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a b s t r a c t

During the magnetic storm recovery phase between 08 and 13 UT on 30th October 2003 (so-called

Halloween Storm), CHAMP, GRACE and TIMED satellites encountered an unusual post-midnight

streak of high plasma density. The streak was latitudinally narrow ð � 0:51 GLAT), zonally elongated

ð4101 GLON), and vertically extended for several hundred kilometers. Inside the streak, as observed by

CHAMP, the deviation of the magnetic field from the background is greater in the zonal component

than in the meridional component. This observation is consistent with the zonally extended nature of

the streak, as confirmed by TIMED/GUVI optical observations. The field-aligned current (FAC) direction

is generally upward (downward) at the equatorward (poleward) edge of the streak. We discuss the time

history of observed features. We suggest the following scenario of the streak formation. A storm-

enhanced density (SED) was generated before 19 h local time by a sub-auroral polarization stream

(SAPS). The SED gradually separated from the poleward-retreating region of strong westward plasma

drift and turned into an electron density enhancement fossil (EDEF). This EDEF at mid-latitude (about

401S MLAT) practically co-rotated with the Earth for more than 10 h through the night till dawn. We

suggest that the enhanced plasma pressure was counter-balanced by magnetic pressure gradient and

kept stable over many hours.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Geomagnetic storms significantly impact the low- and middle-
latitude ionosphere (e.g. Greenspan et al., 1991; Jakowski et al.,
1991; Lee et al., 2002; Tsurutani et al., 2004, just to name a few),
although those regions are not expected to respond directly to
changes in the solar wind and magnetosphere. Penetrating E-field,
modified wind circulation and/or neutral composition change are
the primary drivers of the storm-time ionospheric variations at low
and middle latitudes (e.g. Jakowski et al., 2002). One of the
spectacular storm-time phenomena is the storm-enhanced density
(SED). The SED phenomenon is a sunward-drifting band of
enhanced plasma density extending from duskside sub-auroral
latitudes to the noontime cusp (Foster and Rideout, 2007, and
references therein). SED was first identified over Northern America.
ll rights reserved.
Yizengaw et al. (2006, 2008) reported that such events can also
occur in other longitude sectors. A SED event is magnetically
conjugate to the drainage plume at plasmaspheric altitudes
(Foster et al., 2002). Foster and Rideout (2007) showed that SED
plumes appear hemispherically conjugate in general.

Sub-Auroral Polarization Stream (SAPS) is a high-speed west-
ward (sunward at dusk) flow of sub-auroral plasma (e.g. Foster and
Vo, 2002; Wang et al., 2011a). The equatorward edge of SAPS is
collocated with a SED event (Foster et al., 2007). The dayside and
pre-midnight mid-latitude plasma density is enhanced by the
storm-induced penetration of the zonal/meridional electric field
(Vlasov et al., 2003; Kelley et al., 2004), and the sunward/poleward
transport of the high-density plasma by SAPS creates the elongated
SED at the SAPS equatorward edge (Foster et al., 2007). A SED does
not co-rotate, but it is transported sunward by a SAPS (Foster et al.,
2004). After reaching the cusp it can turn into a tongue-of-
ionization (TOI) at the dayside cusp (e.g. Foster and Rideout,
2007, and references therein). Because the latitudinal width, aver-
age speed, and occurrence rate of SAPS events are largest before
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midnight (see Figures 4, 5, and 8 of Foster and Vo, 2002, and
references therein) and since the resultant SED convects sunward, it
might be natural to expect less SED events after midnight. Actually,
most of the SED events reported previously occurred during day-
time and in the pre-midnight sector (e.g. Foster, 1993; Foster et al.,
2002; Yizengaw et al., 2005, 2006; Foster and Rideout, 2007;
Pokhotelov et al., 2008). To our knowledge there has been no
dedicated study on a post-midnight SED event.

We report an unusual post-midnight streak of high plasma
density, which is presumed to originate from a SED, observed
during the 30th October 2003 magnetic storm. This storm is
known as the Halloween storm. Multiple instruments (plasma,
neutral, magnetic, radio wave and optical) onboard the Challen-
ging Mini-Satellite Payload (CHAMP) and the Thermosphere Iono-
sphere Mesosphere Energetics and Dynamics (TIMED) spacecraft
are used to clarify the 3D structure of the streak. Defense
Meteorological Satellite Program (DMSP), the Ocean Topography
Experiment (TOPEX), and Gravity Recovery And Climate Experi-
ment (GRACE) satellites are used to track the evolution of the
streak. In the next section we briefly describe the instruments and
the background geophysical conditions around the Halloween
storm. The observations are given in Section 3, and discussed in
detail in Section 4. Section 5 summarizes the results and draws
conclusions. Note that there are a variety of storm-time TEC
enhancements (positive ionospheric storm) at different latitudes,
for which the term, ‘SED’ has been ambiguously used at times (see
Section 1.1 of Foster et al., 2007). In this study, however, the term
‘SED’ is exclusively used to designate the pre-midnight thin
plume of storm-time plasma density enhancement stemming
from the large-scale reservoir (so-called ‘bulge’ in Datta-Barua
et al., 2011) at lower latitudes. For similar plumes in the ‘post-
midnight’ sector we use the term electron density enhancement
fossil (EDEF).
Fig. 1. Evolution of AE and DST indices during the Halloween storm. The time

interval of prime interest (from 08:44 UT to 10:46 UT on 30th October 2003) is

marked by dashed lines.
2. Instruments and background conditions

The altitude of CHAMP was about 450 km at launch in 2000,
and decayed to about 400 km on 30th October 2003. The satellite
circled the Earth on a polar (inclination angle¼871) orbit. CHAMP
carried an accelerometer measuring neutral mass density and
zonal wind every 10 s, a Planar Langmuir Probe (PLP) measuring
electron density and temperature every 15 s, a Flux-Gate Mag-
netometer (FGM) providing the magnetic field vector at a 50 Hz
rate, and a Digital Ion Drift Meter (DIDM) measuring plasma
density and drift velocity every second. Unfortunately, DIDM was
severely degraded during the launch and can provide only
uncalibrated plasma density. The resolution of the neutral mass
density is better than 1� 10�14 kg=m�3 (Liu et al., 2005). Preci-
sion of zonal wind velocity amounts to 20 m/s (Liu et al., 2006),
and that of plasma density as observed by the PLP is 4% with a
spread of about 10% (McNamara et al., 2007; Liu et al., 2007).
Electron temperature as observed by the PLP is about 3% lower
than radar observations with a standard deviation of 8% (Rother
et al., 2010). A flux-gate magnetometer delivers vector field
readings at a rate of 50 Hz and with a resolution of 0.1 nT (Lühr
et al., 2004; Stolle et al., 2006).

While the above-mentioned instruments measure ionospheric
and thermospheric parameters at the position of the satellite, the
Global Positioning System (GPS) receiver onboard CHAMP can
estimate topside total electron content (TEC) between CHAMP
and GPS satellites. The TEC data can be used for a 2D (altitude-
latitude) reconstruction of the ionospheric density. To generate
the electron density profiles, TEC values calculated from the
CHAMP-GPS measurements are assimilated into the Parameter-
ized Ionospheric Model (PIM) (Heise et al., 2002).
The TIMED satellite is at an altitude of 630 km, and the
inclination angle of the orbit is 741. The Global Ultraviolet Imager
(GUVI) onboard TIMED scans airglow intensity below the satellite
with a scanning mirror to construct 2D (longitude-latitude)
images at five different wave lengths. Among them is the
135.6 nm nightglow, whose intensity is approximately propor-
tional to the vertical total electron content (TEC) (Kil et al., 2004).
It will be used in this paper.

DMSP F13, F15, and F16 are on circular ðaltitude� 840 kmÞ and
sun-synchronous orbits. The local time (LT) of the F13/15/16 orbit
is 0600-1800/0930-2130/0810-2010 h, respectively. The Special
Sensors-Ions, Electrons, and Scintillation (SSIES) onboard the satel-
lites measure ion/electron density/temperature, plasma drift vec-
tor, and ion composition at the satellite positions. The data of F13
and F15 are open to public at http://cindispace.utdallas.edu/DMSP/
index.html. Keyser et al. (2003) reported that plasma densities, as
observed by the DMSP/SSIES, are typically lower than radar
observations, but this will not significantly compromise the current
study because we are mainly interested in the variation of plasma
density. According to Drayton et al. (2005) the cross-track plasma
drift velocity shows good correlation with ground-based radar
observations (correlation coefficient¼0.9), but the magnitude is
slightly larger than the radar observations (by a factor of 1.4).

The TOPEX satellite is at an altitude of 1330 km, and the orbit
inclination angle is 661. The satellite observes TEC between the
sea surface and its orbital altitude. GRACE consists of two
satellites cruising at polar (inclination angle¼891) circular (about
500 km) orbits. Using data from its K-band ranging system we can
estimate the average plasma density between the dual satellites
(inter-satellite separation � 220 km) (Xiong et al., 2010). The
estimated plasma density may have a bias level uncertainty (Lühr
and Xiong, 2010), but it has little effect on the current study
because we focus on the variation of plasma density as observed
by GRACE. The GPS receiver onboard GRACE can estimate topside
TEC between GRACE and GPS satellites.

Fig. 1 shows the evolution of the auroral activity (AE) and
storm-time DST indices during the Halloween storm (data available
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Fig. 2. CHAMP observations around 08:46 UT on 30th October 2003: (a) neutral

density, (b) zonal neutral wind (positive eastward), (c and d) electron density/

temperature measured by PLP, and (e) electron density measured by DIDM and

scaled to PLP data.

Fig. 3. Magnetic signature of the EDEF as observed by CHAMP/FGM. Panels (a) and (b) p

respectively. Panel (c) is residual of magnetic field strength, and panel (d) the plasma d

around the EDEF. Downward currents are observed at the poleward edge and upward
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at http://omniweb.gsfc.nasa.gov/). There were three consecutive
storms in total during the Halloween events. The first and second
storm began on 29th October, and the second storm attained its
DST minimum near 00 UT on 30th October 2003. Around 08:44 UT
on 30th October 2003 (marked by dashed lines in Fig. 1) CHAMP
passed the nightside at 01 LT (post-midnight). It was right in the
middle of the recovery phase of the second storm, separated from
the previous (following) storm main phase by about 8 (9) h. In this
paper we investigate the ionospheric evolution between 00-14 UT,
but focus on the time period from 08:44 UT to 10:46 UT on 30th
October 2003.
3. Observation

Fig. 2 shows from top to bottom (a) neutral density, (b) zonal
wind (positive eastward), (c and d) electron density/temperature
measured by PLP, and (e) electron density measured by DIDM
(scaled to PLP data). The magnetic equator for this CHAMP pass
was at 5.41S geographic latitude (GLAT). Near 481S GLAT and
2421E geographic longitude (GLON) CHAMP observed a narrow
plasma density anomaly (hereafter called EDEF, the use of the
term will be justified later by the TIMED/GUVI observation) with
the maximum reaching 300% of the ambient density (panel e).
The corresponding magnetic latitude (MLAT) is 401S (L¼ 1:82Re,
apex height: 5200 km). The electron density peak coincides with a
broader neutral density maximum, but the wind shows no
conspicuous change. Neutral wind was approximately at rest at
the location of the plasma density peak within the EDEF. The
electron temperature shows a slight enhancement ðo200 KÞ at
the EDEF peak position.

Fig. 3 shows the magnetic signatures of the EDEF as observed
by the CHAMP/FGM. The data are presented in Mean-Field-
Aligned (MFA) coordinates, which are defined as follows: parallel
(along the mean field), zonal (perpendicular and to magnetic
east), and meridional (completing the triad, positive outward).
The mean field direction at each point is calculated by averaging
resent transverse components of the B-field in the meridional and zonal directions,

ensity repeated from Fig. 2(e). Panel (e) shows the FAC density (positive upward)

at the more gentle equatorward slope.

http://omniweb.gsfc.nasa.gov/


Fig. 5. Meridional cut through ionospheric density. The contours represent the 2D

plasma density distribution as derived from CHAMP TEC data assimilation. The

white solid line shows the in situ electron density as observed by CHAMP/PLP, and

the white dashed horizontal line marks the orbit altitude. The slant thin lines are

mean magnetic fields. The magnetic equator is at �5.41 GLAT. (For interpretation

of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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observed data with a 201 s-long Savitzky–Golay filter. Panels
(a) and (b) present the meridional and zonal components,
respectively. Panel (c) represents residual variations of the total
magnetic field strength after subtracting the mean field. Panel
(d) is the plasma density repeated from Fig. 2(e). Inside the EDEF
the B-field strength is reduced (panel c), the zonal B-field
component exhibits an anti-correlation with the field strength
(panel b). The meridional B-field, on the other hand, varies weakly
showing little correlation with the other components. As the
transverse deflections of the B-field are primarily confined to
the zonal component inside the EDEF, we can reliably estimate
the field-aligned current (FAC) density, j, from the along-track
gradient of the zonal component

j¼
1

m0

1

vtrans

dBzonal

dt
ð1Þ

where vtrans is the component of CHAMP velocity perpendicular to
the magnetic L shell (estimated to be 5 km/s), dt the temporal
spacing between adjacent data points, and m0 the permeability of
free space. Panel (e) shows the FAC density (positive upward, i.e.
parallel to the mean field) around the EDEF. We can see that FACs
are predominantly downward (upward) around the poleward
(equatorward) edge. Note that the FACs in Fig. 3e are latitudinally
well separated from the auroral FAC circuits, which started
beyond 471S MLAT as observed by the CHAMP/FGM (e.g. Figure 3
of Wang et al., 2006).

Fig. 4 shows a 135.6 nm airglow image obtained by GUVI
onboard the TIMED satellite. TIMED crosses the equator from south
to north, and each equatorial pass moves from east to the west by
about 261 in GLON. One orbit takes about 100 min. Note that Fig. 4 is
not taken at a certain time, but it is a composite image of successive
observations. For each pass the time of equator crossing is given on
the top. In Fig. 4 we can see a zonally elongated, narrow enhance-
ment of airglow emission around 501S and 2401E; a white stripe
enframed by a blue box. The observation time is near 10:46 UT
(about 2.8 LT), i.e. � 2 h later than the CHAMP observations.

The color map in Fig. 5 represents the 2D plasma density
reconstruction by assimilating CHAMP/GPS observations into PIM.
The thick solid white curve shows the in situ plasma density as
observed by CHAMP/PLP. The horizontal white dashed line is the
CHAMP orbital altitude. Slant thin lines represent the magnetic field
lines. The latitudinally broad (701S� 201S GLAT) electron density
structure below 500 km altitude reflects the F-region peak. We can
identify an isolated enhancement of plasma density around 501S
Fig. 4. Airglow images at 135.6 nm obtained by TIMED/GUVI. Time stamps at the

top correspond to the equator crossings of the satellite. A zonally elongated

enhancement of airglow emission (marked by a rectangle) is observed around

501S and 2401E near 10:46 UT. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
GLAT between 500 km and 550 km altitudes, which seems to be
related to the EDEF observed by CHAMP/PLP around 400 km
altitude (white solid line). The height resolution of the density
reconstruction is 10 km below 500 km altitude and 20–30 km
between 500 km and 1000 km altitudes. Considering the limitations
of vertical ionospheric profiles reconstructed from GPS/TEC obser-
vations (e.g. Wen et al., 2008), we expect that the EDEF is elongated
continuously upward between 400 km (CHAMP/PLP data) and
550 km altitudes. The plasma density enhancement between
500 km and 550 km (color map) appears to be latitudinally wider
than the EDEF observed by CHAMP/PLP (white solid line). However,
the narrow latitudinal width of the EDEF (o11 GLAT) cannot be
estimated precisely by the reconstruction due to the limited
resolution (31 GLAT). The overall structure seems nearly field-
aligned (tilted slightly equatorward with altitude) and located
above the F-region peak.

In order to check the reliability of the plasma density feature at
500 km altitude in Fig. 5, we inspected individual CHAMP slant TEC
(STEC) readings that were used to construct the 2D plasma density
map. As can be seen in Fig. 6a, there is a narrow STEC peak that
coincides with the in situ EDEF detection as shown in Figs. 2 and 3.
Similar conspicuous STEC peaks could be deduced from the signals
of four more GPS satellites at the same time. This multiple
coincidence makes us to believe that the vertical extension of the
EDEF (Fig. 5) is real. The GPS satellite 30 (PRN-30) was nearly at
zenith for CHAMP (elevation angle 4801) when the STEC between
the two satellites exhibited a narrow peak at the EDEF (Fig. 6a).
Hence, the vertical TEC (VTEC) gradient can be approximated from
the STEC gradient of this observation. The maximum STEC gradient
is about 17 TECU/degree. This value is smaller than the record-high
value of ‘duskside’ VTEC gradient (50 TECU/degree) shown in
Figure 8 by Vo and Foster (2001). Our STEC gradient of about 17
TECU/degree, however, does not reflect the full gradient because
(1) we only consider the topside ionosphere above 400 km and
(2) the EDEF is expected to be aligned with the magnetic field lines
(see Fig. 5). More appropriate is therefore to estimate the TEC
gradient transverse to the magnetic L-shells. Taking into account



Fig. 6. Latitude profiles of slant TEC as observed by (a) CHAMP and (b) GRACE.
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the tripling of the electron density within a sub-degree stripe (see
Fig. 3) and background TEC of about 40 TECU (shown later in
Fig. 9d), we estimate TEC gradient transverse to the magnetic
L-shells to be more than 100 TECU/degree. This is expected to be
very harmful to GPS navigation signals.
4. Discussions

4.1. Three-dimensional structure of the EDEF

Here, we discuss the spatial structure of the observed EDEF in
more detail. CHAMP/PLP and FGM observed signatures of a
latitudinally confined (� 0:51 GLAT) EDEF at 08:34 UT (about
0.7 LT). TIMED/GUVI observed 2 h later a thin strip of TEC
enhancement (Fig. 4) at a similar GLON and GLAT position
(around 02-03 LT sector), although the enhancement is not as
conspicuous as in Fig. 2. The strip is azimuthally elongated (4101
GLON), and its latitudinal extent is very small. Zonal B-field
deflections (Fig. 3) originate from FACs along the EDEF walls.
Hence, the dominance of the zonal component shown in Fig. 3 is
consistent with the shape of the EDEF observed by TIMED/GUVI. It
adds credence to the argument that the two satellites observed
the same phenomenon. From Fig. 5 we inferred that the overall
EDEF structure is nearly field-aligned between 400 km (CHAMP/
PLP data) and 550 km (reconstruction data) altitudes. Combining
Figs. 2–5 leads us to conclude that the EDEF was (1) latitudinally
narrow (� 0:51 GLAT), (2) zonally elongated (4101 GLON), and
(3) vertically elongated (probably field-aligned) by several hundreds
of kilometers above the F-region peak altitude.

4.2. Possible origins of the EDEF

Let us discuss the origin of the post-midnight EDEF. We can
imagine several possibilities to enhance plasma density in the
nightside mid-latitude ionosphere: (1) transport of dense dayside
plasma across the polar cap, (2) upward transport of plasma by
transverse ion heating (e.g. by waves) and enhanced mirror force,
(3) local ionization by soft particle precipitation, or (4) a plasma
plume (i.e. SED) generated by SAPS, which drains higher-density
plasma from the lower-latitude reservoir. The EDEF occurred at
401S MLAT (apex height: 5200 km, L¼ 1:82Re). The location was
well separated from the main auroral FAC circuits, which started
beyond 471S MLAT as observed by CHAMP/FGM (see Section 3).
Hence, mechanism (1) is rejected because transport of dayside
plasma across the polar cap diverges zonally around the equator-
ward boundary of the nightside auroral oval (Pryse et al., 2006).
Likewise, mechanism (2) seems inappropriate to explain our EDEF
as they generally occur at the cusp, auroral oval, or polar cap (e.g.
Schunk, 2000; Kasahara et al., 2001).

The amplitudes of local FACs around the EDEF were quite
small (of the order of 0:1 mA=m2). Directions of the local FAC were
on average downward (upward) at the poleward (equatorward)
edge; with the downward one showing larger amplitude. Electron
temperature shows no large enhancement at the maximum
electron density ðo200 KÞ. Compare, for example, our Fig. 2c–e
with Figure 1 of Liu et al. (1995). All these observations rule out
the possibility that the EDEF might originate from auroral
electron precipitations.

Sakaguchi et al. (2007) observed a latitudinally narrow (o11
GLAT) and zonally elongated proton arc at L� 4, which was
associated with proton precipitation enhancement at 30–80 keV
energy range. One may ask whether our EDEF originated from
such proton precipitation. We checked the 30–80 keV proton
precipitation as observed by the NOAA-POES 16 (17) satellites
at the post-(pre-)midnight sector (data not shown here, but
available at http://satdat.ngdc.noaa.gov/sem/poes/data/avg/txt/).
Between 00-12 UT on 30th October, no localized enhancement of
proton precipitation was observed in the energy range near
L� 1:8 around local midnight. The DMSP F16 satellite was at
501S GLAT and 2451E GLON (near the EDEF location as given in
Figs. 2 and 4) around 20:43 LT/04:23 UT on 30th October (about
4 h before the CHAMP-EDEF encounter). The satellite observed no
strong proton precipitation (data not shown here, but available at
http://sd-www.jhuapl.edu/Aurora/spectrogram/index.html). Also
the 121.6 nm airglow images taken by TIMED/GUVI (data not
shown here, but available at http://guvi.jhuapl.edu), which reflect
proton precipitation (Immel et al., 2002) do not show an out-
standing enhancement at the EDEF location. The proton arc
shown in Sakaguchi et al. (2007) was conjugate to the plasma
trough in the opposite hemisphere, but our EDEF is well equator-
ward of the plasma trough (see Fig. 2). Note also that the L value
of our EDEF is only 1.82, which is much lower than that ðL� 4Þ of
Sakaguchi et al. (2007). Based on all these observations, although
they are not at the exact location and time of the EDEF as
observed by CHAMP, we state that proton precipitation cannot
be a dominant source of the EDEF and reject mechanism (3).

Mechanism (4) attributes the EDEF to SAPS. Let us track the
evolutionary history of SAPS and SED in the southern hemispheric
pre-midnight sector, using the in situ observations of DMSP F13
(at dusk) and F15 (at pre-midnight sector) at 840 km altitude.
Fig. 7 shows the time series (from top to bottom) of plasma
density (black line) and cross-track plasma drift velocity (red line:
positive is approximately sunward-westward). The left and right
columns correspond to DMSP F13 and F15, respectively. Observa-
tions at similar GLON by the two DMSP satellites are presented
side-by-side in Fig. 7. But, the UT and LT differ by 2.5–3 h. In
panels a and b the cross-track plasma drift speed as observed by
DMSP F13 is larger than 1500 m/s around 451S MLAT. From the
DMSP data of auroral particle precipitation (not shown here, but
available at http://sd-www.jhuapl.edu/Aurora/spectrogram/index.

http://satdat.ngdc.noaa.gov/sem/poes/data/avg/txt/
http://sd-www.jhuapl.edu/Aurora/spectrogram/index.html
http://guvi.jhuapl.edu
http://sd-www.jhuapl.edu/Aurora/spectrogram/index.html


Fig. 7. Time series (from top to bottom) of plasma density and cross-track plasma drift velocity (positive values approximately corresponding to sunward-westward

direction) in the southern hemispheric nightside. The left and right columns correspond to DMSP F13 and F15 observations, respectively. Horizontally adjacent panels

show observations in a similar GLON sector. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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html), the westward drift peaks were located equatorward of the
auroral oval. From the latitude (sub-auroral) and westward speed
ð4500 m=sÞ, the region around the westward velocity maximum
can be identified as a SAPS (e.g. Wang and Lühr, 2011b). The
equatorward part of the SAPS overlaps with the mid-latitude
ionospheric plasma enhancement starting at of about 401S MLAT.
There is a narrow density peak between 401S and 301S MLAT
(latitudinal width � 21 GLAT), which migrates poleward from
panel a to panel b. The observed density peak can be deemed as a
SED based on the generally accepted SED formation mechanism: a
SED is formed at the overlap between enhanced westward plasma
drift (SAPS) and dense mid-latitude plasma (e.g. Foster et al.,
2002). About 3 h after each F13 orbit F15 passed similar GLON
sectors. The corresponding F15 data are shown in panels h and i.
No evidence of a SED signature was encountered by F15, which
implies that the SED in panels a and b did not co-rotate with the
Earth. From the SED encounter on successive orbits of F13 at
constant LT (panels a and b), it is rather plausible that the SED was
nearly sun-synchronous: the westward migration speed of the
SED structure is nearly comparable to the eastward rotation speed
of the Earth. In the third row both F13 (panel c) and even more
clearly F15 (panel j) observed a SED in a similar GLON, while in the
fourth row (panels d and k) they barely observed SED-like
undulations. This results imply that the SED no longer moves
sun-synchronously at that time. Later passes of F13 and F15
(panels e–g and l–n) encountered no conspicuous SED between
401S and 351S MLAT (the peak in panel f seems to be an artefact).
The fact that the SED was observed in panels c and j implies that it
moved towards later LT at about the co-rotation speed without
large changes of GLAT and GLON. Hence, Fig. 7 implies that the
SED created at 19 LT was nearly sun-synchronous until 02:26 UT
on 30th October 2003, and it migrated towards later LT thereafter.
The SED shifting to later LT may have led to the EDEF as observed
by CHAMP and TIMED/GUVI past midnight.

Location of the maximum westward speed in Fig. 7 (see the
red lines) on average retreated poleward with the peak amplitude
weakening accordingly. Simultaneously, cross-track plasma drift
speed between 401S and 351S MLAT decreased significantly from
panel a to panel d (also from panel h to panel k), and remained
low afterwards. Note that this cross-track plasma drift was
measured at a fixed LT.

Fig. 8 shows a time series of auroral intensity at the nitrogen
Lyman–Birge–Hopfield (LBH) band 2 (165–180 nm) as observed
by TIMED/GUVI (available at http://guvi.jhuapl.edu). The oval-
shaped regions of enhanced emission can be regarded as the
auroral oval. Each image is drawn on geographic coordinates, and
the approximate EDEF position as observed by CHAMP/PLP (501S,
2401E) is indicated with a cross. Around 00:59 UT (first panel) the
auroral oval expanded a lot and came close to 501S and 2401E.
From 02:34 UT (second panel) onward the oval keeps retreating
poleward, and the separation from the cross increases. At 10:38
UT (bottom left panel), when TIMED/GUVI observed the band
structure in 135.6 nm emission (Fig. 4), the cross was separated
from the auroral oval approximately by 201 GLAT. Fig. 8 shows
that the auroral oval kept retreating from 00:59 UT to 12:17 UT
on 30th October (storm recovery phase). As a SAPS is generally
several degrees equatorward of the auroral oval (e.g. Goldstein
et al., 2003, and references therein), the SAPS (if it exists) also
should retreat poleward following the auroral oval. In other
words, the mid-latitude ionosphere at a certain GLAT/GLON
becomes more and more free from effects of the high-latitude
convection system.

http://sd-www.jhuapl.edu/Aurora/spectrogram/index.html
http://guvi.jhuapl.edu


Fig. 8. Time series of auroral intensity at the nitrogen Lyman–Birge–Hopfield (LBH) band 2 (165–180 nm) as observed by TIMED/GUVI. Each image is drawn on geographic

coordinates, and the approximate EDEF position as observed by CHAMP/PLP (501S, 2401E) is indicated with a cross. Given time stamps correspond to the highest magnetic

latitude in the southern hemisphere.
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Figs. 7 and 8 suggest that westward plasma drift at a certain
latitude decreased with UT as the storm went through the
recovery phase. Note that drift velocity of the ambient plasma
(as given in Fig. 7) doesn’t need to be the same in magnitude as
migration velocity of SED structure. Nevertheless, the decreasing
trend of ambient plasma velocity with UT, as suggested by
Figs. 7 and 8, is compatible with our suggestion that westward
drift of the SED structure reduced significantly with UT.

4.3. Temporal evolution of the EDEF

In the previous subsection the pre-midnight observations
of DMSP and TIMED/GUVI imply possible connection of the
pre-midnight SED (as observed by DMSP satellites) to the post-
midnight EDEF (as observed by CHAMP and TIMED/GUVI). Near
the time of the SED and EDEF event the TOPEX satellite observed
TEC between the sea surface and 1330 km altitude in the pre-
midnight sector. The GRACE satellites observed plasma density
and TEC in the post-midnight sector. We use these observations in
combination with the DMSP observations to track the evolution-
ary history of the EDEF. Fig. 9a–h shows plasma density or TEC
(thick lines) and cross-track plasma drift (thin lines) from satellite
passes between 2201E and 2801E GLON. The time stamp of each
panel corresponds to the satellite crossing of 451S GLAT, and the
UT increases from panel a to h. The region of interest,
i.e. between 451 and 501S GLAT, is bounded by thin dashed grid
lines in each panel in the left column. In Fig. 9i satellite tracks are
overplotted onto GUVI 135.6 nm airglow image with the same color
and line style as in Fig. 9a–h. Note that there is one exception for
the color matching – DMSP F15; the satellite tracks are drawn in
white (right column). Enhancements of plasma density or TEC are
marked on the satellite tracks by larger solid circles. The satellite
tracks in Fig. 9i are projected vertically down onto the airglow layer
(not projected along the magnetic field lines). The yellow dashed
curves in Fig. 9i represent contours of constant MLAT.

Around 00:44 UT/19.0 LT/2731E GLON (Fig. 9a) the cross-track
plasma drift speed peaked near 601S GLAT, and at a large drift
speed of about 2000 m/s; it is the signature of a SAPS as discussed
above. There is a small density enhancement, deemed as a SED,
around 491S GLAT (latitudinal width � 21 GLAT). The cross-track
(nearly westward) speed at this latitude is about 430 m/s. A
strong westward drift at the SED location implies that the SED
was under active development when it was observed by DMSP
F13. Around 02:26 UT/19.0 LT/2461E GLON (Fig. 9b) the cross-
track plasma drift speed peaked near 571S GLAT, and had reduced
to about 900 m/s. The equatorward part of this SAPS still overlaps
with the mid-latitude ionospheric plasma enhancement at 501S
GLAT and below. The small density peak around 471S GLAT is
regarded as the SED that is at the center of this study.

Due to the large time difference between the DMSP F13 and
TIMED/GUVI observations (about 7 h), it may be questionable to
relate the two satellite observations to the same phenomenon.



Fig. 9. The left column (panels a–h) shows plasma density/TEC (thick lines) and cross-track plasma drift (thin lines) of DMSP F13, TOPEX, DMSP F15, and GRACE satellites.

In the right column (panel i) satellite tracks (thick lines) are overplotted onto the GUVI 135.6 nm airglow image with the same color and line style (solid or dashed) as in

panels a–h. Note that there is one exception for the color matching – DMSP F15; the satellite tracks are drawn in white (right column). The region of interest, i.e. between

451 and 501S GLAT, is bounded by thin dashed grid lines in each panel in the left column. Enhancements of plasma density or TEC are marked on the satellite tracks by

larger circles. The yellow dashed curves represent contours of constant MLAT. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Nevertheless, it is interesting to note that the SED observed by
DMSP F13 around 02:26 UT/19.0 LT appears at a location (471S
GLAT/2481E GLON) eastward/equatorward of the narrow bright
stripe in the TIMED/GUVI image (see Fig. 4). This suggests that our
EDEF stems from the dense plasma (reservoir) at the more
eastward/equatorward side. Around 04:08 UT/19.0 LT (Fig. 9c)
the DMSP F13 pass was located further to the west, and no plasma
density peak was found. Combining Fig. 9a–c implies that (1) a
SED was actively developing (possibly westward/poleward by a
SAPS) near 2731E GLON around 00:44 UT/19.0 LT (Fig. 9a), (2) at
02:26 UT/19.0 LT (Fig. 9b) it had reached 2481E GLON, and
(3) stayed around the GLON sector because at 04:08 UT/19.0 LT
(Fig. 9c) it had not reached 2211E GLON. At 04:16 UT/21.3 LT
(Fig. 9d) TOPEX passed the region at around 2541E GLON, which is
slightly southeastward of the DMSP F13 pass around 02:26 UT
(Fig. 9b). TOPEX TEC also exhibits a peak between 451 and 501S
GLAT. As expected this latitudinal profile is wider/smoother than
the in situ observations of Fig. 9b. TOPEX records values up to 70
TECU. This is about 40 TECU more than the peak vertical TEC
value obtained by CHAMP (see Fig. 6a). This means about 40% of
the electron content was above 400 km altitude in the EDEF.
DMSP F15 observed a conspicuous plasma density enhancement
near 05:07 UT/21.9 LT and 471S GLAT/2521E GLON (Fig. 9e):
latitudinal width � 21 GLAT. The cross-track plasma drift around
the density peak was 190 m/s. On the next orbit near 06:49
UT/21.9 LT/2261E GLON DMSP F15 was shifted to the west by
about 261. No conspicuous plasma density enhancement was
observed (Fig. 9f): only a marginal enhancement (marked as open
circles in Fig. 9i) near 461S GLAT. The cross-track plasma drift was
150 m/s around the density peak. About 2 h later, around 08:46
UT/0.9 LT, CHAMP observed the EDEF around 481S GLAT and
2421E GLON (Figs. 2, 5 and 6). It implies that the well-developed
SED as observed by DMSP satellites had slowly moved to 2421E
GLON by this time and appeared as the EDEF. Around 10:46 UT/
2.7 LT (Fig. 4), about 2 h after the CHAMP observations, TIMED/
GUVI observed a zonally elongated thin arc between 2251E and
2401E GLON, where CHAMP had observed the EDEF signature.
Near 12:28 UT/3.9 LT GRACE observed a weak enhancement of
plasma density at 481S GLAT and 2311E GLON (Fig. 9g), which is
reasonably well collocated with the airglow enhancement
observed by TIMED/GUVI. The electron densities reported by
GRACE are horizontal averages over a meridional distance of
about 220 km. This is four times more than the width of the
EDEF. Therefore, the amplitude of the density feature appears
much reduced. In Fig. 6b is shown the STEC along the ray path
from GRACE up to the GPS satellite 03 (PRN-03). The maximum
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STEC gradient is 3.1 TECU/degree, which is close to the average
post-midnight VTEC gradient during disturbed periods as
reported by Vo and Foster (2001). Note that the elevation angle
is only 451 in this case. As well as the low data rate of 0.1 Hz, the
low elevation angle may have smoothed out the actual gradient,
and the actual VTEC gradient may be larger than the observed
value (3.1 TECU/degree). About 1.5 h later (13:54 UT/5.8 LT)
DMSP F13 passed 2381E GLON and still encountered a small
density enhancement at 471S GLAT (Fig. 9h). In Fig. 9i all the
density peaks from DMSP observations are located equatorward
of the EDEF as observed by TIMED/GUVI, which seems to result
from the large altitude difference between the TIMED/GUVI image
(possibly around 350 km) and the DMSP satellites (840 km). The
location of the density enhancement corresponds to 401S MLAT,
and the inclination angle of the magnetic field is about 601. If we
follow the magnetic field line, the altitude difference of 500 km
ð � 8402350 kmÞ will result in horizontal displacement of about
300 km to the southwest. It can explain the position difference of
density peaks as observed by DMSP and TIMED/GUVI.

As mentioned in Section 1, a SED generally drifts sunward
(Foster et al., 2004). This concept does not fully explain our EDEF
observations within a limited GLON range over an extended
period (02:26–13:54 UT) by DMSP F13/F15, CHAMP, TIMED/GUVI,
and GRACE. It seems that westward drift speed of the EDEF was
rather low. Over the 10 h the EDEF has moved westward by about
201 in GLON. This corresponds to an average drift velocity of
� 40 m=s.

Based on the above-mentioned facts our multi-satellite obser-
vations support the following scenario. (1) a SAPS generated a SED
in the post-sunset sector near 00:44 UT/19.0 LT/2731E (Fig. 9a). At
this time, end of the storm expansion phase (Fig. 1), the active
SAPS occurred at rather low latitudes and overlapped well with
the poleward expanded equatorial ionization anomaly, a suitable
condition for forming a SED. (2) Subsequently, the storm went
into a recovery phase, which caused a poleward retreat of the
SAPS and a disconnection from the SED between 401S and 351S
MLAT. (3) A narrow, zonally extended EDEF is left standing at
mid-latitudes in the co-rotating F region plasma. Repeated detec-
tions by multiple satellites within a limited range of GLON
confirmed the stationarity of the structure over at least 10 h.
Only a slow westward drift of some 40 m/s is deduced on average.
(4) A nearly co-rotating drainage plume in the plasmasphere (i.e.
a plume losing contact with the enhanced convection at higher
L-shell) has been reported previously (e.g. Spasojević et al., 2003).
As drainage plumes are conjugate to SEDs (Foster et al., 2002), the
existence of a co-rotating drainage plume indirectly supports our
suggestion.
4.4. Ramifications of the post-midnight EDEF

Goi et al. (2009) reported that the occurrence of mid-latitude
TEC enhancements, as observed by 1D TEC measurements
onboard low-altitude satellites, maximizes at 14-17 LT and
03-05 LT. The enhancements generally span several degrees of
GLAT. The authors speculated that different mechanisms work for
the dayside and dawnside events. Goi and Saito (2010) attributed
the daytime enhancements to SED, and speculated that the
dawnside source is photo-ionization associated with midnight
sun (white night). As mentioned above, the TEC gradient across
our EDEF amounts to about 17 TECU/degree GLAT, so that the TEC
difference between the peak and the background is approxi-
mately 16 TECU. This amount of TEC change is comparable to
those found in the statistical study of Goi et al. (2009). We suggest
that a part of their dawnside events can be fossils of pre-midnight
SEDs, as reported here.
Recently, Kwon et al. (2012) reported that the energy loss of
Pi2 magnetic pulsations (period¼40–150 s) is larger on the
duskside than on the dawnside (see their Figure 17). The
enhanced loss at dusk was attributed to the more complicated
plasmaspheric shape, which originates from the plasmaspheric
drainage plumes. A SED is conjugate to plasmaspheric plumes
(Foster et al., 2002), and our EDEF may also be conjugate to post-
midnight plumes reported by Spasojević et al. (2003). In that case
the Pi2 energy can be lost significantly even in the post-midnight
sector. This may be an interesting topic for a future study.

4.5. Pressure balance across the EDEF boundaries

Let us discuss the pressure balance across the EDEF. The
plasma pressure variation across low-latitude plasma density
irregularities (such as equatorial plasma bubbles) is in many
cases counter-balanced by the magnetic pressure variation, which
originates from the pressure gradient currents (diamagnetic
effect) (Lühr et al., 2003; Stolle et al., 2006; Park et al., 2008).
Here, we calculate the plasma and magnetic pressures across the
EDEF in Fig. 2, and check the balance between them. See Section
6 of Park et al. (2010) for details of the calculation. Let us take a
nighttime temperature of 1100 K for electrons (based on Fig. 2d),
and assume 800 K for the ions. The total (electronþ ion) plasma
pressure increase from the ambient to the EDEF peak is then
� 59 nPa. The corresponding decrease of magnetic pressure,
calculated from the B-field change of 2.3 nT (Fig. 3c) at an
ambient B-field strength of 36 mT (observed by CHAMP), amounts
to �66 nPa. The magnetic pressure gradient compensates well
the plasma pressure gradient. This contribution of magnetic
pressure helps to keep our confined EDEF stable over more
than 10 h.

4.6. Generator of FACs

Besides the diamagnetic effect, we observe also signatures of
FACs. The question to be answered is, whether the EDEF acts as a
generator or a load in the circuit. If CHAMP had an electric field
instrument, we could have answered the question clearly. We
may, however, come up with suggestions derived from indirect
observations. According to Fig. 2b the zonal wind is practically
zero at the location of the EDEF. From our multiple spacecraft
observations, we deduced a mean westward drift of � 40 m=s for
the EDEF. Let us use this velocity as an estimate of the E�B drift
speed of the ambient plasma. With the ambient magnetic field of
36 mT, westward drift of � 40 m=s results in an electric field of
E � 1.4 mV/m pointing southward (poleward). Such a polarity
makes the EDEF a FAC generator. For a plausibility check, we
calculate the integrated FAC sheet current density, J¼DBzonal=

m0 � 1:2 mA=m, where DBzonal is the maximum change of Bzonal

across the EDEF (Fig. 3b). We compare it with the estimated
electric field and obtained for the conductance of the conjugate
ionosphere, where the circuit closes, a value of S� 1 S. This is
comparable to the ‘pre-midnight’ sub-auroral Pedersen conduc-
tance during storm-time as estimated by Mishin et al. (2003). As
the conductivity is expected to be lower past midnight, where our
CHAMP observations were made, the estimated value of 1 S can
be considered larger than usual storm-time values. Future mis-
sions providing precise E and B measurements should be used for
studying the electrodynamics of SEDs in more details.

5. Summary

On 30th October 2003, during an intermittent recovery phase
of the well-known Halloween storm, CHAMP and TIMED observed
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an unusual electron density enhancement fossil (EDEF) past
midnight. The EDEF was (1) latitudinally narrow (� 0:51 GLAT),
(2) zonally elongated (4101 GLON), and (3) vertically elongated
(over several hundreds of kilometers, nearly field-aligned). Mag-
netic field deflections are primarily confined to the zonal compo-
nent, which is consistent with a zonally elongated shape of the
EDEF and associated FAC sheets. The average direction of FACs is
upward (downward) at the equatorward (poleward) edge. The
EDEF seems to act as a dynamo generating FACs that is dissipated
in the conjugate ionosphere/thermosphere.

At the end of the storm expansion phase a SAPS generated a
SED in the post-sunset (19.0 LT) sector. Due to the rapid poleward
retreat of the SAPS during the recovery phase the SED turns into
an EDEF. This density irregularity at mid-latitude (501S GLAT) is
practically stationary. It persisted and co-rotated past the 3.9 LT
sector (remnants are even observed at 5.8 LT). Never before such a
long life-time of a SED has been reported. The compensation of
plasma pressure variations by the magnetic pressure seems to
provide the stability of the EDEF structure for more than 10 h.

It is notable that the plasma irregularity, whose 1D latitudinal
profile resembles that of low-latitude plasma blobs (i.e. plasma
density enhancements confined within a few degrees of latitude
(e.g. see Figures in Park et al., 2008; Kil et al., 2011)), can have the
form of a zonally elongated band. EDEFs might also be part of the
dawnside mid-latitude TEC enhancements as given in the statis-
tics by Goi et al. (2009).

This is the first dedicated study of a post-midnight fossil of a
SED, and the first report on its magnetic signatures. Most of
previous works have detected SED by ground-based GPS receivers
or radars, so that the results are restricted to the regions above
landmasses. We have presented the first 3D image of a SED in the
middle of the Pacific Ocean, and proved the suitability of satellite-
based remote sensing and in situ measurement techniques to
investigate the 3D SED structures outside landmasses. However,
more multi-instrument, multi-point observations with high tem-
poral/spatial resolution are needed to complete our understanding.
The upcoming Swarm mission of the European Space Agency, a
constellation of three CHAMP-like satellites, may contribute a lot to
the clarification of SED generation/evolution processes.
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