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Storm-Time Strong Field-Aligned Ion Upflow in Region of the SED Plume ∗
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We report the observations from the GPS TEC and DMSP F-13 satellites showing that very strong upward
field-aligned (FA) ion velocity and flux in the outer region of the storm-enhanced density (SED) occurred in the
event of the geomagnetic storm on 29–31 May 2003. By a method of coordinate transformation, upward FA ion
velocities in excess of 250m/s are obtained from the observations of the DMSP F-13 satellite. Further, an FA
ion flux is estimated to be about 4.5 × 1013 ions/m2s in the dusk sector. The estimated FA ion velocity and flux
provide a powerful direct proof to support the scenario that there is a strong coupling of particles between the
ionosphere and plasmasphere in the region of the SED plume. In the process, FA ion flux transports from the
ionosphere to the plasmasphere in the region of the SED plume. Therefore, the plume of SED in the ionosphere
provides an important source to the enhanced density of O+ in the storm-time plasmasphere.

PACS: 94. 20.Wh, 94. 20.Fg, 94. 30. Cv

The plasmasphere boundary layer (PBL) is a very
important region of dynamic interactions between
the plasma of the inner and outer magnetosphere at
the outer extent of the plasmasphere.[1] During ge-
omagnetic storms, a plasmaspheric drainage plume
in the PBL is transported from the dusk sector to
noon.[2,3] As a result, the cold and dense plasma in
the plasmaspheric drainage plume have an important
influence on the magnetic reconnection at the sub-
solar magnetopause or in the cusp.[4,5] With obser-
vations of the MIT Millstone Hill incoherent scatter
radar near the ionospheric projection of the PBL,
a storm-enhanced density (SED) regularly presents
a plume which streams from the pre-midnight sub-
auroral ionosphere towards the noontime cusp dur-
ing the early stages of magnetic storms.[6] In fact,
with combined observations from ground-based radars
and space satellites, such an ionospheric SED is
proven to be a low-altitude signature of the plas-
masphere drainage plume.[7,8] At ionospheric heights,
observations from the total electron content (TEC)
map and the DMSP satellite have demonstrated that
the equatorward extent of the sub-auroral polariza-
tion stream (SAPS) electric field overlaps the region
of the SED. As a result, plumes of the SED are
drawn noonward and poleward along the SAPS con-
vectional channel.[9,10] In addition, narrow plasmas-
phere drainage plumes of cold plasma are produced
by disturbance electric fields mapping from the iono-
sphere into the plasmasphere.[11,12] Associated with
erosion of the outer plasmasphere/ionosphere in the
dusk sector, the sunward flux of the thermal plasma
has been estimated with observations of the Millstone

Hill radar and satellites.[13] However, little attention
has been paid to the observations, especially from
space satellites, about the field-aligned (FA) plasma
velocity and flux in the region of SED plumes, which
is very important to reveal the particle coupling dy-
namics between the plasmasphere and ionosphere.

A modest geomagnetic storm occurred on 29–31
May 2003. As shown in Fig. 1, the disturbance storm-
time index Dst sharply decreased at 2100 UT on 29
May 2003, and the main phase of the storm began. At
2300 UT it reached the minimum of −144 nT. There-
after, a secondary minimum of −135 nT occurred at
0200 UT on 30 May 2003, and the recovery phase
started. The interval of interest denoted by two ver-
tical dashed lines extends from 0120 UT to 0140 UT
on 30 May 2003. During the interval, the orbit of
the DMSP 13 satellite just intersected an SED plume
indicated in the GPS TEC map. The DMSP F-13
satellite passing through the region of the SED plume
enables us to estimate the field-aligned (FA) plasma
velocity and flux at F-region heights. In this Letter,
by a method of coordinate transformation, we use the
DMSP F13 in-situ observations of the ion density and
three-dimensional ion velocities to determine the field-
aligned (FA) ion velocity and flux in the region of SED
plumes. In addition, we compare the estimated ion
flux in the region of SED plumes with other results.

The GPS satellites are in 12-h circular orbits
(about 20000 km altitude) with orbital inclination of
55◦. After removing the biases from the GPS satellite
and receiver hardware, the reliable vertical TEC can
be derived from GPS observations. Since GPS satel-
lites have apogee nearly 20000 km (L = 4), the derived
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TEC is a combined contribution of the ionosphere and
overlying plasmasphere. Rideout and Coster have de-
veloped a software package known as MIT automated
processing of GPS (MAPGPS) to automate the pro-
cessing of GPS data into global TEC maps.[14] In
this study, those GPS TEC data are derived by us-
ing MAPGPS. The data provide the estimated values
of TEC in 1◦ by 1◦ bins every 5min distributed over
locations where the GPS data are available.

Fig. 1. Dst index in the event of 29–31 May 2003. The
interval of interest denoted by two vertical dashed lines
extends from 0120 UT to 0140 UT on 30 May 2003.

Fig. 2. Observed and derived ion bulk velocities from the
DMSP F-13 satellite between 20◦ N and 80◦ N on 30 May
2003. (a) Directly observed cross-track horizontal ion ve-
locity Vy (dashed lines) and derived eastward convection
velocity Vny (solid lines). (b) Directly observed vertical
ion velocity Vz away from the centre of the Earth (dashed
lines) and the derived field-aligned velocity Vb (solid lines).
The time resolution is 4 s for the data of ion velocities.

The DMSP F-13 satellite flies in a sun-synchronous
dawn-dusk orbit at about 840 km altitude. The ion
density and three-dimension ion velocities can be ob-
served by a retarding potential analyser (RPA), an
ion drift meter (IDM), and a scintillation meter. The
data with time resolution of 4 s are used in this study.
Three-dimensional ion velocities are supplied in the
local coordinate of the satellite. Vx denotes the ion

velocity in the flight direction of the satellite. Vy and
Vz are used to indicate the cross-track horizontal and
vertical ion flow away from the centre of the Earth,
respectively. At high latitudes, it is reasonable to con-
sider Vz as the field-aligned (FA) ion velocity.[15] How-
ever, as shown in the following, it is not the case at
sub-auroral latitudes. In order to derive plasma con-
vection and FA velocities at sub-auroral or middle lat-
itudes, it is necessary to adopt a method of coordinate
transformation. Firstly, ion velocities can be derived
in the geographical coordinate by using the data of
the satellite position and ion velocities in the local co-
ordinate of the satellite. Secondarily, the IGRF2005
model is used to obtain the geomagnetic field where
the DMSP F-13 satellite is located. After projecting
the derived ion velocity in the geographical coordinate
along the direction of above the calculated magnetic
field, the FA ion velocity Vb can be calculated. The
convection velocity is also derived by subtracting Vb

from three-dimensional ion velocity in the geographi-
cal coordinate. Finally, the northward convection ve-
locity Vnx and the eastward convection velocity Vny

have been derived by projecting the convection ion
velocity along the direction of geographical north and
east, respectively. Figure 2 presents the ion bulk ve-
locities in different frames. Since DMSP F13 flies from
equator to high latitudes in the northern hemisphere
during the interval, as shown in Fig. 2(a), the positive
Vy denotes a westward ion velocity. In fact, in addi-
tion to nearly the same amplitude, a positive Vy, as
well as a negative Vny, indicates a westward compo-
nent of ion bulk velocity between 30◦ N and 60◦ N.
However, as shown in Fig. 2(b), there are two positive
(upward) impulses between 40◦ N and 60◦ N, superim-
posed on a negative (downward) shift of Vz between
30◦ N and 60◦ N. In the northern hemisphere, the
negative Vb indicates an up-flow ion velocity along the
downward-declining geomagnetic field. In comparison
with Vz, here Vb also shows two negative (FA upward)
impulses between 40◦ N and 60◦ N, but superimposed
on a nearly zero shift between 30◦ N and 60◦ N. The
negative velocity shift of Vz should be attributed to
the plasma convection velocity (V = E×B/B2). Be-
tween 60◦ N and 80◦ N, the amplitude of Vz is almost
the same as that of Vb. Therefore, at high latitudes,
it is reasonable to consider Vz as the FA ion velocity
Vb. On the other hand, instead of Vz, it is essential to
adopt a method of coordinate transformation to ob-
tain an accurate value of Vb at sub-auroral or middle
latitudes.

As shown in Fig. 3, the ionospheric footprint of an
overflight of the DMSP F-13 satellite is denoted by the
solid lines on the TEC frame. A SED plume denoted
by a black arrow extends poleward and sunward. The
DMSP satellite passes through the SED plume nearly
at 40◦ N latitude and 115◦ W longitude (1800 LT).
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Therefore, observations from DMSP F13 provide a
good opportunity to study the plasma coupling in
the region of SED plumes between the ionosphere and
plasmasphere.

Fig. 3. GPS vertical total electron content (TEC) obser-
vations over the continental USA for 01:35 UT on 30 May
2003. A narrow plume of storm-enhanced density (SED)
denoted by the black arrow extends sunward and pole-
ward. An overflight of the DMSP F-13 satellite crossing
the SED plume is indicated by the solid lines.

Fig. 4. (a) Ion density (cm−3), (b) derived westward
convectional velocity (m/s), (c) field-aligned ion veloc-
ity (m/s), (d) westward ion flux (1013 ions/m2s), and (e)
field-aligned ion flux (1013 ions/m2s) from observations of
DMSP F-13 at the time of TEC images in Fig. 3. The
equatorward extent of electron precipitation is indicated
by vertical lines near 54◦ N. A strong upward field-aligned
ion velocity between 42◦ N and 47◦ N denoted by two ver-
tical dashed lines.

Figure 4 presents the in-situ observations of the ion
density and derived sunward convection velocity Vny,
FA ion velocity Vb, sunward ion flux (fluxy), and FA
ion flux (fluxb) from DMSP-13. Between 35◦ N and
47◦ N. Figure 4(a) indicates an enhancement of the
ion density, consistent with the SED plume indicated
by GPS TEC map in Fig. 3. The equatorward ex-
tent of electron precipitation observed by the particle

spectrometer (not shown) is indicated by vertical solid
lines near 54◦ N. Between 42◦ N and 47◦ N denoted by
two vertical dashed lines, as shown in Fig. 4(b), Vny

presents a very strong sunward SAPS. The SAPS elec-
tric field extends poleward to 54◦ N and equatorward
to 30◦ N. As shown in Figs. 4(a) and 4(b), it is obvious
that the SAPS overlaps the SED plume, especially, be-
tween 42◦ N and 47◦ N. During the interval, Fig. 4(c)
presents a strong negative FA ion velocity Vb, reaching
−250m/s. Since the negative Vb indicates an upward
FA ion velocity in the northern hemisphere, there is a
very strong upward FA ion flow from the ionosphere
to the plasmasphere in the outer region of the SED
plume. As shown in Fig. 4(d), a peak sunward flux
(20 × 1013 ions/m2s) was observed where the strong
SAPS peak overlapped the outer region of the SED
plume near 45◦ N. The sunward ion flux is comparable
to another estimated value (5 × 1013 ions/m2s) from
the DMSP F-12 satellite in the region of SED plumes
for the event on 11 April 2001.[12] It is more impor-
tant that Fig. 4(e) presents a strong FA upward ion
flux, reaching 4.5× 1013 ions/m2s, which is attributed
to the strong upward FA ion velocity and SED plume
between 42◦ N and 47◦ N. As shown in Fig. 3, the
plume of SED should originate from the region of en-
hanced mid- and low-latitude TEC below 30◦ latitudes
caused by penetration eastward electric fields during
geomagnetic storms.[12] Such a plume of SED is also
considered as a signature of the erosion of the dusk-
sector plasmasphere by strong SAPS electric fields.[10]

Since the ion upflow occurred in the region of strong
SAPS electric fields, the frictional ion heating can be
considered as an important candidate in triggering the
ion upflow.[16]

Enhancements of the TEC in the event of the ge-
omagnetic storm on 29–31 May 2003 have ever been
reported. Since the spectrographic imaging compo-
nent of the FUV instrument can obtain simultaneous
2D images of terrestrial FUV emission,[17] the inten-
sity of FUV emission have been compared with GPS
TEC observations on 29–31 May 2003.[18] In the re-
port, a plume of SED stretches poleward across the
western US and Canada from a source of enhanced
TEC over the Caribbean. In our study, data of GPS
TEC and DMSP F-13 are combined to study the SED
event. With those observations, we estimate the FA
ion velocity, sunward and upward FA ion flux in the
region of SED plumes in the geomagnetic storm event
on 30 May 2003. The upward FA ion velocity reaches
250m/s. Furthermore, FA ion flux is estimated to
about 4.5 × 1013 ions/m2s. Compared the enhanced
GPS TEC with plasmaspheric drainage plume during
the 2003 Halloween superstorm, Chi et al., have con-
cluded that the extraordinary electric field imposed by
the solar wind results in the increase of content of
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the ionosphere, which can lead to the density enhance-
ment in the plasmaspheric drainage plume.[19] In our
study, the estimated FA ion velocity and ion flux pro-
vide a powerful direct proof to support the scenario.

With ground-based observations of the Millstone
Hill incoherent scatter radar, Yeh and Foster have cal-
culated an upward flux of oxygen ions in excess of
3.0 × 1013 ions/m2s at 42◦ geodetic latitude over 3 h
around 18 MLT during the very large magnetic storm
on 8 February 1986.[16] Their estimated value of the
upward ion flux is comparable to those obtained from
observations of the DMSP satellite in this study.

In conclusion, in order to obtain the FA ion ve-
locity and flux in the region of SED plumes, it is
necessary to adopt a method of coordinate transfor-
mation from DMSP observations of three-dimensional
ion velocities. The SAPS electric field causes a narrow
channel of sunward-propagating cold plasma in the
midnight-dusk-postnoon sector not only for the SED
in the ionosphere but also for the erosion plume in
the plasmasphere. With the sunward ion flux caused
by SAPS electric fields, the observations of the DMSP
satellite in this study suggest that there are strong
coupling of particles between the ionosphere and the
plasmasphere in the region of SED plumes. The FA

ion flux transports from the ionosphere to the plas-
masphere in the region of SED plumes. When those
ionospheric ions are transported into the storm-time
magnetosphere, they will alter concentrations of the
inner magnetosphere. Therefore, the SED in the iono-
sphere provides an important source to the enhanced
density of O+ in the storm-time plasmasphere.
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