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Abstract We have studied two events in which relatively superdense plasma appeared near
geosynchronous orbit after the interplanetary magnetic field (IMF) changed from a long period of
northward condition to southward condition. We used the magnetosphere MHD model Open Geospace
General Circulation Model to simulate these two events and compared the simulation results with
observations. The observations and the simulation results show that an extended period of northward
IMF caused a cold dense plasma sheet (CDPS) to form in the near tail, and a subsequent southward IMF
caused a highly stretched near-tail dipole field, which enhanced the earthward convection and eventually
set off reconnection. Some of the cold dense plasma was thus consequently transported to geosynchronous
orbit and formed a superdense plasma sheet (SDPS). CDPS is the main source of SDPS in its early stage
after the IMF southward turning.

1. Introduction

Borovsky et al. [1997] showed that the plasma density of the plasma sheet at geosynchronous orbit was
usually in a range of 0.4–2.0 cm−3, and ∼6% of the plasma observations showed a density higher than
2.0 cm−3. They considered such plasma as superdense plasma. The ion temperature of the superdense plasma
ranges from 5 to 20 keV. The superdense plasma sheet (SDPS) was found to be associated with a particu-
lar temporal pattern of Kp: Kp increasing after it has been low. Near the Earth at the onset of a superdense
plasma sheet the density typically rises to very high values (>3 cm−3) and then decays gradually over several
hours, although the superdense plasma can flow around the Earth in ∼12–18 h [Borovsky et al., 1997, 1998a;
Thomsen et al., 2003].

In statistical studies using Los Alamos National Laboratory (LANL) Magnetospheric Plasma Analyzer (MPA)
measurements for the period 1990–2004, Lavraud et al. [2005, 2006a] reported two distinct cold (T < 5 keV),
dense (N > 2 cm−3) ion populations at geosynchronous orbit. One population was observed in midnight
region of geosynchronous orbit. The other population was detected at dawnside of geosynchronous orbit.
No such cold, dense population was observed at duskside of geosynchronous orbit on a frequent basis. It
was suggested that the source of the midnight population was cold, dense plasma sheet (CDPS), which was
often found in the midtail (∼10 RE – ∼30 RE) after several hours of interplanetary magnetic field (IMF) with
a positive GSM z (northward) component [Fairfield et al., 1981; Baumjohann et al., 1989; Lennartsson, 1992;
Fujimoto et al., 1996, 1998, 2002; Terasawa et al., 1997; Phan et al., 1998; Fuselier et al., 1999; Øieroset et al., 2002,
2005]. The dawnside cold and dense ion population was associated with previously strong southward IMF
and consequently occurs during substantial geomagnetic activity.

In a survey of superdense plasma events observed by MPA instruments, Thomsen et al. [2003] found that a
superdense plasma sheet would be likely to occur under one of the following two conditions: (1) a sudden
southward IMF that follows an extended interval of northward field and (2) a very strong magnetospheric
compression caused by a large increase in the solar wind dynamic pressure, also under conditions of north-
ward IMF. They also suggested that, under condition (1), a southward turning of IMF causes the cold dense
plasma sheet formed in the midtail during the previous northward IMF period to be pushed toward the
geosynchronous orbit.
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Borovsky and Steinberg [2006] found that high-speed-stream-driven storms were regularly preceded by a
period of calm geomagnetic activity, during which both IMF GSM Bz and IMF GSE Bz were positive on aver-
age. SDPS events are also common in the magnetosphere during high-speed-stream-driven storms [Borovsky
et al., 1997; Denton et al., 2006]. In some SDPS events, after calms before the storms, cool dense plasma can be
seen at geosynchronous orbit after convection commences. This anomalously cool and dense plasma appears
sporadically at geosynchronous orbit during the early phase of recurring high-speed-stream-driven storms.

The plasma sheet is an important source for the ring current [Borovsky et al., 1998b; Jordanova et al., 1998;
Kozyra et al., 1998; Thomsen et al., 1998; Ebihara et al., 2005]. A cold and dense plasma sheet may lead to a
substantially larger ring current [Lavraud et al., 2006a; Lavraud and Jordanova, 2007; Liemohn et al., 2008].

Although the statistical data shown by Thomsen et al. [2003] and Lavraud et al. [2005, 2006a] strongly indicated
that the cold dense plasma accumulated in the midtail plasma sheet during northward IMF conditions is the
probable source of the superdense plasma observed at geosynchronous orbit, no direct observation involving
measurements from the midtail to the near tail and down to the ground altogether has been reported before.
Here we report an event that closely relates CDPS and SDPS in association with condition (1) suggested by
Thomsen et al. [2003]. To further understand the SDPS formation process, we make use of the global magne-
tosphere MHD model OpenGGCM [Raeder et al., 1998, 2001; Raeder, 2003] to simulate this event and an event
reported by Thomsen et al. [2003] to reveal in detail how plasma may be transported from midtail CDPS to
geosynchronous orbit.

2. MHD Model and Simulation

OpenGGCM has been used to simulate a CDPS event with a high degree of agreement with observations
[Li et al., 2005; Øieroset et al., 2005]. It also successfully simulated a cold dense magnetopause boundary layer
observed by THEMIS under northward IMF condition [Li et al., 2009; Øieroset et al., 2008]. It has been used to
studied solar wind entry into the magnetosphere under northward IMF condition [Li et al., 2008]. Therefore,
OpenGGCM is an appropriate tool to study the formation of SDPS in relation to CDPS.

OpenGGCM solves the resistive MHD equations on a nonuniform rectilinear grid where the minimum grid
space dy (dz) locates at GSE y = 0 (z = 0) and the minimum dx locates at a point near the magnetopause
standoff distance while the maximum grid space is at the outer boundary. The outer boundary conditions on
the dayside are the solar wind and IMF conditions, while those on the other five outer boundaries are free (i.e.,
normal derivatives vanish). The inner boundary conditions are derived from the coupling with an ionospheric
model. Field-aligned currents are computed just outside a spherical region of radius 3.5 RE and mapped to
a spherical-polar ionosphere grid at 1 RE using a dipole magnetic field model. The ionosphere potential is
solved on the surface of a sphere with 1.02 RE radius. The ionospheric electric field is mapped back to the
surface of the sphere with 3.5 RE radius. In an OpenGGCM simulation, the ionosphere can be either simply set
to be a sphere with constant uniform conductance, modeled by empirical parameters [Robinson et al., 1987]
or modeled by the NOAA Coupled Thermosphere Ionosphere Model (CTIM) [Fuller-Rowell et al., 1996]. A more
detailed description of the OpenGGCM model and its ionosphere coupling can be found in related articles
[Raeder et al., 1998, 2001; Raeder, 2003; Raeder et al., 2008].

For this simulation study, we used solar wind data from ACE spacecraft to drive the simulation in a domain
of (−600, 25) × (−45, 45) × (−45, 45)RE in GSE coordinates. The grid has 480(x) × 250(y) × 250(z) points and
a minimum grid spacing of 0.2 RE near the dayside magnetopause region. CTIM was used as the coupled
ionosphere model. During the first half hour, the IMF was manually set to be southward so that an ordinary
magnetosphere could be formed quickly. The geomagnetic dipole was fixed at the orientation corresponding
to the moment when the IMF was turning from northward to southward at the magnetopause. The magne-
tosphere values of the whole domain were written out every 6 min, and the same set of values on certain
two-dimensional cut planes was written out every 2 min. The values at a given position and a given time can
be obtained from linear spatial and temporal interpolation for further analysis and tracing of fluid elements.
The version of OpenGGCM used in this simulation study does not include any inner magnetosphere model.

3. Event on 14 September 2001

This event has relevant observations at several locations such as the ACE satellite, the Wind satellite, the Cluster
satellites, the LANL satellites, the NASA Imager for Magnetopause-to-Aurora Global Exploration (NASA IMAGE)
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Figure 1. Overview of the SDPS event from 22:40 UT on 14 September 2001 to 02:00 UT on 15 September 2001.
Shown from top to bottom are shifted IMF y and z components measured at ACE, proton number density measured
by LANL01A MPA instrument, plasma density measured by Cluster, and the northern component of the ground
magnetic field measured by ground stations. The solid vertical lines from top to bottom indicate the IMF southward
turning at magnetopause, the arrival of SDPS at geosynchronous orbit, the disappearance of CDPS at Cluster, and
the beginning of ground magnetic field disturbance, respectively.

spacecraft, and the International Monitor for Aurora Geomagnetic Effects (IMAGE) magnetometer net-
work stations. In this section, we will show the observations on these locations and some corresponding
simulation results.

3.1. Event Overview
Figure 1 summarizes this event with observations from several locations. After ∼20 h of strong northward
IMF, the southward IMF arrived at the magnetopause at ∼22:54:00 UT on 14 September 2001. The Magne-
tospheric Plasma Analyzer instrument on LANL01A spacecraft observed the arrival of superdense plasma at
∼23:22:00 UT. Before the arrival of southward IMF, a CDPS had been at the Cluster location for some time.
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Figure 2. The orbits of the satellites LANL01A, LANL90, LANL97A, and Cluster-1 from 14 22:00:00 UT to 15 02:00:00 UT
in September 2001.

The observed CDPS changed into a hot tenuous plasma sheet at 00:10:00 UT the next day, about 1 h and
16 min after the arrival of the southward IMF. The NASA IMAGE spacecraft recorded an auroral substorm event
at 23:52:24 UT on 14 September 2001 (not shown here). Ground magnetometers observed a disturbance of
northward magnetic field component beginning at ∼00:03:00 UT and detected the maximum disturbance
at ∼00:40:00 UT the next day. During this disturbing time period, the magnetometer stations were near the
midnight region.

Figure 2 shows the orbits of LANL satellites and Cluster-1 spacecraft during this event. From ∼22:40:00 UT
on 14 September to ∼02:00:00 UT on 15 September, LANL97A spacecraft was on the dawnside range
from ∼03:00:00 LT to ∼07:00:00 LT, and LANL90 spacecraft was on the duskside range from ∼20:00:00 LT
to ∼24:00:00 LT. LANL01A spacecraft was near the noon-midnight meridian range from ∼23:00:00 LT to
∼02:30:00 LT. All the LANL satellites were near the GSE equatorial plane on geosynchronous orbit. Cluster
spacecraft were ∼20 RE in the tail and were near both the equatorial plane and the noon-midnight meridian.

3.2. Solar Wind Conditions
Figure 3 shows the solar wind and IMF conditions measured by ACE spacecraft. On 14 September 2001, ACE
observed a long period (∼20 h) of northward IMF followed by a southward turning at ∼21:52 UT. The south-
ward IMF arrived at the magnetopause approximately at ∼22:54 UT with a traveling time of ∼3720 s from the
ACE location. The arrival time at the magnetopause was estimated using data from Wind spacecraft. Wind
spacecraft was fortuitously located at GSE (51.2,−42.7, 3.7) RE at 22:45:00 UT and observed the southward IMF
turning at this time. It also observed the long period of northward IMF before the southward IMF arrival. The
solar wind at ACE was correlated with the solar wind at Wind during this event. This southward IMF lasted for
∼2.4 h. During this period of southward IMF, the solar wind speed was ∼460 km/s, and the plasma number
density variated from ∼7 cm−3 to ∼25 cm−3.

3.3. Cluster Observations
Cluster observations are shown in Figure 4. On 14 September Cluster had no data before 22:40 UT. Cluster
Hot Ion Analyzer instrument observed cold dense plasma from 22:40 UT on 14 September to 00:10 UT on
15 September. At 00:10 UT on 15 September, which was ∼76 min after the IMF southward turning, Cluster
detected a rapid change of plasma density from dense (1.0 cm−3) to tenuous (0.1 cm−3). The temperature
changed from 1.0 keV to 9.0 keV gradually with fluctuation from 00:10:00 UT to 00:40:00 UT. These changes
suggest that the CDPS was changing into a hot tenuous plasma sheet at the Cluster location. During this
period, Cluster observed a highly stretched and building-up magnetic field which suggested that Cluster
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Figure 3. Solar wind conditions at ACE location from 00:00 UT on 14 September 2001 to 06:00 UT on 15 September
2001. Shown properties from top to bottom are plasma number density, IMF components, and solar wind velocity
components, all in GSE coordinates.

observed a substorm growth phase from ∼23:00 UT to ∼00:15 UT the next day. The substorm onset occurred
around∼00:15 UT. Shortly after the CDPS disappeared, several bursts of sunward hot plasma flows with speed
up to 800 km/s were observed at Cluster from 00:25:00 UT to 00:50:00 UT on 15 September. These flows were
most likely bursty bulk flows in the plasma sheet [Angelopoulos et al., 1992]. The magnetic field was then
dipolized immediately after the passing of the plasma flow bursts. During this event, the plasma flow was
stagnant except the time when the bursty bulk flows were observed.

3.4. Observations at Nightside Geosynchronous Orbit
During this event, three LANL satellites were well positioned in the nightside for the observation of a coming
SDPS. As shown in Figure 2, one satellite was near midnight, another one was in dawnside, and the third one
was in duskside. Figure 5 shows the observations at geosynchronous orbit. At ∼23:22 UT, which was ∼28 min
after the IMF southward turning at the magnetopause, LANL01A first detected high-density (>2 cm−3) plasma
near local midnight position. At ∼23:40 UT, LANL97A and LANL90 began to detect similar plasma material
at dawnside and duskside, respectively. The plasma then became superdense and much colder for ∼40 min.
During this period of superhigh-density plasma, the magnetic field at 6.6 RE in nightside was highly stretched,
as indicated by the magnetic field elevation angle (𝜃), and the convection of plasma was enhanced toward
the Earth. The dawnside superdense plasma at LANL97A was transported slightly dawnward, while the dusk-
side one at LANL90 was transported significantly duskward, as indicated by the y component of the plasma
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Figure 4. Cluster observations and the corresponding simulation results from 22:40:00 UT on 14 September to
02:00:00 UT on 15 September 2001. Shown from top to bottom are plasma density, plasma temperature, plasma
pressure + magnetic pressure, plasma velocity x, y, and z components, magnetic field magnitude, and z component,
and the shifted IMF Bz at ACE. All values are in GSE coordinates. The simulation results have been shifted 25 min forward.

flow velocity. The dipolization of the tail field at geosynchronous orbit was observed at 00:15 UT, after which
the plasma density gradually decreased. The period during which the magnetic field stretched and built
up at all three geosynchronous spacecraft is almost the same as the period during which Cluster observed
the stretched magnetic field. During this period, the convection of the previously stagnant plasma flow was
significantly enhanced at all LANL satellites and Cluster locations.

3.5. Related Auroral Observations
The NASA IMAGE spacecraft observed an auroral substorm event commencing at 23:52:24 UT on 14
September 2001. During the 23 h before ∼23:00:00 UT, the polar cap was calm and no auroral disturbances
were observed (the auroral images are not shown here), as a result of the long period of northward IMF during
this day. After ∼23:00:00 UT, by which the southward IMF had arrived at the magnetopause, the auroral oval
started to grow slightly. At 00:10:49 UT the next day, the auroral oval suddenly brightened in comparison with
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Figure 5. The observations of LANL spacecraft from 22:00:00 UT on 14 September 2001 to 02:00:00 UT on 15 September
2001. Shown from top to bottom are plasma density; plasma temperature; plasma pressure; plasma velocity GSE x, y,
and z components; the angle from the radial direction toward the Earth to the magnetic field direction; the local time
position; and the shifted ACE magnetic field GSE z component.
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Figure 6. A possible IMF front in simulation or in reality. An IMF front in the simulation may arrive at the magnetopause
earlier than the actual arrival time for an amount of time related to the spatial difference indicated in the figure and
the corresponding solar wind speed.

the previous image at 23:56:29 UT. The dawnside aurora was substantially enhanced. That means a substorm
onset occurred. Note that the CDPS at Cluster disappeared at ∼00:10:00 UT. The auroral images show that the
auroral substorm lasted until ∼02:00:00 UT.

3.6. Ground Magnetic Disturbance
The ground magnetic disturbance related to this event is shown in the bottom panel of Figure 1. It shows the
northward component of the ground magnetic field measured at some of the IMAGE magnetometer network
stations. Like the auroral images, the ground measurement also shows that there was no disturbance before
23:00:00 UT that day, indicating a calm day of northward IMF condition. From 23:00:00 UT to 02:00:00 UT on
the next day, the magnetometer stations were near midnight and recorded a substorm disturbance with the
minimum occurring at ∼00:40:00 UT.

The Kp index was low (<3) on 14 September as a result of the northward IMF for most of the day and then Kp
increased after the southward turning of IMF. The Dst index only decreased mildly during this event.

3.7. Observation Versus Simulation
The simulation results are compared with Cluster observations in Figure 4 which shows a very high degree
of agreement. The simulation reproduced the observed CDPS, the transition from a CDPS to a hot tenuous
plasma sheet, and the corresponding bursty plasma flows. The simulation also captured the characteristic
variation of the magnetic field which was first stretched greatly and then dipolized when a bursty flow was
observed. This bursty flow was directed toward the Earth both in the observation and in the simulation.

In this simulation, the event occurred∼25 min earlier than the actual event. The main reason is that the south-
ward IMF in the simulation arrived ∼25 min earlier at the magnetopause than the actual southward IMF. The
actual southward IMF arrival time at the magnetopause is 22:54 UT, as estimated in section 3.2, while the cor-
responding time in the simulation is ∼22:29 UT. The difference in the southward IMF arrival time is caused by
the different normal vectors of the IMF fronts in simulation and in actual event, as explained in Figure 6. Since
there is only one solar wind monitor near the ACE orbit, it is not possible to accurately determine the IMF
structure about 200 RE ahead of the Earth. The normal vector of the IMF front was computed using minimum
variance method [Sonnerup and Cahill, 1967, 1968].

Figures 7–9 show the comparison of simulation results with observations at geosynchronous orbit. Although
there are some small discrepancies in detail, both the observations and simulation results indicate the arrival
of superdense plasma (see Np and Tp panels) accompanied with small flow fluctuation (see Vx, Vy, and Vz
panels) at all three LANL spacecrafts in the nightside after the southward turning of IMF. The superdense
plasma arrival in the simulation is also earlier than the actual one, but the time difference is less than the
difference at Cluster location. The simulated plasma density declines faster than the observed one, and the
simulated temperature is higher than the actual temperature.

It is not surprising for a developing magnetosphere model to have different simulation results than obser-
vations. This version of OpenGGCM is a one-fluid MHD model without coupled inner magnetosphere model.
In particular, the gradient and curvature particle drifts and the corotation electric field become significant
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Figure 7. Simulation (red lines) versus LANL01A observations (black lines) from 22:00:00 UT on 14 September to
01:00:00 UT on 15 September. Shown from top to bottom are plasma density, temperature, three velocity components,
and ACE IMF Bz with a time lag of 3720 s. The simulation results are not shifted in time here.

in the inner magnetosphere [Korth et al., 1999] and are not addressed by the MHD simulation. The simula-
tion also neglects ionospheric outflows which may become significant in the inner magnetosphere after a
southward IMF arrival. During an SDPS event, there are compression and dipolization of the tail field as well
as reconnection occurring near the near tail. Therefore, various waves may be generated, and wave-particle
interaction, which is not included in MHD model, increases. In addition, the energetic particle fluxes at geosyn-
chronous orbit and in the near tail, which cannot be generated in MHD model, will suddenly increase [Quinn
and Southwood, 1982; Mauk, 1986; Baker et al., 1984; Moses et al., 1993; Joyce et al., 1995; Birn et al., 1997]. The
reconnection rate in the simulation may be different from the real one. In section 5, we will show that the
magnetic reconnection near the near tail is the key driving process to form the SDPS. The location of its dif-
fusion region and its reconnection rate may affect the formation of the SDPS significantly. For example, if the
diffusion region is closer to the Earth, less CDPS plasma material may be transported to geosynchronous orbit.
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Figure 8. Simulation (red lines) versus LANL90 observations (black lines) from 22:00:00 UT on 14 September to
01:00:00 UT on 15 September. Shown are the same parameters as in Figure 7.

4. Event on 19 January 2002

This event has been discussed in detail by Thomsen et al. [2003]. Here we only give a brief introduction. At
∼10:30 UT the IMF turned southward at ACE, simultaneous with a sudden density enhancement. Before this
time, the IMF z component was northward from the beginning of the day. LANL-1991-080 observed an interval
of cool (∼3 keV), superdense (∼4 cm−3) plasma sheet from∼12:30 UT to∼13:30 UT in the near-midnight region
of geosynchronous orbit. The cool, superdense plasma sheet was subsequently encountered near dusk by
satellites LANL-1994-084 and LANL-02A. The NASA IMAGE spacecraft observed a substorm at 12:45:55 UT.

An OpenGGCM simulation was run for this event with the same setting as the simulation of the event on 14
September 2001. Both the observations and simulation results shown in Figure 10 show that a superdense
plasma sheet appeared at the location of LANL-1991-080 in the near-midnight region of the geosynchronous
orbit. This simulation further confirms that OpenGGCM can reproduce the formation of a superdense plasma
sheet in the near-midnight region of geosynchronous orbit.

LI ET AL. THE FORMATION OF SUPERDENSE PLASMA SHEET 2945



Journal of Geophysical Research: Space Physics 10.1002/2016JA023373

Figure 9. Simulation (red lines) versus LANL97A observations (black lines) from 22:00:00 UT on 14 September to
01:00:00 UT on 15 September. Shown are the same parameters as in Figure 7.

5. SDPS Formation Process

Both event simulations reproduced the observed superdense plasma sheet. With abundant observations from
a variety of locations as well as the high-degree agreement between simulation and observations, the event
on 14 September 2001 is a high-value event for studying the formation of SDPS. The comparison between
the simulation results and the observations of Cluster and LANL spacecrafts indicates that this simulation
reproduced the main features of SDPS event, including the formation and disappearance of a cold dense
plasma sheet in the near-midnight region at ∼20 RE as well as the arrival of a superdense plasma sheet at
three LANL satellites at nightside geosynchronous orbit. By analyzing these simulation results, a detailed
SDPS formation process may be revealed. Figures 11–14 show plasma density and Vx on GSE equatorial plane
and noon-midnight meridian at different times. They display the formation process of an SDPS. This process
will be discussed in the following paragraphs in the order of time in the simulation and is referred to the
corresponding frames in Figures 11–14.
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Figure 10. Simulation (red lines) versus LANL-1991-080 observations (black lines) from 09:00:00 UT to 16:00:00 UT on
19 January 2002.

At 22:28 UT in the simulation, ∼2 min before the arrival of southward IMF at the magnetopause, a CDPS had
been formed for an extended period of time. Figures 11a and 12a show that the plasma density of most part
of the outer magnetosphere was high, at least ∼1.0 cm−3, after a long period of northward IMF condition.
Figure 11a shows that most of the dense plasma was in a region extending from dusk flank and dawn flank
of the magnetotail, in agreement with previous Geotail observations [Fujimoto et al., 1998] and simulations
[Li et al., 2008] of CDPS events. There was also some dense plasma near the noon-midnight meridian. Such a
large area of dense plasma in the midtail was in part the result of the high solar wind density which also led to
high solar wind dynamic pressure and thus an unusually compressed magnetopause for such northward IMF
conditions. The velocity x component in Figures 13a and 14a shows that the plasma flow was almost stagnant
in the plasma sheet at this time. Some of the dense plasma was convecting tailward, while most of the dense
plasma below ∼30 RE has a weak sunward convection. This is a typical situation when IMF is northward.

By 23:00 UT in the simulation, after ∼30 min of southward IMF acting on the magnetosphere, much of the
dense plasma had been depleted, especially for regions near the lobes, as indicated by Figure 12b. However,
Figure 11b indicates that more dense plasma accumulated near the equatorial plane at xgse=∼ −20 RE , most
likely as a result of the compression of the magnetotail by dayside newly created open flux tubes convecting
tailward. This compression is indicated by the enhanced total pressure and the highly stretched field during
the time period from 23:20 UT to 00:20 UT in Cluster observations. At this time, the plasma convection was
still weak as indicated by Figures 13b and 14b.

At 23:24 UT in the simulation, the plasma in the region indicated by a letter “b” was being depleted most likely
because the dipole field was highly stretched there, and thus, the convection was strong in that region, as
indicated by Figures 13c and 14c. The dense plasma in the region indicated by a letter “a” was still hanging
there, but some dense plasma had come closer to midnight geosynchronous orbit to the region indicated by
a letter “c.”

By 23:36 UT, the reconnection due to the highly stretched dipole field had been set off in region “b” and
had resulted in a hot tenuous region there, while the neighboring dense plasma was still in region “a.”
At this time, the corresponding Cluster position in the simulation was about GSE (−18.8, 2.88, 2.12) RE , and
was most likely in region “b.” Note that, in reality, Cluster location was changing into a hot tenuous plasma
region at 00:10 UT on 15 September which is corresponding to 23:36 UT on 14 September after counting in
a difference of ∼25 min between the simulation and the actual event. The two-dimensional magnetic field
lines on the GSE XZ plane shown in Figure 15 demonstrate that the geomagnetic dipole field was being com-
pressed, most likely resulting in a substorm onset at ∼20 RE in the tail. Figures 13d and 14d indicate that the
reconnection site was most likely near region “b.” At 23:36 UT in the simulation, the dense plasma arrived at
geosynchronous orbit, and the sunward convection in the midnight region from Xgse ∼ −20 RE to ∼ −10 RE

was much stronger than before. The dense plasma sheet began to separate into two parts from the reconnec-
tion region in Figure 14d. One part flew away toward the tail and the other part convected toward the Earth.
The NASA IMAGE spacecraft observed an auroral substorm event commencing at 23:52:24 UT and a sudden
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Figure 11. The simulation plasma density on GSE equatorial plane at different times during the SDPS event on 14–15
September 2001. The letters “a,” “b,” and “c” indicate interested areas discussed in section 5.

brightening at 00:10:49 UT. These observations agree with the simulation results shown here considering that
the event occurred ∼25 min earlier in the simulation than in the actual event.

At 23:44 UT, more dense plasma was approaching geosynchronous orbit in the region “c,” while the dense
plasma in region “a” was being depleted tailward and the hot tenuous region “b” was expanding. The plasma
speed near the reconnection site was very high at this time, but the plasma there was tenuous. Therefore,
there was not much dense plasma contributed to the inner magnetosphere at this time. This time roughly
corresponded to the peak value of the superdense plasma at geosynchronous orbit. Around this time, bursty
plasma flows began to appear.

By 24:00 UT, much of the dense plasma near geosynchronous orbit had been depleted, and most of the dense
plasma in the near tail had disappeared. At this time, the near-tail reconnection process was still occurring.
Without a coupled model of the inner magnetosphere, this simulation is not appropriate in describing plasma
or magnetic field events within geosynchronous orbit.
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Figure 12. The simulation plasma density on noon-midnight meridian plane at different times during the SDPS event
on 14–15 September 2001. The time stamps are the same as those in Figure 11.

6. Discussion

When reporting SDPS observations, Borovsky et al. [1997] suggested that there were three possible origins for
the SDPS: ionosphere, plasmasphere, and solar wind. However, they could not determine which one was the
main source. In this study, we focus on the first 3 h after the appearance of the SDPS and try to identify the
main source of the SDPS in its early stage.

It is well known that ionospheric outflow is significant when Kp is at elevated levels [Young et al., 1982; Yau
et al., 1985]. Elevated Kp is associated with southward IMF and high auroral activity. In the event of 2001,
Kp is low (<3) before the SDPS appearance and is slightly greater than 3 after that. Therefore, ionospheric
outflow should not have been particularly strong, and it is doubtful that there was enough time to accumulate
plasma to achieve a density at such extreme high level (∼5 cm−3 at midnight geosynchronous orbit). Although
ionospheric outflow might provide some material in the midtail, given the low level of Kp before the event,
ionospheric plasma is likely not dominant in the SDPS.
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Figure 13. The simulation plasma velocity GSE x component on GSE equatorial plane at different times during the SDPS
event on 14–15 September 2001. The time stamps and the letters are the same as those in Figure 11.

Plasmasphere refills out to large radii and thus appears at nearly all local times at geosynchronous orbit when
geomagnetic activity is low for a day or two [Sojka and Wrenn, 1985; Borovsky and Steinberg, 2006]. However,
the plasmasphere density at geosynchronous orbit is usually greater than 10 cm−3 and lasts for many hours.
Since the plasma density of SDPS in the presented events was less than 10 cm−3 and the superdense plasma
appeared after the arrival of southward IMF, the superdense plasma was not a direct result of a plasmasphere
refill, although the magnetosphere had been quiet under northward IMF conditions for at least 1 day before
the SDPS appearance. Borovsky et al. [1997] suggested a multistep path whereby plasma goes from plasma-
sphere to the dayside and then to the nightside through open flux tubes as a result of dayside reconnection
when IMF is southward. Such a path would take at least several hours. It is not able to transport sufficient
plasma from the plasmasphere to form a plasma sheet with extremely high level of ∼5 cm−3 within 1 h of the
arrival of the southward IMF.
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Figure 14. The simulation plasma velocity GSE x component on GSE noon-midnight meridian plane at different times
during the SDPS event on 14–15 September 2001. The time stamps are the same as those in Figure 11.

The high level of solar wind density before and after the appearance of SDPS indicates that solar wind is
possibly the dominant origin. There are two scenarios for solar wind plasma entry into geosynchronous orbit.
One scenario is that the very dense solar wind plasma coming with the southward IMF contributes directly
to SDPS. The other scenario is that solar wind plasma enters into the midtail when the IMF is northward and
then is compressed and convected sunward after the IMF turns southward. The following two paragraphs will
discuss which scenario has the dominant effect on the formation of SDPS in the studied events.

It usually takes about 1 h for a footprint of an open flux tube created from dayside magnetopause reconnec-
tion to move from the dayside to the nightside across the polar cap since the Dungey convection cycle takes
about 3 h [Q.-H. Zhang et al., 2015]. Therefore, the very dense plasma from the magnetosheath is not likely able
to form an extremely dense plasma sheet in the nightside of geosynchronous orbit within 1 h. Note that from
the time of southward IMF turning to the time of appearance of plasma sheet with a density of 2 cm−3 there is
only ∼30 min as shown in Figure 1. The solar wind speed was about 500 km/s, which is moderate. The plasma
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Figure 15. The simulation 2-D magnetic field lines on GSE noon-midnight meridian plane at 23:36:00 UT for the event
on 14–15 September 2001.

density distribution in Figures 11c–11e or Figures 12c–12e shows that the dense solar wind plasma does
not have significant effect on the magnetotail lobes and the plasma sheet. The magnetosheath density may
be extremely high (100–125 cm−3) when the solar wind density is very high as shown in Figures 11 and 12.
However, these two figures also show that the extremely high density in the magnetosheath does not sig-
nificantly affect the density in the mantle and low-latitude boundary layer. Instead, the boundary is sharper
(density gradient in normal direction is larger) when IMF turns southward. The very low density lobe regions
between the magnetopause and the plasma sheet expanded after the arrival of southward IMF. These lobe
regions also indicate that massive and efficient plasma entry through diffusion across the magnetopause
does not likely occur. The very dense solar wind plasma coming with the southward IMF is thus unlikely to
contribute directly to the SDPS within the first 3 h.

One significant fact regarding the two presented events is that IMF was northward for a long period before
the appearance of the SDPS. It is well known that a cold (<1 keV) dense (∼1 cm−3) plasma sheet (CDPS) forms
near the midtail under northward IMF conditions. Such cold dense plasma material may appear at the center
of the midtail when the solar wind density level is high, as shown in Figure 11a. The CDPS constitutes a
main source for SDPS. Since such cold dense plasma material forms in the near midtail after an extensive
period of northward IMF, especially with very dense solar wind plasma, a moderate compression and con-
vection may efficiently transport this material to geosynchronous orbit and form an SDPS in the more inner
magnetosphere, as shown in section 5. This scenario is strongly supported by a list of SDPS events reported
by Thomsen et al. [2003] that have at least 3 h of northward IMF followed by a southward turning. Borovsky
and Steinberg [2006] showed that cold dense material could be seen at geosynchronous orbit after convec-
tion commences in the early phase of recurring high-speed-stream-driven storms during which SDPS events
are common and before which a calm (low Kp) period is also common. Lavraud et al. [2005] reported events
during which cold dense (>2 cm−3) plasma material was observed at geosynchronous orbit for approximately
1–2 h after the appearance of SDPS. All these studies strongly indicate that cold dense plasma entering the
midtail region during northward IMF conditions is the main direct source of SDPS in its early stage after an
IMF southward turning. One should note that most of the CDPS plasma material is transported tailward in the
simulations. Lavraud et al. [2005] showed that CDPS dense plasma accessing to geosynchronous orbit does
not necessarily result in a stronger ring current for generally low convection enhancements, but Lavraud et al.
[2006b] showed that the ring current is larger if CDPS and SDPS are present during actual storm times.

It is known that there are two important mechanisms that may lead to the formation of a CDPS: (1) diffusive
process (Kelvin-Helmholtz) along the tail flank [Terasawa et al., 1997; Fairfield et al., 2000; Fujimoto and Terasawa,
1994; Nykyri and Otto, 2001; Nykyri et al., 2006; Hasegawa et al., 2004; Kavosi and Raeder, 2015] and (2) entry
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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; Onsager et al., 2001; Li et al., 2005; Lavraud
et al., 2006c]. Substorm, the main process of solar wind entry during southward IMF condition, was not sup-
posed to occur during northward IMF condition. However, recent observations have shown that substorms
did occur during northward IMF condition [Du et al., 2008; Lee et al., 2010; Park et al., 2010; Peng et al., 2013;
L. Q. Zhang et al., 2015; Park et al., 2015]. Such substorms may significantly facilitate solar wind entry in the
magnetotail during northward IMF condition. In this study, the CDPS formed in the simulations mainly due
to mechanism (2) because the simulation settings are not sufficient to generate Kelvin-Helmholtz waves.
However, the simulation of event 2001 creates a CDPS that agrees well with Cluster observations as show in
Figure 4. Also, using OpenGGCM simulation, Li et al. [2005] earlier showed that mechanism (2) can form a CDPS
that agrees well with Cluster observations. It is possible that mechanism (1) may contribute some solar wind
plasma to the CDPS. However, how CDPS forms does not affect our conclusion here. While this scenario was
proposed previously based on observations, we here use combined observations and simulations to show
that if a CDPS has formed in the midtail, it can indeed be transported deeper in the magnetosphere through
geosynchronous orbit if sufficient convection is set up by the southward turning of the IMF.

7. Summary

We have studied the formation mechanism of a superdense plasma sheet detected at geosynchronous orbit
in association with the IMF turning southward after a long period of northward direction. Using OpenGGCM
MHD model, we simulated two SDPS events occurred on 14–15 September 2001 and on 19 January 2002.
The observation data sets for the first event are from ACE, Wind, Cluster, LANL geosynchronous spacecraft,
NASA IMAGE, and ground magnetometer stations. These observations show a chain of events in regions from
the near tail to the ground in responding to the arrival of southward IMF following a long period of northward
IMF condition. The simulation results for the first event agree well with the observations. Therefore, the simu-
lation results in combination with observations allow us to discuss in detail the formation process of an SDPS.
The simulation of the second event gives us confirmation that OpenGGCM is able to simulate an SDPS event
with similar IMF conditions. Although not shown here, the plasma density, velocity, and magnetic field pro-
files of this event also display similar process during which cold dense plasma sheet, near-tail reconnection,
and superdense plasma sheet all occur consequently.

Here we try to describe the formation of an SDPS for its early stage. An extended period of northward IMF
causes solar wind plasma to enter the magnetosphere as a result of double high-latitude reconnection and
probably Kelvin-Helmholtz instability along the magnetotail flanks. The relatively cold and dense plasma
entering from the magnetosheath comes near to the tail flanks and in the near-tail plasma sheet, and some
intrudes into a region near midnight local time. A subsequent southward IMF first causes newly created open
flux tubes convecting tailward from dayside magnetopause to compress the plasma sheet and enhance its
plasma convection. Some of the existing dense plasma near midnight is thus compressed toward the equa-
torial plane and convected toward the Earth at the same time by the enhanced electric field. The continuing
compression of the lobes and the plasma sheet then causes the onset of a reconnection in the near-tail
plasma sheet. The enhanced convection caused by the reconnection then pushes more dense plasma toward
the Earth and causes the formation of a superdense plasma sheet near nightside geosynchronous orbit.
Approximately after the cold dense plasma material near the near tail is depleted by the reconnection, the
SDPS reaches its density peak value within ∼3 h after its appearance and then begins to decay. The major
source of the presented SDPS is from previously formed CDPS under northward IMF condition rather than
directly from superdense solar wind under southward IMF condition.
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