
Ann. Geophys., 26, 867–876, 2008
www.ann-geophys.net/26/867/2008/
© European Geosciences Union 2008

Annales
Geophysicae

Storm-time ionization enhancements at the topside low-latitude
ionosphere

A. Dmitriev 1,2 and H.-C. Yeh1

1Institute of Space Sciences, National Central University, Chung-Li, Taiwan
2Skobeltsyn Institute of Nuclear Physics Moscow State University, Moscow, Russia

Received: 9 October 2007 – Revised: 26 February 2008 – Accepted: 3 March 2008 – Published: 13 May 2008

Abstract. Ion density enhancements at the topside low-
latitude ionosphere during a Bastille storm on 15–16 July
2000 and Halloween storms on 29–31 October 2003 were
studied using data from ROCSAT-1/IPEI experiment. Promi-
nent ion density enhancements demonstrate similar temporal
dynamics both in the sunlit and in the nightside hemispheres.
The ion density increases dramatically (up to two orders of
magnitude) during the main phase of the geomagnetic storms
and reaches peak values at the storm maximum. The density
enhancements are mostly localized in the region of a South
Atlantic Anomaly (SAA), which is characterized by very in-
tense fluxes of energetic particles. The dynamics of near-
Earth radiation was studied using SAMPEX/LEICA data
on >0.6 MeV electrons and>0.8 MeV protons at around
600 km altitude. During the magnetic storms the energetic
particle fluxes in the SAA region and in its vicinity increase
more than three orders of magnitude. The location of in-
creased fluxes overlaps well with the regions of ion density
enhancements. Two mechanisms were considered to be re-
sponsible for the generation of storm-time ion density en-
hancements: prompt penetration of the interplanetary electric
field and abundant ionization of the ionosphere by enhanced
precipitation of energetic particles from the radiation belt.

Keywords. Ionosphere (Equatorial ionosphere; Ionospheric
disturbances) – Magnetospheric physics (Geomagnetic
storms; Energetic particles, precipitating; Magnetosphere-
ionosphere interactions)

1 Introduction

Geomagnetic storms are accompanied with strong perturba-
tions in the entire ionosphere, which have been observed us-
ing various techniques (e.g. Basu et al., 2001). Storm-time
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enhancements of ion and electron density (storm-enhanced
density or SED) and temperature at the low- and mid-latitude
topside ionosphere are detected by means of in-situ space
experiments (e.g. Lin et al., 2005; Mannucci et al., 2005;
Oyama et al., 2005; Yizengaw et al., 2005) and of remote
techniques, such as ionosonde, radar and total electron con-
tent (TEC) obtained from GPS signal processing (Tsurutani
et al., 2004; Yizengaw et al., 2005; Zhao, et al., 2005; Dabas
et al., 2006; Becker-Guedes et al., 2007; Huang et al., 2007).

The observations show that the SED phenomenon is
associated with an intensification of equatorial ionization
anomaly (EIA), such that the F-layer peak height increases
by a few hundred km and the EIA crest regions enlarge and
move poleward by more than 10◦. The dynamics is accom-
panied by strong variations of vertical (upward/downward)
drift velocity with a magnitude of several hundred m/s. A
prompt penetrating electric field, neutral wind disturbance
dynamo electric field, and storm-time plasmapause dynam-
ics are suggested to be responsible for such a pattern of iono-
spheric dynamics in the dayside hemisphere (e.g. Tsurutani
et al., 2004, 2007; Unnikrishnan et al., 2005; Zhao et al.,
2005). Storm-associated change in the thermospheric neu-
tral wind pattern is considered to be a driving factor of dis-
turbances in mid- and high-latitude ionosphere, especially in
the nightside hemisphere (Ridley et al., 2003; Nicolls et al.,
2006).

Storm-time prompt penetration of the interplanetary elec-
tric field to the mid- and low-latitude ionosphere is revealed
experimentally (e.g. Kelley et al., 2003; Tsurutani et al.,
2004; Lin and Yeh, 2005; Huang et al., 2007). There is prac-
tically no time delay for the penetration. The penetration ef-
ficiency is estimated at∼10%. Hence significant ionospheric
effects require a very strong southward interplanetary mag-
netic field (IMF) and/or an extremely fast solar wind plasma
flow.

Another source of the abundant ionization and heating at
low- and mid-latitudes is the particle precipitation, which

Published by Copernicus Publications on behalf of the European Geosciences Union.



868 A. Dmitriev and H.-C. Yeh: Storm-time ionization enhancements at the topside low-latitude ionosphere

(a)

1

12 13 14 15 16 17
Day of July, 2000

-300

-200

-100

0

D
st

 (
nT

)
0

500
1000
1500
2000
2500
3000
3500

A
E

 (
nT

)
1
2
3
4
5
6
7
8
9

K
p

(b)

1

25 26 27 28 29 30 31
Day of October, 2003

-400

-300

-200

-100

0

D
st

 (
nT

)

0
500

1000
1500
2000
2500
3000
3500

A
E

 (
nT

)

1
2
3
4
5
6
7
8
9

K
p

Fig. 1. Geomagnetic activity before and during(a) Bastille storm and(b) Halloween storms. Auroral AE index (solid curve, left axis) and
mid-latitudeKp index (dashed histogram, right axis) are presented at upper panels. Storm-timeDst -variation is shown at lower panels.

is intensified during magnetic storms. Fluxes of energetic
neutral atoms penetrating to the ionosphere are generated
through charge-exchange interactions of the ring current ions
with the plasmaspheric neutrals (Tinsley, 1979; Tinsley et al.,
1988; Kozyra and Nagy, 1991). In the maximum phase of
great magnetic storms, the precipitation of energetic protons,
which populate the field-aligned currents, can move to mid-
dle latitudes of∼45◦ (Wang et al., 2006).

Based on analyses of the Bastille magnetic storm on 16–
17 July, Lin and Yeh (2005) proposed that energetic particle
precipitation plays an important role in the SEDs observed in
the South Atlantic Anomaly (SAA) region on the nightside.
They demonstrate that the precipitation of energetic electrons
from the radiation belt in the SAA region significantly in-
creases Hall conductivity in the E-region. Inside and above
that high-conductance region, the electric fields are reduced
and the ion density enhances. However, the regions with low
conductivity are characterized by enhanced electric field and
depleted ion density.

Precipitation of energetic particles from the Earth radia-
tion belts (ERB) is a general feature of geomagnetic storms
(e.g. Rodger et al., 2006; Millan and Thorne, 2007). The
middle and high latitudes are affected by intense precipi-
tation of energetic electrons, which is also considered as a
powerful source of ionization in the upper atmosphere and
ionosphere (Baker et al., 1987). Very intense precipitation of
the energetic electrons occurred during geomagnetic storms

at the southern edge of SAA in the slot region of the electron
radiation belt (Dmitriev et al., 2000). During the Halloween
magnetic storms in October–November the precipitation was
so intensive that the belt of energetic protons almost com-
pletely disappeared (Looper et al., 2005).

In the present study we analyze enhancements of ion
density and precipitation radiation during Bastille and Hal-
loween geomagnetic storms. In the first part, topside iono-
spheric disturbances are investigated using experimental data
from the ROCSAT-1 satellite. SAMPEX observations of the
near-Earth fluxes of energetic particles are compared with the
ionospheric disturbances in the second part. In the third part
we discuss the possible physical mechanisms of the relation-
ship between the enhancements of ionospheric ionization and
precipitation of the energetic particles. The last part presents
the conclusion.

2 Storm-time ionospheric disturbances

Geomagnetic conditions before and during the Bastille and
Halloween storms are shown in Fig. 1. There were no strong
geomagnetic storms withDst<−100 nT within several days
preceding the great storms on 15 July 2000 and 29 Octo-
ber 2003. The dynamics of the AE andKp indices before
the storms show an enhanced auroral activity, which is, how-
ever, much weaker than those of the storm-time disturbances.

Ann. Geophys., 26, 867–876, 2008 www.ann-geophys.net/26/867/2008/



A. Dmitriev and H.-C. Yeh: Storm-time ionization enhancements at the topside low-latitude ionosphere 869

1

4.8 5.0 5.2 5.4 5.6 5.8 6.0
UT on July 13, 2000

0.2

0.3

B
, G

s

1.1
1.2
1.3

L
, R

e

3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0
UT on July 15, 2000

0
6

12
18
24

LT
, h

-200

-100

0

V
up

, m
/s

1000

1500

2000

T,
 K

4.0
4.5
5.0
5.5
6.0
6.5

lg
(D

)

Fig. 2. Comparison of prestorm ionospheric conditions on 15 July
(black solid line) with quiet day on 13 July (gray dashed lines) for
overlapping orbits of the ROCSAT-1 satellite. Passing the iono-
spheric regions with practically the same local time LT, magnetic
field B and drift shellsL, the satellite observes very close time pro-
files of the ion densityD, temperatureT and upward velocityVup.
Vertical dashed lines depict the geomagnetic equator.

Hence in a first approach we can consider the time intervals
on 12–14 July 2000 and 25–28 October 2003 as quiet or rel-
atively weak disturbed days.

Our study of storm-time conditions in the topside iono-
sphere is based on experimental data from the near-Earth
ROCSAT-1 satellite which has a circular orbit with 35◦ in-
clination and is at an∼600 km altitude (Chang et al., 1999).
The ionospheric Plasma and Electrodynamics Instrument
(IPEI) on board ROCSAT-1 provides experimental informa-
tion about the characteristic features of ionospheric ion den-
sity, temperature, composition and drift velocity (Yeh et al.,
1999). In the present study we use 1-s resolution IPEI data
of the ion density, temperature and vertical drift velocity for
analyses.

The ROCSAT-1 orbital characteristics provide us an op-
portunity to find overlapping orbits within four successive
days. The overlapping orbits have a very close location, i.e.
the satellite passes the same geographical regions at prac-
tically the same local time. An example of the ROCSAT-
1/IPEI observations during such overlapping orbits on 13
July and 15 July 2000 is presented in Fig. 2. The time pro-
files of ionospheric parameters are pretty close for the over-
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Fig. 3. Comparison of storm-time ionospheric disturbances on 15
July (black solid line) with quiet conditions on 13 July (gray dashed
lines) for overlapping orbits of the ROCSAT-1 satellite (from top
to bottom): ion density in logarithmic scale, ion temperature and
upward velocity, local time, L-shell, and magnetic field strength.
Vertical dashed line depicts the geomagnetic equator. The dis-
turbed ionospheric conditions are substantially different from the
quiet conditions.

lapping orbits during the quiet and the slightly disturbed in-
tervals. The observed differences in ion density and temper-
ature under the two geomagnetic activity conditions are not
very large, except for the dawn sector (∼06:00 LT). They are
caused partially by the geomagnetic activity, which enhances
slightly by 15 July. Large differences observed near 06:00 LT
are probably due to slightly different local times associated
with overlapping passes. In the dawn sector the ionospheric
conditions change rapidly with local time, in particular, dur-
ing the sunrise. Hence in that local time sector a small dif-
ference in the LT leads to a significant difference in the mea-
surements.

In Fig. 3 we compare storm-time ionospheric distur-
bances during the main phase of the Bastille storm (21:30–
23:00 UT) on 15 July with those during the quiet condi-
tions on 13 July 2000. During that time interval ROCSAT-
1 crosses the geomagnetic equator at the local morning
and evening, such that its passes of the dayside and night-
side ionosphere are situated, respectively, in the Northern
and Southern Hemispheres. During the geomagnetic storm
the ROCSAT-1/IPEI observes significant growth of the ion
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Fig. 4. The same as in Fig. 3 but for storm-time disturbances on 30
October 2003 and quiet conditions on 27 October 2003.

density and temperature in both the dayside and the night-
side ionosphere. Most prominent increases of ion density are
observed in the crest regions, which are extended poleward.
At the same time the ion density at the geomagnetic equa-
tor is depleted. It is interesting to note a nightside feature
observed during 22:22–22:27 UT (∼20:20 LT) in the South-
ern Hemisphere, which is characterized by extremely high
variations of ion density with an amplitude of∼1.5 order of
magnitude above the background value. That feature is ac-
companied by very strong variations in the temperature and
vertical plasma drift velocity of∼100 m/s. A possible nature
of such ionospheric disturbances is discussed by Lin and Yeh
(2005).

Topside ionospheric disturbances at the maximum of
the great Halloween geomagnetic storm (during 00:10–
01:40 UT) on 30 October 2003 are presented in Fig. 4. Dur-
ing that time the ascending and descending parts of the
ROCSAT-1 orbit are located, respectively, in the nightside
and dayside hemispheres, such that the satellite crosses the
geomagnetic equator in close vicinity of local midnight and
noon. Most prominent ion density enhancement observed at
00:45–01:20 UT in the Southern Hemisphere has a two-peak
structure. The first maximum at∼00:55 UT (∼16:20 LT) and
the second one at∼01:09 UT (∼20:30 LT) appeared, respec-
tively, before and after the sunset. Both of them are char-
acterized by an enhanced temperature and a relatively slow

downward plasma drift of about 50 m/s. Similar to that of the
Bastille storm, the ion density is significantly depleted at the
geomagnetic equator.

The first maximum can be attributed to the crest region,
which is extended far toward the South Pole. However, it is
rather difficult to explain the origin of the second maximum,
whose location at middle latitudes is pretty far from the ge-
omagnetic equator. It is important to note that despite that
second maximum is situated at nightside, the ion density in
that region is comparable with the dayside maximum. The
former one even exceeds the dayside crest in the Northern
Hemisphere, which indicates a substantial north-south asym-
metry of the topside ionosphere.

In order to study the effect of storm-enhanced density
(SED) numerically, we introduce a ratio of the ion densities:

rD = (Dd − D0)/D0 if Dd ≥ D0 (1)

rD = (Dd − D0)/Dd if Dd < D0, (2)

whereD0 andDd are the ion densities measured with 1-s res-
olution during the quiet and storm time, respectively. In this
way we obtain the profiles of ion density relative variations
during the Bastille and Halloween storms. Using these pro-
files we can determine the maximumrDmaxof the ratiorD
for each of the dayside and nightside passes. So the time step
of the rDmax is ∼50 min, which is about half of the orbital
period.

Storm-time variations of therDmaxare presented in Fig. 5.
One can clearly see that during the main phase of geomag-
netic storms the ion density increases significantly on both
sunlit and nightside hemispheres. The most intense SEDs are
observed in the dusk sector. At dayside therDmax reaches
peak values with an amplitude of>10 at the maximum of
storms and then therDmax decreases within several hours.
The rDmax peaks are located in the afternoon sector, while
the decreases ofrDmax are found in the noon and prenoon
sectors.

The dynamics of ion density at nightside is more compli-
cated such that the peaks ofrDmaxcan occur during the re-
covery phase at various local times: from the dusk to post-
midnight sector. In Fig. 5 we can see that the nightside SEDs
can be accompanied with both northward and southward IMF
orientation. The peaks and/or enhancements ofrDmax in the
evening of 15 July 2000, in the evenings of 29 and 30 Octo-
ber 2003, are observed during long-lasting intervals of very
strong southward IMF. On the other hand, the peaks ofrD-
maxcan be found in the morning on 16 July 2000, at noon
on 29 October 2003 and on 31 October 2003, when the long-
lasting northward IMF dominates and geomagnetic distur-
bances at that time are caused by perturbations in the solar
wind plasma rather than by the IMF orientation.

The observed variations ofrDmaxare contributed by tem-
poral and spatial variations of the ion density, which is de-
tected by the satellite passing different spatial regions at a
different time. Spatial location of most prominent SEDs with
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Fig. 5. Ion density enhancements during(a) Bastille storm on 15–16 July 2000 and(b) Halloween storms on 29–31 October 2003. The
panels show from top to bottom: large variations of the IMFBzmeasured by the ACE satellite; storm-time 1-h and 1-minDst -variation (gray
histogram and black curve, respectively); maximal ion density enhancementsrDmaxdetected at the low-latitude topside ionosphere by the
ROCSAT-1/IPEI during dayside (gray circles, right axis) and nightside (black crosses, left axis) passes; and local time of the corresponding
enhancements. Most prominent ion density enhancements both in sunlit and nightside ionosphere group around the maximum of magnetic
storms.

rD>10 is presented in Fig. 6 in a geographic coordinate sys-
tem. Note that during the Bastille storm (Fig. 6a) the thresh-
old for prominent enhancements was accepted to berD=4 in
the dayside ionosphere, which corresponds to the ROCSAT-
1 passes in the Northern Hemisphere. As seen in Fig. 6, the
enhancements cluster at longitudes from 200◦ to 360◦ and

latitudes from−10◦ to −35◦ in the Southern Hemisphere.
That region is overlapped with the location of SAA. Note
that during the Bastille storm ROCSAT-1 passes the SAA re-
gion at nighttime only, while during the Halloween event the
SAA is passed during both daytime (descending orbits) and
nighttime (ascending orbits).
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Fig. 6. Geographical location of most prominent ion density en-
hancements (black triangles) observed by the ROCSAT-1/IPEI dur-
ing (a) Bastille and(b) Halloween storms. The ROCSAT orbits
are shown by gray dotted lines. The thick dashed line indicates the
geomagnetic equator. The vast majority of the enhancements with
rD>10 is located in the South Atlantic region. During the Hal-
loween event the ascending and descending parts of the ROCSAT-1
orbit correspond, respectively, to the nighttime and daytime passes.

The SEDs in the Northern Hemisphere might be associated
with the enlarged crest regions. For some of them we can
find corresponding enhancements in the magnetically conju-
gated regions. However most of prominent enhancements in
the Southern Hemisphere have no conjugated enhancements
in the Northern Hemisphere, despite that ROCSAT-1 passes
the corresponding regions. Note that such significant north-
south asymmetry of the topside ionosphere is observed in the
summertime during the Bastille storm and near equinox dur-
ing the Halloween storms. Hence the asymmetry can not be
a result of seasonal effect. It should be caused by another
natural reason.

3 Energetic particle precipitation

Energetic particle fluxes at altitudes of the ROCSAT-1 orbit
are studied using experimental data of electrons with energy
>0.6 MeV and protons with energy>0.8 MeV measured by
Low Energy Ion Composition Analyzer (LEICA) on board
the SAMPEX satellite (Baker et al., 1993; Mason et al.,
1993). The SAMPEX satellite has a slightly elliptical polar
orbit at heights of 500 km to 600 km.
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Fig. 7. Geographical distribution of quiet-time fluxes of>0.6
electrons and>0.8 protons measured by the SAMPEX/LEICA
on July 2000(a) and October 2003(b). The intensities are in-
dicated in a gray scale from<0.7 cm−2 s−1 sr−1 (light gray) to
>4000 cm−2 s−1 sr−1 (black). Most intense fluxes at middle lati-
tudes (<40◦) are observed in the region of South Atlantic Anomaly.

Figure 7 shows a geographical distribution of energetic
particle fluxes observed by the SAMPEX/LEICA during
quiet days preceding the Bastille and Halloween storms. The
distribution is constructed on the base of a grid with 3◦ and
6◦ step, respectively, in latitude and longitude. The average
of the particle fluxes is calculated for each cell of the grid.

The quiet-day fluxes vary from very weak values of
<0.7 cm−2 s−1 sr−1 at the equator to very high intensities of
>4000 cm−2 s−1 sr−1 (up to 105 cm−2 s−1 sr−1) in the SAA
region. The latter is situated in the range of latitudes from
−10◦ to −45◦ and longitudes from 290◦ to 360◦. It is inter-
esting to note a solar cycle variation of the energetic particle
fluxes in the SAA region: during the solar maximum on July
2000, high intensities (say>2000 cm−2 s−1 sr−1) occupy a
larger area than that on October 2003, i.e. on the declining
phase of solar cycle.

Figure 8 shows energetic particle fluxes detected by the
SAMPEX/LEICA during the main phase, maximum and be-
ginning of the recovery phase of the geomagnetic storms.
Namely, according to Fig. 5, the disturbed intervals occur
from 18:00 UT on 15 July to 06:00 UT on 16 July 2000 for
the Bastille storm, from 06:00 UT to 14:00 UT on 29 Octo-
ber 2003, from 18:00 UT on 29 October to 03:00 UT on 30
October 2003 and from 19:00 UT on 30 October to 02:00 UT
on 31 October 2003 for the Halloween storms.

We can distinguish between several different regions of
intense particle fluxes. At middle and high latitudes one can
see intense sporadic enhancements, which are caused by two

Ann. Geophys., 26, 867–876, 2008 www.ann-geophys.net/26/867/2008/
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Fig. 8. Fluxes of>0.6 electrons and>0.8 protons measured by
the SAMPEX/LEICA during the great geomagnetic storms on 15–
16 July 2000(a) and 29–31 October 2003(b). The intensities are
indicated in a gray scale from<0.7 cm−2 s−1 sr−1 (light gray) up
to 105 cm−2 s−1 sr−1 (black).

concurrent effects: direct penetration of solar energetic par-
ticles (SEP) to the polar caps and storm-time particle pre-
cipitation from the outer radiation belt (e.g. Panasyuk et al.,
2004; Malandraki et al., 2005). Most intense fluxes are ob-
served in the SAA and in the slot region between the SAA
and outer radiation belt at latitudes of−60◦ to −40◦. Those
fluxes are associated with very intense precipitation of en-
ergetic particles from the Earth’s radiation belt during great
geomagnetic storms (Dmitriev et al., 2000; Panasyuk et al.,
2004; Looper et al., 2005). It is interesting to note an intensi-
fication of particle fluxes at low latitudes in the longitudinal
range from 150◦ to 360◦.

For numerical estimation of the energetic particle enhance-
ments we introduce a ratio

rI = Id
/
Io

,

whereId is a flux of>0.6 MeV electrons and>0.8 MeV pro-
tons during the disturbed periods of geomagnetic storms and
I0 is the quiet-time average flux in the cell of a correspond-
ing location (see Fig. 7). The ratiorI is calculated along
the SAMPEX orbit during the disturbed times of Bastille and
Halloween storms. In Fig. 9 we show the regions of enhanced
ratio rI during the disturbed intervals. At that time the fluxes
of energetic particles increase up to four orders of magnitude,
i.e. rI =104.

Most prominent particle enhancements are associated with
the precipitation from the outer radiation belt. During strong
magnetic storms the regions of particle precipitation come
down to lower latitudes, such that very strong particle en-
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Fig. 9. Significant enhancements of the ion density observed by
the ROCSAT-1/IPEI in the dayside (red circles) and in the nightside
(green triangles) hemispheres, and energetic particle enhancements
(squares) observed by the SAMPEX/LEICA at altitudes∼600 km
during the Bastille(a) and Halloween(b) geomagnetic storms. The
orbit of ROCSAT-1 during those disturbed periods is shown by
gray dotted line. The relative enhancements of particle fluxes of
rI >1.3 andrI >10 are indicated, respectively, by violet and blue
squares. For reference, gray areas depict the regions of strong back-
ground particle fluxes (including SAA) with quiet-time intensities
of >100 cm−2 s−1 sr−1. Thick dashed line indicates the geomag-
netic equator. Most of the ionospheric ion density enhancements are
overlapped with the regions of enhanced energetic particle fluxes.

hancements are observed at latitudes of∼40◦ above Aus-
tralia and North America. That is very close but still beyond
the ROCSAT-1 orbital range of 35◦ latitude. As a result, we
do not find substantial ion density enhancements in those par-
ticular regions.

Prominent particle enhancements are also observed inside
and around the SAA region. In Fig. 9 one can clearly see that
at the latitudes of the ROCSAT-1 orbit significant SEDs with
rD>10 are well overlapped with that region. We should note
that those enhancements are also overlapped in time, because
they are observed within the same disturbed time intervals.
Moreover, that effect persists both in the nightside and in the
dayside hemispheres, which corresponds, respectively, to the
ascending and the descending parts of the ROCSAT-1 orbit
during the Halloween storms. The observed overlapping of
the SEDs and energetic particle enhancements hence reveals
their physical relationship.
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4 Discussion

ROCSAT-1/IPEI observations of the storm-time ion density
enhancements in the dayside ionosphere support well the
mechanism of prompt penetration of the interplanetary elec-
tric field (Tsurutani et al., 2004, 2007). The SEDs are ob-
served during the main phase of the Bastille and Halloween
geomagnetic storms, when the strong IMF is directed south-
ward (see Fig. 5). The spatial structure of the EIA clearly
resembles a “daytime super-fountain” effect (Manucci et al.,
2005). Namely, the density is depleted and enhanced, respec-
tively, at the geomagnetic equator and in the crest regions,
which are enlarged and shifted to higher latitudes (see Figs. 3
and 4).

The observed nightside dynamics of the ion density is
more complicated. In Fig. 5 we found that the temporal pat-
terns of SEDs in the nightside and dayside hemispheres are
very close. Namely, both in the dayside and nightside iono-
sphere, the ion densities increase practically simultaneously
during the main phase and reach peak values at the maximum
of magnetic storms. Such a dynamic pattern of the night-
side SEDs can not be explained by only the effect of prompt
electric field penetration. Tsurutani et al. (2004) show that
the dawn to dusk electric field penetrating in the nightside
hemisphere during the main phase of magnetic storm, push
the ionospheric plasma downward, leading to a decrease in
the ionospheric TEC by recombination. Due to the negative
gradient of ionization in the topside ionosphere, the down-
ward plasma drift should also lead to a decrease in the ion
density at a given altitude. On the other hand, the appear-
ance of nighttime SEDs during long-lasting northward IMF
might be explained by a penetration of the strong dusk to
dawn electric field. However, possibility and conditions for
that penetration to the “closed” magnetosphere seems not so
obvious.

We have found that during the Bastille and Halloween
storms the location of strong SEDs (more than one order of
magnitude) overlaps well with the regions of intense pre-
cipitation of the energetic particles on both the sunlit and
nighttime ionosphere (see Fig. 9). The vast majority of the
most pronounced ion density enhancements groups around
the SAA region, where the storm-time fluxes of energetic
particles increase by 1 to 3 orders of magnitude.

Analysis of the ion temperature and drift velocity in the
SAA region shows that the ion enhancements are accompa-
nied by the enhanced temperature, but the vertical ion drift
can be relatively small. Hence the regions of ion density en-
hancements are characterized by plasma heating without sig-
nificant vertical bulk motion that might indicate an effect of
direct ionization.

Very intense fluxes of precipitating energetic particles can
provide significant ionization of the ionosphere and upper
atmosphere. Numerical estimation of their contribution to
the topside ionosphere requires additional information about
the spectral characteristics of proton and electron fluxes and

pitch-angle distributions of the particles. Baker et al. (1987)
estimate roughly that precipitation of>1 MeV electrons con-
tributes the energy comparable to∼0.1% of a major geomag-
netic storm’s total energy dissipation. But that energy depo-
sition would be in a very specialized location compared to
the ionospheric Joule heating and ring current formation that
dominates in a typical storm.

More difficulty arises due to the sporadic character of the
particle precipitation. It is rather difficult to find both spatial
and temporal coincidence between the SEDs observed by one
satellite and intensification of the energetic particle fluxes ob-
served by another satellite. Complex observations of iono-
spheric plasma and energetic particles, especially electrons,
on board one satellite could be very useful for a quantita-
tive study of the magnetosphere-ionosphere coupling phe-
nomena.

Strong topside ion density and TEC enhancements in the
American sector during several strong geomagnetic storms,
including the Bastille and Halloween events, are also re-
ported by Foster and Coster (2007). The enhancements are
observed during the main phase in the dusk sector and co-
rotate into the nightside hemisphere. The SED effect is ac-
companied by a strong uplift of the equatorial F-layer up to
altitudes of∼600 km. The authors suggest that the dominant
mechanism for producing that effect is the plasma transport
associated with disturbance electric fields, which are gener-
ated in the SAA region due to the presence of conductivity
gradients. During the geomagnetic storms the increased con-
ductivity gradients are produced by the particle precipitation
in the SAA region. A combination of the penetrated inter-
planetary electric field and local electric fields generated in
the SAA region at dusk is considered as a driver of the F-
layer uplifting.

During the Halloween storms the most prominent ion den-
sity enhancements are observed by the ROCSAT-1/IPEI in
the SAA region at∼16:00 LT, i.e. in the dusk sector. How-
ever, during the Bastille storm the largest SED effect with
rD>100 is observed in the SAA region at∼02:00 LT, i.e. in
the postmidnight sector. To explain the SED effect at night-
time topside ionosphere Lin and Yeh (2005) have proposed
a physical mechanism of electric field generation due to a
change in conductivity in the E-layer during the intense par-
ticle precipitation in the SAA region.

5 Conclusion

Very strong ion density enhancements up to two orders of
magnitude have been observed by the ROCSAT-1/IPEI in the
topside ionosphere at low latitudes during the Bastille and
Halloween magnetic storms. The enhancements occur in a
wide range of longitudes both in the dayside and nightside
hemispheres. We can suggest two main mechanisms, which
are responsible for the generation of the observed SEDs.
The first one is the prompt penetration of the interplanetary

Ann. Geophys., 26, 867–876, 2008 www.ann-geophys.net/26/867/2008/



A. Dmitriev and H.-C. Yeh: Storm-time ionization enhancements at the topside low-latitude ionosphere 875

electric field, which causes an expansion of the EIA crest re-
gions toward the higher latitudes during the main phase of
geomagnetic storms. The second mechanism is associated
with abundant ionization of the ionosphere by strongly en-
hanced precipitation of energetic particles from the radiation
belt during geomagnetic storms. The SAMPEX/LEICA ob-
servations of the energetic particles show that the most in-
tense precipitation at middle and low latitudes is localized in
the South Atlantic Anomaly region, where most of the SEDs
are observed by the ROCSAT-1/IPEI. In addition to a direct
ionization effect, the enhanced particle precipitation in the
SAA region causes an increase in the ionospheric conduc-
tivity, growth of the conductivity gradients and, as a result,
generation of strong local electric fields, which are able to
produce strong upward/dawnward drifts of the highly ionized
plasma.
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