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Abstract. We present a follow up study of the sensitivity
of the Earth’s magnetosphere to solar wind activity using a
particles-in-cell model (Baraka and Ben Jaffel, 2007), but
here during northward Interplanetary Magnetic Field (IMF).
The formation of the magnetospheric cavity and its elonga-
tion around the planet is obtained with the classical structure
of a magnetosphere with parallel lobes. An impulsive dis-
turbance is then applied to the system by changing the bulk
velocity of the solar wind to simulate a decrease in the solar
wind dynamic pressure followed by its recovery. In response
to the imposed drop in the solar wind velocity, a gap (abrupt
depression) in the incoming solar wind plasma appears mov-
ing toward the Earth. The gap’s size is a∼15RE and is
comparable to the sizes previously obtained for bothBz < 0
andBz = 0. During the initial phase of the disturbance along
the x-axis, the dayside magnetopause (MP) expands slower
than the previous cases of IMF orientations as a result of the
abrupt depression. The size of the MP expands nonlinearly
due to strengthening of its outer boundary by the northward
IMF. Also, during the initial 1001t , the MP shrank down
from 13.3RE to ∼9.2RE before it started expanding, a phe-
nomenon that was also observed for southern IMF condi-
tions but not during the no IMF case. As soon as they felt
the solar wind depression, cusps widened at high altitude
while dragged in an upright position. For the field’s topol-
ogy, the reconnection between magnetospheric and magne-
tosheath fields is clearly observed in both the northward and
southward cusps areas. Also, the tail region in the northward
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IMF condition is more confined, in contrast to the fishtail-
shape obtained in the southward IMF case. An X-point is
formed in the tail at∼110RE compared to∼103RE and
∼80RE for Bz = 0 andBz < 0, respectively. Our findings are
consistent with existing reports from many space observato-
ries (Cluster, Geotail, Themis, etc.) for which predictions are
proposed to test furthermore our simulation technique.

Keywords. Magnetospheric physics (Solar wind-
magnetosphere interactions)

1 Introduction

Chapman and Ferraro (1931, 1932) were the first to discuss
the existence of a boundary to the Earth’s magnetic field. In
the 1950s the concept of the solar wind was developed. In the
early 1960s, Explorer 10 and 12 provided the first measure-
ments of this boundary (Cahill and Amazeen, 1963), called
the magnetopause. Since then, we learned that the interac-
tion of the solar wind with the Earth’s magnetic field leads
to a number of important and intriguing phenomena, many
of which are not fully understood because of their complex
global nature. These include reconnection at the dayside
magnetopause and in the magnetotail, flux transfer events,
convection in the magnetosphere/ionosphere and the genera-
tion of field-aligned currents (Trattner et al., 2008; Imada et
al., 2008; Petrinec et al., 2003; Nishikawa and Ohtani, 2000;
Gosling et al., 1991). In the resulting magnetospheric config-
uration, the magnetopause appears as the boundary adjacent
to the magnetosphere that is directly exposed to the variable
external solar wind.
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It follows that by its key position, the magnetopause plays
a role of great importance in space physics, since mass, en-
ergy, and particles entering the magnetosphere must pass
through it (Fairfield et al., 2003, and references within).
Early spacecraft observations of the noon magnetopause po-
sition near 10RE, have shown that the magnetopause bound-
ary is frequently in motion under fluctuating pressure of
the Solar Wind (Sonnet et al., 1960; Cahill and Amazeen,
1963; Cahill and Patel, 1967; Kaufmann and Konradi, 1969;
Sonnerup, 1987, 1990). IMF orientation impacts magne-
tospheric activity, where it minimizes under the northward
IMF (Bz ≥ 0), while it increases with increasing magnitude
of southward IMF (Bz ≤ 0) (Akasofu, 1980).

Most of studies during northward IMF conditions focused
on wave generation by solar wind disturbances and result-
ing propagation in the magnetospheric cavity with the possi-
bility of plasma entry from the magnetosheath through the
MP flanks (Terasawa et al., 1997; Sibeck, 2000; Fairfield
et al., 2003, 2007; Farrugia et al., 2008; Plaschke et al.,
2009). Usually, the Kelvin-Helmholtz (KH) instability is
advocated to explain observation of the MP flanks distor-
tion, a process that may also occur without any solar wind
forcing with amplitudes that may exceed a factor of 2, and
may lead to plasma entry in the magnetospheric cavity un-
der northward IMF condition (Fairfield et al., 2007). More
recently, the observation and 2-D simulation of flux transfer
events (FTE) revealed the formation of plasma vortex islands
that could be related to time evolving reconnection events
near the low-latitude boundary layer (LLBL) (Eriksson et
al., 2009). Also, it is interesting to note recent reports on
formation and retreat of many X-lines at high latitudes dur-
ing a steady northward IMF (Hasegawa et al., 2008; Retinò
et al., 2008). From existing observations and simulations,
both the KH instability and reconnection appear as acting
processes in the high latitude cusp regions during northward
IMF condition, yet their respective efficiency remains uncer-
tain (Frey et al., 2003; Lavraud et al., 2006; Fairfield et al.,
2007; Li et al., 2008). More generally, in past studies, the
dynamic motion of the MP was mostly considered under the
impact of interplanetary shocks that compress the magneto-
sphere (Zhang et al., 2009). However, much less attention
has been given to study the impact of an abrupt decrease (de-
pression) in the solar wind ram pressure over an extended
period, particularly under northward IMF conditions (Baraka
and Ben-Jaffel, 2007).

In this paper we present a follow up study to our pre-
vious work on the sensitivity of the Earth’s magnetosphere
to strong variation in solar wind activity, using a particle-
in-cell code (PIC) (Baraka and Ben-Jaffel, 2007). The pri-
marily focus of our study is the response of the dayside
MP of the Earth’s magnetosphere for which available in situ
observations and theoretical simulations are quite abundant
(Paschmann et al., 1979; Sonnerrup et al., 1990; Gosling et
al., 1991; Baraka and Ben-Jaffel, 2007; Zhang et al., 2009).
This region was also selected because fields and plasmas

in the dayside magnetosphere tend to be more ordered, and
thereby make field line mapping more tractable. In addition,
dayside dynamics tend to be directly driven by solar wind
forcing, a property that should assist in studying its sensitiv-
ity to the solar wind variations (Murr, 2004).

In our previous work, we used a PIC code to study the in-
teraction of the solar wind with the Earth’s magnetosphere
during a depression in the solar wind dynamic pressure that
was artificially created within the flow of the plasma trav-
eling along the Sun-Earth-direction (Baraka and Ben-Jaffel,
2007). This effect was applied for two conditions of IMF,
Bz = 0 andBz < 0, respectively. In those studies, during
the initial phase of the interaction with the traveling gap,
the outer boundary of the magnetopause expanded sunward,
which led to the break-up of its structure in the absence of
IMF, while it sustained its bullet shape in the case of south-
ward IMF. Also, in response to the generated gap, low den-
sity ensembles of plasma reversed direction and moved sun-
ward against the stream inBz = 0 case. By contrast, this re-
versal also took place whenBz < 0 with much lower density
than the caseBz = 0. We interpreted this reversal as a result
of a gradient in the dynamic pressure from the MP toward the
gap region that induced a sunward oriented mechanical force,
which stopped these tiny clouds and then reversed their direc-
tion of motion (Mishin, 1993; Baraka and Ben-Jaffel, 2007).
We also proposed some similarities between our gap’s effect
and hot flow anomalies (HFA), particularly plasma flow out
of the Sun-Earth line (Sibeck et al., 1994, 1999). Further-
more, the orientation of the cusps was found to be highly
affected by the depression in the solar wind flow, while lobes
were flared out whenBz = 0 due to the applied depression
in the solar wind flow. In addition, we found that x-lines ap-
peared at different positions in the two IMF orientations pre-
viously considered. For instance, an x-line was found around
∼103RE for Bz = 0, while forBz < 0, its position was found
around∼80RE. These results seem to support the idea that
when the IMF is non-zero, the x-point is more confined to-
ward the planet.

With all these results in hand, it would therefore be use-
ful to see how a depression in the impinging SW could af-
fect the dayside magnetosphere when the IMF is included
but northward oriented. As in our previous work, we focus
on the behavior of the plasma distribution and field’s topol-
ogy at the dayside magnetopause, the formed gap (abrupt de-
pression effect) and the macrostructure of the Earth’s mag-
netosphere. A similar organizational scheme of our previous
work will be adopted to easily explore the similarities and the
differences in both studies. In addition, a short description of
the PIC code by which this study was carried out is presented
in Sect. 2 with much more details provided on boundary and
initial conditions. For reference, a steady state of the magne-
tosphere in the presence of northward IMF is first obtained
with a focus on the kinetic properties of the plasma. Then
the SW ram pressure is modified during a short time and the
changes in the magnetosphere structure are recorded versus
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time both for the plasmas and fields distributions. The gener-
ation and time evolution of the gap are described before the
latter hits the magnetosphere. This description is provided
as a reference on the disturbance properties that should help
detect similar event in solar wind observations. The time re-
laxation of the system is then derived through the changes in
the magnetopause’s sizes following the gap’s travel through
the entire dayside. Final conclusions are then proposed on
similarities and difference with no IMF and southward IMF
cases, respectively.

2 Particle-In-Cell code

2.1 Code description: initial conditions

In this study we used 3-D, fully electromagnetic and rela-
tivistic PIC code, originally written by Buneman et al. (1992,
1993 (and the reference therein in Matsumoto and Omura,
1993) 1995). The original PIC code has been exten-
sively used in the past few years (Nishikawa, 1997, 1998;
Nishikawa and Ohtani, 2000; Wodnicka, 2001; Cai et al.,
2006), and also with some modifications in terms of han-
dling instabilities and reducing CPU time (Baraka and Ben
Jaffel, 2007; Wodnicka, 2009). In this code, a box, which
contains an ensemble of macro-particles, represents the mag-
netosphere: macro-ions and macro-electrons. Motions of
the macro-particles are monitored in 3-D under the influ-
ence of forces related to electric and magnetic fields through
the Lorentz law. The fields themselves are described by
Maxwell’s equations. The code is relativistic, so no particle’s
speed can exceed the light’s speedc (c = 0.5 in the code).
We are using the same boundary conditions as initially pro-
posed by Buneman, 1993. Particles leaving the simulation
box are assumed to be “absorbed”, leaving their charges be-
hind on the boundary. As explained by Buneman (1993),
such boundary charging is implemented to reflect the fact
that eliminated particles are not too much far from the bound-
ary and that the plasma inside the box keeps “feeling” them.
On the average as many ions as electrons escape, the total
boundary’s charge is moderate. However the immobility of
the boundary charges is not real and the surface boundary
is made slightly conducting to subtract such surface currents
from the surface fields. The same prescription also applies
when injecting new particles (for example from the imping-
ing solar wind) from outside. Because the code is charge con-
serving a difference in particle flux injection is automatically
corrected for. To each charged particle injected, a particle
of opposite sign is assumed in the same spot. Note that new
particles injected from the solar wind on lateral surfaces have
a half-space Maxwellian distribution velocity. The bound-
ary conditions for the fields assume no reflection on the box
edges as proposed by Lindman (1975). Charge conserva-
tion is fulfilled using charge and current deposition scheme
as proposed by Villasenor and Buneman (1992). Finally, we

remark that the newly injected solar wind’s IMF and plasma
are assumed to be a frozen in conditions.

Initially, the simulation box is uniformly filled with so-
lar wind plasma composed of pairs of ion-electron macro-
particles but no magnetic field is applied. Particles are as-
sumed to have the same speed ofV sw = 0.5·c, wherec = 0.5
is the light speed in the code. A 3-D uniform spatial grid is
assumed with a same length scale of1x = 1y = 1z = 1 =

1RE as in our previous study. A correspondence between the
code time unit and the real word time scale is derived here
using Courant Condition (c1t ≤ 1x

/√
3) Starting from

the solar wind speed assumed in the codeV sw = 0.25,
we derive that a good time scale could be represented by
the Courant time boundary1t =

1

c
√

3
=

1RE

2×Vsw×
√

3
=

6335
1732=

3.6 s. The significance and conditions of use of this time
scaling are further discussed in Sect. 4. Other plasma pa-
rameters are scaled in the code such that,me

mi
=

1
16, the so-

lar wind initial electron-proton pair density is(0.8/13), the
plasma frequencies areωe,i = (0.89,0.22), thermal veloci-
ties areνthe,i = (0.1,0.025), and the Debye lengthλDe,i =

(0.11,0.11), where “e”and ”i” denotes electron and ion, re-
spectively.

It is important to remark that all quantities mentioned
above correspond to the initial unperturbed plasma before
the application of any magnetic field. These values are also
consistent with the fluid description of the solar wind plasma
initially injected. However, as we shall see, with the mag-
netospheric cavity formation, most regions of the magneto-
sphere will host hotter and/or smaller density plasma. This
means the Debye length in those regions will be much larger
than assumed for the initial plasma (see Sect. 2.2 for more
details).

Besides kinetic effects, it is important to remark that for
magnetospheric conditions, the plasma is assumed collision-
less. However, when using PIC simulation codes, collision
occurs all the time because of the spatial grid used to han-
dle fields and charge and current deposit. In a PIC code,
a charge diffuses occupying a volume with a charge distri-
bution defined by a shape function (Langdon, 1971). The
numerical collisions lead to the so-called aliasing or grid-
heating problem. A lot of work has been done in the past to
clarify the onset of the grid heating and its dependency on the
plasma parameters (Langdon, 1971; Hockney and Eastwood,
1981, and references therein). From these studies, it appears
that the two main parameters are the Debye length (λD) and
the plasma frequency (ωp). In the case of electrostatic sim-
ulations (no magnetic field applied) of Maxwellian plasma,
Hockney and Eastwood derived a set ofλD andωp values
for which grid heating is acceptable. In addition, Langdon
(1971) showed that the grid heating occurs by the assumed
electrostatic plasma until an asymptotic value ofλD ∼ 0.3 is
reached. As shown by Hockney and Eastwood, 1981 (their
Fig. 9-6 on p. 320), our initial and time evolution of (λD, ωp)

∼ (0.11,0.89) are compatible with their optimum path. In
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Fig. 1a. Plasma density distribution for unperturbed case taken at
9001t shown in x-z plane and Earth’s position is centered at [0, 0,
0] RE corresponding to [60, 52, 53]RE in the simulation box.

addition, we remind that a 31×31×31 shape function of
particles is applied on all quantities projected on the grid,
a very efficient way to damp instabilities. Obviously, the
smoothing is done at the cost of lower spatial resolution, an
effect acceptable when dealing with large scales, as it is the
case here. We will discuss more in detail this problem in the
next section to compare the grid heating derived in this study
when a magnetic field is applied.

2.2 Steady state magnetospheric: numerical stability
and kinetic description

Before the application of any solar wind disturbance, we
need to set-up a steady state magnetosphere under northward
IMF condition that has the structure expected from past ob-
servations. Results are presented in the same way as in our
previous study, in order to comparatively conclude on sim-
ilarities and differences between the current study (Bz > 0)
and the previous ones (Bz = 0 and Bz < 0, respectively)
(Baraka and Ben-Jaffel, 2007).

The simulation box has the same dimensions of
(155,105,105)1 as in our previous study; where1 = 1RE.
It is loaded with 2× 106 electron-ion pairs, where Earth
is located at (60,52,53)RE. In all graphs, this location is
centered at (0, 0, 0)RE, which makes follow up of inter-
pretations more convenient. Starting from a box filled by
pairs of electron-ion macro-particles, the Earth’s dipole field
is switched on, letting the system evolves with time up to
9001t with an impinging northward IMF componentBz =

0.2. The IMF strength is weak but strong enough to pro-
vide the expected macrostructure of the magnetosphere af-
ter the prescribed elapsed time. Initially, the Debye length
is λDe,i = (0.11,0.11), respectively for electrons and ions.
These values are consistent with the multi-fluid description
of the frozen-in magnetized solar wind flow initially as-
sumed. After the planetary and solar magnetic field have

Fig. 1b. Debye length distribution in the same plane of density
distribution shown in Fig. 1a. From magnetosheath to magnetotail,
the Debye length in the magnetosphere is∼>0.5, ensuring a kinetic
description of the particles.

been applied, the plasma configuration changed so that it is
not clear from the only density distribution shown in Fig. 1
if the PIC code provides a kinetic or fluid description of the
particles. To answer this question, we derived a 2-D distribu-
tion of the Debye length that corresponds to the plasma struc-
ture obtained for the steady state configuration displayed in
Fig. 1a. As shown in Fig. 1b, the Debye length contours have
a nice distribution that progressively evolve from the multi-
fluid description of the impinging solar wind flow into a ki-
netic description of the magnetospheric plasma. For exam-
ple, in the magnetosheath nose region, we estimated that the
Debye length should be∼0.45. In the current sheet area, the
Debye length is found as large as∼1.37. In the cusp regions,
we estimate that the Debye length is∼1.17. Finally, in the
far tail, we estimate that the Debye length should be around
∼0.92. All these values tend to support that our simulation is
a kind of hybrid description of the plasma from multi-fluid to
kinetic’s handling of the particles that is naturally accounted
for from the dayside to the nightside of the simulation box.
As shown in Fig. 1b, in most of the magnetospheric regions,
particles are described kinetically by our PIC code.

Besides kinetic properties, numerical stability of a PIC
code should also be addressed. As remarked in Sect. 2.1,
grid heating is one of the most discussed issues in PIC simu-
lations. In the case of electrostatic simulations (no magnetic
field applied) of Maxwellian plasma, Hockney and Eastwood
derived a set ofλD andωp values for which grid heating is
acceptable, if not negligible. We may summarize their re-
sults remarking that for plasma withλD < 0.3, grid aliasing
should induce a numerical heating that depends on the shape
function assumed for the particles on the grid but that should
bring the plasma to an asymptotic state withλD = 0.3–0.5
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(Langdon, 1971). According to Hockney (1971), this ar-
tificial heating may corrupt the output of PIC simulation
of electrostatic and stable Maxwellian plasma if not han-
dled with care through an adequate selection of the parti-
cles shape function. In the present case, we started with
a box filled by plasma that has a Debye length that seems
rather small (∼0.11) but withωp,e 1t ∼ 0.89 andVth,e∼ 0.1.
According to Hockeney (1971), this set of plasma parame-
ters should correspond to stable numerical simulations with
a linear shape function for particles as used here. Using the
plasma properties in the region upstream of the magneto-
sphere, we estimated that after 900 time steps, the Debye
length isλD,i ∼0.14 for ions andλD,e ∼ 0.25 for electrons
in the unperturbed solar wind plasma. In addition, numerical
heating seems uniformly distributed over the simulation box
and smoothly increasing with time until a saturation value
λD,e ∼ 0.25 of the Debey length is obtained for electrons.
Our results tend to support that the grid aliasing problem is
negligible for the heavier ions but follows the same trend for
electrons as derived by past studies (Langdon, 1971; Hock-
ney and Eastwood, 1981). For the large structure of the
magnetosphere studied here, the numerical noise should not
therefore substantially affect our results.

Besides the discussion on the numerical stability of our
code, it is also important to compare the magnetosphere so
far obtained as a steady state configuration to past observa-
tions. In the unperturbed solar wind plasma upstream of the
magnetosphere structure, we estimated that the Alfvén veloc-
ity is VA = 0.08c, the Alfvénic mach number isMA ∼ 6.1,
and the corresponding magneto-acoustic Mach number is
Mm = 5.2. The plasma parameter isβ ∼ 0.35 with a critical
Mach number∼2.3 (Edmiston and Kennel, 1984). For this
set of plasma parameters, the Earth’s bow shock positions
along the OX and OY axis are expected from observations
at ∼(14.8RE, 29RE) respectively (Peredo et al., 1995). The
magnetopause is expected around∼10.6RE along the nose
direction (Peredo, 1995; Merka, 2005). It follows that the
bow shock to magnetopause standoff distances ratio should
be∼1.4 as derived from past observations and models (Fair-
field et al., 2001). For comparison, our bow shock posi-
tions are∼(15, 29)RE for sunward and duskward, and the
magnetopause nose standoff distance is∼10.8RE, quite con-
sistently with past models and observations. In addition,
the magnetosphere morphology obtained here is also com-
patible with past observations and models in terms of plas-
mas and fields distributions, particularly the lobes that are
slightly flare out and the fishtail configuration of the magne-
totail (Petrinec and Russell, 1996). All these results tend to
support that our PIC code when using the appropriate scaled
plasma parameters describe quite accurately the larges scales
of the magnetosphere, an achievement that provides us with
the right tool to investigate in the following the impact of a
solar wind disturbance on the steady state configuration ob-
tained at step time 9001t .

Fig. 2. Normalized plasma parameters drawn within the gap. This
figure is plotted in 100-step time, soon after the disturbance is ap-
plied to the system. In five panels the solar parameters are shown
in the following order, speed, number density, temperature, mag-
netic field strength and total pressure. The x-axis is reversed time
sequence.

2.3 Solar wind depression: gap effect

To obtain a depression in the solar wind flow, Baraka and
Ben-Jaffel (2007) only described the way the disturbance
was generated via a sudden change in the incident plasma
bulk speed. Although density distributions in the noon-
midnight plane clearly showed the gap shape (i.e. Baraka and
Ben-Jaffel, 2007, their Fig. 4), the description of the resulting
structure in the plasma flow upstream of the magnetosphere
was not clear. As shown in Fig. 2, the exact shape of the
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36 S. Baraka and L. Ben-Jaffel: Impact of solar wind depression on the dayside magnetosphere

Fig. 3. Time sequence of the response of Earth’s magnetosphere to a depression in the incident SW flow forBz > 0. Plasma density is shown
in panels(a), (b), (c) and (d), taken at 1001, 1100, 1175 and 12501t respectively. All plots are shown in the x-z plane and centered on
Earth’s position at [0, 0, 0]RE corresponding to [60, 52, 53]RE in the simulation box.

disturbance is provided by the normalized plasma parame-
ters across the gap region obtained in the buffer region that is
located upstream of the magnetosphere. The shown parame-
ters are measured inside the gap along the Sun-Earth line for
each step time. The flow’s deceleration resulted in an expan-
sion and cooling of the plasma in the middle of the gap, but
produced real shock/discontinuity structures on the edges.

The total pressure curve shows a real solar wind depres-
sion. Such input solar wind conditions could be described
as a depression consequently followed by compression in the
solar wind. It may also be fulfilled by two successive shocks
and/or discontinuities that are separated by a lapse of time
and that may hit the magnetosphere in a way similar to the
gap’s effect described here. Such disturbances are common
events in the solar wind plasma and field observations from
ACE, IMP8, etc.

3 Results: response of the magnetosphere to a depres-
sion in the solar wind flow

Results are presented in the same way as in our previous
study (Baraka and Ben-Jaffel, 2007), in order to compara-
tively conclude on similarities and differences between the
current study (Bz > 0) and the previous ones (Bz = 0 and
Bz < 0, respectively) (Baraka and Ben-Jaffel, 2007).

Starting from the steady state configuration obtained at
step time 9001t , an abrupt change in the solar wind dy-
namic pressure was created during 1001t in order to simu-
late the variability of the solar wind (Fig. 2). As described in
Sect. 2.3, such a reduction in the dynamic pressure resulted
in the generation of a gap with two sharp edges (e.g. Baraka
and Ben Jaffel, 2007).

Ann. Geophys., 29, 31–46, 2011 www.ann-geophys.net/29/31/2011/



S. Baraka and L. Ben-Jaffel: Impact of solar wind depression on the dayside magnetosphere 37

Fig. 4. Time sequence of the response of Earth’s magnetosphere to a depression (abrupt depression effect) in the incident SW flow forBz > 0.
Field’s lines are shown in panels(a), (b), (c) and(d), taken at 1001, 1100, 1175 and 12501t , respectively. All plots are shown in the x-z
plane and centered on Earth’s position at [0, 0, 0]RE corresponding to [60, 52, 53]RE in the simulation box. A zoom of the encircled areas
(panela) will be shown in Fig. 3 to highlight the reconnection between the geomagnetic and magnetosheath fields.

3.1 Plasma density distribution under northward IMF
condition

A snapshot of the system taken at 10011t shows the formed
gap that appears as a planar structure betweenx = −47 and
x = −32RE (see Fig. 3a). The gap approximately has the
same size (∼15RE) as previously obtained for bothBz < 0
andBz = 0. At this time, the magnetopause standoff posi-
tion is ∼ −10.8RE (depicted by a vertical dash-dotted line
in the figure). A signature of the bow shock can be observed
at x ∼ 16RE (16RE from Earth position). Clouds of plasma
in the tail region are filling the formed cavity and are feed-
ing the equatorial plane with a plasma sheet that has a vari-
able thickness along the x-axis. Both cusps are clearly seen,
as expected, dayside oriented. More tailward, the lobes are

observed almost parallel to the neutral line over 25RE from
Earth in the nightside; beyond that distance they converge to-
ward the neutral line with denser filling of plasma extending
up to 85RE (tailward).

In Fig. 3b, taken at 11001t , the downstream edge of
the generated gap is now approaching the dayside magne-
topause, where it forms a concave layers over the magne-
tosheath as a cover. This cover has an apparent thickness
along the x-direction of∼5.5RE. Its concavity can be ex-
plained by the incoming plasma, which strongly feels the
dipole magnetic pressure on the Sun-Earth line, whilst both
ends (toward poles) proceed almost steadily along the x-axis.
Inside the gap, clouds of plasma are seen all over and are
more uniformly distributed than the previous step time. Ap-
parently, at this particular time the magnetopause standoff
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position is almost∼ −11.5RE in the x-direction, compared
with ∼13.5RE for Bz = 0 and ∼12.3RE for Bz < 0. In
the night-side, a plasma structure of a relative thickness of
∼8RE is seen starting atx ∼ 10RE. This structure has a ring
shape and corresponds to the so-called trapping regions that
connect cusps to the equatorial plasma sheet. Both cusps are
clearly observed dayside oriented and slightly wider in the
poleward direction. At both cusps’ peaks, located at (x = −4,
z = 9) and (x = −3,z = −7)RE respectively for the Northern
and Southern Hemispheres, high-density plasma is observed.
In addition, other tiny clouds of plasma are observed inside
the inner magnetosphere. However, the noise level and the
rather moderate number of particles assumed in the simu-
lated plasma makes it difficult to conclude on the origin of
these clouds in these particular regions.

The density distribution of the system, taken at step time
11751t (751t later), shows that the gap is apparently filled
by plasma with its downstream edge now almost located
along the planet position (0,0,0) (see Fig. 3c). By coinci-
dence of the selected time, the new standoff position of the
magnetopause at the subsolar point reads∼ −18RE, almost
the position of the upstream edge of the gap (see the upright
dashed-dotted line in Fig. 3c). On the contrary, at the same
step time, the magnetopause was broken up at∼ −15.5RE
for Bz = 0 with a huge cut that opened sunward, while it
expanded keeping its classical shape up to∼ −17RE for
Bz < 0.

The trapping region is seen as a configuration of clouds
of plasma that resembles a ring shape (∼7RE thick) ob-
served around∼15RE nightside from Earth (along x-axis).
The northward and the southern cusps are dragged in an up-
right position, but showing a much-extended poleward region
compared to a much thinner equatorward region. The thin-
ning of the cusps shape due to the low dynamic pressure of
the gap region and its widening by the northward IMF pole-
ward as obtained here confirm and extend previous studies
(Burch, 1973; Yamauchi et al., 1996). Farther away, the cav-
ity structure of the magnetotail can be seen along x out to
∼45RE (45RE from planet). Beyond that distance, in con-
trast to the cases forBz = 0 andBz < 0, the magnetotail be-
comes filled up with plasma. Figure 3c also shows a magne-
totail shifted toward south and its length shortened, confirm-
ing similar results obtained by Nishikawa et al. (1995).

In panel (d) of Fig. 3, taken at step time 12501t , the stand-
off position of the day side magnetopause is now restoring
its classical shape at∼ −9.5RE (comparable to values ob-
tained withBz = 0 andBz < 0), yet it appears more con-
fined. The lobes are widely flared out due to the abrupt de-
pression effect that hit their edges. It is remarkably clear
that the magnetotail ceased to flare out at 14.4RE (∼14.4RE
from the planet position) and restore its standard structure
of the lobes/magnetotail during northward IMF (see the
lobes/magnetotail in Fig. 1a where the gap effect is not yet
felt at nightside of the magnetosphere). At this step time,
the cusps are dayside oriented but more distorted. A dough-

Fig. 5. Zoomed in northward and southward cusp regions showing
the reconnection events between geomagnetic and magnetosheath
fields as indicated in Fig. 2a.(a) For the northward cusp, the
zoomed area is (0:4, 15:20)RE from Earth. (b) For the southward
cusp, the area is (0:4, 13:18)RE from Earth.

nut shape plasma configuration is observed in the nightside
cavity, corresponding to the elongated trapping region, pre-
viously described, that now lies within the planar gap. Al-
most 40RE nightward, low-density plasma is filling the cav-
ity along z-direction.

3.2 Magnetic field lines distribution under northward
IMF condition

In the following, we describe the magnetic field’s topology
corresponding to the plasma density distributions shown in
Fig. 3. As shown in Fig. 4a, at step time 10011t , the north-
ward IMF field lines are superimposed to that of the dayside
dipole field lines, thusly strengthening them. Accordingly,
the magnetic field lines at the magnetopause are closed. In
addition, one can see a concave stripe of dense open field
lines upstream of the dayside magnetopause (magnetosheath
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field lines). At the same time, the left side of the simulation
box shows distorted field lines (instabilities) that have not
been seen whenBz = 0, yet they appeared weaker forBz < 0.
We are not exactly sure what physical processes are behind
these distorted lines, yet it seems related to the presence of
the extended planar gap. Indeed, while the steady solar wind
flow is clearly super-Alfv́enic (MA ∼ 6.1), it becomes mod-
erately super-Alfv́enic (MA ∼ 2.4) in the bottom region (low
density region) of the gap. Such conditions of solar wind
flow are not unusual as reported by Usmanov et al. (2005).
The contrast between the two adjacent regions could be at
the origin of distortions that appear for non-vanishing IMF.
It is important to remark that the noise level of the simulation
data could also be the origin of the observed distortion of the
field lines, since the IMF strength considered is particularly
weak in the present study.

At around 44RE nightward, the magnetotail is closed like
a cocoon. Beyond that distance, field’s lines are bent over the
cocoon. More interestingly, a double high latitude reconnec-
tion (indicated by blue circles) is obtained in the northward
and southward cusps areas, confirming both observations and
past numerical simulations of the existence of this feature
during steady northward IMF (Li et al., 2008; Eriksson et al.,
2009). A zoomed in plot of the encircled regions depicted
in Fig. 4a, shows that the reconnection between the magne-
tosheath and magnetosphere fields appears clearly, extending
over a few Earth radii and confirming its large-scale structure
(see Fig. 5). It follows that our simulation PIC code offers
an unprecedented opportunity to study in 3-D the start-up
and time evolution of such reconnection events under north-
ward IMF. Another signature of a large scale reconnection is
also visible in the magnetotail region beyond 44RE along the
x-axis. These results confirm the general configuration that
is expected and observed for northward IMF (Burch, 1973;
Hasegawa et al., 2008).

In Fig. 4b taken at 11001t , as the downstream gap ap-
proaches the magnetopause, the magnetosheath field lines
are stretched out sunward on the dayside. In addition, the
magnetotail cocoon is now closer to the planet. The contrac-
tion of the closed structure is another manifestation of recon-
nection. On the left side of the simulation box, the distorted
field lines mentioned in Fig. 4a persist but with a dynamic
behavior that could be related both to the instability of the
gap region and to statistical noises in the code. As in the
previous step time, the double reconnection is still visible at
high latitudes in the cusp region, almost at the same positions
from Earth.

At step time 11751t , the position of the downstream
boundary of the gap falls together with the inner magneto-
spheric cavity. Coincidently, the field’s lines of the inflated
magnetopause are almost tangential to the upstream of the
abrupt depression boundary (i.e. Fig. 2c). The drift in the
position of the plasma distribution in the magnetotail to the
south, as shown in Fig. 3c, is also clearly seen in Fig. 4c for
the field lines topology at around 42RE. The field lines at the

cusp region inflated in both northward and Southern Hemi-
sphere, which matches with the straightening up of the cusps
in Fig. 3c. The double high latitude reconnection moved tail-
ward and appears spatially more extended, probably due to
the new depressed solar wind conditions that prevail in the
gap.

In Fig. 4d, taken at 12501t , as the depression overpasses
the planet position, the dayside magnetopause restores its po-
sition at around∼ −9.5RE, yet the field line distribution is
noisy, if not disturbed, compared to the initial condition be-
fore any gap effect was applied. Further to what was ob-
served in Fig. 3d for the plasma density, the flare out of the
fields ceased out after∼15RE in the nightside. Also, the
double high latitude reconnection persists north and south
but now appears more disturbed with a probable formation
of vortices.

Aside from the large scales changes noticed during
the travel of the gap from the day to night side of the
magnetosphere, in the following we discuss the expan-
sion/recovery phases of the magnetopause during the depres-
sion/compression of the solar wind dynamic pressure, but
this time for northward IMF. With the two cases of vanishing
and southward IMF, the following analysis should complete
our sensitivity study of the magnetospheric response for the
whole range of IMF conditions.

In Fig. 6, panels (a), (b), and (c) represent the expan-
sion/recovery phase forBz > 0 as measured through the size
of the magnetopause along the three main axis. This size
is estimated respectively from Earth’s position along the x-
axis, dawn to dusk for the y-axis, and south to north for the
z-axis. We remind that no tilt was assumed for the planet
and that x, y, and z represents the Sun-Earth, dawn-dusk, and
south-north lines respectively. To locate the magnetopause
boundary, we follow the same technique based on the abrupt
drop-off of the density by definition of the stagnation region
(Baraka and Ben-Jaffel, 2007). Next, we estimate the posi-
tion of that edge from the Earth’s location.

In panel (a) of Fig. 6, the magnetopause starts expanding
from 11RE up to 13RE (∼2RE jump) between 1099 and
11071t , then it shrank from 13RE down to 12RE between
11071t and 11151t . Subsequently, the MP linearly expands
from the former position up to∼20RE, a size that it reaches
at about 11601t . Then, apparently, the system relaxes for
61t , before the MP starts contracting, thusly entering the re-
covery phase. The later phase starts as soon as the upstream
edge of the abrupt depression hits the expanded nose of the
magnetopause. The MP then recovers linearly to its origi-
nal length at 12121t . It is important to notice that the time
variation of the magnetopause’s position appears as two dis-
tinct phases, one for the expansion and the second for the
recovery. This property confirms our claim that the gap dis-
turbance could be sketched as two distinct velocity edges af-
fecting the magnetosphere simultaneously but separately.

In panel (b), the magnetopause size in the y-direction
shows a different trend. First, the starting position is
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Fig. 6. Magnetopause’s size expansion measured from Earth loca-
tion [x = 60, y = 52, z = 53]RE along x, y and z-axis forBz > 0
are shown in panels(a), (b), and(c), respectively.

∼13.3RE. Second, the magnetopause shrinks during the
time interval between 1000 and 11011t , reaching its mini-
mum size∼9.2RE at 1050.781t . This strange behavior is
unique to the dawn-dusk direction but was only observed
when IMF (either northward or southern) was added. Fur-
ther to the process described above, the MP nonlinearly ex-
pands from 13.4 to 27.27RE between 1101.27 to 1165.71t .
Once the gap effect approaches the magnetopause, the ef-
fect of northward IMF seemingly hinders the MP expan-
sion/recovery, where the system relaxes during the period
of time between 11661t and 1223.21t . Afterward the sys-
tem recovers very fast as the abrupt depression is over at
1235.71t .

In panel (c), the expansion/recovery of the magnetopause
size in shown in the z-direction. In contrast to aforemen-
tioned directions, the MP size remains relatively stable at
∼19RE from 10001t up to 1136.91t . Obviously, for that

time period, the abrupt depression is still relatively far to be
felt by the MP boundary in z-direction. Then, the system ex-
pands linearly up to 28.555RE at 1190.71t , before it relaxes
over∼371t until 12281t The recovery phase is linearly at-
tained when the MP reached its initial position (19RE) at
about 12401t .

4 What can we learn about the magnetosphere under
northward IMF using a PIC code?

For the purpose of consistency with our previous study, in the
following, we try to compare our results with existing obser-
vations and models, with a focus on the novelty a PIC code
brings in understanding the solar wind interaction with the
Earth magnetosphere under northward IMF. Here, we stress
that the idea of carrying out these case studies is to separate
effects (i.e. solar wind parameters, ionosphere, currents sys-
tems. . . etc.) before going into detailed global cases. For ex-
ample, some principal parameters are not taken into account
in our current work, such as ionosphere-magnetosphere cou-
pling, planet tilt, rotational currents, IMF fluctuation values
and so on. In our endeavor to carry out these tasks, the
dayside magnetosphere (magnetopause) was targeted. In the
past, the magnetopause motion was reported often oscillat-
ing more or less uniformly in and out a reference position
(Formisano et al., 1979) over distances of the order of 0.1
earth radii and with periods of a few minutes (Kaufmann
and Konardi, 1969; Sibeck et al., 1991, Safrankova et al.,
1997; Haaland et al., 2004; Fairfield et al., 2007; Farrugia
et al., 2008; Plaschke et al., 2009; Zhang et al., 2009). It
is clear that when the parameters defining the pressure bal-
ance change, the position of the magnetopause will also vary
(Semenov et al., 2002).

From this it follows that the primary source of the mag-
netopause motion is the change in the dynamic pressure of
the solar wind that generate waves and instabilities (Kelvin-
Helmholtz) that propagate all over the magnetosphere, par-
ticularly on the flanks where deformation could be large
(Fairfield et al., 2003). Magnetic reconnection north and
south of cusp regions may induce disturbances that could
also distort the MP shape. Other processes may trigger mag-
netopause motion Earthward even when the dynamic pres-
sure is constant, like erosion (Fairfield, 1971; Sibeck, 1991,
1994; Tsyganenko and Sibeck, 1994) or expansion of the MP
due to HFA (Sibeck, 1999).

Here, we consider a new process driven by an abrupt de-
pression (gap) in the solar wind ram pressure that we de-
scribe and follow in time using a PIC code. As shown in
Sect. 2.3, this disturbance could also be realized as two dis-
tinct events of the two velocity edges separated by a lapse
of time. By contrast with previous cases, the propagation
of such feature through the Earth’s magnetosphere has never
been considered in the past with northward IMF (Baraka and
Ben-Jaffel, 2007). Moreover, the scales of changes in the
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magnetosphere expected from the depression are far beyond
the linear regime of oscillations around a reference structure
considered in the past.

4.1 Impact of solar wind depression on large scale struc-
tures: the PIC code picture

All results so far presented confirm that our updated version
of the 3-D macro-particle code (PIC) is able to generate the
macrostructure of the Earth’s magnetosphere and was able to
simulate a strong depression of the solar wind under north-
ward IMF conditions, confirming and extending our initial
report on vanishing or southward IMF cases. Similarly to
our previous study, the applied depression in the SW flow
results in the formation of a gap in the plasma flow that has
almost the same size of∼15RE as obtained for the other IMF
conditions. The gap has a planar shape with sharp boundaries
perpendicular to the x-axis moving Earthward. In the real so-
lar wind, such depressions with low plasma density on large
scales are not unusual events as low-density sub-Alfvénic
flows are observed often (Chisham et al., 2000; Usmanov
et al., 2005). In addition, many events in the ACE solar wind
data showing two simultaneous velocity peaks separated by
a lapse of time may correspond to the disturbance simulated
here.

First, we notice a remarkable accumulation of plasma
clouds of density above the noise level distributed all along
the cavity of the magnetosphere, probably particles diffusing
into the magnetosphere, and along the upstream edge of the
generated gap as shown in Fig. 3. This picture is far from the
MHD fluid simulation where the magnetospheric structure
appears as smooth boundaries as far as neither diffusion nor
reconnection are allowed, unless artificially added. Despite
its scaling limitations and the corresponding noise level, our
PIC code renders better the kinetic nature of this interaction
and may help better understand the formation and evolution
of large scale structures of the magnetosphere.

Another large-scale feature of interest in this study is the
cusp region with its behavior in response to the solar wind
disturbance. Before and after the arrival of the event, the
orientation of the cusps was classical and fits rather well
with observations (e.g. Fig. 3) (Burch, 1973; Yamauchi et
al., 1995). However, when the disturbance was right over
the planet position covering the whole cusps region, it was
remarkable to see how fast the cusps responded to the de-
pression inside the gap and moved anti-sunward, becoming
almost in an upright position. Furthermore, they appear very
thin in the bottom end at low altitude but much more ex-
tended at high altitude, confirming the key role of the solar
wind dynamic pressure in controlling the cusps shape and
motion (Yamauchi et al., 1995, 1996; Pitout et al., 2006). In
the future, a sensitivity study of the cusps properties in re-
sponse to the solar wind dynamic pressure for different IMF
conditions, particularly when the IMF switches from one di-
rection to another, should provide a reasonable background

to understand the main processes that drive their formation
and time evolution (Pitout et al., 2009).

One important feature that our PIC simulation obtains nat-
urally is magnetic reconnection, particularly at high latitudes
on northward and Southern Hemispheres. In a recent study
(Lin and Wang, 2006) showed that under a purely northward
interplanetary magnetic field (IMF), magnetic reconnection
in both northward and Southern Hemispheres leads to a con-
tinued formation of newly closed field lines on the dayside,
a feature that we observe in our simulation (see Fig. 4a and
5). Also, recent observations by Cluster and Themis confirm
the existence of the double reconnection predicted at high
latitudes in north and south cusps areas (indicated by small
circles in Figs. 4a), with persisting X points that our PIC sim-
ulations recover nicely as shown in Fig. 5 (Hasegawa et al.,
2008; Eriksson et al., 2009). In the same area, the MP flanks
deformation due to solar wind disturbances is repeatedly re-
ported (Fairfield et al., 2003, 2007; Farrugia et al., 2008;
Zhang et al., 2009, and references within), a deformation that
appears naturally in our simulations (e.g. Fig. 3).

All our findings fit rather well with observations, thusly of-
fering a good opportunity to monitor in 3-D the high latitude
reconnection growth, time evolution, and role with respect to
KH instabilities to shape the whole area nearby the MP flanks
and cusps (Lund et al., 2006; Li et al., 2008; Hasegawa et al.,
2008; Eriksson et al., 2009).

Farther away in the nightside, using data from ISEE1 and
2, IMP 8 and IMP 7, it was found that the magnetotail ceased
to flare during a 12 h northward IMF to an anti-sunward
distance of 15RE (Chen et al., 1993). As shown in our
Fig. 4, our results for northward IMF seems to agree with
these findings, where the magnetotail ceased to flare out af-
ter ∼14.5RE. In addition, the magnetotail is seen shifted
toward south and its length is shortened. This result is con-
sistent with the occurrence of the magnetic reconnection at
the high latitude mantle (Nishikawa et al., 1995; Zheng et
al., 2005). Our PIC code thus offers a great opportunity to
study these large-scale features, which in return could help
define better the code scaling to the real world.

4.2 Time response of the magnetosphere to solar wind
depression: the PIC code estimation

The other useful side of the PIC code is its capability to
follow in time the evolving system. However, such a time
scale is not clear as far as other key parameters, like the
particle masses or number densities, do not correspond to
the real magnetosphere. We claimed in Sect. 2 that using
the Courant condition may help define a time scale, yet this
has to be proven to compare with observations. Here, we
stress that our time scale works only for the purpose the code
was build for: the formation and evolution of large scales
(i.e. macrostructure of the Earth magnetosphere) (Buneman,
1993; Nishikawa, 1995). Therefore, as far as the time es-
timation is used for understanding the evolution of large
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Table 1. Summary of the magnetopause variation in 3-D due to the depression of the solar wind dynamic pressure. The speed and the time
relaxation of the expansion and recovery phases is tabulated forBz = 0, Bz < 0 andBz > 0, respectively.

Case forBz = 0 Expansion phase of the MP Recovery phase of the MP

Direction Speed [km s−1
] Time [min] Speed [km s−1

] Time [min]

X[noon−midnight] 270 3.3 237 4.2
Y[dawn−dusk] 441 3.9 883 1.9
Z[south−north] 365 5.1 295 4.4

Case forBz < 0 Expansion phase of the MP Recovery phase of the MP

Direction Speed [km s−1
] Time [min] Speed [km s−1

] Time [min]

X[noon−midnight] 203 3.5 283 3.2
Y[dawn−dusk] 329 6.4 920 2.2
Z[south−north] 316 4.1 673 2.4

Case forBz > 0 Expansion phase of the MP Recovery phase of the MP

Direction Speed [km s−1
] Time [min] Speed [km s−1

] Time [min]

X[noon−midnight] 360 3.8 320 4.2
Y[dawn−dusk] 354 5.5 620 1.0
Z[south−north] 240 4.45 900 1.3

structures, it should appropriately work. By contrast, it
makes no sense to us to use these time scales for the micro-
physics of very local regions. With that in mind, the analysis
of the MP expansion/recovery phases of the MP should pro-
vide predictions to test if our assumptions regarding the time
scale are acceptable. This comparative exercise may require
several studies in order to establish the diagnostic. Neverthe-
less, we may already notice that the recovery phase always
takes place faster that the expansion phase. It is important to
remark that the rectangular volume of the gap has a key role
in shaping the MP response, as different regions are not hit
at the same time. For example, when the gap reaches the MP
nose along the x-axis, the other directions do not respond im-
mediately because they do not yet feel the depression. Also,
the entire expansion/recovery phases take less than few min-
utes when using our time scale, which is consistent with most
observations on motion and oscillation of the magnetopause
that report the same time scale of few minutes (Farrugia et
al., 2008; Hasegawa et al., 2008; Plaschke et al., 2009).

In the following, we thus provide more quantitative results
that we propose as predictions for the future and when possi-
ble to compare to existing observations. It has been noted
that the magnetopause expanded non-linearly in all IMF
cases along noon, dusk and north direction (x,y, and z). On
the other hand, soon after the abrupt depression effect is over,
they all recovered almost linearly in 551t for the x-axis,
351t for the y-axis and 481t for the z-axis, respectively.
Quantitatively, the magnetopause expansion rate along the x-
direction took place with a speed equal to∼0.18 in the code
units corresponding to an equivalent velocity of 360 km s−1,

and recovers at a speed rate equal∼0.16 (∼320 km s−1) af-
terward. Moreover the expansion rate of the MP along the
y-direction is 0.177 (∼354 km s−1) and the corresponding
recovery speed is∼0.31 (∼ 620 km s−1). Additionally, the
expansion rate as seen in the z-direction showed speed equiv-
alent to 0.12 (∼240 km s−1), whilst the corresponding re-
covery speed reaches the value∼0.45 (∼900 km s−1). In
conclusion, the expansion phase in x-direction is the fastest
compared to the expansion in y and z-direction, probably be-
cause the subsolar point of the magnetopause is closer to the
generated disturbance than the other two boundaries in y and
z-directions. On contrary, the recovery phase of the mag-
netopause in y and z-direction is very much faster than in
x-direction. Because the disturbance is effectively generated
as a planar cut along x-direction, the elapsed time for the gap
to over pass the magnetopause along x-is longer than that
elapsed along y and z. This remark is important because it
stresses the need to account for a “filling factor” of the dis-
turbance in any analysis of the impact of a strong disturbance
(compression or depression) on the whole magnetospheric
system. This “filling factor” must be defined through a care-
ful analysis using tools like a PIC code.

For purpose of comparison, we provide hereafter the speed
of the expansion/recovery phases obtained in our previous
study forBz = 0 andBz < 0. For Bz = 0, the MP (expan-
sion/recovery) rates along x are about∼0.13/0.11 (corre-
sponding respectively to 270 and 240 km s−1), ∼ 0.22/0.44
along y (corresponding to 440 and 880 km.s-1 respec-
tively), and∼0.18/0.15 alongz (corresponding to 365 and
295 km s−1, respectively). On the other hand, the MP
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expansion/recovery alongx for Bz < 0 is 0.10/0.14 (corre-
sponds to 203 and 283 km s−1, respectively), and alongy
0.164/0.46 (corresponding to 329 and 920 km s−1, respec-
tively), while along z the values read 0.16/0.33 (corresponds
to 316 and 673 km s−1, respectively). Table 1 summarizes
these results and represents a comparative study to the be-
havior of the magnetopause as it responds to the variability
of the solar wind dynamic pressure under different IMF ori-
entations. The 3-D and time responses of the MP shown in
Table 1 should be compared with observational data in the
near future.

5 Summary

In this paper, we present a follow up study on the sensitiv-
ity of the Earth’s magnetosphere to the solar wind activity as
initiated by Baraka and Ben-Jaffel (2007). Using a sophisti-
cated PIC code, our goal is to simulate the impact of a strong
depression in the solar wind flow on the Earth magnetosphere
under northward IMF conditions, thusly completing our pre-
vious study for both vanishing and south-oriented IMF.

– Our PIC code successfully simulated the macrostructure
of the Earth magnetosphere. Based on how the code
was built/developed, it offers unprecedented technique
to have fields evaluated over the grid nodes, while par-
ticles can have any position within the box. Therefore
the particles description is hybrid as it gradually evolves
from a multi-fluid description in the unperturbed solar
wind flow to a kinetic description in the magnetosphere.

– The general properties of a magnetosphere under north-
ward IMF conditions are recovered. Interestingly, the
double high latitude reconnection near the cusps is
clearly simulated by our PIC code, offering an unprece-
dented opportunity to study its growth and time evolu-
tion in the future.

– One of the findings of this study is that, regardless of the
orientation of the IMF, the initial general shape of the
solar wind disturbance remains almost unchanged for
all IMF values when interacting with the magnetosphere
(Bz = 0, Bz < 0 andBz > 0). Between the two edges of
the disturbance, we noticed that the density of plasma is
much larger forBz > 0. Also, more dense plasma pop-
ulates the cavity at the magnetotail, which results in a
southward tail shift (Fig. 3c); which is in turn a sign of
reconnection nearby that region. The nightside magne-
tosphere is more confined than the other two cases for
zero and south IMF.

– The recovery phase always takes place separately but
faster that the expansion phase. It was also noted that
the whole expansion/recovery phases take less than a
few minutes when using our time scale, consistently
with most observations on the motion and oscillation

of the magnetopause that report the same time scale of
a few minutes.

– The orientation of the cusp was classical and fits rather
well with observations. However, when the depression
was right over the planet position covering the whole
cusp region, it was remarkable to see how fast the cusps
responded to the depression and moved antisunward,
becoming almost in upright position. The cusps show a
thin end at low altitude and much more extended at high
altitude. The effect of the orientation and shape of the
cusps for bothBz = 0 andBz < 0, is reported stronger
thanBz0.

– The magnetotail ceased to flare out at 15RE from the
planet in the night side, which is in consistent with the
observation obtained by ISEE 1 and 2 spacecraft.
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Hasegawa, H., Retiǹo, A., Vaivads, A., Khotyaintsev, Y., Naka-
mura, R., Takada, T., Miyashita, Y., Rème, H., and Lucek, E.
A.: Retreat and reformation of X-line during quasi-continuous
tailward-of-the-cusp reconnection under northward IMF, Geo-
phys. Res. Lett., 35, L15104, doi:10.1029/2008GL034767, 2008.

Hockney, R. W.: Measurements of Collision and Heating Times in a
Two-Dimensional Thermal Computer Plasma, J. Comput. Phys.,
8, 19, 1971.

Hockney, R. W. and Eastwood, J. W. (Eds.): Computer simulations
using particles, McGraw Hill, London, p. 320, 1981.

Imada, S., Hoshino, M., and Mukai, T.: The dawn-dusk asym-
metry of energetic electron in the Earth’s magnetotail: Obser-
vation and transport models, J. Geophys. Res., 113, A11201,
doi:10.1029/2008JA013610, 2008.

Kaufmann, R. L. and Konradi, A.: Explorer 12 Magnetopause Ob-
servations: Large-Scale Nonuniform Motion, J. Geophys. Res.,
74(14), 3609–3627, doi:10.1029/JA074i014p03609, 1969.

Langdon, A. B.: Some Electromagnetic Plasma Simulation Meth-
ods and Their Noise Properties, Phys. Fluids, 15, 1149–1151,
1971.

Lavraud, B., Thomsen, M. F., Borovsky, J. E., Denton, M. H., and
Pulkkinen, T. I.: Magnetosphere preconditioning under north-
ward IMF: Evidence from the study of coronal mass ejection and
corotating interaction region geoeffectiveness, J. Geophys. Res.,
111, A09208, doi:10.1029/2005JA011566, 2006.

Li, W., Raeder, J., Thomsen, M. F., and Lavraud, B.: So-
lar wind plasma entry into the magnetosphere under north-
ward IMF conditions, J. Geophys. Res., 113, A04204,
doi:10.1029/2007JA012604, 2008.

Lin, Y. and Wang, X. Y.: Formation of dayside low-latitude bound-
ary layer under northward interplanetary magnetic field, Geo-
phys. Res Lett., 33(21), doi:10.1029/2006GL027736, 2006.

Lindman, E. L.: Free-space boundary conditions for the time de-
pendent wave equation, J. Comput. Phys., 18, 66–78, 1975.

Lund, E. J., Farrugia, C. J., Sandholt, P. E., Kistler, L. M., Fairfield,
D. H., Gratton, F. T., Cowley, S. W. H., Wild, J. A., Mouikis, C.
G., Dunlop, M. W., R̀eme, H., and Carlson, C. W.: The changing
topology of the duskside magnetopause boundary layer in rela-
tion to IMF orientation, Adv. Space Res., 37(3), 497–500, 2006.

Matsumoto, H. and Omura, Y.: Computer Space Plasma Physics,
Simulation Techniques and Software, Terra Scientific Publishing
Company, Tokyo, Japan, 1993.

Ann. Geophys., 29, 31–46, 2011 www.ann-geophys.net/29/31/2011/



S. Baraka and L. Ben-Jaffel: Impact of solar wind depression on the dayside magnetosphere 45

Merka, J., Szabo, A., Slavin, J. A., and Peredo, M.: Three-
dimensional position and shape of the bow shock and their
variation with upstream Mach numbers and interplanetary
magnetic field orientation, J. Geophys. Res., 110, A04202,
doi:10.1029/2004JA010944, 2005.

Mishin, V. V.: Accelerated motions of the magnetopause as a trig-
ger of the Kelvin-Helmholtz Instability, J. Geophys. Res., 98,
21365–21371, 1993.

Murr, D. L.: Scarf Award Presentation: Magnetosphere-Ionosphere
Coupling Studies of Dayside High-Latitude Transients, AGU,
Fall Meeting 2004, abstract # SM41B-01, 2004.

Neubert, T., Miller, R. H., Buneman, O., and Nishikawa, K.-I.: The
Dynamics of Low-β Plasma Clouds as Simulated by a Three-
Dimensional, Electromagnetic Particle Code, J. Geophys. Res.,
97(A8), 12057–12072, 1992.

Nishikawa, K. I.: Particle entry into the magnetosphere with a
southward interplanetary magnetic field’s studied by a three-
dimensional electromagnetic particle code, J. Geophys. Res., A8,
17631–17641, 1997.

Nishikawa, K. I.: Particle entry though reconnection grooves in the
magnetopause with a dawnward IMF as simulated by a 3-D EM
Particle code, Geophys. Res. Lett., 25(10), 1609–1612, 1998.

Nishikawa, K. I. and Ohtani, S.: Evolution of thin current sheet
with a southward interplanetary magnetic field studied by three-
dimensional electromagnetic particle code, J. Geophys. Res.,
105(A6), 13017–13028, 2000.

Nishikawa, K. I., Neubert, T., and Buneman, O.: solar wind-
Magnetosphere Interaction as Simulated by a 3-D EM Particle
Code, Astrophys. Space Sci., 227, 265–276, 1995.

Paschmann, G., Sonnerup, B. U. O., Papamastorakis, I., Sckopke,
N., Haerendel, G., Bame, S. J., Asbridge, J. R., Gosling, J. T.,
Russell, C. T., and Elphic, R. C.: Plasma acceleration at the
Earth’s magnetopause, Evidence for magnetic reconnection, Na-
ture, 282, 243–246, 1979.

Peredo, M., Slavin, J., Mazur, E., and Curtis, S.: Three-
Dimensional Position and Shape of the Bow Shock and their
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sub-Alfvénic solar wind, J. Geophys. Res., 110, A01106,
doi:10.1029/2004JA010699, 2005.

Villasenor, J. and Buneman, O.: Rigorous charge conversation

www.ann-geophys.net/29/31/2011/ Ann. Geophys., 29, 31–46, 2011



46 S. Baraka and L. Ben-Jaffel: Impact of solar wind depression on the dayside magnetosphere

for local electromagnetic field’s solvers, Computer Phys. Com-
muncations, 69(2–3), 306–316, 1992.

Wodnicka, E. B.: comparing two models of the Earth’s magneto-
sphere, Adv. Space Res., 28(12), 1727–1732, 2001.

Wodnicka, E. B.: On a magnetosphere disturbed by solar wind;
observations of macroelectrons, Ann. Geophys., 27, 2331–2339,
doi:10.5194/angeo-27-2331-2009, 2009.

Yamauchi, M., Lundin, R., and Potemra, T. A.: Dynamic Response
of the Cusp Morphology to the Interplanetary Magnetic Field
Changes: An Example Observed by Viking, J. Geophys. Res.,
100(A5), 7661–7670, 1995.

Yamauchi, M., Nilsson, H., Eliasson, L., Norberg, O., Boehm, M.,
Clemmons, J. H., Lepping, R. P., Blomberg, L., Ohtani, S.-I., Ya-
mamoto, T., Mukai, T., Terasawa, T., and Kokubun, S.: Dynamic
response of the cusp morphology to the solar wind: A case study
during passage of the solar wind plasma cloud on February 21,
1994, J. Geophys. Res., 101(A11), 24675–24687, 1996.

Zhang, H., Zong, Q.-G., Sibeck, D. G., Fritz, T. A., McFadden, J. P.,
Glassmeier, K.-H., and Larson, D.: Dynamic motion of the bow
shock and the magnetopause observed by THEMIS spacecraft,
J. Geophys. Res., 114, A00C12, doi:10.1029/2008JA013488,
2009.

Zheng, Y., Le, G., Slavin, J. A., Goldstein, M. L., Cattell, C.,
Balogh, A., Lucek, E. A., R̀eme, H., Eastwood, J. P., Wilber, M.,
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