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The plasma sheet and boundary layers under northward IMF:
A multi-point and multi-instrument perspective
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Abstract

During conditions of northward interplanetary magnetic field (IMF), the near-tail plasma sheet is known to become denser and
cooler, and is described as the cold-dense plasma sheet (CDPS). While its source is likely the solar wind, the prominent penetration mech-
anisms are less clear. The two main candidates are solar wind direct capture via double high-latitude reconnection on the dayside and
Kelvin–Helmholtz/diffusive processes at the flank magnetopause. This paper presents a case study on the formation of the CDPS utiliz-
ing a wide variety of space- and ground-based observations, but primarily from the Double Star and Polar spacecraft on December 5th,
2004. The pertinent observations can be summarized as follows: TC-1 observes quasi-periodic (�2 min period) cold-dense boundary
layer (compared to a hot-tenuous plasma sheet) signatures interspersed with magnetosheath plasma at the dusk flank magnetopause near
the dawn-dusk terminator. Analysis of this region suggests the boundary to be Kelvin–Helmholtz unstable and that plasma transport is
ongoing across the boundary. At the same time, IMAGE spacecraft and ground based SuperDARN measurements provide evidence of
high-latitude reconnection in both hemispheres. The Polar spacecraft, located in the southern hemisphere afternoon sector, sunward of
TC-1, observes a persistent boundary layer with no obvious signature of boundary waves. The plasma is of a similar appearance to that
observed by TC-1 inside the boundary layer further down the dusk flank, and by TC-2 in the near-Earth magnetotail. We present com-
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parisons of electron phase space distributions between the spacecraft. Although the dayside boundary layer at Polar is most likely formed
via double high-altitude reconnection, and is somewhat comparable to the flank boundary layer at Double Star, some differences argue in
favour of additional transport that augment solar wind plasma entry into the tail regions.
� 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The plasma sheet is a particularly interesting region of the
magnetosphere as it is the main source of plasma to the inner
magnetosphere. Yet, the predominance of its source popula-
tions (solar wind and ionosphere) as a function of external
conditions and, in general, its formation mechanisms are
poorly understood. The magnetosphere is most active under
southward interplanetary magnetic field (IMF). Solar wind
is thought to gain access to the magnetosphere via reconnec-
tion at the dayside magnetopause, supplying the mantle/lobe
region and in turn the plasma sheet via reconnection in the
distant magnetotail (Dungey, 1961). With enhanced activity,
the density and temperature of the plasma sheet tend to
increase (Wing and Newell, 1998). Under predominantly
northward IMF, reconnection typically occurs at high lati-
tudes (Gosling et al., 1990; Kessell et al., 1996; Lavraud
et al., 2002) resulting in much quieter geomagnetic condi-
tions, although low latitude reconnection, equatorward of
the cusps, has also been observed during northward IMF
(Chandler et al., 1999; Trattner et al., 2004). During pro-
longed periods of northward IMF, the characteristics of
the plasma sheet are markedly different from the same region
under southward IMF. The plasma sheet is substantially
cooler and denser (Teresawa et al., 1997); it is termed the
cold-dense plasma sheet (CDPS). Previous studies (e.g., Ter-
esawa et al., 1997; Øieroset et al., 2003) have suggested sev-
eral transfer mechanisms to supply the plasma sheet with
solar wind plasma, with the prime candidates being (1) trans-
fer across the flank magnetopause via the Kelvin–Helmholtz
(KH) instability (Fujimoto and Teresawa, 1995; Hasegawa
et al., 2004) and (2) reconnection in both hemispheres, pole-
ward of the cusps (Song and Russell, 1992; Ogino et al., 1994;
Fedder and Lyon, 1995; Raeder et al., 1995, 1997). Fig. 1
illustrates those two mechanisms. More recent studies have
been able to identify transport processes related to CDPS
formation. Utilising Cluster observations, Hasegawa et al.
(2004) provided evidence for KH transport at the flank mag-
netopause. Øieroset et al. (2005), Lavraud et al. (2005, 2006),
Li et al. (2005) and Imber et al. (2006) used spacecraft, MHD
simulation, and/or ground-based data to identify the occur-
rence of high-latitude reconnection in both hemispheres,
thus potentially leading to magnetopause boundary layer
and CDPS formation.

In this paper, we present multi-point, multi-spacecraft
observations of the formation of the CDPS during a period
of sustained northward IMF during the passage of a Coro-
nal Mass Ejection (CME) at Earth. During the event, there
are observations of simultaneous lobe reconnection in both
hemispheres, accompanied by a persistent dayside bound-
ary layer of similar properties to the nightside CDPS. In
addition, KH waves are observed on the dusk flank magne-
topause, along with signatures that would support plasma
transport across the boundary. Spectral comparisons of
populations from these various regions suggest that
although the dayside boundary layer (most likely formed
by double lobe reconnection) has comparable plasma prop-
erties to that of the CDPS, the final content of the CDPS is
most likely augmented by flank activity and transport.

2. Overview of 5th December 2004

On December 3rd, 2004, instruments on the Solar and
Heliospheric Observatory (SOHO) (Domingo et al., 1995)
spacecraft observed a halo CME. The passage of the
CME at the ACE spacecraft (e.g., Stone et al., 1998) was
characterized by a jump in magnetic field, plasma density
and velocity at �06:55 UT on December 5th, 2004. The
ACE magnetic field (Smith et al., 1998), plasma speed
and density (McComas et al., 1998) observations are shown
in Figs. 2a–c from 07:00 to 23:00 UT, shifted by a lag of
55 min, (calculated from the bulk speed and upstream dis-
tance from the Earth of ACE just after it observed the
CME). Following the initial CME impact, the solar wind
speed gradually decreased from 450 to 400 km/s accompa-
nied by a decrease in the density from �80 to 20 cm�3. The
IMF remained predominantly northward, with a clock
angle (tan hIMF = BY/BZ) between �45 and 0 degrees, for
an extended period from 09:00 to 17:00 UT. Fig. 2d–h
show electron density, temperature and energy spectro-
gram measurements from the TC-1 PEACE (Fazakerley
et al., 2005), TC-2 PEACE and Polar Hydra (Scudder
et al., 1995) instruments. The corresponding spacecraft
positions are shown in Fig. 3.

At the beginning of the period, TC-1 is located in the
flank magnetosphere, in a characteristic hot and tenuous
plasma sheet (HTPS). The impact of the CME at
�07:46 UT, compresses the magnetosphere and TC-1
enters the magnetosheath, where it remains until
�16:45 UT. TC-1 then encounters the magnetopause, char-
acterised by quasi-periodic bursts of heated magneto-
sheath-like plasma (i.e., typical of magnetopause
boundary layers and cold, dense plasma sheet; CDPS)
interspersed with the typical, colder magnetosheath
plasma. After �18:30 UT, TC-1 enters a more persistent
boundary layer- or CDPS-type population with electron
temperatures of order 1–2 MK, which gradually rise, up
to the end of the period. At the beginning of the period dis-



Fig. 1. Cartoon of magnetosphere in x–y plane, highlighting the CDPS source primary candidates: Double Lobe reconnection and Flank wave activity
and transport.
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played in Fig. 2, Polar is near perigee and swiftly crosses
numerous near-Earth regions (e.g., radiation belts). It then
moves into the magnetosheath around 12:30 UT, where it
remains until �16:00 UT apart from �6 excursions across
the magnetopause. Comparing TC-1 and Polar measure-
ments in the magnetosheath, there is around a factor 2–4
difference in density and �2 in temperature, most likely
due to instrumental differences (i.e., energy ranges and sen-
sitivities), which gives us a reference point for later compar-
isons. At 16:00 UT, Polar passes the magnetopause and
observes a boundary layer until 21:00 UT after which there
is no Hydra data. During the period 16:00–21:00 UT Polar
passes through apogee, with radial distances within the
envelope �9.4–8.5 RE, while the density �1–2 #/cc and
temperature �1–2 MK remain reasonably stable and typi-
cal of boundary layer plasma. We note the similarity of this
population to that observed by TC-1 between 18:30 and
20:30 UT. Finally, for TC-2, at �09:00 UT the spacecraft
is in the outer radiation belts, after which it enters the dusk
flank hot-tenuous plasma sheet (HTPS) (energies �keV’s)
at higher latitudes. We note that the gaps in the TC-2
moments are due to instrument operation and periods
when the spacecraft potential could not be reliably deter-
mined. A gradual decrease in electron temperature is
observed until �14:00 UT, when the spacecraft records a
much denser population (CDPS) with 1–2 MK tempera-
ture, comparable to the plasma observed at TC-1 between
18:00 and 21:00 UT and the boundary layer population at
Polar between 16:00 and 21:00 UT. This population at
TC-2 is persistent, although interspersed with some brief
plasma mantle/lobe encounters, up to �18:00 UT when
the instrument is powered down. Just after 20:00 UT the
instrument is powered on just outside the radiation belts,
which is followed by a rather rarefied mantle/lobe-like
encounter. Unlike the previous orbit, there is little evidence
of tenuous plasma sheet populations, although there are
remnants of the 1–2 MK CDPS population, albeit at a
slightly lower density.

3. CDPS formation

3.1. Dayside observations

Fig. 4a shows data from the SuperDARN radars
(Greenwald et al., 1995) in the form of a convection map
(e.g., Runohoniemi and Baker, 1998), between 15:04 and
15:06 UT. Fig. 4b shows data from the IMAGE FUV
instrument (Mende et al., 2000) on a projection of the
Earth’s southern hemisphere from 15:05:05 UT. From the
SuperDARN data there is clear sunward convection in
the �12 MLT sector, which is typically associated with
high-latitude reconnection (Milan et al., 2000). Such con-
vection is prevalent throughout the time period 12:50–
15:30 UT, thereafter the data becomes patchier and the
convection pattern becomes less defined, although there
are intervals of sunward flow evident up to 18:00 UT. In
Fig. 4b, between 13 and 14 MLT and at latitudes above
�80�, IMAGE FUV data shows clear evidence of an auro-
ral spot, poleward of the sub-solar oval, also consistent
with high-latitude reconnection (Milan et al., 2000; Frey
et al., 2002). This spot is persistent, with varying intensities,
from �12:00 to 17:00 UT. The data from SuperDARN are
from the northern hemisphere while those from IMAGE
are from the southern hemisphere, thus providing evidence
that high-latitude reconnection is ongoing in both hemi-
spheres at the same time.

In Fig. 5, we show Polar data around the time period of
the magnetopause crossing. At around 15:56 UT Polar
crosses the magnetopause and enters a low-latitude bound-
ary layer (LLBL) characterized by a rotation in the mag-
netic field (Russell et al., 1995), an increase in electron
temperature, and a reduction in flow velocity (derived from
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electric (Harvey et al., 1995) and magnetic field measure-
ments). The magnetopause crossing is also accompanied
by an increase in the electron temperature ratio (TParallel/
TPerpendicular). The formation of the LLBL has been dis-
cussed in numerous studies, primarily via diffusive/viscous
(e.g., Scholer and Treumann, 1997; Phan et al., 1997; John-
son et al., 2001) or reconnection (e.g., Onsager et al., 2001)
processes. Under the sole action of diffusive entry, True-
mann et al. (1995) suggested that boundary layers could
only be formed up to thicknesses of �0.5 RE. Such trans-
port could be enhanced by Kelvin–Helmholtz (KH) waves,
which have been observed at the dayside magnetopause
upstream of the terminator (Hasegawa et al., 2006). In
the current case, we estimate the radial extent of the bound-
ary layer, based on the position of the spacecraft at the
magnetopause crossing and the end of the data interval,
to be �0.9 RE (although the orientation of the Polar orbit
is such that the spacecraft may be skimming the magneto-
pause, and hence moving parallel to, rather than perpen-
dicular to the boundary). The magnetopause crossing is
rather rapid, such that characterization of the local magne-
topause boundary is difficult. The crossing is identified by
significant shear in the magnetic field (most notable in
the y component) which along with the electron tempera-
ture and density in the boundary layer, show no strong
signs of wave activity, although the ExB velocity shows
periodic enhancements in the �x direction. Considering
the northward IMF conditions during this time, the



a

b

c

Fig. 3. TC-1, TC-2 and Polar orbit plot in GSM from 07:00 to 23:00 UT,
5th December 2004.

Fig. 4. (a) SuperDARN convection map showing sunward convection in
the 11–13 MLT sector associated with lobe reconnection in the northern
hemisphere. (b) IMAGE FUV data showing a clear spot poleward of the
sub-solar oval, consistent with a southern hemisphere lobe reconnection
site.
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observation of heated electrons (predominantly along the
magnetic field) in the boundary layer, and the evidence of
reconnection ongoing in both lobe simultaneously lead us
to suggest that it is most likely that the LLBL observed
at Polar has been formed by the capture of magnetosheath
field lines at both lobes (e.g., Onsager et al., 2001; Lavraud
et al., 2005, 2006; Li et al., 2005; Imber et al., 2006). We
note that we cannot totally rule out diffusive/KHI pro-
cesses in forming the LLBL in this case, but there is more
evidence related to the mechanism of double lobe
reconnection.
3.2. Flank activity

Fig. 6 shows TC-1 magnetic field (FGM, Carr et al.,
2005), ion (HIA, Rème et al., 2005) and electron (PEACE)
data from 16:15 to 19:30 UT, as TC-1 moves from the mag-
netosheath into the magnetosphere. The crossing shows the
quasi-periodic (�2 min) appearance of boundary layer
plasma with higher temperature, lower density and reduced
magnetic field magnitude compared to the adjacent mag-
netosheath. During the period when TC-1 observes this
boundary, the Cluster spacecraft are located in the south-
ern hemisphere afternoon sector of the magnetosheath.
Cluster data does not show any similar perturbations there,
suggesting the TC-1 observations are locally driven. These
periodic signatures are similar to previous flank study
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reports of KH surface waves (e.g., Fairfield et al., 2000;
Hasegawa et al., 2004). We carried out a 2.5 dimensional,
high-resolution local MHD simulation (e.g., Otto and Fair-
field, 2000; Nykyri, 2002) using ion and magnetic field val-
ues measured by TC-1 on the sheath and boundary layer
side of the magnetopause. Fig. 7 shows the simulation
results after 230 s, with magnetic field (arrows) and
z-component of the current density, jZ, (color coded)
plotted in the left hand panel and velocity (arrows) and
density (color coded) in the right hand panel. The plot is
normalized to a number density 15 cm�3, magnetic field
45 nT and velocity 253 km/s, with the k vector of the wave
in the shear flow plane. The black lines are the magnetic
field lines projected on the shear flow plane, generated by
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projecting the observed magnetospheric and magneto-
sheath magnetic field lines along the magnetosheath veloc-
ity direction. In this configuration, the magnetic field is
mostly perpendicular to the shear flow plane, hence satisfy-
ing the KH instability onset conditions. Note in Fig. 7a
that the smaller magnetic field vectors on the magneto-
sheath side results from the projection discussed above.

In Fig. 7, we observe rolled-up KH wave and at [x,
y] � [10,�1] magnetic reconnection within the vortex leads
to the formation of a detached high density filament of
magnetosheath origin, in a similar manner as discussed in
(Nykyri and Otto, 2001). Such transport of plasma via
non-linear KH waves has been the subject of recent studies
(Nykyri et al., 2006; Hasegawa et al., 2006). In particular,
Hasegawa et al. (2006) compared observations with a three
dimensional MHD simulation (Takagi et al., 2006) for the
event of Hasegawa et al. (2004) and presented a single
spacecraft method to detect rolled-up vortex structures at
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the flank magnetopause. By comparing the velocity and
density across the magnetopause in simulation and space-
craft data, Hasegawa et al. (2006) showed that rolled-up
vortex structures are characterized by lower density (typi-
cal of the boundary layer plasma involved in the KH pro-
cess) regions which tailward speeds are larger than that of
the magnetosheath itself. In Fig. 8, we show a scatter plot
of the TC-1-HIA Vx component and density for the time
period 16:30–18:30 UT, where we assume the x GSM direc-
tion to be tangential to the magnetopause. Magnetosheath
plasma characteristically has high speed and high density
(right part of Fig. 8) while magnetospheric/boundary layer
plasma typically has lower density and speed (top-left
part). However, the significant number of higher speed,
low-density points in the lower left part of Fig. 8 suggests
that rolled-up vortices are developed at the boundary,
and as such, that the KH instability may facilitate the
Fig. 8. TC-1 HIA VX component of velocity (GSM) in km/s and density
in #/cc for the time period 16:30–18:30 UT. The significant number of
point in the lower left part of the plot suggests plasma transport is ongoing
across the magnetopause (Takagi et al., 2006; Hasegawa et al., 2006).
transport of plasma (Hasegawa et al., 2006). This transport
(suggested by the existence high-speed, low density points)
may thus be enabled as a result of the occurrence of mag-
netic reconnection within rolled-up vortices, compatible
with the simulation results presented above and previous
studies (e.g., Nykyri et al., 2006; Nakamura et al., 2006).
4. Discussion

The observations presented above provide a multi-point
perspective of the impact of a sustained northward IMF
interval (owing to the passage of a CME) on Earth’s mag-
netosphere. Of particular interest is the evolution of the
near-Earth magnetotail and flank regions from hot and
tenuous to cold and dense. We note that the CDPS-like
material was initially observed between 13 and 14 UT by
TC-2 at �(�2, 6, 2) in GSM, approximately 5–6 h after
the impact of the CME as determined by the magneto-
spheric compression observed at TC-1 (Fig. 2). In addition,
LANL geosynchronous data from two spacecraft located
in the midnight region (not shown) show the appearance
of CDPS-like material about 4 h after the CME impact.
This can be compared to the 3 h timescale reported by
Øieroset et al. (2003).

Both TC-1 and TC-2, separated by several RE, make
observations of both the hot-tenuous and cold-dense pop-
ulations. This is illustrated in Fig. 9a, where we have taken
representative cuts of the electron phase space density
(PSD) distributions averaged over 20 minutes, centered
on the time indicated in the legend. The solid lines repre-
sent the hot-tenuous plasma sheet observations (07:15 UT
at TC-1 (black) and 12:15 UT at TC-2 (blue)), and show
good agreement. Within 3 h, TC-2 has moved to higher lat-
itudes and begins to observe CDPS-like material. Compar-
ing this population at 15:30 UT at TC-2 with the
distribution observed by TC-1 at 19:30 UT (dotted lines
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Fig. 9. Phase space density distributions, averaged over time and look
direction over 20 min centered on the times indicated. (a) TC-1 and TC-2
PEACE electron data comparing spacecraft and contrasting HTPS and
CDPS regions. (b) electron data from the boundary layer at Polar and the
CDPS at TC-1.

M.G.G.T. Taylor et al. / Advances in Space Research 41 (2008) 1619–1629 1627
in Fig. 9a), we find the CDPS PSD distributions to be quite
similar. By mapping field lines (using the Tsyganenko 96
magnetic field model (Tsyganenko and Stern, 1996) with
appropriate input conditions) from TC-2 at 15:30 UT to
the equatorial plane, we find that TC-2 is magnetically con-
nected to the dusk flank boundary layer, approximately at
the location that TC-1 later crosses the magnetopause. As
time (and hence TC-2 latitude) increase, TC-2 maps further
down the flank.

In Fig. 9b, we present a similar comparison of electron
distributions, on this occasion from TC-1 (black) and Polar
(red). As discussed previously, the boundary layer observed
by Polar was most likely formed by double high-latitude
reconnection. Comparing the Polar observations to those
at TC-1, we note that the boundary layer at TC-1 shows
larger phase space densities in the entire sub-100 eV range.
Although inter-calibration issues between the instruments
exist, because (1) there is an order of magnitude difference
in PSD at low energies while not at higher energies, and (2)
the boundary layers at each spacecraft are observed on the
same side of the magnetosphere, at the same time and close
to the magnetopause, these PSD distributions suggest that
if plasma were moving from Polar to TC-1 (i.e., blue arrow
trajectory in Fig. 1) an additional source of plasma would
be needed, in particular at low, magnetosheath-type ener-
gies. One may also come to a similar conclusion by exam-
ining the densities at Polar and TC-1 in Fig. 2. If the
plasma is simply convected from Polar to TC-1 in an
expanding flux tube, one should expect the density at
TC-1 to be less than Polar. As pointed out in Section 2,
there is a factor of 2–4 difference in the values between
Polar and TC-1 in the magnetosheath (due to differences
in energy range and instrument response). Comparing the
densities of the boundary layer observed at both spacecraft
(16:30 UT at Polar and 21:00 UT at TC-1), a similar factor
remains, although the magnetic field at TC-1 is at least half
that observed at Polar, suggesting that the plasma at TC-1
is not simply convected from Polar, but its density is
enhanced by an additional source.

We envisage that the KH instability is responsible for
this additional PSD increase at TC-1 and therefore that
additional plasma penetration results from this process at
the TC-1 location. Since TC-1 measurements in the flank
boundary layer are very similar to TC-2 observations
mapped to the boundary at an earlier time, it is possible that
the flank boundary layer existed from at least �14:00 UT.
Finally, we note the persistent existence of the CDPS pop-
ulation after the period of relatively strong northward
IMF (>18:00 UT). After this time evidence of lobe recon-
nection in the IMAGE and SuperDARN data is much
reduced, while the boundary layer at TC-1 endures, suggest-
ing continuation of plasma transfer. In addition, during this
period there is little magnetospheric activity, such that one
may expect that under weak driving conditions, the CDPS
may remain for longer before being replaced by hotter,
more tenuous plasma.

5. Conclusions

On December 5th, 2004 the magnetosphere was being
monitored by a constellation of spacecraft (including TC-
1, TC-2 and Polar), providing a large-scale snapshot of
the formation of the cold-dense plasma sheet (CDPS) which
formed owing to sustained northward IMF during the pas-
sage of a coronal mass ejection (CME). This multi-space-
craft study allowed us to highlight the following features:

� The presence of a clear solar wind-originated LLBL at
Polar, during a time interval when the occurrence of
sub-solar reconnection was unlikely.
� The observation of quasi-continuous, high-latitude

reconnection in both hemispheres, coupled with the lack
of evidence of KH waves at Polar location, suggest that
the LLBL observed by Polar is the result of double high-
latitude reconnection, although other candidate pro-
cesses cannot be completely ruled out.
� Flank boundary waves are observed by TC-1, which is

located a few RE tailward of Polar on the same side of
the magnetosphere, and have typical properties (e.g.,
period) of the KH instability.
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� These waves were confirmed to be unstable by running a
KH MHD simulation using observed plasma parame-
ters as inputs. This simulation also suggests reconnec-
tion could be facilitated by these waves.
� Further analysis of the density and velocity changes in

this region suggests that the KH waves at TC-1 are
‘rolled-up’ and as such, that plasma transport is possibly
occurring across the boundary.
� Electron phase space density comparisons, in addition

to adiabatic consideration of flux transport, show that
the LLBL at Polar is not sufficient to source the flank
boundary layer observed at TC-1.
� It is thus envisaged that the KH instability also contrib-

utes to the formation of the boundary layers and CDPS
on that day.
� The persistence of CDPS and BL plasma after
�18:00 UT suggests plasma transfer is not constrained
to periods of strongly northward IMF.
� Thus, in essence, this study provides evidence of the

simultaneous occurrence, and probable solar wind
plasma penetration, owing to both dusk flank magneto-
pause KH wave activity and continuous high-latitude
reconnection in both hemispheres.

Recent data from the Polar, TC-1, TC-2 and Cluster
missions will provide us with more opportunities to inves-
tigate local time separated regions in the magnetosphere
(due to evolution of the spacecraft orbits relative to one
another). We hope such situations will enable us to ascer-
tain the role (quantitatively) of each mechanism.
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