostatic ionosphere. The magnetosphere is coupled to the ionosphere by the
field-aligned currents, and electron precipitation is evaluated at the inner edge of the MHD domain at 3.7 RE .
The ionospheric electric potential is calculated in the ionospheric simulation domain and passed back to
the magnetosphere where it is used as an inner boundary condition at 3.7 RE . Other boundary conditions
in the magnetospheric box are the solar wind parameters at the sunward wall and the Earth’s dipole field.
Solar wind conditions are given as input, and both observational and artificial data can be used. As a result,
GUMICS-4 writes the full set of plasma parameters as a function of time and space into an output file. The
code uses a cell-by-cell adaptive grid, which allows a better resolution (smallest cell size 0.25 RE) in the areas
of large spatial gradients and coarser resolution in areas which are of less interest. The region of interest here
is covered fully by 0.25 RE grid resolution.

GUMICS-4 uses a first-order finite volume method to solve the ideal MHD equations in a discretized grid
[Janhunen et al., 2012]. The ideal MHD equations are given in a conservative form. The code uses the Roe’s
approximate Riemann solver [Roe, 1981], but in the rare case where an intermediate state produced by
the Roe solver is nonphysical, the Harten-Lax-van Leer solver is used instead. The first-order Godunov-type
numerical scheme used in GUMCIS-4 keeps the numerical diffusion small for slowly moving or stagnant
structures, such as the magnetopause and bow shock. In order to keep the magnetic divergence at zero,
GUMICS-4 uses elliptic cleaning [Brackbill and Barnes, 1980] every 20 s.

In order to utilize GUMICS-4 in analysis of dayside magnetopause reconnection, we need to introduce the
key methodologies developed earlier. First, the magnetopause in the GUMICS-4 simulations is identified
by using a method developed by Palmroth et al. [2003]. It is based on following a set of streamlines from
XGSE = +15 RE to a distance of −30 RE down the magnetotail. The magnetosphere, which is surrounded by
the streamlines, forms a cavity in the solar wind. The surface of the magnetopause is the approximate inner
edge of this cavity. The magnetopause defined in this method is robust and smooth [e. g., Janhunen et al.,
2012].

Magnetic reconnection in GUMICS-4 is caused by numerical diffusion. Earlier studies show that the recon-
nection location in the GUMICS-4 simulations can be investigated and the results seem meaningful [Laitinen
et al., 2006, 2007]. Furthermore, the global dynamics which is largely driven by reconnection is well
reproduced (see recent review by Janhunen et al. [2012]).

In the region where reconnection takes place, the gradients are strong, and therefore, due to automatic
adaptation, the resolution is the smallest (0.25 RE). The reconnection line location at the magnetopause is
found by using a four-field junction method developed by Laitinen et al. [2006]. There are four possible types
of magnetic topology: (1) both ends of the field line connected to the Earth, (2) one end connected to the
Northern Hemisphere with the other embedded in the solar wind flow, (3) same as (2) but connected to the
Southern Hemisphere, and (4) both ends are embedded in the solar wind. The method starts by tracing the
magnetic field lines from each grid point (with grid spacing 0.25 RE) both forward and backward, and they
are labeled according to the magnetic topology (1, 2, 3, or 4). Then the method goes through the grid again
and marks a grid point as separator/reconnection point if all four different topologies are found within a dis-
tance of 2 RE . The four-field junction method as itself is not enough to prove the existence of reconnection,
but when combined with the energy conversion, it is a good indicator of reconnection location at the mag-
netopause [Laitinen et al., 2007]. Laitinen et al. [2007] investigated the effect of the four-field junction region
size (here 2 RE) and found that the method itself does not depend on the size of the area. With smaller areas,
the point indicating the four-field junction is the same as with 2 RE area size. However, the 2 RE area size
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Figure 1. (a) THEMIS A and (b) Double Star TC1 magnetopause crossing on 14 June 2007. For THEMIS A, we have, from
top to bottom, magnetic field and ion bulk velocity components in boundary normal coordinates (LMN), ion density,
ion omnidirectional energy flux, and ion pitch angle distribution. For Double Star TC1 we have, also from top to bottom,
magnetic field strength (black line) and components (LMN system), electron omnidirectional energy flux, and electron
pitch angle distributions for different energy ranges indicated on the left.

ensures that there are enough points forming a continuous separator around the Earth for different solar
wind parameters. The method gives a multiple points that form a ribbon around the Earth, now depicted in
Figure 2 showing the two events. The separator/reconnection line is the averaged location of this ribbon.

Energy conversion at the magnetopause describes how much energy is converted between magnetic and
kinetic forms, calculated as the negative divergence of Poynting flux, −∇ ⋅ 𝐒, through the magnetopause
[Laitinen et al., 2006]. When the system is independent of time, the divergence can be written as ∇ ⋅ 𝐒 =
−𝐄 ⋅ 𝐉, where 𝐄 is the electric field and 𝐉 is the current density. Energy conversion is positive in areas such
as subsolar point of the magnetopause where reconnection takes place. This region can be interpreted as
the load region [Siscoe and Cummings, 1969]. In areas where energy is converted from kinetic to magnetic
form, the energy conversion is negative. This usually takes place in tail lobe magnetopause, which can be
interpreted as generators [see also Anekallu et al., 2011, 2013]. The general picture of energy conversion
and energy transfer, which is defined as total (kinetic + thermal + electromagnetic) energy flux through the
magnetopause surface, in GUMICS-4 simulations has been found to agree roughly with observations made
by Cluster [Anekallu et al., 2011, 2013; Palmroth et al., 2011a, 2011b]. Even though the magnitudes of the
energy conversion and energy transfer do not match, the spatial pattern of the energy conversion in the
simulations approximately matches the observations.

3. Instruments and Observations

The observational data shown in this paper were provided by two spacecraft, Double Star TC1 [Liu et al.,
2005] and THEMIS A [Angelopoulos, 2008]. TC1’s 4 s resolution spin-averaged magnetic field data used here
were obtained by the Flux Gate Magnetometer instrument (FGM) [Carr et al., 2005] while the electron data
were obtained by the Plasma Electron And Current Experiment instrument (PEACE) [Fazakerley et al., 2005]
which measures electrons from a few eV to 25 KeV. For THEMIS A, the ion electrostatic analyzer [McFadden
et al., 2008] provided the ion plasma data with 3 s time resolution, while the Flux Gate Magnetometer (FGM)
[Auster et al., 2008] provided the 0.25 s resolution magnetic field.
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Figure 2. MHD simulation of event on 14 June 2007 at time
corresponding approximately UT 4:40. Black rings mark the
position of the spacecraft. Color bar shows the energy conver-
sion (defined as a divergence of the Poynting flux) through the
magnetopause surface, unit 10−4 W∕m2. Black dots extending
throughout the dayside magnetopause show the points given
by the four-field junction method. An average location of these
points is indicated by a black line that represents the location of
the reconnection line. Distances are in RE .

We show in situ observations of two widely
separated (∼9 RE) spacecraft, Double Star TC1
and THEMIS A, which crossed a reconnecting
magnetopause (quasi-simultaneously) around
04:40 UT on 14 June 2007. Both spacecraft were
on the dayside moving outbound near the
magnetic equator. This event was previously
reported by Dunlop et al. [2011], and here we
summarize its main features.

THEMIS A observations are presented in
Figure 1a for a 3 min window encompassing
the magnetopause crossing. The magnetic
field and ion bulk velocity components are
shown in boundary normal coordinates (LMN),
where the N component is normal to the
local magnetopause and points outward, the
M component, defined as the cross product
between N and the ZGSM coordinate, points
westward, and the L component completes
the left-handed orthogonal set and is oriented
approximately due north. The reversal of the BL

component (∼04:42:40 UT), together with the
abrupt change in both ion density and energy

flux marks the magnetopause crossing. Around the same time, a strong positive enhancement (∼350 km∕s)
in the plasma velocity component VL occurs, suggesting the presence of a reconnection line southward
of THEMIS A location. An FTE-like bipolar BN signature with a polarity ± is seen at the time of the magne-
topause crossing, which is also consistent with a reconnection line southward of THEMIS A location. Further
evidence for reconnection can be probed by looking at the ion pitch angle distribution (Figure 1a, bottom).
Just before the BL reversal (∼04:42:30 UT), THEMIS A sampled accelerated ions streaming along magneto-
spheric magnetic field lines and right after that (∼04:42:50 UT) energized back-streaming ions with pitch
angles near 180◦ degrees were detected on magnetosheath magnetic field lines indicating that THEMIS A
has crossed the reconnection exhaust northward of the assumed reconnection line [Dunlop et al., 2011].

In Figure 1b TC1 crosses the magnetopause within 2 min of THEMIS A in Figure 1a. TC1’s observations are
presented in a 10 min window, with magnetic field presented in boundary normal coordinates. Around
04:37 UT, a boundary layer is crossed and electrons with magnetosheath-like energies (∼200 eV) are present.
After 04:39 UT, on the earthward side of the magnetopause (placed at the BL reversal at 04:41 UT), there
is a clear presence of both bistreaming and beamed populations with magnetosheath energies (45 and
175 eV panels), suggesting that magnetosheath electrons are flowing toward the magnetosphere mirroring
in the ionosphere and turning back to the spacecraft detector along magnetic field lines which have been
opened by reconnection. At 04:41 UT the magnetic field strength decreases at the same time that electrons
are being energized, as evidenced by a small increase in the energy flux, which are consistent with Double
Star TC1 passing very close to the ion diffusion region and therefore to the reconnection line location
[Dunlop et al., 2011]. After 04:41 UT, both out-flowing magnetospheric (1638 eV panel) and possibly reflected
magnetosheath electrons (175 eV panel) are detected. Given the due southward configuration of the mag-
netosheath magnetic field during this observation (−BL), we conclude that Double Star TC1 is northward
of the low-latitude reconnection line right after 04:41 UT. The simultaneous conjunction between the two
spacecraft sampling a reconnecting magnetopause suggests the presence of an extended dayside magnetic
reconnection line.

4. Results
4.1. Model-Data Comparison
Figure 2 shows the GUMICS-4 simulation result for the reconnection event presented in Figure 1. We run the
simulation by using data extracted from NASA/GSFC’s OMNI data set through OMNIWeb for a given time.
The simulation is initialized by running for 1 h with constant solar wind parameters and then with varying
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Figure 3. Schematic figure of our studied cases. (top row) The runs with dipole tilt angle 20◦ , (middle row) runs with zero
dipole tilt, and (bottom row) runs with dipole tilt angle −20◦. Each panel has the same IMF Bz component (−5 nT). The
Bx component has different values in each column: (left) Bx is −5 nT, (middle) zero, and (right) 5 nT. The nonzero IMF Bx
components (±5 nT) are incorporated on the middle column.

solar wind for 40 min before the desired event. By this time, the parameters in the vicinity of the Earth
and the magnetosphere are properly initialized. At that time of Double Star TC1 magnetopause crossing
(∼04:40 UT), the OMNI data set revealed a major southward IMF Bz and an outward-type (IMF By > 0 and
IMF Bx < 0) Parker spiral configuration. The dipole tilt angle was set to 13◦. The colored surface shows the
energy conversion through the magnetopause viewed from the front-looking tailward. Black dots extend-
ing throughout the dayside magnetopause show the points given by the four-field junction method. An
average location of these points is indicated by a black line that represents the location of the reconnection
line. Blue colors indicate generators, while red colors represent load regions. Black rings show the location
of both spacecraft for each magnetopause crossing. The reconnection line in GUMICS-4 is continuous start-
ing from the Southern Hemisphere at the dawnside and extending through the Northern Hemisphere at
the duskside. The line is mainly located south from z = 0 RE , and a possible explanation is that the event
happened during northern summer (positive dipole tilt angle) and negative IMF Bx component. These
two combined factors resulted in a southward shifting of the reconnection line. For the same reason, the
strongest dayside load is located south from the reconnection line and the strongest generator is in the
north. According to the observations shown in Figure 1, the reconnection line is expected to be located
southward from both spacecraft. The reconnection line location in our simulated event shown in Figure 2 is
also southward from both spacecraft and is therefore in agreement with observations. This gives confidence
to the results using synthetic data as input.

4.2. Dayside Reconnection Location
As already indicated in Figure 2, the dipole tilt and the combination of IMF Bx and By seem to affect the
reconnection line morphology and the intensity of energy conversion. Next, we investigate the effects
of both the dipole tilt and the Bx on the dayside reconnection more systematically. Figure 3 shows the
setup carried out in this work. We run three sets of runs, each set having a different dipole tilt angle: −20◦,
0◦, and 20◦. Apart from the dipole tilt, the sets are similar including five different runs with inward- and
outward-type Parker spiral IMF conditions: Bx ± 5 nT and By = ∓5 nT. One of the five runs is purely south-
ward (Bx = 0 and By = 0), and the remaining two runs have zero Bx but By = ±5 nT. We hypothesize that
the location of the first contact of the magnetosheath flow on the magnetopause determines the recon-
nection line location in accordance with the component reconnection theory. This location will be affected
by the interplay between the dipole tilt and the IMF Bx . In all of the runs the IMF is southward, having con-
stant Bz = −5 nT. Figure 3 shows the initial hypotheses for the influence of the dipole tilt and Bx viewed in xz
plane. Figure 3 (left and right columns) represents the runs with Bx = −5 nT and Bx = 5 nT, respectively, and
the middle column represents all the runs with Bx = 0.

Figure 4 shows results of the parameter study runs. Color shows the energy conversion, and black lines
are the location of the reconnection line as determined by the four-field junction method by Laitinen et
al. [2006]. On the vertical axis is the dipole tilt angle, and on the horizontal axis are the different values of
Bx and By . These Bx and By values span from −5 to 5 nT while the tilt vary from −20◦ to 20◦. All the runs
were executed with the same run duration of 1.5 h including the 1 h initialization, during which the solar
wind with given parameters passes by the Earth (from the sunward boundary toward the back wall of the
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Figure 4. (a–e) Energy conversion through the magnetopause surface for different IMF components and dipole tilt angles from a viewpoint upstream of the
magnetosphere. Color bar shows the energy conversion (defined as a divergence of the Poynting flux) through the magnetopause, unit 10−4 W∕m2, and black
line marks the average position of the reconnection line. On the horizontal axis is the YGSE, and on the vertical axis the ZGSE. Distances are in RE . All runs have a
southward IMF Bz = −5 nT. Min and max show the minimum (generator) and maximum (load) energy conversion value in each run.

simulation box) and forms the magnetosphere. When referring to the reconnection line location, we mean
the projection of the line on the GSE yz plane from a viewpoint upstream of the magnetosphere.

For purely southward IMF and zero dipole tilt angle (Figure 4c (row 2)) the reconnection line is almost a
straight line in a horizontal direction located at z = 0, and the energy conversion from magnetic to kinetic
energy (red) and from kinetic to magnetic energy (blue) is located symmetrically on both sides of the recon-
nection line. Figure 4 shows that the results from opposite signs of Bx , By , and the dipole tilt angle are mirror
images with respect to the z axis. For instance, the result from the run with positive Bx , positive dipole tilt
angle, and negative By (Figure 4e, row 1) is a mirror image of the result of the run with negative Bx , negative
dipole tilt angle, and positive By (Figure 4a, row 3).

We now concentrate on the different parameters affecting the reconnection line location and shape. In
Figure 4 (row 2) we can see how the different values of IMF Bx and By affect the reconnection line loca-
tion when the dipole tilt angle is zero. Figures 4b and 4d demonstrate the effect of the IMF By . When the
reconnection line is projected to the yz plane, both of its ends curve away from the equatorial plane. When
By is negative (Figure 4d), the duskside end of the reconnection line turns south, whereas the dawnside
turns north; the shape is the same but mirrored when By is positive (Figure 4b). However, the reconnec-
tion line crosses through the subsolar point in both cases. Adding the Bx component keeps the ends of the
reconnection line at the same position (By remains unchanged) but moves it away from the nose of the
magnetopause. The middle parts of the reconnection line moves northward when Bx is positive (Figure 4e,
row 2) and southward when Bx is negative (Figure 4a, row 2).

The effect of the dipole tilt angle on the reconnection line in our simulation is not as clear as the effect
caused by the IMF components (see Figure 4c). Positive dipole tilt angle moves the reconnection line slightly
southward for all IMF cases except Bx positive (Figure 4, row 1). As mentioned above, positive Bx moves the
reconnection line northward which counterbalances the southward moving effect caused by the positive
dipole tilt angle. Similarly, negative dipole tilt angle moves the reconnection line slightly northward for all
IMF cases except Bx negative. In summary, for dipole tilt and IMF Bx sharing the same sign, the reconnection
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line remains almost in the same location as when both dipole tilt and Bx are zero (cf. Figures 4e (row 1), 4d
(row 2), 4a (row 3), and 4b (row 2)).

On the other hand, when the dipole tilt and Bx have opposite signs, their effects are combined and the
reconnection line is pulled more south (north) for positive (negative) dipole tilt and negative (positive) Bx

(see Figure 4a, row 1 (Figure 4e, row 3)) when compared to the case without either dipole tilt or Bx . To visual-
ize these features, compare Figure 4a (row 1) (Figure 4e, row 3) with Figure 4b (row 1) (Figure 4d, row 3), tilt
≠ 0◦ and Bx = 0, and Figure 4a (row 2) (Figure 4e, row 2), tilt = 0◦ and Bx ≠ 0.

We also simulated cases with zero By and nonzero Bx with all three dipole tilt angles. The reconnection line
location in these runs for different tilt angles behaves similarly as in the cases with nonzero By , but the shape
of the line is more similar than in the cases with Bx = By = 0. In the case of zero dipole tilt, the reconnection
line shifts northward (southward) from the nose of the magnetopause for positive (negative) Bx so that the
line is bent slightly toward the equatorial plane closer to the flanks.

4.3. Energy Conversion
The effect of both dipole tilt angle and IMF Bx on the location and strength of the energy conversion is differ-
ent from the effect on the reconnection line location. When Bx = By = 0 (Figure 4c) , the positive dipole tilt
(Figure 4c, row 1) makes the load (red) region, where energy is converted from the magnetic to the kinetic
form, larger below the reconnection line and also shifts the whole region slightly southward. The generator
process on the nightside becomes stronger in the north and weaker in the south. These results are con-
sistent with earlier results by Palmroth et al. [2012]. During purely southward IMF, the positive dipole tilt
angle does not significantly affect the maximum value of the energy conversion of the load region which
remains around ∼0.9 ⋅10−4 W∕m2, but it does increase the maximum energy conversion value of the gen-
erator regions from ∼1.1 ⋅10−4 W∕m2 to ∼1.8 ⋅10−4 W∕m2. Negative dipole tilt, on the other hand, shifts the
load region slightly northward, and the generator process becomes stronger in the south and weaker in
the north, opposite to the effect of positive dipole tilt. The impact of negative dipole tilt is slightly stronger
in the generator regions (minimum values in Figure 4 (row 3)) than in the case of positive dipole tilt (mini-
mum values in Figure 4 (row 1)). It also makes the load region slightly weaker than in the cases of zero and
positive dipole tilt. The results imply that for purely southward IMF conditions, the impact of the dipole tilt
angle is stronger on the intensity of the generator regions than the intensity of the dayside load. For exam-
ple, the energy conversion maximum absolute value in the generator regions increases 61% (57%) and the
maximum value in the load region decreases 11% (2%), when the dipole tilt angle is changed from zero to
negative (positive).

The impact of IMF By component with no dipole tilt (Figures 4b (row 2) and 4d (row 2)) on the energy conver-
sion is minor. The load area becomes symmetric with respect to the reconnection line instead of plane z = 0.
The maximum value of the energy conversion in the load region increases on average by a factor of 1.35,
but there is no significant change (less than 3%) in minimum values of the generator regions. Adding the
nonzero Bx makes the loads asymmetric with respect to the reconnection line. The whole load area has the
same shape as in the case without Bx , but for positive (negative) Bx the energy conversion is much stronger
above (below) the reconnection line (Figure 4e, row 2 (Figure 4a, row 2)). The maximum value of the energy
conversion in the load region increases on average 75% due to the Bx component. The effect of Bx is not as
clear on the generator regions as it is for the dayside load (increase in the maximum absolute value is 9% for
negative Bx and 4% for positive Bx), although by looking at Figures 4a (row 2) and 4e (row 2) it can be said
that the generator region in the Northern (Southern) Hemisphere becomes slightly larger and stronger than
the one in the south (north) when Bx is negative (positive). This is a small effect but still noticeable.

When both Bx and dipole tilt angle are nonzero (Figures 4a (row 1), 4e (row 1), 4a (row 3), and 4e row 3)
the maximum (minimum) value of the energy conversion in the load (generator) region is increased com-
pared to the case with zero dipole tilt and zero IMF Bx (Figures 4b (row 2), 4c (row 2), and 4d (row 2)). For
instance, in the case of positive Bx , the maximum value in the load increases 21% (7%) and the minimum
value in the generators decreases 59% (14%) for positive (negative) dipole tilt compared to case with Bx = 0,
By = −5 nT (Figure 4d, row 2). With nonzero Bx (Figures 4a and 4e), the maximum absolute value in the gen-
erator regions is enhanced and in the load region decreased when the dipole tilt is changed from zero to
either positive or negative. For example, when Bx is positive, the maximum value in the load decreases 5%
(16%) and the maximum absolute value in the generators increases 55% (11%) for positive (negative) dipole
tilt. The negative dipole tilt seems to have a stronger effect on the generator absolute maximum energy
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Figure 5. (a) The energy conversion (defined as a divergence of the Poynting flux) through the magnetopause surface
for different IMF Bx values and dipole tilt angles viewed in the xz plane. Color bar unit is 10−4 W∕m2. On the horizontal
axis is the XGSE, and on the vertical axis the ZGSE. (b) The magnetic field strength at the magnetopause. Color bar unit is
10 nT. On the horizontal axis is the YGSE, and on the vertical axis the ZGSE. Black line marks the average position of the
reconnection line and distances are in RE . All runs have a southward IMF By = 0 and Bz = −5 nT.

conversion when the Bx is also negative: the absolute maximum generator value increases then by 60%. As
the aforementioned results indicate, the dipole tilt angle affects more the intensity of the generator regions,
whereas the effect of Bx on the generators is less significant.

Figure 5a shows the energy conversion through the magnetopause in the xz plane in four cases with zero
IMF By . It shows that the positive dipole tilt moves the dayside load region south from the equatorial plane.
The generator region magnetopause tailward of the cusp is bulged outward in the summer hemisphere
indicating magnetic flux pileup there. This finding is in line with the results by Palmroth et al. [2010], who
reported flux accumulation in the tail lobes.

The negative dipole tilt moves the load region northward. Figure 5 shows that IMF Bx does not have a clear
impact on the magnetopause shape in our simulation, and the results described above show that neither
has the IMF By . The energy conversion pattern behaves similarly as in the case of Bx = By = 0.

To investigate the origin of the stronger generator intensity as influenced by the dipole tilt angle, we show in
Figure 5b the magnetic field strength at the magnetopause. This clearly shows how the dipole tilt angle puts
stronger magnetic field in the generator region located in the summer hemisphere. The IMF Bx does not
have a similar effect. IMF By causes asymmetry between the dawnside and duskside, which does not occur
when By = 0. For example, negative By shifts the region of strong magnetic field strength (and thus the
generator region) in the Northern Hemisphere toward the dawn and in the Southern Hemisphere toward
the dusk.

5. Discussion

In this paper, we investigated the effect that the IMF Bx and By components and the dipole tilt angle have
on the location of the reconnection line and the energy conversion at the magnetopause. The main goal
was to study the effect of different combinations of these parameters systematically. We started by simu-
lating the Earth’s magnetopause conditions during a reconnection event observed on 14 July 2007, where
two widely separated (∼9 RE) spacecraft, THEMIS A and Double Star TC1, cross the dayside magnetopause
quasi-simultaneously, on each side of the noon-midnight meridian plane, and both of them observe recon-
nection signatures [see e. g., Dunlop et al., 2011]. Both in situ observations and global MHD simulation
results indicate that reconnection takes place as an extended and tilted line along the dayside magne-
topause, supporting the component reconnection hypothesis [Sonnerup, 1970; Gonzalez and Mozer, 1974].
According to Trattner et al. [2007] the continuous reconnection line splits into two antiparallel type lines
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when the ratio of IMF Bx and total B is 0.7 or above. At the time of the spacecraft magnetopause crossing,
however, the IMF |Bx|∕B ratio is approximately 0.58, and no reconnection line splitting is expected. Our MHD
simulation also suggests that the reconnection line is not split for this event.

By looking at the schematic Figure 3, it seems logical that reconnection occurs at the location where the
IMF first makes contact with the magnetospheric field lines. For purely southward IMF this is clearly the
nose of the magnetopause. In case of nonzero Bx the contact point moves either north or south depend-
ing on the sign of the Bx component. Positive IMF Bx appears in contact with magnetosphere north from
the magnetopause nose and negative Bx south from the magnetopause nose. In the simulations, when
the IMF is purely southward, the IMF and Earth’s magnetic field are antiparallel at the nose of the magne-
topause, which is where the reconnection also takes place. However, when the IMF is not due south, the
region where the IMF and the magnetospheric field lines are exactly opposite is no longer at the nose of
the magnetopause. During positive IMF Bx this region is north from the nose, and during negative Bx it
moves southward. This is in general agreement with the reconnection line location found by the maximum
magnetic shear approach developed by Trattner et al. [2007, 2012].

The dipole tilt angle clearly affects the magnitude and spatial distribution in the energy conversion of the
generator regions as seen earlier by Palmroth et al. [2012]. Positive dipole tilt enhances the energy conver-
sion in the Northern Hemisphere and negative dipole tilt in the Southern Hemisphere. The dipole tilt shifts
the dayside nose region of the magnetopause away from the equatorial plane. Positive tilt shifts the dayside
load region southward, which also brings the cusps and the generator region closer to the equatorial plane.
Shifting of the dayside magnetopause and cusp regions have also been seen in other MHD simulation by
Liu et al. [2012]. The generator region becomes stronger on the summer hemisphere, which is closer to the
equatorial plane. This is likely due to the flux pileup, as the open field lines are more easily advected toward
the summer hemisphere and therefore are also in better contact with the magnetopause. The piling up of
the magnetic flux has also been seen by Palmroth et al. [2010]. The increased magnetic field in the generator
regions leads to an increasing of the divergence of the Poynting flux, −∇ ⋅ 𝐒 = 𝐉 × 𝐁 ⋅ 𝐕 (𝐄 is the elec-
tric field, 𝐉 is the current density, and 𝐕 is the plasma velocity), through the magnetopause. The increased
flux and the flux pileup in the generator regions leads also to the bulging of the magnetopause in the
summer hemisphere.

The dipole tilt angle shifts the load region toward the winter hemisphere. This explains why the IMF Bx

affect the reconnection line location differently during negative and positive dipole tilt angle. For example,
when the dipole tilt is positive and the load region is shifted southward, the location where reconnection
takes place for positive IMF Bx is also shifted southward compared to the case without the dipole tilt. When
the dipole tilt angle is negative, the load region is shifted northward and so is the reconnection line during
positive IMF Bx . From this we deduce that the dipole tilt angle affects the shape of the dayside magne-
topause, which in turn affects the location of the maximum magnetic shear. In other words, in terms of 3-D
reconnection, the dipole tilt and IMF Bx both affect the geometry of the magnetic field and thus move the
null points and the location of the null-null line over which the reconnection takes place.

6. Conclusion

Our study shows that magnetopause shape, reconnection, and energy conversion are tightly coupled
together. The dipole tilt angle mainly affects the magnetopause shape by shifting the load region away
from the equatorial plane toward the winter hemisphere and generator region in the summer hemisphere
closer to the equatorial plane. The dipole tilt also enhances the magnitude of the energy conversion in the
generator regions especially in the summer hemisphere. This is a result from a magnetic flux piling up in
the summer lobe region. IMF Bx , instead, affects the location where the reconnection occurs at the dayside
magnetopause. It also has a greater impact on the intensity of the energy conversion in the load region.
When IMF Bx is nonzero, the effect of the dipole tilt angle on the reconnection line location is much more
prominent compared to the cases without IMF Bx component.
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