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Abstract we have carried out global magnetohydrodynamics (MHD) simulations together with large-scale
kinetic simulations to investigate the response of the dayside magnetospheric ion precipitation to a large
rotation (135°) of the interplanetary magnetic field (IMF). The study uses simplified global MHD model (no
dipole tilt and constant ionospheric conductance) and idealized solar wind conditions where the IMF rotates
smoothly from a southward toward a northward direction (Bx=0) to clearly identify the effects of the impact of
the discontinuity on the magnetopause. Results of the global simulations reveal that a strong north-south
asymmetry develops in the pattern of precipitating ions during the interaction of the IMF rotation with the
magnetopause. For a counterclockwise IMF rotation from its original southward direction (By < 0), a spot of
high-energy particle injections occurs in the Northern Hemisphere but not in the Southern Hemisphere. The
spot moves poleward and dawnward as the interacting field rotates. In that case, reconnection is found close
to the poleward edge of the northern cusp, while it occurs farther tailward in the Southern Hemisphere.
Tracing magnetic field lines shows an asymmetry in the tilt of the cusps and indicates that the draping

and subsequent double reconnection of newly opened field lines from the Southern Hemisphere over the
dayside magnetosphere cause the symmetry breaking. The reverse north-south asymmetry is found for a
clockwise IMF rotation from its original southward direction (By > 0). Trends observed in the ion dispersions
predicted from the simulations are in good agreement with Cluster observations of the midaltitude northern
cusp, which motivated the study.

1. Introduction

A large number of the asymmetries identified in the magnetosheath, magnetosphere, and ionosphere have
been connected to the direction of the By component of the interplanetary magnetic field (IMF). For example,
it has been shown that the presence of a significant IMF By component creates dawn-dusk asymmetries in
magnetosheath densities near solar maximum [Paularena et al., 2001], plasma convection [Heppner, 1972;
Svalgaard, 1973; Volland, 1975; Mozer et al., 1974; Cowley and Lockwood, 1992; Weimer, 1995; Grocott and
Milan, 2014], densities in the distant tail lobes [Gosling et al., 1985], source regions of field-aligned currents
and particle precipitation [Wing et al., 2010], and poleward moving auroral forms [Sandholt and Farrugia,
2007]. Hence, it is not surprising that the first studies of particle precipitating in the cusps reported some
IMF By driven dawn-dusk asymmetries in particle precipitation [e.g., Burch et al., 1985; Newell et al., 1989]
though a few investigations noticed a systematic asymmetry of the cusp precipitation, which was indepen-
dent of the IMF direction [e.g., Meng, 1981; Zhao et al., 1999; Stubbs et al., 2001]. Studies have also shown that
the IMF By component can induce hemispheric asymmetries. For example, a north-south asymmetry has
been observed in the ionospheric response to tail reconnection during IMF northward nonsubstorm intervals
[Grocott et al., 2005]. More recently, Férster and Haaland [2015] used observations from the Cluster Electron
Drift Instrument to show that the rotation of the main two-cell convection pattern is determined by the sign
of IMF By and that the phase change of that rotation has an opposite orientation in the opposite hemispheres.

Past studies using global MHD simulations in conjunction with large-scale kinetic (LSK) calculations to
determine the entry of solar wind ions in the magnetosphere confirmed that the By component and history
of the IMF, as well as nonadiabatic acceleration of ions at the magnetopause, could cause significant asym-
metries [Richard et al., 1994, Peroomian, 2003]. However, more recent MHD-LSK simulations revealed that
an unexpected dawn-dusk asymmetry in the precipitation of low- to middle-energy ions develops during
periods of steady southward IMF [Berchem et al., 2014]. The study showed that the resistive part of the
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magnetopause’s parallel electric field (=7 jj) points
toward the ionosphere in the prenoon sector and out-
ward in the afternoon sector. Hence, the dawn-dusk
asymmetry found in the ion precipitation predicted
by the LSK simulation results from the reversal of the
parallel electric field across the noon-midnight meri-
dian. Although the directions of the parallel electric
fields at dawn and dusk in the Southern Hemisphere
are opposite to those in the Northern Hemisphere,
no interhemispheric asymmetry occurs. The same
dawn-dusk asymmetry, parallel electric field inward
on the dawnside and outward on the duskside, is
found in the Southern Hemisphere because the direc-
tion of the magnetic field is also opposite with the
magnetic field pointing away from Earth in that hemi-
sphere. The asymmetry found in the simulation is con-
! ! ! ! ! sistent with Wing et al. [2010] statistical study of more
0 6 12 18 than 20years of dayside DMSP magnetometer and

Minutes particle precipitation data, which established that
there is more ion precipitation in the open field line
regions at dawn-noon sector than at noon-dusk sector.

Figure 1. The blue and red traces display the By and B,
components, respectively, of the IMF rotation observed

by ACE around 14:20 UT on 23 September 2004, which |, this paper we investigate how rotational discontinu-
was u.sed to detern_ﬂne the idealized magnetic field input ities affect the entry of ions at the magnetopause.
used in the MHD simulations (black lines). K R X

While the study is motivated by an actual event

observed by Cluster [Escoubet et al., 2008], our goal is
not to carry out a detailed comparison with Cluster observations using actual solar wind measurements as
input to the simulations [e.g., Berchem et al., 2008]. Here we use a set of idealized solar wind input with a sim-
plified setup of the MHD-LSK simulation model to study how a large IMF rotation affects dayside ion precipi-
tation after a period of steady southward IMF. This methodology allows us to identify clearly the relationships
between causes and effects. We find that in addition to the initial dawn-dusk asymmetry formed prior to the
impact of the discontinuity, a north-south asymmetry in ion precipitation develops in response to the large
rotation of the IMF. We show that this new asymmetry results from the draping of newly reconnected mag-
netic field lines over the magnetopause, shielding one of the cusps from interacting with incoming solar
wind plasma.

2. Modeling Technique

The first step of the studies was to perform a global magnetohydrodynamics (MHD) simulation of the inter-
action between a large rotation of the IMF with a quasi-steady configuration of the magnetosphere resulting
from a period of constant solar wind conditions and southward IMF. We used the global UCLA-MHD code that
solves the one-fluid MHD equations [e.g., Berchem et al., 1995; Raeder et al., 1995]. For the study reported here
we employed a simulation system that extends 60 R in the Y and Z directions and 200 R in the X direction.
The grid used was rectangular but nonuniform, with a resolution of about 0.08 R in the subsolar region and
about 0.1 R in the region where the magnetopause crosses the terminator. Other sources of asymmetry in
the simulation model were eliminated by using a uniform Pedersen conductance (gp=5S), no Hall conduc-
tance (o =0), and neglecting the tilt of the Earth’s magnetic field dipole.

The idealized solar wind input to the MHD simulation was based on an event observed by the Cluster
spacecraft when they crossed the northern cusp on 23 September 2004 [Escoubet et al., 2008]. Prior to the
event, the IMF Bz component reversed from south (x—4 nT) to north (=3 nT) while the By component went
from about OnT to —4nT, such that the IMF made an approximately 130° counterclockwise rotation from
its original southward direction. Solar wind velocity and density were quite steady, about 440km/s and
4cm 3 before the rotation of the magnetic field and about 460 km/s and 4.3 cm™> after it, respectively.
Accordingly, the solar wind dynamic pressure increased slightly from about 1.3 nPa to 1.6 nPa.
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Figure 2. (top row) Perspective views and (bottom row) views from above of the time history of the magnitudes of the
(left column) Z and (right column) Y components of the magnetic field along the Sun-Earth line (from 8 R¢ to 20 Rg)
showing the propagation of the discontinuity through the magnetosheath. The magnitudes of the By and B, components
of the magnetic field have been color coded using the scales displayed on the upper left of each column.

To simplify the solar wind plasma conditions for input to the simulation, we used a constant density
n=4cm> and a constant velocity Vy= —450 km/s with Vy=V,=0. As shown in Figure 1, we also simplified
the IMF rotation observed by ACE by smoothing out the field variations, neglecting the By component (B, =0),
and keeping the magnitude of the field constant (Br=4 nT) during the entire interval, so |By| =|Bz| =2.83 nT at
the end of the solar wind rotation. We also moderately increased the duration of the counterclockwise
rotation to obtain a clean 5 min 135° rotation.

The next step of the calculation was to perform a large-scale kinetic simulation (LSK) by launching a contin-
uous stream of solar wind particles (about 22 x 10° protons) at the sunward boundary of the MHD simulation
system and following their motion in the time-dependent magnetic and electric fields obtained from the
MHD simulation [e.g., Richard et al, 1997]. The particles’ initial velocities were arranged as drifting
Maxwellians centered on the solar wind speed and with a thermal velocity (vy,~22km/s) corresponding
to the solar wind thermal pressure and density employed in the MHD simulation. As a result most of the
particles’ initial energies were in the 0.980 < E < 1.2 keV range. Details of the global MHD and LSK modeling
technique used to carry out the simulations are described in Berchem et al. [2014].

3. Results

Figure 2 uses the time history of the Z (left column) and Y (right column) components of the magnetic field
along the Sun-Earth line to show the propagation of the discontinuity through the magnetosheath. It takes
about 4 min for the discontinuity to cross the 3 R thick magnetosheath, hence an average speed of about
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80 km/s, which is of the order of the
bulk speed of the flow along the Sun-
Earth line in the middle of the magne-
tosheath and somewhat smaller that
the local Alfvén speed.

The impact of the discontinuity on the
magnetopause is marked by a clear
jump in both field components. The
plots also indicate that the magneto-
sphere starts to expand very quickly
after the impact, as shown by the fast
sunward motion of the magnetopause
and bow shock. As we show below, this
sunward motion results from the for-
mation of new magnetospheric flux
tubes by double cusp reconnection
[e.g., Song and Russell, 1992]. As the

X . . . . IMF rotates toward north, more and
Figure 3. Particle crossings of the spherical detector of radius 5 Rg .
centered on Earth. The translucent blue sphere represents the detector more field lines become closed by
viewed from about 15:00 local time (LT) and about 15 Rg above the reconnection between newly recon-
equatorial plane. The solid blue sphere seen inside the transparentone  nected southern field lines draping
represents Earth. The white dashed lines indicate the intersection of over the dayside magnetosphere and
the spherical dgtector with the n.oon—m|dn|ght and dawn-dusk mgrl— open field lines from the Northern
dians. The location of each crossing has been color coded according . i A A
to the particle’s energy using the scale on the right. Only crossings Hemisphere. It is also interesting to
corresponding to earthward motion are displayed. Blue and yellow lines ~ Note that the rotation of the 4nT IMF
are closed and open field lines, respectively. Red lines show unconnected  creates a strong but transient pileup

magnetosheath field lines. of the magnetic field in front of the

subsolar magnetopause. The By com-
ponent, which was 0 before the interaction, reaches a peak of about 40 nT, and it takes about 20 min for
the field to settle down to about 24 nT.

Figure 3 shows a spherical detector used in the LSK simulation to collect the locations and velocities of the
solar wind particles entering the magnetosphere. It is represented by the transparent blue sphere of radius
5 Re centered on Earth, which is viewed from about 15:00 local time (LT) and 15 R above the equatorial plane.
The location of each ion crossing the detector has been color coded according to the ion’s energy at the
crossing using the 0-6 keV scale displayed on the right.

All the crossing events displayed in Figure 3 were collected during the period prior to the arrival of the
discontinuity when the IMF was purely southward. Magnetic field lines are color coded according to the
following scheme that is used throughout this paper. Red lines represent unconnected magnetosheath field
lines, while yellow and blue lines indicate open and closed field lines, respectively. The field lines show that
reconnection was occurring near the equatorial region, as expected for southward IMF. Looking at the ion
crossings, the most energetic ones (red) are observed at low latitudes. These particles are found in the region
where the first open field lines intersect the spherical detector, indicating that they were accelerated by the
reconnection process [e.g., Reiff et al., 1977]. Middle-energy (yellow) and low-energy (turquoise) particles are
observed at progressively higher latitudes. This precipitation pattern is in agreement with the energy-latitude
dispersion of particles observed in the cusps, which has been accounted for by the time of flight effect on
particles accelerated by reconnection processes occurring in the equatorial region [e.g. Onsager et al.,
1993; Wing et al., 1996, 2001].

Figure 3 also reveals a strong dawn-dusk asymmetry in the overall particle precipitation pattern. Since the
field lines shown in Figure 3 are traced in the noon-midnight meridian, the locations where they cross the
spherical detector can be used to locate local noon. We also display dashed white lines to mark the noon-
midnight and dawn-dusk meridians on the detector sphere. Using these guides, it is clear that most of
the ion crossings occur in the prenoon and morning sectors; in particular, there is a noticeable patch of

BERCHEM ET AL.

ION PRECIPITATION ASYMMETRICAL RESPONSE 266



@AG U Journal of Geophysical Research: Space Physics 10.1002/2015JA021969

NORTH

SOUTH

g

agnhetopause 0
70 80 90 100 110 120 130 140
Time (min.)

NORTH

keV
12

0

SOUTH

Figure 4. Snapshots of the spherical detector of radius 5 Rg, which are used to capture the time history of the ion entry
throughout the event. (top and bottom) The time series of the northern (top rows) and southern (bottom rows) halves
of the detector. Each hemisphere is viewed from above the Northern Hemisphere. Noon is on the left. The location of each
particle crossing the detectors has been color coded according to its energy using the scales displayed on the right of
Figure 4 (top and bottom). (middle) The time history of the Y component of the magnetic field from the MHD simulation.
The magnitude of By has been color coded from 0 to 40 nT and is plotted as a function of time measured in minutes from
the beginning of the simulation and distance from Earth along the Sun-Earth line within the 8-16 Rg range. The event
has been divided into 13 numbered time intervals (Tls) delimited by thick black lines in Figure 4 (middle). Precipitation
patterns during each Tl are shown in Figure 4 (top and bottom). Snapshots corresponding to TI-1 through TI-8 are shown in
Figure 4 (top), while those for TI-9 to TI-13 are shown in Figure 4 (bottom).

precipitating particles at high-latitude prenoon. In contrast, only a narrow band of crossings is visible in the
low-latitude afternoon sector. Furthermore, the transparent blue sphere used to represent the spherical
detector reveals a similar asymmetry in the Southern Hemisphere. These results are consistent with the
previous study [Berchem et al., 2014] that showed that the resistive component of the magnetopause’s par-
allel electric field (E;=# jjj) has opposite directions in the dawn and dusk regions for purely southward IMF.
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Hence, the asymmetry results from the fact that
ions reaching the magnetopause on the dawnside
are accelerated toward the ionosphere (E>0),
whereas they are accelerated toward the magne-
totail on the duskside () < 0).

Figure 4 illustrates changes in the ion precipitation
pattern and their relation to the MHD magnetic
field evolution. It consists of three panels, the top
and bottom of which have two rows, each showing
snapshots of the spherical detector of radius 5 R
(the same as was used for Figure 3) at different
times during the event. The time history of the Y
component of the magnetic field from the MHD
simulation is displayed in Figure 4 (middle), where
the magnitude of By has been color coded from 0
to 40nT. It is plotted as a function of time, mea-
sured in minutes from the beginning of the simula-
tion, and distance from Earth along the Sun-Earth
line within an 8-16 Re range. The event has been
divided into 13 numbered time intervals (Tls)
delimited by thick black lines in this panel.
Precipitation patterns during each Tl are shown
in Figure 4 (top and bottom). Snapshots corre-
sponding to TI-1 through TI-8 are shown in
Figure 4 (top), while those for TI-9 to TI-13 are
shown in Figure 4 (bottom). The top row in each
of these panels shows precipitation on the spheri-
Trace of the cal detector in the Northern Hemisphere, and the
Rs Detector bottom row shows the Southern Hemisphere.
Each hemisphere is viewed from above the
Northern Hemisphere. Noon is on the left. The

Y=0 location of each particle crossing the detectors
Detector has been color coded according to its energy
by using the scales displayed on the right of
Figure 4 (top and bottom).

Figure 5. The precipitation patterns in the (top left) north and
(top right) south hemispheres, together with a (bottom) Precipitation patterns in both hemispheres remain

snapshot of the planar detector at Y =0 viewed from dusk similar until TI-5 when the discontinuity impacts

during time interval TI-7. The particle crossings have been the magnetopause. The cusp precipitation from

color coded according to their energy using the scale .
displayed on the right of Figure 5 (bottom). The white dashed T2 to TI-5 appears much thinner than at TI-1

circle shows the intersection of the planar detector with the ~ Decause of the much smaller integration time
spherical detector of radius 5 Rg. (2min versus 15 min) used to produce the snap-

shots. From the start of the sequence, the northern
and southern patterns show the strong dawn-dusk asymmetry mentioned above. Then, a clear asymmetry
between the two hemispheres starts to develop when the discontinuity impacts the magnetopause.

At TI-6, high-energy particles form a bulge in the noon sector of the Northern Hemisphere, in contrast to a
much narrower range of latitudes in the Southern Hemisphere. Figure 5 relates the precipitation patterns
in the north (top left) and south (top right) hemispheres, to a snapshot of the planar detector at Y =0 (bottom)
viewed from dusk for TI-7. The asymmetric response to the discontinuity observed at Tl-5 is now very conspic-
uous. The planar detector reveals that the northern cusp is populated mostly by energetic ions injected at
high latitudes, indicating that the reconnection site has moved from low to high latitude in response to
the impact of the discontinuity on the magnetopause. The spread in latitudes seen during the 2 min interval
suggests that the reconnection site is moving rapidly to more northern latitudes, explaining the origin of the
bulge observed in the Northern Hemisphere. The thin arc of high-energy particles in the southern cusp
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Figure 6. Selected field lines viewed from the Sun for time interval TI-7. Blue and yellow lines are closed and open field
lines, respectively. Red lines show unconnected magnetosheath field lines. The wedged unattached red field line seen at
dawn in the Northern Hemisphere indicates that at that time, reconnection starts to involve solar wind field lines recon-
necting with newly opened field lines. A similar process is not observed in the Southern Hemisphere. On the duskside
reconnection remains near the equatorial plane almost unchanged creating a clear dawn-dusk asymmetry in the shape of
the magnetosphere.

(Figure 5, top right) and the crossing of high-energy particles recorded by the planar detector at midlatitudes
indicate that the reconnection process is also active in the Southern Hemisphere but occurs at lower latitudes
than in the Northern Hemisphere.

Figure 6 displays field lines as viewed from the Sun at TI-7. They show that reconnection has started to involve
solar wind field lines reconnecting with open field lines (note the wedge-shaped unattached field line on the
dawnside in the Northern Hemisphere) forming new closed flux tubes and moving the magnetopause
sunward. This process is similar to the one expected to occur poleward of the cusp for purely northward
IMF. At this time, convection and draping seem to impede a corresponding process from occurring in the
afternoon region of the Southern Hemisphere. Hence, there is a clear dawn-dusk asymmetry in the shape
of the magnetosphere: the dawnside is dipolar, while the duskside looks more like a teardrop.

The bulge continues to grow during TI-8 and TI-9, lasting about 4 min (see Figure 4). TI-10 is marked in both
hemispheres by a shift of the precipitating particle arcs toward higher latitudes, which appears as a spread in
latitude ranges because of the longer integration time used. This development culminates in the formation of
a high-energy spot at high latitudes in the Northern Hemisphere at Tl-11, a clear signature that reconnection
is moving to higher latitudes as the interacting field completes its rotation to a steady northward direction
(6 =—45°). A boundary layer of energetic particles (>12 keV) forms from cusp to cusp at the magnetopause.
Tracing field lines (not shown here) indicates that the layer results from reconnection occurring in the
Southern Hemisphere. Energetic ions are found on both newly closed field lines (double reconnection)
and newly reconnected open field lines draping over the magnetopause.

At time TI-12, about 30 min after the discontinuity has impacted the magnetopause, the dayside magneto-
sphere is approaching a quasi-steady state. The spot of high-energy particles seen in the Northern
Hemisphere has reached a stable poleward and dawnward location, indicating that the cusp has moved
both in latitude and local time. The initial dawn-dusk asymmetry formed during the period of steady
southward IMF prior to the impact of the discontinuity is still present. However, neither a bulge nor a
hot spot has formed in the Southern Hemisphere. The absence of these features and the lack of precipitation
at high latitudes of the Southern Hemisphere suggest that the IMF with its new orientation (By <0) has
not interacted with open magnetospheric field lines poleward of the southern cusp. The initial dawn-dusk
asymmetry is still present in both hemispheres. Energetic ions are mostly observed in the dawn region
where they enter the plasma sheet, while midenergy (=6 keV) ions are now found in the magnetopause
boundary layer. Though a patch of high-energy ions remains in the equatorial part of the cusp (on stagnant
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reconnected southern field lines draping the
magnetopause), most of the trapped energetic
ions are now drifting around Earth and populating
the plasma sheet.

4. Discussion

Tracing field lines for the quasi-steady state reached
after the IMF rotation is completed provides addi-
tional insight into the origin of the north-south
asymmetry found in the precipitation patterns.
Figure 7 shows magnetic field lines at TI-12
viewed from the Sun. They reveal a more symme-
trical overall magnetospheric shape than at time
TI-7 shown in Figure 6. However, a clear asymme-
try is still observed in the topology of reconnec-
tion. As indicated by the wedge shapes of the
Figure 7. Display of field lines viewed from the Sun for time new|y unconnected field lines (red) appearing

interv.al TI-12. Blug and yell.owhlines are closed and open at the upper left, reconnection occurs at the
field lines, respectively. As indicated by the wedge shapes | d ed f th in the North
of the newly unconnected field lines (red) reconnection poleward edge o € cusp n € Northern

occurs at the poleward edge of the cusp in the Northern Hemisphere. It is located much farther tailward
Hemisphere, but it is located much farther tailward in the in the Southern Hemisphere. Open field lines
Southern Hemisphere. Open field lines resulting from resulting from reconnection in the Southern

reconnection in the Southern Hemisphere now drape both Hemisphere now drape both the duskside and
the duskside and dawnside of the magnetopause. The

dashed line is to emphasize the difference in orientation c.iawn5|d.e of the magnetopause. These.open ﬁ.eld
between the northern and southern cusps. lines shield the southern cusp from interacting

with incoming solar wind field lines with the more

northward IMF orientation. The resulting topology
favors the occurrence of reconnection poleward of the northern cusp, breaking the expected north-south
symmetry in the particle precipitation. This process is very similar to the one proposed by Watanabe et al.
[2007] to explain the interhemispheric potential mismatch of merging cells found in their global MHD simula-
tions for By dominated IMF. While in their study reconnection is taking place between draped lobe field lines
and closed flank field lines, here reconnection of the draped field lines occurs more poleward because of the
more northward orientation of the incoming IMF at the end of its rotation.

Figure 7 also reveals that there is a clear asymmetry in the cusps’ locations after the impact of the disconti-
nuity. The dashed line superimposed over the axis of the northern cusp shows that it is tilted about 15°
toward dawn, while the southern cusp tilt toward dusk appears larger. Similarly, a dusk view (not shown here)
indicates that the sunward tilt of the northern cusp is larger than the southern one. We carried out an
additional simulation with similar solar wind conditions but with a clockwise IMF rotation (By > 0). We found
the same patterns but reversed. lon precipitation occurred at higher latitudes in the Southern Hemisphere
than in the Northern Hemisphere. In particular, a high-energy spot formed in the Southern Hemisphere
but not in the northern one. It is thus unambiguous that our model predicts that the impact of a large rotation
of the IMF on the magnetosphere creates a north-south asymmetry in the global topology of the reconnect-
ing fields at the magnetopause and in the particle precipitation over the dayside magnetosphere.

We are unaware whether north-south asymmetries in dayside ion precipitation have been observed follow-
ing the impacts of large IMF rotations on the magnetopause. However, Hu et al. [2014], in a recent study using
observations from all-sky imagers in the Arctic and Antarctica, reported the formation of both a dawn-dusk
asymmetry and an interhemispheric asymmetry in electrons precipitating in the dayside auroral oval. They
identified two peaks in the auroral emissions at 630.0 nm and 557.7 nm, one in the prenoon sector and the
other in the afternoon sector. Comparing their average intensities, they found that the peak observed in
the afternoon sector of the Northern Hemisphere was stronger than the peak observed in the prenoon sector
and that this dawn-dusk asymmetry reversed in the Southern Hemisphere. Hu et al. [2014] suggested that the
hemispheric asymmetry resulted from the combined effect of the dawn-dusk variation of the magnetosheath
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Figure 8. Comparison between energy-latitude dispersions measured
by Cluster on 23 September 2004 [Escoubet et al., 2008] and the
results of the simulation using an idealized input and simplified model.
The calculated dispersions do not include the effects of the relative
motion of the spacecraft flying through these structures and assume
that their trajectories were lying in the Y=—1 Rg plane. The simulated
energy fluxes are displayed using the energy deposited in each
latitude-energy bin.

density and the different local iono-
spheric conductivities at the two obser-
vatories. They dismissed any effects of
the IMF, in particular, the By component.
Since they used averaged IMF values
over long periods of time, it is unclear
how the results of their study relate to
our predictions of the ion precipitation
following a large rotation of the IMF.
While these observations reveal the com-
plex interplay between dawn-dusk and
north-south asymmetries, more analyses
of simultaneous global observations of
ion precipitation in both hemispheres
are needed to determine whether inter-
hemispheric asymmetries occur after the
impact of a large IMF rotation.

Nevertheless, since we modeled the
input of our simulations on the solar
wind and IMF recorded prior to an event
observed by Cluster on 23 September
2004 [Escoubet et al., 2008], we carried
out a qualitative comparison of the
simulation results with the observa-
tions. The result is shown in Figure 8.
While we used the same technique as
in Berchem et al. [2014] to calculate
energy fluxes and produce energy-
latitude dispersions from the simulation
results, additional assumptions were
made. First, as mentioned above, we
used a simplified and slower IMF rota-
tion as input together with a simplified
simulation model that neglected the sig-
nificant dipole tilt of Earth at that time
(=11° sunward, 25° dawnward in GSE)
and used a constant ionospheric con-
ductance. Second, the ion dispersions
shown in Figure 8 were calculated from
particle hits collected along the projec-
tion of the spacecraft trajectory in the
Y=—1Rg plane, whereas in reality their
trajectories were closer to 11:00 mag-
netic local time meridian. Third, the
particle hits were integrated over a long

time window (~10min), so they do not include the effects of the relative motion of the spacecraft flying
through these structures. Finally, we used a detector with a high resolution in latitude (0.3°) but large radial
bins (1.0Rg) in order to accumulate enough statistics. Because of all these assumptions, and the resulting
uncertainties associated with them, we display in Figure 8 energy fluxes using simulation units (i.e., energy
deposited in each latitude-energy bin) instead of using particles’ initial conditions and detector parameters
to rescale them in units that would be directly comparable to those observed by Cluster. This is to emphasize
that we are not looking for a quantitative agreement between the simulation results and the observations. The
purpose of Figure 8 is to show that despite all these simplifications, the trends observed in the low- and high-
energy cutoffs of the ion dispersions obtained from the simulation compare very well with the ones observed
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by Cluster, though there is a shift in the latitude ranges. The energy range found in the simulated dispersion
before the impact of the discontinuity is very similar to the ones observed by the Cluster C1 spacecraft.
However, the highest energy fluxes calculated after the impact of the discontinuity spread to slightly higher
energies than those measured by the Cluster C3 spacecraft. The origin of that discrepancy is unclear. In addi-
tion to possible effects related to the assumptions mentioned above, it could be due to the fact that our
model does not include wave-particle interactions. Hence, it neglects some energy dissipation processes that
could occur in the magnetosheath during the propagation of the discontinuity, as well as during its
interaction with the magnetopause. Nevertheless, the overall good qualitative agreement found between
the calculated dispersions and the ones observed provides some confidence in the results of the simulation.

5. Summary

We have studied the effects of the interaction of a solar wind rotational discontinuity with the magnetopause.
To do so, we carried out global MHD and LSK simulations that used a simplified global MHD model and an
idealized input based on the solar wind conditions that were observed prior to the crossing of the midaltitude
northern cusp by the Cluster spacecraft on 23 September 2004. During that event the IMF rotated from a
southward (By=0) to a northward and dawnward direction (By < 0). Using a smooth variation of the IMF clock
angle and a simplified magnetospheric geometry of the magnetosphere (no dipole tilt and constant
ionospheric conductance) allowed us to clearly identify the effects of the discontinuity as it interacted with
the magnetopause. Results of the global simulations revealed that a strong north-south asymmetry in the
precipitating particles developed during the interaction of the IMF rotation with the magnetopause. A spot
of high-energy injections occurred in the Northern Hemisphere but not in the Southern Hemisphere; the spot
moved poleward and dawnward as the interacting field rotated. Reconnection was found close to the
poleward edge of the northern cusp, while it occurred farther tailward in the Southern Hemisphere.
Tracing magnetic field lines revealed a strong north-south asymmetry in the global topology of the dayside
magnetosphere, in particular in the orientation of the cusps. It also indicated that the draping and subse-
quent double reconnection of newly open field lines from the Southern Hemisphere were at the origin of
the symmetry breaking. It was also responsible for the formation of a thick boundary layer of midenergy
(=6 keV) ions at the magnetopause. We carried out an additional simulation with similar solar wind conditions
but a clockwise IMF rotation (By > 0) and found the reverse asymmetry: a spot of high-energy injections was
formed in the Southern Hemisphere but not in the Northern Hemisphere. Trends observed in the ion
dispersions predicted from the simulations were in good agreement with Cluster observations, though the
oversimplified conditions used in the simulations limited the extent of the comparison between the simula-
tion results and the observations.

We are unaware whether north-south asymmetries following the impacts of large IMF rotations on the mag-
netosphere have been observed but hope that the results of our study will motivate a relevant investigation.
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