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Abstract

The earth’s radiation belts consist of energetic elec-
trons and ions which are trapped in the earth’s mag-
netic field. However, there are various physical pro-
cesses, losses and sources, which alter the trapping
mechanism. The radiation belts are therefor not a
stable structure but are rather to be understood as
the result of a dynamic interplay of various acting
processes. The variability of the belts, which is a
subject of ”Space Weather”, is driven by the tempo-
ral variations of the involved ingredients. In this pa-
per various different kinds of radiation belt variations
are presented and the involved physical processes are
discussed.

1. Introduction

The radiation environment of the inner magneto-
sphere, which is the region of space periodically
passed by most of the commercial and scientific satel-
lites, is dominated by high energetic charged parti-
cles, trapped in the earth’s magnetic field. These
particles, electrons with energies above a few hun-
dred keV and protons with energies exceeding a few
MeV, form a potential danger to spacecrafts. They
can penetrate several millimeters of shielding mate-
rial and reach sensitive components, where the en-
ergy deposit can leed to various, from disturbing to
disastrous effects (see Effects and Users section of
this issue).

The average structure of the radiation belts, as de-
scribed by the widely used AE8/AP8 models from
NASA [Vette, 1991, Sawyer & Vette, 1976] is shown
in figure 1. The left panel shows integral flux level
contours of >10 MeV protons, and the right panel,
contours of the >0.6 MeV electrons. There are two
main zones which are populated by trapped particles,
the inner radiation belt, centered at around 1.5 Rg
(earth radius Rg) and the outer radiation belt, cen-
tered at approximately 4 Rg. Whereas protons are
restricted to the inner belt, electrons can be found
in both regions. The zone between the two belts
is the so-called slot region. Except that there ex-
ists two sets of the AE8/AP8 models, one for so-
lar minimum and one for solar maximum, they are
static. The models suggest the radiation belts to
be a stable structure, which is not the case. The

trapped particle population is subject to temporal
variations with a wide range of characteristic time
scales, reaching from solar cycle variations to changes
which take place within minutes and are initiated by
solar events.

The purpose of this paper is to review the most ap-
parent variations of the radiation belts and discuss
involved physical processes. In section 2 the trapping
of charged particles in the earth’s magnetic field is
discussed. Variations of the proton belt are presented
in section 3, whereas the variations of the electron
belts are addressed in section 4.

2. Trapping of charged particles in the
earth’s magnetic field

The movement of a charged particle with charge ¢
and mass m in an electromagnetic field is described
by equation (1)
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where the additional forces F include gravitation.

In a non trivial electromagnetic field configuration,
like the one present in the magnetosphere, the tra-
jectories can be very complicated [Stoermer, 1907).
Under the assumption that the radius of gyration of
the particle is small compared to the field gradients
and the electric field term in equation (1) is small
compared to the magnetic term, the movement of
the particle can be described by the so called guiding
center approximation [Northrop & Teller, 1960]. The
particle trajectory is expressed as r = R + p, where
R denotes the trajectory of the center of gyration,
the guiding center, and p, the position of the parti-
cle with respect to the guiding center. As a result
of this approximation it turns out that the motion
of the guiding center can be expressed as a motion
along field lines and a drift motion perpendicular to
the magnetic field lines. In the earth’s dipole like
magnetic field, where the magnetic field strength in-
creases with increasing magnetic latitude, there exist
points in the northern and southern hemisphere, the
so-called mirror points (M; and M,), where the par-
ticles traveling along a field line are reflected, leading
to a bouncing along the field lines between the con-
jugate points. The motion perpendicular to the field
lines causes a drift around the earth, which is east-
ward for electrons and westward for protons. Thus
the motion of a trapped particle is defined by three
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Figure 1: FEarth’s radiation belts as represented by the standard AES and AP8 models. The two panels show
contour plots of integral fluxes of (left) protons with energies E > 10 MeV and (right) electrons with energies E
> 0.6 MeV. Whereas electrons populate the inner and outer zone, protons are only trapped in the inner zone.

cyclic motions, gyration, bounce along field lines,
and drift around the earth.

To each of these cyclic motions an adiabatic invari-
ant can be associated. They are denoted by u (first
invariant, gyration), J (second invariant, bouncing),
and @ (third invariant, drift). Their definitions are
given in equation (3). The motion of the guiding
centers describe shell like surfaces around the earth,
which are defined by the adiabatic invariants. By
combining the three invariants to a single parame-
ter, the so-called L-shell parameter, L, the class of
particles moving on the same shell can be addressed
by a single value [Mcllwain, 1961]. L has the dimen-
sion of a length and is usually given in earth radii.
In a first approximation it can be thought of as the
radial distance of the shell-equator crossing point.
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p1 and p) are the components of the particle’s mo-
mentum perpendicular and parallel to the local field
line. Conservation of energy and first invariant
causes the pitch angle « (angle between particle tra-
jectory and local magnetic field line) to increase as
the guiding center moves along the field line to higher
magnetic latitudes, where the magnetic field B be-
comes stronger. The mirror points are defined by
the locations, where a reaches 90°. The locations
of the mirror points are independent of the particle
energy and are solely a function of the magnetic field

¢

configuration and the equatorial pitch angle, ag. ® is
the flux of the magnetic field enclosed by the surface
J=constant.

The adiabatic invariants are constants of motion as
long as the temporal variations of the acting forces
are slow compared to the respective periods of mo-
tion. The periods depend on particle species, energy
and magnetic field strength. Typical values for par-
ticles trapped in the heart of the inner and outer belt
are given in table 1.

Table 1: Typical periods for particles trapped in the
inner and outer belt region.

Periods [sec]

p, 100 MeV e, 1 MeV
L=15 L=45 L=15 L=45
Gyration 1072 1071 107 3.107*
Bouncing  0.25 0.5 0.1 0.3
Drift 30 10 3000 1000

Since the period of the drift motion is largest, the
third adiabatic invariant risks first to be violated. Vi-
olation of the third invariant leads to radial diffusion
[Schulz & Lanzerotti, 1974]. The particles diffuse
in- or outward in L-space, depending on the radial
gradient of the phase-space density distribution. Vi-
olation can be caused by fluctuations of the electric
(electric diffusion) or magnetic (magnetic diffusion)
field. Inward diffusion under conservation of the first
invariant leads to an acceleration of the particle, as
it moves to regions with stronger magnetic field and
vice versa outward diffusion to deceleration. Viola-
tion of the first two invariants causes changes of the
pitch angle (pitch angle scattering). This can lead



to losses of particles, when the pitch angle becomes
so small, that the corresponding mirror points move
down into the atmosphere where the particles can be
absorbed. As the periods of the first two invariants
are short their violation is mainly caused by particle-
particle and particle-wave interactions.

Although adiabatic changes conserve the adiabatic
invariants, they cause changes of the observed par-
ticle distributions. An adiabatic magnetic field de-
crease leads to a deceleration (conservation of first
invariant) and outward motion of the L-shell surface
(conservation of third invariant). The changes how-
ever are reversible when the magnetic field recovers
to its initial state.

The so far described trapping mechanism provides
the basis for the existence of the radiation belts.
However, there are additional sources and loss mech-
anisms which alter the trapping and must be consid-
ered in order to described the observed variations.

3. Protons
3.1 Protons in the inner belt region

The main source for the protons trapped in the in-
ner radiation belt is the so-called Cosmic Ray Albedo
Neutron Decay, CRAND [Albert et al, 1998 and ref-
erences therein]. The interaction of cosmic rays with
constituents of the earth’s atmosphere produce neu-
trons by spallation, which by chance are emitted into
the trapping region. The beta decay of these neu-
trons produce protons which can become trapped.
On the other hand the interaction of trapped pro-
tons with plasmaspheric and atmospheric particles,
by charge exchange and coulomb collision, leads to
losses of particles from stable trapping. The time
scales of the losses and radial diffusion for high en-
ergy protons are of the order of years, such that the
inner belt can be expected to be very stable, which
indeed is the case.

However, solar cycle variations of the sources and
losses lead to long-term variations of the trapped pro-
ton population. During solar maximum the cosmic
ray flux reaching the earth is low compared to so-
lar minimum, because of the shielding effect of the
enhanced solar activity, thus the source low. The
density of the upper atmosphere, is enhanced during
solar maximum because of the enhanced solar heat-
ing. This leads to an enhanced absorption of protons
in the upper atmosphere during solar maximum, thus
a strong loss. The combination of these two effects
leads to a solar cycle variation of the proton flux lev-
els in the inner radiation belt, with high fluxes ob-
served during solar minimum and low fluxes, during
solar maximum. This is illustrated in figure 2, where
proton fluxes of the inner belt, measured with instru-
ments aboard the TIROS/NOAA weather satellites

[Huston & Pfitzer, 1998] are plotted as function of
time over a period of two solar cycles. The sym-
bols, connected by solid lines show the > 80 MeV
proton fluxes at different L-values. The dotted line
shows F1¢ 7, the solar radio flux, which is used here as
proxy for the solar heating of the earth’s atmosphere.
The solar cycle variation is most pronounced at low
L-values, where the influence of the atmosphere is
most important.
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Figure 2: Fluz of protons with energy > 80 MeV at
the geomagnetic equator as function of time. The
dotted line shows Fig7. The solar cycle variations
are most pronounced at small L-values (from Huston
& Pfitzer [1998])

South Atlantic Anomaly

The South Atlantic Anomaly, SAA, is a feature of
the inner radiation belt. Due to the shift and tilt of
the earth’s magnetic field dipole axes with respect to
the earth’s rotation axis, the earth’s magnetic field
has a local minimum centered in the South Atlantic.
Trapped particles from the inner belt can reach there
low altitudes. The location of the SAA depends on
the magnetic field and thus drifts slowly with the
secular drift of the magnetic field. Figure 3 shows
the SAA as observed in 1996 aboard the Russian
space station Mir [Bihler et al., 1996]. The upper
panel shows a grey-scale map of the average dose
rate measured behind a shielding of 2.06 g/cm? and
the lower panel shows a horizontal cut through the
map at a latitude of -32°. The dose rate peak posi-
tion is located at approximately -43° longitude. The
AE8/AP8 models predict the maximum in 1970 to be
located at -36°. This corresponds to a yearly west-
ward drift rate of approximately 0.27° per year.

The altitude gradient of the atmospheric density in
the SAA causes an anisotropy of the trapped parti-
cle fluxes. At a given point the guiding centers of
protons moving from west to east are located be-
low that point, whereas the guiding centers of pro-
tons moving from east to west are located above that
point. Therefore particles coming from west experi-



ence denser regions of the atmosphere and are more
absorbed [Lencheck & Singer, 1962]. The effect is
most important at high energies, where gyroradii are
large and therefore the difference in altitude of the
guiding centers is big. Aboard Mir an east-west ratio
of a factor 4 at 200 MeV has been measured [Biihler
et al, 1998a] in the SAA. As the anisotropy is linked
to the atmospheric density a solar cycle dependence
can be expected.
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Figure 3: Dose rate map measured during 1996
aboard Mir. The lower panel shows a longitudinal
profile at -32° latitude. The position of the SAA is
subjected to a secular drift. The measured position
of the maximum dose rate in 1996 is -43° longitude.
This is roughly 7° more east than the AE8/AP8 mod-
els predict for 1970, which corresponds to a shift rate
of 0.27° per year.

3.2 Protons in the outer belt region

Normally the high energy proton flux in the outer
belt region is very small. But protons emitted from
the sun during solar proton events, Solar Energetic
Particles, SEP, can penetrate into the inner magneto-
sphere and form short-lived radiation belts [Gussen-
hoven et al., 1994]. Figure 4 shows an example. In
the lower panel the flux of protons with energies
of approximately 50 MeV measured aboard GOES
at geosynchronous orbit, GEO are plotted as func-
tion of time. In the evening of October 19, 1994
a sudden increase by almost a factor 100 within a
few hours was registered. The upper three panels
show 35 MeV protons for the same period but as
function of the L-shell parameter measured aboard
STRV-1b in an equatorial geosynchronous transfer
orbit, GTO. Before the increase at GEO the GTO
proton rates are at background level in the outer
belt zone. The increase below L=3 is due to the
inner belt. During the proton enhancement at GEO
the GTO rates are enhanced down to approximately
L=4 Rg. But they decay together with the fluxes

measured at GEO. The penetration of solar protons
at these energies deep into the magnetosphere is not
expected because of the shielding effect of the earth’s
magnetic field. However, such events are always as-
sociated with magnetic field disturbances, which can
alter the shielding effect or even accelerate particles
and carry them to low L-values [Hudson et al., 1998]
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Figure 4: High energetic protons observed at GEO
and GTO during a Solar Particle Event. In the
lower panel the 50 MeV proton flux measured at GEO
s plotted versus time, whereas the upper three pan-
els show radial proton profiles measured in GTO at
different times. The protons temporarily penetrate
down to L =~ 4 but do not remain trapped for a long
time.

4. Electrons

In contrary to the high energy protons, electrons are
trapped in the inner and outer zone. The two zone
structure is a consequence of radial diffusion and
steady losses [Lyons and Thorne, 1973]. In the outer
zone the electron losses are dominated by pitch-angle
scattering due to wave-particle interactions, whereas
in the inner zone the trapping lifetime is limited by
coulomb scattering. The time scales of diffusion and
losses depend on energy and L-value and range from
few days at large L and low energies to month and
years for high energetic electrons in the inner zone.
Figure 5 shows data obtained with an instrument
in GTO for a long lasting geomagnetically quiet pe-
riod, and demonstrates the inward motion and decay
of the trapped electron population in the outer ra-
diation belt. We will see later (section 4.2), that
during geomagnetically active periods the behavior
of the outer belt electrons is considerably different.
The upper panel shows the position of the maxi-
mum electron rate in L, L,,,, and the lower panel,
the maximum rate (asterisks). From April 20, 1996
on, when the electron rates reached a maximum, the
outer belt steadily decaied and the maximum of the
L-distribution moved to lower L-values over a period
of four month. Decay rate and inward motion are



a function of L. Using data from the POLAR satel-
lite Selesnick et al. [1997] found that a decay rate
o (L/4)® and a diffusion constant Dpp o (L/4)'°
does best fit the observations. Towards the end of the
period, secondary peaks appeared at large L-values
(diamonds). Inner and outer peaks coexisted until
the outer part had grown and swamped the inner
peak.
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Figure 5: Decay and inward motion of the electron
distribution during a geomagnetically quiet period ob-
served in GTO. The upper panel shows the L-value
at which the radial count rate profile peaked and the
lower panel shows the peak rate (asterisks) as func-
tion of time.

4.1 Electrons in the inner belt region

Similar to the inner belt protons the inner belt elec-
trons exhibit a solar-cycle variation. But whereas
in the case of the protons the source and loss vary
synchronously with the solar-cycle (high source, low
losses during solar minimum, and vice versa during
solar maximum), they are varying asynchronously for
the electrons [Abel et al., 1994]. During solar max-
imum the outer belt, source of the inner belt elec-
trons, as well as the losses into the atmosphere, can
be expected to be enhanced compared to solar mini-
mum. This can lead to the situation shown in figure
6, where there are two parts of the inner belt zone
to be distinguished. An outer part, where the source
seems to dominate, and in which the electron fluxes
are enhanced during solar maximum, and an inner
part, which is dominated by the losses, and which
can be suppressed during solar maximum compared
to solar minimum.

It must be noted, that the inner zone was for a
longtime populated with high energy electrons which
were injected from 1958-1962 by nucler explosions in
the upper atmosphere [Hess, 1968]. As the lifetimes
are long for MeV electrons trapped in the inner belt,
this component decayed only slowly. Measurements
of the inner belt electrons with instruments aboard
CRRES in 1991 show, that the standard models,
which are based on data of the 60’s and early 70’s,
were probably still heavily contaminated by this ar-

tificial component and strongly overestimate the ac-
tual electron fluxes in the inner belt [Abel et al.,
199/).

That the inner belt population, electrons and pro-
tons, can drastically change within a few minutes
was demonstrated on March 24, 1991, when the in-
teraction of a strong solar wind shock with the mag-
netosphere caused the creation of new radiation belts
in the inner trapping zone [Blake et al., 1992]. The
rapid compression of the magnetosphere during the
associated Sudden Storm Commencement, SSC, in-
duced an azimuthal electric field, which resonantly
interacted with drifting particles of a limited energy
range and transported them from beyond GEO down
to L=2.5 [Li et al. 1993, Hudson et al., 1995]. Un-
der conservation of the first adiabatic invariant the
particles gained tens of MeV by the inward motion
and formed long lasting new radiation belts in the
inner trapping region.
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Figure 6: Comparison of inner belt electron radial
profiles during solar mazximum and solar minimum.
There are two parts to be distiguished. An outer
part, L>1.8 whichnis enhanced during solar maz-
imum, and an inner part, L<1.3 where the which
is enhanced during solar minimum (from Abel et al.

[1994]).

4.2 Dynamics of the outer electron belt

Whereas the inner belt is subjected to slow varia-
tions, except during very strong geomagnetic events
(see previous section), the outer electron belt is
highly dynamic on shorter time scales. Figure 7
shows an L versus time count rate map of the >1
MeV electrons in a detector in GTO from August
1994 until August 1998. The lower panel shows the
two day averaged count rates at L=4.5. The time
series is characterized by a steady up and down with
typical times scales of down to a fraction of a day.
The variations are important. There is roughly a
factor 1000 between the maximum and minimum
fluence for an outer zone crossing observed during
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Figure 7: Illustration of the outer belt dynamiocs. the upper panel shows an L versus time map of the > 1 MeV
count rates measured in GTO. Black regions mark missing data. The lower panel shows the temporal variations

of the rates at L=4.5 Rg.

this period. Several quasi periodic variations of the
high energy outer electron belt have been reported
in the literature and can partly be seen also in figure
7. A solar cycle variation with maxima during solar
maximum, semi-annual variation with maxima dur-
ing spring and fall [Desorgher et al., 1998], variations
with a period of 27 days, the solar rotation period
[Williams, 1966].

Early is has been noted, that the variations are
driven by the solar wind conditions. It is the inter-
action of fast solar wind streams with the magneto-
sphere which cause the fast changes. Figure 8 shows
a typical sequence. The uppermost panel shows the
solar wind speed measured aboard WIND as function
of time and the second panel shows Dst. In this case
the arrival of a fast solar wind stream in the evening
of 28 January 1995 caused within the following day
the build up of a moderate magnetic storm with min-
imum Dst of -50 nT, which only recovered slowly in
the following days. The three panels in the third row
show a series of radial >1 MeV electron count rate
profiles for the same period measured in GTO. Three
phases of variations can be noted. The first phase co-
incides with the storm main phase. During this phase
the electron count rates decreased throughout the
outer zone (profiles 1-3), however more significantly
at larger L. The second phase started roughly one
day after the arrival of the fast wind stream. Then

the electron rates started to rapidly increase (pro-
files 4-7). Within one day they increased by a factor
10-100. Again the changes were most prominent at
L-values between 4 and 6 Rg. The increase normally
goes along with a hardening of the energy spectrum.
It is first observed at low energies and then appears
at higher energies. The third phase is characterized
by slower variations. Until 6 February the electron
count rates continued to slightly increase (profiles 8-
12) but from then on slowly decayed again, until the
arrival of the next fast solar wind stream initiated
a similar sequence. All three phases are typical for
the outer belt variations but their importance varies
from event to event [Mcllwain, 1996].

The coincidence of the initial decrease with the storm
main phase suggests the ring current induced mag-
netic field changes to play an important role. In
a first approximation the three adiabatic invariants
can be considered to be conserved during the main
phase field changes. In this case the magnetic field
decrease causes a deceleration and an outward move-
ment of the trapped particles. Both effects can
contribute to the observed decrease. Since the en-
ergy spectrum of the electrons is steeply falling with
higher energies, the deceleration causes less parti-
cles to be observed at a given energy [Kim & Chan,
1997). This effect however is reversible. With the
recovery of the magnetic field the particles are accel-



erated again. As there exist cases, where the elec-
tron levels do not recover to their prestorm values,
real losses must also be involved. The outward move-
ment of the particles can lead to such losses. Espe-
cially particles trapped at large L can be carried out
to the magnetopause where they can be lost from
stable trapping. Pitch angle scattering and precip-
itation may also contribute to the losses but have
been shown not to be the dominating loss process
during magnetic storms [Imhof et al., 1991].

The mechanisms which lead to the rapid increases is
subject of intense research. Fast solar wind streams
are the supposition. But although the solar wind
drives the outer electron belt it is not the direct
source of it. Although the energetic solar wind elec-
trons could reach relativistic energies by radial diffu-
sion into the trapping region, their number density
is not sufficient to supply the outer belt [Li et al.
1997). There is a tendency that the higher the wind
speed, the larger the electron enhancement in the
outer belt is. However, it has been noted that this re-
lation is modified by the IMF orientation (promoted
by southward IMF.) [Paulikas & Blake, 1979 and
also has a seasonal modulation with maximum effi-
ciency during equinoxes [Desorgher et al., 1998]. Tt
was also shown, that the enhancements mostly occur
together with magnetic storms, but that the correla-
tion between minimum Dst and maximum electron
flux is poor [Reeves, 1998]. The fact, that the in-
creases go together with a spectral hardening sug-
gests the local energization of a lower energetic elec-
tron seed population to be responsible for the ob-
served enhancements [Baker et al., 1998a and ref-
erences therein, Baker et al., 1998b]. During sub-
storms energetic electrons are injected from the tail
region into the trapping region. They could provide
the needed seed population. In this case substorm
activity were one of the key features needed for the
relativistic electron enhancements. There are sev-
eral candidates for the acceleration process. In the
past, normal radial diffusion and the so-called recir-
culation process were discussed [Fujimoto & Nishida,
1990], which although are probably in most cases to
slow to account for the rapid increase. Rapid, shock
driven radial diffusion, similar to the effect which
has caused the creation of a trapped electron popu-
lation in the inner belt region, but on smaller scales
[Li et al, 1998), adiabatic acceleration due to the re-
covery of the magnetic field [Bihler et al., 1998b],
or wave-particle interactions [Summer et al., 1998,
Boscher et al., 1998] are other candidates, which all
may contribute, with varying importance. Recently
it was shown, that high energy electrons can also
be trapped in the cusp region [Sheldon et al., 1998]
and the possibility was discussed, that these elec-
trons could feed the outer radiation belt [Chen et

al., 1998).

During the third phase of variations, in which the
electron belt changes slowly, radial diffusion and
steady losses gain on importance again. The radial
distribution moves inward and after a few days the
electron rates start to decay again, similar to the
evolution observed during geomagnetic quiet times.
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Figure 8: Outer radiation belt variations during a
solar wind enhancement. In the upper two panels
the solar wind speed (from WIND) and Dst are plot-
ted versus time from January 28, 1995 to February
7, 1995. The lower three panels show radial elec-
tron profiles during the three phases of the outer belt
variations (l.t.r.) phase one with rapid decay of the
outer belt electron fluzes, phase two with rapid in-
crease, and phase three with slow variations.

5. Final Remark

The radiation belts are variable with different typi-
cal time scales, reaching from minutes up to to years.
Their proper modeling and forecasting is a challeng-
ing task within the ”Space Weather” program.
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