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The Van Allen radiation belts1 are two regions encircling the Earth
in which energetic charged particles are trapped inside the Earth’s
magnetic field. Their properties vary according to solar activity2,3

and they represent a hazard to satellites and humans in space4,5. An
important challenge has been to explain how the charged particles
within these belts are accelerated to very high energies of several
million electron volts. Here we show, on the basis of the analysis of
a rare event where the outer radiation belt was depleted and then
re-formed closer to the Earth6, that the long established theory
of acceleration by radial diffusion is inadequate; the electrons
are accelerated more effectively by electromagnetic waves at
frequencies of a few kilohertz. Wave acceleration can increase
the electron flux by more than three orders of magnitude over the
observed timescale of one to two days, more than sufficient to
explain the new radiation belt. Wave acceleration could also be
important for Jupiter, Saturn and other astrophysical objects with
magnetic fields.
Inward radial diffusion has long been established as the leading

acceleration mechanism for outer radiation belt electrons7,8. Accord-
ing to the theory, electrons are diffused across the magnetic field by
global scale fluctuations in the Earth’s magnetic and electric fields at
frequencies that closely match the electron drift frequencies of a few
millihertz (mHz) around the Earth. The process occurs more rapidly
when ultralow frequency (ULF) waves at a few millihertz are
enhanced9. By conservation of the first adiabatic invariant (pro-
portional to the square of the particle momentum transverse to the
magnetic field divided by the magnetic field strength) the particles
are accelerated if they are diffused towards the planet. However, it
has recently been suggested10,11 that electrons can be accelerated
efficiently by electromagnetic waves at frequencies of a few kilohertz
(kHz) propagating in the whistler mode, and known as ‘whistler
mode chorus’12. The rare and unusual events that occurred between
29 October and 4 November 2003, widely known as the Hallowe’en
storms6, provide a unique set of conditions to test the two leading
acceleration theories.
Figure 1a shows the electron particle flux at energies 2–6MeV

during theHallowe’en storms. The data are presented as a function of
L (where L is the distance from the centre of the Earth to the point
where a magnetic field line crosses the equator, measured in Earth
radii). Before the storms, the outer radiation belt is centred near
L ¼ 3.5. As the first storm begins on 29 October, there is a large
depletion in the electron flux for L . 3.0, and a re-formation of
the outer radiation belt near L ¼ 2.5. The intensity of the new belt
varies, but increases significantly from 1 November for a period of
three or four days. The flux subsequently decays and the outer
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Figure 1 | Satellite and ground based data during the Hallowe’en storm.
a, Flux of 2–6 MeV electrons measured by the Solar Anomalous and
Magnetospheric Particle Explorer (SAMPEX) satellite, colour coded
according to the colour bar on the right. The data are averaged over each
orbit. SAMPEX is a polar orbiting satellite; the flux modulations are due to
the satellite passing over the South Atlantic Anomaly region where the outer
radiation belt penetrates closer to the Earth. b, the Kp index (colour coded)
and the D st index (solid line). The former is a measure of the global
disturbance in the Earth’s magnetic field and is related to ULF waves, and the
latter is a measure of electrical current systems and exhibits rapid negative
excursions when geomagnetic storms are triggered. The Hallowe’en storms
started on 29 October and ended by 4 November. The D st index is also
included in c and d. c, ULF wave power measured on the ground by
Automatic Geophysical Observatory A80 in Antarctica at L ¼ 6.2. The data
are differenced to help identify signals and colour coded in nT2 Hz. d, Radial
diffusion coefficient DM

LL for magnetic field fluctuations, valid for Kp , 6.
When Kp . 6, they are calculated for Kp ¼ 6. The solid white line shows the
L shell for which the radial diffusion coefficient is 0.5 d21.
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radiation belt is re-formed after 10 November at its usual location
near L ¼ 4.
A key feature of this event is that after 1November the electron flux

increases as the global level of magnetic activity, as measured by the
Kp index (Fig. 1b), decreases and as conditions recover from the
magnetic storms, as indicated by theD st index returning to near zero
(Fig. 1b). Data from one of the Automatic Geophysical Observa-
tories, operated by the British Antarctic Survey in Antarctica, also
show that the power level of ULF waves decreased as the flux
increased (Fig. 1c). As ULF waves drive particle transport across
the magnetic field, the data suggest that radial diffusion may not be
the most effective process responsible for the flux increase.

TheKp index is often used as a proxy to determine the efficiency of
inward radial diffusion13. Using this proxy, we have calculated the
radial diffusion coefficient, DLL, which determines the timescale for
inward electron transport. The proxy is only valid for Kp , 6, and
thus the results are not valid during 29, 30 and 31 October when the
new belt began to form. Thus it is possible that inward radial
diffusion could contribute to the formation of the new belt14 before
1 November. However, from 1 November onwards, the flux in the
new belt increased by a factor of ,10, but DLL decreased, and was
comparable to the values before the new belt (on 28 October) when
there was no flux increase (compare white lines). In factDLLwas even
larger on 11 and 13 November when the new belt was decaying. Thus

Figure 2 | Waves observed at Palmer station, Antarctica, on 1 November
2003. The power spectral density of electromagnetic waves (in the whistler
mode) is shown in dB with respect to 10229 T2 Hz21. Each panel is a five-
second snapshot starting at the universal time (UT) indicated, with
approximate magnetic local time (MLT) also shown. Wave power (identified
as whistler mode chorus) is significantly enhanced between 2 kHz and 6 kHz
on 1 November 2003 between 06:50 UT and 08:35 UT when the station was in

daylight, which causes strong attenuation of the waves as they pass through
the upper atmosphere. Sunrise at Palmer at 100 km altitude is 05:00 UT on
this day. The emissions fade owing to increased absorption as the Sun rises
further, and possibly owing to drift of the source of low energy electrons out
of the station viewing area. Strong waves were also detected at Halley
Research station at L ¼ 4.3 during the storms (not shown).

Figure 3 | Waves observed by the Cluster spacecraft. Data from the
Wideband (WBD) plasma wave instrument on one of the four Cluster
spacecraft (Samba) is shown for 31 October 2003. The wave electric field Ey

transverse to the ambient magnetic field is shown in a, and wave magnetic
field By in b. The colour bars on the right give the calibrated wave power
spectral density for the wave electric field (a), and relative wave power
spectral density (in dB) for the wave magnetic field (b). The instrument
cycles between the electric and magnetic antennas recording data for 42 s
(electric) and 10 s (magnetic). The data obtained from the electric
(magnetic) antenna during each cycle is dilated to fill the data gap that is
created when WBD is obtaining data from the magnetic (electric) antenna.

Both antennas detect chorus waves indicating that the waves are
electromagnetic. Magnetic wave power (b) above 4 kHz is attenuated owing
to low pass filtering in the search coils and is thus not representative of the
true wave power. The white lines denote 0.5f ce and 0.1f ce, where f ce is the
local electron cyclotron frequency (f ce ¼ jejB=ð2pmeÞ where jej is the
electron charge, m e is the electron mass and B is the ambient magnetic field
obtained from the fluxgate magnetometer on board the spacecraft). At the
magnetic equator f ce is approximately 10 kHz, and the electron plasma
frequency fpe, obtained from the Whisper sounder, is approximately 35 kHz.
At 22:46 UT the peak wave power spectral density is ,6 £ 1026 nT2 Hz21 at
,0.35f ce, and tends to increase with magnetic latitude (MLAT).
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inward radial diffusion alone cannot explain the increase in 2–6MeV
electron flux from 1 November onwards.
Electron acceleration by whistler mode chorus waves is the

alternative leading theory10,11. The waves are excited by an unstable
anisotropic15 distribution of ,10 keV electrons, possibly via non-
linear interactions16, and transfer the energy to accelerate a fraction
of the electrons to very high energies. Acceleration occurs via a
cyclotron resonance where the wave frequency is Doppler shifted to
the cyclotron frequency of the particles. For a broad band of waves,
typically observed inside the Earth’s magnetic field, resonance can
extend from energies of ,10 keV up to several MeV (ref. 11). Such
local acceleration is most effective in regions where the ratio of
the electron plasma to cyclotron frequency (fpe/f ce) is low

17, typically
,4. Under normal conditions, the plasma density is high and fpe/f ce
is large near L ¼ 2.5, and hence wave acceleration is not expected.
However, during the Hallowe’en storms the region of high density
was confined to L , 2.0 on 31 October, and remained inside L ¼ 2.5
between 06–12 magnetic local time (MLT) until about 4 November6.
Using a dipolemagnetic field, and a density model appropriate to this
region18, we find fpe/f ce < 2.5, which suggests wave acceleration
could be important.
Unfortunately, there are no direct wave observations in the new

radiation belt near L ¼ 2.5 during this event. However, whistler
mode chorus waves can be guided along the magnetic field, and were
detected at Palmer station, Antarctica, at L ¼ 2.4 on 1 November
(Fig. 2). Chorus waves are only observed at Palmer during very large

storms and so the observation, particularly during sunlight, is
exceptional. Similar waves were observed on 29, 30 and 31 October
2003. Since chorus waves are generated in space, in low-density
regions19, the ground observations provide strong evidence for waves
in space near the equator.
Strong whistler mode chorus waves were also detected at larger L

(L . 4.3) on 31 October by the Cluster satellites (Fig. 3). The active
sounder experiment on the satellite also provided an accurate
measurement of fpe/f ce ¼ 3.5 at the equator, and found that fpe/f ce
decreased with increasing latitude, providing the right conditions for
wave acceleration.
Using a one-dimensional Fokker-Planck equation20, we have

calculated the increase in electron flux due to whistler mode chorus
waves (Fig. 4). Loss and acceleration due to chorus waves are
included via diffusion rates calculated from the PADIE code21 (see
Supplementary Data). Since chorus waves are usually present outside
the high-density region during magnetic storms19, we assume that
the wave power spectral density observed by Cluster at L ¼ 4.3 are
also typical of L ¼ 2.5. We also assume that the waves only exist for
6 h out of 24 h of MLT, as shown by the statistical distribution of wave
occurrence19.
At L ¼ 2.5, for fpe/f ce ¼ 2.5, the electron flux increases from the

noise level and exceeds the average flux in the heart of the outer
radiation belt (L ¼ 4.5) within 24 h. This is more than sufficient to
account for the enhancement in the new radiation belt after 1
November. For comparison, at L ¼ 4.5 the flux increases by a factor
of,20 for fpe/f ce ¼ 2.5. To illustrate the sensitivity of the results, the
flux increase is also shown for fpe/f ce ¼ 5. Although the flux increases
at L ¼ 2.5 by a factor of ,100 within 24 h, it remains below
detectable levels. Thus wave acceleration is most effective owing to
the low density at L ¼ 2.5 as a result of the confinement of the high-
density region to L , 2.5 during this event9. Losses are not signifi-
cant, since low values of fpe/f ce increase the phase velocity of the
waves so that energy diffusion is more effective than pitch angle
diffusion, particularly for energies .300 keV.
After 1 November the flux in the new radiation belt increased from

a level that had already been enhanced. To represent a higher initial
level, we repeated the calculation for a minimum flux level of
1 cm22 s21 sr21 keV21, and then 102 cm22 s21 sr21 keV21. After
24 h, the flux at L ¼ 2.5, fpe/f ce ¼ 2.5, reached approximately the
same level as shown in Fig. 4.
The results suggest that wave–particle interactions not only play an

important role determining the structure of the radiation belts via
losses to the atmosphere22, but also are a principal mechanism for
their formation in low-density regions. The theory is applicable to
particle acceleration at Jupiter and Saturn, and to other astrophysical
objects with magnetic fields.
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