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[1] We have studied the entry paths of solar wind plasma
into the magnetosphere during an extended period of
northward IMF using an OpenGGCM MHD simulation of
the cold dense plasma sheet (CDPS) event observed on
October 23, 2003 by the Cluster spacecraft. We find that
high-latitude reconnection occurs tailward of both cusps
between the IMF and geomagnetic field. The newly created
closed magnetic flux tubes capture magnetosheath plasma,
and subsequently sink and shrink into the magnetosphere,
while convecting tailward. The plasma that enters near the
reconnection site is driven sunward and toward the low
latitude region initially; it then drifts to the flanks. The
captured plasma is characterized by small flow velocity, and
it is moderately heated in the reconnection region. In the
present case study we find the cold plasma enters the plasma
sheet in the near Earth tail where it is observed by Cluster.
Citation: Li, W., J. Raeder, J. Dorelli, M. Øieroset, and T. D.
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1. Introduction

[2] It is well known that the solar wind plasma can enter
into the plasma sheet through reconnection processes first at
the dayside subsolar merging site and then in the distant
magnetotail, when the IMF is southward [Dungey, 1961;
Cowley, 1980; Rosenbauer et al., 1975; Sckopke et al.,
1981]. The first reconnection process captures the solar
wind plasma which then flows tailward into the mantle/lobe.
The second reconnection drives the plasma from the mantle/
lobe toward the Earth. As a consequence of the reconnec-
tion process the plasma sheet is most of the time found to be
consisting of hot (1–10 keV) and tenuous plasma. It
becomes denser and hotter for increasing geomagnetic
activity [Borovsky et al., 1998; Wing and Newell, 1998].
[3] When the IMF is northward, there is no or little

dayside reconnection. The plasma sheet density should
therefore decrease. However, the plasma sheet often
becomes denser and colder under quiet geomagnetic con-
ditions. At times, a very cold and dense plasma sheet is
observed [e.g., Fairfield et al., 1981; Baumjohann et al.,
1989; Lennartsson, 1992; Fujimoto et al., 1996, 1998;
Terasawa et al., 1997]. The ionosphere is an unlikely source
of this plasma since (1) the ionospheric outflow has been
found to be strongest during active times and for southward
IMF [Yau et al., 1985; Øieroset et al., 1999], and (2) the

CDPS is generally absent of a cold O+ component [e.g.,
Rème et al., 2001]. Therefore, the plasma entering the
plasma sheet when the IMF is northward is believed to be
primarily of solar wind origin.
[4] Most of the CDPS observations are made near the

Earth in the tail (XGSE > �30 RE). The CDPS is often
observed after a period when the IMF had been northward,
on average, for several hours. This plasma is characterized
by higher density (�1 cm�3), lower temperature (<1 keV),
and small flow velocity. It is found to be on closed field
lines [Fujimoto et al., 1998]. Terasawa et al. [1997] found it
could be a temporal state of the plasma sheet. Many
observations show that it is located much more often near
the flanks [e.g., Fujimoto et al., 1996, 1998; Phan et al.,
1998; Fuselier et al., 1999; Øieroset et al., 2002] than at the
center of the plasma sheet.
[5] The following mechanisms of solar wind plasma

entry have been proposed to account for the CDPS: (1) a
diffusive process (Kelvin-Helmholtz) along the tail flank
[Terasawa et al., 1997; Fairfield et al., 2000]; (2) entry
through high-latitude reconnection between the lobe field
and the northward IMF at both hemispheres [Song and
Russell, 1992; Song et al., 1999; Raeder et al., 1995, 1997].
However, neither of these studies show in sufficient detail
how the plasma enters into the plasma sheet and what its
expected properties are.
[6] In the present study, we investigate the solar wind

plasma entry mechanism by analyzing global simulation
results for a real CDPS event observed by Cluster which is
presented in the accompanying paper by Øieroset et al.
[2005]. The companion paper discusses in detail the Cluster
and related solar wind and IMF observations. That paper
also presents a comparison of the data with time series taken
from our simulation. At least during the first half day of the
event the simulation results match the Cluster data in the tail
remarkably well. We take this as an indication that the
simulation captures the correct physical process that leads to
the CDPS formation, although we can not exclude other
processes, for example diffusion, that are not included in
our model. Based on these results we take the next step in
this paper and investigate the CDPS formation process
in more detail.

2. Simulation

[7] Cluster observed an extended period of cold dense
plasma from 2128 UT on October 22 to 0343 UT on
October 24, 2003 [Øieroset et al., 2005]. During the same
time period, ACE observed steady strong Northward IMF.
We ran a simulation for this event with the OpenGGCM
MHD model [Raeder, 2003], using ACE solar wind and
IMF data as input. The simulated time period is from
1500 UT on October 22 to 0300 UT on October 24, 2003.
Full 3D data dumps of the simulation results are output
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every 300 seconds. The grid dimensions are (�601, 25) �
(�45, 45) � (�45, 45) RE in GSE coordinates, and its
resolution is 0.3 RE in subsolar region and 0.5–1 RE in the
flanks. The primary output parameters are flow velocity
components, magnetic field components, plasma density
and plasma pressure.

3. Entry Path

[8] Based on this simulation output data, we trace ob-
served plasma parcels backward in time. We select a few
locations around the position where the Cluster observed the
cold dense plasma as the seed points. Then we trace
backward the plasma flow using the flow velocity field
data from the simulation, i.e.,

d~X tð Þ
dt

¼ �~V ~X tð Þ; t
� �

: ð1Þ

[9] Because the velocity data from the simulation are
gridded in space and time, we use linear interpolation in
both space and time to compute the right hand side of
equation (1).
[10] Figure 1 shows a typical tracing result for a seed

point near the Cluster location (�12.5, 14.0, �2.1) RE in
GSE coordinates at 1200 UT on October 23. This plasma
parcel starts at 1025 UT in the solar wind. It then moves
across the bow shock from 10:27:18 UT to 10:27:54 UT,
and traverses the magnetosheath until 1037 UT. At this
time, it enters the magnetosphere and is captured on a
closed field line. It is subsequently driven northward and
sunward in the reconnection zone until 1047 UT. This
plasma parcel continues to move northward and sunward
for a while, then turns tailward and toward the dusk side to
the flank area. The same time marks are used in Figure 2,

which shows the variation of plasma and field parameters
along this path of the parcel. At 1043 UT, the parcel is
closest to the magnetic null point. This is indicated by the
point M shown in Figure 2. The typical transport time to the
Cluster location at (�12.5, 14.0, �2.1) RE is about
1.5 hours.
[11] Figure 2 shows several MHD parameters along this

path. The panels from the top are plasma temperature,
plasma density, magnetic field, flow velocity and its Z-
component. Corresponding to the abrupt changes of the
parameter values, the first and second vertical lines define
the time at which the plasma moves across the bow shock
boundaries. The third vertical line approximately defines the
time at which the plasma parcel exits the magnetosheath and
enters the magnetosphere. It is estimated according to the
acceleration in Z direction and the temperature enhancement
at this time. This time is also in agreement with the time
associated with the first closed field line shown in Figure 3
(see discussion below). The dotted fourth vertical line
indicates the time at which the northward velocity reaches
its maximum. The third and fourth vertical lines approxi-
mately define the time period during which the parcel is
influenced by the cusp reconnection. The minimum mag-
nitude of the magnetic field indicated by the point M
suggests that the plasma is passing near the magnetic nulls
associated with cusp reconnection. The velocity panels
show that the flow is continuously slowing down in the
magnetosheath and is further decelerated when it goes
toward the reconnection site. It is likely that there is an
outflow force from the reconnection site to slow down the
plasma, reflect it back and push it northward for some time

Figure 1. One typical plasma flow path that passes near
the Cluster position at 1200 UT on October 23, 2003. The
time marks between 1025 and 1200 are correspond to the
vertical lines and point M in Figure 2.

Figure 2. MHD parameters along the path shown in
Figure 1. The top axis is labeled with the corresponding
time. The four vertical lines are corresponding to time
10:27:18, 10:27:54, 10:37:00, and 10:47:00, respectively.
Point M is at time 10:43:00 UT. SW, BS and MSheath
denote the regions and stand for solar wind, bow shock and
magnetosheath, respectively.
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until it is out of the influence of the reconnection region.
After entering the magnetosphere, the flow is very slow
most of the time except for the small increase near the
reconnection site. The density is greater than 1 cm�3

throughout, which is substantially larger than the typical
plasma sheet density, but is smaller than the magnetosheath
density. The temperature panel shows that the plasma is
heated by a factor of 3 when it travels from the magneto-
sheath into the magnetosphere.
[12] Figure 3 shows a 3D visualization of the path in

Figure 1, the plasma’s frozen-in magnetic field lines, the
equatorial plane color coded with plasma density at
1030 UT, and the magnetic nulls at this time. This figure
displays how the magnetosheath plasma enters the magne-
tosphere. The magnetosheath on the equatorial plane
appears as the yellow ribbon on the color map. The 7th to
10th magnetic field lines look like they result from recon-
nection between lobe field lines and magnetosheath field
lines, especially the 10th field line which is very close to the
magnetic null at about (�0.6, 12.0, �15.1) RE. These field
lines clearly indicate that there is magnetic tension at the
sharply kinked section parallel to magnetopause that slows
down the plasma, even turns it slightly sunward, and pushes
it northward. This tension force also causes a drift with
northward velocity component for ions on this kinked field
line section. The 7th to 19th field lines show how the newly
created closed flux tube sinks into the magnetosphere and
sweeps around the flank to the tail.

4. Discussion

[13] Long duration events of nearly pure northward IMF
are rare. The October 23 event therefore provides an
excellent opportunity to test and extend our models.

[14] Capturing of magnetosheath plasma by high-latitude
reconnection has been first proposed by Song and Russell
[2002] to explain the formation of LLBL under northward
IMF conditions. In this model, IMF flux tubes pass through
the subsolar point where the solar wind is almost stagnant.
Reconnection then occurs for such flux tubes tailward of the
cusps in both hemispheres. The model also describes the
process of sinking and reorientation of the newly created
closed flux tubes into the magnetosphere. Figure 3 shows a
very similar process. The to-be-reconnected IMF flux tube
first drapes over the dayside magnetopause. Once recon-
nected, it sinks and contracts into the magnetosphere.
Subsequently it sweeps around the flank, and is convected
tailward at the same time. During this process, the plasma in
the southern (northern) part of the flux tube is pulled
northward (southward) and sunward. Song and Russell
[2002] did not discuss the sinking process in detail.
Figure 3 indicates that magnetic tension plays a dominant
role because the flux tubes first straighten out just after
reconnection occurs.
[15] The magnetosheath plasma near the subsolar region

is cold, dense and almost stagnant. As the plasma is
captured and transported to the tail, it is moderately heated
near the reconnection site, and the temperature is just below
1 keVas shown in Figure 2. The density in the captured flux
tubes is ultimately lower than the magnetosheath density. A
possible reason is that the captured plasma expands in the
parallel direction toward the Earth along the flux tube, and
in perpendicular direction to enlarge its volume. In spite of
this, the density is still greater than 1 cm�3 throughout.
After entering the magnetosphere, the plasma flow speed
stays small except that there is a small bump near the
reconnection site as shown in the velocity panel of
Figure 2. Therefore the CDPS is characteristic of cold, dense
and almost stagnant plasma. The values of temperature,
density and low flow speed for the captured plasma are in
good agreement with CDPS observations in this event
[Øieroset et al., 2005].
[16] Our simulation shows that cusp reconnection and the

associated capture of magnetosheath plasma is sufficient to
produce a cold dense plasma sheet. Kelvin-Helmholtz
mediated diffusion has also been suggested as a possible
entry process [Fairfield et al., 2000]. In our simulation we
do not observe any K-H waves at the dayside or flank
magnetopause. This could be either due to the fact that the
K-H waves are stable during the prevailing conditions or
because the simulation does not resolve K-H waves suffi-
ciently. In future studies, with higher numerical resolution,
we will hopefully be able to answer this question.
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