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Energetic particle acceleration during a major magnetic storm
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Abstract
We study the global properties of energetic (>30 keV) particles during the main and early recovery phase of a major magnetic
storm of March 31, 2001, using data of the NOAA 15 and 16 and the CLUSTER satellites. During the storm main phase the ring
current energetic electron and ion ﬂuxes were increased by nearly two orders of magnitude, and the ﬂux maxima were shifted to
below L = 3. The maximum ion ﬂuxes were observed at about 07 UT, coinciding with the minimum Dst. However, the highest ﬂuxes
of energetic electrons were observed only at about 16–18 UT, indicating signiﬁcant diﬀerences in the acceleration of energetic electrons and ions during the storm. We suggest that the ion maximum at about 07 UT was due to ﬁeld-aligned acceleration of ions from
the ionosphere whereas the electron maximum at 16–18 UT was due to a large injection from the nightside.
Ó 2005 Published by Elsevier Ltd on behalf of COSPAR.
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1. Introduction

2. Instrumentation

Geomagnetic storms are known to enhance the ring
current (RC) strength, which is mostly due to new ions
appearing at L < 4 (Smith and Hoﬀman, 1973; Hamilton et al., 1988; Korth and Friedel, 1997). Particularly
during major magnetic storms the RC intensiﬁcation is
mostly provided by O+ ions of ionospheric origin
(Hamilton et al., 1988; Daglis, 1997), and oxygen ions
can be the main ion species during the main phase of
intense storms. In this paper we will analyse both electron and ion dynamics during a great storm of March
31, 2001, and show that they depicted a surprisingly
diﬀerent behaviour during this storm.

In this study, we use energetic particle data from the
Medium Energy Proton and Electron Detector
(MEPED) instrument onboard the NOAA 15 and 16 satellites. Ions (no mass separation is provided) and electrons are measured separately at roughly vertical (0°)
and horizontal (90°) directions with 30° ﬁeld of view.
Note that at high (low) latitudes the 0° detector measures
mostly precipitating (trapped) particles and vice versa for
the 90° detector. The MEPED instrument has six energy
channels for ions (from 30–80 to >7000 keV) and three
for electrons (from >30 to >300 keV). The NOAA 15
and 16 orbits are circular at an altitude of about
850 km. The orbital plane is 20–08 MLT for NOAA 15
and 14–02 MLT for NOAA 16 (see Evans and Greer,
2000, for more details of the MEPED instrument).
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The Research with Adaptive Particle Imaging Detectors (RAPID) spectrometer for the Cluster mission analyzes suprathermal plasma distributions in the energy
range from 20 to 400 keV for electrons, 40–1500 keV
for protons and 10–1500 keV/nuc for heavier ion species
The RAPID instrument uses two diﬀerent and independent detector systems for the detection of nuclei and
electrons: Imaging Ion Mass Spectrometer (IIMS) and
Imaging Electron Spectrometer (IES) (see Wilken
et al., 1997, for a more detailed description of the
RAPID instrument).

These interplanetary conditions led to the generation
of a major (Dst = 360 nT) magnetic storm with a
rapid main phase starting at 04 UT and ending at
08 UT. The extreme geomagnetic conditions can also
be veriﬁed by the LANL geostationary satellite data
(not shown here), which indicate that the magnetopause was pushed inside the geosynchronous orbit in
the dayside roughly at about 03–08 UT and even in
the morning and evening sectors at about 06 UT. After
a period of positive values, the IMF Bz experienced
another long interval of negative values at about 14–
21 UT which caused a secondary minimum in Dst
( 285 nT).

3. Observations
3.2. NOAA observations
3.1. Storm overview
On March 31, 2001, the Advanced Composition
Explorer (ACE) satellite was measuring interplanetary
conditions at about (223, 23. 12) RE. As shown in
Fig. 1, IMF Bz component was ﬂuctuating between
large positive and negative values until about 04 UT
when the direction changed southwards for about three
hours. Strongest negative values (< 40 nT) were
observed around 06 UT. The solar wind (SW) velocity
increased between 00 and 02 UT in two steps from
about 400 to above 750 km/s. Solar wind dynamic pressure, which mainly followed the changes in SW density,
showed dramatic variations during the ﬁrst six hours of
the day. At about 0020 UT, it had a very sharp peak
which lasted only about half an hour. Another, longer
pressure increase occurred roughly from 02 to 06 UT.

The two NOAA satellites verify that both ion and
electron ﬂuxes were increased by nearly two orders of
magnitude from the average level on March 30 to their
storm time maxima. The maximum ion ﬂux was at 05–
07 UT while that of electrons occurred only at about
16–18 UT.
Fig. 2 plots the NOAA 16 90° ion ﬂuxes versus L
value for March 31, 2001. Each plot contains data from
half a satellite orbit around the equator (negative L corresponding to the southern hemisphere). Data from each
L shell width of 0.5 is averaged, leading to a changing
time resolution along the orbit. The ﬁrst and third (second and fourth) columns of plots present data from the
postnoon (postmidnight) sector. Ion ﬂuxes were systematically higher in the nightside than dayside until the end
of the day. Fig. 2 shows that the ﬂux maxima shifted

Fig. 1. ACE observations on March 31, 2001, of IMF Bz component, solar wind velocity, and solar wind pressure together with the Dst index.
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Fig. 2. NOAA 16 90° total ion ﬂuxes (in units of 104 cm 2 s 1 sr 1)
presented in plots covering half an orbit around the equator. The ﬁrst
and third (second and fourth) columns of plots present data from the
postnoon (postmidnight) sector. Respective times are given above each
plot. Horizontal axis gives the L value with 10, 0 and 10 noted by tick
marks. Occasional vertical lines denote the L shell extent of the orbit.

inwards to below L = 3 from the start of the day until
the end of the main phase. One can see that the nightside
ion ﬂuxes were fairly intense already at the start of the
day, and were slightly enhanced at about 03–05 UT,
staying at roughly the same level until about 08 UT
and then decreasing slowly. No other major ion ﬂux
increases were observed at nightside. All these features
are supported by the NOAA 16 0° channel (not shown).
At the dayside, NOAA 16 ion ﬂuxes were enhanced
at 02–04 UT. Note that this enhancement was very
north-south asymmetric, with considerably larger ﬂuxes
in the southern hemisphere. Also, the ﬂux maxima of
this enhancement were found at a higher L shell than
the maxima on orbits before or after the enhancement.
AT NOAA 15 the ion ﬂux maxima also shifted to low
L shells during the main phase. At dusk the ion ﬂuxes
behaved slightly diﬀerently from NOAA 16 observations
at nightside. The absolute ﬂux maximum was attained at
about 06 UT. Note that this maximum is larger at
NOAA 15 (esp. in the 0° detector) than any other ion
ﬂuxes at the two NOAA satellites. Second, there was
another ion ﬂux maximum at dusk at about 16–18 UT.
At dawn, there was a fairly strong ion enhancement at
about 05–07 UT.
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Fig. 3. NOAA 16 90° total electron ﬂuxes presented as in Fig. 2.

The evolution of NOAA 16 90° electron ﬂuxes (see
Fig. 3) shows some similar trends as ions, e.g., the ﬂuxes
tend to be higher at the nightside than at dayside and the
ﬂux maxima shifted toward inner L shells during the
main phase. However, there are also some clear diﬀerences. Electron ﬂuxes depicted considerably larger variability than ions. The initial ﬂux level was greatly
reduced until a new enhancement was observed about
0620 UT. Thereafter electron ﬂuxes were decreased
again until another enhancement occurred at about
1130 UT. No increase was seen at this time in ion ﬂuxes.
The absolute electron ﬂux maximum at NOAA 16 was
obtained at about 16–18 UT. As mentioned above, only
a small increase was found in NOAA 16 ion ﬂuxes at
this time. However, the second ion ﬂux maximum at
dusk at NOAA 15 occurred at this time. Note also that
there was no high-latitude dayside electron maximum in
the southern hemisphere at 02–04 UT as found for ions.
This would need a mechanism (e.g., a ﬁeld-aligned
potential) which can accelerate downward solar wind
ions but not electrons.
Electron ﬂux changes at NOAA 15 followed largely
those at NOAA 16 but the variations were less dramatic.
The enhancement at 07 UT was clearly seen in the morning sector but there was hardly any change at 11 UT.
The largest enhancement occurred at about 17–19 UT
mainly in the morning, in agreement with NOAA 16
observations at midnight.
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Fig. 4. Cluster s/cl RAPID total ﬂuxes of energetic electrons, protons, helium and oxygen ions.

3.3. CLUSTER observations
The four Cluster satellites had their perigee at about
07 UT on March 31, 2001. The RAPID energetic particle
spectrometer (Wilken et al., 1997, 2001) measured the
electron ﬂuxes around the perigee since about 0630 UT
(see Fig. 4) and the three types of ions (protons, helium
and oxygen ions) since about 0810 UT. Curiously, the
Cluster perigee was in the 22 LT sector, i.e., inbetween
the equatorial LT sectors of the two NOAA satellites.
Cluster observed a high ﬂux of energetic electrons
around the perigee from 0635 to 0845 UT (a detailed analysis of Cluster energetic electron observations at this time
was made by Baker et al., 2002). The strongest ﬂuxes were
found around the Cluster perigee at about L = 4–5. This
is in an excellent agreement with NOAA 16 (see Fig. 3)
and NOAA 15 observations where the highest electron
ﬂuxes were restricted to below L = 5. After a weak minimum at about L = 5 Cluster observed a region of lower
ﬂuxes of energetic electrons until about L = 12. This
structure could already be seen at NOAA 16 at about
05 UT (see the small plot in Fig. 3 corresponding to
0413 . . . 0510 UT) as well as at NOAA 15 later at about
08 UT, i.e., at the time of Cluster observations (note that
the ﬂux enhancement at NOAA 16 at about 0620 UT
makes this structure less evident in Fig. 3 at this time).

4. Discussion and conclusions
We have seen that the RC particle populations were
greatly intensiﬁed during the storm time from the average quiet time level. The ion ﬂux maximum was found to

well coincide with the Dst minimum time at the end of
the main phase. This ion ﬂux maximum was seen as a
particularly strong enhancement by NOAA 15 in the
dusk sector at about 0630 UT (the strong north–south
asymmetric distribution implies a rapid temporal development). This enhancement cannot be explained by a
drift of previously existing population from nightside
monitored by NOAA 16. Instead, it is in a good agreement with the observation of intense ﬂow of energetic,
oxygen ions at 19 LT by the Fast satellite (Baker
et al., 2002). Accordingly, the majority of NOAA ions
at this time may well be heavy ions. Note also that there
was a simultaneous strong ion enhancement in the
morning sector observed by NOAA 15 which also cannot be understood in terms of drift.
It is well known that the oxygen ions may be the
dominant ion species during the main phase of a storm
(see e.g., Hamilton et al., 1988; Daglis, 1997). Fig. 4 also
demonstrates the existence of a large ﬂux of energetic
oxygen ions far above the quiet time average (unfortunately, RAPID ion observations only started at about
0810 UT when satellites were already outside the main
RC beyond L = 6). Therefore, the present observation
by NOAA and Cluster satellites support the simultaneous Fast satellite observations. Also, the NOAA and
Fast observations suggest for a large contribution to
ring current during storm main phase directly from the
ionosphere in the dusk sector (and probably also in
the dawn sector), instead of a less direct route via storage and acceleration in the tail and subsequent drift.
In a dramatic diﬀerence to ions, the energetic electrons
had their maximum ﬂuxes only in the recovery phase of
the storm in connection of a major substorm. Moreover,
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the largest electron ﬂuxes were found by NOAA 16 in the
night sector while the NOAA 15 ﬂuxes at dawn could be
well understood in terms of the standard view of eastward
drift of electrons. These facts suggest that the ﬂux maxima
of energetic ions and electrons were formed by diﬀerent
mechanisms, the electron ﬂux maxima by the standard
tailside storage and acceleration, the ions mainly by the
ﬁeld-aligned acceleration of ionospheric ions.
The 06 UT ﬁeld-aligned acceleration was hardly due to
a static potential since it would require that the main
acceleration occurred below the NOAA altitude. A potential above the satellites would also accelerate electrons for
which there is no evidence at dusk. Therefore, we suggest
that the ﬁeld-aligned acceleration was more likely caused
by the ion cyclotron waves which accelerate only ions.
Moreover, this mechanism accelerates massive ions (oxygen ions) more eﬀectively than protons, thus explaining
the Fast observations. Note also that ion cyclotron waves
have been observed to be greatly enhanced during the
storm main phase (Bräysy et al., 1998).
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